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S
keletal muscles are the tissues in the
human body that are mainly responsi-
ble for generating force and facilitating

voluntary movement. In general, skeletal
muscles have an endogenous ability to re-
generate through the activation of resident
satellite cells.1,2 However, under compro-
mised conditions, severe trauma would
cause the loss of muscle functionality and
these injuries are irreversible.3 Recently,
tissue engineering strategies have demon-
strated potential applications for skeletal
muscle regeneration, and a tissue engineer-
ing scaffold represents a key tool to control
and guide tissue regeneration.4�9 Skeletal
muscle is a highly organized tissue com-
prising aligned myofibers formed through

myoblasts fused together into multinu-
cleated myotubes surrounded within an ex-
tracellular connective tissue (Figure 1a).8,10,11

The specific alignment ofmyofibers is essen-
tial for force generation, and furthermore,
the connective tissue can maintain muscle
shape and allow the myofibers to contract
in synergy duringmovement.12 Therefore, to
effectively mimic the native structure and
replicate the biological function of skeletal
muscle tissue, developing tissue engineering
scaffolds that can control cellular organiza-
tion and alignment within a three-dimen-
sional (3D) environment would be highly
beneficial for skeletal muscle regeneration.
Recently, there have been significant ef-

forts in controlling 2D cellular organization
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ABSTRACT Designing scaffolds that can mimic native skeletal

muscle tissue and induce 3D cellular alignment and elongated

myotube formation remains an ongoing challenge for skeletal muscle

tissue engineering. Herein, we present a simple technique to gener-

ate core�shell composite scaffolds for mimicking native skeletal muscle

structure, which comprise the aligned nanofiber yarn (NFY) core and the

photocurable hydrogel shell. The aligned NFYs are prepared by the

hybrid composition including poly(caprolactone), silk fibroin, and

polyaniline via a developed dry�wet electrospinning method. A series

of core�shell column and sheet composite scaffolds are ultimately obtained by encapsulating a piece and layers of aligned NFY cores within the hydrogel

shell after photo-cross-linking. C2C12 myoblasts are seeded within the core�shell scaffolds, and the good biocompatibility of these scaffolds and their

ability to induce 3D cellular alignment and elongation are successfully demonstrated. Furthermore, the 3D elongated myotube formation within

core�shell scaffolds is also performed after long-term cultivation. These data suggest that these core�shell scaffolds combine the aligned NFY core that

guides the myoblast alignment and differentiation and the hydrogel shell that provides a suitable 3D environment for nutrition exchange and mechanical

protection to perform a great practical application for skeletal muscle regeneration.
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and alignment in defined microarchitectures such as
fibers, grooves, and pits created by chemical or topo-
graphic patterning.13�19 Among these techniques,
electrospinning aligned fibers have been widely used
in skeletal muscle tissue engineering because they can
mimic the anisotropic structural organization of native
skeletal muscle and their nano- and microstructures
can provide guidance cues to direct aligned myotube
formation.20�23 Nonetheless, in most cases, cells
seeded on the electrospinning nanofiber scaffolds
are unable to infiltrate into the mesh due to the dense
nanofiber structure and the limited thickness, which
are limited to guiding cellular alignment in 2D. Design-
ing a scaffold that can guide the aligned and elongated
myotube formation within a 3D environment is still a
challenge.
In some studies, aligned myotube formation within

3D scaffolds has been induced by incorporating elon-
gated pores into the 3D scaffolds by using freeze-
drying and phase separation methods.24�26 However,
uniform cell seeding and distribution inside these 3D
scaffolds are difficult due to the low interconnectivities
between elongated pores in the scaffolds. In contrast,
cells can be easily encapsulated and then cultured
within hydrogel scaffolds homogeneously, which shows

a similar 3D environment with native tissues.27�29

Furthermore, some research shows that myoblasts em-
bedding in collagen hydrogels performed 3D cellular
alignment and elongated myotube formation under
mechanical stimulation, but unfortunately, the inconve-
nience of controlling the external cell stimuli still limits
their possible applications.30�32 Although there are
some simple approaches to recreate the 3D cellular
alignment architectures within micropatterning hydro-
gels without the need for external stimulation, the
thickness limitation of these micropatterning hydrogels
is a large barrier for their practical use.33�35 In addition,
by incorporating nanofibers within the hydrogel, the
composite scaffolds with dimensions ranging from
micro- to macroscale have been fabricated to improve
cell adhesion and proliferation within the 3D environ-
ment and to also enhance the scaffolds' mechanical
properties.36�39 However, there are few studies about
developing a scaffold that can mimic the native skeletal
muscle tissue and can induce 3D cellular alignment
and elongated myofiber formation without external
stimulation.
In this work, we present core�shell composite

scaffolds comprising the aligned nanofiber yarn (NFY)
core that mimic the myofibers' aligned structure and

Figure 1. (a) Composite resembles the structure of skeletal muscle tissue, consisting of aligned myofibers formed through
myoblast fusion together into multinucleated myotubes surrounded within the extracellular connective tissue. (b) Prepara-
tion scheme of core�shell column and sheet scaffolds that mimic the native skeletal muscle tissue by the combination of
aligned nanofiber yarns via electrospinning and hydrogel shell via photocurable microfabrication of poly(ethylene glycol)-
co-poly(glycerol sebacate) (PEGS-M) solution.
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the photocurable hydrogel shell that mimics the ex-
tracellular connective tissue through the combination
of an electrospinning and photo-cross-linking process
(Figure 1). Poly(caprolactone) (PCL), silk fibroin (SF),
and polyaniline (PANI) were blended together to pre-
pare the aligned NFYs by a developed dry�wet elec-
trospinning method. The poly(ethylene glycol)-co-
poly(glycerol sebacate) (PEGS-M) polymer, a good
biocompatible photocurable hydrogel material that
has been studied in our previous work,40 was chosen
to prepare the hydrogel shell due to its ability to
encapsulate cells for a long-term cultivation. Then, a
series of core�shell column and sheet scaffolds were
fabricated by encapsulating aligned NFY cores within
the hydrogel shell after photo-cross-linking. The
C2C12 myoblasts were seeded within these core�
shell scaffolds to investigate the 3D cellular alignment
and elongation behaviors. Moreover, after cultivation
for 7 days, the myogenic differentiation and aligned
myotube formation within these core�shell scaffolds
were also investigated. We expect that these core�
shell scaffolds comprised the aligned NFY core that
can guide the cellular alignment and elongated myo-
tube formation, and the hydrogel shell that can
provide a suitable 3D environment for nutrition ex-
change and mechanical protection will have a great

