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Abstract. Cell sheet technology is a novel tissue engineering 
technology that has been rapidly developed in recent years. As 
a novel technology, cell sheet technology is expected to become 
one of the preferred methods for cell transplantation. The 
present study investigated the biological effects of rutin on the 
formation of periodontal ligament stem cell (PDLSC) sheets 
and their resultant osteogenic properties. The results of Cell 
Counting Kit‑8 (CCK‑8) assay demonstrated that a concentra-
tion of 1x10‑6 mol/l rutin promoted the proliferation of PDLSCs 
more effectively compared with other designed concentra-
tions. Rutin‑modified cell sheets could be induced by complete 
medium supplemented with 20 µg/ml vitamin C (VC) and 
1x10‑6 mol/l rutin. Rutin‑modified cell sheets appeared thicker 
and more compact compared with the VC‑induced PDLSC 
sheets, demonstrating more layers of cells (3 or 4 layers), which 
secreted a richer extracellular matrix (ECM). Furthermore, the 
improved cell sheets exhibited varying degrees of increases in 
the mRNA and protein expression of collagen type I (COL1), 
alkaline phosphatase (ALP), runt‑related transcription factor 2 
(RUNX2) and osteopontin (OPN). Combined treatment with 
VC and rutin promoted the formation of PDLSC sheets and 
enhanced the osteogenic differentiation potential of the cell 
sheets. Therefore, rutin‑modified cell sheets of PDLSCs are 
expected to play an important role in the treatment of peri-
odontal tissue regeneration by stem cells.

Introduction

The loss of periodontal support tissue caused by periodontitis 
and other factors is the primary cause of tooth loss in adults (1). 
The treatment of periodontitis and the restoration of periodontal 
defects are key issues that require improvements. Although 

common periodontal treatments, such as scaling, curettage 
and flap surgery can control the progression of periodontitis 
and prevent the further loss of periodontal support tissue, 
they cannot regenerate the lost tissue effectively  (2). The 
rapid development of tissue engineering research brings new 
hope to the treatment of periodontitis and makes it possible 
to regenerate periodontal tissue by using the methods of 
tissue engineering (3). Cell sheet technology is a novel tissue 
engineering technology that has rapidly developed in recent 
years (4). Cell sheets play a role in maintaining the biological 
characteristics and performing the functions of stem cells (5‑7). 
Studies have demonstrated that cell sheets have more potent 
tissue regenerative effects in the myocardium, liver, cornea, 
bone tissue and periodontal regeneration compared with other 
tissue engineering methods (8‑12). Cell sheets were originally 
obtained from a thermosensitive material culture dish invented 
by Okano et al, and they were separated from each other by 
temperature changes (13). A previous study demonstrated that 
cell sheet technology can preserve the extracellular matrix 
(ECM) and the connection between cells in vitro, thus avoiding 
the application of exogenous biomaterials and improving 
the survival rate of cell transplantation  (14). Traditional 
temperature‑sensitive cell culture dishes are complex to 
prepare and expensive to equip. Good biocompatibility, 
operability, quantifiable control and adjustment of the size and 
thickness of the sheets could make cell sheet technology one 
of the preferred methods for cell transplantation.

In recent years, a number of improved methods have 
been developed to make it easier to obtain biologically active 
cell sheets. It has been shown that cell sheets obtained with 
dexamethasone and vitamin C (VC) can promote bone forma-
tion (15). VC, a cofactor in the biological reaction of the whole 
body, is an important nutrient for human health  (16). VC 
participates in the synthesis and function of immune factors, 
as well as collagen synthesis (17). Studies have demonstrated 
that VC is essential for the biosynthesis of ECM and can 
stimulate the proliferation and differentiation of stem cells 
in vitro by mimicking the biological environment (18,19). In 
addition, a method of obtaining cell sheets by VC induction 
culture was reported in 2012, which rendered the prepara-
tion of cell sheets simpler (20). Compared with traditional 
thermosensitive materials, it is easier to obtain complete cell 
sheets with VC induction (14,20,21). For the acceleration of 
the clinical application of periodontal tissue engineering, the 
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further investigation of safe, effective and simple cell sheet 
technology is necessary.

