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Abstract: Adipose-derived stem cells (ASCs) are one of the most promising therapeutic cells for cell-based regenera-
tive medicine. The applications include bone regeneration, cartilage repair, nerve regeneration, muscle and cardiac 
muscle repair, and liver regeneration. However, in vitro expansion is a crucial step before application. One of the 
most significant drawbacks of ASCs and all other mesenchymal stem cells is cellular aging during in vitro expansion. 
However, the extracellular matrix (ECM), which has a profound effect on cell function, offers a potential method to 
solve this problem. In this study, both ASCs and dermal fibroblasts (DFBs) were used to coat culture flasks with de-
cellularized ECM (dECM). Then, ASCs were expanded on ASCs-derived dECM (AECM), DFBs-derived dECM (DECM), 
and conventional plastic flasks (PLs) for further proliferation and differentiation assays. Both the AECM and DECM 
could significantly facilitate proliferation of ASCs. ASCs expanded on AECM exhibited higher differentiation potential 
for osteogenesis, adipogenesis, and chondrogenesis than those expanded on DECM and PLs. The results demon-
strate that AECM can successfully enhance the self-renewal and differentiation potential of ASCs, which could be a 
promising method for in vitro cell expansion in ASCs-based regenerative medicine.

Keywords: Adipose-derived stem cells, decellularized extracellular matrix, cell expansion, proliferation, differentia-
tion

Introduction

Adipose-derived stem cells (ASCs) are one of 
the most promising adult mesenchymal stem 
cells (MSCs) for regenerative medicine [1]. Lar- 
ge amounts of human adipose tissue can be 
easily obtained with little donor site morbidity 
through the convenient procedure of liposuc-
tion [2]. Furthermore, ASCs have been shown to 
have the potential to differentiate along not 
only mesodermal lineages but also ectodermal 
and endodermal lineages [2-4]. Although the 
use of ASCs for clinical trials has achieved 
remarkable progress, some common challeng-
es remain unsolved [5]. It is now believed that 
MSCs have special niches that accommodate 
them and provide a microenvironment to main-
tain stemness in vivo [6]. However, for all MSCs, 
ex vivo expansion without the particular niches 
is a required step to obtain a sufficient amount 
of therapeutic cells before application. None- 
theless, optimum conditions for cell expansion 
in which MSCs do not lose their proliferative 

and differentiation capacity quickly have yet to 
be established [7, 8]. 

Decellularized extracellular matrix (dECM) could 
imitate the in vivo niches by retaining similar 
structure and composition [6, 9, 10]. There are 
two ways to obtain dECM: in vivo tissue decel-
lularization and in vitro cell culture fabrication. 
The latter can provide a standardized dECM 
product for cell expansion and has the potential 
for large-scale industrial manufacture. Previous 
studies have demonstrated that dECM from in 
vitro cell culture fabrication has a rejuvenating 
effect on MSCs by enhancing self-renewal and 
chondrogenic potential [11, 12]. However, not 
all dECMs exhibit the same effect and each 
type displays different properties based on spe-
cies, donor age, and source of tissues [13]. To 
the best of our knowledge, no study has focused 
on the rejuvenating effect of ASCs-derived dE- 
CM on ASCs expansion in vitro.

In the current study, it was hypothesized that 
dECM deposited by ASCs could better facilitate 
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self-renewal and the differentiation potential of 
ASCs than that deposited by non-MSCs includ-
ing fibroblasts. ASCs were evaluated by prolif-
eration rate, stemness genes, MSC surface 
phenotype, and chondrogenic, adipogenic, and 
osteogenic potentials after cell expansion on 
conventional plastic flasks (PLs), dermal fibro-
blasts (DFBs)-derived dECM (DECM), and ASCs-
derived dECM (AECM).

