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Objectives. The present study intended to further verify that simvastatin-loaded nanomicelles (SVNs) enhanced the role of
simvastatin (SV) in promoting osteoblast differentiation in vitro and to evaluate the effect of SVNs on bone defect repair in vivo.
Methods. SVNs were synthesized by dialysis. MG63 cells were subjected to intervention with 0.25μmol/l of SVNs and SV. A 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay kit and flow cytometry
were used to determine cell proliferation activity, cell cycle distribution, and apoptosis. The osteoblastic differentiation of MG 63
cells was evaluated by measuring alkaline phosphatase (ALP) activity, ALP staining, and the expression levels of the osterix
(Osx) and osteocalcin (OC) proteins. In addition, 0.5mg of SVNs or SV was applied to the skull defect area of rabbits. Micro-
CT, hematoxylin and eosin (HE) staining, and Masson’s trichrome staining were used for qualitative and quantitative evaluation
of new bone in three dimensions and two dimensions. Results. The SVNs had a mean diameter of 38.97 nm. The encapsulation
and drug-loading efficiencies were 54:57 ± 3:15% and 10:91 ± 0:63%, respectively. In vitro, SVNs and SV can inhibit the
proliferation activity and promote osteogenic differentiation of MG63 cells by arresting MG63 cells at the G0/G1 phase without
increasing the apoptosis rate. In vivo quantitative results showed that the bone mineral density (BMD), bone volume (BV)/total
volume (TV) ratio, and trabecular number (Tb.N) in the gelatin sponge with SVNs (SVNs-GS) group and gelatin sponge with
SV (SV-GS) group were 362.1%, 292.0%; 181.3%, 158.0%; and 215.2%, 181.8% of those in the blank control (BC) group,
respectively. Histological results identified the new bone tissue in each group as irregular fibrous bone, and the arrangement of
trabecular bone was disordered. There were significantly more osteoblasts and new capillaries around the trabecular bone in the
SVNs-GS group and SV-GS group than in both the BC and drug-free nanomicelle (DFNs) groups. Both in vitro and in vivo,
SVNs exhibited greater osteogenic efficacy than SV. Conclusion. SVNs significantly improved the osteogenic efficacy of SV.

1. Introduction

Trauma, infection, and tumors can all cause bone defects.
Due to mineral deposits and an insufficient blood supply in
bone defect areas, the rate of new bone formation is very
slow, and large bone defects cannot self-heal [1, 2]. Methods
such as bone grafting, bone tissue engineering, and
membrane-guided bone regeneration are commonly used
to promote bone defect repair, and the materials used include
autogenic bone, allogenic bone, synthetic bone replacement
materials, stem cells, and exogenous growth factors [3, 4].

Among these materials, autogenic bone is the gold standard
of bone repair materials due to its superior osteoconduction,
osteoinduction, and osteogenesis [5]. However, autogenic
bone grafting is associated with considerable trauma and
increased patient suffering, which substantially limits its clin-
ical application [6]. Allogenic bone, which is mainly derived
from human cadavers derived, has been applied in clinical
practice and has yielded good results [7]. However, the
potential risks of spreading viruses and immunological rejec-
tion limit the application of allogenic bone in clinical practice
[8]. Synthetic biodegradable bone replacement materials
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overcome the limitations of the above two materials but have
the disadvantages of fast degradation, low strength, and
localized inflammation caused by degraded products [9,
10]. The addition of exogenous osteogenic growth factors
(such as bone morphogenetic protein 2 (BMP-2)) to the
above materials can significantly improve the osteoinductive
ability and promote the proliferation and differentiation of
osteoblasts [11–14]. However, exogenous osteogenic growth
factors are expensive, have a short half-life, are difficult to
store, and have low cell-targeting properties [15]. Therefore,
some scholars have attempted to identify specific drugs to
accelerate the formation of new bone in the bone defect area
by regulating endogenous osteogenic growth factors.

Simvastatin (SV), which is commonly used in clinical
practice, is inexpensive, safe, and reliable. SV can specifically
bind to HMG-CoA reductase, a key enzyme in cholesterol
synthesis, to inhibit cholesterol synthesis and prevent cardio-
vascular diseases [16]. In 1999, Mundy et al. first reported
that subcutaneous injection of SV and lovastatin could signif-
icantly promote the formation of new bone in a mouse cra-
nial bone defect area [17]. Studies have shown that SV can
promote osteogenesis mainly through the induction of
BMP-2 and VEGF gene expression, thereby promoting
angiogenesis and the differentiation of osteoblasts [17, 18].
In addition, SV inhibits the RANKL expression to suppress
the differentiation of osteoclasts and promote osteogenesis
[19, 20]. The osteogenesis-promoting effect of SV is closely
associated with the regulatory functions of osteogenesis-
related signaling pathways, such as the Smad pathway, the
Erk1/2 pathway, and the Pi3k/Akt pathway [21–26].

