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repair and regeneration of bone defects, especially the critical-
sized bone defects resulting from trauma, surgical resection and 
congenital deformity corrections [3]. The construction of tissue 
engineering bone has been proved one of the most effective ways 
for repairing bone defects, especially the large bone defects [4].

The seed cell is one of three key factors for bone tissue 
engineering. The ideal seed cells should be those that have 
the following characteristics such as abundant source, easy 
accessibility, less injury to body and strong proliferation 
ability in vitro culture. However, the insufficiency of seed cell 
source is a major obstacle to the clinical application of bone 
tissue engineering [5-6]. Since the late 90s, stem cells, such as 
human embryonic stem cells, induced pluripotent stem cells 
and Mesenchymal Stem Cells (MSCs), have been considered as 
a potential source of seed cells for regenerative medicine and 
tissue engineering. Among these stem cells, MSCs show some 
advantages over the others, such as possible clinical application 
as autologous cells and low immunogenicity [7]. However, the 
extremely low proportion of MSCs in human body leads to a 
complicated process and in turn a great deal of time and expense 
required to isolate and to expand them in vitro, thus restricting 
the clinical application of autologous MSCs. As such, the clinical 
limitation of autologous MSCs has made researchers to have to 
look for an alternative autologous cell source for future tissue 
engineering [8-9].

Human Dermal Fibroblasts (hDFs) are the most widely 
distributed in the body and they are very simple to culture or 
to obtain when compared with MSCs. They are regarded as 
the greatest number of “seed cell banks” in the human body 
[10]. Human Dermal Fibroblasts (hDFs), derived from the 
embryonic mesoderm stromal cells, have become one of the most 
important sort of cells in tissue repair. In recent years, there 
has been increased interest in dermal fibroblasts in the field of 
differentiation research, although, in the past, dermal fibroblasts 
were only regarded as fully differentiated cell terminal during 
the development of human body, did not have the potential of 
multi-directional differentiation, could only be seed cells of 
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Introduction 
The repair of bone defect has been being a hot spot for a 

few centuries. The repair of a large bone defect is still a difficult 
problem that has not been solved yet due to the lack of self-healing 
ability for large area of bone defect [1]. Autograft and allograft 
of bone tissue are considered to be the gold standard for the 
treatment of bone loss and defects caused by a traumatic injury. 
Although these approaches are very successful, there still exist 
some shortcomings including the difficulty in shaping the graft to 
fill the defects, the requirements for numerous procedures and 
lengthy recovery time, insufficient material supply, donor site 
morbidity and contour irregularities [2]. The recent development 
in the technology of bone tissue engineering provides an 
alternative approach to the existing treatment strategies for the 
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dermal tissue [11]. Lin et al found that fibroblasts in new bone 
trabeculae and partial granulation tissue can express BMP to 
make them to be able to differentiate into bone cells and that 
they can also participate in the process of the bone repair [12]. 
Junker et al found that fibroblasts possess multilineage potential 
towards fat-, cartilage- and bone-like cells [13]. Yadav et al used 
buffalo fetal fibroblasts to have successfully differentiated them 
into adipogenic and osteogenic cells [14]. Yin et al found that 
terminal differentiated hDFs are capable of transdifferentiating 
into chondrogenic lineage under stimulation with CDMP1 in vitro 
[15]. Hee et al found that the treatment of dermal fibroblasts 
with vitamin D3 induced the expression of the osteoblast-specific 
markers, alkaline phosphatase and osteocalcin [16]. Bi et al found 
that multipotent dermal fibroblasts could differentiate into islet-
like cells under no genetic manipulation [17]. However, to our 
best knowledge, there has not been any report on the endothelial 
differentiation of hDFs while the osteogenic differentiation of 
hDFs and the related regulation mechanism are not clear. In 
this study, in vitro osteogeneic and endothelial differentiation 
of hDFs would be conducted to examine whether human dermal 
fibroblasts would possess the capacity to differentiate into both 
osteogenic and endothelial cell lineages. The results will provide 
direct evidence for whether or not hDFs can be used in bone 
tissue engineering as 

Materials and Methods
Materials

Sodium alginate (SA, Mw: 612 kDa) and chitosan (CS, Mw: 209 
kDa) were purchased from Maichao Chemical Reagent (Shanghai, 
China) and Aokang Biological Technology Co. Ltd (Shandong, 
China), respectively. All other chemicals and solvents were 
purchased from Kelong Chemical Reagent Factory (Chengdu, 
China) without further purification.

Preparation of Composite Hydrogels

Oxidized sodium alginate, RGD-grafted Oxidized Sodium 
Alginate (RGD-OSA) and N-Succinyl Chitosan (NSC) were 
prepared according to the previously reported method [18]. 
Briefly, 1 g of sterilized NSC and 2 g of sterilized RGD-OSA (or 
OSA) were dissolved in 40 ml and 20 ml sterilized phosphate 
buffer solutions (PBS, PH = 7.4), respectively, to obtain the 
solutions of NSC and RGD-OSA (or OSA). Both solutions were then 
mixed under stirring vigorously for a short time. Subsequently, 
the mixed solution was coated on clean square glass slides 
(1cm ×1cm) using a spinning coater. The coated solution finally 
formed into a RGD-OSA/NSC (or OSA/NSC) gel on the glass slides 
within a few minutes at 37°C via the reaction of Schiff Base. All 
the hydrogels-coated glass slides for cell culture were immersed 
in 75% ethanol for 2h for further sterilization and followed by 
rinsing three times with sterilized PBS before cell culture.

