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ARTICLE INFO ABSTRACT

Keywords: Cell-laden structures play a pivotal role in various tissue engineering applications, particularly in tissue resto-
Polyethylene glycol ration. Interactions between cells within bioprinted structures are crucial for successful tissue development and
Dehydration regulation of stem cell fate through intricate cell-to-cell signaling pathways. In this study, we developed a new
gﬁﬂzﬁen technique that combines polyethylene glycol (PEG)-infused submerged bioprinting with a stretching procedure.
Submerged bioprinting This approach facilitated the generation of fully aligned collagen structures consisting of myoblasts and a low
Muscle concentration (2 wt%) of collagen to efficiently encourage muscle tissue regeneration. By adjusting several

processing parameters, we obtained biologically safe and mechanically stable cell-laden collagen filaments with
uniaxial alignment. Notably, the cell filaments exhibited markedly elevated cellular activities compared to those
exhibited by conventional bioprinted filaments, even at similar cell densities. Moreover, when we implanted
structures containing adipose stem cells into mice, we observed a significantly increased level of myogenesis
compared to that in normally bioprinted struts. Thus, this promising approach has the potential to revolutionize
tissue engineering by fostering enhanced cellular interactions and promoting improved outcomes in regenerative

medicine.

1. Introduction

Muscle tissue engineering and regenerative medicine have emerged
as critical domains for addressing the challenges posed by muscle injury
and degenerative conditions. The development of advanced strategies to
promote muscle regeneration requires the integration of biomaterial
science and tissue engineering principles [1-5].

Three-dimensional (3D) bioprinting has recently emerged as a
promising technology for fabricating cell-laden structures for various
tissue-engineering applications, including muscle regeneration. How-
ever, normal bioprinting processes frequently require high concentra-
tions of hydrogel bioink to ensure the mechanical stability of 3D
bioconstructs with uniquely designed physical cues [5-8]. Recently,
various bioprinting strategies including extrusion, inkjet, laser-assisted,
and vat photopolymerization and electrospinning process were com-
bined into a hybrid bioprinting system to obtain highly complex tissues
(Supplementary Table S1) [9-22]. However, this reliance on high con-
centrations of bioink can inadvertently impede efficient cellular

Peer review under responsibility of KeAi Communications Co., Ltd.
* Corresponding author.
E-mail address: gkimbme@skku.edu (G. Kim).

https://doi.org/10.1016/j.bioactmat.2024.02.020

activities, including cell proliferation and differentiation, within the 3D
cell construct. Conversely, precise cellular alignment within the bioink
matrix is an imperative factor in the successful regeneration of aligned
human tissues, including muscle tissue; however, low concentrations of
hydrogel-based bioink typically fail to induce efficient cellular align-
ment. This failure can be attributed to the relatively low viscosity as a
result of an extrusion-based bioprinting process, which cannot sustain
the predesigned cell alignment attained by the external forces owing to
low mechanical sustainability [23].

To overcome the shortcomings of current bioinks, composite bioinks
using bioactive materials such as collagen or decellularized extracellular
matrix as the matrix phase and leachable biomaterials (gelatin, alginate,
and synthetic hydrogels, such as poly(ethylene glycol) (PEG)) as the
dispersed phase have been investigated [24,25]. Although composite
bioinks can provide a solution for the initial poor mechanical properties
of printed cell-laden structures, cell loss during leaching and poor me-
chanical properties after leaching still pose issues [26]. Amongst various
biomaterials, collagen has been widely implemented for bioprinting
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processes for its bioactivities, as illustrated by various applications
detailed in Supplementary Table S2 [26-48]. For instance, methacry-
lated bioinks (e.g., methacrylated collagen and gelatin) have been used
to overcome the poor mechanical properties of cell-laden structures
fabricated using an optical crosslinking process. Nevertheless, the ul-
traviolet light and photoinitiators, such as lithium phenyl-2,4,
6-trimethylbenzoylphosphinate and irgacure, added to the bioinks can
have potentially toxic effects on laden cells [43]. Furthermore,
non-homogeneous crosslinking degree in a radial direction of the prin-
ted struts can pose challenges in the use of the optical crosslinking
process [7].

To induce efficient cell alignment that can be used for various
aligned tissue structures, several studies attempting to align various cell
types, including fibroblasts, myoblasts, and cardiac cells, using elec-
tromechanical devices and functional biomaterials, have been con-
ducted. These methods include light-assisted cell alignment using TiO2
nanodots and methacrylated gelatin (GelMA) [49], extrusion devices
with patterned grooves or nozzles [7,50], acoustic myoblast patterning
in a GelMA bioink [51], magnetically active hydrogels [52], in situ
electric field-assisted bioprinting [53-55], and sacrificing poly(vinyl
alcohol) with aligned patterns [4]. While these techniques have shown
excellent results in promoting cell alignment and myofibril formation for
muscle tissue regeneration, they often require specialized equipment,
complex processes, and unique biomaterial compositions.

To overcome these challenges, we present a new methodology for the
fabrication of uniaxially aligned cell-laden microfibers using a low
concentration (~2 wt%) of collagen bioink, which offers a trans-
formative approach to enhance muscle tissue regeneration. In this study,
we introduce a new system that combines PEG-filled submerged bio-
printing with a stretching process similar to the conventional wet fiber-
spinning process. When collagen hydrogel structures are immersed in a
PEG solution, the PEG molecules interact with water molecules present
in collagen owing to their high affinity for water, and it effectively draws
water out of the collagen hydrogel through a process called “osmosis.”
This results in the removal of a significant portion of water within the
collagen structure. As water is extracted from collagen, the density of the
packed collagen molecules increases, inducing a non-covalent cross-
linking called physical crosslinking, similar to that in the dehy-
drothermal crosslinking process [56,57]. This densification of collagen
is often desirable in tissue engineering because it can improve the me-
chanical properties and structural integrity of the constructs.

Similar to that in previous studies, the incorporation of PEG within
the bath medium induces the dehydration of extruded struts of a low
weight fraction of collagen hydrogel, facilitating the formation of
densely packed fibrillated collagen structures. The concentration and
molecular weight of the PEG solution in the bath significantly affect the
viability of the resulting dehydrated protein constructs [58]. Through
cautious selection of PEG solution factors, mechanically stable myoblast
(or human adipose stem cell, hASC)-laden collagen constructs can be
obtained.

