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Purpose: Ultra-small gold nanoclusters (AuNCs), as emerging fluorescent nanomaterials with

excellent biocompatibility, have been widely investigated for in vivo biomedical applications.

However, their effects in guiding osteogenic differentiation have not been investigated, which are

important for osteoporosis therapy and bone regeneration. Herein, for the first time, lysozyme-

protected AuNCs (Lys-AuNCs) are used to stimulate osteogenic differentiation, which have the

potential for the treatment of bone disease.

Methods: Proliferation of MC3T3E-1 is important for osteogenic differentiation. First, the

proliferation rate of MC3T3E-1 was studied by Cell Counting Kit-8 (CCK8) assays.

Signaling pathways of PI3K/Akt play central roles in controlling proliferation throughout

the body. The expression of PI3K/Akt was investigated in the presence of lysozyme, and

lysozyme-protected AuNCs (Lys-AuNCs) by Western blot (WB) and intracellular cell

imaging to evacuate the osteogenic differentiation mechanisms. Moreover, the formation of

osteoclasts (OC) plays a negative role in the differentiation of osteoblasts. Nuclear factor κB

ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) signaling pathways are

used to understand the negative influence of the osteogenic differentiation by the investiga-

tion of Raw 264.7 cell line. Raw 264.7 (murine macrophage-like) cells and NIH/3T3 (mouse

fibroblast) cells were treated with tyloxapol, and the cell viability was assessed. Raw 264.7

cells have also been used for in vitro studies, on understanding the osteoclast formation and

function. The induced osteoclasts were identified by TRAP confocal fluorescence imaging.

These key factors in osteoclast formation, such as (NFATc-1, c-Fos, V-ATPase-2 and CTSK),

were investigated by Western blot.

Results: Based on the above investigation, Lys-AuNCs were found to promote osteogenic

differentiation and decrease osteoclast activity. It is noteworthy that the lysozyme (protected

template), AuNPs, or the mixture of Lysozyme and AuNPs have negligible effects on

osteoblastic differentiation compared to Lys-AuNCs.

Conclusion: This study opens up a novel avenue to develop a new gold nanomaterial for

promoting osteogenic differentiation. The possibility of using AuNCs as nanomedicines for

the treatment of osteoporosis can be expected.
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Introduction
Osteoporosis is a disease that can cause bone loss silently, leading to a great

susceptibility to fragile fractures for humans.1,2 Nowadays, the clinical treatment

of osteoporosis mainly depends on traditional drugs, such as bisphosphonates,

androgens, the combination of vitamin D and calcium supplements.3–5 However,
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osteoporosis is still not completely curable using these

treatments, which fail to offer long-term solutions.6–8 For

instance, significant side effects occur due to their drug-

resistant problems.9–11

Recently, the application of biocompatible nanomedi-

cines shows the potential for the safe treatment of

osteoporosis.12,13 For instance, the gold nanoparticles

(AuNPs) have been reported to be effective for osteoporosis

treatment without causing toxic effects.14 They are efficient

for the promotion of osteoblast differentiation,15,16 suppres-

sion of the formation of osteoclast,17 and inhibition of

adipose-derived stem cell differentiation.15,18 Especially,

low drug-resistant problems have generated using AuNPs-

related nanomedicines.19 However, most of these AuNPs

(5–100 nm) related medicines are still difficult to be cleaned

from the body because of their large sizes.20 The remaining

gold is still a concern for safe medication. It is of great

importance to further improve these gold related nanome-

dicines for the therapy of osteoporosis to decrease this

concern.

Metal Nanoclusters (NCs), smaller than 3 nm,21 have

been extensively studied in biomedical applications, such

as bioimaging, drug delivery, photo-thermal treatment,

etc.22,23 In our previous work, ultra-small copper nanoclus-

ters (CuNCs) were found to be promising for the osteoporo-

sis therapy based on the in vitro study.24 However, it is well

known that copper is quite unstable. The release of copper

ions may also cause toxic problems.25 Compared to CuNCs,

AuNCs are much more stable and little ions can be released

in bioculture.26 The AuNCs have shown higher safety and

efficiency for therapy of in vivo diseases, such as the

cancers,27 bacterial infections28 and Parkinsons,29 compared

to other nanomedicines including CuNCs and larger AuNPs.