Cell Culture for Endothelial and Osteogenic 
Differentiation of hDFs

Human dermal fibroblasts were purchased from KUNMING 
CELL BANK and plated onto a T25 culture flask and incubated 
at 37oc in a humidified atmosphere containing 5% CO2. The 

adherent hDFs were cultured in a growth medium consisting of 
high glucose Dulbecco’s Minimum Essential Medium (H-DMEM) 
supplemented with 10% (v/v) Fetal Bovine Serum (FBS) and 
1% (v/v) penicillin/streptomycin antibiotics. The cell culture 
medium was replaced with fresh medium every 3 days. At the 
third passage, hDFs were harvested from the culture flask via 
treatment with 0.25% trypsin-ethylenediaminetetraacetic acid 
solution and then were re-suspended in complete medium for 
later seeding when reaching 80% confluence. The re-suspended 
cells were seeded on blank square glass slides, square glass slides 
with OSA/NSC coatings and square glass slides with RGD-OSA/
NSC coatings in 24-well plates at a density of 0.2 × 105 cells per 
well, and then they were cultured with induced medium.

Endothelial induction was performed using low glucose 
DMEM (L-DMEM) supplemented with 10% FBS, 2 mM 
L-glutamine, 50 ng/ml vascular endothelial growth factor 
(VEGF165) and 1% (v/v) penicillin/streptomycin antibiotics while 
osteogenic induction was conducted by applying high glucose 
DMEM (H-DMEM) supplemented with 10% FBS, 10 ng/ml bone 
morphogenetic protein (BMP-2), 50 μM L-ascorbic acid, 10 
mM β-glycerophosphate, 0.1 μM dexamethasone and 1% (v/v) 
penicillin/streptomycin antibiotics. The cell culture medium was 
renewed every 3 days. All the groups (Blank group, gel group and 
RGD group) were treated with or without Low Intensity Pulsed 
Ultrasound (LIPUS) at an intensity of 200 mW/cm2, a duty cycle 
of 20% and a repetition rate of 1 MHz for 10 minutes every day 
[19]. Such used parameters were based on our previous positive 
results in study of bi-lineage differentiation of hMSCs. 

Proliferation of Cells during Endothelial and 
Osteogenic Differentiation of hDFs

After 1, 3, 7, 10, 14, 17 and 21 days of culture, cell 
proliferation was assessed using Cell Counting Kit-8 (CCK-8) 
[20], which allowed very convenient assays by utilizing the 
highly water-soluble tetrazolium salt WST-8. In the presence of 
electronic coupling agent 1-methoxy radical-5-methyl phenazine 
dihydralazine sulfate dimethyl (1-Methoxy PMS), WST-8 can be 
reduced by dehydrogenase activities in cells to give a yellow-
color formazan dye, which is soluble in the tissue culture media. 
The amount of the formazan dye, generated by the activities of 
dehydrogenases in cells, is directly proportional to the number 
of living cells. Briefly, 100 μl of CCK-8 solution (the solution of 
DMEM containing 10% CCK-8) was added to each well, and the 
cells were incubated at 370 for 4 h. DMEM containing 10% CCK-8 
was used as a control. The number of formazan is proportional to 
the number of living cells, the absorbance value can be measured 
by using enzyme-linked immunosorbent assay at the wavelength 
of 450 nm. The experiments were repeated at least three times.

Morphological Observation for Endothelial and 
Osteogenic Differentiation of hDFs

After 4 weeks of endothelial and osteogenic differentiation 
of hDFs, the induced cells were rinsed three times with PBS and 
fixed in 10% formaldehyde solution at room temperature for 
30 minutes. The fixed cells were then incubated in 0.1 ml PBS 
containing 1% Acridine Orange (AO) at 370 for 15 minutes and 
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rinsed three times with PBS to remove excess AO. Microscopy 
observation was performed using an Olympus fluorescence 
microscope equipped with a digital camera (Radiance 2100; 
Biorad Laboratories, Hercules, CA, USA).

At 28th day of endothelial and ostengenic differentiation 
of hDFs, similarly, the induced cells were rinsed three times 
with PBS and fixed in 10% formaldehyde solution at room 
temperature for 30 minutes. The fixed cells were then incubated 
in hematoxylin solution at 370 for 5 minutes and rinsed with 
water for 3s to remove excess hematoxylin, then incubated in 
1% hydrochloric acid and ethanol for 3s and rinsed with water 
for 30s, then incubated in 0.5% eosin solution for 3 minutes and 
rinsed with distilled water for 2s. Microscopy observation was 
performed using an Olympus microscope equipped with a digital 
camera.

Alkaline Phosphatase and Alizarin Red Staining for 
Osteogenic Differentiation of hDFs

At days 3,7,10 and 14 of osteogenic induction, the quantitative 
and qualitative examination of osteogenic differentiation of hDFs 
was conducted by monitoring the activity of ALP, a early marker 
of osteogenesis, using an alkaline phosphatase kit (Jiancheng 
Bioengineering Institute, Nanjing, China) as well as staining with 
a BCIP/NBT alkaline phosphatase kit (RD Systems, Minneapolis, 
MN, USA) according to the manufacturer’s instructions. 
Additionally, at days 14, 21 and 28 of osteogenic induction, 
mineralization during osteogenic differentiation was analyzed 
by alizarin red staining according to the previously reported 
method [21], cells were rinsed three times with PBS and then 
fixed in 10% formaldehyde at room temperature for 30 minutes. 
In the meantime, calcium content was measured quantitatively 
by using Image Pro-Plus as described by Takayama et al [22].

