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Abstract

Three-dimensional (3D) bioprinting provides a wide avenue for designing complex and
customized constructs for regenerative medicine. Bioink formulations in 3D bioprinting
usually lack micrometer-sized and interconnected pores for the supply of nutrients and
oxygen and biological communications with host tissues, thus limiting cellular activities
and therapeutic efficacy. Herein, we present microfibrous pore-forming bioinks for
fabricating microporous hydrogels that encapsulate cells for muscle tissue reconstruction.
Using phase separation technology, a liquid porogen was embedded into gelatin-based
bioinks to form microfibrous structures. Printing bioinks with shear stress enabled the
orientation of microfibrous pores along the printing direction, called orientation
bioprinting, which facilitated the orientation of printed cells and enhanced myoblast
differentiation. Moreover, the porous 3D scaffold exhibited promising results in terms of
supplying nutrients and oxygen to improve cell survival. Printed tissue constructs were
successfully transplanted into muscle tissue defects. This approach holds immense
potential for creating anisotropic oriented 3D tissue constructs for applications in cell

transplantation, drug screening, and disease modelling.



Introduction

Living tissues such as skeletal muscles, knee ligaments, tendons, and blood vessels have
intrinsic structural features such as anisotropy and orientation [1-3]. In addition to
biological cues, physicochemical structural features largely regulate functionalities,
including mechanical properties, cell growth, and tissue regeneration [4—6]. Thus,
material design to induce cell orientations in engineered scaffold is important for both 3D
cell culture (in vitro) and therapeutic applications (in vivo) [7-9]. Several methods have
been proposed for this purpose, including microfiber encapsulation [10,11], patterning
[12,13], and stretching [14,15]. Recently, 3D bioprinting with extrusion, jetting, and
lithography have garnered significant interest as an innovative tissue engineering
approach for finely controlling 3D-cell position and tissue morphology [16—18]. In
particular, 3D extrusion bioprinting enables the fabrication of 3D-tissue constructs with
controlled cell densities and positions via layer-by-layer deposition based on a computer-

aided design.

Bioink plays a crucial role in bioprinting, not only in controlling the quality of
printed structures in terms of accuracy and shape fidelity, but also in providing biological,
physical, and mechanical characteristics that control cellular activities and tissue
regeneration [19]. Bioinks comprise the mixture of polymers (e.g. photocrosslinkable
poly(ethylene glycol) (PEG), gelatin, dextran, and hyaluronic acid) and additives (e.g.
nanoclay and photoinitiator) [20,21], which are chemically crosslinked to form
mechanically stabilized hydrogels [22-24]. Hydrogels have been extensively used for
bioprinting because of their biocompatibility, high water retention, and cell encapsulation

capacity, which can mimic the microenvironment observed in natural tissues [25,26].



However, hydrogels often possess isotropic internal structures, and the encapsulated cells
are not oriented. In previous studies to achieve cell alignment, the fabrication technique
often embedded collagen or synthetic fibers during extrusion bioprinting [27,28]. Other
techniques such as hydrogel microstrands [29] and stiffness patterning [30] have been
designed in 3D-printing process and devices have also been developed [31,32]. However,
these methods have number of drawbacks, such as, in case of fiber embedded bioink, the
cell migration and remodeling often get inhibited if there is a mismatch between the fiber
and hydrogel mechanical property. Moreover, fiber embedded gels or photocrosslinkable
bioinks often lack perfusable microporosity, which causes poor nutrient diffusion and
central necrosis. This motivates the development of new bio-inks which support cell
aligning within printed construct and improve mass transport including oxygen, nutrients,

and biomolecular signaling.

To improve mass transport and enhance cellular activity in stem cell-laden
scaffolds, although nano-porous hydrogels have been engineered using PEG diacrylate
and dextran where cells are typically encapsulated, the pores are too small for cells to
migrate and infiltrate [33]. An alternative approach to generate microporosity involves
liquid-liquid phase separation (LLPS) of gels. Specifically, integrating hydrogen-
bonding moieties like ureidopyrimidinone (UPy) units into gelatin-based hydrogels
induces phase separation, yielding injectable cell-delivery systems characterized by an
interconnected network of micropores [34-36]. These studies demonstrate that
microporosity can be achieved through spatiotemporally regulated covalent crosslinking
in combination with selective phase dissolution, thereby facilitating improved material—
tissue interactions and promoting efficient cellular integration. In this study, we

developed microfibrous, pore-forming bioinks designed to enhance cell viability and



