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1. Introduction

A flexible microfluidic strategy to generate
grooved microfibers for guiding cell alignment+

Menggian Zhao,®® Haitao Liu,>® Xu Zhang,® Hui Wang,®® Tingting Tao®® and

Jianhua Qin @ *P.c.9

Hydrogel microfibers are widely applied in tissue engineering and regenerative medicine due to their
tunable morphology, componential anisotropy, and good biocompatibility. Specifically, grooved
microfibers with unique advantages can facilitate cell alignment for mimicking the microstructures of
myobundles. Herein, a microfluidic spinning system is proposed for flexibly generating grooved
microfibers relying on the volume change after ionic crosslinking of sodium alginate (NaA) with different
concentrations. In the system, multiple parallel channels are integrated into a flow-focusing microchip
and NaA with various concentrations is introduced into the respective channels for fabricating well-
defined microfibers. The size and shape of the fibers are tuned by the viscosity and concentration of the
NaA solution, as well as the flow rates of NaA and calcium chloride (CaCl,) in a controllable manner.
Moreover, the grooved fibers with heterogeneous components can be generated via co-spinning gelatin
methacrylate (GelMA) and NaA to form interpenetrating polymer networks (IPNs). The microfibers with
heterogeneous IPNs are successfully used as anisotropic scaffolds for the 3D culture of muscle cells
(C2C12). The muscle cells grown on the microfibers exhibited good viability and ordered alignment, indi-
cating the good biocompatibility and orientational function of the heterogeneous fibers. The proposed
approach is flexible and controllable, holding potential in replicating various aligned microstructures
in vivo, such as bundles of nerves and blood vessels.

for generating microfibers with designed structures or com-
ponents due to the precise control of liquid flow and the prop-

Recently, hydrogel microfibers have been emerging as promis-
ing scaffolds in materials science and tissue engineering due
to their apparent advantages of high biocompatibility, tunable
physicochemical properties, and unique fiber-shaped struc-
tures. These microfibers supply various biomimetic microen-
vironments, including gradient stiffness, cell-matrix inter-
actions, and defined patterns, which facilitate cell growth,
arrangement, migration, and differentiation."® To date,
several methods are available to fabricate hydrogel microfi-
bers, including electrospinning,”™" wet spinning,>" self-
assembly,">'®> and microfluidic spinning.’®?*® Among these
methods, the microfluidic spinning technology is widely used
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erty of laminar flow at the micro-scale. Different physical and
chemical crosslinking methods can be applied in microfluidic
spinning, such as solvent extraction, ionic crosslinking, and
photopolymerization, permitting flexible selection of materials
in such systems.'®'®*'2* Furthermore, the microfluidic spin-
ning method is derived from the microfluidic technique that
could provide devices with multi-channels of different heights
for flexibly manipulating multi-phase flows. Based on these
features, microfibers with various structures (e.g., hollow,
tubular, porous, flat, and grooved) can be generated, which
have the potential to rebuild blood vessels, bronchi, and
neural bundles in vitro, as well as deliver cytokines or
drugs.>®?® Specifically, microfibers with multi-grooved struc-
tures exhibit unique advantages for constructing biomimeti-
cally aligned microstructures to facilitate the spreading, align-
ment, and differentiation of cells.'®*732

In the last decade, many studies have been reported to
establish microfluidic spinning methods to fabricate grooved
microfibers based on the intrinsic design of microchannel size
and nozzle geometry or using a rotary receiving pool.>*7*> Of
these two methods, the former is limited by a fixed spinneret
with a groove shape that determines the morphology of the
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microfibers. When the prepolymer is sprayed out, it will cross-
link and solidify quickly to maintain the shape of the grooved
structure induced by the spinneret. As for the rotary receiving
method, the prepolymer is extruded from the circular spin-
neret and then rotated for collection in the solution before
curing to form grooved fibers. The limitation of this method is
that the structure of grooved microfibers only depends on the
design of the spinneret, which is less flexible. Furthermore, it
is difficult for both methods to fabricate microfibers with
heterogeneous components, which is one of the important
factors for mimicking the cellular microenvironment.
Therefore, a flexible and controllable strategy to generate
grooved microfibers with defined structures and hetero-
geneous components is highly desired in this field.