Immunofluorescence Staining for Endothelial 
Differentiation of hDFs

After endothelial induction of 28 days, the endothelial 
differentiation of hDFs was identified by immunofluorescence 
staining, as described by Wang et al [23]. In brief, the induced cells 
were rinsed three times with PBS and flxed in 10% formaldehyde 
at room temperature for 30 minutes. After that, these cells were 
incubated with primary antibody (mouse anti human CD31, 
1:25, Beijing Biosynthesis Biotechnology Co. Ltd) at 40 overnight 
and then the non-specific bindings were blocked by washing 
three times with the blocking buffer of PBS containing 4% 
bovine serum albumin. After the removal of the blocking buffer, 
these cells were incubated again with secondary antibodies 
(Fluorescein Isothiocyanate (FITC)-conjugated goat-anti-rabbit 
immunoglobulin G, 1:100, Beijing Zhongshan Glodenbridge 
Biotechnology Co. Ltd) in the dark at room temperature for 1h 
and then rinsed three times with the blocking buffer. The nuclei 
were counterstained with (DAPI) for visualization. Microscopy 
observation was performed using an Olympus fluorescence 
microscope equipped with a digital camera and Image Pro-Plus. 
Fluorescent intensity was also used to quantitatively measure 
the expression of CD31 by using Image Pro-Plus. 

Flow Cytometry

Characterization of hDFs:To characterize the human dermal 
fibroblasts and to ensure whether or not they are pure human 
dermal fibroblasts, CD 90 (a fibroblast specific surface antigen) 
and CD 29 (a specific surface antigen marker of MSCs) were 
examined via flow cytometry. Briefly, human dermal fibroblasts 
were rinsed three times with PBS and then harvested with 
0.25% trypsin-ethylenediaminetetraacetic acid solution. These 
cells were collected by centrifugation, and then the harvested 
cells were re-suspended in complete medium and mechanically 
dissociated to achieve a single-cell suspension. The single-cell 
suspension was divided into two parts and then the complete 
medium was discarded by centrifugation for both parts. One 
part was incubated with Fluorescein Isothiocyanate (FITC)-
conjugated mouse anti human CD90 antibodies (Bio legend, USA) 
and another with Fluorescein Isothiocyanate (FITC)-conjugated 
mouse anti human CD29 antibodies (Bio legend, USA) at room 
temperature for 30 minutes. And then the incubated cells were 
washed with PBS, re-suspended in 0.5 ml PBS, and evaluated by 
using a FACS Aria instrument (BD Biosciences, USA). The cells 
that had adequate size and granularity were used for statistical 
analysis.

Identification for Endothelial Differentiation of 
hDFs: After endothelial induction of 28 days, the endothelial 
differentiation of hDFs was evaluated by flow cytometry. In 
brief, the induced cells were rinsed three times with PBS and 
then harvested with 0.25% trypsin-ethylenediaminetetraacetic 
acid solution. These cells were collected by centrifugation, and 
then the harvested cells were re-suspended in complete medium 
and mechanically dissociated to achieve a single-cell suspension. 
The complete medium was discarded by centrifugation and the 
induced cells were incubated with Fluorescein Isothiocyanate 
(FITC)-conjugated mouse anti human CD31 antibodies (Bio 
legend, USA) at room temperature for 30 minutes. Finally, the 
induced cells were washed with PBS, re-suspended in 0.5 ml PBS, 
and evaluated by using a FACS Aria instrument (BD Biosciences, 
USA). The cells that had adequate size and granularity were used 
for statistical analysis.

Identification for Osteogenic Differentiation of 
hDFs: After osteogenic induction of 28 days, the osteogenic 
differentiation of hDFs was examined by flow cytometry. In 
brief, the induced cells were rinsed three times with PBS and 
then harvested with 0.25% trypsin-ethylenediaminetetraacetic 
acid solution. These cells were collected by centrifugation, and 
then the harvested cells were re-suspended in complete medium 
and mechanically dissociated to achieve a single-cell suspension. 
The complete medium was discarded by centrifugation and 
the induced cells were incubated with PerCPcy5-conjugated 
mouse anti human CD80 antibodies (Bio legend, USA) at room 
temperature for 30 minutes. The induced cells were washed 
with PBS, re-suspended in 0.5 ml PBS, and evaluated by using a 
FACS Aria instrument (BD Biosciences, USA). The cells that had 
adequate size and granularity were used for statistical analysis.
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Reverse Transcription-Polymerase Chain Reaction 
(RT-PCR) 

Endothelial differentiation of hDFs at 28th day, the induced 
cells were collected to quantify the express of Glyceraldehyde-
3-Phosphate Dehydrogenase (GAPDH), Angiotensin II Type1 
Receptor (AGTR1) and Kinase Insert Domain Receptor (KDR). 
GAPDH was used as a reference gene. The details of primers were 
showed in Table 1.

