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a  b  s  t  r  a  c  t

Combination  of  mesoporous  silica  materials  and  bioactive  factors  is  a promising  niche-mimetic  solution
as  a hybrid  bone  substitution  for bone  tissue  engineering.  In  this  work,  we have  synthesized  biocom-
patible  silica-based  nanoparticles  with  abundant  mesoporous  structure,  and  incorporated  bone-forming
peptide  (BFP)  derived  from  bone  morphogenetic  protein-7  (BMP-7)  into  the  mesoporous  silica  nanoparti-
cles  (MSNs)  to  obtain  a  slow-release  system  for osteogenic  factor  delivery.  The  chemical  characterization
demonstrates  that  the  small  osteogenic  peptide  is  encapsulated  in  the  mesoporous  successfully,  and  the
nitrogen  adsorption–desorption  isotherms  suggest  that the  peptide  encapsulation  has  no influence  on
mesoporous  structure  of MSNs.  In  the  cell  experiment,  the  peptide-laden  MSNs  (p-MSNs)  show  higher
MG-63  cell  proliferation,  spreading  and  alkaline  phosphatase  (ALP)  activity  than  the  bare  MSNs,  indi-
cating  good  in vitro  cytocompatibility.  Simultaneously,  the osteogenesis-related  proteins  expression  and
one tissue engineering calcium mineral  deposition  disclose  enhanced  osteo-differentiation  of  human  mesenchymal  stem  cells
(hMSCs)  under  the  stimulation  of  the  p-MSNs,  confirming  that  BFP  released  from  MSNs  could  significantly
promote  the  osteogenic  differentiation  of  hMSCs,  especially  at 500  �g/mL  of  p-MSNs  concentration.  The
peptide-modified  MSNs  with  better  bioactivity  and osteogenic  differentiation  make  it  a  potential  candi-
date  as  bioactive  material  for bone  repairing,  bone  regeneration,  and  bio-implant  coating  applications.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Autogenic bone graft implantation, the current gold standard,
s the major treatment modality for bone deficiencies [1], and the
herapeutic success of autografts is mainly attributed to their iden-
ical chemistry and architecture to the surrounding bone tissue,

s well as the presence of necessary bioactive factors required
or bone regeneration [2,3]. Yet the limited availability and donor
ite morbidity restrict their extensive usage in the clinic. These
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927-7765/© 2015 Elsevier B.V. All rights reserved.
limitations have already led to synthetic bone grafts becoming a
powerful alternative to replacing autologous grafts.

Due to the complexity of bony tissue, design and construction
of synthetic bone substitution, which mimics the bone cell niche
and holds great osteogenic potential, is still a challenging task for
researchers. To meet the demand, various architectures of bioactive
materials, such as porous metals [4,5], mesoporous materials [6,7],
and nanomaterials (including nanofibrous scaffolds [8,9], nanopar-
ticles [10–12], nanocomposites [13]), are successfully developed
for bone tissue engineering, and some have achieved promising
results. Specifically, mesoporous materials, with pore size in the
range of 2–50 nm,  including mesoporous bioactive glasses (MBGs)

and mesoporous silica nanoparticles (MSNs), have attracted con-
siderable interest for biomedical applications since mesoporous
materials display favorable biocompatibility/biodegradability, and
have numerous, well-defined pores that could be used to wrap the
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Scheme 1. Schematic illustration of preparation of peptid

rug molecule inside [14,15]. Further, silicon (Si) ions released from
SNs have been shown to promote mineralized nodule formation,

OL 1 synthesis, and the expression of osteogenic related genes in
steoblasts [16,17]. These advantages make MSNs promising can-
idates as implantable materials or drug delivery carriers for bone
issue engineering.

However, the confined bioactivity and osteogenesis ability of
are MSNs hamper their direct employment in bone regenera-
ive medicine, which motivate researchers applying a great deal
f effort to enhance the bioactivity of MSNs. For instance, increas-
ng the specific surface area and pore volume of MSNs are reported
o greatly accelerate the kinetics deposition, thus facilitating the
one-forming bioactivity of MSNs [18]. Furthermore, some groups
ad achieved the goals via introducing nutrient elements (such
s calcium, magnesium), critical to human body, into MSNs to
orm the calcium/magnesium-doped mesoporous silica. Never-
heless, these studies are yet to imitate the natural osteogenesis

