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Background: Volumetric Muscle Loss (VML) denotes the traumatic loss of skeletal muscle, a condition that can result in chronic 
functional impairment and even disability. While the body can naturally repair injured skeletal muscle within a limited scope, patients 
experiencing local and severe muscle loss due to VML surpass the compensatory capacity of the muscle itself. Currently, clinical 
treatments for VML are constrained and demonstrate minimal efficacy. Selenium, a recognized antioxidant, plays a crucial role in 
regulating cell differentiation, anti-inflammatory responses, and various other physiological functions.
Methods: We engineered a porous Se@SiO2 nanocomposite (SeNPs) with the purpose of releasing selenium continuously and 
gradually. This nanocomposite was subsequently combined with a decellularized extracellular matrix (dECM) to explore their 
collaborative protective and stimulatory effects on the myogenic differentiation of adipose-derived mesenchymal stem cells 
(ADSCs). The influence of dECM and NPs on the myogenic level, reactive oxygen species (ROS) production, and mitochondrial 
respiratory chain (MRC) activity of ADSCs was evaluated using Western Blot, ELISA, and Immunofluorescence assay.
Results: Our findings demonstrate that the concurrent application of SeNPs and dECM effectively mitigates the apoptosis and 
intracellular ROS levels in ADSCs. Furthermore, the combination of dECM with SeNPs significantly upregulated the expression of 
key myogenic markers, including MYOD, MYOG, Desmin, and myosin heavy chain in ADSCs. Notably, this combination also led to 
an increase in both the number of mitochondria and the respiratory chain activity in ADSCs.
Conclusion: The concurrent application of SeNPs and dECM effectively diminishes ROS production, boosts mitochondrial function, 
and stimulates the myogenic differentiation of ADSCs. This study lays the groundwork for future treatments of VML utilizing the 
combination of SeNPs and dECM.
Keywords: porous Se@SiO2 nanocomposite, SeNPs, adipose-derived mesenchymal stem cells, ADSCs, decellularized extracellular 
matrix, dECM, myogenic differentiation, mitochondria

Introduction
As a crucial component of the human motor system, skeletal muscle possesses a regenerative capacity to a certain extent, 
capable of repair and regeneration after minor injuries. However, in specific scenarios resulting in severe muscle loss, 
such as volumetric muscle defects (VML), the extent of muscle loss surpasses the compensatory abilities of local stem 
cells and extracellular matrix (ECM). This frequently leads to impairment of limb function and permanent disability, 
imposing a substantial burden on both society and families.1 Currently, effective treatments for VML remain limited. 
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While free skeletal muscle transplantation is a common clinical approach, its success is often hindered by a shortage of 
donors, and graft may not fully regenerate functional tissue.2 In recent years, skeletal muscle tissue engineering (SMTE) 
has become a potential alternative to traditional VML surgery in regenerative medicine.3

Decellularized extracellular matrix (dECM) is a biomaterial obtained through physical or chemical means to eliminate 
cellular components while retaining extracellular matrix components.4 dECM comprises proteins, glycosaminoglycans, 
proteoglycans, and various other matrix components present in the tissue. This composition mimics an optimal non- 
immune environment, featuring a natural three-dimensional structure along with a diverse array of bioactive 
components.5 dECM scaffolds are basically free of DNA and antigenic epitopes, so they will not cause adverse immune 
reactions. Compared with the myoblasts cultured on tissue culture plastics, the myoblasts cultured on skeletal muscle 
dECM have higher growth rate and differentiation potential.6 Based on the efforts of the majority of researchers, dECM 
has entered the clinical trial stage and provides the basis for other methods such as stem cells and drug delivery.7 

However, Garg et al found that using stem cell-free ECM scaffolds cannot recruit enough host stem cells in vivo alone to 
promote enough autologous fiber regeneration to achieve functional recovery.8 Therefore, we believe that the successful 
design of skeletal muscle tissue engineering is inseparable from the assistance of stem cells.