Osteogenic differentiation of hDFs at 28th day, the induced 
were collected to quantify the expression of Glyceraldehyde-3-
Phosphate Dehydrogenase (GAPDH), runt-related transcription 
factor 2 (RUNX2) and osteocalcin (OCN). GAPDH was used as a 
reference gene. The details of primers were showed in Table 2.

Total RNA was isolated and cDNA was synthesized as 
described as Chun et al [24]. The gene expression levels of AGTR1 
and KDR were normalized according to the GAPDH gene reference 

Table 1: Details of primers for endothelial differentiation

Genes Primer sequences Annealing 
temp

Primer 
length

GAPDH F:AAGCTCATTTCCTGGTATGACA;
R:TCTTACTCCTTGGAGGCCATGT 54 86bp

AGTR1 F:GAATATTTGGAAACAGCTTGGT;
R:CAAAGTCAGTAAAAAGCATAAG 54 119bp

KDR F:AAAGAAGGAGCAACACACAG;
R:CCACATTGAGATGGTGACCAAT 54 85bp

Figure 1: Cell proliferation by CCK assays on days 1, 3, 7, 10, 14, 17 and 21 during (A) endothelial induction and (B) osteogenic induction. Results 
were presented as the mean±SD, and experiments were performed in triplicate.*Significantly different (p< 0.05, n = 3) to the blank group at the 
same time point; **significantly different (p < 0.01, n = 3) to the blank group at the same time point. (Herein, and later, the OSA/NSC groups, RGD-
OSA/NSC groups, and blank control groups were denoted as gel, RGD and blank, respectively whilst these corresponding groups with LIPUS were 
named as L+G, L+R and L+B, respectively.)

by ΔCt method and presented as fold changes. Similarly, the gene 
expression levels of RUNX2 and OCN were normalized according 
to the GAPDH gene reference by ΔCt method and presented as 
fold changes.

Statistical Analysis

All data were expressed as mean ± Standard Deviation 
(SD). Statistical significances of all data were determined using 
Student‘s t-test. The difference is considered significant if the 
p-value is less than 0.05. Indicated error bars correspond to the 
Standard Deviation (SD).

Results 
Proliferation of Cells during Endothelial and 
Osteogenic Differentiation of hDFs

Cell proliferation was determined by the Optical Density 
(OD) values of the CCK-8 assay in our study. The OD values of 
the CCK-8 assay of all the groups exhibited a similar increasing 
tendency over time, as shown in Figure.1. It can be noted from 
Figure.1 that the OD values was low during first 3 days. The 
main reason for that might be that the hydrophilic surface of the 
hydrogel was not beneficial for the adsorption of proteins and 
was not conducive to the adhesion and growth of cells. It can 
be seen that the groups treated with LIPUS showed higher OD 
values compared with those treated without LIPUS, indicating a 
positive effect of LIPUS on enhancing the adhesion and growth 
of cells. A significant increase in cell proliferation was observed 
in all the groups from day 7 to day 17 for endothelial induction 
(Figure.1A) and from day 7 to day 14 for osteogenic induction 
(Figure.1B). The OD values of the groups treated with both LIPUS 
and RGD modification were higher than those of the groups with 
LIPUS only plus those of the groups with RGD modification only. It 
demonstrated that the synergistic effect of LIPUS and RGD on the 
enhancement of the adhesion and growth of cells. The significant 
synergistic effect of LIPUS and RGD on the enhancement of cell 
proliferation occurred at days 3, 10 and 14 both for endothelial 
and osteogenic induction.

Table 2:  Details of primers for osteogenic differentiation

Genes Primer sequences Annealing 
temp

Primer 
length

GAPDH F:AAGCTCATTTCCTGGTATGACA;
R:TCTTACTCCTTGGAGGCCATGT 54 86bp

RUNX2 F:CAAGAGTTTCACCTTGACCAT;
R:GTCATCAAGCTTCTGTCTGTG 54 127bp

OCN F:GTGCAGCCTTTGTGTCCAAG
R:GTCAGCCAACTCGTCACAGT 58 158bp
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Observation of Cell Morphology during Endothelial 
and Osteogenic Differentiation of hDFs

It is generally accepted that hDFs are mainly fusiform and 
that the morphologies of cells have a close relationship with 
their differentiation and mechanical properties as some studies 
revealed that differentiation can result in the change of cell 
morphologies while they, in turn, affect differentiation [25]. 
Thus, the change of cell morphologies during the endothelial 
induction and osteogenic induction may be seemed as evidence 
for differentiation of hDFs. 

As shown in Figure.2A, flow cytometry (FACS) was used 
to measure the expression levels of fibroblast specific surface 
marker CD 90 and MSCs specific surface marker CD 29 in hDFs. 
The used human dermal fibroblasts strongly indicated positive 
expression for CD 90 but negative for CD 29, hence, it can be 
safely concluded that the cells used for the endothelial and 
osteogenic differentiation were only human dermal fibroblasts 
which didn’t contain any MSCs. This is the presupposition for 
the subsequent experiments and conclusions. After induction of 
28 days, as shown in Figure.2B, it was observed that most cells 
presented totally different morphologies from those of human 
dermal fibroblasts, demonstrating that most of dermal human 
fibroblasts may have differentiated. The cells for the endothelial 
induction presented a typical flat polygonal appearance, like 
endothelial cells, while those for osteogenic induction exhibited 
spindle-shaped morphologies with relatively large nuclei similar 
to osteoblasts. 

