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ABSTRACT: Fabrication of membranes with excellent biocompati-
bility and bioactivity remains an important technical challenge in bone
tissue engineering. In this paper, poly(L-lactic-co-glycolic acid)
(PLGA)—SBA1S (Santa Barbara Amorphous 15) composite mem-
branes were prepared by using an electrospinning technique; PLGA
was used as a biocompatible and biodegradable polymer and SBALS
was used as a mesoporous silica. The PLGA—SBAIS composite
membrane facilitates the cell attachment and the cell proliferation
versus pure PLGA membrane where human bone marrow-derived
mesenchymal stem cells (hMSCs) were seeded. Furthermore, the
analysis of alkaline phosphatase (ALP) activity indicated that this
PLGA—SBAIS composite membrane has better osteogenic induction
compared with the pure PLGA membrane. Moreover, the presence of
SBA1S increased the loading efficiency of the recombinant human
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bone morphogenetic protein-2 (thBMP-2) to the membranes. Furthermore, the composite membrane had optimized sustained

release of rhBMP-2. Overall, this PLGA—SBA1S composite is an excellent material for bone tissue engineering.
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Bl INTRODUCTION

Bone scaffold materials can improve cell adhesion, cell
proliferation, and cell differentiation into osteoblasts." Such
scaffolds usually have an excellent microstructure including
well-interconnected pores, which is essential for the transport
of nutrients to cells.” It also should be nontoxic for clinical
applications and easy to fabricate or purchase.?

Biocompatible polymers are widely used in tissue engineering
such as bone regeneration because polymers have structural
memory on the same time scale as tissue growth.* For example,
FDA-approved poly(1-lactic-co-glycolic acid) (PLGA) has been
widely used in biomedicine.” It shows excellent biocompat-
ibility and does not degrade during a short period of time. This
is very important for new bone formation.” However, for
improved bone regeneration and repair, low bioactivity PLGA
must be used in combination with other bioactive materials to
form a composite scaffold.® However, bioactivity and
osteoconductivity are suboptimal in the hydrophobic polymer.”
Thus, it is necessary to add bioactive materials to improve the
biological performance of scaffolds. For example, bone
morphogenetic protein-2 (BMP-2) is an osteogenic growth
factor used widely for bone repair.'®"'> When added into a
porous material, it can be released slowly in vivo and can
significantly improve bone healing.'>'*
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Ideally, the engineering of a multiphase material should
closely mimic the extracellular matrix (ECM) of natural bone
and control the release kinetics of growth factors after
implantation.'> Mesoporous materials such as Santa Barbara
Amorphous 15 (SBAILS, pore sizes of 2—50 nm) can facilitate
bone growth via calcium phosphate and promote the
differentiation and proliferation of osteoblasts while enhancing
the bone—matrix interface strength.'®'” However, mesoporous
materials like other inorganic ceramic materials are highly
brittle and inflexible, which hampers bone regeneration.'®

Thus, composite materials combining a mesoporous particle
and a biodegradable polymeric phase were developed to mimic
the major ECM of bone; they combine the advantages and
minimize the drawbacks of each material in the composite.'®
For example, Shi et al. showed that the addition of mesoporous
bioactive glasses (MBG) into poly(r-lactic acid) (PLLA)
resulted in enhanced cell attachment with cell spreading and
proliferation in a rabbit bone marrow stromal cells (rBMSCs)
model.*® Wu and co-workers fabricated multifunctional porous
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MBG scaffolds with osteostimulation, drug delivery and
antibacterial properties.*'

Various methods such as self-assembly, electrohydrodynamic
printing, bacterial culture and electrospinning have been
developed to prepare nanofibrous composite materials for
bone regeneration. Of these, electrospinning is very common
because of its simplicity and versatility. It produces bone tissue
engineering scaffolds that facilitate suitable cell responses
(adhesion, proliferation and differentiation).”>”>* Therefore,
electrospinning has been used in tissue bioengineering for
wound healing.>**® Polymer fibers prepared by this technique
have a relatively large specific surface area, high porosity and
relatively even diameters. This can mimic the structural and
functional properties of the ECM. For example, Min et al.
fabricated nanofiber nonwoven materials by this technique.
This material had high porosity with controllable pore sizes and
high surface area-to-volume ratios. These E)arameters facilitate
cell growth, attachment and proliferation.”

