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Abstract

Objective: Tissue engineering technology has achieved remarkable progress in the regenerative repair treatment of many diseases, but
the problems in seed cells and scaffold materials are far from being solved. Here, skeletal muscle-like cells (SMLCs) differentiated from
human gingival fibroblasts (HGFs) were implanted into bioresorbable collagen membrane (Bio-Gide) scaffold materials to construct
tissue-engineered skeletal muscle (TESM), followed by implantation into injured temporal muscle of Beagle dogs to explore the feasibil-
ity of constructing TESM and provide new ideas for research on repair and treatment of muscle injuries. Methods: HGFs were induced
to differentiate into SMLCs by using azacytidine (5-aza). HGFs and SMLCs were identified by immunofluorescence and immunocyto-
chemistry assay. Western blot was used to detect the levels of skeletal muscle cells (SMCs)-associated markers in differentiated HGFs.
The SMLCs on Bio-Gide and acellular dermal matrix (ADM) scaffold materials were identified by hematoxylin-eosin (HE) staining and
immunocytochemical staining. Transmission electron microscopy (TEM) was used to observe the ultrastructure of SMLCs. The surface
ultrastructure of Bio-Gide and ADM scaffolds were observed by scanning electron microscopy (SEM). HE staining and Masson staining
were conducted to measure the effects of TESM on the recovery and regeneration of injured skeletal muscle tissues. Results: Levels
of SMCs-associated markers myosin, myogenic factor 5 (Myf5), and myoblast determination (Myod) in HGFs were the highest at 28
days after treatment with 5-aza. After the induced cells were inoculated on the Bio-Gide scaffold, a large number of cells were attached
to the inner surface of the Bio-Gide scaffold, and the cells were in the shape of long columns on the porous and thick collagen, and the
cell proliferation was active. The TESM constructed by combining HGFs induced differentiated SMLCs with Bio-Gide scaffolds not
only has certain morphological characteristics of skeletal muscle, but also has anti-stress function to a certain extent after culture in vivo.
Conclusions: HGFs have the ability to differentiate into SMLCs, and Bio-Gide is a feasible material for TESM. TESM constructed
by combining HGFs induced differentiated SMLCs with Bio-Gide scaffolds facilitated the recovery and regeneration of injured skeletal
muscle tissues, thus providing a new idea for the treatment of muscle injury.
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Introduction
The basic autonomous functions of oral andmaxillofa-

cial region are inseparable from skeletal muscle contraction
[1]. Mature skeletal muscle cells (SMCs) are terminally dif-
ferentiated cells with weak regenerative ability. Although
muscle satellite cells can be activated to participate in the
repair of damaged tissues after muscle tissue injury, their
number is very limited and cannot meet the needs of tissue
regeneration [2,3]. In addition, after skeletal muscle tissue

injury, granulation tissue is usually repaired to form scars,
which seriously affect motor function. Therefore, building
skeletal muscle substitutes to simulate natural skeletal mus-
cle is urgently needed.

Tissue engineering technology (TET) has achieved
considerable progress in the regenerative repair treatment
of many diseases, including myocardial deficiency, tumors,
diabetes, and musculoskeletal regeneration [4–7]. There-
fore, the application of tissue-engineered skeletal muscle
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(TESM) to repair skeletal muscle defects has become the
focus of scholars. The three basic elements of TESM are as
follows: acquisition of seed cells, selection of degradable
scaffold materials, and cytokines regulating the formation
and balance of regenerative tissue [8]. Among them, SMCs
(seed cells) play a decisive role in skeletal muscle prolif-
eration and contraction function, but their sources and ac-
cess are very limited [8]. Therefore, how to obtain a suffi-
cient number of SMCs with certain structure and function
is the primary problem to be dealt with in the construction
of TESM.

The source of seed cells is very rich, among which the
most widely used stem cells, which are not only a kind of
cells with self-replicating ability and multi-differentiation
potential, but also an immature and incomplete cell, with
the function of constructing and regenerating various tis-
sues and organs [9]. Among various types of stem cells,
adult stem cells are the most widely used as seed cells for
constructing tissue-engineered organs and tissues, includ-
ing bone marrow mesenchymal stem cells (MSCs), adipose
MSCs, human amniotic MSCs and umbilical cord MSCs
[10]. However, although these MSCs come from a wide
range of sources, their availability in source tissues is very
limited, and it is very difficult to obtain high purity MSCs
[11]. In addition, MSCs have a series of defects in the
process of cell culture, such as early aging problems, lack
of specific surface markers during identification, and lim-
ited sampling [12,13]. Human gingival fibroblasts (HGFs)
are the suitable source of cells for gingival tissue regenera-
tion, and they have the characteristics of wide distribution,
convenient sampling, and rapid proliferation [14]. Existing
studies have shown that HGFs have similar characteristics
to stem cells and multiple differentiation potential, such as
osteoblasts, vascular endothelial cells, and vascular smooth
muscle cells [15,16]. However, whether HGFs have the po-
tential to differentiate into SMCs has not been clarified.