SV is liposoluble and poorly soluble in water. When used
systemically, most drugs are metabolized by the liver. Only
small amounts of drugs can reach bone defect areas. An
extremely low available drug concentration seriously impacts
the promoting effect of SV [27]. Increasing the dose of SV for
systemic administration can effectively increase the drug
concentration in the bone defect area, but high doses can also
increase the systemic side effects of SV, such as liver and kid-
ney damage and rhabdomyolysis [28, 29]. Therefore, the
extremely low bioavailability in bone defect areas and the
potential side effects of SV are urgent problems requiring
resolution.

Nano-based drug carriers include nanoparticles, nanoli-
posomes, solid lipid nanoparticles, magnetic nanoparticles,
and polymeric nanomicelles. Among these carriers, poly-
meric nanomicelles, which were first proposed by Ringsdorf
et al. to be used as a drug carrier, have become a research
focus of drug delivery systems. Amphiphilic polymeric nano-
micelles are self-assembled nanostructures formed by hydro-
philic shells and a hydrophobic core. Polymeric nanomicelles
are mostly spherical in shape and are mainly used for encap-
sulation and delivery of lipophilic small-molecule drugs [30,
31]. The particle sizes of polymeric nanomicelles are rela-
tively small, mostly ranging between 10 and 80nm [32]. Cur-
rently, polyethylene glycol (PEG), polyethylene oxide (PEO),
and chitosan (CTS) are commonly used in the synthesis of
the hydrophilic segments of polymeric nanomicelles [33,
34]. PEG has good water solubility and a large exclusion vol-
ume, which can effectively prevent aggregation of micelles.

PEG can also reduce the capture of the reticuloendothelial
system (RES) and extend the half-life of polymeric nanomi-
celles [33, 34]. The hydrophobic segments of polymeric
nanomicelles are usually synthesized using polylactic acid
(PLA) and polycaprolactone (PCL), which mainly serve the
functions of encapsulating hydrophobic drugs [30, 34]. Poly-
meric nanomicelles prepared with these materials have excel-
lent biocompatibility and biodegradability [35]. Polymeric
nanomicelles can be excreted through the kidneys and will
not accumulate in the body. Therefore, polymer micelles
have great application prospects as drug carriers.

We hypothesized that the encapsulation of SV using
polymer nanomicelles can significantly improve the in vitro
and in vivo osteogenic effect of SV. In previous studies, we
applied methoxy-PEG (mPEG-) PLA to encapsulate SV,
successfully synthesized simvastatin-loaded nanomicelles
(SVNs) by dialysis, and preliminarily verified that an appro-
priate concentration of SVNs can significantly improve the
osteoblast differentiation-promoting effect of SV in vitro
[24]. In the present study, we not only further verified the
role of SVNs in promoting osteoblast differentiation
in vitro but also evaluated the in vivo osteogenesis-
promoting effects of SVNs.

2. Materials and Methods

2.1. Preparation and Characterization of SVNs. Based on pre-
vious experience in preparing nanomicelles in our group
[24], SVNs (mPEG-PLA-SV) were prepared using a dialysis
method. In short, 10mg of mPEG-PLA (Mn = 5000 − 3000)
(Jinan Daigang Biomaterial Co., Ltd., Shandong, China)
and 2mg of SV (National Institutes for Food and Drug Con-
trol, Beijing, China) were dissolved in 2ml of acetonitrile
(Fisher Scientific, Waltham, MA, USA) and slowly added
dropwise into 12ml of purified water. The mixture was stir-
red for 1 h at room temperature and then dispersed via ultra-
sonication for 5min. Finally, the above solution was dialyzed
for 7 h. The drug-free nanomicelles (DFNs) were also pre-
pared in a similar way in the absence of SV.

The particle sizes of SVNs and DFNs were measured
using a Zetasizer instrument (Mastersizer 2000, Malvern
Instruments Ltd., Malvern, UK). Nanomicelle morphology
was observed with a transmission electron microscope
(TEM; HT7700, Hitachi Limited, Tokyo, Japan). High-
performance liquid chromatography (HPLC; LC-20AD, Shi-
mazu Corporation, Kyoto, Japan) was used to determine the
drug-loading content and drug entrapment efficiency.

