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Abstract

Three-dimensional (3D) bioprinting has been used widely for the construction of hard tissues such as bone and cartilage.
However, constructing soft tissues with complex structures remains a challenge. In this study, complex structures characterized
by both tunable elastic modulus and porosity were printed using freeform reversible embedding of suspended hydrogels
(FRESHS) printing methods. A mixture of alginate and gelatin was used as the main functional component of the bioink.
Rheological analysis showed that this bioink possesses shear thinning and shear recovery properties, supporting both cryogenic
and FRESH printing methods. Potential printing capabilities and limitations of cryogenic and FRESH printing were then
analyzed by printability tests. A series of complex structures were printed by FRESH printing methods which could not be
realized using conventional approaches. Mechanical tests and scanning electron microscopy analysis showed that the printed
structure is of excellent flexibility and could be applied in various conditions by adjusting its mechanical modulus and porosity.
L.929 fibroblast cells maintained cell viability in cell-laden-printed structures, and the addition of collagen further improved
the hydrogels’ biocompatibility. Overall, all results provided useful insight into the building of human soft tissue organ blocks.
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Introduction

Donor transplantation, the most effective treatment for organ
necrosis, still suffers from a shortage of global sources [1].
Due to the scarcity of organ banks, fewer than 1/3 of patients
on waiting lists in the USA are able to receive organ trans-
plants each year, and more than 100,000 people die from
end-stage organ disease [2, 3]. Recent reports claim that
some transplant centers in the USA are proposing to allow
transplants only for patients who have received COVID-
19 vaccination, making organ transplant donors even more
stressed [4].

Tissue engineering is currently one of the most promis-
ing techniques to alleviate the shortage of organ transplant
donors [5]. At present, three-dimensional (3D) bioprinting
technology is booming and has been widely used for the
printing of bone tissues [6]. In addition, 3D bioprinting has

made important progress in the construction of complex tis-
sues such as vascularized bone tissue [7], liver [8], cardiac
[9], and kidney [10]. 3D bioprinting is expected to be an
effective method to solve organ shortages. Hydrogels are
considered the most promising bioink materials due to their
similarity to the extracellular matrix (ECM) [11-14]. Nev-
ertheless, these biomaterials require high concentrations to
maintain the stability of the printed structures, making it
difficult to print soft tissues with complex structures [15].
The use of low-concentration bioink is a standard method
of constructing soft tissues [16]. However, this method has
intrinsic drawbacks due to the high loss modulus and the slow
cross-linking of this bioink [17]. Under gravity, the cylin-
dricity of the extruded filament will change, and the printing
structure will gradually collapse with the increase in print-
ing layers [18, 19]. Another approach is to print soft tissues
with composite structures using polymeric biomaterials and
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natural materials as structural support and cell-laden bioink,
respectively [20]. This strategy combines both mechanical
properties and biocompatibility, but polymeric materials still
present potential biotoxicity and degradation difficulties.

Freeform reversible embedding of suspended hydrogels
(FRESHsS) is an effective solution for constructing soft tissues
due to its ability to overcome gravity in the printing pro-
cess [21]. The FRESH printing principle exploits Bingham
fluid yielding properties [22]. Specifically, FRESH extrudes
bioink into a support bath with Bingham fluid properties,
which locks the extruded bioink in 3D space during print-
ing. Upon completion of the printed structure, the support
bath warms up and liquefies to release the printed material.
The FRESH method has been studied to achieve the print-
ing of polymers such as polydimethylsiloxane, polyethylene
glycol, and silicone [23-25]. In recent years, FRESH has
also been used in 3D bioprinting. Lee et al. [26] success-
fully printed a mini heart using the FRESH printing method,
with heart tissue using collagen as the external scaffolding
material and human stem cell-derived cardiomyocytes as the
internal filling. The printed heart can perform pumping func-
tions, showing the great potential of the FRESH approach.
Furthermore, Mirdamadi et al. [27] used the FRESH method
to construct full-size human hearts with the mechanical
properties of human heart tissue. Unfortunately, due to the
long printing time, it does not support cell-laden printing.
A recent study proposed a six-axis robot combined with
FRESH printing capable of generating vascularized, con-
tractible, and long-term surviving cardiac tissues [28]. In
addition, FRESH supports the printing of various tissues,
such as cartilage [29], skeletal muscle [30], and blood ves-
sels [31]. Overall, FRESH printing shows great advantages
and demonstrates huge potential. However, there are no stud-
ies that quantify the differences between FRESH printing and
conventional extrusion-based printing [32]. The elastic mod-
ulus and micromorphology of the printed tissues also need
to be investigated. Alginate has good biocompatibility and is
used as a support component in biological scaffolds to mod-
ulate the elastic modulus [33]. Although alginate has been
investigated for the FRESH printing method [31], printing
with a single component of alginate can lead to reduced accu-
racy due to the diffusive nature of alginate [34, 35]. Gelatin is
a thermoreversible material that is widely used for extrusion-
based printing [36]. This study uses gelatin to improve the
printability of alginate and to regulate the scaffold porosity
as a sacrificial material.

