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Abstract
Physical forces, such as magnetic and mechanical stimulation, are known to play a significant role in the regulation of cell
response. In the present study, a biomimetic regeneration patch was fabricated using E-jet 3D printing, which integrates
mechanical and magnetic stimulation in a biocompatible “one-pot reaction” strategy when combined with a static magnetic
field (SMF). The magneto-based therapeutic regeneration patch induced myoblasts to form aligned and multinucleated
myotubes, regulated the expression of myogenic-related genes, and activated the p38α mitogen-activated protein kinase
pathway via the initiation of myogenic differentiation. To validate the efficiency of the proposed strategy, the regeneration
patch was implanted into mice and exposed to a suitable SMF, which resulted in significantly enhanced in vivo skeletal
muscle regeneration. The findings demonstrated that appropriate external physical stimulation provides a suitable biophysical
microenvironment that is conducive to tissue regeneration. The method used in the present study represents a promising
technique to induce the regeneration of damaged skeletal muscle tissue.
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Introduction

Skeletal muscle tissue makes up approximately 40%–45%
of the human body’s mass, playing a key role in generat-
ing body movement and maintaining a contour to the body
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structure [1]. Skeletalmuscle tissue generally displays strong
self-healing capability; however, muscle defects involving
the loss of more than 20% of the original tissue mass cannot
be restored by the natural muscle repair mechanism, leading
to the formation of chronic functional defects [2]. The current
methods of treatment include autologous muscle flap trans-
fer, exercise-based therapies, muscle displacement, dynamic
support, etc., but are limited by donor site complications, lack
of donor tissue, and other factors [3, 4]. Therefore, bioengi-
neered implantable skeletal muscle constructs capable of the
induction of functional neo-tissue formation in vivo would
lead to a significant advance in the repair of extensive muscle
defects [5, 6].

Skeletal muscle regeneration usually involves the fusion
of myoblasts to form polynuclear tubes with diameters in
the range 20–100 μm [7]. Myoblast proliferation and myo-
genic differentiation (myotube formation andmyogenic gene
expression) are key steps in myogenesis [1]. The orientation
ofmyoblasts is important because freshly recruited cells gen-
erate randomly disordered muscle fibers, resulting in scar
tissue formation and muscle dysfunction [8]. In addition,
the differing responses to mild and severe muscle injuries
strongly suggest that a key event in the etiology of volumetric
muscle loss injury is the deficiency of considerable numbers
of structural cues provided by the extracellularmatrix [9, 10].
To re-establish these lost cues, multiple strategies focusing
on recapitulating the structural organization of native skeletal
muscle have been investigated, especially the uniaxial align-
ment of muscle cells to enhance the contractile properties
of skeletal muscle for effective force generation required for
appropriate movement [11–13].

Physical stimulation, including both magnetic and
mechanical forces, is known to play a significant role in the
regulation of cellular response [14, 15]. Tissues attenuate
magnetic fields to only a small degree, and so are able to
penetrate deep into tissue, influencing the biochemical pro-
cesses associated with changes in signaling pathways and
cellular events [16]. A magnetic stimulatory event can act as
an instructive signal for cell differentiation into a specific cell
lineage via the activation of specific signaling pathways [17].
This process is known as magnetic actuation [18]. The p38α
mitogen-activated protein kinase pathway (p38α MAPK) is
one of many signaling pathways involved in the transfor-
mation of physical stimuli to biochemical signals and is a
critical regulator in skeletal muscle differentiation [19, 20].
Treatment with the p38α/p38β inhibitor prevents the fusion
of myoblasts into myotubes and triggers the induction of
muscle-specific genes [21, 22].More importantly, p38α/p38β
is required to activate quiescent satellite cells (muscle stem
cells) [22]. Recent studies have also shown that the synergis-
tic effect of static magnetic field and mechanical stimulation
can modify cell metabolism [23]. Although many studies
have demonstrated the role of physical stimulation in reg-

ulating cell behavior, the conclusions of such reports have
often been controversial and were based on different experi-
mental conditions, models and hypotheses [24].

Three-dimensional (3D) bioprinting has been extensively
employed in the fabrication of bioengineered tissue-specific
constructs due to its reproducibility, suitability, and accu-
racy [25]. In the present study, a patch engineered to
induce skeletal muscle regeneration was fabricated using
electrohydrodynamic jet (E-jet) 3D printing by accurately
printing aligned polycaprolactone (PCL) fibers on a bacte-
rial cellulose (BC) sheet in accordance with a predetermined
pattern. The patch was modified with collagen and applied to
wound sites to promote myogenic differentiation and guide
the ordered formation of tubules in combination with an
external static magnetic field (SMF). It was hypothesized
that the presence of an SMF and patch would stimulate
myoblasts through the activation of mechanosensitive path-
ways, thereby enhancingmyogenic differentiation. The patch
not only exhibited excellent biological properties, causing
an upregulation of the expression levels of specific factors,
but also promoted tissue reconstruction; therefore, it clearly
represents a promising method to aid skeletal muscle regen-
eration.

Materials andmethods

Materials

Type I collagen (average molecular weight (Mn) � 2–4×
103 Da) was obtained from Shanghai Ryon Biological Tech-
nologyCo. Ltd. (Shanghai, China); N,N-dimethylformamide
(DMF) was purchased from the Chinese Medicine Group
(Beijing, China); PCL pellets (Mn � 1.2×105 Da) were
acquired from Sigma-Aldrich (USA). Dulbecco’s Modified
Eagle Medium (DMEM) and fetal bovine serum (FBS)
were obtained from Hyclone (Logan, USA); penicillin
(100 units/mL) and streptomycin (100 mg/mL) were pur-
chased from Beyotime (Shanghai, China); 40,6-diamidino-
2-phenylindole (DAPI), Alexa Fluor 568-phalloidin, Calcein
AM, and propidium iodide (PI) were obtained from Yeasen
Biological Technology Co., Ltd. (Shanghai, China).

