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A microsphere composite made of poly(DL-lactic-co-glycolic acid) (PLGA), mesoporous silica nanoparticle (MSN), and
nanohydroxyapatite (nHA) (PLGA-MSN/nHA) was prepared and evaluated as bone tissue engineering materials. The objective
of this study was to investigate the synergistic effect of MSN/nHA on biocompatibility as well as its potential ability for bone
formation. First, we found that this PLGA-MSN/nHA composite performed good characteristics on microstructure, mechanical
strength, and wettability. By cell culture experiments, the adhesion and proliferation rate of the cells seeded on PLGA-MSN/nHA
composite was higher than those of the controls and high levels of osteogenetic factors such as ALP and Runx-2 were detected
by reverse transcriptase polymerase chain reaction. Finally, this PLGA-MSN/nHA composite was implanted into the femur bone
defect in a rabbit model, and its ability to induce bone regeneration was observed by histological examinations. Twelve weeks after
implantation, the bone defects had significantly more formation of mature bone and less residual materials than in the controls.
These results demonstrate that this PLGA-MSN/nHA composite, introducing both MSN and nHA into PLGA microspheres,
can improve the biocompatibility and osteoinductivity of composite in vitro and in vivo and had potential application in bone

regeneration.

1. Introduction

Skeletal defects caused by severe open fractures, fracture
nonunions, surgery for bone infections, and tumors remain
a problem in orthopedic clinics [1, 2]. Owing to the potential
for infection and bone loss, the treatment of high energy open
fractures (caused by traffic accidents) [3, 4], contaminated
bone fractures (Gustilo type Il B and C), and long-term bone
infections (chronic osteomyelitis) is a challenge, even for
the best orthopedic surgeons [5, 6]. The traditional method
of treating infectious bone disease is extensive debridement
followed by continuous antibiotic irrigation or poly(methyl
methacrylate) (PMMA) bead implantation [7]. Moreover, to
repair the residual defects caused by debridement, amounts
of autologous or allogeneic bone grafts are required [8, 9].

The entire treatment usually requires at least two or three
operations accompanied by long-term bed rest, unbearable
suffering, and considerable cost [10].

With the development of biocompatible synthetics,
biodegradable polymers have been used in the fields of ortho-
pedic and reconstructive surgery and tissue engineering [11,
12], without necessarily removing the polymeric composite
after healing. Moreover, much attention has been paid to the
microsphere-based composite fabricated by poly(DL-lactic-
co-glycolic acid) (PLGA) [13, 14], because of its potential
applications as vehicles for controlled drug delivery system
and cell carrier for tissue engineering. However, the poor
bioactivity and serious local inflammation are induced by the
acidic degradation products of PLGA, which partially hinders
its application in bone tissue engineering. An ideal strategy
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has typically focused on the incorporation of inorganic
particles and polymer to influence the mechanical properties
of composites and enhance bioavailability, biocompatibil-
ity, and osteoconduction of composites [14-16]. Similar to
natural bone mineral, nanohydroxyapatite (nHA) has been
studied extensively as a bioactive mineral phase additive to
natural and synthetic bone biomaterials to enhance osteoblast
differentiation and to improve mechanical and degradation
properties of composites [15, 17]. Moreover, mesoporous sil-
ica nanoparticle (MSN) possesses high specific surface area,
large pore volume, tunable pore size, and possibility of surface
modification, making it superiority as carrier for loading
drugs and molecules [18]. The composite microspheres of
PLGA and different matrix particles (MSN or nHA) have
attracted significant attention in the field of bone regenera-
tion [19-21]. The related researches focused on two aspects:
(i) the influence of nHA on biocompatibility, mechanical
strength, and degradation properties of composites as well
as osteoinductivity of composites and (ii) the influence of
MSN on drug delivery system to increase loading efficiency,
optimize drug dosage, and control drug release. Moreover,
it has been reported that PLGA incorporated with MSN
could enhance in vitro apatite mineralization and support cell
adhesion, proliferation, and differentiation compared with
PLGA without MSN [22].

To improve biocompatibility and expand application
scope, PLGA microsphere incorporated with MSN and nHA
was expected to obtain the optimum biomaterials for bone
tissue engineering. In previous studies, the combination
of hexagonal mesoporous silica (HMS) and hydroxyapatite
(HA) in PLGA-based microspheres was developed and exhib-
ited excellent controlled drug release properties in vitro [19].
However, the biocompatibility of MSN and nHA in loaded
PLGA microspheres composite, especially its potential ability
for bone regeneration, is still unknown.

In the present study, we prepared PLGA microspheres
loaded MSN and nHA (PLGA-MSN/nHA), as well as their
cylindrical composite. We hypothesized that the combination
of MSN and nHA would improve biocompatibility and
osteogenic potential of composite in vitro and in vivo. To test
this hypothesis, the physical and chemical characteristics of
the microspheres and cylindrical composites were analyzed.
Subsequently, rabbit marrow stromal cells (MSCs) were
cultured with cylindrical composites, and their adhesion,
proliferation, and differentiation were evaluated. Finally, we
evaluated the osteogenic ability of cylindrical composites by
implanting them into cavity defects in rabbit femur.

2. Materials and Methods

2.1. Synthesis Methods and Characterization

2.1.1. Preparation of MSN. MSN was synthesized via the
typical S°I” assembly method [23]. Briefly, tetraethyl orthosil-
icate (TEOS, Chemical Reagent Factory, Guangzhou, China)
was added to a vigorously stirred solution of dodecylamine
(DDA, SSS Reagent Co., Ltd., Shanghai, China) in ethanol
(EtOH) and deionized water, affording a reaction mixture of
the following molar composition: TEOS : DDA : EtOH : H, O,
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1.0:0.27:9.09:29.6. The reaction mixture was aged at an
ambient temperature for 18 h, and the template was removed
using hot EtOH at 45°C and 80°C for 1h. Then, the final
product was dried in an oven at 90°C for 1h.