2.1.1. In Vitro Simvastatin Release. SVNs were sealed in a
dialysis bag and incubated in 4% HAS solution at 37°C and
50 rpm. The same amount of free SV was dialyzed under
the same conditions as a control. At predetermined time
intervals, 12ml of the samples was withdrawn and replaced
with 12ml of fresh release medium. The SV concentration
was analyzed using the HPLC system.

2.2. Cell Experiment

2.2.1. Cell Culture and Experimental Group. The human
osteoblast-like MG63 cells were purchased from the Cell
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Bank of the Chinese Academy of Sciences, Shanghai, People’s
Republic of China. The MG63 cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM; Thermo Fisher Sci-
entific, Waltham, MA, USA) with 10% fetal bovine serum
(FBS; Thermo Fisher Scientific, Waltham, MA, USA) and
1% penicillin-streptomycin (HyClone, Logan, UT, USA) at
37°C in a humidified incubator with 5% CO2. The medium
was refreshed every three days.

The experiment was divided into four groups: SVNs
group, SV group as the positive control, DFNs group, and
blank control (BC) group as the negative control. According
to the preliminary results of our group, the SV in the SVNs
group and in the SV group was dissolved and diluted to
0.25μmol/l in the complete medium. Equal concentrations
of DFNs were also prepared.

2.2.2. Cell Proliferation.MG63 cells were seeded onto 24-well
plates at 104 cells per well and cultured with the drug formu-
lations (500μl/well) for 72h. Then, culture medium was
replaced with serum-free medium. The plate was incubated
for 2 h at 37°C in a humidified atmosphere with 5% CO2.
An MTS assay kit (MTS; Biovision Inc., CA, USA) was used
to measure cell proliferation. One hundred microliters of
MTS solution was mixed with culture medium per well.
One hundred microliters of the mixture was pipetted into
each well of a 96-well plate, and absorbance was measured
at 30min intervals at 490nm using a microplate reader
(Tecan, Tecan Trading AG, Switzerland).

2.2.3. Cell Cycle and Apoptosis. MG63 cells were seeded in
6 cm Petri dishes at 1 × 106/dish. The experiment was termi-
nated at 72h after dosing, and the effects of drugs on the cell
cycle and apoptosis of MG63 cells were measured by flow
cytometry.

(1) Cell Cycle. A cell cycle detection kit (keygen, Keygen bio-
tech, Jiangsu, China) was used to detect the cell cycle. The
cells were digested and collected by centrifugation at 1,000
× g at 4°C for 5min. With the supernatant removed, the cells

were resuspended with 1ml of precooled Buffer A and col-
lected by centrifugation again. Then, the cells were resus-
pended with 100μl of precooled Buffer A, slowly dripped
into 900μl of precooled 70% ethanol, and fixed at -20°C for
at least 12 h. The cells were collected by centrifugation again,
washed with precooled Buffer A to remove ethanol, and
resuspended in 500μl of Buffer A; then, RNase A was added,
and the solution was further incubated at 37°C for 30min.
The samples were stained with propidium iodide (PI) at
room temperature for 30min in the dark and analyzed by
flow cytometry.

(2) Cell Apoptosis. An Annexin V-FITC/PI Apoptosis Detec-
tion Kit (BD, Becton, Dickinson and Company, NJ, USA)
was used to detect the apoptotic cells. The cells were collected
using trypsin without EDTA by centrifugation and resus-
pended with 300μl 1× binding buffer. One hundred microli-
ters of cell suspension was pipetted into culture tubes; then,
5μl of Annexin V-FITC was added to each tube, followed
by incubation for 15min at room temperature. Five microli-
ters of PI stain was added to the cells for 5min at room tem-
perature without light. After the addition of 400μl of 1×
binding buffer to each tube, cell apoptosis was analyzed by
flow cytometry.

2.2.4. Alkaline Phosphatase (ALP) Activity. MG63 cells were
seeded onto 24-well plates at 104 cells/well. After 7 d of cul-
turing, the culture medium was removed, and 50μl/well of
Laemmli sample buffer together with protease inhibitor
(50 : 1 v/v) was added to lyse the cells. Then, the samples were
centrifuged at 10,000 rpm, at 4°C. Ten microliters of superna-
tant was pipetted to measure the protein concentration using
a bicinchoninic acid protein assay kit (Thermo, Thermo
Fisher Scientific, MA, USA). The absorbance of the solution
was measured at 562nm, and the amount of total protein
was calculated using a generated calibration curve. In addi-
tion, 30μl of supernatant was pipetted to measure the ALP
activity, and the absorbance of the solution at 520nm was
measured. To determine the ALP activity, the amount of

