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ABSTRACT

Anisotropic microstructures resulting from a well-ordered arrangement of filamentous extracellular matrix
(ECM) components or cells can be found throughout the human body, including skeletal muscle, corneal stroma,
and meniscus, which play a crucial role in carrying out specialized physiological functions. At present, due to the
isotropic characteristics of conventional hydrogels, the construction of freeform cell-laden anisotropic structures
with high-bioactive hydrogels is still a great challenge. Here, we proposed a method for direct embedded 3D cell-
printing of freeform anisotropic structure with shear-oriented bioink (GelMA/PEO). This study focuses on the
establishment of an anisotropic embedded 3D bioprinting system, which effectively utilizes the shear stress
generated during the extrusion process to create cells encapsulating tissues with distinct anisotropy. In
conjunction with the water-solubility of PEO and the in-situ encapsulation effect provided by the carrageenan
support bath, high-precise cell-laden bioprinting of intricate anisotropic and porous bionic artificial tissues can
be effectively implemented in one-step. Additionally, anisotropic permeable blood vessel has been taken as a
representation to validate the effectiveness of the shear-oriented bioink system in fabricating intricate structures
with distinct directional characteristics. Lastly, the successful preparation of muscle patches with anisotropic
properties and their guiding role for cell cytoskeleton extension have provided a significant research foundation
for the application of the anisotropic embedded 3D bioprinting system in the ex-vivo production and in-vivo
application of anisotropic artificial tissues.

1. Introduction

self-assembly [13,14], 3D bioprinting have received more attention for
the practical application and controllable fabrication processes.

In the human body, nature has designed many tissues with aniso-
tropic structures that result from the aligned arrangement of extracel-
lular matrix (ECM) components or cells [1-3]. The intricate anisotropic
topography and hierarchical structure of native ECMs not only impart
highly-anisotropic mechanical properties to tissues but also govern cell
response, encompassing spreading, migration, and morphology [4,5].
These distinct characteristics exhibit a strong dependence on the specific
tissue involved. The bioinspired design is widely applied in tissue en-
gineering to fabricate anisotropic structures possessing specific func-
tionalities, such as cytoskeleton shape transformation and polarized
patterning [6-8].

Among all the advanced approaches applied to fabricate anisotropic
structures, such as micropatterning [9,10], electrospinning [11,12], and

Hydrogels are a type of the most crucial component of bioinks used in 3D
bioprinting that bears resemblance to biological tissues and organs in
many aspects, while most of them exhibits the inherent isotropic char-
acteristics [15,16]. Considering these aspects, it is undeniable that
developing anisotropic hydrogels provides an excellent entry point for
the fabrication of 3D complex structures with anisotropic properties by
3D bioprinting. In order to fabricate anisotropic hydrogel that emulate
the hierarchical organization observed in natural tissues and exhibit
distinctive functionalities, numerous researchers recently have explored
diverse approaches to induce alignment at no matter the microscopic
level of molecular chains or the macroscopic level of structural orien-
tation, such as mechanical forces [17], magnetic [15], electric fields
[18] and gradients of temperature and ions [19,20]. However, these
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methods prepared anisotropic hydrogel materials relay on the real-time
cross-linking to maintain the directional microstructures within the
hydrogel fibers, impeding their application in anisotropic complex
biomimetic tissue structure carriers.

Additionally, in present-day, to prepare anisotropic biomimetic
artificial tissues with 3D bioprinting, it’s crucial to combine hydrogels
that possess both high bioactivity and customizable formability [20,21].
GelMA, the methacrylated gelatin, is currently receiving increased
attention due to its superior bio-functionality [22]. When GelMA is
employed in 3D bioprinting of anisotropic artificial tissues in
millimeter-level, in addition to transforming its inherent isotropic
properties, the naturally compact micropore structure should also be
modified by enhancing the pore size to optimize transport efficiency and
meet cell growth requirements. Furthermore, the mechanical strength of
high biocompatible hydrogels is generally inadequate and the print-
ability is undesirable, rendering them unsuitable for direct 3D bio-
printing [23,24]. Consequently, high bioactive anisotropic hydrogels
that can be used in 3D bioprinting need to be further developed.