In this work, we present a novel strategy for the fabrication
of grooved microfibers that act as anisotropic scaffolds for
muscle cell culture in the microfluidic spinning system. The
generation of grooved microfibers relies on the in situ gelling
of high and low concentrations of NaA, which results in a
volume difference within the fibers after solidification. The
morphology and size of the grooved fibers can be flexibly
modulated by changing the concentration of NaA and the flow
rates of samples in each channel. Simultaneously injecting
different samples into the multi-parallel microchannels
enables the preparation of heterogeneous grooved microfibers.
Based on this method, microfibers with hydrogel IPNs can be
successfully fabricated by the double crosslinking process of
GelMA and NaA. In addition, the heterogeneous microfibers
are preliminarily used as anisotropic scaffolds for muscle cell
culture, which can guide the alignment and elongation of
these cells, indicating the potential of such fibers to promote
the maturity of muscle. The proposed approach exhibits the
advantages of simplicity, flexibility, and controllability and has
potential applications in materials science, regenerative medi-
cine, tissue engineering, etc.

2. Materials and methods
2.1. Materials

SU-8 (3035) was purchased from Microchem. Sodium alginate
(M, = 50000, NaA-LMW; M,, = 250 000, NaA-HMW) was pur-
chased from Qingdao Hyzlin Biology Development Co.
Anhydrous calcium chloride (CaCl,) and sodium chloride
(NaCl) were purchased from Tianjin Damao Chemical
Reagents Factory. Gelatin (Type A, 300 bloom from porcine
skin) was purchased from Sigma-Aldrich. Methacrylic anhy-
dride (MA) was purchased from Aladdin. 2-Hydroxy-4'-(2-hydro-
xyethoxy)-2-methylpropiophenone (Irgacure 2959) was pur-
chased from TCI. A dialysis tube (12-14 kDa cut-off) was pur-
chased from Yuanye Bio-Technology. All reagents were used as
received.

2.2. Microfluidic device design and fabrication

The microfluidic device consisted of three layers, which are
assembled using polydimethylsiloxane (PDMS) via soft litho-
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graphy.”® The top layer was the “inlet layer”, which contains 3
inlets for NaA-LMW, NaA-HMW and CaCl, solutions. The
middle and bottom layers with the same and symmetrical
microchannels were bonded through oxygen plasma to form
the “channel layer”. Then the “channel layer” was bonded with
the “inlet layer” according to the position of the inlets. The
height and width of the microchannels in the “channel layer”
are as follows: the height and width of each dispersing
channel are 100 pm and 20 pm. The height and width of the
CaCl, channel are 200 pm and 400 pm. The height and width
of the laminar flow channel are 200 pm and 1400 pm. The
height and width of the solidification channel are 200 pm and
2600 pm.

2.3. Preparation of CaA microspheres

NaA solutions were prepared with different concentrations
(NaA-LMW: 1%, 2%, 3% and 4% (w/v); NaA-HMW: 0.5%, 1%,
1.5% and 2% (w/v)) in water. Microspheres were prepared by
the hanging drop method. NaA solutions were ejected at a flow
rate of 0.2 mL min~" by using a syringe pump. The volume of
each droplet is 30 pL. The droplets of NaA were dropped into a
beaker containing 2% (w/v) CaCl, solution directly. Then the
microspheres were immediately moved from the beaker. The
excess water on the hydrogel microspheres was removed with
weighing paper. The diameter of the microspheres was
measured using Image] based on the bright field images.

2.4. Viscosity measurement

The viscosities of NaA solutions with different concentrations
were measured using a rotational viscometer (NDJ-5S,
Shanghai Changji Geological Instrument Co. Ltd., China) at
room temperature. The spindle of the viscometer was rotated
within the sample tubes at a constant speed of 20 rpm.

2.5. GelMA synthesis

GelMA was synthesized using our previous protocol.*® Briefly,
5 g of gelatin was dissolved in 50 mL of Dulbecco’s phosphate-
buffered saline (DPBS, Invitrogen) at 60 °C. Then, 4 mL of MA
was added into the above solution at a rate of 0.5 mL min™"
for 1 h under stirring at 50 °C. The reaction was stopped by
adding 250 mL of DPBS of 40 °C. The mixture was dialyzed at
40 °C for 1 week using a cut-off tube (12-14 kDa). The solution
was lyophilized for 1 week and stored at —80 °C until further
use.