In this work, bioinks with tunable porosity and mechanical
properties were designed and prepared for extrusion printing
in a gelatin particle support bath using the FRESH method. In
brief, a series of gelatin/alginate bioinks with different com-
ponent contents were first configured, and a gelatin support
bath slurry was prepared by mechanical crushing methods.
To analyze the printability, the rheological properties were

@ Springer

measured using a rheometer, and the extrusion state of the ink
was further analyzed by simulation. In addition, the mechani-
cal properties and porosity of the hydrogel were examined by
mechanical and scanning electron microscopy (SEM) tests.
The FRESH process was optimized to build a series of com-
plex structures. Finally, cell-laden scaffolds were printed, and
cell viability was further improved by adding specific cell-
additive materials—collagen.

Materials and methods
Material preparation

Gelatin was purchased from Macklin Biochemical Co., Ltd.
(Shanghai, China). Sodium gelatin, CaCl, and carmine
were purchased from Sigma-Aldrich (Shanghai, China).
Phosphate-buffered saline (PBS) was purchased from Solar-
bio Science & Technology Co., Ltd. (Beijing, China). Min-
imum essential medium (MEM) and 1929 mouse fibroblast
cells were purchased from Meilun Biotechnology Co., Ltd.
(Suzhou, China). Fetal bovine serum (FBS) was purchased
from Biological Industries Israel Beit Haemek Ltd. (Haifa,
Israel). Penicillin/streptomycin (P/S) was purchased from
Gibco Inc. (Grand Island, USA).

The extruded bioink was prepared by dissolving a range of
gelatin and sodium alginate powders in 1 x PBS at 37 °C and
stirring for 2 h. Subsequently, sterilization was performed
using a 0.22-pm filter. The cell suspension was mixed with
degassed bioink to obtain a cell concentration of 1x10°
mL~L. Alternatively, carmine (0.0005 g/mL) could be added
to the extruded bioink to visualize the printing process. The
support bath ink was a Bingham fluid composed of gelatin
and CaCly. Specifically, 5% (0.05 g/mL) gelatin granules and
0.1% (0.001 g/mL) CaCl, powder were dissolved in ultrapure
water, followed by stirring at 37 °C for 30 min to make the
dispersion homogeneous. The configured solution was cured
overnight at 4 °C. Subsequently, the cured colloid and 0.1%
CaCl, solution were added to a commercial mixer (L3-C8,
Joyoung Company Limited, China) at a ratio of 1:3 for crush-
ing. The gelatin particles with 0.1% CaCl, solution were
washed until there was no foam in the upper layer. Finally,
the desired support bath was obtained by centrifugation and
compaction.