icroenvironment in vivo containing bone growth factors and
ancellous inorganic minerals. Another approach is to incorpo-
ate the osteogenic protein, such as bone morphogenetic proteins
BMPs), into the mesoporous channels, and subsequently release
he osteogenic proteins in a controlled/sustained fashion [19,20].
enerally, direct physical adsorption of bioactive factors onto inor-
anic scaffolds such as hydroxyapatite particle [21], mesoporous
ilica scaffold [19], and deproteinized cancellous bone [22] is a com-
only utilized method, as an attempt to replicate the osteogenic

iche provided by autografts.
Bone morphogenetic protein-7 (BMP-7) plays a crucial role in

odulating osteogenic differentiation and proliferation, and in
romoting osseointegration during new bone generation [23,24].
owever, the complex multilevel structure of BMP-7 renders it
rone to degradation, and tends to lose their bioactivity quickly

n physiological conditions [25]. Peptides have drawn a great deal
f attention currently due to their small structure and no side
ffect, as well as no immunogenicity compared to larger proteins
26]. Recently, Kim demonstrated that a new bone-forming pep-
ide (BFP) sequence (GQGFSYPYKAVFSTQ) from BMP-7 had more
steogenic activity than BMP-7 and induced osteogenesis [27,28].
herefore, the evidence of the beneficial effects of mesoporous
aterials as well as the osteogenic peptide factor mentioned above
ave motivated us to incorporate these two factors together to
chieve effective local delivery of BFP for promoting the osteogenic
ifferentiation. To the best of our knowledge, there are no previ-
us reports in investigating the impregnation of osteogenic peptide
n MSNs and effect of the modified MSNs on cells in vitro.

into MSNs, and in guiding the osteogenesis of human mesenchy-
mal  stem cells (hMSCs) in vitro. Herein, in the present work,
we first prepare and characterize the peptide-laden mesoporous
silica nanoparticles (p-MSNs), and assessed the bioactivity and
osteogenic commitment in vitro (Scheme 1).

2. Materials and methods

2.1. Synthesis and adsorption capacity of mesoporous silica

MSNs were synthesized from solutions containing a block
copolymer (P123, Sigma) as the structure directing agent and
tetraethyl orthosilicate (TEOS, Sigma) as a source of silica per our
previous work [29,30]. To determine the required time for the
system to reach equilibrium, tests were performed by immersion
of 100 mg  of MSNs powder into 10 mL  of 10−4 mol/L rhodamine-
labeled (TAMRA-labeled) BFP peptide (provided by Chinapeptides
Co. Ltd.) in PBS (pH 7.4) in triplicate, to ensure reproducibility. The
experiment was  analyzed every 15 min  until the system became
constant, where 200 �L of supernatant was  collected for calcu-
lation of the peptide remaining in solution using a fluorescence
spectrophotometer (Enspire 2300-100L, PerkinElmer). The concen-
tration of peptide was obtained by comparison with the established
standard curve provided by the free labeled peptide. The adsorp-
tion capacity of MSNs with time (Qs, adsorbate per gram of silica)
was determined by the equation Qs = (Q0 − Qx)/m, where Q0 is the
initial number of moles of the TAMRA-labeled BFP in solution, Qx is
the number of moles of TAMRA-labeled BFP remaining in solution,
and m is the weight of MSNs powder.

2.2. Peptide incorporation

After determining the maximum adsorption of peptide, 100 mg
of the solid material was immersed in 10 mL  of 10−4 mol/L BFP
solution (in PBS) with stirring for 30 min, as determined previ-
ously. Subsequently, the peptide-laden MSNs was  washed with D.I.
water thrice to remove excess non-adsorbed peptide, and dried at
ambient temperature.

2.3. Characterization
The crystalline phase of the studied material was  verified by X-
ray diffraction (XRD, Shimadzu, Japan) with the diffraction angles
between 10◦ and 60◦. The ordered mesoporous structure of MSNs
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as confirmed by small-angle X-ray diffraction (SAXRD, Rigaku,
apan) and transmission electron microscope (TEM, Tecnai F20,
hilips, Netherlands). The polydispersity index (PDI) was  mea-
ured by a laser particle size analyzer (Fritsch A22, Germany).
ourier transform infrared spectroscopy (FTIR, Magna-IR750, USA)
nd X-ray photoelectron spectroscopy (XPS, Kratos Analytical
td.) were employed to characterize the functional groups of the
eptide-trapped MSNs. Nitrogen adsorption–desorption isotherms
f samples were collected on micromeritics porosimeter (Tristar
000, Micrometrics Instrument Corp.) at 77 K under a continuous
dsorption condition.