In addition, using a stretching process, the cells laden in the dehy-
drated collagen construct were manipulated into a uniaxially aligned
cell structure. Furthermore, by subjecting the extruded cell-laden
collagen struts to controlled stretching, we observed the mechano-
transduction effects of the laden cells, which ensured efficient remod-
eling of the surrounding extracellular matrix (ECM). This phenomenon
promotes actin fiber formation and myogenesis for enhanced muscle
regeneration [59]. To evaluate the translational viability of our engi-
neered muscle constructs, we carried out in vivo implantation studies
using a mouse model with volumetric muscle loss (VML). The results
showed a significant restoration of muscle function and robust muscle
regeneration.

Through the incorporation of a low-weight fraction collagen bioink,
precise cellular alignment, and mechanotransduction-mediated cellular
responses, we offer a transformative solution that significantly impacts
the advancement of muscle regeneration strategies. Based on these
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results, the combined process (bioprinting combined with PEG-induced
dehydration and stretching) provides a new promising platform to
fabricate aligned tissue structures.

2. Results and discussion
2.1. Fabrication of collagen hydrogel using a PEG fibrillation process

In terms of biological effects, an appropriate weight fraction of the
hydrogel matrix in various bioinks is essential for various tissue-
regeneration applications [60]. This characteristic allows the creation
of cell constructs that closely mimic the natural extracellular matrix,
thereby facilitating effective cell interactions. Such an environment
promotes improved cell migration, proliferation, and differentiation
within the hydrogel, while also enabling the efficient diffusion of
essential nutrients and oxygen [61]. However, maintaining complex 3D
cell constructs with unique physical properties, including topographical
cues, can be challenging with the use of low-concentration collagen
bioink (~2 wt%) owing to its poor mechanical properties.

To address this issue, we employed a PEG-assisted gelation process to
prepare a collagen bioink. Traditionally, collagen hydrogels have been
gelled using two common methods: (1) physical methods, involving
fibrillogenesis through variations in temperature, collagen concentra-
tion, pH, and assistance of PEG and (2) chemical crosslinking, which
employs agents such as glycation, genipin, carbodiimide hydrochloride
(EDC)/N-hydroxysuccinimide (NHS), glutaraldehyde, and multi-armed
PEG [62,63]. We used a physical gelation process that involved the
dehydration of PEG to efficiently remove water molecules without
inducing collagen denaturation or posing a toxic threat to cells. PEG
functions as a nonreactive solvent absorber, swiftly eliminating water
molecules from the pregel collagen solution while promoting intra-
molecular bonding (amide bonds) among the collagen molecules,
thereby facilitating physical gelation, as shown in Fig. 1A [56,64].

Fig. 1B-D illustrate the schematic of the gelation mechanism and the
optical and scanning electron microscopy (SEM)/atomic force micro-
scopy (AFM) images of collagen hydrogels (2 wt%) cross-linked chem-
ically with EDC/NHS and fibrillated using temperature (37 °C, Temp-
fibrillation) and PEG (M,, = 6000 g/mol and 50 wt%, PEG-fibrillation)
at 37 °C. Optical images clearly showed phase-separated collagen in
the PEG solution, whereas phase separation of the collagen solution was
not observed for EDC/NHS crosslinking and temperature gelation of
collagen. A comparison of the AFM images shown in Fig. 1D and Sup-
plementary Fig. STA shows that the fibrillated collagen was qualitatively
clearer in the Temp-fibrillation and PEG-fibrillation processes than in
the chemical-crosslinking process. However, fibrillated collagen showed
a completely different structure for the Temp-fibrillation and PEG-
fibrillation processes. In the AFM images, the collagen fibrils that
developed during Temp-fibrillation process showed a relatively ho-
mogenous fibril diameter but with a non-fibrillated collagen component
(approximately 13.3%, Supplementary Fig. S1B), as indicated by the
AFM image (red arrow). However, the collagen fibrils processed by PEG-
fibrillation showed a hierarchical structure consisting of two different
sizes (D; and Dy, indicated by white arrows in the AFM image) of fibrils,
and non-fibrillated collagen components were not observed. We care-
fully estimated the possibility of hierarchical structure formation
because the addition of PEG can immediately generate homogeneous
small-sized collagen fibrils, and the additional temperature fibrillation
could gradually induce the formation of thicker collagen fibers. When
comparing the diameters of the fibrillar collagen (Fig. 1E), the Temp-
fibrillation induced a much greater collagen fibril diameter than PEG-
fibrillation, but with a higher non-fibrillated component.

Additionally, the optical images presented in Supplementary
Fig. S2A, along with corresponding videos, elucidate the qualitative
assessment of the fibrillation degree in collagen struts subjected to
media at 37 °C (video 1) and PEG solution (video 2). Approximately 10 s
subsequent to elevating the collagen strut exposed to each solution, the
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Fig. 1. (A) Schematic demonstrating the mechanism by which PEG induces dehydration effects on collagen fibrillation. (B) Schematic of chemical (EDC/NHS) and
physical crosslinking (Temp.-fibrillation and PEG-fibrillation) mechanisms, (C) optical images of gelled collagen, (D) SEM/AFM images describing the surface
morphology of gelled collagen and magnified 3D surface topographical images of 2 wt% collagen hydrogels that were gelled using temperature and PEG fibrillation.
Red-dotted circles indicate non-fibrillated collagen component, and D; (small diameter, less than 100 nm, of collagen fibrils) and D, (large diameter, more than 100
nm, of collagen fibrils) demonstrate two different fibrillated collagen structures. (E) Measured diameter of collagen fibrils, (F) FT-IR spectra, (G) tensile stress-strain
curves, and (H) measured tensile modulus of collagen structure crosslinked using various crosslinking conditions.
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collagen immersed in the media displayed minimal fibrous formation.
Conversely, the collagen within the PEG solution exhibited an obvious
fibrillated collagen strut, enabling its manipulation with tweezers.
Similarly, the stress-strain curves of the collagen construct treated with
the PEG solution showed significant improvements in mechanical
strength compared to the construct treated with the media (Supple-
mentary Fig. S2B).