alignment for skeletal muscle tissue reconstruction (Figure 1). Microporosity within the
hydrogel matrix was achieved through the use of a liquid porogen based on LLPS
technology. The bioink formulation consisted of ureidopyrimidinone (UPy)-modified
gelatin  (GUPy) and methacryloyl-modified gelatin (GelMA). Upon mixing,
supramolecular interactions between UPy units facilitated phase separation, leading to
the formation of a microporous GeIMA-based hydrogel network. Application of shear
stress during the extrusion-based bioprinting process induced alignment of the
microfibrous pores along the printing direction—a process herein referred to as
orientation bioprinting. The resulting anisotropic, microporous 3D scaffolds improved
nutrient and oxygen transport, thereby enhancing cellular survival and promoting cell
orientation. This facile and scalable approach to fabricating structurally anisotropic tissue
constructs holds significant promise for applications in tissue engineering and

regenerative medicine.
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Figure 1. Schematic presentation of (a) preparation of bioink encapsulated with myoblast
cells and porogen. (b) The printing of 3D cell-laden construct, microporosity formation,
and oriented cell proliferation.



2. Materials and methods

2.1. Materials: Porcine skin-derived gelatin (sG, My: 140 kDa), 2-amino-4-hydroxy-6-
methylpyrimidine, RPMI1640 medium, pepsin, fetal bovine serum (FBS), fluorescein
isothiocyanate, lithium phenyl-2,4,6-trimethylbenzoylphosphinate  (LAP), and
methacrylic anhydride (MAA) were purchased from Sigma-Aldrich (USA). The 2,4,6-
trinitrobenzenesulfonic acid sodium salt dihydrate (TNBS) and 1,6-diisocyanatohexane
were purchased from Tokyo Chemical Industry Co., Ltd. (Japan). Phosphate-buffered
saline (PBS) was purchased from Nacalai Tesque Inc. (Japan). N-hydroxysuccinimide
(NHS)-tethered Cy5.5, was purchased from Lumiprobe (USA). Penicillin/streptomycin
(P/S), trypsin, rthodamine-labelled phalloidin, 4',6-diamidino-2-phenyl-indole (DAPI),
and anti-goat IgG antibody conjugated with Alexa Fluor 488 (Invitrogen) were purchased
from Thermo Fisher Scientific (USA). Amikacin solution was purchased from Meiji
Seika Pharma (Japan). Dialysis membranes (molecular weight cut-off (MWCO) value:
12—14 kDa) were purchased from Repligen (USA). Dimethyl sulfoxide (DMSO), sodium
carbonate, sodium bicarbonate, peracetic acid, and bovine serum albumin (BSA) were
purchased from Fujifilm Wako (Japan). The mouse myoblast cell line (C2C12 cell) was
purchased from the European Collection of Authenticated Cell Cultures (ECACC). Green
fluorescence protein (GFP)-expressing C2C12 cells were purchased from Cellomics
Technology (USA). C57BL/6 mouse bone marrow-derived mesenchymal stem cells
(MSC) were purchased from Cyagen (USA). MSC growth medium (MesenCult
Expansion Kit for mouse) was purchased from Veritas (Japan). Anti-myosin heavy chain

(MHC) antibodies were purchased from R&D Systems Inc. (USA). The WST-8 assay kit



was purchased from DOJINDO (Japan). Cytoplasmic membrane dye (Dil, CellBrite®)

was purchased from Biotium (USA).

2.2. Synthesis of GeIMA and GUPy GeIMA was synthesized as previously described
[37]. sG (10 g, 10 wt%, amino group: 290 pmol/g) was dissolved in 0.25 M carbonate-
bicarbonate buffer (100 mL, pH = 9) at 50 °C. MAA (3.25 mmol, 492.3 uL) was added
to the gelatin solution with magnetic stirring. The reaction proceeded for 1 h at 50 °C,
and then the pH was readjusted to 7.4 to stop the reaction. The products were dialyzed in
pure water for 3 d and freeze-dried to obtain GeIMA. The degree of substitution (D.S.) of
MA with gelatin was determined using TNBS. The UPy derivative and GUPy were
synthesized according to a previous report [38]. Briefly, UPy unit was synthesized via the
reaction of 2-amino-4-hydroxy-6-methylpyrimidine (33.0 mmol; 4.1 g) with 1,6-
diisocyanatohexane (148.6 mmol; 25.0 g). After the reaction at 100 °C for 16 h with
stirring, the product was obtained by precipitating and washing with hexane and
collecting via filtration. UPy units (38.6 mg, 0.132 mmol, 50 mol% equivalent to amino
groups in gelatin) were then dispersed in DMSO (5 mL) and added to gelatin solution (1
g) in DMSO (20 mL) at 50 °C with stirring. The reaction was continued for 24 h at 25 °C
with stirring. The product was obtained by precipitation in cold ethanol and ethyl acetate
(v/v = 1/1) with stirring. The precipitate was collected using a glass filter and washed
with cold chloroform and ethanol. The products were dried at 25 °C under reduced
pressure. The D.S. of the UPy units in the obtained samples was quantified using UV

spectroscopy.

