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Inflammatory osteolysis poses a significant worldwide threat to public health. However, current monotherapies,
which target either the prevention of the inflammatory response or the attenuation of osteoclast (OC) formation,
have limited efficacy due to the complexity of the bone immune system being overlooked. Herein, by means of
modifying salmon calcitonin (sCT), a multifunctional nano-system (AuNDs-sCT) was designed to synergistically
inhibit OC differentiation and reverse the inflammatory microenvironment against inflammatory osteolysis. On
the one hand, AuNDs-sCT effectively restrained OC differentiation by binding to the calcitonin receptors on the
surface of OC precursors, resulting in the down-regulation of OC-specific genes and proteins. The targeted ca-
pacity of AuNDs-sCT provided a more durable and precise therapeutic effect. On the other hand, AuNDs-sCT
exhibited antioxidant and anti-inflammatory effects, which regulated the polarization “switch” from the pro-
inflammatory M1 phenotype to the anti-inflammatory M2 phenotype in macrophages by the inhibition of NF-
kB p65 phosphorylation, thereby effectively reversed the local inflammatory microenvironment. Additionally,
AuNDs-sCT served as a promising fluorescent probe, enabling real-time visualization of the therapeutic process.
This capability is expected to optimize drug administration and evaluate therapeutic effects. In summary, by
inhibiting OC differentiation and reprogramming macrophages, AuNDs-sCT successfully realized drug repur-
posing and achieved the “one arrow two eagles” therapeutic strategy, which offers a synergistic and effective
treatment option for the clinical management of inflammatory osteolysis.

1. Introduction

Inflammation plays a crucial role in disrupting bone homeostasis,
leading to various inflammatory osteolytic diseases, such as rheumatoid
arthritis, periodontal disease, and orthopedic implant-associated
osteolysis [1,2]. These diseases lead to a range of complications,
including hypercalcemia, pain, and even pathological fractures, posing a
severe worldwide threat to public health and causing enormous social

and economic repercussions [3]. In addition to the extensive inflam-
matory responses, the excessive or hyperactive osteoclasts (OCs) directly
contribute to osteolytic processes. Clinically, drugs such as denosumab,
which attenuates excessive OC formation, arrest the progression of in-
flammatory osteolysis [4]. However, due to the combined effects of
overactive inflammation and osteoclastic bone resorption, such mono-
therapies must be accompanied by anti-inflammatory agents in these
disorders. Unfortunately, prolonged use of anti-inflammatory drugs can
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lead to drug resistance. Therefore, exploring novel approaches that
simultaneously inhibit OC differentiation and reverse the inflammatory
microenvironment are pivotal therapeutic strategies to improve the poor
prognosis of inflammatory osteolysis.

Inflammatory osteolysis has multiple etiologies. Nonetheless,
regardless of the cause or cellular contexts, OCs are the principal bone-
resorptive cells involved in bone destruction [5]. OCs are multinucleated
cells derived from the monocyte-macrophage lineage. In the presence of
macrophage colony-stimulating factor (M-CSF) and receptor activator of
nuclear factor-xB ligand (RANKL), OC precursors recruit the adapter
protein TNF receptor-associated factor (TRAF) 6 in the cytoplasm,
triggering various intracellular signaling cascades [6]. Eventually, this
process promotes OC differentiation, survival, and bone resorption by
upregulating the expressions of OC-specific genes and proteins. Typi-
cally, OCs are in an excessive or hyperactive state at the sites of in-
flammatory osteolysis, exerting a direct and uppermost role in bone
destruction during this process. Thus, inhibiting OC differentiation and
bone resorption capability is the foundation for the treatment of in-
flammatory osteolysis.

In the bone microenvironment, immune cells are increasingly
recognized for their ability to interact with bone cells and regulate bone
homeostasis. Traditional studies have focused only on individual factors,
neglecting the complexity of the bone immune system, thus limiting
therapeutic effects. Among these immune cells, circulating monocytes
can selectively migrate to inflamed sites, where they differentiate into
resident macrophages, thereby exacerbating the inflammatory response
[7]. Macrophages are crucial effector immune cells in inflammatory
osteolysis due to their dual functionality as principal sources of in-
flammatory cytokines and their potential to differentiate into OCs [8].
Macrophages can be broadly classified into two major phenotypes (M1
and M2) based on their polarization states [9]. Upon exposure to specific
inflammatory stimuli such as lipopolysaccharide (LPS), macrophages
are induced to adopt a pro-inflammatory M1 phenotype [10,11]. The
secreted pro-inflammatory cytokines, in turn, could induce OC differ-
entiation [12]. In contrast, M2 macrophages suppress inflammation and
repair inflammation-associated injuries [13]. Studies have shown that
interleukin (IL)-10, secreted by M2 macrophages, can inhibit osteo-
clastogenesis by suppressing nuclear factor of activated T-cells 1
(NFATc1) [12]. In summary, macrophages and their secreted cytokines
not only determine the inflammatory microenvironment but also
interact with OCs, thereby governing bone homeostasis through com-
plex mechanisms and crosstalk. Given the critical role of macrophage
polarization states in inflammatory osteolysis, it is equally imperative to
induce macrophage differentiation from the pro-inflammatory M1
phenotype to the anti-inflammatory M2 phenotype and to inhibit
osteoclastogenesis for the effective treatment of inflammatory
osteolysis.

Calcitonin (CT) is a well-established anti-resorptive agent, known for
its ability to reduce serum calcium levels and inhibit the bone resorption
activity of OCs. OCs prominently express CT receptors (CTRs) on their
cell membrane, and upon binding to CT, their bone resorption activity
ceases within a few minutes [14]. Specifically, the ruffled borders
(active sites of bone resorption) of OCs disappear, and OCs detach from
the bone surface [15]. Additionally, CTRs are also expressed on mono-
nucleated OC progenitors in late differentiation stages, indicating the
potential of CT to simultaneously intervene in both OCs and OC pre-
cursors. Among the various CT species, salmon calcitonin (sCT) has been
widely used due to its highest intrinsic potency (40-50 times greater
than human CT), which translates to superior efficacy and favorable
safety [16]. Moreover, sCT has been clinically employed in the treat-
ment of postmenopausal osteoporosis [17], further demonstrating its
robust anti-resorptive effects. However, sCT alone does not ameliorate
the inflammatory response or exert immunomodulatory effects to pro-
mote M2 macrophage differentiation, thereby limiting its application in
inflammatory osteolysis. Leveraging the concept of “drug repurposing”,
which repurposes existing drugs for novel therapeutic purposes [18,19].
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Exploiting novel approaches to modify sCT and endowing it with novel
anti-inflammatory functions will present an appealing proposition for
the treatment of inflammatory osteolysis, potentially offering reduced
overall development costs and shorter development timelines.

