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Abstract 

Osteoporosis is currently the most prevalent bone disorder worldwide and is characterized by low bone mineral den-
sity and an overall increased risk of fractures. To treat osteoporosis, a range of drugs targeting bone homeostasis have 
emerged in clinical practice, including anti-osteoclast agents such as bisphosphonates and denosumab, bone forma-
tion stimulating agents such as teriparatide, and selective oestrogen receptor modulators. However, traditional clinical 
medicine still faces challenges related to side effects and high costs of these types of treatments. Nanomaterials 
(particularly gold nanoparticles [AuNPs]), which have unique optical properties and excellent biocompatibility, have 
gained attention in the field of osteoporosis research. AuNPs have been found to promote osteoblast differentiation, 
inhibit osteoclast formation, and block the differentiation of adipose-derived stem cells, which thus is believed to be 
a novel and promising candidate for osteoporosis treatment. This review summarizes the advances and drawbacks 
of AuNPs in their synthesis and the mechanisms in bone formation and resorption in vitro and in vivo, with a focus 
on their size, shape, and chemical composition as relevant parameters for the treatment of osteoporosis. Additionally, 
several important and promising directions for future studies are also discussed, which is of great significance for pre-
vention and treatment of osteoporosis.

Keywords Nanomaterial synthesis, Gold nanoparticles, Osteoporosis, Biocompatibility, Functionalization, Drug 
delivery, Osteoclast differentiation, Osteogenic differentiation

Background
Osteoporosis is a highly prevalent bone disease charac-
terized by low bone mass and deterioration of bone tis-
sue microarchitecture, which increases the risk of bone 
fragility and fractures; thus, it is a major concern for 
human health and public costs [1]. Globally, more than 
200 million people are affected by osteoporosis, and it is 
predicted that osteoporotic fractures will encompass fifty 
percent of people with fractures by 2050 [2]. In recent 
years, various therapeutic drugs, such as oestrogen, bis-
phosphonates, teriparatide, and RANK ligand inhibitors, 
have been introduced to the market for the treatment 
of osteoporosis. However, their clinical applications 
are limited due to the adverse effects and the high costs 
associated with these medications. Among the available 

Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Journal of 
Translational Medicine

†Weihang Gao and Chen Liang contribute equally to the article.

*Correspondence:
Mingming Hou
whuhm@126.com
Yinxian Wen
wenyinxian@whu.edu.cn
1 Division of Joint Surgery and Sports Medicine, Department 
of Orthopedic Surgery, Zhongnan Hospital of Wuhan University, Wuhan, 
China
2 Department of Orthopedics, Honghui Hospital, Xi’an Jiaotong 
University, Xi’an, China
3 Department of Radiation and Medical Oncology, Zhongnan Hospital 
of Wuhan University, Wuhan, China
4 Department of Orthopaedics, Wangjing Hospital, China Academy 
of Chinese Medical Sciences, Beijing, China

https://orcid.org/0000-0002-9205-6401
https://orcid.org/0000-0003-0179-6883
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-023-04594-6&domain=pdf


Page 2 of 15Gao et al. Journal of Translational Medicine          (2023) 21:889 

treatment options, oral bisphosphonates (BPs) are widely 
used for osteoporosis management. Multiple adverse 
effects can occur and contribute to low adherence to BPs 
therapy, which sometimes requires evaluation by a gas-
troenterologist. Additionally, most drugs are systemically 
administered, and their low bone-targeting efficiency 
often necessitates high doses and frequent administra-
tion, which can also lead to serious adverse effects [3–5]. 
Given these challenges, there has been growing interest 
in developing new approaches for the prevention and 
treatment of osteoporosis. Researchers are exploring 
alternative therapies that can improve treatment efficacy 
while minimizing adverse effects and reducing treatment 
costs.

Nanomaterials have been extensively studied for vari-
ous biomedical applications, including diagnosis, ther-
apy, drug delivery, and imaging of different diseases 
(both in vitro and in vivo) [6–10]. This is primarily due 
to their unique physicochemical properties, such as small 
size, large surface area, relatively high surface area-to-
volume ratio, high stability, and unique optical proper-
ties. Among the different nanomaterials that are used in 
biomedicine, gold nanoparticles (AuNPs) are particularly 
notable [11–14]. AuNPs are colloidal particles composed 
of gold atoms with diameters ranging from several nano-
metres to several hundred nanometres and are widely 
used in materials science, industrial catalysis, bioana-
lytical chemistry, biomedicine, and other fields [11, 15]. 
AuNPs possess several advantageous characteristics that 
make them suitable for biomedical applications [16]. For 
example, they are chemically inert, thus allowing for easy 
functionalization and modification, and they can be read-
ily synthesized in various sizes and shapes, thus offering 
versatility for different applications. Via classical methods 
such as the Frens and Brust methods [17], highly mono-
disperse AuNPs with diameters ranging from 1 to 150 nm 
can be prepared on a large scale. Furthermore, the parti-
cle size and shape of AuNPs can be finely controlled, thus 
enabling for customization for specific applications. The 
small particle size of AuNPs enables their wide distribu-
tion in vivo, which allows them to interact with biological 
systems while also exhibiting excellent biocompatibility 
and reducing the likelihood of adverse reactions. Further-
more, the large specific surface area of AuNPs provides 
ample opportunities for functionalization and modifica-
tion, thus allowing the attachment of various chemical 
groups, such as sulfhydryl, phosphorylated hydrogen, 
and amine modifications [18]. This scenario enables the 
development of AuNPs with targeted functions, whereby 
the attached ligands can specifically recognize and bind 
to particular molecules or cells of interest. Moreover, 
by attaching therapeutic agents to their surfaces or by 
encapsulating drugs within their structures, AuNPs can 

act as carriers, thus facilitating targeted and controlled 
drug release at specific sites in the body [19, 20]. By lev-
eraging unique physicochemical properties and drug 
delivery mechanisms, AuNPs can be utilized in various 
therapeutic approaches, such as photothermal therapy, 
photodynamic therapy, immunotherapy, targeted ther-
apy, gene therapy, and combination therapies [21–24].

Remarkably, many studies have demonstrated that 
AuNPs can regulate osteogenesis and osteoclastic activ-
ity, as well as attenuate adipogenic differentiation, as evi-
denced by in vitro and in vivo studies [25–27]. Therefore, 
AuNPs could be promising biomaterials for bone homeo-
stasis regulation in osteoporosis. Several factors, such as 
size, shape, surface topography, surface chemistry, and 
physical characteristics, have been found to significantly 
influence the capability of AuNPs to regulate osteogen-
esis, which provides potential strategies for the upgrade 
and revamping of AuNP products [28–30]. Subsequently, 
we summarize the studies on the mechanisms underly-
ing the regulation of bone homeostasis by AuNPs. Previ-
ous studies have shown that AuNPs exhibit potential in 
inhibiting excessive bone resorption and in promoting 
the repair of bone defects by regulating the acid secretion 
function of osteoclasts [31]. Additionally, AuNPs have 
been shown to promote the osteogenic differentiation of 
bone marrow mesenchymal stem cells into osteoblasts, 
thus enhancing cellular osteogenesis [32, 33].

Despite the unique advantages of AuNPs, they are not 
without limitations. Gold particles in the nanometric 
range can manifest toxicity, which is contingent on fac-
tors like their size, shape, surface charge, and function-
alization [34]. Most AuNPs with sizes ranging from 5 to 
100  nm are challenging to eliminate from the body due 
to their large size. These larger AuNPs are prone to be 
trapped by the reticuloendothelial system, leading to 
low uptake in bone tissue and inevitable accumulation 
in organs such as the liver and spleen [35, 36]. Reducing 
the particle size could facilitate the evasion of reticuloen-
dothelial absorption. Recent studies have demonstrated 
that AuNPs with sizes below 20 nm can effectively escape 
reticuloendothelial absorption and exhibit good cellu-
lar uptake [37]. However, these particle sizes still exceed 
the renal clearance barrier of 5.5  nm, which raises con-
cerns about potential long-term accumulation and toxic-
ity in the kidneys or other parts of the renal system [38, 
39]. Additionally, AuNPs do not possess inherent target-
ing abilities, which limits their effectiveness in targeted 
drug delivery. Excessively high concentrations of AuNPs 
can lead to cell death, while too low concentrations may 
have minimal influence on differentiation. To enhance 
the absorption and distribution in bone tissue and reduce 
the required dosage of gold particles, surface chemical 
modification of gold particles can improve their targeting 
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ability [40, 41]. Therefore, the pursuit of gold particles 
with suitable sizes, shape and optimal targeting ability 
has become a critical consideration in the development 
of AuNPs-based pharmacological treatments.

Overall, the exceptional properties of AuNPs make 
them promising candidates for a wide range of biomedi-
cal applications, thus providing new possibilities for 
improved diagnostics, therapies, and personalized medi-
cine. Herein, we offer insights into the most recent and 
promising research developments concerning AuNPs 
prepared for osteoporotic and further biomedical 
applications.

Synthesis of gold nanoparticles
In 1951, the Turkevich method was first reported for the 
synthesis of AuNPs [42]. This method is widely used for 
producing spherical AuNPs and typically yields particles 
with sizes ranging from 1 to 2 nm. The principle behind 
this technique involves the reduction of gold ions (Au3 +) 
to gold atoms (Au0) using various reducing agents, such 
as citrate, amino acids, ascorbic acid, or UV light [43–
45]. Another method was first developed in 1994 and is 
known as the Brust method [17]. This method enables 
the synthesis of AuNPs with sizes ranging from 1.5 to 
5.2 nm through a two-phase reaction. The Brust method 
involves the use of phase transfer agents (such as tetraoc-
tylammonium bromide) to transfer the gold salt from 
an aqueous solution to an organic solvent. Afterwards, 
the gold salt is reduced by using reducing agents such as 
sodium borohydride, along with the addition of an alka-
nethiol. The alkanethiol serves the purpose of stabilizing 
the synthesized AuNPs. As a result of this reaction, the 
colour of the solution changes from orange to brown, 
thus indicating the successful formation of AuNPs.

The aforementioned Turkevich and Brust methods are 
primarily used for synthesizing spherical AuNPs. How-
ever, for the production of AuNPs with various geom-
etries and shapes, such as nanorods, nanocages, and 
nanostars, seed-mediated growth methods are employed 
[32, 46–48]. Gold nanocages are hollow gold nanopar-
ticles with a cage-like structure. Moreover, they have a 
high specific surface area, excellent surface modifiability, 
and a high drug-loading rate, thus making them ideal for 
drug delivery [49, 50]. The use of different concentra-
tions of gold seed solution resulted in gold nanostars and 
nanorods with different diameters. The synthesized gold 
nanostars and nanorods exhibited different biological 
activities and physicochemical properties, thus render-
ing them advantageous for diverse applications [30, 51]. 
Seed-mediated growth stands as a dependable technique 
for fabricating differently shaped AuNPs, yet multiple 
variables influence the dimensions of these AuNPs and 
hence require meticulous and tedious regulation. An 

investigation demonstrated that employing elevated con-
centrations of HAuCl4 or elevated temperatures resulted 
in larger gold nanorods with lower aspect ratios [52]. 
Various parameters can influence the size of nanomateri-
als, which thus should be carefully controlled during the 
synthesis progress. The Brust method offers a straight-
forward approach to creating stabilized AuNPs with 
well-controlled sizes and minimal variability. However, a 
potential limitation of this method lies in the production 
of less-dispersed AuNPs and the use of organic solvents, 
thus constraining their applicability in biological contexts 
[53]. Overall, chemical methods that are used for the syn-
thesis of AuNPs are associated with certain limitations, 
including concerns related to environmental impacts and 
biocompatibility [54]. Some of the chemicals employed 
in the synthesis process may have adverse effects on the 
environment and can pose health risks when adminis-
tered to living organisms, thereby restricting the biologi-
cal applications of such nanoparticles. To address these 
concerns, various biological methods have been devel-
oped for the synthesis of AuNPs. Microorganisms and 
plants have been identified as being suitable materials 
for the biogenic synthesis of nanomaterials [55–58]. The 
extracellular synthesis of AuNPs involves the trapping of 
gold ions on the surface of cells, and it is facilitated by 
membrane enzymes that are responsible for their attach-
ment to the cell membrane. Phyto-nanotechnology has 
also gained significant interest as an environmentally 
friendly, cost-effective, and rapid approach for synthe-
sizing gold nanoparticles using plant extracts. Numer-
ous studies have reported of the use of different plants 
or plant extracts to biologically synthesize AuNPs. This 
approach utilizes nonhazardous biological components 
from plants to reduce and coat AuNPs, thereby reducing 
waste generation and minimizing the need for additional 
purification steps [59]. Although various plant parts have 
been explored for the successful synthesis of AuNPs, 
leaves are the most commonly used plant component 
[60].

Chemical synthesis methods, such as the reduc-
tion of gold ions using citrate or other reducing agents, 
offer convenience and produce size controllable nano-
particles. Although the chemical synthesis route is an 
easier method, the associated potential risks of second-
ary reaction products pose severe concerns to both the 
environment and human health. In contrast, biological 
sources provide molecules that play an important role 
in the reduction and stabilization of AuNPs. Biologi-
cally reduced AuNPs offer enhanced stability and safety 
compared to chemically reduced counterparts, thus mak-
ing them a favourable and effective method in various 
applications. However, biological synthesis methods also 
possess their own limitations, which include difficulty 
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in screening for reactive components and nonhomolo-
gous pathogenic concerns [61, 62]. Moreover, cells and 
microbes take considerable time to grow; thus, the over-
all synthesis process can become complicated and time-
consuming. To address these limitations, a potential 
solution could entail amalgamating the advantages of 
both chemical and biological approaches. Researchers 
could explore hybrid synthesis techniques that leverage 
the simplicity and reproducibility of chemical methods 
while incorporating environmentally friendly and bio-
compatible components derived from biological sources 
[63–65]. By optimizing the reaction conditions and pre-
cisely controlling the reaction kinetics, it may be possible 
to achieve more uniform and controllable AuNPs with 
reduced waste generation and enhanced biocompatibil-
ity. From this, integrating green chemistry principles into 
the synthesis process could reduce the use of hazardous 
reagents and minimize the overall environmental impact. 
Therefore, the choice of the most suitable synthesis pro-
cedure for future AuNP applications will depend on the 
specific research questions and considerations.

Relationship between the size and shape of AuNPs 
and osteoporosis
In 1857, Michael Faraday discovered the light-scattering 
properties of suspended gold microparticles, a phenom-
enon now referred to as the Faraday-Tyndall effect [66]. 

Years later, Hirsh et al. found that AuNPs irradiated with 
an electromagnetic wavelength of 820  nm could gener-
ate local hyperthermia, which showed potential for solid 
tumor treatment [67]. The size of AuNPs determines 
the distribution of surface charges and the polarization 
of free electrons. Various morphologies of AuNPs have 
been synthesized, thus allowing for the absorption/scat-
tering peak to be shifted to the near-infrared window, 
which enables AuNPs to receive light energy in deep 
tissues. Over the past two decades, numerous studies 
have focused on different shapes of AuNPs, including 
nanospheres, nanorods, nanostars, nanoshells, nanoc-
ages, and nanoplates [32, 68–70]. These AuNPs have 
been extensively investigated for disease diagnosis and 
treatment. In July 2019, the U.S. Food and Drug Admin-
istration (FDA) made a significant milestone by approv-
ing an oral drug based on AuNPs for the treatment of 
amyotrophic lateral sclerosis [71], thus further demon-
strating the safe and promising use of AuNPs in disease 
treatment. In the context of osteoporosis treatment, gold 
nanoparticles have shown effectiveness without causing 
toxic effects. Moreover, they have been found to pro-
mote osteoblast differentiation [72], inhibit osteoclast 
formation [73], and block the differentiation of adipose-
derived stem cells [33]. Specifically, gold nanospheres, 
nanostars, and nanorods have been widely utilized in the 
treatment of osteoporosis (Fig. 1) [74–76]. Also, various 

Fig. 1 Different sizes, shapes, and ligands of AuNPs



Page 5 of 15Gao et al. Journal of Translational Medicine          (2023) 21:889  

ligands, functional groups, and key features with AuNPs 
(as shown in Table 1) are used to achieve abundant and 
stronger functions in bone tissue engineering.

AuNPs of different sizes
We utilize gold nanoparticles for their ease of adminis-
tration via intravenous injection due to their small size 
and high aqueous solubility. One critical factor influenc-
ing the clinical utility of nanoparticles is their cellular 
uptake capability. The size of most gold nanomaterials is 
within 100 nm, which allows us to further investigate the 
relationship between their size and potential pharmaco-
dynamic effects. Recent studies have provided informa-
tion on the preferential uptake of different sizes of gold 
nanoparticles by pancreatic cancer cells [77]. Specifi-
cally, 20 nm gold nanoparticles exhibited higher cellular 
uptake than 10 nm, 30 nm, 40 nm, 50 nm, and 100 nm 
gold nanoparticles. This higher uptake rate correlated 
with a stronger pharmacodynamic effect on the cells, 
thus indicating that both excessively large and excessively 
small gold nanoparticles have a negative impact on cel-
lular uptake. In the field of osteogenesis research, vari-
ous sizes of gold nanoparticles, including 15 nm, 30 nm, 
50 nm, 70 nm, and 100 nm sizes, have been applied. The 
results demonstrated that 30 nm and 50 nm gold nano-
particles exhibited not only the highest cellular uptake 
rate but also the most pronounced osteogenic effect in 
osteogenesis assays, as indicated by alkaline phosphatase 
activity and alizarin red staining [78].

Several studies have demonstrated contrasting effects 
of gold nanoparticles with different sizes on cell growth 
and osteogenesis. For instance, 4  nm gold clusters have 
been shown to exert a significant inhibitory effect on cell 
growth compared to 40  nm gold nanoparticles. Further 
analysis demonstrated that 40  nm nanoparticles exhib-
ited a positive osteogenic effect, and 4 nm gold nanoclus-
ters exhibited an inhibitory effect on osteogenesis due to 
their stimulation of high levels of cellular reactive oxy-
gen species (ROS) [29]. In a cross-sectional comparison 
involving AuNPs with different diameters (5 nm, 13 nm, 
and 45 nm) for promoting osteogenesis, it was concluded 
that nanoparticles larger than 10  nm, such as 13  nm 
and 45 nm, could enhance cellular osteogenesis [79]. In 
particular, it was discovered that 45  nm AuNPs signifi-
cantly improved the osteogenic activity and inhibited the 
osteoclastogenesis activity of human periodontal liga-
ment cells (hPDLCs). As a result, there was more newly 
formed periodontal attachment, which increased bone 
and cementum and reduced tissue destruction during the 
progression of periodontitis. This effect was supported 
by a significant increase in osteogenesis-related proteins, 
including Runx2, ALP, COL1, and OPN. Spherical 45 nm 
AuNPs were synthesized by using chemical methods in a 
similar study [28], in which L-cysteine or D-cysteine was 
attached to the AuNPs to investigate their potential for 
osteogenic differentiation. Consistent with previous find-
ings, the AuNPs exhibited a significant ability to induce 
osteogenic differentiation in hPDLCs, as evidenced by 

Table 1 Characteristics of conjugated AuNPs regulating osteoclast/osteogenic processes

hPDLSCs: human periodontal ligament stem cells; hADMSCs: human mesenchymal stem cells; BMMs: bone marrow-derived macrophages; MSCs: mesenchymal stem 
cells; ADSCs: human adipose-derived stemcells; hMSCs: human bone marrow-derived mesenchymal stem cells; hPDLPs: human periodontal ligament progenitor cells; 
CTAB: cetyl trimethylammonium bromide; NA: respective information not provided in the articles

Particle name Size Shape Ligands/methods Model/cell type Properties References

Gold nanoparticles 150 nm Sphere Electrical explosion BMMs Inhibits osteoclast formation [103]

GNS 60 nm Sphere Citrate Mice Inhibits osteoclast formation [27]

CUR-CGNPs 20 to 40 nm Sphere β-cyclodextrin BMMs Inhibits osteoclast formation [101]

AuNPs 13.5 ± 0.3 nm Sphere Citrate BMMs Inhibits osteoclast formation [73]

BSA-Au clusters 1.63 ± 0.31 nm Sphere BSA BMMs Inhibits osteoclast formation [87]

GNPs 15,30,50,75,100 nm Sphere Citrate hADSCs Promoting osteogenic differentiation [78]

AuNPs 40,70,110 nm Sphere, 
Nanostars, 
Nanorods

Citrate hMSCs Promoting osteogenic differentiation [32]

GNSs 40.3 ± 2.0 nm Nanostars Seed-mediated hMSCs Promoting osteogenic differentiation [89]

GNRs NA Nanorods CTAB BMSCs Promoting osteogenic differentiation [90]

AuNPs 5, 13, 45 nm Sphere Citrate hPDLPs Promoting osteogenic differentiation [79]

AuNPs 40 nm Sphere Chitosan hADMSCs Promoting osteogenic differentiation [120]

AuNPs 20 ± 2 nm Sphere Citrate MSCs Promoting osteogenic differentiation [100]

AuNPs 13.22 nm Sphere NA hPDLSCs Promoting osteogenic differentiation [72]

AuNPs 4, 40 nm Sphere Citrate hMSCs Promoting osteogenic differentiation [29]

Lys-AuNCs 1.0 to 3.0 nm Sphere Lysozyme MC3T3-E1 Promoting osteogenic differentiation [86]



Page 6 of 15Gao et al. Journal of Translational Medicine          (2023) 21:889 

the increased levels of both mRNA and proteins of oste-
ogenesis-related genes. Moreover, L-Cys-AuNPs demon-
strated superior performance compared to D-Cys-AuNPs 
in the osteogenic activity of hPDLCs.

AuNPs that are too large in size (> 50  nm) result in 
reticuloendothelial capture, which leads to reduced 
uptake by bone tissue and higher doses of the required 
gold nanoparticles [35, 36, 80]. Trapped gold nanopar-
ticles will accumulate in the hepatic and renal tissues 
[81]. However, excessively high concentrations of gold 
nanoparticles induce cytotoxicity, thus leading to cell 
necrosis and degeneration. To overcome these limita-
tions, researchers have explored the use of smaller gold 
nanoparticles to evade reticuloendothelial capture and 
improve their overall utilization. Gold nanoparticles with 
sizes below 10  nm are referred to as small gold nano-
materials. They exhibit distinct physical and chemical 
properties compared to larger gold nanomaterials. Fur-
thermore, gold nanomaterials smaller than 3 nm belong 
to the "Ångstrom dimension" category and exhibit a very 
light or nearly transparent colour in solution. Notably, 
under ultraviolet light irradiation, they can display char-
acteristic fluorescence wavelengths [82]. Gold nanoclus-
ters (AuNCs) are Ångstrom-scale gold nanoparticles 
characterized by their ultrasmall size (typically ≤ 3  nm) 
[83]. The structure of AuNCs consists of a metallic core 
comprising a few gold atoms surrounded and protected 
by Au coordinating ligands. Consequently, their elec-
tronic, magnetic, and optical properties differ from those 
of large-sized AuNPs [84]. The absorbance properties of 
gold particles in solution are highly influenced by their 
nanoparticle diameter. Ultrasmall AuNPs or nanoclus-
ters with discrete sizes, such as Au102 and Au144 (less 
than 3 nm in diameter), do not exhibit the characteristic 
strong surface plasmon resonance (SPR) absorption peak 
that is typically observed at approximately 500–550  nm 
[85]. Ultrasmall gold nanomaterials composed of several 
to a few hundred gold atoms exhibit extremely low cyto-
toxicity and exceptional red fluorescence characteristics. 
These unique characteristics allow them to effectively cir-
cumvent the autofluorescence background in vivo, mak-
ing them more advantageous compared to larger gold 
nanoparticles (Fig. 1).

In Zhang’s study, small AuNPs were synthesized at a 
concentration of 0.25  mM by using citrate as a reduc-
ing agent, after which the AuNPs were capped with 
L-cysteine. In this study, it was found that 5  nm gold 
nanoparticles exhibited a significant inhibitory effect on 
osteogenesis rather than an osteogenic effect on human 
periodontal ligament stem cells [79]. In a similar study, 
spherical methoxy-poly (ethylene glycol)-capped AuNPs 
(Au-mPEG NPs) with an average diameter of 4.0  nm 
were synthesized using trisodium citrate as the reducing 

agent. Interestingly, these Au-mPEG NPs were found to 
downregulate osteogenic gene expression and upregulate 
adipogenic gene expression in human mesenchymal stem 
cells (hMSCs), suggesting their potential role in modulat-
ing cell differentiation pathways [29]. These findings sug-
gest that small gold nanoparticles may have a negative 
impact on bone tissue by inhibiting osteogenic differen-
tiation and promoting lipogenic differentiation. However, 
it is important to note that there are different results 
reported in other studies. For instance, ultrasmall gold 
nanoclusters (Lys-AuNCs) (with an average diameter of 
2.0  nm) were synthesized by using lysozyme as a pro-
tective template and were found to stimulate osteogenic 
differentiation [86]. In this particular study, Lys-AuNCs 
were shown to promote osteogenic differentiation and 
reduce osteoclast activity. Interestingly, the lysozyme 
itself, individual AuNPs, or a mixture of lysozyme and 
AuNPs had minimal effects on osteoblastic differentia-
tion compared to the Lys-AuNCs. In another study, it was 
observed that the hydrodynamic size of the synthesized 
BSA-Au cluster was approximately 2.2  nm, which was 
slightly larger than that of the BSA protein [87]. Stud-
ies conducted in MDA-MB-231 cells demonstrated that 
BSA-Au clusters suppressed the expression of osteolysis-
related factors. Furthermore, the BSA-Au clusters inhib-
ited the subsequent activation of the NF-κB pathway in 
BMMs (bone marrow-derived macrophages). These find-
ings suggest that BSA-Au clusters have the potential to 
mitigate osteolysis and modulate the NF-κB pathway, 
thus highlighting their possible therapeutic applications 
in the context of bone-related diseases.

These contrasting findings highlight the complex 
nature of the interactions between gold nanoparticles 
of different sizes and bone tissue, and further research 
is needed to elucidate the underlying mechanisms. It is 
worth noting that the different ligands used for surface 
functionalization may also result in the differential osteo-
genic effects that are observed among gold nanoparticles. 
Small gold nanoparticles functionalized with various sur-
face ligands have also demonstrated excellent osteogenic 
differentiation ability. Therefore, these novel functional-
ized gold nanoparticles hold promise as potential thera-
peutics for osteoporosis.

AuNPs in different shapes
Gold nanospheres
Gold nanospheres are spherical gold colloidal particles 
formed by the aggregation of a large number of gold 
atoms, which is also the most common morphology of 
gold nanoparticles. The data have consistently shown 
that gold nanospheres of various sizes, including 15 nm, 
30 nm, 50 nm, 75 nm, and 100 nm, effectively promoted 
the differentiation of adipose-derived stem cells (ADSCs) 
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into osteoblasts compared to the control group. However, 
the size of gold nanospheres was found to have vary-
ing effects on the osteogenic differentiation of ADSCs. 
Among gold nanospheres ranging from 15 to 100  nm, 
the 30  nm and 50  nm gold nanospheres exhibited sig-
nificantly better osteogenic effects than other particle 
sizes. On the other hand, a recent study has shown that 
gold nanospheres with a diameter of 50 nm demonstrate 
maximum cellular uptake, and the uptake is signifi-
cantly higher than that of gold nanorods when the sizes 
are comparable [78, 88]. Conversely, 100 nm gold nano-
spheres exhibited the lowest osteogenic differentiation 
effect. In another study, it was observed that the ALP 
concentration in groups treated with 40, 70, and 110 nm 
gold nanospheres, as well as 70  nm gold nanorods, was 
significantly higher than that of the control groups. Con-
versely, treatment with 40 nm gold nanorods resulted in 
a noticeable reduction in ALP concentration compared 
to the control. Gold nanoparticles of varying sizes and 
shapes may influence the osteogenic differentiation of 
hMSCs by modulating nuclear YAP activity [32, 89]. 
The findings indicated that 40 nm gold nanospheres and 
70  nm gold nanorods promoted nuclear YAP activity, 
whereas 40 nm gold nanorods inhibited this activity. The 
groups treated with 40  nm gold nanospheres exhibited 
higher percentages of hMSCs with nuclear localized YAP, 
which may enhance the early osteogenic differentiation 
of hMSCs by upregulating the expression of certain early 
osteogenic marker genes, including RUNX-2, OST, and 
OCN. The mechanism investigation suggests that the size 
and shape of AuNPs may modulate the osteogenic differ-
entiation of hMSCs by regulating nuclear YAP activity.

Gold nanostars
Gold nanostars are a unique type of nanoparticle dis-
tinguished by their multibranched surface structures. 
The optical properties of gold nanostars can be tuned 
by adjusting their size and degree of branching, thus 
allowing them to exhibit enhanced optical responsive-
ness in the near-infrared range, which is advantageous 
for various medical diagnostic and therapeutic appli-
cations. Moreover, the cytotoxicity of gold nanostars 
is influenced by factors such as size, shape, and chemi-
cal modifications. Notably, a recent study suggested 
that gold nanostars exhibit lower cytotoxicity than gold 
nanospheres of similar size [30]. In another study that 
investigated the cellular uptake capacity and osteo-
genic differentiation potential of gold nanostars, it 
was observed that the cellular uptake capacity of gold 
nanostars was significantly increased with increasing 
particle size ranging from 40–110  nm [32]. However, 
contrasting results were obtained in osteogenic differ-
entiation experiments, wherein gold nanostars exhibited 

weaker osteogenic ability than gold nanospheres and gold 
nanorods. In another study, the effects of dendritic poly-
glycerol-conjugated gold nanostars (dPG@GNS) with dif-
ferent densities of ligands on the osteogenesis of MSCs 
were systematically investigated [89]. The data demon-
strated that all dPG@GNS promoted osteogenic differ-
entiation of MSCs, as evidenced by increased alkaline 
phosphatase activity, calcium deposition, and expression 
of osteogenic proteins and genes, including ALP, Runx2, 
and OCN. Moreover, the various densities of functional 
groups on dPG@GNS nanocomposites facilitated the 
nuclear localization of Yes-associated protein through 
mechanical stimuli, thus leading to the upregulation of 
osteogenic differentiation in MSCs. These findings high-
light the potential of gold nanostars nanocomposites in 
promoting osteogenesis.

Gold nanorods
Gold nanorods exhibit unique characteristics with their 
short- and long-axis orientations and dual wavelengths 
[48]. Several studies have been conducted to investigate 
the cellular uptake of AuNPs by varying their size, shape, 
and surface chemistry. For instance, gold nanospheres 
with a diameter of 70 nm have been found to exhibit the 
highest cellular uptake, surpassing that of gold nanorods 
of similar size [32, 78]. Another study supported this 
finding, thus indicating that the cellular uptake of Au 
nanorods is highly influenced by their aspect ratio 
because higher aspect ratios often lead to lower uptake 
[88]. In addition, another study investigated the cellular 
uptake capacity and osteogenic differentiation capacity of 
gold nanorods sized from 40 to 110 nm. It was observed 
that the cellular uptake capacity of gold nanorods signifi-
cantly increased with particle size, and the uptake capac-
ity of larger gold nanorods was notably higher than that 
of gold nanospheres of similar sizes [32]. However, dif-
ferent results were observed in the osteogenic differen-
tiation experiments, with 70 nm gold nanostars showing 
the highest osteogenic differentiation ability in the aliza-
rin red and ALP staining experiments. Conversely, rod-
shaped gold nanoparticles with a size of 40 nm displayed 
the lowest osteogenic effect and exhibited inhibitory 
effects on osteogenesis compared to the blank control. In 
one specific study, the seed-induced growth method was 
employed to synthesize gold nanorods, which required 
a substantial amount of cetyl trimethylammonium bro-
mide (CTAB) as ligands to stabilize their shape [90]. To 
enhance the biocompatibility of gold nanorods and to 
reduce the immune response, they were further modified 
with endogenous proteins. The modified gold nanorods 
(known as eP@GNRs) exhibited effective promotion of 
osteogenic differentiation in bone marrow mesenchy-
mal stem cells (BMSCs) when exposed to 808  nm laser 
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irradiation. This effect was attributed to the photother-
mal properties of eP@GNRs. Additionally, the study 
provided information on the key osteogenic pathways 
activated by eP@GNRs in BMSCs, which included the 
MAPK, Akt, Smad, and Wnt/β-catenin pathways, with all 
of these pathways playing significant roles in regulating 
osteogenic differentiation processes.

Effect of AuNPs on bone homeostasis
Bone, which represents the central axis system of the 
body, serves multiple functions, including providing 
physical support and protection, participating in calcium 
metabolism and endocrine regulation, and facilitating the 
hematopoietic system in the bone marrow [91]. Through-
out adulthood, bone undergoes continuous remodelling 
in response to normal wear and tear, mechanical forces, 
and the aging process. During this remodelling process, 
the damaged or failing microstructure of the bone is 
removed by cells such as osteoclasts and replaced with 
new bone tissue by cells such as osteoblasts [92]. Bone 
remodelling is an ongoing dynamic process that involves 
both bone formation and bone resorption activities, 
which are typically balanced to maintain bone homeo-
stasis [93]. The equilibrium between osteoblasts and 
osteoclasts is crucial for maintaining bone health and 
stability [94]. Moreover, the disruption of this balance 
leads to various bone metabolic diseases [95]. Excessive 
activity of osteoclasts can contribute to the development 
of conditions such as osteoporosis, Paget’s disease, and 
rheumatoid arthritis. Osteoporosis is characterized by 
a reduction in bone density and strength, thus making 
bones more prone to fractures. Paget’s disease involves 
the abnormal breakdown and formation of bone tissue, 
thus leading to weakened and deformed bones. Addition-
ally, rheumatoid arthritis is an autoimmune disease that 
causes inflammation in the joints, which can lead to bone 
erosion over time. In summary, bone remodelling is a 
continuous process in which damaged bone is removed 
and replaced with new bone tissue. The balance between 
osteoblasts and osteoclasts is essential for maintaining 
bone homeostasis, and disruptions in this balance can 
contribute to various bone metabolic diseases.

Osteoclast differentiation begins with the activation 
of BMMs stimulated by receptor activators of nuclear 
factor-κB ligand (RANKL) and macrophage colony-
stimulating factor (M-CSF) [96]. Osteoblasts release 
both RANKL and osteoprotegerin (OPG) to regulate 
bone homeostasis (Fig. 2). RANK, which is the receptor 
for RANKL, is expressed on osteoclasts. When RANK 
interacts with RANKL, it initiates downstream signalling 
pathways such as NF-κB, MAPK, and AKT, thus leading 
to the expression of genes associated with osteoclast for-
mation [97]. Furthermore, osteoclastogenesis generates 

ROS, which can activate signalling pathways such as 
NF-κB and MAPK, thus contributing to osteoclast dif-
ferentiation and bone resorption [98]. Moreover, OPG 
competes with RANK to bind with RANKL, thus reduc-
ing RANKL signalling and maintaining a balance in bone 
resorption [99]. Variations in the OPG gene have been 
shown to be closely linked to the pathogenesis of osteo-
porosis. The interaction between RANKL and its recep-
tor RANK triggers downstream signalling pathways that 
activate the expression of genes necessary for osteoclast 
formation. The balance between RANKL and OPG is 
crucial for maintaining bone homeostasis by regulating 
the activity of osteoclasts and osteoblasts.

AuNPs have demonstrated the ability to modulate the 
differentiation of several cell lines by influencing both 
osteogenic and osteoclastic differentiation processes. An 
understanding of the underlying mechanisms of AuNP 
interactions with cells is crucial for developing effective 
strategies to address osteoporosis. Previous studies have 
explored the interaction between AuNPs and cells, and 
they have provided insight into the fundamental mech-
anisms of cell differentiation and self-renewal in their 
presence. Herein, we summarize the mechanisms of cel-
lular osteogenic and osteoclastic differentiation regula-
tion induced by AuNPs. Upon incubation with cells, the 
AuNPs interact with the membrane and are internalized 
through endocytosis or other pathways. Once inside the 
cytoplasm, AuNPs interact with bioactive substances, 
such as proteins, thus initiating a range of cellular meta-
bolic processes [78, 100]. Importantly, the mechanical 
stress exerted on cells by AuNPs has been found to play 
a vital role in stimulating cellular metabolism [101]. Sev-
eral signalling pathways, including NF-κB, MAPK, and 
Wnt/β-catenin, have been reported to be involved in the 
interaction between AuNPs and different cell lineages, 
which will be discussed in this review.

Role of AuNPs in bone resorption
The development of osteoporosis is closely associated 
with osteoclasts (Fig.  2), as their increased activation 
and differentiation result in enhanced bone resorption, 
thus leading to systemic bone loss [96]. Osteoclasts are 
specialized cells that are responsible for bone resorp-
tion and are derived from mononuclear phagocytic 
cells. Mononuclear precursor cells undergo fusion, thus 
forming multinucleated osteoclasts during the differ-
entiation process [102]. Differentiation is influenced 
by various systemic and local factors, including hor-
mones, growth factors, and cytokines, among which 
the main regulatory pathway for osteoclastogenesis is 
the RANKL/RANK signalling pathway. When RANKL 
binds to its receptor RANK on osteoclast precursors, 
it triggers intracellular signalling pathways, such as the 
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NF-κB pathway [103]. Osteoclasts express an enzyme 
known as NADPH oxidase, which is responsible for 
generating ROS. ROS plays a significant role in bone 
metabolism and is subject to ongoing research in this 
field. The interaction between RANKL and its recep-
tor RANK triggers the production of ROS in osteoclast 
cells [104]. The potential involvement of ROS in osteo-
clast differentiation and bone resorption has prompted 
the investigation of antioxidants as potential protec-
tive agents against bone loss [105]. Oxidative stress 
has been found to be positively correlated with bone 
loss, and decreased levels of antioxidants have been 
observed in patients with osteoporosis. Recent studies 
have explored the use of metal nanoparticles as poten-
tial antioxidants. Metal nanoparticles, such as bimetal-
lic gold and platinum nanoparticles, exhibit antioxidant 
properties and can scavenge ROS, thus offering poten-
tial as protective agents against bone loss. Bimetal-
lic nanoparticles composed of gold and platinum have 
shown effectiveness in scavenging ROS, including 

hydrogen peroxide  (H2O2) and the superoxide anion 
radical (O2-), in a dose-dependent manner [106, 107].

Gold nanoparticles have been shown to possess inhibi-
tory effects on the formation of osteoclasts derived from 
BMMs when induced by receptor activators of RANKL 
[73, 103]. Additionally, gold nanoparticles have been 
observed to reduce the production of ROS and other oxy-
gen radicals induced by RANKL [103, 108]. Additionally, 
other studies have explored the use of AuNPs conjugated 
with β-cyclodextrin, which can form inclusion complexes 
with curcumin. These complexes have demonstrated the 
ability to suppress osteoclast activation and reduce the 
occurrence of osteoporosis [101]. In a separate study, 
the effects of AuNPs on osteoclastogenesis were investi-
gated, thus demonstrating their potential in modulating 
this process [73]. The researchers observed that AuNPs 
suppressed preosteoclast fusion induced by receptor 
activators of RANKL and M-CSF. Moreover, AuNPs 
significantly inhibited crucial steps in osteoclastogen-
esis, including cell migration and actin ring formation; 

Fig. 2 Schematic representation of bone remodelling and underlying pathogenetic mechanisms. During bone remodelling, osteoclasts are 
derived from hematopoietic cells, while osteoblasts are derived from bone marrow mesenchymal stem cells (BMSCs). The Wnt/β-catenin signalling 
pathway activates its ligands, thus promoting bone formation. The regulation of osteoclastogenesis involves the interaction between osteoblasts 
and osteoclast precursors. Osteoclast differentiation is promoted when the receptor activator of RANK (expressed by osteoclast precursors) binds 
to its ligand RANKL. However, osteoprotegerin (OPG), which is secreted by osteoblasts, competes with RANK for binding to RANKL, thereby reducing 
signalling to osteoclasts. This negative feedback loop suppresses osteoclast differentiation, thus making the OPG/RANK/RANKL system crucial 
for regulating osteoclast activity and differentiation



Page 10 of 15Gao et al. Journal of Translational Medicine          (2023) 21:889 

in addition, they reduced the bone absorption function 
of osteoclasts. Notably, the researchers also detected 
altered expression of fusogenic genes in the treated pre-
osteoclasts. Excessive bone resorption by overactive 
osteoclasts is a contributing factor to conditions such as 
osteoporosis [109]. Osteoclasts create an acidic environ-
ment within resorption pits by transporting protons, thus 
facilitating the degradation of the bone matrix by protein 
hydrolases. Gold nanoparticles have shown potential in 
inhibiting excessive bone resorption and promoting the 
repair of bone defects by regulating the acid secretion 
function of osteoclasts [31]. These findings highlight the 
potential of AuNPs as therapeutic agents for diseases 
related to osteoclast-mediated bone metabolism.

Role of gold nanoparticles in bone formation
One effective approach to improve bone tissue engi-
neering is to promote the osteogenic differentiation and 
bone-forming capabilities of osteoprogenitor cells. The 
enhancement of the osteogenic differentiation and bone-
forming capabilities of osteoprogenitor cells is a crucial 
strategy in advancing bone tissue engineering. Mesen-
chymal stem cells (MSCs) have been identified as being 
progenitor cells for skeletal tissues, as they possess the 
ability to differentiate into various lineages, including 
osteoblasts, chondrocytes, and adipocytes [110, 111]. 
Nanomaterials can be engineered with specific surface 
properties, such as topography and chemical composi-
tion, which influence cell behavior and promote osteo-
genic differentiation. Moreover, nanoscale materials can 
serve as carriers for growth factors and other bioactive 
molecules, thus facilitating their controlled release and 
targeted delivery to MSCs. In recent years, a growing 
body of evidence has indicated the potential of nanoscale 
materials in facilitating stem cell therapy and bone tissue 
engineering [112, 113].

Recent studies have demonstrated that gold nanoma-
terials have a positive impact on bone tissue engineer-
ing, which can promote the osteogenic differentiation of 
BMSCs into osteoblasts, thus enhancing cellular osteo-
genesis [32, 33]. Mechanical stimuli have also been 
found to play a crucial role in directing stem cell differ-
entiation, with several signalling molecules implicated 
in mechanical stress-initiated signal transduction [114, 
115]. Among these signalling molecules, MAPK has been 
shown to be activated by mechanical stresses. The activa-
tion of MAPK can link mechanical stress to biochemical 
responses and gene expression [116]. Moreover, MAPK 
pathways play critical roles in guiding MSC commit-
ment to the osteogenic lineage [117]. Previous studies 
have indicated that gold nanoparticles interact with the 
membrane of mesenchymal stem cells and bind with pro-
teins in the cytoplasm after being internalized through 

endocytosis, thus exerting mechanical stress on the cells. 
This mechanical stimulation can correspondingly acti-
vate the MAPK signalling pathway, thus leading to the 
expression of osteogenic genes and the phenotypic dif-
ferentiation of osteocytes [100, 101]. The Wnt/β-catenin 
signalling pathway has also been identified as being a key 
player in osteoblast differentiation [118, 119]. The activa-
tion of this pathway inhibits adipogenic differentiation 
and promotes a shift in cell fate from adipocytes to osteo-
blasts in human adipose-derived mesenchymal stem cells 
(hADMSCs) [120]. Gold nanoparticles have been found 
to promote bone formation by modulating the Wnt/β-
catenin signalling pathway [120]. Specifically, AuNPs 
have been shown to enhance the deposition of calcium 
content and increase the expression of marker genes 
associated with osteogenic differentiation in MSCs. This 
suggests that AuNPs can promote osteogenesis by regu-
lating mRNA expression and mineralization through the 
Wnt/β-catenin signalling pathway (Fig.  3). AuNPs also 
possess considerable promise in the field of regenerative 
medicine due to their biocompatibility and the ability to 
easily modify their surfaces with biomolecules such as 
growth factors, DNA, and peptides. These surface modi-
fications and ligands can alter the physicochemical prop-
erties of the AuNPs. The osteogenic potential of gold 
nanomaterials has been well recognized; additionally, to 
enhance their pharmacodynamic effects, bisphospho-
nates have been introduced as targeting ligands for gold 
materials [121, 122]. Bisphosphonate-modified AuNPs 
have demonstrated increased inhibition of osteoclastic 
activity and have the potential to be used as an effective 
treatment for osteoporosis [123]. Vitamin D is a vital 
nutrient for maintaining normal bone homeostasis, and 
the use of thiol-polyethylene glycol vitamin D to bind 
vitamin D to AuNPs offers an attractive advantage in the 
field of bone tissue engineering [124]. The resulting mate-
rial, which is known as VD-AuNPs, has shown efficacy 
in enhancing the osteogenic differentiation of human 
adipose-derived stem cells (hADSCs) in  vitro. In sum-
mary, AuNPs are highly promising materials for regen-
erative medicine due to their biocompatibility and ease 
of functionalization. By introducing specific ligands such 
as bisphosphonates or thiol-polyethylene glycol vitamin 
D, the osteogenic properties of AuNPs can be enhanced, 
thus making them valuable tools in the field of bone tis-
sue engineering and providing potential solutions for the 
treatment of bone-related disorders.

Conclusions and future perspectives
In recent years, nanomedicine has emerged as a promis-
ing approach to the treatment of osteoporosis. Various 
sizes, shapes, and surface-ligand modifications of AuNPs 
have been developed based on their specific therapeutic 
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effects. For instance, BSA-coated ultrasmall fluorescent 
gold nanoclusters have been utilized for the treatment 
of bone loss. In addition, AuNPs can be combined with 
vesicles [125–127] or incorporated into hydrogel for-
mulations that can be used locally in bone defects with 
slow-release osteogenic effects [128]. However, it should 
be noted that AuNPs do not possess inherent targeting 
abilities. To address this issue, gold composite materials 
with targeting moieties have been investigated for the 
treatment of osteoporosis. For example, bisphosphonates 
and bone-targeting peptides can actively target bone tis-
sue, and gold can be incorporated into their structure to 
form targeted gold clusters for the treatment of osteo-
porosis. These findings highlight the promising role of 
gold nanomaterials in bone tissue engineering and their 
potential for therapeutic applications in bone-related 
disorders. This review mainly summarizes the role of 
AuNPs in osteoporosis. Nevertheless, there are still sev-
eral challenges to overcome in the development process 
of AuNPs, including drug metabolism, safety consid-
erations, in  vivo efficacy, biocompatibility and stability, 
preparation costs, and immunogenicity. Furthermore, it 

is crucial to conduct more in-depth investigations into 
the underlying mechanisms of AuNPs’ effects on osteo-
clast and osteogenic processes are essential. Despite 
these challenges, AuNPs continue to hold promise for the 
treatment of osteoporosis. Building upon the extensive 
research and successful applications of AuNPs in bio-
imaging and disease treatment, it is expected that their 
clinical use in osteoporosis prevention and treatment will 
continue to advance, thus addressing the current chal-
lenges and improving patient outcomes. Our primary 
goal is to establish a solid scientific foundation for the 
clinical development of innovative strategies in osteo-
porosis treatment. However, we acknowledge that this 
endeavor will be both hopeful and challenging.
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Fig. 3 Schematic diagram of the influence of AuNPs on osteogenic and osteoclastic differentiation in bone



Page 12 of 15Gao et al. Journal of Translational Medicine          (2023) 21:889 

GNRs  Gold nanorods
GNSs  Gold nanostars
hADSCs  Human adipose-derived stem cells
hPDLPs  Human bone marrow-derived mesenchymal stem cells
hMSCs  Human mesenchymal stem cells
hPDLCs  Human periodontal ligament cells
MSCs  Mesenchymal stem cells
M-CSF  Macrophage colony-stimulating factor
OPG  Osteoprotegerin
ROS  Reactive oxygen species
RANKL  Receptor activators of nuclear factor-kB ligand
SPR  Surface plasmon resonance

Acknowledgements
Not applicable.

Author contributions
WG conceived and drafted the manuscript. KZ conducted the database 
search and screening. MH, YW and CL reviewed and revised the manuscript. 
All authors contributed to the article and approved the submitted version.

Funding
Not applicable.

Availability of data and materials
All data will be available upon motivated request to the corresponding author 
of the present paper.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors provided their consent to publication.

Competing interests
The authors declare no competing interests.

Received: 27 July 2023   Accepted: 4 October 2023

References
 1. Harvey N, Dennison E, Cooper C. Osteoporosis: impact on health and 

economics nature reviews. Rheumatology. 2010. https:// doi. org/ 10. 
1038/ nrrhe um. 2009. 260.

 2. Lin H, Wang X, Wang L, Dong H, Huang P, Cai Q, Mo Y, Huang F, Jiang 
Z. Identified the synergistic mechanism of for treating fracture based 
on network pharmacology. Evidence-based Complement Altern Med 
ECAM. 2019;2019:7342635. https:// doi. org/ 10. 1155/ 2019/ 73426 35.

 3. Li C, Zhang Y, Chen G, Hu F, Zhao K, Wang Q. Engineered multifunc-
tional nanomedicine for simultaneous stereotactic chemotherapy 
and inhibited osteolysis in an orthotopic model of bone metastasis. 
Adv Mater. 2017. https:// doi. org/ 10. 1002/ adma. 20160 5754.

 4. Carbone EJ, Rajpura K, Allen BN, Cheng E, Ulery BD, Lo KWH. 
Osteotropic nanoscale drug delivery systems based on small mol-
ecule bone-targeting moieties. Nanomed Nanotechnol Biol Med. 
2017;13(1):37–47. https:// doi. org/ 10. 1016/j. nano. 2016. 08. 015.

 5. Shi C, Wu T, He Y, Zhang Y, Fu D. Recent advances in bone-targeted 
therapy. Pharmacol Ther. 2020;207:107473. https:// doi. org/ 10. 1016/j. 
pharm thera. 2020. 107473.

 6. Tiwari PM, Vig K, Dennis VA, Singh SR. Functionalized gold nanoparti-
cles and their biomedical applications. Nanomaterials. 2011;1(1):31–
63. https:// doi. org/ 10. 3390/ nano1 010031.

 7. Klębowski B, Depciuch J, Parlińska-Wojtan M, Baran J. Applications 
of noble metal-based nanoparticles in medicine. Int J Mol Sci. 2018. 
https:// doi. org/ 10. 3390/ ijms1 91240 31.

 8. Xu J, Peng C, Yu M, Zheng J. Renal clearable noble metal nanoparticles: 
photoluminescence, elimination, and biomedical applications Wiley 
interdisciplinary reviews. Nanomedicine Nanobiotechnol. 2017. https:// 
doi. org/ 10. 1002/ wnan. 1453.

 9. Nasibova A. Generation of nanoparticles in biological systems and their 
application prospects. Adv Biol Earth Sci. 2023;8(2):140.

 10. Ahmadov IS, Bandaliyeva AA, Nasibova AN, Hasanova FV, Khalilov RI. 
The synthesis of the silver nanodrugs in the medicinal plant Baikal skull-
cap (Scutellaria baicalensis georgi) and their antioxidant, antibacterial 
activity. Adv Biol Earth Sci. 2020;5(2).

 11. Yeh Y-C, Creran B, Rotello VM. Gold nanoparticles: preparation, 
properties, and applications in bionanotechnology. Nanoscale. 
2012;4(6):1871–80. https:// doi. org/ 10. 1039/ c1nr1 1188d.

 12. Singh P, Pandit S, Mokkapati VRSS, Garg A, Ravikumar V, Mijakovic I. Gold 
nanoparticles in diagnostics and therapeutics for human cancer. Int 
Mol Sci. 2018. https:// doi. org/ 10. 3390/ ijms1 90719 79.

 13. Darweesh RS, Ayoub NM, Nazzal S. Gold nanoparticles and angio-
genesis: molecular mechanisms and biomedical applications. Int J 
Nanomed. 2019;14:7643–63. https:// doi. org/ 10. 2147/ IJN. S2239 41.

 14. Qiao M, Tang W, Xu Z, Wu X, Huang W, Zhu Z, Wan Q. Gold nanoparti-
cles: promising biomaterials for osteogenic/adipogenic regulation in 
bone repair. J Mater Chem B. 2023;11(11):2307–33. https:// doi. org/ 10. 
1039/ d2tb0 2563a.

 15. Elahi N, Kamali M, Baghersad MH. Recent biomedical applications of 
gold nanoparticles: a review. Talanta. 2018;184:537–56. https:// doi. org/ 
10. 1016/j. talan ta. 2018. 02. 088.

 16. Amina SJ, Guo B. A review on the synthesis and functionalization 
of gold nanoparticles as a drug delivery vehicle. Int J Nanomed. 
2020;15:9823–57. https:// doi. org/ 10. 2147/ IJN. S2790 94.

 17. Goulet PJG, Lennox RB. New insights into Brust-Schiffrin metal nanopar-
ticle synthesis. J Am Chem Soc. 2010;132(28):9582–4. https:// doi. org/ 10. 
1021/ ja104 011b.

 18. Dreaden EC, Alkilany AM, Huang X, Murphy CJ, El-Sayed MA. The 
golden age: gold nanoparticles for biomedicine. Chem Soc Rev. 
2012;41(7):2740–79. https:// doi. org/ 10. 1039/ c1cs1 5237h.

 19. Hainfeld JF, Slatkin DN, Smilowitz HM. The use of gold nanoparticles to 
enhance radiotherapy in mice. Phys Med Biol. 2004;49(18):N309–15.

 20. Roa W, Zhang X, Guo L, Shaw A, Hu X, Xiong Y, Gulavita S, Patel S, Sun 
X, Chen J, Moore R, Xing JZ. Gold nanoparticle sensitize radiotherapy of 
prostate cancer cells by regulation of the cell cycle. Nanotechnology. 
2009;20(37):375101. https:// doi. org/ 10. 1088/ 0957- 4484/ 20/ 37/ 375101.

 21. Li J, Hu Y, Yang J, Wei P, Sun W, Shen M, Zhang G, Shi X. Hyaluronic acid-
modified Fe3O4@Au core/shell nanostars for multimodal imaging and 
photothermal therapy of tumors. Biomaterials. 2015;38:10–21. https:// 
doi. org/ 10. 1016/j. bioma teria ls. 2014. 10. 065.

 22. Wang S, Huang P, Nie L, Xing R, Liu D, Wang Z, Lin J, Chen S, Niu G, Lu 
G, Chen X. Single continuous wave laser induced photodynamic/plas-
monic photothermal therapy using photosensitizer-functionalized gold 
nanostars. Adv Mater. 2013;25(22):3055–61. https:// doi. org/ 10. 1002/ 
adma. 20120 4623.

 23. Kong L, Alves CS, Hou W, Qiu J, Möhwald H, Tomás H, Shi X. RGD 
peptide-modified dendrimer-entrapped gold nanoparticles enable 
highly efficient and specific gene delivery to stem cells. ACS Appl Mater 
Interfaces. 2015;7(8):4833–43. https:// doi. org/ 10. 1021/ am508 760w.

 24. Ricles LM, Nam SY, Treviño EA, Emelianov SY, Suggs LJ. A dual gold 
nanoparticle system for mesenchymal stem cell tracking. J Mater Chem 
B. 2014;2(46):8220–30.

 25. Akter R, Ling L, Rupa EJ, KyuPark J, Mathiyalagan R, Nahar J, Won LJ, 
Hyun KD, Murugesan M, Yang DC, Kang SC, Kwak G-Y. Binary effects 
of gynostemma gold nanoparticles on obesity and inflammation via 
downregulation of PPARγ/CEPBα and TNF-α gene expression. Mol-
ecules. 2022. https:// doi. org/ 10. 3390/ molec ules2 70927 95.

 26. Jadhav K, Rajeshwari HR, Deshpande S, Jagwani S, Dhamecha D, Jalal-
pure S, Subburayan K, Baheti D. Phytosynthesis of gold nanoparticles: 
characterization, biocompatibility, and evaluation of its osteoinduc-
tive potential for application in implant dentistry. Mater Sci Eng C. 
2018;93:664–70. https:// doi. org/ 10. 1016/j. msec. 2018. 08. 028.

https://doi.org/10.1038/nrrheum.2009.260
https://doi.org/10.1038/nrrheum.2009.260
https://doi.org/10.1155/2019/7342635
https://doi.org/10.1002/adma.201605754
https://doi.org/10.1016/j.nano.2016.08.015
https://doi.org/10.1016/j.pharmthera.2020.107473
https://doi.org/10.1016/j.pharmthera.2020.107473
https://doi.org/10.3390/nano1010031
https://doi.org/10.3390/ijms19124031
https://doi.org/10.1002/wnan.1453
https://doi.org/10.1002/wnan.1453
https://doi.org/10.1039/c1nr11188d
https://doi.org/10.3390/ijms19071979
https://doi.org/10.2147/IJN.S223941
https://doi.org/10.1039/d2tb02563a
https://doi.org/10.1039/d2tb02563a
https://doi.org/10.1016/j.talanta.2018.02.088
https://doi.org/10.1016/j.talanta.2018.02.088
https://doi.org/10.2147/IJN.S279094
https://doi.org/10.1021/ja104011b
https://doi.org/10.1021/ja104011b
https://doi.org/10.1039/c1cs15237h
https://doi.org/10.1088/0957-4484/20/37/375101
https://doi.org/10.1016/j.biomaterials.2014.10.065
https://doi.org/10.1016/j.biomaterials.2014.10.065
https://doi.org/10.1002/adma.201204623
https://doi.org/10.1002/adma.201204623
https://doi.org/10.1021/am508760w
https://doi.org/10.3390/molecules27092795
https://doi.org/10.1016/j.msec.2018.08.028


Page 13 of 15Gao et al. Journal of Translational Medicine          (2023) 21:889  

 27. Chen Y, Yang C, Dai Q, Tan J, Dou C, Luo F. Gold-nanosphere mitigates 
osteoporosis through regulating TMAO metabolism in a gut microbi-
ota-dependent manner. J Nanobiotechnol. 2023;21(1):125. https:// doi. 
org/ 10. 1186/ s12951- 023- 01872-9.

 28. Zhang S, Zhou H, Kong N, Wang Z, Fu H, Zhang Y, Xiao Y, Yang W, Yan 
F. l-cysteine-modified chiral gold nanoparticles promote periodontal 
tissue regeneration. Bioact Mater. 2021;6(10):3288–99. https:// doi. org/ 
10. 1016/j. bioac tmat. 2021. 02. 035.

 29. Li J, Chen Y, Yang Y, Kawazoe N, Chen G. Sub-10 nm gold nanoparticles 
promote adipogenesis and inhibit osteogenesis of mesenchymal stem 
cells. J Mater Chem B. 2017;5(7):1353–62. https:// doi. org/ 10. 1039/ c6tb0 
3276a.

 30. Favi PM, Gao M, Sepúlveda Arango LJ, Ospina SP, Morales M, Pavon JJ, 
Webster TJ. Shape and surface effects on the cytotoxicity of nanoparti-
cles: gold nanospheres versus gold nanostars. J Biomed Mater Res Part 
A. 2015;103(11):3449–62. https:// doi. org/ 10. 1002/ jbm.a. 35491.

 31. Bai X, Gao Y, Zhang M, Chang Y-N, Chen K, Li J, Zhang J, Liang Y, Kong J, 
Wang Y, Liang W, Xing G, Li W, Xing G. Carboxylated gold nanoparticles 
inhibit bone erosion by disturbing the acidification of an osteoclast 
absorption microenvironment. Nanoscale. 2020;12(6):3871–8. https:// 
doi. org/ 10. 1039/ c9nr0 9698a.

 32. Li J, Li JEJ, Zhang J, Wang X, Kawazoe N, Chen G. Gold nanoparticle 
size and shape influence on osteogenesis of mesenchymal stem cells. 
Nanoscale. 2016;8(15):7992–8007. https:// doi. org/ 10. 1039/ c5nr0 8808a.

 33. Pan T, Song W, Gao H, Li T, Cao X, Zhong S, Wang Y. miR-29b-Loaded 
gold nanoparticles targeting to the endoplasmic reticulum for synergis-
tic promotion of osteogenic differentiation. ACS Appl Mater Interfaces. 
2016;8(30):19217–27. https:// doi. org/ 10. 1021/ acsami. 6b029 69.

 34. Gupta A, Singh S. Multimodal potentials of gold nanoparticles for bone 
tissue engineering and regenerative medicine: avenues and prospects. 
Small. 2022;18(29):e2201462. https:// doi. org/ 10. 1002/ smll. 20220 1462.

 35. Zhang G, Yang Z, Lu W, Zhang R, Huang Q, Tian M, Li L, Liang D, Li C. 
Influence of anchoring ligands and particle size on the colloidal stabil-
ity and in vivo biodistribution of polyethylene glycol-coated gold nano-
particles in tumor-xenografted mice. Biomaterials. 2009;30(10):1928–36. 
https:// doi. org/ 10. 1016/j. bioma teria ls. 2008. 12. 038.

 36. Chou LYT, Chan WCW. Fluorescence-tagged gold nanoparticles for rap-
idly characterizing the size-dependent biodistribution in tumor models. 
Adv Healthcare Mater. 2012;1(6):714–21. https:// doi. org/ 10. 1002/ adhm. 
20120 0084.

 37. Ma X, Wu Y, Jin S, Tian Y, Zhang X, Zhao Y, Yu L, Liang X-J. Gold 
nanoparticles induce autophagosome accumulation through size-
dependent nanoparticle uptake and lysosome impairment. ACS Nano. 
2011;5(11):8629–39. https:// doi. org/ 10. 1021/ nn202 155y.

 38. Tay CY, Cai P, Setyawati MI, Fang W, Tan LP, Hong CHL, Chen X, Leong DT. 
Nanoparticles strengthen intracellular tension and retard cellular migra-
tion. Nano Lett. 2014;14(1):83–8. https:// doi. org/ 10. 1021/ nl403 2549.

 39. Choi HS, Liu W, Misra P, Tanaka E, Zimmer JP, Itty Ipe B, Bawendi 
MG, Frangioni JV. Renal clearance of quantum dots. Nat Biotechnol. 
2007;25(10):1165–70.

 40. Cole LE, McGinnity TL, Irimata LE, Vargo-Gogola T, Roeder RK. Effects of 
bisphosphonate ligands and PEGylation on targeted delivery of gold 
nanoparticles for contrast-enhanced radiographic detection of breast 
microcalcifications. Acta Biomater. 2018;82:122–32. https:// doi. org/ 10. 
1016/j. actbio. 2018. 10. 014.

 41. Li X, Yu L, Zhang C, Niu X, Sun M, Yan Z, Wang W, Yuan Z. Tumor acid 
microenvironment-activated self-targeting & splitting gold nanoassem-
bly for tumor chemo-radiotherapy. Bioactive Materials. 2022;7:377–88. 
https:// doi. org/ 10. 1016/j. bioac tmat. 2021. 05. 050.

 42. Turkevich J, Stevenson PC, Hillier J. A study of the nucleation and 
growth processes in the synthesis of colloidal gold. Discuss Faraday 
Soc. 1951;11:55–75.

 43. Wangoo N, Bhasin KK, Mehta SK, Suri CR. Synthesis and capping of 
water-dispersed gold nanoparticles by an amino acid: bioconjugation 
and binding studies. J Colloid Interface Sci. 2008;323(2):247–54. https:// 
doi. org/ 10. 1016/j. jcis. 2008. 04. 043.

 44. Niidome Y, Nishioka K, Kawasaki H, Yamada S. Rapid synthesis of gold 
nanorods by the combination of chemical reduction and photoirradia-
tion processes; morphological changes depending on the growing 
processes. Chem Commun. 2003;18:2376–7.

 45. Pal A, Esumi K, Pal T. Preparation of nanosized gold particles in 
a biopolymer using UV photoactivation. J Colloid Interface Sci. 
2005;288(2):396–401.

 46. Sau TK, Murphy CJ. Room temperature, high-yield synthesis of multiple 
shapes of gold nanoparticles in aqueous solution. J Am Chem Soc. 
2004;126(28):8648–9.

 47. Chen Y, Gu X, Nie C-G, Jiang Z-Y, Xie Z-X, Lin C-J. Shape controlled 
growth of gold nanoparticles by a solution synthesis. