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Abstract

Developing highly bioactive scaffold materials to promote stem
cell migration, proliferation and tissue-specific differentiation is
a crucial requirement in current tissue engineering and regener-
ative medicine. Our previous work has demonstrated that the
decellularized tendon slices (DTSs) are able to promote stem
cell proliferation and tenogenic differentiation in vitro and show
certain pro-regenerative capacity for rotator cuff tendon regen-
eration in vivo. In this study, we present a strategy to further im-
prove the bioactivity of the DTSs for constructing a novel highly
bioactive tendon-regenerative scaffold by surface modification of tendon-specific stem cell-derived extracellular matrix (tECM),
which is expected to greatly enhance the capacity of scaffold material in regulating stem cell behavior, including migration, prolifera-
tion and tenogenic differentiation. We prove that the modification of tECM could change the highly aligned surface topographical
cues of the DTSs, retain the surface stiffness of the DTSs and significantly increase the content of multiple ECM components in the
tECM-DTSs. As a result, the tECM-DTSs dramatically enhance the migration, proliferation as well as tenogenic differentiation of rat
bone marrow-derived stem cells compared with the DTSs. Collectively, this strategy would provide a new way for constructing ECM-
based biomaterials with enhanced bioactivity for in situ tendon regeneration applications.
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Introduction
The regeneration of damaged tendons represents a grand chal-
lenge in orthopedics because of their limited ability for self-
repair. Tissue engineering has become an attractive approach for
the treatment of damaged tendons. The classical tissue engineer-
ing strategy relies on the use of culture-expanded patient’s own
cells and natural and/or synthetic biomaterial scaffolds to pro-
duce cell-laden tissue constructs for implantation [1]. However,
this approach shows notable limitations, such as the donor-
tissue morbidity, the requisite for large number of immune-
acceptable cells [2], the long production cycle of engineered tis-
sues in vitro as well as the challenges owing to long-term storage
and preservation of engineered tissues [3]. Such disadvantages
have hindered the clinical application of engineered tendon con-
structs to repair damaged tendons by the classical tissue engi-
neering strategy.

Latest advances in tissue engineering and regenerative medi-
cine have employed a new strategy to harness the potential of en-
dogenous stem/progenitor cells for in situ tissue repair and
regeneration [1, 4, 5]. Much attention has been focused on the de-
sign of biomaterials for in situ tissue regeneration to recruit endoge-
nous stem cells to the injury site. Several studies have proved that
the incorporation of stromal cell-derived factor-1 (SDF-1) into scaf-
fold materials via factor adsorption, mini-osmotic pump delivery
or genetic engineering method of collagen-binding domain could
enhance the recruitment of endogenous stem cells to the injury
site [6, 7]. In another study, Kim and colleagues demonstrated
modifying self-assembling peptide nanofiber using substance P se-
quence was able to recruit endogenous mesenchymal stem cells
(MSCs) [8]. Nair and colleagues found that the biomaterials with
varying degrees of pro-inflammatory properties triggered different
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extents of endogenous stem cell recruitment, and these recruited
cells arriving at the implant sites were multipotent [9]. This
reminds us that the scaffold material with the capacity to recruit-
ment of stem cells alone was not enough. The success of in situ tis-
sue regeneration not only depends on efficient recruitment of host
stem/progenitor cells into the implanted scaffold materials but
also needs to effectually induce the recruited stem cells into tis-
sue-specific cell lineages [1]. Lu et al. [10] reported that the oriented
acellular cartilage matrix scaffold modified by bone marrow hom-
ing peptide could increase the recruitment of endogenous stem
cells and chondrogenic differentiation, resulting in a significant
improvement in the repair of chondral defects. These previous
findings highlighted the necessity of recruiting abundant endoge-
nous stem cells and inducing them to differentiate into tissue-spe-
cific cell lineages for tissue regeneration.

Recently, cell-derived extracellular matrix (ECM), especially
stem cell-derived ECM, attracted increasing attention in the area
of tissue engineering and regenerative medicine [11–14].
Decellularized ECM from in vitro stem cell cultures has been proved
to provide an instructive stem cell microenvironment that can re-
juvenate aged progenitor cells, promote stem cell expansion and
direct stem cell differentiation [13, 15, 16]. Either on its own or inte-
grated with other scaffold materials, stem cell-derived ECM also
can be used as biomaterials to produce tissues de novo or promote
endogenous regeneration [17–19]. To date, multiple stem cell-
derived ECM, including pluripotent stem cells [20, 21], bone
marrow-derived stem cells (BMSCs) [16, 18, 22], synovium-derived
stem cells (SDSCs) [13, 15], adipose tissue-derived stem cells [23,
24], dental pulp stem cells (DPSCs) [25], umbilical cord MSCs [26]
and so forth, have been extensively studied over the past decades.
Our recent studies demonstrated that the scaffolds modified with
ECM of tendon-derived stem cells (TDSCs) markedly improved
BMSCs migration in vitro and could recruit more endogenous stro-
mal cells for accelerating healing of the tendon-bone interface
in vivo [27, 28]. Nevertheless, the information on the tendon-
specific stem cell-derived ECM (tECM) is still scarce and no studies
have systematically investigated the use of tECM for constructing
a highly bioactive tendon-regenerative scaffold.