The SMTE strategy involves the utilization of diverse stem cell types, including but not limited to mesenchymal stem 
cells, perivascular stem cells, and adipose-derived mesenchymal stem cells (ADSCs). ADSCs stand out as a particularly 
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appealing cell type due to their accessibility through a straightforward, high-yield isolation process. Subsequently, they 
can undergo rapid expansion and differentiation into myotubes, offering a means to evade host immune system influence 
and prevent rejection.9 It has been proven that ADSCs can spontaneously display myogenic potential in vitro and have 
been detected as a potential donor cell to promote skeletal muscle regeneration in vivo.6 In addition, in a mouse model of 
muscular dystrophy, after injecting ADSCs into injured skeletal muscle, the researchers found that ADSCs could regulate 
inflammation, increase angiogenesis, and regulate the expression of dystrophin.10

There are some limitations in the practical application of stem cell therapy, which usually requires effective expansion 
and culture in vitro in order to obtain a sufficient number of stem cells with differentiation potential.11 However, the 
proliferation and differentiation potential of stem cells expanded in vitro may be low, and may even have a negative 
impact on their ability to promote skeletal muscle repair. Throughout the proliferation and differentiation of stem cells, 
the ongoing metabolic activities of cells result in the continual production of reactive oxygen species (ROS) by 
mitochondria.12 Meanwhile, ROS play a regulatory role in cellular processes such as proliferation, migration, differ-
entiation, and muscle contraction at the physiological level.13 However, long-term exposure to excessive ROS may 
exceed the compensatory capacity of cells, resulting in inhibition of cell proliferation and differentiation, irreversible 
fibrosis and scarring in skeletal muscle, and eventually loss of muscle function.14

Selenium (Se) stands as a crucial trace element that contributes to the regulation of various physiological functions, including 
anti-inflammatory and immune responses. Additionally, it plays a significant role in the modulation of ROS levels.15,16 However, 
high dose of Se is toxic to life, and low concentrations of Se sometimes cannot reach the effective concentration. Therefore, we 
have developed a kind of porous Se@SiO2 nanocomposites (SeNPs) which can slowly release selenium.17 This slow release and 
in vivo stability of SeNPs ensures their low toxicity and beneficial biosafety properties.18,19 In previous studies, it was found that 
SeNPs have the ability to promote skeletal muscle regeneration.20

In this study, we incorporated dECM, a widely utilized material in regenerative medicine, building upon previous 
research. We innovatively merged SeNPs with dECM to investigate the impact of this composite structure on the 
myogenic differentiation of ADSCs. This exploration aims to establish a foundation for designing a robust and viable 
SMTE strategy for the treatment of VML.

Materials and Methods
Synthesis and Characterization of Porous SeNPs
The porous SeNPs were prepared as previously described.17,21 In summary, the initial step involved the preparation of 
Cu2–xSe nanocrystals. Subsequently, a combination of n-hexane, n-hexanol, Triton X-100, deionized water, and tetraethyl 
orthosilicate was introduced. The addition of ammonium hydroxide facilitates the generation of [Cu (NH3)4]2+. The 
utilization of oxygen serves to oxidize Se2−, leading to the formation of selenium quantum dots (QDs). Silica-coated 
selenium QDs were then created through the hydrolysis of orthosilicate in an alkaline environment, resulting in the 
formation of solid SeNPs. These solid SeNPs underwent coating with PVP and subsequent etching in hot water to induce 
the development of porous structures. The characterization of SeNPs was carried out using a D/max-2550 PC XRD (Cu– 
Kα radiation; Rigaku; Tokyo, Japan) and a transmission electron microscope (TEM, JEM-2100F).

Cell Culture
The use of animals in this study was approved by the Animal Ethics Committee of Yangzhou University and was carried 
out in strict accordance with the “Public Health Service Policy on Humanitarian feeding and use of Experimental 
Animals” of American Public Health Service. ADSCs were sourced from Sprague-Dawley (SD) rats. In summary, 
humane euthanasia was performed on adult SD rats, and subsequent meticulous removal of blood vessels, fascia, and 
other tissues ensued using ophthalmic scissors and tweezers. Excision of adipose tissue followed, with digestion utilizing 
0.1% collagenase type II (SCR103, Sigma, USA) at 37°C for 45 min. The resultant mixture was subjected to filtration 
using 200-µm mesh filters, and the obtained filtrate was collected and centrifuged at 250 g for a duration of 5 min. 
Subsequently, the particles were resuspended in a complete medium and then transferred into a plastic cell culture flask. 
The cells were cultured in Dulbecco’s modified Eagle medium (DMEM)/F-12 medium (HyClone, Logan City, UT, USA) 
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supplemented with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY, USA) and 1% penicillin and streptomycin. 
This cultivation process was upheld at 37°C within a 5% CO2 incubator. ADSCs from the third passage were employed 
for cell identification, dECM preparation, and subsequent experiments.