In summary, there are three challenges in the preparation of high
biocompatible anisotropic tissue structures with 3D bioprinting tech-
nology: 1) manipulating the orientation of hydrogel molecular chains to
obtain anisotropic hydrogel mediated structures; 2) elevating the
porosity of hydrogels to strengthen the mass transfer efficiency of the
encapsulated cells; and 3) enhancing the printability of low-viscosity
hydrogels. According to the kinetics of phase separation, multi-
materials formed single/multiple continuous phases can be utilized for
the preparation of porous structures [25,26]. By applying directional
force, oriented anisotropic structures can be fabricated along with the
mechanism of phase separation. Once a type of multiphase material
solidifies, with the water-soluble characteristics of other phases, these
can be efficiently dissolved during the cultivation process, enabling the
effective preparation of porous oriented structures.

In this study, a shear-oriented bioink was prepared by combining
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polyethylene oxide (PEO), a typical thickening spinning agent, with low-
viscosity and high biocompatibility GeIMA. During the extrusion print-
ing process, GelMA/PEO mixtures experiences shear forces provided by
the inner wall of the needle that result in shear orientation character-
istics. After printing, GeIMA/PEO is solidified through light cross-
linking. Utilizing the principle of multiphase separation and PEO’s
water-soluble nature, PEO can be effectively dissolved to prepare GelMA
fibers with oriented microstructure and porosity. The embedded 3D
bioprinting is a pioneering technology that provides temporary support
for bioinks with limited mechanical strength or low viscosity, enables
the preservation of assembled structure and prevents any potential
collapse due to gravitational forces [27,28]. In combination with the
k-carrageenan (Car) support bath developed in our laboratory, the ori-
ented fibers extruded from shear-oriented bioink can be instantly
encapsulated by Car granular. This process not only preserves the in-
ternal, directionally-specific microscopic structure of the fibers, but it
also allows for the possibility of their freeform assembly (Fig. 1). With
this anisotropic embedded 3D bioprinting system, the shear-oriented
bioink encapsulated different cell can be embedded 3D printed into
any oriented complex tissue, providing a novel preparation strategy for
the in-vitro construction of anisotropic bionic artificial tissues.

2. Method and materials
2.1. Materials

Gelatin (9000-70-8, Sigma-Aldrich, USA) methacrylate anhydride,
methacrylate, dialysis bags (8000-14000D, D0405, Sigma-Aldrich,
USA), rhodamine B and calcein labeled GelMA (EFL-GM-RF-60, EFL-
GM-GF-60, Engineering For Life, China), phosphate buffered saline
(PBS), 0.22 pm filter (Millipore), DMEM (high glucose, 11995-065,
Thermo Fisher Scientific, USA), MEM-a (12571063, Thermo Fisher
Scientific, USA) and penicillin-streptomycin (15140-122, Thermo Fisher
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Fig. 1. The schematic diagram of the anisotropic embedded 3D bioprinting system.
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Scientific, USA) were purchased from Hangjing (Hangjing Biological
Technology Co., Ltd, Ningbo, China). Lithium phenyl-2, 4, 6 - trime-
thylbenzoylphosphonate (LAP, 900889, Sigma-Aldrich, USA) and
Carrageenan were purchased from Sigma (C1138, Sigma-Aldrich, USA).
The intensity of the blue light source at the crosslinking plane was 100
mw/cm2 to completely photocrosslink the GelMA.

The GelMA was synthesized as the same procedure reported [3].
Briefly, (1) 100 mL 10 % (w/v) gelatin solution prepared with PBS at
50 °C. (2) Added 2 mL methacrylate anhydride (MA, 276685,
Sigma-Aldrich, USA) slowly to step (1) solution, synthesis reaction
under stirring at 50 °C for 3 h (3) Added 400 ml PBS to step 2 reaction
liquid, terminated reaction by stirring and diluting. (4) Solution from
step (3) loaded into dialysis bags (8000-14000D), dialyzed continuously
at 37 °C until TDS <5 through changing deionized water. (5) Dialysis
solution pre-frozen at low temp (—20 °C or —80 °C) for 2 h, then
freeze-dried for later use.

