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Abstract 

Background  Accumulating evidence demonstrates that the therapeutic effects of stem cells are most likely attrib-
uted to their secretome, composed of a myriad of bioactive factors, including small extracellular vesicles (EVs). Due 
to the potential benefits over cells in term of handling, preservation, stability, and safety, MSC-derived secretome 
is emerging as a novel cell-free therapeutic for regenerative therapy of various diseases. The purpose of this study 
is to optimize the xeno-free culture conditions to improve the secretome production by human gingiva-derived mes-
enchymal stem cells (GMSCs) and test their regenerative potential using an experimental rat model of tongue muscle 
defect.

Methods  Next-generation mRNA sequencing was performed to compare the gene expression profiles 
between GMSCs cultured under the defined xeno-free induction culture conditions (iGMSCs) and their 2D-cultured 
counterparts under regular serum-free conditions. The conditioned media (CM) from iGMSCs and 2D-GMSCs were 
harvested and concentrated through ultrafiltration to obtain secretomes. The EVs and soluble protein/peptide fac-
tor fractions (SPs) from the concentrated CM/secretome were separated using the 35 nm qEVoriginal size exclusion 
columns. The EVs were confirmed by Nanoparticle Tracking Analysis (NTA), Western blot, and transmission electron 
microscopy (TEM). The functional effects of secretomes derived from iGMSCs and 2D-GMSCs on macrophage polari-
zation and skeletal muscle progenitor cells were compared both in vitro and in vivo using a rat tongue defect model.

Results  Next-generation mRNA sequencing showed profound transcriptomic changes in iGMSCs compared to their 
2D counterparts. Further Gene Ontology (GO)-term annotation and Gene Set Enrichment Analysis (GSEA) revealed 
significant upregulation of a panel of differentially expressed genes (DEGs) related to EVs and secreted cellular com-
ponents (GO_CCs) and enriched pathways in oxidative phosphorylation, Wnt/β-catenin signaling, Notch signaling, 
and inflammatory responses in iGMSCs compared to 2D-GMSCs. iGMSC-derived CM/secretome showed a significant 
enrichment of both EVs and SPs compared to that derived from 2D-GMSCs, as confirmed by Nanoparticle Tracking 
Analysis (NTA), Western blot, and transmission electron microscopy (TEM). In vitro functional assays revealed a mark-
edly enhanced secretion of IL-10, whilst suppressed LPS-stimulated secretion of TNF-α in macrophages treated 

*Correspondence:
Qunzhou Zhang
zqunzhou@upenn.edu
Anh D. Le
Anh.Le@pennmedicine.upenn.edu
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-025-03515-7&domain=pdf


Page 2 of 23Zhang et al. Journal of Nanobiotechnology          (2025) 23:434 

with iGMSC-derived CM/secretome in comparison with that from 2D-GMSCs. In addition, iGMSC-derived CM/
secretome potently induced the expression of myogenic transcriptional factors in both murine myoblasts and human 
skeletal muscle progenitors in comparison with 2D-GMSC-derived CM/secretome. Notably, in vivo studies using a rat 
tongue wound defect model, iGMSC-derived CM/secretome applied topically at the excised wound bed promoted 
rapid tissue repair/regeneration without fibrosis/scar and shape deformity.

Conclusion  Secretome derived from GMSCs cultured under optimized xeno-free induction displayed enrichment 
of EVs and SPs and enhanced pro-myogenic potentials and anti-inflammatory effect on macrophages. These findings 
have shed light on the potential applications of the optimized iGMSC-derived secretome as cell-free therapeutics 
for regenerative therapy of tongue wound defects and other muscular diseases.

Keywords  Gingiva-derived mesenchymal stem cells, Optimal xeno-free culture, Secretome, Extracellular vesicles, 
Macrophages, Skeletal muscle progenitors, Skeletal muscle regeneration, Tongue defect

Graphical Abstract

Background
Mesenchymal stem cells (MSCs) or mesenchymal stromal cells represent a unique subpopulation of postnatal 
stem cells that play critical roles in tissue homeostasis, regeneration and remodeling [1, 2]. In the last two dec-
ades, a similar population of MSCs has been identified and isolated from various postnatal tissues, including 
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but not limited to bone marrow, adipose, umbilical 
cord, placental and dental tissues [3–5]. In addition 
to their self-renewal and multipotent differentiation 
potentials, MSCs are recognized for their unique prop-
erties and biological functions, such as their low 
immunogenicity, their ability to directionally migrate 
to the injured/inflammatory sites, their potent immu-
nomodulatory/anti-inflammatory functions as well 
as their pleiotropic antioxidant, angiogenic, and anti-
senescence/apoptotic effects on other niche or neigh-
boring cells [1, 3, 4]. These distinctive properties and 
functions have equipped MSCs with potent therapeutic 
and pro-regenerative potentials, thus highlighting their 
broad applicability in cell-based tissue engineering and 
regenerative medicine [4, 6–8]. To date, a growing body 
of evidence from both preclinical studies and clini-
cal trials has demonstrated the safety and therapeutic 
effects of MSCs in the treatment of a large spectrum of 
immune and inflammatory disorders [6–8]. Traditional 
pharmacological drugs usually act through targeting a 
single pathway, but MSCs exert their therapeutic effects 
through multiple pathways. Rather than a simple “one 
stone, two birds” approach, MSCs follow a “one stone, 
multiple birds” model, leveraging their multipotent dif-
ferentiation potentials and potent immunomodulatory/
anti-inflammatory functions as well as their distinct 
pleiotropic effects [8–10].

It has been proposed that transplanted MSCs func-
tion through two distinct modes of action, cell replace-
ment and paracrine bystander effects. However, a 
growing body of evidence has demonstrated that the 
major mechanism of action for MSC-based regenerative 
therapies involves their paracrine secretion or release 
of a myriad of soluble factors and extracellular vesicles 
or exosomes, collectively referred to as “secretome” or 
“conditioned media (CM)” of MSCs. This is composed 
of complex components such as various growth factors, 
cytokines, chemokines, extracellular matrix (ECM) com-
ponents, DNA/RNAs, and metabolites etc. These bioac-
tive molecules in the secretome of MSCs contribute to 
their immunomodulatory/anti-inflammatory functions 
and pleiotropic effects, and consequently, their thera-
peutic efficacy under various pathological conditions [3, 
8, 11, 12]. Given that MSC-derived secretome or CM has 
been shown to replicate the multifaced functions and 
therapeutic efficacy of MSCs, it has emerged as a prom-
ising cell-free platform for tissue engineering and regen-
erative therapy of various diseases [3, 9, 10, 12, 13]. This 
can avoid the unfavorable adverse effects related to the 
use of MSCs, such as infusion-related toxicity, potential 
immunogenicity and tumorigenesis. In addition, MSC 
secretome can be lyophilized for long-term storage and 
convenient transportation, thus can be subjected to 

safety, dosage, and potency assessments similar to con-
ventional pharmaceuticals [9, 13–15]. Accordingly, there 
has been an increasing number of clinical studies to eval-
uate the therapeutic effects of MSC-secretome/exosomes 
in different human disorders, including different types 
of wounds, osteoarthritis, diabetes, skin diseases, pul-
monary diseases such as COVID-19, cardiovascular 
diseases, musculoskeletal diseases, neurodegenerative 
diseases, and oral diseases [7, 10, 13, 15, 16].

Compared to MSCs derived from other source of tis-
sues, gingiva-derived mesenchymal stem cells (GMSCs) 
also possess multipotent differentiation capabilities, 
potent immunomodulatory/anti-inflammatory func-
tions, and robust regenerative and therapeutic poten-
tials in cell-based therapy of various preclinical disease 
models, underscoring their potential application in tis-
sue engineering and regenerative medicine [5, 17–19]. 
Most recently, we have shown that local transplantation 
of GMSCs or their derivative exosomes significantly 
reduced fibrosis and promoted tongue muscle and taste 
bud regeneration in a tongue defect model in rats [20, 
21]. In the present study, a comparative investigation was 
performed to assess the quality and biological functions 
of the secretome derived from GMSCs cultured under 
the optimized xeno-free induction conditions (desig-
nated as iGMSCs) as compared to the standard 2D-mon-
olayer culture condition with serum-free medium 
(2D-GMSCs). mRNA sequencing revealed a significant 
change in the global gene expression profile, particularly 
an upregulation of transcripts for a panel of secreted fac-
tors and extracellular vesicles (EVs) in iGMSCs versus 
2D-GMSCs. Compared to 2D-GMSCs, the conditioned 
medium (CM) or secretome of iGMSCs contained a sig-
nificant enrichment of EVs and soluble protein factors 
(SPs) with enhanced dual functions on M2 macrophage 
polarization and myogenic transcription factor expres-
sions in skeletal muscle progenitor cells in vitro. In vivo, 
iGMSC-derived CM/secretome exhibited an enhanced 
therapeutic effect on a tongue defect model in rats. Taken 
together, this study has demonstrated the establishment 
of optimized xeno-free induction culture conditions that 
significantly improved the production of GMSC-derived 
secretome with enhanced immunomodulatory functions 
and regenerative potentials, thus highlighting its poten-
tial application as cell-free therapeutics for regenera-
tive therapy of tongue defects and some other muscular 
diseases.

Methods
Animals
Female Sprague–Dawley rats, weighing 200-250  g and 
aged from 6 to 8 weeks, were obtained from Charles River 
Laboratories. Rats were group-housed in polycarbonate 
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cages (two animals per cage) in the animal facility with a 
controlled temperature (23 °C ± 2 °C), 40–65% of humid-
ity, and a 12 h light/dark cycle, fed with a standard lab-
oratory diet and allowed ad  libitum  access to drinking 
water. All animal procedures were approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of 
University of Pennsylvania.

Standard 2D‑monolayer culture of human GMSCs
Gingival tissues were obtained as remnants of dis-
carded tissues from healthy human subjects aged from 
20–40 years old, who underwent a dental procedure fol-
lowing informed consents. All procedures were approved 
by the Institutional Review Board (IRB) at University 
of Pennsylvania. Primary GMSCs were routinely iso-
lated, characterized, and maintained in our lab [18, 
22, 23]. GMSCs were cultured in the complete growth 
medium: α-minimum essential medium (α-MEM: Invit-
rogen) supplemented with 10% fetal bovine serum (FBS: 
Zen-Bio, Inc., Durham, NC), 1% antibiotics (100U/ml 
penicillin/100  µg/ml streptomycin; Invitrogen), 2  mM 
L-glutamine, 100 mM non-essential amino acid (NEAA), 
and 55  μM 2-mercaptoethanol (2-ME; Sigma-Aldrich) 
and cultured at 37 °C in a humidified tissue-culture incu-
bator with 5% CO2. The adherent confluent cells were 
passaged with 0.05% trypsin containing 1  mM EDTA 
and continuously sub-cultured in the complete growth 
medium. Cells less than sixth passages were used in the 
experiments [18, 22, 23].

