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Synergistic effect of released dexamethasone
and surface nanoroughness on mesenchymal stem cell
differentiation

Shan Ding,†a Jinrong Li,†a Chao Luo,a Long Li,b Guang Yangb and
Shaobing Zhou*a,b

Stem cells can alter their shapes and functions in response to the physical cues at the cell–substrate inter-

face or the chemical signals in the culture environment. In this study, the surface nanoroughness, as a

physical cue in the form of the beads-on-string features on polymer nanofibers, was fabricated through

an electrospinning technology, and simultaneously dexamethasone (DEX), an osteogenic differentiation

factor as a chemical signal, was incorporated into these nanofibers during this process. The morphology

of the DEX-loaded nanofibers was observed with scanning electron microscopy (SEM). In vitro DEX

release was carried out in PBS over a period of 29 days. The combination of the physical and chemical

signals was also used to investigate the differentiation capability of rat bone marrow mesenchymal stem

cells (rBMSCs) through SEM and fluorescence microscopy observation, alkaline phosphatase (ALP) activity

assay, Alizarin Red S staining, quantification of mineral deposition and quantitative real-time PCR ana-

lysis. The results indicate that the DEX gradually released into the culture medium played a dominant

role in promoting rBMSCs’ differentiation towards osteoblast-like cells, and the surface nanoroughness

could play a supporting role in the differentiation. Therefore, this DEX-loaded polymer nanofiber scaffold

with moderate surface nanoroughness has great potential application in bone tissue regeneration.

Introduction

Stem cell fate is determined by a number of factors, including
soluble and matrix-bound factors, cell–cell contact and the
interaction of the cells with substrate topography.1 Cells that
adhere to the substrate matrix can sense the interfacial physi-
cal features of the matrix and chemical factors in the living
environment. Surface topography is one of the physical fea-
tures of the adhesive surface, which plays an important role in
regulating survival, self-renewal, and differentiation of multi-
potent stem cells.2–8 Currently, numerous techniques have
been employed for creating artificial substrates with a con-
trolled nanotopographical feature on different materials.9–13 In
2012, we also attained nanoscale topographical features on the
surface of polymer nanofibers fabricated by an electrospinning
technology, and found that moderate surface nanoroughness

could modulate and facilitate cellular functions compared
with a smooth surface.14 The electrospinning approach has
been widely used for fabricating polymer fiber scaffolds for
tissue engineering due to the applicability of the process to a
wide range of materials, as well as its simple set-up and low
operating costs.15–17

Simultaneously, apart from the physical cues of material
surfaces, the chemical signals in the culture environment also
exert an extensive influence on the multilineage differentiation
of stem cells.18,19 The differentiation of stem cells can be
directly mediated by presenting appropriate chemical signals
in their microenvironment.20 For instance, incubation of
mesenchymal stem cells (MSCs) with dexamethasone (DEX),
ascorbate and β-glycerophosphate can promote their differen-
tiation towards osteogenic lineage.21 However, the molecular
mechanisms underlying these chemical-induced regulatory
signals remain mostly unknown. Generally, these chemicals
are directly added into the culture medium, which can supply
an induced environment for cells. The direct use of DEX has
been limited mainly due to toxic side effects; therefore, the
development of an novel carrier that can effectively deliver the
DEX to stimulate MSCs towards osteogenic differentiation and
minimize toxic side effects in vitro and in vivo has been widely
studied.22–25 More recently these chemical molecules have†Co-first authors.
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been widely encapsulated or incorporated into the scaffold in
a variety of ways during the scaffold fabrication process.26,27

Kim et al. demonstrated that the drug-loaded poly(lactic-co-gly-
colic acid) (PLGA) scaffold can induce osteogenic differen-
tiation of hMSCs in vitro, and osteogenic differentiation and
osteogenesis in vivo.28 Here, we use dexamethasone, a syn-
thetic glucocorticoid, as a model drug to study the influence of
chemicals on the differentiation of MSCs.