2.3. Synthesis of GelMA-fluorescein, GUPy-Cy5.5: GelMA-FITC and GUPy-Cy5.5

were synthesized according to a previous report [34]. Briefly, sG was dissolved in CB



buffer and the MAA solution was added in the same manner as that for GelMA synthesis.
FITC (2 mol% equivalent to the amino groups in sG) dissolved in I mL of DMSO was
slowly added to the solution. The reaction was continued at 50 °C for 1 h in the dark. The
pH of the solution was adjusted to 7.4 and dialyzed in ultrapure water for 3 d in the dark.
GelMA-FITC was obtained by freeze drying. To synthesize GUPy-Cy5.5, sG (1 g) was
reacted with the UPy derivatives in the same manner as that described for GUPy synthesis.
After 5 h with stirring, NHS-tethered Cy 5.5 (1.07 mg, 1.5 umol) dissolved in DMSO
was added to the solution and stirred for 24 h at 25 °C. The final product was washed,

dried, and collected as described in the previous section.

2.4. Preparation of bioinks: LAP (0.01 wt%) was dissolved in PBS at 25 °C. GeIMA
(10 wt%), GUPy (12 wt%), and unmodified gelatin (12 wt%) were dissolved in LAP-PBS
solution at 50 °C with stirring. The dissolved solutions were stored at 37 °C until used.
Solutions of GeIMA and GUPy were mixed vigorously at equal volumes using a pipette
to prepare the pore-forming bioinks (GeIMA+GUPy). As a control, a nonpore-forming
bioink was prepared by mixing GelMA with unmodified gelatin. The LLPS structure of
the fluorescently labelled gelatin derivative was visualized under a confocal laser

scanning microscope (CLSM; LSM 900 with Airyscan2, Zeiss, Germany).

2.5. Rheological measurement: Rheological measurements were performed using a
rheometer (MCR301, Anton Paar GmbH, Austria) equipped with a jig with a diameter of
10 mm. To measure the viscosity of bioinks, nonporous and pore-forming bioinks were
placed onto a stage of rheometer and steady rate sweep within shear rate 0.01-1000 s
was conducted at 37 °C. To evaluate the storage modulus (G’) of crosslinked hydrogels,

nonporous and pore-forming bioinks were placed onto a silicone mold (circular disc: 10-



mm diameter and 1-mm thickness) and crosslinked under UV exposure (405 nm, 40 s)
using BIO X (BICO, Sweden). Engineered nonporous and porous hydrogels were then
immersed in PBS overnight at 37 °C. Excess PBS was carefully cleaned from the surface
of hydrogel discs using paper towel and placed on the stage of the rheometer (prewarmed
to 37 °C). The gap between the sample and jig was set to 0.5 mm until a neutral sensor
force was observed. To measure G’ of hydrogels, frequency sweep test was performed
from 0.1 to 100 rad/s at 1% strain, which was within linear viscoelastic region. The G’ of
nonporous and porous hydrogels were evaluated by averaging shear modulus at 5 rad/s

from frequency sweep tests.

2.6. Swelling behavior of hydrogels: To measure the swelling ratio of the nonporous
and porous hydrogels, photocrosslinked cylindrical hydrogels with a diameter of 10 mm
and height of 2 mm were prepared. The samples were completely immersed in 10 mL
PBS and incubated at 37 °C for 24 h. Finally, the swollen weight of each sample was
recorded (W) after gently removing the excess PBS from the surface of the sample using
filter paper. The samples were freeze-dried at reduced pressure, and the dry weight was

recorded (Wq). The swealing ratio was calculated as ((Ws-Wa)/Wq).

2.7. 3D printing and quality check: Tinker CAD (Autodesk Inc., USA) was used to
design the 3D models; star shape, grid structure, parallel line tissue construct, with the
built-in Slic3r software used for layering. To perform 3D-printing using an extrusion-
based 3D bioprinter, the bioink was extruded using a blunt needle (25 G). Using the
printing conditions (temperature, printing speed, and extrusion pressure) mentioned in
Table 2, 3D structures with five layers of grid structure with dimensions of 20 x 20 x 1

mm? and line tissue constructs of 20 x 9.6 x 1 mm? were obtained. In all printed structures,



a grid infill pattern was used. To print the multilayered structure, the extrusion pressure
was increased by 5 kPa/layer as the viscosity of the ink gradually increased during the
printing process. To crosslink the printed 3D structures, each layer of the structure was

exposed to UV light (405 nm) from a distance of 6 cm for 40 s.