Materials and methods

Cell culture

Human adipose tissue was harvested from four 
female donors (average age, 32 years) by lipo-
suction following approval from the Ethics Co- 
mmittee of Shanghai Jiaotong University Sch- 
ool of Medicine and informed written consent 
was provided by the patients. After harvesting, 
the adipose tissue was minced into smaller 
pieces and digested by 2 mg/ml collagenase 
(NB4 [PZ activity, 0.17 U/mg]; SERVA Electro- 
phoresis, Heidelberg, Germany) for 120 min-
utes in a 37°C shaking water bath. Then, the 
samples were filtered, centrifuged, and washed 
once with phosphate-buffered saline (PBS). 
After that, the cells were seeded on T175 cul-
ture flasks at a density of 6,000/cm2 in α-mi- 
nimum essential medium containing 10% fetal 
bovine serum, 100 U/ml penicillin, 100 μg/ml 
streptomycin, and 0.25 μg/ml fungizone (all 
from Invitrogen, Carlsbad, CA, USA) in a 37°C 
humidified incubator with 5% CO2. The growth 
medium was changed every 2-3 days until cells 
were 80% confluent. Then, the ASCs were 
detached and seeded at a density of 3,000/
cm2 for expansion.

Skin samples were harvested from routine cir-
cumcision of four patients (average age, 19 
years) following approval from the Ethics Co- 
mmittee of Shanghai Jiaotong University Sch- 
ool of Medicine. Informed written consent was 
provided by the patients or their guardians. 
Each skin specimen was depleted of subcuta-
neous tissue and cut into 1-cm × 1-cm pieces 
before incubated in 8 U/ml dispase (Worthing- 
ton Biochemical, Lakewood, NJ, USA) at 4°C 
overnight. The epidermis was separated from 
the dermis with forceps. Then, the dermis was 
minced into pieces and digested in 2 mg/ml 
collagenase (NB4, SERVA Electrophoresis) for 3 
hours in a 37°C shaking water bath. Next, the 
samples were filtered, centrifuged, and washed 

once with PBS. After that, the cells were seed-
ed on T175 flasks at a density of 6,000/cm2 in 
growth medium in a 37°C humidified incubator 
with 5% CO2. The growth medium was changed 
every 2-3 days until cells were 80% confluent. 
Finally, the DFBs were detached and seeded at 
a density of 3,000/cm2 for expansion. 

dECM preparation

Both ASCs and DFBs were used to prepare 
dECM, termed AECM and DECM, respectively. 
The protocol followed was described previously 
[12, 14, 15]. Briefly, PLs were pre-coated with 
0.2% gelatin for 1 hour at 37°C and seeded 
with passage 3 (P3) ASCs and DFBs at 3,000/
cm2, respectively. After cells reached 90% con-
fluence, 250 μM L-ascorbic acid phosphate 
(Sigma-Aldrich, St. Louis, MO, USA) was added 
to the culture medium for another 10 days. 
Then, the deposited ECMs were treated with 
0.5% Triton X-100 containing 20 mM ammoni-
um hydroxide for 5 minutes at 37°C to remove 
the cells. The dECMs were stored in PBS con-
taining 100 U/ml penicillin, 100 μg/ml strepto-
mycin, and 0.25 μg/ml fungizone until use.

Evaluation of cell proliferation

Cell doubling time: P3 ASCs expanded on PLs 
were plated on AECM, DECM, or PLs at a den-
sity of 3,000/cm2 with growth medium. After 5 
days of incubation, the cells (n = 4) were de- 
tached and counted using a hemocytometer. 
The ASCs harvested were termed AE4, DE4, 
and PL4. After counting, AE4, DE4, and PL4 
were further plated on AECM, DECM, or PLs at 
a density of 3,000/cm2 with growth medium. 
The harvested cells were subsequently count-
ed and termed AE5, DE5, and PL5. The P5 ASCs 
were seeded again as before, harvested, count-
ed, and termed AE6, DE6, and PL6. 

EdU cell proliferation assay: P3 ASCs expanded 
on PLs were plated on AECM, DECM, or PLs at a 
density of 3,000/cm2 with growth medium. 
After the cells reached 30%-40% confluence, 
10 μM 5-ethynyl-2’-deoxyuridine (EdU) (Invitro- 
gen) solution was applied and incubated for 12 
hours in a 37°C humidified incubator with 5% 
CO2. The cells were then detached, fixed, per-
meabilized, and stained with fluorescence Al- 
exa 647. Subsequently, the EdU fluorescence 
was detected (n = 4) and analyzed by FACS- 
Calibur (BD Biosciences, San Jose, CA, USA). 
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The data were further analyzed using Flowing 
Software 2.5.1 (Perttu Terho, University of Tur- 
ku, Finland).