In our previous studies, we have proved that the decellularized
tendon slices (DTSs) that retained the native tendon ECM micro-
environment cues are able to promote stem cell proliferation
and tenogenic differentiation in vitro and show certain pro-
regenerative capacity for rotator cuff tendon regeneration in vivo
[29–31]. In the present study, we present a strategy to further im-
prove the bioactivity of the DTSs for constructing a novel highly
bioactive tendon-regenerative scaffold by surface modification of
the tECM (i.e. tECM-DTSs), which is expected to greatly enhance
the capacity of scaffold material in regulating stem cell behavior,
including migration, proliferation and tenogenic differentiation.

In detail, the surface topography, and surface nanomechanical
properties and biochemical components of the tECM-DTSs were
first characterized, and then the regulatory capacity of the tECM-
DTSs to the migration, proliferation and tenogenic differentiation
of rat BMSCs was investigated. It was hypothesized that tECM
could confer higher bioactivity to the DTSs so as to endow the
tECM-DTSs with a greater capacity to enhance the migration,
proliferation as well as tenogenic differentiation of rat BMSCs.

Materials and methods
Cell isolation and culture
We used male Sprague Dawley rats (4–5 weeks old, 100–120 g
weight) for the isolation and culture of TDSCs and BMSCs with
approval from the Animal Care and Use Committee of Sichuan
University. The procedures for the isolation and culture of TDSCs
and BMSCs were same as our previously published protocols [30].

Fabrication of the tECM-DTSs
A typical process for the fabrication of the tECM-DTSs is presented
in Fig. 1. First, the DTSs substrate was fabricated using our previ-
ously published protocol [29]. In short, the Achilles tendons of
adult beagle dogs were decellularized through the following proce-
dures: repetitive freeze/thaw treatment, frozen section with a
thickness of 300 lm and nuclease treatment (including DNase
150 IU/ml and RNase 100 lg/ml) for 12 h at 37�C. Following washing
in 50 ml of 0.1 M PBS (3� 30 min), the DTSs were lyophilized and
sterilized with ethylene oxide (EO). Then, TDSCs were seeded on
the top surface of DTSs substrate at 1� 105 cells per cm2 and cul-
tured in complete medium supplemented with 20% fetal bovine se-
rum (FBS). After reaching 90% confluence, 50lM of L-ascorbic acid
phosphate (Sigma) was added for additional culture period of
8 days. At the end of 15-day culture period, the composites of
TDSCs-DTSs were re-decellularized as described previously with
minor alteration [15], using 0.5% Triton X-100 supplemented with
20 mM ammonium hydroxide (NH4OH) at 37�C for 15 min, followed
by 100 U/ml DNase I at 37�C for 2 h. Finally, the tECM modified
DTSs (hereafter referred to as tECM-DTSs) were washed in 50 ml
of 0.1 M PBS (6� 30 min), frozen at –80�C or lyophilized and
sterilized by EO for subsequent use.

Evaluation of redecellularization
For DNA quantification, lysates of the lyophilized samples (n¼ 10
for each group) were prepared by digestion in Proteinase K solu-
tion (1 mg/ml, Sigma) at 50�C for 24 h. Residual DNA in the lysates
was extracted using our previously published protocol [32], and
then measured using the PicoGreen assay according to the manu-
facture instructions (Invitrogen).

Figure 1. Schematic illustration of the fabrication of the tECM-DTSs. The Achilles tendons of adult beagle dogs were decellularized to prepare the DTSs
substrate, and TDSCs were seeded on the top surface of DTSs substrate to construct the composites of TDSCs-DTSs, and then these composites were re-
decellularized to fabricate the tECM-DTSs
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For histological analysis, the frozen samples (n¼ 4 for each
group) were fixed, embedded, and stained with hematoxylin and
eosin (H&E), Masson or 4,6-diamidino-2-phenylindole (DAPI).

Scanning electron microscopy
For surface topography characterization, the frozen samples
(n¼ 3 for each group) were fixed, sputter coated with gold and ex-
amined under scanning electron microscopy (SEM) (FEI Inspect
F50) at an accelerating voltage of 30 kV.

Atomic force microscopy assay
To characterize the nanomechanical properties of the microenvi-
ronment provided by the DTSs and tECM-DTSs respectively, the
surface stiffness of these specimens (n¼ 5 for each group) was
measured using atomic force microscopy (AFM) as our previously
published protocol [30].

ELISA measurements
Cytokines retained in the DTSs and tECM-DTSs, including trans-
forming growth factor beta 1 (TGF-b1), vascular endothelial
growth factor (VEGF), insulin-like growth factor 1 (IGF-1) and
SDF-1, were measured using ELISA. Soluble molecules were
extracted from the DTSs and tECM-DTSs specimens using Tissue
Extraction Reagent I (FNN0071, Thermo Fisher Scientific, USA)
with a protease inhibitor (1% phenylmethane sulfonyl fluoride,
1% PMSF, Sigma) at 4�C for 24 h. The extracted lysates were ho-
mogenized, and centrifuged at 10 000 rpm for 10 min at 4�C, and
then the supernatants were collected. ELISA measurements of
the extracted lysates were performed (n¼ 6 for each group)
according to the manufacturer’s instructions (TGF-b1 and VEGF,
NeoBioscience, China; IGF-1, RayBiotech, USA; SDF-1, DL-develop,
China).