In this study, we investigated the synergistic effect of
released DEX from electrospun biodegradable nanofibers and
the surface nanoroughness on MSCs differentiation on the
basis of our previous study.14 The surface nanoroughness on
the electrospun fibers can be achieved easily and controlled
conveniently by the electrospinning approach. The DEX
release was investigated by adjusting the drug loading content
in biodegradable polylactic (PLA) fiber matrix. The surface
nanoroughness, in the form of beads-on-string features, was
tuned through changing the electrospun polymer solution. To
date, bone tissue trauma and diseases result in severe pain
and disability for millions of people worldwide, and thera-
peutic repair of skeletal tissues by tissue engineering has
attracted great attention.29 Therefore, the osteogenic differen-
tiation capacity of MSCs into osteoblast-like cells was investi-
gated by combining the released DEX and the surface
nanoroughness. We anticipate that the incorporation of the
chemical and physical cues can be more beneficial in promo-
ting MSCs differentiation.

Experimental
Materials

Poly-D,L-lactide (PLA, Mw: 140 kDa) was synthesized by ring-
opening polymerization of cyclic D,L-lactide monomer accord-
ing to our previous report.30 The weight-average molecular
weight (Mw) and its distribution (d: 1.2) were determined by
Gel Permeation Chromatography (GPC, Waters 2695 and 2414,
America). Dexamethasone (DEX) was purchased from Sigma-
Aldrich, Germany. All other chemicals and solvents were pur-
chased from Chengdu Kelong Chemical Reagent Factory and
were of reagent grade or better, and used without further
purification.

Fabrication of DEX-loaded electrospun nanofibers with
moderate surface nanoroughness. PLA with a concentration of
10% (w/v) was dissolved in acetone, and mixed with DEX with
different contents (0, 1, 5, and 10 wt% PLA) at room tempera-
ture under stirring for 24 h before electrospinning. The electro-
spinning process was performed as follows. Briefly, the
resultant mixed solution was poured separately into a 5 mL
syringe attached to a circular shaped metal capillary through a
polyethylene catheter (1.5 m). The circular orifice of the capil-
lary has an inner diameter of 0.7 mm. A tension of 23 kV, a
needle tip-to-ground collector distance of 12 cm and a flow
rate of 2.7 mL h−1 were defined as optimized processing con-
ditions for electrospinning. Randomly orientated nanofiber
membranes were collected by the drum wrapped with

aluminum foil at 50 rpm. The collected fiber meshes were
dried under vacuum at room temperature for 3 days to comple-
tely remove solvent residue and then stored at 4 °C. Herein,
the so-called DEX-0, DEX-1, DEX-5, DEX-10 correspond to the
PLA fiber meshes with DEX contents of 0%, 1%, 5%, 10%,
respectively.

Characterization of the surface nanoroughness

Scanning electron microscopy (SEM). The electrospun nano-
fiber meshes were gold-coated using sputter coating to observe
the surface topographies by SEM (FEI, Quanta 200, Philips,
Netherlands). Micrographs were recorded at 20.0 kV with mag-
nifications ranging from 1000 to 5000 times. The electron
accelerating voltage for SEM was 20.0 kV. Micrographs from
the SEM analyses were digitized and analyzed with Image Tool
Pro Plus 6.0 to determine the average aspect ratio (length/
width) of beads and number of beads per 100 μm length of a
single fiber (bead density).

Atomic force microscopy (AFM). Atomic force microscopy
(AFM) (CSPM5000, Beijing, China) was used for deriving the
surface roughness profiles. All the measurements were per-
formed in a dry environment at room temperature in contact
mode over a sampling area of 50 × 50 μm2 for each rough sub-
strate. The AFM sample was prepared by electrospun nano-
fibers deposited on silica wafers, which was then dried under
vacuum. Δh values measured through surface roughness scan-
ning line represented the half-height of beads, which was cal-
culated from the top to the nanofiber surface (not to the
substrate surface).