Recently, the application of nanomaterials has garnered significant
attention as a novel approach for disease diagnosis, monitoring, and
treatment. Among these nanomaterials, gold nanoparticles (AuNPs)
have attracted considerable interests due to their unique properties,
including ultra-small size and biocompatibility in physiological envi-
ronments. The facile surface functionalization of AuNPs makes them an
excellent carrier for linking targeted fragments, such as antibodies and
peptides, as well as therapeutics drugs [20]. The conjugation of AuNPs
with drug molecules also plays an important role in the treatment of
inflammatory osteolysis, opening avenues for “drug repurposing”. It has
been verified that the use of Au delivery systems effectively enhances
therapeutic efficacy and reduces side effects in the treatment of RA and
other inflammatory diseases [21-23]. Importantly, AuNPs have the
ability to inhibit inflammatory cytokines, such as tumor necrosis factor
(TNF)-a and IL-1, thereby exhibiting significant anti-inflammatory ef-
fects [24]. Furthermore, AuNPs possess immunomodulatory properties
capable of regulating the polarization of macrophages from a
pro-inflammatory M1 phenotype to an anti-inflammatory M2 pheno-
type, thereby alleviating inflammation [25]. In addition, AuNPs exhibit
excellent optical properties, making them suitable for fluorescence (FL)
imaging [26]. This feature could be useful for visualizing the retention
and distribution of drugs within the body, facilitating the tracking of
therapeutic effects. Therefore, the combination of AuNPs with sCT holds
promise for achieving “drug repurposing” and effectively addressing
inflammatory osteolysis through a “one arrow two eagles” therapeutic
strategy.

In this study, we designed a multifunctional gold nanodots-sCT
(AuNDs-sCT) to target OC precursors, thereby inhibiting OC differenti-
ation and reversing the inflammatory state by reprogramming macro-
phages (Scheme 1). Glutathione (GSH), a ubiquitous antioxidant pivotal
in intracellular redox homeostasis and oxidative stress prevention,
served as the ligand for synthesizing biocompatible and ultra-small
AuNDs through an electrochemical exchange method. Subsequently,
sCT was conjugated to the AuNDs via an amidation reaction. By
employing a “one arrow two eagles” therapeutic strategy, the designed
AuNDs-sCT exhibited promising efficacy in managing inflammatory
osteolysis. Through the specific binding between sCT and CTRs, AuNDs-
sCT anchored at the sites of inflammatory osteolysis, ensuring sustained
and precise therapeutic effects. On the one hand, AuNDs-sCT targeted
the CTRs on OC precursors, inhibiting OC differentiation and bone
resorption. Treatment with AuNDs-sCT resulted in the downregulation
of OC-specific genes, including Nfatc1, Traf6, Fos, Dcstamp, Acp5, Mmp9,
and Ctsk, as along with the inhibition of the protein expressions of
matrix metalloproteinase 9 (MMP9) and cathepsin K (CTSK). On the
other hand, AuNDs-sCT demonstrated excellent anti-inflammatory
properties by reprogramming pro-inflammatory M1-type macrophages
into anti-inflammatory M2-type macrophages. AuNDs-sCT inhibited NF-
kB p65 phosphorylation, resulting in decreased release of pro-
inflammatory factors and increased release of anti-inflammatory fac-
tors, ultimately reversing the inflammatory microenvironment at the
sites of inflammatory osteolysis. Moreover, AuNDs-sCT exhibited
favorable fluorescence properties, enabling its use as a visualized probe
for drug administration, facilitating precise control over drug delivery.
Collectively, AuNDs-sCT provided a precise treatment approach for the
clinical management of inflammatory osteolysis, realizing a novel
application of traditional drugs.

2. Materials and methods
2.1. Materials

Glutathione (GSH) and chloroauric acid (HAuCls) were purchased
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Scheme 1. Multifunctional nano-system AuNDs-sCT was designed for inhibiting osteoclast differentiation and reversing inflammatory microenvironment against

inflammatory osteolysis.

from Aldrich. Silver nitrate (AgNOs), hydrazine hydrate (NoH4-H20),
and isopropyl alcohol were purchased from Sinopharm Group Chemical
Reagent Co., LTD. Sodium hydroxide (NaOH) was purchased from Bei-
jing Chemical Plant. N-hydroxysuccinimide (NHS) and N-(3-(dimethy-
lamino)propyl)-N-ethylcarbodiimide  hydrochloride = (EDC) were
purchased from Aladdin. sCT was bought from MeilunBio (MB1213). All
reagents were not further treated, and the water used throughout the
experiment was secondary deionized water (18.2 MQ x crn’l).

2.2. Preparation of AgNDs

109.9 mg AgNOs3 and 199.5 mg GSH were weighed and dissolved in
10 mL secondary deionized water. The mixture was gently stirred at
room temperature for 30 min to ensure even dissolution, resulting in the
formation of a milky Ag-GSH gel. To adjust the pH to 6-7, an appropriate
amount of NaOH (1 M) was added to the solution, causing the milky gel
to transform into a clear and transparent solution. Then, 1 mL hydrazine
hydrate was added as a reducing agent, and the solution was stirred at
room temperature, protected from light, for 48 h. After 48 h, the product
turned into a clear orange-red solution, indicating the formation of
AgNDs. The product was then centrifuged at 8800 rpm for 15 min, and
the supernatant was filtered to remove impurities. Excess isopropyl
alcohol was added to the solution, followed by centrifugation at 6800
rpm for 10 min, and the resulting precipitate was dissolved in 5 mL
secondary deionized water.

2.3. Preparation of AuNDs

500 pL AgNDs solution and 250 pL HAuCly (50 mM) solution were
added successively in 5 mL secondary deionized water. Then an
appropriate amount of NaOH (1 M) solution was added to adjust the pH
of the solution to 7-9. The mixture was continuously stirred for 4 h at
80 °C. Afterward, the product was centrifuged at 8800 rpm for 15 min,
and the supernatant was treated with excess isopropyl alcohol before
undergoing another centrifugation at 8000 rpm for 8 min. The resulting

precipitate obtained by centrifugation was dissolved in 5 mL secondary
deionized water, and the yielding light-yellow transparent solution
contained AuNDs.

2.4. Preparation of AuNDs-sCT

To prepare AuNDs-sCT, 2 mL of the previously prepared AuNDs so-
lution was combined with 6.4 mg EDC and 3.2 mg NHS. The mixture was
stirred at room temperature for 30 min. Then 100 pL sCT solution was
added, and the solution was incubated at room temperature for 8 h.
After dialysis for 12 h, AuNDs-sCT solution was obtained.