Alkaline Phosphatase and Alizarin Red Staining for 
Osteogenic Differentiation of hDFs

ALP activity is the most widely recognized biochemical marker 
for osteoblastic activity in the early stage. It is a characteristic 
protein that is used to identify osteoblast-phenotype and 
osteoblast differentiation [26]. Figure.3A shows the results 
of ALP staining of the induced cells at day 3, 7, 10 and 14. The 
expression of alkaline phosphatase was firstly observed at day 
3, although its amount was low, which would increase with the 
increasing cultivation time and reached a peak by day 10 and then 
started to decrease [27]. The initial increase in ALP activity was 
a marker of the commitment towards osteoblastic lineage while 
the subsequent decrease should be attributed to the formation of 

the advanced matrix mineralization and more mature phenotype 
[28]. A repeatable positive expression of alkaline phosphatase in 
the groups treated with RGD could be observed, although it was 
not very pronounced from a statistical point of view, compared 
with that in the groups treated with LIPUS, indicating that there 
existed a possible positive enhancement effect of RGD or LIPUS 
on the osteogenic differentiation of hDFs. Further work needs to 
be done to prove it. The similar results were also detected in the 
later measurement of ALP activity in Figure.3C. The use of LIPUS 
or RGD led to a much higher level of the ALP activity compared 
with that of the blank group, revealing that LIPUS or RGD did 
enhance the differentiation of cultured hDFs towards osteoblasts, 
as indicated by the increase in the ALP activity. 

Alizarin Red S (AR-S) as a dye can bind selectively to calcium 
salts and hence is widely used for calcium mineral histochemistry 
and the assay of formation of new bone. This kind of histological 
staining is based on the capacity of alizarin red to specifically 
stain matrix containing calcium and its positive appearance is 
considered an expression of bone matrix deposition [29]. The 
ability of cells to form mineralized matrix is essential with regard 
to the development of materials for the formation of new bone. 
Normally, the measurement of ALP activity alone is not sufficient 
for determining bone formation. Hence, calcium nodulation is 
considered as another specific marker of extracellular mineralized 
deposit in the late stage [30]. As shown in Figure.3B, alizarin red 
positive nodular aggregates have already been observed in all the 
groups at day 14, indicating the formation of bone mineralization 
matrix at this time. At the same time point, the number and size 
of Alizarin red positive nodular aggregates in the groups treated 
with LIPUS or RGD modification were larger than those in the 
controls, demonstrating the enhancement effect of both LIPUS 
and RGD on calcium deposition and formation of bone matrix. 
The increased number and size of Alizarin red positive nodules 

Figure 2: (A) Flow cytometry analysis of fibroblast specific surface 
marker CD 90 and MSCs specific surface marker CD 29 for human der-
mal fibroblasts; (B) Microscopic observation of cell morphology before 
and after osteogenic and endothelial differentiation of hDFs with acri-
dine orange and HE staining.

Figure 3: (A) ALP staining assay after osteogenic induction of 3, 7, 10 
and 14 days. (B) Images of mineralized nodule formation by staining 
with alizarin red S after osteogenic induction of 14, 21 and 28 days. 
Original magnification: 200×.  (C) ALP activity assay after osteogenic 
induction of 3, 7, 10 and 14 days. (D) Quantitative analysis of calci-
um content after osteogenic induction of 14, 21 and 28 days. Results 
were presented as the mean±SD, and experiments were performed in 
triplicate.*Significantly different (p< 0.05, n = 3) to the blank group at 
the same time point; **significantly different (p < 0.01, n = 3) to the 
blank group at the same time point.
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with the increasing induction time indicated that more and more 
calcium deposition had occurred.

The calcium content at different induction time points was 
measured by using Image Pro Plus to quantitatively assay the 
formation of bone matrix [31]. It can be seen from Figure.3B, the 
change of calcium content presented the same tendency over 
time as Alizarin red S staining as shown in Figure.3D. It can be 
seen that the use of LIPUS or RGD could induce a higher level of 
calcium deposition compared with those in the controls, further 
revealing that LIPUS and RGD could promote the differentiation 
of cultured hDFs towards osteoblasts, as indicated by the increase 
in the calcium content. In comparison, treatment with LIPUS 
led to a much higher level of calcium deposition and a much 
stronger enhancement effect on osteogenic induction than RGD 
modification. Moreover, there was a significant synergistic effect 
of LIPUS and RGD on the enhancement of the calcium nodules 
formation.

Immunofluorescence Staining for Endothelial 
Differentiation of hDFs

In our study, endothelial differentiation of hDFs on OSA/
NSC and RGD-OSA/NSC hydrogels were conducted to evaluate 
their ability to induce vascularization. The immunofluorescence 
staining can provide a direct evidence for endothelial 
differentiation of the cells. The differentiated cells can be 
detected for the expression of endothelial cell markers CD31 
that can be visualized by FITC-conjugated secondary antibody by 
immunofluorescence staining. We chose endothelial cell markers 
CD31 to assay the endothelial differentiation of hDFs and found 
that all the cells expressed specific endothelial markers of CD31 
at day 28 and could be visualized by FITC-conjugated secondary 
antibody shown in Figure.4A, demonstrating that the hDFs had 
been successfully induced to differentiate into endothelial cells 
[32]. Additionally, fluorescent intensity has also been used to 
quantitatively assay the expression of CD31. The cells in the 
groups with LIPUS showed a much higher level of the positive 
expression of CD31 compared with those in the groups without 
LIPUS, revealing that LIPUS might be very useful for promoting 
the endothelial differentiation of hDFs. The highest expression 
level of CD31 was detected in the group treated with both LIPUS 
and RGD and it was much higher than the totality caused by LIPUS 
and RGD alone shown in Figure.4B, indicating the synergistic 
effect of LIPUS and RGD on the enhancement of the endothelial 
differentiation of hDFs.