2.1.2. Fabrication of Various Microspheres and Their Cylindri-
cal Composites. Three types of microspheres (PLGA-MSN,
PLGA-nHA, and PLGA-MSN/nHA) were prepared using a
single emulsion solvent evaporation method [24]. Briefly, 5 g
of PLGA and 1 g of MSN, nHA, or a complex of MSN and nHA
(1:1w/w) was dissolved in 25 mL of methylene chloride, and
the mixture was sonicated for 1 min. The resultant mixture
was then poured into a 0.5% poly(vinyl alcohol) (PVA, Sigma-
Aldrich, Singapore) aqueous solution and stirred for 8h.
The microspheres were isolated and washed five times with
deionized water. Cylindrical composites were fabricated by
pouring each type of microspheres into a cylindrical mold
and heating at 80°C for 2h. The nHA (20 nm of average
particle size) purchased from Emperor Nano Material Co.,
Ltd. (Nanjing, China) was used in this study. The PLGA with
a ratio of lactic to glycolic acid monomer units of 50 : 50 was
purchased from Daigang Biomaterial Co., Ltd. (Jinan, China)
and has an average molecular weight of 31,000 gmol ™" with
an inherent viscosity of 0.30 dL g in chloroform at 30°C.

2.1.3. Morphological Characterization. The morphology of
the MSN dispersed in ethanol was characterized by high-
resolution transmission electron microscopy (HRTEM, JEM-
2010, JEOL, Japan) using an accelerating voltage of 200 kV.
The porous properties of MSN were determined via the
measurements of N, adsorption-desorption isotherms on
a Micromeritics Tristar 3000 pore analyzer under con-
tinuous adsorption condition. The Brunauer-Emmett-Teller
(BET) and Barrett-Joyner-Halenda (BJH) methods were used
to determine the surface area, the pore size distribution,
and the pore volume. Scanning electron microscopy (SEM,
30XLFEG, Philips, Netherlands) was used to observe the
morphology of the MSN and nHA particles and the three
types of cylindrical composites at 10 kV after the samples were
sputter-coated with a layer of gold.

2.1.4. Wettability Property. The wettability of composites was
evaluated by static contact-angle measurements at three
different locations using a surface contact machine (OCALIS5,
Dataphysics, Germany). Briefly, 25 yL of water was dropped
on the surface of each type of composite at 5ul/s (n =
6). Meanwhile, the contact angle was captured using a
surface contact machine at a resolution of 0.01° and a side-
view microscope connected to a camera (Nikon, USA).
The contact angle was calculated by applying a spherical
approximation using Image J 1.48 software.

2.1.5. Mechanical Test. The compressive strength of the cylin-
drical composites (diameter = 5mm and height = 10 mm)
was analyzed in a material testing machine (MTS-858, MTS
System Inc., USA) by compression in the vertical direction
at a deformation rate of 5 mm/min until failure at 20°C. The
compressive strength was calculated by S = F, ., /A, where
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F, .« is the maximum load on the load-deformation curve and

A is the cross-sectional area of each sample (n = 6).

2.1.6. Degradation of the Composites. Samples of the com-
posites were weighed and then soaked in bottles filled with
10 mL of phosphate buffered saline (PBS) solution (pH 7.40).
All bottles were incubated at 37°C. The weight and pH value
were measured at 1, 2, 4, and 8 weeks. The weight loss was
calculated using the following equation: weight loss (wt.%) =
(W, = W,)/W, x 100% (where W,, and W, are the initial mass
and the mass after ¢ day’s immersion, resp., n = 6).

2.2. Cell Culture

2.2.1. Cell Culture and Seeding. Rabbit marrow-derived MSCs
were used for in vitro experiments [25]. The cells were
cultured in a-MEM medium (Corning, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco, USA), 100 U/mL
penicillin, and 100 U/mL streptomycin (Sigma) at 37°C in a
humidified atmosphere of 5% CO, and 95% air. After steril-
ization by exposure to Co®®, MSN at different concentrations
(25, 50, 100, 150, 200, or 400 pg/mL) were used to investigate
the cytocompatibility in 6-well plates (without MSN as blank
controls, n = 6). The three types of cylindrical composites
were sterilized by soaking into 75% ethanol for 24 hours
and then washing in «-MEM medium three times. MSCs
were digested with trypsin/ethylene diaminetetraacetic acid
(EDTA) to produce a cell suspension, concentrated by cen-
trifugation at 1200 rpm for 10 minutes and seeded on the
composites at 4 x 10° cells. The composites with seeding
cells were put into 24-well plates and incubated in a standard
culture condition as preciously described. MSCs were subcul-
tured with the composites in the same medium for one week
changing the medium every 48 hours.

2.2.2. Cell Adhesion on the Composites. After cells were
seeded on the composites for 4 h and 24 h, the adhesion status
of the cells was evaluated. Briefly, twelve composites from
each group were taken from the media and gently washed
with PBS three times. Then, six cell-loaded composites were
fixed with 3% glutaraldehyde in PBS for 24 h at 4°C. After
washing with PBS, the specimens were dehydrated in a
graded series of alcohol (30-100%) followed by freeze-drying
and examination under SEM. Another six composites were
used for the measurement of the adhesion rate. The samples
were first rinsed in 0.25% trypsin for 30 seconds and were
then moved to 0.05% EDTA for 1 min. Afterward, each com-
posite was transferred into a centrifuge tube with a-MEM
medium containing 10% fetal bovine serum. After careful
pipetting, the composite was moved from the medium, and
the suspension was centrifuged at 1200 rpm. Finally, the cell
precipitate was collected and subjected to cell counting. The
cell adhesion rate was calculated with the following equation:
cell adhesion rate (%) = N,/N, x 100%, where N, and N, are
the number of attached cells and seeded cells, respectively.

2.2.3. Cell Proliferation on the Composites. After coculture for
7,14, and 21 days, the viability and proliferation of MSCs were
determined by WST-1 Cell Proliferation and Cytotoxicity

TABLE 1: Primers used for PCR validation.

