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O
ver the past few decades, nano-
technology has demonstrated the
capability of inorganic-based nano-

particles (NPs) to be applied to awide variety
of medical applications including drug, pro-
tein and gene delivery, cell targeting, imag-
ing, diagnostics, and tissue engineering.1�3

Various inorganic NPs have been considered
for usage in a broad range of biomedical
applications due to their unique chemical
and biological properties.
In recent years, a number of researchers

have reported that various inorganic NPs
could enhance osteoblastogenesis.4�10 It
was notably found that gold nanoparticles

(GNPs) enhance the proliferation and osteo-
genic differentiation of cells in a dose- and
size-dependent manner by their cellular
interactions.4�6Well-dispersed carbon nano-
tubes and poly(lactic-co-glycolic acid)
(PLGA) reinforced with carbon nanotubes
have also demonstrated a capacity to pro-
mote osteoblastogenesis.7,8 Akhavan et al.

described that human mesenchymal stem
cells (hMSCs) cultured on two-dimensional
nanopatterned templates with graphene
oxide showed a higher actin cytoskeletal
proliferation and differentiation toward
osteoblasts than control.9 Yang et al. re-
ported that metallofullerene NPs promoted
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ABSTRACT Gold nanoparticles (GNPs) have been previously

reported to inhibit osteoclast (OC) formation. However, previous

research only confirmed the osteoclastogenesis inhibitory effect

under in vitro conditions. The aim of this study was to develop a

therapeutic agent for osteoporosis based on the utilization of GNPs

and confirm their effect both in vitro and in vivo. We prepared

β-cyclodextrin (CD) conjugated GNPs (CGNPs), which can form

inclusion complexes with curcumin (CUR�CGNPs), and used these

to investigate their inhibitory effects on receptor activator of nuclear

factor-κb ligand (RANKL)-induced osteoclastogenesis in bone marrow-derived macrophages (BMMs). The CUR�CGNPs significantly inhibited the formation

of tartrate-resistant acid phosphatase (TRAP)-positive multinuclear cells in BMMs without inducing cytotoxicity. The mRNA expressions of genetic markers

of OC differentiation including c-Fos, nuclear factor of activated T cells 1 (NFATc1), TRAP, and osteoclast associated receptor (OSCAR) were significantly

decreased in the presence of CUR�CGNPs. In addition, the CUR�CGNPs inhibited OC differentiation of BMMs through suppression of the RANKL-induced

signaling pathway. Additionally, CUR�CGNPs caused a decrease in RANKL-induced actin ring formation, which is an essential morphological characteristic

of OC formation allowing them to carry out bone resorption activity. Furthermore, the in vivo results of an ovariectomy (OVX)-induced osteoporosis model

showed that CUR�CGNPs significantly improved bone density and prevented bone loss. Therefore, CUR�CGNPs may prove to be useful as therapeutic

agents for preventing and treating osteoporosis.
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osteoblastogenesis and improved bone mineral den-
sity in vivo.10 In this regard, it was found that inorganic-
based NPs can significantly affect osteogenic differen-
tiation by intracellular interaction with nanosized
materials.
Furthermore, inorganic-based NPs can affect osteo-

clast (OC) differentiation.11�13 OC differentiation
should be the most important evaluation point be-
cause it is directly involved in bone tissue remodeling.
Bone tissue is remodeled through the balanced action
of bone formation by osteoblasts and bone resorption
by OCs. Bone resorption is necessary to maintain
homeostasis for bone remodeling, but excessive re-
sorption leads to osteoporosis. Excessive bone resorp-
tion is mostly caused by increased OC formation.14,15

Therefore, the inhibition of OC formation is necessary
for preventing osteoporosis. Sul et al. demonstrated
that GNPs inhibit the receptor activator of nuclear
factor-κb ligand (RANKL) and reduce the reactive oxy-
gen species (ROS) levels in bone marrow-derived
macrophages (BMMs).11 Kim et al. found that platinum
NPs suppress RANKL-induced OC formation by impair-
ing RANKL signaling.12 Beck et al. reported that silica-
based NPs stimulated osteoblastogenesis, suppressed
osteoclastogenesis, and enhanced overall bonemineral
density in vivo.13

Among the various studied inorganic-based NPs,
GNPs have been shown to be the most suitable mate-
rial for bone tissue engineering applications because of
their potential use in both inhibition of OC differentia-
tion and stimulation of osteoblast formation. In addi-
tion, GNPs can be easily functionalized with biological
molecules through well-established monolayer chem-
istry based on gold�thiol bonds.16�18 Previously, we
reported on a preparation of β-cyclodextrin (CD) sur-
face-functionalized GNPs (CGNPs) and confirmation

of its effects.19 It is also possible to load paclitaxel, a
hydrophobic drug, with CD on the GNPs surface by
inclusion complex interactions. The GNPs covered with
CD/paclitaxel inclusion complexes werewell-dispersed
in water-based solutions and effectively delivered the
drug into the cells. Furthermore, CD-covered NPs work
well as effective carriers of genes, proteins, drugs, and
other molecules.19�22

Curcumin (CUR) has a wide range of pharmacologi-
cal applications such as antiangiogenic, anti-inflamma-
tory, antimicrobial, antioxidant, antiparasitic, anti-
mutagenic, and anticancer properties.23�25 CUR has
been reported to show inherent green fluorescence
property which can be used in potential application
with fluorescence-based detection methods.26�29 CUR
is also known for its inhibitory effects on osteoclasto-
genesis and preventing osteoporosis by blocking
RANKL-induced nuclear factor kappa B (NF-κB).30,31

However, CUR has several drawbacks for clinical appli-
cations due to its low aqueous solubility, rapid degra-
dation at physiological pH, and photodegradation in
organic solvents.26,32,33 To improve its water solubility,
stability, and bioavailability, CDs are used as solubiliz-
ing and stabilizing agents for CUR through the forma-
tion of inclusion complexes.23,26�28,32�34