.4. Peptide release from p-MSNs

The release of labeled peptide from p-MSNs samples was also
onitored by fluorescence spectroscopy. The TAMRA-labeled BFP

aden MSNs (TB-MSNs) were first prepared. Briefly, 100 mg  of MSNs
owders were added into 10 mL  of 10−4 mol/L TAMRA-labeled BFP
olution for 30 min. Afterward, the TB-MSNs were separated by
entrifuging, and the solid samples were dried in dark overnight
t room temperature. The BFP release was evaluated by immersing

B-MSNs with the concentrations of 100 and 500 �g/mL into 10 mL
f PBS buffer until the system became constant. The peptide release
atio at different time points was calculated according to the fol-
owing equation: peptide mass release (%) = Qx/Q0, where Q0 is the

Fig. 1. Nitrogen adsorption/desorption isotherms of bare MSNs (a) and p-MSNs (
iointerfaces 131 (2015) 73–82 75

initial number of moles of the TAMRA-labeled BFP used, Qx is the
number of moles of TAMRA-labeled BFP released into the solution.

2.5. Cell culture

Human osteoblast-like MG-63 cells and hMSCs (ATCC, USA)
were cultured in �-Modified Eagle’s Medium (Gibco) containing
10% fetal bovine serum (Gibco), 1% (v/v) streptomycin (Amresco),
and 1% (v/v) penicillin (Amresco) at 37 ◦C in a humidified atmo-
sphere of 5% CO2. The cell medium was  changed every 2–3 days.

2.6. In vitro cytocompatibility of MG-63 cells

2.6.1. Assessment of internalization of MSNs
10 mg  of MSNs were added to 10 mL  of 0.1% (w/v) of rhodamine

B isothiocyanate (Sigma) solution in dark conditions. The mix-
ture was kept under continuous stirring, overnight, at 4 ◦C. Several
washing steps with absolute ethanol and D.I. water were performed
in order to remove the excess rhodamine. The MG-63 cells were
seeded at a cell density of 1 × 104 cells/mL and allowed to adhere.
After 24 h, rhodamine-labeled MSNs (0, 50, 100 and 500 �g/mL)
were added to the culture wells. After another 24 h, cells were

washed with PBS and fixed with 4% (w/v) paraformaldehyde in
PBS for 15 min. Cell nuclei were counterstained with 10 �g/mL
DAPI, and samples were visualized by a confocal laser scanning
microscopy (LSM510, Carl Zeiss).

b). The FT-IR spectra (c) and XPS wide spectra of (d) bare MS and p-MSNs.
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2.8. Statistical analysis

All data were expressed as mean ± standard deviations of a rep-
resentative six similar experiments carried out. Statistical analysis
ig. 2. (a) The maximum-time adsorption curve of BFP peptide of MSNs. (b) BFP
eptide release behavior from p-MSNs; the insert highlights release at 10 h.

.6.2. Cell viability assay
The cell counting kit-8 assay (CCK-8, Dojindo) was used to assess

he viability of cells. After cell counting, MG-63 cells were seeded
n 96-well plates at a density of 5 × 103 cells/well. After seeding
4 h, cells were exposed to various concentrations (5, 10, 50, 100
nd 500 �g/mL) of neat MSNs and p-MSNs, respectively. The con-
rol groups involved the use of DMEM medium as negative control
nd 10% DMSO DMEM medium as positive control. After 1, 3 and

 days incubation, 10 �L of CCK-8 was added into each well for 2 h
ncubation, and the absorbance value of supernatant optical den-
ity (OD value) was measured with a microplate reader (Model 680,
io-Rad) at a 450 nm wavelength. The cell viability was  expressed
s a percentage as following:

ell viability (%)

=  (OD(test) − OD(blank))/(OD(negative control) − OD(blank)) × 100%

.6.3. Morphology observation of cells
MG-63 cells at 1 × 104 cells/mL were cultured on acid treated

over slips. The morphologies of MG-63 co-cultured with differ-
nt concentration (100 and 500 �g/mL) of MSNs and p-MSNs were
bserved using a field emission scanning electron microscope (FE-
EM, S-4800, Hitachi) and metalloscope (BX51M, Olympus) after

 days. All samples were fixed in 2.5% glutaraldehyde solution for

 h and then dehydrated in ascending concentrations of ethanol for
5 min  each. Dehydrated samples were dried by a vacuum dryer,
nd examined under SEM.
iointerfaces 131 (2015) 73–82