Genes Primer sequences and positions (5'-3')
GAPDH-F TGCTGGTGCTGAGTATGTGGT
GAPDH-R AGTCTTCTGGGTGGCAGTGAT
ALP-F CTCCATTGTCCACAGGAAATGC
ALP-R TGTGACTGGTGACAGCAGTCTT
COLI-F CAGCCGCTTCACCTACAGC
COLI-R TTTTGTATTCAATCACTGTCTTGCC
RUNX2-F CCTTCCACTCTCAGTAAGAAGA
RUNX2-R TAAGTAAAGGTGGCTGGATAGA

CACCATGAGAATCGCCGT
CGTGACTTTGGGTTTCTACGC

Osteonectin-F
Osteonectin-R

Assay Kit (Beyotime, China). At each predetermined inter-
val, six samples from each group were washed with PBS,
transferred into a new well plate containing 600 mL WST-1
solution, and incubated at 37°C for 4 hours. At the end of the
incubation time, the reaction liquid was pipetted out into 96-
well plates. The absorbance was determined at 450 nm using
a microplate reader (RT-6000, China).

2.2.4. Osteoinductive Ability Assay. The osteoinductive ability
of composite was evaluated by reverse transcriptase-PCR
[26]. Briefly, the total messenger ribonucleic acid (mRNA)
from the cells was isolated at 3, 7, 14, and 21 days using TRIzol
(Takara). Then, 2uL of mRNA was transcribed to 20 uL
of complementary DNA using PrimeScriptTM RT Master
Mix (cat. number RR036A, Takara). Then, 12.5 uL of SYBR
Premix Ex Taq II2X (cat. number RR820, Takara), 1 uL of PCR
forward primer (Takara) and PCR reverse primer (Takara),
2 uL of cDNA, and 8.5 uL of sterilized distilled water were
added. Real-time PCR reactions were performed according
to the following cycling program: initial denaturation at 95°C
for 15 min, followed by 40 cycles of 15s of amplification
consisting of denaturation at 95°C, 45 seconds of annealing
at 62°C, and an extension step at 60°C for 1 min. The primers
used are listed in Table 1. For the evaluation of osteogenic
differentiation, an osteogenic medium (OM, consisting of
DMEM supplemented with 10% FBS, 10" M DEX, 107> M b-
glycerol phosphate, and 50 mg/mL L-ascorbic acid) was used
as the positive control.

2.3. Animal Experiments

2.3.1. Implantation Surgery Procedure. Fifty-four mature New
Zealand rabbits (male, 12 weeks old, 3.0 + 0.4kg) were
subjected to implantation surgery. All animals used in
this research were conducted according to the polices and
principles established by the Animal Welfare Act and the
National Institutes of Health Guide for the Care and Use of
Laboratory. Food and water were withdrawn 12 hours before
induction of anesthesia. The rabbits were anaesthetized with
xylazine hydrochloride injection (intramuscular injection,
1mg/kg) and 3% pentobarbital (intramuscular injection,
30 mg/kg). Animals were placed in lateral recumbency and
right posterior limb was operated. A cavity-like (volumetric)



defect of 5mm in diameter was made perpendicularly to the
bone axis into the femur condyle of both sides. The drill
cavities were carefully washed to eliminate bone debris and
were dried before they were filled composite. Closure of the
fasciae, subcutaneous tissue, and skin was performed using
absorbable sutures. A splint bandage was used to protect
the operated limbs for up to 2 weeks with weekly bandage
changes.

2.3.2. Histological Observations. Six rabbits from each group
were randomly sacrificed at 4, 8, and 12 weeks after surgery.
At 14 and 4 days before sacrifice at the predetermined time
point (4 weeks), the animals were labeled with tetracy-
cline (intramuscular injection, 50 mg/kg, Sigma) and calcein
(intramuscular injection, 8 mg/kg, Sigma). Then, the femur
condyles were collected and fixed in 80% ethanol. After two
weeks, the specimens were dehydrated in a graded ethanol
series (70-100%) within a span of 24h and then they were
embedded in a methylmethacrylate (MMA) solution for 3
weeks. After polymerization of the MMA at 50°C for 24
hours, pathological sections were cut using a band saw and
observed using a fluorescence microscope. The speed of new
bone formation was measured by monitoring the length
between the two labels over time (um/d). After observing
fluorochrome double labeling, the samples were stained by
Van-Gieson (VG) staining and examined by light microscopy
(DM6000B, Leica Microsystems). In order to carry out his-
tomorphometry analysis, the sections with bone tissue were
pseudocolored using Adobe Photoshop CS6 software (Adobe
Systems Incorporated, San Jose, CA, USA) at the same
threshold and analyzed using the Image-Pro Plus system
(Media Cybernetics, Silver Spring, MD, USA). The new bone
formation was quantified from the pixels representing bone
tissue. The rate of new bone formation was determined by
the percentage of the bone area over the total implant area:
BA/TA = (bone area/total area) x 100%, where BA is the
area of the new bone formation and TA is the total area of the
implantation.

2.4. Statistical Analyses. All data were analyzed using SPSS
10.0 software. Experiments were repeated three times, and
the results are expressed as means + standard deviations.
Statistical significance was calculated using one-way analysis
of variance (one-way ANOVA). Comparison between the
two means was performed using Student’s ¢-test. The level of
significance was defined at p < 0.05.

3. Results

3.1. Characteristics of the Particles. The micrographs for the
MSN and nHA particles were investigated by SEM. The SEM
images in Figure 1(a) demonstrated that MSN particles had
an irregular sphere shape with a smooth surface, and the
diameter of the particles was between 250 nm and 600 nm.
The particles were naturally in contact with each other,
forming a skeleton network. The size of the nHA particles was
approximately 20 nm in an irregular ball shape, and some of
the ball-like granules were aggregated (Figure 1(b)). HRTEM
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was used to study the pore structure of the MSN, and the
image showed a well-defined arrangement of uniform pores
(Figure 1(c)). The N, sorption-desorption isotherms of MSN
were shown in Figures 1(d) and 1(e). The BET surface area,
pore volume, and pore size were 1142 m*/g, 0.65 cm’/g, and
2.89 nm, respectively. The capillary condensation was approx-
imately 0.2 of P/P, in the isotherms, which further confirmed
the existence of a mesoporous structure and provided a pore
size distribution curve calculated from the desorption branch
by the BJH model. The MSCs viability assay showed that
the viability of MSCs revealed a concentration-dependent
decrease after incubation with MSN for 24 h. At a concentra-
tion of 150 ug/mL, MSN particles significantly inhibited the
growth of cells compared to blank control (Figure 1(f)).