Previous studies have suggested that the ideal TESM
scaffold materials should have good cell-scaffold compat-
ibility, loose and porous structure, ideal surface physico-
chemical properties, timely degradability, and biomechan-
ical functions, which provide three-dimensional growth
space for seed cell growth [17–19]. At present, the com-
monly used skeletal muscle tissue engineering scaffold
materials include synthetic polymer materials and natu-
ral biodegradable biological materials. Aliphatic polyester
polymers account for the majority of biodegradable syn-
thetic polymers used in skeletal muscle tissue engineering,
which has the characteristics of low physiological toxicity,
can be degraded at various pH values, has good biocom-
patibility, can be copolymerized with other monomers to
adjust the physical and chemical properties in a wide range,
the degradation time is relatively short and controllable, the
degradation products can participate in human metabolism
and eliminate in vitro through normal ways, but the pro-
inflammatory reaction after implantation in vivo is unavoid-

able [20,21]. Natural biodegradable biomaterials are de-
rived from animals, plants or human bodies, and have been
respected for their good biocompatibility, good degrada-
tion performance, and non-toxic degradation products [20].
Among them, the bioresorbable collagen membrane (Bio-
Gide) and acellular matrix (ACM) remove the original cel-
lular components, retain the fibrous skeleton and some ex-
tracellular matrix components, and have the advantages of
no immunogenicity, making them ideal scaffold materials
for constructing and repairing oral andmaxillofacial defects
[20]. Bio-Gide is a double-layer absorbable collagen mem-
brane processed and purified from pig collagen, which not
only retains the fiber skeleton and part of the extracellu-
lar matrix components but also has the advantages of non-
immunogenicity [22]. Bio-Gide is developed specifically
for periodontal, peri-implant applications or to improve os-
sification of bone defects of any origin [23,24]. Another
study showed that the matrix in Bio-Gide scaffolds can reg-
ulate cell growth factors and promote the adhesion and pro-
liferation of seed cells by activating cell-cell signaling [25].
Acellular dermal matrix (ADM) is a kind of collagenmatrix
material with three-dimensional spatial structure obtained
by removing immunogenic cell components from the epi-
dermis and retaining collagen and other extracellular matrix
components in human or animal dermis [26]. Previous stud-
ies have shown that ADM can induce vascularization and
promote cell growth, has good biocompatibility and low
inflammatory response, and is a commonly used scaffold
material for oral tissue repair, lymphangiogenesis, abdom-
inal wall reconstruction, and post-mastectomy reconstruc-
tion [27–30]. ADM and Bio‑Gide scaffolds have been re-
ported to exhibit good mechanical stability [31]. Studies
have shown that myoblasts that can differentiate SMCs can
be implanted on the surface of synthetic biodegradable scaf-
folds to mediate skeletal muscle tissue regeneration [32–
34]. However, the construction of TESM by inoculating
HGF-induced SMCs on Bio‑Gide and ADM scaffold mate-
rials remains to be clarified.

In this study, skeletal muscle-like cells (SMLCs) dif-
ferentiated from HGFs were inoculated on Bio-Gide and
ADM scaffold materials separately, and the feasibility of
constructing TESM in vitro was verified. Afterwards, the
constructed TESM was implanted in the injured temporal
muscle of Beagle dogs to verify the effect of the forces in
the animal body on the construction of TESM, providing a
new therapeutic approach for the repair and transplantation
of skeletal muscle tissue defects.

Materials and Methods
Acquisition of Gum Tissues

Normal gingival tissue specimens of 10 patients aged
20–30 years with impacted tooth extraction were obtained
from the Stomatology Hospital of Hebei Medical Univer-
sity. Gingival fiber connective tissues were isolated under
sterile conditions for cell culture. The health, rights and pri-
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vacy of the subjects were fully protected and the potential
risks and harm to the subjects could beminimized. The sub-
jects were explained in detail the process of gingival tissue
donation, including the purpose, steps, possible risks, and
complications of the surgery.

Cell Culture
The normal gingival tissues of clinically impacted

teeth after gingival flap resection were collected and the
primary tissue block culture method was used. After the
necrotic tissue and residual blood vessels were removed, the
tissues were cut into 1 mm × 1 mm tissue blocks and cul-
tured in low glucose-Dulbecco’s Modified Eagle’s Medium
(L-DMEM) containing 15 % fetal bovine serum, 100 U/mL
penicillin, and 100 U/mL streptomycin and inverted in an
incubator at 37 °C, 5 % CO2, and 95 % humidity for 4–
6 h. The medium was changed every 3–5 days. After the
tissue block was firmly attached to the wall, approximately
1–2 mL of culture medium was added to the culture bottle.
The culture bottle is slowly flipped over to allow the cul-
ture medium to slowly immerse the tissue block, and then
placed in the incubator for further cultivation. The medium
is changed every 3–5 days. The growth of cells around the
tissue blocks was observed under an inverted microscope.
When the cells reached 80 % fusion, trypsin digestion was
used for cell passage. The logarithmic growth cells were
digested, centrifuged, and then cultured in an incubator at
37 °C with 5 % CO2 saturation humidity. When it was
observed under the microscope that the cell protrusions re-
tracted and the gap increased, the cells were removed from
the bottle wall by tapping the bottom of the bottle with the
hand and complete culture solution was added to terminate
digestion. The bottom of the bottle was gently patted with
the hand to free the cells from the bottle wall to form a cell
suspension, which is passed at 1:4. Additionally, the cells
were detected negative by mycoplasma and identified by
short-tandem repeat.