2.6.4. Cytoskeletal observation
After 5 days, cells at the average cell viability of about 96% were

washed with PBS and fixed with 4% (w/v) paraformaldehyde for
15 min. The samples were then washed with PBS, permeabilized
with 0.1% (v/v) Triton X-100 (Sigma) for 5 min, and stained with
5 �g/mL FITC-phalloidin. After washed with PBS, samples were
incubated for 5 min  at room temperature with 10 �g/mL DAPI. The
stained signals in the cells were observed by a CLSM (LSM510, Carl
Zeiss).

2.6.5. Alkaline phosphatase activity assay
Alkaline phosphatase (ALP) activity of MG-63 cells was evalu-

ated by an assay reagent kit (Nanjing Jiancheng, China). Cells were
exposed to the various concentrations of the bare MSNs and p-
MSNs samples for 7 days and 14 days, respectively. The supernatant
was removed and 100 �L of lysis solution (1% (v/v) TritonX-100)
was added into each well and incubated for 1 h. Afterwards, 30 �L
of MG-63 cell lysates at each well was transferred to new 96-
well plates for ALP determination according to the manufacturer’s
instructions. For normalization, the total protein concentration was
measured by a Bicinchoninic Acid (BCA) protein assay kit (China).

2.7. In vitro osteogenic differentiation of hMSCs

2.7.1. Ostegenic differentiation
Osteogenic inducing medium comprised fresh DMEM con-

taining 10% FBS, 100 U/mL penicillin, 100 �g/mL streptomycin,
50 �g/mL ascorbic acid, 10 mM sodium ˇ-glycerophosphate, and
10 nM dexamethasone l-ascorbic acid. The medium was changed
every 2–3 days.

2.7.2. Immunofluorescence
After grown with different concentration of MSNs and p-MSNs

for 14 days, hMSCs were fixed with 4% paraformaldehyde in PBS
for 20 min, permeabilized with 0.1% Triton X-100 for 15 min  and
then blocked with 5% BSA in PBS for 30 min. Substrates were then
incubated with primary antibodies [Rabbit Anti-Col1a1 IgG (CST)
at a dilution of 1:200 and Rabbit Anti-OCN IgG (Santa, USA) at a
dilution of 1:50] at 4 ◦C overnight, and washed with PBS twice, then
incubated with secondary antibodies [Goat Anti-Rabbit Invitrogen
488 IgG, Goat Anti-Rabbit Invitrogen 647 IgG (USA)] at 1:500 for
1 h in dark. Finally, cell nuclei were stained with 10 �g/mL DAPI for
15 min. Cells were visualized immediately by the CLSM.

2.7.3. Alizarin Red Staining
Mineralized nodule formation was determined on 21 days of

culture following the manufacturer’s instruction through staining
with Alizarin Red S (ARS) solution (Sigma). Cells layer were fixed
with 4% paraformaldehyde for 30 min, and washed three times
with PBS. Then a solution of 2% (w/v) ARS with pH 4.2 was  added
so that it covered the entire surface of the wells containing cells.
After an incubation of 30 min, the excess ARS was washed with D.I.
water, and the newly formed bone-like nodules on the materials
were scored under the inverted phase contrast microscope (Nikon
Eclipse TE2000-U).
was performed by one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc tests using SPSS 19.0 and p-values less than 0.05
were considered statistically significant.
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. Results and discussion

.1. Material characterization

Fig. S1a-b presents the TEM images of the morphology of the
SNs. These images obviously show that MSNs have the particle

ize of about 400 nm with a PDI of 0.341, and contain cylindrical
ore channels with uniform and homogeneously distributed meso-
orous of the same size, which is the characteristic structure of
esoporous silica. The wide XRD pattern of MSNs is shown in Fig.
1c, where a broad diffraction peak can be seen between 15◦ and
5◦, a typical diffraction pattern of amorphous silica, indicating that
he components of MSNs are amorphous silica material. One well-
esolved (1 0 0) peak and two weak signals of (1 1 0) and (2 0 0)

Fig. 3. The internalization of
iointerfaces 131 (2015) 73–82 77

related with a 2D hexagonal symmetry (p6mm) are observed in
SAXRD pattern of MSNs (Fig. S1d) [31,32]. These results prove that
MSNs display periodic parallel channels of mesoporous materials
with a hexagonal arrangement.