Flow Cytometry

From the results of flow cytometry, it can be seen that all 
the groups were positive for the expression of endothelial 
cell-associated marker CD31 (Figure.5A), thus indicating the 
success in the endothelial differentiation. From Figure.5A, it 
can be observed that the fluorescence intensity peaks of all the 
experimental groups caused a certain degree of shift towards 
the high fluorescence intensity direction when compared with 
that of IgG isotype control, indicating the positive expression of 
endothelial cell surface marker CD31. As shown in Figure.5C, the 
mean fluorescence intensity of groups treated with LIPUS was 

up-regulated, the ratios of the up-regulation of the blank, gel and 
RGD groups were 12%, 18% and 38%, respectively. The mean 
fluorescence intensity of RGD group was 1.11 times as much as 
that of the blank group; demonstrating that RGD was conducive 
to increasing the expression level of endothelial cell-associated 
marker CD31. The mean fluorescence intensity of RGD group 
treated with LIPUS was approximately 1.53 times as much as 
that of blank group, further revealing the synergistic effect 
(0.53>0.12+0.11) of LIPUS and RGD on the enhancement of the 
expression level of endothelial cell-associated markers CD31. 
Thus, the application of LIPUS and RGD modification can not only 
promote the endothelial differentiation of hDFs but also has a 
certain synergistic effect on it. 

In addition, from the results of flow cytometry, it can be seen 
that all the groups were positive (>98%) for osteogenic cell-
associated marker CD80 (Figure.5B), indicating the success in 
osteogenic differentiation. From Figure.5B, it can be observed 
that the fluorescence intensity peaks of all the experimental 
groups had an obvious degree of shift towards high fluorescence 
intensity direction when compared with that of IgG isotype 
control, indicating the positive expression of osteogenic cell 
surface marker CD80. As shown in Figure.5D, the application 
of LIPUS and RGD modification also led to the similar results in 
the osteogenic differentiation of hDFs. The mean fluorescence 

Figure 4: (A) Images of immunofluorescence staining of cells after en-
dothelial induction of 28 days. The differentiated cells were detected 
for the expression of (red) endothelial cell markers CD31 and visual-
ized by FITC-conjugated secondary antibody. DAPI counter stained nu-
clei in blue. Original magnification: 200×. (B) Quantitative analysis of 
fluorescence intensity of CD31 was performed and values are expressed 
as IOD. Results were presented as the mean±SD, and experiments were 
performed in triplicate.*Significantly different (p< 0.05, n = 3) to the 
blank group at the same time point; **significantly different (p < 0.01, n 
= 3) to the blank group at the same time point.
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intensities of all the groups treated with LIPUS were higher than 
those groups treated without LIPUS, the increased ratios of the 
blank, gel and RGD groups were 10%, 14% and 19%, respectively. 
The mean fluorescence intensity of RGD group was 1.11 times 
as much as that of blank group; and the highest expression of 
CD80 was detected in the group with both LIPUS and RGD, it 
was approximately 1.31 times as much as that of blank group. 
Consequently, the application of LIPUS and RGD modification 
can promote both endothelial and osteogenic differentiations of 
hDFs. 

Reverse Transcription-Polymerase Chain Reaction 
(RT-PCR)

To confirm the endothelial differentiation of hDFs, a panel 
of endothelial related genes including Angiotension II Receptor 
Type1 (AGTR1) and Kinase Insert Domain Receptor (KDR) 
were measured by RT-PCR (Figure.6). The AGTR1 can be found 
in the heart, blood vessels and it seems to be re-expressed or 
up-regulated in vascular and wound healing. KDR, also known 
as Vascular Endothelial Growth Factor Receptor 2 (VEGFR-2), 
plays an essential role in the regulation of angiogenesis, 
vascular development, vascular permeability, and embryonic 
hematopoiesis. It also promotes proliferation, survival, migration 
and differentiation of endothelial cells.

At 28th day after the endothelial differentiation of hDFs, 
it can be observed that all the groups were positive to express 

these endothelial cell specific genes, indicating the success in the 
endothelial differentiation. As shown in Figure. 6A1 and A2, the 
results of all the experimental groups’ minimum cycle number 
verified that the amplified products of AGTR1 and KDR had 
specificity. From the bar graph of Figure. 6C, it has been observed 
that the expression levels of both AGTR1 and KDR for all the 
groups treated with LIPUS have been elevated. The increased 
ratios of AGTR1 for the blank, gel and RGD groups were 30%, 
70% and 130%, respectively, while those of KDR for the same 
groups were 30%, 70% and 220%, respectively; indicating 
that the application of LIPUS was conducive to increasing the 
expression levels of both AGTR1 and KDR. The expression levels 
of AGTR1 and KDR for RGD group were also increased and the 
increased ratios for them were 150% and 20%, respectively, 
when compared with the blank group, demonstrating that RGD 
modification was also beneficial for enhancing the expression 
levels of both AGTR1 and KDR. Furthermore, the expression 
levels of AGTR1 and KDR for RGD group treated with LIPUS 
were approximately 2.3 times and 3 times higher than that of 
blank group suggesting that the synergistic effect (2.3>0.3+1.5 
for AGTR1 and 3>0.3+0.2 for KDR) of LIPUS and RGD on the 
up-regulation of the expression level of both AGTR1 and KDR. 
The results of electrophoresis (Figure. 6B) showed that the 
electrophoresis bands of all the experimental groups were very 
clear and the variation trend of the electrophoresis brightness 
could match the results of the bar graph very well. 