Establishment of optimal induction culture conditions 
for GMSCs to generate CM/secretome production enriched 
with EVs and SPs
We recently reported a nongenetic approach based on the 
defined culture conditions to convert GMSCs into neural 
crest stem-like cells with enhanced pro-nerve regenera-
tion potentials [22]. We herein aimed to further opti-
mize the components of the xeno-free induction culture 
medium for the purpose of improving the production of 
GMSC-derived CM/secretome with enriched EVs and 
bioactive SPs. In brief, tissue-treated culture (TC) dishes 
(100-mm) were precoated with poly-L-ornithine (PLO) 
at 20  µg/mL in PBS at 37  °C for 2  h. GMSCs expanded 
under normal culture conditions were collected and 
seeded onto PLO-precoated culture dishes (2 × 106 cells/
dish) and cultured with the regular complete α-MEM 
growth medium for 24  h, whereby cells reached a con-
fluence of 80 ~ 90%. Following extensively washed with 
PBS for three times, cells were cultured in 10 mL/dish of 
the optimized xeno-free culture medium composed of 
DMEM-low glucose (LG)/Ham F12 (2:1) supplemented 
with transferrin-depleted N2 (100 ×), 1% penicillin/strep-
tomycin, non-essential amino acids (NEAA; 1 ×), 55 μM 

β-mercaptoethanol (β-ME) (all from Life Technologies), 
10  ng/mL of epidermal growth factor (EGF), 10  ng/mL 
of basic fibroblast growth factor (bFGF) (Peprotech), 
and 5  µM SB431542 (Cayman Chemicals). Herein, we 
included EGF, bFGF, and SB431542 in the defined induc-
tion medium because EGF and bFGF are commonly 
supplemented in different types of defined serum-free 
medium to improve the proliferation and neural differen-
tiation of MSCs [24, 25], while SB431542, a potent and 
selective inhibitor of the transforming growth factor-β 
(TGF-β) type I receptor/ALK5, has been one of the com-
monly used small molecules that can promote cellular 
reprogramming such as the generation and maintenance 
of iPSCs [26] and the direct reprogramming of fibro-
blasts into other type of cell lineages such as cardiomyo-
cytes [27, 28]. It has also been shown that SB431542 can 
enhance serum-free generation of MSCs from human-
induced pluripotent stem cells (iPSC-MSCs) [29] and 
promote the osteogenic potentials of GMSCs[30]. After 
culture for 3 days under this optimized culture condition 
(iGMSC-D3), the conditioned culture medium (CM) was 
harvested for secretome preparation, while cells were dis-
sociated by trypsinization (0.05% Trypsin/EDTA), seeded 
into new PLO-precoated dishes (100-mm), and contin-
ued culturing for another 3 days with the optimized cul-
ture medium (iGMSC-D6). Then, the CM was harvested 
for secretome preparation. In parallel, cultures of GMSCs 
under the standard 2D-culture conditions with serum-
free α-MEM medium supplemented with 1% penicillin/
streptomycin served as controls (2D-GMSCs).

Culture of skeletal muscle progenitor cells and Raw264.7 
macrophages
C2C12, an immortalized murine myoblast cell line 
obtained from ATCC (CRL-1772™), was maintained 
and sub-cultured in growth medium, Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) with high glucose (HG) 
supplemented with 10% FBS and 1% antibiotics. Human 
Skeletal Muscle Satellite/Stem Cells (hSkMuSC) obtained 
from ScienCell Research Laboratories (Cat. No. 3510) 
were maintained and sub-cultured with Skeletal Mus-
cle Cell Medium (SkMCM, Cat. #3501) according to the 
manufacturer’s protocol (ScienCell Research Laborato-
ries). RAW 264.7, a murine macrophage cell line obtained 
from ATCC (TIB-71™), was maintained and sub-cultured 
in DMEM-HG supplemented with 10% FBS and 1% anti-
biotics. All cells were cultured at 37  °C in a humidified 
tissue-culture incubator with 5% CO2.

RNA extraction, library construction, and RNA‑seq
RNA was extracted from GMSCs cultured under stand-
ard 2D-culture conditions with 2% exosome-depleted 
FBS or optimized xeno-free culture conditions using the 
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TRIzol reagent (Invitrogen, Carlsbad, CA). RNA con-
centration and purity was measured using a NanoDrop 
2000 Spectrophotometer. The extracted RNAs were ana-
lyzed on BioAnalyzer nano chip to check for quality. The 
RINs (RNA Integration Number) were 7.5 or above. The 
mRNA-Seq libraries were made using Illumina Stranded 
mRNA library kit. After checking for quality and quanti-
tation on a BioAnalyzer the libraries were pooled equi-
molarly. The pool was initially sequenced on a MiSeq 
nano flowcell to check for pool balance and percent reads 
aligning to transcriptome. The pool was adjusted by add-
ing more volumes of the low-performing libraries. This 
was followed by a production run on 1 lane of NovaSeq 
6000 using S1 flowcell and 100 bp SR sequencing, 300 pM 
pool and 1% phiX. The number of reads obtained was 
between 51 and 106 M. Sequence data in BCL format was 
converted to FASTQ and demultiplexed using bcl2fastq2. 
Reads were not trimmed but were interrogated for 
adapter statistics. MD5 checksums were generated for, 
and Fastqc was run on FASTQ files. Data was distributed 
via PSOM HPC cluster and PennBox (Penn Genomic & 
Sequencing Core at Perelman School of Medicine, Uni-
versity of Pennsylvania).

Bioinformatic analysis for RNA‑seq data
On the PennHPC, Salmon was used to count the 
trimmed data against the transcriptome optimized in 
Gencode v43, which was built on the genome GRCh38. 
QC analyses were done with Fastqc for the raw fastq files. 
On a local workstation, several Bioconductor packages in 
R were used for subsequent analyses. The transcriptome 
count data was annotated and summarized to the gene 
level with tximeta and further annotated with biomaRt. 
PCA analysis and plots were generated with PCA tools. 
Normalizations and statistical analyses were done with 
DESeq2. Clustering, QC, gene expression, and volcano 
plots were performed with the DEGreport package. Dif-
ferentially expressed genes (DEGs) were optimized as 
genes with log2 fold-change (FC) > 1 between conditions 
and adjusted P value < 0.01. Heatmap of globe differen-
tially expressed genes (DEGs) were also visualized by the 
same online tool. Advanced pathway analyses was done 
by Gene Set Enrichment Analysis (GSEA) in pre-ranked 
mode with the DESeq2 statistic value as the ranking met-
ric, whereby differentially expressed genes of each cluster 
were pre-ranked by differential test-statistic and analyzed 
using the H: Hallmarks and C2: canonical pathways gen-
eset collections [31]. Functional annotations and func-
tional gene enrichment analysis of the DEGs identified 
in GMSCs under optimized induction culture conditions 
(iGMSCs) versus the control 2D-GMSCs were performed 
using the online DAVID database (2021 update) [32], 
which incorporates Gene Ontology (GO) Terms, KEGG 

(Kyoto Encyclopedia of Genes and Genomes) pathways, 
and UniProtKB Keywords (UP_KW) protein domains 
and interactions. GO depicts three main biological con-
cepts: biological process (BP), molecular function (MF) 
and cellular component (CC). The enriched annotation 
terms with p value ≤ 0.05 was selected and shown accord-
ing to the online results[32].

Preparation of the concentrated conditioned medium (CM) 
or secretome derived from 2D‑GMSCs and iGMSCs
The same volume of fresh conditioned culture medium 
(CM) derived from a similar number of 2D-GMSCs, 
iGMSC-D3, and iGMSC-D6 (10  mL/2 × 106 cells) was 
harvested and immediately centrifuged at 1000 × g for 
20 mina at 4  °C to remove cells and large debris. The 
supernatant was filtered through syringe filters with a 
0.22  µm hydrophilic PVDF membrane (Thermos Fisher 
Scientific). The pre-processed CM was further con-
centrated about 100 times (e.g. from 10  mL to 0.1  mL) 
through ultrafiltration using the Ultracel®-10 KDa Ami-
con® Ultra-15 Centrifugal Filters (Merk Millipore Inc.), 
and washed twice with 10  mL of PBS before obtaining 
the final concentrated CM/secretome products so as to 
minimize the remnant of supplements (e.g. EGF, bFGF, 
and SB431542) in the defined xeno-free medium [33]. 
The protein concentration of secretomes was measured 
using the Pierce™ BCA Protein Assay kit (Thermo Scien-
tific) following the manufacturer’s instructions. The con-
centrated CM/secretome was either used for separation 
of EVs and EV-free SPs or stored in aliquots at − 80 °C for 
further use with limited freeze–thaw cycles to avoid the 
negative effect on the bioactivity.

Functional assays of the CM/secretome derived 
from iGMSCs and 2D‑GMSCs
Immunomodulatory effects on macrophages
Raw 264.7 macrophages were seeded into 12-well cul-
ture plates (1 × 105/well). After overnight culture, the 
media were replaced with 2  mL of fresh complete cul-
ture medium supplemented with 2.5 µl, 5 µl, and 10 µl of 
100 × concentrated CM/secretome, equivalent to 250  µl 
(12.5%), 500  µl (25%), and 1000  µl (50%) of the original 
CM, respectively [34, 35]. Following culture for 48 h, the 
supernatants were collected for ELISA assay on the secre-
tion of IL-10. On the other hand, Raw264.7 macrophages 
seeded in 12-well culture plates (1 × 105/well) were pre-
treated with 2.5 µl, 5 µl, and 10 µl of 100 × concentrated 
CM/secretome supplemented in 2  mL complete culture 
medium for 2 h, followed by culturing in the presence or 
absence of 100  ng/mL lipopolysaccharide (LPS; Sigma) 
for 24 h. The supernatants were then collected for ELISA 
assay on the secretion of TNF-α.
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Pro‑myogenic potential assay
Murine C2C12 myoblasts or hSkMuSCs were seeded 
into 6-well culture plates (2 × 105/well) with the growth 
medium. After overnight culture, the media were 
replaced with 2  mL of fresh growth medium supple-
mented with 2.5 µl, 5 µl, and 10 µl of 100 × concentrated 
CM/secretome and cells were cultured for 48  h. After-
wards, cells were harvested and the whole cell lysates 
were prepared for Western blot analysis on the protein 
expression of myogenic transcription factors.

