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Abstract. Transplantation of cell‑based material is a 
promising approach for the treatment of critical bone defects. 
However, it is still limited by the lack of suitable scaffold 
material or abundant seeding cell sources. The present study 
aimed to establish a novel composite of an adipose‑derived 
stem cell (ADSC) sheet and a synthetic porous β‑tricalcium 
phosphate/collagen‑I fiber (β‑TCP/COL‑I) scaffold to enhance 
osteogenic activity. ADSCs were isolated from 3‑week‑old 
female Sprague Dawley rats and the ADSC sheets were 
prepared in an osteoinductive medium. The study groups 
included the ADSC sheets/scaffold, scattered ADSCs/scaffold, 
ADSC sheet alone and scaffold alone. Scanning electron 
microscopy and energy‑dispersive spectrometry were used 
to observe cell‑scaffold interactions and analyze the relative 
calcium content on the composites' surface. Alizarin red S 
staining was used to examine the calcium deposition. ELISA 
and reverse transcription‑quantitative PCR were used to 
detect the expression levels of alkaline phosphatase (ALP), 
osteocalcin (OCN) and osteopontin (OPN). The results revealed 
that ADSCs were able to tightly adhere to the β‑TCP/COL‑I 
scaffold with no cytotoxicity. The calcifying nodules reaction 
was positive on ADSC sheets and gradually increased after 

osteogenic induction. In addition, the β‑TCP/COL‑I scaffold 
combined with ADSC sheets was able to significantly enhance 
the expression levels of ALP, OCN and OPN and increase 
the superficial relative calcium content compared to scattered 
ADSCs/scaffold or the ADSC sheet alone (P<0.05). The results 
indicated that ADSCs possess a strong osteogenic potential, 
particularly in the cell‑sheet form and when compounded with 
the β‑TCP/COL‑I scaffold, compared to scattered ADSCs with 
a β‑TCP/COL‑I scaffold or an ADSC sheet alone. This novel 
composite may be a promising candidate for bone engineering.

Introduction

The reconstruction of critical bone defects caused by trauma, 
excision of tumors or deformity remains a significant chal‑
lenge in the clinic. Autologous bone tissue grafting has been 
considered as the gold standard therapeutic strategy. However, 
this is usually limited by the lack of donor tissues that may 
be harvested and considerable grafting failure rates (1). In 
recent years, cell‑based bone regenerative therapy using 
mesenchymal stem cells (MSCs) has become a promising 
bone reconstruction strategy (2). Adipose‑derived stem cells 
(ADSCs) represent an attractive cell source due to their abun‑
dance in the body, and a less invasive and painful harvesting 
procedure than that for other stem cells (1,3). Furthermore, 
ADSCs have a self‑renewal capacity, high proliferation (4) 
and a good ability to differentiate into osteogenic lineages (5). 
These features have made ADSCs a promising candidate for 
bone tissue engineering.

Since a single‑cell suspension lacks cell‑to‑cell 
connections, the rates of cell engraftment, survival and 
proliferation on target tissues are frequently insufficient. Cell 
sheet technology provides an effective strategy to tackle these 
challenges (6). The cell sheets possess an abundant extracel‑
lular matrix (ECM), which may be used as a natural biological 
scaffold (7), providing an ambient microenvironment through 
which resident cells may communicate with each other (8). 
This also provides a channel for nerves, blood vessels and the 
diffusion of oxygen and nutrients in vivo. In addition, the cell 
sheets easily attach to the surface of other scaffolds, cell sheets 
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or host tissues in tissue engineering (9). A previous study 
suggested that the cell sheets wrapped around the scaffold 
exhibited a more pronounced bone regeneration ability than 
cells dispersed in a scaffold (10).