Western blot analysis
For western blot analysis of critical tendon ECM components in
the DTSs and tECM-DTSs, the lyophilized samples (n¼ 3 for each
group) were minced and homogenized using the RIPA Lysis Buffer
(Beyotime, China) supplemented with 1% PMSF. Total proteins
were quantified using the BCA Protein Quantification kit
(Beyotime Biotechnology, China). Thirty micrograms of protein
from each sample was loaded onto SDS-PAGE gel for electropho-
resis, and then transferred to 0.2 lm polyvinylidene fluoride
(PVDF) membranes (Millipore) by wet electroblotting. The mem-
brane was incubated with the following primary antibodies: rab-
bit anti-biglycan (1:1000, Abcam), rabbit anti-fibromodulin
(1:1000, GeneTex), mouse anti-fibronectin (1:1000, Abcam), rabbit
anti-vitronectin (1:1000, Abcam) or rabbit anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, 1:1000, Abcam) at 4�C over-
night. Then, the membranes were washed in TBST buffer for
three times and incubated with corresponding secondary anti-
bodies of horseradish peroxidase (HRP) conjugated goat anti-
rabbit or goat anti-mouse IgG (Western Biotechnology, China) for
1.5 h at room temperature. Finally, these membranes were incu-
bated with chemiluminescence substrate (Shanghai ShineGene
Molecular Biotech., China), and exposed to two stacked blue x-
ray films (Kodak) in a cassette. After scanning the film, semi-
quantification of band intensity was performed with UVP gel im-
age processing system Labworks 4.6 software, and the relative
protein expression level was normalized to the band intensity of
GAPDH.

For western blot analysis of differentiation-related proteins ex-
pression in BMSCs induced by the DTSs and tECM-DTSs, the ex-
pression of tendon-specific markers on the protein level was

examined in BMSCs cultured on the DTSs and tECM-DTSs in com-
plete culture media (10% FBS) for 3, 7 and 14 days. At the desig-
nated time points, total proteins (n¼ 3 for each group) were
extracted and quantified. After protein transfer, the PVDF mem-
branes were incubated using the following primary antibodies:
rabbit anti-scleraxis (SCX, 1:1000, Bioss), rabbit anti-tenomodulin
(TNMD, 1:1000, Abcam), rabbit anti-thrombospondin-4 (THBS4,
1:1000, Abcam) or mouse anti-b-actin (1:2000, Servicebio), followed
by incubation with the HRP-conjugated secondary antibodies
(Servicebio, China). Then, these membranes were incubated with
enhanced chemiluminescence solutions (ECL, Servicebio, China)
and the target protein bands were imaged with a chemilumines-
cence imaging system (ChemiScope 6300, Clinx, China). Semi-
quantification of band intensity was performed with AlphaEaseFC
software (Alpha Innotech, USA), and the relative protein expres-
sion level was normalized to the band intensity of b-actin.

Cell migration assay
For cell migration assay, the conditioned medium of the DTSs
and tECM-DTSs was prepared as previously described with some
alteration [33]. Briefly, the DTSs or tECM-DTSs samples were in-
cubated in 1% W/V of DMEM containing 5% FBS for 72 h at 37�C
to make the conditioned medium for each material. Transwell
migration chambers (Corning, USA) with 8 lm pore size were
used to evaluate the migration ability of BMSCs regulated by the
DTSs and tECM-DTSs. After serum-starvation overnight, BMSCs
were harvested and counted, and 1� 104 cells were resuspended
in 200 ll of medium with 5% FBS and added into the upper cham-
bers. To induce chemotaxis, 1 ml of the conditioned medium
from the DTSs or tECM-DTSs was added to the lower chambers.
After incubation at 37�C for 48 h, the cells that migrated to the
lower side of the membrane were fixed in 4% paraformaldehyde,
stained with DAPI and quantified with ImageJ software (NIH).
Five randomly selected fields of each sample (n¼ 4 for each
group) were counted at 200� magnification under an inverted
fluorescence microscope (Nikon, Japan).

Cell proliferation assay
To investigate the effect of soluble factors released from the
DTSs and tECM-DTSs on cell proliferation, the conditioned me-
dium was prepared as described above. BMSCs were seeded in
wells of 96-well plates at a density of 5� 103 cells per well. After
the cells had attached, the medium was replaced with the condi-
tioned medium from the DTSs or tECM-DTSs. The wells with
non-conditioned medium only served as blank control. After 1, 2
and 3 days of incubation, cell viability (n¼ 4) was measured using
the alamarBlue assay following the manufacturer’s protocol
(Invitrogen).

To further investigate the effect of DTSs and tECM-DTSs
themselves on cell proliferation, BMSCs were directly seeded on
the DTSs and tECM-DTSs at 2� 105 cells per cm2 and incubated
for a period of 3 days. The cell viability was qualitatively assessed
using LIVE/DEAD cell staining assay as described previously [30].
Images of live and dead cells were acquired under an inverted
fluorescence microscope (Nikon, Japan). Subsequently the cell
morphology and alignment from these samples were observed
using SEM.