potential for skeletal muscle tissue engineering
applications.

RESULTS AND DISCUSSION

A schematic of themanufacturing process of aligned
NFYs and the actual fabricated device are shown in
Figure 2a,b. First, the PCL/SF/PANI solution was jetted
out of the syringe in the presence of a high voltage to
form the random nanofiber web on the surface of the
water/ethanol solution, and then, this nanofiber web
was drawn and lifted off the liquid surface by a rotating
receptor to form the elongated nanofiber bundle.
By continuously receiving random nanofibers on the
liquid and at the same time collecting them with the
winder, the continuous nanofiber yarns were obtained
(Movie S1 in the Supporting Information). The dimen-
sion of theNFYswas adjusted by changing the drawing
speed (the rotation rate of the receptor), as shown in
Figure 2c�f. The diameter of the NFYs decreased from
165( 11 to 25( 4 μmby increasing the rotation rate of
the receptor from 40 to 120 mm/min (Figure 2i). The
mechanical properties of single NFYs were measured
by a tensile test, and the results indicate that the force
of single NFYs increased from1.49( 0.05 to 4.02( 0.09
cN by increasing the diameter of NFYs from 25 ( 4 to
165( 11 μm (Figure S1 and Table S1 in the Supporting

Figure 2. Fabrication of PCL/SF/PANI aligned nanofiber yarns by a developed dry�wet electrospinning method. (a) Scheme
of the experimental setup composed of a series of electrospinning devices, a water bath containing water/ethanol solution,
and a rotating receptor. The nanofiber web is formed on the liquid surface when the PCL/SF/PANI solution is jetted out of the
syringe in the presence of a high voltage, and then this nanofiber web is drawn and lifted off the liquid surface by a rotating
receptor to form continuously alignedNFYs. (b) Actual fabricated devices are in use. (c�f) AlignedNFYs are collectedwith the
rotating receptor at different rotation speed. Scale bars = 400 μm. (g) Microstructure of aligned NFYs is observed by SEM, and
the highermagnification image shows continuous nanofibers organizedwith the same orientation (h). (i) Variation of aligned
NFY diameter as a function of rotation speed. Error bars are standard deviation calculated from more than 10 independent
measurements.
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Information). Furthermore, the strain of NFYs with
different diameters ranged from 76 ( 5 to 107 ( 4%,
which suggests that all of these NFYs show good
elasticity. The microstructure of these NFYs was con-
firmed by scanning electron microscopy (SEM) obser-
vation. The SEM images in Figure 2g,h reveal that the
well-defined yarns containing multiple continuous
nanofibers organized with the same orientation were
obtained, and the diameter of the nanofibers was
controlled at the range of 600 to 900 nm when choos-
ing the present electrospinning situation. In addition,
the composition of these NFYs including PCL, SF,
and PANI was successfully confirmed by energy
dispersed spectroscopy (EDS) and Fourier transform
infrared (FTIR) analysis (Figure S2 in the Supporting
Information). We used the composite material contain-
ing PCL, SF, and PANI to prepare the electrospinning
aligned nanofiber yarns because it is highly beneficial
for muscle tissue engineering applications. PCL is a
kind of widely used synthetic biomaterial for electro-
spinning due to its suitable mechanical properties,
good biocompatibility, and controllable biodegrad-
ability and is approved by the FDA for clinical tissue
engineering applications.41 Moreover, some studies
have demonstrated that blending a conducting poly-
mer such as PANI into the electrospinning aligned
fibers has a significant effect on the number and length
of myotubes and their aligned morphologies, due to
the synergistic effects of nanofiber alignment and
electroactivity.42�47 For instance, the aligned PCL/PANI
nanofiber films prepared by electrospinning have been
demonstrated in a previous report to have the ability to
induce C2C12 cell alignment and differentiation in the
2D environment by synergistic effects of nanofiber
alignment and electroactivity.42 However, the hydro-
phobic property of PCL/PANI composite nanofibers
would strictly limit the cell adhesion on the narrow
3Dperipheral surface of alignedNFYs. Therefore, in this
study, the silk fibroin, a hydrophilic natural elastic
polymer, was chosen to blend into this electrospinning
system to increase the bioactivity and hydrophilicity of
aligned NFYs and then to improve the cell adhesion
and proliferation ability on the narrow surface envi-
ronment.48 The composition of the aligned NFYs,
however, is not limited to PCL, SF, and PANI, and other
types of synthetic biomaterials that can easily be
fabricated into nanofibers by electrospinning such as
polylactide (PLLA) and poly(lactic-co-glycolic acid)
(PLGA) and natural biomaterials such as chitosan can
be used in this process. Moreover, these aligned NFYs
can also be blended with other natural biopolymers
such as collagen and gelatin to improve the cell
adhesion and proliferation on the 3D surrounding
surface.
To investigate the effect of the microstructure of an