To further determine the average pore size and pore volume
of MSNs before and after bearing peptide, the N2 adsorption–
desorption isotherm was  employed. As shown in Fig. 1a, the curve
exhibits that the pure MSNs have a N2 adsorption–desorption
isotherm of IV classification with a clear H1-type hysteresis loop at
high relative pressure, which is characteristic of independent cylin-

drical slender channels with highly ordered pore size distribution
[33,34], consistent with TEM observation and SAXRD analysis. The
presence of hysteresis is due to incomplete filling of mesoporous,
and a lower slope indicates a more homogeneous distribution

 MSNs by MG-63 cells.
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a concentration-dependent manner through the cellular uptake
ig. 4. Cell proliferation rates of MG-63 cells cultured with different concentrations
f  pristine MSNs and peptide-laden MSNs, * p < 0.05.

f pore sizes. No significant difference can be detected between
dsorption–desorption isotherms for the bare MSNs (Fig. 1a) and
-MSNs samples (Fig. 1b). Furthermore, Table S1 shows that based
n the calculation by the BET and BJH method, there is only a
light reduction in the average pore size from 5.56 to 4.95 nm,
pecific surface area from 304.09 to 292.41 m2/g and pore volume
rom 0.44 to 0.42 cm3/g after peptide entrapment, which confirms
hat the peptide decoration has no influence on mesoporous struc-
ure of the MSNs. The remaining mesoporous could provide an
xtra room to load another bioactive molecules (natural proteins or
ucopolysaccharides) for endowing mesoporous materials more

xcellent biological performances.
Fig. 1c compares the FTIR spectra of the neat MSNs and p-MSNs.

n both samples, the typical broad peaks, attributed to symmetric
tretching of OH groups, �s (HOH) and �s (SiO H), at 3445 cm−1

nd a weak peak, due to the deformation of OH groups, ı(HOH), at
638 cm−1 are observed. Furthermore, the spectra show the main
haracteristic peaks of silica in the region around 1091 cm−1 cor-
esponding to �as(Si O Si), 813 cm−1 associated with �s(Si O Si)
nd ı(O Si O) deformation at 460 cm−1. However, after the dec-
ration of peptide, the intensity of peaks is enhanced at about
640 cm−1 and 3445 cm−1 which might result from the super-

mposed vibration of amide groups (NH C O)/OH groups and
(N H)/OH groups, respectively, because the BFP peptide displays
wo strong characteristic peaks of amide groups at 1645 cm−1 and
(N H) at 3459 cm−1, illustrating that the peptide is loaded into
he mesoporous of MSNs successfully. To verify the results obtained
rom the FT-IR analysis, XPS is applied to evaluate the detail chemi-
al bonds and elements of the bare MSNs and peptide-laden MSNs.
s shown in Fig. 1d, the pristine MSNs exhibit silicon and oxygen
eaks as the main atomic elements, whereas a new and obvious
itrogen peak appears in the XPS spectrum for the peptide-laden
SNs sample. The appearance of nitrogen signal (N 1s), which is

he characteristic element of peptide, in the high resolution narrow
pectrum and its enhanced intensity in the peptide-encapsulated
SNs, further indicate the successful incorporation of BFP. Further-
ore, an evident change in carbon bond composition observed

n the high-resolution narrow carbon spectra (C 1s) clearly sup-
orts these conclusions (Fig. S2). The high-resolution C 1s spectra

f the bare MSNs are deconvoluted into three different curves.
he binding energies centered at 284.8 eV, 286.5 eV and 289.0 eV
re assigned to the carbon skeleton (C C/C H), hydroxyl group
iointerfaces 131 (2015) 73–82

(C OH), carbonyl group (C O), respectively [35,36]. Nevertheless,
a broad peak assigned to the C N bond at about 285.5 eV is
recorded on the p-MSNs samples, indicating the presence of pep-
tide. In addition, after peptide immobilization, the intensity of
the carbon skeleton ( C C / C H ) peak decreases dramatically,
and the peaks of the hydroxyl (C OH) and carbonyl groups (C O)
increase as shown in Fig. S2b. They should be attributed to the car-
boxyl groups (COOH) and amide bond groups ( NH C O) in the
structure of BFP peptide molecule.

