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Chinese-Noodle-Inspired Muscle Myofiber Fabrication

Yuhui Li, Chi Tat Poon, Moxiao Li, Tian Jian Lu, Belinda Pingguan-Murphy,

and Feng Xu*

Much effort has been made to engineer artificial fiber-shaped cellular
constructs that can be potentially used as muscle fibers or blood vessels.
However, existing microfiber-based approaches for culturing cells are still
limited to 2D systems, compatible with a restricted number of polymers (e.g.,
alginate) and always lacking in situ mechanical stimulation. Here, a simple,
facile, and high-throughput technique is reported to fabricate 3D cell-laden
hydrogel microfibers (named hydrogel noodles), inspired by the fabrication
approach for Chinese Hele noodle. A magnetically actuated and noncontact
method to apply tensile stretch on hydrogel noodles has also been developed.
With this method, it is found that cellular strain-threshold and saturation
behaviors in hydrogel noodles differ substantially from their 2D analogs,
including proliferation, spreading, and alignment. Moreover, it is shown that
these cell-laden microfibers can induce muscle myofiber formation by tensile
stretching alone. This easily adaptable platform holds great potential for the
creation of functional tissue constructs and probing mechanobiology in three

dimensions.

1. Introduction

Tissues within human body are mostly formed with specific
structures to enable designated functions. Fiber-shaped struc-
tures are one of the most commonly found tissue components
in vivo, which are mostly microscale and play an important
role in maintaining tissue functionality.!?! One typical example
is the striated muscle fiber in cardiac and skeletal muscles.]!
Such fiber-shaped tissue structures can actively generate suf-
ficient contractile forces for a variety of physiological move-
ments, such as heart beating and muscle contraction.**! Other
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examples are blood vessels and neural
pathways (e.g., continuous fibrous struc-
ture of cerebral pathways).2®’l Much
effort has been made to engineer cell-
derived constructs based on 2D systems.
However, maintaining specific func-
tionality over longer periods of time has
proved difficult, and they lack the architec-
ture of native tissues, which are always in
3D microenvironments.[8-11 Therefore, it
is necessary to develop in vitro 3D culture
models for fabricating fiber-shaped cell-
derived constructs with specific architec-
ture and functionality for tissue assembly
and remodeling applications.

To implement a 3D fiber-based strategy,
cell-laden hydrogel microfibers have been
investigated due to their water-swollen,
highly physically, and chemically tunable
properties mimicking native extracel-
lular matrixes (ECMs). Such microfibers
are commonly fabricated through well-
developed approaches, including microfluidic spinning,2-4
electrospinning,"! wetspinning,'®!”] and interfacial compl-
exation.®! A number of cell types (endothelial cell, fibroblast,
cortical cell, and cardiomyocyte) have been used to generate
3D tissue constructs that mimic blood vessels, nerve net-
works, and cardiac fibers.[’! In these systems, external stimu-
lations are commonly applied for enhancing functions of
engineered tissue constructs. For instance, growth of blood
vessels in vivo experienced naturally mechanical stresses (e.g.,
shear or tensile stress), which play an important role in influ-
encing tissue mechanical properties and permeability.}*-22
Mechanical stretching during tissue culture has been found to
improve the properties of tissue-engineered blood vessel con-
structs (cell-laden collagen hydrogel) in terms of mechanical
strength and histological organization.?)l In these systems,
a major challenge is the temporary and unstable mechanical
loading process caused by the mechanical weakness of such
hydrogels. Other fabrication strategies to generate functional
tissue constructs include microfluidic spinning,'>4 electro-
spinning,[’! wetspinning,['®'7! and interfacial complexation.!'®!
Although such techniques overcome the problem of gener-
ating fibers with topographical architecture, it is still limited
by the restricted number of biomaterials (e.g., calcium algi-
nate? and supramolecular hydrogels),?>2¢ which lack bioac-
tivity for cell growth.’”] A variety of studies have proposed to
enhance cell adhesion on alginate fibers by covalently linking
peptide sequences (e.g., Arg-Gly-Asp, RGD and Val-Ala-Pro-Gly,
VAPG). However, peptides are expensive and the modification
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process is complex and time consuming.?#?% Moreover, these
studies usually fabricate cell-laden microfibers by embedding
dispersed cells within hydrogel precursor followed by a chem-
ical crosslinking reaction. The cell-laden hydrogel precursor is
easily exposed to chemicals, high voltages, and/or high temper-
atures during gelation, which may involve the issues of damage
to the sensitive biological materials (e.g., cells) loaded in the
fiber, and loss of their function.l®! Additionally, the aforemen-
tioned approaches require a rather complex setup and need the
assistance of specialist equipment to generate the fibers, which
is often costly and thus inaccessible to many settings. There-
fore, there is a necessary and urgent need for a simple, facile,
and low-cost method for fabrication of cell-laden microfiber
which is not harmful to cells.