2.2. Preparation of bioink

Prior to bioprinting, the PEO with different molecular weight (100w,
200w, 400w and 710w) was irradiated by ultraviolet light for more than
30 min and added into 5 % GelMA solution (containing 0.25 % LAP, and
filtered by 0.22um filter membrane) to the 1.5 % w/v concentration. The
mixed solution was stirred at 37 °C for 3 h to completely dissolve, and
transferred to 10 ml syringes, turned into PEO/GelMA bioink by cooling
(25 °C for 10 min). The optimal molecular weight of PEO was added into
5 % GelMA solution at different concentration (0.5 % w/v, 1 % w/v, 1.5
w/v and 2 % w/v). The PEO/GelMA solution was mixed with corre-
sponding cells for the bioprinting of cell-laden buildings. It is important
to note that, in the process of bioprinting, the room temperature should
be stayed at 25 °C and the syringe should be turned over at regular in-
tervals (20 min) for uniform mixing of cells.

2.3. Preparation of k-carrageenan suspensions

The k-carrageenan (sigma) was added to 100 mL of Phosphate buffer
solution (PBS, Solarbio), heated and stirred at 70 °C for 30 min to obtain
a 0.7 w/v k-carrageenan solution. The prepared solution was then
autoclaved at 121 °C for 20 min. After that, the sterile k-carrageenan
solution was refrigerated for at least 2 h until complete gelation
occurred. The resulting gel was crushed into particles with electric
blender running at a speed of 1000 rpm/min. Subsequently, the support
bath consisting of k-carrageenan microgel particles was packed into 50
mL Nest centrifuge tube and centrifuged at a speed of 1000 rpm/min to
remove any bubbles present. If not used immediately, the unused
k-carrageenan support bath can be stored in the refrigerator (4 °C) for up
to one month or more but should be brought back to room temperature
before use.

2.4. Physiochemical characterization of hydrogels

The rheological behaviors of PEO/GelMA hydrogel with different
PEO concentration were monitored with a Discovery Hybrid Rheometer
(TA Instruments, HR 30). Each measurement was carried out by a fresh
sample loaded between the parallel plates with a gap value of 100 pm
and removal of excessive sample. The storage modulus (G'), loss
modulus (G’’) and gel point (sol-gel transition point) were determined
by time-sweep mode at a constant oscillator frequency (10 rad/s) and
strain (10-10% %) using a 40 mm diameter parallel plate geometry at
25 °C. At a given shear rate parameter, ranging from 1072 to 100 s~*
with 25 measuring points, the relationship of viscosity and shear stress
as a function of shear rate was recorded. The viscoelastic behavior was
also analyzed by creep and creep-recovery experiments by applying two
shear stress steps, the constant stress (107% MPa) at creep interval
(0-180 s) followed by creep-recovery interval (180-350 s) after the
removal of applied stress at 25 °C. The values of viscosity (1*) were
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recorded at Flow peak hold model, and the shear rate went down from
50 to 0.1 s”!, and back to 50 s~!. Phase-transition of viscosity was
determined from the inflection points of the recorded graphs.

The degradation experiment involved placing gel blocks formed from
5 % GelMA containing 1 % PEO (400w molecular weight) in sterile PBS,
maintaining a temperature of 37 °C for 14 days. At regular intervals,
samples were collected, washed with deionized water, freeze-dried, and
weighed. The remaining sample mass was then divided by the original
sample mass to calculate the gel’s degradation efficiency.

The hydrogels were frozen in liquid nitrogen and then dried by a
freeze drier (Beijing Bo Medical Laboratory Instrument Co., Ltd.),
observed by a scanning electron microscope (SEM, Hitachi, SU5000) at
15 kV accelerating voltage condition and analyzed the porosity with
ImageJ software.

The fluorescence labeled GelMA was mixed with PEO and printed
into different anisotropic structures which were imaged under a
confocal fluorescence microscope (Olympus FV3000 microscopy).

2.5. Bioprinting process

The G-code for the raster structure was obtained by looping through
Python (https://www.python.org/), which was developed by our labo-
ratory. Self-assembling mechanical 3D extruder printers were used for
printing. All models were sliced into STL format using Repetier-Host
(https://www.repetier.com/). The printing process was conducted at
room temperature. The dispensing needle and the 5 mL syringe were
used for printing, ensuring a stable connection between the needle and
syringe, preventing any loosening of the needle during printing. A petri
dish with a diameter of 2 cm or a clear container measuring 2.5 cm x 3
cm x 3 cm was utilized to support the bath. The printed structures were
exposed to a 3 w 405 nm UV light source (UltrFire) for 17 s, and removed
directly with a spoon and placed in a beaker containing PBS, where it
was heated at 37 °C until the suspension around the model dissolved.

For cell-loaded printing, the printer, ultra-clean table, and operating
room were irradiated for at least 30 min before use. All glass and metal
instruments related to printing were steam sterilized (121 °C, 20 min).
The printed structures were exposed to 405 nm UV light source (Ultr-
Fire) for 17 s, then removed with a spoon and placed in the medium.
After incubation in a constant temperature incubator at 37 °C for 30
min, the structures were appropriately washed with PBS to ensure
removal of the support bath, lastly, the fresh medium was added.

2.6. Cell culture

MC3T3-E1 fibroblast cell line and structures containing 3T3 were
cultured in a-MEM supplemented with 10 % FBS (16000-044, Thermo
Fisher Scientific, USA) and 0.1 % w/v penicillin-streptomycin solution.
BMSCs and HUVECs and cell loaded structures were cultured in DMEM
supplemented with 10 % FBS and 0.1 % w/v penicillin-streptomycin
solution. C2C12 and bioprinted structures were cultured in DMEM/F
12 supplemented with 10 % FBS and 0.1 % w/v penicillin-streptomycin
solution. All cells were obtained from iCell Bioscience Inc, Shanghai.
The structures were cultured in a CO, incubator (IL-161CT, STIK, China)
at 37 °C. Printed structures were placed in new culture dishes and fresh
medium was added every two days after removal of the support
material.

2.7. Biological characterization of cell-laden scaffolds

The cell morphologies were characterized by staining F-actin and
nuclei. The F-Actin and nuclei were stained with TRITC phalloidin and
DAPI, respectively. The detailed process is as follows: (1) The cell-laden
structures were washed with PBS and fixed in 4 % paraformaldehyde for
30 min (2) The cell-laden scaffolds were then washed with PBS and
permeabilized with 0.5 % Triton X-100 for 5 min (3) Cell-laden struc-
tures were washed with PBS and stained with TRITC phalloidin (diluted
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with 1 %(w/v) bovine serum albumin solution as instructed) for 30 min
in the dark. (4) The cell-laden structures were washed in PBS again and
stained with DAPI (10 pg/mL) for 10 min (5) Finally, the cell-laden
structures were washed with PBS and imaged under a confocal fluo-
rescence microscope (Leica TCS SP8, Wetzlar, Germany).

The culture medium was removed and replaced with cold PBS. Then
the structures were washed 3 times with PBST and incubated with 4 %
paraformaldehyde for 30 min on ice. After being washed 3 times, the
structures were incubated with PBSDT blocking solution (PBS supple-
mented with 0.3 % Triton X-100, 1 % DMSO, 3 % BSA, and 1 % goat
serum) for 2 h at room temperature, and incubated with one of the
following primary antibodies: mouse anti-Myosin (1:250, Abcam,
Cambridge, UK) and rabbit anti-Myogenin (1:250, Abcam, Cambridge,
UK) for 12 h with gentle agitation at 4 °C. Subsequently, the structures
were washed 3 times with PBST and incubated with Alexa Fluor 488-
conjugated goat anti-rabbit antibody (1:250, Abcam, Cambridge, UK)
and Alexa Fluor 594-conjugated goat anti-mouse antibody (1:250,
Abcam, Cambridge, UK) for 2 h at room temperature with gentle
agitation and then washed 3 times with PBST. Finally, the structures
were stained with 4',6diamidino-2-phenylindole (1:2000, Sigma
Aldrich, St. Louis, MO, USA) for 15 min, and observed under a confocal
microscope (Leica TCS SP8, Wetzlar, Germany).