Preparation of dECM Deposited by ADSCs
Tissue culture polystyrene (TCPS) plates underwent treatment with 0.2% gelatin (Sigma-Aldrich, St. Louis, MO, USA) 
at 37°C for 1 hr, followed by exposure to 1% glutaraldehyde (Sigma-Aldrich) and 1 M ethanolamine (Sigma-Aldrich) for 
30 min at room temperature. After the removal of excess ethanolamine, the plates underwent three washes with 
phosphate-buffered saline (PBS). Subsequently, a growth medium was added, and the medium color was observed. If 
the medium turned purple, the plates were rinsed repeatedly until the medium returned to its normal color. ADSCs were 
cultured on pre-treated plates in a growth medium until reaching 90% confluence. Following that, 100-µM L-ascorbic 
acid was added for additional 7 days. To obtain decellularized extracellular matrix (dECM), cells were cultured in 
extraction buffer (0.5% Triton X-100 and 20 mM NH4OH in PBS, pH 7.4) at 37°C for 5 min. The dECM was washed 
with PBS three times to eliminate residual extraction buffer and then stored under sterile conditions at 4°C.22

In vitro Safety of SeNPs
The in vitro safety assessment of porous SeNPs involves evaluating their inhibitory effect on the proliferation of ADSCs. 
ADSCs were initially seeded at a density of 1×105 cells per well in a flat-bottomed 48-well plate and cultured at 37°C 
with 5% CO2 for 24 hr. Following this incubation period, the cells were exposed to varying concentrations of porous 
SeNPs (0–180 µg/mL). The subsequent day, ADSC proliferation was assessed using the MTT assay (Sigma, Saint Louis, 
MO, USA). In summary, each well was treated with MTT working solution for 4 hr, followed by a 30-min incubation 
with dimethyl sulfoxide. The absorbance was then measured at 492 nm using a miniature flat-panel reader (Thermo 
Fisher Scientific, MK3 type, Multiskan GO, Waltham, MA, USA).

At the same time, the proliferation and death of cells were observed by living dead cell staining on the 1st, 3rd, and 
7th day of cell culture. Green dye can penetrate into the cell membrane of living cells, while red dye staining cannot pass 
through the cell membrane and can only label dead cells. In short, the cell sample was obtained on a specified number of 
days, diluted and added to the cell petri dish according to the instructions of calceinAM/PIkit (Biovision, CA, USA), and 30 
min was incubated and washed with PBS. The ratio of living cells to dead cells was observed by fluorescence microscope 
(OlympusIX71, Olympus, Tokyo, Japan). The ratio of living cells to dead cells was calculated using ImageJ software.

Myogenic Differentiation Induction of ADSCs
ADSCs were seeded in a 6-well plate at 4×105 cells/cm2 and divided into six treatment groups: blank, Pentaazacytidine 
(5-Aza), 5-Aza + dECM, 5-Aza + Se@SiO2 and 5-Aza + dECM + Se@SiO2. ADSCs were cultured in DMEM (Thermo 
Fisher) with 10 µM 5-Aza and 40 µg/mL Se@SiO2. We found that myotubules were abundant on the seventh day of 
ADSCs induced myogenic differentiation, so subsequent myogenic related tests were carried out on the seventh day to 
collect cell samples.

Electron Microscopic Observation of dECM and Cells
For observing dECM, the dECM sample was fixed with 2.5% glutaraldehyde and dehydrated with an increase in ethanol 
concentration (50%, 75%, 80%, 95%, and 100%). The morphology of dECM samples was analyzed by scanning electron 
microscope (HT7700; Hitachi Hi-Tech, Tokyo, Japan).

For cultured cell samples, the conventional sample preparation process was adopted, including dehydration, immer-
sion, embedding, ultra-thin section, and heavy metal staining. The morphology of mitochondria was observed by 
transmission electron microscope (Hitachi HT7700, Tokyo, Japan) at an accelerated voltage of 220kV.
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Enzyme-Linked Immunosorbent Assay (ELISA)
Rat IGF-1 and TGF-β ELISA kits were purchased from Yu Bo Biotech (Shanghai, China). The expression levels of IGF- 
1 and TGF-β in cell culture supernatants were assessed in accordance with the manufacturer’s protocol. All tests were 
carried out three times.