Further, in vivo tissues are always under mechanical stim-
ulation, which in itself is important for the induction of both
normal and pathological tissues formation.%3! For instance,
skeletal muscle tissue is exposed to a tensile strain of <4%
under physiological conditions, and to strain of 8%-10% under
pathological conditions (e.g., rupture).?? Cellular responses to
mechanical cues are crucial in tissue remodeling, healing, and
homeostasis, while dysregulation of these responses is believed
to underlie many important diseases, such as metastatic
cancer.?*3 Existing methods build upon the large set of tools
for probing mechanobiology in 2D, such as micropost arrays,*)
stretchable substrata,’*®l and 2D traction microscopy.’”! How-
ever, cells normally reside in a 3D environment embedded in
an ECM and behave very differently when cultured in 2D,13%3
such as their expression of key mechanical proteins associ-
ated with adhesion to ECM.1% Thus, defining the mechanical
responses of cells embedded in 3D ECM is a pressing need.
A number of systems have been developed to apply mechan-
ical loading on cell-laden 3D hydrogel matrix, including ring-
like tissue constructs,*!! and tissue constructs adhered to flex-
ible substrates.*?l However, important challenges that these
systems face include obtaining statistically significant sample
size, heterogeneous deformation, and complexity of the system
setup process. Additionally, manipulation and mechanical
loading process of cell-laden ECM is temporary and unstable
due to the mechanical weakness of hydrogels. Therefore, it is
necessary to develop a noncontact mechanical loading method
for engineering functionally enhanced tissues.

Here, we describe a simple, facile and high-throughput
method to prepare cell-laden hydrogel microfiber-based con-
structs, named hydrogel noodles, inspired by the fabrication
approach for Chinese Hele noodle, a famous Chinese tradi-
tional food formed by pressing the dough mixture through a
sieve (Movie S1, Supporting Information). Gelatin methacrylate
(GelMA), a biocompatible and photocrosslinkable hydrogel
derived from natural gelatin that is effective for 3D cell
encapsulation,3* and poly(ethylene glycol) dimethacrylate
(PEGDMA), with relatively high hydrogel mechanical proper-
ties,*] were both used here to fabricate hydrogel noodles. Hun-
dreds to thousands of hydrogel noodles can be created within
a few seconds. We then developed a magnetically actuated
and noncontact method to apply tensile stretch on such fabri-
cated hydrogel noodles. A key enabling feature of these experi-
ments was the simplicity of the noodle fabrication process.
The high-throughput character reduced challenges associated
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with specimen-to-specimen variability. The noncontact loading
afforded by the focused magnetic fields enabled uniformity
of the loading environment, simplifying interpretation of the
results. Additionally, the fabrication process does not affect cell
biological functions and is compatible with various cell types.
This platform overcomes challenges faced by other 3D culture
systems associated with sample handling and diffusion bar-
riers of mechanical loading. This method also enabled the first
ever generation of C2C12 muscle myofibers in hydrogel noo-
dles under only tensile stretching, as characterized in terms of
proteins and gene expression related to muscle myoblast dif-
ferentiation. Such fabrication and mechanical loading strategy
provides an easily adaptable platform to create functional tissue
constructs and tools for probing mechanobiology in 3D.

2. Results and Discussion

2.1. Fabrication and Characterization of Hydrogel Noodles

We fabricated hydrogel noodles using a simple photolithog-
raphy strategy. Two kinds of hydrogels have been used here,
GelMA and PEGDMA. We have previously demonstrated
that GelMA hydrogels emulated the ECM for multiple cell
types, such as that of muscle, neuron, cardiac, and endothelial
cells.l*6#] The PEGDMA photodegradable hydrogels was used
to enhance the mechanical properties of fabricated hydrogel
noodles. Briefly, GeIMA and PEGDMA were dissolved in dis-
tilled water before adding photo-crosslink initiator (2-hydoxy-
2-methylpropiophenone). Three mass ratios of PEGDMA/
GelMA (W, W) at 2:1, 3:1, and 4:1 were mixed in distilled
water. The prepolymer solution was filled in a syringe without
adaptor part and exposed to 365 nm UV light for crosslinking
purposes. The crosslinked hydrogel within the syringe was
then squeezed through scientific sieves (Figure 1a and Movie
S2, Supporting Information). To evaluate the influence of sieve
hole size on the morphology of ultimately fabricated hydrogel
noodles, we used two kinds of sieves, sieve-100 with pore size
of 129 + 11 pm and sieve-40 with pore size of 322 + 7 pm
(Figure 1b and Figure S1, Supporting Information). Homoge-
neous diameter, shape, and length of fabricated hydrogel noo-
dles were observed (Figure S2, Supporting Information). The
morphology of hydrogel noodles was also similar regardless of
varying PEGDMA/GelMA mass ratio (Figure 1c and Figure S2,
Supporting Information). These results demonstrate that
noodle-shaped hydrogels can be fabricated using a simple and
low-cost sieve within a few seconds. To study the effect of the
photocrosslinking process on the morphology of the hydrogel
noodle, we fabricated noodles using different UV crosslinking
times (15, 30, 45, and 60 s). We found that the noodles pre-
pared from 2:1 hardly crosslinked (or did not crosslink com-
pletely) unless exposed to UV at 365 nm for at least 45 s, and
hence hydrogel noodle could not be fabricated under such a
crosslinking condition as a result of the low polymer and photo-
crosslink initiator fraction in the prepolymer solution. There
is no significant difference between the largest and smallest
diameter of the fabricated noodle (Sieve-100: largest diam-
eter = 130 £ 16 pm (W,: W, 3:1, UV, 30 s), smallest diameter
=117 £ 15 pm (W W,, 41, UV, 45 s), p = 0.245. Sieve-40:
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Figure 1. Fabrication of hydrogel noodles. a) Schematic representation of the fabrication process for fiber-shaped hydrogel noodles. The prepolymer
solution was filled in a syringe without adaptor part and exposed to 365 nm UV light for photocrosslinking. Thousands of hydrogel noodles were
fabricated within seconds by squeezing the hydrogel through a scientific sieve. Phase contrast and fluorescent images showed the cell populations
encapsulated in hydrogel noodles. b) Bright-field microscopic images of fabricated noodles (2:1/45 s) and pore structure of sieves with different size,
sieve-40 for (left) and sieve-100 for (right). c) The effect of crosslinking process on the morphology of hydrogel noodles. The diameter of hydrogel
noodles was similar regardless of varying sieve pore size, PEGDMA/GelMA mass ratio, and UV crosslinking time. Error bars, SD (n = 10). Scale bars:

a) 1 cm (top), 100 ym (bottom), b) 250 ym.