2.5. Characterization

Transmission electron microscope (TEM) images were taken by a
JEOL TECNAI F20 field emission electron microscope with the operating
voltage of 200 kV. Fourier transform infrared (FTIR) spectra of the
samples were measured by a Nicolet Avatar 360 Fourier transform
infrared spectrometer. The Zeta potential of the samples was measured
by a Zetasizer Nano ZS particle size analyzer. The UV-visible absorption
spectra were obtained by a Lambad 800 UV-visible spectrophotometer.
The fluorescence spectra were measured using a Shimadzu RF-5301 PC
fluorescence spectrometer. X-ray photoelectron spectra were measured
by a VG ESCALAB MKII spectrometer.

2.6. Cell culture

RAW264.7 cells was obtained from the Hospital of Stomatology, Jilin
University. The cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM, Sigma) supplemented with 10 % fetal bovine serum (FBS,
Clark Bioscience, Shanghai, China) at 37 °C in a humidified atmosphere
containing 5 % COa.

To obtain murine bone marrow-derived monocytes/macrophages
(BMMs), bone marrow cells were harvested from the femurs and tibiae
of female C57BL/6J mice (6 weeks old). The harvested cells were
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incubated in complete medium consisting of a-minimal Eagle’s medium
(a-MEM, Gibco), supplemented with 10 % FBS and 1 % penicillin-
streptomycin solution, for 36 h. The non-adherent cells were then
collected and incubated in medium containing 20 ng/mL recombinant
murine M-CSF (315-02, Peprotech). After incubating for 5 days, the
adherent BMMs were obtained for subsequent experiments.

2.7. Invitro biocompatibility assay

RAW264.7 cells and BMMs were seeded in 96-well plates at a density
of 1 x 10* cells per well and incubated overnight. The medium was then
replaced with fresh medium containing varying concentrations of
AuNDs and AuNDs-sCT (0, 5, 50, 100, 200, and 300 pg/mL). After in-
cubation for different times (1 d, 3 d, and 5 d), 10 pL of CCK-8 (Invi-
gentech, USA) was added to each well, and the cells were further
incubated for 2 h at 37 °C. The absorbance at 450 nm was detected using
a versatile microplate detection system (Synergy™ HT, BioTek). The
relative cell viability was calculated using the formula: (ODgample-
ODbplank)/(ODcontrolODblank) X 100 %. All experiments were indepen-
dently repeated 3 times.

2.8. Detection of calcitonin receptors (CTRs)

To detect the expression of CTRs, RAW264.7 cells and BMMs were
seeded on glass coverslips in 24-well plates and incubated overnight.
Then the cells were fixed with 4 % paraformaldehyde and permeabilized
with Triton X-100. Following this, the cells were incubated with rabbit
anti-calcitonin receptor antibody (1:100, bs-10516R, Bioss) overnight at
4 °C, followed by incubation with CoraLite594-conjugated goat anti-
rabbit IgG (1:200, SA00013-4, Proteintech) for 2 h at room tempera-
ture. Nuclear staining was performed with DAPI for 5 min at room
temperature. CTR expression was detected using a Confocal Laser
Scanning Microscope (CLSM).

2.9. Endocytosis of AuNDs and AuNDs-sCT

Cellular uptake of AuNDs and AuNDs-sCT was evaluated by CLSM
and flow cytometry. RAW264.7 cells and BMMs were seeded in 24-well
plates at a density of 1 x 10° cells per well and incubated overnight.
Then, 200 pg/mL AuNDs or AuNDs-sCT solution was added to the cells.
After co-culture for 12 h, the culture medium was discarded, and the
cells were washed three times with warm phosphate buffer solution.
After that, the cells were fixed with 4 % paraformaldehyde and stained
with DAPIL Finally, cellular uptake was measured by CLSM and flow
cytometry (MACSQuant® Analyzer, Germany). The results were
analyzed using FlowJo V10.8.1 software and ImageJ.

2.10. In vivo fluorescence imaging

The protocols involving animal use were reviewed and approved by
the Institutional Review Board and Institutional Animal Care and Use
Committee of the College of Basic Medical Sciences, Jilin University
(Approval No. 2023-601). A murine model of LPS-induced inflammatory
osteolysis was constructed in the calvaria of male ICR mice aged 8
weeks. To evaluate the in vivo distribution of AuNDs and AuNDs-sCT, a
subcutaneous injection of the nanoparticles was administered at a
dosage of 10 mg/kg body weight. At 0, 10, 20, 30, 40, 50, 60, 70, and 80
min after injection, the mice were subjected to FL imaging. 2 h after
injection, the mice were sacrificed, and the major organs (heart, liver,
spleen, lung, and kidney) were collected. Then, the major organs were
also detected by FL imaging. Finally, the fluorescence intensity was
quantified to assess the distribution and the intensity of the nano-
particles within the tissues.
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2.11. Osteoclastogenesis assay and F-actin staining

RAW264.7 cells and BMMs were prepared and cultured as previously
described. BMMs were seeded in 96-well plates at a density of 10* cells
per well. To induce OC formation, 20 ng/mL M-CSF and 50 ng/mL re-
combinant murine sRANK Ligand (315-11, Peprotech) were added in
complete media. Meanwhile, RAW264.7 cells were seeded in 96-well
plates at a density of 1500 cells per well and incubated for 6 days in
medium containing 50 ng/mL RANKL. Concurrently, varying concen-
trations of AuNDs-sCT (0, 5, 50, 100, and 200 pg/mL) were added. After
6 days of culture, the cells were fixed.

For TRAP staining, a staining solution containing Sodium Tartrate
dihydrate (228729, Sigma), Sodium Acetate (S2889, Sigma), Naphthol
ASMX Phosphate disodium salt (N5000, Sigma), and Fast Red Violet
(F3381, Sigma) was used to identify OCs. OCs were defined as TRAP-
positive multinucleated cells with three or more nuclei. The number of
OCs was counted under a 10 x objective lens using a bright-field mi-
croscope (Olympus).

For F-actin staining, the cells were permeabilized with 0.5 % Triton-
X and incubated with TRITC Phalloidin (CA1610, Solarbio) for 30 min at
room temperature, protected from light. Nuclei were counterstained
with DAPL F-actin ring formation was detected under a fluorescence
microscope (Olympus), and both the number and area of the actin ring
of OCs were quantified.

2.12. Real-time qRT-PCR assay

To detect the expressions of inflammatory-related genes, RAW264.7
cells were incubated with normal medium, LPS (100 ng/mL), or LPS
(100 ng/mL) + AuNDs-sCT (200 pg/mL) for 24 h.

