
Contents lists available at ScienceDirect

Bioactive Materials

journal homepage: http://www.keaipublishing.com/biomat

Enhanced osteogenesis and therapy of osteoporosis using simvastatin loaded
hybrid system

Tao Wua,1, Jing Suna,1, Lei Tanb, Qi Yana, Lei Lia, Liangwen Chena, Xiangmei Liub,∗, Shi Bina,∗∗

a The State Key Laboratory Breeding Base of Basic Science of Stomatology (Hubei-MOST) & Key Laboratory of Oral Biomedicine Ministry of Education, Department of
Dental Implantology, School & Hospital of Stomatology, Wuhan University, 237 Luoyu Road, Wuhan, 430079, PR China
bMinistry-of-Education Key Laboratory for the Green Preparation and Application of Functional Materials, Hubei Key Laboratory of Polymer Materials, School of Materials
Science & Engineering, Hubei University, Wuhan, 430062, China

A R T I C L E I N F O

Keywords:
Osteogenesis
Osteoporosis
Mesoporous hydroxyapatite
Bone marrow stromal cells
Drug release

A B S T R A C T

Postmenopausal osteoporosis is a common chronic dynamic bone disorder, caused by estrogen deficiency. To
address this issue, we constructed a controlled drug-release system composed of poly (N-isopropylacrylamide)
brush modified mesoporous hydroxyapatite (MHA-SIM-P) loaded with simvastatin (SIM) using an ovar-
iectomised (OVX) rat model. Quantitative alkaline phosphatase activity assay, alizarin red staining and RT-PCR
were tested to evaluate the osteogenic ability in vitro. The results showed that the MHA-SIM-P nanoparticles
significantly improved the osteogenic differentiation of OVX bone marrow stromal cells (BMSCs) in vitro. In
osteoporotic animal model, the therapeutic efficiency for bone defect was evaluated by μCT analysis, tartrate-
resistant acid phosphatase, haematoxylin and eosin staining, which showed improved bone formation and less
osteoclastic response in OVX rats after surgery for 3 and 6 weeks. This polymer brush modified MHA system
provided a sustained release system of hydrophobic SIM to inhibit osteoporosis together with MHA nanoparticle
promoting the osteogenesis. Thus, this novel strategy exhibited great potential for promoting osteogenic ability
and treating local osteoporotic defects.

1. Introduction

Postmenopausal osteoporosis is a common chronic dynamic bone
disorder, caused by hormone changes with age which damage osteo-
blast function and increase osteoclastic activity [1–4]. Osteoporosis is a
worldwide challenge impacting millions of people, with female being
significantly more affected than males [5]. For people with osteo-
porosis, bone fracture are more common, and the ability to self-heal is
hampered [6]. Approaches to treat osteoporosis are mainly focused on
suppressing bone resorption, through the use of biophosphonates, cal-
citonin, oestrogens, and selective oestrogen receptor modulators; or
through promoting bone formation, such as fluoride, and PTH. How-
ever, the systemic treatment of osteoporosis with the aforementioned
approaches always causes some side effects [7]. On the contrary, local
controlled drug release treatment provides a new method of treating
osteoporosis without side effects, especially osteoporotic bone defects
[8].

The use of autografts is the golden standard method of repairing
bone defects. Hydroxyapatite (HA), which comprises 60–70% of the
bone matrix, had been regarded as one of the most extensively used
artificial bone substitutes due to its excellent biocompatibility [9–12].
Mesoporous hydroxyapatite (MHA) is the mesoporous condition of HA.
MHA possesses controlled pore size, well-organised pores and opti-
mised pore volume [13–15]. Therefore, it can be an effective drug
carrier to realise drug delivery [16,17]. Recently, a greater focus has
been placed on the modification of MHA to make it a controlled drug
release system. As for the modification method, Poly(N-iso-
propylacrylamide) is a thermal-responsive polymer. Below 32 °C, its
polymer chains have demonstrated anextended conformation in water
to load drugs into the mesopores, and above 32 °C, collapse on the
surface of mesoporous particles in a hydrophobic state to achieve long-
term hydrophobic drug release (Fig. 1a) [18]. When MHA and Poly(N-
isopropylacrylamide) are combined, a drug releasing system is well
established and drugs can be stored in the mesopores of MHA particles.
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Simvastatin (SIM), widely used in the treatment of hyperlipidaemia,
has recently been administered as a bone growth medicine. The melting
point of SIM is 139 °C, and its physical property is relative stable [19].
SIM may effectively treat bone defects in osteoporosis. The SIM mole-
cular mechanism functions on bone repair can be concluded as up-
regulating (such as BMP-Smad signalling pathway and VEGF signalling
pathway) or down-regulating (such as TNF-α-to-Ras/Rho/MAPK
pathway and the phosphatidylinositide-3 kinase pathway) several
signal pathways [20,21]. Due to the possible effects of SIM on bone
defects, we have tried to understand the effects of SIM on bone defects
from osteoporosis, to verify whether SIM can strengthen the bone's
healing ability. However, the SIM is hard to release sustainably and
locally in vivo due to its hydrophobic property.

Considering the hydrophobicity of SIM, poly (N-iso-
propylacrylamide) brush modified mesoporous hydroxyapatite (MHA-
SIM-P) was fabricated via a surface-initiated atom transfer radical
polymerisation (SI-ATRP) method, which controlled the sustained re-
lease of the hydrophobic SIM. This study aimed to evaluate the osteo-
genic ability of MHA-SIM-P nanoparticles on BMSCs derived from
ovariectomised (OVX) rats and the repair of femur defects.

2. Materials and method

2.1. Materials

FITC-phalloidin, dexamethasone, 3-isobutyl-1-methylxanthine, in-
sulin, L-ascorbic acid, indomethacin, sodium pyruvate, β-glycerol
phosphate, TGF-β and a tartrate-resistant acid phosphatase (TRAP)
staining kit were bought from Sigma-Aldrich. α-MEM, foetal bovine
serum (FBS) and penicillin/streptomycin (P/S) solution were bought
from HyClone. SIM was bought from Calbiochem®. Triton X-100 and
Alcian blue power were bought from Amresco. ITS+Premix, CD 45 and
CD90 antibodies were purchased from BD Biosciences. N-iso-
propylacrylamide, 2-Bromoisobutyryl bromide (BIBB) and

N,N,N′,N′,N''-pentamethyldiethylenetriamine, Alizarin Red power, Oil
Red power were purchased from Aladdin.

2.2. Animals and surgical protocols

Animal surgical procedures were performed based on the guidelines
for animal care and use as set forth by the Wuhan University com-
mittee, People's Republic of China, and approved by the Ethics
Committee at the School of Dentistry. All operations were carried out in
sterile conditions in the specific pathogen free (SPF) level animal
centre. Postoperative penicillium (40000 IU/mL) was administrated
intramuscularly for 3 days.

2.2.1. Osteoporotic model
After anesthetisation (chloral hydrate, 4 mL/kg body weight), 8-

week-old Wistar rats underwent a bilateral ovariectomy. A vertical in-
cision was made between the femur on the stomach, and the ovary was
blunt dissected and ligated. Then the muscles and skin were reposi-
tioned layer-by-layer and sutured.

2.2.2. Femur defect model
Two months after the OVX surgery, rats were divided into 4 groups

(n = 5 per group) randomly: (1) Sham; (2) Blank; (3) MHA; (4) MHA-
SIM-P. A 1 cm-length incision in the distal femoral was made and the
muscles were blunt dissected on both sides. Next, a 2.5 mm-diameter bi-
cortical defect was drilled beneath the growth plate by using a trephine
bur at a speed of 700 rpm and saline solution irrigation was adminis-
tered. Saline solution was injected to remove bone debris. MHA-SIM-P
or MHA nanoparticles were filled the drilled defects. The rats were
sacrificed at 3 or 6 weeks randomly following femur drilling and spe-
cimens were collected for evaluation at a later date.

Fig. 1. Fabrication process illustration of MHA-SIM-P (a). SEM (b,d) and TEM (c,e) images of MHA an MHA-P. HRTEM image of MHA (f). FT-IR spectrometer of MHA
and MHA-P (g).
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2.3. BMSCs isolation and in vitro culture

Two months later after the OVX surgery, OVX and Sham BMSCs
were harvested. After the rats had been euthanised, cervical dislocation
was executed and marrow fluids were eluted from the femur and tibia
by α-MEM. Next, 15% foetal bovine serum and 1% penicillin/strepto-
mycin solution was added to the cell medium. The isolated BMSCs were
cultured in a 5% CO2 incubator at 37 °C. Cells were used in the fol-
lowing study after two passages [22,23].

2.4. Preparation of MHA-SIM-P

K2HPO4 (2.7 g) and CTAB (4.3 g) were dissolved in DI H2O (60 mL).
Subsequently, NaOH (1.1 M, 15 mL) was added to regulate the pH to
12.0. Next, CaCl2 (0.4 M, 30 mL) was mixed and stirred at 120 °C for 1
day. The sediment was purified by DI H2O, and was sintered at 600 °C
for 5 h before use. The prepared MHA (1.0 g) and 1 mL 3-aminopropyl
triethoxysilane (APTES) were dispersed into 20 mL anhydrous toluene
via ultrasonic dispersion. The dispersion was fully stirred under reflux
for 1 day. The amino modified MHA was purified with toluene and
ethanol thoroughly to remove unreacted APTES, and finally vacuum
dried at 80 °C overnight. The prepared MHA-NH2 (0.8 g) and anhydrous
triethylamine (0.7 mL) were mixed with cold anhydrous di-
chloromethane and stirred. Next, BIBB (0.7 mL) was added into the
above dispersion and stirred for 1.5 h under an ice-bath, then stirred at
room temperature for another 24 h. The MHA-Br was purified by di-
chloromethane, deionised water and ethanol, respectively, and vacuum
dried. The MHA-Br (95.0 mg), N-isopropylacrylamide (0.5 g) and
PMDETA (32 μL) were dispersed in deionised water/methanol (1:1,
4 mL) and placed in a polymerisation pipe. The pipe was treated with
two cycles of two freeze-pump-thaw under Ar gas to remove the air in
the pipe. Subsequently, CuBr (7.5 mg) was put into the pipe and the
pipe was operated as above for two cycles, and reacted at 27 °C for 1
day to get MHA-P. The MHA-P were purified by dimethyl formamide
and deionised water, respectively, and vacuum dried at 60 °C overnight.
MHA-P (130.0 mg) was dispersed in 5 mL DI H2O through ultrasonic
dispersion under an ice-bath. Next, the SIM dissolved in the ethanol
solution (5 mL, 0.5 mM) was added into the dispersion of MHA-P so-
lution and stirred for 1 day. Finally, the solvent was removed by rotary
evaporation and the final MHA-SIM-P power was obtained through
vacuum drying (Fig. 1a).

2.5. Preparation of SIM dissolution extracts

After sterilisation, the MHA-SIM-P (10 mg) was placed in the culture
medium of α-MEM to remove unloaded SIM for 24 h at 20 °C. Then,
every 10 mg nanoparticles were soaked in a culture medium (40 mL) at
37 °C for 24 h. It was then centrifuged at 1000 rpm for 1 min and
filtrated before the following experiments.

2.6. Fluorescence microscopy analysis

Cell slides were prepared in advance and 1 × 104 OVX or Sham
BMSCs per well were seeded on 24-well and cultured for 3 days. Next,
the cells on the slides were fixed with 4% paraformaldehyde. FITC-
phalloidin (5 μg/mL) was applied to incubated cells for 1 h. After they
were washed two more times, DAPI (10 μg/mL) was used to stain the
nucleus for 5 min. The photos were recorded through a fluorescent
microscopy (Cannon, Japan).

2.7. Alkaline phosphatase (ALP) activity

OVX BMSCs were cultured in a culture medium for 24 h and the
culture medium was replaced with an osteogenic material dissolution.
The ALP activity of OVX BMSCs was tested after 7 or 14 days. Samples
were treated with 150 μL per well of 0.3% Triton X-100 to dissolve the

cells, and cell suspensions were collected and centrifuged at 14000 rcf
for 10 min at 4 °C. Next, ALP activity and total protein content of cell
lysates were detected by and BCA kit (Beyotime, China), respectively
[24].

2.8. Alizarin red staining

OVX BMSCs culture condition was conducted as above. 1% Alizarin
Red solution was prepared and the pH was adjusted to 4.2. At 14 days,
cells were fixed and stained by Alizarin Red for 15 min and washed with
DI H2O. The stained mineralised nodule was photographed using a di-
gital camera (Cannon, Japan).

2.9. Quantitative RT-PCR analysis

Total RNA was isolated by Trizol reagent (Invitrogen, Carsbad,
USA), and a reverse transcription Takara kit (Takara, Japan) was used
to form cDNAs. Quantitative RT-PCR was performed with an Applied
Biosystem using SYBR Green (Takara, Japan). The protocol was as
follows: denaturation at 95 °C for 10 min, amplification at 95 °C for
15 s, and anneal and links extension at 60 °C for 1 min. The primer
sequences are as follows: Runx2 F: ATCCAGCCACCTTCACTTACACC, R:
GGGACCATTGGGAACTGATAGG; OCN F: CTGAACAAAGCCTTCATGT
CCA, R: CACATACCCTAAACGGTGGT; Gapdh F: ACCACAGTCCATGCC
ATCAC, R: TCCACCACCCTGTTGCTGTA.

2.10. Micro-computerized tomography (μCT) analysis of femoral defect
regeneration

All femurs were fixed with 4% parafomadelyde for 48 h and scanned
by μCT (CT50, Scanco Medical, Basersdorf, Switzerland). Scanning
tooke placeat 70 kV and 114 μA with a thickness of 24 μm per slice to
evaluate the new bone formation. All samples were fixed in EP tubes
and placed in a cylindrical holder to ensure they were perpendicular to
the X-ray beam (Fig. 3). Bone volume over total volume (BV/TV), the
mean trabecular number (TB. N), and the mean trabecular separation
(Tb. Sp) were evaluated.

2.11. Histological and immunohistochemical analysis

The obtained tissues were decalcified with 10% ethylene diamine
tetraacetic acid (EDTA) for 8 weeks. The tissues were routinely dehy-
drated, embedded and cut into 4 μm sections. Haematoxylin and eosin
(H&E) staining and Tartrate-resistant acid phosphatase (TRAP) staining
were conducted. Immunohistochemical staining was performed to
measure the expression of osteogenic genes including osteopontin
(OPN) and bone sialo protein (BSP). For the immunohistochemical as-
sessment, the primary anti-OPN (1:100) and anti-BSP (1:100) were used
in a humidified chamber at 4 °C overnight. Next, sections were treated
with a biotinylated secondary antibody (Beyotime, China) for 20 min
before being incubated with a horseradish peroxidase-conjugated
avidin-biotin complex (ABC) for another 20 min, followed by being
buffered at 3,3-diaminobenzidiinetetrahydrochloride (DAB).

3. Results

3.1. Characterisations of MHA-P

The scanning electron microscope (SEM) (QUANTA 200, The
Netherlands) images of the samples (Fig. 1b,d) presented the uniformly
distributed nanostructure particles for both MHA and MHA-P. The
transmission electron microscope (TEM) (HRTEM, JEOL, JEM-
2010FEF, Japan) images showed that these nanoparticles were rod-like
with ~4 nm pores. A 7.1 nm organic layer was covering the MHA-P,
suggesting the existence of polymer on the MHA surface (Fig. 1c,e). As
shown in Fig. 1f, the high-resolution TEM (HRTEM) image showed that
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the lattice spacing with 0.34 nm attributed to the (002) plane lattice of
MHA, demonstrating its typical hexagonal structure [25]. The fourier
transform infrared spectrometer (FT-IR) (Nicolet IS10, USA) results
shown in Fig. 1g showed that in contrast to MHA, the arisen peaks of
the amide group at 1558 cm−1 and the –CH2 group at 2974 and
2924 cm−1 from MHA-P prove that the Poly(N-isopropylacrylamide)
had successfully grafted onto MHA. Since the SIM loading process in
this experiment was at operated under an ice-bath and there is no
functional group in MHA-P can react with SIM. So, the SIM is stable
during the preparation of MHA-SIM-P.

3.2. Cell morphology of OVX and Sham BMSCs

The morphology of OVX and Sham BMSCs were observed by
staining the actin filaments under fluorescence microscopy. The cellular
skeleton of OVX and Sham BMSCs were clear stained after 7 days of
incubation. OVX BMSCs showed polygonal, short and fat shape, while
Sham BMSCs were slender and shaped like a spindle. No typical dif-
ferences were exhibited in cell nuclei between OVX and Sham BMSCs
(Fig. 2a).

3.3. Osteogenic differentiation of OVX BMSCs

To test the osteogenic ability of MHA-SIM-P on OVX BMSCs,

Alizarin Red staining was conducted in the osteogenic material dis-
solution after 14 days. The amount of mineralisation nodule in the
MHA-SIM-P group presented the largest, while the matrix deposition in
the MHA group exhibited better than the Blank group (Fig. 2b).

The ALP activity of the OVX BMSCs was tested after the treatment of
the osteogenic material dissolution (Fig. 2c). No statistical difference
was observed in OVX BMSCs after 7 days of culturing. However, ALP
activity in the MHA-SIM-P group represented the best performance,
while the Blank group represented the lowest statistical performance.
As a result of the above ALP activity, it appears that both MHA-SIM-P
and MHA can enhance ALP activity, but that MHA-SIM-P's performance
is better.

To further gain an insight into the role of MHA-SIM-P in osteoblastic
differentiation, OVX BMSCs were examined after induction for 7 and 14
days for mRNA levels of Runx2 and OCN expression (Fig. 2d and e). The
total Runx2 mRNA expression was decreased following the culturing
time. A significant increase was detected in the MHA and MHA-SIM-P
group at day 7, but at day 14, only the MHA-SIM-P group displayed a
remarkably increased Runx2 mRNA expression as compared to the
other two groups (Fig. 2d). The OCN mRNA levels of the MHA-SIM-P
group revealed more than the other two groups at day 7, and an in-
creasing trend was demonstrated with a range of MHA-SIM-
P > MHA > Blank at day 14 (Fig. 2e).

Fig. 2. Fluorescence microscopy images of the cellular skeleton of OVX and sham BMSCs (a; bar = 100 μm). Alizarin Red staining of OVX BMSCs among Blank, MHA,
or MHA-SIM-P in osteogenic medium for 14 days (b; bar = 200 μm). Quantitative ALP activity of OVX BMSCs cultured in Blank, MHA, and MHA-SIM-P in osteogenic
medium extracts for 7 and 14 days (c). mRNA expression of Runx2 (d) and OCN (e) in OVX BMSCs after osteogenic differentiation for 7 or 14 days. n = 3 per group;
*p < 0.05.
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3.4. μCT analysis of femoral defect regeneration

As shown in Fig. 3a, the 3D μCT images of femur bone defect
showed that the greatest amount of new bone formation was observed
in the MHA-SIM-P group after surgery for 3 or 6 weeks. Parameters of
BV/TV, trabecular number (Tb. N) and trabecular space (Tb. Sp) were
taken to analyse the mineralised bone tissue for defects (Fig. 3b). In the
Blank group, BV/TV (37.7%) at 3 weeks was relatively lower than BV/
TV (46.3%) at 6 weeks, and Tb.Sp (0.643 mm) at 3 weeks was wider

than Tb.Sp (0.436 mm) at 6 weeks, demonstrating sparsely new bone
formation without treatment. At 3 weeks, MHA-SIM-P and MHA na-
noparticles showed a similar increase trend in BV/TV and Tb. N as
compared to the Blank group. A significant decrease in Tb. Sp
(0.438 mm) of MHA-SIM-P was observed compared to the Blank group.
At 6 weeks, BV/TV (55.1%) in the MHA-SIM-P group was superior to
that of the Blank group. However, no differences were exhibited in BV/
TV between MHA and the Blank group at 6 weeks, and statistical dif-
ference of Tb. N was only noticed in the no-operation group as

Fig. 3. 3D-μCT images of mineralised bone formation among No-operation, Blank, MHA, and MHA-SIM-P groups in OVX rats at 3 and 6 weeks (a; bar = 1 mm).
Quantitative data of BV/TV, and Tb.N, and Tb.Sp within defects among No-operation, Blank, MHA, and MHA-SIM-P groups in rats at 3 and 6 weeks (b). n = 3 per
group; *p < 0.05.
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compared to the other three groups. In addition, no statistical differ-
ences were observed between MHA and MHA-SIM-P group because the
remaining MHA and MHA-SIM-P nanoparticles in the bone defects are
radiopaque, which might influence the observation of new bone. Even
so, the newly formed bone tissue in the MHA-SIM-P group still showed
slight increase (p (BV/TV at 3 w) = 0.3688; p (BV/TV at 6
w) = 0.1542; p (Tb. N at 3 w) = 0.3362; p (Tb. N at 6 w) = 0.6158; p
(Tb. Sp at 3 w) = 0.0731; p (Tb. Sp at 6 w) = 0.5914).

3.5. Histological and immunohistochemical analysis

3.5.1. Histological assessment
In the Blank control group, sparse new self-healing bone was no-

ticed at the periphery of the defect sites at 3 weeks, with an obvious
boundary of native bone (Fig. 4). In the MHA group, the newly gen-
erated immature bone was moderately intermingled with connective
tissue, embedding the nanoparticles in the central of the defect. Con-
versely, sections of the MHA-SIM-P group displayed abundant well-ar-
ranged bone tissue in the defect, and MHA-SIM-P nanoparticles had
filled the newly generated bone tissue 3 weeks following the operation.
As study continued, a substantial amount of new bone continued to
grow, forming lamellar bone in MHA-SIM-P by 6 weeks leaving no
boundary between native and new bone tissue, and nanoparticles which
had degraded into small fragments. For both the MHA and Blank
groups, newly immature bone tended to mature, but some non-calcified
tissue still existed at the medullary of the defects at 6 weeks. Newly
generated bone in the Blank group was inferior to that in other groups,
both at 3- and 6-weeks post-operation.

TRAP staining was assessed to investigate the capability of osteo-
clastic resorption (Fig. 5). The number of osteoclasts in the Blank group
was statistically higher than in the other groups at either 3 weeks or 6
weeks following the operation. At 3 weeks, mature osteoclasts (stained
by TRAP) showed no difference between these two groups. At 6 weeks,

osteoclasts took on a shuttle-like shape and lined the trabecular surface,
demonstrating an activated bone remodelling process. Meanwhile, an
increased number of osteoclasts were found in MHA compared to MHA-
SIM-P.

3.5.2. Immunohistochemical assessment
Immunohistochemical indicators, such as OPN and BSP, were

stained to observe the mineral deposition and maturation of active
bone-formation (Fig. 6). Noticeably, the staining of OPN in the MHA-
SIM-P group was more intense and covered a greater area than in the
MHA group, and the positive staining area in the Blank group was the
least intense and expansive at both 3 and 6 weeks (Fig. 6). The positive
staining was specifically located around newly-forming bone lacuna
and the remnant nanoparticles. In addition, slightly enhanced staining
was observed after operation at 3 weeks more than at 6 weeks, in-
dicating that MHA-SIM-P nanoparticles could induce accelerated mi-
neralisation in the initial phase of bone generation.

The staining of BSP protein was strongest in MHA-SIM-P, followed
by MHA and the Blank group at 3 and 6 weeks, and the positive staining
area was mainly focused around new bone lacuna. Unsurprisingly the
intensity of BSP protein was greater at 6 weeks than at 3 weeks (Fig. 7).

4. Discussion

Decreased bone mineral density and increased adipose tissue vo-
lume in the bone marrow cavity is the main manifestation of osteo-
porosis. The equilibrium among osteoclastic, osteogenic, and adipo-
genic differentiation gets people interested [26].

In this study, we investigated how the sustained release of SIM from
MHA-SIM-P influenced the biological response of OVX BMSCs. On ac-
count of the thermal-responsive polymer, SIM could be released at a
controlled optimal concentration to stimulate bone formation [27]. It is
interesting to find that MHA-SIM-P extraction was able to promote

Fig. 4. H&E staining of new bone matrix deposition within defects among the Blank, MHA, and MHA-SIM-P groups in OVX rats after 3 and 6 weeks. Lower
magnification (×100; Bar = 200 μm); Higher magnification (×400; Bar = 50 μm). (The blue triangle indicates the new bone, and the red arrow indicates the
material remnants.).
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mineralisation matrix deposition, increase ALP activity after osteogenic
induction for 14 days, and upregulate the gene expression of Runx2 and
OCN of OVX BMSCs as assessed at 7 and 14 days compared to the Blank
or MHA groups. ALP appeared at the early stage of osteoblast differ-
entiation [28]. Since the bioactivity and differentiation ability of OVX
MSCs might be damaged in osteoporosis pathology compared with
normal MSCs. Thus, the ALP activity in OVX MSCs was not yet im-
proved after osteogenic inducing for 7 days. Runx2 is the main tran-
scription factor regulating osteogenesis [29], and OCN is a significant
osteogenic indicator in the later stage of the bone formation process
[30,31]. The results confirmed that MHA-SIM-P could increase the os-
teogenesis ability of OVX BMSCs, implying their therapeutic function in
vitro.

To prove our hypothesis, MHA-SIM-P nanoparticles were implanted
in femur defects in ovariectomised rats to simulate the osteoporotic
model. The μCT and H&E staining analysis demonstrated that MHA-
SIM-P nanoparticles induce more mineralised tissue than MHA nano-
particles, and more than that of the Blank group. In the condition with
osteoporosis, a visible bone resorption can be observed through the
smaller osteon diameters [32]. The positive immunohistochemical
staining for OPN and BSP was specifically located around newly-
forming bone lacuna, and the remnant nanoparticles further proved
that MHA-SIM-P's the osteogenic stimulatory effect on OVX BMSCs was
companied with the materials degradation. Interestingly, the bone re-
modelling process occurred with osteoclastic activity. The osteoclasts
were relatively high in number following the initial healing period of 3

weeks post-operation, but the number had decreased at 6 weeks, in-
dicating that the bone remodelling was almost complete within the
bone defect area (Fig. 5).

The possible MHA-SIM-P mechanisms may be explained as follows:
(1) MHA nanoparticles were presented as rod-like shapes at a length of
40–50 nm and a width of 15–20 nm, with well-distributed 4 nm dia-
meter pores inside the nanoparticles, which were a similar structure to
the HA of bone tissue. The nanoparticles quickly induced the deposition
of HA crystal on the interface under the physiological fluids [33]. (2)
Some ions were released from MHA-SIM-P nanoparticles, such as Ca
and P ion, becoming the sources of a new bone matrix. Ca ion in con-
centration of 2–8 mmol was able to promote cell proliferation and ac-
tivate Ca receptors on the osteoblast to regulate cell differentiation
[34,35]. Ten mmol P ion can stimulate the expression of matrix gla
protein (MGP) to influence bone formation [36]. Meanwhile, BMP-2
protein can be activated by P ion and promotes the transport of P ions
in return [37]. (3) The MHA-SIM-P nanoparticles can promote cell at-
tachment and proliferate due to that the modified hydrophobic poly (N-
isopropylacrylamide) brush can improve the adsorption of extracellular
matrix protein [38]. (4) A low extracellular pH value did affect bone
formation and resorption. Osteoclasts are particularly sensitive to ex-
tracellular pH in the range of 7.0–7.2 [39]. The degradation of the
materials may change the local microenvironment pH, resulting in less
osteoclast activity and more deposition of CaP crystal [40]. (5) SIM was
slowly released from the MHA-SIM-P nanoparticle system in ther-
apeutic concentration.

Fig. 5. TRAP staining within defects among Blank, MHA, and MHA-SIM-P groups in OVX rats after 3 and 6 weeks (a). (×200; Bar = 100 μm) The number of TRAP-
positive osteoclasts was counted at ×200 magnification (b). n = 3 per group; *p < 0.05. (The green arrow indicates the osteoclasts.).
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Simvastatin was previously administrated as a lipid-lowering drug
to treat hyperlipidaemia. SIM was also found benefit to bone re-
generation in 1999 [40]. Compared to systemic administration, local
delivery of SIM via controlled drug delivery systems seems to be more
effective and requires a lower dosage. The mechanisms by which SIM

acts on bone metabolism were mainly thought to promote osteoblast
activity and suppress osteoclastic activity [41]. 1.0 × 10−5 mM to
2.0 × 10−3 mM concentration is able to promote osteogenesis [42,43].
It was reported that drug released from poly (N-isopropylacrylamide)
brush-grafted graphene sheets in PBS accumulated to nearly 20% at

Fig. 6. Immunohistochemical markers of OPN within defects among Blank, MHA, and MHA-SIM-P groups in OVX rats after 3 and 6 weeks. Lower magnification
(×100; Bar = 200 μm); Higher magnification (×400; Bar = 50 μm). (The red arrow indicates the brown stained OPN protein, and red star indicates the material
remnants.).

Fig. 7. Immunohistochemical markers of BSP within defects among Blank, MHA, and MHA-SIM-P groups in OVX rats after 3 and 6 weeks. Lower magnification
(×100; Bar = 200 μm); Higher magnification (×400; Bar = 50 μm). (The red arrow indicates the brown stained BSP protein, and red star indicates the material
remnants.).
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37 °C when incubating for 70 h at 37 °C [18]. So, the poly (N-iso-
propylacrylamide) brush on the surface of MHA can control the slow
release of SIM in the local bone defect area to promote new bone for-
mation at physiological temperature. Plenty of cell-signing pathways
are involved in the osteogenic, anti-osteoblastic, and anti-adipogenic
mechanisms of SIM. It improves osteoblast differentiation by antag-
onising the TNFα-to-Ras/Rho/MAPK pathway and phosphatidylinosi-
tide-3 kinase pathway, as with augmenting BMP-Smad signalling [20].
SIM activates Wnt/β-cantenin signaling [44] to promote osteogenesis,
and stimulates VEGF expression in osteoblasts, which is a potentially
significant factor in the differentiation of BMSCs towards osteoblasts
rather than adipocytes [45,46]. Furthermore, SIM is able to protect
osteoblasts from apoptosis via the TGF/Smad3 signalling pathway to
increase ALP activity, and the mevalonate pathway to reduce the pre-
nylation of GTP-binding protein, blocking osteoblast apoptosis [41,47].
Moreover, it takes part in disturbing osteoclastic activity [48]. SIM
promotes the secretion of OPG to compete with RANKL to block os-
teoclast maturation [49]. Due to the triple balancing effect on osteo-
genesis, osteoclastic activity, and adipogenic activity, SIM represents a
viable treatment for the repair of bone defects in osteoporosis.

5. Conclusion

In conclusion, the sustained release of hydrophobic SIM from
polymer brush modified MHA nanoparticles demonstrated an excellent
performance in osteogenic differentiation of OVX BMSCs in vitro and in
the accelerated mineralisation process. Importantly, this SIM delivery
system improved bone formation and less osteoclastic response in OVX
rats. The positive osteogenic enhancing ability of our nanoparticles
suggests the potential therapeutic efficacy of MHA-SIM-P for the repair
of osteoporotic local defects.
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