aligned nanofiber bundle on cell viability, alignment,
and elongation behavior, C2C12 mouse myoblasts at a

high density (1.0 � 106 cells/mL) were seeded and
cultured on aligned NFYs with different diameters,
including 50, 100, and 165 μm, and cells cultured on
tissue culture polystyrene (TCP) as the 2D control
group. After 3 days of cultivation, the live/dead fluor-
escent assay that stains living cells green anddead cells
red was used to measure the cell viability, and the
results are shown in Figure 3a. The data indicate that
approximately 90% of the cells were alive during the
3 days of incubation, and there was no significant
difference in cell viability observed when cells were
cultured on aligned NFYs with different diameter
(Figure 3a(i)). However, after being cultured for 3 days,
C2C12 cells proliferated and completely filled the
peripheral surface of aligned NFYs with diameters of
100 and 165 μm, while cells did not fully fill the aligned
NFYs with a diameter of 50 μm, mainly because the
aligned NFYs with a thinner diameter would limit cell
adhesion on the narrower surface (Figure 3a(ii�iv)).
Quantitative analysis of cellular elongation on aligned
NFYs was measured by the cellular aspect ratio, which
is defined as the ratio between the length of the
longest line and the length of the shortest line across
the nuclei (Figure 3b(i)). The statistical analysis shows
that the cellular aspect ratios on aligned NFYs are
significantly higher than that on the 2D TCP environ-
ment (Figure 3b(ii�vi)). Furthermore, the aspect ratios
on aligned NFYs with diameter of 50 and 100 μmwere
as high as 9 ( 1.3 and 9 ( 1.4, while the aspect ratio
decreased to 7 ( 0.5 when the diameter increased to
165 μm (Figure 3b(ii)). The fluorescence images
also confirmed that cells on aligned NFYs with
50 and 100 μm diameters showed better elongation
behavior than that with the 165 μm diameter, while
cells showed normal morphologies on 2D TCP
(Figure 3b(iii�vi)). These data demonstrated that de-
creasing the diameter of aligned NFYs significantly
enhanced cell elongation behavior. Furthermore, the
cell alignment behavior was estimated by the orienta-
tion of cells by measuring the angle between long axis
of the cells and the direction of aligned NFYs, and the
cells that angled within (10� were considered to be
aligned (Figure 3c(i)). Quantitative analysis of cell
alignment results is shown in Figure 3c(ii�v), and these
histograms of cellular alignment angles displaying the
relative percentages of cells within (10� increments
demonstrated that most of cells on aligned NFYs were
aligned, while cells on 2D TCP were random, and the
relative alignment decreased with increasing diameter
of the aligned NFYs. On aligned NFYs with diameters of
50 and 100 μm, roughly 95 and 97% of cells aligned
within (10� orientation, respectively, while increasing
the diameter of the fiber to 165 μm decreased the cell
alignment to 88% of cells. However, only about 13% of
the cells aligned when cultured on 2D TCP. Therefore,
these results indicate that the PCL/SF/PANI aligned
NFYs have good biocompatibility and the ability to
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guide C2C12 cell elongation and alignment on their
peripheral surface.
Although the aligned NFYs show the ability to

induce cell elongation and alignment on their periph-
eral surface, the thin dimension and flexible mechan-
ical properties of these aligned NFYs easily make them
wind and twine together disorderly when used in the
complex practical environment; furthermore, the cells
would be damaged or removed from their surface.
Therefore, embedding aligned NFYs within the hydro-
gel shell not only can prevent the randomwinding and
twinning of aligned NFYs and maintain the original
nanofiber yarns' microstructure but also can protect
the cell proliferation and arrangement within the 3D

environment. Furthermore, some reports have
shown that myotubes would differentiate to a more
physiological striated state when cultured on sub-
strates withmuscle-tissue-like stiffness (∼10 kPa),49,50

which suggests that the hydrogel shell with similar
stiffness of normal muscle tissues that mimicked a
native extracellular matrix (ECM) would provide a
much more suitable 3D microenvironment for myo-
genic differentiation and in vivomuscle tissue regen-
eration applications. Therefore, alignedNFY/hydrogel
core�shell scaffolds that not only induce 3D myo-
blast alignment and elongation but also provide
a suitable microenvironment for cellular nutrition
exchange and mechanical protection would have

Figure 3. C2C12 cell viability, elongation, and alignment on aligned NFYs. (a) C2C12 cells were seeded on aligned NFYs with
different diameters including 50, 100, and 165 μm and cultivation of 3 days, and then relative cell viability percentages were
investigated (i). Live/dead fluorescent viability assay stained living cells green and dead cells red (ii�iv). (b) Cell elongation
behavior was measured by aspect ratio (max/min Feret diameter) (i); the statistical analysis shows that the cellular aspect
ratios significantly decreased with the increase of diameter, and cell cultivation on a 2D tissue culture of TCP served as the
control group (ii). Fluorescent images of cellular elongation on alignedNFYswith different diameters (iii�v), where cells show
normalmorphologies on 2D TCP (vi). Scale bars = 30 μm. (c) Cell alignment behavior was estimated by the orientation of cells
by measuring the angle between the long axis of the cells and the direction of aligned NFYs (i), and the histograms of
the relative alignment in (10� increments demonstrate cellular alignment on aligned NFYs, in contrast to the random
morphologies on 2D TCP (ii�v).
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potential for skeletal muscle tissue engineering
applications.
To test the operability and practicability of core�

shell scaffolds, the core�shell column scaffolds were
first fabricated. The overall procedure to prepare
core�shell column scaffolds is described in Figure 1.
A piece of aligned NFYs was straightened and fixed
within a frame mold and then placed into a poly-
(dimethylsiloxane) (PDMS) microtube pattern to act
as the core. The PEGS-M, a good biocompatibility
hydrogel material that has been researched in our
previous study,40 was added into the PDMS pattern
and then formed the shell structure by photopolymer-
ization under UV irradiation. In this study, we chose the
PEGS-5M polymer (the methacrylation degree was
50%) to fabricate the hydrogel shell because its stiff-
ness (11 ( 3 kPa) is in the same range of elasticity as
normal muscle tissues (∼10 kPa),51,52 which would be
beneficial for myogenic differentiation when C2C12
cells are cultured on the NFY core within this hydrogel
shell. In addition, the PEGS-5M hydrogel exhibits an
equilibrated swelling ratio of about 10, and water
content of about 97% after swelling, which suggests
that this hydrogel can provide large enough space for
nutrition exchange and cell proliferation and differen-
tiation within the hydrogel shell. Therefore, a series of
core�shell column scaffolds containing aligned NFYs
with different dimensions were fabricated by placing
the aligned NFYs with the diameter ranging from 25 to
165 μm into the PEGS-M hydrogel column with a
diameter of 550 μm, as shown in Figure 4a. The optical
images of these core�shell column scaffolds revealed
the presence and localization of the aligned NFY core
within the hydrogel column shell (Figure 4a(i�iv)).
Furthermore, to label an individually aligned NFY core
and hydrogel shell, the aligned NFY core was stained
red by mixing the Nile red fluorescence dye with the
PCL/SF/PANI electrospun solution before electrospin-
ning (Figure 4a(v�viii)), while the hydrogel shell was
stained green by adding Alexa Fluor 488 fluorescence
dye into the PEGS-M polymer solution before photo-
cross-linking (Figure 4a(ix�xii)). These fluorescent
images clearly showed the individually aligned NFY
core and the hydrogel shell and further confirmed that
the aligned NFYs were localized within the hydrogel
shell very well (Figure 4a(xiii�xvi)). On the other hand,
the hydrophobic Nile red dye and the hydrophilic
Alexa Fluor 488 dye can also be regarded as the hydro-
phobic drug model and hydrophilic drug model,
respectively, which suggests that the aligned NFY core
loaded with hydrophobic drugs and the hydrogel shell
loaded with hydrophilic drugs show the potential for
sustained drug release applications. In addition, using
this method, the core�shell scaffolds show that the
aligned NFY core within the different diameter hydro-
gel column could also be fabricated, as shown in
Figure S3 in the Supporting Information.

Comparing cell alignment and elongation in a
2D environment, design, and fabrication of scaffolds
that can induce the controlled aligned and elongated
cellular organization in a 3D environment is still
an ongoing challenge. We expect that this problem
would be easily resolved by culturing cells within these
core�shell scaffolds due to the positive effect of
cellular alignment and elongation on the aligned NFY
core and the 3D environment protection of the hydro-
gel shell. Similar to seeding cells on the surface of
aligned NFYs, first, the C2C12 cells were seeded on the
aligned NFY core and allowed to attach for 24 h, and
then, the hydrogel column shell was coated after
photo-cross-linking. The cell-laden core�shell column
scaffold was cultured within growth medium for an-
other 2 days (Figure 4b(i)). The cell viability, alignment,
and elongation behaviors were also investigated using
a live/dead fluorescent viability assay. As shown in the
fluorescent image of Figure 4b(ii) and its higher mag-
nification image (Figure S4 in the Supporting
Information), there are many more green spots (living
cells) than red spots (dead cells), and the living cells
exhibit the aligned and elongated organization, de-
monstrating that most of cells were viable; cellular
alignment and elongation behaviors were also per-
formed within this core�shell column scaffold. The
morphologies of cells attached on nanofiber yarn for
24 h and then cultured within the hydrogel shell for
another 2 days were both analyzed by a live/dead
fluorescent viability assay (Figure S5 in the Supporting
Information). From these fluorescence images, it
showed that a majority of cells were attached and
elongated on nanofiber yarn after 24 h. Furthermore,
after being curedwith hydrogel and continuous cultur-
ing for another 2 days, the cells were further elongated
within the hydrogel. In addition, the aspect ratio of
C2C12 cells was 5.8 on the nanofiber yarn, and it
increased to 8.5 after 2 days of culturing in the com-
posite scaffolds, revealing the continuous elongation
of cells during the cultivation. Furthermore, the cell-
laden aligned NFYs still showed the original linear
structure during the cultivation, whichwas contributed
by the 3D protection of hydrogels. Therefore, these
results suggest that the aligned NFYs within the
hydrogel core�shell column scaffolds would be highly
beneficial for 3D cell alignment and elongation appli-
cations.
To further mimic the 3D aligned structure of skeletal

muscle tissue and to confirm the clinical applications,
the design of core�shell scaffolds is not limited to
induce cell alignment and elongation on a piece of
aligned NFY core within the hydrogel shell, but multi-
ple layers of cell alignment and elongation within a 3D
environment can be achieved. Therefore, complex
core�shell sheet scaffolds that locate one layer or
two layers of multiply aligned NFY cores within the
hydrogel shell were designed and fabricated. Similar to
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the procedure of core�shell column scaffold fabrica-
tion, the schematic process of core�shell sheet scaf-
fold fabrication is shown in Figure 1. For the fabrication
of core�shell sheet scaffolds with one layer of parallel
aligned NFYs, a couple of aligned NFYs were straigh-
tened and fixed in a frame mold with the same orien-
tation and then placed into amicrosheet PDMS pattern
to act as the one layer core. The PEGS-M polymer
solution was added into the PDMS pattern, and then
the hydrogel shell with a thickness of 1mmwas formed
after photo-cross-linking (Figure 5a(i)). The optical
images and fluorescent merged images revealed that

a couple of parallel aligned NFYs with the same orienta-
tion were located well within the hydrogel sheet
(Figure 5a(ii�iv)), and the higher magnification fluores-
cent merged images also exhibited an aligned nanofi-
ber microstructure (Figure S6 in the Supporting
Information). From the SEM images of core�shell sheet
scaffolds after lyophilization (Figure S7 in the Support-
ing Information), both the nanofibrous structure of NFY
cores and multiporous microstructure of the hydrogel
shell were clearly observed from the cross section and
the vertical section, and the NFY cores were placed
within the hydrogel shell very well. In addition, the