Here we report a novel PLGA—SBAILS composite membrane
to improve cell adhesion, proliferation, and differentiation into
osteoblasts. This product was fabricated by electrospinning and
offered excellent biocompatibility, bioactivity and osteogenic
activity. It is a promising method for fabricating effective bone
engineering materials.

B EXPERIMENTAL SECTION

Materials. PLGA (M,, = 10 kDa with LA/GA = 50:50) was
purchased from Daigang company (Jinan, China). Mesoporous silica
SBA1S was prepared according to the literature with a triblock
copolymer surfactant.?® In a typical synthesis, EO,)PO,,EO,, triblock
copolymer (Pluronic P123, BASF; 4.00 g) was dissolved in 30 g of
distilled water. Then, HCI (120 mL; 2 M) was added with stirring.
Next, 8.5 g of tetraethyl orthosilicate (TEOS) at 35—40 °C was added.
The resulting gel product reacted for 24 h under gentle stirring. The
product was sealed at 100 °C for 48 h. Next, we filtered the solid
product and washed it thrice with distilled water. It was air-dried at
100 °C and then calcined again under air at 530 °C for 6 h. This
eliminated the surfactant template. The resulting white powder was
weighed to calculate yield and termed SBAI1S.

Characterization. Surface morphology of materials was viewed
using scanning electron microscopy (SEM, Quanta 250, FEI, USA)
with a field emission gun operating at 20 kV. The same instrument
used an X-ray energy dispersive analysis system (EDAX, USA) for
chemical analysis.

High resolution transmission electron microscopy (TEM, JEM-
2010; JEOL) and small-angle X-ray diffraction (SAXRD) were used to
characterize the morphology and microstructure of SBA1S. TEM
samples were prepared according to our previously reported
methods.” ™!

The Brunauer—Emmett—Teller (BET) method was used to
measure the surface area, the nanopore size distribution and the
pore volume by N, adsorption—desorption isotherms based on
Barret—Joyner—Halenda (BJH) analyses (TRISTAR 3000, Micro-
metrics Instrument Corp., USA).*>%

Preparation of Composite Membrane by Electrospinning.
The nanofibrous membranes were fabricated by an electrospinning
technique.** Briefly, we dissolved PLGA in hexafluoroisopropanol
(HFP). The final PLGA concentration was 10 wt %. Samples
containing SBAILS were doped with nanoparticles in HFP via
ultrasonication prior to addition of the polymer. We used dioctyl
sulfosuccinate sodium salt at 0.05% w/v as the surfactant. It was
dissolved in HFP to facilitate the colloidal stability.

Three types of composite membranes were fabricated with various
amounts of SBA1S. In all cases, the sample was electrospun at 24.5 kV
and room temperature. The distance from the tip to the collector was
15 cm. The product accumulated at the collector plate. The nanofibers
were cross-linked in glutaraldehyde vapor at 80 °C for 48 h. The

electrospun porous fibrous films were finally dried under vacuum at 80
°C for 12 h.

A commercially available electrospinning device (Advanced Surface
Technology, Bleiswijk, The Netherlands) was used for the membrane
fabrication. Briefly, 10 mL of the reaction mixture was pumped at 2
mL h™". A Teflon tubing (0.5 mm ID) was used throughout. The
working distance from nozzle to grounded collector was at 12 cm. 18—
22 kV of voltage generated a polymer jet. These parameters were
tuned with pilot studies to optimize the fabrication for uniform fibrous
structures. The resulting fibers were collected, dried and stored over a
desiccant. SEM was used to view the morphology via gold sputter
coating.

Bioactivity Analysis. The simulated body fluid (SBF) solution
was prepared as described previously.>> Three samples of each film
were soaked in 50 mL of SBF solution at 37 °C and a shaking rate of
100 rpm. After 7 days, the specimens were removed and rinsed with
water followed by drying at 60 °C. We imaged the apatite formation
via SEM. The mineral elements formed on the surface at day 7 were
analyzed with EDS.