Fabrication of muscle regeneration patch

Bacillus xylinus (ATCC 23,767) colonies were cultured at
30 °C in a specific culture medium prepared by dissolving
5 g of glucose, 1 g of MgSO4·7H2O, 5 g of mannitol, 5 g
of polypeptone, 5 g of yeast extract, and 5 mL of ethanol
in 1 L of deionized water, then adjusting the final pH to
6.6–7.0. Sheet-type BC scaffolds were obtained after cul-
turing the bacteria for 3–4 weeks, which were rinsed with
deionized water to remove any residual medium [26]. They
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Fig. 1 Schematic illustration of regeneration patch fabrication and its
characterization. a Schematic diagram of regeneration patch fabrica-
tion. bMicrostructure and porosity of regeneration patch. I. Schematic
diagram of double layer structure. II. SEM images of BC and col-
lagen/PCL scaffolds. III. Average porosity of BC and collagen/PCL
scaffolds. c C2C12 cells seeded on BC and collagen/PCL scaffolds.

d Water contact angles of BC and collagen/PCL scaffolds. I. Images
of measurements. II. Measured contact angles. e FTIR spectra of BC.
f Stress–strain curves. g Elastic moduli. h Hydration degree of BC,
collagen/PCL scaffold, and regeneration patch. *p <0.05, **p <0.01,
***p <0.001

were boiled in 1% sodium hydroxide for 30 min and finally
rinsed with deionized water. The muscle regeneration patch
was fabricated using a customized E-jet 3D printing system
consisting of a 3D collection platform, a solution feed, high-
voltage power supply, and an observation system [27]. The
printing solution was prepared by dissolving PCL pellets in
DMF, then stirring at room temperature for 24 h. The resul-
tant solution (8%, w/v) was supplied to a blunt-ended nozzle
(27G, ID: 0.21 mm, OD: 0.41 mm). Aligned PCL fibers were
accurately printed on the BC scaffold in predetermined pat-
terns (Fig. 1a).

A collagen solution was prepared by dissolving 1 g of
collagen powder in 0.1 mol of acetic acid in 1 L of water.
The obtained solution was shaken on an oscillator for 15 min
until the collagen was completely dissolved. The mixture
was then sterilized by passing through a 0.22-μm filter. The
regeneration patches were obtained by immersing the 3D-
printed BC/PCL scaffolds into collagen solution for 24 h
prior to air-drying.

Characterization of muscle regeneration patches

The hydrophilicity of the scaffold materials was tested by the
sessile drop method at room temperature using a goniome-
ter and imaging system (SL200KB, Kino). The structure
and pore sizes of the scaffolds were characterized by a field
emission scanning electronmicroscope (FE-SEM;Hitachi S-
4800) after coating with gold for 60 s. The surface chemistry
of the BC scaffolds was evaluated using Fourier transform
infrared spectroscopy (FTIR, Nicolet Nexus 670, USA) over
the wavenumber range 4000–500 cm−1 at a resolution of
2 cm−1. The spectra were further processed and plotted by
Opus Origin Pro 9.1 software. The mechanical properties
of the specimens were characterized using a Hengyi tensile
tester (HY-0230, China) with a 100 N load cell. The porosi-
ties of the PCL/collagen and BC scaffold were calculated as
follows:

ε �
(
1 − ρscaffold

ρmaterial

)
× 100%,
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where ρscaffold represents the density of scaffold, which can
be calculated by measuring the volume and mass of scaffold,
and ρmaterial is the density of fiber materials.

In order to assess the water content, the BC scaffold and
the regeneration patch were separately immersed into 0.9%
sodium chloride solution and kept at 37 °C for 12 h. The
hydration degree was calculated as follows:

Hydration degree (%) � (Ww − Wd)/Wd × 100%,

whereWd andWw, respectively, represent the dry weight of
the initial samples and the wet weight after soaking.

Cell culture

Mouse-derived myoblasts (C2C12) were purchased from the
National Collection of Authenticated Cell Culture (Shang-
hai, China). The cells were cultured in growth medium (GM)
containing 10% FBS and 1% penicillin/streptomycin in an
incubator at 37 °C in humid air containing 5% CO2. The
cells (5×104 cells/cm2) were separately seeded on the col-
lagen/PCL and BC scaffolds to assess the biocompatibility
of the patch. After 24 h of culture, the cells were visualized
using a fluorescence microscope (TI-S; Nikon).

The concentration of FBS was decreased to 3% in dif-
ferentiation media (DM). The regeneration patches were
immersed in 75% ethanol for 12 h, then sterilized by ultravio-
let irradiation for 4 h prior to the assessment of differentiation
potential. The patches were then placed into 6-well culture
plates and seeded at a cell density of 4.0×104 cells per well.
Tissue culture polystyrene (TCP) was used as control.

Assessment of magnetic field spatial distribution

SMFs are categorized by field intensity, such as ultra-weak
(5 μT to 1 mT), weak (1 mT), moderate (1 mT to 1 T),
strong (1–5 T), and ultra-strong (>5 T). An SMF of mod-
erate intensity was used in the present study by virtue of its
ease of utilization for therapy [28]. A magnet was placed
on the cell culture plates to generate the required magnetic
field. A Gauss meter (JingFeng, Wenzhou, China; measure-
ment range: 0–200mT)with a resolution of 0.01mT, suitable
for measuring the far-field distribution of magnetic fields
from permanent magnets, was used for magnetic field mea-
surement (the relevant information was presented in Fig. S1
in Supplementary Information). The origin of the magnetic
field of the magnet was defined as north (N). The X-axis was
plotted parallel to the N pole of the bar magnet. During mea-
surement, the height of the central plane of the bar magnet
and the height of the probe were maintained, both horizon-
tally and in a straight line. The components of magnetic
induction intensity were measured in three directions. The
horizontal and vertical coordinates and magnetic field inten-

sity were recorded using Graphpad Prism software, from
which a magnetic induction intensity distribution map of the
spatial gradient magnetic field was plotted.