Enzyme‑linked immunosorbent assay (ELISA)
Following treatment with different concentrations of the 
concentrated CM/secretome of GMSCs or iGMSCs, the 
secretion level of IL-10 or TNF-α in the supernatants 
of Raw264.7 cells or LPS-stimulated Raw264.7 cells was 
detected using the ELISA MAX™ Deluxe Sets according 
to the manufacturer’s protocols (BioLegend; San Diego, 
CA), respectively.

Separation of extracellular vesicles (EVs) and soluble 
protein factors (SPs) through size‑exclusion 
chromatography (SEC) and ultrafiltration
The 35 nm qEVoriginal size exclusion columns (Izon 35) 
were used to separate the EVs and SP fractions from the 
concentrated CM/secretome according to the manu-
facturer’s manuals as described previously [33, 34, 36]. 
Briefly, the qEV35 columns were pre-washed and equil-
ibrated with PBS followed by loading 500  µl of concen-
trated CM/secretome samples on top. Afterwards, the 
column was topped up with 3 mL filter-sterilized 1 × PBS 
and eluted with each fraction of 0.5  mL collected. In 
total, the column was eluted with 15 mL PBS. The con-
centration of EV nanoparticle and protein content in 
each fraction was determined using ZetaView instrument 
and BCA analysis, respectively. Accordingly, EV-enriched 
fractions 5–8 and EV-free SP fractions 17–26 enriched 
with protein/peptides were pooled, respectively. The 
pooled eluent fractions were subjected to ultrafiltration 
using the Ultracel®-10 KDa Amicon® Ultra-15 Centrifu-
gal Filters (Merk Millipore Inc) and concentrated to the 
original volume (e. g. 500  µl) of the concentrated CM/
secretome sample loaded onto the qEV column. The pro-
tein concentration of separated EVs and SPs was meas-
ured using the Pierce™ BCA Protein Assay kit (Thermo 
Scientific) following the manufacturer’s instructions. 
All EV and EV-free SP samples were stored in aliquots 
at − 80 °C for further characterization and use.

Nanoparticle tracking analysis (NTA) with ZetaView
All isolated EV samples were measured with ZetaView 
PMX 110 Instrument (Particle Metrix, Meerbusch, Ger-
many) [37]. Briefly, EV samples were diluted in 1 × PBS 

to a final volume of 1  mL and the ideal measurement 
concentrations were determined by pre-testing the ideal 
particle per frame value with the manufacturer’s default 
software settings for EVs or nanospheres. The diluted 
samples were loaded into the ZetaView Cell for particle 
analysis to obtain the diameter size (mode), size distribu-
tion, and the particle concentration at a controlled tem-
perature of 23 °C. Three cycles were performed for each 
sample by scanning 11 different cell positions and captur-
ing 30 frames per position under appropriate settings. 
After capture, the videos were analyzed by the in-built 
ZetaView Software 8.04.02 SP2 with specific analysis 
parameters [37]. All the measurements were performed 
by the Extracellular Vesicle Core at University of Penn-
sylvania School of Veterinary Medicine (https://​www.​vet.​
upenn.​edu/​resea​rch/​core-​resou​rces-​facil​ities/​extra​cellu​
lar-​vesic​le-​core/​evc-​servi​ces).

Transmission electron microscopy (TEM)
The structure of isolated EVs was assessed by Transmis-
sion electron microscopy (TEM). Briefly, 10  μl of each 
sample was adsorbed to an ultra-thin carbon-coated 
400 mesh copper grid and fixed in 2% glutaraldehyde. 
Then, the grids were negatively stained in two consecu-
tive drops of 1% uranyl acetate with methylcellulose to 
increase the contrast of the membrane structure, while 
the excessive stain was quickly blotted and aspirated. The 
grids were visualized using a TEM with an FEI T12 trans-
mission electron microscope. All the assessments were 
performed by the Electron Microscopy Resource Lab of 
University of Pennsylvania Perelman School of Medi-
cine (https://​www.​med.​upenn.​edu/​elect​ronmi​crosc​opyre​
sourc​elab/​negat​ive-​stain-​em-​instr​ument​ation).

Western blotting analysis
To assess the enrichment of EV protein markers or sol-
uble protein factors in concentrated CM/secretomes 
or purified EV samples, equal amount of each concen-
trated CM/secretome or EV sample (15 µl) was mixed 
with Laemmli loading buffer and boiled at 95  °C for 
5  min. For whole cell lysates from cultured cells, total 
protein was extracted using RIPA lysis buffer and equal 
amount of each protein sample (30 µg) was mixed with 
loading buffer and boiled at 95 °C for 5 min. The dena-
tured samples were separated on 12% sodium dodecyl 
sulfate (SDS)-polyacrylamide gel and electroblotted 
onto Amersham™ Protran™ Nitrocellulose Blotting 
Membrane (Cat#10,600,002; Cytiva). After block-
ing with 5% nonfat dry milk in 1 × Tris-buffered saline 
containing 0.1% Tween-20 (TBST), the membrane was 
incubated with appropriate primary antibodies at 4  °C 
overnight. Following incubation with a corresponding 
horseradish peroxidase (HRP)-conjugated secondary 

https://www.vet.upenn.edu/research/core-resources-facilities/extracellular-vesicle-core/evc-services
https://www.vet.upenn.edu/research/core-resources-facilities/extracellular-vesicle-core/evc-services
https://www.vet.upenn.edu/research/core-resources-facilities/extracellular-vesicle-core/evc-services
https://www.med.upenn.edu/electronmicroscopyresourcelab/negative-stain-em-instrumentation
https://www.med.upenn.edu/electronmicroscopyresourcelab/negative-stain-em-instrumentation
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antibodies at room temperature for 1  h, blot signals 
were developed with ECL™ Western Blotting Detect 
Reagents (GE Health Care) and images were captured 
using Amersham Imager 680 (GE Health Care Life 
Sciences). Afterwards, the membranes were stripped 
with Restore™ Western Blot Stripping Buffer (Thermo 
Scientific; 21,059) and the blots were re-probed with a 
specific antibody against β-actin as an internal loading 
control [21, 22]. All the primary and secondary anti-
bodies used were listed in Additional file 1: Table S1.

Animal Surgery
Rat tongue defects were created according to our 
previous studies[20, 21]. Following anesthesia via 
intraperitoneal administration of ketamine/xylazine 
(100/10  mg/kg) and local application of 1% lidocaine 
into the left hemitongue, a tongue wound was created 
using a 6-mm biopsy punch (Miltex, Inc., York, PA, 
USA) in the left side of anterior dorsal tongue surface 
at the depth (3 mm) of the muscle layers to excise both 
the epithelium and the stroma. Animals were ran-
domly divided into the following groups (n = 6/group): 
1) Tongue defects patched with a strip of decellular-
ized porcine small intestinal submucosa extracellular 
matrix membrane (SIS-ECM 2.0; Cook Biotech, Inc., 
West Lafayette, IN); 2) Tongue wound defects treated 
with local application of 30  µl of Tisseel, a commer-
cially available fibrin sealant (Baxter) and patched with 
a strip of SIS-membrane (SIS/Fibrin); 3) Tongue wound 
defects treated with local application of 30 µl of Tisseel 
mixed with the concentrated 2D-GMSC-CM/secretome 
and patched with a strip of SIS-membrane (SIS/Fibrin/
GMSC_CM); 4) Tongue wound defects treated with 
local application of 30 µl of Tisseel mixed with the con-
centrated iGMSC-CM/secretome and patched with a 
strip of SIS-membrane (SIS/Fibrin/iGMSC_CM). Based 
on the protein concentration of the concentrated CM/
secretome, an equal amount of 50 µg of CM/secretome 
(in term of the protein content including both EVs and 
SPs) derived from 2D-GMSCs and iGMSC-D6 was 
locally applied with Tisseel. The SIS membranes were 
patched over the wound 8–0 Ethilon (Ethicon, Inc., 
Somerville, NJ, USA) interrupted sutures were applied 
to secure the membrane. The entire procedure was per-
formed under a surgical microscope (Global Surgical 
Corporation, St. Louis, MO, USA). 6  weeks post-sur-
gery, the tongue of rats from each group was photo-
graphed using a Nikon D90 digital camera with an AF 
Micro NIKKOR 60 mm lens. Then, rats were sacrificed 
and the tongues were harvested by transection at the 
circumvallate papillae and subsequently prepared for 
histological and immunohistochemical analysis.

Histological and immunofluorescence studies
The rat tongue samples were fixed in 10% neutralized 
formalin for 48  h and 5  µm-thick paraffin sections and 
10  µm-thick cryosections were cut, respectively. Hema-
toxylin and eosin (H & E) staining was performed accord-
ing to the standard procedures using paraffin sections, 
while immunofluorescence studies were conducted using 
cryosections. After permeabilization in 0.5%Triton X‐100 
for 20 min and blocking with 2.5% goat serum in PBS at 
room temperature for 1  h, the cryosections were incu-
bated with primary antibodies overnight at 4  °C. The 
primary antibodies include desmin (1:400; ProteinTech), 
CD68 (1:200; Bio-Rad), arginase-1 (1:400; ProteinTech), 
iNOS (1:400; ProteinTech). Following washing, the sec-
tions were incubated with appropriate fluorescein-con-
jugated secondary antibodies at room temperature for 
1 h, including Alexa Fluor®-488 Donkey anti-rabbit IgG 
(minimal x-reactivity) antibody (406,416; 1:300, BioLeg-
end) and Alexa Fluor®-588 goat anti-mouse IgG (minimal 
x-reactivity) antibody (405,326; 1:300, BioLegend). Iso-
type-matched control antibodies (BioLegend, San Diego, 
CA) were used as negative controls. Nuclei were coun-
terstained with 4’, 6’-diamidino-2-phenylindole (DAPI) 
(Life Technologies, Carlsbad, CA). Images were observed 
and captured with a fluorescence microscope (Olympus 
IX-73) [23]. To quantify the expression of arginase-1 or 
iNOS (in red color) within CD68+ (in green color) mac-
rophages, the area of colocalized immunolabeling signals 
(in yellow-orange pixels) in the merged files was meas-
ured using ImageJ program and presented as the percent-
age of colocalization = the area of yellow-orange pixels/
total area of green pixels[38].

Statistical analysis
All data were expressed as mean ± standard error of 
measurement (SEM) and all statistical analyses were car-
ried out using GraphPad Prism 10.0 (IBM, Inc., Armonk, 
NY, USA). Direct comparisons between experimental and 
control groups were analyzed by paired Student’s t-test. 
One-way analysis of variance (ANOVA) was employed 
for multiple comparisons. Post-hoc pairwise comparison 
between individual groups was performed using Tukey’s 
test. A P-value of less than 0.05 was considered statisti-
cally significant.

Results
Establishment of optimized xeno‑free induction culture 
of GMSCs
Previously isolated, characterized, and cryopreserved 
GMSCs were propagated and ex  vivo expanded under 
2D monolayer culture conditions [18, 22, 23]. The ex vivo 
expanded GMSCs were seeded into regular non-coated 
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100-mm TC culture dishes or PLO-precoated 100-mm 
TC culture dishes (2 × 106  cells/dish) and cultured with 
regular complete α-MEM growth medium for 24  h, 
whereby cells reached a confluence of 80 ~ 90% (Addi-
tional file 2: Figure S1a, b). Afterwards, GMSCs in non-
coated dishes were switched to culture with 10 mL/dish 
of serum-free α-MEM medium (designated as control 
2D-GMSCs), while cells in PLO-precoated dishes were 
switched to culture with 10  mL/dish of the defined or 
optimized xeno-free induction medium (designated as 
iGMSCs) as described in Materials & Methods (Addi-
tional file 2: Figure S1a).

After 72  h, cells cultured under the serum-free 
2D-culture condition maintained the spindle shape 
(2D-GMSCs)) (Additional file  2: Figure S1b, the right 
upper panel), while those cultured in PLO-precoated TC 
dishes with the optimized induction medium exhibited a 
more aligned pattern (iGMSCs) (Additional file 2: Figure 
S1b, the right lower  panel). After harvesting the condi-
tioned medium, iGMSCs were dissociated by trypsiniza-
tion and seeded back to new PLO-precoated TC dishes 
and continued culturing with the optimized xeno-free 
induction medium for another 72  h (Additional file  2: 
Figure S1a). 24  h later (day 4), the cells underwent 
remarkable morphological changes characterized by a 
relative homogeneity with a round shape and smaller 
cell size (Additional file  2: Figure S1c, the left panel). 
72 h later, some of the cells aggregated to form 3D-sphe-
roid-like structures (Additional file  2: Figure S1c, the 
right panel). These results suggest that GMSCs cultured 
under the optimized induction conditions (iGMSCs) 
underwent remarkable phenotypic changes compared to 
2D-GMSCs.

Changes in the global gene expression profiles in iGMSCs 
compared to 2D‑GMSCs
We then performed next-generation sequencing of 
mRNA to examine the changes in the global gene 
expression profiles between 2D-GMSCs and their coun-
terparts cultured under the optimized induction con-
ditions for 72  h (designated as iGMSC-D3), and those 
for another round of 72  h (designated as iGMSC-D6) 
from five different donors, that is, five libraries for 
2D-GMSCs, five for iGMSC-D3, and five for iGMSC-
D6, respectively (Additional file  2: Figure S2a, Fig.  1a). 
Compared to 2D-GMSCs, cells cultured under the opti-
mized induction condition for 72  h has already under-
went significant changes in the transcriptome, whereby 
the significant transcriptome differences between 
2D-GMSCs and iGMSC-D3 was presented by the heat-
map of differentially expressed genes (DEGs) (Additional 
file 2: Figure S2a). Meanwhile, the Volcano plots show a 
total of 773 DEGs (Cutoffs: abs (Ifc) > 1.0 and FDR or padj 

value < 0.01) with 380 upregulated and 393 downregu-
lated (Additional file 2: Figure S2b). The top 50 DEGs that 
are upregulated or downregulated in iGMSC-D3 versus 
2D-GMSCs are listed in Additional file  3: Table  S2 and 
Additional file  4: Table  S3, respectively. Notably, more 
pronounced transcriptome alterations were observed in 
GMSCs following culturing under the optimized induc-
tion condition for another round of 72  h (iGMSC-D6) 
compared to 2D-GMSCs as presented by the heatmap 
and Volcano plots of DEGs (Cuttoffs: abs (Ifc) > 1.0 and 
FDR or padj value < 0.01), wherein a total of 2603 DEGs 
were identified with 1091 upregulated and 1512 down-
regulated (Fig. 1a, b). The top 100 DEGs that are upregu-
lated or downregulated in iGMSC-D6 versus 2D-GMSCs 
are listed in Additional file  5: Table  S4 and Additional 
file 6: Table S5, respectively.

Pathway enrichment and functional gene annotation 
analyses
Next, we performed gene functional annotation and 
pathway enrichment analyses of DEGs identified in 
iGMSC-D3 which were cultured under the optimized 
induction condition for 72  h. Gene Set Enrichment 
Analysis (GSEA) revealed several enriched pathways 
in iGMSC-D3 versus 2D-GMSCs, including oxidative 
phosphorylation (NES: 2.18343; FDR q-value: 0.0), fatty 
acid metabolism (NES: 1.842387; FDR q-value: 0.0), gly-
colysis (NES: 1.723982; FDR q-value: 0.0), PI3K/Akt/
mTOR signaling pathway (NES: 1.5176543; FDR q-value: 
0.011993174), and protein secretion (NES: 1.8853154; 
FDR q-value: 0.0) (Additional file 2: Figure S2c-g). Using 
DAVID Gene Functional Classification Tool, both KEGG 
and GO Terms enrichment analysis of the up-regulated 
DEGs in iGMSC-D3 also revealed that the top enriched 
Biological Processes (BPs) and KEGG pathways were 
linked to  lipid/cholesterol metabolic/biosynthetic pro-
cesses  and metabolic pathways (Additional file  2: Fig-
ure S3a, c). The enriched Cellular Component (CC) 
GO Terms included “extracellular exosomes” with 45 
enriched genes as presented in the heatmap (Additional 
file  2: Figure S3b; Additional file  7: Table  S6). These 
results have implicated metabolic reprogramming and 
increased protein secretion in GMSCs shortly after cul-
turing under the optimized induction culture conditions.

We then further performed gene functional annotation 
and pathway enrichment analyses of DEGs identified in 
iGMSC-D6, which were cultured under the optimized 
induction conditions for another round of 72  h. GSEA 
analysis revealed that compared to 2D-GMSCs, iGMSC-
D6 exhibited enrichment for oxidative phosphoryla-
tion (NES: 1.5981114; FDR q-value: 0.0127141), Wnt-β 
catenin signaling (NES: 1.3766541; FDR q-value: 
0.063331), Notch signaling (NES: 1.60066; FDR q-value: 
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0.0152796), inflammatory responses (NES: 1.4492955; 
FDR q-value: 0.035865), and TNFα/NFκB signaling path-
way (NES: 1.7337878; FDR q-value: 0.00756) (Fig. 1c-g). 
According to the DAVID_UniProtKB Keywords (UP_
KW) functional annotation analysis of the upregulated 
DEGs found in iGMSC-D6, the enriched BPs (Biological 
Processes) include transport, differentiation, lipid metab-
olism, Wnt signaling pathway, inflammatory responses, 
angiogenesis, and Notch signaling pathway, while the top 
enriched CCs (Cellular Components) and MFs (Molecu-
lar Functions) include membrane, secreted, cytoplasmic 
vesicle, and growth factors, etc. (Additional file 2: Figure 
S4a). Interestingly, there were 124 significantly enriched 
factors in the secreted category of CCs, including a large 
panel of growth factors and cytokines, such as IL-24, 
CHI3L1, CSF3, BMP2, LIF, HGF, IL-1RN, VEGF, PTHLH, 
NRG2, STC1, and TNFAIP6 etc., which have a wide spec-
trum of biological functions e.g. immunomodulation, 
wound healing, angiogenesis, and tissue regeneration, 

etc. (Additional file  2: Figure S4b; Additional file  8: 
Table  S7). According to KEGG pathway and GO Terms 
enrichment analysis of the upregulated DEGs in iGMSC_
D6, the top 30 enriched KEGG pathways include meta-
bolic pathways, cytokine-cytokine receptor, and multiple 
signaling pathways such as MAPK, Wnt, TGF-β, Hippo, 
TNFα, and Notch signaling pathways (Additional file  2: 
Figure S5a). The top 30 enriched GO_BPs and GO_MFs 
include inflammatory/immune responses, multiple sign-
aling transduction pathways, development, angiogenesis, 
protein binding, receptor binding and activity, growth 
factor and cytokine activity, etc. (Additional file  2: Fig-
ure S5b, c) The top 30 enriched GO_CCs were linked to 
cytoplasm and plasma membrane, including extracellu-
lar exosomes with a list of 105 related genes (Additional 
file  2: Figure S5d, e; Additional file  9: Table  S8). Alto-
gether, the global transcriptome analysis demonstrated 
that GMSCs cultured under the optimized induction 
conditions, especially after the second round 72  h of 

Fig. 1  mRNA sequencing of 2D-GMSCs and iGMSC-D6. mRNA-seq is performed for GMSCs cultured under the defined induction culture 
conditions for six days (iGMSC-D6) and their 2D-cultured counterparts (2D-GMSCs). a Heatmap of differentially expressed genes (DEGs) from mRNA 
sequencing. FDR < 0.01 and abs(lfc) > 1. n = 5 biological replicates. b Volcano plot illustrates the number of significant DEGs between iGMSC-D6 
and 2D-GMSCs. Red color symbols represent the upregulated DEGs, while blue symbols represent the downregulated DEGs. (c-g) Enrichment 
plots of gene expression signatures for several signaling hallmarks by gene set enrichment analysis (GSEA) of upregulated DEGs in iGMSC-D6 vs 
2D-GMSCs: (c) Oxidative phosphorylation; (d) Wnt-β-catenin signaling; (e) NOTCH signaling; (f) Inflammatory response; (g) TNF-α signaling via NFκB. 
NES, normalized enrichment score; FDR, false discovery rate
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culture (iGMSC_D6), underwent drastic alterations in 
the global gene expression profiles characterized by sig-
nificant enrichment of signaling pathways and cellular 
components involved in regulating immunomodulation, 
metabolism, development, extracellular vesicle/exosome 
secretion, and angiogenesis, etc., thus endowing them 
with enhanced pro-regenerative potentials compared to 
their 2D-GMSC counterparts.