They can be cleaned from the body efficiently because of

their ultra-small sizes.30 Herein, we found Lys-AuNCs were

effective for both promoting osteogenic differentiation and

inhibiting osteoclast formation. This indicates Lys-AuNCs

have great potential for rebuilding the bone and will be

promising for the treatment of bone diseases such as

Osteoporosis. To the best of our knowledge, this is the first

investigation that uses AuNCs for potential therapy of

Osteoporosis.

Materials and Methods
Instrument
The inductively coupled plasma mass spectrometry (ICP-MS)

(Thermo Scientific) was used to determine the concentration

of NCs. Ultraviolet–visible spectroscopy (UV-vis) absorption

spectra of the samples were recorded by UV-1600

Spectrophotometer (Beijing Rayleigh Analytical Instrument).

Transmission electronmicroscopy (TEM) imageswere carried

out on a JEOL 2010 microscope operating at 200 kV. The

fluorescent cell imaging was studied with a microscope

(Olympus, Tokyo, Japan). Fluorescence intensities were read

by a microreader (Varioskan Flash, Thermo Scientific,

Waltham, MA, USA). The autoradiograms were carried out

on an Alpha Innotech Photodocumentation System (Alpha

Innotech Corporation). The relative absorbance of the bands,

which represent the amount of protein expression, was ana-

lyzed using Quantity One software (The Discovery Series).

Materials and Reagents
Mouse osteoblastic cells (MC3T3-E1), Mouse fibroblast cell

line (NIH-3T3) and the popular murine macrophage cell

lines (Raw 264.7) were obtained from the American Type

Culture Collection (ATCC). The Gibco Dulbecco’s Modified

Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12), 10%

Fetal Bovine Serum (FBS), 1% Penicillin-Streptomycin

(PS), the phosphate-buffered saline (PBS), 4-(1, 1, 3,

3-Tetramethylbutyl) cyclohexyl-polyethylene glycol (Triton

X-100), the Tris(hydroxymethyl) aminomethane (Tris–HCl),

the sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE)

, Alexa Fluor 546-labeled anti-rabbit IgG and theAlexa Fluor

488-labeled anti-mouse IgG were purchased from Thermo

Fisher Scientific Incorporation. The Recombinant Human

Macrophage Colony-stimulating Factors (M-CSF) were pur-

chased from R&D Systems Incorporation. The Recombinant

Murine sRANK Ligands (RANKL) were purchased from

PeproTech Incorporation. The Radio Immunoprecipitation

assay lysis buffers (RIPA), the Phenylmethanesulfonyl fluor-

ides (PMSF), the ALP Staining Kits, ALP Activity Assay

Kits and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-

lium bromide (MTT) cell proliferation and cytotoxicity

assay kits were purchased from Beyotime Company. The

Polyvinylidene Fluorides (PVDF) was purchased from

Merck Millipore Limited. The Chemiluminescence kits

were purchased from Pierce Chemical Company. The

Alpha Innotech Photo documentation System was purchased

from Alpha Innotech Corporation. The Cell Counting Kit-8

(CCK-8) was purchased from Dojindo Lab. The Collagen-1

(Col-1) antibodies, Glyceraldehyde-3-phosphate dehydro-

genase (GAPDH) antibodies, the Cellular oncogene fos

(c-Fos) antibodies and Nuclear factor of activated T-cells-1

(NFATc-1) antibodies were purchased from Cell Signaling

Technology Incorporation. The 4% Paraformaldehyde (PFA)
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and the Alizarin Red Staining were purchased from Solarbio

Company Limited. The alkaline phosphatase antibodies

(ALP), β-Tubulin antibodies, Phospho-phosphatidylinositol

3-kinase (p-PI3K) antibodies, Phosphatidylinositol

3-kinase (PI3K) antibodies, Phospho-Auto-ja Kuljetusalan

Työntekijäliitto (p-Akt) antibodies, Auto- ja Kuljetusalan

Työntekijäliitto antibodies (Akt), the Tartrate-Resistant

Acid Phosphatase (TRAP) and the Filamentous actin anti-

bodies (F-actin) were purchased from Affinity LLC. The

Vacuolar-type-H+-ATPase antibodies (V-ATPase-d2) and

Cathepsin K antibodies (CTSK) were purchased from Santa

Cruz biotechnology Incorporation.