Rheology evaluation

The rheological properties of bioinks were measured using
an Anton Paar MCR 302 rheometer (Graz, Austria) equipped
with a25-mm diameter, 2° cone plate. The viscosity profile of
the bioink was tested at 37 °C. Each specimen was scanned
at a shear rate of 0.1 to 100 s~! slope. The shear thinning
property of the bioink was characterized by measuring the
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viscosity (17). For non-Newtonian fluids, the viscosity can be
derived from the power law equation:

n=Ky"!, (1

where 7 is the viscosity of non-Newtonian fluid, y is the shear
rate, K is the viscosity index determined by the concentra-
tion and temperature of the fluid, and » is a power function
exponent or fluidity behavior index. The parameters K and
n were determined by shear rate scanning experiments. The
shear stress inside the needle was determined by

T =ny. (2)

Subsequently, the flow state of the ink inside the needle
was simulated using ANSYS Fluent. It was assumed that the
bioink was an incompressible fluid, and the flow state was
laminar, ignoring the effect of gravity and inertia forces.

The gel kinetics of bioinks were evaluated by tempera-
ture scanning. The experiments were conducted at 1% strain
and 1-Hz frequency. The temperature scanning range was
set from 4 to 37 °C, and the scanning speed was set to
5 °C/min. The change process of the storage modulus (G')
and loss modulus (G”) of the bioink was measured in both the
warming and cooling stages. In addition, the gel underwent a
process of a high shear rate in the nozzle and a low shear rate
after extrusion during the printing process. Altering high and
low shear rate scanning experiments was performed to eval-
uate the thixotropy of the gel during printing. Specifically,
the bioink flow in the syringe was demonstrated by applying
a low shear rate (0.01 s~1) of 100 s, then a high shear rate
(1000 s~1) of 100 s was applied to simulate the bioink flow
in the nozzle, and finally, a low shear rate (0.01 s’l) of 100 s
was used to characterize the bioink state after extrusion. The
whole experimental procedure was repeated three times.

Mechanical test

The mechanical properties of the hydrogel were character-
ized by a compression test using a universal testing machine
(ZLC-2D, Jinan XLC Testing Machine Co., Ltd., China).
Specimens were prepared by curing the bioink in a designed
cylindrical mold. The specimen shape was a 10-mm high,
10-mm diameter column. The loading rate in the experiment
was 1 mm/min, and the compressive displacement was half of
the specimen’s height. The stress—strain curve was drawn by
Origin2019b, and the compression modulus was calculated
within the strain range of 10%.

Scanning electron microscopy

To investigate the relationship between the internal polymer
network microstructure of hydrogels and the concentration of

bioink components, the microscopic morphology of hydro-
gels was photographed using a JSM-7601F SEM (JEOL,
Japan). The hydrogel samples with dimensions of 10 mm
in diameter and 10 mm in height were freeze-dried at
—50 °C for 24 h. The lyophilized hydrogel was manually
broken to expose the internal interface. After performing the
gold spraying operation, the sample was fixed on the sample
table for observation.

3D bioprinting process

The bioprinter used in this study was a pneumatic-driven 3D
bioprinter (EFL-BP-6002, Suzhou, China). The printer was
equipped with a cryogenic sprinkler and a cryogenic plat-
form to control the temperature of the extruded bioink and
support bath. The extruded bioink was added to the syringe of
the printhead, which can print a diameter range of 260 pm
to 1.2 mm by combining different sizes of flat needles. A
pressure regulator valve above the printer controlled the air
pressure of the extruded bioink with an accuracy of 0.1 kPa.
The printing effect of bioink was investigated by both cryo-
genic and FRESH printing methods, as shown in Fig. 1.

In the cryogenic extrusion printing method, the thermore-
versible property of gelatin was used for rapid prototype
printing. The bioink was incubated in the barrel at 37 °C
for 10 min and then printed directly onto a platform at 5 °C.
The printed scaffolds were soaked for 5 min using 5% (0.05
g/mL) CaCl,. Finally, the scaffolds were washed three times
using 1x PBS and incubated in an incubator with MEM.