Enhanced secretion of EVs and SPs from iGMSCs cultured 
under the optimized xeno‑free conditions
The above functional gene annotation analysis of the 
upregulated DEGs found in GMSCs cultured under the 
optimized xeno-free induction conditions has revealed a 
significant enrichment in the secreted components and 
extracellular vesicles (Additional file  2: Figure S3a, b; 
Figure S4a, b; Figure S5d, e). This prompts us to assess 
the secretion of EVs and soluble protein factors in the 
conditioned medium (CM)/secretome of iGMSCs. To 
this purpose, CMs were harvested from 2D-GMSCs, 
iGMSC_D3, and iGMSC_D6, respectively, and concen-
trated by 100 times (100 ×) using Ultrafiltration units 
with different MWCF (Molecular Weight Cutt-off) 
membranes in order to generate concentrated CM frac-
tions containing soluble proteins/peptides with differen-
tial molecular weight (kDa) (Fig.  2a). On the one hand, 
the whole CMs from different culture conditions were 
subjected to ultrafiltration with a 10  kDa-MWCF to 
generate the concentrated CM containing soluble pro-
tein/peptides with MW > 10  kDa (CM_F1/secretome) 
(Fig.  2a-①). On the other hand, the whole CMs were 
subjected to ultrafiltration with a 100  kDa-MWCF to 
generate the concentrated CM containing soluble pro-
tein/peptides with MW > 100 kDa (CM_F2) (Fig. 2a-②), 
whereby the flow-through were further subjected to 
ultrafiltration with a 10 kDa-MWCF to generate the con-
centrated CM containing soluble protein/peptides with 
100 kDa > MW > 10 kDa (CM_F3) (Fig. 2a-③).

We then determined the protein concentration of 
CM_F1/secretome (> 10 kDa) by BCA assay. The results 
showed that CM_F1/secretome derived from iGMSC_D3 
and iGMSC_D6 contains a much higher concentration of 
proteins than that from a similar number of 2D-GMSCs 
(Fig.  2b). Western blot analysis revealed that CM_F1/
secretome derived from iGMSC_D3 and iGMSC_D6 
contains a significant enrichment of several EV markers, 
including CD9, CD63, CD81, and α-syntenin 1 compared 
to CM-F1/secretome derived from their 2D-GMSC 
counterparts (Fig. 2c). Further analysis by Western blot-
ting indicated that CM_F2 (> 100  kDa) and CM-F1/
secretome (> 10  kDa) contained similar proteins lev-
els of EV markers but CM-F3 (100 kDa > MW > 10 kDa) 
were almost depleted of EV markers (Fig.  2d). These 

results suggest that EVs released by GMSCs and iGMSCs 
exist mainly in CM_F2 with > 100  kDa of MWCF while 
CM-F1/secretome (> 10 kDa) contain both EVs and SPs.

Separation and characterization of EVs and SPs in the CM/
secretome of 2D‑GMSCs and iGMSCs
Next, we performed size-exclusion chromatography 
(SEC) using the qEVoriginal size exclusion columns 
[33, 36] to separate the EV fractions and SP fractions 
from the concentrated CM-F1/secretomes derived from 
2D-GMSCs and iGMSCs (Fig.  3a). In consistent with 
previous studies [34], EV particles exist in the 5–8 elu-
ent fractions (F5-F8) with the peak at F6-F7, while the 
SPs exist in the 17–26 eluent fractions (F17-26) with the 
peak at eluent fraction 21 (Fig. 3b). The eluent fractions 

Fig. 2  Enrichment of EVs in the conditioned medium of iGMSCs. 
Conditioned medium is collected from 2D-GMSCs or GMSCs 
cultured under the defined induction culture conditions for three 
days (iGMSC-D3) or six days (iGMSC-D6), which is concentrated 
100-fold through ultrafiltration. a Schematic illustration of procedures 
for preparation of different fractions of concentrated CM: CM_F1 
containing the whole secretome containing soluble peptides/
proteins (SPs) with a molecular weight (MW) > 10 kDa; CM_F2 
containing SPs with a molecular weight (MW) > 100 kDa; CM_F3 
containing SPs with a MW between 10 and 100 kDa. b Protein 
concentrations (mg/mL) in the whole secretome (CM_F1) are 
determined by BCA assay. c Increased EV marker expressions 
in the whole secretome of iGMSC-D3 and iGMSC-D6 compared 
to 2D-GMSCs are determined by Western blot. d EVs mainly exist 
in CM_F1 (the whole secretome) and CM_F2 but not in CM_F3 
as determined by Western blot analysis. Data are represented 
as mean ± SD (n = 5) *p < 0.05; ***p < 0.001; ns, no significance 
by unpaired t test with unpaired two-tailed t test with Welch’s 
correction. CM, conditioned culture medium; Syn-1, α-Syntenin1
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of EVs or SPs were combined, respectively, and then sub-
jected to ultrafiltration with a 10  kDa-MWCF and con-
centrated to the original volume (V0) loaded into the SEC 
column for separation (Fig.  3a, b). Protein concentra-
tion assays revealed a 60 ~ 80% recovery rate of soluble 
proteins following SEC separation, which exist mainly 
in the SPs with a very low but detectable level in EVs 
(p < 0.0001 SPs vs EVs) (Fig. 3c). Again, the SPs of iGM-
SCs has a much higher concentration of protein compo-
nents than those of 2D-GMSC counterparts (p < 0.0001) 
(Fig. 3c). Western blot analysis showed that SP fractions 
are devoid of EV marker proteins, which only exist in the 
EV fractions, thus supporting a complete separation of 
EV fractions with a high purity (Fig. 3d). According to the 
functional gene annotation analysis of the upregulated 
DEGs, a large panel of secreted and EV-related compo-
nents were upregulated transcriptionally in iGMSCs ver-
sus 2D-GMSC counterparts (Additional file 2: Figure S4a, 

b; Additional file  2: Figure S5d, e). We then selectively 
determined the protein secretion of four factors by West-
ern blotting analysis, including CHI3L1 (Chitinase-3-like 
protein 1), STC1 (Stanniocalcin-1), IL-1RN (the interleu-
kin-1 receptor antagonist), and NAMPT (nicotinamide 
phosphoribosyltransferase), which have potent immu-
nomodulatory, anti-inflammatory, and pro-regenerative 
functions under different settings [39–44]. Our results 
showed that both iGMSC_D3 and iGMSC_D6 secreted 
a much higher level of these protein factors than their 
2D-GMSC counterparts (Fig.  3e). Interestingly, it was 
noted that CHI3L1, STC1, and IL-1RN proteins existed 
only in the SPs, whereas NAMPT protein existed in both 
EV and SP fractions (Fig.  3e). These results have con-
firmed the significantly enhanced secretion of SPs inde-
pendent of EVs by iGMSCs compared to their 2D-GMSC 
counterparts.

Fig. 3  Molecular characterization of the secretome derived from 2D-GMSCs and iGMSCs. The CM/secretome is prepared by concentrating 
the culture medium from GMSCs cultured under the defined induction culture condition for three days (iGMSC-D3) or six days (iGMSC-D6) 
and the 2D-cultured GMSCs through ultrafiltration with a 10 kDa of molecular weight cut-off (MWCO). a Schematic illustration of procedures 
for the separation of extracellular vesicles (EVs) and soluble peptides/proteins (SPs) in the whole CM/secretome (CM_F1) of GMSCs and iGMSCs 
by using Gen2 qEVOriginal columns (35 nm). CM_F1 at an original volume (V0) is subjected to elution through qEV column. Both EV and SP elution 
fractions are combined respectively and concentrated by ultrafiltration to the original volume (V0) of CM_F1. b Distribution of EV particles and SPs 
in consecutive fractions eluted through the q-EV column. c Protein concentrations in separated EV and SP fractions (the left panel) and the recovery 
rate of SPs following qEV separation (the right panel). d The EV markers in the separated EV and SP fractions are determined by Western blot 
analysis. e The level of several secreted proteins in the separated EV and SP fractions are determined by Western blot analysis. Data are represented 
as mean ± SD (n = 5) **p < 0.01; ****p < 0.0001 by one-way ANOVA with Tukey’s multiple comparison test. EV, extracellular vesicle; SP, soluble protein
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Next, nanoparticle tracking analysis (NTA) with 
ZetaView was performed to further character-
ize EVs secreted by 2D-GMSCs and iGMSCs. The 
results showed that EVs secreted by 2D-GMSCs and 

iGMSCs have a similar size distribution, with an aver-
age size of 169.33 ± 22.99  nm, 153.59 ± 11.66  nm, and 
155.78 ± 7.68  nm for EVs derived from 2D-GMSC, 
iGMSC_D3, and iGMSC_D6 (p > 0.05), respectively 

Fig. 4  Size distribution and morphological characterization of purified EVs derived from 2D-GMSCs and iGMSCs. The CM/secretome is prepared 
by concentrating the culture medium from GMSCs cultured under the defined induction culture condition for three days (iGMSC-D3) or six 
days (iGMSC-D6) and the 2D-cultured GMSCs through ultrafiltration with a 10 kDa of molecular weight cut-off (MWCO). a The size distribution 
and concentration of EVs purified from the concentrated conditioned medium (CM)/secretome of 2D-GMSCs and iGMSCs are determined 
by ZetaView Nanoparticle Tracking Analysis (NTA) instrument. Representative spectra are shown. b The mean of particle diameter size (nm) 
of purified EVs is shown in the graphs. c The mean of particle concentration (particle number/mL) and fold change (relative to 2D-GMSCs) 
of purified EVs are shown in the graphs. d TEM visualization of purified EVs. Scale bars in 500 nm are shown in the upper panels of images. Lower 
panels represent the enlargement of the circled areas from the corresponding upper panel of image. Data are represented as mean ± SD *p < 0.05; 
ns, no significance by one-way ANOVA with Tukey’s multiple comparison test
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(Fig. 4a, b). TEM images confirmed that the purified EVs 
were exosome-sized, cup-shaped vesicles (Fig.  4d). In 
consistent with Western blot analysis, NTA revealed an 
over tenfold increase in the EV yield (EV particles/106 
cells/mL) secreted by iGMSC_D3 and iGMSC_D6 
versus their 2D-GMSC counterparts (Fig.  4c). These 
results further confirmed the enhanced EV secretion by 
GMSCs cultured under the optimized induction culture 
conditions.