Detection of Mitochondrial ROS
Cell samples were obtained following a 7-day induction period. For the preparation of a MitoSOX Red Mitochondrial 
Superoxide Indicator solution (MitoSOX Red), 13 µL of dimethyl sulfoxide was added to 50 µg of the indicator 
(Yeasen), creating a 5-mM storage solution. This storage solution was then diluted 1000-fold with Hank’s balanced 
salt solution, resulting in a final concentration of 5 µM. The working solution (1–2 mL) was applied to cells growing on 
the climbing sheet, ensuring full coverage. Subsequently, cells were cultured at 37°C in the dark for 10 min, followed by 
counterstaining with Hoechst dye for additional 5 minutes. The prepared slide was sealed, and images were captured 
using a laser confocal microscope (Leica, TCS SP5).

Evaluation of Mitochondrial Respiratory Chain Complex and Catalase Activities
The assessment of mitochondrial respiratory chain (MRC) activities entailed the use of both the MRC Complex Activity 
Assay Kit (Solarbio) and the ATP Synthetase Activity Assay Kit (YBio), adhering to the guidelines provided by the 
manufacturer. MRC activities were appraised via a colorimetric assay at 340, 550, and 450 nm, specifically targeting 
MRC complex I, MRC complex III, and ATP synthetase, respectively. The unit enzyme activity was quantified in terms 
of nmol/min/mg protein.

The evaluation of catalase activity was conducted using a readily available assay kit (Solarbio) in accordance with the 
provided guidelines. The preparation of protein samples involved lysing, and the total lysate protein concentration was 
determined through a BCA protein assay kit (Beyotime). Subsequently, each lysate was mixed with a colorimetric assay 
substrate solution from the kit and incubated at room temperature for a duration of 10 min. The absorbance at 405 nm 
was subsequently measured using a microplate reader (Thermo, MK3) along with a standard curve for reference.

Immunofluorescence Staining
The dECM underwent fixation in 4% paraformaldehyde (Richjoint, Shanghai, China), followed by PBS washing, permea-
bilization with 1% Triton X-100 (Richjoint, Shanghai, China) for 15 min, and blocking in 5% FBS (Hyclone) for additional 15 
minutes. Subsequently, the fixed dECM was subjected to incubation with appropriately diluted primary antibodies against type 
I collagen (Proteintech), type III collagen (Proteintech), fibronectin (Proteintech), and laminin (Abcam). Following a PBS 
rinse, the dECM was then incubated with Cy3-labelled goat anti-mouse IgG (Proteintech). Fluorescence images were captured 
using a confocal microscope (Leica, TCS SP5).

For intracellular staining, ADSCs underwent PBS washing, followed by permeabilization with 1% Triton X-100 
(Richjoint, Shanghai, China) for 30 min and subsequent blocking in 5% FBS (Hyclone) for 5 min. Subsequently, the 
cells were subjected to staining with primary antibodies against MHC (Thermo Fisher Scientific), myosin (Proteintech), and 
desmin (Proteintech), followed by Cy3-labelled goat anti-mouse IgG (H + L). Finally, Hoechst stain (Beyotime 
Biotechnology) was applied to the cells, and the observation was conducted using a confocal microscope (Leica, TCS SP5).

Western Blot Analysis
ADSCs were seeded in a 6-well plate at a density of 4×105 cells/cm2. Following a 7-day myogenic induction, the 
ADSCs were washed thrice with PBS and lysed using lysis buffer (Biotech Well, Shanghai, China) supplemented with 
protease inhibitors (Biotech Well), phosphatase inhibitors (Biotech Well), and phenyl methane sulfonyl fluoride (Biotech 
Well). Protein concentrations were determined using the BCA protein assay kit (KGBCA). Equal protein amounts from 
each extract were denatured, separated on a 30% polyacrylamide gel (Sinopharm), and subsequently transferred to 
a polyvinylidene fluoride membrane (Millipore). The membrane was then incubated with diluted primary antibodies 
against SOD1 (Proteintech, 1:5000), MyHC (ThermoFisher, 1:500), MYOD (Proteintech, 1:5000), and GAPDH 
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(Proteintech, 1:5000) overnight at 4°C. Following this, membranes were exposed to the corresponding secondary 
antibody (goat anti-mouse IgG (H + L), Proteintech, NE, USA) at room temperature for 1 hr. Finally, protein bands 
were visualized using an enhanced chemiluminescence solution (Dingguo, Beijing, China), and ImageJ software was 
employed for band analysis. The protein expression is quantified by the normalized protein-to-GAPDH ratio.

Statistical Analysis
Each experiment was carried out on at least three occasions. Qualitative data were obtained from a minimum of three 
independent experiments. The presentation of quantitative or semiquantitative data includes the mean ± SD and under-
went analysis using GraphPad Prism 6. Data were subjected to one-way analysis of variance and Student’s unpaired 
t-test. Statistical significance was defined as a p-value <0.05.