Stemness genes and transcription factor ex-
pression assay

PL-expanded P3 ASCs were further expanded 
on either PLs, DECM, or AECM for one passage; 
the expanded cells were termed PL4, DE4, and 
AE4. Expanded AE4, DE4, and PL4 ASCs were 
evaluated for stemness-related gene expres-
sion and transcription factors using real-time 
polymerase chain reaction (PCR). Total RNA (n 
= 4) was extracted from the expanded cells 
using TRIzol (Life Technologies, Carlsbad, CA, 
USA). Then, 2 μg mRNA was used to synthesize 
cDNA by reverse transcriptase using a High-
Capacity cDNA Archive Kit (Applied Biosystems, 
Foster City, CA, USA). Real-time PCR was per-
formed with the iCycler iQTM Multicolor RT-PCR 
Detection System (Applied Biosystems). Stem- 
ness-related genes nanog homeobox (NANOG; 
Assay ID Hs02387400_g1), nestin (NES; Assay 
ID Hs00707120_s1), SRY-box 2 (SOX2; Assay 
ID Hs01053049_s1), runt-related transcription 
factor 2 (RUNX2; Assay ID Hs01047973_m1), 
peroxisome proliferator-activated receptor ga- 
mma (PPARG; Assay ID Hs01115513_m1), and 
SRY-box 9 (SOX9; Assay ID Hs01107818_m1) 
and the endogenous control gene glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH; As- 
say ID Hs04420632_g1) were selected for 
Custom TaqMan® Gene Expression Assays fr- 
om Applied Biosystems. Relative transcript lev-
els were calculated by the comparative Ct me- 
thod (χ = 2-ΔΔCt, in which ΔΔCt = ΔE-ΔC, ΔE = 
Ctexp-CtGAPDH, and ΔC = Ctct1-CtGAPDH). 

Flow cytometry analysis

The MSC surface markers of AE4, DE4, and PL4 
ASCs were measured by flow cytometry. The fol-
lowing primary antibodies conjugated with fluo-
rescent labels were applied: CD73 (Abcam, 
Cambridge, MA, USA), CD90 (BD Pharmingen, 
San Jose, CA, USA), CD105 (Abcam), CD146 
(Abcam), and stage-specific embryonic antigen 
4 (SSEA4) (Abcam). The cell samples (n = 4) 
containing 3 × 105 cells were incubated with 
the above antibodies in darkness for 30 min-
utes. Then, fluorescence was detected and an- 
alyzed by FACSCalibur (BD Biosciences). Data 
were further analyzed using Flowing Software 
2.5.1 (Perttu Terho).

Chondrogenic induction and evaluation

Chondrogenic induction: P3 ASCs expanded on 
PLs were further expanded on AECM, DECM, or 
PLs for one passage. The expanded ASCs were 
termed AE4, DE4, and PL4. Expanded cells (3.0 
× 105) of AE4, DE4, and PL4 were centrifuged 
at 300 g in a 15-ml polypropylene tube for 7 
minutes to form a pellet. After 24-h incubation 
(day 0), the pellets were cultured in serum-free 
medium containing high-glucose Dulbecco’s 
modified Eagle’s medium, 0.1 mM ascorbic ac- 
id-2-phosphate, 40 μg/ml proline, 100 nM de- 
xamethasone, 1 × ITSTM premix (BD Biosciences; 
6.25 μg/ml insulin, 6.25 μg/ml transferrin, 
6.25 μg/ml selenous acid, 5.35 μg/ml linoleic 
acid, and 1.25 μg/ml bovine serum), 100 U/ml 
penicillin, 100 μg/ml streptomycin, 0.25 μg/ml 
fungizone, 10 ng/ml recombinant human trans-
forming growth factor beta3 (TGF-β3; Pepro- 
Tech, Inc., Rocky Hill, NJ, USA), and 10 ng/ml 
recombinant human bone morphogenic protein 
6 (BMP6; PeproTech, Inc.) in a 37°C humidified 
incubator with 5% CO2 and 5% O2 for up to 28 
days.