Immunofluorescence Staining
Cells (1 × 107 cells/mL) were inoculated into a cul-

ture dish preplaced with a treated cover glass. When the
cell confluence reaches 70 %–80 %, the cover glass was
removed and rinsed with phosphate buffered saline (PBS).
The cells were fixed with acetone at 4 °C and blocked at
room temperature for 30 min with 5 % normal goat serum
to reduce nonspecific binding. Subsequently, the primary
antibodies of actin, myosin, vimentin and collagen III were
added and incubated for 24 h at 4 °C. After the cells were
washed with PBS for three times, secondary antibodies
were added and incubated at 37 °C for 30 min, followed by
4ʹ,6-diamidino-2-phenylindole (DAPI) staining for 10 min.
50 % glycerol was added dropwise for sealing. The images
were collected and analyzed by laser scanning confocal mi-
croscopy.

Immunocytochemistry Staining
After the cells underwent 0.25 % trypsin digestion,

they (1 × 107 cells/mL) were inoculated into a culture
dish preplaced with a treated cover glass. When the cell
confluence reaches 70 %–80 %, the cover glass was re-
moved and rinsed with PBS. The cells were fixed with ace-
tone at 4 °C and incubated with 3 % H2O2 for 10 min to
block endogenous peroxidase. Afterwards, the primary an-
tibodies of actin, myosin, vimentin and collagen III were
added and incubated for 24 h at 4 °C. After the cells were
washed with PBS for three times, secondary antibodies
were added and incubated at 37 °C for 1 h, followed by 3,3ʹ-
diaminobenzidine (DAB) staining for 10 min, hematoxylin
re-staining, gradient alcohol dehydration, transparentizing
with xylene, sealing tablets, and microscopic observation.

Selection of 5-aza Concentration and Time for Induction
5-aza was added into the medium with concentrations

of 0 µg/mL, 5 µg/mL, 10 µg/mL and 20 µg/mL, respec-
tively, and the relevant indicators were detected after 4
weeks of induction. The induction fluid is changed every
three days.

After the optimal induction concentration of 5-aza was
determined, HGFs were induced by L-DMEM containing
the concentration of 5-aza for 0, 7, 14, 21, 28, and 35 days
separately. Cell induction was observed daily, and the in-
duction fluid was changed every 2 days. Themorphological
changes in SMLCs were observed under an inverted micro-
scope and SMCs-associated markers were detected.

Western Blot Assay
Proteins were isolated from cells by radioimmunopre-

cipitation assay lysis buffer and then quantified by bicin-
choninic acid method. The protein samples of each group
were 100 µg. The total proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Then,
the proteins were transferred to polyvinylidene fluoride
membranes. Subsequently, the membranes were sealed
with 5 % skim milk to avoid excessive non-specific color
development. After the primary antibodies were incubated
at 4 °C overnight, the membranes were incubated with the
second antibodies for 2 h at room temperature. Afterwards,
an appropriate amount of electrochemiluminescence devel-
oper was added for strip color development. The target
bands were analyzed with ImageJ analysis software (1.43,
NIH, Bethesda, MD, USA), and the relative protein levels
were measured by the ratio of protein to the internal refer-
ence glyceraldehyde-3-phosphate dehydrogenase.

Observation of the Ultrastructure of Induced Cells
After 28 days of 5-aza induction, the induced SMLCs

were digested, prepared into 2 × 106 cells/mL cell suspen-
sion, and then centrifuged for 10 min at 3000 rpm/min. The
cells were first fixed with 2.5 % glutaraldehyde for 4 h and
then fixed with 1 % osmium tetroxide (OsO4) for 2 h, fol-

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v051a02


34 www.ecmjournal.org

European Cells and Materials Vol.51 2025 (pages 31–45) DOI: 10.22203/eCM.v051a02

lowed by dehydrating with gradient acetone for 15 min at 4
°C. Subsequently, the samples were encapsulated in a cap-
sule or plate with an embedding agent and aggregated in
the oven at 37 °C for 24 h and 60 °C for 48 h. The samples
were cut into ultrathin slices with a thickness of 50 nm by
an ultrathin microtome and then re-dyed with uranyl acetate
for 30–45 min and lead citrate for 5–30 min. The ultrathin
sections were placed on a small copper mesh, and the ultra-
structure of SMLCs was observed under transmission elec-
tron microscopy (TEM, H-7500, Hitachi, Tokyo, Japan).

Preparation of Bio-Gide and ADM Scaffold Materials
After 24 h of aseptic PBS immersion, Bio-Gide and

ADM scaffold materials were soaked in isopropyl alcohol
for 30 min and then washed 10 times with PBS. After being
dried in a sterile super clean table, they were irradiated by
ultraviolet lamp for 2 h. Before the seed cells were planted,
the Bio-Gide and ADM scaffold materials were soaked in
DMEM complete culture solution at 37 °C and 5 % CO2

overnight and then cut to 5 × 5 mm size for use.

Hematoxylin-Eosin (HE) Staining
After being fixed with 4 % formalin, samples were

embedded in paraffin and then cut into slices (5 µm thick-
ness). The paraffin sections were dewaxed and hydrated
according to the process of xylene-gradient ethanol-water.
Afterwards, the slices were stained with hematoxylin solu-
tion for 5 min, followed by 0.5 % eosin solution for 3 min.
Then, the slices were dehydrated with gradient ethanol,
transparentized with xylene, and mounted with resin. The
morphological of the tissues were observed under an optical
microscope (BX-53, Olympus, Tokyo, Japan).

Observation of Scaffold Surface Structure and Inoculation
of SMLCs

Scaffolds with or without SMLCs were fixed in 2.5 %
glutaraldehyde at 4 °C for 24 h, followed by ethanol gradi-
ent dehydration, tert-butanol drying, bonding, and coating.
Afterwards, the scaffolds’ surface structure and the inoc-
ulation of SMLCs were observed under scanning electron
microscopy (SEM).