A suitable biomaterial scaffold that accommodates seeding 
cells is another approach to induce efficient bone regeneration 
for filling small or large bone defects (11). Various materials 
have been previously reported to be used for the healing of 
bone defects (12). However, the optimization of biomaterial 
scaffolds is still an active research field. Most of the existing 
scaffolds have several limitations, including mediating inad‑
equate cell migration, proliferation or nutritive transportation 
to secrete a sufficient ECM, establish cell‑to‑cell interac‑
tions and induce severe inflammatory reactions in vivo (13). 
Collagen (COL) is a major bone component and has excellent 
biocompatibility with proper interconnected porous struc‑
tures for cell proliferation (14). Furthermore, β‑tricalcium 
phosphate (β‑TCP) has been widely used in bone engineering 
due to its good osteoconductivity, cellular adhesion, ability to 
accelerate differentiation and superior biodegradability (15). 
In the present study, collagen‑I fibrils integrated with homo‑
geneous β‑TCP particles as units were used to construct a 
porous β‑TCP/COL‑I scaffold, simulating the compositional 
and microstructural characteristics of natural bone. This 
novel porous scaffold had 95% porosity, a pore diameter of 
50‑100 µm, no reported cytotoxicity and suitable mechanical 
properties (14,16). In addition, the porous microstructure 
facilitates the ingrowth of local cells and delivery of nutrients 
and oxygen, which are crucial for successful bone regenera‑
tion (10,17).

In the present study, a compound of ADSC sheets wrapped 
around a β‑TCP/COL‑I scaffold was established. Its advantages 
in osteoinductivity compared with those of merely ADSC 
sheets or scattered ADSCs with a β‑TCP/COL‑I scaffold were 
investigated in vitro. The present study aimed to explore an 
improved composite of seeded cells and biomaterial, which is 
expected to become a novel approach for bone regeneration in 
the future.

Materials and methods

ADSC isolation and cultivation. Female Sprague‑Dawley rats 
(age, 3 weeks; body weight, 70‑80 g) were purchased from the 
Laboratory Animal Center of Zhejiang Province. All experi‑
mental animal procedures were approved by the Research 
Ethics Committee of the First Affiliated Hospital, School of 
Medicine, Zhejiang University (Hangzhou, China) and 30 rats 
were permitted in the current study (permit no. 2019‑748). The 
rats were sacrificed by cervical dislocation after anesthesia 
by intraperitoneal injection of 1% pentobarbital sodium 
(60 mg/kg). Homologous adipose tissue was obtained from the 
inguinal fat pad and washed thrice with PBS (Gibco; Thermo 
Fisher Scientific, Inc.). After being minced into a paste with 
scissors, the adipose tissue was treated with 0.01 mol/l of 
type I collagenase (Sigma‑Aldrich; Merck KGaA) at 37˚C for 
50 min and then neutralized with fetal bovine serum (FBS; 
Sigma‑Aldrich; Merck KGaA). Subsequently, the solution was 
filtrated using a gauze strainer (75‑µm mesh) and centrifuged 
at 152 x g, 25˚C for 8 min. Afterward, these cells were cultured 
in Dulbecco's modified Eagle's medium (DMEM), which 

contained 10% FBS, 100 mg/ml of streptomycin and 100 U/ml 
of penicillin (all from Gibco; Thermo Fisher Scientific, Inc.), 
and cultured at 37˚C in an atmosphere with 5% CO2. The 
medium was replenished every 2‑3 days. When the cultures 
grew to 70‑80% confluence, the cells were washed with PBS, 
digested with 0.25% trypsin and 0.02% EDTA (Sigma‑Aldrich; 
Merck KGaA) and then sub‑cultured.

ADSC sheet preparation and osteogenic differentiation. 
ADSCs at the 3rd passage were harvested for further experi‑
ments. To create the cell sheets, the ADSCs were cultured at 
a density of 1x105 cells/cm2 with regular medium in a 6‑cm 
cell culture dish until they reached 70‑80% confluence. For 
osteogenic induction, the regular medium was replaced by the 
osteoinductive medium, which contained 0.1 M of dexametha‑
sone, 10 mM of β‑phospherglycerol and 50 mg/l of ascorbic 
acid (all from Sigma‑Aldrich; Merck KGaA). The medium 
was subsequently refreshed every 2 to 3 days. After culturing 
for 10 days, the ADSC sheets were mechanically scraped 
from the periphery and separated from the culture dish with 
a scraper and forceps. Three ADSC sheets were fixed with 
4% paraformaldehyde and stained with hematoxylin and eosin 
for histological observation.

Alizarin red S staining. The cell sheets were continued to be 
cultured with osteoinductive medium for 21 days. On days 0, 5, 
10, 15, 18 and 21, the ADSC sheets were subjected to Alizarin 
red S staining. The cell sheets were rinsed twice with PBS, 
fixed with 95% ethanol at 4˚C for 15 min and washed thrice 
with double‑distilled water. The cell sheets were then stained 
with 0.1% Alizarin red S‑Tris‑Hcl (pH 8.2; Sigma‑Aldrich; 
Merck KGaA) for 30 min at 37˚C, washed with distilled 
water and observed with a phase‑contrast microscope (BX41; 
Olympus Corp.).