2.8. Statistical analysis

Data were expressed as means + SD deviation. All the histogram
results were statistically analyzed by the GraphPad Prism Version 5.0
software. The polar coordinate statistical diagram was analyzed by the
origin Version 2021 software. And the thickness of filaments and sta-
tistics of cell spreading was measured by the ImageJ.

3. Results and discussion

3.1. Composition optimization and printability confirmation of shear-
oriented bioink

It has been reported that GelMA and PEO could be uniformly mixed
but would gradually separate after long-time standing [3]. The mixture
of GelMA and PEO with varying molecular weights was extruded into
the supporting bath of Car. The fibers exhibited directional orientation
characteristics to varying degrees. As shown in Fig. S1, due to the
absence of a precross-linking environment in the Car bath, the retention
time of the anisotropic microstructures of the GelMA/PEO fiber was
limited, which is significantly exacerbated with low molecular weight
PEO. Even though the molecular weight of PEO was 400 w or 710 w, the
oriented fibers extruded by the GelMA/PEO mixture maintained their
anisotropic characteristics in a Car bath for 30 min. The phase separa-
tion phenomena of GelMA and PEO under static conditions contribute to
this result. The high molecular weight PEO increases the viscosity of the
GelMA/PEO mixture, reducing the flow rate and extending stabilization
time. To maximize the stability duration of the oriented structure,
simultaneously reduce the viscosity of the material for its application
during the printing process and the effective dissolution of PEO, the PEO
with a molecular weight of 400w was chosen in subsequent experiments
of this study.

To investigate the impact of varying concentrations of PEO on the
printability of GelMA/PEO bioink, rheological experiments were con-
ducted to simulate ink force, and a mechanical analysis was performed
to assess the effect of different PEO concentrations on the ink system.
The critical strain of GelMA is observed to be the highest in Fig. 2Aa,
while an increase in PEO concentration gradually reduces the critical
strain of the mixture. Homogeneous soft materials typically exhibit
relatively high critical strains, and a higher volume fraction of the
dispersed phase within the heterogeneous phase results in a smaller
critical strain [29]. In order to investigate the stress reduction before and
after bioink extrusion, as well as the rheological response of different
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bioinks to stress variations for efficient gel formation, a comprehensive
assessment of the thixotropic properties of the bioink was conducted. As
shown in Fig. 2Ab, after subjecting the bioinks to alternating low and
high stress applications for three or four cycles, no significant changes
were observed in the modulus compared to their initial value. Further-
more, all of the loss modulus exhibited a stable behavior. These findings
provide evidence that different concentrations of PEO do not affect the
nonlinear rheological characteristics of GelMA/PEO bioink systems
within this stress range. The flow ramp mode was used to simulate the
impact of shear force on ink behavior during the extrusion process. As
the shear force increased, the viscosity of GeIMA/PEO ink system with
varying concentrations of PEO gradually decreased, exhibiting typical
shear thinning characteristics. The overall viscosity of the ink system
increased with higher PEO content. While the PEO concentration rea-
ches 1 %, the overall viscosity did not significantly increase with further
increases in PEO concentration (Fig. 2Ac).