Real-time PCR for chondrogenic marker genes: 
Chondrogenesis-related genes SRY-box 9 (SO- 
X9; Assay ID Hs01107818_m1), aggrecan (AC- 
AN; Assay ID Hs00153936_m1), collagen type 
II alpha 1 chain (COL2A1; Assay ID Hs01060- 
322_g1), collagen type X alpha 1 chain (CO- 
L10A1; Assay ID Hs00950955_g1), and matrix 
metallopeptidase 13 (MMP13; Assay ID Hs00- 
942586_m1) and endogenous control gene 
GAPDH were selected for Custom Taqman® 
Gene Expression Assays from Applied Biosys- 
tems. Total RNA (n = 4) was extracted from pel-
lets of day 0 and day 28 using an RNase-free 
pestle, and other real-time PCR procedures 
were conducted as described in 2.4.

Biochemical analysis of DNA and glycosamino-
glycan (GAG) content: Representative pellets (n 
= 4) of both day 0 and day 28 were digested in 
PBE buffer (10 mM ethylenediaminetetraacetic 
acid and 100 mM phosphate, pH 6.5) contain-
ing 125 μg/ml papain and 10 mM cysteine. The 
amount of DNA was measured using the Qu- 
antiTTM PicoGreen® dsDNA assay kit (Life Te- 
chnologies). The GAG content was measured 
using dimethylmethylene blue dye (Thermo Fi- 
sher Scientific, Waltham, MA, USA), and bovine 
chondroitin sulfate (Sigma-Aldrich) was used as 
a standard. Levels of DNA and GAG were de- 
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tected by a microplate reader (VarioskanTM LUX, 
Thermo Fisher Scientific). 

Histological analysis: Representative pellets (n 
= 4) were harvested and fixed in 4% parafor-
maldehyde overnight. Then, the pellets were 
dehydrated in a gradient ethanol series, cleared 
with xylene, embedded in paraffin, and cut into 
5-μm sections. Alcian blue and Safranin O 
staining were applied to detect sulfated GAGs.

Adipogenic induction and evaluation

Adipogenic induction: Expanded cells of AE4, 
DE4, and PL4 were seeded onto PLs at a den-
sity of 8,000/cm2. When cells reached 90% 
confluence, they were cultured with adipogen- 
ic medium consisting of α-minimum essential 
medium, 10% fetal bovine serum, 1 μM dexa-
methasone, 10 μM insulin, 0.5 mM 3-isobutyl-
1-methylxanthine, 200 μM indomethacin, 100 
U/ml penicillin, 100 μg/ml streptomycin, and 
0.25 μg/ml fungizone in a 37°C humidified 
incubator with 5% CO2 for up to 12 days.

Real-time PCR for adipogenic marker genes: 
Adipogenesis-related genes peroxisome prolif-
erator activated receptor gamma (PPARG; As- 
say ID Hs01115513_m1), CCAAT enhancer bi- 
nding protein alpha (CEBPA; Assay ID Hs00- 
269972_s1), lipoprotein lipase (LPL; Assay ID 
Hs00173425_m1), adiponectin, and C1Q and 
collagen domain-containing (ADIPOQ; Assay ID 
Hs01060322_g1) and endogenous control 
gene GAPDH were selected for Custom Taq- 
man® Gene Expression Assays from Applied 
Biosystems. Total RNA (n = 4) was extracted 
from induced cells, and real-time PCR proce-
dures were conducted as described in 2.4.

Western blotting: Adipogenesis-induced cell sa- 
mples were lysed in lysis buffer with protease 
inhibitors (Cell Signaling Technology, Danvers, 
MA, USA). Total protein was quantified using 
the BCATM protein assay kit (Thermo Fisher Sc- 
ientific). Twenty micrograms of protein was 
denatured and separated using a 12% poly-
acrylamide gel (Invitrogen) at 120 V for 2 hours 
at 4°C. The proteins were then transferred to a 
nitrocellulose membrane at 30 V and 4°C over-
night. Membranes were blocked with 5% non-
fat milk in Tris-buffered saline (TBS) and probed 
with primary adiponectin monoclonal antibody 
(MA1-054, Thermo Fisher Scientific) for 1 hour. 
The blot was washed with TBS containing 0.1% 

Tween20 and further incubated with the appro-
priate horseradish peroxidase (HRP)-conjuga- 
ted secondary antibody (RK244131, Thermo 
Fisher Scientific) for 1 hour. The blot was devel-
oped with a chemiluminescence kit (GE Heal- 
thcare, Chicago, IL, USA) and imaged using a 
GE gel documentation. An anti-β-actin antibody 
(Invitrogen) was used to normalize expression 
data and ensure equal loading.