3.2. Characteristics of the Composites. The structure and
surface characteristics of the three composites were depicted
in Figure 2. By SEM observation, the surface of PLGA-nHA
microspheres was smooth and even (Figures 2(a), 2(d), and
2(g)). Owing to the close contact of the microspheres, regular
tunnels were formed in the composites. In contrast, the
surface of PLGA-MSN microspheres was honeycomb-like,
and sharp prominences and deep holes were found in single
microspheres (Figures 2(b), 2(e), and 2(h)). The roughness
of PLGA-MSN/nHA microspheres was between those of the
other two microspheres, and numerous micropores formed
on the surface (Figure 2(c)). Based on high magnification
SEM observation, the size of the micropores was approxi-
mately 1 ym, and slim cracks formed between some of the
micropores (Figures 2(f) and 2(i)). The average static contact
angle of composites was calculated (PLGA-MSN: 92.3 +2.7°;
PLGA-nHA: 76.0 + 2.3°; and PLGA-MSN/nHA: 74.1 + 1.2°).
The results showed that contact angle of PLGA-MSN was
significantly higher than that of the other two groups (p <
0.05). The compressive strength of the three composites
was analyzed and the results showed that the compressive
strength of PLGA-MSN/nHA (7.22 + 0.95Mpa) was more
than twofold and sevenfold that of PLGA-nHA (3.49 +
0.39 Mpa) and PLGA-MSN (1.08 + 0.23 Mpa), respectively
(p < 0.05).

The degradation properties of three composites were
presented in Figure 3. In the early stages (1 and 2 weeks), a
low weight loss (wt.%) was found for all three composites.
In two weeks, no more than 10% of composite was degraded.
There were no significant differences in the degradation rate
in the three groups during the first two weeks (p > 0.05).
From the fourth week on, a higher degradation rate was
found in the PLGA-MSN group, and more than 20% and
40% of the composite were lost at the fourth and eighth
week, respectively. The degradation rate of PLGA-MSN was
significantly higher than that of the other two groups at
these two time points (p < 0.05). There were no significant
differences in the degradation rates between the PLGA-nHA
and PLGA-MSN/nHA groups during the observation period.
Among the three groups, the pH value of PLGA-MSN group
was much lower than that of the other two groups from 2 to
8 weeks (p < 0.05), while there was no significant difference
between the other two groups (p > 0.05).
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3.3. Cell Culture with the Composites. The cell adhesion
observed by SEM was presented in Figures 4(a)-4(g). Four
hours after seeding, a few cells were found in the connected
site between the microspheres in the PLGA-nHA group (Fig-
ure 4(a), red arrow). A few shriveled cells were found on the
rough surface of the PLGA-MSN microspheres (Figure 4(b)).
By comparison, cells with healthy shapes were spread on
the PLGA-MSN/nHA composite (Figure 4(c)). Twenty-four

hours later, a few cells were found on the PLGA-nHA com-
posites (Figure 4(d)). At the same time point, there were fewer
cells on the PLGA-MSN composite (Figure 4(e)). In contrast
to the above two groups, numerous cells covered the PLGA-
MSN/nHA composite (Figure 4(f)). Several cells were found
growing into the pores of the PLGA-MN/nHA microspheres
(Figure 4(g)). The results were further confirmed by the
cell adhesion rate measurement (Figure 4(h)). The WST-1
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detection revealed the viability and proliferation of cells on
the composites from 7 to 21 days. The OD values for the
PLGA-MSN/nHA and PLGA-nHA groups were significantly
greater than that for the PLGA-MSN group at each time point
(Figure 4(i), p < 0.05).

The levels of expression of osteoblast-specific genes in
the different groups were presented in Figure 5. In both
PLGA-nHA and PLGA-MSN groups, the expression of ALP
increased with time during the first two weeks and began
to decrease after 14 days. In contrast, the ALP level in the
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the positive control group, and n = 6.

PLGA-MSN/nHA group increased from 3 to 21 days. The
PLGA-nHA group led to the expression of more ALP than
the other two groups on the third day, while similar levels
of ALP were present at the time point of 14 days between
PLGA-MSN/nHA and PLGA-nHA groups. At that time, the
ALP level elicited by PLGA-MSN group was lower than that
for the other groups. Similar trends for Runx-2, Col-1, and
osteonectin were found in the three groups: the expression
of the three factors increased with time during the first two
weeks and began to decrease after day 14. After the first
week, the levels of the three factors in the PLGA-nHA and
PLGA-MSN/nHA groups were much higher than those in the
PLGA-MSN group.

3.4. In Vivo Evaluation of the Composites. The speed of new
bone was detected by using a fluorescence microscope. The
strong labeling of tetracycline (yellow bands) and calcein
(green bands) was observed in the composite-implanted area
for all three composites (Figures 6(a)-6(c)). In four weeks,
newly formed bone was found in the peripheral portion of the
three groups. Compared with the other two groups, the new
bone of PLGA-MSN/nHA group obviously began ingrowth
to the center of bone defect. The results confirmed that faster
new bones have been regenerated in the PLGA-MSN/nHA
group, and the speed of new bone formation in the PLGA-
MSN/nHA group was more than twofold that of the other two
groups (Figure 6(d), p < 0.05).
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The bone, cartilage tissue, and residual materials were
stained red, purple, and black, respectively, by VG staining.
Four weeks after implantation (Figure 7(a)), cartilage-like
tissues were found and the new bone had woven around
the peripheral area of the PLGA-nHA and PLGA-MSN/nHA
composites. By contrast, only cartilage tissues enveloped
the PLGA-MSN composite. Eight weeks after implantation

(Figure 7(b)), the formation of new bone had increased sig-
nificantly in the PLGA-nHA and PLGA-MSN/nHA groups.
Sponge-like bone tissues were found in both the peripheral
and central zones of the bone defects. Owing to the ingrowth
of new bone, the three composites began to degrade and
become fractured. After twelve weeks (Figure 7(c)), woven
bone combined with lamellar bone was found around the
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FIGURE 7: The histological images after implantation by VG staining. (a) 4 weeks; (b) 8 weeks; (c) 12 weeks. The bone, cartilage tissue, and
residual materials were stained red, purple, and black, respectively (Nb: new bone; C: cartilage tissue; R: residual materials).

residual PLGA-nHA composite, whereas lamellar bone had
formed in most of the PLGA-MSN/nHA implanted area. The
defects were completely repaired with little residual materials
observed. In contrast, although significant degradation of
the implanted PLGA-MSN composite had occurred, a small
quantity of lamellar bone was present in the area close to
the host bone, and this lamellar bone was thin and irregular.
Furthermore, the percentage of new bone formation (BA/TA)
in the bone defect was calculated as shown in Figure 8. The
BA/TA of PLGA-nHA and PLGA-MSN/nHA increased with
time, whereas the BA/TA of PLGA-MSN reached its peak
value and began to decrease at 8 weeks. From 4 to 12 weeks,
the BA/TA of PLGA/MSN was significantly lower than that
of the other two groups (p < 0.05). Although the BA/TA of
PLGA-MSN/nHA was constantly higher than that of PLGA-
nHA at the determined time points, only the difference at 12
weeks was significant (p < 0.05).

4. Discussion

Mesoporous silica has been widely investigated as a suitable
carrier for a broad range of medical and biological appli-
cations, such as drug delivery, gene transfection, and cell
tracing. Although numerous researches have been performed

to study the in vitro drug loading, encapsulation efficiency,
and release behavior of this mesoporous material, its in
vivo biocompatibility has rarely been studied in bone tissue
engineering.

In the present study, both the in vitro and in vivo
biocompatibilities of mesoporous silica and derived micro-
spheres composites were systematically evaluated. Using cell
counting and SEM morphological examination, we found
that PLGA-MSN has a small negative effect on the adhesion
of MSCs (Figure 4). To determine the cause of this, the
cytotoxicity of MSCs cocultured with MSN particles was
evaluated. We found that a certain concentration of MSN
may limit the proliferation of MSCs. The viability of cells
was also decreased by high concentration of MSN, which
may affect the activation of the MAPK signaling pathways
[27]. The adhesion of MSCs on the PLGA-nHA and PLGA-
MSN microsphere-based composites was less than that on
the PLGA-MSN/nHA for various reasons. First, the biological
behavior of cells can be affected by the topological structure of
a scaffold surface [28, 29]. Based on the SEM observations, we
determined that the surface of PLGA-MSN microspheres was
honeycomb-like, and both sharp prominences and deep holes
were present. The prominences were almost the same size
as the MSCs, which may cause difficulty for the movement
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and extension of cells on the microspheres. Furthermore, the
sharp rims of the prominences may damage the membrane
of the seeding cells (Figure 2). However, a surface which
is too smooth also has negative effects on the adhesive
behavior of cells. In the SEM observations, few cells were
found only in the connecting site between PLGA-nHA
microspheres. Based on a report by other researchers [30],
it is difficult for cells to secrete adhesion molecules when
the cells are attached to the smooth surfaces of composite.
Lacking adhesion molecules, the seeding cells cannot extend
and are easily removed by fluid [31]. In contrast, the mild
roughness of the PLGA-MSN/nHA surface was suitable for
the seeding and extending of MSCs, and cells were easily
loaded and grew on this composite. Second, the wettability
of composite also plays an important role in the adhesive
behavior of MSCs. The contact angles of water reflected the
wettability of composite. The smaller the contact angle is,
the higher the wettability is [32]. In this study, the contact
angle of water with PLGA-MSN/nHA was significantly lower
than those for PLGA-MSN, implying that PLGA-MSN/nHA
had a better wettability. The surface tension between MSN
and water might explain this phenomenon. In contrast, the
introduction of nHA into the mesoporous silica may change
the surface tension of this composite, making MSN/nHA
more hydrophilic [33]. The higher hydrophilicity may also
enhance the adhesion of seeding cells [34, 35].

The proliferation of cells on the different composites
displayed diverse trends, which may be explained by the
topological structure, degradation, and pH value of the
composites. The greater roughness of the PLGA-MSN surface
inhibited the seeding of MSCs. However, with continuous
degradation of the composite, the surface became more
even and more favorable for cell adhesion as a result of the
surface being flushed and rinsed with the culture medium,
causing an increase in proliferation during the first two

1

weeks. Similarly, the smooth surface of PLGA-nHA was
changed by continuous degradation in the culture medium,
which promoted vigorous proliferation of cells. Although
degradation also changes the surface of PLGA-MSN/nHA,
cell proliferation on this composite changed less over time
compared to the other groups, owing to the MSCs highly
adhering to this composite during the early period (the first
24 hours). However, with increasing degradation, the pH
value of the culture medium played an important role in
the changes in cell proliferation on the different composites
(Figure 3(b)). PLGA is a common matrix for the preparation
of biodegradable implantation materials and medical devices
[36, 37]. Owing to the feasibility of its use for fabrication,
it can be applied as a composite to prepare diverse types
of biomaterials. In previous studies, PLGA was used as
the main supporting component for developing uniform
microspheres to control the release of bioactive molecules
and drugs [38, 39]. However, the biggest disadvantage of this
material is its degradation-derived residues, which have lower
pH values in vitro and easily evoke inflammatory reactions
in the local implantation area in vivo. A lower pH value
is thought to harm the proliferation of the surrounding
cells, and the inflammatory reaction can cause the release
of cytokines by the host, damaging the viable cells [37, 40].
In the present study, the cell proliferation on PLGA-MSN
was significantly lower than other two groups, and acid-
mediated degradation of PLGA may be the reason for this
phenomenon, as evidenced by the low pH values and the
higher weight loss during this period (Figure 3). To overcome
the acidic degradation of PLGA, we modified the PLGA
microsphere composites using nHA, which was applied in
our previous studies [41]. Based on the in vitro and in
vivo results of the present study, we further confirmed that
the introduction of nHA could induce a microenvironment,
particularly alkalization of the medium, that has a positive
influence on cell metabolism, especially with respect to PLGA
composites and acidic degradation products.