The FRESH printing method accomplished scaffold con-
struction by extruding bioink into the support bath. After
centrifugation and compaction, the gelatin pellet slurry was
uniformly spread over a Petri dish. The control software of
the host computer sets the printing parameters. Printing was
performed using a 25-G needle with alayer height of 200 pm.
The printing speed was 5 mm/s. The platform temperature
was set to 20 °C, and the nozzle temperature was set to 37 °C
according to the support bath requirements. Model slicing
and print path planning were processed by Slic3r, which then
sent the generated G-code to the printer. During the printing
process, the extruded bioink combined with calcium ions
in a gelatin slurry to form ion cross-linking and curing. The
printing time depended on the complexity of the model. After
printing was completed, the platform temperature was raised
to 37 °C to release the printed structures. The scaffolds were
soaked for 5 min using a 5% CaCl; solution and then washed
twice with 1x PBS.

Cell activity detection
For the biocompatibility of the printed structures, we con-

ducted cell-loaded printing experiments using L.929 fibrob-
last cells. The printed structures were incubated in a 37 °C,
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Fig. 1 FRESH 3D bioprinting with tunable elastic modulus and porosity
tissues: a structural formula of the material used to prepare the bioink;
b preparation of bioink; ¢ FRESH 3D bioprinting process; d printed

5% CO incubator using MEM supplemented with 10%
FBS (Gibco) and 1% P/S (Gibco). The culture solution was
changed every other day. Cell proliferation was assessed on
Days 1, 3, 5, and 7 using the cell counting kit-8 (CCK-8).
In addition, cell activity and morphology were evaluated on
Days 1 and 7 using live/dead cell stains, where live cells
were stained green with calcein acetoxymethyl ester (AM)
and dead cells were stained red with propidium iodide (PI).
The staining results were observed using an inverted fluores-
cence microscope.

Statistical analysis

All experiments were repeated at least three times, and the
results are expressed as the mean+tstandard deviation (SD).
Statistical analysis was performed by GraphPad Prism. One-
way analysis of variance (ANOVA) was utilized to analyze
variance with Bonferroni post-tests to compare between
groups. Statistical significance was defined as ““p<0.01,
“*p<0.001, and **** p<0.0001.

Results and discussion
Rheological properties
Rheological properties of bioink significantly impact print-

ability and cell viability [37]. In this section, rheological
properties such as shear thinning, shear recovery, and gel
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Heating up

structures preserved in the support bath; e scaffold released from the
support bath at 37 °C; f schematic diagram of the hydrogel’s microstruc-
ture. FRESH: freeform reversible embedding of suspended hydrogel

kinetics of different concentrations of bioinks were tested
(Fig. 2a). The gel kinetic behavior of bioink was determined
by temperature scanning. Gelatin is a soluble protein com-
pound obtained by partially hydrolyzing collagen, which
exhibits a liquid-like state above the gelation temperature
and becomes a hydrogel state upon cooling [36, 38]. To deter-
mine the appropriate printing temperature range, we tested
the gel kinetics of bioinks in oscillation mode at a frequency
of 1 Hz in the range of 4-37 °C. The bioink concentration
ratios and test procedure notation are noted in Table 1. As
shown in Fig. 2b, the storage modulus (G’) of all bioinks was
greater than the loss modulus (G”) at lower temperatures,
which indicated that the ink exhibited a solid state; G’ was
smaller than G’ at higher temperatures, which indicated that
the bioink exhibited fluid properties. The intersection of G’
and G” in the hydrogel kinetic curve represented the tem-
perature at which the sol—gel transition of the bioink occurs,
which was not the same during the warming and cooling pro-
cesses, consistent with that of a previous study [39]. T1, T2,
and T3 (Fig. 2b) were the differences between the gel and
sol temperatures of the three inks. The gel temperature of all
bioinks was approximately 10 °C lower than the sol temper-
ature (Table 1). This property indicated that the bioink fully
met the printing requirements, since the printed structures
remained cured over a wide range of temperatures, which
facilitated adequate ionic cross-linking of the printed struc-
tures. In addition, experiments showed that the concentration
of ink affected the gelation process, and when the concen-
tration of gelatin was below 2%, the gelation temperature of
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Table 1 Sol/gel temperature in kinetics testing

Gelatin Gelling Sol temperature ~ Temperature

(g/mL) temperature °C) difference
O O

0.02 4.09 14.68 10.59

0.04 12.45 23.09 10.64

0.06 15.24 2591 10.67

bioink decreased to below 4 °C. Therefore, the bioink was
no longer suitable for cryogenic printing when the gelatin
concentration was below 2% (0.02 g/mL). The gelatin con-
centration used in the subsequent rheological experiments
was 4% (0.04 g/mL).