Preparation of the β‑TCP/COL‑I scaf fold. Porous 
β‑TCP/COL‑I composite scaffolds were prepared as previously 
described (10). In brief, calcium chloride, polyethylene glycol 
(both from Shanghai Chemical) and trisodium phosphate 
(Nanjing Chemical, China) was used to prepare the β‑TCP 
powder. Type‑I collagen (Sigma‑Aldrich: Merck KGaA) was 
disassembled into fibrils in an acid solution. Subsequently, the 
β‑TCP particles were added to the collagen fibril suspension 
and integrated with the fibrils to form bone‑like collagen 
fibrils. After freeze‑drying, the porous β‑TCP/COL‑I compos‑
ites were obtained. The microstructure of the β‑TCP/COL‑I 
scaffold was examined using a field‑emission scanning elec‑
tron microscope (SEM; FE‑SEM SU70; Hitachi, Ltd.). The 
porosity value of the scaffold was evaluated by Archimedes' 
principle (14).

Cell proliferation assay. In 96‑well plates, 100‑µl suspen‑
sions of dispersed ADSCs were cultured at the center of 
the β‑TCP/COL‑I scaffold at a density of 1x105 cells/cm2 in 
DMEM containing 10% FBS. From the 2nd day, ADSCs 
with/without the β‑TCP/COL‑I scaffold were serum‑starved 
for 48 h in DMEM, which contained 1% FBS. On the 4th day, 
the medium was replaced by DMEM containing 10% FBS 
and cells were able to re‑enter the cell cycle. After 24 h of 
culture, the cell proliferation was determined with an MTT 
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assay (Sigma‑Aldrich; Merck KGaA). At the time‑points of 1, 
3, 5, 7 and 9 h, 20 µl MTT solution (5 mg/ml) was added to 
each well, followed by incubation for 4 h at 37˚C. Next, 150 µl 
dimethyl sulfoxide was added to each well, followed by gentle 
agitation for 10 min. The optical density of each well was then 
measured at 450 nm using a spectrophotometer (Infinite M200; 
Tecan). The cell proliferation curve was plotted according to 
the absorbance values.

Preparation of the composite material. The ADSC sheets were 
wrapped around the β‑TCP/COL‑I scaffold cylinders (2.0 cm 
in diameter and 2.5 mm in thickness). Sheets with or without 
a scaffold were cultured in osteogenic medium to facilitate the 
re‑attachment of ADSC sheets to the surface of the scaffold or 
culture dish, respectively. The dispersed ADSCs were cultured 
under the same laboratory conditions and seeded on the 
β‑TCP/COL‑I scaffolds for comparison with the sheet protocol 
and further characterization of cell scaffold interactions. The 
β‑TCP/COL‑I scaffold combined with scattered ADSCs was 
fixed with 2.5% glutaraldehyde (Shanghai Pharmaceuticals) 
for 2 h, followed by serial dehydration for 15 min in a 
gradient of ethanol (30, 50, 70, 85, 90 and 100%). Finally, the 
specimens were air‑dried for 60 min and gold‑sputtered for 
60 sec at 10 A (E‑1010; Hitachi, Ltd.). The cell morphology 
was observed using SEM. After osteogenic induction for 13 
days, the β‑TCP/COL‑I scaffolds with ADSC sheet and the 
β‑TCP/COL‑I scaffolds with scattered ADSCs were observed 
again using SEM according to the above‑mentioned proce‑
dures and the relative calcium content on the surface of the 
composites was analyzed by energy‑dispersive spectrometry 
(EDS; FE‑SEM SU70; Hitachi, Ltd.).

Experimental groups. Overall, four experimental groups were 
established: Group 1, an ADSC sheet was wrapped around a 
β‑TCP/COL‑I scaffold cylinder and continued to be cultured 
in osteogenic medium as described above; Group 2, an ADSC 
sheet was digested with 0.25% trypsin and 0.02% EDTA 
into scattered ADSCs and then cultured on the surface of a 
β‑TCP/COL‑I scaffold in osteogenic medium; Group 3, an 
ADSC sheet alone without any β‑TCP/COL‑I scaffold was 
continued to be cultured in osteogenic medium; Group 4, the 
β‑TCP/COL‑I scaffold alone was immersed in osteogenic 
medium as a blank control. The four groups were continued to 
be cultured at 37˚C with 5% CO2 for 13 days.