In view of the importance of the above studies, we
prepared GNPs covered with CD/CUR inclusion com-
plex (CUR�CGNPs) and investigated the inhibitory
effect of this CUR�CGNPs on OC formation through in-
tracellular uptake into theBMMs (Figure 1). CD-modified
GNPs were prepared and used as carriers of CUR.
We additionally analyzed the function of CUR�

CGNPs on bone tissue metabolism in vivo. We found
that CUR�CGNPs act as RANKL-mediated osteoclasto-
genesis inhibitors in BMMs by reducing the activation
of RANKL-induced signaling pathways. This action

Figure 1. Schematic diagram of functionalized GNPs covered with CD/CUR inclusion complexes and their application for
preventing osteoporosis.
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leads to a down regulation of transcriptional regulators
such as c-Fos and nuclear factor of activated T cells 1
(NFATc1) and osteoclastogenic genes such as tartrate-
resistant acid phosphatase (TRAP) and osteoclast asso-
ciated receptor (OSCAR). In addition, CUR�CGNPs
strongly reduced RANKL-induced p38, ERK, JNK, and
IκBR activation and effectively prevented ovariectomy-
induced bone loss in vivo.

RESULTS

Preparation and Characterization of CUR�CGNP. CGNPs
were prepared by conjugating thiolated CD as a drug
pocket and methoxy poly(ethylene glycol thiol) as a
solvated antifouling shell on the surface of GNPs via
Au�S bonds. 19 CURwas loaded onto the surface of the
CGNPs by formation of inclusion complex. This design
allows for efficient delivery of the CUR after intracellu-
lar uptake. The loading efficiency of CUR into CGNPs
was measured by comparison of UV absorptions of
CUR between the CUR solution for the incubation
with CGNPs and the supernatant after purification by
ultracentrifugation (Figures S1 and S2, Supporting
Information). The approximate loading efficiency of
CUR was 38.95%, and the concentrations of CUR�
CGNPs were adjusted to 10 μM (CUR) in 50 μM CGNPs.
The aqueous solution of CGNPs exhibited a strong
absorption at 533 nm due to surface plasmon reso-
nance (Figure 2A). CUR showed amaximumabsorption
at 426 nm. CGNPs did not absorb appreciably in the
region near 426 nm. However, the mixed solution of
CUR and CGNPs displayed absorption at both wave-
lengths, 426 and 533 nm, respectively. After sonication
of the CUR and CGNPs, the maximum adsorption at
426 nm decreased due to the formation of CD/CUR
inclusion complexes on the GNP surface. This com-
plexation pattern was further confirmed by FTIR spec-
troscopy (Figure 2B). CUR exhibited absorption bands
at 1605 cm�1 (benzene ring stretching), 1502 cm�1

(CdO and CdC bonds), 1435 cm�1 (C�H bending),
1285 cm�1 (C�O stretching), and 1026 cm�1 (C�O�C

stretching). CGNPs showed absorption bands at
3430cm�1 (O�Hstretching), 2920cm�1 (C�Hstretching),
1632 cm�1 (O�H bending), and 1041 cm�1 (C�O�C
stretching). In the case of CUR�CGNPs, all peaks
belonging to CGNPs as well as CUR peaks were ob-
served. These results indicate the successful formation
of CD/CUR inclusion complexes on the GNP surface.

Themorphology and size distribution of CGNPs and
CUR�CGNPs were observed by TEM and DLS. TEM
images showed that the CGNPs and CUR�CGNPs were
very spherical, well-dispersed, and uniform in the
range of 20�40 nm (Figure 3A,B). DLS measurements
quantitatively confirmed the size distributions of CGNPs
and CUR�CGNPs, resulting in 28.7 and 36.3 nm inmean
size, respectively (Figure 3C). The results of TEM andDLS
measurements indicated that no aggregation occurred
between CGNPs after encapsulation of CUR (Figure 3).

Effects of CUR and CGNPs on the Viability of BMMs. The cell
viability at different concentrations of CUR and CGNPs
for BMMs was confirmed by CCK assay at different
incubation time intervals (Figure 4). It was found that
CUR displayed no cytotoxic effects up to a threshold
concentration of 5 μMafter 1, 2, and 5 days. The CGNPs
exhibited no cytotoxicity after treatment with various
concentrations (1, 5, 10, and 20 μM), while cytotoxicity
of CUR was found at 10 μM concentration in BMMs.
This result indicates that the prepared CGNPs could be
useful as cytocompatible delivery vehicles.

Genotoxicity of BMMs in the Presence of CUR and CGNPs.
The genotoxicity of different concentrations of CUR
and CGNPs for BMMs was confirmed by comet assay
at 24 h (Figure 5). As shown in Figure 5A, the CUR
exhibited a slight genotoxic effect on BMMs in a dose-
dependent manner. This was determined by the
percentage of DNA in comet tail. On the other hand,
the CGNPs showed no genotoxicity after treatment at
a variety of concentrations (Figure 5B). Figure 5C
shows the comet images of BMMs treated with var-
ious concentrations of CUR and CGNPs. The DNA
fragmentations were found to increase with

Figure 2. (A) Surface plasmon absorption spectra of mixed solutions with CGNP and CUR and (B) FTIR of CUR, CGNPs, and
CUR�CGNPs. Spectra of solid powders were recorded by ATR-FTIR.
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increasing concentration of CUR, while the CGNPs
exhibited no observable changes with increasing
concentration.