To detect the expressions of OC-specific genes, RAW264.7 cells were
incubated with RANKL (50 ng/mL), RANKL (50 ng/mL) + AuNDs-sCT
(100 pg/mL), or RANKL (50 ng/mL) + AuNDs-sCT (200 pg/mL) for 6
days until OCs were formed.

Total RNA was isolated and extracted using TRIzol reagent (Takara).
Then the extracted RNA was reverse transcribed into cDNA, followed by
real-time qRT-PCR. The primer sequences were shown in Table 1. The
2722CT method was used to calculate the relative gene expressions, and
all values were normalized to the expression of the housekeeping gene
Actb.

2.13. Western blot analysis

To detect the expressions of OC-associated proteins, RAW264.7 cells
were seeded in 6-well plates at a density of 4.5 x 10* cells per well and
incubated with normal medium, RANKL (50 ng/mL), or RANKL (50 ng/
mL) + AuNDs-sCT (200 pg/mL) for 6 d.

To detect the expressions of inflammation-related proteins,
RAW264.7 cells were seeded in 6-well plates at a density of 5 x 10° cells
per well and incubated for 24 h.

Total protein was extracted by lysing the cells on ice for 30 min using
radioimmunoprecipitation assay (RIPA) buffer. The proteins were then
separated by 10 % sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride
(PVDF) membrane. After blocking the membrane with blocking buffer
(5 % skim milk), it was incubated with the primary antibody overnight
at 4 °C. After three washes with tris-buffered saline with Tween 20
(TBST), the membrane was incubated with the secondary antibody for 2
h at room temperature. Finally, the protein bands were observed by an
enhanced chemiluminescence kit (PK10001, Proteintech), and the
relative grayscale intensities were analyzed using ImageJ software.

2.14. LPS-induced calvarial inflammatory osteolysis

The mice were obtained from Beijing Vital River Laboratory Animal
Technology Co., Ltd. and randomly divided into three groups: (1) PBS
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Table 1
Primer sequences for

qRT-PCR.
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Genes Forward (5'-3) Reverse (5-3")

Nfatcl CCCGTCACATTCTGGTCCAT CAAGTAACCGTGTAGCTGCACAA
Trafé GCTCAAACGGACCATTCGGA GGGATTGTGGGTCGCTGAAA

Fos CCAGTCAAGAGCATCAGCAA AAGTAGTGCAGCCCGGAGTA
Dcstamp AAAACCCTTGGGCTGTTCTT AATCATGGACGACTCCTTGG
Acp5 CAAGAACTTGCGACCATTGTTA ATCCATAGTGAAACCGCAAGTA
Mmp9 GCCCTGGAACTCACACGACA TTGGAAACTCACACGCCAGAAG
Ctsk CACCCAGTGGGAGCTATGGAA GCCTCCAGGTTATGGGCAGA
Nos2 ACTCAGCCAAGCCCTCACCTAC TCCAATCTCTGCCTATCCGTCTCG
Tnf TTGAGATCCATGCCGTTG GCTTGTCACTCGAATTTTGAGA
Tgfbl GCCCTGGATACCAACTATTGC GCAGGAGCGCACAATCATGTT
Argl CAAGACAGGGCTCCTTTCAG GTAGTCAGTCCCTGGCTTATGG
nio CTGGACAACATACTGCTAACCG GGGCATCACTTCTACCAGGTAA
Actb TGGAATCCTGTGGCATCCATGAAAC TAAAACGCAGCTCAGTAACAGTCCG

group, (2) LPS (5 mg/kg body weight) group, and (3) LPS (5 mg/kg body
weight) + AuNDs-sCT (10 mg/kg body weight) group. The injections
were administered into the sagittal midline of the calvaria using an in-
sulin syringe on alternate days. After 7 days of treatment, the mice were
euthanized, and the calvarias along with vital organs (heart, liver,
spleen, lung, and kidney) were collected for further analysis. The bone

volume ratio (BV/TV) was analyzed using a micro-CT system.

2.15. Histological examination

The fixed mouse calvarias were immersed in 15 % EDTA solution for
4 weeks. Subsequently, both the calvarias and the vital organs were
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embedded in paraffin and sectioned. HE staining, TRAP staining, and
immunofluorescence staining were performed on the sections.

2.16. Statistical analysis

Data were shown as mean =+ standard deviation (SD). Statistical
analyses were performed using one-way ANOVA or Student’s t-test, and
P < 0.05 was considered statistical significance.

3. Results and discussion
3.1. Characterization of AuNDs-sCT nano-system

To enhance the efficacy of clinical treatments for inflammatory
osteolysis, which are currently limited by a focus on either preventing
the inflammatory response or attenuating OC differentiation, we
developed a multifunctional nano-system AuNDs-sCT. This system is
designed to simultaneously inhibit OC differentiation and reverse the
inflammatory microenvironment (Scheme 1). Firstly, gold nanodots
(AuNDs) with ultra-small size and excellent biocompatibility were pre-
pared using the electrochemical exchange method. The AuNDs were

a b
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then conjugated with sCT through an amidation reaction to obtain
AuNDs-sCT. We investigated the morphology of the materials, as shown
in Fig. la and b, which showed that the AuNDs exhibited a good
spherical morphology with an average diameter of approximately 2.2
nm. The high-resolution transmission electron microscope (HRTEM)
image indicated that the lattice spacing of AuNDs was 0.235 nm
(Fig. 1c), consistent with the (111) lattice spacing of face-centered cubic
Au [27]. Energy-dispersive spectroscopy (EDS) spectrum analysis
confirmed the presence of Au and S elements within the AuNDs (Fig. 1d).
After conjugating with sCT, AuNDs-sCT retained its spherical shape,
with a slight increased in size to 2.3 nm (Fig. 1e and f). The ultra-small
size of AuNDs was a key factor for the fluorescence, which diminished as
the size of AuNDs increased.