Immunohistochemistry Staining
The obtained tissue engineering graft was implanted

in 4 % neutral formalin for fixation, dehydrated and trans-
parent treatment, impregnated with wax, and fixed on a
microtome for sectioning with a thickness of 8 µm, and
finally dewaxed. The specific methods of immunohisto-
chemistry staining were similar to those of immunocyto-
chemistry staining.

Measurement of Scaffold Water Absorption
The Bio-Gide and ADM materials were weighed be-

fore and after immersion in PBS, and the weight (W) was
marked W0 in the dry state and W1 after soaking for 24 h.

The percentage of water absorption of the support material
was calculated as follows: (W1 – W0)/W0 × 100%.

Measurement of the Mechanical Properties of Scaffolds
The Zwick/Roell Z020 universal mechanical test ma-

chine (Berlin, Germany) was used to measure tensile
strength, including breaking strength and elongation at
break, and record stress and strain. The experiment was
divided into three groups, namely the skeletal muscle (mus-
cle) group, ADM group, and Bio-Gide group for detection.
The two ends of the sample were fixed on the mechani-
cal test machine, and the sample was kept moist with PBS
during the whole experiment. All samples should be pre-
adjusted before the test. The sample length was 1 cm and
was stretched at 10 mm/min until the specimen was pulled
apart. Stress and strainwere recorded. Stress is themechan-
ical state that describes the internal points of the object in all
directions. The internal force received per unit area is the
stress. Strain is the amount that describes the shape change
of a material under the action of external forces. Stress-
strain curves were plotted with stress as the ordinate and
strain as the abscissa. The breaking strength and elonga-
tion at break were calculated.

Breaking strength = the maximum stress/cross-
sectional area at which the material breaks

Elongation at break (%) = the displacement value of
the material at the time of tensile break/the original length
of the material

Measurement of Scaffold Pressure Blasting
A pressure gun was applied to measure the pressure

blasting. In brief, a pressure gun filled with saline was con-
nected to one end of the support material, and the other end
of the support material was sealed with a clamp. Then, the
pressure regulator was slowly rotated to increase the water
pressure until the support material burst, at which time the
reading was recorded.

Cell Counting Kit-8 (CCK-8) Assay the Cytotoxicity of
Scaffold Materials

The samples to be tested were divided into two groups,
Bio-Gide group and ADM group, and placed in 96-well
plates with 100 µL cell suspension. The culture plates were
cultured in incubators at 5 % CO2 and 37 °C for 24, 48, and
72 h. After the fresh medium was changed, 10 µL of CCK-
8 solution was added to each well. After the culture plate
was incubated for 4 h, the absorbance (A) at 450 nm was
measured by an enzyme-labeled instrument. Cytotoxic ac-
tivity (%), i.e., relative growth rate (RGR) = (A (scaffold)
– A (blank)/A (no scaffold) – A (blank)) × 100 %

A (scaffold): absorbance of well with cells, CCK-8
solution, and scaffold material

A (blank): absorbance of well with medium and CCK-
8 solution but no cells
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A (no scaffold): absorbance of well with cells, CCK-8
solution and no scaffold material

In accordance with the RGR value, cytotoxicity was
evaluated as follows:

RGR ≥75 %, cytotoxicity grade 0 or 1, qualified.
RGR was 50 %–74 %, and the cytotoxicity was grade

2, which should be combined with the comprehensive eval-
uation of cell morphology.

RGR ≤49 %, cytotoxicity grades 3–5, unqualified.

Animal
The skeletal muscle of the face of rodents is relatively

small, and we selected the temporal muscle of Beagle dogs
to greatly restore the similarity of human chewing mus-
cle. Although Beagles are worth a lot of money, we feel
that larger animals are more maneuverable. Twelve healthy
male Beagle dogs were purchased from Beijing Maas Bio-
logical Co., Ltd. (Beijing, China). They were aged 10–12
months, weighed about 11 or 12 kg, and had no systemic
diseases. The Beagle dogs were kept in the Laboratory An-
imal Center of Hebei Medical University, were fed quan-
titatively two times every morning and evening, and drank
freely. After 1 month of adaptive feeding, the experiment
was carried out. This experiment used Beagle dogs as the
model, and the number was determined by statistical calcu-
lation to ensure the minimum amount of use. Beagle dogs
were kept in a standard environment with proper tempera-
ture, humidity and light, adequate food and water, and reg-
ular cleaning of cages. In the experimental procedure, the
Beagle dogs received anesthesia and analgesia, the surgery
was performed by trained personnel, and monitored closely
afterward. The end point of the experiment was clear and
euthanasia was carried out if necessary. The experimental
personnel were all trained and qualified. The experiments
strictly abided by the national and institutional animal test-
ing regulations and policies.