Adsorption and Release Assays. To absorb the growth factor
thBMP-2 on the surfaces of the composites membranes, four
membranes were immersed in S mL of thBMP-2 solutions (500 pg/
mL) at room temperature for 4 h with gentle shaking. The membranes
were then washed three times with phosphate-buffered saline (PBS;
pH 7.4) and dried under a vacuum at room temperature for 48 h. The
loading efficiency of rhBMP-2 into the membranes was evaluated by
subtracting the amount of free thBMP-2 from a control solution not
exposed to the scaffold. The release experiment was conducted by
incubating the scaffolds in 2 mL of PBS with 1% bovine serum
albumin (BSA, Sigma) at 37 °C for up to 20 days at SO rpm of
agitation. The supernatant was collected periodically and replaced with
fresh PBS. The thBMP-2 in the samples was measured with an ELISA
kit according to the manufacturer’s protocol. Light absorbance was
read with a plate reader at 450 nm.

Cell Proliferation. Cells were cultured in the a-MEM culture
media supplemented with 10% fetal bovine serum (FBS), 1.0%
penicillin (100 U/mL) and streptomycin sulfate (100 mg/mL)
(GibcoBRL, Grand Island, NY). The cells were incubated at 37 °C
in a humidified atmosphere of 5% CO, and 95% air. The growth
medium was changed every 48 h. MSCs at passage 3 were detached by
0.25% trypsin, resuspended with fresh culture medium and used for
the experiments described below.

One milliliter of the cell suspension at a cell density of 2 x 10*
viable hMSCs was seeded into a 48-well plate (Costar3548, US)
containing four different samples. The mixture was incubated at 37 °C
in a humidified atmosphere of 5% CO, and 95% air. After 7 days, cells
on the surfaces of the four samples were stained with 4',6’-diamidino-
2-phenylindole (DAPI, Biyuntian, Shanghai, China). The cells were
observed using a fluorescence microscope (TE2000, Nikon, Japan).

The proliferation of hMSCs on the substrates was evaluated with a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Biyuntian, Shanghai, China) assay after 1, 3 and 7 days of culture.*®
Briefly, the substrates were placed into a 48-well plate and seeded with
1.0 mL of the cell suspension with cell density of 5 X 10° viable cells.
We next added 100 L of MTT. After the solution incubated at 37 °C,
formazan formed and was dissolved in dimethyl sulfoxide (DMSO) for
reading at 490 nm (Synergy HT, Biotek, USA). Controls included a
medium-control well. This was used to correct the test absorbance
values.* Five parallel experiments in each sample were conducted to
statistically assess the cell proliferation.

Cell Attachment. The morphology of the adherent cells was
evaluated after 3 and 24 h of culture by SEM. The membranes were
gently removed from the culture and washed in PBS for 5 min to
remove free cells and proteins. The cells were then fixed in 0.125%
glutaraldehyde in distilled water. After the samples were incubated for
1 h at 4 °C, they were rinsed extensively with PBS and then
dehydrated in increasing concentrations of ethanol (70, 90 and 100%)
for 10 min each. After dehydration, the membranes were air-dried and
characterized by SEM.
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Cell morphology and alignment were studied by staining the
filamentous actin of the cytoskeleton. After 24 h of incubation with the
membranes, the cells on the surface of the membranes were rinsed
three times with PBS and fixed with 4% paraformaldehyde for 20 min.
The cells were permeabilized with 0.1% Triton X-100 in PBS for
another 20 min. After washing thrice with PBS, the cells were
incubated with fluorescein isothiocyanate—phalloidin (Sigma-Aldrich)
for 1 h. After the cells were washed with PBS again, the cell nuclei
were stained with DAPL The cell morphology and alignment were
visualized using confocal laser scanning microscopy (CLSM) (Nikon
AIR, Nikon, Japan).

Cell Viability. Cell viability was evaluated using a live/dead assay
kit (Abcam, Sigma-Aldrich) by following the manufacturer’s
instructions. Briefly, the cells and films were first washed twice with
PBS and then incubated in the standard working solution at room
temperature for 10 min. The samples were then washed again two
times using PBS and observed under the confocal laser scanning
microscopy (Nikon AIR, Nikon, Japan).