Intracellular Uptakes of Rho-CGNPs by CLSM Analyses. To
confirm the presence of GNPs in the BMMs, we pre-
pared rhodamine B labeled CD by a previously re-
ported method and then conjugated these to the
surface of GNPs via Au�S bonds. 19 The fluorescence
of rhodamine B is quenched on the surface of GNPs.
However, as rhodamine B is cleaved by intracellular
glutathione (GSH) it fluoresces by itself due to being
free from quenchers. 35 Figure 6 shows the results of
intracellular uptake measurements using Rho-CGNPs
and cell-tracker. These measurements were con-

firmed by CLSM. After incubation with Rho-CGNPs,
the florescence of rhodamine B was found to increase
as time goes on. As shown in optical images, it was
found that Rho-CGNPs effectively penetrated into the
BMMs.

Supplements (CUR, CGNPs, CUR�CGNPs) Inhibit RANKL-
Induced OC Formation. OC differentiation was tested by
incubating BMMs in media containing osteoclasto-
genic cytokine RANKL (100 ng/mL) and the monocyte
survival factor M-CSF (30 ng/mL), which leads to the
induction of OC formation (OC induction media). This
was done in the presence or absence (control) of CUR,
CGNPs, and CUR�CGNPs. Before testing the effects of
CUR and CGNPs on OC differentiation, the cytotoxicity
of these supplements was examined in BMMs by a
CCK-8 kit (Figure 4). It was found that CUR showed
some cytotoxicity toward BMMs when used at 10 μM
concentration. Therefore, CUR was used at concentra-
tions below 5 μM in order to compare the inhibition
effect of osteoclastogenesis in the absence of cytotoxi-
city. The effect of supplements (CUR and CGNPs) on
OC differentiation was confirmed by TRAP staining
(Figure 7). Cells were stained for the OC marker TRAP
(purple cells) and photographed under light micro-
scopy, and the number of TRAPþ MNCs was counted.
As shown in Figure 7A,B, the largest number of TRAPþ

MNCs at 5 days of culture was detected with the OC
induction media alone control group. On the other
hand, it was visually observed that the stained TRAPþ

MNCs decreased in a dose-dependent manner relative
to CUR and CGNPs. CUR inhibited the formation of
TRAPþ MNCs from 197.6 ( 11.2 (control) to 144.3 (
10.7, 116.3 ( 11.8, and 44.3 ( 6.1 (73.0%, 58.8%, and
22.4%) at 0.5, 1, and 5 μM, respectively. Additionally,
CGNPs inhibited the formation of TRAPþ MNCs from
198.3( 6.5 (control) to 163.6( 11.1, 71.6( 11.0, 26.0(
3.6, and 8.0 ( 2.6 (82.5%, 36.1%, 13.1%, and 4.0%) at
1, 5, 10, and 20 μM, respectively (Figure 7C). The
highest dose of CUR and CGNPs displayed the highest
inhibitory effects toward OC differentiation of BMMs.

Figure 3. Structure and characterization of CGNP and
CGNP-CUR: TEM images of (A) CGNP and (B) CUR�CGNP,
and (C) Size distribution of CGNP and CUR�CGNP, as
measured by DLS. Scale bar = 50 nm.

Figure 4. Viability of BMMs in the presence of (A) CUR and (B) CGNPs at different concentrations. Results are mean ( SD of
triplicate experiments: *p < 0.01, significant difference as compared with control.
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To verify the effect of CUR�CGNPs as compared with
CUR and CGNPs, BMMs were cultured in the presence
or absence of CUR (1 and 5 μM), CGNPs (5 and 10 μM),
and CUR�CGNPs (1/5 and 1/10 μM). BMMs differen-
tiated efficiently into TRAPþ MNCs in the absence of
supplements (201 ( 12.0), while the formation of
TRAPþ MNCs was decreased in a dose-dependent
manner in the presence of CUR, CGNPs, and CUR�
CGNPs (Figure 8A). The average counted values of
TRAPþ MNCs treated with 1 μM CUR, 5 μM CUR, 5 μM
CGNPs, 10 μM CGNPs, 1/5 μM CUR�CGNPs, and
1/10 μM CUR�CGNPs were 111.3 ( 10.6 (55.2%),
41.0 ( 13.1 (20.3%) 78.6 ( 10.2 (39%), 30.0 ( 4.6
(14.8%), 42.3 ( 9.4 (20.9%), and 9.6 ( 3.5 (4.8%), re-

spectively (Figure 8B). Moreover, 1/10 μMCUR�CGNPs
displayed the highest reduction of TRAPþ MNCs. This
indicates that the CGNPs can effectively deliver CUR
and inhibit the OC differentiation of BMMs. Also, this
combination displays a synergistic effect on the inhibi-
tion of OC formation.

Supplements (CUR, CGNPs, CUR�CGNPs) Inhibit Actin Ring
formation. RANKL is known to accelerate bone resorp-
tion as this is the main function of mature OC. OC
displays an actin ring which is a unique cytoskeletal
structure that allows them to resorb bone. The actin
ring formation of BMMs incubated in OC induction
media with or without CUR, CGNPs, and CUR�CGNPs
was confirmed by immunofluorescence analysis. It was
found that RANKL stimulated actin ring formation,
while supplements (CUR, CGNPs, and CUR�CGNPs)
reduced actin ring formation (Figure 9). Moreover,
CUR�CGNPs showed almost no actin ring formation
as compared to the other groups. From these results,
we suggest that the CUR�CGNPS can be useful as
therapeutic agents for osteoporosis.