The test results on the thixotropy of bioink are shown in
Fig. 2c. Mutated high (1000 s~!) and low (0.01 s~!) shear
rates were applied to the bioink at 37 °C to simulate the
extrusion process of the bioink from the nozzle. The results
showed that the viscosity of all concentration ratios of bioink
changed dramatically when the shear rate changed abruptly.
This property indicated that the bioink passed through the

Distance from needle centerline (mm)

nozzle with low viscosity during the printing process, thus
reducing the damage to cells [40]. Once extruded from the
nozzle, the bioink flow rate became zero, and the bioink
immediately returned to the state of high viscosity, which was
conducive to maintaining the structure of the printing. Multi-
ple repetitions of the experiment were performed, revealing
that the material maintained good shear recovery behavior,
which helped print with good fidelity [15].

The results of the shear scan test on bioink are shown in
Fig. 2d. In the shear rate range of 0.1-100 s~! the shear vis-
cosity of all concentration ratios decreased with increasing
shear rate. The test results showed that all samples exhibited
shear thinning behavior during printing, which facilitated cell
survival [33]. The material characteristics of the bioink—vis-
cosity index K and power law index n—were obtained by
fitting the experimental results with MATLAB. Next, the
flow state of the bioink in the needle was simulated using
ANSYS Fluent. The flow velocity of the bioink in the longi-
tudinal section of the nozzle during the extrusion process was
obtained by numerical calculation (Fig. 2e), which showed
that the velocity field was flat near the center of the nozzle
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and varied sharply near the wall. Figure 2f shows the calcu-
lated results of the shear stress in the nozzle cross section
along the radius direction. The average shear stresses were
2.00, 2.64, and 3.76 kPa, and the maximum shear stresses
were 8.25, 11.85, and 16.41 kPa for the three concentrations
of alginate ink containing 2%, 4%, and 6% (0.02, 0.04, and
0.06 g/mL), respectively. The simulation results showed that
the bioink had low shear stress in the needle, which would
be cell-friendly during the printing process [40].

Elastic modulus

Human tissues have a wide range of elastic moduli, and dif-
ferent types of cells have various modulus requirements. In
3D bioprinting, the elastic modulus of the bioink affects the
stability of the printed structure and modulates the growth
of cells [41, 42]. Therefore, compression experiments were
performed to analyze the elastic modulus of the prepared
bioink after curing (Fig. 3a). As shown in Fig. 3b, the elastic
modulus of the gel was approximately linearly related to the
concentration of alginate. The elastic modulus was (0.430+
0.082) MPa at a concentration of 1% (0.01 g/mL) alginate.
As the alginate concentration increased to 4%, the modu-
lus of the gel increased to (1.13710.087) MPa. The results
indicated that mechanically tunable hydrogels can meet the
requirements of different cell survival [18, 43]. Compared
with most similar material systems in the previous investiga-
tion, our research allowed the fabrication of tissue with a low
elastic modulus, which was suitable for printing soft tissues
such as peripheral nerves and liver [44, 45].

