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Three-dimensional (3D) bioprinting has rapidly developed in the last decade, playing an increasingly important role in
applications including pharmacokinetics research, tissue engineering, and organ regeneration. As a cutting-edge
technology in 3D printing, gel bath-supported 3D bioprinting enables the freeform construction of complex structures with

soft and water-containing materials, facilitating the in vitro fabrication of live tissue or organ models. To realize in vivo-like

organs or tissues in terms of biological function and complex structure by 3D printing, high resolution and fidelity are

prerequisites. Although a wide range of gel matrices have recently been developed as supporting materials, the effect of

the bath properties and printing parameters on the print resolution is still not clearly understood. This review

systematically introduces the decisive factors for resolution in both bulk gel bath systems and granular microgel bath

systems, providing guidelines for high-resolution 3D bioprinting based on the bath properties and printing parameters.

1. Introduction

Three-dimensional (3D) printing is a revolutionary
technology that has emerged as a versatile and powerful
platform for freeform construction of complex structures with
programmable  geometrical features and designable
composition.l'7 With the rapid growth of 3D printing in the last
decade, a few pioneering studies have attempted to leverage
this art for bio-applications such as in vitro fabrication of tissue
models for pharmacokinetics research, drug screening,s'11 and
organ regeneration.lz'14 It is clear that 3D bioprinting will play
an increasingly important role in the fields of biomedical
science, healthcare, and mechanical engineering in the near
future.”

Based on the printing mechanism, 3D printing can be
roughly classified into three categories including inkjet
printing,ls' 7 extrusion deposition18 and photo-curing
printing.lg' 2 Photo-curing printing such as digital light
processing (DLP) and selective laser sintering (SLS)
fundamentally exploits photo-cross-linkable materials,™" ** ?
while most biocompatible materials are not available for rapid
photo-crosslinking. Compared to inkjet printing that emits
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micro-sized droplets, extrusion-based printing enables
continuous dispensing. Moreover, this approach facilitates the
printing of biomaterials with wide ranges of viscosity and
composition including cells.” ™ 22 [or these reasons,
extrusion-based 3D printing is preferred for in vitro tissue
fabrication in most studies.”® In the conventional extrusion-
based printing, the liquified ink was layer-by-layer deposited
onto a substrate using the programmed path to build up the
designed structure.’”?® For the fabrication of a 3D structure,
the newly ink after the move to the upper XY-plane is ejected
and fused onto the preformed structure. After deposition, ink
materials have to be mechanically strong enough to ensure
shape fidelity and stability against gravitational force. The
support structure also has to be printed together for holding
the part of the 3D structure, and it will be removed after the
completion of printing.g’0 This method strictly limits the choice
of ink materials and hinders the potential design and
production of sophisticated 3D structures, presenting an
obstacle to in vitro recapitulation of human organs or tissues
that have geometrically complex architectures such as vascular
networks, cartilage, and muscle.
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Scheme 1 A. The printing process in a gel bath. B. Schemes of the morphology of a bulk gel bath and microgel bath, respectively. C.

Magnified image of the nozzle region during the printing process.
matrix.

To overcome this hurdle, bath-supported 3D printing (also
called embedded printing) was developed from extrusion-
based printing by introducing suitable bath materials such as
gels, inorganic suspensions, and viscous polymer solutions to
support and fix the ink filament.>*3? Among them, hydrogels
have been one of the most frequently used support materials
in bioprinting due to their high water content, transparency,
and self-healing properties.33"35 Thanks to the significant
development of gel materials in recent years, various gels have
been used as supporting materials in 3D bioprinting. As shown
in Scheme 1A and B, in a typical bath-supported 3D printing
system, a nozzle is embedded in the gel bath and translated in
the bath matrix to realize the omnidirectional printing of ink
along a programmed route through the movement of the
nozzle. Meanwhile, the printed ink is immediately surrounded
by the gel matrix after ejection, preventing ink flow or
deformations caused by gravitational forces (Scheme 1C). In
general, gel bath-supported 3D printing has several
advantages: 1) it supports and fixes the printed filament and p
revents the collapse or deformation of printed products,
enabling printing of complex structures using soft biomaterials.
2) gel baths containing growth factors or ECM provide
nutrients and a suitable water environment for cell-laden
printing.36' % 3) some crosslinking agents can be retained in the
gel bath for the post crosslinking of printed ink, endowing
greater flexibility and more design possibilities for printing
strategies.38 4) the gel bath itself can also be used for bio-
applications such as vessel networks or models after removal
of the fugitive ink, enabling the continuous printing of cell
ink.* Gel bath-supported printing has opened up new
opportunities and aroused great interest in the bioprinting
field for tissue engineering and personalized therapy.40 To

2 | J. Name., 2012, 00, 1-3

The ink is continuously ejected and then supported by the gel

date, gel-supported bioprinting has been exploited to fabricate
vessels,*** and simple organ models*™* in recent research.
Despite the recent advances in in vitro tissue or organ
fabrication derived by gel-supported bioprinting, high
resolution and fidelity are still sought after to manifest the
structural hierarchies or complexity necessary for in vivo-like
biological functions.” ** *® In 2017, Hinton et al.*® concluded
that the size of the materials being deposited strongly affects
the function of the fabricated structure as well as its
application in tissue engineering. For example, blood
capillaries in the human body play a crucial role in nutrient and
oxygen transportation, while their diameter is on the scale of
several micrometers.®® In vitro printing of blood capillary,
therefore, requires printing with resolutions in the micrometer
scale. In 2019, Lee et al.>” presented an overview concerning
the affecting factors and the assessing methods of the printing
resolution in various bioprinting technologies including inkjet,
extrusion, and photopolymerization. They denoted that the
principles for improving the print resolution and accuracy
differs in various bioprinting technology. A guideline for
printability evaluation is to determine whether the
fundamental units can be achieved specific to the bioprinting
technology. In practical experiment, the resolution of 3D
printing can be defined as the minimum size of the feature
that can be attained. For bath-supported extrusion printing,49
this basically depends on two factors: the minimum diameter
of the filament that can be stably and continuously printed,
and the positional accuracy of the filament in the bath after
printing. The filament diameter is mainly related to printing
parameters (e.g., nozzle size, ink ejection speed, nozzle moving
speed, etc.) and bath rheology (yield stress, modulus, etc.).
The positional accuracy is not only related to the rheological

This journal is © The Royal Society of Chemistry 20xx
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properties of the bath and ink, but also involves the printing
path and post-treatments. The different bath systems usually
show distinct printing resolution, and the decisive factor
determining the resolution in each bath condition also differs.
Therefore, it is necessary to understand how the bath
conditions and printing parameters dictate the final resolution
and fidelity of the printed structure.

This review focuses on the resolution of gel bath-
supported 3D printing, and attempts to elucidate the factors
affecting the printing resolution in current bath systems. Based
on comparative analysis of previous research, this review sets
out to summarize the effects governing bath design and
parameter selection for high-resolution bioprinting in a bath
matrix. According to the morphology of bath systems, current
gel-based bath systems can be roughly classified into two
types: bulk gel baths and granular microgel baths. Considering
that the resolution-decisive factors in different types of bath
systems are also different, this review will introduce each of
the bath systems separately, as shown in Scheme 2. Finally,
while considering the current challenges of high-resolution 3D
bioprinting, a brief discussion on the outlook for future
research into bath-supported 3D printing is presented.
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printing process, the printed ink was supported and fixed by
the bath matrix. The rheological properties of the bath
materials and the printing parameters are major effect factors
for precise printing.