ELISA of bone differentiation markers and alkaline phos‑
phatase (ALP) activity measurement. The activity of ALP is 
considered as the major bone regeneration biomarker during 
the early stages of osteogenesis. Osteocalcin (OCN) and osteo‑
pontin (OPN) are two major noncollagenous matrix proteins 
involved in bone matrix synthesis during the pre‑osteoblastic 
cell stages. ALP, OCN and OPN were evaluated for the evalu‑
ation of osteogenic differentiation. Each group was cultured 
in osteogenic medium and the medium was replenished every 
48 h on days 3, 5, 7, 9, 11 and 13. At the indicated time‑points, 
2 ml of osteoinductive medium from each group was collected 
and the amount of OCN and OPN released into the medium 
over the 48 h was examined using an OCN (Rat) ELISA kit 
(cat. no. E4764; BioVision. Inc.) and a Rat OPN ELISA kit (cat. 
no. ERA46RB; Thermo Fisher Scientific, Inc.) respectively, 

according to the manufacturers' protocols. Subsequently, the 
cell sheets or scattered ADSCs were washed twice in PBS and 
precooled on ice. After freezing‑melting twice with 600 µl of 
0.05% Triton X‑100 (Sigma‑Aldrich; Merck KGaA), the mixed 
sample was centrifuged at 21,130 x g for 15 min at 4˚C. The 
supernatant was then collected for measuring ALP activity 
with an ALP Assay kit (cat. no. 291‑58601; Wako LabAssay). 
The results were normalized relative to the amount of total 
protein measured by the BCA Protein Assay kit (cat. no. 23227; 
Thermo Fisher Scientific, Inc.).

Reverse transcription‑quantitative PCR (RT‑qPCR) analysis. 
At the indicated time‑point, the relative mRNA expressions of 
ALP, OCN and OPN in Group 1, Group 2 and Group 3 were 
measured using RT‑qPCR. Total RNA was extracted using 
RNAiso plus (Takara Biotechnology, Inc.) according to the 
manufacturer's protocol. After quantification by optical density 
measurement (NanoDrop 2000; Thermo Fisher Scientific, 
Inc.), 1 µg total RNA was reverse‑transcribed into 
random‑primed complementary DNA (cDNA) using a 
PrimeScript™ RT reagent kit (Takara Biotechnology, Inc.). 
The PCR reaction system was then prepared according to the 
manufacturer's protocols of SYBR® Premix Ex Taq™ (cat. 
no. RR420A; Takara Bio, Inc.) and amplified through real‑time 
PCR using a CFX96 real‑time PCR detection system (Bio‑Rad 
Laboratories, Inc.) under the following conditions: 2 min of 
denaturation at 95˚C, 40 rounds of 10 sec of annealing at 95˚C 
and 30 sec of extension at 60˚C. The expression levels of the 
target genes were normalized relative to the housekeeping 
gene GAPDH. The primer sequences were as follows: GAPDH, 
5'‑TGTGTCCGTCGTGGATCTGA‑3' and 5'‑TTGCTGTT 
GAAGTCGCAGGAG‑3'; ALP, 5'‑ATGGCTCACCTGCTT 
CACG‑3' and 5'‑TCAGAACAGGGTGCGTAGG‑3'; OCN, 
5'‑GACCCTCTCTCTGCTCACTCT‑3' and 5'‑GACCTTACT 
GCCCTCCTGCTTG‑3'; OPN, 5'‑TATCCCGATGCC 
ACAGATGA‑3' and 5'‑TGAAACTCGTGGCTCTGATG‑3'. 
The results were evaluated using the 2‑∆∆Cq method (2,10).

Statistical analysis. The MTT assay was analyzed in three 
walls and the independent experiments were performed in 
triplicate (n=3). The data of the MTT assay and the ALP, OCN 
and OPN levels in each group were expressed as the mean ± 
standard deviation. All of the data were normally distributed 
(according to the Kolmogorov‑Smirnov‑Lilliefors test) and 
evaluated by parametrical tests (one‑way analysis of variance 
with Scheffe's post‑hoc test) using SPSS 19.0 (IBM Corp.). 
P<0.05 was considered to indicate statistical significance.