Effect of the regeneration patch and SMF
onmyoblasts

In order to assess the synergistic effect of the regeneration
patch and SMF onmyoblasts, C2C12 cells were exposed to a
variety of SMFs in the range of 0–20 mT, then stained using
a live/dead cell staining kit (Invitrogen, Shanghai, China).
The specimens were allocated into four groups depending
on the intensity of the applied magnetic field: Patch (B � 0
mT), Patch/SMF1 (B � 2 mT), Patch/SMF2 (B � 6 mT),
and Patch/SMF3 (B � 20 mT). The TCP without a magnetic
field represented the control. The C2C12 cells were cultured
with GM (10% FBS) for 24 h prior to exposure to different
magnetic fields. The culture medium was changed daily, and
the cells were stained after 1 day and 5 days from the start of
the experiment.

Assessment of myogenic differentiation

C2C12cellswere cultured onpatches for 24h inGMto assess
myogenic differentiation, after which the culture medium
was replaced with DM. The cells were then exposed to var-
ious SMFs and TCP without SMF representing the control.
The culture medium was replaced daily. The differentiation
of C2C12 myoblasts cultured with GM was also assessed
using the same method.

Immunofluorescent staining, quantitative polymerase
chain reaction (q-PCR), and western blot analysis were
subsequently performed.Depending on the degree of cell dif-
ferentiation in each group, the most suitable magnetic field
intensity was deduced. The following parameters were quan-
tified by morphological analysis: (1) coverage of myosin
heavy chain (MyHC) in the stained myotubes; (2) fusion
index (proportion of myotubes with at least three nuclei);
(3) rate of maturation (ratio of myotubes with more than
five nuclei); (4) orientation factor (orientation degree of the
myotubes).

Immunofluorescence staining

Following the myogenic differentiation of C2C12 cells
cultured with DM exposed to various SMFs, immunofluores-
cence staining was conducted to investigate the expressions
of vinculin, Ki67 protein, MyHC protein, phospho-p38 pro-
tein, andmyogenic determination protein (MyOD). The cells
were rinsed with phosphate buffer solution (PBS), fixed
with paraformaldehyde for 20 min, and then permeabi-
lized with 0.1% Triton X-100. Next, non-specific binding
was blocked with sheep serum at 37 °C for 45 min. Each
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specimen was incubated with a primary antibody at 4 °C
for 12 h. Antibodies against vinculin (1:100; Bioss, bsm-
6640R), Ki67 (1:50; Proteintech, 27,309–1-AP), MyHC
(1:100; ABclonal, A6935), phospho-p38 (1:100; ABclonal,
AP0526), and MyOD (1:100; ABclonal, A0671) were used.
After rinsing with PBS, a secondary Alexa Fluor 488 goat
anti-rabbit IgG (H + L) was added before incubation for 1 h
at room temperature. The samples were rinsed with PBS,
200 μL of 100 nM DAPI were added for 10 min, and were
visualized through a fluorescence microscope (TI-S; Nikon).
The quantitative analysis was conducted using ImageJ.

Measurement of myoblast p38αMAPK inhibition

The C2C12 cells were seeded (5×104 cells/cm2) onto
patches placed in Petri dishes. Two milliliters of GM were
added to each Petri dish (to avoid uneven cell seeding caused
by floating), which were then incubated for 2–4 h. After the
cells had adhered to the patch, GM was replaced with DM,
andp38αMAPKinhibitor (SB203580,TargetMol, Shanghai,
China) was added as a solution in DMSO at a concentration
of 5 μM. Subsequently, the cells were exposed to a specific
strength of SMF. The culture medium was exchanged every
24 h. The group with added inhibitor SB203580 was termed
SB (+), while the group without the inhibitor was termed SB
(−).

Quantitative real-time PCR analysis

After the exposure of samples to various levels of SMF, quan-
titative real-time PCR (qRT-PCR) was conducted to assess
myogenic gene expression levels, namely, MyHC, MyOG,
and troponin T1 (Tnnt-1) in C2C12 cells cultured inDM. The
cells were digested with trypsin (Solarbio, China) and then
rinsed with PBS. The RNA was extracted using an RNAIso
Plus kit (Takara, Japan) in accordance with the manufac-
turer’s instructions. A PrimeScript RT reagent kit (Takara,
Japan) was used to synthesize cDNA from the RNA, after
which qRT-PCR was conducted using a TB Green Premix
Ex Taq II kit (Takara, Japan). The expression levels of target
genes were normalized to those of the housekeeping genes,
GAPDH or β-actin. The primer sequences used for qRT-PCT
are detailed in Table S1 in Supplementary Information.

Western blot analysis

Western blot was performed to investigate the potential
mechanism of SMF-induced myogenesis. After 6 days of
culture, the cells were collected and lysed in lysis buffer.
Following the quantification of protein concentration in the
lysates using a bicinchoninic acid (BCA) protein assay kit
(Beyotime, China), the sampleswere dilutedwith lysis buffer
to normalize the protein concentration. Each specimen was

mixed with loading buffer, boiled at 100 °C for 10 min,
and separated by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE). The protein bands were
transferred electrophoretically to polyvinylidene difluoride
(PVDF) membranes. The PVDF membranes were incu-
bated in TBS-T (Tris-buffered saline with 0.1% Tween 20)
supplemented with 5% BSA for 40 min at room tempera-
ture, followed by incubation overnight at 4 °C with one of
the following monoclonal or polyclonal primary antibodies:
anti-MyHC (rabbit anti-mouse; 1:1000), anti-MyOD (rab-
bit anti-mouse; 1:1000), anti-phospho-p38α MAPK (rabbit
anti-mouse; 1:1000), anti-p38α MAPK (rabbit anti-mouse;
1:1000), or anti-GAPDH (rabbit anti-mouse; 1:1000). Subse-
quently, the proteins were stained with a secondary antibody
(HRP-conjugated anti-rabbit or anti-mouse) before visual-
izing using an Odyssey™ infrared imager (LI-COR Bio-
sciences, Lincoln, USA). Finally, quantitative analysis of
band intensity was conducted with ImageJ.