Figure 1: The surgical procedures with rabbit calvaria. (a) A mucoperiosteal flap was raised, and four critical bone defects (6.5mm in
diameter) were created at the top of the skull. (b) The defects were divided into the following four groups: no augmentation (blank
control, BC) group, gelatin sponge (GS) group, gelatin sponge with 0.5mg SV (SV-GS) group, and gelatin sponge with 5mg SVNs (0.5mg
SV) (SVNs-GS) group.
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Figure 2: The characteristics of simvastatin-loaded nanomicelles. (a) The particle size of simvastatin-loaded nanomicelles was measured
using a Zetasizer instrument. (b) Simvastatin-loaded nanomicelle morphology was observed with a transmission electron microscope
(TEM). (c) The in vitro cumulative release profiles of simvastatin from simvastatin-loaded nanomicelles using human serum albumin as
dissolution medium by a dynamic dialysis method. The simvastatin concentration was measured via the HPLC method at a UV
absorbance of 238 nm. The results are the mean values of three independent measurements (±SD).
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ALP was normalized to the amount of total proteins
synthesized.

2.2.5. ALP Staining. The slides of MG63 cells were stained for
the presence of ALP using an ALP assay kit (86C-1KT;
Sigma-Aldrich Corp., St. Louis, USA) according to the man-
ufacturer’s instructions after incubating in various experi-
mental media for 7 d. The cells were fixed in a citrate-
acetone-formaldehyde solution for 30 s and then incubated
in an ALP mixture solution containing sodium nitrite solu-
tion, fast blue BB base (FBB-) alkaline solution, and naphthol
AS-BI alkaline solution as a substrate for 30min at room
temperature away from light. Stained cells were rinsed twice
with deionized water and photographed.

2.2.6. Western Blotting. MG63 cells were seeded onto 6-well
plates at 5 × 105 cells/well and cultured with the correspond-
ing drugs according to the experimental group. The protein
expression levels of osterix (OSX) and osteocalcin (OC) were
determined by western blot analysis according to the follow-
ing steps: cultured cells were washed twice with ice-cold PBS,
and then, the total proteins were extracted from the cells
using the RIPA lysis buffer containing a protease inhibitor
(Cell Signaling, Cell Signaling Technology Inc., MA, USA)
and phosphatase inhibitors (Cell Signaling, Cell Signaling
Technology Inc., MA, USA). The protein concentrations
were determined using the bicinchoninic acid (BCA) protein
assay (Pierce BCA Protein Assay Kit; Thermo Fisher Scien-
tific). An equal amount of protein (20μg/lane) was separated
by 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, then transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore, Bedford, MA, USA). After
blocking with 5% BSA in TBS with Tween-20 (TBST) for
60min, the PVDF membranes were incubated with primary
antibodies at 4°C overnight. Next, the membranes were incu-
bated for 60min at room temperature with a horseradish
peroxidase-linked secondary antibody. The bands were visu-
alized using the enhanced chemiluminescence (ECL)
detection system. The quantification of protein was calcu-
lated by densitometry analysis using the ImageJ software.
The primary antibodies used were specific for OSX (1 : 1500
diluted; Abcam, Cambridge, UK), OC (1 : 1500 diluted;
Abcam), and GAPDH (1 : 1500 diluted; Cell Signaling, Cell
Signaling Technology Inc., MA, USA).

2.3. Animal Experiment. Six New Zealand white rabbits (20–
24 weeks, 2.3–0.3 kg) were used as experimental animals in
this experiment. The experimental protocol was approved
by the Animal Ethics Committee at Shenzhen University.

2.3.1. Surgical Procedure. All surgical procedures were per-
formed under sterile conditions. First, the animals were anes-
thetized with an injection of 3% sodium pentobarbital
(30mg/kg) into the lateral ear vein. Then, the head of the rab-
bit was shaved and sterilized with iodine solution. Next, 2ml
of 2% lidocaine was administered to the operating site as local
anesthesia. A perpendicular incision was made, and a muco-
periosteal flap was raised. Four critical bone defects (6.5mm
in diameter) were created at the top of the skull and ran-
domly divided into the following four groups: no augmenta-

tion (blank control, BC) group, gelatin sponge (GS) group,
gelatin sponge with 0.5mg SV (SV-GS) group, and gelatin
sponge with 5mg SVNs (0.5mg SV) (SVNs-GS) group. The
surgical procedure is depicted in Figure 1. The animals were
sacrificed four weeks after surgery.