2.1 Effect of mechanical properties of bath on the resolution

2.1.1 Yield stress. Generally, a suitable polymer bulk gel
bath for embedded 3D printing should be a thixotropic
solution that not only possesses a shear-thinning characteristic
with a relatively low yield stress, t,, allowing nozzle movement
with less resistance, but also has sufficient storage modulus,
G’, to stably support and anchor the ejected ink at a
predetermined position.4°’ 3453

During the printing process, the translation of the shaft of
the needle in the bath may lead to a void or crevice around the
nozzle and break the balance of the stress applied on the
ejected ink, allowing the diffusion of ink into the crevices and
eventually causing a deviation of the printed filament from the
predetermined size and position. Therefore, for high-
resolution printing in a bath system, the elimination of crevices
or voids during nozzle movement is a basic precondition. To
meet this requirement, current research is mainly based on
two strategies for bath design. The first is to introduce a
supplement solution to fill the crevices generated in the

-
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Scheme 2 The factors affecting resolution of bath-supported 3D printing in a bulk gel bath and granular microgel bath.

2. Effect factors in bulk polymer gel baths

To realize spatial resolution for the patterning of a
programmed structure with high fidelity, a suitable bath is
essential. To the best of our knowledge, Lewis et al.®® were the
first to report on gel bath-based 3D printing exploiting the

thixotropic behavior 233 of a bulk polymer gel. In a typical

This journal is © The Royal Society of Chemistry 20xx

printing process,40’ *% and the second is to rely on the recovery

of the crevices through an effective deformation or self-
healing behavior of the gel matrix. For the bath materials that
show relatively high 7, or lesser self-healing ability, the first
strategy can be used. For example, Lewis et al.*® developed a
direct ink writing (DIW) method in 2011 for the fabrication of a
microvascular network, in which an aqueous Pluronic F127
solution, a triblock copolymer, was used as a bath material to

J. Name., 2013, 00, 1-3 | 3
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support the printed structure. To prevent the crevices caused
by the needle movement in the bulk gel, and ensure shape
fidelity, they introduced a filler solution (a diacrylate-
functionalized Pluronic F127 solution) in this bath system. As
shown in Fig. 1A the filler solution was designed to be a liquid
copolymer solution that covered the top surface of the bath,
which has good flowability and can fill the crevice generated
during the shaft movement. Since the filler solution was
chemically identical to the bath material (both were diacrylate-
functionalized Pluronic F127 but with varying concentrations),
it can be crosslinked with the bath materials. Based on this
strategy, filaments with sizes ranging from 18-600 um were
printed in their work.

However, the introduction of a filler material complicates
the bath system and requires the delicate design of a filter
with suitable flowability and good compatibility. In this
context, many new gel matrices with self-recovery behavior
have been exploited to support 3D bioprinting, which are
usually thixotropic polymer solutions that show a shear-
thinning characteristic when the nozzle is translating, but can
quickly recover their stress after the removal of shear stress
(Fig. 1B).57 In other word, these bath matrices can keep a solid-
like or highly viscous state at low shear rate, enabling them to
support the printed structure, while exhibit a liquid-like state
under high shear-rate, approving the free movement of nozzle
within them. A bath with good recovery performance that can
restructure at the microscale and mitigate crevice formation
could remove the need for a filler solution without loss of print
fidelity. Several reversible interactions such as guest-host
interaction,ss’ * jon interaction, and metal coordination
effect®® can be used to design recoverable self-healing bath
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matrices (Fig. 1C and D).

2.1.2 Recovery behavior. The recovery behavior of bath
materials is closely associated with their mechanical
properties, which can be tailored by adjusting the bath
composition and the intermolecular interactions in the bath.™
¥ In 2015, Burdick et al.*® printed linear supramolecular
filaments in a self-healing hydrogel based on a guest-host
interaction. The bath was prepared by modifying hyaluronic
acid with either adamantane (Ad) or B-cyclodextrin (B-CD)
(Ad—HA and CD-HA) and mixing them to form a super-
molecular gel with self-healing properties. With the optimized
composition ratio (Ad—HA and CD-HA with 40% of the HA
repeat units modified, mixed at Ad: CD of 1:1 and at a total
concentration of 4 wt/v%), the bath exhibited the requisite
dynamic bond between CD and Ad. This endowed it with the
requisite shear-thinning and self-healing properties for the 3D
printing of a vascular network in it with a resolution of 35
um.58 They59 also improved the bath system by encompassing
thiol-ene crosslinking that permits the stabilization of the
support hydrogel while incorporating both cell adhesion and
cell-mediated degradation, as well as a polydimethylsiloxane
(PDMS) device that can be used for the printing and culturing
of vascularized constructs. Xanthan gum (XG)39 has also been
reported as a thixotropic polymer to support the 3D printing of
an alginate filament in the bath. The viscosity of the XG
supporting matrix showed an exponential decrease as the
shear rate was increased. Moreover, it can be easily removed
to release the product by simply immersing the sample in
water, preserving its structural integrity. This bath enabled the
printing of a perfusable tube and the finest filament diameter
reported in this work was about 350 um. In 2019, Bruna et al*®
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Fig. 1 Bulk gel bath systems with a filler or recovery ability. A. Using a filler to fill the crevice during the nozzle movement. left: scheme of
the bath system with a fluid filler on the upper surface of the bath matrix; right: a perfusable vascular network was printed using this
strategy. Reproduced from Ref. 40 with permission from John Wiley and Sons. B. left: a typical viscosity curve of a gel with thixotropic
behavior; right: gel with self-recovery ability. Reproduced from Ref. 60 with permission from American Chemical Society. C. Bath system
based on HA-CD and HA-Ad guest-host interaction. Both the ink and the bath matrix consist of HA-CD and HA-Ad, which give the bath a
selfhealing ability. The ejected ink can form crosslinking within itself or with the bath matrix. Reproduced from Ref. 58 with permission
from John Wiley and Sons. D. Bath system based on the metal coordination effect, in which the phosphate groups on polymer chains of
ink and calcium ions dissolved in the bath. Reproduced from Ref. 60 with permission from American Chemical Society.
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developed a self-healing interpenetrating polymer network
(IPN) hydrogel bath consisting of polyethylene glycol (PEG) and
alginate. Owing to the fast self-healing ability (within a few
seconds) during the print process, they demonstrated printed
filaments with a diameter of about 50 um. Moreover, the
constructed fibrin inside their bath (20% PEG - 2.5% alginate)
showed not only high resolution but also width consistency
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1D translation stage
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Print speed ‘
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microscope objective

to high-speed camera Camera view

Soft Matter

the nozzle is moving in the bath, a velocity gradient field and
stress distortion will form around it, which will affect the
filament previously printed in this region. Theoretically, the
smaller the region, the lower the influence on the previously
printed structure. It is, therefore, crucial to understand the
relationship between the yield area or velocity distribution and
the rheological properties of the bath for optimizing the bath

Velocity (b ) Velocity
(mm/s) (mm/s)
. 15 20 12

1 11
1.0

Velocity
(mmvs)
08
07
=ios6
106
05
04
03
03
0.2
0.1

20

X (mm) X (mm)

Fig. 2 A. PIV system for visualization of the stress region and velocity field. Particles with fluorescence labels are used to investigate the
velocity field. Reproduced from Ref. 54 with permission from American Chemical Society. B. The velocity field change of the bath when the
nozzle is moving. SE1700 concentration: (a): 33%; (b) 50; (c) 66% and (d) 80%. With the increase of filler content, the disturbance
decreased. Reproduced from Ref. 54 with permission from American Chemical Society.

along its length.