Animal experimentation

A tibialis anterior muscle defect was created on the right hind
legs ofmice to assess the regeneration capability of the exper-
imental patch exposed to an SMF. Briefly, BALB/c mice
(20–30 g) were anesthetized with 5% chloral hydrate, and
an anterolateral skin incision was made to expose the tibialis
anterior muscle in which a cuboid-shaped defect (5 mm×
3 mm×2 mm in length, width, and depth, respectively) was
created. Then, the regeneration patch was implanted over the
defect and the wound was closed. A magnetic strip (2 cm×
1.5 cm×0.5 cm in length, width, and thickness, respectively)
capable of generating a suitable SMF was attached over
the wound, and the magnetic field intensity was measured
using a Gauss meter. The magnetic patch was applied to the
wound for 7 days, and then removed.During this period, daily
observation was required to prevent the magnetic patch from
falling off. The control was represented by the no-treatment
group. All procedures were performed in accordance with
the regulations approved by the Committee on the Ethics of
Animal Experiments of Hunan Provincial Laboratory Ani-
mal Center (Permit No. SYXK (Xiang) 2018–0006).

Assessment of muscle regeneration

Skeletal muscle tissue was assessed for wound repair and
muscle regeneration by staining sections with hematoxylin
& eosin (H&E), Masson’s trichrome (MTS), and MyHC.
The mice were euthanized after 2 weeks using excess chlo-
ral hydrate, the regenerated tissues were harvested, and they
were fixed in 4% paraformaldehyde. Muscle tissues were
dehydrated using an ascending concentration gradient of
ethanol then xylene, embedded in paraffin, and sliced into
5–7 μm sections. To evaluate the histological characteristics
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of the regenerated muscle tissue, the parameters of myofiber
diameter, total number of centro-nucleated myofibers, area
of collagen deposition, and capillary density were measured
based on histological images. Freshly formed muscle fibers
generally have nuclei at the center of cells when viewed in
a cross-section. The hollow red structures in cross-section
images were identified as formed capillaries.

Statistical analysis

Each experiment was repeated at least 3 times. Data were
expressed as mean± standard deviation. The results were
analyzed statistically through one-way ANOVA using SPSS
v25.0 statistical software, followed by a Bonferroni test for
multiple comparisons. The differences with p-values<0.05
were considered significant.

Results

Characteristics of themuscle regeneration patch

An E-jet 3D printing system was employed to accurately
print directional PCL fibers on biocompatible BC using
predetermined patterns simulating the hierarchical structure
and arrangement of in vivo skeletal muscle. Subsequently,
the regeneration patch was fabricated by collagen coating
(Fig. 1a). The lower layer of the double-layer patch was BC
with high biocompatibility, which could provide a barrier
against infection, control fluid loss and reduce pain during
treatment. In addition, it created andmaintained amoist envi-
ronment in the wound, and absorbed exudates during the
inflammatory phase [29]. The upper layer consisted of highly
ordered collagen/PCL fibers ranging from 100 to 150 μm
in diameter, which were designed to support and guide the
proliferation and differentiation of C2C12 cells. The porous
nature of the BC and collagen/PCL scaffolds was conducive
to the supply of oxygen and nutrients that are essential for
cell growth and the maintenance of cell phenotype [30]. The
porosity analysis of collagen/PCL and BC scaffolds showed
that both of them provided sufficient adhesion sites for cells
to adhere to and proliferate (Figs. 1b and 1c). Compared with
a collagen/PCL scaffold, the BC was more hydrophilic, with
a significant difference in the water contact angle (Fig. 1d).
Therefore, the combinedBCsheet and collagen/PCLscaffold
not only solved the problemof insufficient scaffold thickness,
but also increased its hydrophilicity.

The molecular structure of the BC was studied by FTIR.
Strong intramolecular and intermolecular hydrogen bonds
caused the tensile vibration of hydroxyl groups (O–H), result-
ing in the appearance of absorption peaks between 3200
and 3500 cm−1 in the BC spectra (Fig. 1e). In addition, the
spectra exhibited two strong adsorption peaks at 1632 and

1059 cm−1, assigned to acetyl groups and a C=O stretching
vibration, respectively [31]. The ideal muscle regeneration
scaffold requires appropriate rigidity and elasticity.As shown
in Figs. 1f and 1g, the scaffolds were able to withstand strains
of 20% to 60%, suggesting that they displayed adequate elas-
ticity and were thus able to endure the mechanical properties
required in muscle tension [32]. Water absorption and wetta-
bility play an important role in the applicability of biological
scaffolds. According to the results displayed in Fig. 1h,
both the BC and regeneration patches exhibited very high
water compatibility. The results demonstrated that the E-jet
3D-printed tissue regeneration patches provided mechanical
support suitable for muscle regeneration.

3D patch and SMF differentiate and orientmyoblasts

Myoblasts (C2C12) were seeded on 3D regeneration patches
within the wells of 6-well plates, to which varied SMFs were
applied. It is of great significance to study the effect of static
magnetic field on tissue wound healing and to clarify the
spatial distribution of magnetic field in the tissue wound
area, so as to standardize the experimental design and oper-
ation, as well as to improve the reliability and repeatability
of the experiment. Therefore, in this part of the study, we
used Ansoft Maxwell-based finite element analysis technol-
ogy and a Gauss meter to calculate and measure the spatial
distribution of magnetic field (Figs. 2a and 2b). The finite
element analysis of the magnetic field showed its spatial
distribution, and the accurate magnetic field was measured
using the Gauss meter (Fig. S1 in Supplementary Informa-
tion). After the cells were inoculated onto the regeneration
patch and exposed to varied SMFs, cell differentiation was
observed by cytoskeleton staining after 7 days of culture.
The results showed that cells inoculated on the regeneration
patch grew in a highly differentiated and directed manner
under the action of SMF (Fig. 2c). However, when the mag-
netic field intensity was greater than 20 mT, the muscle tubes
formed by cell differentiation were deformed, which was
not conducive to the regeneration of skeletal muscle. There-
fore, for the in vitro experiments, we mainly explored the
effect of SMF less than 20 mT on the biological behavior of
myoblasts.