The creep properties of GelMA/PEQ inks formed with varying con-
centrations of PEO were investigated to evaluate the preservation of the
directional microstructure induced by biphasic shear. As illustrated in
Fig. 2Ad, upon repeated application of stress, the material undergoes
instantaneous strain and exhibits a rapid exponential increase in
compliance. This indicates that the material can promptly generate
responsive strain under stress stimulation and achieve critical values
within a short time, reflecting the immediate transmission and defor-
mation process of bioink under extrusion pressure. During two cycles of
stress treatment, the creep resistance of all the PEO containing materials
weakened, meaning some residual creep not fully recovering. This
phenomenon may contribute to maintaining the directional micro-
structure caused by shear stress during ink extrusion. Furthermore, an
incremental decrease in creep resistance was observed as PEO concen-
tration increased. Subsequently, the thixotropic behavior of different
materials was further evaluated with the Flow peak hold mode. As
illustrated in Fig. 2Ae, an increase of PEO concentration resulted in a
corresponding elevation in viscosity. Importantly, higher concentrations
of PEO weakened the viscosity recovery of different bioink during
repeated stress application. However, once the PEO concentration
exceeded 1 %, no significant alteration was observed in the viscosity
recovery rate of GelMA/PEO ink.

The porosity of shear-oriented bioink was subsequently compared
before and after PEO dissolution, with varying concentrations of PEO. As
shown in Fig. 2B, the higher concentration of PEO resulted in larger
pores remaining after PEO dissolution, consequently leading to higher
overall material porosity. The stability of the oriented microstructures
formed by GelMA/PEO bioink with varying concentrations of PEO
treated with directional shear stress was further evaluated by printing
scaffold structures in a Car support bath. In Fig. 2C, the microfilament
structures printed by shear-oriented bioink exhibited apparent aniso-
tropic properties in a Car support bath when the PEO concentration is
equal to or greater than 1 %. Therefore, integrating the rheological re-
sults, PEO with a critical value of 1 % was used as an important
component of the shear-oriented bioink in subsequent experiments.
Finally, a scaffold structure with distinct anisotropic microstructure in
both the inner and outer layers was fabricated in a Car support bath
using the shear-oriented bioink ink containing 1 % PEO concentration
through coaxial printing (Fig. 2D). The stability of this system for
fabricating 3D oriented complex structures was validated.

In addition, the degradation efficiency of the GeIMA/PEO hydrogel
ink system was further evaluated under in vitro conditions through a
degradation experiment using GelMA/PEO hydrogels containing 1 %
400w molecular weight PEO. As shown in Fig. S2, after soaking in sterile
PBS for 14 days, the degradation efficiency of the GelMA/PEO ink was
around 59 %. It is noteworthy that the GelMA/PEO hydrogel degraded
very quickly after soaking at 37 °C for just 1 day, likely due to rapid mass
reduction caused by PEO dissolution.
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Fig. 2. The mechanical properties, porosity and directional orientation morphology of PEO/GelMA bioink with varying concentrations of 400w molecular weight
PEO. (A) The influence effect of different PEO concentration to the rheology characteristics of PEO/GelMA hydrogel. (a) Storage modulus (G) and loss modulus (G**)
curves. (b) Moduls-time curve under alternating high strain and low strain treating. (c) Viscosity-shear rate curve. (d) Creep-recovery compliance-time curve. (e)
Viscosity recovery-time curve under alternating high strain and low strain. (B) Scanning electron microscopy (SEM) images of the different group GelMA/PEO
hydrogel morphology before and after dissolving PEO. (C) The bright field images of scaffolds with anisotropic structure. (D) The optimal PEO concentration (1 %)

used for coaxial printing stable oriented structures.

3.2. Printing parameters and properties

The shear-oriented bioink, containing 1 % PEO of 400w molecular
weight and Rhodamine B labeled GelMA, was utilized in suspension
printing to generate oriented microfibers within a 0.4 % k-carrageenan
support bath. The morphology and internal anisotropic microstructure
of the printed fibers underwent analysis and characterization via
confocal microscopy. As shown in Fig. 3A, with the needle maintaining a
steady movement speed of 300 mm/min, a decrease in the extrusion rate
of bioink corresponds to a reduction in the diameter of the produced
microfibers. At an extrusion rate of 0.001 mL/min, the outcome is
microfibers with diameters around 100 pm. With varying extrusion
rates, the cross-section of the microfibers tends towards a circular shape,
and there are visible signs of anisotropy within the structure of the fi-
bers. These findings validated that the fiber diameter could be conve-
niently manipulated by altering the extrusion flow rate. By employing a
fundamental volumetric equation, 7(d/2)? = Q/v, where d represents the

cross-sectional diameter of the microfiber, Q denotes the bioink’s
extrusion speed, and v signifies the speed of the nozzle, the circularity of
oriented microfibers’ cross sections printed at varying extrusion speeds
was further quantitatively analyzed [30]. Fig. 3B demonstrated that the
features have a cross-sectional aspect ratio close to 1 across all flow
rates. These findings affirmed the viable application potential of this
printing technique in harmoniously combining high resolution and
anisotropic characteristics.