Supplementary video related to this article can be found at https://
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Fourier transform infrared (FTIR) spectra were recorded to evaluate
the degree of collagen fibrillation. According to Nashchekina et al., a
peak with a wavenumber of 1083 cm™! corresponding to the tensile
vibrations of a bond of CO molecules indicates the formation of collagen
fibrils [65]. Fig. 1F shows the IR spectra of collagen treated with
EDC/NHS, Temp fibrillation, and PEG fibrillation. A significantly higher
increase in the peak at 1083 cm ™! was observed in the spectrum of the
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Fig. 2. (A) Live (green)/dead (red) images and (B) calculated cell viability of C2C12 cells in fibrillated collagen obtained using various PEG concentrations (10, 30,
and 50 wt%) and molecular weights (400 and 6000 g/mol). (C) Schematic of cell-laden collagen hydrogel bioprinted in PEG-solution, and optical and live/dead
images of C2C12 cells on day 1 for various PEG treatment times (5, 30, 60, and 180 s). (D) Calculated cell viability, (E) FT-IR spectra, and (F) tensile stress-strain
curve of collagen structures with various PEG treatment times.
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fibrillated collagen treated with PEG solution than in the spectrum of the
Temp-fibrillated and chemically crosslinked collagen. The obtained
spectra were in good agreement with the AFM results.

We also examined the mechanical properties of the three collagen
structures after full drying, as these properties directly influence cyto-
skeletal formation in various cell types. Furthermore, the fibrillated
collagen structure can affect cell remodeling, mechanical properties,
cell-to-cell signaling, and cell polarization [66]. The tensile testing was
performed using a universal testing machine (UTM), and it was observed
that the chemically crosslinked collagen hydrogel exhibited significantly
higher stiffness than that of the physically gelled collagen structures
(Fig. 1G). The collagen fibrillated with a PEG solution demonstrated a
significantly higher stiffness than that of the collagen treated only with
Temp-fibrillation. This difference in stiffness can be attributed to the
dependence of these properties on homogeneous and well-fibrillated
collagen. Notably, an increase in the nonfibrillated component of
collagen can result in reduced mechanical stiffness, whereas
well-developed collagen fibrils can contribute to an overall increase in
stiffness. This result aligns with those of previous studies, indicating that
hierarchical fibrous structures have distinct effects on the mechanical
properties of the material [67].

To prevent the temperature-induced fibrillation of collagen for bio-
ink preparation, we treated the collagen solution at 22 °C (room tem-
perature), given that collagen fibrillation did not occur at this
temperature, as evidenced by the storage modulus, G’ (Supplementary
Fig. 3SA). The result was corroborated by SEM images, which reveal the
absence of collagen fibrils in structures treated at 22 °C, contrasting with
the presence of collagen fibrils in structures treated at 36 °C (Supple-
mentary Fig. 3B).

PEG is recognized for its biocompatibility and ability to modify the
physicochemical properties of biomolecules and materials. The molec-
ular weight (MW) and concentration of PEG can significantly influence
its interaction with cells and cell viability [58]. Lower molecular weight
PEGs such as PEG (Mn ~ 200) are more likely to penetrate cell mem-
branes, potentially affecting cell function and viability [58].

To observe the effects of PEG MW, concentration, and treatment time
on the viability of the cells laden in collagen hydrogel, we used two PEG-
MWs (M, ~ 400 and 6000 g/mol), three concentrations (10, 30, and 50
wt%), and various PEG treatment times (5-180 s). To determine the
effect of PEG MW and concentration (Fig. 2A), C2C12 cells were loaded
onto collagen struts (2 wt%) in PEG solutions with a 5-s treatment time.
In the live/dead images, the viability of cells in the PEG-400 solution
was significantly lower than that in the PEG-6000 solution, and the cell
viability was similar at various concentrations (Fig. 2B). However, high
MW and concentration of PEG did not affect cell viability (Fig. 2B).
Similar results have been reported in cytotoxic studies of PEG-based
monomers, where a low-MW PEG-based solution (M, ~ 500 g/mol)
exhibited higher toxicity toward various cells, including fibroblasts,
than a high PEG-MW solution (M, ~ 950 g/mol) [58]. Similarly,
increasing the concentration of low-MW PEG induced toxicity in cells.
Based on previous work and our results, the low-MW PEG, PEG-400,
exhibits higher cytotoxicity toward C2C12 cells than PEG-6000,
although the specific cell type can also influence cytotoxic outcomes.

In addition, we measured the effect of PEG treatment time on cell
viability at an M, of 6000 g/mol and 50% concentration of PEG. Fig. 2C
shows the optical and live/dead images for various PEG treatment times.
Interestingly, the increase in PEG treatment time clearly induced
collagen fibrillation, which was determined using color images from
transparent to white (video 3) and caused toxicity to the laden cells; the
cell-viability gradually decreased over 10 s (Fig. 2D). When the laden
C2C12 cells were exposed to PEG-MW and PEG-concentration for a
prolonged treatment time, the residual stress caused by the collagen
fibers during the fibrillation process, which lasted for a long time, could
cause significant damage to the cells intercalated between the collagen
fibrils, eventually affecting the reduction of cell viability. In addition,
the degree of collagen fibrillation, determined by the peak (1083 cm ™)

18

Bioactive Materials 36 (2024) 14-29

in the IR spectra and tensile properties, gradually increased with
increasing treatment time (Fig. 2E and F, and Supplementary Fig. S4). To
evaluate this hypothesis, we cultured the cells in the same PEG solution
without loading them into the collagen solution (Supplementary
Fig. S5A). As shown by the results in Figs. S3B and C, cell viability was
not affected by the treatment time until 600 s.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2024.02.020

Thus, the PEG solution (PEG M,y = 6000 g/mol, concentration =
50%) and its treatment time (~10 s or less) for the process were set
based on these results.

2.2. A uniaxially aligned cell-construct for muscle tissue engineering

Alignment of cells in artificial cell constructs plays an important role
in muscle tissue regeneration [68]. This alignment is crucial for the
integration of motor neurons with muscle cells, ultimately leading to
improved control and coordination of muscle movements. In cases of
muscle injury or degeneration, the use of uniaxially aligned cell con-
structs represents a promising approach for muscle repair and regener-
ation as it closely mimics the natural alignment of muscle fibers.