It has been demonstrated that bioflavonoids exhibit a 
variety of biological activities  (22), which are expected to 
be substitutes for growth factors for the in vitro regulation 
of cell biological properties. Rutin is a natural bioflavonoid 
that is widely present in plants (23). Rutin exerts antioxidant 
and anti‑free radical effects, and can be used in the treatment 
of cardiovascular and cerebrovascular diseases, tumors and 
inflammation (24‑26). As a common bioflavonoid, rutin is inex-
pensive, safe and easy to obtain (27,28). In vitro, experiments 
have identified that rutin can promote cell proliferation and 
osteogenic differentiation, which can effectively prevent and 
treat osteoporosis (29). Rutin, a type of vitamin P, is a glycoside 
of dehydro flavanone and coexists with VC in food. Vitamin P 
is a hydrogen transmitter, which can prevent VC from being 
oxidized and can enhance the effects of VC (30‑33). Based 
on the aforementioned studies, the present study proposed 
the hypothesis that the addition of rutin and VC during the 
preparation of cell sheets could promote the formation of cell 
sheets and improve their osteogenic properties.

The present study investigated the effects of rutin on the 
formation, proliferation and osteogenic differentiation of peri-
odontal ligament stem cell (PDLSC) sheets, and provided a 
theoretical basis for the improvement of cell sheet technology, 
which may accelerate the clinical transformation of peri-
odontal cell therapy.

Materials and methods

Cell culture. The preparation and culture of PDLSCs was 
performed according to previous studies  (34‑36). All the 
schemes dealing with human periodontal tissues were 
approved by the Ethics Committee of Shandong University 
(Shandong, China). Informed consent was obtained in writing 
by all donors and their parents. Healthy premolars extracted 
due to orthodontic reasons of adolescents aged 12‑16 years 
(3 boys and 3 girls, the boys were 12, 14 and 15 years old, and 
the girls were 13, 16 and 16 years old) were selected in May, 
2018. Periodontal ligament tissues of the middle and lower 
part of the root were scraped and cut into small sections using 
a surgical knife. The sections were digested in α‑minimum 
essential medium (α‑MEM; Gibco, Thermo Fisher Scientific, 
Inc.) containing 1%  collagenase (Sigma‑Aldrich; Merck 
KGaA) and 1% dispase (Sigma‑Aldrich; Merck KGaA) for 
60 min at 37˚C. Following digestion, the tissue was filtered 
through a 70‑µm filter to obtain suspended single cells. The 
obtained cells were inoculated in a flask of 25 cm2 and then 
cultured in α‑MEM containing 10% fetal bovine serum (FBS; 
Gibco, Thermo Fisher Scientific, Inc.), 100 U/ml penicillin 
(Beyotime, Institute of Biotechnology) and 100 mg/ml strep-
tomycin (Beyotime Institute of Biotechnology) at 37˚C in 
5% CO2.

Flow cytometric identification of cell surface markers. The BD 
StemflowTM hMSC Analysis kit (BD Biosciences) was used 
to identify the immunophenotype. First generation cells were 
cultured in a culture dish (10x1x10 cm). When the cell density 
reached 90%, the cells were washed with PBS (Corning, Inc.) 
twice and digested by trypsinase and then a single cell suspen-

sion was prepared. The cells were then separated into sterile 
tubes. A mesenchymal stem cell (MSC)‑positive cocktail 
(CD90 FITC, CD105 PerCP‑Cy5.5, CD73 APC, CD44) and 
MSC‑negative cocktail (CD34, CD11b, CD19, CD45, HLA‑DR) 
were added to the tubes in the dark at 4˚C for 20 min. After 
the cells were identified by flow cytometry (BD Biosciences), 
PDLSCs were passaged to the third generation, and cells of 
this generation were used in the subsequent experiments.