Osteogenic Differentiation of hMSCs. MSCs (3 x 10* cells/
mL) were used to evaluate the effect of the membranes on the
osteogenic differentiation. A 48-well plate without membranes was the
blank control. After incubation in another 48-well plate with four
substrates for 24 h, the culture medium in the above two sets of plates
was changed to the osteogenic induction medium (OIM). The a-
MEM was supplemented with 10% FBS, 0.1 M dexamethasone
(Sigma), SO uM ascorbate acid (Sigma) and 10 mM p-
glycerophosphate sodium (Sigma). These media were renewed every
2 days throughout the study period.

The ALP activity of the membranes was measured with and without
BMP2. After 4, 7 and 14 days of osteogenic induction culture, the ALP
activity was determined with a p-nitrophenyl phosphate (pNPP)
(Sigma) assay. The total protein contents were measured with the
bicinchoninic acid (BCA) method. The absorbance of the resulting p-
nitrophenol was measured at 405 nm. The intracellular total protein
content was measured with a MicroBCA protein assay kit. The ALP
activity was normalized to the total protein content.

After 7 and 14 days of culture, the ALP was stained with a literature
protocol.®” In brief, the cells on the membranes were detached with
100 uL of a 0.25% trypsin solution and then transferred to another 48-
well plate containing 1.0 mL of culture media to allow the cells to
adhere. After 24 h, we stained with an ALP staining kit according to
the manufacturer’s instructions (Beyotime Biotech, Jiangsu, China).
The cells were spread on the bottom of the well, rinsed twice with
PBS, and then fixed using formalin for 30 s. After the cells were
washed with distilled water twice, the cells were stained with a staining
reagent for 60 min. Stained cells were photographed using a
microscope (TE2000U, Nikon, Japan).

B RESULTS AND DISCUSSION

Characterization of SBA15. Figure 1A shows a
representative high resolution TEM image and BET analysis
of SBA1S confirming an ordered array of silica structures with
relatively uniform pore sizes (about 6 nm).

Typical small-angle X-ray diffraction (SAXRD) profiles of as-
prepared SBA1S nanoparticles in the 26 range from 0.5° to 6°
are depicted in Figure 1B. Well-resolved peaks at 1.1° and weak
peaks at 1.8° and 2.2° were attributed to (100), (110) and
(200) Bragg diffractions and suggested a highly ordered
hexagonal structure of SBA1S.

We used nitrogen sorption analyses to measure the porosity
of synthesized SBA1S. The isotherms are type 4; they indicate
steep, type H1 hysteresis at elevated pressures (see Figure 1C).
This is normal for mesoporous materials with capillary
condensation and evaporation as well as narrow size
distributions. The surface area and pore volume of SBA1S are
about 732 m*/g and 1.2 cm?/g, respectively.
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Figure 1. (A) TEM, (B) SAXRD and (C) BET analyses of SBA1S.

Morphology of the Composite Membrane. SEM
revealed the porous structures of the pure PLGA membrane
and the PLGA—SBA1S composite membranes (Figure 2). In
addition, BET analyses revealed that pure PLGA, PLGA-2.5%
SBA, PLGA-5%SBA and PLGA-10%SBA porosities are 87.0%,
86.5%, 85.5% and 86.3%, respectively. As shown in Figure 2,
the diameter of the nanofiber decreases as a function of percent
SBAIS. Also, Figure 2 confirms that the presence of SBALS
helps to form a net-like structure with even and irregularly
distributed interconnected pores.

It is noteworthy that there are many beads on the pure
PLGA membrane. Those beads are produced during the
electrospinning of pure PLGA without SBA and are related to
the polarity of polymer solution. When SBA1S5 was added, the
polarity of the solution increased, leading to the decrease in the
amount of beads.*®

Energy Dispersive X-ray Spectrometry of Composite
Membranes. Energy dispersive X-ray spectrometry (EDS) was
used to determine the distribution of calcium and silicon on
each membrane. Figure 3 indicates that the silicon was evenly
distributed in each membrane. Indeed, SBA1S was also
distributed evenly in the membrane, but silicon was significantly
higher on the membrane with 10%SBAI1S than that on other
membranes, suggesting that excellent biomineralization may be
induced on the membrane with 10% SBAL1S.