2.6. Controlled preparation of hydrogel microfibers

NaA solution was sterilized via a filter (0.22 pm membrane). To
generate grooved fibers, the following solutions were intro-
duced into the microfluidic device: (1) NaA solution with a
high concentration (NaAgy) was injected into inlet 1 to gene-
rate the convex areas of the fiber; (2) NaA solution with a low
concentration (NaAq)) was injected into inlet 2 to form the
concave areas of the fiber; and (3) 2% (w/v) CaCl, solution was
injected into inlet 3 as sheath flow to solidify the fiber. The
flow rates of NaA within each parallel channel ranged from
0.5 pL min™" to 2.5 pL min~', and the flow rates of CaCl,
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ranged from 3000 pL min~"' to 5000 pL min~'. GelMA with a
concentration of 5% (w/v) was added to the system to generate
homogeneous GelMA-CaA microfibers under the aforemen-
tioned conditions. After ionic crosslinking within the chan-
nels, the microfibers were exposed to UV light (365 nm, inten-
sity 8 mW) for 3 min in a solution containing 0.25% (w/v)
Irgacure 2959 and 2% (w/v) CacCl, for secondary crosslinking.
To generate microfibers with heterogeneous components, a
solution of 3.4% (w/v) NaA-HMW was introduced into inlet 1.
The other solutions were the same as those used for the gene-
ration of homogeneous GeIMA-CaA microfibers.

2.7. Scanning electron microscopy (SEM)

To observe the surface morphology, the microfibers were cut
into short pieces (about 1-2 mm) after being washed with
ultrapure water 3 times. Then the microfibers were dehydrated
with gradient ethanol (25, 50, 75 and 100%; 10 min each) and
then placed in an 80 °C oven overnight. After metal spraying,
the fibers were characterized using a scanning electron micro-
scope (SEM, Hitachi TM3000, Japan) at 15 kV. The microfiber
seeded cells were fixed with 2.5% glutaraldehyde for 1 h and
gently washed 3-5 times with deionized water. Then, the
samples were dehydrated with a series of graded ethanol solu-
tions in the same way. After dehydration, the samples were
immersed in tert-butyl alcohol for 30 min (two times) at room
temperature and frozen at —80 °C. Finally, the samples were
freeze-dried in a lyophilizer for 3 days and the SEM images
were obtained.

2.8. Cell culture

Murine skeletal myoblasts (C2C12) were purchased from the
China Center for Type Culture Collection. They were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, high glucose,
Gibco) that was supplemented with 1% streptomycin-penicil-
lin (Beyotime) and 10% fetal bovine serum (FBS, Gibco). The
C2C12 cells were maintained in an incubator with 5% CO, at
37 °C, and the medium was changed every 2 days.

2.9. Cell seeding on the microfibers

Before cell seeding, the GelMA-NaA hybrid microfibers were
rinsed with DPBS to remove the residual photoinitiator. Then
the microfibers were wrapped around PDMS plates in a 6-well
culture plate (Guangzhou Jet Bio-Filtration Co., Ltd.) and steri-
lized by UV irradiation overnight. At 60-70% confluence,
C2C12 cells were harvested by using 0.25% trypsin-EDTA
(Gibco) and seeded on grooved fibers (5 x 10° cells per mL).
After the microfibers were cultured in an incubator for 2 h to
allow cell attachment, the warm growth medium (2 mL) was
added into the dish.

2.10. Cell viability analysis

The viability of C2C12 cells on the microfibers was evaluated
using a Live/Dead Cell Viability Kit (BD) according to the man-
ufacturer’s staining protocol.’” Cell-laden microfibers were
washed with physiological saline 3 times. Then, the microfi-
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bers were incubated in live/dead staining reagents for 30 min
at 37 °C.

2.11. Immunofluorescence of C2C12 fibroblasts

Cell-laden microfibers were gently rinsed with physiological
saline and fixed with 4% paraformaldehyde (Tianjin Damao
Chemical Reagents Factory) for 30 min. Then, the samples
were permeabilized with 1% Triton X-100 (MeilunBio) in phys-
iological saline for 15 min. Finally, the samples were stained
with Phalloidin Conjugate reagents (Biotium) and 4',6-di-
amidino-2-phenylindole dihydrochloride (DAPI, Cell Signaling
Technology) for 20 min. Images were acquired using an
Olympus IX-71 inverted microscope (Olympus Corporation,

Japan).