Supplements (CUR, CGNPs, CUR�CGNPs) Lead to the Down
Regulation of Osteoclastogenic Genes and Transcriptional Reg-
ulators. To investigate the effect of supplements on the
expression of OC-specific genes in RANKL-treated
BMMs, the mRNA expressions of c-Fos, NFATc1, TRAP,
and OSCAR were determined by real-time PCR
(Figure 10). Control, with or without RANKL, was used
as positive and negative controls, respectively. The
results were normalized to GAPDH expression.
The c-Fos and NFATc1 have been shown to be

Figure 5. Genotoxicity of BMMs in the presence of CUR and CGNPs at 24 h,measured by the comet assay: DNA fragmentation
(% DNA in comet tail, mean ( SD) in the presence of (A) CUR and (B) CGNPs and (C) representative comet images from
treatment with CUR and CGNPs at different concentrations. Results are mean( SD of triplicate experiments: *p < 0.01, **p <
0.05, significant differences as compared with control.

Figure 6. Intracellular uptake images of BMMs treated with
Rho-CGNPs and cell tracker, as confirmed by CLSM. The
fluorescence of Rho-CGNPs was increased as time goes on
after intracellular uptake. Scale bar = 50 μm.
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Figure 7. TRAP assay after treatment with CUR and CGNPs. TRAPþMNCs decreased in a dose-dependent manner relative to
CUR and CGNPs. Scale bar = 200 μm. Results are mean ( SD of triplicate experiments: *p < 0.01, **p < 0.05, significant
difference as compared with the control.

Figure 8. TRAP assay after treatment with CUR, CGNPs, and CUR�CGNPs. The formation of TRAPþMNCs were decreased in a
dose-dependent manner in the presence of CUR, CGNPs, and CUR�CGNPs. Scale bar = 200 μm. Results are mean ( SD of
triplicate experiments: *p < 0.01, **p < 0.05, significant difference as compared with the control and each other.
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up-regulated after RANKL stimulation and are themost
important OC-specific transcription factors involved in
OC differentiation.36,37 The stimulation of BMMs in the
presence of RANKL induced high mRNA expressions of
both c-Fos and NFATc1. After treatment with supple-
ments, the expression levels of these markers were
significantly decreased in the order of CUR, CGNPs, and
CUR�CGNPs (Figure 10A and B). Among these supple-
ments, CUR�CGNPs showed the lowest mRNA expres-
sion of c-Fos and NFATc1. All supplements significantly
inhibited the inductionof TRAPandOSCARgenes,which
are enhanced by c-Fos and NFATc1 (Figure 10C,D). The
mRNA expressions of TRAP and OSCAR were signifi-
cantly decreased in the presence of CUR�CGNPs, and
this result correlatedwell with the prior results for TRAPþ

MNCs generation. Overall, all supplements led to the
down-regulation of osteoclastogenic genes (TRAP and
OSCAR) and transcriptional regulators (c-Fos and
NFATc1) in the order of CUR, CGNPs, and CUR�CGNPs.
In particular, CUR�CGNPs showed the lowest mRNA
expressions for all markers.

Effects of CGNPs and CUR�CGNPs on RANKL-Induced Signal-
ing Pathways. To investigate the inhibitory effects of
CUR-GNPS on OC differentiation, the biological me-
chanisms of RANKL-induced signaling pathways were
confirmed byWestern blotting (Figure 11). BMMs were
stimulated with RANKL in the presence or absence of
CGNPs and CUR�CGNPs. The activation/inactivation
levels of MAPKs (p38, ERK, and JNK) and IκBR, which
regulate the process of OC differentiation,38,39 were
measured at predetermined time points. Whole pro-
tein expression levels were confirmed by specific
phosphor-antibodies which were the active forms of
the respective molecules. The results showed that the
CGNPs exhibited an increase in the p38 phosphoryla-
tion level after 30 min, but the CUR reduced p38

activation. Therefore, the CUR�CGNPs exhibited no
substantial enhancement of p38 activation as com-
pared with RANKL only. These results indicate that the
p38 signaling pathway was up-regulated by CGNPs
and down-regulated by CUR. The expression levels of
p-ERK, p-JNK, and p-IκBR were slightly decreased in
either groups of CGNPs and CUR. Therefore,
CUR�CGNPs lead to more substantially decreased
expression levels of p-ERK, p-JNK, and p-IκBR than
CGNPs and CUR alone. This indicates that both CGNPS
and CUR inhibit these signaling pathways by interac-
tion with BMMs. Additionally, we confirmed the pro-
tein expression levels of another RANKL-induced signal
pathway, Akt, which is an important protein for the in
inhibition of cell death.40,41 The expression level of
p-Akt was slightly increased in the presence of CGNPs,
and decreased in CUR. This indicates that the Akt
signaling pathway is up-regulated by CGNPs and
down-regulated by CUR.

Supplements (CUR, CGNPs, CUR�CGNPs) Prevented Bone Loss
in Vivo. As all supplements inhibited osteoclast differ-
entiation in vitro, we examined the effect of CGNPs
(dose: 500 μM CGNPs), CUR (dose: 50 μM CUR), and
CUR�CGNPs (dose: 50/500 μM CUR�CGNPs) on the
prevention of ovariectomy (OVX)-induced bone loss.
For all experimental periods, no significant change was
observed in body weight of all groups (Figure S3,
Supporting Information). All groups, treated with or
without supplements, were analyzed by soft X-ray
(radiographic analysis). It was visually observed that
the bone densities of all experimental groups were
enhanced as compared with that of OVX group during
9 weeks (Figure 12A). Also, all experimental groups
treated with supplements had a statistically significant
increase in relative bone densities (Figure 12B).
Figure 13A shows the hematoxylin and eosin (H&E)
staining images of the femoral bone. It was visually
observed that all ovariectomized groups had a higher
amount of adipose tissue as compared to the sham
group. Among all of these groups, the trabecular bone
is much more prominent in CGNPs and CUR�CGNPs
groups. In addition, the relative trabecular bone di-
mensions in femur tissue showed that all experimental
groups were higher than nontreated OVX groups.
CUR�CGNPs had the highest trabecular bone dimen-
sions for all tested groups (Figure 13B). μCT analysis
was performed to quantify the bone density. The
structural parameters of trabecular bone for bone
volume/tissue volume (BV/TV), bone mineral density
(BDM), BV, trabecular number (Tb.N), trabecular thick-
ness (Tb.Th), and trabecular separation (Tb.Sp) are
illustrated in Figure 14 and Figure S5 (Supporting
Information). As shown in Figure 14A, the thickness
of trabecular bone was significantly decreased after
OVX. After treatment with supplements, the femoral
bone densities were visually increased in all groups as
compared with OVX control. A significant increase of