The printing quality of the 3D structure was evaluated in terms of printability
parameter (Pr) and structural uniformity by measuring the fluorescence intensity
horizontally. A grid structure (20 x 20 x 1 mm?®) was prepared and printed using a 3D
bioprinter. After printing each construct, at least three printed structures were observed
and analyzed using the ImagelJ software to calculate the pore area, perimeter, and Pr. The

Pr value was calculated using the following equation as previously described [39].

2
where, "L" is the perimeter and "A" is the area of the square mass of the grid structure.

To measure the stacking uniformity of the layer, the grid structures were imaged
using CLSM. The fluorescence intensity of each strand of the grid structure was
quantified using a built-in processing software. The porosity of the hydrogels after
incubation in PBS was analyzed from the CLSM images of hydrogels with fluorescently

labelled gelatin using the ImageJ software.

2.8. Cytocompatibility test: C2C12 cells were cultured in RPMI-1640 medium
supplemented with 10% FBS and 1% P/S. MSCs were cultured in MSC growth medium.
The cells were incubated at 37 °C and 5% CO., with the media replaced at 48 h intervals.
C2C12 cells (1 x 10*/well) were seeded in 96-well plates and cultured for 24 h at 37 °C

and 5% COas. The cells were then exposed to the GelMA solution for another 24 h. The



number of cells was counted using the WST-8 assay. Briefly, 10 uL of WST-8 reagent
was added to 100 pL of culture medium and incubated for 2 h. The absorbance of the
medium was monitored at 450 nm using a microplate reader and the cell number was
quantified by plotting a standard curve. The absorbance of cells cultured in the medium

was set to 100%.

2.9. 3D bioprinting using pore-forming bioinks: Bioinks were filtered using a 0.22-um
syringe filter for sterilization. C2C12 cells or MSCs were collected via trypsin treatment
and centrifugation at 1200 rpm for 5 min at 4 °C. The bioink (total volume: 1 mL) and
cells (2 x 107 cells) were mixed in Eppendorf tubes using a pipette. Using a 1-mL
sterilized syringe and a female Luer lock adapter (BICO, Sweden), the bioink was
transferred to a 3-mL sterilized cartridge for 3D printing. Printing was performed using a
low-cell-attachment Petri dish (35 mm) as described above. Printed cell-laden structures
were rinsed once with the culture media and incubated for 3 d at 37 °C and 5% CO». For
the differentiation of C2C12-printed tissues, the cell-laden structure was cultured in
RPMI1640 supplemented with 10% FBS and 1% P/S for 3 d at 37 °C and 5% CO». After
3 d, the culture medium was replaced with DMEM supplemented with 2% horse serum
and 1% P/S and cultured for another 7 d. The medium was replaced with fresh medium

every 48 h.

2.10. Cell trajectories inside the 3D structure: GFP-expressing C2C12 cells were used
to measure cell trajectories. Cell-laden line structures (20 x 0.1 x 1 mm?, 5 x 10° cells/mL)
were printed and cultured in media for 24 h. The trajectory of cells was captured at 5 min

intervals for 24 h while incubating at 37 °C and 5% CO> in a CLSM chamber system. The



velocity and trajectory of cell movement in the nonporous and porous structures were

analyzed using the ImageJ software.

2.11. Cell viability assay in hydrogels: A cell-laden line structure (line structure, four
layers; C2C12: 20 x 10° cells/mL) was printed and crosslinked using UV light. The
live/dead assay was conducted using a Live/Dead Cell Staining Kit II (Promokine,
PromoCell, Germany) according to the manufacturer’s protocol. Briefly, the cell-laden
structure was cultured in RPMI1640 medium for 1 d at 37 °C and 5% COx. The cell-laden
structure was rinsed twice with PBS to remove the serum esterase activity. Dye solutions
were thawed at 25 °C and a 4-mL aliquot (2 uM Calcein-AM, 4 uM EthD-III,) was
prepared in PBS. The dye (3 mL) was then added to the cell-laden hydrogel structure and
incubated for 30 min at 25 °C. The sample was rinsed with PBS once, and images of live
(green, calcein) and dead (red, EthD-III) cells in various locations within the 3D construct
were obtained using CLSM. The cell viability was calculated by dividing the total number

of live cells by the total number of cells (live and dead).