Next, we analyzed the structure of the materials. The infrared spec-
trum revealed the absence of characteristic peaks at 2970 and 2876
em ™! for AuNDs, whereas AuNDs-sCT exhibited distinct peaks at these
positions, attributable to the methyl group, indicating the successful
conjugation of AuNDs with sCT (Fig. 1g). Zeta potential analysis
(Fig. 1h) demonstrated a significant negative charge for AuNDs (—11.67
+ 0.57 mV), which was partially neutralized upon conjugation with sCT
to —2.88 £ 0.23 mV, with sCT alone exhibiting a charge of 24.23 + 1.25
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Fig. 2. Fluorescence properties, XPS analysis, and ROS scavenging ability of AuNDs-sCT nano-system. (a) Fluorescence spectra of AuNDs and AuNDs-sCT. (b)
The photographs of AuNDs-sCT under visible light and UV-365 nm. (c) Fluorescence intensity of AuNDs-sCT exposed under UV light for various time spans.
Fluorescence intensity of AuNDs-sCT at (d) different pH values, (e) high concentrations of interfering ions (Cat, K+, Mg2+, NH;, 200 mM), and (f) storage under
normal conditions for 30 days. (g) XPS survey spectrum of AuNDs-sCT. (h) High-resolution XPS spectra of Au 4f of AuNDs-sCT. (i) ROS scavenging evaluation of
AuNDs-sCT at different concentrations through the DPPH approach (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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mV. In addition, the UV absorption spectrum of the materials was AuNDs-sCT displayed a corresponding absorption peak at 276 nm,
investigated. As shown in Fig. 1i, the AuNDs had no characteristic ab- indicative of the characteristic absorption of sCT. The above data pro-
sorption peaks in the range of 200-400 nm, while sCT exhibited a vided evidence for the synthesis of a structurally stable AuNDs-sCT
characteristic absorption peak at 276 nm. After conjugation with sCT, nano-system.
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Fig. 3. Invitro biocompatibility and targeted property of AuNDs-sCT. Cell viability of (a) RAW264.7 cells and (b) BMMs after 1, 3, and 5-day exposure to graded
concentrations of AuNDs (0, 5, 50, 100, 200, and 300 pg/mL) (n = 3). Cell viability of (c) RAW264.7 cells and (d) BMMs after 1, 3, and 5-d exposure to graded
concentrations of AuNDs-sCT (0, 5, 50, 100, 200, and 300 pg/mL) (n = 3). (e) Fluorescence images displaying CTR expression in RAW264.7 cells and BMMs (scale
bar: 50 pm). Cellular uptake of AuNDs and AuNDs-sCT (red) in (f) RAW264.7 cells and (g) BMMs using CLSM, with cell nuclei counterstained with DAPI (blue) (scale
bar: 20 pm). (h) Flow cytometry analysis of cellular uptake of AuNDs and AuNDs-sCT in RAW264.7 cells and BMMs. Relative quantification of BV650-positive cells in
(i) RAW264.7 cells and (j) BMMs (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Subsequently, we evaluated the fluorescence properties of the
AuNDs-sCT. As shown in Fig. 2a, AuNDs exhibited excellent fluores-
cence emission properties. After connecting sCT, the fluorescence
properties of AuNDs-sCT was well-maintained. In visible light, the
aqueous solution of AuNDs-sCT appeared yellowish, while under ultra-
violet light, it exhibited bright red fluorescence (Fig. 2b). The red fluo-
rescent AuNDs-sCT can serve as an excellent fluorescent probe, holding
immense potential for biological labeling and tracing purposes.

The stability of fluorescent probes is very important for both in vitro
and in vivo fluorescence imaging. Therefore, the stability of the fluo-
rescence effect of AuNDs-sCT was tested. Firstly, the photostability was
investigated by exposing the AuNDs-sCT solution to ultraviolet light for
3 h. The fluorescence intensity of AuNDs-sCT remained virtually un-
changed, with no fluorescence bleaching, signifying excellent photo-
stability (Fig. 2c). Furthermore, the fluorescence stability of AuNDs-sCT
over the physiologically relevant pH range of 4-9 was investigated
(Fig. 2d). Within this range, the fluorescence intensity of AuNDs-sCT
remained stable, indicating excellent pH stability. The ionic stability
of AuNDs-sCT in the presence of common cations was investigated. As
shown in Fig. 2e, the fluorescence intensity of AuNDs-sCT remained
stable even in the presence of high concentrations of interfering ions
(Ca%t, K*, Mg?", NHY), indicating excellent ionic stability. In addition,
the fluorescence intensity of AuNDs-sCT was well-maintained even after
30 days (Fig. 2f). These findings demonstrated the enduring fluores-
cence properties of AuNDs-sCT, making it suitable for long-term fluo-
rescence tracing in both in vivo and in vitro imaging applications.

To evaluate the chemical composition and valence states of the
materials, X-ray photoelectron spectroscopy (XPS) was performed. The
survey spectrum of AuNDs-sCT exhibited characteristic peaks corre-
sponding to O 1s, N 1s, C 1s, S 2p, and Au 4f (Fig. 2g). In the Au 4f
spectrum, the characteristic peaks at 88.8 eV and 85.2 eV confirmed the
presence of both Au (0) and Au (I) states in the AuNDs-sCT (Fig. 2h) [28,
29]. The Au (0) is instrumental for nanodot nucleation, while the Au (I)
can react with sulfhydryl groups to form stable Au-S bonds. The Au-S
bonds not only enhanced the stability of the nanodots but also
endowed AuNDs-sCT with bright and stable fluorescence characteristics.

Inflammation is commonly linked to an increased production of
reactive oxygen species (ROS) [30]. In order to explore the potential
anti-inflammatory mechanisms of AuNDs-sCT, the ability of AuNDs-sCT
to scavenge ROS was evaluated using the classical DPPH method. As
shown in Fig. 2i, AuNDs-sCT, with L-GSH as the ligand, exhibited
concentration-dependent ROS-scavenging activity, indicating its po-
tential for effective antioxidation in both in vitro and in vivo settings. This
characteristic is advantageous for enhancing the anti-inflammatory ef-
fects of the nano-system. The excellent anti-inflammatory effect of
AuNDs-sCT suggested its promising application in the treatment of in-
flammatory osteolysis.

3.2. In vitro biocompatibility and targeted capacity of AuNDs-sCT

To assess the biocompatibility of the synthesized AuNDs-sCT with
their targeted cells, primary bone marrow-derived monocytes (BMMs)
and RAW264.7 cells were used as OC precursors. These cells were
exposed to graded concentrations of AuNDs or AuNDs-sCT (0, 5, 50, 100,
200, and 300 pg/mL). As shown, RAW264.7 cells (Fig. 3a) and BMMs
(Fig. 3b) maintained a survival rate above 80 % when incubated with
concentrations of AuNDs up to 200 pg/mL for 1 d, 3 d or 5 d. Compa-
rable findings were observed after the treatment with AuNDs-sCT
(Fig. 3c and d), underscoring the excellent biocompatibility of both
AuNDs and AuNDs-sCT. Based on the above findings, a concentration of
up to 200 pg/mL was selected for both AuNDs and AuNDs-sCT in sub-
sequent in vitro experiments. Considering the specific binding affinity of
sCT to calcitonin receptors (CTRs), a member of the 7-transmembrane
protein family [31], we firstly assessed the expression of CTRs on the
cell surface of RAW264.7 cells and BMMs by immunofluorescence
staining. As shown in Fig. 3e, CTRs are extensively expressed on the cell