Real-time quantitative reverse transcription PCR
For real-time quantitative reverse transcription PCR (RT-qPCR)
analysis, total cellular RNA (n¼ 6 for each group) was
extracted at the designated time points (3, 7 or 14 days) using
TRIzol (Invitrogen, Carlsbad, CA). Reverse transcription was
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achieved using the First Strand cDNA kit according to the
manufacturer’s protocol (Promega, Madison, WI, USA). qPCR
was performed using the SYBR Green PCR master mix
(TakaRa, Japan) with specific primers on a Light Cycler system
(Roche, Switzerland). Rat-specific primers for tendon-specific
genes, including SCX, TNMD, THBS4, and tendon-related genes,
including TNC, COL I and COL III, and the housekeeping gene,
GAPDH, were synthesized by Sango Biotech (Shanghai, China).
The primer sequences for the tested genes are listed in
Table 1. The cycling conditions were as follows: denaturation
at 95�C for 2 min, 45 cycles at 95�C for 10 s, optimal annealing
temperature (shown in Table 1) for 10 s and 72�C for 10 s. The
relative expression level of each target gene was determined
using the 2–DDCt method.

Statistical analysis
All data were statistically analyzed using SPSS 16.0 software and
presented as mean 6SD. For multiple-group comparisons, the
data were analyzed using one-way analysis of variance followed
by Dunnett’s T3 post hoc test. For two-group comparisons, the
data were analyzed using the unpaired Student’s t-test. A value
of P< 0.05 was considered statistically significant.

Results
Confirmation of redecellularization effectiveness
The protocol for redecellularization of the composites of TDSCs
and DTSs substrate was effective in removal of the cellular and
nuclear components. The PicoGreen assay indicated the residual
DNA content was significantly decreased after redecellularization
(Fig. 2). Before redecellularization, the composites of TDSCs and
DTSs substrate had 460.83 6 62.15 ng/mg of DNA, which was de-
creased to 20.60 6 7.84 ng/mg after redecellularization (Fig. 2). As
shown in Fig. 3, histological analysis further confirmed that
TDSCs formed dense cell sheets on the top surface of the DTSs at
the end of 15 days of culture before redecellularization (Fig. 3B, E
and H), whereas the cellular and nuclear material were efficiently
removed and tECM was effectively deposited on the DTSs sub-
strate after redecellularization (Fig. 3C, F and I).

Surface topography, stiffness and biochemical
components of the tECM-DTSs
SEM observation showed obvious changes of the surface topogra-
phy before and after modification with tECM (Fig. 4). Before

modification, the surfaces of the DTSs were well aligned collagen
fibers (Fig. 4A) and revealed the typical banding pattern under
high magnification (Fig. 4B). When cultured with TDSCs for 15 days,
the top surfaces of the DTSs were entirely covered by the dense cell
sheets formed by TDSCs before redecellularization (Fig. 4C and D),
which are more evident in higher magnification SEM micrographs
(Fig. 4B and D). After redecellularization, there was a large amount
of tECM deposited on the top surface of the DTSs so that the tECM-
DTSs changed the highly aligned surface topographical cues of the
DTSs and displayed an intricate and fibrillar ultrastructure (Fig. 4E
and F). The results of AFM assay indicated that the surface stiffness
of the tECM-DTSs was 1.066 0.71 MPa, which was close to that of
the DTSs at 1.19 6 0.72 MPa (P> 0.05, Fig. 5). ELISA measurements
revealed that the levels of multiple cytokines, including TGF-b1
(Fig. 6A), VEGF (Fig. 6B), IGF-1 (Fig. 6C) and SDF-1 (Fig. 6D) in the
tECM-DTSs were significantly higher than those in the DTSs
(P< 0.05). Compared to that of DTSs, the content of TGF-b1 in the
tECM-DTSs increased by 1.81-fold, VEGF by 7.34-fold, IGF-1 by 7.78-
fold and SDF-1 by 11.23-fold. Western blot analysis indicated that
four critical tendon ECM components (including biglycan, fibromo-
dulin, fibronectin and vitronectin) in the tECM-DTSs were signifi-
cantly higher than those in the DTSs (P< 0.05, Fig. 7A and B).

Enhanced cell migration induced by
the tECM-DTSs
Enhanced bioactivity was first evidenced by the enhanced BMSCs
migratory responses to factors released from the tECM-DTSs. As

Figure 2. Assessment of redecellularization effectiveness by DNA
quantification. PicoGreen analysis of DNA content in DTSs, before and
after redecellularization of the composites of TDSCs and DTSs substrate.
*P< 0.05 as compared with the DTSs; #P< 0.05 as compared with before
redecellularization

Table 1. Primer sequences, product size and annealing temperature used for PCR analysis

Genes 50-30 Primer sequences Production size (bp) Annealing temperature (�C)