3D patches promote the growth and adhesion
of myoblasts

C2C12 cells were inoculated on 3D regeneration patches and
exposed to a specific SMF (<20 mT), with cells cultured on
TCP used as control (Fig. 3a). Live/dead cell staining was
performed to evaluate the viability of myoblasts in DM and
GM at day 1 and day 5. The results demonstrated that the
cells were mostly live (green) following exposure to SMFs
for 1 day, with only a few dead cells (red) irrespective of the
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Fig. 2 Effects of regeneration patches and SMFs on the differentiation
and arrangement of myoblasts. a Schematic illustration of the measure-
ment of magnetic fields. b Finite element analysis method in Ansoft
Maxwell was used to simulate the spatial distribution of SMFs. cRepre-

sentative immunofluorescent images showing the cytoskeleton (F-actin:
red) and cell nuclei (DAPI: blue) under varied SMFs, scale bar � 400
μm

culture medium used (GM or DM), indicating that neither
the magnitude of magnetic field strength nor serum con-
centration in the medium influenced the cell viability. After
5 days, the number of living cells in each group was signif-
icantly increased, indicating that the cells had proliferated
rapidly (Figs. 3b and 3c; Figs. S2a and S2b in Supplemen-
tary Information). At this time, the viability of C2C12 cells
exposed to SMFs was greater compared with those in the
control and patch only groups, suggesting that an adequate
magnetic field enhanced myoblast activity. The adhesion of
C2C12 cells in each group was assessed using vinculin stain-
ing after incubation in GM for 24 h (Figs. 3d and 3e). The
results indicated that the adhesion of cells to scaffolds in the
Patch/SMF1 (B � 2 mT) group was the greatest. In addi-
tion, C2C12 cells were stained for Ki67 following culture in
GM for 1 and 5 days (Figs. 3f and 3g; Figs. S2c and S2d
in Supplementary Information). The cell proliferation in the
SMF treatment groupswas greater than those in other groups;

especially in the Patch/SMF1 (B � 2 mT) group, cell pro-
liferation was approximately 10% higher. The above results
demonstrate that the regeneration patch displayed excellent
biocompatibility, and, in combination with an appropriate
magnetic field (SMF1), cell proliferation and adhesion were
enhanced.

Myogenic differentiation analysis

The influence of the patch and SMFs on the myogenic dif-
ferentiation of C2C12 cells was assessed for parameters
including myotube formation and myogenic marker expres-
sion. The results indicated that after 3 days of culture,
myotube formation, a marker of myoblast differentiation,
was observed in all groups. Compared with the control, the
patch with SMF induced the formation of more myotubes.
At day 5, the number of myotubes was significantly greater,
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Fig. 3 Effects of regeneration patches and SMFs on myoblasts’ viabil-
ity, adhesion and proliferation. a Schematic illustration describing the
effects of 3D culture and magnetic stimulation on cell viability, prolif-
eration, and adhesion compared with 2D culture (TCP). b Fluorescent
images demonstrating live/dead staining of C2C12 cells on day 1 and
day 5 after culture in medium with 10% FBS (GM) and exposure to
various SMFs (live cells: green; dead cells: red; Patch (B � 0 mT),
Patch/SMF1 (B � 2 mT), Patch/SMF2 (B � 6 mT), or Patch/SMF3 (B

� 20 mT)). c Quantification of C2C12 cell viability in GM based on
(b) at day 5. d Immunofluorescence images ofmyoblasts cultured under
varied SMFs for 1 day (vinculin, green; DAPI, blue). e Quantification
of cell adhesion based on (d). f Ki67 + immunofluorescence showing
C2C12 proliferation on day 1 after culture in DM and exposure to var-
ious SMFs. g Quantification of C2C12 cell proliferation in DM after
1 day based on (f). *p <0.05

and the Patch/SMF1 (B � 2 mT) group exhibited superior
myotube morphology compared with other groups. After
culture for 7 days, myoblasts in all groups were found
to be highly differentiated (Fig. 4a). Compared with the
control, the regeneration patch increased the cellular orien-
tation, while the exposure to SMF resulted in significantly
greater multinucleated myotube formation (differentiation
rate, Fig. 4b). The statistical analysis demonstrated that
formed myotubes in the Patch/SMF1 group displayed a sig-

nificantly higher maturation rate, fusion index, and length
compared with the control (Figs. 4c–4g). To further verify
the effect of magnetic field and exclude the potential effects
of low serum level on cell differentiation, cells were cul-
tured with GM and their differentiation was observed after
culture for 7 days (Fig. S3 in Supplementary Information).
The cells in the patch groups were arranged satisfactorily,
while the SMFs resulted in significantly higher multinucle-
ated myotube formation. Compared with other groups, the

123



Bio-Design and Manufacturing (2022) 5:249–264 257

Fig. 4 Synergistic effects of SMFs and regeneration patches on themyo-
genic differentiation of myoblasts after incubation in DM. a Myogenic
differentiation of C2C12 cells on patches exposed to various SMFs
(Patch (B � 0 mT), Patch/SMF1 (B � 2 mT), Patch/SMF2 (B � 6 mT),
or Patch/SMF3 (B � 20 mT)), based on the immunofluorescence stain-

ing of F-actin (red)/DAPI (blue). b Differentiation rate (%). cMyotube
diameter (μm). d Maturation rate (%). e Fusion index (%). f Orienta-
tion factor. gMyotube length (μm) of myoblasts. *p <0.05, **p <0.01,
***p <0.001

Patch/SMF1 group exhibited the highest rate of differentia-
tion.