Multiple differentiation analysis. PDLSCs of the third 
generation were inoculated into 6‑well plates at a density 
of 1x105/well. When the cells were attached, the medium 
was replaced with osteogenic induction medium, namely 
α‑MEM containing 10%  FBS, 10  nmol/l dexametha-
sone (Beijing Solarbio Science & Technology Co., Ltd.), 
50 µg/ml VC (Sigma, Aldrich; Merck KGaA) and 10 mmol/l 
β‑glycerophosphate (Beijing Solarbio Science & Technology 
Co., Ltd.). Following 4 weeks of induction, the cells were 
fixed with 4% paraformaldehyde for 30 min, then stained with 
Alizarin Red (Sigma‑Aldrich; Merck KGaA) for 15 min at 
room temperature and rinsed with PBS 3 times. The nodules 
were observed under an inverted microscope (Olympus Corp.) 
and images were obtained. Likewise, for adipogenic induc-
tion, induction was carried out with an adipogenic induction 
solution, which included α‑MEM containing 10% FBS, 2 µM 
dexamethasone, 0.2 mM indomethacin (Sigma‑Aldrich; Merck 
KGaA), 0.01 mg/ml insulin (Sigma‑Aldrich; Merck KGaA) 
and 0.5 mM 3‑isobutyl‑1‑methylxanthine (Sigma‑Aldrich; 
Merck KGaA). The medium was changed every 3 days, after 
which the induction and fixation steps were performed, and 
0.3% Oil Red O (Cyagen Biosciences) staining was used for 
30 min at room temperature. The adipogenic droplets were 
then observed under an inverted microscope (IX73; Olympus 
Corp.).

Detection of cell proliferative activity. The Cell Counting Kit‑8 
(CCK‑8; Dojindo Molecular Technologies, Inc.) was used to 
detect the cell proliferative activity. In total, 2,000 cells/well 
were seeded into a 96‑well culture plate and divided into 
6 groups with 5 multiple wells in each group. Cell proliferation 
was continuously examined for 3 days, and the culture medium 
was changed every day. After the cells had attached, PDLSCs 
were cultured with various concentrations of rutin (0, 1x10‑8, 
1x10‑7, 1x10‑6, 1x10‑5 and 1x10‑4 mol/l) in α‑MEM containing 
a certain concentration of VC (20 µg/ml). At the indicated time 
point, each well was incubated with 10 µl CCK‑8 solution for 
1 h. The absorbance was measured at 450 nm by a microplate 
reader (SPECTROstar Nano).

Formation and observation of cell sheets. A total of 
1x105 cells per well were seeded into a 6‑well plate. Following 
cell attachment, 20 µg/ml VC and 1x10‑6 mol/l rutin were 
added to the medium as the experimental group. In addition, 
20 µg/ml VC were added to the medium in the control group. 
Following 10 days of culture, the cell sheets were formed, and 
the morphology of the cell sheets was then observed under 
a microscope (Olympus Corp.). For hematoxylin and eosin 
(H&E) staining (Beijing Solarbio Science & Technology 
Co., Ltd.), the cell sheets of each group were uncovered by 
cell scraping and fixed with 4% paraformaldehyde solution. 
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Following routine dehydration, paraffin embedding and serial 
sections, H&E staining was performed for 1 h at room temper-
ature. For observation through scanning electron microscopy 
(SEM) (Phenom G2 Pro, Holland), the sheets were fixed with 
3% glutaraldehyde (pH 7.4), dehydrated, critical point dried 
and sprayed with gold, and then the extension of PDLSCs in 
the sheets was observed.

Alkaline phosphatase (ALP) activity assay and ALP staining. 
Following the formation of cell sheets, osteogenic induction 
medium with various rutin concentrations was used for 7 days, 
and the cell sheets were then fixed with 4% paraformaldehyde 
for 30 min at room temperature. ALP staining was performed 
with an alkaline phosphatase staining kit (Nanjing Jiancheng 
Bioengineering Institute) for 15 min at room temperature. The 
sheets were washed 3 times with distilled water and observed 
under an inverted microscope (IX73; Olympus Corp.). For 
ALP activity detection, following 7 days of osteogenic induc-
tion, the cells were rinsed with PBS, lysed with RIPA buffer 
(Beyotime Institute of Biotechnology) and centrifuged at 4˚C 
and 12,000 x g for 15 min. According to the manufacturer's 
protocol of the ALP kit, the reaction solution was added to 
each test well. Subsequently, after 30 min, a spectrophotom-
eter (SPECTROstar Nano) was used to detect the absorbance 
value (OD value) at 520 nm.