Figure 9. Effect of CUR, CGNPs, and CUR�CGNPs on RANKL-
induced actin ring formation in BMMs. The CUR�CGNPs
showed almost no actin ring formation as compared to the
other groups. Scale bar = 200 μm.
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bone thickness was identified in the bone treated with
CGNPs and CUR�CGNPs. In comparison with OVX
group, CUR, CGNPs, and CUR�CGNPs groups exhibited
0.004%, 1.417%, and 1.609% greater BV/TV than OVX,
respectively (Figure 14B). Also, it was found that the BMD
values of CGNPs and CUR�CGNPs were significantly
higher than the OVX group (Figure 14C). Furthermore,
CUR�CGNPs exhibited the most improved bone density
as compared to the other groups, and showed a similar

values with Sham in all structural parameters of trabecu-
lar bone (Figure S5, Supporting Information).

DISCUSSION

Bone is continuously remodeled through the re-
moval of old or damaged bone by OCs and the
subsequent replacement of new bone by osteoblasts.
The processes of bone formation and resorption are
well regulated and balanced by several factors. An

Figure 10. Gene expression of (A) c-Fos, (B) NFATc1, (C) TRAP, and (D) OSCAR in the presence of CUR (1 μM), CGNPs (10 μM),
and CUR�CGNPs (1/10 μM). Results are mean ( SD of triplicate experiments: *p < 0.01, **p < 0.05, significant difference as
comparedwith eachother. All groupswere treatedwithRANKL, and controlwithout RANKL [Con(�)] wasusedasnegative control.

Figure 11. Protein expression of phosphorated p38, ERK, JNK, IκBR, and Akt in the presence of CGNPs (10 μM) and
CUR�CGNPs (1/10 μM). The blot is a representative image of three independent experiments.
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imbalance between these processes leads to bone
diseases such as osteoporosis and rheumatoid arthritis.
Osteoporosis is a devastating disease that leads to an
increased risk of bone fracture by lowering bone
mineral density. This disease frequently occurs in older
people, especially women.14,15 To treat this, bispho-
sphonate molecules are widely used to prevent the
loss of bone mass and bone fracture.42,43 However,
when bisphosphonates are administered for an ex-
tended period, serious side effects occur, such as
osteonecrosis of the jaws.44 To solve this problem,
there has been a great deal of recent research in
developing new generations of agents for preventing
and treating osteoporosis. A number of researchers
have reported that various inorganic NPs can inhibit
OCs formation. OCs are involved mainly in bone re-
sorption, and these inorganic materials, such as
gold, platinum, and silica-based NPs, substantially
suppress osteoclastogenesis.11�13 Among previously
researched inorganic-based NPs, GNPs have been
shown to be the most effective material for treating
bone diseases because of their potential use not only
for inhibition of OC differentiation but also for stimula-
tion of osteoblast formation.4�6,11 Also, GNPs exhibited
no in vivo toxicity. Previous reports have shown that
30 nm GNPs did not cause any significant damage to

internal organs, despite their accumulation in the liver,
spleen, and kidney after intraperitoneal injection.45,46

Based on this information, we prepared a novel
agent using 30 nm GNPs for the inhibition of OC
formation. To enhance the therapeutic effects of this
agent for the treatment of osteoporosis, CD-modified
GNPs were prepared and used as carriers of CUR,
an osteoporosis drug. CUR is known to be a powerful
antioxidant and suppress RANKL-mediated ROS gen-
eration. Previously, we reported that CUR suppressed
ROS-induced IκBR signaling pathways and thereafter
inhibits signal pathways for osteoclastogenesis.31 Also,
CUR can form inclusion complex interactions with CD,
which improves thewater solubility of CUR.23,26�28,32�34

Therefore, CUR was loaded onto the surface of CGNPs
to enhance the inhibitory effects of the system toward
osteoclastogenesis. The formation of CGNPs andCUR�
CGNPs was confirmed and characterized by UV�vis
spectroscopy, TEM, and DLS (Figure 2 and 3). It was
found that CGNPs prepared by our group displayed no
cytotoxicity and genotoxicity up to 20 μM (Figures 4
and 5). This result might indicate that the prepared
CGNPs can be useful as a cytocompatible agent, unlike
CUR alone which is cytotoxic at high concentrations.
Previous studies have shown that CUR inhibits

RANKL-induced IκBR signaling pathways through the
suppression of p-IκBR.30,31 RANKL, which is a key factor
to control function and survival of mature osteoclasts,
induces multiple signaling pathways. This includes not

Figure 12. Radiographic analysis of bone tissue in mice. (A)
Radiographic images of left femur and (B) average of re-
lative bone density value in all experimental groups. Rela-
tive bone densities of all experimental groups were higher
than that of OVX group during 9 weeks, and the difference
was statistically significant. For analysis, left and right
femurs were averaged for each mouse. n = 5 per group:
*p < 0.01, significant difference as compared with OVX.