Materials Today Bio 29 (2024) 101285

membranes of both cell types. Besides, the designed AuNDs-sCT, with its
superior fluorescence properties, enabled the visualization of cellular
uptake and targeted delivery by confocal laser scanning microscope
(CLSM) and flow cytometry. As shown in Fig. 3f and g, RAW264.7 cells
(Fig. 3f) and BMMs (Fig. 3g) exhibited red fluorescence from AuNDs and
AuNDs-sCT, along with blue fluorescence from nuclear staining. Inter-
estingly, the AuNDs-sCT group displayed a more intense red fluores-
cence signal compared to AuNDs group, indicating a specific uptake
mechanism by RAW264.7 cells and BMMs, with the differential uptake
rates attributed to the targeted interaction between sCT to CTRs.
Further, flow cytometry analysis substantiated these observations,
revealing a higher uptake rate of AuNDs-sCT in both cell types compared
to AuNDs alone (Fig. 3h). Specifically, as shown in Fig. 3i and j, the
uptake rate of AuNDs-sCT in RAW264.7 cells remarkably increased from
68.7 + 0.78 % to 87.0 + 1.38 % compared to AuNDs, and in BMMs, it
increased from 47.5 £+ 1.3 % to 70.2 + 2 %. To sum up, these results
indicated that the conjugation of sCT to AuNDs significantly promoted
the cellular uptake by RAW264.7 cells and BMMs, laying the foundation
for the subsequent inhibition of OC differentiation and macrophage
reprogramming.

3.3. In vivo targeted capacity and fluorescence imaging performance

The excellent optical properties of AuNDs and AuNDs-sCT make
them ideal candidates for fluorescence (FL) imaging. To further explore
the feasibility of AuNDs-sCT as a targeted fluorescent probe for OCs and
macrophages in inflammatory osteolysis in vivo, FL imaging techniques
were performed using a calvarial inflammatory osteolysis model. The
results demonstrated that the FL intensity of AuNDs at the site of cal-
varial inflammation exhibited a transient increase followed by a sharp
decline (Fig. 4a and c). In contrast, AuNDs-sCT displayed sustained high
FL intensity at the target site for an extended period before it gradually
decreased (Fig. 4b and c). Notably, AuNDs-sCT was retained at the site of
inflammation for more than 80 min, which significantly improved the
therapeutic efficiency to a certain extent. Finally, FL imaging of the
major organs revealed the highest FL emission in the kidney and liver for
both AuNDs and AuNDs-sCT (Fig. S1). The above results showed that
AuNDs-sCT effectively targeted and maintained excellent FL imaging
capabilities at the site of calvarial inflammatory osteolysis in vivo, which
holds considerable significance for precise localization and real-time
therapeutic management of inflammatory osteolysis in clinical
applications.

3.4. In vitro inhibition of RANKL-induced OC differentiation

The multifunctional AuNDs-sCT nano-system, leveraging the prop-
erties of sCT, was expected to exert potent anti-resorptive abilities,
thereby addressing one crucial aspect of our “one arrow two eagles”
therapeutic strategy in the treatment of inflammatory osteolysis. Firstly,
we assessed the effect of AuNDs-sCT on RANKL-induced OC differenti-
ation. RANKL is positively correlated with OC differentiation and bone
resorptive function, contributing to osteolysis by favoring exacerbated
osteoclast formation and accelerating bone resorption in response to
inflammatory cytokines. Specifically, BMMs and RAW264.7 cells were
incubated with various concentrations of AuNDs-sCT and concurrently
stimulated with RANKL for 6 days. As shown in Fig. 5a and b, a
remarkable dose-dependent decrease in the number of tartrate-resistant
acid phosphatase (TRAP)-positive multinucleated OCs derived from
BMMs was observed when compared to the control group, indicating the
inhibitory effects of AuNDs-sCT on OC differentiation from BMMs. Be-
sides, the formation of a dense F-actin ring is a critical step in OC dif-
ferentiation and is mandatory for the process of bone resorption. Thus,
F-actin fluorescence staining was used to determine the effects of
AuNDs-sCT on this process (Fig. 5a). The results demonstrated that both
the number and size of F-actin rings during osteoclastogenesis were
dose-dependently reduced by AuNDs-sCT, further indicating the
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capabilities of AuNDs-sCT over time. (c) Quantitative evaluation based on FL imaging data over time following the administration of AuNDs and AuNDs-sCT (n = 3).
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inhibition of OC differentiation (Fig. 5¢). Furthermore, the OCs derived
from BMMs following treatment with AuNDs-sCT were remarkably
smaller than those in the control group, suggesting the inhibition of OC
differentiation, particularly the fusion process (Fig. 5d). Similar results
regarding TRAP-positive multinucleated OCs (Fig. 5Se-. f, and Fig. 5h)
and F-actin staining (Fig. 5e and g) were verified in RAW264.7 cells.
Thus, as OC precursors, both BMMs and RAW264.7 cells derived OCs
showed a remarkable reduction in size and number. The above findings
firmly validated the dose-dependent inhibitory effect of AuNDs-sCT on
RANKL-induced osteoclastogenesis.

Building upon our remarkable outcomes regarding the inhibition of
OC differentiation, we further explored the effects of AuNDs-sCT on the
expressions of OC-specific genes and proteins in RAW264.7 cells. Using
real-time quantitative reverse transcription polymerase chain reaction
(QRT-PCR), we detected a dose-dependent downregulation of key OC-
specific genes, including Nfatcl (Fig. 6a), Traf6 (Fig. 6b), Fos (Fig. 6¢),
Dcstamp (Fig. 6d), Acp5 (Fig. 6e), Mmp9 (Fig. 6f), and Ctsk (Fig. 6g),
upon treatment with AuNDs-sCT especially at a concentration of 200 pg/
mL. Based on the above findings, a concentration of 200 pg/mL was
selected for AuNDs-sCT in subsequent in vitro experiments. These results
were also consistent with the results from the TRAP assay and F-actin
fluorescence staining (Fig. 5e). As reported, the interaction between
RANKL and RANK initiates a cascade of intracellular signaling events,

including NF-xB, MAPK, and RANKL-induced calcium oscillations.
Among these pathways, the RANKL/RANK/TRAF6 axis is particularly
crucial, leading to the robust induction of transcription factors such as c-
Fos and NFATc1 [32,33]. In our study, treatment with 200 pg/mL
AuNDs-sCT markedly downregulated the mRNA level of Traf6, c-Fos,
and NFATc1, all of which play indispensable roles in osteoclast differ-
entiation. It is well-known that OCs contribute to bone erosion by
secreting HT, Cl~, cathepsin K (CTSK), and matrix metalloproteinases
(MMPs) onto the bone resorption surface [34]. Therefore, we evaluated
the protein expressions of MMP9 and CTSK by Western blot assays. Our
findings revealed a significant inhibition of MMP9 and CTSK protein
expression in the AuNDs-sCT treated group during OC differentiation
(Fig. 6h—. i and j), indicating a disruption in the enzymes responsible for
bone resorption and a subsequent suppression of bone erosion in in-
flammatory osteolysis. The above results demonstrated that AuNDs-sCT
attenuated the expressions of OC-specific genes and proteins, thereby
inhibiting OC differentiation and bone resorption.