Cell Culture
MC3T3-E1 cells were cultured in a DMEM-F12 medium

containing 10% FBS. The cultures were maintained at 37°C

in a fully humidified atmosphere of 5% CO2 in the air. The

culture mediums were changed every 3 days. NIH-3T3 cells

were cultured in a DMEM medium containing 10% FBS.

The cultures were maintained at 37°C in a fully humidified

atmosphere of 5%CO2 in the air. The culture mediums were

changed every 3 days. In osteoblast proliferation experi-

ments, the cells were divided randomly into 3 groups: (1)

Control groups: the cell cultures were used without any

further treatment; (2) Lysozyme groups: 50 μM lysozyme

was added to the cell culture mediums; (3) AuNPs groups:

50 μM AuNPs were added to the cell culture mediums; (4)

Lysozyme- AuNPs groups: 50 μM lysozyme- AuNPs were

added to the cell culture mediums; (5) Lysozyme-AuNCs

groups: 50 μM lysozyme-AuNCs were added to the cell

culture mediums.

The Raw 264.7 cells were stimulated with DMEM

mediums containing 10%FBS, 25 ng/mL of M-CSF, and

50 ng/mL of RANKL for 5 days. The cell cultures were

maintained at 37°C in a fully humidified atmosphere of

5% CO2 in the air and the culture mediums were changed

every 3 days.

Cell Viability
The cell viability of Raw 264.7 and NIH-3T3 was studied

based on cell count MTTassay analysis. First, the cells were

seeded in 96-well plates at a density of 4 × 103 per well and

incubated overnight. In addition, the two types of cells were

exposed to the mediums for 24 hours in the absence (con-

trol) and in the presence of 5, 10, 20, 40, 80, 160, 320 μM
Lys-AuNCs, respectively. Next, the culture solution was

discarded and carefully washed with PBS for 2–3 times.

Then 20 μL of MTT solution (5mg/mL) was added to each

well and the plate was incubated at 37 ° C and 5% CO2 for

4 hours until a purple-colored formazan product was devel-

oped. After the media were carefully removed, the purple

products were dissolved in 150 μL of dimethyl sulfoxide

(DMSO). The absorbance was recorded at 450 nm by

a microplate reader to investigate the cell viability.

Proliferation of MC3T3-E1 Cells
The proliferation of MC3T3-E1 was investigated based on

Cell Counting Kit-8 (CCK8) assays. First, the cells were

seeded at a density of 4×103 per well in a 96-well plate

and incubated overnight. Furthermore, the cells were

exposed to the mediums in the absence (Control), and

the presence of 50 μM of lysozyme, and 50 μM of Lys-

AuNCs for 1 day respectively. Next, the cells were treated

the same way for 4 and 7 days. The plates were incubated

at 37 °C with 5% CO2 for 4 hours until a purple-colored

formazan product was developed. The absorbance was

recorded at 450 nm by a microplate reader.

Confocal Fluorescence Imaging
In each group, MC3T3-E1 cells were washed 3 times by

PBS after incubating for a certain time. Then, these cells

were fixed by 4% PFA for 30 min. Subsequently, the cells

were washed by PBS 3 times and then blocked by 5% goat

serum for 2 hours. After that, these cells were incubated in

a culture medium with primary anti-ALP antibodies, Col-1

antibodies, p-PI3K antibodies, p-Akt antibodies, and anti-

β-Tubulin antibodies for staying overnight at 4°C. Then,

the cells were rinsed with PBS 3 times. Subsequently,

these cells were incubated with secondary antibodies

(Alexa Fluor 546-labeled anti-rabbit IgG) and the anti-

mouse IgG (Alexa Fluor 488-labeled anti-mouse IgG)

(Invitrogen, Waltham, MA) for 2 hours and washed 3

times by PBS. Finally, the cells were stained by DAPI

for 15 minutes. In the same way, the Raw 264.7 cells were

cultured for 5 days. After washing, the mediums were

incubated in a culture medium with the primary anti-

TRAP antibodies, NFATc-1 antibodies, F-actin antibodies

at 4°C overnight. Next, these cells were incubated with the

corresponding secondary antibodies for 2 hours. Then, the

cell imaging experiments were observed by single-photon

confocal fluorescence microscopy.