largest diameter = 333 £ 38 pm (W;,: W, 4:1, UV, 15 s), smallest
diameter = 292 * 48 ym (W,:W,, 3:1, UV, 30 s), p = 0.315) at
significant level of p < 0.05. These results indicate that the
determinant of the diameter of noodle is the pore size of sieve,
instead of hydrogel fabrication parameters. The deviation of
noodle diameter from pore size of sieve is in the range of tens
of micrometers.

2.2. Magnetically Actuated Loading Method Inspired
by Stretching Process of Chinese Noodles

To apply mechanical stimulus on cell-laden hydrogel noodles,
we developed a magnetic-assisted loading method, which can
undergo reversible, relatively homogeneous strain up to 10%
following noncontact magnetic actuation. Briefly, cell-laden
hydrogel noodle each contained one stiff, strong “magneti-
cally actuated” layer of PEGDMA (20% w/v) encapsulating iron
microspheres with uniform size, following photo-crosslinking
process (Figure 2a,b), which was used for uniaxial stretching.
The displacement of another layer was constrained to be zero by
encapsulating more microspheres (>10) inside. The hysteresis
loop has shown good magnetic responsive properties of iron
microsphere, and thereby can be subsequently utilized for actu-
ating hydrogel noodles by inducing tensile strain (Figure 2c).
The interface between the two layers was toughened using the
double-network method.*® To avoid differential swelling of the
“magnetically actuated” layer and the hydrogel noodle itself,
we measured the swelling ratio of two kinds of hydrogels and
found that the swelling ratio of the PEGDMA layer was rela-
tively constant over the concentration range of 15%-20% (w/v).
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This could be matched by tuning the mass ratios of PEGDMA/
GelMA noodles (Figure S3, Supporting Information). To stretch
cell-laden hydrogel noodles, the encapsulated ion microspheres
were actuated using a NdFeB magnet (45 mm in length, 10 mm
in width, and 5 mm in thickness) (Figure 2d). Both simulation
and experimental results show that the maximum magnetic
field strength in the y-axis can be obtained by decreasing the
separation between the “magnetically actuated” layer and the
end surface of permanent magnet (Figure 2e,f). Such noncon-
tact magnetic actuation can easily apply mechanical stimulus
to cells encapsulated in hybrid hydrogels with weak mechanical
properties, avoid perturbations introduced by sample handling,
and even test the mechanical contributions of cells and their
secreted ECMs.

2.3. Mechanical Characterization of Hydrogel Noodles

To characterize the mechanical properties of fabricated
hydrogel noodles, we measured their elastic modulus by cal-
culating the magnetic force applied to the ion microsphere
and measuring the axial deformation of hydrogel noodles
under uniaxial stretching, respectively. We first simulated
the magnetic force by predicting the magnetic field gradients
experienced by the iron microspheres using finite element
simulation (Figure 2g and Figure S4, Supporting Informa-
tion). To experimentally measure magnetic force applied to iron
microspheres in “magnetically actuated” layers, the Stokes drag
method was used.*! Both the simulation and experimental
results show that the relationship between force and separa-
tion was nearly inverse cubic (Figure 2g). The tensile stress
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Figure 2. Magnetically actuated loading method to stretch hydrogel noodles. a) Schematic of noncontact and magnetically actuated loading method,
inspired by stretching fabrication of Chinese Hele noodles. Each magnetically actuated hydrogel noodle contains two layers: i) “magnetically actuated”
layer encapsulated with one iron microsphere; ii) constrained layer encapsulated with >10 microspheres. Permanent magnet was controlled by a linear
stage. Straining can significantly enhance cell alignment in hydrogel noodles. b) Microscopic image of iron microspheres in a uniform size. c) Specific
magnetization of a single iron microsphere. Magnetic moment per unit mass showed very little hysteresis. From these measurements, the saturation
moment was estimated as M, =152 emu g™'. d) Images of stretched hydrogel noodle in varying strain. Permanent magnet moved close to the “mag-
netically actuated” layer of hydrogel noodle from left side. e,f) Finite element simulation of magnetic field distribution around the free end of magnet.
Shown are a contour plot and graph of the magnitude of the magnetic flux density. Data plots in (f) represent the experimental results of magnetic
flux density distributed in the y-axis using a Teslameter. g) The magnetic force was an approximately inverse-cubic function of the separation between
the end of magnet and the iron microsphere. h) We maximized the failure strain that hydrogel noodles could withstand prior to failure by modulating
the PEGDMA/GelMA fraction. i) Representative stress—strain curves for hydrogel noodles composed of different PEGDMA/GelMA fraction were highly
linear. j) Simulated strain (left) and stress (right) distributions in hydrogel noodles under magnetic actuation showed highly uniform mechanical fields.
Contours were normalized to the peak values. Error bars, SD (n =10, ***p < 0.001). Scale bars: b) 200 pm, d) 5 mm, €) 2 mm, j) 500 pm.
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of hydrogel noodles was calculated using 6 =F.geic /A, Where
A is the cross-sectional area. To further investigate the effect
of PEGDMA/GelMA mass ratio on tensile strain of hydrogel
noodles, we stretched noodles made from mass ratio (W},:Wy)
at 2:1, 3:1, 4:1 and analyzed the deformation of stretched noo-
dles from microscopy images. The maximum strain levels of
tested noodles were 11.62 + 1.51%, 10.95 + 1.04%, and 4.22 +
0.86%, indicating that hydrogel noodle becomes significantly
stiffer beyond a threshold of PEGDMA/GelMA mass ratio
(Figure 2h). The resulting stress/strain curves of hydrogel noo-
dles (embedded with 6 x 10% cells for each sample) were nearly
linear and noodle elastic modulus was 12.19 + 1.6 kPa, 23.16 +
0.8 kPa, and 42.05 + 1.5 kPa for mass ratio 2:1, 3:1, and 4:1,