3. Results and discussion
3.1 Design and fabrication of the microfluidic device

To date, most of the existing hydrogel microfibers are cylindri-
cal, lacking topographical features for recapitulating the struc-
tural complexity and functions of the native ECM within target
tissues. Grooved microfibers utilize the topographical pro-
perties to align cells during cultivation. To generate grooved
microfibers in a controllable and flexible manner, we designed
and fabricated a microfluidic spinning device that consisted of
three PDMS layers (Fig. S1T). As shown in Fig. 1A, the micro-
chip contains three functional units: a diversion unit, a
laminar flow unit and a solidification unit. The diversion unit
was connected to the syringe pumps, which could evenly distri-
bute sample A (NaAy), NaA with high concentration) into four
separated microchannels and sample B (NaA(,), NaA with low
concentration) into three separated microchannels. Then, the
above 7 microchannels were converged in the laminar flow
unit that was a wide channel to enable samples A and B to
generate parallel laminar flow (4 sample A areas and 3 sample
B areas) with defined intervals. Finally, the laminar flow of
NaA and the sheath flow (CaCl, solution) went into the solidifi-
cation unit together to form the coaxial flow and the NaA solu-
tion was solidified immediately in this step to form grooved
fibers. The principle of generating grooved microfibers is
shown in Fig. 1B. The solidification of the microfibers could
be easily achieved through a rapid ionic-crosslinking reaction
of NaA and CaCl, without blocking the microchannel. This
cross-linking between Ca*>" and alginate to form a gel is known
as “the egg-box model”*® (Fig. 1C). During the fiber spinning
process, a laminar flow of NaA solutions with high and low
concentrations was formed with defined intervals. NaAg
would generate a high water content of CaA fibers after cross-
linking to form a hydrogel with a larger volume, which was the
convex part in the microfiber. Accordingly, NaA(.) would form
a hydrogel with a lower volume, which appeared as the
concave part in the microfiber. Furthermore, if we added
different biochemical factors in flows A and B, microfibers
with heterogeneous components could be formed. A PDMS
microchip with three functional units was successfully fabri-
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Fig. 1 The schematic diagram of a microfluidic chip with multichannels for the preparation of grooved microfibers. (A) An overview of the system.
Inlets 1-3 represent the inlets of sodium alginate with a high concentration, sodium alginate with a lower concentration, and calcium chloride solu-
tion, respectively. (B) Schematic diagram of the grooved microfibers generated at coaxial co-flow with different concentrations of sodium alginate.
(C) A schematic illustration of the reaction process of NaA and CaCl, within the microfibers.

cated in this work, exhibiting good processing technology and
well-designed microchannel structures. Compared with other
devices for generating grooved fibers, this microchip provides
the diversity of components in microfibers and also realizes
precise control over the grooves of microfibers by separately
changing each sample. In the proposed system, the complex
extrusion channel and spinneret are avoidable, which simpli-
fies the chip fabrication and fiber collection process.

3.2 Optimization of the parameters of the microfluidic
system

To generate microfibers with consistent and controllable
dimensions, several key parameters that might impact the
morphology of grooved microfibers, such as the concentration

This journal is © The Royal Society of Chemistry 2021

and viscosity of NaA solutions, the flow rate of CaCl,, and the
ratio of rates in flows A and B, are systematically investigated
in the system. Here, we measured the volume change of NaA
solution after solidification, the total width of the microfibers
(Wiber) and the groove width of the microfibers (Wyroove) under
various conditions.