Alizarin Red Staining Assay
The Alizarin red staining of MC3T3E-1 cells was used to

evaluate the mineralization ability of Lys-AuNCs. The

control group was treated in normal cell culture mediums

Dovepress Li et al

International Journal of Nanomedicine 2020:15 submit your manuscript | www.dovepress.com

DovePress
4707

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


without adding any additional agent. The MC3T3-E1 was

adhered to 6-well plates for 24 hours at 37 ° C with 5%

CO2 (cell count, ca. 4×105). On the 21st day, the cells

without the addition of Lysozyme were used as a control.

The cells were treated with 50 μM of lysozyme and 50 μM
of Lys-AuNCs in DMEM/F-12. The mediums were fixed

in 4% PFA for 10 minutes and stained with 0.1%

alizarin red for 1 hour. Meanwhile, the cells were seeded

in a 96-well plate using the same method. The absorbance

was recorded at 562 nm using a microplate reader.

ALP Staining and Activity Assay
For ALP staining, MC3T3E-1 cells were seeded into

6-well plates and treated with 50 μM of Lysozyme and

50 μM of Lys-AuNCs respectively. The cells that have

been treated with Lys-AuNCs for 7 days were fixed with

4% PFA for 15 minutes. Then, the cells were washed three

times with PBS buffers and stained with an ALP Staining

Kit. The MC3T3E-1 cells that have been treated with

Lyzome-AuNCs for 7 days were lysed with a buffer

(20 mM of Tris–HCl (pH 7.5), 1% Triton X-100, and

150 mM NaCl). After incubating at 37 °C for 30 minutes,

the ALP activity was evaluated by measuring the absor-

bances at 405 nm using a Microreader.

Western Blot Analysis
To determine the protein expression of certain biomarkers

related to osteogenesis, the protein extracts from the

MC3T3E-1 cells (the 3 days after the induction of osteo-

genesis) and the Raw 264.7 cells that have been induced

for 5 days were prepared in a RIPA buffer supplemented

with a PMSF. The total proteins were separated by a 10%

SDS-PAGE gel electrophoresis and then transferred to

PVDF membranes. The membranes were then blocked

in a 5% BSA medium at room temperature for 1 hour

and then incubated overnight at 4 °C with antibodies

specific to GAPDH, ALP, Col-1, p-PI3K, PI3K, p-Akt,

Akt, TRAP, NFATc-1, c-Fos, V-ATPase-d2, and CTSK

respectively. Subsequently, they were treated with

a corresponding secondary antibody for 2 hours.

Immunoreactive proteins were revealed using an

enhanced chemiluminescence kit. The expression of

GAPDH was used as the control. The autoradiograms

were carried out on an Alpha Innotech Photo documenta-

tion System. The relative absorbance of the bands, which

represent the amount of protein expression, was analyzed

using Quantity One software.

Synthesis of Lys-AuNCs
2.5 mL of Lysozyme solution (15 mg/L) was combined

with 2.5 mL of aqueous HAuCl4 (5 mM) solution in

a 10 mL vial. Then, 100 μL of NaOH (100 mM) solution

was introduced. The mixture was stirred well until trans-

parent. Then, the vial was transferred to a 37 °C water bath

and kept for 24 hours.

Synthesis of AuNPs
The AuNPs were synthesized according to a previously

reported paper.31 In a typical process, 100 mL of HAuCl4
(0.25 mM) was put into a 250 mL flask at room temperature.

After the solution was brought to boil while vigorously stir-

ring, 0.7mL of 5% sodium citrate solutionwas combined. The

reaction was allowed to run until a wine-red color was

obtained.

Statistical Analysis
All values are expressed as mean ± SD. The statistical

analysis was performed using a SPSS 13.0 software (SPSS

Inc., Chicago, IL, USA). Multiple comparisons were ana-

lyzed using a one-way analysis of variance followed by

the Student-Newman-Keul tests.