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

respectively (the slope of these curves, E=do/de; Figure 2i).
To clarify the cell and matrix contribution to the hydrogel noo-
dles’ mechanical properties, noodle samples (under 10% strain)
with different embedded cell numbers were culturing for 3 d
and then utilized for mechanical test (Figure S5, Supporting
Information). The results suggested that mechanical proper-
ties of single hydrogel noodle can be enhanced by increasing
the embedded cell number up to 6 x 10°, which is possibly
caused by the proliferated cell populations and their secreted
ECMs (e.g., collagen). Further studies focused on ECM remod-
eling and metabolism under mechanical loading are needed.
To analyze the stress/strain distribution on stretched hydrogel
noodles, we simulated the stress applied to the hydrogel noodle,

Adv. Funct. Mater. 2015, 25, 5999-6008
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assuming PEGDMA/GelMA (W,,:W,/2:1) as an incompressible,
isotopic Neo-Hookean solid with elastic modulus derived from
experimental work described below (Figure 2j). Finite element
simulation results indicated that the strain fields within the
hydrogel noodle were uniform to within a few percent except
close to free edges of the interface between the “magnetically
actuated” layer and PEGDMA/GelMA layer. Since there is still
some deviation between the strains on hydrogel and on cells
due to the slippery boundary between hydrogel and cells, the
exact tensile strain exerted on each of the embedded cells is still
unclear. Up to date, particle-tracking methods have been devel-
oped to quantitatively measure cell tractions in a 3D hydrogel
matrix.’%1 In these systems, a number of fluorescent micro-
particles were also encapsulated in hydrogels for obtaining
strain map. Cells in 3D hydrogels deformed the surrounding
matrix, which was visualized by tracking the displacements of
encapsulated fluorescent microparticles in the vicinity of each
cell. However, there is still lack of studies focusing on the rela-
tionship between applied strain on hydrogel and single cells.
These particle-tracking methods can be selected as prior candi-
date for addressing this challenge.

2.4. Uniaxial Stretch Increases Cell Spreading and Proliferation
in Hydrogel Noodles

To investigate the cell responses to uniaxial stretch in 3D, we
first encapsulated C2C12 myoblasts in hydrogel noodles with a
PEGDMA/GelMA fraction of 2:1, due to the larger strain range
than groups at 3:1 and 4:1. The applied magnetic fields showed
no statistically significant effects on cell responses independent
of the mechanical stretches they actuated (Figure S6, Sup-
porting Information). To distinguish the effect of stiffness and
strain on cell behaviors, we tested cell responses under 10%
strain levels considering the linear stress/strain relationship
in this strain range (i.e., constant stiffness). We firstly tested
the effect of hydrogel fabrication parameters, including shear
stress induced by squeezing process, UV light density, and
crosslinking time, on cell viability (Figure S7, Supporting Infor-
mation). Live/dead staining results suggested that squeezing
process did not affect cell viability, which is only declined by
increasing the UV light density and crosslinking time. For
unstretched hydrogel noodles, the encapsulated C2C12 myo-
blasts maintained a high cell viability (92.5% * 1.5%) even
after culture for 5 d, indicating that such PEGDMA/GelMA
composites are biocompatible (Figure 3a,b). We also character-
ized the pore structure of hydrogel noodles with a PEGDMA/
GelMA fraction of 2:1 (Figure S8, Supporting Information).
Scanning electron microscopy (SEM) images indicated that the
hydrogel noodle is composed of interconnected pore structure,
high porosity, and uniform pore size, which was crucial for
nutrient diffusion in hydrogel networks and maintain high cell
viability. To avoid the effect of initial cell density on cell behav-
iors under different strain levels, the initial cell loading density
of each strained group is kept the same of 1 x 10° cells per mil-
liliter, i.e., =6 x 103cells for each noodle sample. We observed
that cells in unstretched noodles (control group) kept a round
shape even after 3 d of culturing, and shown limited ability to
proliferate. This may be caused by the utilized stiff hydrogel
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noodles.I*3] Surprisingly, cell spreading area and proliferation
significantly increased under uniaxial stretching (>5% strain)
after 3 d of culturing (Figure 3c). The same increasing trend
of cell numbers in strained hydrogel noodles has also been
demonstrated using nuclear staining (Figures S9 and S10,
Supporting Information). Confocal fluorescent images of cell
nucleus in strained hydrogel noodles have been taken at days
1, 3, 5, and 7, respectively. Quantification results indicated
that 10% strain of noodles can significantly enhance the cell
proliferation and increase to a saturation level after 5 d cul-
turing. This difference may be caused by passive stretching
of cells, and the lower spreading area in unstrained hydrogel
noodles would not be expected if passive strain simply opened
more volume for cells to occupy. Moreover, cell spreading area
increased nonlinearly with increasing strain, rising rapidly to
an asymptotic saturation level at a critical stretching time in
the range of 70 h. Cell populations in hydrogel noodles also
increased with increasing strain and the =7 d time interval that
cell populations required to spread to steady-state mean size
did not depend upon strain.