Scanning electron microscopy

The morphologies on the hydrogel cross sections were
observed using SEM. As shown in Fig. 4, gelatin con-
centration had a significant effect on the porosity of the
hydrogels. Here, lyophilized hydrogel scaffolds with 2%
(0.02 g/mL), 4% (0.04 g/mL), 6% (0.06 g/mL), and 8%
(0.08 g/mL) gelatin concentrations were added. The test
results demonstrated that when the concentration of gelatin
was 2%, the microscopic morphology of the material showed
a lamellar shape, and there were no apparent pores (Fig. 4a).
As the gelatin concentration increased, the cross-sectional
images showed a more uniform microporous structure (the
pore sizes in Figs. 4b—4d were (4.48+1.35), (9.74£2.56),
and (16.06%4.17) wm, respectively). In addition, porosity
increased systematically with increasing gelatin concentra-
tion, which was measured to be (34.54+5.7)%, (67.2+£3.4)%,
and (81.4£2.7)% in Figs. 4b—4d, respectively. This porous
structure provided channels for the transport of nutrients and
waste excretion and thus facilitated cell proliferation and
migration [46, 47]. Some studies have shown that hydro-
gels prepared by materials such as Poloxamer F127 achieve
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a similar network of pores and are able to enhance cellular
activity [48, 49]. In this study, materials with better cytocom-
patibility were used to improve the cell survival rate.

3D printability

Printing experiments showed that the bioink could be printed
by cryogenic printing and the FRESH printing method,
and the print fidelity of the bioink was evaluated by print-
ing multilayer grid structures. After optimizing the printing
parameters, multilayer grid structures were printed in the
cryogenic platform and support bath. Figure 5 shows the
printing results, which demonstrated that the designed struc-
ture could be successfully printed using both cryogenic
printing and FRESH printing methods. However, due to
gravity, the printed structures on the cryogenic platform col-
lapsed more severely with an increasing number of layers
(Figs. 5a—5d). Structures printed in the support bath were
not affected by gravity (Figs. Se—5h), so it was not limited
to the starting position of the print, which means that the
structure can be printed from any point in space.

Furthermore, the print fidelity of the two printing methods
was evaluated by defining a function of edge length versus
area:

L2

Sq = o1 3)
where L represents the perimeter of the printing structure
mesh and A represents the area. For a perfect printing struc-
ture, the mesh appears square, and the Sq value equals 1. The
value of S is smaller than 1 when the mesh shape tends to be
circular and larger than 1 when the mesh tends to be irregu-
larly polygonal (Fig. 6a). To determine the Sq value of each
printed structure, the perimeter and area of the mesh were
measured by Imagel. The data were analyzed by GraphPad
Prism. As seen from Fig. 6b, in low temperature printing, all
values of §q were larger than 1, indicating that the printed
mesh edges were irregular. As the number of layers grew, the
printing fidelity gradually decreased, and the error increased.
In the FRESH printing method, the number of printed layers
had no statistically significant effect on fidelity. All S¢ values
were smaller than 1, which indicated a good printing effect.

Printability experiments demonstrated the characteristics
of the two methods when printing the bioinks. Cryogenic
printing had a simple printing process and could print cell-
laden scaffolds in a short time. However, it only supported the
printing of simple structures because the structure collapsed
as the number of layers increased. Compared to cryogenic
printing, FRESH printing had better printing fidelity and
was not affected by the number of layers printed because
the printed structure was preserved in a support bath that
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Fig.3 a A hydrogel sample used

in compression experiments (a)
(scale bar: 5 mm). b Compressive

modulus of hydrogels with

different concentrations of

alginate. Data are represented by
mean=standard deviation (n=3).

*p<0.05

Fig.4 Scanning electron
microscopy (SEM) images to
observe the porous structure of
the hydrogel at gelatin
concentrations of a 2% (0.02
g/mL), b 4% (0.04 g/mL), ¢ 6%
(0.06 g/mL), and d 8% (0.08
g/mL)

overcame gravity, which revealed the ability to print com-
plex structures.

3D structure printing

To further verify the printing potential of the bioink, a series
of 3D spatial structures were constructed in conjunction with
the FRESH printing method, and their geometric variations
were investigated. First, we printed out a continuous filamen-
tary spiral structure with a diameter of 1 mm in the support
bath (Fig. 7a). In short, the nozzle started from any point and
printed a spiral structure in a single pass through continuous
motion in 3D space. The printed spiral filament (Fig. 7b) had
high structural precision with precise spacing between the
different layers and was completely embedded in the sup-
port bath. When the structure was released from the support
bath at 37 °C, the geometric shape of the initial print was
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Concentration of alginate