For self-healing gel baths, the printing fidelity and
resolution are closely related to the thixotropic recovery time
of the polymer gel bath, which is defined as the time taken for
the bath to recover its viscosity after the shear stress is
released. Since the ejected ink may disperse in the crevices or
void caused by nozzle movement before the recovery of the
gels and thus lead to morphological change and position
deviation of the printed structure, a short recovery time was
generally considered to be conducive to the enhancement of
printing a(:curacy.61 Ideally, the bath can recover immediately
after nozzle retraction to trap the extruded ink filament at the
programmed position.14 The thixotropic behavior is usually
correlated to the matrix concentration, chemical composition,
and shear rate. Generally, the thixotropic properties have been
evaluated by rheological measurements or directly observed
by particle image velocimetry (PIV). For example, Grosskopf et
al> investigated the thixotropic behavior of matrix materials
composed of mixtures of PDMS materials (Sylgard 184 and SE
1700, a fumed silica-filled PDMS (approximately 20 wt %
fumed silica), depending on concentrations of the SE 1700 (33
wt% - 80 wt%). They showed that with an increase of the
SE1700 content from 33 wt% to 80 wt%, the yield stress of the
bath was increased and the thixotropic recovery time was
significantly reduced from about 2395 s to 16 s.

2.1.3 Stress region and velocity field. The deformation or
disturbance of the matrix caused by the nozzle movement is
one of the main factors that leads to the displacement of
printed features and prevents resolution enhancement. When

This journal is © The Royal Society of Chemistry 20xx

design and guiding the high-resolution printing. However, the
effect of the distortion field created by nozzle movement on
the print quality has rarely been investigated.

PIV is a powerful method of investigating the velocity field
and stress distribution around a rigid object in a flowable
bath.®* ®* Grosskopf et al>® used this method to visualize the
speed field around the nozzle during its movement process. As
shown in Fig. 2A, they systematically examined the effect of
the rheological behavior and the mechanical modulus of the
bath on the resolution of the embedded 3D printing based on
polymer bath composed of two types of PDMS, Sylgard 184
and SE 1700 (which contained approximately 20 wt % fumed
silica). They found that a significant vorticity region existed
near the nozzle and the size of this region was dependent on
the 7, of the bath. The vorticity region became stronger in the
matrices with a higher content of fumed silica, which is more
elastic (higher G’ and higher vyield stress) in dynamic
conditions. Moreover, exponential decay in velocity in front of
the nozzle was observed to be faster with increasing SE 1700
and fumed silica content, while changing the nozzle diameter
and speed did not affect the non-dimensional decays (Fig. 2B).

The yield region was also evaluated by analyzing the shear
rate field in the nozzle movement area. The Oldroyd number
(Od), defined as the ratio of 7,, of material to the viscous
stresses in a flow, was introduced to analyze the dimension of
the yielded area of the bath when a cylindrical nozzle shaft
moved through the bath. Od can be calculated as below:

T,d"
Y #(1)

od = KU™

J. Name., 2013, 00, 1-3 | 5
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where U denotes the movement speed of the nozzle, d refers
to the nozzle's outer diameter. K and n are constants, can be
determined by the Herschel-Bulkley model.
T=Ky"+ 1y, y > 1,#(2)
T=0, Yy < 1,#(3)

Their results indicated that Od and t, of matrix are key
determinants in controlling the size of the yielded fluid
envelope around rigid objects.S4 Results indicated that a higher
Od leads to smaller yielded regions around the nozzle,
suggesting that the print fidelity can be increased by increasing
Od when a print path is selected that minimizes the previously
patterned feature’s exposure to the matrix yielding around the
translating nozzle.

These insights can guide the optimization of matrix
property, inform printing parameter choices, aid print path
design, and ultimately allow the fabrication of complex
architectures with improved printing fidelity and resolution.
However, it should be noted that many of the current
conclusions are empirical and established on a single bath
material. Due to the differences in bath materials, more
detailed factors should be considered.

it i

jist margins
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The printing parameters can greatly affect the printing
resolution. Even in a selected bath system, the variation of
printing parameters including the ejection speed, nozzle
movement speed, and nozzle size may result in distinct
variations in printing accuracy. According to data analysis from
past literature, O’Bryan et al.®" ascertained that the printed
feature size generally can be predicted from deposition rate
(Q) and the nozzle movement speed (v) based on the volume
conservation principle (Fig. 3A). Theoretically, the diameter of
the printed ink (di,) can be simply estimated as below, if the
shape of the printed ink was an ideal cylinder:

Q #(4)
v

dink =2 X
where Q is volume flow rate, and v represents the movement
speed of the nozzle in the bath. Thereby, a reduction of Q or
an increase of v can basically lead to a decrease of the
filament size. For example, Lewis et al** reported that the
diameter of the filament can be monitored by a dynamic
pressure variation approach in which a single nozzle can print
different sizes by changing the pressure (i.e. changing the Q)

and movement speed. To demonstrate this, they used a glass
capillary with a very small diameter (30 pm) to successfully

3

2.2 Effect of printing parameters on the resolution
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Fig. 3 A. Scheme of the printed ink in a bath. Assuming that the cross-section of the printed ink filament as a circle, the diameter of the
printed filament can be calculated from the extrusion speed Q and nozzle movement speed v based on the volume conservation
principle. B. Designed model corner patterns with a certain angle. The error area increased as the angle 8 increased. Reproduced from
Ref. 64 with permission from Multidisciplinary Digital Publishing Institute. C. Printing sample feature with a different path. (a) Top-down
(top), side-on (middle), and 3D (bottom) views of a simple form that is printed. The blue, green, and red arrows to the left represent the
X-, Y-, and Zaxes, respectively. (b—d). Schematic illustrations of print paths #1 through #4. For paths #1 and #2, the form is printed in
halves: i) left half of the form is printed, and the nozzle is raised out of the matrix and ii) brought to the next start location, and iii) right
half of the form is printed. Paths #1 and #2 differ in that in path #2, a 5 min pause in printing is inserted before step ii). (c) For path #3,
the form is printed in four segments i) with each segment terminating at the vertex. ii) Printing continues in a clockwise fashion until iii)
the last segment is printed. (d) For path #4, the form is printed again in halves, but in a fashion to minimize ink displacement. i) Bottom
left and top right segments are first printed in one continuous filament, ii) tip is brought to the next location, and iii) top left and bottom
right segments are printed in one continuous filament. (e) Results of printing the form with each print path in 33 wt % (left), 50 wt %
(middle), and 66 wt % (right) SE 1700 matrices with each print path are shown for two print speeds, U =2 mm/s (top row) and 0.5 mm/s
6(bottom row). (Nozzle d = 0.52 mm; scale bars = 3 mm.) Reproduced from Ref. 54 with permission from American Chemical Society.