2.13. Immunostaining and orientation quantification: The printed cell-laden
structures were washed with PBS and fixed with 4% paraformaldehyde for 1 h. After
washing with PBS, the cells were permeabilized with 0.2% Triton-X for 30 min. After
washing the sample thrice with PBS, the cells were blocked with 1% BSA/PBS for 1 h.
Cells were stained with rhodamine-labelled phalloidin (1:100) and anti-MHC (1:100)
overnight at 4 °C. After washing with PBS, the samples were immersed overnight in anti-
goat IgG antibody conjugated with Alexa Fluor 488 (1:500). After washing with PBS,
cells were stained with DAPI for 1 h at 25 °C. Cell morphology was observed using

CLSM. The area of the cells, fiber diameter, and fusion index of the differentiated cells



were quantified using the Imagel] software. To quantify the orientation of the
differentiated myotubes in the 3D structure, the acquired images were analyzed using the
Orientation] plugin (version 2.0.7, BIG; EPFL, Switzerland) in ImageJ. The histogram of

oriented myotubes was plotted in a polar stem plot between 90° to -90° using matplotlib.

2.14. Transplantation to VML models: All animal experiments were approved by the
Animal Care and Use Committee of the National Institute for Materials Science (No: 80-
2024-1). To prepare the cell-laden 3D printed structure, MSCs were labelled with
fluorescent lipophilic Dil, according to the manufacturer’s protocol. Briefly, MSCs were
collected using trypsin, and cell pellets were suspended in RPMI medium (serum-and P.
S-free) at a density of 1 x 10° cells/mL. Cell labelling solution was added to the
suspension solution (5 pL to 1 mL cell suspension) and incubated at 37 °C for 20 min.
The collected cell pellets were washed with PBS. After removing the supernatant, the
cells were mixed with sterilized pore-forming bioink for 3D printing. Cell-laden
constructs (line structure, 5 x 0.1 x 1 mm?®) were made using Dil-labelled MSCs (1 x 10’
cells/mL). Mice (68 week-old female BALB/c nude mice; Jackson Laboratory, USA)
were anesthetized by inhalation of 2% isoflurane. The dorsal surfaces of the mice were
aseptically prepared using 70% ethanol. Volumetric muscle defects were induced in the
hind limbs of mice. An incision was made along the anterior aspect of the hind limb to
expose the tibialis anterior (TA) muscle and a defect (5 x 2 x 2 mm?®) was made. All mice
were intraperitoneally administered amikacin (1 mg/kg). To observe cell engraftment,
tissue constructs of Dil-labelled MSCs were transplanted into the defect. The mice were
euthanized by exsanguination 7 d posttransplantation. The tissues were collected and

fixed in 10% formalin buffer solution and stained with DAPI for CLSM observation.



2.15. Statistical analysis

The results are expressed as the mean £ SD. One-way ANOVA followed by Tukey’s
multiple comparison post-hoc test was used to assess differences among groups.
Experiments were repeated multiple times as independent experiments. The data shown
in each Figure are a complete dataset from one representative independent experiment.
None of the samples were excluded from the analysis. Statistical significance is indicated
as *P < 0.05, *xP < 0.01, #*x P <0.001, and ****P < (0.0001. Statistical analyses were

performed using the GraphPad Prism software (version 8.0; GraphPad Software, USA).



3. Results and Discussion

3.1. Bioinks preparation and 3D printing parameters

Pore-forming bioinks with LLPS structures were prepared by mixing equal volumes of
10 wt% GelMA and 12 wt% GUPy. GeIMA with 71% D.S. and GUPy with 48% D.S.
were synthesized. CLSM observations showed that GUPy formed LLPS structures when
mixed with GelMA, and the obtained LLPS structures were similar to the previously
reported microfibrous network structures [34] (Figure 2a). For extrusion-based
bioprinting, the bioinks must exhibit adequate zero-shear viscosity and shear-thinning
properties. Pore-forming bioinks possessed higher viscosity compared with nonpore-
forming bioinks owing to strong hydrogen bonding between UPy units and showed shear
thinning property, which is desirable for extrusion bioprinting (Figure 2b). To
characterize the mechanical properties of the hydrogels, the pore-forming bioinks were
crosslinked by UV exposure to form porous hydrogels. The storage modulus (G’) of
nonporous and porous hydrogels was almost the same within the linear elastic region
(Figure 2c). The swelling ratio of the nonporous and porous hydrogels was 14.1 and 8.9,

respectively.