Absorption and Sustained Release of rhBMP-2. The
amount of BMP-2 absorbed on the membrane was measured
using ELISA. Figure 4A indicates that the amount of BMP-2
loaded on the membrane of pure PLGA, PLGA-2.5%SBA1S,
PLGA-5%SBAILS or PLGA-10%SBA1S5 was 17.04 + 1.36 ug/
mg, 1823 + 2.44 ug/mg, 19.45 + 2.4 yug/mg and 21.53 + 1.3
ug/mg. All quantitative data were analyzed by Origin 8.0
(OriginLab Corporation). Statistical comparisons were carried
out using analysis of variance (ANOVA). The statistical
significance was considered greater than 95% confidence level
(p < 0.05). The amount of BMP-2 loaded in the other groups
(PLGA-2.5%SBA1S, PLGA-5%SBA1S5 or PLGA-10%SBA1S)
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Figure 2. SEM images of pure PLGA membrane and PLGA—SBAL1S composite membranes: (A;—A;) pure PLGA without SBA1S; (B;—B;) PLGA-

2.5%SBA1S; (C,—C;) PLGA-5%SBA1S; (D,—D;) PLGA-10%SBAL1S.
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PLGA-2.5%SBA PLGA-5%SBA PLGA-10%SBA

Figure 3. EDS mapping of the silicon in the PLGA—SBA1S composite membranes: (A) PLGA-2.5%SBA1S; (B) PLGA-S%SBA1S; (C) PLGA-10%

SBA1S and (D) silicon distribution.

was significantly higher than that on the pure PLGA membrane.
Also, the amount of BMP-2 on PLGA-10%SBA1S5 membrane
was the highest indicating that SBA1S enhances the absorption
of BMP-2 onto the membranes.

The release rates of BMP-2 from the three PLGA—SBA15
composite membranes were slower than that from the pure
PLGA membrane. The slowest rate was from the PLGA-10%
SBA15 membrane, suggesting that the presence of SBAIS
optimizes BMP-2 release. Although the presence of SBA1S did

20898

not significantly affect the release kinetics of BMP-2, it did
prolong the local retention of the growth factor. This is because
mesoporous silica materials have many pores and channels
which are beneficial for delivering and release of biologically
active ingret:]jents.39 Furthermore, SBA-15 has advantages as
carriers to provide a sustained and localized release of
therapeutically relevant factors.*® Figure 4 suggests that the
incorporation of thBMP-2 into the SBA-15 nanoparticles may
reduce its initial burst release and prolong residence time in the

dx.doi.org/10.1021/am505493j | ACS Appl. Mater. Interfaces 2014, 6, 20895—20903



ACS Applied Materials & Interfaces

Research Article

30
¥*

= 1(A), -
£ 254 I
~ *
o I
=
~— 20 ]
o T
=

154
m
3
0 10
—
(o)
)
< 54

04

PLGA PLGA-2.5% SBA PLGA-10% SBA PLGA-15% SBA

Figure 4. (A) rhBMP-2 adsorption on the pure PLGA membranes

100 _,i_,,,,q'
., Lo
§ se=cerct B
oy 80
o
E 60 —=— PLGA
e —e— PLGA-2.5% SBA
o PLGA-10% SBA
B 40 —v— PLGA-15% SBA
®
Q@
[0)
¥ 20

0 T T T T T T

8 10 12
Time (days)

14 16 18 20

and the PLGA—SBAI1S composite membranes. The amount of thBMP-2

adsorbed on the membranes with different contents of SBALS after 4 h of incubation with rhBMP-2 solutions (p < 0.05); (B) release of thBMP-2
from the pure PLGA and PLGA—SBA1S5 membranes showing the released amount of thBMP-2 adsorbed on the membranes with various amounts

of SBA1S after 20 days of incubation in PBS (p < 0.05).

body and thereby overcome the inherent problem associated
with traditional scaffold materials.

Cell Proliferation. The cell densities counted via DAPI
staining (Figure S) on the PLGA-2.5%SBA1S (B), PLGA-5%

200 pm

200 pm

Figure 5. CLSM images of hMSCs cultured on the PLGA and PLGA—
SBA1S composite membranes after 7 days: (A) pure PLGA; (B)
PLGA-2.5%SBA1S; (C) PLGA-5%SBA1S; (D) PLGA-10%SBAI1S
membranes.

SBA1S (C) and PLGA-10%SBA1S (D) membranes were all
higher than that on the pure PLGA membrane (A). In addition,
the cell density on the PLGA-10%SBA15 membrane was very
high, indicating that the presence of SBAILS facilitated the
proliferation of hMSCs.

The cell proliferation was also examined using the MTT
assay (Figure 6). After 1 and 3 days of culture, the amount of
cells on the membranes showed no significant differences. After
7 days of culture, the amount of cells on the PLGA-10%SBA15
membrane was higher than that on the pure PLGA membrane,

15
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©
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1d 3d
MTT (hMSCs Culture Days)

Figure 6. Proliferation of hMSCs on the PLGA—SBA15 membranes
after 1, 3 and 7 days of culture.

suggesting that the presence of SBALS can promote the
proliferation of hMSCs.

In Figure 5, we see that the amount of cells in pure PLGA is
less than that for the other groups. However, there are no
significant differences between the groups (Figure 6), ie., the
cell viability and the cell proliferation results are consistent.

Cell Attachment. The hMSC morphology and spreading to
the PLGA—SBAI1S nanofibrous membranes at different time
intervals (3 and 24 h) were viewed by SEM (Figure 7). The
cells on the pure PLGA membrane did not spread after 3 h. In
contrast, the cells on the membranes with SBA1S had a more
elongated morphology. After 24 h of culture, more extensive
spreading and flattening of hMSCs were observed on the
PLGA—SBAIS membrane versus the pure PLGA membrane.
Also, the PLGA-10%SBA15 membrane showed the best
attachment and spreading of hMSCs.

Figure 8 shows that the cells spread on the pure PLGA. The
PLGA—-SBA1S composite membranes had an irregular
polygonal shape, suggesting that the cells spread well on the
membranes. The amount of cells as well as actin filaments on
the PLGA-10%SBA1S membrane was higher than those on the
pure PLGA membrane, indicating excellent cell adhesion to
PLGA-10%SBA1S membrane. Overall, the presence of SBA15
improved the adsorption of cells on the membrane and
facilitated the attachment and spread of cells on the
membranes.

20899 dx.doi.org/10.1021/am505493j | ACS Appl. Mater. Interfaces 2014, 6, 20895—-20903
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Figure 7. SEM images of the attachment of hMSCs to the membranes showing the cell attachment and spreading after 3 and 24 h: (A;—A,) pure
PLGA; (B,—B,) PLGA-2.5%SBA1S; (C,—C,) PLGA-5%SBA1S; (D;—D,) PLGA-10%SBAIS.

Figure 8. Cellular morphology and alignment of the hMSCs on
different membranes: (A) pure PLGA; (B) PLGA-2.5%SBA1S; (C)
PLGA-5%SBA1S; (D) PLGA-10%SBA1S. Cellular actin filaments
stained with fluorescein isothiocyanate—phalloidin (green) and nuclei
counterstained with 4',6'-diamidino-2-phenylindole (blue).

Cell Viability. The CLSM images in Figure 9A shows good
cell viability on the pure PLGA membrane. The addition of
SBA1S can further improve the cell viability (Figure 9B—D).
More cell survival occurs on membranes with SBA1S versus
pure PLGA. Cells on the PLGA-10%SBA1S membrane showed
the best viability and maintained a fibroblast-like morphology
during culture. These data suggest that the PLGA—SBAIS
membranes were not cytotoxic.

Differentiation of hMSCs. We measured ALP levels in
hMSCs stimulated by osteogenic medium and unstimulated
cells.

Figure 10A presents the ALP levels in the absence of rhBMP-
2. The ALP staining intensity on the PLGA-10%SBA1S
membrane was significantly increased on day 14 versus days
4 and 7. Because the ALP activity was measured as a marker of
differentiation of hMSCs and also of osteoblastic phenotype
expression, the above results indicate that PLGA—SBAILS

Figure 9. Viability of hMSCs on the PLGA—SBA1S membranes. The
CLSM images show cell viability after incubation on the membranes
for 7 days. (A) Pure PLGA; (B) PLGA-2.5%SBA1S; (C) PLGA-5%
SBALS; (D) PLGA-10%SBA1S. Live cells are green; dead cells are red.

membranes can facilitate the differentiation of hMSCs into
osteoblasts.

The ALP activities on the membranes in the presence of
rthBMP-2 are shown in Figure 10B. There was no significant
difference in the ALP staining between the membranes on day
4 after culture. However, there was a significant increase in the
ALP staining intensity on the PLGA-10%SBA15 membrane
with thBMP-2 versus the blank control as well as the pure
PLGA membrane on days 7 and 14. This confirms that SBA15
optimizes the sustained release of BMP-2.

The ALP staining results after 7 and 14 days of cell culture
are shown in Figure 11. The faint positive staining of ALP was
observed on each membrane on day 7, and the intensity of the
ALP staining on each membrane was enhanced significantly on
day 14. It is noteworthy that the ALP staining intensity on the
PLGA-10%SBA1S5 membrane was higher than that on the pure
PLGA membrane. This suggests that SBA1S can improve the
differentiation of hMSCs into osteoblasts.

An excellent membrane for bone tissue engineering should
possess a structure similar to the extracellular matrix in bone.
Studies have demonstrated that well-interconnected micro-
porous structures and appropriate pore sizes are very important
to interaction between the cells. They can facilitate the
proliferation as well as the attachment of the cells.*"** These

dx.doi.org/10.1021/am505493j | ACS Appl. Mater. Interfaces 2014, 6, 20895—20903
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Figure 11. ALP staining of hMSCs after 7 and 14 days of culture with the osteogenic induction medium in the presence of thBMP-2: (A;—A,)
PLGA; (B,—B,) PLGA-2.5%SBA1S; (C,—C,) PLGA-5%SBA1S; (D,—D,) PLGA-10%SBA1S.

factors play a direct role in the transportation of oxygen and
nutrients needed by cells.** In our study, the membranes
possessed an interconnected microporous structure. These
features can facilitate the transportation of nutrients to cells.
The analysis of the BMP adhesion to the membrane and the
release from the membranes showed that the PLGA—-SBA1S
membranes can absorb more proteins and prolong the release
of the proteins versus the pure PLGA membrane. This might
be due to the larger surface area formed by SBA1S on the
surface of the PLGA—SBA1S membranes. Furthermore, the
sustained release of thBMP-2 will improve bone healing.**
The analysis of cell proliferation, attachment, and viability
showed that SBA1S is nontoxic and promotes cell proliferation
and attachment. The PLGA—SBA1S composite membranes
have excellent biocompatibility. The enhanced proliferation of
MSCs on the PLGA—SBA1S composite membrane may be
related to the direct contact of the seeded cells with the SBA1S
particles on the scaffold surface. This might provide better cell
adhesion sites that promote cell spreading and proliferation.
The ALP study indicated that the PLGA—SBA1S membrane
is better for osteogenic differentiation than the pure PLGA
membrane and has excellent bioactivity in vivo. This is probably
because SBA1S contains silicon and silicon dioxide that are
osteoinductive and a catalyst for bone formation.*
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B CONCLUSIONS

In conclusion, we have successfully prepared PLGA—SBAILS
composite membranes with different silica contents by
electrospinning. The TEM, BET and SAXRD studies confirmed
that SBAILS has a mesoporous structure and a large surface area.
The EDS results revealed that the SBA1S was distributed
evenly in the PLGA—SBA1S5 composite membranes. SEM
confirmed the well-interconnected pore structure of the
PLGA—-SBAILS composite membranes that can facilitate cell
growth and spreading. The presence of SBA1S5 can enhance the
thBMP-2 adhesion to the membrane and optimizes the
sustained release of rhBMP-2 from the membrane. The cells
seeded on the PLGA—SBAILS composite membrane had
excellent proliferation and attachment suggesting that the
membrane has excellent biocompatibility. Moreover, this
composite membrane can improve the ALP activity in
hMSCs. Furthermore, the composite membrane with absorbed
thBMP-2 can induce excellent ectopic bone formation with
excellent bioactivity. Overall, the PLGA—SBA1S composite
membranes prepared by electrospinning are a promising
material for bone repair.
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