2.3.2. Microcomputed Tomography (Micro-CT) Analysis. The
effects of SVNs and SV on osteogenesis were evaluated radio-
graphically. The specimens were removed en bloc, fixed in
10% neutral formalin, and scanned with a micro-CT scanner
(Skyscan-1176; Bruker, Belgium) (pixel size: 18.05μm;
source voltage: 62 kV; source current: 380μA). Micro-CT
images were reconstructed using Skyscan NRecon software
(Bruker, Belgium). The bone defect area (6.5mm in diame-
ter) of each image was defined as the region of interest
(ROI), and the volume of interest (VOI) was made up of
the ROIs of 150 images. The newly formed bone volume
(BV), bone mineral density (BMD), percent bone volume
(bone volume/tissue volume, BV/TV), and trabecular num-
ber (Tb.N) of the newly formed bone were measured using
Skyscan CTAn software (Bruker, Belgium).

2.3.3. Histomorphometric Analysis. After the specimens were
completely fixed, they were demineralized with 10% EDTA
for four weeks and paraffin-embedded after dehydration.
All the specimens were sectioned into 4μm-thick serial sec-
tions for hematoxylin and eosin (HE) and Masson’s tri-
chrome staining for observation of the newly formed bone
under a microscope.

2.4. Statistical Analysis. Statistical analysis was performed
using SPSS version 19.0 (IBM Corp., Armonk, NY, USA).
All data are shown as the mean ± standard deviation (SD)
from at least three independent experiments and were ana-
lyzed by repeated-measures ANOVA and Student’s t-test.

3. Results

3.1. Characterization of Simvastatin-Loaded Nanomicelles.
The mean diameter of the SVNs was determined with
dynamic light scattering (DLS) and found to be approxi-
mately 38:97 ± 1:96 nm (Figure 2(a)). The SVNs were nearly
spherical in shape based on the TEM results (Figure 2(b)).
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Figure 3: The effect of SVNs and SV on the proliferative activity of
MG63 cells. The results are the mean values of three independent
measurements (±SD). ∗P < 0:05 vs. BC group; #P < 0:05 vs. SV
group.
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Under 20% theoretical drug-loading capacity (DLC) condi-
tions, the SVNs presented an encapsulation ratio and drug-
loading efficiency of 54:57 ± 3:15% and 10:91 ± 0:63%,
respectively. These nanomicelles were selected for subse-
quent experiments to evaluate their osteogenic effects.

3.1.1. In Vitro Simvastatin Release. As shown in Figure 2(c),
the free SV was nearly completely released at 12h, whereas
only approximately 35% of the total SV had been released

from the nanomicelles at the same time. SVNs showed good
sustained-release properties in vitro.

3.2. Cell Experiment Results

3.2.1. Cell Proliferation. Figure 3(a) shows that the number of
cells significantly decreased in the SVNs group and the SV
group at 3 d after administration of the drugs in comparison
with the BC group. The SVNs group had fewest cells,
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indicating that SVNs exerted a significantly more potent
inhibitory effect on cell proliferation than SV.

3.2.2. Cell Cycle and Cell Apoptosis. To clarify whether the
inhibitory effect of SVNs and SV on the proliferative activity
of MG63 cells is related to a drug-induced alteration of cell
cycle and apoptotic rate, flow cytometry was used to analyze
the cell cycle and apoptotic rate of the MG63 cells in all
experimental groups.

Figure 4 shows that the percentages of the MG63 cells in
the G0/G1 phases of the cell cycle were significantly
increased, while the percentage of cells in the S phase of the
cell cycle was markedly reduced, in the SVNs group and the
SV group 3d after administration of the drugs in comparison
with the BC group. No significant changes were observed in
the percentages of G2/M phase cells.

Moreover, Figure 5 shows that the apoptotic rate of
MG63 cells did not increase significantly after treatment with
SVNs and SV. The above cell proliferation experiment results
show that SVNs and SV significantly reduced the number of
MG63 cells. The decrease in the number of cells in the SVNs
group and the SV group did not appear to be related to
apoptosis.

3.2.3. ALP Activity Assay. The osteoblastic differentiation of
MG63 cells was evaluated by measuring the ALP activity after
culturing with different drug formulations for 7 d. As shown
in Figure 6(a), the ALP activities of cells in the SVNs group
and SV group were significantly higher than those of cells
in the BC group, and the SVNs group exhibited the greatest
cellular ALP activity. ALP staining results (Figure 6(b))

showed obvious blue areas in the SVNs group and SV group,
especially in the SVNs group, and almost no blue areas were
observed in the DFN group and BC group. These results are
consistent with those of the quantitative analysis of ALP
activity described above.

3.2.4. Protein Levels of OSX and OC. The protein expression
levels of OSX and OC in MG63 cells were determined by
the western blot analysis. At 7 d or 14 d after drug applica-
tion, the protein expression levels of OSX (Figure 6(c)) and
OC (Figure 6(d)) of cells in the SVNs group and SV group
were significantly higher than those of the cells in the BC
group. SVNs could further significantly enhance the promot-
ing effect of SV on the expression of OSX or OC in MG63
cells.

The above results showed that SVNs and SV significantly
promoted the osteogenic differentiation ability of the MG63
cells in vitro. Their osteogenesis-promoting effect in vivo
requires further verification in animal experiments.

3.3. Animal Experiment Results. The animal experiment was
executed smoothly, the experimental animals healed well
after surgery, and no complications such as inflammation,
infection, splitting, or exposure were noted in the surgical
area. During specimen preparation, one specimen was dam-
aged and was not included in the subsequent analysis. The
number of samples in each group was n = 5.

3.3.1. Microcomputed Tomography (CT) Analysis Results.
Animals were sacrificed by air injection into an ear vein 4
weeks after surgery. Under sterile conditions, the surgical
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area was completely delineated at the site larger than 5mm
along the edge of the defect area. After scanning with
micro-CT, the Skyscan CTAn software of the scanner was
used to perform three-dimensional reconstruction of the
defect area (Figure 7(a)). At 4 weeks after surgery, each
experimental group had different degrees of new bone forma-
tion, and the direction of the new bone formation mainly
extended from the edge of the bone defect toward the center
of the defect area. New bone formation was most extensive in
the SVNs-GS group, followed by the SV-GS group, while new
bone formation was the least obvious in the BC group, and
large defects were still present in the bone defect area. The
bone defect area was further divided into VOI, and three-
dimensional reconstructed images more clearly showed that
the new bone formation in the SVNs-GS group was signifi-
cantly more obvious than that in the other groups
(Figure 7(b)). Quantitative analysis of BMD (Figure 7(c)),
BV/TV ratio (Figure 7(d)), and Tb.N (Figure 7(e)) in the
new bone by Skyscan CTAn software showed that the BMDs
in the SVNs-GS, SV-GS, and GS groups were 362.1%,
292.0%, and 183.5% of the BMD in the BC group; the BV/TV
ratios were 181.3%, 158.0%, and 133.8% of the BV/TV ratio
in the BC group; and the Tb.N values were 215.2%, 181.8%,
and 145.4% of the Tb.N in the BC group, respectively.

3.3.2. Histological Evaluation Results. At 4 weeks after sur-
gery, sagittal primary bone slices obtained from the centers
of the bone defect areas were subjected to HE staining
(Figure 8). The results showed that the bone defect areas of
each group were covered by new fibrous tissue and immature
bone tissue, with a small amount of irregular cancellous bone
at the edge of the primary bone defect. The SVNs-GS group
had the most newly formed irregular cancellous bone and
the smallest remaining bone defect areas. The new bone for-
mation in the SVNs-GS group and SV-GS group was signif-
icantly greater than that in the BC group and GS group.
Under high magnification, the new bone tissue in each group
was identified as irregular fibrous bone, and the arrangement
of trabecular bone was disordered; a large number of spindle-
shaped osteoblasts were attached to the surface of the pri-
mary trabecular bone, and some osteoblasts had transformed
into immature bone cells and were buried in the bone lacu-
nae. The extensive new capillary formation was evident
around the primary trabecular bone, especially in the
SVNs-GS group.

Adjacent blank sections were subjected to Masson tri-
chrome staining (Figure 9). The results showed that the
new fibrous tissues in the bone defect areas of all groups were
stained blue, the new bone tissue at the edge of the bone
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Figure 6: The effect of SVNs and SV on the osteogenic differentiation of MG63 cells. (a) ALP activity was measured in whole-cell extracts. (b)
ALP staining. The ALP activity was proportional to the intensity of the blue-violet color. (c) The protein expression of OSX after treatment
with different drug formulations for 7 d. (d) The protein expression of OC after treatment with different drug formulations for 14 d. The
results are the mean values of three independent measurements (±SD). ∗P < 0:05 vs. BC group; #P < 0:05 vs. SV group.
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defect area was stained blue or red and blue, and the sur-
rounding old bone was stained red. In the BC and GS groups,
the arrangement of collagen fibers in the new fibrosis tissues,
which showed lighter staining, was sparse and slightly disor-
dered; only a small amount of new bone formation was noted
on the edge of the defect, the bone defect area was large, tra-
becular bone was scarce, and no obvious mature red lamellar
bone tissue was observed. In the SVNs-GS and SV-GS
groups, the arrangement of collagen fibers in the new fibrosis
tissues, which showed darker staining, was regular and dense;
a large number of blue or red-blue primary trabecular bones
had formed at the edge of the defect area and extended to the
center of the defect area, the bone defect area was signifi-
cantly reduced, and the trabecular bones at the proximal
end of the bone defect appeared to be almost mature and
exhibited red-stained lamellar bone. These observations were
especially obvious in the SVNs-GS group. Under high magni-
fication, the SVNs-GS group and SV-GS group had a large
amount of osteoblasts with blue-violet nuclei attached to
new trabecular bones that were gradually surrounded by
newly formed osteoid, which were buried inside a new tra-
becular bone to form lacunae, and osteoblasts had gradually
transformed into bone cells. The BC and GS groups had
formed few new trabecular bones, osteoblasts were mainly
located in the newly formed collagen fibers, and no apparent
mature bone tissue structure was noted.

4. Discussion

Autogenic bone, allogeneic bone, and artificial bone replace-
ment materials are often used in the repair of large bone
defects [3–7]. Adding exogenous osteogenic growth factors
such as BMP-2 to these materials can increase the osteoinduc-
tivity of the materials, thereby enhancing the osteogenesis-
promoting effect [11–14]. However, the high cost and short
half-life of exogenous osteogenic growth factors largely limit
their clinical application [15]. SV, a commonly used lipid-
lowering agent, has been found to increase the expression of
BMP-2 in osteoblasts in vivo to promote the formation of

new bone in bone defect areas [28, 36]. Therefore, SV is
expected to replace exogenous BMP-2 for bone formation
promotion since the cost of SV is 16,000-times lower than that
of BMP-2 [17].

The local concentration of SV in the treatment area is
closely related to whether SV can exert its osteogenesis-
promoting effect. In animal experiments, SV is mainly
administered systemically, and oral administration is the
most common route of administration [28]. SV is a lipid-
soluble drug with a low affinity for bone. After oral adminis-
tration, most drugs will be metabolized by the liver, and
eventually, only very small amounts of drugs can reach the
treatment area [27]. The low concentration of SV in the treat-
ment area results in a negligible promoting effect on new
bone formation. Increasing the oral dose and repeated drug
administration can enhance the osteogenic effect of SV.
However, an excessive dose also substantially increases the
likelihood of systemic side effects [28, 29]. Local administra-
tion of SV is an effective approach to avoid the above prob-
lems [28, 37].

Local administration of SV has the advantages of avoid-
ing liver metabolism and improving the bioavailability of
SV. Many methods can be used for local SV administration
[38–40]. The simplest method is to combine SV directly with
bone scaffold materials. The disadvantage of this method is
that due to the burst release effect, a large amount of SV
can be released from the stent into the blood and be quickly
cleared from the body [28]. As a result, SV can act only for
a short time, resulting in a limited osteogenic effect. There-
fore, the goal of local SV administration should be slow and
sustained drug release to the bone defect area to promote
bone formation and to effectively improve the bioavailability
of SV [40].

In previous studies, some scholars synthesized SV-loaded
microspheres or nanospheres and confirmed that SV could
be slowly released from the microspheres or nanospheres
[41–44]. The present study used mPEG-PLA polymeric
nanomicelles to encapsulate SV using the preferred dialysis
method developed in a previous study. The prepared SVNs
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Figure 7: Evaluation of new bone formation in the surgical defect area with micro-CT scanning at 4 weeks after surgery. (a) Three-
dimensional reconstruction of the defect area. (b) Three-dimensional reconstruction of VOI. Quantitative analysis of BMD (c), BV/TV
ratio (d), and Tb.N (e) in the new bone. The results are the mean values of five independent measurements (±SD). ∗P < 0:05 vs. BC group;
#P < 0:05 vs. SV group.
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had a small size and a spherical shape, which extended the
release time of the same amount of SV from 12h to over
100 h, reflecting excellent sustained-release properties.