In vitro DEX release. The DEX release profile from the elec-
trospun fibers was studied as follows. The fiber meshes with a
weight of 50 mg were placed into individual test tubes contain-
ing 30.0 mL of phosphate buffered saline (PBS) at pH 7.4 and
incubated in an air oscillatory bath at 37 °C. At predetermined
intervals, 3 mL of release medium was taken out and the same
volume of fresh PBS was added back into the test tube. The
amount of drug released at various times, up to 696 h, was
determined using UV-vis spectrophotometry (Shimadzu
UV-2551, Japan) at 242 nm for DEX with the aid of the cali-
bration curves of the drug in the same release medium. These
experiments were done in triplicate for each sample.

Expansion, seeding and osteogenic differentiation of
rBMSCs. Rat bone marrow mesenchymal stem cells (rBMSCs)
were obtained from 10 day-old newborn mice by a whole bone
marrow culture method. Bone marrow cavity was washed with
the complete medium, then bone marrow cell suspensions
were collected and cultured. By changing the medium at a
selected time to remove the hematopoietic cells, and strictly
controlling the passage time, rBMSCs were purified. Before
in vitro studies, PLA nanofiber meshes were cut into small
round pieces with areas of approximately 1.5 cm2, and steri-
lized with ultraviolet irradiation using UV lamps. Then the
fiber meshes were placed in a 24-well tissue culture plate, and
tissue culture plate polystyrene (TCP) acted as a control.
Finally the meshes were immersed in primary culture media
for 30 min prior to cell seeding. Confluent rBMSCs at passage
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4 were harvested for seeding onto the nanofiber meshes at a
density of 1.0 × 105 cells per well of the fiber meshes. The cells
on the DEX-loaded fiber meshes were cultured in DEX-absent
osteogenic differentiation media (basal medium supplemented
with 50 μg mL−1 ascorbic acid and 10 mM β-glycero-
phosphate). The cells on TCP were supplied with standard
osteogenic differentiation media (basal medium sup-
plemented with 50 μg mL−1 ascorbic acid, 10 mM β-glycero-
phosphate and 100 nM dexamethasone).

Cell proliferation and morphology assessment. The cell pro-
liferation on the surface of fiber meshes and TCP was deter-
mined by means of the Alamar blue assay as specified by the
manufacturer (Biosource, Nivelles, Belgium). Here, cell suspen-
sion was pipetted directly into the wells with an initial seeding
density of 2 × 104 cells per well, and supplemented with the
standard growth medium media (Dulbecco’s Modified Eagle’s
Medium-high glucose with 10% calf serum and 1% penicillin–
streptomycin). At 1, 3, 5 and 7 days post cell seeding, culture
medium was replaced with the working Alamar blue solution
(10% Alamar blue, 80% media 199, Gibcos, and 10% FBS; v/v).
After that, 200 μL samples of the supernatant from each well
were collected and read at 570 nm (excitation)/600 nm (emis-
sion) in a enzyme linked immunosorbent assay (ELISA) micro-
plate reader (Molecular Devices, Sunnyvale, CA, USA). Results
are defined as mean ± standard deviation, and each sample
was performed in triplicate. Cells cultured on the nanofiber
meshes were analyzed by SEM (FEI, Quanta 200, Philips, Neth-
erlands) after 3 days seeding to characterize cell morphology,
spreading, elongation, and growth. For SEM observation, the
samples were washed twice with PBS and fixed with 2.5% glu-
taraldehyde overnight at 4 °C. After that, the specimens were
further dehydrated through a series of graded alcohol solu-
tions and then left to dry overnight.31,32 The dry cellular
meshes were finally sputter coated with palladium and
observed under the SEM at an accelerating voltage of 20.0 kV.
Similarly, in order to be observed by fluorescence microscopy
(DMIL, Leica, Germany), rBMSCs cultured on the nanofiber
meshes and TCP were firstly fixated by 2.5% glutaraldehyde
overnight, and then stained by Rhodamine 123 (Sigma
America) and 4′,6-diamidino-2-phenylindole (DAPI) (Sigma
America) for cytoplasm and nuclei, respectively. High resolu-
tion images were obtained using a confocal laser scanning
microscope (FV1000, Olympus, Japan). The cell surface area
was calculated by Imag-Pro Plus 6 through randomly choosing
20 cells from the fluorescence microscope images per sample.