still retained (Fig. 7¢). Furthermore, we designed a regular
tetrahedral space line structure with a side length of 1 mm
(Fig. 7d). The printing path required the nozzle to print in
both the upward and downward paths in the Z-axis direc-
tion (Fig. 7e). In addition, after printing half of the structure,
the nozzle needed to travel emptily to connect the printed
part at the last printing point and continue the printing of the
other half of the structure. Subsequently, several iterations
confirmed the repeatability and stability of printing, and all
printed structures met the predesign requirements (Fig. 7f).
This demonstrated that bioink had the ability for intermittent
and repeated printing, which provided a tremendous advan-
tage for printing complex structures.

Next, we tested the stiffness and airtightness of the printed
structure. First, we designed a single thin-walled tubular
structure with a radius of 2 mm and a height of 7 mm
(Fig. 8a). After printing, the stability and mechanical strength
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Fig.5 Printing of multilayer lattice structures: a—d are two- to five-layer lattice structures printed on a cryogenic platform, and e-h are two- to

five-layer lattice structures printed in a support bath. Scale bar: 5 mm
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Fig.6 a The printing accuracy is quantified as Sq<1 when the printed
grid shrinks to a circle, Sq= 1 when the printed grid is a square, and S >
1 when the printed grid is an irregular polygon. b Printability analysis of
cryogenic printing and FRESH printing methods. Data are represented
by meanzstandard deviation (n=3). “p<0.05, **p<0.01, ***p<0.001,
T p<0.0001

of the structure were tested by applying pressure to the struc-
ture several times along the radial direction. The structure
returned to its original shape after pressure removal in mul-
tiple iterations of the experiment, which indicated that the
printed cylindrical structure was flexible in the lateral direc-
tion. In addition, to verify the interlayer bonding of the
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printed structure, we printed a single-layer thin-walled tubu-
lar structure with a radius of 1 mm and a length of 15 mm
(Fig. 8b). The printed results showed that all layers of the
constructed circular tube were bonded to each other and
could maintain the structure’s stability in accordance with
the designed frame. To further confirm the interlayer line
fusion, we conducted perfusion experiments on the pipe with
dyes, and the results showed that the tube did not produce any
leakage. Finally, a model of a solid structure was designed in
the shape of an “SDU” containing three parts separated from
each other. The size of the model was 16.8 mmx7.08 mmx
2.00 mm. By optimizing the printing route and process, the
structure was successfully printed. The model was sliced by
software Slic3r and printed with 25-G nozzles. The layer
thickness was set to 200 wm, and the printing speed was
100 mm/min. The whole printing process took 12 min. The
printing results, shown in Fig. 8c, confirmed that bioinks
could support the printing of solid split structures.

This section showed that the FRESH printing method
could build complex structures using the designed bioink.
FRESH printing overcame the effect of gravity in the print-
ing process and built tissues with a low modulus, which
significantly improved printing accuracy compared to previ-
ous studies [50]. It should be noted that the FRESH printing
speed was limited to less than 300 mm/min; otherwise, it
would cause the extruded microfilaments to uplift, resulting
in print failure. Optimizing the printing parameters made the
whole printing process take place in cell-friendly conditions,
greatly improving the cell survival rate during the printing
process.
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Fig.7 Several examples of spatial printing lines. a and b are models of structure and printed entities, and f is the figure after multiple printing.
spatial spirals and printed entities, and c is the result after release from Scale bar: 5 mm
the support bath. d and e are models of regular tetrahedral space line

Fig.8 Complex structures
printed using FRESH. a The
printed round tube was subjected
to repeated compression
experiments and recovered
normally. b Printed elongated
tube subjected to perfusion
experiments with no dye leakage,
indicating that the structure has
good sealing properties. ¢ Solid
“SDU” model with dimensions
of 16.8 mmx7.08 mmx