Results
Characterization of Porous SeNPs
Porous SeNPs synthesis as described in our previous study.17,23 We used TEM to assess the morphological characteristics 
and sizes of the SeNPs. The nanocomposite diameter was approximately 55 nm, whereas the plentiful small QDs were 
dispersed in the region of about 5 nm (Figure 1B-D). After etching in the hot water, Se@SiO2 formed a porous structure, 
which allowed the SeNPs to continuously release from the nanocomposites. The XRD pattern was used to assess the 
phase structure of the SeNPs. Many well-defined characteristic peaks were identified from solid SeNPs demonstrating 
a hexagonal phase, referenced by the standard selenium phase (JCPDS card no 65–1876; Figure 1A). The XRD pattern of 
the solid SeNPs showed an increase in the low angle region, which may be attributable to silica. The above results 
demonstrated that porous Se@SiO2 nanospheres had been successfully prepared.

For safety and effectiveness, we then measured their toxicity in vitro. As shown in (Figure 1E), the concentration of 
more than 80 μg/mL had no significant effect on cell proliferation. Finally, we chose the concentration of 40 as the 
working solution concentration of the follow-up experiment, because this concentration could obviously promote the 
proliferation of cells.

Evaluation of dECM Deposited by ADSCs
We then stimulated ECM production by ADSCs by adding 250-µM L-ascorbic acid and culturing for 7 days. The 
precipitated ECM was decellularized with TritonX-100, NH4OH and DNase I to remove cells and DNA residues. Type 
I collagen, type III collagen, fibronectin, and laminin were identified using IF staining in the dECM structure 
(Figure 2A). SEM images taken at 15,000× and 30,000× show that the structure of dECM is reticulate and that the 
lattice was composed of nanofibers and small bundles of collagen fibers (Figure 2B). The results of ELISA showed that 
there was no significant change in the contents of transforming growth factor-β and insulin-like growth factor-1 in the 
supernatant of ECM before and after decellularization, indicating that part of the growth factors were successfully 
retained in the decellularized extracellular matrix (Figure 2C).

Porous SeNPs Combined with dECM Reduces the Death of ADSCs
To investigate the effect of porous SeNPs and dECM on the proliferation of ADSCs, ADSCs were inoculated into cell 
culture dishes coated or uncoated with dECM at a cell density of 5×104 cells/cm2. During the 7-day culture period, the 
medium containing porous SeNPs was changed every 3 days, and ADSCs was identified by IF staining. The high 
expression of CD44 and CD90 originated from stem cells, while the low expression of CD31 and CD45 excluded 
epidermal cells and vascular endothelial cells, respectively (Figure 3A). At the same time, the ADSCs successfully 
extracted from our previous studies has the ability of obvious three-line differentiation,24 indicating that our extracted 
ADSCs meets the standards set by the International Society for Cell Therapy. We found that the SeNPs in the culture 
medium successfully entered the cells, and the release and accumulation of SeNPs in the cells was observed by 
transmission electron microscope on the 7th day of culture (Figure 3B). This is consistent with our previous observation 
through confocal microscopy that fluorescence-labeled SeNPs successfully entered the cells to exert biological effects.25 
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The living cells and dead cells were stained on the 1st, 3rd, and 7th day of culture. The results showed that compared 
with the untreated control group, the change trend of each group was the same at these time points, and the proportion of 
dead cells increased after induction with 5-Aza, but decreased significantly after treatment with dECM and porous SeNPs 
(Figure 3C and D).

Porous SeNPs Combined with dECM Promote ADSCs Myogenic Differentiation
Next, we evaluated whether porous SeNPs and dECM could promote the myogenic differentiation of ADSCs. ADSCs 
were inoculated into dECM-coated or uncoated cell Petri dishes at 5×104 cells/cm2 and then cultured in a medium 
containing porous SeNPs (40 µg/mL). After 7 days of culture, the expression of myogenic related genes was detected by 

Figure 1 Characterisation of the solid and porous SeNPs. 
Notes: (A) XRD pattern of the solid SeNPs and the standard selenium nanocrystals (JCPDS card no:65–1876). (B) Medium- and (C) high-magnification TEM images of solid SeNPs. 
(D) TEM images of porous SeNPs. (E) ADSC viability following treatment with multiple porous SeNPs concentrations for 24 h. Data are expressed as mean ± SD (n = 3). *p < 0.05, 
**p < 0.01.
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IF staining and Western blotting. Compared with the normal control group, the expression of Desmin (Figure 4A and B), 
myosin (Figure 4C and D) and MHC (Figure 4E and F) increased significantly after 5-Aza was added to induce myogenic 
differentiation, and the cell differentiation was better. After treatment with dECM and porous SeNPs, the expression of 
MHC, myosin, and Desmin further increased. Therefore, the addition of dECM and porous SeNPs increases the degree of 
myotube formation. Western Blot qualitative data also validate this result (Figure 5A, D and E).