In addition to the neutralization of PLGA, HA also played
a key role in the osteogenic activity of the material. In the
present study, based on PCR reactions, we observed that the
PLGA-MSN/nHA composite had better osteogenic activity
than the PLGA-MSN composite (Figure 5). The nHA can
promote the proliferation and metabolism of osteoblasts on
the nanoscale because it has a similar structure to natural
bone. Many in vitro studies had demonstrated that nHA
could form a layer of bone-like apatite on the surface of
nHA-derived materials after incubation in a simulated body
fluid. Furthermore, nHA-containing particles had shown
improved bioactivity and promoted better osteointegration in
vivo studies [42-44]. However, crystalline HA degrades over
a long period in vivo, and the presence of a large amount
of undegraded HA may thus hinder or slow complete bone
reconstruction [45]. In the present study, the combination
of MSN and nHA was used to significantly reduce the total
amount of nHA required without significantly compromising
the basic biological capacity of nHA. Furthermore, this
combination can improve the surface area of the derived com-
posite for drug loading owing to the presence of larger pores
and to the well-defined structure of MSN. Moreover, this
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combination also had good bioactivity and biocompatibility
due to the nHA. Compared with nanoparticles, the special
mesoporous structure, which supplies space to host a large
number of drug molecules, makes MSN/nHA suitable for
drug delivery.

Although the in vitro osteoinductive ability of PLGA-
MSN/nHA is not as good as that of OM (osteogenic medium),
this in vivo study revealed that PLGA-MSN/nHA possessed
an excellent osteogenic capacity. By measuring the gap
between the bands labeled with tetracycline and calcein, we
found rapid bone growth in the region of PLGA-MSN/nHA,
which was twofold faster than that in the control groups.
PLGA-MSN/nHA was also degraded to a greater extent
than the other groups, as determined by VG staining. The
degradation of composites was different in vitro and in vivo.
This might have some reasons. Firstly, the degradation rate
of porous composites in vivo was faster than that in vitro, and
acidic degradation products facilitated diffusion in vivo. Thus,
the role of PH value was weaker in vivo compared with that
in vitro. Secondly, with the bone tissue infiltration into the
composites, the better osteoconductivity and mineralization
of PLGA-MSN/nHA might promote the degradation and
substitution. The degradation rate of composites must match
the native tissue repair progress to achieve maximum effect.
Prematurely degradation of composites will lead to poor
induction period, while too-slow degradation will hinder
new tissue ingrowth, thereby impairing tissue repair [41,
46]. Finally, a balance of new bone formation and material
degradation occurred at the defective area in the presence
of PLGA-MSN/nHA, and this balance has been thought to
be an ideal phenomenon for bone regeneration [47]. As
combined with fluorescence labeling and VG staining, we
further confirmed that the newly formed tissue in the PLGA-
MSN/nHA group was similar to natural bone, not only in
quantity but also in quality.

5. Conclusion

The introduction of both MSN and nHA into PLGA micro-
spheres can improve the biocompatibility and osteoinductiv-
ity of microspheres-based composites in vitro and in vivo.
Compared to a single matrix particle (MSN or nHA), the
combination of two could better support the cell attachment,
proliferation, and osteogenic differentiation of MSCs and
promote the regeneration of bone defects. This synergistic
effect of MSN and nHA might result from their modifying
of the surface morphology of microspheres, improving the
mechanical strength, and adjusting the degradation.

Competing Interests

The authors declare no competing interests in this work.

Authors’ Contributions

Shu He, Kai-Feng Lin, and Jun-Jun Fan contributed equally
to this work.

BioMed Research International

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Grant no. 81371982).

References

[1] A. Kadar, H. Sherman, Y. Glazer, E. Katz, and E. L. Steinberg,
“Predictors for nonunion, reoperation and infection after surgi-
cal fixation of patellar fracture,” Journal of Orthopaedic Science,
vol. 20, no. 1, pp- 168-173, 2015.

[2] S.Ye, K.-B. Seo, B.-H. Park et al., “Comparison of the osteogenic
potential of bone dust and iliac bone chip,” Spine Journal, vol. 13,
no. 11, pp. 1659-1666, 2013.

[3] B. Bhattacharjya, B. Ghosh, K. Mukhopadhyay, and M. E.
Hossain, “Evaluation of results of interlocking nail in the
treatment of open fracture shaft femur due to high energy
trauma,” Journal of the Indian Medical Association, vol. 110, no.
11, pp. 821-828, 2012.

[4] L. X. Webb, B. Dedmond, D. Schlatterer, and D. Laverty, “The
contaminated high-energy open fracture: a protocol to prevent
and treat inflammatory mediator storm-induced soft-tissue
compartment syndrome (IMSICS),” The Journal of the American
Academy of Orthopaedic Surgeons, vol. 14, no. 10, pp. S82-S86,
2006.

[5] H.-T. Cheng, Y.-C. Hsu, and C.-I. Wu, “Risk of infection with
delayed wound coverage by using negative-pressure wound
therapy in Gustilo Grade IIIB/IIIC open tibial fracture: an
evidence-based review;” Journal of Plastic, Reconstructive and
Aesthetic Surgery, vol. 66, no. 6, pp. 876-878, 2013.