Figure 5: Endothelial and osteogenic differentiation of human dermal fibroblasts. Flow cytometry analysis of CD31 (A) after endothelial induction 
of 28 days and CD80 (B) after osteogenic induction of 28 days. The corresponding mean fluorescence intensity of CD 31 (C) and CD80 (D) for (A) 
and (B).v
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To identify the osteogenic differentiation of hDFs, the 
expression levels of osteogenesis-related genes including runt-
related transcription factor 2 (RUNX2) and osteocalcin (OCN) 
were measured by RT-PCR analysis (Figure.6). RUNX2, also known 
as Core Binding Factor alpha 1 (Cbfα 1), is an osteoblast specific 
transcription factor that regulates osteoblast differentiation and 
bone formation by initiating the expression of many bone specific 
genes. Osteocalcin (OCN), the most typical maker for late-stage 
osteogenesis, is already known to play an important role in the 
process of ossification for bone formation. 

At 28th day after the osteogeic differentiation of hDFs, it has 
been observed that all the groups were positive to express these 
osteogenesis-related genes, indicating the success in osteogenic 
differentiation. As shown in Figure. 6A3 and A4, the specificity 
of amplified products of RUNX2 and OCN was verified by the 
minimum cycle number of all the experimental groups. From the 
histogram of Figure 6C, it can be seen that the expression levels of 
RUNX2 and OCN for all the groups treated with LIPUS have been 
improved. The increased ratios of RUNX2 for the blank, gel and 
RGD groups were 100%, 110% and 140% while the increased 
ratios for OCN of blank, gel and RGD groups were 50%, 60% and 
80%, respectively, indicating that LIPUS contributed to promoting 
the expression levels of RUNX2 and OCN. The expression levels of 
RUNX2 and OCN in RGD group were also elevated when compared 
with the blank group, the raised ratios for RUNX2 and OCN were 
20% and 60%, respectively, also demonstrating that RGD was 
beneficial for up-regulating the expression levels of RUNX2 and 
OCN. Additionally, the expression levels of RUNX2 and OCN for 
RGD group treated with LIPUS were approximately 3 times and 
1.6 times higher than that of blank group, respectively, suggesting 
the synergistic effect (3>1+0.2 for RUNX2 and 1.6>0.5+0.6 for 
OCN) of LIPUS and RGD on the up-regulation of the expression 
levels of RUNX2 and OCN. Moreover, the electrophoresis bands 
of all the experimental groups (Figure.6B) were very clear and 

the variation trend of the electrophoresis brightness was in good 
agreement with the results of the histogram.

In brief, the application of LIPUS and RGD modification not 
only can promote the endothelial and osteogenic differentiations 
of hDFs but also has a certain synergistic effect on them.

Discussion
The Effect of RGD Modification on the Proliferation and 

Differentiation of hDFs

Owing to good biocompatibility, biodegradation and 
appropriate mechanical properties, hydrogels have good 
prospects in biomedical applications. However, hydrophilic 
surfaces of hydrogels are not beneficial for the adsorption of 
protein and not conducive to the adhesion and growth of cells 
[33]. As a result, these will allow the biomedical applications 
of hydrogels to be limited. Therefore, the functionalization and 
modification of hydrogels are becoming very important in tissue 
engineering. In this study, the modification of hydrogels by 
grafting cell adhesive molecules RGD has been proved to be a 
promising approach to overcome these issues. It has been seen 
that the RGD-OSA/NSC samples presented a higher absorbance 
value than the OSA/NSC ones. This result demonstrated that 
the RGD modification of hydrogels could improve the adhesion, 
growth and proliferation of hDFs to a certain extent indeed. 
Moreira et al.’s study showed that the seeded cell population in the 
3-D dense collagen scaffolds can affect the degree of osteoblastic 
cell proliferation, differentiation and some aspects of matrix 
remodeling activity [34]. In this present study, the groups treated 
with RGD modification indicated a higher expression levels of 
numerous markers and genes associated with endothelial and 
osteogenic differentiation, suggesting that RGD can promote the 
differentiation of hDFs. This promoted effect of RGD modification 
on the differentiation of hDFs might be attributed to the much 
higher cell density caused by RGD modification. These results 

Figure 6: Endothelial and osteogenic differentiation of human dermal fibroblasts. RT-PCR analysis was performed for AGTR1 (A1); KDR (A2) after 
endothelial induction of 28 days and for OCN (A3); RUNX2 (A4) after osteogenic induction of 28 days. The relative gene expression levels were 
normalized by GAPDH and shown in (C) and (D). *Significantly different (p< 0.05, n = 3); **significantly different (p < 0.01, n = 3).
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are similar to those that we have reported on previously in the 
differentiation of hMSCs [19].