3.2.1 Characterization of the NaA volume change after soli-
dification. To clarify the relationship between the concen-
tration of the NaA solution and the size of the generated
hydrogel, we used two types of NaA prepolymer (NaA-LMW
(M,, =50 000) and NaA-HMW (M,, = 250 000)) with various solu-
tion concentrations to prepare microspheres using the
hanging drop method (Fig. 2A). The volume of each NaA
droplet was controlled via a syringe pump. The results revealed
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bright-field images of microspheres generated with different concentrations of NaA (mw) of 1%, 2%, 3% and 4%, respectively. Scale bar: 1 mm. (C)
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spheres generated with different concentrations of NaAgmw) of 0.5%, 1%, 1.5% and 2%, respectively. Scale bar: 1 mm. (D) The schematic diagram of
the viscosity measurement. (E) The viscosity as a function of the different concentrations and types of NaA. (F) Bright-field image of the laminar flow
in the spinning orifice with different viscosities (top) and similar viscosities (bottom) of NaA. The insets show the enlarged images of the laminar
flow. Scale bar: 500 pm. (G) SEM images of microfibers generated with different viscosities (top) and similar viscosities (bottom) of NaA. Scale bar:
100 pm. The insets show the SEM images of the cross sections of microfibers. Scale bar: 50 um. The concave and convex parts are indicated by

arrows.

that the concentration of NaA solution had a linearly positive
correlation with the volume of the solidified microspheres
(Fig. 2B and C). For the NaA-LMW, when the concentration
increased from 1% to 4% (w/v), the volume of the micro-
spheres increased from 19.73 = 1.81 pL to 29.09 + 1.05 pL, R> =
0.9408. Similarly, when the concentration of NaA-HMW
increased from 0.5% to 2% (w/v), the volume of the micro-
spheres increased from 15.91 + 1.43 L to 24.78 + 0.87 pL, R> =
0.9787. This phenomenon is the experimental basis of this
work to generate the groove structure on the microfibers. This
phenomenon is caused by the fact that the hydrogel generated
with a high NaA concentration could lock more water in the
gel, while the hydrogel generated with a low NaA concentration
would lose less water during solidification. Then, we measured
the absolute water content (AWC) of the microspheres. For
NaA-LMW, the AWC of the microspheres increased from 20.78
+0.21 mg to 27.56 + 0.55 mg (R> = 0.9876) when the concen-
tration of NaA-HMW was increased from 1% to 4% (w/v)

4884 | Bjomater: Sci, 2021, 9, 4880-4890

(Fig. S2Af¥). Similarly, the AWC of the microspheres increased
from 17.76 + 0.27 mg to 25.13 + 0.42 mg (R> = 0.9696) when
the concentration of NaA-HMW was increased from 0.5% to
2% (w/v) (Fig. S2Bft). The results were consistent with our
hypothesis.

3.2.2 Effects of the NaA viscosity on the microfiber mor-
phology. In addition to the NaA concentration, the NaA vis-
cosity was another factor that may affect the morphology of
the grooved microfibers in our system. To demonstrate the
effects of the NaA viscosity on the morphology of the microfi-
bers, the microfibers generated using NaA with different visc-
osities were measured. The viscosity of the NaA solution
depends on the concentration and molecular weight of
NaA.**™! In this work, a rotational viscometer was used to
measure the viscosity of the NaA solution (both NaA-HMW and
NaA-LMW) with various concentrations. The results showed
that the viscosity of the NaA solution increased exponentially
with an increase of the NaA concentration, which was consist-

This journal is © The Royal Society of Chemistry 2021
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ent with the theory on the critical overlap concentration of the
polymer solution.”*** As shown in Fig. 2E, the viscosity of 2%
(w/v) NaA-LMW was similar to that of 1% (w/v) NaA-HMW,
which provided the concentrations of alginate for reference in
the following experiments.

To explore the importance of the viscosity on the mor-
phology of the microfibers, we tested two conditions for gener-
ating the grooved microfibers: (1) generating the microfibers
with both different concentrations and different viscosities of
the NaA solutions and (2) using NaA solutions with different
concentrations but similar viscosities for fabricating hydrogel
fibers. To perform this, we chose sample A-n2 (2% NaA-LMW)
and sample B-nl (1% NaA-LMW) as examples of the former
and chose sample A-n2 (2% NaA-LMW) and sample B-n3 (1%
NaA-HMW) as examples of the latter in this testing. The
results demonstrated that in condition 1 (different viscosity),
the laminar flow of the interval NaA solution was disturbed,
which resulted from the different surface tensions of the solu-
tions with different viscosities. However, in condition 2
(similar viscosity), a stable laminar flow was observed in the
microchannel (Fig. 2F). To further verify the results, we charac-
terized the morphology of the microfibers by SEM (Fig. 2G).
The results showed that the grooved morphology of the micro-
fibers generated in condition 2 was more prominent and
uniform than that in condition 1, indicating that similar visc-
osities of NaA solutions were more appropriate to fabricate
grooved fibers in our system. This result was consistent with a
previous study on fluid stability in a microchip.** Herein, we
selected 2% NaA-LMW and 1% NaA-HMW for the following
experiments in consideration of fluid stability and morphology
controllability.