[6] W.-]. Lu, B. Li, N.-R. Bao et al, “Treatment of chronic
osteomyelitis with one-stage allograft,” Chinese Journal of Trau-
matology - English Edition, vol. 9, no. 5, pp. 272-275, 2006.

[7] C.1. Vallo, G. A. Abraham, T. R. Cuadrado, and J. San Romadn,
“Influence of cross-linked PMMA beads on the mechanical
behavior of self-curing acrylic cements,” Journal of Biomedical
Materials Research, vol. 70, no. 2, pp. 407-416, 2004.

L. Beitlitum, Z. Artzi, and C. E. Nemcovsky, “Clinical evaluation
of particulate allogeneic with and without autogenous bone
grafts and resorbable collagen membranes for bone augmenta-
tion of atrophic alveolar ridges,” Clinical Oral Implants Research,
vol. 21, no. 11, pp. 1242-1250, 2010.

[9] W. G. De Long Jr., T. A. Einhorn, K. Koval et al., “Bone grafts
and bone graft substitutes in orthopaedic trauma surgery: a
critical analysis,” The Journal of Bone & Joint Surgery—American
Volume, vol. 89, no. 3, pp. 649-658, 2007.

[10] D. Neut, H. van de Belt, J. R. van Horn, H. C. van der
Mei, and H. J. Busscher, “Residual gentamicin-release from
antibiotic-loaded polymethylmethacrylate beads after 5 years of
implantation,” Biomaterials, vol. 24, no. 10, pp. 1829-1831, 2003.

[11] K. A. Athanasiou, G. G. Niederauer, and C. M. Agrawal, “Ster-
ilization, toxicity, biocompatibility and clinical applications of
polylactic acid/polyglycolic acid copolymers,” Biomaterials, vol.
17, no. 2, pp. 93-102, 1996.

[12] K. Rezwan, Q. Z. Chen, J. J. Blaker, and A. R. Boccaccini,
“Biodegradable and bioactive porous polymer/inorganic com-
posite scaffolds for bone tissue engineering,” Biomaterials, vol.
27, no. 18, pp. 3413-3431, 2006.

[13] D. S. Kohane, J. Y. Tse, Y. Yeo, R. Padera, M. Shubina,
and R. Langer, “Biodegradable polymeric microspheres and
nanospheres for drug delivery in the peritoneum,” Journal of

2



BioMed Research International

(17]

(20]

(25]

(26]

(27]

Biomedical Materials Research Part A, vol. 77, no. 2, pp. 351-361,
2006.

W. J. E. M. Habraken, J. G. C. Wolke, A. G. Mikos, and J. A.
Jansen, “PLGA microsphere/calcium phosphate cement com-
posites for tissue engineering: in vitro release and degradation
characteristics,” Journal of Biomaterials Science, vol. 19, no. 9, pp.
1171-1188, 2008.

M. Borden, M. Attawia, Y. Khan, and C. T. Laurencin, “Tissue
engineered microsphere-based matrices for bone repair: design
and evaluation,” Biomaterials, vol. 23, no. 2, pp. 551-559, 2002.

H. Liu, S. Shi, J. Cao, L. Ji, Y. He, and J. Xi, “Preparation and
evaluation of a novel bioactive glass/lysozyme/PLGA composite
microsphere,” Drug Development and Industrial Pharmacy, vol.
41, no. 3, pp. 458-463, 2015.

R. Agarwal and A. J. Garcia, “Biomaterial strategies for engi-
neering implants for enhanced osseointegration and bone
repair; Advanced Drug Delivery Reviews, vol. 94, pp. 53-62,
2015.

M. Vallet-Regi, “Ordered mesoporous materials in the con-
text of drug delivery systems and bone tissue engineering,”
Chemistry—A European Journal, vol. 12, no. 23, pp. 5934-5943,
2006.

X. Shi, Y. Wang, L. Ren, N. Zhao, Y. Gong, and D.-A. Wang,
“Novel mesoporous silica-based antibiotic releasing scaffold for
bone repair;” Acta Biomaterialia, vol. 5, no. 5, pp. 1697-1707,
2009.

C. Zong, X. Qian, Z. Tang et al., “Biocompatibility and bone-
repairing effects: comparison between porous poly-lactic-Co-
glycolic acid and nano-hydroxyapatite/poly(lactic acid) scaf-
folds,” Journal of Biomedical Nanotechnology, vol. 10, no. 6, pp.
1091-1104, 2014.

J. M. Xue and M. Shi, “PLGA/mesoporous silica hybrid struc-
ture for controlled drug release,” Journal of Controlled Release,
vol. 98, no. 2, pp- 209-217, 2004.

H. Lin, G. Zhu, J. Xing, B. Gao, and S. Qiu, “Polymer-
mesoporous silica materials templated with an oppositely
charged surfactant/polymer system for drug delivery,” Lang-
muir, vol. 25, no. 17, pp- 10159-10164, 2009.

P. T. Tanev and T. J. Pinnavaia, “Mesoporous silica molecular
sieves prepared by ionic and neutral surfactant templating: a
comparison of physical properties,” Chemistry of Materials, vol.
8, no. 8, pp. 2068-2079, 1996.

I. D. Rosca, E Watari, and M. Uo, “Microparticle formation
and its mechanism in single and double emulsion solvent
evaporation,” Journal of Controlled Release, vol. 99, no. 2, pp.
271-280, 2004.

J. H. P. Hui, L. Li, Y.-H. Teo, H.-W. Ouyang, and E.-H. Lee,
“Comparative study of the ability of mesenchymal stem cells
derived from bone marrow, periosteum, and adipose tissue in
treatment of partial growth arrest in rabbit,” Tissue Engineering,
vol. 11, no. 5-6, pp. 904-912, 2005.

J. Dong, G. Cui, L. Bi, J. Li, and W. Lei, “The mechanical and
biological studies of calcium phosphate cement-fibrin glue for
bone reconstruction of rabbit femoral defects,” International
Journal of Nanomedicine, vol. 8, pp. 1317-1324, 2013.