Figure 4. Fabrication of core�shell column scaffolds and cell cultivation within column scaffolds. (a) Optical microscopic
images (i�iv) and fluorescent images (ix�xii) of an aligned NFY core with different diameters within the hydrogel column
shell, green fluorescent images of hydrogel column shell (d = 550 μm) with Alexa Fluor 488 (v�viii), and red fluorescent
images of alignedNFYs (d = 25�165 μm)with Nile red (ix�xii). (b) Scheme of C2C12 cells seeded and culturedwithin scaffolds
(i). Optical microscopic image (ii), fluorescent image (iii), and merged image (iv) of C2C12 adhesion and proliferation on the
aligned NFY core within the hydrogel column shell.
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porosity of core�shell sheet scaffolds after lyophiliza-
tion was as high as 86.2 ( 5.8%, which also confirmed
the multiporous microstructure of these scaffolds
(Figure S8 in the Supporting Information).
The C2C12 cells were further seeded and cultured on

these parallel aligned NFYs within the hydrogel sheet
by using the same procedure of cultivation cells within
core�shell column scaffolds (Figure 5a(v)). From the
fluorescence image, it shows that the cells proliferated
and were fully filled on the peripheral surface of these
parallel aligned NFYs, and the cell alignment and
elongation morphologies were both observed within
the core�shell sheet scaffold (Figure 5a(vi)). The long-
term cell viability within this core�shell scaffold at
day 1, day 4, and day 7 was investigated by using the
Alamar Blue method (Figure S9 in the Supporting
Information). After being cultured for 4 days, cells

maintained viability and proliferation on the aligned
NFY corewithin the hydrogel shell compared to that on
the first day. From day 4 to day 7, C2C12 cell prolifera-
tion slightly increased during the last 3 days of cultur-
ing, which may be due to the differentiation of cells.
These results demonstrated the good long-term viabi-
lity of C2C12 myoblasts in the core�shell composite
scaffolds. In order to prove the ability to guidemultiple
layers of cellular alignment and elongation within a 3D
environment by using this core�shell fabrication tech-
nique, we designed and fabricated the two-layer
core�shell sheet scaffolds using the same process as
use for fabrication of the one-layer core�shell sheet
scaffold (Figure 1 and Figure 5b(i)). There are two layers
of parallel aligned NFYs with orthogonal orientation to
be encapsulated into the hydrogel sheet, as observed
in the optical images and fluorescence merge images

Figure 5. Fabrication of core�shell sheet scaffolds and cell cultivation within sheet scaffolds. (a) Scheme (i), optical images
(ii,iii), and fluorescentmerged image (iv) of core�shell sheet scaffolds containing one layer of parallel alignedNFYswithin the
hydrogel sheet. Scheme of C2C12 cells seeded and cultured within one-layer core�shell sheet scaffolds (v) and fluorescent
merged image (vi) of aligned and elongated C2C12 cells fully filled on the aligned NFY core within the 3D hydrogel shell.
(b) Scheme (i) and optical images (ii�iv) of two-layer core�shell sheet scaffolds containing two orthogonal layers of parallel
aligned NFYs within the hydrogel sheet. The first layer (iii) and the second layer (iv) of parallel aligned NFYs with the
orthogonal orientation were distinguished. Scheme of C2C12 cells seeded and cultured within two-layer core�shell sheet
scaffolds (v) andfluorescentmerged image (vi,vii) of aligned and elongatedC2C12 cells fully filled on twoorthogonal layers of
the aligned NFY core within the 3D hydrogel shell.
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(Figure 5b(ii) and Figure S10 in the Supporting
Information). Furthermore, as shown in the optical
images with different focus distance, the two layers
of parallel aligned NFYs with orthogonal orienta-
tion were distinguished very clearly (Figure 5b(iii,iv)).

Analogously, after 3 days of cell cultivationwithin these
two-layer core�shell sheet scaffolds, the aligned and
elongated C2C12 cells were fully filled on the two
layers of these parallel aligned NFYs within the 3D
hydrogel sheet. These promising results demonstrate

Figure 6. C2C12 cell myogenic differentiationwithin core�shell sheet scaffolds. Immunofluorescent images ofmyosin heavy
chains (stained with green) (a), nucleus (stained with blue) (b) for C2C12 cells within core�shell sheet scaffolds, and the
merged image (c) ofMHCandnucleus. (d) Nuclear aspect ratiowas defined as themax/min Feret diameter of cell nuclei (i), and
the statistical analysis shows that the nuclear aspect ratios of cells within sheet scaffolds are significantly higher than that on
2DTCP (ii). Fluorescent imagesof the cell nucleiwithin scaffolds (iii) andonTCP (iv). Scale bars = 50μm. (e)Myotube alignment
was estimatedby the nuclear orientation of cells bymeasuring the angle between the long axis of the nuclei and the direction
of aligned NFYs (i), and the histograms of the relative alignment in(10� increments demonstrate that most of themyotubes
were aligned within the scaffolds and were random on 2D TCP (ii,iii). (f) Merged image of aligned NFY cores showing the
overspreading of C2C12 myotubes within the hydrogel sheet. (g) Three-dimensional side view of the core�shell scaffolds
containing highly organized synthetic myotubes. H&E staining image (h) and its highermagnification image (i) of C2C12 cells
after cultivation for 7 days within core�shell scaffolds.
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that using this core�shell fabrication technique can
easily develop the more complex core�shell scaffolds
containing one layer, two layers, or even multiple
layers of aligned NFY cores within a 3D hydrogel sheet,
exhibiting the ability to control multiple layers of
cellular alignment and elongation within a 3D environ-
ment and further suggesting the great potential appli-
cations for skeletal muscle tissue engineering.
Since aligned and elongatedmyotube formation in a