Porous SeNPs Combined with dECM Reduce ROS Generation and Oxidative Stress 
Levels in ADSCs
In order to study the regulatory effect of porous SeNPs on ADSC oxidative stress (OS) and ROS production, MitoSOX 
Red was used to detect the level of ROS in mitochondria. Compared with the control group, the level of MitoSOX Red in 
cells increased after adding 5-Aza, while the level of MitoSOX Red decreased significantly after treatment with dECM 
and porous SeNPs, among which the decrease of dECM and porous Se@SiO2 was the most obvious (Figure 5F–H). 
Through Western Blot, we observed a significant increase in the level of SOD1 in ADSCs treated with porous SeNPs and 
dECM. SOD1 is a protein that reflects the antioxidant capacity of cells. The higher its level, the stronger the antioxidant 
capacity of cells (Figure 5A and C). We used a commercially available assay kit to measure catalase activity (CAT). 
Results showed that compared with those in the normal control group, the levels of CAT significantly increased after the 
treatment with dECM and porous SeNPs; this increase was again most significant when both ECM and porous SeNPs 
were present (Figure 5B). These results further prove that porous SeNPs combined with dECM can reduce the production 
of ROS and improve the antioxidant capacity of ADSCs in the process of myogenesis.

Porous SeNPs Combined with dECM Enhanced Mitochondrial Respiratory Function in 
ADSCs
To study the effects of porous SeNPs on the function of mitochondria, we looked at mitochondria function using Mito- 
Tracker (Figure 6A). The results showed that compared with the normal control group, the expression of Mito-Tracker 
(Figure 6C) and F-actin (Figure 6B) decreased after 5-Aza-induced myogenesis, while the expression of Mito-Tracker 
and F-actin increased significantly after dECM and porous SeNPs treatment, and this increase was most significant when 

Figure 2 Evaluation of dECM deposited by ADSCs. 
Notes: (A) Representative images of IF staining identified type I and III collagens, fibronectin, and laminin in dECM; scale bar = 100 µm. (B) SEM analysis indicates that dECM 
is made up of net-like lattices with small bundles of collagen fibers. Scale bar = 3 and 1 µm. (C) ELISA detection of TGF-β and IGF-1 content before and after 
decellularisation.
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dECM and porous SeNPs were added at the same time. Then, a variety of MRC activity detection kits were used to 
evaluate the mitochondrial function (Figure 6D–F). These results showed that, different from the normal control group, 
the activities of ATP synthase, MRC complex I and MRC complex III decreased after muscle induction with 5-Aza but 

Figure 3 Porous SeNPs combined with dECM reduces the death of ADSCs. 
Notes: (A) IF staining showed that ADSCs had a high expression of CD44 and CD90 and low expression of CD31 and CD45; scale bar = 20 µm. (B) TEM images of porous SeNPs 
in cells; scale bar = 1000 and 250 nm. (C and D) Live and dead cell staining indicated that porous SeNPs promoted the proliferation of ADSCs. Living cells are green and dead cells 
are red; scale bar = 20 µm. Data are expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01 vs control group.#p < 0.05, ##p < 0.01 vs 5-Aza group.
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Figure 4 Porous SeNPs combined with dECM promote adipose mesenchymal stem cell (ADSC) myogenic differentiation. 
Notes: (A-F) Analysis of IF staining of ADSCs showed that the expression of Desmin (A), Myosin (C) and MHC (E) in ADSCs increased after treatment with porous SeNPs 
and that the degree of myotube formation was improved. Scale bar = 20 µm; Data are expressed as mean ± SD (n = 3). **p < 0.01 vs control group. #p < 0.05, ##p < 0.01 vs 
5-Aza group.
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Figure 5 Effects of Porous SeNPs combined with dECM on the expression of related proteins and ROS level during myoblast differentiation of ADSCs. 
Notes: (A) Western Blot was used to detect the level of MHC, MYOD, and SOD1 in ADSCs. (B) The levels of catalase activity in ADSCs. (C-E) Normalized data on the 
expression of SOD1, MHC, and MYOD proteins. (F-H) The levels of ROS in mitochondria were detected using MitoSOX Red. Levels of ROS in mitochondria decreased in 
varying degrees after the addition of dECM and porous SeNPs, and this decrease was most significant when both dECM and porous SeNPs were present simultaneously. 
Scale bar = 50 µm; Data are expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01 vs control group. ##p < 0.01 vs 5-Aza group.
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increased significantly after treatment with dECM and porous SeNPs, which was most significant when ECM and porous 
SeNPs existed at the same time.

Discussion
In this study, we observed that the synergy between porous SeNPs and dECM facilitated the myogenic differentiation of 
ADSCs, enhancing their antioxidant stress resilience. Furthermore, this combined approach augments both the quantity and 
respiratory function of ADSC mitochondria, mitigating the adverse impact of the 5-Aza myogenic inducer on cell proliferation 
to some extent. These findings present a novel and effective combination strategy for SMTE in the treatment of VML.

Figure 6 Porous SeNPs increased mitochondrial number in ADSCs and promoted mitochondrial function. 
Notes: (A-C) The number of intracellular mitochondria was detected using Mito-Tracker: the number of intracellular mitochondria increased in varying degrees after the 
treatment with dECM and porous SeNPs, and the increase was most significant when both dECM and porous SeNPs were added simultaneously. (D-F) Detection of mitochondrial 
function via ELISA: the levels of intracellular ATP synthase, MRC complex I and MRC complex III significantly increased after treatment with dECM and nano-selenium, with the most 
significant increase occurring when both dECM and nano-selenium were added simultaneously. Scale bar = 50 µm; All data are expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01 
vs control group. #p < 0.05, ##p < 0.01 vs 5-Aza group.
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dECM contains natural ligands, ECM proteins, and growth factors found in skeletal muscle that are known to 
make a difference in cell chemotaxis and proliferation and in inflammatory responses and play an important role 
in myotube differentiation.9,26 Our results also confirm this point of view. IF and Western blotting indicated that 
the levels of several proteins (MHC and MYOD) involved in regulating myogenesis in the ECM group were 
higher than those in the control group. The MTT assay also showed that ECM promoted the proliferation of 
ADSCs. However, previous studies have shown that there are a variety of uncertain factors in the single use of 
ECM in the experimental model, and ECM may not be able to achieve the desired effect after removing the cells. 
In a study conducted by Grag et al, the assessment of a syngeneic ECM scaffold in a rodent TA VML defect 
model revealed that, after 2 weeks of implantation, the scaffold elicited a proinflammatory response characterized 
by a significant presence of macrophages surrounding the implant.8 Following an 8-week treatment period, there 
was a noticeable absence of myosin+ muscle fibers, coupled with an augmented presence of collagen type 
I. Recent investigations employing a UBM ECM scaffold for addressing VML injuries in rodents and pigs 
indicated that the injuries treated with scaffolds exhibited restricted myogenesis and persistent functional defi-
ciencies in the end stage.27,28 We found that the addition of dECM could not significantly reduce the production 
of mitochondrial ROS, which was consistent with previous studies,29 and SeNPs seemed to play a leading role in 
reducing the production of mitochondrial ROS.

Selenium is important in protecting cells from OS.30,31 Selenium deficiency may lead to insufficient antioxidant capacity 
of tissues in certain diseases and multiple serious injuries.32 Selenium has been reported to play a critical role in the 
proliferation and differentiation of MSCs.19,33 Thus, we believe that the application of selenium as an antioxidant in promoting 
cell myogenic differentiation is vital. However, too much selenium can adversely affect cells and given the small gap between 
safety and toxicity,34 we used nanoscale levels of selenium to reduce the risk of selenium poisoning. The optimal concentration 
of nano-selenium was determined through the MTT assay to ensure in vitro safety. In terms of OS, IF and Western blotting 
assays demonstrated a reduction in intracellular ROS production, accompanied by an increase in the levels of the antioxidant 
marker SOD1 after the addition of SeNPs. Initially, we employed an ECM to create a micro-3D environment for enhanced cell 
proliferation and differentiation. Interestingly, our observations revealed that ECM could also mitigate the oxidative stress 
response of cells to some extent, possibly attributed to the influence of various cytokines in the ECM. These findings led to the 
conclusion that porous SeNPs can enhance the ability of ADSCs to withstand ROS damage under oxidative stress conditions.