Alkaline phosphatase (ALP) quantification

ALP activity was assayed by a colorimetric method using
p-nitrophenol assay,33 in which p-nitrophenylphosphate
(pNPP), a colorless organic phosphate ester substrate, is hydro-
lysed to a yellow product, p-nitrophenol, and phosphate by the
ALP. The reaction was stopped by addition of 2 M NaOH and
the absorbance read at 405 nm in an ELISA microplate reader
(Molecular Devices, Sunnyvale, CA, USA). The amount of ALP
was calculated against a predetermined standard curve.

Mineralization analysis

Calcium deposition was determined by Alizarin Red S staining
in 24-well plates. Alizarin Red S is a dye that selectively binds
calcium salts and is widely used for mineral staining. The
rBMSCs were cultured on the fiber meshes and TCP for
14 days or 21 days. The samples were then washed three times
with PBS, fixed in ice-cold 70% ethanol for 1 h (4 °C) and then
washed thrice with distilled water. After that, the ethanol-fixed
samples were stained with 0.1% Alizarin Red S for 1 h at room
temperature and washed several times with dH2O. These
samples were observed under an optical microscope (SM11-XP)
and photographed. Later, the stain was extracted with 10%
cetylpyridinium chloride in 10 mM sodium phosphate buffer
(pH 7.0) for 15 min at room temperature. The optical density
at 545 nm of the collected dye was measured using a UV-vis
spectrophotometer (Shimadzu UV-2551, Japan). Results are the
mean ± standard deviation of three experiments performed in
triplicate.

RNA isolation and real-time quantitative polymerase chain
reaction (RT-PCR). At determined time points (14 days), total
RNA from the scaffolds was extracted using the Trizol (Sigma)
method and cDNA synthesis was performed by RevertAid First
Strand cDNA Synthesis Kit (Thermo, USA). Amplification of
the target cDNA for real-time PCR quantification was per-
formed according to the manufacturer, using 2 μL RT cDNA
products, 0.8 μL each primer (0.4 μM) (bone-specific primer
sets listed in Table 1, 10 μL SYBR Primix Ex Taq II (2×) and
ddH2O, in a final volume of 20 mL. Forty-four cycles of de-
naturation (95 °C, 5 s), annealing (55 °C, 30 s) and extension
(72 °C, 30 s) were carried out in the gradient MiniOpticon real-
time PCR system (Pikoreal 96, Thermo, USA) for all genes.
β-Actin was chosen as a housekeeping gene to normalize gene
expression using the ΔΔCT method.34 Here, all levels of
expression were normalized by the level of expression of TCP
positive control (rBMSCs cultured with standard osteogenic
differentiation media).

Results and discussion
Characterization of the DEX-loaded electrospun PLA
nanofibers with nanoroughness

As depicted above, DEX, one of the typical osteogenic induc-
tion factors, was dissolved at different concentrations (0, 1, 5
and 10 wt% PLA) in the polymeric solution to be electrospun.
Previously we successfully fabricated the electrospun nanofiber

Table 1 Primer list of osteogenic markers for RT-PCR

Gene Forward primers (5′–3′) Reverse primers (5′–3′)