For 3D printing using pore-forming bioink, bioink extruded was deposited on a
substrate kept at 12 °C, which is below the gelation temperature of GelMA and GUPy,
and underwent physical crosslinking. This instant gelation helped retain its shape until
the chemical crosslinking of GeIMA by UV exposure. Several printing parameters
(printing speed and extrusion pressure) were determined to investigate the printability of
the structures (Figure 2d). The diagram indicated that the range shown in the green area

was suitable for printing conditions, whereas high extrusion pressure (>48 kPa), low



printing speed (< 10 mm/s), low extrusion pressure (<20 kPa), and high printing speed
(>15 mm/s) resulted in over- or underextrusion, respectively. The concentration ratio of
GelMA to GUPy affected the printability and Pr. The value of the higher GUPYy ratio was
close to 1, which is suitable for printing [39] (Figure 2¢). This is because the GUPy-rich

phase formed intramolecular hydrogen bonds and improved the viscosity of the bioinks.

Based on the optimization of the extrusion pressure, printing speed, and
printability, 3D grid structures were printed using the parameters listed in Table 1. Often,
when printing 3D structures with multiple layers, the intersecting filaments diffuse
because of the accumulation of bioink, and the height of the scaffold decreases in the z-
direction because of gravitational force. This compromises the stacking efficiency of the
layers and fidelity of the 3D structure. Following a previously reported procedure [39],
the stacking efficiency of the grid structure was measured by quantifying the fluorescence
intensity of the 3D image from horizontal scanning using CLSM (Figure 2f, g). The
intensity profile revealed that the printed layers were uniformly stacked. Complex
structures with eight layers were printed under the same conditions (Figure Sla). The
printed 3D structures were stable and maintained their shape for 8 d in PBS at 37 °C

(Figure S1Db).
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Figure 2. (a) CLSM images of pore-forming bioink composed of GeIMA and GUPy. For
the visualization, GelMA-FITC (green) and GUPy-cy 5.5 (violet) were used. (b)
Viscosity of nonporous and pore-forming bioink under shear rates from 0.01 to 1000 s™.
(¢) Shear storage modulus of nonporous and porous hydrogels (n = 3). (d) Diagram of the
appropriate combination (green) of printing parameters for ideal extrusion of LLPS
bioink. (e) Printability factor (Pr) analysis of the bioink as per the combinations of
GelMA/GUPy concentration. (f) Design and CLSM image of printed grid structure. (g)
Horizontal line scan profile of printed structre’s layer from CLSM image. Data are
presented as the mean = S.D. n.s. denotes not significant, analyzed using the two-tailed
Student’s #-test. Scale bar represents 50 um.



Table 1. Parameters for 3D printing.

XY uv Nozzle

GelMA GUPy Extrusion Print head Print bed . UV light . Exposure
. . plotting . . exposure  inner .
concentration concentration — pressure temperature  temperature intensity . . distance
speed time  diameter
(W/v) (W/v) (kPa) (°C) (°C) (mm/min)  (nm) (s) (mm) (cm)
10 12 45-65 32 12 12-15 405 40 0.25 6




3.2. Pore formation and orientation through the combination of LLPS and 3D

printing

Hydrogels often possess dense polymer network structures with no micropores, which
may limit the supply of nutrients and oxygen and restrict the survival of encapsulated
cells [10,33,40]. Phase separation is useful for introducing porous structures into
hydrogels [41,42], and several studies have demonstrated the bioprinting of porous
hydrogels . However, these methods were not successful in fabricating interconnected
pores or three-dimensional enough void spaces. We aimed to introduce interconnected
microfibrous pores into bioprinted hydrogels using hydrogen-bonding-driven LLPS.
Two-layered grid structures (20 x 20 mm) were printed using a pre-sheared LLPS bioink
without cells (Figure 3a). The printed structure exhibited good shape retention, and
microfibrous capillary networks composed of GUPy were observed. After incubating the
hydrogels in PBS for 24 h, porous structures were formed in 3D printed hydrogels due to
the dissolution of GUPy as a liquid porogen (Figure 3b). The porosity of 3D printed
structure was approximately 30%, whereas no micropores were observed in the hydrogels
from the nonpore-forming bioink, in consistency with our previous report [34] (Figure
3¢). Micropores in 3D printed hydrogels may serve as channels to enhance the mass

transport of nutrients and oxygen, thereby improving cell survival inside the hydrogels.