Results

Characterization of ADSCs and the ADSC sheet. ADSCs 
exist as polygonal or long spindle‑shaped cells in primary 
culture (Fig. 1A) and they became more homogeneous after 
the third passage (Fig. 1B). When cultured in osteogenic 
medium, the ADSCs rapidly proliferated and formed a cell 
sheet in 10‑14 days, and the sheet was easily lifted with a 
scraper (Fig. 2A). The cell sheet was composed of multiple 
layers of ADSCs with rich ECM wrapping these cells (Fig. 2B) 
and the arrangement of the ADSCs changed into a swirling 
or radial‑shape (Fig. 2C). The calcium nodules stained with 
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Alizarin Red S in the ADSC sheet were almost absent on day 0 
prior to osteogenic induction and then gradually increased 
from days 5 to 21 (Fig. 2D), indicating that osteoblastic 
differentiation was successful.

Characterization of the β‑TCP/COL‑I scaffold and cell 
activity of ADSCs on the scaffold. SEM revealed that the 
β‑TCP/COL‑I scaffold contained a 3D porous structure 
with high porosity (~95%) and appropriate pore size (nearly 
100 µm) (Fig. 3A). The ADSCs became firmly attached to the 
surface of the β‑TCP/COL‑I scaffold and infiltrated into the 
interconnected pores of the scaffold. They were connected 
with each other through numerous cellular junctions (Fig. 3B). 
The MTT assay revealed that the cell proliferation curve of 

ADSCs on the β‑TCP/COL‑I scaffold was similar to that of 
the conventional culture plates and no significant difference 
was obtained between the two groups at any of the time‑points 
assessed (P>0.05; Fig. 3C), indicating that the scaffold has no 
cytotoxicity on ADSCs.

Osteogenic differentiation of the ADSC sheet on the scaffold. 
The bone regeneration biomarkers of osteogenic differentia‑
tion in each group were evaluated after osteogenic induction 
for 3, 5, 7, 9, 11 and  13 days. The relative ALP activity and 
protein expression levels of OCN and OPN in Group 1 (ADSC 
sheet combined with a β‑TCP/COL‑I scaffold), Group 2 (scat‑
tered ADSCs combined with a β‑TCP/COL‑I scaffold) and 
Group 3 (ADSC sheet alone without a β‑TCP/COL‑I scaffold) 

Figure 1. Morphology of adipose‑derived stem cells at (A) P0 and (B) P3 under an inverted microscope (scale bar, 100 µm). P, passage.

Figure 2. Characterization of the ADSC sheet. (A) Macroscopic appearance of the ADSC sheet harvested using a cell scraper. (B) H&E histological staining of 
the ADSC sheet, indicating multiple layers of cells with a rich ECM (scale bar, 25 µm). (C) The appearance of the ADSC sheet was observed using an inverted 
microscope (scale bar, 100 µm). (D) Alizarin red S staining of the ADSC sheet after osteogenic induction on days 0, 5, 10, 15, 18 and 21 (scale bar, 100 µm). 
ADSC, adipose‑derived stem cell; ECM, extracellular matrix.
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reached a peak on day 5 or 7 and exhibited decreases there‑
after (Fig. 4). There were no significant differences in these 
values among the three groups at day 3 (P>0.05). From the 
5th day onwards, the protein levels of ALP, OCN and OPN in 
Group 1 were significantly higher than those in the other two 
groups (P<0.05 vs. Groups 2 and 3; Fig. 4A‑C).

The relative mRNA levels of ALP, OCN and OPN also 
demonstrated a similar trend. At all the indicated time‑points, 
except for the 3rd day, Group 1 persistently exhibited higher 
levels of osteogenic mRNA expression than Groups 2 and 3 
(P<0.05; Fig. 4D‑F). Overall, the ADSC sheet combined with 

a β‑TCP/COL‑I scaffold in Group 1 displayed significantly 
improved osteogenic activity compared to the other two groups.

Calcium content on the scaffold with ADSC sheet. After 
osteogenic induction for 13 days, the β‑TCP/COL‑I scaffold 
with ADSC sheet (Group 1) contained more densely populated 
cells and mineralized nodules than the β‑TCP/COL‑I scaffold 
with scattered ADSCs (Group 2) (Fig. 5A and B, respectively). 
Furthermore, the relative calcium content of Group 1 was 
much higher than that of Group 2 as determined by EDS 
(P<0.05 vs. Group 2; Fig. 5C).