3.2.3 Effects of the flow rates on the microfiber mor-
phology. Since the grooved microfibers are formed by multiple
parallel laminar solutions, the proportion of each flow will
directly affect the structure of the grooved microfibers.
Therefore, we systematically studied the effects of the flow
rates of the NaA solutions and CaCl, solution on the mor-
phology of the microfibers. We defined the total width of the
microfibers as Weper and the width of the groove within the
microfibers as Wegroove in the system (Fig. 3A). Also, grooved
microfibers with red and green fluorescent bead dyes were
investigated under a confocal laser scanning microscope
(CLSM) (Fig. 3B). To intuitively observe the morphology of the
microfibers within the microchip, NaAy) and NaAq) were
mixed with blue and red dyes, respectively.

Firstly, we studied the effects of NaA(, on the size of the
microfibers. To perform this, the flow rates of CaCl, and
NaAg) were fixed to 4000 pL min™ and 1 pL min~' within
each parallel channel, respectively. As shown in Fig. 3C, when
the flow rate of NaA(;) was tuned from 0.5 pL min~" to 2.5 pL
min~! within each parallel channel, the Wy, increased from
356.81 + 7.82 pm to 436.13 + 11.46 pm, which was a linear fit
toy =39.41x + 335.08, R* = 0.9797, while each Weroove increased
from 35.26 + 2.17 pm to 98.33 + 5.51 pm, which was a linear fit
toy =31.27x + 19.14, R* = 0.991. The proportion of the grooves
in the total microfibers (3 X Wyroove/ Weiber) Was increased from
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0.29 to 0.67, which was consistent with the proportion of the
NaA(p, flow rate in the total flow rate of NaA .4 (Fig. 3D). This
result demonstrated that the flow rate of NaA;, would slightly
influence the Weper, but significantly affect the morphology of
the microfibers, especially the proportion of grooves in the
total microfibers. The bright-field images of microfibers gener-
ated at different flow rates are shown in Fig. S3A,7 which
clearly displays the increase of the grooved area with an
increase of the NaA) flow rate.

To evaluate the influence of NaAgy on the size and mor-
phology of the microfibers, the flow rate of NaAgy was
changed from 0.5 pL min™" to 2.5 pL min~", while the flow
rates of NaA(,) and CacCl, were fixed to 1 pL min~" and 4000 pL
min~" in each channel, respectively. As shown in Fig. 3E, the
Wriber increased from 300.59 + 44.95 pm to 426.30 + 12.08 pm
with an increase of the flow rate of NaAqy), which was a linear
fit to y = 38.62x + 338.15, R* = 0.7252, while the Wgoove
decreased from 57.79 + 8.98 um to 30.83 + 1.55 pm, which was
a linear fit to y = —14.15x + 66.45, R*> = 0.9809. The proportion
of grooves in the total microfibers (3 X Wgroove/Wriber) Was
decreased from 0.57 to 0.21, which was consistent with the
proportion of the NaAq,) flow rate in the total flow rate of
NaA(.m (Fig. 3F). We also studied the effects of the total flow
rate of NaA on the size of the microfibers (Fig. S3Bt). Herein,
the flow rates of NaA, and NaAy) were increased from 1.0 pL
min~" to 3.0 uL min~" in each channel simultaneously. The
result showed that both Wgroove and W, increased with an
increase of the total flow rate of NaA, but the growth rates of
Waroove aNd Weiper (1.26 fold and 1.09 fold, respectively) were
much lower than that of the total NaA flow rate (3.00 fold).
Furthermore, the results also revealed that when the flow rates
of NaAy) and NaAgy were changed simultaneously and
equally, the proportion of grooves in the microfibers was
almost unchanged (Fig. S3Ct).