In this study, we propose a strategy that combines these two methods
to create uniaxially aligned cell-laden collagen filaments (Fig. 3A). First,
we employed submerged bioprinting, a 3D bioprinting technique in
which the printing occurs underwater within a PEG solution (with M,, =
6000 g/mol, concentration of 50 wt%, and a treatment time less than 10
s). As demonstrated in the previous section, this approach could physi-
cally fibrillate the cell-laden collagen (at a concentration of 2 wt%).
Second, we used a stretching process to align the cells within the
extruded filaments along the stretching direction. The PEG and collagen
concentration was determined by assessing the process diagram shown
in Supplementary Fig. S6. It indicated a stable processing region at a
collagen concentration of 2 wt% and a PEG concentration above 30 wt
%.

During the submerged printing step, the cell-laden collagen bioink
underwent rapid fibrillation upon contact with the PEG solution.
Importantly, this process did not compromise the cell viability under the
specified conditions. The hydrogel solution simultaneously provided
support and maintained the structural integrity of the printed cell struts.
Following initial printing, a stretching process was applied to the printed
cell structure. This process involves subjecting printed filaments to
mechanical forces that induce the alignment of cells and fibrillated
collagen in a uniaxial direction. The stretching was achieved using
mechanical devices such as a guided rotator and collector, as depicted in
Fig. 3A and video 4.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2024.02.020

The stretching process plays a key role in achieving uniaxial align-
ment of cells laden in collagen filaments. Parameters such as the
extrusion rate of the collagen bioink from the nozzle and the stretching
speed significantly influence cell alignment and filament uniformity. An
appropriately selected diagram of the stretching process is imperative to
avoid unstable formation of cell filaments.

To determine the safe range of stretching parameters for stable cell-
filament formation, the parameters were systematically manipulated.
Fig. 3B illustrates the stable (O) and unstable (A and x ) filament for-
mation ranges concerning the collagen flow rate from the nozzle and
rotation speed, while maintaining a constant nozzle diameter (350 pm)
and fixed concentrations of bioink (2 wt% collagen) and PEG (M, =
6000 g/mol and 50%) in the bath. The choice of a 350 pm nozzle
diameter was made because smaller nozzles, although capable of
achieving finer filament alignment, may necessitate higher pressures,
potentially causing cell damage during the extrusion process.

When the rotation speed of the collector and the collagen flow rate
from the nozzle were too high, unstable filament formation was
observed. This instability was attributed to the draw ratio of the collagen
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filament, which was either excessively high or low in the PEG solution.
Additionally, smaller diameters of cell-laden filaments can promote cell
alignment along the filament direction, which is crucial for certain tissue
types, such as the muscle or nerve tissues. Conversely, excessively large-
diameter cell-laden hydrogels may lead to reduced cell viability in the
core region owing to the limitation of nutrient and oxygen diffusion
[69]. Moreover, in our previous research, a diameter of 200 pm for
cell-laden struts (composed of 3.5 wt% alginate and 1 x 10° cells/mL of
MC3T3-E1 cells) yielded appropriate biological activities, including
satisfactory cell viability and reasonable cellular functions [69]. How-
ever, it is worth noting that various factors such as the type and con-
centration of the hydrogel, cell type, and cell density can influence the

Bioactive Materials 36 (2024) 14-29

suggested diameter.

Fig. 3C-E showed the diameter and orientation factor (90° - ¢)/90°
of cell-laden filaments at various rotating speeds of the collector, where
¢ is the angle at full width at half maximum in the alignment distribu-
tion. As anticipated, the diameter exhibited a linear decrease as the
rotation speed increased, while maintaining a constant collagen extru-
sion flow rate (0.075 mL/min) from the nozzle. In addition, an increase
in rotation speed clearly induced the alignment of collagen fibrils
(Fig. 3E). Based on these observations, we selected specific stretching
conditions for the process, including a collagen flow rate of 0.075 mL/
min, a rotating speed of 10 mm/s, and a cell-laden filament diameter of
201-220 pm.
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Fig. 4. (A) Schematic diagram of the mechanotransduction cell signaling pathways affecting various cellular activities. Relative gene expression related to (B, C)
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and without the stretching process.
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Fig. 3F display optical and SEM images of the cell-filaments fabri-
cated without and with the stretching process (collagen flow rate =
0.075 mL/min and rotating speed of the collector = 10 mm/s), respec-
tively. In the optical images, physically stable strut formation was
observed in both cases during the submersion process. Furthermore,
optical and SEM images showed well-fibrillated collagen during both the
processing conditions. However, SEM images clearly revealed uniaxial
alignment of the fibrillated collagen for the stretched cell constructs,
whereas the non-stretched cell constructs exhibited randomly distrib-
uted fibrillated collagen.

To better illustrate the hybrid printing method for creating diverse
3D structures, including a cylindrical shape resembling tracheal anat-
omy as depicted in Fig. 3G, we utilized cell-laden collagen bioink to
fabricate these structures. The internal images within the figures showed
collectors (both cylindrical and cubic in shape) used in the submerged
bioprinting process, along with a side view of the fabricated structures.
In addition, the wall thickness of the cylindrical structures can be
controlled via the collection duration of the cell-laden collagen micro-
fibers (Supplementary Fig. S7).

2.3. Mechanotransduction effect of the wet-stretching process

During stretching, along with the tension experienced by the fibril-
lated collagen, which acts as a topographical cue, the cells within the
bioink also directly sense the change, inducing mechanotransduction.
Mechanotransduction is the process by which cells sense and respond to
mechanical forces, translating them into biochemical signals that can
influence cellular behavior [70-73]. Mechanical stimulation can affect
cell proliferation and differentiation because cells can respond to
stretching by producing and remodeling the ECM, further influencing
tissue structure and function [73].

To examine how cells respond to mechanical forces in a stretched
collagen filament during the stretching process, we analyzed the genes
associated with the mechanical stretching force, which can be trans-
mitted through the ECM and neighboring cells, as depicted in Fig. 4A.

This stretching phenomenon can be detected by integrin receptors
and mechanosensitive ion channels, including transient receptor protein
ion channels and piezoelectric ion channels. This, in turn, triggers the
activation of focal adhesion kinase (FAK) and a cascade of signaling
pathways, including the RhoA/Rock, Wnt/p-catenin, MAPK, TGF-f, and
Pi3K pathways. These pathways regulate various cellular responses,
such as cell proliferation and cytoskeleton organization, and the
expression of various myogenic genes. Specifically, the RhoA/Rock
pathway promotes the formation of actin stress fibers, while the acti-
vated Wnt/p-catenin pathway enhances nuclear activity and gene
expression. Conversely, the TGF-f§ pathway promotes NF-kB activation,
which is instrumental in muscle growth and increased cellular
proliferation.

To assess the impact of mechanical stretching on cells loaded within
the stretching process, we examined the expression of genes associated
with mechanotransduction 1, 3, and 7 days after cell culture. Our results
indicated a substantial increase in gene expression in cell-laden fila-
ments subjected to stretching compared to cell filaments fabricated only
through extrusion. This suggests that the tensile forces exerted during
the stretching process play an important role in reorganizing the cellular
cytoskeleton (Fig. 4B and C) and cell growth (Fig. 4D) regulated by the
activity of the Yes-associated protein (Yap) and transcriptional co-
activator with the PDZ-binding motif (Taz), eventually promoting
myogenesis and muscle growth (Fig. 4E and F).

Real-time polymerase chain reaction (RT-PCR) confirmed that the
mechanical stretching clearly encouraged the growth and maturation of
muscle cells.
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2.4. In vitro myogenic activities of the stretched cell-laden collagen
filaments

To evaluate the myogenic potential of C2C12 cells laden with
stretched collagen filaments, we investigated myotube formation and
the expression of myogenesis-related genes after various cell culture
durations. During fabrication, we set the diameter of the cell-laden
collagen filament as about 220 + 14 pm because the diameter can
directly affect nutrient and oxygen diffusion during the culture periods.
Fig. 5A shows live/dead cells at 3 and 7 d, DAPI (blue)/phalloidin (red)
staining images at 14 d, and DAPI/myosin heavy chain (MHC; green)
staining images at 21 d for the two cell-laden collagen filaments, one
subjected to (experimental) and the other not subjected to (control)
stretching.

Live/dead images strongly indicated high cell viability (>90%) in
both groups, confirming the safety of the proposed process for encap-
sulated cells (Fig. 5B). Moreover, consistent with previous observations
of F-actin, cells within the stretched collagen filaments were notably
stretched in the tensile direction (Fig. 5C). Most notably, the experi-
mental group exhibited more evident myotube development, coupled
with a significantly higher alignment of MHC, than the control group
(Fig. 5D and E). Furthermore, the aligned structures within the experi-
mental group demonstrated greater fusion (the number of nuclei within
myotubes relative to the total number of nuclei) and maturation indices
(the number of myotubes containing more than five nuclei relative to the
total number of myotubes) than those of the control structures (Fig. 5F).

To evaluate myogenic genes in the stretched cell filaments, we
explored the expression of myogenesis-related genes, specifically MyoG,
MyoD, and MHC, at 21 d (Fig. 5G). In the experimental group, where
C2C12 cells were subjected to mechanical stretching, expression of
myogenic genes increased markedly compared to that in the control
group. Thus, the upregulation of myogenic genes signifies effective in-
duction of the myogenic lineage through mechanical stimulation of
C2C12 cells.

2.5. Application of the proposed process to hASCs

To evaluate the combined printing process (C-printing; submerged
bioprinting using a PEG solution and stretching) in hASCs, we conducted
a comparative analysis with cell-laden filaments fabricated using normal
bioprinting (N-printing) as a control. The bioink concentrations and
processing conditions for each process are shown in Fig. 6A.

Fig. 6B shows the live/dead cells at 3 and 7 days, DAPI/phalloidin
staining at 14 d, and DAPI/MHC staining images after 21 days for cell-
laden collagen filaments processed with N-printing and C-printing sys-
tems. As shown, the cell viability and F-actin analysis results demon-
strated that each process was safe for the laden cells (Fig. 6C). A
significantly higher nucleus aspect ratio and more meaningful F-actin
alignment were obtained for hASCs laden in the collagen constructs
processed with C-printing than those processed with the N-printing
process (Fig. 6D and E).

Similarly, the quantitative evaluation of MHC immunofluorescent
staining via MHC positive area, fusion, and maturation index indicated
significantly higher myogenic activities in hASCs cultured in bio-
constructs fabricated using the C-printing method (Fig. 6F and G).

To observe the mechanotransduction effect of cell structures, we
measured two typical genes (Piezo-1, which can regulate the regenera-
tive capacity of skeletal muscle [74] and Taz, which is a modulator of
myogenic differentiation and muscle regeneration [75,76] (Fig. 6H). As
expected, the genes were significantly expressed in the filament fabri-
cated during the C-printing process, indicating that the stretching pro-
cess can affect myogenesis over much longer culture periods. We further
evaluated the expression levels of genes related to myogenic differen-
tiation (MHC and MyoD1) after 21 d of cell culture (Fig. 6H). As ex-
pected, in hASCs from the C-printing system, the expression levels of
myogenic genes were enhanced compared to the gene levels in the
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Fig. 5. (A) Live/dead (day 3 and 7), DAPI (blue)/phalloidin (red) staining (day 14), and DAPI (blue)/MHC (green) staining (day 21) images of C2C12 cells cultured
in the cell-laden constructs fabricated using only submerged bioprinting (control) and combined bioprinting method (experimental). Measured (B) cell viability, (C)
nucleus aspect ratio and orientation factor, (D) MHC-positive area, (E) MHC orientation distribution, and (F) MHC fusion and maturation index of cells cultured in
control and experimental bioconstructs. (G) Relative expression levels of myogenesis-related genes of myogenin (Myog), myogenic differentiation 1 (MyoD), and

myosin heavy chain (MHC).

hASCs from the N-printing system (2.7-fold higher for MHC and 3.2-fold
higher for MyoD1).

Based on these results, we expect that the myogenesis of printed
hASCs encapsulated within collagen filaments processed using C-print-
ing will be clearly enhanced by the synergistic effect of mechanical
stimulation due to tensile stretching during the process and the fully
aligned topographical cues of the fibrillated collagen, in contrast to that
in the control.
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2.6. In vivo results of volumetric muscle model

The volumetric muscle model (VML) was established through sur-
gical excision of the extensor digitorum longus/extensor hallucis longus
muscles in mice, accompanied by a deliberate 40% loss of the tibialis
anterior (TA) muscle. This process results in an irreversible volumetric
deficiency. The collagen-based bioconstructs (4 x 2 x 1.5 mm?) loaded
with hASCs were prepared as shown in Supplementary Fig. S8.
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Fig. 6. (A) Schematic of conventional (N-printing) and combined (C-printing) bioprinting processes. (B) Live/dead images after 3 and 7 days, DAPI/phalloidin
staining images after 14 days, and DAPI/MHC staining images after 21 days of culture of hASCs loaded in bioconstructs fabricated using N- or C-printing. Quan-
tification of (C) cell viability, (D) nuclei aspect ratio and orientation factor, and (E) F-actin orientation distribution. Measured (F) MHC-positive area, and (G) MHC
fusion and maturation index of cells cultured in N-printing and C-printing bioconstructs. (H) Relative expression levels of Piezol and Taz genes after 1 day, and MHC

and MyoD1 genes after 21 days for the structures.

Subsequently, various muscle constructs were implanted into the VML
defect mice and observed for a duration of four weeks, as depicted in
Fig. 7A. During this period, the implanted muscle constructs facilitated
muscle regeneration and structural restoration, as shown in Fig. 7B.
Four weeks after the implantation of the muscle constructs, the C-
printing group exhibited significantly greater muscle mass than both the
VML and N-printing groups, closely matching that of the sham group
that did not experience TA loss, as illustrated in Fig. 7C. Additionally,
muscle function was assessed using wire hanging (Fig. 7D) and hind limb
grip strength tests (Fig. 7E). The hanging durations for the N-printed and
wet-spinning groups were as follows: sham, 267.7 + 4.5 s; VML, 39.7 +
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3.4 s; N-printing group, 146.7 + 13.5 s; and C-printing group, 199.7 +
8.4 s. Similarly, the grip strengths for the groups were as follows: sham
(79 £ 5.7 g), VML (26 + 2.4 g), N-printing (40 &+ 1.2 g), and C-printing
(62 + 4.6 g). The results clearly indicated an improvement in muscle
function in the C-printing group, as evidenced by both the hanging time
and grip strength, with a performance equivalent to that of the sham
group.

To evaluate the muscle regenerative potential of these constructs at
the histological level, cross-sections from each group were stained with
hematoxylin and eosin (H&E) and Masson’s trichrome (MT) to quantify
muscle fiber formation and collagen deposition (Fig. 7F). The C-printed
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Fig. 7. (A) Schematic of implantation of bioconstructs in VML defect in mouse. (B) Optical image of TA muscle directly after of implantation and after 4 weeks of
implantation. Quantification of (C) harvested TA muscle weight, (D) hang test duration, and (E) grip strength after 4 weeks of bioconstruct implantation. (F) H&E and
MTS staining images of the TA muscle (black dotted line indicate defect area), and (G) immunochemical staining images of DAPI (blue)/HLA (red)/MHC (green).
Estimated (H) diameter of myofiber, (I) collagen area, and (J) HLA-positive cells.

structure notably stimulated volumetric muscle regeneration, as 47.5 £+ 8.6 pm (Fig. 7H). In terms of fibrotic areas arising from excess
observed by the significantly higher number of mature and regenerating collagen deposition, the statistics were as follows: sham (13.4 + 2.5%),
muscle fibers than that in the VML and N-printed groups (Fig. 7G). VML (68.2 + 4.7%), N-printing (32.2 + 5.1%), and C-printing (7.5 +

The measured muscle fiber diameters were as follows: sham, 54.9 + 2%), with the VML and control groups displaying significantly higher

8.7 pm; VML, 9.4 + 5.7 pm; N-printing, 23.4 + 8.6 pm; and C-printing, fibrotic areas (Fig. 7I).
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For an in-depth examination of the role of the implanted hASCs
within the bioprinted constructs (N-printing and C-printing group) in
muscle regeneration, the sectioned TA muscles were subjected to
staining for human leukocyte antigen (HLA) and MHC (Fig. 7G, Sup-
plementary Fig. S9). As expected, HLA-expressing myofibers were not
observed in the sham and VML groups, whereas HLA was clearly
expressed in the implant groups (N- and C-printing groups). This posi-
tive HLA and MHC expression indicates that hASCs within the muscle
constructs have the capacity to differentiate and contribute to myofiber
formation. Furthermore, the numbers of HLA- and MHC-positive cells
were significantly higher in the C-printing group than in the control
group (Fig. 7J).

During the maturation process of muscle tissue, the immune
response to the implanted bioconstruct can be investigated. In our pre-
vious work, a collagen bioink comprising human adipose-derived stem
cells (hASCs) was employed to regenerate VML defects in C57BL/6 mice
[79]. The bioconstruct created using this bioink exhibited a significant
reduction in host immune response when contrasted with defect in the
mice. The evaluation of immune response was conducted through RNA-
sequencing, Gene Set Enrichment Analysis, and co-expression analysis
[79]. Based on the results of the previous study, it can be cautiously
inferred that the hASCs-laden collagen bioconstruct, when implanted in
an in vivo mouse model, may elicit relatively diminished immune re-
sponses, similar to the results from our previous study.

2.7. Conclusion

Our study proposes a new approach that utilizes PEG-filled sub-
merged printing and stretching to obtain uniaxially aligned cell-laden
collagen filaments, targeting the enhancement of muscle tissue regen-
eration. In contrast to traditional bioprinting methods that often require
high collagen concentrations, which can impede cellular activities
owing to limited cell-to-cell interactions, we propose the use of a low
weight fraction (2 wt%) of collagen to promote efficient cell-to-cell in-
teractions. To address the mechanical challenges associated with low
collagen concentration, we incorporated a collagen dehydration process
combined with PEG into a submerged bioprinting technique, resulting in
the creation of mechanically stable cell filaments with high cell viability.
Furthermore, controlled stretching, which promotes
mechanotransduction-mediated responses, has been integrated with
submerged bioprinting to enhance extracellular matrix remodeling and
myogenesis through various in vitro cellular activities. In vivo experi-
ments conducted using a mouse VML model provide clear evidence of
the potential of our approach. This combination of submerged printing,
PEG-induced dehydration, and stretching holds promise for fabricating
aligned tissue structures such as skeletal muscles and tendons.

3. Experimental section
3.1. Materials

PEG with molecular weights (My,) of 400 g/mol (PEG-400) and 6000
g/mol (PEG-6000), 1-ethyl-3-(3-dimethylaminopropyl) EDC, and NHS
were purchased from Sigma-Aldrich Inc. A porcine-derived type I
collagen solution was obtained from MSBio (Seungnam, South Korea).

3.2. Collagen solution preparation and chemical crosslinking and
fibrillogenesis of collagen

To identify fibrillogenesis effects under various conditions, 2 wt%
collagen was treated with an EDC/NHC solution (200 mM at 37 °C),
DMEM solution (37 °C), or PEG-6000 solution (50 wt% at 37 °C) for 8 h.
Following the treatment, the collagen structures were rinsed with triple-
distilled water.
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3.3. Bioink preparation

To obtain a 2 wt% collagen solution, type I collagen was initially
dissolved in 0.1 M acetic acid (pH 4.0) at a concentration of 4 wt%. The
solution was then neutralized by mixing with an equal volume of 10 M
DMEM (Gibco, USA) solution in a 1:1 vol ratio to achieve a final con-
centration of 2 wt%. The C2C12 murine skeletal muscle cell line (CRL-
1772; ATCC, Manassas, VA, USA) at a density of 1 x 107 cells/mL or
hASCs (PT-5006; Lonza, Basel, Switzerland) at a density of 1 x 106 cells/
mL were loaded into the collagen solution to formulate the bioink.

Additionally, for the bioink used in the N-printing process, a 4 wt%
collagen solution was prepared by initially dissolving it in 0.1 M acetic
acid at 8 wt%, followed by neutralizing by mixing it thoroughly with an
equal volume of 10 M DMEM (Gibco, USA) to achieve a final concen-
tration of 4 wt%. The solution was loaded with hASCs at a density of 1 x
106 cells/mL to form a bioink.

3.4. Fabrication of bioconstructs

To obtain a combined-printed bioconstruct (C-printed), collagen
bioink (2 wt%) loaded with hASCs (1 x 10° cells/mL) or C2C12 (1 x 107
cells/mL) was injected into a PEG solution (M,, = 6000 g/mol, treatment
duration = 5 s, bath temperature = 36 °C) using a syringe pump (Fusion
100; Chemyzx, Stafford, TX) at a volumetric flow rate of 0.075 mL/min.
Subsequently, collagen fibers were collected using a rotator set at a
rotational speed of 7.5 mm/s to conduct wet spinning. To evaluate the
effects of wet spinning, collagen bioink loaded with C2C12 cells (1 x
107 cells/mL) was injected into a PEG solution (My, = 6000 g/mol, bath
temperature = 36 °C) and collected after being submerged for 5 s.

To obtain normally bioprinted constructs (N-printing) for control
purposes, a 4% collagen bioink loaded with hASCs (1 x 10° cells/mL)
was 3D bioprinted using a bioprinting system (DTR3-2210T-SG; DASA
Robot, South Korea) coupled with a pneumatic dispenser (AD-3000C,
Ugin-tech, South Korea). The printing parameters were set as follows:
pneumatic pressure = 20 kPa, nozzle moving speed = 2 mm/s, barrel
temperature = 4 °C, plate temperature = 37 °C, and nozzle diameter =
260 pm.

3.5. Characterization of collagen struts

Tensile testing was conducted using a UTM (Top-tech, South Korea)
to assess the mechanical properties of the various collagen structures.
Briefly, collagen struts with a diameter of 3 mm and height of 15 mm
were elongated at a constant speed of 0.5 mm/s. The tensile moduli were
calculated in the initial linear region of the stress-strain curves.

The morphological properties of the fabricated collagen struts were
examined using a microscope (BX FM-32; Olympus) coupled with a
digital camera and an SEM (SNE-3000 M; SEC, Inc., South Korea). The
images were further analyzed using the ImageJ software (National In-
stitutes of Health, Bethesda, MD, USA) to determine the size of the
collagen struts and develop 3D surface mapping.

To evaluate the degree of collagen fibrillation, Fourier transform
infrared (FTIR) spectroscopy was performed using an FTIR spectrometer
(IRTracer-100; Shimadzu, Kyoto, Japan). FTIR scans were conducted
with a mean of 30 scans at 800 to 4000 cm ™! at a resolution of 8 cm ™.

Fibrillation analysis of collagen was also conducted using the QI
mode of an atomic force microscope (NanoWizard4 Bio-AFM, Bruker,
USA). The temperature was maintained at 24 °C during the analysis.
High-resolution AFM images of the samples were captured using a Su-
persharp AFM probe (TESP-SS, Bruker, USA) with a resolution of 9.8
nm/pixel. All AFM images were processed line-by-line, leveled, and
analyzed using MountainsSPIP software (version 9, Digital Surf, France).

3.6. In vitro cell culture

The fabricated collagen constructs loaded with C2C12 myoblasts
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were placed in six-well culture plates and cultured in high-glucose
Dulbecco’s modified Eagle’s medium (LM 001-05; Welgene,
Gyeongsan-si, South Korea) supplemented with 1% penicillin/strepto-
mycin (PS) (Antimycotic; Thermo-Fisher Scientific, USA) and 10% fetal
bovine serum (FBS, Gemini Bio-Products, USA). To accelerate myogenic
activity in C2C12 cells, high-glucose DMEM containing 2% horse serum
(H1270; Sigma Aldrich St Louis, USA) and 1% penicillin was used. For in
vitro cellular culture of the bioconstructs loaded with hASCs, the samples
were cultured in low-glucose Dulbecco’s modified Eagle’s medium (LM
001-06; Welgene, Gyeongsan-si, South Korea) containing 1% penicillin
and 10% FBS. To induce the myogenesis of the hASCs, the fabricated
construct was cultured in myogenic medium consisting of low-glucose
DMEM containing 10% FBS, 5% horse serum, 0.1 pM dexamethasone
(D4902; Sigma Aldrich St Louis, USA), 50 pM hydrocortisone (HO888;
Sigma Aldrich St Louis, USA), and 1% penicillin. The bioconstructs were
cultured in 5% CO3 at 37 'C, and the medium was changed every 2 days.

To analyze the viability of cells, 0.15 mM calcein AM and 2 mM
ethidium homodimer-1 (Thermo Fisher Scientific, USA) were used to
stain the samples for 1 h at 37 °C. Stained cell-laden structures were
visualized using a Zeiss confocal microscope. Cell viability was calcu-
lated by quantifying live/dead staining using ImagelJ software.