Functional analysis of the CM/secretome derived 
from 2D‑GMSCs and iGMSCs: effects on macrophages 
and skeletal muscle progenitor cells
Numerous studies have shown that MSC-derived 
secretomes exert therapeutic effects on immune/inflam-
matory diseases and wound healing by promoting the 
polarization of anti-inflammatory M2 macrophages 
[45]. Herein, we showed that cultured Raw264 murine 
macrophages could uptake the PKH26-prelabeled EVs 
when exposed to the CM/secretome of 2D-GMSCs and 
iGMSCs (Additional file  2: Figure S6a, b). ELISA assays 
showed that stimulation of Raw 264 macrophages with 
the CM/secretome of 2D-GMSCs, iGMSC_D3, and 
iGMSC_D6 led to a dose-dependent increase in the 
secretion of IL-10 (p < 0.001), a signature anti-inflamma-
tory cytokine produced by M2 macrophages, whereby 
the stimulatory effect conferred by the CM/secretome 
of iGMSC_D3 and iGMSC_D6 was more pronounced 
than that of 2D-GMSCs (Additional file  2: Figure S6c, 
d). Further analysis of the ELISA results indicated that 
the secretome of iGMSC_D6 had stronger stimulatory 
effect on IL-10 secretion by macrophages than that of 
iGMSC_D3 (Additional file 2: Figure S6e). On the other 
hand, treatment with the CM/secretome of 2D-GMSCs, 
iGMSC_D3, and iGMSC_D6 led to a dose-dependent 
decrease in LPS-stimulated TNF-α secretion by Raw264 
macrophages (Additional file  2: Figure S6f, g), whereby 
the suppressive effect mediated by CM/secretome of 
iGMSC_D6 on LPS-stimulated TNF-α secretion is 
comparable to iGMSC_D3 but stronger than that of 
2D-GMSCs (Additional file  2: Figure S6g, h). These 
results demonstrated that the CM/secretome of iGM-
SCs has enhanced stimulatory effect on M2 macrophage 
polarization and enhanced inhibitory effect on LPS-stim-
ulated M1 macrophage activation compared to that of 
2D-GMSC counterparts. The following functional analy-
sis focused on the CM/secretome of iGMSC_D6 com-
pared to that of 2D-GMSC counterparts.

Given the critical role of skeletal muscle satellite cells 
(SkMuSCs) in the homeostasis and regeneration of skele-
tal muscle, we then explored whether the CM/secretome 
derived from 2D-GMSCs and iGMSCs had any direct 
effects on SkMuSCs other than macrophages. We initially 

observed that C2C12 cells, a murine-derived myoblast 
cell line as a well-recognized platform in the field of mus-
cle biology and regeneration, efficiently uptake PKH26-
prelabled EVs in the CM/secretome of both 2D-GMSCs 
and iGMSCs (Fig. 5a). Western blot results showed that 
stimulation of C2C12 cells with the CM/secretome of 
2D-GMSCs and iGMSCs dose-dependently promoted 
the protein expression of PAX7 and MyoD, two key 
myogenic transcriptional factors that govern the self-
renewal and early activation of SkMuSCs [46], whereby 

Fig. 5  Effects of CM/secretome derived from 2D-GMSCs and iGMSCs 
on myogenic gene expressions in skeletal muscle progenitors. The 
CM/secretome is prepared by concentrating the culture medium 
from GMSCs cultured under the defined induction culture condition 
for six days (iGMSC) and 2D-cultured GMSCs through ultrafiltration 
with a 10 kDa of molecular weight cut-off (MWCO). a Uptake 
of PKH26-labeled EVs by C2C12 myoblasts. The prepared CM/
secretome is pre-labelled with PKH26. C2C12 myoblasts are 
incubated with 10 µg/mL of PKH26-prelabelled CM/secretome 
for 24 h. Cells are observed under a fluorescence microscope. The 
nuclei are stained with DAPI (4′,6-diamidino-2-phenylindole). Scale 
bar, 20 µm. b, c C2C12 myoblasts are incubated in the presence 
or absence of different volume of the CM/secretome (1.25, 2.5, 
5 µl/mL) of 2D-GMSC and iGMSC for 48 h. The expression of PAX7 
and MYOD is determined by Western blot. d, e Human skeletal 
muscle progenitor cells are incubated in the presence or absence 
of different volume of CM/secretome (1.25, 2.5, 5 µl/mL) of 2D-GMSC 
and iGMSC for 48 h. The expression of PAX7 and MYOD is determined 
by Western blot. (c, e) Semi-quantification of the protein band 
density by using Image J is shown as a ratio of PAX7 and MYOD 
to β-actin as the internal control. Data are represented as mean ± SD 
(n = 3). *p < 0.05; **p < 0.01; ***p < 0.001 compared with the control 
by one-way ANOVA with Tukey’s multiple comparison test. CM, 
conditioned culture medium
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iGMSC-derived CM/secretome had stronger inductive 
effects on PAX7 and MyoD expression than 2D-GMSC-
derived CM/secretome (Fig.  5b, c). The robust induc-
tive effect of iGMSC-derived CM/secretome versus 
2D-GMSC-derived CM/secretome on PAX7 and MyoD 
expressions was further confirmed in human SkMuSCs 
as determined by Western blot analysis (Fig.  5d, e). 
These results demonstrated that iGMSC-derived CM/
secretome exerted enhanced pro-myogenic potentials 
compared to that derived from 2D-GMSCs.

iGMSC‑derived CM/secretome enhanced skeletal muscle 
regeneration in a rat tongue defect model
Given that iGMSC-derived CM/secretome enhanced 
the expression of key myogenic factors in SkMuSCs and 
M2 macrophage polarization that play important multi-
faced roles in the homeostasis and repair/regeneration of 
injured skeletal muscles [47], we then explored the regen-
erative and therapeutic potentials of the CM/secretome 
derived from 2D-GMSCs (2D-GMSC-CM) and iGMSC 
(iGMSC-CM) in a rat tongue defect model [20, 21]. Six 
weeks post-surgery, clinical morphological examination 
showed that the wounded tongue of rats treated with 
2D-GMSC-CM or iGMSC-CM exhibited less contrac-
tion and maintained the overall tongue shape without 
deformity compared to the SIS/Fibrin and SIS alone con-
trol groups (Fig.  6a). Histological analysis revealed that 
both 2D-GMSC-CM and iGMSC-CM groups showed 
better or improved re-epithelialization as evidenced by 
complete restoration of keratinized tissues and more 
regularly arranged papillae in comparison with the SIS/
Fibrin and SIS alone control groups (Fig.  6b). Desmin 
is an intermediate filament protein highly expressed 
in immature, newly regenerated myofibers, including 
in tongue muscles [48]. Immunofluorescence stain-
ing showed a remarkable increase in the expression of 
desmin protein in the injured tongue muscle layers of 
rats from both 2D-GMSC-CM and iGMSC-CM groups 
compared to the SIS/Fibrin and SIS alone control groups, 
but the increase in desmin expression in iGMSC-CM 
group was significantly more pronounced than that in the 
2D-GMSC-CM group (p < 0.05) (Fig.  7a-c). Collectively, 
these results demonstrated that iGMSC-derived CM/
secretome possesses enhanced potential to facilitate epi-
thelial and muscle regeneration of injured rat tongue in 
comparison with 2D-GMSC-derived CM/secretome.

We then examined the effect of the CM/secretome of 
GMSCs and iGMSCs on the infiltration and polariza-
tion of macrophages in rat tongue defects. At six weeks 
post-surgery, there was still noticeable infiltration of 
CD68+ macrophages in the wounded area of rat tongues 
from the SIS/Fibrin and SIS alone control groups, 
which was significantly attenuated following treatment 

with 2D-GMSC-CM and iGMSC-CM (p < 0.001). Of 
note, iGMSC-CM exhibited stronger inhibitory effect 
on macrophage infiltration than 2D-GMSC-CM (Addi-
tional file 2: Figure S7). In addition, our results showed 
that treatment with 2D-GMSC-CM and iGMSC-CM 

Fig. 6  Integration of SIS-ECM membrane and fibrin sealant mixed 
with iGMSC-CM/secretome promotes the healing of rat tongue 
defects. The CM/secretome is prepared by concentrating the culture 
medium from GMSCs cultured under the defined induction 
culture condition for six days (iGMSC) and 2D-cultured GMSCs 
through ultrafiltration with a 10 kDa of molecular weight cut-off 
(MWCO). 30 µl of Tisseel fibrin sealant (Fibrin) mixed with 50 µg 
of 2D-GMSC-CM or iGMSC-CM is applied to the rat tongue defect 
and covered with a strip of porcine small intestine submucosal 
(SIS) matrix membrane. a Rat tongues were photographed six 
weeks after the surgery. Blue circles indicate the area of the defect 
post-surgery. b The corresponding H & E staining of cross sections 
of tongue specimens from different groups of rats six weeks 
post-surgery. The middle and right panels show the enlargement 
of the corresponding circled fields in the left panels. Scale bars, 
200 µm (the left panels) and 100 µm (the middle and right 
panels). SIS, rat tongue defects treated with porcine small intestine 
submucosal matrix alone; SIS/Fibrin, rat tongue defects treated 
with SIS in combination with Tisseel fibrin sealant; 2D-GMSC-CM, rat 
tongue defects treated with SIS/Fibrin in combination with the CM/
secretome from 2D cultured GMSCs; iGMSC-CM, rat tongue defects 
treated with SIS/Fibrin in combination with the CM/secretome 
from iGMSCs. SIS, small intestine submucosa; CM, conditioned culture 
medium
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significantly increased the infiltration of M2 mac-
rophages characterized by the increased expression of 
arginase-1 (CD68+Arg1+ macrophages) compared with 

the SIS/Fibrin or SIS alone control (p < 0.001), whereby 
iGMSC-CM exhibited a relatively stronger stimulatory 

Fig. 7  Local application of iGMSC-secretome promotes rat tongue muscle regeneration. Six weeks post-surgery, rat tongue tissues from different 
treatment groups were harvested and 10 µm-thick cryosections were cut for immunostaining of desmin (DSN) expression. a The grayscale images 
show the nuclei stained with DAPI (4′,6-diamidino-2-phenylindole) at a lower magnification. Scale bar, 100 µm. b Cryosections are immune-stained 
with a primary antibody for desmin followed by staining with Alexa Fluor-488 conjugated secondary antibody. The nuclei are stained with DAPI. 
Images are captured under a fluorescence microscope. Scale bar, 20 µm. c Quantification of the fluorescence intensity of desmin (green) using 
Image J. Data are represented as mean ± SD. *p < 0.05; ****p < 0.0001; ns, no significance by one-way ANOVA with Tukey’s multiple comparison test. 
SIS, small intestine submucosa; CM, conditioned culture medium
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effect on M2 macrophage infiltration than 2D-GMSC-
CM (p = 0.0957) (Fig.  8a, b). On the other hand, 
compared with the SIS/Fibrin or SIS alone control, 
2D-GMSC-CM and iGMSC-CM exhibited comparable 
inhibitory effect on the infiltration of M1 macrophages 
characterized by the decreased expression of iNOS 

(CD68+iNOS+ macrophages; p < 0.05) (Fig. 8c, d). Col-
lectively, these results suggest that iGMSC-derived 
CM/secretome possess relatively stronger in vivo anti-
inflammatory effect than that derived from 2D-GMSCs 
through modulating the infiltration and polarization 
of macrophages, particularly through promoting M2 

Fig. 8  Effects of GMSC-secretome on macrophage polarization in rat tongue defects. Six weeks post-surgery, rat tongue tissues from different 
treatment groups were harvested and 10 µm-thick cryosections were cut for immunostaining of M1 and M2 macrophage markers. a Cryosections 
are immune-stained with a primary antibody for CD68 and Arginase-1 (Arg-1) followed by staining with corresponding Alexa Fluor-488 and Alexa 
Fluor-594 conjugated secondary antibodies, respectively. CD68, green color; Arg-1, red color. The nuclei are stained with DAPI. Images are captured 
under a fluorescence microscope. Scale bar, 20 µm. The far-right panels represent the enlarged images of the squared areas in the panel of merged 
images. b Quantification of the co-localization of Arg-1 and CD68 using Image J. c Cryosections are immune-stained with a primary antibody 
for CD68 and inducible nitric oxide synthase (iNOS), followed by staining with the corresponding Alexa Fluor-488 and Alexa Fluor-594 conjugated 
secondary antibodies, respectively. CD68, green color; iNOS, red color. The nuclei are stained with DAPI. Images are captured under a fluorescence 
microscope. Scale bar, 20 µm. The far-right panels represent the enlarged images of the squared areas in the panel of merged images. d 
Quantification of the co-localization of iNOS and CD68 using Image J. Data are represented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001; ns, no significance by one-way ANOVA with Tukey’s multiple comparison test. SIS, small intestine submucosa; CM, conditioned 
culture medium
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macrophage polarization, potentially contributing to 
tongue muscle regeneration of rats.