GAPDH Forward GCAAGTTCAACGGCACAG 140 60
Reverse GCCAGTAGACTCCACGACAT

SCX Forward AGAACACCCAGCCCAAACA 111 59
Reverse GTGGACCCTCCTCCTTCTAAC

TNMD Forward GGACTTTGAGGAGGATGG 128 57
Reverse CGCTTGCTTGTCTGGTGC

THBS4 Forward AATACCATCCCTGCTACCC 163 60
Reverse TTCCGACACTCGTCAACA

TNC Forward AACCACAAGAAATAACCCTC 137 59
Reverse TGTTGCTATGGCACTGACT

COL I Forward CGAGTATGGAAGCGAAGG 101 58
Reverse AGTGATAGGTGATGTTCTGG

COL III Forward CTCCCAGAACATTACATACCA 189 58
Reverse GTCTTGCTCCATTCACCAG

COL I, collagen Type I; COL III, collagen Type III; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SCX, scleraxis; THBS4, thrombospondin-4; TNC, tenascin-C; TNMD,
tenomodulin.
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Figure 3. Assessment of redecellularization effectiveness by histological staining. Representative H&E (A–C), Masson (D–F) and DAPI (G–I) stained
sections of the DTSs, before and after redecellularization of the composite of TDSCs and DTSs substrate. The solid arrows show the dense cell sheets
formed by TDSCs on the top surface of the DTSs at the end of 15 days of culture before redecellularization. The dotted arrows show the tECM deposited
on the DTSs substrate after redecellularization. Scale bar¼ 200 lm

Figure 4. Characterization of surface topography of the DTSs and tECM-DTSs. Representative SEM images of the DTSs (A and B), before (C and D) and
after redecellularization (i.e. the tECM-DTSs, E and F) of the composites of TDSCs and DTSs substrate. Scale bar¼ 100 lm in images A, C and E; scale
bar¼ 3lm in images B, D and F
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shown in Fig. 8A and B, DAPI staining of the migrated BMSCs for
the two groups and quantitative analyses revealed that the num-
ber of BMSCs that migrated toward the conditioned medium of
the tECM-DTSs was significantly more than toward the condi-
tioned medium of the DTSs (P< 0.05).

Enhanced cell proliferation induced by
the tECM-DTSs
AlamarBlue assay revealed that there was higher but not statisti-
cally significant cell viability in tECM-DTSs group when com-
pared with the DTSs group on the Day 1. On the Days 2 and 3, the
conditioned medium from the tECM-DTSs significantly promoted
the proliferation of BMSCs as compared with that from the DTSs
(Fig. 9). When BMSCs were seeded directly on the surface of the
tECM-DTSs or DTSs at a moderate cell density, these cells grew
robustly on these materials from 1 to 3 days and showed excel-
lent viability, as indicated by the results of live/dead staining
(Fig. 10A–D). The SEM images showed that BMSCs were firmly

attached to the surface of the DTSs and tECM-DTSs and dis-
played elongated spindle morphology or spherical morphology
after 1 day of culture (Fig. 11A, B, E and F). Specially, the cells on
the DTSs were aligned along the collagen fibrils, whereas the cells
on the tECM-DTSs showed random orientation. By 3 days, the
cells formed dense confluent cell layers on the surface of the
DTSs and tECM-DTSs (Fig. 11C, D, G and H), indicating distinct
cell proliferation with time extending. Notably, the cell layers on
the tECM-DTSs seemed to be denser than those on the DTSs,
which was more prominent in higher magnification images
(Fig. 11D and H). Overall, these results revealed that the surfaces
of the tECM-DTSs are more conducive to BMSCs growth and pro-
liferation, compared to the DTSs.

Enhanced tenogenic differentiation induced by
the tECM-DTSs
Tenogenic differentiation of BMSCs cultured on the DTSs and
tECM-DTSs at the 3 day, 7 day and 14 day time-points was stud-
ied using the RT-qPCR and western blot analysis. On the gene ex-
pression level, the expressions of SCX, TNMD and TNC were
significantly up-regulated in BMSCs cultured on the tECM-DTSs
compared to those on the DTSs at all three time points (Fig. 12A,
B and D). Although there was no significant difference between
two groups at 3 days, the expressions of THBS4 and COL III were
elevated significantly in BMSCs cultured on the tECM-DTSs at 7
or 14 days (Fig. 12C and F). The expression of COL I was signifi-
cantly enhanced in BMSCs cultured on the tECM-DTSs at 3 or 14
days when compared to those on the DTSs, and no significant dif-
ference was found at 7 days (Fig. 12E). On the protein expression
level, the expression of SCX exhibited relatively higher levels in
the tECM-DTSs group than in the DTSs group at all three time
points, though no significant difference was found between two
groups (supplementary Fig. S1A and B). TNMD expression was
significantly higher in the tECM-DTSs group than in the DTSs
group at 3 and 7 days, but the difference between the two groups
was negligible at 14 days (supplementary Fig. S1A and B).

Figure 5. Characterization of surface stiffness of the DTSs and tECM-
DTSs. The surface stiffness of the indicated specimens was measured by
AFM (P> 0.05)

Figure 6. Analysis of bioactive factors retained in the DTSs and tECM-DTSs by ELISA measurements. (A) TGF-b1, (B) VEGF, (C) IGF-1 and (D) SDF-1.
*P< 0.05 as compared with the DTSs
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Unexpectedly, the BMSCs cultured on the DTSs and tECM-DTSs
showed detectable but low expression levels of THBS4 at all three
time points, and no significant difference was observed between
the two groups (supplementary Fig. S1A and B). As a whole, these

data suggested that the tECM-DTSs displayed greater ability in pro-
moting tenogenic differentiation of stem cells than the DTSs.

Discussion
The goal of the current study was to develop a novel highly bioac-
tive tendon-regenerative scaffold (i.e. tECM-DTSs) by surface modi-
fication of tissue-specific stem cell-derived ECM on the DTSs,
which is expected to have a greater capacity in regulating stem cell
behavior with the ultimate purpose of recruiting abundant endoge-
nous stem cells and inducing them toward tenogenic differentia-
tion to promote in situ tendon regeneration. The results presented
here demonstrated that the tECM-DTSs, with similar surface stiff-
ness and higher content of multiple ECM components, showed
higher bioactivity in inducing the migration, proliferation and teno-
genic differentiation of rat BMSCs, compared to the DTSs.

TDSCs, as tendon tissue-specific stem cells, showed more
advantages than other MSCs for musculoskeletal tissue regenera-
tion [34, 35]. Hence, in the current study, TDSCs were chosen to
develop the stem cell-derived ECM modified scaffold. TDSCs were
seeded on the top surface of the DTSs substrate to form a dense
cell sheet and then the composites of TDSCs-DTSs were re-
decellularized to develop the tECM-DTSs. It is worth noting that

Figure 7. Analysis of critical tendon ECM components in the DTSs and tECM-DTSs by Western blot analysis. (A) Western blot images of biglycan,
fibromodulin, fibronectin and vitronectin in the DTSs and tECM-DTSs. (B) Semi-quantitative analysis of relative expression level of four target proteins
in the DTSs and tECM-DTSs. *, P< 0.05 as compared with the DTSs

Figure 8. Cell migration assays of the DTSs and tECM-DTSs by Transwell migration assay. (A) DAPI staining of the migrated BMSCs for the two groups.
Scale bar¼ 100lm. (B) The quantitative analyses of the number of migrated BMSCs for the two groups. *P< 0.05 as compared with the DTSs

Figure 9. Cell proliferation assays of the DTSs and tECM-DTSs.
AlamarBlue assay of cell proliferation of BMSCs cultured in the
conditioned medium from the DTSs and tECM-DTSs at 1, 2 and 3 days.
*P<0.05 as compared with the DTSs
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ascorbic acid-2-phosphate is essential supplement for robust
ECM deposition [13, 16], after TDSCs were close to 100% conflu-
ence on the surface of DTSs. The results of the PicoGreen assay
indicated the average DNA content before redecellularization
was significantly increased to 460.83 6 62.15 ng/mg compared to
3.90 6 1.70 ng/mg of the DTSs, suggesting that TDSCs were suc-
cessfully seeded on the DTSs substrate and grew well. After
redecellularization, the average DNA content of the tECM-DTSs
was decreased to 20.60 6 7.84 ng/mg, though significantly higher
than that of DTSs (3.90 6 1.70 ng/mg). It is currently well accepted
that the amount of DNA <50 ng per mg dry weight is the accept-
able range for decellularized ECM scaffold material [36]. Our
redecellularization protocol was modified from one published
protocol that had been widely used in preparation of SDSC- or
BMSC-derived ECM [13, 37]. In the pre-experiment phase, the

published protocol (Step 1: 0.5% Triton X-100 containing 20 mM
NH4OH at 37�C for 5 min; Step 2: 100 U/ml DNase at 37�C for 1 h)
was attempted to use for redecellularization of the composites
of TDSCs-DTSs. Unexpectedly, this protocol did not markedly de-
crease the DNA content after redecellularization (data not
shown). Therefore, we modified this protocol by extending the
treatment period of Triton X-100/NH4OH as well as DNase, and
confirmed the efficiency of the modified protocol. In addition to
the PicoGreen assay, the results of histological staining, including
H&E, Masson and DAPI staining, also confirmed the modified
protocol could effectively remove the cellular components, and
also proved that visible tECM was present on the DTSs surface.
The results of SEM analysis further verified that a large amount
of tECM was indeed deposited on the surface of the DTSs after
redecellularization. Notably, the tECM-DTSs displayed different
surface topography and ceased to be the well aligned collagen
fibrils and the typical banding pattern of the DTSs. AFM assay
showed that the surface stiffness of the tECM-DTSs was close to
that of the DTSs, namely that the tECM-DTSs also had similar
stiffness to native tendon [36]. The results of ELISA and western
blot assays showed that four important cytokines (including TGF-
b1, VEGF, IGF-1 and SDF-1) and four crucial ECM proteins (includ-
ing biglycan, fibromodulin, fibronectin and vitronectin) were pre-
sent in the tECM-DTSs and the content of all these ECM
components was significantly higher than that in the DTSs.
Though TGF-b1 has been reported to have no direct effect on
BMSCs recruitment in a previous study of Zhang et al. [38], several
other studies demonstrated that the expression of TGF-b1 was in-
creased at the site of tissue injury, which facilitated the homing
of BMSCs in vivo [39–41]. Dubon et al. [42] found that TGF-b1 in-
duced BMSCs migration through N-cadherin and noncanonical
TGF-b signals. In addition, TGF-b1 also can promote the prolifera-
tion of BMSCs via activation of Wnt/b-catenin pathway and/or
FAK-Akt-mTOR pathway [43, 44]. VEGF was proved to regulate
BMSC migration and proliferation through stimulating platelet-
derived growth factor receptors [45]. IGF-1 was found to promote