Histological analysis: Induced cells in culture 
flasks were fixed with 4% paraformaldehyde for 
1 hour. Then, an Oil Red O kit (Sigma-Aldrich) 
was applied to stain lipids.

Osteogenic induction and evaluation

Osteogenic induction: Expanded cells of AE4, 
DE4, and PL4 were seeded onto PLs at a den-
sity of 8,000/cm2. When cells reached 90% 
confluence, they were cultured with osteogenic 
medium consisting of α-minimum essential 
medium, 10% fetal bovine serum, 100 U/ml 
penicillin, 100 μg/ml streptomycin, 0.25 μg/ml 
fungizone, 50 mg/l ascorbic acid-2-phosphate, 
0.01 μM dexamethasone, and 10 mM β-glyce- 
rophosphate (Sigma-Aldrich) in a 37°C humidi-
fied incubator with 5% CO2 for up to 21 days.

Real-time PCR for osteogenic marker genes: 
Osteogenesis-related genes runt-related tran-
scription factor 2 (RUNX2; Assay ID Hs0104- 
7973_m1), bone gamma-carboxyglutamate pr- 
otein (BGLAP; Assay ID Hs01587814_g1), Sp7 
transcription factor (SP7; Assay ID Hs01866- 
874_s1), and secreted phosphoprotein 1 (SP- 
P1; Assay ID Hs00959010_m1) and endoge-
nous control gene GAPDH were selected for 
Custom Taqman® Gene Expression Assays fr- 
om Applied Biosystems. Total RNA (n = 4) was 
extracted from induced cells, and real-time 
PCR procedures were conducted as described 
in 2.4.

Western blotting: Osteogenically induced cell 
samples were collected and dissolved in cell 
lysis buffer. A primary osteocalcin monoclonal 
antibody (MA1-20788, Thermo Fisher Scientific) 
was applied for 1 hour, and further incubated 
with the horseradish peroxidase (HRP)-conju- 
gated secondary antibody (RK244131, Thermo 
Fisher Scientific) for 1 hour. The blot was devel-
oped with a chemiluminescence kit (GE Heal- 
thcare, Chicago, IL, USA). An anti-β-actin anti-
body (Invitrogen) was used to normalize equal 
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loading. Other procedures were conducted as 
described in 2.7.3.

Histological analysis: Induced cells in culture 
flasks were fixed with 4% paraformaldehyde for 
1 hour. Then, Alizarin Red solution (Sigma-Al- 
drich) was applied for 10 minutes to stain cal-
cium nodules.

Statistical analysis

Numerical data are presented as the mean and 
standard deviation of the mean. The Mann-
Whitney U test was applied for pairwise com-
parison. All statistical analyses were performed 
with SPSS 13.0 statistical software (SPSS Inc., 
Chicago, IL, USA). A p value less than 0.05 was 
considered statistically significant.

Results

dECM promoted ASC proliferation

The dECM prepared with DFBs and ASCs exhib-
ited a similar appearance under a microscope 
(Figure 1A) and the flasks appeared to be coat-
ed with dense, randomly arranged matrix fi- 
bers. The ASCs seeded on PLs showed enlarged 
and flattened morphology, whereas on dECMs, 
they exhibited tiny spindle-like morphology 
(Figure 1B). The cells on dECMs grew following 
the random direction of the matrix fibers 
(Figure 1B). The topography of matrix fibers 
also provided a three-dimensional living space 
for the ASCs. Regarding the proliferative effect 
of dECMs, especially the AECM, the data of 
population doubling (PD) time from cell count-
ing showed that ASCs expanded on both dECMs 
had a much shorter PD time compared with 
those expanded on PLs (Figure 1C). Further- 
more, consistent with PD time results, EdU pro-
liferation assay also showed that cell expan-
sion on dECMs yielded a significant increase in 
DNA replication for a specific duration com-
pared with cell expansion on conventional PLs 
(Figure 1D). Both the results of PD time and 
EdU proliferation assay proved that dECMs 
were much better expansion conditions than 
conventional PLs. However, the results also 
indicated that AECM had no better effect on 
the proliferation of ASCs than DECM. 

Evaluation of stemness genes, transcription 
factors, and MSC surface markers

As ASCs are a kind of MSCs, we evaluated the 
effects of dECM expansion on ASCs stemness. 