Please do not adjust margins




Page 7 of 17

fabricate microchannels with different sizes ranging from 18-
170 um. Likewise, in the research by Burdick et al.,58 the size of
the printed features was controlled by maintaining a constant
nozzle movement speed and varying the nozzle types with
different inner diameters. Linear supramolecular filaments
with diameters including 950, 370, and 35 um were printed
using 20-, 27-, and 34-gauge needles (inner diameter was
around 600, 210, and 50 um), respectively. Here it should be
noted that the adjustment of printing parameters cannot
reduce the filament size indefinitely since a further reduction
of Q or an increase of v will lead to the breakup of the
filament.* Moreover, when a small feature is printed in a bath
with a small yield stress, the surface tension of the ink may
also segment the ink filament into beads if the ink is
immiscible with the bath materials.

On the other hand, the printing parameters will also
affect the positional reliability of the printed filament. To
evaluate the positional accuracy of the ink in the printing
process, Uchida et al. &4 printed a series of straight lines with
various printing parameters, and different bath conditions, and
recorded the positional relationship between the nozzle tracks
and filament after ejection. Results showed that the z-position
error (the distance between printed ink and nozzle in the
ejection direction) of the printed ink increased with increasing
ejection speed (V) which was defined with the nozzle diameter
d and the volume flow rate (Q) as follows.

V= #(5)

d
n(3)?
Besides V, the depth h of the nozzle in the bath would also
have an impact on the positional accuracy, probably because
the pressure loss occurring at the back of the cylindrical nozzle
caused by the nozzle movement differs at different depths in
the bath.
The printing route selection has an identical impact on
the pattern accuracy of the final printed products. A
reasonable printing route design plays an essential role in
realizing high-resolution printing. Ideally, the printed filament
should be fixed by the bath material to form the intended
patterns that are the same as the programmed tracks of the
nozzle. However, the ink after printing may be slightly dragged
by the nozzle and thus not exactly match the route of the
nozzle. The distortion of the ink resulting from the nozzle
movement may also lead to a loss of structural fidelity of the
printed patterns. For example, Uchida et al.®® introduced an
error area, which was defined as the dragged area of the
patterned ink at the corner, to evaluate the location difference
caused by filament movement. As shown in Fig. 3B, they
designed several model corner patterns with different angles.
The results showed that the error area increased as the angle
increased, reaching a maximum when the angle was 120’ for
all three nozzle speeds. For all angles, the slower the nozzle
speed V, the smaller the error area. According to these results,
they suggested that a low flow rate and slow stage speed
should be chosen to print a corner pattern precisely. Grosskopf
et al® also demonstrated that the path design has a
significant influence on the print quality. They designed

This journal is © The Royal Society of Chemistry 20xx
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different routes to print the same structure under the same
conditions. As shown in Fig. 3C, the final print quality was
clearly different, indicating that the movement of the nozzle
may lead to position deviations of filament, suggesting the
importance of the path selection for high-fidelity 3D bath-
supported printing.

2.3 Effect of the deformation after printing

The morphological change of the ink after printing is an
impediment to the fabrication of high-quality construct. The
embedded ink materials, especially the soft biomaterial-based
gels or solutions, gradually deform in the bath due to certain
mechanical or/and chemical interactions with the bath
materials.®* This may lead to a waste of all of the previous
efforts made to enhance the resolution and fidelity. The
swelling or shrinking driven by osmotic pressure has been a
frequently cited reason for the deformation of ink in a bath.
For example, Lewis et al.? printed a cell-laden construct in a
gelatin methacrylate (GelMA) bulk matrix. They found the
printed features swelled in the bath and became twice as large
due to the difference in water content between the bath and
ink. The intermix between printed ink and bulk materials is
another factor that can evidently affect the shape and size of
the printed ink. Using a bath that is immiscible with the ink
materials is a feasible strategy for preventing the diffusion and
mixture between ink and bath, as is reducing the roughness of
the filament surface.”

2.4 Effect of the bio-laden ink

For the cell-laden printing, the cellular proliferation,
migration, and scaffold remodeling could gradually change the
printed structure,65 resulting in the loss of structural fidelity
after a period of culture time. For example, Burdick et al.>®
printed a channel structure in a support gel consisting of
hyaluronic acid modified with guest-host pairs of adamantane
and B-cyclodextrin, and the human umbilical vein endothelial
cells (HUVEC) were seeded on the printed channel to mimic a
blood vessel. After culturing for 2 days under the stimulus of a
gradient of angiogenic growth factors, the sprouting of HUVEC
from the channel wall was observed. This phenomenon can be
attributed to the protease degradation of the surrounded
hydrogel caused by cell growth. Sharma et al.®® reported that
the pluripotent stem cells that incorporated in the fibrin gel-
based bioink could degrade the printed gel by proteases,
which reduced the structural stability of printed construct, and
limited the long-term culture of the sample for cell
differentiation. These cell behaviors would lead to a
morphological change of the printed filament and loss of
printing fidelity. Therefore, in a practical printing process, the
unstable deformation behavior of the printed features should
be considered.

3. Effect factors in a microgel bath
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Compared with the bulk gel bath, the microgel bath has 3.1 Effect of the particle size of a microgel on the resolution
opened a new horizon for supporting 3D bioprinting. In
contrast to the bulk gel bath where the whole bath is a single
piece of gel, the microgel bath consists of a large number of
microgels that are jammed together. The special morphology
of the microgel bath prompts a smooth transition between
fluid and solid states, and has therefore been regarded
recently as an ideal medium for the fabrication of a
macroscopic structure with microscopic precision.
Theoretically, most gels that can be turned into stable particles
with a size in microscale can be used as a bath for printing.
Nevertheless, it should be borne in mind that, in practical
experiment, the physicochemical properties of the microgels
including their size, shape and modulus, flowability, self-
healing ability, and biostability may inevitably affect the
ultimate printing resolution and structural fidelity.67