To evaluate the orientation of the LLPS structures and micropores, the structural
orientation of the porous hydrogels induced by applying shear stress (shear stress by
printing) or by dropping a pregel onto a substrate (no shear stress) was compared (Figure
3d). To align micropores in printed structures, the shear strain (y) was applied to the

bioink at 981 s' (Supplementary Information). To visualize and quantify the



directionality an orientation analysis was conducted using minimum three different
printed structures and polar stem plot revealed that applying shear stress to the bioinks
facilitated the orientation of the phase-separated GelMA hydrogels along the printing
direction, whereas hydrogels prepared without shear stress possessed random
configurations (Figure 3e). This result indicated that 3D printing is useful for aligning
LLPS structures by applying optimal shear stress with a controlled printing speed and
pressure. Hydrogel-embedded fibers were aligned when shear stress was applied using
3D-printing [28]; likewise, viscous LLPS microstructures can be aligned by shear stress
along the printing direction. This combined approach of LLPS and 3D printing not only
provides micropores for cell survival but also enables the unidirectional orientation of

cell-adhesive voids for cell orientation.
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Figure 3. (a) CLSM image of a 3D-printed structure. GelMA-FITC and GUPy-Cy5.5
were used for visualization. (b, ¢) Micropores were formed after immersion in PBS for
24 h. Porosity was analyzed from CLSM images after immersion in PBS (n = 6). (d)
Orientation analysis of porous hydrogels prepared by dropping pore-forming bioink on
substrate (no shear stress) and by printing with shear stress application. (¢) Represents the
polar plot of the distribution of oriented porous structure by using shear stress. Data are
presented as the mean = SD. ****P <(.0001, analyzed by the two-tailed Student’s #-test.
Scale bars represent 2 mm for (a), and 1 mm for (b), 500 um for (d), respectively.



3.3. Orientation bioprinting of myoblast cells

To design 3D cell-laden constructs using bioink, addressing some important factors such
as the effects of printing conditions (shear force, UV exposure, and toxicity of GelMA)
on cell viability is necessary. The cytotoxicity assay showed that GeIMA was highly
cytocompatible with mouse myoblasts (Figure S2). Owing to the gelation property and
the presence of cell-adhesive motifs in GelMA, this approach effectively localized cells
within the scaffold and minimized cell loss during the subsequent selective dissolution of
the porogen phase. Myoblast cells were encapsulated in nonporous and porous hydrogels
to evaluate cell adhesion. CLSM observations showed that the porous hydrogels
substantially enhanced cell adhesion and spreading, whereas almost all cells were round
in the nonporous hydrogels after 3 days of incubation (Figure 4a). Quantitative analysis
of cell motility, combined with trajectory tracking, revealed that the cell migration
velocity of myoblasts encapsulated within microporous hydrogels was approximately 2.6
times higher than that observed in non-porous hydrogels. (Figure 4b and Figure S3).
Moreover, the live/dead staining assay revealed that many viable myoblast cells were
present in the porous hydrogels compared with those in the nonporous hydrogels, where
some cells were dead (Figure 4c,d). Although GeIMA is known for its cytocompatibility,
the photocrosslinked mixtures of GeIMA and non-porogen results in dense hydrogel
networks with no micropore which may restrict cell migration, diffusion of nutrients, and
oxygen. In the living body, nutrients and oxygen are supplied from blood capillaries
within a distance of 200 pm from cells [43], with poor mass transport causing hypoxia
and necrosis [44]. Microfibrous pores in the hydrogels facilitated mass transport to
improve cell survival, whereas nonporous hydrogels suppressed the diffusion of nutrients

and oxygen (Figure S4).



Next, the effects of the microporous structures of the hydrogels on myotube
formation were investigated. Simple line structures were printed using bioinks to form
myoblast constructs in nonporous and porous hydrogels. After the differentiation of
myoblast cells, cellular differentiation was evaluated using MHC staining, which is a
marker for identifying skeletal muscle tissue differentiation and maturation. CLSM
observation of differentiated tissue constructs showed that myoblast cells in porous
hydrogels formed thick myotubes, whereas few cells were MHC-positive and no
myotubes were formed in nonporous hydrogels (Figure 4¢). Quantitative analysis of the
myotube diameter (indicative of the quality of myoblast cell differentiation and
maturation) and fusion index (the ratio of nuclei in MHC-stained myotubes to total nuclei)
revealed an improvement in the differentiation and maturation of myoblast cells in the
porous hydrogels (Figure 4f,g). Previous reports suggested that a hydrogel micropatterned
with grooves <50 um promoted C2C12 myotubes maturation by enhancing sarcomere
formation [45,46]. As porous hydrogels possess micropores smaller than 50 um, spatially
restricted fiber-shaped voids may be favorable for the differentiation of myoblast cells.
To confirm the degree of alignment of mature myotubes, unidirectionally aligned fiber
structures were printed using pore-forming bioinks. From the results of the color pattern
and polar stem distribution plot obtained from actin- and MHC-stained CLSM images,
we noted that 3D printed myoblast cells in porous hydrogels were aligned along the
printing direction, which may facilitate the differentiation and maturation of encapsulated
cells and muscle cells infiltrating from host tissues (Figure 4h). These observations
suggested that orientation bioprinting using LLPS bioinks not only provides a