The Effect of LIPUS with 1 MHz and 200 mW/cm2 on 
the Proliferation and Differentiation of hDFs

Takayama et al. reported that transient LIPUS stimulation 
(1.5 MHz, 30mW/cm2, 20 minutes everyday) did not affect the 
rate of cell proliferation [22]. Parvizi et al. reported that pulsed 
ultrasound stimulates (1 kHz) had no effect on cell proliferation 
[35]. However, Bohari et al found that LIPUS alone showed a 
positive effect on human dermal fibroblasts proliferation and 
collagen deposition even without growth factor supplements 
[36]. We speculate that the bio-effects of cells caused by LIPUS 
depends on appropriate ultrasound dosage and ultrasound 
stimulates have no effect on cell proliferation under too high 
or too low intensity and frequency. In this present work, it can 
be seen that all the experimental groups treated with LIPUS 
exhibited a higher OD values compared with those groups 
treated without LIPUS. Our present and previous results showed 
that 1 MHz and 200 mW/cm2 might be a suitable frequency and 
intensity that was beneficial for the proliferation of most kinds 
of cells [19]. Warden et al. found that LIPUS could stimulate the 
expression of the immediate early response genes c-fos and COX-
2, and elevate mRNA levels for the bone matrix proteins ALP and 
OCN, suggesting that LIPUS has a direct effect on bone formation 
[37]. Mostafa et al found that LIPUS treatment enhanced 
osteogenic differentiation potential of human gingival fibroblasts 
as determined by significant up-regulation of specific ALP activity 
and osteopontin (OPN) expression [38]. The present study also 
showed that all the groups treated with LIPUS showed higher 
expression levels of ALP activity, calcium nodules, osteogenic cell 
associated surface antigen marker CD80 and osteogenesis related 
genes RUNX2 and OCN when compared with those groups treated 
without LIPUS. However, up to date there has not been any report 
on the endothelial differentiation of hDFs. In this study, all the 
groups treated with LIPUS showed a higher expression level of 
endothelial cell associated surface antigen marker CD31, higher 
expression levels of endothelial related genes AGTR1 and KDR 
when compared with those groups treated without LIPUS. Hence, 
the application of LIPUS can promote not only the proliferation 
but also endothelial and osteogenic differentiation of hDFs.

Synergistic Effect of LIPUS and RGD on the Proliferation 
and Differentiation of hDFs

In our study, the proliferation, endothelial and osteogenic 
differentiations of hDFs were all significantly enhanced by the 
simultaneous application of LIPUS and RGD modification. To 
our best knowledge, there has been no any report on them yet. 
We speculate that the synergistic effect on the enhancement 
of proliferation is achieved by RGD promoting cell adhesion to 
create a higher cell density and LIPUS stimulating hDFs to release 
ECMs, which further enhance the adhesion of hDFs. Similarly, for 
the synergistic effect on the enhancement of hDFs differentiation, 
the application of RGD can promote cell proliferation to achieve 
a higher cell density, thus enabling LIPUS to stimulate more hDFs 
to release growth factors to form a microenvironment with high 

concentrations of growth factors where differentiation of hDFs 
can be successfully induced. More importantly, in our previous 
study on the differentiation of hMSCs, we have reported on 
some similar results and proposed a signaling pathway-based 
mechanism on a positive synergistic effect of LIPUS and RGD on 
differentiation of hMSCs [19]. During this process some same 
receptors might simultaneously respond to a few “chemical 
ligands”, for example, integrins respond to not only RGD but 
also LIPUS. We hence inferred that LIPUS can stimulate hMSCs 
by activating some special mechanosensors while these sensors 
can trigger signaling pathways to activate transcription factors 
to bind with the appropriate cis elements so as to modulate 
the expression of the gene and then the protein, the changes of 
which in turn modulate the function of the hMSCs and finally 
result in the differentiation of hMSCs [39]. Moreover, LIPUS can 
increase the permeability of the cell membrane and accelerate 
signal transmission and enhance the role of cytokines and 
RGD, promoting the differentiation of hMSCs [40]. Hence, a 
positive synergistic effect of LIPUS and RGD can be expected. 
For the differentiation of hDFs, we speculate that the same 
mechanism and signaling pathways might be responsible for 
the differentiation of hDFs, hence, it might also be true for the 
positive synergistic effect of LIPUS and RGD on differentiation of 
hDFs in the same way.

Conclusion
This in vitro study was successfully designed to evaluate 

the capacity of hDFs to differentiate into both osteogenic and 
endothelial cell lineages and in turn to see whether or not they 
can be used as an alternative for seed cells in tissue engineering. 
The results showed that the endothelial and osteogenic 
differentiations of hDFs could be successfully induced, which 
have been confirmed by checking ALP activity and calcium 
nodules as well as expression levels of CD80, RUNX2, OCN, 
CD31, AGTR1 and KDR. The results revealed that the application 
of LIPUS and RGD modification improved the proliferation, 
endothelial and osteogenic differentiations of hDFs to different 
degree, especially when they were simultaneously applied. From 
the obtained result data, it could be concluded that hDFs possess 
the capacity to differentiate into both osteogenic and endothelial 
cell lineages and might be an alternative autologous cell source 
for future bone tissue engineering. 
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