For microgel bath-supported 3D printing, the size of the
microgel in the bath matrix is one of the important factors that
dictates the printing resolution and fidelity. Since the printed
ink filament is in direct contact and interacts with the
surrounding microgels after ejection from the nozzle, the size
and shape of the microgels usually determine the minimum
size of the printing feature. Generally, a bath with a small size
and uniform distribution is a prerequisite for improving the
printing resolution.” As a typical instance, Hinton et al.®®
reported an innovative method in 2015, called freeform
reversible embedding of suspended hydrogel (FRESH), for 3D
printing of complex biological structures. This method involved
a gelatin microgel slurry as a thermo-reversible and
biocompatible support bath. The bath was prepared by
blending the gelatin gel into a microgel with an average size of
about 65 um, which allowed for 3D printing of soft
biomaterials including alginate, collagen and fibrin with an
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support bath for FRESH v1.0 and v2.0, respectively. (c) Size distribution of the microgels in bath of v1.0 and v2.0 repectively. (d) Average
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medium. Reproduced from Ref. 70 with permission from The Royal Society of Chemistry. C. The aggregation of gellan/gelatin mixture
microgels induced by gradual crosslinking of transglutaminase, leading to the reduction of fidelity. Reproduced from Ref. 73 with¢
permission from American Chemical Society.
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elastic modulus <500 kPa, but the results indicated that the
resolution was only 200 um. Recently, they developed FRESH
v2.0 to exceed the resolution of the previous version (FRESH
v1.0).% In this version, they modified the bath preparation
method and developed a new bath in which the gelatin
microgel had a size that went down to 20 um. By using this
bath, the printing resolution was substantially enhanced and
precise printing was realized with an improved resolution of 20
um, as shown in Fig. 4A. Thanks to the enhanced resolution, a
human heart was accurately reproduced with patient-specific
anatomical structure as determined by micro-computed
tomography.7’ & Similarly, Jeon et al.”® recently demonstrated
the evident influence of the particle size on the printing
resolution by a comparative experiment in which baths
containing small and big alginate microgels were used. Here,
human bone marrow-derived mesenchymal stem cells (hMSCs)
were used as a bioink to generate engineered tissues. Results
indicated that the small microgels enabled a higher resolution
with narrow filament diameter distribution compared to the
larger alginate microgel supporting medium (Fig. 4B). The
reason for this phenomenon can be attributed to the medium
pores that result from the space between the microgels. When
the ink is ejected into the microgel bath, it may disperse into
the pores or voids between the microgels, leading to a low
print precision and broader size of filament than expected.
Furthermore, the surface of the filament will become rough
and some particle-shaped traps may remain. The ink
dispersion was also observed in the FRESH method, in which
the printed filament showed visible “spikes” that formed
between microparticles.68 Since the larger microgels make
larger pores and vice versa, printing in a smaller microgel
supporting medium can suppress the dispersion of ink and
achieve a relatively high printing resolution. However, it should
be noted that although the printing precision can be enhanced
by reducing the size of the granules, the particle size should be
not smaller than 1 pum for the elimination of colloidal scale
diffusion.®” 772

On the other hand, the aggregation of the particles
composing the support medium may also impair the print
quality. Since high-resolution printing prolongs the working
time, this must be considered when considering the size
change of the microgels due to aggregation, self-healing, and
crosslinking. Ashley et al.”? designed a cross-linkable bath by
dispersing gellan/gelatin particles in a gelatin solution. Since
transglutaminase (TG), an enzymatic crosslinker for gelatin
molecules, was added to the bath system, the bath matrix
would be gradually crosslinked at ambient temperature. As a
result, they observed that the printed channel morphology lost
its shape fidelity and gradually shifted from perfectly round to
significantly elongated channels after the printing begins for 40
min, as shown in Fig. 4C. To restrain the particle aggregation
and improve the print quality, Shapira et al.”* introduced XG as
a continuous phase in a calcium-alginate nanoparticles bath.
The obtained hybrid bath exhibited smaller particle
aggregation and more homogeneous distribution in the bath.
To test the effect of aggregation on the printing resolution
over time, the alginate microgel bath without the addition of
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XG was left to stand for different times before printing. Results
showed that a straight filament morphology was formed in the
bath with a short standing time, while in the bath which stood
for 3 h, an irregular filament was formed. In contrast, the
hybrid support could effectively maintain the alignment and
accuracy of the printed strands even after a prolonged period.
By using this hybrid bath system, they realized high resolutions
of down to 10 um. The inhibition of microgel aggregation in
the bath is therefore necessary to achieve high-resolution
printing in it.

3.2 Effect of mechanical properties of bath on the resolution

In this section, we also review the mechanical and
rheological criteria of microgel baths to accomplish the high-
resolution and structural fidelity.

3.2.1 Yield stress. From the perspective of yield stress, an
ideal microgel bath should be solid-like in the absence of
applied stress, i.e., sufficiently above the critical T, to support
the printed constructs and prevent the ejected ink from
diffusing into the surrounding or sagging because of gravity.la'
R Moreover, the bath should have fluent flowability when a
nozzle translates in it and rapid recovery once the nozzle
moves away from a certain region of the bath.”® Unlike the
bulk gel with thixotropic characteristics, the deformation of
the microgel bath has been accomplished by an unjamming
process through the slippage and reconstruction of microgels
under the shear stress over ry.68' 7878 Eor example, Angelini et
al.®’ reported a pioneering work where a granular microgel
bath consisting of granular Carbopol gel was used for 3D
printing of complex structures through direct writing. PIV
observation revealed that the disturbance of the bath caused
by the nozzle movement only occurred near the writing tip
with about one tip diameter (50 um in the report), and that
the velocity field was not sensitive to the nozzle movement
speed. These ideal thixotropic behaviors mitigated the
distortion of the bath during the printing process, which
facilitated the printing of a complex 3D structure with a high
aspect ratio.

The morphology of the printed filament is closely
correlated to the yield stress of both bath and ink materials. To
prevent the breakup of printed structures driven by interfacial
instabilities, the stresses generated by interfacial tension must
be less than the 7, of the microgel.go'82 Based on these criteria,
O’Bryan et al®? proposed that the minimum stable printed
feature size can be predicted to some extent by the microgel
yield stress based on postcapillary length (1), which is defined
by the following equation.

1=2Lue)
Ty
Here, y was the interfacial tension between bath and ink. To
test this relationship, they printed a series of features using
silicone oil in micro-organogel baths with different vyield
stresses, and it was shown that the minimum stable feature
size decreases with increasing yield stress, as predicted.
Recently, they83 investigated the empirical relationship
between yield stress and critical diameter of printed filament
by considering a fluid beam embedded within an elastic
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Fig. 5 A. (a) Images of beams printed in packed microgels with yield
stress Ty. Beams with radii smaller than the critical radius break-up
into smaller droplets. (b) Stability state diagrams of neat mineral oil
beams printed into aqueous microgel supports show the transition
from the stable (black) to break-up (red) regimes. Reproduced from
Ref. 83 with permission from The Royal Society of Chemistry. B. (a)
The deformation of beamsin packed polyacrylamide bath. By
varying the shear modulus of the surrounding microgel medium, G,
and the beam elastic modulus, E, a cascade of different behaviors
was observed: the cell-ECM microbeams buckle, breakup, contract
axially, and remain stationary. (left to right: collagen E = 0.035 Pa
and microgel G’ = 1.92 Pa; E =0.1 Pa, and G’ =5.69 Pa; E =1 Pa and
G’ =10.85 Pa; E = 0.3 Pa and G’ = 55.02 Pa. Scale bar: 1 mm). (b) A
twodimensional map of these behaviors illustrates where
transitions occur. (In this case the yield stress and the modulus of
bath follow a relationship: o, = 0.13 G’.) The Dotted line indicates G’
at breakup and dashed line indicates o, at fracture. Reproduced
from Ref. 37 with permission from Springer Nature.

support medium. They confirmed that for the microgel bath
with yield stress 7,,, there is a critical feature size necessary for
the printed ink to remain stable. As shown in Fig. 5A, the
printed filament with a diameter smaller than the critical
radius will break up into smaller droplets due to the capillary
force acting at the interface. Morley et al.*’ investigated the
deformation of cell-laden collagen beams printed in aqueous
polyacrylamide microgel baths. By monitoring the shear
modulus of the surrounding microgel medium, G’, and the
beam elastic modulus, E, a cascade of different behaviors
including the buckle, breakup, contract axially, and remain
stationary were observed, as illustrated in Fig. 5B. According to
their theoretical analysis and experimental dates, the yield
stress of bath material could substantially affect the shape
stability of the printed beams that containing cells. They found
a threshold vyield stress of bath (1.95 Pa for their case)
independent with the ink concentration. The microbeams
printed in bath with the yield stress higher than this threshold
remain stable, straight, and intact, while in the bath with lower
yield stress the printed beams would deform due to the
internal stress built up within the ink.