The Beagle dogs were fasted to water 12 h before
surgery. 30 min before surgery, 0.07–0.08 mL/kg of Su
Mian Xin II (0.1 g/mL) was injected into the hind leg mus-
cles of the dogs for sedation. Then, 1 % pentobarbital
sodium was given intramuscular injection of 0.3 mL/kg for
further anesthesia. According to the anesthesia status, 1 %
pentobarbital sodium was administered intramuscularly at
a dose of 0.3 mL/kg every 2 h for anesthesia maintenance.
Then, 0.5 % lidocaine hydrochloride was injected into the
local infiltration of the surgical area to assist in maintaining
the anesthesia effect. After the experimental Beagle dogs
entered a state of general anesthesia, they were fixed on
the operating table and disinfected with iodine and alcohol
in the surgical area. All surgical instruments were disin-
fected and sterilized under high temperature and pressure.
An aseptic hole towel was applied to create defect wounds
of about 5 × 5 mm in the temporal area under local anes-
thesia, and sterile surgical suture was performed. The right
temporal muscles of 12 Beagle dogs were well preserved,

and they served as the normal control group. Four Beagle
dogs had left temporal muscle injuries, which were directly
sutured and treated. Four Beagle dogs had left temporal
muscle injuries, which were repaired with empty scaffolds
(Bio-Gide) and sutured. Four Beagle dogs had left temporal
muscle injuries, which were repaired with Bio-Gide-tissue-
engineered skeletal muscle (TESM) and sutured. The entire
surgical procedure was proficiently performed by the same
experimenter, strictly adhering to the principle of sterility.
Soft food was given within 1 day after surgery. Antibi-
otics were injected for 1 week, the wound was treated with
decompression and bandaging, and the Beagle dog’s head
was treated with special headgear. After the operation, each
Beagle dog was observed regularly for any abnormality in
feeding, mental state, stool, and daily activities. After 2
weeks, the Beagle dogs were killed by air embolization un-
der general anesthesia (similar to anesthesia during oper-
ation). Temporal muscle tissue specimens were taken out
from each group of Beagle dogs and divided into three parts.
One part was fixed in 10 % neutral formalin for HE staining
and Masson staining identification, another part was fixed
in 2.5 % glutaraldehyde for scanning electron microscopic
observation, and another part was used for pressure bearing
determination.

Masson Staining
After being fixed, samples were embedded in paraf-

fin and then cut into slices. Dewaxing was performed af-
ter paraffin sections were made. The sections were then
stained with Masson complex dye solution for 5 min. Af-
ter being soaked in 0.2 % acetic acid solution, the sections
were stained with 5 % phosphotungstic acid for 10 min,
followed by bright green solution for 5 min. After 0.2 %
acetic acid washing, the sections were dehydrated with gra-
dient ethanol and transparentized with xylene for 10 min.
The slices were sealed with neutral gum, observed and pho-
tographed under a light microscope.

Statistical Analysis
Data were expressed as the mean ± standard devia-

tion. Animal experiments were conducted on four sam-
ples per group. Cell scaffold related experiments were con-
ducted with five samples per group. Each experiment was
independently repeated three times. The data followed a
normal distribution. One-way analysis of variance followed
by Tukey’s post-hoc test was applied for comparisons be-
tween multiple groups, and student’s t-test was applied for
comparisons between two groups. SPSS (version 17.0,
SPSS Inc., Chicago, IL, USA) statistical software was used
for statistical analysis. Values of p< 0.05 were regarded as
statistically significant.
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Fig. 1. Morphological observation and identification of primary HGFs. (A) Morphological of primary culture and passage of HGFs
observed by immunofluorescence staining (scale bar: 100 µm). (B) Positive expressions of vimentin and collagen III in the cytoplasm
of HGFs were detected by immunocytochemical staining (scale bar: 25 and 50 µm). (C) Negative expressions of actin and myosin in
the cytoplasm of HGFs were detected by immunocytochemical staining (scale bar: 25 and 50 µm). (D,E) Positive expression levels of
vimentin and collagen III in the cytoplasm of HGFs were observed by immunofluorescence staining (scale bar: 50 µm). HGFs, human
gingival fibroblasts; DAPI, 4ʹ,6-diamidino-2-phenylindole.
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Fig. 2. Expression of SMCs-related markers in differentiated HGFs. (A) Expression of vimentin and actin in HGFs treated with
various concentrations of 5-aza. (B) Western blot analysis of vimentin, myosin, Myf5, and Myod protein levels in HGFs treatment with 5
µg/mL of 5-aza at various time points. (C) Positive expressions of actin, myosin, and vimentin in the cytoplasm of HGFs were detected by
immunocytochemical staining (scale bar: 25 µm). (D) Positive expressions of actin and myosin in the cytoplasm of HGFs were detected
by immunofluorescence staining (scale bar: 50 µm). (E) Differentiation of HGFs into SMLCs by 5 µg/mL of 5-aza at various time points
(scale bar: 100 µm). (F) Ultrastructure of SMLCs fromHGFs induced by 5-aza was observed by TEMwith different magnification (scale
bar: 1 µm). **p< 0.01; ***p< 0.001. SMCs, skeletal muscle cells; SMLCs, skeletal muscle-like cells; Myf5, myogenic factor 5; Myod,
myoblast determination; GAPDH, internal reference glyceraldehyde-3-phosphate dehydrogenase; DAPI, 4ʹ,6-diamidino-2-phenylindole;
TEM, transmission electron microscopy.
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Fig. 3. Construction of TESM in vitro. (A) Surface structures of Bio-Gide and ADM scaffold materials were analyzed by HE staining
(scale bar: 50 µm). (B) SMLCs growing on the surface and internal of Bio-Gide and ADM scaffold materials were detected by HE
staining (scale bar: 25 µm). (C) Surface ultrastructures of Bio-Gide and ADM scaffold materials were observed by SEM (scale bar: 10
µm). (D) SMLCs growing on the surface and internal of Bio-Gide and ADM scaffold materials were observed by SEM (scale bar: 10
µm). (E,F) Immunohistochemistry observation showed that actin and myosin were positively expressed in the cytoplasm of SMLCs on
the surface and internal of Bio-Gide and ADM scaffold materials (scale bar: 25 µm). TESM, tissue-engineered skeletal muscle; HE,
hematoxylin-eosin; Bio-Gide, bioresorbable collagen membrane; ADM, acellular dermal matrix; SEM, scanning electron microscopy.