Figure 13. Histological analysis of femora from all experi-
mental groups (n = 5 per group). (A) H&E staining of femur
bone. Scale bar = 200 μm. Histology of bone in the all-
experimental groups shows all ovariectomized groups had
a higher amount of adipose tissue than sham group. The
trabecular bone is much more prominent in CGNPs and
CUR�CGNPs groups. (B) Relative trabecular bone dimen-
sion shows all experimental groups were higher than non-
treated, OVX group. CGNPs and CUR�CGNPs groups had
much more trabecular bone dimension than the other
groups but the difference was not significant (p > 0.05).
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only IκBR but also others such as JNK, P38, and ERK.
Although Sul et al. described that GNPs are involved in
OC differentiation of BMMs through NF-kB signaling,11

the biological mechanisms have not been studied in
detail as to how gold nanoparticles can affect OC
differentiation of BMMs through multiple signaling
pathways such as IκBR, JNK, P38, and ERK. Therefore,
we confirmed the effect of CUR, CGNPs, and CUR�
CGNPs on inhibition of OC differentiation by using
BMMs in the presence of RANKL and M-CSF. The in

vitro results showed that all supplements of CUR,
CGNPs, and CUR�CGNPs lead to a decrease in TRAPþ

MNCs formation. These also lead to a down-regulation
of gene expressions which are associated with
the RANKL-induced OC differentiation pathway
(Figures 7, 8, and 10). This is with the exception of
p38 which was up-regulated in the presence of CGNPs.
Of all the tested supplements, CUR�CGNPs showed
the lowest value of TRAPþ MNCs formation and mRNA
expressions. Also, CUR�CGNPs substantially inhibited
RANKL-induced actin ring formation, which is an es-
sential morphological characteristic of OC that allows
them to carry out their resorption function (Figure 9).
To confirm the activation/inactivation levels of key
proteins involved in OC differentiation pathways, such
as p38, ERK, JNK, and IκBR, Western blotting was used
at predefined time points. The results clearly showed
that the CUR�CGNPs exhibited no substantial en-
hancement in p38 but did decrease expression levels
of p-ERK, p-JNK, p-IκBR, and Akt as compared with

RANKL only (Figure 11). Furthermore, our biofunctional
GNPs, surface-functionalized with CD/CUR inclusion
complex, have successfully prevented bone loss
in vivo, as evaluated by the OVX-induced osteoporosis
model (Figures 12�14). There was no remarkable
difference in the relative bone densities between all
experimental groups treated with supplements
(Figure 12). However, we identified that more trabe-
cular bone tissue appeared in CGNPs and CUR�CGNPs
than in the other experimental groups, and CUR�
CGNPs had the highest trabecular bone dimensions
for all tested groups (Figure 13). In addition, the results
of μCT indicated that the average value of CGNPs and
CUR�CGNPswere higher than that of OVX groups, and
the difference was significant (Figure 14). In addition,
CUR�CGNPs exhibited the most improved bone den-
sity of all tested groups. Although there was no re-
markable difference betweenCGNPs andCUR�CGNPs,
almost all of the results consistently showed that
CUR�CGNPs is the most improved bone density as
compared with all tested groups.
On the basis of the above findings, a schematic

diagram was proposed to describe the inhibition of
OCdifferentiation of BMMsby CUR�CGNPs (Figure 15).
CUR�CGNPs first interact with the membrane of
BMMs and effectively release CUR into the intracellular
cytoplasm. The suppression of the RANKL-induced
signaling pathway leads to a down-regulation of the
OC-specific transcription factors and osteoclastogenic
genes involved in OC differentiation. Therefore, these

Figure 14. μCT analysis of bone tissue in mice. (A) 3D images of trabecular bonemeasured by μCT. Representative images of
Sham, OVX, CUR, CGNPs and CUR�CGNPs from top to bottom. Shamgroupwas used as the positive control. Average value of
(B) percent bone volume ratio and (C) bone mineral density in all experimental groups. Average values of Sham, CGNPs, and
CUR�CGNPs were higher than that of OVX group during 9 weeks, and the difference was statistically significant. n = 5 per
group: *p < 0.01, significant difference compared with OVX.
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results indicate that CUR�CGNPs can act as effective
nanocarriers for delivering CUR, and serve as a me-
chanical stearic hindrance which deactivates the
RANK-induced signaling pathway in BMMs. This sub-
sequently leads to a down-regulation of OC differentia-
tion. The in vivo application of functionalized GNPs
significantly prevented bone resorption and improved
bone metabolism. This in vivo result is especially
remarkable. Previous researchers have confirmed the
inhibition of osteoclast differentiation under in vitro

conditions but not in vivo. The results of in vitro assays
may not always be the same as that of in vivo. There-
fore, in vivo studies are important to confirm the
preventability of bone resorption by GNPs.

CONCLUSION

In this study, we designed and prepared a novel
therapeutic agent for preventing and treating

osteoporosis. This was composed of GNP as a core,
CD as a drug pocket, and CUR as an osteoporosis
drug. Intracellular uptake analysis showed that
CGNPs can effectively be uptaken into the cell
and locate into the intracellular compartment. The
CUR�CGNPs inhibited the OC differentiation of
BMMs through suppression of the RANKL-induced
signaling pathway. The biofunctional GNPs may
consequently have significant potential applications
for use as therapeutic agents in treating osteoporosis
and other bone diseases, such as rheumatoid arthri-
tis or metastasis associated with bone loss. Further-
more, to our knowledge, this study is the first
example that confirms the effect of GNPs for pre-
venting osteoporosis in an in vivo model. Our find-
ings suggest that CUR�CGNPs can be useful as
therapeutic agents for treating bone diseases asso-
ciated with excessive bone resorption.

MATERIALS AND METHODS
Materials and Equipment. CD surface-functionalized GNPs

(CGNPs) and rhodamine B linked CD surface-functionalized
GNPs (Rho-CGNPs) were prepared as previously reported.19

CUR and Leukocyte Acid Phosphatase Assay kit were purchased

from Sigma-Aldrich (St. Louis, MO). RANKL and macrophage-
colony stimulating factor (M-CSF) were obtained from Pepro-
tech (Rocky Hill, NJ). R-Minimum essential medium (R-MEM),
fetal bovine serum (FBS), Dulbecco's phosphate-buffered saline
(DPBS), trypsin�EDTA, and penicillin�streptomycin (PS) were

Figure 15. Biologicalmechanism leading to inhibition ofOCdifferentiationof BMMsbyCUR�CGNPs throughRANKL-induced
signaling pathways.
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purchased from GIBCO BRL (Invitrogen Co., Carlsbad, CA). Cell
tracker greenwas purchased fromMolecular Probes (Invitrogen
Co., USA) All antibodies for p38, phospho-p38 (Thr180/Tyr182),
extracellular signal-regulated kinase (ERK), phospho-ERK, c-Jun
N-terminal kinase (JNK), phospho-JNK, nuclear factor of kappa
light polypeptide gene enhancer in B-cells inhibitor, alpha
(IκBR), phosphor-IκBR, Akt, and phosphor-Akt were purchased
from Cell Signaling Technology (Beverly, MA). All reagents were
used as received without further purification. Transmission
electron microscopy (TEM) observations were carried out using
an H-7100 (Hitachi, Japan). Dynamic light scattering (DLS)
measurements were carried out using a 90 PLUS (Brookhaven,
Holtsville, NY). Ultraviolet/vis (UV/vis) absorbance was measured
using a UV-1650PC spectrophotometer (Shimadzu, Japan).
Attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) measurements were carried out using a TENSOR 37
(Bruker, Billerica, MA).

Preparation of GNPs Covered with CD/CUR Inclusion Complex
(CUR�CGNP). To load CUR onto the surface of GNPs, 10 μL of
2.5mMCUR, dissolved in dimethyl sulfoxide (DMSO), was added
to 50 μM CGNPs solution (1 mL), and the resulting solution was
then sonicated for 5 min. After centrifugation, the precipitate
was washed three times with distilled water. The loading
efficiency of CUR into CGNPs was measured by using a UV/vis
spectrophotometer at a detection wavelength of 426 nm.

Cell Culture. Primary cultured BMMs were used to study cell
cytotoxicity and OC differentiation. For generation of bone
marrow-derived osteoclasts, monocytes were isolated from
the tibiae of ICR 6 week mice as previously described.47 Cells
were seeded on 100 mm plates (1.5� 106/well) and cultured in
the presence of 30 ng/mLM-CSF for 72 h. Cells at this stagewere
considered M-CSF-dependent BMMs and used as preosteo-
clasts. The cells were cultured in R-MEM containing 10% FBS
and 1% PS in a humidified 5% CO2 atmosphere. Induction of
differentiation to OC was achieved by culturing the cells in a
media containing RANKL (100 ng/mL) and M-CSF (30 ng/mL)
with or without varying doses of test supplements (CUR, CGNP,
and CUR�CGNP). The complete culture medium containing
different supplements was changed every 3 days. For biological
experiments and analyses, the cells were harvested, collected
by centrifugation at 1000 rpm for 5min, and then seeded inwell
plates before in vitro biological evaluation.

Cell Viability Assay. The cell viability of the different supple-
ments was evaluated by using by using a cell counting kit
(CCK-8, DojindoMolecular Technologies Inc., Japan) assay. After
seeding the cells, adhered and proliferated cells weremeasured
at 24 and 48 h. At predetermined time intervals, cells were
washed with DPBS, a fresh medium containing CCK-8 (300 μL of
0.1mL/ml) was added, and then the cells were incubated for 2 h.
After incubation, the intensity was measured by a microplate
reader (BioRad, USA) at a wavelength of 450 nm.

Comet Assay. The comet assay was carried out according to
Javeri et al.48 using reagents provided in a kit purchased from
Trevigen, Gaithersburg, MD. In brief, cell suspension at 1 � 105

cells/ml was diluted with lowmelting point agarose at a ratio of
1:10 (v/v) and immediately spread onto CometSlide. The slides
were allowed to solidify at 4 �C for 10 min and immersed in 4 �C
lysis solution for 1 h. After lysis, DNA on the slides were
separated by electrophoresis and visualized by SYBR Green 1
staining solution. Images were captured using an Olympus
fluorescence microscope (Tokyo, Japan) and analyzed using
Comet Assay IV software (http://www.scorecomets.com). DNA
damage was quantified as percentage of DNA in tail (% tail
DNA).

Intracellular Uptakes of Rho-CGNPs As Determined by Confocal Laser
Scanning Microscopy (CLSM) Analyses. BMMs (2 � 104 cells/per well)
were seeded in 48 well-culture plates and incubated overnight
in preparation for CLSM analysis. After incubation, the media
was exchanged for fresh media containing Rho-CGNPs and cell
tracker and then incubated for 2, 4, 12, and 24 h, respectively.
After themediawere removed, the cells werewashedwith fresh
DPBS and fixed with 3.7% formaldehyde. Intracellular uptake of
Rho-CGNPs was observed by CLSM (Eclipse E600W, Nikon,
Tokyo, Japan). The obtained images were assayed by using
Nikon EZ-C1 software.

Tartrate-Resistant Acid Phosphatase (TRAP) Assay. BMMs (2 � 104

cells/per well) were seeded in 48 well-culture plates and
incubated with complete culture medium containing different
supplements. TRAP-positive multinuclear cells (TRAPþ MNCs)
were observed after 5 days. Cells were fixed by soaking in 3.7%
formaldehyde for 15 min and were then placed in 0.1% triton
X-100 for 10 min. Cells were washed three times with DPBS, and
then incubated for 30 min at 37 �C in the dark using the
Leukocyte Acid Phosphatase Assay kit following the manufac-
turer's instructions. After staining, TRAPþ MNCs containing
three or more nuclei were considered to be OCs and scored
under a light microscope.

Actin Ring Formation Assay. BMMs (2� 104 cells/per well) were
seeded in 48 well-culture plates in the presence of complete
culture medium for 5 days. Subsequently, the cells were fixed in
3.7% formaldehyde for 20 min. After three washings with DPBS,
the cells were stained with rhodamine-conjugated phalloidin
and 40 ,6-diamidino-2-phenylindole (DAPI) for 30 min and
washed with DPBS three times again. The actin ring formation
of each sample was observed by confocal laser scanning
microscopy (CLSM, Eclipse E600W, Nikon, Tokyo, Japan).

Quantitative Real-Time Polymerase Chain Reaction (Real-Time PCR). The
total RNAof the BMMs (a density of 2� 104 cells) cultured on a 48
well-culture plate was isolated by using an RNeasy Plus Mini Kit
(Qiagen, CA) according to manufacturer's instructions. A sum of
1 μg of total RNA was transcribed into cDNA with AccuPower
CycleScript RT Premix (Bioneer, Daejeon, Republic of Korea). The
primers of the measured mRNA genes were as follows: TRAP,
50-CTG GAG TGC ACG ATG CCA GCG ACA-30 (sense) and 50-TCC
GTG CTC GGC GAT GGA CCA GA-30 (antisense); osteoclast-asso-
ciated receptor (OSCAR), 50-CTG CTGGTA ACGGAT CAGCTC CCC
AGA-30 (sense) and 50-CCA AGG AGC CAG AAC CTT CGA AAC T-30

(antisense); c-Fos, 50-CTG GTG CAG CCC ACT CTG GTC-30 (sense)
and 50-CTT TCA GCA GAT TGG CAA TCT C-30 (antisense); NFATc1,
50-CTC GAA AGA CAG CAC TGG AGC AT-30 (sense) and 50-CGG
CTG CCT TCC GTC TCA TAG-30 (antisense); and glyceraldehyde
3-phosphate dehydrogenase (GAPDH), 50- CAT GGC CTTCCG TGT
TCC TAC CC-30 (sense) and 50-CCT CAG TGT AGC CCA AGA TGC
CCT-30 (antisense). Real-time PCR was analyzed by using iQ SYBR
Green supermix (Bio-Rad, Hercules, CA). Threshold cycle values
were calculated by using a comparative cycle threshold method.
The fold change of control (treatment with RANKL and M-CSF) at
5 days of culture was set at 1-fold and the ratio of the normalized
fold changewas calculated. The real-timePCRamplificationswere
carried out for 10 s at 95 �C, 30 s at 57�66 �C, and 30 s at 72 �C for
45 cycles after the initial denaturation step of 10 min at 95 �C. All
results were normalized by GAPDH.

Western Blot. BMMs were lysed by the addition of cold RIPA
lysis buffer containing 0.5 M Tris-HCl, pH 7.4, 1.5 M NaCl, 2.5%
deoxycholic acid, 10% NP-40, and 10 mM EDTA along with
protease and phosphatase inhibitors. The cell lysates were
incubated in an ice box for 30 min and then centrifuged at
13000 rpm for 10 min. The concentration of protein was
measured using a microplate spectrophotometer (Benchmark
Plus, BIO-RAD, Japan) at a wavelength of 595 nm. An equal
quantity of protein (40ug) was subjected to SDS-PAGE and
transferred to a nitrocellulose transfer membrane (Protran,
Whatman, Germany). After blocking with 5% skim milk, the
membrane was probed with phosphorylated-forms of p38
(Thr180/Tyr182), ERK, JNK, IκBR, and Akt followed by incubation
with an appropriate secondary antibody conjugated to horse-
radish peroxidase. The same membranes were then stripped
and reprobed with the total forms of p38, ERK, JNK, IκBR, and
Akt. Signals were detected using a ChemiDoc XRS System (Bio-
Rad, Hercules, CA).

Animal Test. Female 10-week-old C57Bl/6 mice (n = 30)
weighing an average of 20 g were purchased from Orient Bio
(Seongnam, Korea). All animal experiments were approved by
the Institutional Animal Care and Use Committee of Konkuk
University (KU13118). OVX or sham operation was performed at
the age of 12 weeks. OVX animals had their ovaries removed,
and sham-operated animals had their ovaries exposed but not
removed. The OVX mice were randomized and divided into
experimental groups (n = 5 per group) as follows. The experi-
mental groups included OVX (untreated), CGNPs (dose: 500 μM
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CGNPs), CUR (dose: 50 μMCUR), and CUR�CGNPs (dose: 50/500
μMCUR�CGNPs). Injectable solutions were prepared every day
as a solution of each treatment dose in physiological saline. The
experimental groups were subjected to intragastric injection of
each solution (0.5 mL per day). After 9 weeks of treatment,
radiographic analysis of the femora was performed by soft
X-ray. The relative radiographic density of the region was
evaluated by image analysis. Micro computed tomography
(μCT) examinations were used to determine the change in the
trabecular bone. This was carried out by using a SkyScan1173
(SKYSCAN, Belgium) at 8 μm resolution. The degree of bone
density on μCT was quantified by using the mean gray value
and standard deviation of the region of interest (ROI). All
morphometric parameters were obtained by using On-demand
software (CyberMed Inc., Korea). After μCT analysis, the femora
of each animal was removed and stained with hematoxylin and
eosin (H&E) for histological analysis.

Statistical Analysis. All values are expressed as means (
standard deviations. Statistical analysis was performed using
PASW Statistics 21 software (SPSS, Inc., Chicago, IL). Multiple
comparisons were analyzed using one-way analysis of variance
(ANOVA) followed by Dunnett's T3 post hoc paired comparison
test. A value of p < 0.05 is considered to be statistically
significant.
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