3.3. The fabrication of complex anisotropic structures

Traditionally, constructing concentric hierarchical structures with
anisotropic traits often requires a complex process of concentrically
rolling out directional lamellar structures [31,32]. With the anisotropic
embedded 3D bioprinting system, it’s possible to directly 3D printing
concentric columnar structures in the stabilizing Car bath. As shown in
Fig. 4A, the front and cross-sectional views exhibited exceptional
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Feature size of printed objects can be controlled by the flow rate of the ink through the nozzle (Q), while the tangential velocity of the nozzle (v) was determined. The
printed feature size shows nearly ideal behavior across a wide range of velocities and flow rates.

anisotropic microstructures. Additionally, the anisotropic printing sys-
tem allowed for the direct creation of concentric hollow cylindrical
surface, shown in 4B. These surfaces emerged from the layered config-
uration of anisotropic microwires, each measuring approximately 300
pm in diameter and thickness. Subsequently, by developing various
curvature surfaces based on sine curves, it further confirmed the critical
role of the printing path of the shear-oriented bioink in determining the
directional orientation within the printed microfilaments (Fig. 4C&D).

Taking vascular tissue as an example, the shear-oriented bioink was
printed in a Car supporting bath to create axial orientated artificial
vascular tissue scaffolds with channel structures, as shown in Fig. 5. The
vascular channel diameter was approximately 900 pm, the overall
vascular diameter was about 2.5 mm, and the diameter of the GelMA/
PEO microfilaments was roughly 100 pm. Inside the microfilaments,
there were typical anisotropic characteristics. These results provided
significant foundations for the application of shear-oriented bioink
systems in the preparation of high-precision, orientated complex struc-
tures. Previous studies on the interaction between the matrix topog-
raphy and cell orientation could be determined by the diameter of
microfibers. When the microfibers with smaller diameters (almost 100
pm), cells tended to be aligned with microfibers [33,34]. Therefore, the
microfibers fabricated by the GelMA/PEO suspension printing system
not only possess anisotropic internal topological structures but also
demonstrate unique advantages in promoting directional cell elongation
due to their high precision, which is vital for the fabrication of artificial
tissues with anisotropic characteristics.

3.4. Biological applications of the GelMA/PEO oriented printing system

While the shear-oriented bioink system exhibited tremendous
application advantages in preparing anisotropic complex structures,
further research was still needed on its orientational regulation of the
cellular skeleton. As depicted in Fig. 6, the shear-oriented bioink was
used to encapsulate different cells (C2C12, HUVEC, BMSCs, and MC-
3T3) and print orientated scaffold structures. After 1 day of culure,
the cells remained highly active with only a minimal number of dead
cells observed. By the 3rd day, the cells began to stretch, and by the 7th
day, most of the cells from all four groups were in a stretched state, with
the skeleton of the cells aligning according to the direction of the scaf-
fold. The quantitative analysis of the cell spreading directions for four
different types of cells encapsulated within GeIMA/PEO scaffolds after 7
days of culture were applied as the polar coordinate diagrams (Fig. S3).
These data demonstrated that the oriented complex structures made by
the shear-oriented bioink system hold potential for regulating the
orientation of cytoskeleton. This establishes a solid foundation for the
future creation of anisotropic artificial tissues.