Figure 10. Cell proliferation assays of the DTSs and tECM-DTSs. Live/
dead staining of BMSCs directly seeded on the DTSs (A and B) and tECM-
DTSs (C and D) at 1 and 3 days using fluorescence microscopy. Scale
bar¼ 200 lm

Figure 11. Cell morphology and alignment assays on the DTSs and tECM-DTSs. SEM images of morphology and alignment of BMSCs on the surface of
the DTSs (A–D) and tECM-DTSs (E–H) after 1 and 3 days of culture. The dotted arrows represent the direction of collagen fibrils of the DTSs substrate.
The solid arrows show the elongated spindle morphology BMSCs. The arrowheads show the polygonal morphology BMSCs. Scale bar¼ 100 lm for low-
magnification images (A, C, E and G); scale bar¼ 30 lm for high-magnification images (B, D, F and H)

8 | Regenerative Biomaterials, 2022, Vol. 00, rbac020



stem cell recruitment via paracrine release of SDF-1 [46], and SDF-
1 has been widely demonstrated to regulate stem cell homing,
which plays a crucial role in tissue repair and regeneration [6, 47,
48]. Biglycan and fibromodulin, as two critical components that or-
ganize the TDSCs niche, their absence could detour TDSCs fate
from tenogenesis to osteogenesis [34]. Fibronectin and vitronectin
have also been confirmed to induce chemotaxis and mitogenic ac-
tivity of human and rabbit BMSCs [49]. In line with our findings,
other group has demonstrated that these four ECM proteins are
also preserved in the BMSC-derived ECM [16]. In the present study,
only eight representative ECM components were selected to detect.
There should be many other yet-to-be-detected bioactive compo-
nents in the tECM-DTSs, which also may participate in regulating
stem cell behavior.

BMSCs, as the most intensively used stem cells in tissue repair
[48], have been proved to contribute to regeneration of various
tissues, including tendon tissue [1, 50, 51]. Therefore, in the current
study, BMSCs were selected as a test population to investigate the
regulatory capacity of the tECM-DTSs to stem cell migration, prolif-
eration and tenogenic differentiation. Encouragingly, the tECM-
DTSs significantly promoted the migration of BMSCs. Our findings
are in accordance with Lin’s report that the coating of urea-
extracted fraction of human BMSC-derived ECM dramatically en-
hanced BMSCs migration in comparison to the coating of Type I
collagen [52]. In addition, our recent work demonstrated that both
BMSC-derived ECM-modified DTSs (bECM-DTSs) and tECM-DTSs
obviously improved BMSCs migration by comparison with the
DTSs; and the tECM-DTSs were significantly superior to the bECM-
DTSs, which was probably caused by the release of significantly
higher levels of chemokines in the extracts from the tECM-DTSs
[27]. Unfortunately, only two chemokines, SDF-1 and monocyte
chemotactic protein 1, were verified in these ECM-modified DTSs.

In fact, except for these chemokines, multiple growth factors, just
as TGF-b1, VEGF and IGF-1 [38–41, 45, 53], as well as some ECM pro-
teins, like fibronectin and vitronectin [49], have also been con-
firmed to play considerable roles in promoting stem cell migration
and recruitment. In addition to promoting the migration of BMSCs,
also encouraging is that the tECM-DTSs significantly promoted the
proliferation of BMSCs. Previous studies also reported that ECM de-
posited by SDSCs could serve for cell expansion system, which has
dual function of improving the proliferation of the seeded cells and
enhancing the chondrogenic potential of the expanded cells [13, 15,
54, 55]. DPSC-derived ECM for dental pulp regeneration has been
shown to promote the proliferation of DPSCs in vitro [25]. In the cur-
rent study, the alamarBlue assay revealed that the conditioned me-
dium from the tECM-DTSs significantly promoted the proliferation
of BMSCs in comparison to that from the DTSs. Although the solu-
ble factors that released into the conditioned medium were not
detected in this study, we believed the tECM-DTSs can release
higher levels of cytokines than the DTSs, which play a critical role
in facilitating BMSC proliferation. Due to the DTSs themselves with
excellent ability in promoting stem cell proliferation [30], the
seeded BMSCs grew robustly on the DTSs and tECM-DTSs, as well
as maintained highly cell viability from 1 to 3 days, as indicated by
the results of live/dead staining. Interestingly, the SEM images also
showed that the tECM-DTSs remarkably promoted BMSCs prolifer-
ation. In the time-frame of 3 days, BMSCs on the tECM-DTSs rather
than on the DTSs proliferated faster and completely covered the
surface of scaffold material. Most strikingly, BMSCs could sense
surface topographic differences between the DTSs and tECM-DTSs,
and displayed random orientation on the tECM-DTSs without the
highly aligned surface topographical cues. Moreover, as an ideal
highly bioactive scaffold material for in situ tendon regeneration,
recruiting abundant endogenous stem cells into the injury site and