In fact, the vyield stress can be effectively tuned by
adjusting the polymer concentration when preparing the
microgel of the bath. Ning et al®! used a Carbopol microgel as
a bath and reported that the increase of Carbopol
concentration led to a larger yield stress of the bath. This
resulted in a decrease of the filament diameter and was thus
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capable of retaining the strand geometry post-extrusion.
Likewise, O’Bryan et al® compared the print quality of four
kinds of commercially available microgels with distinct
chemical properties. They confirmed that the yield stress of
these materials could be tuned by simply changing the
polymer concentration of the microgel. For all four kinds of
polymer microgel bath, the 7, at the condition that was
favorable for 3D printing ranged from 7 to 10 Pa. With suitable
printing conditions, a printing precision as high as 20 um could
be realized using these four commercial microgels as a bath.
These results demonstrated that a suitable 7,, is essential for
high-resolution printing, and that even commercially available
microgels with different chemical properties can be
successfully used as bath materials for high-precision 3D
printing after optimizing the rheological properties.84

3.2.2 Recovery time. The rheological recovery time is an
essential indicator for evaluating the recoverability of the bath,
which can evidently affect the final printing resolution. It is
usually defined as the time needed for the bath to recover its
initial mechanical and rheological properties after removal of
shearing stress. Ideally, the microgel bath should be capable of
spontaneously closing the potential crevices when the
hydrostatic stress at the bottom of the crevices exceeds the 7,,
of the bath, thereby allowing high-precision 3D printing
without using a filler solution.?’ Currently reported bath
materials used for high-resolution 3D printing generally show a
recovery time of several seconds. For example, all the
commercial microgels in O’Bryan et al.’s work®" showed short
recovery times (about 1 s) at the optimized condition suitable
for 3D printing. Such a rapid recovery of the mechanical
properties ensures that the ejected ink is quickly encapsulated
without remaining crevices or bubbles.?® 7> 8 Similarly, to
ensure print quality, the alginate microgel bath in the work of
Jeon et al.”® exhibited a rapid recovery of the storage modulus
and viscosity to their initial values within seconds. In fact, the
recovery time depends on the mechanical properties of
microgels and can also be tuned by changing the polymer
concentration. Increasing the bath concentration facilitates the
reduction of recovery time, resulting in the elimination of the
crevices or voids formed by nozzle movement. Shapira et al”
investigated printing performance using Carbopol microgel as
a bath. When the concentration of Carbopol solution increased
from 0.1% to 0.2%, the bath exhibited an evident limited
recovery time, indicating its ability to rapidly recover.

3.2.3 Viscosity. Besides the yield stress and the thixotropic
recovery time, the viscosity of the bath has been reported to
affect the print quality. Moxon et al.” investigated the
influence of supporting matrix viscosity on the printing
resolution. It was found that increasing the viscosity of the
supporting medium could result in a monotonic increase in
resolution in the XY dimensions, but interestingly a smaller
reduction in resolution in the Z dimension.® The experimental
results of O’Bryan et al®? using an organic microgel bath also
indicated that an increase of the viscosity of the ink could
delay the breakup of unstable features and remarkably
enhance the printing resolution from 80 pum to 30 um. The
improvement of viscosity can be realized by enhancing the
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polymer concentration of the microgel or increasing the
particle density. Ning et al® reported that a higher
concentration of Carbopol microgel and denser granular
particles in the bath was more conducive to preserving high
printing fidelity, especially for printing low-viscosity hydrogel
bioinks. This was because the microgel bath with
concentration showed limited mechanical support to soft ink,
and the extruded ink could be dragged by nozzle movement to
lose its designed position. Moreover, denser particles added to
the bath could reduce the gaps between particles and mitigate
the infiltration of ink, thereby resulting in a more uniform ink
filament. However, there is an optimal range for bath
concentration, beyond which the higher microgel
concentration may impede the fluency of the nozzle and result
in diminished printed fidelity.31 On the other hand, increasing
the ink viscosity can also be helpful for printing precision and
filament integrity, though this ink usually needs a higher
extrusion force, which leads to high shear stresses that
hamper cell survival for some cell-laden 3D printing.31’ 84-86

More details about the rheology of the extrusion-based
bioprinting in a suspension bath may be found in a recent
review by Cooke et al.¥’ They provided an overview of the
important rheological parameters for bioink and the methods
to assess printability, as well as the effect of bioink rheology
on cell viability.

low

3.3 Effect of printing parameters on the resolution

The printing parameters including the nozzle diameter,
ejection rate, and movement speed have key roles in the
determination of the printing resolution in a microgel bath.
Although the influence of printing parameters on printing
resolution is fundamentally similar to that of a bulk gel bath
described in the previous section, the size and shape of nozzles
are major factors determining the resolution in microgel baths.
It can be easily understood that the use of a smaller nozzle
leads to higher printing precision.** ’° Shapira et al.”* realized
the printing of filaments with very fine diameters down to 10
um by using pulled glass pipettes in their optimized bath.
Although a finer filament can be achieved by using smaller
needle, it may not be suitable for cell printing since most cells
are bigger than 10 um and the high shear stress may rupture
them.” Moreover, when some composites ink that containing
inorganic particles was used for printing, a fine nozzle may be
blocked by the particle aggregations. To overcome this
limitation, Chen et al.%® developed an in situ precipitation
strategy for 3D freeform printing of inorganic particles-loaded
hydrogel construct. Different from the conventional printing
using the composite ink premixed with the inorganic particles,
this method allows to in situ generate nanoparticles during the
printing process. By his method, they successfully fabricated
hyaluronic acid-alginate/calcium phosphate nanocomposite
hydrogel scaffolds with various mineral contents and good
structural integrity. The shape of the nozzle is also important
for 3D printing with good fidelity, especially for printing
complex structures such as vascular networks and hollow
heart. For example, to print a continuous helical pattern
without damaging the printed structure during the nozzle

This journal is © The Royal Society of Chemistry 20xx
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movement, O’Bryan et al. used a bent nozzle oriented at 45°
from vertical to reduce the interruption of nozzle translation.®*
To investigate the effects of various printing parameters on
print quality, the printing optimization index (PON®® was
introduced by Lewicki et al.®® in their work for quantitatively
evaluating the printing accuracy. The normalized POI is a
dimensionless score ranging from 0 to 1, where 0 is the worst
and 1 represents the best resolution. Their work indicated that
the printing speed and pressure are important for high
resolution, and they pinpointed the optimal conditions under
the guidance of POl analysis for printing cells in a sodium
alginate microgel bath. Other studies’* have also reported that
the diameters of a printed filament can be adjusted to some
extent, by applying different printing speeds and ink feed
speed. Normally, the increase in nozzle movement speed and
the reduction of the pressure for ejection of ink result in a
finer filament. The resolution improvement by adjusting the
printing parameters has a trade-off relationship with the
mechanical and rheological properties of baths and inks. For
high-resolution 3D printing therefore, the configuration design
of a gel-supported 3D printing requires the concurrent
consideration of bath, ink and printing parameters.