Alizarin Red staining and Alizarin Red semi‑quantitative 
detection. Following the formation of cell sheets, the cells 
were cultured in osteogenic induction medium for 14 days 
and then fixed in 4% paraformaldehyde for 30 min, followed 
by staining with Alizarin Red solution for 30 min at room 
temperature. Subsequently, the cells were washed with PBS, 
dried at room temperature and observed under an inverted 
microscope. Finally, mineralized nodules were dissolved in 
2% cetylpyridinium chloride (Sigma‑Aldrich; Merck KGaA) 
and OD values were measured at 562 nm using a spectropho-
tometer (SPECTROstar Nano) for statistical analysis.

Reverse transcription‑quantitative PCR (RT‑qPCR). PDLSCs 
(1x105/well) were seeded into 6‑well paltes. Following cell 
adherence, the culture medium was replaced with sheet culture 
medium. Following 10 days of sheet formation, the formed cell 
sheets was further induced in osteogenic induction medium, 
and the osteogenic genes were then detected by RT‑qPCR on 
days 7 and 14. This time point of detecting osteogenic genes 

was selected based on the published literature (14,20,37). Total 
RNA was extracted using TRIzol® reagent (Takara Bio, Inc.) 
according to the manufacturer's protocol. A total of 1 µg RNA 
was reverse transcribed into complementary DNA (cDNA) 
using a RevertAid First Strand cDNA Synthesis kit (Thermo 
Fisher Scintific, Inc). qPCR was performed using a Roche 
Light Cycler®480II. The qPCR parameters used were as 
follows: 95˚C for 15 sec, 40 cycles of 95˚C for 5 sec, followed 
by 60˚C for 60 sec. Relative gene expression data was calcu-
lated through the 2‑ΔΔCq method (38). The gene primers used 
are listed in Table I. GAPDH was used for normalization.

Western blot analysis. The PDLSCs were seeded into 6‑well 
plates at a density of 1x105/well. Following 10 days of sheet 
formation, total protein was extracted to detect the expres-
sion of ECM‑related proteins. Following the formation of the 
sheets, cells were cultured in osteogenic induction medium 
for 7 or 14 days. Briefly, the sheets in the 6‑well plate were 
scraped off using a cell scraper and transferred to sterile tubes. 
Cells were lysed using RIPA buffer (Beyotime Institute of 
Biotechnology), centrifuged at 4˚C and 12,000 x g for 15 min, 
and the supernatant was removed and transferred to different 
sterile tubes. The total protein of each group was extracted 
and the protein concentration was determined using a BCA 
Protein assay kit (Beijing Solarbio Science & Technology 
Co., Ltd.). Subsequently, 10%  SDS‑PAGE was performed 
with a suitable amount of protein. The protein was transferred 
to a PVDF membrane (EMD Millipore), blocked with 5% 
skim milk powder, and incubated with primary antibodies 
overnight at 4˚C. The following day, the membrane was 
then incubated with the secondary antibody (goat anti‑rabbit 
IgG, cat. no.  7074S; Santa Cruz Biotechnology, Inc.) for 
1 h at room temperature. The following primary antibodies 
were used: Anti‑human GAPDH monoclonal (1:20,000, cat. 
no. HRP‑60004; ProteinTech Group, Inc.), rabbit anti‑human 
ALP (1:10,000, cat. no. ab108337; Abcam), rabbit anti‑human 
osteopontin (OPN; 1:500, cat. no.  ab8448; Abcam), rabbit 
anti‑human runt‑related transcription factor  2 (RUNX2; 
1:1,000, cat. no. cst12556; Cell Signaling Technology), rabbit 
anti‑human collagen type I (COL1; 1:500, cat. no. wl0088; 
Wanlei Biotechnology Co., Ltd.), rabbit anti‑human fibronectin 
(1:500, cat. no. wl00712; Wanlei Biotechnology Co., Ltd.), and 
rabbit anti‑human integrin β1 (1:500, cat. no. wl01615; Wanlei 
Biotechnology Co., Ltd.). The protein bands were visual-
ized using enhanced chemiluminescence reagents (EMD 

Table I. Sequences of primers used for RT‑qPCR.