The gene expression levels of myogenic markers (MyOG,
MyHC, and Tnnt-1) were determined using qRT-PCR as
a measure of the myogenic differentiation of C2C12 cells
exposed to a variety of SMFs. At day 3, myogenic gene
expression in all groups was greater than that in the con-
trol, and that in the Patch/SMF1 group (1.8–2.5-fold) was
greater than that in other groups (1.5–1.8-fold) (Fig. 5a).
In particular, genes related to myogenic differentiation were
significantly upregulated in the patch groups, demonstrating
the role of alignment in promoting myoblast differentia-
tion. As the differentiation of myoblasts progressed, the
related genes were upregulated. After incubation for 5 days
in DM, the C2C12 cells exposed to SMFs displayed signifi-
cantly higher gene expression than the control group. Of all
groups, the Patch/SMF1 group exhibited the highest myo-
genic gene expression (Fig. 5b). By day 7 of differentiation,
the gene expression levels for MyHC, MyOG, and Tnnt-
1 in the Patch/SMF1 group remained higher compared to
other groups (Fig. 5c). These results consisted an additional
demonstration that the patch combined with SMF signifi-
cantly promoted the myogenic differentiation of myoblasts
through the upregulation of genetic markers MyHC, MyOG,
and Tnnt-1. As the Patch/SMF1 group demonstrated the
greatest performance in terms of myogenic differentiation
in vitro, it was used to study the mechanism of the process
in subsequent experiments.

Mechanisms of myogenic differentiation

In order to assess whether the inhibition of p38α MAPK
signaling pathway was rate-limiting for myoblast differen-
tiation, the differentiation capability of C2C12 cells was
assessed by culture in DM and exposure to SMF1 (B � 2
mT) for 7 days to induce full differentiation, either in the
presence or absence of SB203580 (SB). The myogenic gene
expression levels of MyHC, MyOG, and Tnnt-1 decreased
significantly in all groups after incubation in DM in which
SB had been added (Figs. 5d–5f), as compared with those
cultured without SB. The expression levels of MyOG were
significantly higher in the Patch/SMF1 group at an early
stage, suggesting the active regulation of myogenic dif-
ferentiation (Fig. 5d). Compared with other groups, the
Patch/SMF1 group also demonstrated significantly higher
levels of myogenic gene expression, including MyHC and
Tnnt-1 (Figs. 5e and 5f). The results demonstrated that the
positive influence of SMF onmyogenesis was blocked by the
addition of the p38α inhibitor, SB. Hence, the p38α MAPK
signaling pathway was proved to be important in myogenic
differentiation when exposed to particular magnetic field
strengths.

The immunofluorescent staining ofMyHCwas performed
to further investigate the differentiation of C2C12 cells when
cultured in DM with SB. After 7 days, the number, length,
and diameter of myotubes decreased significantly in all
groups (Fig. 6a). Nevertheless, after removal of SB from the
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Fig. 5 RT-PCR analysis of gene expression of the myogenic markers
(MyOG, MyHC, and Tnnt-1) in C2C12 cells after exposure to SMFs
(Patch (B � 0 mT), Patch/SMF1 (B � 2 mT), Patch/SMF2 (B � 6 mT),
or Patch/SMF3 (B � 20 mT)). Culture in DM (3% FBS) for a 3, b 5,

and c 7 days. d–f Gene expression of myogenic markers in C2C12 cells
in the presence or absence of SB after exposure to SMF for d 3, e 5, or
f 7 days. *p <0.05

Fig. 6 Immunofluorescence staining of MyHC in myoblasts cultured
in DM with the p38α MAPK inhibitor, SB. a Immunofluorescence
staining of MyHC protein (green)/F-actin (red)/DAPI (blue) in C2C12
cells.b–gQuantification ofmyotube formation: bMyHCcoverage (%);

c Maturation rate (%); d Fusion index (%); e Myotube diameter (μm);
f Myotube length (μm); g Orientation factor. *p <0.05, **p <0.01,
***p <0.001

culture medium and exposure to SMF for 7 days, numer-
ous myotubes of greater length and diameter were formed.

The number, diameter, length, maturation index, and cover-
age of myotubes were quantified by morphological analysis
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(Figs. 6b–6g). The results indicated clear differences in all
groups with the Patch/SMF1 group showing the highest mat-
uration rate, while cells in the control group had barely
differentiated.

Western blot was performed to analyze whether the
expression of myogenic marker proteins during the myo-
genic differentiation of myoblasts was related to the p38α
MAPK signaling pathway. When C2C12 cells were cultured
in DM without SB, significantly higher MyHC, MyOD, and
phospho-p38α (p-p38α) protein expression was observed
compared with the control (Fig. 7a). Furthermore, protein
expression levels in the Patch/SMF1 group were higher than
those in other groups. In the presence of SB, no apparent
change in total p38α expression was detected, while the
expression of MyHC, MyOD, and phospho-p38α proteins
in all groups decreased significantly (Figs. 7b and 7c). The
immunofluorescent staining of phospho-p38α and MyOD
proteins also illustrated that protein expression decreased
significantly in the presence of SB (Figs. 7d and 7e). These
results indicated that SMFs regulatemyogenic differentiation
via the p38α MAPK signaling pathway (Fig. 8).

In vivomuscle regeneration

Aimed at further investigating the process of skeletal mus-
cle regeneration of the regeneration patch combined with
SMF in vivo, a mouse tibialis anterior muscle defect model
was established. The 3D regeneration patch was immersed
in PBS and then implanted subcutaneously into mice. After
closing the wound, a magnetic strip capable of generating
a suitable SMF (SMF1 � 2 mT) was placed close to the
wound (Fig. 9a) for a week, after which it was removed (Fig.
S4a in Supplementary Information). Themicewere allocated
into four groups, namely, SMF1, Patch, Patch/SMF1, and
non-treated (representing the control group). Gross appear-
ance, MTS, and H&E were recorded after implantation for
2 weeks to assess the skeletal muscle regeneration. In the
Patch/SMF1 (B� 2 mT) and Patch groups, the wound defect
was almost completely filled with new tissue, and the trans-
planted area could not be distinguished from the surrounding
natural muscle except the position of suture. The non-treated
and SMF1 groups still showed obvious defects even 2 weeks
after implantation. In the Patch/SMF1 and Patch groups,
H&E staining of the cross-sections of healed areas showed
that a large number of cells had infiltrated into the scaffold
with the deposition of a large amount of new extracellular
matrix (ECM) while cell infiltration and new ECM forma-
tion were very limited in the control and SMF1 groups. This
was further confirmed by Masson trichrome staining, show-
ing that the remaining high-density collagen was located
on the defect surface. In contrast, only a small fraction of
collagen fibers were dispersed and deposited at the defect
area treated with Patch/SMF1 (Figs. 9b, 9c, and 9g). The