3.5. In vitro phenotype and reprogramming mechanism of macrophages

The above results demonstrated the potent in vitro inhibitory effects
of AuNDs-sCT on osteoclastogenesis, a critical process in inflammatory
osteolysis. However, merely inhibiting OC differentiation is insufficient
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Fig. 5. Invitro inhibition of RANKL-induced OC differentiation by AuNDs-sCT in a dose-dependent manner. (a) Representative images of TRAP staining and F-
actin fluorescence staining in RANKL-induced BMMs after 6-day exposure to graded concentrations of AuNDs-sCT (0, 5, 50, 100, and 200 pg/mL). Scale bar = 100
pm. (b) Quantification of TRAP-positive multinucleated cells (>3 nuclei), (c) number of actin rings, (d) area of induced OCs in BMMs (n = 3). (e) Representative
images of TRAP staining and F-actin fluorescence staining in RANKL-induced RAW264.7 cells after 6-day exposure to graded concentrations of AuNDs-sCT (0, 5, 50,
100, and 200 pg/mL). Scale bar = 100 pm. (f) Quantification of TRAP-positive multinucleated cells (>3 nuclei), (g) number of actin rings, (h) area of induced OCs per
well in RAW264.7 cells (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 6. AuNDs-sCT down-regulated OC-specific genes and proteins. Relative expressions of OC-specific genes, (a) Nfatc1, (b) Traf6, (c) Fos, (d) Dcstamp, (e) Acp5,
(f) Mmp9, and (g) Ctsk in RAW264.7 cells (n = 3). (h) The protein expressions of MMP9 and CTSK were assessed by Western blot. Quantification of (i) MMP9 and (j)

CTSK relative to f-actin (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001.

for the treatment of inflammatory osteolysis. To address this, AuNDs-
sCT must also possess robust anti-inflammatory capabilities, aligning
with our “one arrow two eagles” therapeutic strategy. Subsequently, we
observed the morphological changes of RAW264.7 cells following
treatment with AuNDs-sCT under a microscope. As shown in Fig. 7a,

11

RAW264.7 cells maintained a round morphology when treated with
either AuNDs or AuNDs-sCT alone. Conversely, LPS induced a transition
to a spindle-like, elongated morphology (as indicated by the black ar-
rows), which is characteristic of M1 macrophages. Notably, treatment
with AuNDs or AuNDs-sCT alongside LPS led to a reversion of the
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Fig. 7. Invitro polarization of macrophages by AuNDs-sCT. (a) Morphology of RAW264.7 cells after 24-h exposure to AuNDs-sCT under a light microscope. The
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confocal laser scanning microscope (CLSM), with cell nuclei counterstained with DAPI (blue). Scale bar = 20 pm (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

12



T. Sha et al.

elongated shape to a relatively round morphology. This morphological
shift indicated that both AuNDs and AuNDs-sCT may have the capacity
to modulate the polarization status of macrophages.

To further characterize the polarization status of macrophages
treated with AuNDs or AuNDs-sCT, we measured the mRNA expression
levels of M1 and M2 macrophage markers and cytokine secretions in
RAW264.7 cells. M1 macrophages are characterized by the secretion of
pro-inflammatory cytokines including IL-16, IL-6, inducible nitric oxide
synthase (iNOS), and TNF-a, whereas M2 macrophages secrete high
levels of anti-inflammatory cytokines including IL-10, arginase 1
(ARG1), and transforming growth factor-p (TGF-B). Among them, iNOS
and IL-10 are respective markers for M1 and M2 macrophages [35]. As
shown in Fig. 7b and g, LPS stimulation induced RAW264.7 cells to-
wards an M1 phenotype, characterized by an increase in iNOS expres-
sion at both the mRNA and protein levels. However, treatment with 200
pg/mL AuNDs or AuNDs-sCT significantly reduced Nos2 (encoding
iNOS) mRNA and iNOS protein levels compared to the LPS group.
Correspondingly, AuNDs or AuNDs-sCT treatment led to a significant
upregulation of IL-10 mRNA and protein levels compared to the LPS
group (Fig. 7c and g), indicative of an M2-associated anti-inflammatory
response. In agreement with this, the mRNA levels of Argl and Tgfbl,
encoding two important anti-inflammatory cytokines ARG1 and TGF-f,
were also significantly increased in response to AuNDs or AuNDs-sCT
(Fig. 7d and e). Interestingly, while the mRNA levels of Tnf, encoding
a key protein TNF-a secreted by M1-type macrophages, were not
changed after AuNDs or AuNDs-sCT treatment (Fig. S2), the protein
levels of TNF-a were significantly decreased, as determined by western
blot (Fig. 7f) and ELISA (Fig. 7h). These experimental results indicated
that both AuNDs and AuNDs-sCT can effectively reprogram macro-
phages from an M1 to an M2 phenotype, leveraging their
anti-inflammatory effects. This reprogramming is another critical aspect
of our “one arrow two eagles” therapeutic strategy in the treatment of
inflammatory osteolysis.

Expanding on our significant findings, we next further elucidated the
mechanisms underlying the reprogramming of macrophages by AuNDs
or AuNDs-sCT. Previous studies have highlighted the nuclear factor
kappa B (NF-kB) signaling pathway as a pivotal mediator of macrophage
activation [36], oxidative stress injury, and inflammatory-induced
osteolysis [37,38]. Hence, we speculated that the inhibition of the
NF-xB pathway may participate in the anti-inflammatory effects
observed in AuNDs- or AuNDs-sCT-mediated macrophage reprogram-
ming. The NF-kB family, consisting of p50, p52, p65 (Rel-A), c-Rel, and
Rel-B, forms homodimers or heterodimers that interact with IxkB in the
cytoplasm, thereby keeping NF-kB pathway in an inactive state [39].
The heterodimer of p50 and p65, a predominant form activated by the
canonical pathway, dissociates from IkB and translocates to the nucleus
upon stimulation, where it binds to the promoters of target genes [40,
41]. As shown in Fig. 7i, LPS stimulation led to the phosphorylation of
NF-kB p65, indicating the activation of NF-kB signaling. However,
treatment with AuNDs or AuNDs-sCT significantly suppressed the
phosphorylation of NF-kB p65. Besides, immunofluorescence staining
revealed that while LPS induced the nuclear translocation of p65,
treatment with AuNDs-sCT reduced this effect (Fig. 7j and Fig. S3).
These data suggested that AuNDs-sCT, with L-GSH as the ligand,
potentially acts as a regulatory “switch” for macrophage polarization,
shifting from an M1 to an M2 phenotype. This reprogramming from a
pro-inflammatory to an anti-inflammatory state is facilitated by the in-
hibition of NF-xB p65 phosphorylation, nuclear translocation, and sub-
sequent transcriptional activation changes.

3.6. In vivo suppression of calvarial inflammatory osteolysis

Having demonstrated promising anti-inflammatory and anti-
resorptive effects in vitro, we proceeded to investigate the potential
protective and therapeutic effects of AuNDs-sCT on LPS-induced calva-
rial inflammatory osteolysis in vivo. The experimental schedule is
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outlined in Fig. S4. Specifically, mice were subjected to alternate-day
treatments for a total of 4 cycles with either PBS, LPS, or LPS +
AuNDs-sCT. On day 7, the mice were euthanized, and the calvarias as
along with vital organs (heart, liver, spleen, lung, and kidney) were
harvested for subsequent analysis. As shown in Fig. S5, there were no
treatment-related mortalities, and body weight between the LPS group
and the LPS + AuNDs-sCT group were comparable. Besides, histopath-
ological examination of the collected organs revealed no substantial
abnormalities, further confirming the excellent biocompatibility of
AuNDs-sCT in vivo (Fig. S6).

To evaluate the impacts on bone homeostasis and bone microenvi-
ronment in various experimental groups, radiographic and histological
assessments were performed. Micro-CT analysis revealed extensive bone
erosion on the surface of the calvarial bone, especially at the sagittal
suture, in the LPS group. In contrast, treatment with AuNDs-sCT mark-
edly protected against LPS-induced bone loss, as evidenced by a
reduction in the area of bone erosion (Fig. 8a). Quantitative analysis
further demonstrated a significant increase in key bone mass parame-
ters, such as bone volume/tissue volume (BV/TV), in the AuNDs-sCT
group compared to the LPS group (Fig. 8b). These findings provided
additional evidence that AuNDs-sCT effectively mitigates LPS-induced
inflammatory osteolysis. Consistent with the micro-CT results,
hematoxylin-eosin (HE) staining revealed the presence of inflammation
and numerous osteoclastic resorption pits in the calvarial bone of the
LPS group. However, treatment with AuNDs-sCT significantly alleviated
the local extensive osteolysis by reducing both inflammation and the
number of osteoclastic resorption pits (Fig. 8c). Furthermore, TRAP
staining confirmed a pronounced reduction in the number of OCs
(Fig. 8d and f), OC surfaces (Fig. 8e), and eroded surfaces (Fig. 8g) in the
AuNDs-sCT group compared to the LPS group. The results were in line
with the effects on bone resorption observed with other effective com-
pounds reported in the literature [1,42,43]. Collectively, these findings
strongly support the conclusion that AuNDs-sCT effectively prevented
LPS-induced inflammatory osteolysis by inhibiting OC differentiation
and bone resorptive activity.

To substantiate the in vivo anti-inflammatory effect of AuNDs-sCT,
we performed immunofluorescence staining of iNOS on mice calvarial
sections. Consistent with our in vitro findings, LPS stimulation led to a
robust expression of iNOS within the bone microenvironment. None-
theless, treatment with AuNDs-sCT resulted in a significantly reduced
iNOS expression levels in vivo (Fig. 8h). Meanwhile, treatment with
AuNDs-sCT resulted in an increased expression of CD163 in vivo (Fig. 8i),
which is a well-established marker of M2 macrophages. In summary,
AuNDs-sCT possess a dual-mode of action by inhibiting bone resorption
and curtailing inflammation. It achieves this by suppressing osteoclas-
togenesis and the bone resorptive function, as well as by dampening the
secretion of inflammatory factors and reprogramming macrophages.
Consequently, AuNDs-sCT effectively rescued and protected against
LPS-induced inflammatory bone loss.

4. Conclusions

In this study, we successfully developed a multifunctional nano-
system AuNDs-sCT, which effectively reprogrammed macrophages and
inhibited osteoclastogenesis to combat inflammatory osteolysis. This
innovative approach bridges the gap between innate immunity and bone
remodeling, providing a novel perspective of osteoimmunology for the
treatment of inflammatory osteolysis. On the one hand, AuNDs-sCT
exerted a restraining effect on RANKL-induced OC differentiation by
targeting the CTRs on OCs and OC precursors, leading to the down-
regulation of OC-specific genes and proteins. The specific binding of sCT
to CTRs facilitated the anchoring of AuNDs-sCT, resulting in potent anti-
resorptive effects at the sites of inflammatory osteolysis. On the other
hand, AuNDs-sCT modulated the polarization state of macrophages,
shifting from a pro-inflammatory M1 phenotype to an anti-inflammatory
M2 phenotype, an effect mediated by inhibiting the phosphorylation of
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Fig. 8. In vivo suppression of calvarial inflammatory osteolysis by AuNDs-sCT. (a) Representative images of calvaria reconstructed by a micro-CT scanner. (b)
Quantification of BV/TV in the sagittal suture of the calvaria (n = 4). (c) Representative images of HE staining on histological sections of mouse calvaria (scale bars:
top, 100 pm; bottom, 50 pm). (d) Representative images of TRAP staining on histological sections of mouse calvaria (scale bars: top, 100 pm; bottom, 50 pm). (e)
Ratio of TRAP-positive cells/bone surface. (f) Number of TRAP-positive OCs per field. (g) Eroded surface per bone surface. Immunofluorescent staining of (h) iNOS
(red) and CD163 (green) in calvarial sections using CLSM (scale bars: 100 pm). *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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NF-kB p65. The targeting effect of sCT further enhanced the durability
and efficacy of AuNDs-sCT as an anti-inflammatory agent at the sites of
inflammatory osteolysis. By reprogramming macrophages and inhibit-
ing osteoclastogenesis, AuNDs-sCT achieved a “one arrow two eagles”
therapeutic strategy. Overall, the designed AuNDs-sCT, realizing drug
repurposing, holds great promise as a therapeutic approach for the
clinical management of inflammatory osteolysis. Additionally, prom-
ising fluorescent properties of AuNDs-sCT enabled the real-time visu-
alization of therapeutic process, facilitating precise control over drug
administration.
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