3.2. The adsorption and release behavior of p-MSNs

In order to determine the maximum-time for the system to
reach equilibrium and adsorption capacity, the adsorption curve
is plotted to calculate the amount of the peptide adsorbed into
the MSNs in PBS. Fig. 2a shows that the red TAMRA-labeled BFP
is adsorbed by the mesoporous of the samples when MSNs are
added, resulting in the disappearance of red color, and the white
MSNs powders turn into red sediments at the bottom after 25 min,
from which the excellent capacity of MSNs for adsorption could be
seen visually. The analysis of the graph shows that the MSNs pow-
ders reach equilibrium in approximately 25 min, and they have a
maximum adsorption capacity at 7.1 × 10−6 mol/g, corresponding
to about 72% of the moles of BFP present in the starting solu-
tions. Such excellent adsorption capacity is probably contributed to
the high specific surface area (304.09 m2/g) of MSNs and the high
affinity of the negative surface of silica with the peptide and the
positive charge at pH 7.4. It is known that biomolecules and poly-
mers containing positively charged residues have high affinity for
silica surfaces that display a negative surface charge at neutral pH
due to the presence of deprotonated hydroxyl groups on the sur-
face [37,38]. Hence, the favorable incorporation of BFP peptide may
be due to the hydrogen bonding or long-range electrostatic ionic
amine bonds (Si O− +H3N) formed between the silanol group
present in the MSNs and the N-terminal side chains of the Gln, Thr
amino acids or the amino group of the first Ala amino acid.

The cumulative release profiles versus time are shown in Fig. 2b
for the peptide-laden MSNs at 100 and 500 �g/mL, respectively. It
can be seen that a large amount of adsorbed peptide is released,
suggesting outstanding release behavior. However, the difference
in the amount of BFP released of the two  curves is observed,
suggesting that the release capacity could be independent of the
concentration of MSNs powder. Peptide molecules are almost com-
pletely released from the MSNs at 100 �g/mL in the first 2 days, with
a fast rate of delivery for up to 10 h. However, for the concentration
at 500 �g/mL, the p-MSNs present more sustained drug release pat-
terns. An initial burst release of peptide is observed during the first
2 days, which accounts for around 37% of the total loaded peptide.
Subsequently, another 46% dose of peptide is released in a compara-
tively sustained manner and lasted for more than 6 days. The reason
could be attributed to that in the high concentration of p-MSNs sys-
tem there is a larger amount of peptide released from MSNs into
solution, resulting in the reduction of the density gradient that is
the impetus of delivery.

3.3. In vitro cytotoxicity evaluation

The cytotoxicity of the as-prepared peptide-laden MSNs to
human osteoblast-like MG-63 cells is another critical factor
that should be carefully evaluated when the novel peptide-
encapsulated MSNs is used in biomedical applications. Previous
reports demonstrate that MSNs crystals could be toxic to cells in
[39,40]. As shown in Fig. 3, the internalization of silicate nanopar-
ticles can be confirmed by CLSM observation. The addition of
up to 50 �g/mL MSNs to the cells does not cause the significant
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nternalization of cells. However, at concentrations ranging from
00 to 500 �g/mL, labeled MSNs get internalized and widely dis-
ributed in the cell cytoplasm around the cells nuclei, and at higher
oncentration of MSNs, more cells interacted with the MSNs. Next,
e test the potential cytotoxicity of the peptide-laden MSNs, and

ig. 4 shows the MG-63 cells co-cultured with different concen-
rations (5, 10, 50, 100, and 500 �g/mL) of the bare MSNs and
FP-laden MSNs powders in DMEM for 1, 3 and 5 days, respec-
ively. We  observe that the pristine MSNs and p-MSNs do not show
oxicity up to a reasonably high concentration of 500 �g/mL, sug-
esting that p-MSNs are nontoxic and biocompatible for use as a
rowth factor delivery system. The cells cultured with the pure
SNs and peptide-laden MSNs show no statistical difference in cell

iability below the concentration of 100 �g/mL, in the case of high
SNs content, however, cells cultured with 500 �g/mL of p-MSNs

ave superior cell viability than those of pristine MSNs and display

igher than 100% cell viability at each time point. The peptide con-
ent released from peptide-decorated MSNs can affect the in vitro
ytocompatibility of the samples, and 500 �g/mL of p-MSNs could
acilitate the proliferation of MG-63 cells. Meanwhile, based on our

ig. 5. (a) SEM images of MG-63 cells; (b) adhesion morphology and actin cytoskeletal org
n  blue) of MG-63 after incubation with pristine MSNs and p-MSNs. Average cell viability
he  reader is referred to the web version of this article.)
iointerfaces 131 (2015) 73–82 79

results 500 �g/mL may  be the minimal concentration of the p-MSNs
for steering the cellular fate.