Discussion
It is increasingly recognized that MSCs primarily exert 
their therapeutic and regenerative effects through their 
paracrine secretome, which contains EVs and various 
EV-independent bioactive factors [3, 8, 11, 12]. This had 
laid the foundation for the potential application of exog-
enous MSC-derived cell-free products, either the whole 
secretome, purified EVs, or EV-free soluble factors as the 
alternative therapeutics in tissue engineering and regen-
erative medicine (TE/RM) [3, 12, 13, 49]. Even though 
many preclinical studies have demonstrated the replica-
tive efficacy and the advantages of MSC-derived EVs/
exosomes versus the parental MSCs in the treatment of 
a broad spectrum of human disease models [14], there 
is still lack of promising outcomes from a limited num-
ber of clinical trials that directly use MSC-derived EVs/
exosomes as therapeutics for human diseases [16]. This 
might be, at least in part, due to the fact that EVs only 
partially represent the biological functions of the whole 
secretome of MSCs since an increasing number of studies 
have shown that EV-independent bioactive soluble fac-
tors in the secretome had synergistical therapeutic effects 
with EVs [12]. For instance, a recent study showed that 
BMSC-derived conditioned medium (CM) has stronger 
suppressive effect on inflammation in tenocytes than its 
EV faction, suggesting the superior therapeutic efficacy 
of the whole CM compared with the purified EV fraction 
alone in the treatment of tendon injuries [50]. In a mouse 
model of acute skeletal muscle injury, it has been shown 
that EVs and soluble factors in ADSC-derived CM/
secretome act synergistically to facilitate muscle regen-
eration [51]. Further comparison studies indicate that 
ADSC-derived whole CM/secretome has stronger pro-
tective effect against cellular senescence while only EVs 
exhibited anti-inflammation effect [51]. In addition, pre-
vious studies have shown that whole CM derived from 
BMSCs and ADSCs also displayed superior anti-inflam-
matory effects and MMP inhibitory effect in comparison 
with its EV and soluble protein fractions in an in  vitro 
OA model and inflamed nucleus pulposus and annulus 
fibrosus cell model [52–54]. Most recently, Papait A et al. 
have compared the immunomodulatory effects of the 
total secretome, EVs, and EV-free fractions derived from 
human amniotic mesenchymal stromal cells (hAMSCs) 
on both innate and adaptive immune cells. Their results 
demonstrate that the immunomodulatory functions of 
hAMSC-derived secretome are attributed to soluble fac-
tors (SFs) but not purified EVs when tested at original 
concentrations [35]. Collectively, these studies support 

the superiority of the whole MSC-derived CM/secretome 
over its EV or SF fraction alone as the cell-free therapeu-
tic products in disease treatment because of the maximal 
therapeutic potential of the whole secretome of MSCs, 
as well as the elimination of the additional downstream 
steps in manufacturing therapeutic EV products [12, 55, 
56]. In the present study, we demonstrated that local 
application of iGMSC-derived CM/secretome loaded 
with the commercially available SIS membrane and fibrin 
sealant remarkably facilitated re-epithelialization and 
muscle regeneration in a rat tongue defect model (Fig. 6 
and Fig. 7), thus highlighting the potential application of 
iGMSC-derived CM/secretome in tissue engineering and 
regenerative medicine (TE/RM).

Even though mounting pre- and clinical studies have 
established the safety profile of MSCs and their derivative 
secretomes/EVs in the regenerative therapies of various 
pathological conditions, large variations or inconsisten-
cies exist in the reported clinical outcomes. These chal-
lenges might be attributed to the inherent heterogeneity 
of MSCs and their derivative secretomes/EVs associated 
with diverse intrinsic and extrinsic factors in both the 
upstream and downstream manufacturing processes of 
MSC/secretome products, including the age and health 
conditions of donors, the source of tissues, states of tis-
sue harvest (e.g. storage, transport, processing), and vari-
able conditions for cell isolation/culture and secretome/
EV preparation, the administration of MSC-derived cell-
free products (e.g. the route, dosage, and frequency), 
as well as the health status of the recipients [7, 56–59]. 
To date, different strategies, both genetic modification 
and nongenetic approaches, have been implemented to 
re-educate or license exogenous MSCs, aiming to opti-
mize their properties and functions, and consequently, 
improving their therapeutic efficacy in different clinical 
settings [11, 49, 59]. Among the nongenetic approaches, 
hypoxic culture, preconditioning with pro-inflamma-
tory cytokines, biomaterials, and three-dimensional 
(3D) culture, are among the most common approaches 
to generate predictable and reliable therapeutic MSC-
derived cell-free products, e.g. secretomes and EVs, with 
improved immunomodulatory and regenerative poten-
tials of MSCs [49, 55, 60]. Given that GMSCs represent a 
unique subpopulation of neural crest-derived MSCs [61, 
62], our recent studies have shown that GMSCs cultured 
under defined culture conditions, including in special-
ized 3D-collagen hydrogel with optimal stiffness, readily 
converted into neural crest stem-like cells with enhanced 
capabilities to promote nerve regeneration [22, 23, 63]. 
In the present study, we reported that GMSCs cultured 
under the optimized xeno-free induction conditions 
(iGMSCs) versus the standard serum-free 2D-cultures 
(2D-GMSCs) showed significant transcriptome changes 
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characterized by the transcriptional upregulation of dif-
ferentially expressed genes (DEGs) which are functionally 
enriched in fatty acid metabolism, oxidative phospho-
rylation, Notch and Wnt signaling pathways, inflamma-
tory responses, secretion and exosome biogenesis (Fig. 1; 
Additional file  2: Figure S4, S5). Importantly, there is 
about a normalized threefold increase in the protein 
content and a normalized tenfold increase in EV parti-
cles in iGMSC-derived CM/secretome compared to that 
derived from 2D-GMSCs (Fig.  2, Fig.  4). These compel-
ling results have highlighted the feasibility of improving 
the intrinsic property of GMSCs through optimizing the 
culture conditions, and consequently, augmented their 
secretion profile with enriched EVs and bioactive soluble 
protein (SP) factors.

Due to the complex components of MSC-derived 
secretome and EV cargos, it is rationalized that MSC-
based products exert the therapeutic and regenera-
tive effects through multiple mechanisms of action[60], 
among which the potent immunomodulatory/anti-
inflammatory functions of MSC-derived secretome and 
EVs, especially their promotive effects on the polarization 
of anti-inflammatory M2 macrophages as well as their 
inhibitory effects on the activation of pro-inflammatory 
M1 macrophages[64, 65], might contribute a major part 
to their therapeutic and regenerative potency. Of note, 
several studies have identified the unique profiles of 
soluble factors and exosomal miRNAs in MSC-derived 
secretome that are linked to the immunomodulatory 
functions on macrophages under different inflammatory 
settings[65–68]. In the present study, we demonstrated 
that iGMSC-derived CM/secretome enriched with EVs 
and SPs has enhanced promotive effective on M2 mac-
rophage polarization compared with 2D GMSC-derived 
CM/secretome both in  vitro (Additional file  2: Figure 
S6) and in vivo using a rat tongue defect model (Fig. 8). 
According to the mRNA-seq results, we confirmed the 
increased secretion of three representative EV-free solu-
ble protein factors including CHI3L1, STC1, and IL-1RN, 
and one representative factor, NAMPT, which exists 
simultaneously in and outside EVs (Fig.  3). Previous 
studies have shown that CHI3L1 [39], STC1[40, 41], IL-
1RN[42], and NAMPT[44] individually have multifaced 
roles in MSC-mediated immunomodulation, anti-inflam-
mation, angiogenesis, and anti-senescence that are ben-
eficial to tissue regeneration. For instance, a recent study 
has reported that MSCs alleviate experimental immune-
mediated liver injury via CHI3L1-mediated T cell sup-
pression [39], while CHI3L1 has also been shown to 
promote angiogenesis and M2 macrophage polarization 
in choroidal neovascularization development [69]. Oh 
JY et  al. has reported that hMSCs decrease mitochon-
drial ROS and inhibit NLRP3 inflammasome activation 

in macrophages primarily by secreting STC-1 [70], while 
STC-1 secreted by human umbilical mesenchymal stem 
cells promotes IL-10 expression in alveolar macrophages 
[41]. IL-1RN is another important MSC-derived anti-
inflammatory mediators by suppressing macrophage-
driven inflammation [42, 71]. Lee et  al. has reported 
that MSCs promote M2 macrophage polarization in an 
IL-1RN-dependent manner, which contributes to MSC-
mediated alleviation of acute liver failure [72]. Regard-
ing the role of NAMPT in MSC-mediated therapeutic 
effects, a recent study has shown that NAMPT encap-
sulated in young adipose-derived mesenchymal stem 
cells (ADMSCs)-derived EVs plays an important role 
in ADMSC-mediated therapeutic effect on tendinopa-
thy in a “One-Stone-Two-Birds” manner [44]. They have 
further shown that young ADMSC-derived EVs exert 
anti-senescent effect on tenocytes through the NAMPT/
SIRT1/PPARγ/PGC-1α pathway, and concomitantly, 
promote phagocytosis and M2 polarization through the 
NAMPT/SIRT1/Nf-κb p65/NLRP3 pathway [44]. Given 
that these factors play important roles in MSC-medi-
ated anti-inflammatory and regenerative functions and 
are significantly increased in the secretome of iGMSCs, 
it is warranted to perform further studies with genetic 
approaches, e.g. siRNA/shRNA or CRISPR gene editing 
approaches to knockdown or knockout their expressions 
in GMSCs to confirm whether these factors contribute 
individually or synergistically to the enhanced immu-
nomodulatory and therapeutic effects of iGMSC-derived 
secretome both in vitro and in vivo.