We tested three embryonic stemness genes 
(NANOG, NES, and SOX2), and AE4 showed sig-
nificantly higher expression of NANOG than 
DE4 and PL4. Moreover, DE4 also expressed 
higher NANOG than PL4. However, none of the 
dECMs exhibited any superiority with regard to 
NES and SOX2 (Figure 2A). For transcription 
factors, SOX9, PPARG, and RUNX2 represented 
the potential of chondrogenesis, adipogenesis, 
and osteogenesis, respectively. AE4 showed a 
significant increase in all three transcription 
factor genes compared with DE4 and PL4. 
Moreover, DE4 expressed higher SOX9 than 
PL4 (Figure 2B). Upregulation of transcription 
factors SOX9, PPARG, and RUNX2 before dif-
ferentiation induction suggested that AECM-
mediated ASCs’ expansion could modulate cell 
differentiation fate. Further analysis of MSC 
surface markers was done by flow cytometry. 
The data show that both CD146 and SSEA4 
were upregulated by percentage and median in 
AE4. However, for CD73, CD90, and CD105, no 
differences in percentage were observed. AE4 
showed a slight increase in the median of CD73 
and a slight decrease in the median of CD105 
(Figure 2C).

AECM promoted chondrogenic capacity of 
ASCs

To determine whether AECM expansion contrib-
uted to MSC potential maintenance, the chon-
drogenic, adipogenic, and osteogenic capacity 
of ASCs was evaluated after PL-expanded P3 
ASCs were further expanded on PL, DE, and AE 
for one passage. The expanded ASCs were ch- 
ondrogenically induced in a pellet culture sys-
tem for 28 days. The pellets of AE4 were the 
largest, and those of PL4 were the smallest. 
The pellets were stained with Alcian blue and 
Safranin O to detect sulfated GAGs. The results 
demonstrated that AE4 pellets synthesized sig-
nificantly more sulfated GAGs than PL4 and 
DE4 (Figure 3A). Biochemical analysis of DNA 
and GAG content was performed to evaluate 
the matrix deposition of chondrogenesis. The 
biochemistry data demonstrated that AE4 yi- 
elded the highest cell viability during chondro-
genesis. AE4 also produced the highest amount 
of GAG per pellet and chondrogenic index (ratio 
of GAG to DNA) followed by DE4 and PL4, with 
the lowest (Figure 3B). The AE4 pellets showed 
the highest expression level of chondrogenic 
marker genes (SOX9, ACAN, and COL2A1) fol-
lowed by those of DE4; the PL4 pellets showed 
the lowest level. With regard to hypertrophic 
markers (COL10A1 and MMP13) of chondro-
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Figure 1. ECM enhanced proliferation of ASCs. A. Surface topography of dECMs prepared with DFBs (DECM) and ASCs (AECM) (scale bar: 400 μm). B. Cell morphol-
ogy of passage 4 ASCs expanded on plastic flasks (PL), DECM (DE), and AECM (AE) (scale bar: 400 μm). C. Cell population doubling time calculated by cell counting 
from passage 3 to passage 6. Data are shown as the mean ± SD (n = 4). *means P < 0.05 between AE and PL, $means P < 0.05 between DE and PL, and P < 
0.05 suggests statistically significant differences. D. Cell proliferation rate measured by EdU assay. Data are shown as the mean ± SD (n = 4). *means P < 0.05 
suggesting statistically significant differences.
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Figure 2. AECM-expanded ASCs exhibited increased expression of transcription factors. PL-expanded P3 ASCs were 
further expanded on either PLs, DECM, or AECM for one passage; the expanded cells were termed PL4, DE4, and 
AE4. A. Expression of stemness-related genes (NANOG, NES, and SOX2) in PL4, DE4, and AE4. B. Expression of 
transcription factors in PL4, DE4, and AE4. SOX9, PPARG, and RUNX2 represent chondrogenesis, adipogenesis, 
and osteogenesis, respectively. C. Both the percentage and median of MSC surface markers (CD73, CD90, CD105, 
CD146, and SSEA4) were measured by flow cytometry of PL4, DE4, and AE4. Data are shown as the mean ± SD (n 
= 4). *means P < 0.05 suggesting statistically significant differences.
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Cs expanded on AECM exhibited more positive 
staining for Oil Red O than those expanded on 
DECM and PLs (Figure 4A). AE4 also showed 
higher expression of adipogenic marker genes 
(PPARG, CEBPA, and ADIPOQ) (Figure 4B) and 
synthesized more adipogenic marker protein 
(adiponectin) than DE4 and PL4 (Figure 4C); in 

genesis, no statistical differences were obser- 
ved among groups (Figure 3C). 