freshly formed muscle fibers had their nuclei at the center
of the cross-sections, while hollow, red structures observed
in cross-section were identified as formed capillaries. Com-
pared with the non-treated and SMF1 groups, the number of
centro-nucleatedmyofiberswas significantly increased in the
Patch/SMF1 and Patch groups, especially in the Patch/SMF1
group (Fig. 9d). The capillary density around the area offibro-
sis was also significantly greater in the Patch/SMF1 group
compared with other groups, which was close to the vascular
density in the defect area (Fig. 9e). There were no significant
differences in the diameter of myofibers among the groups
(Fig. 9f). Furthermore, after staining patches were retrieved
from mice, it was found that a large number of cells had
infiltrated into the BC scaffold, demonstrating that the regen-
eration patch exhibited excellent biocompatibility (Fig. S4 in
Supplementary Information). In summary, the results above
demonstrated that the regeneration patch exposed to a suit-
able intensity of SMF enhanced skeletal muscle regeneration
in vivo.

Discussion

Physical signals in the micro-environment surrounding cells
directly affect their behavior by sensing the micro- and nano-
scale environmental changes through surface receptors and
transmitting those signals internally, which influences their
growth, elongation, migration, and differentiation [33–35].
Therefore, it has been recognized that suitable physical
stimulation is required in the design and development of
biomaterial systems for tissue engineering [34]. Recent
advances in tissue engineeringhave enabled the fabricationof
tissue constructs that recapitulate the organization of native
skeletal muscle containing aligned multinucleated muscle
cells with contractile function [36, 37]. For bioengineered
skeletal muscle structures to successfully restore impaired
muscle function invivo, it is imperative that themyogenic dif-
ferentiation of myoblasts is rapidly achieved. This is because
satellite cells respond to injury, become activated, prolifer-
ate, subsequently differentiate into myoblasts during skeletal
muscle repair, and then fuse to form muscle fibers integrat-
ing into muscle tissue [38]. However, the scale and severity
of damage that can be effectively repaired by satellite cell
activation are somewhat limited. In addition, random skele-
tal muscle fiber arrangement disorder may occur during the
process of muscle tissue repair [39]. Thus, the development
of a strategy using suitable implants to accelerate myogenic
differentiation is of considerable importance [40].

At present, relatively few methods exist in which myo-
genic differentiation is accelerated in parallel with the
formation of ordered myotubules. Although there have been
reports of designed aligned fiber-based stents or magnetic
fields used for tissue engineering [8, 41], the combination of
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Fig. 7 Western blot analysis of relevant protein expressions (MyHC,
MyOD, Phospho-p38α, and p38α) in myoblasts treated with regenera-
tion patches and exposed to SMF (SMF1 � 2 mT) for 7 days in DM
with (+) or without (−) SB. a Western blot analysis of MyHC, MyOD,
phospho-p38α, and p38α in various groups. b Relative protein expres-

sion levels of p38α and phospho-p38α. c Relative protein expression
levels ofMyHC andMyOD. d Immunofluorescent staining of phospho-
p38α protein (green)/F-actin (red)/DAPI (blue). e Immunofluorescent
staining of MyOD protein (green)/F-actin (red)/DAPI (blue). *p <0.05,
**p <0.01, ***p <0.001

Fig. 8 Schematic illustration
describing the mechanism of
myogenic differentiation in
myoblasts exposed to SMF

the two for the promotion of skeletal muscle repair has not
been presented. In the current study, we developed a “one-pot

reaction” strategy in which a 3D-printed regeneration patch
combined with a suitable SMF greatly induced myoblast
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Fig. 9 Skeletal muscle healing and regeneration after treatment with
the regeneration patch and SMF. a Schematic illustration describing
the experimental animal procedure in BALB/c mice. b Representative
histological slides stained with H&E. Dashed lines: defect, scale bar �
1mm (right:Magnified image of the area bounded by the yellow dashed
line, scale bar � 200 μm); c Representative histological slides stained
withMasson’s trichrome, scale bar� 1mm.Dashed lines: defect (right:

Magnified image of the area bounded by the yellow dashed line, scale
bar� 200 μm). dNumber of regenerating myofibers (centro-nucleated
myofibers). e Capillary density close to the defect site. f Diameter of
myofibers surrounding the defect in all groups. g Quantification of
area of collagen deposition (%) based on (c). *p <0.05, **p <0.01,
***p <0.001

alignment and differentiation, thus accelerating skeletalmus-
cle repair. Upon investigating the mechanism of myogenic
differentiation during this process, it was shown that the
aligned fibers of the patchmimicked the anisotropic structure
of the elongated muscle fibers of skeletal muscle, provid-
ing vital cues for morphogenesis [42]. In addition, the patch
was modified with collagen, the main component of skele-
tal muscle ECM, which can be electrospun with synthetic
polymers such as polylactic acid (PLLA) and polycaprolac-
tone (PCL) to prepare fiber pads with high biocompatibility.
The results indicated that these pads promoted cell adhesion
and provided better mechanical properties for tissue repair
[43, 44]. Contact guidance cues (ranging from nanome-
ter to micron-scale) stimulated a variety of myoprogenitor
cell populations and resulted in enhanced functional out-
comes, including regulated cytoskeletal alignment, striated
myotubule formation andmyogenic expression, as compared
with the control groups. The preparation of the regenera-

tion patch was cost-effective and experimentally feasible,
requiring neither expensive materials nor complicated pro-
cedures. The 3D-printed regeneration patch was combined
with an SMF to promote cell attachment, forming differenti-
ated myotubes that were significantly longer compared with
those formed in the 2D culture. Aligned PCL fibers com-
bined with the BC sheet-scaffold resulted in a patch with
anisotropic mechanical properties, possibly better suited to
handling the stresses experienced in native skeletal muscle
[30]. Moreover, the muscle precursor cells were constrained
to be highly aligned with the 3D-printed structure and to
compact due to limited space, resulting in the superior ori-
entation of regenerating myotubes, more closely mimicking
the morphology and organization of natural muscles.