Genes	 Forward sequence	 Reverse sequence

GAPDH	 5'‑GGAGCGAGATCCCTCCAAAAT‑3'	 5'‑GGCTGTTGTCATACTTCTCATGG‑3'
ALP	 5'‑GTGAACCGCAACTGGTACTC‑3'	 5'‑GAGCTGCGTAGCGATGTCC‑3'
COL1	 5'‑GCTGATGATGCCAATGTGGTT‑3'	 5'‑CCAGTCAGAGTGGCACATCTTG‑3'
RUNX2	 5'‑GTTTCACCTTGACCATAACCGT‑3'	 5'‑GGGACACCTACTCTCATACTGG‑3'
OPN	 5'‑CAGTTGTCCCCACAGTAGACAC‑3'	 5'‑GTGATGTCCTCGTCTGTAGCATC‑3'

RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; R, reverse primer; F, forward primer; ALP, alkaline phosphatase; 
COL1, collagen type I; RUNX2, runt‑related transcription factor 2; OPN, osteopontin.
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Millipore) and protein levels were analyzed using ImageJ 
(1.47V; National Institutes of Health).

Statistical analysis. The experimental data are expressed 
as the means ± standard deviation, and were analyzed using 
SPSS17.0 software. A paired Student's t‑test was used for 
comparisons between 2 groups, and one‑way ANOVA with 
Tukey's post hoc test was used for comparisons between 
multiple groups. A value of P<0.05 was considered to indicate 
a statistically significant difference.

Results

Isolation and identification of PDLSCs. Following 10 days of 
culture, the fusion degree of the cultured cells reached 90%. 
The cells were spindle‑shaped, fibroblast‑like and spiral‑like 
(Fig. 1A). Following 28 days of osteogenic induction, scattered 
milky white sandy nodules at the bottom of the Petri dish were 
visible to the eye, which varied in size. Alizarin Red staining 
and microscopic observation demonstrated that the milky 
white nodules were stained red (Fig. 1B). Under the action of 
adipogenic induction solution, cell proliferation decreased and 
the cells gradually changed from a spindle‑like shape to an 
ellipse shape. Furthermore, 4 weeks later, some of the cells 
had beaded adipogenic droplets in the cytoplasm, and the 
Oil Red O staining result was red (Fig. 1C). Flow cytometric 
analysis revealed that CD90 FITC, CD105 PerCP‑Cy5.5, 
CD73 APC and CD44 PE were highly expressed, while CD34 
PE, CD11b PE, CD19 PE, CD45 PE and HLA‑DR PE were 
almost not expressed (Fig. 1D). Thus, PDLSCs were success-
fully obtained.

Cell proliferation. CCK‑8 was used to determine the effects of 
rutin on the proliferation of PDLSCs. In the VC medium with 
a certain concentration (20 µg/ml), the PDLSCs were treated 
with various concentrations of rutin, which had different 
effects on the proliferation of the PDLSCs. The OD values of 

rutin at concentrations of 1x10‑5, 1x10‑6 and 1x10‑7 mol/l were 
higher compared with those of the control group, which demon-
strated that all 3 concentrations promoted cell proliferation; 
however, the 1x10‑6 mol/l group promoted the proliferation of 
PDLSC sheets most significantly (Figs. 2 and S1A). Therefore, 
1x10‑6 mol/l rutin was determined to be the optimal concentra-
tion for the culture of cell sheets.