3D environment is crucial for maximizing the simula-
tion of skeletal muscle tissue's natural structure and its
contractility, we also investigated myogenic differen-
tiation within the core�shell sheet scaffolds. The
C2C12 cells were seeded on aligned NFY cores, and
then the cell-laden aligned NFY cores were encapsu-
lated within the hydrogel sheet. After 7 days of cultiva-
tion in growth medium, myotube formation of C2C12
cells was confirmed by immunofluorescence staining
of myosin heavy chain (MHC). The immunofluorescent
images showed that aligned and elongated C2C12
myotubes were fully filled on the peripheral sur-
face of aligned NFY cores within the hydrogel sheet
(Figure 6a�c,f). These data indicated that the core�
shell scaffolds have the ability to induce C2C12 cell
myogenic differentiation, even culture in growth me-
dium, due to the good biocompatibility of the scaffolds
and the NFYs' aligned structure. Correspondingly, the
nuclear aspect ratio and alignment behavior were
measured using ImageJ software to quantitatively
evaluate overall C2C12 myotube elongation and align-
ment (Figure 6d,e). Nuclei of cells within core�shell
sheet scaffolds were found to have a significantly
higher aspect ratio than that in the 2D TCP environ-
ment (Figure 6d(ii�iv)). In addition, more than 90% of
myotubes alignedwithin(10� of the preferred nuclear
orientation in scaffolds (Figure 6e(ii)), while myotubes
on 2D TCP showed no nuclear alignment preference
(Figure 6e(iii)), which suggests that highly aligned and
elongatedmyotubes were formedwithin the scaffolds.
The existence of aligned and elongated C2C12 myo-
tubes within the 3D hydrogel shell was further con-
firmed by themerged image in Figure 6g andMovie S2
in the Supporting Information, which shows the 3D
side view of the core�shell scaffolds. In addition, as
shown in Movie S3 in the Supporting Information, it

also clearly revealed that aligned C2C12 myotubes
were fully filled on the peripheral surfaces of the
aligned NFY cores within the 3D hydrogel sheet, thus
demonstrating that these core�shell scaffolds pro-
moted the formation of highly organized synthetic
myofibers within the 3D environment. On the other
hand, H&E staining of the cell-laden core�shell scaf-
folds was performed by using cryosection, and the
results showed that NFY cores were surrounded by
organized, elongated cells within the hydrogel shell,
and a myofiber-like structure was formed in parallel
rows on the surface of the NFY cores (Figure 6h,i).
Furthermore, in the peripheral of nanofiber yarn,
abundant ECM stained with eosin can be observed
(Figure S11 in the Supporting Information), which
indicated that cells formed a skeletal-muscle-like
matrix within these core�shell scaffolds.

CONCLUSIONS

In summary, we developed a simple technique to
fabricate a series of core�shell scaffolds composed of
an electrospinning aligned nanofiber yarn core and a
photocurable hydrogel shell for mimicking the native
skeletal muscle tissue. The NFYs were prepared by a
developed dry�wet electrospinningmethod, and then
a series of core�shell column and sheet scaffolds were
fabricated by encapsulating aligned NFY cores within a
hydrogel shell after photo-cross-linking. C2C12 myo-
blasts were seeded on the aligned NFYs, and cultivation
results demonstrated the good biocompatibility of
these aligned NFYs and their ability to induce cellular
alignment and elongation. Furthermore, the cells were
culturedwithin core�shell scaffolds, and the 3D cellular
alignment and elongation were confirmed by the fluor-
escent staining of cell-laden scaffolds. We also investi-
gated the myogenic differentiation within the sheet
scaffolds and demonstrated that these core�shell scaf-
folds enabled us to induce the 3D aligned and elon-
gatedmyotube formation. These results suggest that by
combining the aligned NFY core that guides the cellular
alignment and elongated myotube formation and the
hydrogel shell that provides a suitable 3D environment
for nutrition exchangeandmechanical protection, these
novel core�shell composite scaffolds perform a great
practical application for skeletal muscle regeneration.

EXPERIMENTAL SECTION

Synthesis and Preparation of Polymers. Polyaniline in the emer-
aldine salt (ES) form [PANI(ES)] was synthesized according to a
previously reportedmethod.53 In brief, aniline (0.30 g, 3.2mmol)
(Sigma-Aldrich) was dissolved in 0.1 mol/L HCl (J&K), and then
ammonium persulfate (APS, J&K) (0.73 g, 3.2 mmol) in 0.1 mol/L
HCl solutionwas then added drop by drop to the above solution
during 30 min with magnetic stirring. The reaction was carried
out in air for 4 h at room temperature. The resultingmixture was
added into ethanol (30:70 v/v) (J&K) and then filtered to collect
the PANI with ES form. The PANI with emeraldine base (EB) form

was obtained by treating PANI (ES) with 0.1 mol/L NH4OH (J&K)
solution for 24 h. The resulting dark-blue solid was filtered
and washed by distilled water until the filtrate became neutral.
Finally, the PANI (EB) was dried under vacuum for 72 h.
Degummed silk (Buke Pharmaceutical Co.) was dissolved in
CaCl2/H2O/ethanol (J&K) ternary solution (molar ratio 1:8:2) at
70 �C for 6 h. After dialysis (Mw = 3500 Da) in distilled water for
3 days, the resulting solution was filtered and then lyophilized
to obtain the regenerated silk fibroin sponges. The synthesis of
the PEGS-M copolymerwas carried out via two stages according
to our previous report.40 First, the PEGS polymer was synthesized
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by the polycondensation of sebacic acid (SAA, Sigma-Aldrich),
poly(ethylene glycol) (PEG, Mn = 6 kDa, Sigma-Aldrich), and
glycerol (Sigma-Aldrich) at 130 �C under nitrogen atmosphere
for 3 h and then under reduced pressure (5 kPa) for another
24 h. Second, the PEGS-M copolymer was obtain via the incor-
poration of 2-(methacryloyloxy)ethyl isocyanate (MOI, Sigma-
Aldrich) and PEGS copolymer in anhydrous tetrahydrofuran
(THF, Sigma-Aldrich) at 62 �C under nitrogen atmosphere for
12 h. The product was precipitated from THF in diethyl ether
(J&K) and was then dried at room temperature for 48 h under
reduced pressure.

Preparation of PCL/SF/PANI Aligned NFYs. The aligned PCL/SF/
PANI nanofiber yarns were prepared by employing a developed
dry�wet electrospinning process. PCL (Mn = 80 kDa, Sigma-
Aldrich), SF, and PANI were blended and dissolved in hexafluor-
oisopropanol (HFIP, Sigma-Aldrich) at room temperature for
24 h, and then camphorsulfonic acid (CSA, Sigma-Aldrich) was
added into this solution to dope with PANI. The final concentra-
tions of eachmaterial is as follows: PCL 120mg/mL, SF 30mg/mL,
PANI 1.5 mg/mL, CSA with the same concentration of PANI. The
schematic diagram in Figure 2a illustrates the working principle
of this electrospinning device. In brief, the PCL/SF/PANI solution
was placed into a syringe with a 21 G needle, and the volume
flow rate of 1 mL/h was maintained using a syringe pump
(Longer PrecisionPump, Baoding, China). For electrospinning, a
voltage of 12 kV was applied by using a high-voltage power
supply (Dongwen High Voltage Power Supply Plant, Tianjin,
China). The nanofibers initially forming a randomweb were first
received on the distilled water/ethanol (8:2 v/v) surface, and
then this random nanofiber web was drawn and lifted off with a
rotating receptor to form the continuous nanofiber yarns. The
distance between the needle and the liquid surface was about
15 cm, and the rotating rate of the receptor was applied at
40, 80, 100, and 120 mm/min. The electrospun NFYs were
collected and characterized using an inverted microscope
(IX53, Olympus). The microstructure surface chemistry of NFYs
was analyzed by scanning electron microscopy (SU-8010,
Hitachi) with EDS capability, and the composition of NFYs
was measured by FTIR spectra (NICOLET 6700, Thermo).
Mechanical testing of single NFYs was performed on an elec-
tronic strength tester for a single fiber (YG001A, Precision
Instruments Co., Shanghai). Uniaxial tensile testing was carried
out at a stretching rate of 30 mm/min until specimen failure
(n g 4 per sample).

Fabrication of Aligned NFYs within Hydrogel Core�Shell Scaffolds. To
fabricate the core�shell column scaffold, a single piece of
aligned NFYs was straightened and fixed within a frame mold
and then placed into the PDMS microtube (Sylagrad 184, Dow
Corning) pattern (diameter of the microtube = 550, 650, and
950 μm), while multiple pieces of aligned NFYs with the same
orientation were placed into the PDMS microsheet pattern
(16 mm � 8 mm � 1 mm) to fabricate the core�shell sheet
scaffold. In addition, for the two-layer core�shell sheet scaffold
fabrication, there are two layers of multiple pieces of aligned
NFYs with the orthogonal direction placed into the PDMS
microsheet pattern (16 mm � 8 mm � 1 mm). The PEGS-M
hydrogel shellswere thenpreparedbyUV irradiation. The PEGS-M
polymer was dissolved in deionized water (25% w/v), and
then the Irgacure 2959 (Sigma-Aldrich) as photoinitiator
(0.05%w/v) was added into the PEGS-M solution to initiate pho-
topolymerization. The PEGS-M solution was dropped into the
micro-PDMS pattern that contained NFY cores and was subse-
quently photopolymerized at 365 nm UV light at ∼12 mW/cm2

for 30 s. In order to label individual NFY cores and hydrogel
shells, Nile red (Sigma-Aldrich) was mixed with the PCL/SF/PANI
electrospun solution before electrospinning and Alexa Fluor
488 (Sigma-Aldrich) was mixed with the PEGS-M polymer solu-
tion before photo-cross-linking. The core�shell scaffolds were
removed from the PDMS pattern and then characterized using
an inverted microscope (IX53, Olympus) and a fluorescence
microscope (IX53, Olympus). The microstructure of core�shell
scaffolds was observed with a SEM (SU-8010, Hitachi) after
freeze-drying. The porosity of the hydrogel shell and core�shell
scaffold was measured with the following method. After being
freeze-dried, the scaffold was cut into a regular cuboid and

weighed (Wg), and its geometric volume (Vg) was calculated.
The dried scaffold was immersed in acetone solution until the
weight equilibrium (We) was reached. The porosity (P) of the
scaffold was calculated by

P ¼ (We �Wg)Fa
Vg

� 100%

where Fa is the density of acetone.
C2C12 Cell Culture. C2C12 mouse myoblasts were purchased

from Shanghai Cell Bank of Chinese Academy of Sciences.
C2C12 cells were cultured in Dulbecco's modified Eagle medi-
um (DMEM, GIBCO) supplemented with 10% fetal bovine serum
(FBS, GEMINI), 100 U/mL penicillin (GIBCO), and 100 U/mL
streptomycin (GIBCO) in an incubator at 37 �C in 5% CO2. When
confluence reached 90%, C2C12 cells were passaged as 1:4 by
digestion with 0.25% trypsin (GIBCO).