Figure 3. Characterization of the β‑TCP/COL‑I scaffold. (A) The 3D porous structure of the lyophilized β‑TCP/COL‑I scaffold was observed by scanning elec‑
tron microscopy (scale bar, 100 µm). (B) ADSCs adhered to the surface of the scaffold after one day of culture (scale bar, 2 µm). (C) The cell proliferation curve 
of ADSCs with a scaffold, compared with ADSCs only, evaluated by an MTT assay. OD, optical density; ADSC, adipose‑derived stem cell; β‑TCP/COL‑I, 
β‑tricalcium phosphate/collagen fiber.

Figure 4. Evaluation of the osteogenic differentiation of the ADSC cell sheet combined with a β‑TCP/COL‑I scaffold (Group 1), scattered ADSCs combined 
with a β‑TCP/COL‑I scaffold (Group 2) and the ADSC cell sheet without a β‑TCP/COL‑I scaffold (Group 3). Relative (A) ALP activity and protein levels 
of (B) OCN and (C) OPN. Relative mRNA levels of (D) ALP, (E) OCN and (F) OPN. Values are expressed as the mean ± standard deviation (n=3). *P<0.05; 
**P<0.01. ADSC, adipose‑derived stem cell; β‑TCP/COL‑I, β‑tricalcium phosphate/collagen fiber; ALP, alkaline phosphatase; OCN, osteocalcin; OPN, osteo‑
pontin.
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Discussion

Millions of patients suffer from critical bone defects and 
impaired bone healing, the adequate treatment of which has 
remained a longstanding clinical problem worldwide (18). Bone 
tissue engineering as a substitute to autogenous bone grafting 
brought substantial success in tackling the challenge of repairing 
bone defects and the use of biomaterials functionalized with 
bioactive agents to improve bone regeneration in osteonecrosis 
was considered one of the most promising strategies (12). 
Available seeding cell sources and suitable biomaterials are 
currently still being explored and improved (19). In the present 
study, ADSCs/ADSC sheets and β‑TCP/COL‑I scaffold 
composites were established under osteoinductive conditions, 
in which the ascorbic acid promoted collagen synthesis, the 
dexamethasone stimulated both osteogenic differentiation and 
the glycerol phosphate induced mineral deposition. SEM and 
EDS were used to observe and evaluate the structure of the 
β‑TCP/COL‑I scaffold with ADSCs and detect the relative 
calcium content on the surface of the composites. Histological 

examination, ELISA and RT‑qPCR measurements were 
used to compare the osteogenic activity of each group. ALP, 
OCN and OPN are major biomarkers of the early stages of 
osteogenesis, while calcium deposition is considered a later 
marker (20). The present results demonstrated that ADSC 
sheets avoided the cell loss caused by trypsin digestion and 
had a superior osteogenic performance after being wrapped 
around a β‑TCP/COL‑I scaffold when compared to scattered 
ADSCs with a β‑TCP/COL‑I scaffold or an ADSC sheet alone. 
The major advantages of the method of the present study 
compared with those of previous studies in terms of bone 
tissue engineering were as follows. First, the ADSCs are easily 
accessible, abundant and more efficient in osteoinductivity 
than other MSCs. Furthermore, the ADSC sheets may be 
harvested using a scraper without enzymatic digestion, which 
preserved the ECM and cell‑cell connections. In addition, 
the β‑TCP/COL‑I scaffold had superior biodegradability, 
osteoconductivity and higher compatibility with ADSC 
sheets. The composite of ADSC sheets/β‑TCP/COL‑I scaffold 
provides a novel promising candidate for bone regeneration.

In bone tissue engineering, promising seeding cells for 
clinical application must be suitable for isolation and exhibit 
proliferation efficiency, biocompatibility and formidable 
osteogenic capacity (21). In a previous study by our group, 
bone marrow‑derived MSCs (BMSCs) were used to construct 
a stem cell sheet, which had a high bone regeneration potential 
when combined with β‑TCP/COL‑I scaffolds (10). In clinical 
practice, successful repair of huge bone defects via tissue engi‑
neering requires a significant number of BMSCs. However, 
the quantity of autologous BMSCs in the body is limited and 
the extraction process is frequently painful (21). In addition, 
long‑term in vitro culture of BMSCs may compromise their 
genomic stability (22). Adipose tissues have been considered 
as a practical and adequate source of stromal precursor 
cells with a high potential for bone‑tissue reconstruction. 
Compared with BMSCs, ADSCs possess a higher proliferation 
and self‑renewal capacity (3), and a high quantity of ADSCs 
may be easily obtained from the host. In addition, ADSCs 
have been proven to possess high efficiency in bone regen‑
eration, in addition to secreting anti‑inflammatory factors and 
decreasing pro‑inflammatory responses (23). Furthermore, 
the differentiation capacity of ADSCs was maintained with 
aging, thus having advantages over BMSCs (4). The present 
study revealed that ADSCs, alone or combined with a scaffold, 
expressed osteogenic biomarkers much earlier than BMSCs in 
the previous study by our group under the same conditions (10).

Since the traditional method of seeding MSCs onto 
scaffolds frequently results in a significant loss of cells and the 
random dispersal of cells in the biological scaffold frequently 
leads to inefficient or inadequate bone regeneration, cell sheet 
technology was developed as a promising approach to solve 
these problems (2). This avoids applying trypsin and EDTA 
to improve the utilization of MSCs to the utmost and prevents 
degradation of cell‑surface proteins and the ECM, which is 
responsible for transmitting biological signals to regulate 
biological activity and bone formation (24). In addition, 
growth factors secreted by stem cells may be preserved for 
a longer period of time in the ECM, suggesting that the cell 
sheet may act as a controlled release system (25). Several 
studies have demonstrated that through the ECM, stem cells 

Figure 5. Surface morphologies of two types of complexes visualized 
by scanning electron microscopy after osteogenic induction for 13 days. 
(A) β‑TCP/COL‑I scaffolds with ADSCs sheet (scale bar, 10 µm). 
(B) β‑TCP/COL‑I scaffolds with scattered ADSCs (scale bar, 10 µm). 
(C) Relative calcium content on the surface of the two composites. *P<0.05 
vs. ADSCs with scaffold. ADSC, adipose‑derived stem cell; β‑TCP/COL‑I, 
β‑tricalcium phosphate/collagen fiber.
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may exert therapeutic effects via the secretion of trophic 
factors that provide a favorable microenvironment for cell 
survival, renewal and differentiation, ultimately having a 
positive role in bone regeneration (26). Furthermore, cell 
sheets always contract when harvested from culture dishes and 
shrinkage‑generated stress has been considered to specifically 
regulate the polarization of MSCs and activate their 
differentiation as a biomechanical force (27). In recent years, 
cell sheet‑based tissue engineering technology has already 
been applied for treating various soft‑tissue defects, such as the 
cornea, myocardium and periodontal ligament (28). This has 
also been progressively popular for hard‑tissue engineering, 
including bone tissues. Furthermore, it has been reported 
that MSC sheets have a higher capacity of bone regeneration 
and reconstruction for healing bone defects compared to 
scattered MSCs, both in vitro and in vivo (2,25). Consistent 
with the previous literature, the ADSC sheet in the present 
study exhibited better osteogenic ability with enhanced ALP 
activity, more calcium deposition and an elevated expression 
level of OCN and OPN when compared to suspended ADSCs.

A number of approaches to harvesting intact cell sheets have 
been previously reported, including temperature‑responsive 
culture (29), magnetic force (30), electron beam irradiation (31) 
and vitamin C application (32). However, these mentioned 
approaches require complex procedures and novel materials, 
which may affect cell proliferation or differentiation. In the 
present study, the ADSC cell sheets were comprised of multiple 
layers of osteoprogenitor cells and endogenous ECMs. With 
the large amount of ECM and its gradual mineralization, the 
sheets were sufficiently robust to be detached while remaining 
intact with a scraper and forceps, making it possible to wrap 
it over the β‑TCP/COL‑I and form a 3D compound. In addi‑
tion, the present procedures are simple and practical with the 
common tissue culture dish and cell scraper.

Although a series of studies reported on harvesting an 
osteogenic cell sheet and using it for bone reconstruction 
without any scaffold (33), these scaffold‑free cell sheets were 
unsuitable for large bone defects due to poor mechanical prop‑
erties at the early stage of healing (34). Even for multilayer 
cell sheets, manual operation should be performed with care 
to prevent the cell sheet from being torn. The biomaterial 
scaffold may provide a 3D structure for the seeding cells to 
form a composite with a certain shape and this may be trans‑
planted into large bone defects (35). Bone tissue engineering 
requires scaffolds with appropriate architecture and good 
osteoconductive activity, including the following (12,36): i) An 
appropriate pore size within 50‑100 µm; ii) interconnected 
porosity for living tissues to grow; iii) sufficient mechanical 
properties; iv) controllable degradation efficiency; v) excellent 
biocompatibility; and vi) low immunogenicity. Mixtures of 
organic and inorganic materials have been frequently used 
to tackle those drawbacks of single materials and achieve 
the optimum desired physical and chemical properties (37). 
The inorganic β‑TCP has a relative high biodegradability and 
osteoconductivity in comparison with other materials like 
nano‑hydroxyapatite/polymer or polymer‑calcium phosphate 
cement (17). And the organic collagen is a major component of 
bone and has good cell attachment ability and profound biode‑
gradability (17). They are the commonly used bone substitute 
materials that meet bone tissue engineering requirements to 

the utmost extent. In addition, β‑TCP was proven suitable as 
an osteogenic material to repair bone in an animal model, 
as well as in a clinical setting (38). While the mechanical 
properties of pure collagen (37) or β‑TCP (38) are frequently 
poor, the β‑TCP/COL‑I scaffold had a higher compressive 
modulus (16), which is highly affected by the material degrada‑
tion and ECM formation under in vitro culture conditions (14). 
Arahira and Todo (39) reported that the compressive modulus 
and strength of the β‑TCP/COL scaffold with rat bone‑marrow 
mesenchymal stem cells (rBMSCs) decreased due to the local 
release of β‑TCP particles during the early culture period and 
then increased as ECM deposition occurred in the late stage, 
and finally became higher than those of the β‑TCP/COL scaf‑
fold without rBMSCs, which remained constant for the whole 
experiment. The previous study by our group demonstrated that 
β‑TCP/COL‑I scaffolds were able to enhance the bone regen‑
eration potential of rBMSC sheets in vitro and in vivo (10). In 
the present study, bone‑like collagen fibrils integrated with 
homogeneous β‑TCP particles were used as units to construct 
the β‑TCP/COL‑I scaffold in order to mimic the constituent 
and structural properties of natural bone. The porous structure 
of this composite facilitates the attachment and ingrowth of 
local cells (37) and provides a sufficient supply of nutrients 
and oxygen due to the neovascularization (17,40). The present 
study indicated that the ADSCs were able to tightly adhere 
and grow on the surface of the β‑TCP/COL‑I scaffold without 
any impairment of cell viability compared to ADSCs only, 
indicating that this material had good biocompatibility. 
Furthermore, ADSC sheets wrapped around a β‑TCP/COL‑I 
scaffold expressed higher levels of ALP, OCN and OPN when 
compared to a mere ADSC sheet, suggesting that the scaffold 
was able to significantly enhance the osteogenic activity of 
the ADSC sheet, rather than just providing structural support. 
The possible mechanism is that the mechanical properties of 
the scaffold may help the ADSC sheet to resist the inherent 
retraction tendency of the cell sheet, which is unfavorable for 
cell proliferation and differentiation.

The present study provided a basic and novel approach for 
bone engineering. Further studies should focus on the develop‑
ment of new materials, alone or with bioactive factors (41‑44) 
to enhance the osteogenic capacity of ADSC sheets. In addi‑
tion, various preparation methods should be tested to make 
the composition, morphology and mechanical properties of the 
scaffold closer to natural bone, and improve the practicability 
of the use of ADSC sheets in regenerating bone tissues (45,46).

There are two shortcomings of the current study, which 
may be addressed in the future. ADSCs should be compre‑
hensively compared with other MSCs, including rBMSCs, 
in terms of osteoconductive activity when combined with 
a β‑TCP/COL‑I scaffold in vitro and in vivo, to determine 
which is more effective in bone engineering. In addition, the 
mechanical properties of the β‑TCP/COL‑I scaffold with and 
without ADSCs should be tested to prove their durability.

In conclusion, the present study demonstrated that ADSC 
sheets combined with a β‑TCP/COL‑I scaffold have more 
substantial osteogenic potential when compared to scattered 
ADSCs with a β‑TCP/COL‑I scaffold or an ADSC sheet alone. 
The synergistic effect of the ECM in the cell sheet and the 
mechanical properties of the scaffold may have a vital role 
in the improved osteogenic potential. The combination of the 
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ADSC sheet and β‑TCP/COL‑I scaffold provides an advanced 
strategy for treating bone defects, which may be used to 
enhance treatment outcomes in the future.
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