RUNX2 GCT TCT CCA ACC
CAC GAA TG

GAA CTG ATA GGA CGC
TGA CGA

OPN AAG CCT GAC CCA
TCT CAG AA

GCA ACT GGG ATG ACC
TTG AT

OCN AAA CAT GGC AAG
GTG TGT GA

AGG TGA CCA GGA CGT
TTT TG
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meshes with suitable surface nanoroughness using an opti-
mized polymer solution of 10% (w/v).14 The nanoroughness on
fibers with beads-on-string features was characterized mainly
by the half-height of beads which was calculated from the top
to the nanofiber surface, the aspect ratio and average number
of beads. Herein, we also fixed the concentration of the electro-
spun polymer solution to 10% and only altered the content of
the added DEX to acquire the electrospun nanofiber meshes
with a similar nanoroughness to those in our previous
report.14 Fig. 1A shows the SEM images of the surface mor-
phology of the randomly orientated electrospun nanofibers
loaded with different concentrations of DEX. It can be
observed that all the electrospun nanofibers displayed the
beads-on-string feature and most of the beads on the fibers
were homogeneous. The diameter of the fibers is about
400 nm. The addition of DEX has little effect on the shape of
the beads. However, both the size of the beads and the dia-
meter of fibers show a slight increase upon increasing DEX
content from 0 to 10%. From the corresponding SEM photos,
the aspect ratio and the average number of beads per 100 μm
length of a single nanofiber can also be calculated as shown in
Fig. 1B. There is no statistical difference for the aspect ratio
and the average number of beads on a single fiber between
every pair of samples. The important parameter of the surface

nanoroughness, half-height of beads on all fibers, can be
characterized with AFM. The half-heights are similar, and the
typical AFM photo of DEX-5 is shown in Fig. 1C. We can find
that the Δh of beads is about 710 nm.

In vitro release of DEX from electrospun nanofiber meshes

The release profile of DEX was followed over 29 days in order
to maintain consistency with the culture time usually required
to observe a complete osteogenic differentiation of MSCs
in vitro. As shown in Fig. 2, all the curves showed a significant
initial burst release of DEX during the original 2 days. At this
time point, the percentages of accumulative release were
38.22%, 44.90% and 47.76% for DEX-1, DEX-5 and DEX-10,
respectively. This initial quick release may derive from the
diffusion of DEX distributed at or close to the surface of nano-
fibers. It was noticed that a higher drug loading led to a faster
release rate. After 72 h, a slow sustained release of DEX was
observed for all systems.

Cell viability and morphology assessment

The cytotoxicity evaluation of DEX-loaded fiber meshes was
performed by means of the Alamar blue assay at 1, 3, 5 and 7
days. The proliferation result of rBMSCs cultured on the
fiber meshes was shown in Fig. 3A. For all the fiber meshes,

Fig. 1 (A) Scanning electron microscopy images of randomly orientated nanofibers with different DEX loading content. (B) Histograms illustrating the aspect ratio
and the number of beads per 100 μm length of the randomly orientated nanofibers. (C) Typical atomic force microscopy images of DEX-5. Left: 3D image; right: the
surface roughness scanning of fibers along the blue line in the left image. Δh represents the half-height of beads.
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rBMSCs continued proliferation during the cell culturing time.
There is no significant difference among these experimental
groups on the 1st and 3rd day. However, the rBMSCs viability in

DEX-10 sample was obviously lower compared with TCP on day
5 and day 7. It indicates that the incorporation of 10% (w/w)
DEX has a slightly negative effect on the growth of rBMSCs. In
the study by Jaiswal et al., the optimal concentration of DEX
for the osteogenic differentiation of MSCs should be 0.4 μg, at
which concentration the expression of osteogenic markers and
the formation of mineralized ECM was proved to be the most
effective.21 However, when the concentration of DEX reached
4 μg, it may have an adverse effect for cultured cells. In other
words, it requires about 0.4 μg (100 nM) DEX to be sup-
plemented into the standard osteogenic medium every other
day in the process of the osteogenic differentiation of MSCs.
According to the release profile of DEX (Fig. 2), about 60 μg
DEX released from DEX-10 nanofiber meshes into the growth
medium after 24 h cell culture, which released 150 times
higher than the standard osteogenic medium. After the burst
release, the dosage of approximately 18 μg of DEX released
from the DEX-10 nanofibers was maintained every day, which
was still greatly higher than the standard concentration and
could bring slight adverse effects to these cultured cells as pre-
viously reported.35 From the DEX release profile of DEX-5, we
can also calculate that the accumulative release amount of

Fig. 2 In vitro DEX release from the electrospun PLA nanofiber meshes with
different DEX loading content in PBS at pH 7.4 at 37 °C.

Fig. 3 (A) Cell viability determined by means of the Alamar blue assay at day 1, 3, 5 and 7. Results are presented as the mean ± SD, and experiments were per-
formed in triplicate. * Indicates the data that has significant difference (p < 0.05, n = 3) to the blank control group, TCP at the same time point. (B) Scanning electron
microscope images of rBMSCs cultured on fiber meshes for 3 days.

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2013 Biomater. Sci., 2013, 1, 1091–1100 | 1095

Pu
bl

is
he

d 
on

 1
7 

Ju
ly

 2
01

3.
 D

ow
nl

oa
de

d 
on

 2
5/

09
/2

01
3 

04
:0

0:
07

. 
View Article Online

www.sp
m.co

m.cn

http://dx.doi.org/10.1039/c3bm60095e


DEX in the initial 24 h was 25 μg, which is temporally negative
to cell growth; however, after that, the DEX released every day
was maintained at about 4 μg, which was close to the standard
concentration. Therefore, the cells cultured on DEX-5, DEX-1
and DEX-0 almost maintained healthy growth.

To verify the Alamar blue analysis, the morphologies of
rBMSCs cultured on the fiber meshes for 3 days were observed
by SEM as shown in Fig. 3B. It can be seen that rBMSCs
showed normal morphology, which were polygonal and spread
well on all the fiber meshes. Meanwhile, we can observe the
lamellipodium and filopodium protruding from cells in SEM
images. In order to further confirm the results from the
Alamar blue assay, the fluorescent microscopic images of
rBMSCs cultured on the fiber meshes were taken as a sup-
plement to optical microscope images (Fig. 4A). Finally, the
confocal microscopy images of rBMSCs cultured on DEX-5 was
displayed so as to observe the actin cytoskeleton (Fig. 4B). It
can be seen that cell proliferation on the DEX-5 sample was
the best among all the samples. Furthermore, the morphology
of rBMSCs on fiber meshes apparently had a larger cell area,

more branching than those on TCP. As depicted in Fig. 4B, the
F-actin staining on day 7 showed the formation of an actin
cytoskeleton for rBMSCs cultured on DEX-5 samples. The
excellent adhesion and spreading of a single rBMSC on the
surface nanoroughness were also illustrated in Fig. 4C. The
quantitative analysis of cell surface area was shown in Fig. 5.
The incorporation of the suitable DEX dosage and moderate
surface nanoroughness could promote the rBMSCs adhesion
and spreading. In addition, cells cultured on the meshes can
adhere to the nanofibers and develop elongated and highly
branched morphology due to the presence of the DEX and the
surface nanoroughness as previously reported.36

Alkaline phosphatase (ALP) activity

Alkaline phosphatase (ALP) is an enzyme, which was secreted
from normal bone cells during the early matrix formation and
maturation period. Lian et al. demonstrated that cells usually
proliferate until 7 or 14 days and then start to secrete ECM pro-
teins and produce early differentiation markers, such as ALP.37

Therefore, ALP can act as an early marker of osteogenic

Fig. 4 (A) Fluorescence microscope images of rBMSCs cultured on fiber meshes for 7 days. The nucleus was stained by DAPI (blue) and the cytoplasm was stained
by Rhodamine 123 (red). All the scale bars are 200 μm. (B) Confocal microscopy images of rBMSCs cultured on DEX-5 for 7 days. (C) Schematic representation of
rBMSCs adhering to the beads-on-string nanofibers through focal adhesion, white dots indicate the DEX released from nanofibers.
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differentiation of hMSCs. The expression of ALP from rBMSCs
cultured with TCP and all types of fiber meshes for 7, 14, and
21 days is shown in Fig. 6A. rBMSCs seeded on the fiber
meshes were cultured up to 21 days and supplied with dexa-
methasone-absent osteogenic differentiation media and cells
cultured on TCP in standard osteogenic differentiation media