Results
Morphological Observation and Identification of Primary
HGFs

An inverted microscope was used to observe the mor-
phology of HGFs, and the results showed that the HGFs
were arranged in bundles or swirls, and the cells had radia-
tive growth centered on tissue blocks (Fig. 1A). The growth
of cultured cells was satisfactory, reaching 90 %–100 % in
3 or 4 days (Fig. 1A). Subsequently, the primary HGFs
were immunostained with vimentin, collagen III, actin, and
myosin antibodies. The immunocytochemistry results dis-
played that the vimentin and collagen III proteins were pos-
itively expressed (Fig. 1B), whereas the actin and myosin
proteins were negatively expressed in HGFs (Fig. 1C).
Meanwhile, immunofluorescence staining also showed that
the vimentin and collagen III proteins were positively ex-
pressed in HGFs (Fig. 1D,E). These results indicate that
HGFs could be used for follow-up experimental research.

Expression of SMCs-Related Markers in Differentiated
HGFs

5-aza was used to induce HGF differentiation into
SMCs, and the optimal 5-aza concentration and induced dif-
ferentiation time of HGFs to SMLCs were explored. The
HGFs were treated with different concentrations of 5-aza
(5, 10, and 20 µg/mL). After 28 days, the HGF- and SMCs-
associated markers were determined by Western blot as-
say. The results showed that the level of vimentin sig-
nificantly decreased, whereas that of actin increased after
treatment with 5-aza (5, 10, and 20 µg/mL) compared with
the control group. The vimentin protein level was lowest,
whereas the actin level was the highest after treatment with
5 µg/mL of 5-aza (Fig. 2A). Subsequently, the cells were
treated with 5 µg/mL of 5-aza for 0, 7, 14, 21, 28, and 35
days separately. The Western blot results showed that the
relative levels of SMC-associated markers (myosin, myo-
genic factor 5 (Myf5), and myoblast determination (Myod))
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Fig. 4. Feasibility analysis of constructing TESM. (A) Comparison of water absorption between Bio-Gide and ADM scaffold materials.
(B) Stress-strain curves of Bio-Gide scaffold, ADM scaffold, and muscle tissues. (C,D) Breaking strength, and elongation at break of
Bio-Gide scaffold, ADM scaffold, and muscle tissues were detected by Zwick/Roell Z020 universal mechanical test machine. (E) Burst
pressure of Bio-Gide scaffold, ADM scaffold, and muscle tissues was compared. (F) Cytotoxicity of Bio-Gide and ADM scaffolds was
analyzed by CCK-8. *p < 0.05; **p < 0.01. CCK-8, cell counting kit-8.

were the highest at 28 days (Fig. 2B). The immunocyto-
chemistry and immunofluorescence results displayed that
the actin and myosin proteins were positively expressed in
cells after 28 days of induction (Fig. 2C,D). Morphological
observation showed that after 14 days of induction, most

of the cells were still arranged in bundles or swirls (Fig.
2E). At 28 days, the morphology of the cells changed from
long spindle to columnar or rod-like, the cells enlarged and
thickened, and the two ends of the cells became blunt (Fig.
2E). At 35 days, most of the cells were columnar or rod-
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Fig. 5. Effects of TESM constructed by combining HGFs induced differentiated SMLCs with Bio-Gide scaffolds on repair and
regeneration of injured skeletal muscle tissues. (A,B) The morphological changes of the left injured temporal muscle of Beagle dogs
after Bio-Gide-TESM implantation for 2 weeks were observed by HE staining (scale bar: 25 µm) and Masson staining (scale bar: 50
µm). (C) Comparison of burst pressure in Bio-Gide scaffold, Bio-Gide-TESM, and muscle tissues. The area indicated by the arrow was
the region of muscle regeneration and scaffold degradation. *p < 0.05.
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shaped, with a large number of cells proliferating and some
cells fusing, which was consistent with normal SMC mor-
phology (Fig. 2E). The TEM results showed that the nu-
cleus was located in the center of the cell, and many mito-
chondria, Golgi complexes, and some dense structures were
found in the cytoplasm, but no transverse features, which
was different from the structure of real SMCs (Fig. 2F).
These results suggest that the optimal concentration of 5-
aza and induced differentiation time for inducing HGF dif-
ferentiation into SMLCs were 5 µg/mL and 28 days. More-
over, these results indicate that SMLCs differentiated from
HGFs have morphological and immunological characteris-
tics of SMCs.