Morphological observation of cell sheets. Following 10 days 
of continuous culture, milky white membrane‑like substances 
were observed at the bottom of the Petri dish in all groups 
of PDLSCs. The cell sheets of each group were carefully 
peeled off along the petri dish. It was found that the cell 
sheets were membrane‑like, with a certain thickness and 

Figure 1. Characterization of PDLSCs. (A) PDLSCs presented a spindle‑shaped morphology (scale bar, 200 µm). (B) Osteogenic differentiation of PDLSCs was 
demonstrated as red mineralized nodules (scale bar, 100 µm). (C) Adipogenic differentiation of PDLSCs was demonstrated as red oil drops (scale bar, 50 µm). 
(D) PDLSCs were positive for CD90, CD44, CD105, CD73 and negative for CD34, CD11b, CD19, CD45 and HLA‑DR. PDLSC, periodontal ligament stem cell.

Figure 2. Rutin promotes the proliferation of PDLSCs. PDLSCs were cul-
tured with various concentrations of rutin (0, 1x10‑8, 1x10‑7, 1x10‑6, 1x10‑5 and 
1x10‑4 mol/l) in α‑minimum essential medium containing a certain concen-
tration of VC (20 µg/ml) for 3 days. The OD value in cell induced with rutin 
at 1x10‑5, 1x10‑6 and 1x10‑7 mol/l was higher than that of the control group on 
day 3 and rutin at 1x10‑6 mol/l resulted in the highest activity of proliferation 
among all groups. *P<0.05, **P<0.01. PDLSC, periodontal ligament stem cell; 
VC, vitamin C.
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toughness (Fig.  3A). Under the inverted microscope, the 
cells in the rutin‑induced group were denser and thicker 
(Figs. 3B and S1B). The results of H&E staining revealed 
that the cell membrane was uniform and the nucleus was 
stained blue. There was abundant powdered ECM between 
cells. In addition, the results revealed that the cell sheet of 
the rutin‑induced group consisted of 3‑4 layers, while that of 
the VC‑induced group consisted of 1‑2 layers (Fig. 3C). The 
results of SEM revealed that in the rutin‑induced group, the 
cell sheet cells arranged more closely and orderly, and the cells 
extended well and had abundant ECM (Fig. 3D).

Expression of ECM‑related proteins in PDLSC sheets. 
Following 10 days of induction, the cell sheets were formed 
in the rutin and control groups. The results of western blot 
analysis revealed that the protein expression of fibronectin, 
integrin β1 and COL1 in the PDLSC sheet was higher in the 
experimental group compared with the control group (Fig. 4). 
Following the addition of rutin, the expression of ECM‑related 
proteins was increased.

Effects of rutin on the osteogenesis of PDLSC sheets. In 
order to further detect the osteogenic effects of rutin on 

PDLSC sheets, the PDLSCs were induced in 6‑well plates 
for 10 days with a fixed concentration of 20 µg/ml VC and 
10‑6 mol/l rutin, and were then induced with various concen-
trations of rutin. After 7 days, ALP staining and ALP activity 
assay were performed. After 14 days, Alizarin Red staining 
and Alizarin Red semi‑quantitative assay were performed. 
ALP staining (Fig. 5A) and the ALP activity assay (Fig. 5C) 
revealed that 1x10‑6 mol/l rutin significantly increased the 
ALP activity in PDLSC sheets. The results of Alizarin 
Red staining (Fig. 5B) and Alizarin Red semi‑quantitative 
assay (Fig. 5D) revealed that the rutin‑induced group exhib-
ited an increase in mineralized nodules, and that rutin at 
1x10‑6 mol/l demonstrated the most potent effect. These 
results suggest that rutin promotes the osteogenic differ-
entiation of PDLSC sheets, and that rutin at 1x10‑6 mol/l 
promotes the osteogenic differentiation of PDLSC sheets 
most significantly.

Osteogenic‑related gene and protein expression. The expres-
sion of osteogenic‑related genes and proteins were detected by 
RT‑qPCR and western blot analysis at 7 and 14 days following 
osteogenic induction. The results revealed that the protein 
(Fig. 6A-C) and mRNA (Fig. 6D and E) expression levels of 

Figure 3. Morphological observation of cell sheets. Morphologies of the VC‑induced PDLSC sheets and the rutin and VC co‑cultured PDLSC sheets. 
(A) Representative images of cell sheets in culture dishes. (B) Morphologies of cell sheets were observed using an inverted microscope. (C) Morphologies 
of cell sheets were analyzed by hematoxylin and eosin staining. (D) Representative images of surface were observed by scanning electron microscopy. VC, 
vitamin C; PDLSC, periodontal ligament stem cell; H&E, hematoxylin and eosin.
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COL1, ALP, RUNX2, and OPN were higher in rutin‑induced 
group compared with the control group.