Finally, we explored the influence of the flow rate of the
CacCl, solution on the microfibers. The flow rate of NaA within
each parallel channel is 2 pL. min™", and the flow rate of CaCl,
ranges from 3000 to 5000 pL min~'. The result showed that
both the Weper and Weroove decreased with an increase of the
CacCl, flow rate. The W, was reduced from 437.22 + 7.36 pm
t0 290.29 + 10.16 pm and the Wyoo. Was reduced from 61.82 +
2.98 pm to 43.48 + 3.36 pm (Fig. 3G). Moreover, the proportion
of the grooves in the total fibers was unchanged during this
process (Fig. 3H). Based on all the above results, we can con-
clude that (1) the flow rate of CaCl, solution only affects the
Wreiver and the high flow rate of CaCl, will squeeze the NaA
phase to reduce the Weper; (2) the total flow rate of NaA(.q
will affect the Wrper as well. Oppositely, the increase of W, is
not in direct proportion to the flow rate of NaA, and the influ-
ence coefficient of the NaA flow rate on Wy, is only 0.36
(1.09/3 = 0.36). This means that if the total NaA(.y) flow rate
increases 1-fold, the Wgpe, only increases 0.36-fold, but the
spinning speed will be faster; (3) the morphology of the
grooved microfibers mainly depends on the ratio of the NaAy)
and NaA(, flow rates. Since the viscosities of the NaAgy) and
NaA() solutions are similar in this system, the NaAy;, pro-
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Fig. 3 Effects of the flow rates on the morphology of microfibers. (A) The definitions of the width of microfibers (Wspe,) and the width of the
groove (Wyroove) Within microfibers. (B) Confocal laser scanning microscopy (CLSM) image of grooved microfibers. (C) The effects of the flow rates
of NaA) on Wrper and Wyroove. (D) The effects of the flow rates of NaA, on the proportion of grooves within microfibers (3 X Wyroove/ Wriber). (E) The
effects of the flow rates of NaA() on Weper and Wyroove- (F) The effects of the flow rates of NaAy) on the proportion of grooves within microfibers (3
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within microfibers (3 X Wy oove/ Wriber)- The concentrations of NaA(y) and NaA, are 2% and 1% NaA-HMW, respectively, for all.

portion determines the convex width and the NaAg, pro-
portion determines the groove width.

3.3 Generation of heterogeneous microfibers

After optimizing the parameters of the microspinning system,
we tried to fabricate grooved microfibers with heterogeneous
components. NaA is one of the most widely used materials for
making ultrafine fibers and 3D scaffolds because of its rapid

4886 | Biomater: Sci, 2021, 9, 4880-4890

ionic gelation to form CaA. Gelatin methacrylate (GelMA) is a
suitable material used as a bioscaffold due to its unique pro-
perties, such as good biocompatibility and biodegradability,
and allowing cell adhesion and elongation on it.*>™*° In this
work, we chose NaA and GelMA to generate heterogeneous
microfibers with IPNs.

The schematic diagram of the IPN crosslinking process of
NaA and GelMA is shown in Fig. 4A. Briefly, the IPN hydrogel

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 The generation and characterization of the heterogeneous microfibers with interpenetrating polymer network (IPN) hydrogels. (A) Schematic
illustration of IPN formation of the composite hydrogel. (B) Fourier transform infrared (FTIR) spectra of NaA and GelMA, and the IPN (NaA-GelMA)
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of GelMA and CaA was formed via a two-step method com-
posed of ionic crosslinking and photopolymerization reac-
tions. To ensure consistency in the viscosity in this system,
homogeneous fibers were generated with 5% GelMA-2%
NaA-LMW and 5% GelMA-1% NaA-HMW and heterogeneous
fibers were generated with 3.4% NaA-LMW and 5% GelMA-1%
NaA-HMW. More detailed preparation conditions are
described in the Materials and methods section. In order to
prove the formation of the hybrid hydrogel, we characterized
the surficial chemical groups of GelMA, CaA and GelMA-CaA
hydrogel samples using Fourier transform infrared (FTIR)
spectroscopy (Fig. 4B). The result demonstrated that the
specific peak of CaA was at around 1030 cm™, attributed to
the stretching of C-O-C. The specific peak of GelMA was at
1590 cm ™", related to the N-H bending vibration and the C-N
stretching vibration. The IPN hydrogel sample contains the
characteristic peaks of both GeIMA and CaA at 1030 cm™" and
1590 cm™', which proved that the hybrid hydrogel of GelMA-
CaA was successfully generated in this work. The bright-field
images of homogeneous (GelMA-CaA) and heterogeneous
(GelMA-CaA and CaA alone) microfibers are shown in Fig. 4C
and D.