Construction of TESM In Vitro

Next, the SMLCs were inoculated on Bio-Gide and
ADM scaffold materials, and the scaffold materials and cell
attachment were analyzed. HE staining and SEM were ap-
plied for observing the surface ultrastructure of scaffoldma-
terials and the inoculation of SMLCs on the scaffold materi-
als. The results fromHE revealed that the Bio-Gide scaffold
was composed of collagen fibers and matrix without any
cellular structure, the fibers in the scaffold were arranged
in layers, and the fiber structure was sparse (Fig. 3A). The
ADM scaffold was composed of collagen fibers and matrix
without any cellular structure, and the fibers in the scaffold
were densely arranged (Fig. 3A). A large amount of SMLCs
were attached to the inner surface of the Bio-Gide scaffold,
growing in dispersed layers along the surface and internal
fibers (Fig. 3A). The SMLCs planted on the surface of the
ADM scaffold were well grown, were arranged in layers,
and grew on the surface of the scaffold, with a small number
of cells growing into the scaffold (Fig. 3B). The SEM re-
sults showed that the inner surface of the Bio-Gide scaffold
displayed very sparse and thick collagen fibers with loose
layers and some porous structures on the surface (Fig. 3C).
The fibers of the ADM scaffold were dense, with few pores
and uniform distribution (Fig. 3C). The induced SMLCs
grew in layers along the fibers on the inner surface of the
Bio-Gide scaffold material, and the cell arrangement was
relatively dispersed, but the cell to cell was connected into
a network structure, and the induced SMLCs grew in a lay-
ered manner on the inner surface of the ADM scaffold (Fig.
3D). The immunohistochemistry results suggested that the
actin and myosin proteins were positively expressed in the
SMLCs planted in the Bio-Gide and ADM scaffold materi-
als, and the positive rate in the Bio-Gide scaffold was higher
than that in the ADM scaffold (Fig. 3E,F). These results
suggest that the structural characteristics of Bio-Gide scaf-
foldmaterials could provide a structural basis for improving
the success rate of implantation cells.

Feasibility Analysis of Constructing TESM

Subsequently, the water absorption, mechanical
strength, and tensile stress of the scaffold materials were

analyzed. The results showed no significant difference
in water absorption capacity between the Bio-Gide and
ADM scaffold materials (Fig. 4A). The stress-strain curves
showed that Bio-Gide and ADM scaffolds have higher ten-
sile resistance than normal muscles (Fig. 4B). Besides, the
fracture strength and elongation at break of the Bio-Gide
scaffold were similar to that of skeletal muscle, whereas
those of the ADM scaffold were lower (Fig. 4C,D). The
burst pressure of the Bio-Gide scaffoldmaterial was smaller
than that of the ADM scaffold material and skeletal muscle
(Fig. 4E). CCK-8 assay was applied to access the cyto-
toxicity of the Bio-Gide and ADM scaffold materials. The
results showed that the number of SMLCs on the Bio-Gide
and ADM scaffold materials gradually increased at 24, 48,
and 72 h, and the relative growth rate was above 75 %
(Fig. 4F), indicating that the cytotoxicity grade was 1, and
the toxicity test was qualified. These results indicate that
the absorbable Bio-Gide scaffold material can be used as
the carrier and living environment of SMLCs to construct
TESM successfully.

Effects of TESM Constructed by Combining HGFs Induced
Differentiated SMLCs with Bio-Gide Scaffolds on Repair
and Regeneration of Injured Skeletal Muscle Tissues

To further validate the feasibility of constructing
TESM with HGFs combined with Bio-Gide materials, the
constructed TESM was implanted in the injured temporal
muscle of Beagle dogs to evaluate the function of TESM in
vivo. After 2 weeks, the results from HE staining and Mas-
son staining showed that the scaffold began to degrade, the
structure disappeared, and a large number of matrix com-
ponents and a small amount of skeletal muscle fiber hy-
perplasia were present at the defect site in the empty scaf-
fold group (Fig. 5A,B, the area indicated by the arrow). In
the TESM group, the scaffold began to degrade, the struc-
ture disappeared, a large number of muscle fiber hyperpla-
sia were present at the scaffold site, neovascularization be-
gan, a new skeletal muscle tissue was formed in some ar-
eas, and inflammatory cell infiltration was hardly visible
(Fig. 5A,B, the area indicated by the arrow). Moreover,
the burst pressure of the Bio-Gide-TESM group was higher
than that of the Bio-Gide scaffold group, and no significant
difference was observed in the burst pressure between the
Bio-Gide-TESM group and the normal muscle group (Fig.
5C). These results suggest that the constructed TESM pro-
moted the repair and regeneration of injured skeletal muscle
tissues.

Discussion
The regeneration and repair ability of human skele-

tal muscle tissue is notoriously low. Currently, autogenous
bone transplantation, allogeneic bone transplantation, and
synthetic substitute are mainly used to repair bone defects
and nonunion, but they are difficult to meet the needs of
clinical repair of various bone defects [35]. TET has been
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reported to open up a new research and application field
for the clinical repair of skeletal muscle tissue defects, and
it has become one of the most promising tissue engineer-
ing achievements in clinical application [8]. Brookes et
al. [36] demonstrated that functional three-dimensional tis-
sue engineering skeletal muscles could be developed from
primary skeletal muscle progenitor cells and standardized
oligomeric collagen for laryngeal reconstruction. Das et
al. [37] created a bioengineered structure by combining
nerve cells and muscle cells on a bionic scaffold, which im-
proved the recovery of voluble muscle loss. The present
study demonstrated that HGFs have the ability to differ-
entiate into SMLCs, and Bio-Gide is a feasible material
for TESM. HGF-constructed TESM facilitated the recov-
ery and regeneration of injured skeletal muscle tissues, thus
providing a new idea for the treatment of muscle injury.