C2C12 Cell Cultivation on Aligned NFYs. C2C12 cells were seeded
and cultured on the PCL/SF/PANI aligned NFYs as described in
the following process. First, the aligned NFYs were fixed within
the rectangular groove of the PDMSmold and then sterilized by
UV light for 2 h. Before being seeded with C2C12 cells, sterile
aligned NFYs were incubated with cell culture medium at 37 �C
for 2 h. Then, 0.4 mL of cell suspension (1.0� 106 cells/mL) was
dropped onto the alignedNFYswithin the PDMSmold and incu-
bated for 4 h. After it was confirmed that C2C12 cells adhered
onto nanofiber yarns, another 1.6 mL of cell culture medium
was added and cultivation continued for 3 days. The medium
was changed every 2 days.

C2C12 Cell Cultivation within Core�Shell Scaffolds. C2C12 cell
cultivation within core�shell scaffolds was performed with a
process similar to the cultivation on the aligned NFYs. In brief,
C2C12 cells were seeded and cultured on aligned NFYs for 24 h
as described in the previous process, and then the cell-laden
aligned NFYs were coated with the PEGS-M hydrogel shell after
photo-cross-linking. For localization with the hydrogel, the
cell-laden aligned NFYs were washed with DPBS (Dulbecco's
phosphate-buffered saline) two times and then transferred
into another PDMS mold with a certain shape. PEGS-M solution
(prepared by culture medium) was immediately added into the
PDMS mold containing the cell-laden aligned NFYs and then
photopolymerized by UV irradiation at 12 mW/cm2 for 30 s. The
cell-laden aligned NFYs localized within the PEGS-M hydrogel
shell were then transferred into a 35 mm Petri dish, and culti-
vation continued for another 2 days. The medium was changed
every 2 days.

C2C12 Cell Viability, Elongation, and Alignment on Aligned NFYs or
within Core�Shell Scaffolds. In order to investigate the biocompat-
ibility of the PCL/SF/PANI alignedNFYs and PEGS-Mhydrogels, a
live/dead viability kit (Molecular Probes) was used. Cells were
washed with DPBS two times for 10 min to remove the
cell culture medium and treated with ethidium homodimer-1
(0.5 μM) and calcein AM (0.25 μM) for 45 min. Green color
resulted from staining with calcein AM, indicating living cells,
while red color resulted from staining with ethidium homo-
dimer-1, indicating dead cells. The cell-laden constructs were
observed under an inverted fluorescence microscope (IX53,
Olympus) and analyzed using the ImageJ software. The elonga-
tion of C2C12 cells on aligned NFYs was quantitatively mea-
sured by aspect ratio, which was defined as the ratio between
the length of the longest line and the length of the shortest line
across the nuclei. The orientation of cells was determined from
live/dead images bymeasuring the angle between the long axis
of the cells and the direction of aligned NFYs to generate
alignment histograms.17 In addition, cell cultivation in a 2D
tissue culture of TCP was considered to be the control group.

Long-Term Cell Viability within Core�Shell Scaffolds. The long-
term cell viability of cells on NFYs within the hydrogel was
evaluated by the Alamar Blue method (Molecular Probes). At
each time point of the assay, these constructs were incubated in
medium containing 10% (v/v) Alamar Blue reagent at 37 �C
in 5% CO2 for 5 h, then 100 μL of solution from each sample
was removed into a 96-well plate and read at 530/600 nm
in a SpectraMax fluorescence microplate reader (Molecular
Devices). Medium containing 10% (v/v) Alamar Blue reagent
served as a blank.
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Differentiation Study of C2C12 Cells on Aligned NFYs within Scaffolds.
After C2C12 cells were cultured on aligned NFYs that were
localized with hydrogel shells in growth medium for 7 days, the
cell constructs were rinsed twice gently with DPBS and then
fixedwith 2.5% glutaraldehyde for 15min at room temperature.
The fixed cell constructs were rinsed twice gentlywith DPBS and
then treated with 0.3% Triton X-100 for 30 min. After being
blocked in 1% BSA in DPBS for 1.5 h, the cell constructs were
incubated in rabbit anti-MHC (myosin heavy chain) antibody
(Santa Cruz) at 4 �C overnight. After being washed with DPBS,
Alexa Fluor 488 conjugated secondary antibody (Molecular
Probes) was added and incubated for 1.5 h at room tempera-
ture. Cell nuclei were counterstained with DAPI before observa-
tion under a confocal laser microscope (FV1200, Olympus).

H&E Staining of Cell-Laden Scaffolds. After being cultured for
7 days on NFYs within the hydrogel shell, these constructs were
removed from the culture medium, washed with PBS three
times, and fixed with 4% paraformaldehyde for 1 h. A 30%
sucrose solutionwas used as the infiltration solution. Constructs
were attached to a freezing stage using an optimum cutting
temperature (OCT) compound and cut into 20 μm sections. The
sections were air-dried for several hours before H&E staining.

Statistics. Quantitative data of cell aspect ratio were obtained
using ImageJ software, and the results are from five images of
three independent replications of the samples. Statistical differ-
ences were obtained through analysis of variance with a sub-
sequent Tukey HSDmultiple comparison test. A significance level
of 0.05 was applied to determine significant differences.
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