Muscle tissue, which accounts for the highest content among the
numerous anisotropic tissues in the human body, exhibits superior me-
chanical properties due to its axially oriented structural characteristics
[35]. As shown in Fig. 7, a muscle patch measuring 2.5 mm x 2.5 mm x
1.2 mm was prepared. The oriented microfiber composed muscle patch
was revealed by Rhodamine B-labeled GelMA, with a microfiber in
approximately 200 pm diameter (Fig. 7A). C2Cl2 cells were
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Fig. 4. The 3D structures composed of oriented microfilament, including columnar, tubular, and wave-like structures with varying curvatures. (A) The concentric
hierarchical structures, (B) concentric hollow cylindrical surface, (C) and (D) surface with varying wave curvatures.

encapsulated in the shear-oriented bioink and used to bioprint the
aforementioned patch structure. As shown in Fig. 7B, after seven days of
in-vitro culture, almost all the interior cells of the muscle patch were
stretched out, with the direction of most of the cell’s skeletons growing
along the filament direction of the patch structure. These results indicate
that the shear-oriented bioink system holds great potential for preparing
artificial tissues with anisotropic structural characteristics. Further-
more, compared to GelMA-based C2C12 cell-laden scaffolds, the aniso-
tropic scaffolds printed with GelMA/PEO exhibited effective potential in
promoting the directional spreading of C2C12 cells and the expression of
Myosin and Myogenin proteins within the cells. Studies have shown that
oriented topography can guide myotube alignment on various materials
[36,37]. This explains how the oriented microstructures created by
GelMA/PEO bioink enhance Myosin and Myogenin protein expression in
C2C12 cells. These findings suggested that anisotropic microstructures
prepared with GelMA/PEO materials can promote the maturation of
C2C12 cells and enhance the expression of myotubes-related marker
proteins to some extent and provided significant evidence for the in vitro
fabrication of anisotropic artificial muscles based on the GelMA/PEO

system.

In response to current research on anisotropic artificial tissue 3D
bioprinting, such as bio-printing of microfiber-laden hydrogels [38,39],
printing of anisotropic complex structures under magnetic stimulation
[40], and 3D bioprinting of anisotropic tissues derived ECM hydrogel
[41], the GelMA/PEO embedded 3D bioprinting system proposed in this
study offers significant advantages, such as easy to operate, without
additional stimulation, and outstanding printing precision, which are
capable of producing highly accurate directional microfibers at the
hundred microns level. This system holds great potential for personal-
ized customization of biomimetic artificial anisotropic microtissues.

4. Conclusion

Repeating the directional characteristics of natural tissue in tissue
engineering has already captured the interest of researchers in the field
of functional tissue regeneration. This study has developed the aniso-
tropic embedded 3D bioprinting system, opening a novel avenue for
creating high-precision anisotropic structures. When considering the
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Fig. 6. The cellular viability and the cellular spreading. Fluorescence images of live/dead staining of C2C12, BMSCs, HUVECs and MC-3T3 encapsulated in oriented
scaffold for 1 day. And the immunofluorescence images showing the morphologies of C2C12, BMSCs, HUVECs and MC-3T3 after 3 and 7 days of culture. Red:

cytoskeleton. Blue: nucleus.

formation of directional microfibers post-extrusion of shear-oriented stability for the fabrication of more intricate anisotropic bio-inspired
bioink system, which is temporarily sustained through the high viscos- structures. In general, the successful realization of this study offers
ity of the ink itself and the encapsulation of the Car supporting bath, fundamental possibilities for the efficient preparation and future clinical
additional examination is warranted to enhance the ink system’s application of anisotropic biomimetic artificial tissues.
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(@ GeIMA/PEO
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Fig. 7. Embedded printing the muscle patch. (A) PEO/Rhodamine B labeled GeIMA bioink was used for printing the unidirectional arranged muscle patch structure.

The microfilaments exhibit a well-defined and oriented microstructure internally. Red: Rhodamine B labeled GelMA. (B) C2C12 exhibited evident unidirectional
elongation when loaded in the PEO/GelMA bioink and used to fabricate muscle patches. Green: cytoskeleton. Blue: nucleus. (C) Immunofluorescence staining results
of Myogenin and Myosin proteins in C2C12 cells encapsulated in the GelMA and GelMA/PEO scaffolds after 7 days of culture.
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