Results and Discussion
Promotion of Osteogenic Activity
First, the formation of ultra-small AuNCs was confirmed

by TEM (Figure S1). Cytotoxicity plays an important role

to decide whether nanomedicine can be used for the ther-

apy of disease. Herein, two different cell lines (NIH-3T3

and Raw 264.7) were employed to test the cell viability by

the MTT method. The cells were studied in the presence of

Lys-AuNCs from 0 to 320 μM. Interestingly, a dose-

response pattern was not apparently seen in both cell

lines when the concentrations are smaller than 320 μM.

The cell viability of the cells is almost 100%. This indi-

cates Lys-AuNCs show insignificant toxicity at this con-

centration range. Based on our previous study, 50 μM of

Lys-AuNCs can promote MC3T3E1 (and important cells

for the regeneration of the bone tissue) with the highest

efficiency, which will be used for further investigations.32

To evaluate the proliferation rate of MC3T3E1 grown at

different time, the cell viability was measured following

incubation of the MC3T3E1 cells in the absence and pre-

sence of Lysozyme and Lys-AuNCs at 50 µM. Figure 1

shows the effect of Lysozyme and Lys-AuNCs on the

proliferation of MC3T3E-1 based on Cell Counting Kit 8
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(CCK-8) analysis. No significant difference for the cell

viability of MC3T3E-1 was observed after 1 day compared

to the control group after adding lysozyme and Lys-

AuNCs. However, Lys-AuNCs obviously promoted the

proliferation of MC3T3-1 after four days when the number

of cells reached a high limit. Meanwhile, the lysozyme

itself showed insignificant effects on increasing cell

viability. This indicates the promotion of the proliferation

rate is mainly attributed to the presence of AuNCs rather

than the template (lysozyme). After that, the cells gradu-

ally proliferated respectively and the cell viabilities were

comparable after 7 days for all the three groups including

the Control, the lysozyme, and Lys-AuNCs. It can be

concluded that Lys-AuNCs are not only showing low

Figure 1 The toxicity of Lys-AuNCs on Raw 264.7 cells, NIH-3T3 cells, and MC3T3-E1 cells. (A) Cell viability of Raw 264.7 cells and NIH-3T3 cells treated with various

concentrations of Lys-AuNCs (0, 5, 10, 20, 40, 80, 160, 320 μM) based on MTT Kits. (B) CCK-8 activity of MC3T3-E1 cells after 1 day, 4 days and 7 days for the Control and

using Lysozyme and Lys-AuNCs as medicines. The statistically significant difference is presented as (****) p < 0.001 as compared to Lys-AuNCs.

Figure 2 Effects of Lys-AuNCs on osteo-specific protein of MC3T3E-1. The confocal fluorescence imaging analyses showed that Lys-AuNCs increased the protein

expression of Col-1 after 3 days (A) and ALP after 7 days (B). (C) WB analyses of osteo-specific proteins including Col-1 and ALP of osteogenesis on 3 days. (D) Relative

quantitative analysis of WB analyses for Col-1 and ALP. Scale bar = 200 μm. **P < 0.01, ****P < 0.001 vs control group.
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toxicity to mammalian cells but also enable the cells to

proliferate much faster. Meanwhile, Lysozyme insignifi-

cantly influences the cell proliferation rate of MC3T3E1

compared to the control group.

Along with the cell proliferation, Col-1 and ALP were

regarded as biomarkers of early osteogenesis differentiation

stage.33,34 Clo-1 comprises the majority of the extracellular

matrix in bone formation.35 ALP catalyzes the hydrolysis of

monoesters of phosphoric acid to generate inorganic phos-

phate, which is essential for bone mineralization. Elevated

levels of Col-1 or ALP can indicate bone healing.36,37 To

assess the role of Lys-AuNCs on MC3T3E-1 osteogenic

activities, these two biomarkers were examined using WB

and confocal fluorescent imaging. The confocal fluorescent

imaging results indicate both Col-1 levels and ALP levels

increased when MC3T3E-1 cells were treated with Lys-

AuNCs (Figure 2A and B). Meanwhile, the WB results also

showed that Col-1 and ALP levels increased, which is in

agreement with the imaging study (Figure 2C and D). The

higher expression of these two biomarkers provided evidence

that the presence of Lys-AuNCs stimulated an early stage of

osteoblastic differentiation. Recent studies have demon-

strated that AuNPs could promote the Col-1 or ALP activities

of MC3T3-E1 cells, thus promoting osteogenic differentia-

tion. In our case, the smaller AuNCs stimulated the activities

of Col-1 and ALP with similar mechanisms.38 However,

considering the smaller size of AuNCs compared to tradi-

tional AuNPs, they may be an excellent replacement of the

traditional AuNPs to promote osteoblastic differentiation.