2.5. Uniaxial Stretch Induces Myofiber Generation in Hydrogel
Noodles

Expansion of C2C12 myoblasts and formation of myotubes
have been well achieved in 2D systems, through various plat-
forms including micropatterned substrates,? aligned fibrous
scaffolds,®® and cell printing.® As demonstrated in these
works, topological features have a great impact on alignment of
C2C12 myoblasts in 2D, which is important for myofiber fabri-
cation. In this process, myoblasts firstly align and fuse together
in an end-to-end direction to form myotubes, which is crucial
to maximize contractility and force generation within muscle
tissues.®! However, the large set of tools for creating such
functional structures does not extend easily to 3D. In our sys-
tems, cell alignment in 3D hydrogel matrix (PEGDMA/GelMA
fraction 2:1) induced by uniaxial stretching (10% strain), for the
first time, was observed. Cells in unstrained hydrogel noodles
showed random orientation after encapsulation (embedded
with 6 x 10° cells for each sample) (Figure 4a). However, cells in
hydrogel noodles stretched at 10% for 7 d polarized perpendic-
ular to the stretch direction and showed increasing polarization
parallel to the stretch direction after 14 d stretching (Figure 4a).
This observation indicated that cell alignment in a 3D matrix
was a strong function of uniaxial stretching time, inconsistent
with observations from 2D culture. Cells cultured on stretchable
2D substrate always tend to align perpendicular to the direc-
tion of principal strain (i.e., the direction of minimal substrate
deformation), which is generally known as stretch-avoidance
or strain-avoidance.l! Next, differentiation of C2C12 myoblasts
in stretched noodles was verified by fluorescent staining and
protein content analysis of myosin heavy chain (MyHC) after
stretching for 14 d (Figure 4b) as a standard measurement of
myotube formation.’®l Here, C2C12 myoblasts were cultured
on a 2D petri dish with specific culture medium composed of
horse serum, which can induce myotube differentiation, as con-
trol. To clarity whether the myoblast differentiation is induced
by tensile strain, we did control experiment by culturing cells
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Figure 3. Viability, proliferation, and spread of C2C12 myoblasts within strained hydrogel noodles. a) Live/dead fluorescent images of cells in unstrained
hydrogel noodles after 5 d. b) Quantitative analysis of live/dead fluorescent images showed overwhelmingly live (green) cells (>90%) and few dead
(red) cells. ¢) Live/dead fluorescent images of cells in hydrogel noodles after 3 d of straining to different levels. d,e) Mean cell spreading area and
cell numbers per hydrogel noodle increased with culture time and different strain levels, up to a threshold. Cell spreading area and proliferation
can be significantly increased after uniaxial stretching (>5% strain) for 3 d. Error bars, SD (n =10, **p < 0.01, ***p < 0.001). Scale bars: a) 500 ym,

) 500 pm (left), 700 pm (right), and 50 pm (right in the box).

in strained and unstrained (Figure 4b) hydrogel noodles within
Dulbecco’'s modified Eagle’s medium (DMEM) without horse
serum, which is known for its ability to induce myoblast differ-
entiation. From our observations, cells in unstrained hydrogel
noodles showed no spreading and proliferation responses to
magnetic fields after 1, 3, or 5 d of culture. On the contrary,
cells in strained groups showed significant alignment parallel
to the stretch direction and myosin heavy chain formation after
14 d culturing, which revealed that there is strain dependence
of cell alignment and further induces myoblast differentia-
tion in a 3D matrix. With culture time, structural maturation
of cell-derived hybrid noodles was evident from the progres-
sive increase in myotube diameter (11.5 £ 1.2 pm and 25.8 £
4.8 um at7 and 20 d of culture) (Figure 4c) and expression of skel-
eton muscle-specific protein MyHC (Figure 4d,e). In addition,
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the mRNA expression levels of the MyHC isoform (MyHC
11d/x) were also significantly increased at day 14 of culture.
Known transcriptional regulators of MyHC, mRNA levels of
myogenic differentiation 1 (Myod), Myogenin, and Mrf4 were
also found to be increased (Figure 4f-i). Most importantly, these
results indicated that uniaxial stretching substantially promotes
C2C12 myoblast differentiation and myofiber formation in 3D
hydrogel noodles without the need of horse serum. Existing
approaches for muscle myofiber fabrication are achieved by
enhancing topographical microstructure and electrical conduc-
tivity of biomaterials.’”%8 However, in vivo tissues are always
under mechanical stimulus, which is crucial for maintaining
their structures and functions. Herein, we were able for the
first time to successfully generate cell alignment in strained 3D
hydrogel matrix, which is well known to exert significant effects
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Figure 4. Alignment and differentiation of C2C12 myoblasts within strained hydrogel noodles. a) Confocal fluorescent images of C2C12 myoblasts
in strained hydrogel noodles (red: F-actin (phalloidin); blue: nuclei (DAPI)). Cells in hydrogel noodles stretched 10% for 7 d polarized perpendicular
to the stretch direction and showed increasing polarization parallel to the stretch direction after 14 d stretching. b) Confocal fluorescent images of
myoblasts seeded on cover glass discs in six-well plates, with (+) and without (—) horse serum (HS) and in hydrogel noodles, with (+) and without (-)
mechanical stimulation (MS) noodles at day 14 of culture. c) Myofiber diameter increases with time in culture, with significant enhancement at days
16 and 20 versus day 14 of culture. d,e) Western blot analysis of MyHC was used to confirm the efficiency of C2C12 myoblast differentiation. f~i) The
mRNA contents of the MyHC isoform f) MyHC I1d/x and MyHC regulators g) Myod, h) Myogenin, i) Mrf4 were analyzed by real-time PCR. Error bars,
SD (n=10, *p < 0.05, **p < 0.01, ***p < 0.001). Scale bars: a) 300 pm (up), 50 pm (bottom), b) 50 pm.

on tissue regeneration and modulate mechanical properties  hydrogels turns out to align parallel to stretch direction. This is
of tissues including skeleton, cardiac muscle, and tendon.!  possibly because it is more difficult to alternate stress-fiber ori-
Cells cultured on a 2D substrate that is subjected to uniaxial  entation in 3D constructs compared to 2D by stretching, which
cyclic stretch trend to align perpendicular to the direction of  dominates cell alignment directionality.l* It is postulated that
principal cyclic strain (i.e., the direction of minimal substrate  other factors such as the contact guidance of the ECM fibers
deformation), which is generally known as strain-avoidance. In  in the hydrogel will also impact stretch-induced alignment over
contrast, in our observations orientation of cells cultured in 3D time. We subsequently probe the effect of mechanical tensile
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strain on myofiber generation in a simple 3D system, which
holds potential to create functional tissue constructs and helps
understand the mechanobiological responses of cells in 3D.

3. Conclusion

The developed approach allows for fabricating fiber-shaped
hydrogel noodles in a spatially defined and high-throughput
manner, obtaining thousands of samples within a few seconds.
The fabrication process is simple and is not limited to the photo-
lithography process and could also be extended to other kinds
of crosslinking reactions (e.g., chemical and thermal). In addi-
tion, the high-throughput character reduces challenges associ-
ated with specimen-to-specimen variability. The noncontact
loading afforded by external magnetic fields enables uniformity
of the loading environment, controlling strain states and sim-
plifying interpretation of the results. Herein, our systems have
been successfully applied to engineer 3D myofibers with spe-
cific architecture and function, which holds great potential for
creating functionally enhanced tissues and probing mechano-
biology in 3D. We believe that hydrogel noodles provide useful
and well-calibrated information about cellular response to
mechanical stimulus that can be applied to future work in more
complicated fibrous mechanical environments.

4. Experimental Section

Preparation of GelMA and Hydrogel Noodles: GelMA, a biocompatible
and photocrosslinkable hydrogel that is effective for 3D cell
encapsulation, was synthesized as described previously.[’] Briefly, type A
porcine skin gelatin powder (Sigma-Aldrich) was added into Dulbecco’s
phosphate buffered saline (DPBS; Gibco BRL Life Technologies, Inc.)
at a concentration of 10% (w/v) at a temperature of 65 °C, and stirred
until fully dissolved. Methacrylate (Sigma-Aldrich) was added into this
solution at a rate of 0.5 mL min™' and stirred at 50 °C until the target
volume was reached. The solution was then allowed to react for 3 h.
The fraction of lysine groups that reacted could be controlled by varying
the amount of added methacrylate. Following a five times dilution with
additional warm (40 °C) DPBS to stop the reaction, the mixture was
dialyzed against distilled water using 12-14 kDa cutoff dialysis tubing
(Spectrum Labs, Inc.) at 40 °C for 2 weeks. Water was changed every day
to remove salts and methacrylic acid. After that, the GelMA solution was
lyophilized for 1 week to generate a porous foam and stored at —80 °C
for further use.

GelMA and PEGDMA (MW = 1000, Polysciences, Inc.) were
then dissolved in distilled water before added with 2-hydoxy-2-
methylpropiophenone (TCl, Shanghai Development Co., Ltd., Shanghai,
China). Three mass ratios of PEGDMA and GelMA (2:1, 3:1, and 4:1,
1 represents 2% w/v here) were mixed in distilled water. 0.5% w/v
photoinitiator was added to the prepolymer solution. The prepolymer
solution was filled in a syringe without adaptor part and exposed to
365 nm UV light for crosslinking purposes. The exposure time was
15, 30, 45, and 60 s for each mass ratio of GelMA and PEGDMA. The
crosslinked hydrogel within the syringe was 4 cm in length and then
pressed through scientific sieves, at about 100 and 300 pm, respectively.
PEGDMA pressed through sieves had become noodles and was
collected in a water-filled petri dish and kept for further observation
under a microscope for measurement of diameter of noodles.

Preparation of Magnetically Actuated Hydrogel Noodles: To fabricate a
“magnetically actuated” layer of hydrogel noodles, a PEGDMA droplet
(20% w/v, 200 pL) encapsulating one iron microsphere (200 pm
diameter, nickel-coated) (K&] Magnetics) was added to the end of each
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hydrogel noodle, which subsequently underwent a photocrosslinking
process. The other end of each hydrogel noodle was composed of
a constrained layer fabricated using the same method, which was
encapsulated with more microspheres (10-15) inside. All of the
fabricated magnetically actuated hydrogel noodles were left to swell in
DPBS for 24 h and then used for mechanical testing.

Uniaxial Stretching of Hydrogel Noodles: To apply uniaxial stretching
to magnetic-actuated hydrogel noodles, two NdFeB magnets
(22 mm x 5 mm x 2.5 mm, K& Magnetics) fixed on a linear stage
(Winner Optical instruments Group Co., Ltd., Beijing, China) were
used. One permanent magnet was moved and applied to stretch the
“magnetically actuated” layer of hydrogel noodles, and another one was
utilized to fix the constrained layer.

Finite Element Simulation: To characterize the mechanical fields within
hydrogel noodles, we performed a series of numerical simulations using
commercially available software (COMSOL Multiphysics 4.0a, Comsol
Inc.). Firstly, we predicted the magnetic field gradients experienced
by the iron microspheres within the magnetically actuated layers as a
function of the separation between the ends of the magnets and the
centers of the iron microspheres. The magnetic force vector (F) applied
to each iron microsphere was estimated according to

F=[ugM.,VB()i(x)d M
A

where A is the surface of the iron microsphere, 7 is the outward normal
of dA, g is the magnetic permeability of a vacuum, My, is the saturation
moment of an individual iron microsphere, and VB(x) is the external
magnetic field gradient tensor at position X. This force was subsequently
applied to a hydrogel noodle as a uniform pressure on the “magnetically
actuated” layer; in-plane displacements were constrained to be zero
on the constrained layer of hydrogel noodle, and all displacements
were constrained to be zero on the constrained layer. These boundary
conditions are appropriate given the difference in stiffness between the
PEGDMA and PEGDMA/GelMA layers. PEGDMA/GelMA was treated
as an incompressible, isotropic, Neo-Hookean material with elastic
modulus derived from experimental work described below.

Mechanical Characterization of Hydrogel Noodles: To experimentally
characterize magnetic force applied to iron microspheres in magnetically
actuated layers, the Stokes drag method was used. An iron microsphere
was placed in a poly(ethylene oxide) solution of defined viscosity (PEO;
Sigma-Aldrich), then subjected to a magnetic field. The speed of each
iron microsphere was estimated as a function of separation between the
end of the magnetic field focuser and the center of the iron microsphere
from video taken through a 20x objective, acquired using a high-speed
camera (Phantom Cinestream v.711, Vision Research, Co., Ltd.) at 2500
images per second. The force exerted on the iron microsphere was then
estimated using

Fmagnetic = 6nRvU+ ma (2)

Here the first term represents viscous drag, in which v is the dynamic
viscosity of the PEO solution, R is the radius of the iron microsphere, and
U is the speed of the iron microsphere; and the second term represents
an inertial force, in which m is the mass of the iron microsphere and a is
the acceleration. The dynamic viscosity, v, was estimated similarly from
downward motion of iron microspheres released into a beaker of PEO
solution in the absence of magnetic fields. The magnetic flux intensity
was measured using a Teslameter (LZ-610H, Changsha 3D Measuring
Equipment Co. Ltd.)

During stretching of hydrogel noodles, strain was estimated optically
from images recorded using a high-resolution inverted fluorescent
microscopy (IX-81, Olympus, Inc.) and analyzed using Image-Pro Plus
(IPP; version 6.0, Media Cybernetics). Nominal strain, &, was calculated
in each layer as € = A — 1, with A being the ratio of the current to initial
length of the layer. The relationship between the Cauchy stress (force
divided by current cross-sectional area) and this strain was found to be
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linear over a very broad range of strains for all GelMA concentrations
tested. The elastic moduli of the synthetic tissues were derived from
these relationships.

Cell Encapsulation: C2C12 myoblasts were cultured in DMEM (Sigma-
Aldrich) supplemented with 10% fetal bovine serum (GIBCO) in a 5% CO,-
humidified incubator at 37 °C. To collect and encapsulate cells, the cells
were first trypsinized with 0.25% trypsin (Sigma-Aldrich) and centrifuged
at 800 rpm for 5 min. The cells were suspended in 4% w/v PEGDMA
and 2% w/v GelMA dissolved in DPBS at a density of 1 x 106 mL™,
and then mixed with 0.5% w/v of photoinitiator. Cell-encapsulating
hydrogel noodles were then photocrosslinked by exposing them to
365 nm UV light at a power of 2.9 mW cm= (model XLE-1000 A/F,
Spectroline) for 45 s. The cell encapsulating noodles were then washed
with DPBS three times and incubated. Culture medium is exchanged
twice a day during culturing.

Structure Characterization of Microfluidic Hydrogels: For sample
preparation, the hydrogel was placed into the freeze-drying chamber of a
freeze-dryer (VFD-2000, Boyikang, Beijing, China) at —70 °C for 3 h. The
frozen samples were subsequently dehydrated at —40 °C for 8 h, —25 °C
for 5 h, 0 °C for 5 h, and 25 °C for 5 h. The freeze-dried specimens were
submerged into liquid nitrogen for about 5 min and then fractured with a
scalpel blade. The pore structure of hydrogel noodles was sputter coated
with platinum (JFC-1600, JEOL), and the specimens were examined
using a JEOL JSM-6700F SEM.

Cell Viability and Proliferation Characterization: To measure cell
viability and proliferation, cells encapsulated in hydrogel noodles were
stained with using a live/dead assay (Molecular Probes) following
manufacturer’s instructions. Briefly, each hydrogel noodle was incubated
in a solution of 2 ug mL™" calcein AM and 5 pg mL™" propidium iodide
at 37 °C for 30 min. Confocal microscopy (LSM 700, Carl Zeiss) was
performed to identify cells that were living (stained green by calcein AM)
and dead (stained red by propidium iodide). Live/dead cells and cell
spread areas were both counted from these images using IPP. Briefly,
one florescent image of noodle sample was imported in IPP software
and was firstly split in different color channels (green was used here
for cell area and number quantification). Here we used calcein-AM as
a label to reveal cell morphology because it is hydrophobic and easy to
penetrate the cell membrane with good dispersion in the cytoplasm.
Then, the “Area” option in “count/size-measure-select measurement”
menu was selected here. Finally, the cell area and number was calculated
through “count/size-count” option. The cell distribution is uniform in
both central and edge area of noodle sample (demonstrated by analysis
of confocal images, as shown in Figure S11, Supporting Information).
To avoid the effect of strong florescent signal along the noodle edges
(caused by strong bias light and edge effect), we only analyzed central
area of cells for each noodle sample.

Cell Orientation Analysis: To analyze the cell alignment, F-actin stress
fibers and nuclei of cells were stained by fluorescein isothiocyanate (FITC)
conjugated phalloidin (Acti-stain rhodamine phalloidin, Cytoskeleton,
Inc.) and 4, 6-diamidino-2-Phenylindole (DAPI; InvitrogenTM, Life
Technologies, Inc.), respectively. Briefly, for stress fiber staining, cells
in hydrogel noodles were fixed by 4% formaldehyde (Sigma-Aldrich) for
10 min, permeabilized with 0.5% Triton X-100 (Sigma-Aldrich) for 5 min,
and then incubated with 200 pL of 100 x 10~° m FITC phalloidin solution
in the dark at room temperature for 30 min. For nuclear staining, cells
were counterstained with 200 pL of 100 x 10° m DAPI in DPBS for
5 min. The images were analyzed to extract the orientation distribution
and mean orientation of cells using the semi-automated “binarization-
based extraction of alignment score” method described elsewhere.l>’]
Briefly, thresholded images were analyzed using a simple optimization
scheme to identify the likelihood of cells possessing a dominant axis in
directions ranging from 0° to 180°. The distributions were normalized.

Immunostaining of C2C12 Myotubes: C2C12 myotubes in hydrogel
noodles were fixed by 4% formaldehyde for 20 min, followed by a wash
with DPBS for three times. The permeabilization step was done with
0.5% Triton X-100 for 10 min at room temperature. Then, the cells were
exposed to 5% bovine serum albumin dissolved in DPBS for 15 min.
A primary mouse monoclonal IgG antibody (ab-7784, Abcam, Japan)
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against myosin heavy chain (MyHC) was added to the underlying
sample at a dilution of 1:1000 in DPBS, and the samples were incubated
at 4 °C overnight. The sample was then washed three times with DPBS,
treated with a goat antimouse AlexaFluor 488 antibody (ab-150113,
Abcam, Japan) at a dilution of 1:1000 in DPBS, and incubated at 37
°C for 1 h. The samples were then stained with nuclei according to the
same protocol as mentioned before. The stained C2C12 myotubes were
then imaged with confocal microscopy.

Western Blot Analysis: Cells or myotubes were isolated using RIPA
lysis and extraction buffer with protease inhibitor (Beyotime). Protein
concentration was determined using the BCA Protein Assay kit (Pierce of
Thermo Scientific, Rockford, IL) according to manufacturer’s protocols.
Each protein sample was applied to SDS-PAGE gels, transferred to pure
nitrocellulose membranes (PerkinElmer Life Sciences, Boston, MA,
USA) and blocked with 5% nonfat milk. The membranes were incubated
with the first antibody at 4 °C overnight. Then, the membranes were
incubated with antirabbit or antimouse secondary antibodies at room
temperature for 1 h. Chemiluminescent detection was performed
using an ECL western blotting detection kit (Thermo Fisher, Rockford,
IL, USA). Images were analyzed by Quantity One software (Bio-Rad,
Shanghai, China).

Real-Time PCR: Total RNA was extracted from the cells and purified
following the manufacturer's protocol (DNA/RNA Protein lIsolation Kit
(DP423). Reverse transcription was performed using the PrimeScript
real-time PCR Kit (Takara, Dalian, China) followed by semi-quantitative
real-time PCR using specific primers. The primer sequences were as
follows:  MyHC Ild/x, 5-GCGACAGACACCTCCTTCAAG-3’(forward)
and 5-TCCAGCCAGCCAGCGATG-3" (reverse); Myod, 5-CCAGGAC
ACGACTGCTTTCT-3’ (forward) and 5-TCTGGTGAGTCGAAACACGG-3’
(reverse);  Myogenin,  5-GAGACATGAGTGCCCTGACC-3’ (forward)
and 5-AGGCTTTGGAACCGGATAGC-3’ (reverse); Mrf4, 5-CGAAAGG
AGGAGACTAAAG-3” (forward) and 5-CTGTAGACGCTCAATGTAG-3’
(reverse). The expression of target genes was normalized against the
GAPDH gene.[% Real-time PCR was performed using the 7500 Fast Real-
Time PCR System (Life Technologies, Inc.) with 0.8 pL of cDNA, 0.4 pL
of the primer set, 3.8 pL of ddH,0, and 5 pL of SYBR Green (Takara,
Dalian, China). Following an initial denaturation step at 95 °C for 30 s,
real-time PCR was performed over 45 cycles at 95 °C for 5 s, and 60 °C
for 30 s, followed by a melting curve analysis. Gene expression analysis
was repeated at least three times for each sample.

Statistical Analysis: All data collected were presented as the mean *
standard deviation (SD) of 10 samples. A Student’s t-test was used
to compare the data sets. A p-value of 0.05 or less was considered
statistically significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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