3. 4 Effect factors in Cell-involved Bioprinting

To mimic the native organs consisting of living cells,
considerable advances ** °"** have been reported in
bioprinting with cell-containing inks or baths. Besides the
resolution determinants mentioned above, the cells or cell
aggregates such as cellular spheroid, tissue strand, and
organoids in the printing system also have an impact on the
printing precision. Firstly, the addition of cells in ink would
substantially affect the printability as it can alter the
properties of the hydrogel, the
parameters required for proper extrusion.”® Lewicki, et al®®

rheological changing
used sodium alginate (SA) to creating constructs populated
with human neuroblastoma cells SK-N-BE(2) in a gelatin
microgel bath by the FRESH method. Their results indicated a
notable difference between optimal parameters for printing
SA with and without cells. Furthermore, the cell-generated
force caused by the cell-cell or cell-gel interaction would also
deform the printed product. To investigate the deformation of
the 3D bioprinted structures under cell-generated forces,
Morley et al¥’ printed a bioink containing pancreatic cancer
cells into a 3D culture medium made from the polyacrylamide
microgels. By varying the mechanical properties of the printed
beams and the surrounding microgel medium, they observed
the buckling, axial contraction, failure, and static stability of
the printed beams under cell-generated forces. On the other
hand, the cell culture conditions after printing may lead to the
swelling, dissolution, or degradation of the biomaterials in the
printed structure. As a typical instance, for the alginate gel-
based printing, the presence of ions such as sodium ions or
magnesium ions may lead to the calcium release from the ionic
crosslinked alginate gel and cause its swelling or even
dissolution97, which was fatal for the structural accuracy of the
printed sample. However, if the swelling behavior of the
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printed tissue can be controlled, it may be a useful
characteristic for generating smart tissues. Lee et al’®
developed a 4D cellular printing strategy to construct the high
cell density tissue using two biodegradable materials. By
reasonably tuning the spatial patterning of these two
biomaterials with different swelling ratios, the controllable
geometric change of the printed construct over time can be
realized.
Different from the scaffold-based cellular bioprinting (i.e.,
dispersed  within  biocompatible  materials or
decellularized components), the
bioprinting using cell aggregates such as cellular spheroid,
tissue strand™®” 101, and organoids23 allows us to fabricate real
organ-like structures that have high cell concentration. 192 For
example, Bulanova et al % printed a thyroid gland construct
using two types of rounded embryonic tissue spheroids,
thyroid spheroids, and allantoic spheroids, within the collagen
hydrogel. After culture for 4 days, the tissue spheroids fused
into a single and integral thyroid gland construct. Moreover,
they demonstrated that the printed construct is functional
after grafting under the kidney capsule of hypothyroid mice.
Skylar-Scott et al? also reported the fabrication of living tissue
with organ building blocks (OBB) composed of patient-specific-
induced pluripotent stem cell-derived organoids. They
prepared a cellular matrix by assembling hundreds of
thousands of the OBBs, and then the vascular channels were
introduced into the matrix via embedded three-dimensional
bioprinting. By this strategy, a perfusable cardiac tissue that
fuses and beats synchronously over 7 days was successfully
created. Despite these encouraging advances, the resolution of
bioprinting using cell spheroids is limited by the original size
and shape of the cellular assemblies. For example, the

reported tissue spheroid usually has a diameter over 100
104

cells

scaffold-free
38,99

matrix

um. Moreover, the positional precision of the deposited
spheroid is difficult to control by conventional extrusion
printing, which will inevitably depress the final printing

resolution. To improve the positional precision of the tissue
spheroid, Ozbolat et al. 0% 1% developed an aspiration-assisted
bioprinting method, by which the positional precision can be
enhanced about 11 % with respect to the spheroid size.
Considering that the common cell spheroids usually have a
diameter range of 80-1000 um, the high-resolution printing
based on cell spheroid is still a challenge. Recently, Jeon et al”®
created a cell printing platform that permits 3D printing and
long-term culture of the individual cell-only bioink within an
oxidized and methacrylated alginate microgel supporting bath.
Unlike previous 3D bioprinting techniques which depend on
external solid materials for structural maintenance or
additional process for prefabrication of cell aggregates, this
method provided a pathway to generate biomimetic cellular
condensation-based engineered tissues with defined
geometries. Nevertheless, the currently achievable resolution
of this cell-only bioprinting is around 160 um, which is still far
away from the structure resolution of real-tissue. Therefore, to
create reproducible and useful models by bioprinting in vitro,
more efforts focusing on the printing precision are still
demanding.
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Conclusions and future directions

Bath-supported 3D bioprinting has rapidly developed in
the last half decade and a considerable number of bath
systems have been designed and used for bio-applications (as
shown in Tables 1 and 2). This review focused on the printing
resolution of various bath systems and comprehensively
introduced the factors that affect the printing resolution and
fidelity when printing in bulk polymer solution baths and
granular microgel baths, respectively. In particular, the
influences of the mechanical and rheological characteristics of
both bulk polymer and microgel baths on the printing
precision were discussed. The relationship between the
detailed parameters during the printing process and the
printing fidelity was also summarized. Moreover, the factors
possibly determining the precision of printed features after
printing were analyzed. In each aspect, the influence pattern
and its mechanism were identified based on existing research
reports and relevant theories.

For a bulk gel bath, the resolution greatly depends on its
rheological properties. An ideal bath should have suitable yield
stress that not only allows the smooth movement of the nozzle
within it but also supports and fixes the ejected ink. A bath
with a yield stress one order higher than that of the ink
material is recommended. Moreover, the bulk gel used for
high-resolution printing requires a rapid thixotropic recovery
time, usually under a few seconds. The rheological properties
can be adjusted by changing factors such as the polymer
concentration, filler content, and intermolecular interaction,
etc. In terms of the printing parameters, the printing
resolution is closely related to the extrusion speed and nozzle
movement speed, as they directly affect the diameter of the
printed filament. Generally, a faster movement speed leads to
a thinner filament. An over-fast movement speed, however,
may cause the printed filament to break and have a negative
influence on the resolution. Besides, a reasonable printing
path should be considered to mitigate the distortion of the
printed structure by the movement of the needle. Finally, the
shrinkage/swelling of the printed structure in a bath and
deformation caused by cell migration in cell-laden printing
need to be taken into account when conducting high-precision
3D printing.

For a microgel bath, the particle size and distribution have
a significant impact on the printing resolution. In principle, a
smaller particle size and uniform size distribution facilitate the
improvement of resolution. It should be noted however that
the particle size should be not smaller than 1 um for the
elimination of colloidal scale diffusion. Moreover, the
aggregation or swelling of gels in the bath should be avoided
during the printing process to ensure a reliable printing result.
Theoretically, most gels that can be turned into stable particles
with a size in microscale can be used as a bath for printing. For
high-resolution printing, certain rheological properties
including suitable yield stress and rapid recovery behavior are
also required. Other effect factors such as the printing
parameters and path design are similar to the rules for bulk gel
baths.
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To print 3D structures with high resolution and feature
fidelity, suitable bath characteristics and optimal printing
parameters are the prerequisites. Although it is difficult to get
a universal selection rule, the empirical criteria summarized
from the literature and rules outlined in this review offer
guidance and reference for bath design and the selection of
printing parameters for future studies in high-precision, bath-
supported 3D bioprinting.