3.4. Cellular morphology and cytoskeletal observation

To further examine the toxicity of p-MSNs powders, adher-
ent morphologies of the MG-63 cells are examined. The typical
overview of MG-63 cells morphologies growing with different
concentrations (100 and 500 �g/mL) of bare MSNs and p-MSNs
powders for 5 days is shown in Fig. 5. From the enlarged images,
it can be seen that MG-63 cultured on all the samples show a
healthy shape. Compared with that of bare MSNs counterpart,
higher amount of cells with better adhesion and spreading is
observed in the peptide-laden MSNs group. In addition, it could
be seen that MG-63 cells exhibit extended morphology with many
pseudopodium and a cytoplastic shape on the surface of p-MSNs,

which is also demonstrated by the metalloscope observation of
MG-63 cells (Fig. S3). The fluorescence images from Fig. 5b indicate
that MG-63 cells show limited spreading and display filamentous
morphology on the pristine MSNs powders regardless of 100 or

anization (green, labeled with FITC-phalloidin, counterstained with DAPI for nuclei
 at about 96%. (For interpretation of the references to colour in this figure legend,
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Fig. 6. ALP activity of MG-63 after cultivating for 7 and 14 days, respectively, with
the pristine MSNs and peptide-laden MSNs of different concentrations. * p < 0.05,
**p  < 0.01.

Fig. 7. Immunofluorescence staining for osteogenesis-related proteins including Col1a
interpretation of the references to colour in this figure legend, the reader is referred to th
iointerfaces 131 (2015) 73–82

500 �g/mL, and F-actin is poorly developed. However, in p-MSNs
group, MG-63 cells attach and spread more than the pristine MSNs
group, indicating that the released peptide has enhanced cell adhe-
sion. In comparison to the pristine MSNs at 100 and 500 �g/mL
and p-MSNs at 100 �g/mL, much more MG-63 cells adhere onto
500 �g/mL of p-MSNs sample. Furthermore, with enhanced cell
adhesion, MG-63 cells cultured with p-MSNs group extend more
adhered filopodia and spread more with visible presentation of
more mature F-actin intracellular stress fibers, suggesting that p-
MSNs have good in vitro cytocompatibility. These cell observation
results could be attributed to the different peptide content deliv-
ered from the p-MSNs. We  calculate the amount of BFP released
form p-MSNs from the adsorption curve and release curve in
Fig. 2. Approximately 0.61 �g/mL peptide and 0.67 �g/mL pep-
tide are delivered from p-MSNs at the 1st day from p-MSNs at
100 and 500 �g/mL in 24-well plates, respectively. Nevertheless,
500 �g/mL p-MSNs release about three-fold of peptide concentra-
tion (3.35 �g/mL) than that of 100 �g/mL p-MSNs (1.17 �g/mL) at
the 3rd day, which leads to better cell behaviors (cell proliferation,

spreading and morphology).

1 (green), and OCN (pink) at 14 days. Nuclei were stained blue with DAPI. (For
e web version of this article.)
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.5. Alkaline phosphatase activity (ALP)

To successfully apply peptide-laden MSNs technology in bone
epairing engineering, high osteogenic differentiation activity is
ivotal, therefore, the osteoblastic phenotypic expression of the
FP laden p-MSNs is necessary to be examined. Alkaline phosphate
ALP) is an important indication of osteoblast cells expressed in
heir differentiation phase and a significant quantitative marker
f osteogenesis at 7–14 days [41,42]. As depicted in Fig. 6, ALP
ctivities increase with time when MG-63 cells are co-cultured
ith different MSNs, indicating that nanosized mesoporous silica

ould induce the osteogenic differentiation of cells. However, much
igher ALP expression is detected in the case of the peptide-laden
SNs at 7 and 14 days, which suggests that the functionalization

f the mesoporous silica with BFP could further enhance the min-
ralization and cell activation of MG-63 cells. The dose-dependent
steogenic activity is also found for MG-63 cell cultured with dif-
erent concentrations of the pristine MSNs and p-MSNs groups. No
ignificant difference is found for the ALP production in various
oncentrations of the pristine MSNs at 7 and 14 days. Nevertheless,
here is a clear positive concentration-dependence property for the
eptide-laden MSNs. As for p-MSNs, the ALP expression elevates
s the increasing of nanopartiles density, which is significantly dif-
erent from that of the pristine MSNs. Obviously, ALP activities of