Few studies related to the osteogenesis-promoting effect of
SV are available. Existing studies have shown that nano-based

drug carriers can significantly improve the osteogenesis-
promoting effect of SV in vivo and in vitro [41–44]. Our pre-
vious in vitro study preliminarily confirmed these findings
[24]. In the present study, we detected the ALP activity and
protein expression levels of OSX and OC in MG63 cells and

BC

GS

SV-GS

SVNs-GS

Figure 8: Histologic images of the surgical defects at four weeks (HE stain, ×40, ×100, ×400). The “←” arrows point to the original defect
margins, the “↓” arrows indicate newly formed capillary, and the “↑” arrows indicate osteoblasts.
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Figure 9: Histologic images of the surgical defects at four weeks (Masson stain, ×40, ×100, ×400). The “←” arrows indicate osteoblasts.
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again confirmed that SVNs can significantly improve the oste-
oblast differentiation-promoting effect of SV in vitro. In previ-
ous studies, we found that after adding SVNs and SV, the
number of MG63 cells was significantly decreased compared
with that in the control group, and cell proliferation activity
was inhibited. The premise of cell differentiation is currently
believed to be that cells stop proliferation. Whether the
reduced number of cells after drug application is the result of
cell differentiation or drug-induced apoptosis requires further
investigation. The results of the present study showed that
SVNs and SV can block MG63 cells in the G0/G1 phase and
thus inhibit cell proliferation; however, SVNs and SV did not
increase the cell apoptosis rate. These results suggest that the
osteoblast differentiation-promoting effects of SVNs and SV
are closely related to changes in the osteoblast cell cycle.

We also evaluated the in vivo osteogenic effects of SVNs
and SV through a rabbit skull defect model. To avoid the
drawbacks of systemic administration, local SV administra-
tion was used in the study. Because micro-CT scans of spec-
imens were needed in the later stage to observe and analyze
the new bone formation, we loaded SVNs and SV on gelatin
sponges, which do not interfere with X-rays. The amount of
SV used in the animal experiments had a significant impact
on the experimental results. SV at a low concentration cannot
promote the formation of new bone, while excessively high
doses of SV can trigger inflammation in the bone defect area
and affect bone healing [45]. In animal experiments, doses of
0.1mg to 0.5mg of SV have been suggested to be suitable
[46]. Within this range, the bone healing-promoting effect
of SV was directly proportional to the amount of SV used
[47, 48]. Therefore, we selected 0.5mg as the dose of SV in
the present study. Micro-CT quantitative analysis results
showed that SVNs and SV both significantly promoted the
formation of new bone and significantly increased the BMD
and the amount of new trabecular bone in the bone defect
area. It is well known that the formation of new bone mainly
depends on the number of osteoblasts. Histomorphology
qualitative results showed that both SVNs and SV signifi-
cantly increased the number of osteoblasts in the bone defect
area. In addition, both SVNs and SV increased the number of
new blood vessels in the bone defect area, which may be
related to the promotion of the expression of vascular endo-
thelial growth factor by SVNs and SV, thus stimulating the
differentiation of endothelial progenitor cells and ultimately
stimulating angiogenesis. The increases in the number of
osteoblasts and new blood vessels both promoted the forma-
tion and maturation of new bones in the bone defect area.
The above quantitative and qualitative results showed that
compared with the same amount of SV, SVNs had a greater
effect on the promotion of new bone formation in the bone
defect area, which may be due to the slow and sustained
release of SV by SVNs. SVNs continuously and slowly release
SV into the bone defect area to maintain a high local concen-
tration while substantially prolonging the duration of SV
action, resulting in a stronger osteogenic effect. In addition,
due to their small size, nano-based drug carriers have physi-
cal and chemical properties (such as surface effects and
small-size effects) that traditional materials do not have.
Therefore, SVNs and SV may have significantly different

effects on cellular uptake, intracellular distribution, and reg-
ulation of osteogenesis-related signaling pathways. Com-
pared with SV, SVNs have a stronger osteogenic effect.

This study has certain limitations. This study did not elu-
cidate the possible mechanism through which SVNs signifi-
cantly improve the in vivo and in vitro osteogenesis-
promoting effect of SV. In addition, this study mainly
focused on the effects of SVNs and SV on the early stage of
osteogenesis, and further studies are needed to investigate
their roles in the late stage of osteogenesis. Finally, porous
scaffolds play an important role in bone tissue engineering
[49]. In the future, we will try to prepare porous scaffolds
combined with SVNs in order to achieve better bone defect
repair effects.

5. Conclusion

This study showed that polymeric nanomicelles can be used
to encapsulate SV to prepare SVNs. In vitro, SVNs can pro-
mote the differentiation of osteoblasts by arresting osteo-
blasts at the G0/G1 phase and significantly increase the
ALP activity and protein expression levels of markers associ-
ated with osteogenesis. In vivo, SVNs can promote the for-
mation and mineralization of new bones in bone defect
areas by increasing the number of osteoblasts and new blood
vessels and accelerating the repair process of bone defects.
Therefore, polymeric nanomicelles can be used as SV carriers
to enhance the osteogenic effect of SV.
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