Physical stimulation, growth factors, and the physico-
chemical properties of scaffolding materials are important
modulators of cell proliferation and differentiation, which
can control tissue regeneration in vivo. Among various exter-
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nal physical stimuli, magnetic fields have recently been the
focus of considerable attention, exhibiting a broad potential
for applications such as increased osteogenic differentiation,
angiogenesis, and bone regeneration [45–47]. Magnetother-
apy provides a non-invasive, safe, and easy-to-usemethod for
the treatment of sites of injury, sources of pain and inflam-
mation, as well as other diseases. In addition, in terms of
clinical therapy, this technique has advantages in a number
of application areas [48]. A permanent magnet can eas-
ily be used for tissue stimulation without the need for a
power supply device, making SMF stimulation feasible for
long-term tissue healing. The regulation of cellular behav-
ior varies among different intensities of magnetic field [49].
Therefore, we investigated the influence of various SMFs
on myogenic differentiation. The results demonstrated that
the proliferation, differentiation, and long-term survival of
skeletal muscle cells can be improved at a magnetic field
intensity of 2 mT. However, reducedmyofibril formation and
disorderedmyotubule formationwere observed at amagnetic
field intensity>20 mT. Based on these findings, this optimal
magnetic field strength was exploited in combination with
a regeneration patch to act on myoblasts, which resulted in
greater cellular activity and accelerated myogenic differen-
tiation.

Themolecular mechanisms ofmagnetic induction include
activation of the Wnt/β-Catenin and integrin signaling path-
ways (including focal adhesion kinase, paxillin, RhoA,
MAPK, and NF-κB) [16, 50]. The present study demon-
strated that SMFs promote the expression of MyOD during
the myogenic differentiation of myoblasts. MyOD is a crit-
ical factor for the initiation of myogenic differentiation and
the subsequent expression of myogenic markers, such as
Tnnt-1, MyOG, and MyHC [51]. As p38α MAPK is related
to both myogenic differentiation and the transduction of
mechanical/biochemical signals [52], there is a very strong
possibility that SMFs mediate the regulation of the MyOD
gene and myogenesis via the p38α MAPK pathway. West-
ern blot was used to measure the expression of p38 MAPK
signaling pathway-related proteins and myogenic marker
proteins of myoblast differentiation. In the absence of SB,
the Patch/SMF1 group displayed significantly higher myo-
genic protein expression than other groups. However, the
protein expression levels of phospho-p38α and MyOD in all
groups reduced significantly after cells were incubated with
DM supplemented with SB, although no apparent change
in total p38α expression was observed. These data further
established that the patch combined with SMF had regulated
myogenic differentiation via p38α MAPK and increased the
levels of phospho-p38α.

In order to validate the synergistic regeneration capability
of SMF and the regeneration patch, the latter was implanted
subcutaneously into mice, and an optimal strength of mag-
netic field was applied to the wound. The outcomes indicated

effective muscle fiber formation, resulting in the accelerated
restoration of muscle function, as confirmed by the reduction
in collagen deposition and increased number of fresh muscle
fibers. In our previous research, we demonstrated that colla-
gen scaffolds with aligned fibers could guide the formation
of ordered myotubules, which was beneficial for the reduc-
tion of scar tissue formation and muscle dysfunction [53].
Therefore, we anticipated that the deposition of collagen in
the patch of the SMF group would be less than that in the
other groups, which was confirmed by the greater number
of new muscle fibers and reduced collagen deposition in the
Patch/SMF1 group. The number of newmuscle fibers in both
thepatchonly and theSMFonlygroupswerenot significantly
different from each other, indicating that the synergistic use
of patch and SMF has substantial potential in skeletal mus-
cle repair. In addition, cells could be actuated by temporary
magnetic stimulation prior to implantation, which consists
a safer and more practical way to produce functional tissue
engineered constructs.

Although the present study provides promising data on
the development of a novel therapeutic option for recon-
structive surgery, many challenges still need to be overcome.
For example, vascularization is a critical aspect of skeletal
muscle regeneration. It is of high significance to promote
vascularization at the site of injury to overcome the limita-
tions of diffusion of oxygen and nutrients, and to maintain
cell survival and function [54]. Although previous studies
have confirmed that SMF is able to promote an angiogenic
response in endothelial cells, including the gene expression
of vascular endothelial growth factor and angiogenin-1, as
well as capillary and blood vessel formation [45, 55], future
studies will need to investigate the role of SMF in promoting
angiogenesis in skeletal muscle repair.

Conclusions

The present study developed a regeneration patch using E-
jet 3D printing, which proved successful in biochemically
and topographically mimicking skeletal muscle constructs
in vivo. Through utilization of this patch alongwith a suitable
magnetic field, myoblasts were induced to form aligned and
multinucleatedmyotubes.Magnetic stimulation activated the
p38αMAPK signaling pathway that played an important role
in the myogenic differentiation of myoblasts. In addition,
static magnetic field combined with the regeneration patch
significantly enhanced skeletal muscle regeneration in vivo.
The results demonstrated that appropriate external physical
stimulation provides a suitable biophysical microenviron-
ment that is conducive to tissue regeneration. The proposed
technology can pave theway for potential therapeutic tools in
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the future for the effective regeneration of damaged skeletal
muscle tissue.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-021-00180-1.
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