3.4 Grooved microfibers as anisotropic scaffolds for cell
alignment

Skeletal muscle tissue has longitudinally aligned myofibrils
that are formed by the fusion of myoblasts. Therefore, the
alignment of myoblasts and their fusion is a prerequisite for

This journal is © The Royal Society of Chemistry 2021

the reconstruction of the skeletal muscle tissue in vitro.
Grooved microfibers have the topographical architecture
needed to recapitulate the structural complexity and function
of native tissues. The GelMA-NaA microfibers with grooved
surfaces were fabricated allowing the culture of muscle cells
on the microstructured surface to generate complex tissues.
The C2C12 cells were seeded on the homogeneous (GelMA-
CaA)/heterogeneous (GelMA-CaA and CaA alone) microfibers,
respectively (Fig. 5A). Then the viability and orientation of the
cells were investigated. As shown in Fig. 5B, the C2C12 cells
could grow on both homogeneous and heterogeneous microfi-
bers and the viability of the cells was good; the cell viabilities
of C2C12 were 97.24% and 95.12%, respectively. Besides,
based on the fluorescence images, we found that on homo-
geneous microfibers, the C2C12 cells grew on the whole
surface of the fiber, including the grooves and convex part;
however, on the heterogeneous microfibers, the cells only grew
on the grooves of the fiber (Fig. 5C). The bright-field images
and SEM images of the cells on the microfibers further con-
firmed this phenomenon (Fig. S41 and Fig. 5D). The results
were attributed to the different bio-adherence values of GelMA
and CaA hydrogels. Moreover, we can see that the C2C12 cells
were more aligned and elongated on the heterogeneous micro-
fibers in the SEM images, which could promote the maturity
of the muscle.”® The reason for this phenomenon was that the
cells were more confined in the grooves.

To quantify the alignment and elongation of the cells on
the microfibers, we further investigated the distribution of the
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direction (the angle between the major axis of the cell and the
long axis of the basal fiber) of these cells (Fig. 5E). The results
demonstrated that on the flat GelMA-CaA slab, the orientation
of the cells was random, and there was no obvious alignment
of the cells (Fig. S51). As for the homogeneous microfibers, the
cells grown on them were partly aligned: 78.09% of cells were
elongated within 30° to the long axis of the fiber and 29.41%
of cells were within 10° (Fig. 5E). On the heterogeneous micro-
fibers, the cells were totally aligned: 98.13% of cells were

4888 | Biomater. Sci, 2021, 9, 4880-4890

elongated within 30° to the long axis of the fiber and 65.51%
of cells were within 10° (Fig. 5E). Furthermore, the results also
revealed that the C2C12 cells exhibited the longest morphology
on heterogeneous microfibers, which was also attributed to
the confinement of cells in the grooves. These results showed
that heterogeneous microfibers had a more significant effect
on the maturity of C2C12 cells, indicating the potential of
these grooved microfibers in the application of tissue engin-
eering and regenerative medicine.

This journal is © The Royal Society of Chemistry 2021
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4. Conclusions

In summary, we propose a new strategy for the controlled spin-
ning of grooved microfibers for engineering skeletal muscles.
The grooved microfibers are formed based on a multifluid
laminar flow design of the microfluidic device and NaA with
various concentrations. The size and shape of the microfibers
and the grooves can be easily controlled by adjusting the flow
rates of NaA and CaCl,. By adding complex hydrogel prepoly-
mers, the heterogeneous microfibers can be well-tailored due
to the inherent properties of ionic crosslinking and photo-
polymerization. Moreover, the utility of the heterogeneous
microfibers is successfully demonstrated by their ability to
serve as anisotropic scaffolds for the cell directional align-
ment. The established system provides a flexible and controlla-
ble anisotropic scaffold for skeletal muscle engineering. The
properties such as composition, configuration, and biocom-
patibility of the microfibers reveal the huge potential of the
proposed method in multifunctional materials and regenera-
tive medicine.
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