AECM promoted adipogenic capacity of ASCs

The expanded ASCs of PL4, DE4, and AE4 were 
adipogenically induced for 12 days in vitro. AS- 

Figure 3. AECM promoted the chondrogenic capacity of ASCs. PL-expanded P3 ASCs were further expanded on ei-
ther PLs, DECM, or AECM for one passage and the expanded cells were termed PL4, DE4, and AE4. PL4, DE4, and 
AE4 ASCs were chondrogenically induced by a pellet culture system for 28 days. A. Representative pellets were mea-
sured by a scale bar (mm) and histologically stained with Alcian blue (AB) and Safranin O (SO) to measure sulfated 
GAGs. B. Biochemical analysis of DNA and GAG content of representative pellets (n = 4). The DNA ratio (day 28 DNA 
content adjusted by day 0 content) was used to evaluate cell viability during chondrogenic induction; GAG content in-
dicated matrix deposition of pellets, and the GAG/DNA ratio indicated chondrogenic index. C. Chondrogenic marker 
genes (SOX9, ACAN, and COL2A1) and hypertrophic marker genes (COL10A1 and MMP13) during chondrogenic 
induction were evaluated by real-time PCR. Data are shown as the mean ± SD (n = 4). *means P < 0.05 suggesting 
statistically significant differences.
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Figure 4. AECM enhanced the adipogenic and osteogenic differentiation of ASCs. PL-expanded P3 ASCs were further 
expanded on either PLs, DECM, or AECM for one passage and the expanded cells were termed PL4, DE4, and AE4. 
PL4, DE4, and AE4 ASCs were either adipogenically induced for 12 days or osteogenically induced for 21 days. A. 
Adipogenesis was evaluated by Oil Red O staining (scale bar: 400 μm). B. Expression of adipogenic marker genes 
(PPARG, CEBPA, LPL, and ADIPOQ) was measured by real-time PCR. C. Adiponectin (APN) level was evaluated by 
Western blot; β-actin was used to ensure equal loading. D. Osteogenesis was evaluated by Alizarin Red staining 
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comparison of DE4 and PL4, no statistical dif-
ferences in these markers were observed.

AECM promoted osteogenic capacity of ASCs

The expanded ASCs of PL4, DE4, and AE4 were 
osteogenically induced for 21 days in vitro. 
ASCs exapnded on AECM exhibited more posi-
tive staining for Alizarin Red than those expand-
ed on DECM and PLs (Figure 4D). AE4 also 
showed higher expression of osteogenic mark-
er genes (RUNX2, BGLAP, SP7, and SPP1) (Fi- 
gure 4E) and synthesized more osteogenic 
marker protein (osteocalcin) than DE4 and PL4 
(Figure 4F) in comparison of DE4 and PL4, no 
statistical differences in these markers were 
observed.

Discussion

Cell aging is a crucial problem in the current 
MSC-based bedside clinical therapies and tri-
als [8, 16]. All MSCs can only expand for a lim-
ited time in vitro before senescence. The 
senescent state of MSCs leads to some appar-
ent changes including proliferation arrest, size 
increase, phenotype change, and differentia-
tion potential loss [8, 17]. It is believed that 
intrinsic factors such as DNA telomere shorten-
ing during replication and continuous global 
gene expression profile changes-especially a 
series of downregulation related to cell cycle, 
mitosis, and DNA repair-are determinants of 
senescence [18, 19]. However, the environ-
mental conditions during in vitro cell expansion 
also play a considerable role. Conboy et al. [20] 
demonstrated that exposure to a young sys-
temic environment could rejuvenate aged pro-
genitor cells. Studies have also demonstrated 
that certain culture environments including cul-
ture cell-derived ECM and supplementation 
with cytokines can profoundly influence cell 
behaviors [13, 21]. ECM deposited by human 
bone marrow stromal cells could facilitate the 
proliferation and tissue-specific lineage poten-
tial of MSCs [22]. In addition, a young environ-
ment created by fetal MSCs-derived ECM could 
better rejuvenate MSCs potential than adult 
MSCs [12]. These studies suggested that opti-
mizing the in vitro expansion environment is 
fundamental to MSCs applications and may 

abate or even reverse the trend of senescen- 
ce. 