A previous study has found that after muscle injury,
the MSCs at the injury site differentiate into muscle satel-
lite cells, which can promote muscle repair and regener-
ation [38]. Another study found that 5-aza could induce
rabbit MSCs to differentiate into cells with skeletal muscle
characteristics [39]. However, the defects of MSCs such as
senescence in the early stage of culture and lack of specific
surfacemarkers in identification limit their wide application
[12,13]. A previous study proposed that periodontal mem-
brane fibroblasts have differentiation potential and the char-
acteristics of stem cells [40]. Hu et al. [41] believed that the
human periodontal ligament cell (hPDLC) cultured by di-
rect tissue block method is a heterogeneous cell population
containing stem cell components. Another study showed
that the derived cells from hPDL tissue contained a certain
proportion of stem cells [42]. In the present study, HGFs
were used as the induced differentiation cells to investigate
whether they could differentiate into SMCs after induction
by 5-aza.

5-aza is known to have a demethylation effect, and the
methylation site contains a site that regulates myogenic dif-
ferentiation and is in the phase of transcriptional inactiva-
tion [43]. Previous studies have shown that 5-aza can in-
duce MSCs to differentiate into cardiomyocytes [44,45]. In
the present study, 5-aza was used to induce the differenti-
ation of HGFs into SMCs, and the optimal differentiation
concentration and differentiation time of 5-aza were deter-
mined. SMCs’ specific surface marker is well known to
be actin, while myosin, Myf5, and Myod are also specif-
ically expressed in SMCs [46]. The Western blot results
showed that the levels of actin, myosin, Myf5, and Myod
were the highest after differentiation at 28 days by 5 µg/mL
of 5-aza. The results from TEM demonstrated that the dif-
ferentiated cells contained some typical organelles, and a
large number of dense structures could be seen in the cy-
toplasm. These findings suggested that the SMLCs formed
by 5 µg/mL 5-aza-induced differentiation of HGFs for 28
days showed morphological and immunological character-
istics of SMCs.

The Bio-Gide scaffold has been reported to be a com-
monly used scaffold material to guide tissue regeneration.
Schlegel et al. [22] reported that Bio-Gide membranes are
promising new tools for dental surgery and guided bone re-
generation in humans. Another research discovered that
porous tantalum and Bio-Gide collagen membrane with
bone marrow MSCs repaired full-layer joint defects in pa-
tients with femoral head necrosis [47]. Camelo et al. [48]
demonstrated that autogenous bone in combination with
porous bone mineral matrix, together with Bio-Gide col-
lagen membrane, can stimulate substantial new bone and
cementum formation. Luczyszyn et al. [49] showed that
ADM was used as a membrane associated with absorbable
hydroxyapatite for bone regeneration. Zhou et al. [50]
demonstrated that ADM is a safe and effective biomedi-
cal material for surgical defect repair and pharyngeal func-
tion reconstruction of hypopharyngeal carcinoma. How-
ever, the results showed that compared with the ADM scaf-
fold material, the SMLCs inoculated with Bio-Gide scaf-
fold material proliferated significantly, indicating that the
structural characteristics of the Bio-Gide scaffold material
enhanced the number of cell adhesion. The stress, breaking
strength, and elongation at break of the Bio-Gide scaffold
were similar to those of a normal skeletal muscle. This find-
ing confirmed that the Bio-Gide scaffold had similar phys-
ical and chemical properties to a normal skeletal muscle,
indicating the feasibility of Bio-Gide as a TESM scaffolds.

In skeletal muscle injuries, tissue engineering repre-
sents a biological alternative for replacement of large tissue
loss after severe damage. A previous study showed that
when myoblasts bound to a three-dimensional fibrin ma-
trix were injected into the injured rat muscle area, the fibrin
carrier did not cause an inflammatory response and allowed
myoblasts to integrate into the host muscle fibers [51]. Fib-
rin scaffolds have also been combined with adult cells for
muscle regeneration after extensive tissue loss in a mouse
model of tibialis anterior defect [52]. Collagen scaffolds
have shown the ability to induce skeletal muscle-like tissue
regeneration, and the scaffold structure is able to support
the mechanical forces generated in the muscle tissue [53].
To verify the effect of the forces in the animal body on the
constructed TESM, the constructed TESM in vitro was im-
planted in the injured temporal muscle of Beagle dogs and
used as a bioreactor for dynamic enhancement culture ex-
periment in the animal body. In the present study, most
of the scaffolds were degraded after 2 weeks of implanta-
tion in the injured temporal muscle of Beagle dogs, a large
number of muscle fibers showed hyperplasia, neovascular-
ization began, and a new skeletal muscle tissue was formed
in some areas. Moreover, TESM formed by human HGFs
induced differentiation into SMLCs implanted in Bio-Gide
scaffolds has anti-stress function, to some extent, after cul-
ture in vivo.
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Conclusions
HGFs have the ability to differentiate into SMLCs,

and Bio-Gide is a feasible scaffold material for TESM. The
TESM constructed by HGFs facilitated the recovery and re-
generation of injured skeletal muscle tissues. Gingival fi-
broblasts have the advantages of active self-renewal ability,
strong repair and healing ability, convenient extraction, less
trauma, high survival rate in vitro, and can differentiate into
SMLCs under appropriate stimulation, which has broad re-
search prospects. It not only provides a new source of skele-
tal muscle seed cells, but also provides a new way to repair
muscle defects with TESM in clinical application. How-
ever, more experimental and clinical studies are needed to
confirm its role in skeletal muscle regeneration before it can
be widely used.
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