The morphology of cells cultured in various collagen structures was
evaluated using DAPI/phalloidin staining. Briefly, the nuclei and fila-
mentous actin (F-actin) were fixated in 0.7% paraformaldehyde
(252549; Sigma-Aldrich) for 1 h and permeabilized with 0.1% Triton X-
100 (T8787; Sigma-Aldrich) for 20 min. The structures were submerged
in distilled water consisting of diamidino-2-phenylinodole (DAPI)
(dilution ratio = 1:100 in PBS; Invitrogen, Carlsbad, USA) and Alexa
Fluor fluorescein phalloidin (red) (dilution ratio = 1:100 in PBS; Invi-
trogen) for 90 min. Confocal microscopy was used to visualize the nuclei
and F-actin, and the images were further evaluated using ImageJ soft-
ware to calculate the orientation factor [(90°-FWHM)/90°, where
FWHM is the full width at half maximum] and the nucleus aspect ratio.

3.7. Immunofluorescence staining

To visualize the myogenesis, the filaments were rinsed thrice with
PBS, fixed using 3.7% formaldehyde solution in PBS overnight at 4 °C,
blocked with 2% bovine serum albumin (BSA; Sigma-Aldrich) for 2 h at
37 °C, and permeabilized with 2% Triton X-100 (Cytiva Hyclone Labo-
ratories) for another 2 h at 37 °C. Thereafter, the cells contained in the
collagen-filaments were incubated overnight at 4 °C with primary an-
tibodies against antiMF20 (5 mg/mL; Developmental Studies Hybrid-
oma Bank, Iowa City, IA, USA). Rinsing with PBS was performed twice at
each step. The cell-laden filaments were then stained with secondary
antibodies conjugated to anti-mouse Alexa Fluor 488 (1:50 in PBS;
Invitrogen) for 4 h. The stained samples were counterstained with 5 mM
DAPI. A Carl Zeiss confocal microscope was used to visualize the stained
cells, followed by quantification of MHC orientation, MHC fusion, and
maturation index using ImageJ software.

3.8. Real-time polymerase chain reaction

Various myogenic and mechanotransduction-related genes were
normalized to the housekeeping gene glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH). RNA was extracted from the cultured samples
using the TRI reagent (Sigma-Aldrich), and its purity and concentration
were assessed using a spectrophotometer (FLX800T; Biotek, Winooski,
VT, USA). Complementary DNA (cDNA) was synthesized from the pu-
rified RNA treated with RNase-free DNase using a reverse transcription
system. The Thunderbird SYBR qPCR mix (Toyobo, Osaka, Japan) was
used for the SYBR Green assay, and the samples were analyzed using a
StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA) following the manufacturer’s instructions. The primer se-
quences used for PCR amplification are listed in Supplementary Tables 3
and 4
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3.9. VML defect injury model

To further elucidate the muscle regenerative potential, the fabricated
structures were evaluated using a volumetric muscle loss (VML) defect
model in mice. The VML defects were generated in 10-week-old male
C57BL/6 mice (DooYeol Biotech, Inc., Seoul, Korea). All animal pro-
cedures were performed according to the protocol (GIST-2023-017)
approved by the Animal Care and Use Committee of the Gwangju
Institute of Science and Technology (GIST) of South Korea. First, the
mice were anesthetized with 3% isoflurane, followed by an incision of
the skin of the lower left leg, where the muscle was separated from the
fascia. The extensor digitorum longus and extensor hallucis longus
muscles were removed to prevent compensatory hypertrophy in
response to the VML injury, and approximately 40% of the TA muscles
were excised and weighed. The following equation: y (g) = 0.0017 x
body weight (g) — 0.0716 [77] was used to calculate the TA muscle
weight of each mouse (Supplementary Table 3). The collagen structures
were implanted into the TA defect site, closed, and sutured to the fascia
and skin. Four groups were utilized at 4-week time points (12 animals in
total, n = 3/group): (i) control (sham), (ii) non-treated (defect), (iii)
conventionally bioprinted by N-printing, and (iv) C-printing. Prior to
implantation, the cell-laden constructs were cultured in growth medium
for one day. Cell-laden constructs (1 x 10° cells/mL) were fabricated

with the dimensions of 2 x 4 x 1.5 mm?®.

3.10. Muscle functional tests

In vivo muscle function was assessed in live mice using the hanging
test and grip-strength evaluation. Briefly, the time taken by the mice to
fall from the rod (hang test) was measured five times during each test,
and the maximum latency was set to 300 s, at which point the test was
terminated. The grip strength of mice was determined using a previously
described method [78]. After 4-weeks of implantation, each mouse was
placed in a pull-grid assembly coupled with a grip strength meter
(BIO-G53, BIOSEB, FL, USA). To measure the maximal grip strength,
each mouse was pulled parallel to the grid. The measurement was
repeated three times per mouse with 5 min time intervals between
repetitions. Finally, the TA muscle of each lower leg was collected and
weighed.

3.11. Histological and immunofluorescence staining

For histological evaluation, TA muscle samples harvested from mice
after 4 weeks were fixed with 4% paraformaldehyde at 25 'C for 24 h.
The samples were then paraffin-embedded and sectioned into 5 pm
sections. Subsequently, deparaffinized sections were stained with he-
matoxylin and eosin (H&E) and MT for histological analysis. The di-
ameters of the muscle fibers and collagen areas were quantified using
ImageJ software.

Additionally, the deparaffinized sections were treated with mouse
anti-MHC (1:50 dilution; Santa Cruz Biotechnology, Dallas, TX, USA)
and rabbit anti-human leukocyte antigen (HLA; species reactivity:
human) (1:50 dilution; Abcam, Cambridge, UK). The muscle sections
were then rinsed with PBS three times, immersed in Alexa Fluor 488-
conjugated anti-rabbit (1:200 dilution; Abcam) and Alexa Fluor 594-
conjugated anti-mouse (1:200 dilution; Abcam) secondary antibodies
for 30 min, and counterstained with DAPI. Stained sections were visu-
alized using a confocal microscope. The percentage of HLA + myofibers
was quantified using ImageJ software in a blinded manner.

3.12. Statistical analysis

All data are presented as mean + standard deviation (SD). For nor-
mally distributed continuous variables with three or more treatment
groups, one-way analysis of variance (ANOVA) was conducted, followed
by Tukey’s post-hoc test for pairwise comparisons. Student’s t-test was
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performed for comparisons between two groups. Statistical analyses
were performed using SPSS for Windows (version 18.0; SPSS, Chicago,
IL, USA), and statistical significance was defined as p* < 0.05, p** <
0.01, and p*** < 0.001.
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