Figure 12. Cell differentiation assays of the DTSs and tECM-DTSs on the gene expression level. (A–F) RT-qPCR analysis of tenogenic differentiation of
BMSCs cultured on the DTSs and tECM-DTSs at different time points. Data are normalized to GAPDH. *P< 0.05 as compared with the DTSs
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providing suitable microenvironment to promote cell proliferation
are still not enough; further inducing the tenogenic differentiation
of these recruited stem cells is also essential, which plays a critical
role in tendon regeneration. Therefore, the scaffold with a greater
capacity to induce stem cells tenogenic differentiation is highly de-
sirable. In our previous study, we verified that the DTSs by a scaf-
fold itself enhanced the tenogenic differentiation of rat TDSCs and
BMSCs [30]. Promisingly, in the current study, the tECM-DTSs
showed a greater capacity to induce BMSCs toward tenogenic dif-
ferentiation compared to the DTSs, as evidenced by the results of
RT-qPCR and western blot analysis. This finding strongly supports
the view that ECM derived from stem cells maintain the functional
properties of their native microenvironment and exhibit unique
signaling that regulates stem cell self-renewal and lineage differ-
entiation [14]. Indeed, in addition to serving as cell expansion sys-
tem, stem cell-derived ECM can also act as cell differentiation
inducers [14]. A previous study reported that differentiated BMSCs
exhibited a rapid regression of osteoblastic markers upon the oste-
ogenic cocktail removal but BMSC-derived ECM promoted the oste-
ogenic potential of differentiated BMSCs in the absence of soluble
osteoinductive cues, indicating the superiority of stem cell-derived
ECM in inducing stem cell differentiation [22]. Though the intrinsic
mechanisms are not fully understood, it is currently well accepted
that ECM microenvironment cues, including but not limited to bio-
chemical, topographical and biomechanical cues, play crucial roles
in modulating stem cell fate. Interestingly, the tECM-DTSs with the
modification of tECM on the DTSs substrate were found to change
the highly aligned surface topographical cues of the DTSs and dis-
play an intricate and fibrillar ultrastructure. Although the topo-
graphical cues of scaffold materials that mimicking the aligned
architecture of collagen fibers in tendons have been demonstrated
to induce tenogenic differentiation of human TDSCs and human
MSCs [56, 57], we cannot assert the surface topographical change
caused by the modification of tECM will compromise the tenogenic
differentiation of stem cells. Several studies have unveiled that in-
duction of stem cells into a specific cell shape and arrangement is
not consequentially accompanied by a lineage-specific differentia-
tion [56, 58]. In the future, the role of the fibrillar ultrastructure of
tECM in stem cell fate decision remains a subject for further inves-
tigation. As expected, the modification of tECM still retained the
surface stiffness of the DTSs, which was about 1.2 MPa. After all,
the stiffness of cell-derived ECM including MSC-derived ECM was
only �0.1–1 kPa, as reported by Prewitz et al. [16]. Thus, the tECM-
DTSs also had similar stiffness to native tendon, which may con-
tribute to the tenogenic differentiation of BMSCs. Besides, most en-
couragingly, the modification of tECM significantly enhanced the
content of multiple ECM components, including the two critical
components (i.e. biglycan and fibromodulin) that controlled the
tenogenic differentiation fate of TDSCs, which conferred higher
bioactivity to the DTSs so that the tECM-DTSs had a greater capac-
ity in inducing the tenogenic differentiation of BMSCs. In sum,
these observations reveal the tremendous superiority of the scaf-
fold materials consisting of tendon-specific tissue-derived ECM
and stem cell-derived ECM in inducing the migration, proliferation
as well as tenogenic differentiation of stem cells, which are hardly
reproduced using single ECM proteins or synthetic scaffolds.

There are a few limitations to this study. First, a restricted
number of biochemical components in the tECM-DTSs were in-
vestigated. Ongoing work will address this issue through compre-
hensive characterization of the critical bioactive components in
the tECM-DTSs using proteomics analysis based on mass spec-
trometry. Second, the exact mechanism of the tECM-DTSs en-
hancing stem cell migration, proliferation and differentiation is

not well understood. Further studies will focus on determining
which of these ECM components are crucial for regulating stem
cell behavior and analyzing the key signaling pathways to deci-
pher how ECM components regulate stem cell function. Third,
since the tECM-DTSs revealed a greater capacity to enhance the
migration, proliferation as well as tenogenic differentiation of rat
BMSCs compared to the DTSs, further studies are needed to in-
vestigate whether the tECM-DTSs are capable of recruiting abun-
dant endogenous stem cells and inducing them toward tenogenic
differentiation to promote in situ tendon regeneration.

Conclusions
In summary, we developed a highly bioactive tendon-
regenerative scaffold (i.e. tECM-DTSs) by surface modification of
tissue-specific stem cell-derived ECM on the DTSs. The tECM-
DTSs were found to change the highly aligned surface topograph-
ical cues of the DTSs, retain the stiffness of the DTSs and signifi-
cantly increase the content of multiple ECM components. As a
result, the tECM-DTSs dramatically enhanced the migration, pro-
liferation as well as tenogenic differentiation of rat BMSCs com-
pared with the DTSs. These findings further support the
utilization of tissue-specific stem cell-derived ECM as a promising
strategy to recapitulate the instructive stem cell microenviron-
ment to enhance the bioactivity of scaffold materials.

Supplementary data
Supplementary data are available at REGBIO online.
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