Discussion

In recent years, cell sheet technology has widely been used 
in periodontal tissue regeneration and has achieved good 
results (39,40). In the present study, we designed rutin‑modi-
fied PDLSC sheets for periodontal tissue regeneration in vitro. 
First, PDLSCs were isolated and identified according to previ-
ously published articles (14,37,41). Multilineage differentiation 
potential is one of the distinguishing features of MSCs. Thus 
far, a number of studies have used the osteogenic induc-
tion method and adipogenic induction method to detect the 
multiple differentiation ability of MSCs (36,42). In the current 
study, the ability of PDLSCs to differentiate into osteoblasts 

was demonstrated by Alizarin Red staining. On the other 
hand, the ability of PDLSCs to differentiate into adipocytes 
was demonstrated by Oil Red O staining. In flow cytometric 
analysis, the isolated cells highly expressed CD90 FITC, 
CD105 PerCP‑Cy5.5, CD73 APC and CD44 PE, and almost 
did not express CD34 PE, CD11b PE, CD19PE, CD45 PE and 
HLA‑DR PE, which was consistent with the standards formu-
lated by the International Society for Cellular Therapy (43). 
Additionally, the results of the present study were consistent 
with those of previous studies (35,42,44). Thus, the present 
study successfully obtained PDLSCs.

Developing and optimizing cell sheet technology can help 
promote periodontal regeneration via stem‑cell therapy. In 
order to obtain more efficient cell sheets, bioactive substances 
can be added to the sheet culture medium to promote the func-
tion of PDLSCs. Previous studies have demonstrated that rutin 

Figure 4. Expression of extracellular matrix‑related proteins in PDLSC sheets. Following the formation of the cell sheets in the rutin and control groups, the 
protein expression of fibronectin, integrin β1 and COL1 in PDLSC sheets was higher in the rutin group compared with the control group. (A) The protein 
expression of fibronectin, integrin β1 and COL1 in PDLSC sheets of the rutin and control groups. (B) Relative quantitative analysis of fibronectin, integrin β1 
and COL1 proteins. *P<0.05, **P<0.01. PDLSC, periodontal ligament stem cell; COL1, collagen, type I; VC, vitamin C.

Figure 5. Rutin promotes the osteogenic differentiation of PDLSC cell sheets. Following the formation of cell sheets, PDLSCs were cultured with various 
concentrations of rutin (0, 1x10‑8, 1x10‑7, 1x10‑6, 1x10‑5 and 1x10‑4 mol/l) in osteogenic induction medium. It was found that 1x10‑6 mol/l rutin significantly 
increased the ALP activity in the PDLSC sheets. (A) Following osteogenic induction for 7 days, ALP staining was performed. (B) Following osteogenic induc-
tion for 14 days, Alizarin Red staining was performed. (C) Result of the ALP activity assay following osteogenic induction for 7 days. (D) Result of Alizarin 
Red semi‑quantitative analysis after osteogenic induction for 14 days. *P<0.05, **P<0.01. PDLSC, periodontal ligament stem cell; ALP, alkaline phosphatase.
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can enhance the effects of vitamin C (31,45). Applying this 
characteristic to stem cell sheet formation may contribute to 
cultivating cell sheets. The results of the present study first 
confirmed that a combination of rutin at 1x10‑6 mol/l and VC 
(20 µg/ml) effectively promoted the formation of PDLSC 
sheets, and the proliferation of PDLSCs was accelerated in 
the rutin‑induced group. However, a perfect cell sheet not only 
needs to form rapidly, but also requires a certain thickness, 
toughness and abundant ECM. Therefore, H&E staining, 
SEM observation and ECM‑related protein detection were 
used to observe the effects of rutin on cell sheet formation. 
The results revealed that following 10 consecutive days of 
culture, the cells in each group grew in multiple layers. H&E 
staining revealed that the number of cell layers in the control 
group was 1‑2 layers, while the number of cell layers in the 
rutin‑induced group was up to 3‑4 layers. ECM was abundant 
in the cell sheets of the 2 cell groups, and the cell arrange-
ment was regular. SEM observation revealed cell extension 
and cell‑to‑cell junctions in the 2 groups, and the surface 
structure of the rutin‑induced cells was more compact. These 
results indicated that the addition of rutin further promoted the 