G-63 cells cultured with p-MSNs at 100 and 500 �g/mL exhibit
tatistical difference to bare MSNs groups after 7 days and 14 days.
hese suggest that when the concentration of p-MSNs is up to
00 �g/mL, p-MSNs release sufficient BFP molecule to trigger the
steogenic path of bone cells. In addition, p-MSNs at 500 �g/mL
isplay greatest osteogenic differentiation activity, consistent with
he CCK-8 assay results in Fig. 4.

.6. Immunofluorescence and matrix mineralization

The osteogenic potential of peptide-laden MSNs is further
roved by culturing hMSCs, a type of non-differentiated cells,
hrough immunofluorescence staining and calcium deposition. As
hown in Fig. 7, the bare MSNs present the lowest expression of
steo-related proteins, indicating the defective osteogenesis abil-
ty. However, higher density of Col1a1 (green, one of the major
omponents in the extracellular matrix and accounts for 90% of the
rotein mass in the organic part of bone) and OCN (red, a calcium
inding protein, marker for the bone formation process and playing
n important role in bone-building) are shown in the peptide-
rapped MSNs groups, owning to the increased cell proliferation
nd ALP activity in the presence of BFP peptide. Between these two
eptide-laden MSNs, the Col1a1 and OCN expression in p-MSNs
t 500 �g/mL are much stronger than that at 100 �g/mL. This is
ecause more peptide content releases from MSNs at 500 �g/mL,

n accordance with ALP results of MG-63 cells.
The production of calcium deposit at the late stage of differ-

ntiation is another critical indicator for osteogenic efficiency of
MSCs. ARS stain which specifically binds to highly enriched cal-
ium deposits is generally employed to confirm the presence of
ineralized cells. As the osteogenic culture of hMSCs under dif-

erent MSNs progress to 21 days, cells start to aggregate together
nd form bone-like structures which are stained for ARS. The hMSCs
ultured in bare MSNs at both 100 and 500 �g/mL form small num-
ers of bone nodules in osteogenic inducing medium as seen in Fig.
4. After combination with BFP-1 peptide, however, the osteogenic
fficiency is greatly enhanced, which is reflected by the greater
mounts and larger size of bone nodules compared with the pure

SNs groups. Similar to the trend observed with immunofluores-

ence, more intensively distributed and bigger bone nodules are
bserved in p-MSNs at 500 �g/mL. As mentioned above, BFP pep-
ide derived from the immature region of BMP-7 protein holds the

[
[

[
[

iointerfaces 131 (2015) 73–82 81

similar osteogenic inducing property, and may  bind to the same
functional sites (BMP receptors), triggering the up-regulation of
target osteogenic genes through Smads or mitogen-activated pro-
tein kinase (MAPK) [43], therefore facilitating bone formation.

4. Conclusion

In summary, we have successfully synthesized MSNs with
ordered mesoporous structure, and incorporated BFP into the
silica-based mesoporous materials to obtain peptide-laden MSNs
for enhanced osteogenic differentiation. FT-IR and XPS confirm
that the peptide is successfully laden into the mesoporous of
MSNs. The adsorption curves suggest that MSNs have outstand-
ing loading capacity, additionally, the p-MSNs at 500 �g/mL
show more sustained peptide release rate and could provide
sufficient peptide concentrations over 6 days in vitro. After
5 days incubation, the peptide-trapped MSNs exert a positive
effect on in vitro cell proliferation and spreading toward MG-
63 cells, especially at the concentration of 500 �g/mL, which
reveal that p-MSNs exhibit excellent biocompatibility. Moreover,
the peptide-functionalization of MSNs could further elevate the
osteogenesis-related proteins expression and bone matrix min-
eralization of hMSCs, proving that the biological activity of the
peptide released from MSNs could be maintained and BFP could
significantly promote the osteogenic differentiation of hMSCs. The
present study could broaden the application of MSNs as biocom-
posite and provide new prospects for utilizing the peptide-laden
MSNs in bone repair substitutes.
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