ALP is a predictor of Bone Mineral Density. There

the ALP activity was investigated by both ALP staining

and spectrophotometry using MC3T3E-1. High expres-

sion of ALP was observed after treatment with Lys-

AuNCs by ALP staining (Figure 3A), which was in

agreement with the ALP Activity Assay Kit results

(Figure 3C). The enhanced ALP activities confirm

Figure 3 (A) ALP stainings of MC3T3E-1 cells (control groups: without any treatment; lysozyme groups: 50 μM lysozyme; lysozyme-AuNCs groups: 50 μM lysozyme-

AuNCs). (B) Alizarin red staining of MC3T3E-1 cells. (C) Relative ALP activity of MC3T3E-1 cells after 7 days of osteogenesis by spectrophotometry at 405 nm. Data from

all three experiments are presented as mean ± SD. Scale bar = 100 μm, ****P < 0.001, ***P < 0.001 vs control group.. (D) Bar graph of quantitative alizarin red staining by

spectrophotometry at 562 nm. Data from all three experiments are presented as mean ± SD.
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that Lys-AuNCs promote early osteogenic differentiation.

Calcium deposition was used as an indicator of

late-stage osteogenesis and maturation of osteoblast dif-

ferentiation. The calcium deposition was examined by

Alizarin Red Staining (ARS) and quantified on the

21st day. Consistent with the results of ARS

(Figure 3B), more calcium deposition was also observed

in the Lys-AuNCs group measuring by quantitative ana-

lysis of alizarin red by UV-vis at 562 nm (Figure 3D).

For comparison, the ALP activity and the calcium

deposition were also investigated by using lysozyme,

AuNPs, a mixture of lysozyme and AuNPs. However,

these agents all show insignificant influence on the pro-

motion of these two factors. The higher expressions of

the biomarkers including Col-1, ALP, and the enhance-

ment of the calcium deposition by using Lys-AuNCs all

indicate Lys-AuNCs remarkably promote the osteogenic

activity at both early and late stages.

The PI3K/Akt are important cellular signal transduc-

tion pathways, which play vital roles in mediating many

processes, including cell proliferation, cell differentiation,

apoptosis, and necrosis.39 To further explore the mechan-

ism for the MC3T3-E1 cell differentiation, typical signal-

ing pathways involved in osteogenesis PI3K/Akt40 were

examined by WB and fluorescent cell imaging (Figure 4).

According to the fluorescent cell imaging (Figure 4A

and B) and the WB results (Figure 4C and D). It is

promising to find that the higher expressions of p-PI3K

and p-Akt were both observed in the Lys-AuNCs group.

Inhibition of Osteoclastogenesis
Therapeutic approaches for inhibiting osteoclastogenesis have

been proven to be efficient to prevent osteoporosis.41 TRAP is

a histochemical biomarker of osteoclastogenesis.42–44 The

overexpression of TRAP has also been suggested to be

involved in the bone resorptive activity of osteoclasts.45,46 To

verify the effects of lysozyme and Lys-AuNCs on inhibiting

the negative influence of osteoporosis, a typical macrophage-

like cell line (Raw 264.7) was used (Figure 5). Raw 264.7 cells

were culturedwith 50 μMof different agents in the presence of

RANKL for 5 days. It can be seen from Figure 5A (fluorescent

cell imaging) that the TRAP expression was significantly

Figure 4 Lys-AuNCs activated the PI3K/Akt signaling pathway. Confocal fluorescence imaging analyses showed that effects of Lys-AuNCs on protein expression of p-PI3K

(A) and p-Akt (B) of MC3T3E-1 cells. (C) WB analyses of specific proteins in PI3K/Akt pathways on 3 days of MC3T3E-1 cells. (D) Relative quantitative analysis of WB

analyses. Data from all five experiments are presented as mean ± SD. *** and **** P < 0.001 vs control group.
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suppressed by treatment with Lys-AuNCs. Meanwhile, the

WB is in good agreement with this result (Figure 5B and C).