formation of cell sheets. In addition, the regulation of the ECM 
on cells depends on proteins in the ECM, which determine 
the shape of cells, control cell differentiation and participate 
in cell migration (46,47). Firstly, fibronectin can promote the 
binding of cells to the matrix (48). COL1 and proteoglycan are 
the basic skeletons that form a fibrous reticular complex on the 
cell surface (49). The majority of the receptors are membrane 
integrins, which are connected to the cytoskeleton proteins in 
the cell. The ECM connects the extracellular and intracellular 
regions via integrin, which is conducive to the transmission 
of intracellular and extracellular signals (50). Therefore, the 
expression of the ECM‑related proteins, COL1, fibronectin 
and integrin β1, was observed in the present study. The results 
revealed that rutin promoted the expression of fibronectin, 
COL1 and integrin β1.

In order to further examine whether rutin can improve 
the osteogenic efficiency of stem cell sheets, the expression 
of osteogenic‑related genes was investigated. Osteoblasts 
predominantly express COL1, ALP, RUNX2, OPN and 
other ECM‑related proteins during cell proliferation, matrix 
maturation and mineralization stages. Observing the expres-

Figure 6. Osteogenic gene and protein expression. The protein and mRNA expression of COL1, ALP, OPN and RUNX2 in PDLSC sheets of the rutin and 
control groups following osteogenic induction for 7 and 14 days. The protein expression of COL1, ALP, RUNX2 and OPN after osteogenic induction for 
(A) 7 days and (B) 14 days. (C) Relative quantitative analysis of COL1, ALP, RUNX2 and OPN proteins on days 7 and 14. The mRNA expression of COL1, 
ALP, RUNX2 and OPN after osteogenic induction for (D) 7 days and (E) 14 days. *P<0.05, **P<0.01, ***P<0.001. PDLSC, periodontal ligament stem cell; COL1, 
collagen, type I; ALP, alkaline phosphatase; RUNX2, runt‑related transcription factor 2; OPN, osteopontin; VC, vitamin C.
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sion of these marker genes and protein levels can indicate the 
differentiation and maturation stage of MSCs into osteoblasts 
to a certain extent. Previous studies have indicated that ALP 
and RUNX2 are secreted in the early stages of osteogenic 
differentiation, and OPN is a necessary factor for bone calci-
fication and mineralization (51). The results of the present 
study demonstrated that rutin increased the expression of 
ALP, RUNX2 and OPN in the cell sheets. Furthermore, ALP 
staining, the ALP activity assay, Alizarin Red staining and the 
Alizarin Red semi‑quantitative results confirmed that rutin 
enhanced the osteogenic differentiation ability of PDLSC 
sheets compared with those induced with VC alone. Therefore, 
rutin and vitamin C may exert a more significant effect in 
promoting the formation and osteogenic differentiation of cell 
sheets. The present experimental results confirmed that rutin, 
a bioflavonoid, can effectively enhance the effects of VC and 
accelerate the formation of cell sheets. This induction method 
may provide higher quality and more effective cell sheets.

In conclusion, the results of the present study demonstrated 
that rutin, a natural bioflavonoid, promotes the formation of 
PDLSC sheets and bone regeneration, which is expected to 
become an important tool in the improvement and optimi-
zation of cell sheet technology. The method based on ruitn 
and VC co‑treatment is effective and potentially valuable. 
Therefore, the present study provides a theoretical basis for 
the future application of periodontal ligament stem cell sheet 
in the study of periodontal tissue regeneration, and provides 
a novel proposition for tissue engineering to regenerate peri-
odontal tissue.
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