Up to date, numerous studies have implicated the 
important role of endogenous MSCs in skeletal muscle 
development, homeostasis, regeneration, aging, and dis-
eases [73] as well as the potential application of exog-
enous MSCs and their derivative cell-free products in 
tissue engineering and regenerative therapy of injured 
and dystrophic skeletal muscles [74]. For instance, a 
recent study has shown that the conditioned media (CM) 
and EVs derived from mesenchymal stromal cells from 
the amniotic membrane (hAMSCs) promote dystrophic 
muscle regeneration by supporting proliferation and dif-
ferentiation of resident MuSCs and inhibiting fibrosis and 
MuSC exhaustion [75]. In addition, Mitchell R et al. has 
reported that EVs and soluble factors in ADSC-derived 
CM/secretome act synergistically to facilitate muscle 
regeneration through CM/secretome-mediated anti-
senescence and EV-mediated anti-inflammatory effect 
[51]. However, it is noteworthy that most of the current 
studies on stem cells and skeletal muscle regeneration 
focused on limb muscles, while the intrinsic regenerative 
potential as well as the potential application of stem cell-
based tissue engineering and regenerative therapy of the 
skeletal muscle of tongue as a vital organ with specialized 
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functions in speaking and eating has been insufficiently 
investigated [48, 76]. In the present study, we demon-
strated that iGMSC-derived CM/secretome upregulated 
the expression of the key myogenic transcription factors, 
PAX7 and MyoD, in cultured SkMuSCs, and remark-
ably enhanced muscle regeneration in a rat tongue defect 
model (Fig.  6, Fig.  7). Given that iGMSC-derived CM/
secretome also promote M2 macrophage polarization 
during regeneration of rat tongue muscle defects, it is 
plausible that iGMSC-derived CM/secretome promotes 
tongue muscle regeneration through simultaneously pro-
moting M2 macrophage polarization and SkMuSC activ-
ity. However, further studies are warranted to identify 
the bioactive soluble factors and/or components of EV 
cargos that contribute either distinctively or synergisti-
cally to the immunomodulatory and myogenic effects 
of iGMSC-derived secretome both in  vitro and in  vivo, 
and to explore whether iGMSC-derived secretome has 
enhanced therapeutic effect on regeneration of other 
types of skeletal muscles.

Challenges and limitations
It is noteworthy that there are several limitations in this 
study and some common challenges in translating MSC-
based cell-free therapies to clinical settings. One of the 
major concerns is the lack of a standard protocol for both 
upstream (MSC isolation, expansion, storage) and down-
stream (bioprocessing of secretome/EVs products) pro-
cedures to generate the final cell-free products [12, 56]. In 
this study, we optimized the xeno-free induction medium 
first reported in our previous protocol [22] by minimiz-
ing the use of nutritional supplement, growth factors 
and small molecules, including transferrin-depleted 
N2 supplement, EGF, bFGF, a small molecule inhibitor 
of TGFβR (SB431542). Through the concentration and 
washing steps using the ultrafiltration unit with 10-kDa 
MWCO membranes, it is expected to remove most of 
the supplemental components and minimize the effect of 
the residual carryover of these supplements on the qual-
ity and bioactivity of the final iGMSC-derived secretome 
products. However, further studies are necessary to rule 
out the contaminating effects of the potential remnants 
of the supplemental components in the culture media.

It is known that characteristics of donors (e.g. age 
and healthy status), tissue origins, and cell passages 
have significant effects on the components and bioac-
tivities of MSC-derived secretome/EV products [12, 77]. 
Regarding the effects of tissue sources on MSC-derived 
secretome/EVs, a recent study performed proteomic pro-
filing analyses and identified different protein profiles in 
the secretomes derived from bone-marrow (BMMSCs), 
umbilical-cord (UCMSCs), adipose-tissue (ATMSCs) 
and clinical/commercial-grade induced pluripotent stem 

cell-derived MSCs (iMSCs) under resting and inflam-
matory licenced conditions [78]. To minimize the effect 
of donor age and cell passages, this study used GMSCs 
derived from healthy donors aged from 20–40 years old 
with less than sixth passages. However, further studies 
are necessary to extend our current findings by including 
GMSCs derived from older patients and other sources of 
MSCs, such as ADSCs and BMMSC, and UCMSCs, to 
validate whether our current xeno-free induction con-
ditions can also improve secretome production with 
enriched EVs and SPs.

As mentioned above, MSC-derived secretomes con-
tain complex components including growth factors, 
cytokines, lipids, RNAs (especially miRNAs), which are 
either encapsulated inside exosomes/EVs or exist inde-
pendently as EV-free soluble factors[3, 12, 77]. There-
fore, it remains one of the major challenges to profile 
complex molecules and identify the distinctive bioactive 
factors that contribute to MSC-secretome/EV-mediated 
therapeutic effects under different disease settings. In 
this study, we showed a significant enrichment of EVs 
and several soluble protein (SPs) factors in iGMSC-
derived CM/secretome, but it is necessary to perform 
proteomics, miRNA sequencing, and lipidomics to com-
prehensively profile the complex bioactive molecules in 
iGMSC-derived CM/secretome and purified EVs, which 
can help to identify the major bioactive components 
that contribute individually or synergistically to iGMSC-
derived CM/secretome mediated immunomodulatory 
and myogenic functions both in vitro and in vivo.

From the standpoint of clinical application, the final 
MSC-derived secretome/EV product should be appro-
priately formulated and stored until the use to maintain 
the quantity and biological activity of the bioactive mol-
ecules [12]. To date, there is still a lack of standard pro-
tocols for the preparation, formulation, and storage of 
MSC-derived secretome/EV products, but generally, it 
is recommended that MSC-derived secretome/EV prod-
ucts are lyophilized and stored at −80  °C for long-term 
use purposes [7, 13]. In this study, we routinely stored 
aliquots of GMSC-derived CM/secretomes, EVs, and SP 
products at −80 °C. However, further studies are neces-
sary to evaluate changes in the contents (EVs and SPs), 
the immunomodulatory and myogenic functions of 
iGMSC-derived CM/secretome following storage at 
−80 °C for different time periods.

Another challenge facing this field is the lack of the 
consensus for dose, frequency, and route of adminis-
tration as well as for biodistribution analysis of MSC-
derived secretome/EVs. For instance, variable units, 
including microgram (µg) based on the protein content, 
the particle number (EVs), and volume (µl), have been 
utilized for dosing MSC-derived secretome/EV products 
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with a large variation in the range of dosages for differ-
ent sources of secretome/EVs and disease conditions [12, 
77]. In addition, there is no standard protocol for assess-
ment of the biodistribution of MSC-derived secretome/
EVs because of the reported short half-life of EVs and 
soluble factors in the secretome when administered sys-
temically [79]. For the local application, different types 
of biomimetic scaffolds/hydrogels are loaded with MSC-
derived secretome/EVs, allowing a sustained and control-
lable delivery and delayed degradation, thus improve the 
therapeutic effectiveness [80]. In this study, we mixed 
iGMSC-derived CM/secretome at a dosage of 50  µg in 
term of protein content with clinical-grade Tisseel Fibrin 
Glue and locally applied to the tongue defect. However, 
further studies are necessary to optimize the dosage 
and assess the biodistribution and retention of iGMSC-
secretome in the local tongue defect areas by pre-labeling 
EVs with appropriate fluorescence dyes.

Even though numerous preclinical and clinical stud-
ies have demonstrated the biosafety and potency of 
MSC-derived secretome/EV products in treating vari-
ous diseases [3, 7], their safety and efficacy should be 
ensured before translation into clinical use. Generally, 
the biosafety assessments of MSC-derived secretome/
EV products, especially for the use of allogeneic MSC-
derived products, should include pharmacokinetics and 
pharmacodynamic analysis, immunogenicity, biocom-
patibility, and overall safety such as the risk of microbial, 
mycoplasma and/or viral contamination, and the level of 
endotoxin [12]. Given the potent anti-inflammatory and 
pro-angiogenic activities of MSC-derived secretome/
EVs, caution measures should be considered given their 
long-term use may result in immunosuppression, risk of 
infection and tumor growth [81]. Therefore, it is neces-
sary to conduct a long-term follow-up (e. g. 12 weeks or 
more) study to determine whether iGMSC-secretome/
EV-mediated regeneration of rat tongue muscle main-
tains its structural and functional  integrity over time and 
to assess the durability of iGMSC-secretome/EV-medi-
ated therapeutic effects and potential long-term  safety 
issues in the rat tongue defect model.

Conclusion
In summary, our present study has demonstrated 
that GMSCs cultured under the optimized xeno-free 
induction conditions, designated as iGMSCs, had sig-
nificant changes in the global gene expression profiles 
characterized by a significant upregulation of a large 
panel of genes related to EVs and secreted factors com-
pared to their 2D-cultured counterparts. Meanwhile, 
iGMSC-derived secretome contained a remarkable 
enrichment of both EVs and EV-free soluble peptide 

(SP) factors compared to that from 2D-GMSCs. The 
iGMSC-derived CM/secretome significantly enhanced 
skeletal muscle regeneration in a tongue defect model 
in rats. Our findings have provided valuable insight 
into the potential application of optimized GMSC-
derived secretome products as cell-free therapeutics 
for regenerative therapy of tongue defects and other 
muscular diseases. However, the lack of standardized 
protocols for the preparation/characterization, formu-
lation, and administration of MSC-derived secretome 
is one of the major obstacles to obtain the regulatory 
approval by The International Council for Harmoniza-
tion of Technical Requirements for Pharmaceuticals for 
Human Use (ICH)[77]. Following the minimal criteria 
requirements for MSCs proposed by the International 
Society for Cellular Therapy (ISCT) [82] and the most 
recent Minimal Information for Studies of Extracellu-
lar Vesicle (MISEV) guidelines[83], our group has pro-
posed to further optimize the protocols for production 
of iGMSC-derived secretome/EVs with consistent qual-
ity, stability, safety, and efficacy, which are important 
for the translation of the final product into clinical use.
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