acted as control. As shown in Fig. 6A, we find that rBMSCs
seeded on all the samples started to secrete ALP on day 7,
increased continuously to day 14, and decreased on day 21. On
day 7, the ALP activities of the cells that grew on the surfaces
of TCP were significantly higher than those on the fiber sub-
strates. Because ALP is triggered by cellular contact, cells on
the TCP firstly reached confluence, which have been confirmed
by the results of Alamar blue analysis above. However, on day
14 and day 21 the DEX-loaded fibers showed more efficient
ALP activity, especially for the DEX-5 sample. The ALP activity
of rBMSCs cultured on DEX-5 sample for 14 days is 0.37 nmol
min−1 per 104 cells. In our previous study, we confirmed that
the ALP activity of rBMSCs on day 14 was about 0.31 nmol
min−1 per 104 cells under the stimulation of both the same
surface nanoroughness and osteogenic inducer.14 Therefore, it
is indicated that the DEX sustained release from nanofibers
coupled with the surface nanoroughness on the fiber meshes
could promote the differentiation of rBMSCs towards osteo-
blasts. Moreover, the released DEX played a dominant role in
rBMSCs differentiation.

Mineralization

To confirm the matrix mineralization, calcium deposition was
analyzed qualitatively and quantitatively by Alizarin Red S

Fig. 5 The quantitative analysis of cell surface area of rBMSCs cultured on fiber
meshes for 7 days. * Indicates the data that has significant difference (p < 0.05,
n = 3) to TCP.

Fig. 6 (A) Alkaline phosphatase activities of rBMSCs seeded on the substrates loaded with different DEX content for 7, 14 and 21 days. (B) Photographic images of
Alizarin Red S staining on day 21 after being cultured on the surfaces of TCP and various types of fiber meshes (scale bar = 200 μm). (C) The corresponding quantitat-
ive analyses of the mineralization of rBMSCs on the samples. * Significance at p < 0.05 with respect to TCPS. # Significance at p < 0.05 with respect to the sample
DEX-10.
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staining. Fig. 6B displays the photographic and optical images
of the Alizarin Red S staining for the mineralization on
rBMSCs cultured on the different surfaces for 21 days. In
Fig. 6B, the red or orange-red dots dispersed in the images cor-
respond to the mineralized nodules, and the intensity of the
Alizarin Red S staining indicated the degree of mineralization.
It can be seen that cells cultured on all the fiber meshes
stained positively for Alizarin Red S, which indicated that
rBMSCs were successfully osteogenically induced. rBMSCs cul-
tured on the DEX-5 samples exhibited the greatest intensity,
followed by those that cultured on TCP. Fig. 6C showed that
the quantification of calcium deposition produced by rBMSCs
that had been cultured on all types of fiber meshes for 14 and
21 days under DEX-absent osteogenic differentiation medium.
Here, cells cultured on TCP under standard osteogenic differ-
entiation medium act as a positive control. According to the
obtained results, the calcium deposition on DEX-0 sample was
significantly less than other samples, which can be attributed
to the lack of the important osteoblast induction factor, DEX.
The DEX-5 nanofibers exhibited the highest calcium content at
all the time points, which was in good agreement with Fig. 5A
and B. These results also indicated that the DEX released has a
key influence on the differentiation of the rBMSCs to osteo-
blast-like cells.

The mineralization of the extracellular matrix on the DEX-5
nanofiber meshes on the 21st day was also analyzed by
SEM-EDS (Fig. 7A). As shown in Fig. 7A, a large number of
bone minerals on the cellular surfaces were formed and bone

nodules were apparently observed. By using energy dispersive
spectrometry (EDS) (Fig. 7B), the elemental composition of the
minerals deposited on the DEX-5 fiber meshes was identified.
The EDS result demonstrated the presence of calcium and
phosphorous deposition on the nanofiber meshes. These
results demonstrated that MSCs were successfully induced to
osteogenic phenotype by the released DEX and the surface
nanoroughness of these nanofibers.