2.00 mm, sliced using Slic3r and
printed in the support bath. Ruler
scale: 1 mm. FRESH: freeform
reversible embedding of
suspended hydrogel
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Fig. 9 Immunofluorescence
staining of cells. Cell survival
rates were 97.5% and 96.9%
using AM/PI for staining of cells
on Days 1 (a) and 7 (b) of cell
culture, respectively. Live and
dead cells are fluorescent green
and fluorescent red, respectively.
Scale bar: 200 pm. AM:
acetoxymethyl ester; PI:
propidium iodide
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Fig. 10 Cell proliferation assays were performed on different substrates
in vitro. Staining was performed using cell counting kit-8 (CCK-8) on
Days 1, 3, 5, and 7 of culture. The three substrates were cast structures,
printed grid structures, and printed grid structures with added colla-
gen. Data are represented by mean=standard deviation (n=3). “*p<0.01,
*p<0.001, ™ p< 0.0001

Biocompatibility of the scaffolds

The biocompatibility of the bioink was measured using L929
fibroblast cells. Specifically, a mesh structure was printed
with cell-laden bioink. Cells were stained on Days 1 and 7 of
culture using a live/dead staining kit to assess cell viability.
Staining was observed using an inverted fluorescence micro-
scope, as shown in Fig. 9. The live/dead cells were counted
by ImagelJ, and the cell survival rate was calculated to be
above 96% on both Days 1 and 7. The results indicated that
the printing process did not affect cell activity, and the cells
maintained a high survival rate. A comparison of the micro-
scopic images for Days 1 and 7 revealed that the number of
cells grew, and the cells appeared to proliferate substantially
with increasing culture time.

To further investigate the versatility of scaffold materi-
als, we added 0.1% (0.001 g/mL) collagen as an additive to
bioink to further expand the application of the bioink. Col-
lagen exists widely in the ECM, and there is a large amount
of collagen in the connective tissue of fibroblasts. However,
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collagen is difficult to apply in bioinks alone due to its poor
solubility [51]. Specifically, we printed the scaffold structure
with collagen as the additional material and compared it with
the scaffolds printed without added collagen and directly cast
scaffolds. The proliferation status of cells was tested with a
CCK-8 kit on Days 1, 3, 5, and 7 of culture. The optical
density (OD) value on the first day of the printed structure
was normalized to 1. As shown in Fig. 10, cells in the three
scaffolds had similar proliferation rates on the first day of
culture, and the addition of collagen had no statistically sig-
nificant effect on cell proliferation. As the culture progressed,
the proliferation rate of cells on the three scaffolds gradually
showed a noticeable difference. The perfusion scaffold was
a solid structure, resulting in a poorly fluid culture medium
and poor access to nutrients for the cells inside. Therefore,
there was no manifested cell proliferation compared to the
other two structures. The other two mesh scaffolds had an
effective cell proliferation rate because the cells were evenly
distributed and supported substances exchanged with the cul-
ture medium through the mesh. Furthermore, in the case of
added collagen, the proliferation rate of mouse fibroblasts
was twice that of the cast. In addition, studies have shown
that tissue-derived bioinks (laminin, decellularized ECM)
and synthetic bioinks have good biocompatibility [52, 53].

Conclusions

In summary, a cell-laden 3D-printing bioink with a tunable
elastic modulus and porosity was prepared in this study.
The rheological results showed that the bioink had suitable
shear thinning and shear recovery properties, which would
be cell-friendly during the printing process. Mechanical tests
and SEM analysis revealed that the printed structures had a
tunable elastic modulus and porosity. Complex soft struc-
tures were printed using the FRESH bioprinting method,
which further demonstrated the promising potential of the
bioink in medical applications. Cell-loaded printing was
performed using L929 fibroblast cells, exhibiting high cell
viability and good proliferative properties in a 7-d culture.
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Collagen was added as a specific material to further pro-
mote the growth and proliferation of cells. In addition, the
applicability of FRESH bioprinting with other tissue-derived
bioinks (laminin, decellularized ECM) and synthetic bioinks
will be investigated in future research. All the results indi-
cated that the designed bioinks had good biological and
mechanical properties, allowing the addition of cytocompati-
ble materials, which would be a promising strategy for tissue
engineering.
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