J. Wang, Y. Shen, L. Bai et al., “Mesoporous silica shell alleviates
cytotoxicity and inflammation induced by colloidal silica parti-
cles,” Colloids and Surfaces B: Biointerfaces, vol. 116, pp. 334-342,
2014.

A. B. Faia-Torres, S. Guimond-Lischer, M. Rottmar et al.,
“Differential regulation of osteogenic differentiation of stem

(31]

(32]

(33]

(37]

(38]

[41]

(42]

[43]

13

cells on surface roughness gradients,” Biomaterials, vol. 35, no.
33, pp. 9023-9032, 2014.

D. Guarnieri, A. De Capua, M. Ventre et al., “Covalently immo-
bilized RGD gradient on PEG hydrogel scaffold influences cell
migration parameters;,” Acta Biomaterialia, vol. 6, no. 7, pp.
2532-2539, 2010.

T. Jiang, W. I. Abdel-Fattah, and C. T. Laurencin, “In vitro
evaluation of chitosan/poly(lactic acid-glycolic acid) sintered
microsphere scaffolds for bone tissue engineering,” Biomateri-
als, vol. 27, no. 28, pp. 4894-4903, 2006.

M. V. Jose, V. Thomas, K. T. Johnson, D. R. Dean, and E. Nyairo,
“Aligned PLGA/HA nanofibrous nanocomposite scaffolds for
bone tissue engineering,” Acta Biomaterialia, vol. 5, no. 1, pp.
305-315, 2009.

B. Song, W. Walczyk, and H. Schonherr, “Contact angles of
surface nanobubbles on mixed self-assembled monolayers with
systematically varied macroscopic wettability by atomic force
microscopy, Langmuir, vol. 27, no. 13, pp. 8223-8232, 2011.

K. M. Forward, A. L. Moster, D. K. Schwartz, and D. J.
Lacks, “Contact angles of submillimeter particles: connecting
wettability to nanoscale surface topography,” Langmuir, vol. 23,
no. 10, pp. 5255-5258, 2007.

A. Mujeeb, A. F. Miller, A. Saiani, and J. E. Gough, “Self-assem-
bled octapeptide scaffolds for in vitro chondrocyte culture,
Acta Biomaterialia, vol. 9, no. 1, pp. 4609-4617, 2013.

S. H. Oh and J. H. Lee, “Hydrophilization of synthetic
biodegradable polymer scaffolds for improved cell/tissue com-
patibility,” Biomedical Materials, vol. 8, no. 1, Article ID 014101,
2013.

K. D. Newman and M. W. McBurney, “Poly(D,L lactic-co-
glycolic acid) microspheres as biodegradable microcarriers for
pluripotent stem cells,” Biomaterials, vol. 25, no. 26, pp. 5763
5771, 2004.

R. C. Thomson, M. J. Yaszemski, J. M. Powers, and A. G. Mikos,
“Fabrication of biodegradable polymer scaffolds to engineer
trabecular bone,” Journal of Biomaterials Science, vol. 7, no. 1,
pp. 23-38,1995.

K. W. Chun, H. S. Yoo, J.J. Yoon, and T. G. Park, “Biodegradable
PLGA microcarriers for injectable delivery of chondrocytes:
effect of surface modification on cell attachment and function,”
Biotechnology Progress, vol. 20, no. 6, pp. 1797-1801, 2004.

A. M. Zalfen, D. Nizet, C. Jérome et al., “Controlled release of
drugs from multi-component biomaterials,” Acta Biomaterialia,
vol. 4, no. 6, pp. 1788-1796, 2008.

T. Hickey, D. Kreutzer, D. J. Burgess, and E Moussy, “In
vivo evaluation of a dexamethasone/PLGA microsphere system
designed to suppress the inflammatory tissue response to
implantable medical devices,” Journal of Biomedical Materials
Research, vol. 61, no. 2, pp. 180-187, 2002.

D.-X. Wang, Y. He, L. Bi et al, “Enhancing the bioac-
tivity of Poly(lactic-co-glycolic acid) scaffold with a nano-
hydroxyapatite coating for the treatment of segmental bone
defect in a rabbit model,” International Journal of Nanomedicine,
vol. 8, pp. 1855-1865, 2013.

Z. Yang, H. Yuan, W. Tong, P. Zou, W. Chen, and X. Zhang,
“Osteogenesis in extraskeletally implanted porous calcium
phosphate ceramics: variability among different kinds of ani-
mals,” Biomaterials, vol. 17, no. 22, pp. 2131-2137,1996.

I. A. W. B. Siqueira, M. A. E Corat, B. D. N. Cavalcanti et
al., “In vitro and in vivo studies of novel poly(D,L-lactic acid),
superhydrophilic carbon nanotubes, and nanohydroxyapatite



14

(47

]

scaffolds for bone regeneration,” ACS Applied Materials &
Interfaces, vol. 7, no. 18, pp. 9385-9398, 2015.

J. Zhao, X. Lu, K. Duan, L. Y. Guo, S. B. Zhou, and J. Weng,
“Improving mechanical and biological properties of macrop-
orous HA scaffolds through composite coatings,” Colloids and
Surfaces B: Biointerfaces, vol. 74, no. 1, pp. 159-166, 2009.

J. Liuyun, L. Yubao, Z. Li, and L. Jianguo, “Preparation and
properties of a novel bone repair composite: nano-hydrox-
yapatite/chitosan/carboxymethyl cellulose,” Journal of Materi-
als Science: Materials in Medicine, vol. 19, no. 3, pp. 981-987,
2008.

D. Li, H. Sun, L. Jiang et al., “Enhanced biocompatibility
of PLGA nanofibers with gelatin/nano-hydroxyapatite bone
biomimetics incorporation,” ACS Applied Materials and Inter-
faces, vol. 6, no. 12, pp. 9402-9410, 2014.

H.-J. Wang, S.-J. Gong, Z.-X. Lin et al., “In vivo biocompatibility
and mechanical properties of porous zein scaffolds,” Biomateri-
als, vol. 28, no. 27, pp. 3952-3964, 2007.

BioMed Research International