microporous scaffold to improve cell spreading, migration, and survival but also



accommodates unidirectionally oriented printed cells, which may contribute to the

regeneration of injured muscle tissues.
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Figure 4. (a) CLSM images of encapsulated myoblast cells in printed nonporous and
microporous hydrogels. GeIMA-FITC (green) was used to visualize hydrogels, and actin
was stained with phalloidin (red), and relativerea of adherent cells in nonporous and
porous gels (n = 3). (b) The velocity of GFP-expressing myoblast cells in nonporous and
porous hydrogels analysed for 24 h (n = 3). (c¢) Live/dead stained images of cells in
hydrogels. Live and dead cells were stained with calcein (green) and EthD-III (red),
respectively (n = 3). (d) Schematic of media diffusion and cell migration inside hydrogels.
(e) Differentiation of myoblasts in droplet hydrogel (porous) and printed hydrogels
(nonporous and porous) for 7 d. Cells were stained with MHC antibody (green) and DAPI
(blue). (f,g) Quantitative analysis of fiber diameter and fusion index of differentiated cells
in hydrogels (n = 3). (h) CLSM images, color pattern, and polar stem distribution plot of
differentiated myoblasts in printed porous hydrogels. The actin and nuclei were stained



with phalloidin (red) and DAPI (blue), respectively. MHC was stained using MHC
(green). Data are presented as the mean = S.D. *P <0.05, ***P <(0.001, ****P <(.0001,
analyzed using the two-tailed Student’s #-test. Scale bars represent 50 pm.



3.5. Transplantation of engineered tissue constructs

To address whether engineered tissue constructs can be transplanted into living tissues,
MSCs were printed using micropore-forming bioinks to create 3D printed MSC
constructs and transplanted into mouse VML models. MSCs were used as donor cells
because they are clinically available for regenerative medicine approaches [47]. As a
tissue defect model, VML mice, which are known to have severe traumatic injuries in
skeletal muscles, were used in this study. VML defects (5 x 2 x 2 mm) were created in
the TA muscle of mice, and the engineered MSC constructs were transplanted into the
defects soon after printing, without further culture (Figure 5a). Prior to transplantation,
the adhesion of MSCs to the porous hydrogels was confirmed (Figure 5b). CLSM
observations showed that MSCs adhered to and spread in the hydrogels, as observed in
the case of the encapsulation of myoblast cells, indicating that porous hydrogels can
support the adhesion of MSCs. Next, the graft survival of the transplanted cells against
VML was evaluated. Dil-labeled MSCs were printed and transplanted into VML defects.
Transplanted tissues were retained at the defect site 7 d after transplantation (Figure 5c¢).
CLSM images of Dil-MSC revealed that cells were efficiently grafted to the defects
(Figure 5d, e). These results suggested that engineered tissue constructs can be delivered
and grafted onto host tissues without specific fixation procedures. We expect that this
method can be used to regenerate muscle tissue defects through paracrine signaling from

transplanted MSC constructs.
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Figure 5. (2) Schematic of the procedure of transplantation of 3D-printed MSC constructs.
(b) CLSM image of 3D-printed MSC constructs after 1 d of incubation in vitro. Actin was
stained with phalloidin (green). (c) Photos of VML in TA muscle at day 0 and 7 after
transplantation of the 3D-printed MSC construct. (d) CLSM images of TA tissues at 7 d
after transplantation. MSCs were fluorescently labeled with Dil and nuclei were labelled
with DAPI (blue). Scale bars represent 20 um for (b, €) and 500 um for (d).



Conclusion

In conclusion, this study demonstrated 3D anisotropic muscle tissue constructs fabricated
by orientation bioprinting using LLPS bioinks. Systematic optimization of the extrusion
parameters was performed to enhance printability. Microfibrous pore-forming bioinks
composed of GeIMA and GUPy possessed the shear-thinning property required for 3D
extrusion bioprinting. UV-cross-linked porous hydrogels exhibit the necessary
mechanical properties and biodegradability for use as regenerative materials.
Interconnected microporous structures were formed in the hydrogels, and these pores
were unidirectionally oriented because of the applied shear stress during the printing
process. These anisotropically oriented microporous structures remarkably improved the
inward diffusion of nutrients and oxygen, resulting in a notable enhancement in cell
survival, spreading, migration, and differentiation compared with nonporous hydrogels.
The cell-laden structure of the LLPS bioink could be transplanted into VML mouse
models. This straightforward strategy improves therapeutic applications and has the
potential to significantly affect applications in regenerative medicine, drug screening, and

disease modelling.
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