Real-time quantitative polymerase chain reaction (RT-PCR)

To further support the mineralization results described above,
osteoblast gene expression (RUNX2, Runt-related transcription
factor 2; OPN, osteopontin; and OCN, osteocalcin) was also
studied by quantitative real-time PCR analysis after 14 days of
incubation (Fig. 8). RUNX2 is an early marker, which can regu-
late bone development by G protein-coupled signaling pathway
in the differentiation process of hMSCs into osteogenesis.38

OPN is a middle marker, the highest expression of which deter-
mines the end of the matrix deposition phase and the begin-
ning of the mineralization phase. OCN is considered as the
essential marker for the late stage of osteogenic differentiation,
and plays an important role in the mineralization phase.39 In
the DEX-absent osteogenic differentiation medium, rBMSCs cul-
tured on DEX-5 and DEX-1 electrospun scaffolds demonstrated
various levels of osteogenic up-regulation and displayed a sig-
nificantly higher level of expression than those on other
scaffolds. For DEX-0 sample without DEX in the DEX-absent
osteogenic differentiation medium, OCN also represented an

Fig. 7 (A) Scanning electron microscopy and (B) energy dispersive spectrometry (EDS) of the calcium deposits produced by rBMSCs cultured on DEX-5 nanofiber
meshes after 21 days.

Fig. 8 Quantitative PCR analysis for osteoblast gene expression (RUNX2, OPN and OCN) by rBMSCs cultured on the substrates loaded with different DEX contents
for 14 days. There were significant differences among the samples with different DEX contents for each osteoblast gene expression.
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increase compared with TCP in standard osteogenic differen-
tiation media. These results also suggested that the surface
nanoroughness could play a minor role during the rBMSCs
differentiation to osteoblasts, but the role of the sustained
released DEX was dominant in prompting the differentiation.
From the results of DEX released in vitro (Fig. 2) and cell
viability (Fig. 3A), we can find that high concentrations of
DEX released from DEX-10 fibers in the culture medium
caused the poor adhesion of cells, which led to the down-
regulated expression of the osteoblast gene. In addition, the
DEX-5 sample showed the highest up-regulation level of
the selected osteoblast gene among all the samples after
14 days culturation, which even exceeded the TCP (positive
control). The reason is mainly due to the fact that the DEX
dosage of 4 μg per day released from DEX-5 nanofibers was
close to the standard osteogenic concentration, which could
promote cell excellent adhesion and spreading on the surface
of the nanofiber meshes, and in turn promote the rBMSCs
differentiation.

Conclusions

In summary, in this study we successfully fabricated the DEX-
loaded nanofibers with a surface nanoroughness through an
electrospinning approach. By altering the DEX loading content
in these fibers the DEX release could be adjusted. The Alamar
blue assay demonstrated that these electrospun nanofibers
with a loading content of DEX less than or equal to 5% dis-
played excellent biocompatibility. The incorporation of the
suitable DEX dosage and moderate surface nanoroughness
could facilitate the rBMSCs adhesion and spreading. From the
analysis of ALP activity, calcium deposition and the expression
of osteoblast gene, we could find that the sustained released
DEX from electrospun nanofibers into the culture medium
played a dominant role in improving the differentiation
capacity of the rBMSCs towards osteoblast-like cells, and the
surface nanoroughness could play a supporting role in the
differentiation in the absence of osteogenic inducer. The com-
bination of the chemical signal and the physical cue is critical
in improving the osteoinductive performance of the tissue
engineering scaffold. Therefore, the multifunctional electro-
spun nanofibers can be used as a potential scaffold for stem
cell based bone tissue regeneration.
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