In  truth, current 3D printing technology
realistically duplicate organs or tissues with an in-vivo-like
structure and biological function. However, there is no doubt
that 3D bioprinting, especially bath-supported 3D printing, has
evolved markedly and become an increasingly important tool
in bio-applications such as tissue engineering and organ model
reconstruction. Currently, the optimal resolution of 10 um can
be realized using bath-supported 3D printing.74 This precision
can basically permit the fabrication of 3D cell-resolution
structures. The resolution below 10 um is barely reported in
the extrusion-based bioprinting. This is probably because: (1)
The nozzle size cannot be infinitely reduced. The nozzle with
very small inner diameter is easy to be blocked or broken,
which is inconducive to the sustainable and continuous
printing. (2) The printed filament with a submicron diameter is
not stable and may break up into smaller droplets in bath due
to the capillary force acting at the interface. (3) The size of a
single mammalian cell is usually ranging from 10 to 100 pm.
The cell-laden bioprinting therefore usually showed resolution
bigger than 10 pum.

Despite the encouraging advances achieved recently, the
current state of bath-supported 3D bioprinting is still
confronted with many obstacles. First, there is a conflict
between printing precision and printing time. It is known that

cannot

the enhancement of printing resolution generally results in an
increase of the total number of printing layers to print the
same volume and requires a longer printing time. However, for
most 3D bioprinting platforms, the mechanical or rheological
properties of the bath and ink may change during the long
G for cell-involved 3D
bioprinting, the viability of cells is difficult to maintain over a

printing duration. Moreover,
long period under these printing conditions. Both factors
hinder the practical applications of 3D bioprinting. Therefore,
large-scale product the
combination of high resolution and low resolution during the

when printing a like organs,
printing process may be a possible compromise for timesaving.
For example, Mirdamadi et al*” recently 3D printed a full-size
heart model using the FRESH method, and they chose a small
size nozzle to ensure the resolution of some small constructs,
while using a large size nozzle to print the main part of the

model to balance the precision and printing duration. To
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simultaneous printing of different parts of the intended

structure with separated ink materials, which could
remarkably shorten the printing time without losing
precision.lw'113

Second, for most bath-supported 3D printing, the matrix
materials attached to the printed structures will inevitably
diminish the final resolution. Although many bath materials
enable high-resolution printing, removing them after printing
is difficult.’™ The attached materials on the printed object may
alter the size and structural fidelity of the product, thereby
hindering it with undesirable functions. Therefore, the printed
object must be released from the bath when the printing is
finished. Current methods for removing the attached matrix
generally involve post-processing such as thermal melting,
dissolution, targeted washing, and sonication.®® % However,
the complete removal of the attached gels on the bioproduct
still has some limitations. For example, thermal treatment for
melting the bath may be useless for removing the bath pieces
that were encapsulated inner the printed structure. The
dissolution of a gel bath requires multiple solution exchange
steps with a large amount of solvent, which is not only costly
but may also lead to the swelling of some hydrated
products.114 Other methods such as sonication or chemical
degradation are limited since the bioproducts, especially the
cell-containing product, are usually sensitive to mechanical
stress, heat, pH, and many organic chemicals. This limitation
makes it clear that improvements in gel-supported 3D printing
in terms of bath removal will be necessary in the future.

Third, the printing resolution and fidelity are affected by
the accuracy and reliability of the printer, but at present, a
standard platform for manufacturing and operation of a
commercial 3D printer is still lacking. Studies vary as they are
usually based on printers provided by different companies or
even homemade or laboratory-modified machines.'> 116118
This is an obstacle to inter-study comparison of the effects of
detailed printing parameters on the print quality. With the
continuous development of 3D printing technology, we believe
relevant standards will be gradually improved through the
cooperation of scientific researchers and mechanical
engineers.

Overall, bath-supported 3D bioprinting as an emerging
technology has rapidly developed in the past few years. To
date, novel printing strategies have been demonstrated with
printing resolutions from 1,000 pm to 10 pm. Since the
printing resolution is affected by many factors, thorough
consideration of the balance of these factors is imperative for
high-precision 3D printing. We hope that by bridging the effect
factors in the printing process with the printing resolution, this

further improve the printing effectiveness in future review will provide inspiration to those who intend to use gel-
experiments, multi-nozzle printing is a potential alternative.'®® supported 3D printing.
Tablel Printing resolution of recent research in bulk gel bath

Resolution range (um) Bath Ink Resolution* (um) Year [ref]
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ARTICLE Journal Name
HA-Ad and HA-CD Guest- Cell-contianing guest—host 8
35 2015
<100 host bath complexes
Pluronic F 127-CaCl2 alginate 50-100 2018°
Carbopol gel PDMS prepolymer 140 2016
Pluronic F127 diacrylate Pluronic F127 18-170 2011%°
gold nanorod incorporated 120
100 ~ 300 Gelatin-CaCl, 200 2017
GelMA
hMSCs spheroids-laden 18
PEG/alginate/ thrombin 50-250 2019
fibrinogen
xanthan-gum alginate 350 2020%
bisphosphonate- bisphosphonate-
functionalized hyaluronic functionalized hyaluronic - 2017%°
> 300 or no date
acid acid
mixing of CD-HA and AdNor- .
mixing of Ad-HA and CD-HA - 2018
HA
* Resolution is estimated from the minimum diameter of the printed filament.
Table2 Printing resolution of recent research in microgel bath
Resolution range (um) Bath Ink Resolution* (um) Year [ref]
calcium-alginate
pepsinized collagen-based 4
nanoparticles and xanthan 10 2020
hydrogel
gum
Gelatin microgels collagen 20 2019%
<100
Pemulen TR-2NF microgel "
PVA 20 2018
(commercial)
SEP and SEBS block -
Silicone elastomer 80 2017
copolymer micro-organogel
Carbopol microgels PVA and other polymers 100 2015%
Carbopol gelMA 200 2020°!
Granular Carbopol ETD %
Cell cluster 200 2016
2020
Organ building blocks gelatin 200 2019%
100 ~ 300 T
Carbopol (ETD 2020 Alginate and gelatin >200 2016
Alginate;
Gelatin microgels slurry Collagen (l); ~250 2015°%
ECM
Fluid agarose gel Cell-loaded gellan 250 2017”
Gellan gum microgels Gelatin based composites >300 2019
> 300 or no date alginate microgel hMSCs cells 200-800 2019”°
Alginate granules+ Xanthan  Cy5-prestained CMs or RFP- <300 2019%
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gum expressing ECs
Gelatin-Gellan Microgel -
alginate 750-1000 2020
Composite
gelatin granules hSKMs in dECM 300-1000 2019”
gelatin slurry cell-laden alginate microgel - 2019”

* Resolution is estimated from the minimum diameter of the printed filament.
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