Excessive OS and antioxidant defence abilities are weakened, and dry loss and survival rate of mesenchymal stem 
cells are reduced. Excessive intracellular ROS is a typical manifestation of OS in damaged microenvironments. 
Overproduction of ROS and failure of antioxidant defence lead to a redox imbalance and increased OS.33,35 

Therefore, reducing OS and clearing excessive ROS may promote myogenesis.
We validate that the joint application of SeNPs and dECM effectively shields ADSCs from ROS and facilitates 

myogenic differentiation under ROS conditions. Our investigation pinpointed alterations in the levels of crucial 
myogenic signaling molecules, including MYOD, myosin, desmin, and MHC, through Western blotting and IF staining 
conducted at a concentration of 40 µg/mL SeNPs. Notably, the porous SeNPs combined with dECM group exhibited 
a significant elevation in MYOD and MHC levels compared to the untreated group, and these levels were also augmented 
to a certain extent compared to groups treated with individual variables. In summary, our findings suggest that the 
combination of porous SeNPs and dECM holds promise for skeletal muscle repair by expediting myogenic differentiation 
through the fine-tuning of ROS production.

In the process of myogenic differentiation, mitochondria undergo many changes that are necessary for the progress of 
myogenic procedures.36,37 In prior investigations, we established that the accumulated SeNPs could sustain mitochon-
drial ROS scavenging activity and enhance mitochondrial dynamics. In the current study, TEM observations indicated the 
material’s entry into the cell, revealing a degree of agglomeration. Our IF and ELISA experiments demonstrated that 
SeNPs could stimulate an increase in mitochondrial numbers. Concurrently, the expression of MRC-related markers, 
including ATP synthase, RCC I, and RCC III, exhibited an elevation. The 5-Aza utilized in our experiments is a DNA 
methylation inhibitor known to promote cell myogenic differentiation while arresting the cell cycle. It is important to 
emphasize that changes in mitochondrial activity, as demonstrated in diverse studies, have the potential to modulate the 
expression of crucial regulators implicated in cell cycle withdrawal and terminal differentiation, including MYOD.38,39 
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Studies have shown that MRC complexes in cells can regulate cell cycle disorders.40 Our findings indicate an 
augmentation in both the quantity and functionality of mitochondria following the introduction of nano-selenium and 
dECM. Additionally, the MTT test results demonstrated an increase in cell proliferation. Intriguingly, a recent study has 
furnished evidence suggesting that various sites within mitochondrial complexes play a role in ROS production during 
the differentiation process.41 Notably, ROS production at MRC complex I progressively increases with 
differentiation.37,40 Nevertheless, we have not established a definitive range of ROS content that can fulfill the 
requirements for cell myogenic differentiation without inducing excessive production and inhibiting differentiation. In 
this context, we illustrate that the amalgamation of porous SeNPs and dECM distinctly reinforces cellular resistance by 
fostering mitochondrial proliferation and enhancing respiratory function.

While our study has confirmed the effectiveness of SeNPs combined with dECM in protecting stem cells from 
myogenic differentiation through the modulation of mitochondrial activity and oxidative stress, there remains ample 
room for in vivo or clinical trials. Currently, the dECM we have prepared exhibits only a monolayer structure, with 
unstable physical and chemical properties, limiting its suitability for large-area or large-volume transplantation. 
Future efforts will focus on optimizing the structure of dECM and developing a stable composite dECM structure. 
Moreover, our ongoing research involves the inoculation of cells in a medium containing SeNPs and dECM. 
However, variations in SeNPs concentration across different locations may hinder their full impact on the cells. 
Consequently, further refinement of the structural characteristics of SeNPs is necessary. Our future objective is to 
engineer SeNPs capable of effectively adhering to dECM. We firmly believe that, through the continuous improve-
ment of materials, the composite biomaterials comprising SeNPs and dECM can address the therapeutic needs of 
VML in the future.

Conclusion
The prepared porous SeNPs exhibited a favorable impact on the myogenic differentiation and intracellular mitochondrial 
function of ADSCs, effectively mitigating the influence of ROS on ADSCs. Furthermore, the synergistic application of 
porous SeNPs and dECM significantly augmented the myogenic differentiation of ADSCs, mitigated the adverse effects 
of 5-Aza on the myogenic induction of ADSCs, and bolstered the antioxidant capacity and mitochondrial respiratory 
function of ADSCs. We contend that the combined utilization of porous SeNPs and dECM offers novel design concepts 
for SMTE, holding considerable potential for application in the treatment of VML.
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