In this study, it was determined whether dECM 
from ASCs had an appreciable effect on ASCs’ 
potential maintenance. dECM from DFBs and 
conventional PLs as controls was used. The 
results suggested that ASCs expanded on AE- 
CM yielded more successful chondrogenesis, 
adipogenesis, and osteogenesis along differen-
tiation induction than those expanded on DECM 
or PLs. In terms of proliferation, both the AECM 
and DECM could considerably boost the self-
renewal of ASCs.

In the cell proliferation assay, ASCs’ PD time 
increased rapidly with passaging under conven-
tional PL expansion. This phenomenon demon-
strated that ASCs lost their self-renewal capac-
ity quickly under conventional culture, which 
was consistent with previous reports [5, 16]. 
Interestingly, in both AECM and DECM expan-
sion, the ASCs’ PD time only slightly increased, 
proving that ECM expansion could successfully 
maintain the proliferative capacity of ASCs. 

With regard to surface phenotype, increased 
expression of CD146 and SSEA4 was noted in 
AECM-expanded ASCs. CD146 is a marker for 
not only perivascular cells but also MSCs [23], 
and an increase in its expression may be linked 
to higher differentiation potential, especially 
chondrogenic potential [24-26]. SSEA4 is com-
monly used to define embryonic stem cells, and 
its role in adult MSCs may be related to differ-
entiation potential [27]. Increased expression 
of SSEA4 here may suggest elevated differen-
tiation potential by AECM expansion. In the 
evaluation of stemness gene expression, NES 
and SOX2 did not exhibit any differences from 
each other. Interestingly, NANOG showed a dif-
ferential expression pattern among the three 
expansion systems. NANOG is a critical tran-
scription factor for maintenance of pluripotency 
in embryonic stem cells [28]. Recent studies 
demonstrated that ectopic Nanog could sup-
press senescence of fibroblasts [29] and re- 
verse aged MSCs proliferation and myogenic 
potential [30, 31]. In this study, NANOG expres-
sion increased with ECM expansion, especially 
in AECM expansion, suggesting that the ECM 

(scale bar: 400 μm). E. Expression of osteogenic marker genes (RUNX2, BGLAP, SP7, and SPP1) was measured by 
real-time PCR. F. Osteocalcin (OCN) level was evaluated by Western blot; β-actin was used to ensure equal loading. 
Data are shown as the mean ± SD (n = 4). *means P < 0.05 suggesting statistically significant differences.
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may maintain cell potential via upregulating 
NANOG expression. 

A recent study showed that fibroblast-derived 
ECM could induce chondrogenic differentiation 
of ASCs [32]. Our study produced a consistent 
result, revealing that the ECM from DFBs could 
promote chondrogenic differentiation of ASCs. 
In addition, AECM had a better effect on chon-
drogenesis than DECM. Despite the chondro-
genesis improvement, the ECM did not signifi-
cantly increase expression of the hypertrophic 
pathway and related genes MMP13 and CO- 
L10A1 showed no differences between PLs 
and ECM culture. Usually, adipogenesis and os- 
teogenesis are considered opposite physiologi-
cal processes during differentiation determina-
tion; when one is increased, the other is de- 
creased [33]. In this study, both adipogenesis 
and osteogenesis were promoted by the AECM. 
This could be because the overall potential of 
differentiation was improved by the AECM. Th- 
us, chondrogenesis, adipogenesis, and osteo-
genesis were all improved.

In conclusion, AECM could facilitate cell prolif-
eration and differentiation, representing a pro- 
mising in vitro expansion system to maintain 
the self-renewal and differentiation potential of 
ASCs. From this expansion system it could be 
inferred that the results apply to other MSCs 
which have vast industrial application prospe- 
cts. However, despite the demonstrated impr- 
ovement of the in vitro performance of ASCs by 
expansion on ECM, the underlying mechanism 
is still unknown. In future investigations, high-
throughput RNA-sequencing techniques and 
proteomics will be applied to compare the ma- 
trisomes from ECMs of different origins. This 
may enhance the understanding of ECM from a 
much broader perspective. 
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