This implies that Lys-AuNCs are effective for the inhibition of

osteoclastogenesis through the decrease of TRAP.

During osteoclastogenesis, the biomarkers such as

c-Fos can enhance NFATc1 expression by RANKL

stimulation.47–50 Meanwhile, V-ATPase-d2, CTSK, and

TRAP51 can also be enhanced. To further investigate the

influence of Lys-AuNCs on osteoclastogenesis, these bio-

markers are investigated by RANKL-induced Raw 264.7

cells. The fluorescent cell imaging and WB are shown in

Figure 6. As shown by the cell imaging results

(Figure 6A), the NFATc-1 was attenuated by Lys-AuNCs.

In addition, Lys-AuNCs also suppressed the protein

expression levels of c-Fos, V-ATPase-d2, and CTSK

(Figure 6B and C) based on the WB investigation. The

decrease of these biomarkers further confirms that Lys-

AuNCs excellently inhibits osteoclastogenesis.

Based on the above studies, the potential of using

AuNCs for osteoporosis therapy is summarized (Figure 7).

Lys-AuNCs promote the cell proliferation rate of osteo-

blast. One of the reasons was possibly caused by their

antibacterial effect.52 This antibacterial effect of Lys-

AuNCs during the proliferation of osteoblast will be further

investigated in the future. Meanwhile, they increased pro-

tein expressions such as Col-1 and ALP, which can

promote PI3K/Akt signaling pathways. They can also

downregulate the protein expression of factors such as

Figure 5 (A) Confocal fluorescence imaging analyses showed that the effects of Lys-AuNCs on protein expression of TRAP for RANKL-induced Raw 264.7 cells. (B) WB

analyses of TRAP after 5 days of RANKL-induced Raw 264.7 cells. (C) Relative quantitative analysis of WB analyses. Data from all five experiments are presented as mean ±

SD. ****P < 0.001.
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TRAP and NFATc-1, which will inhibit NFATc-1/c-Fos/

V-ATPase-d2/CTSK signaling pathways. The development

of low-toxic osteoclast-targeting agents is important for the

prevention or treatment of bone diseases and for bone

regenerative medicine. AuNCs are quite attractive on their

own as a promising medicine that finds extensive use in

many biomedical applications such as diagnostics, thera-

peutics, and theranostics.53 In the process of bone regenera-

tion, Lys-AuNCs promote osteogenic differentiation and

inhibit osteoclastogenesis. Accordingly, various other

AuNCs might have similar positive effects on the therapy

of bone disease. It has been shown by various previous

works that AuNCs have no drug-resistance problems for

bacterial infected diseases and little toxicity problems

are found for the mammalian animals.54–58 Thus, the

development of NCs are very promising for the prevention

of osteoporosis and other bone diseases.

Conclusion
In conclusion, Lys-AuNCs can be promising nanomedi-

cines for the therapy of osteoporosis by the promotion of

osteogenesis and the inhibition of osteoclastogenesis.

Notably, the in vitro study shows that they are associated

with the increase of protein expression of Col-1 and ALP,

which can promote PI3K/Akt signaling pathways. They

can also downregulate of protein expression of TRAP and

NFATc-1, which will inhibit NFATc-1/c-Fos//V-ATPase-d2

/CTSK signaling pathways. These results revealed that

AuNCs could cure osteoporosis of different aspects. We

propose an ultra-small and biocompatible nanomaterial for

Figure 6 (A) Confocal fluorescence imaging of NFATc-1 of TRAP-induced in Raw 264.7 cells cultures. (B) WB analyses of specific proteins in NFATc-1/c-Fos/V-ATPase-d2

/CTSK signaling pathway after 5 days of RANKL-induced Raw 264.7 cells. (C) Quantification of the ratios of band intensity of NFATc-1, c-Fos, V-ATPase-d2 and CTSK

relative to GAPDH. All bar charts are presented as mean ± SD; n=5. *p<0.05, ****p<0.001 relative to non-treatment group, ** indicates P < 0.01 vs control group.
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therapy of osteoporosis, which would be very useful in the

development of an in vivo drug in this area.
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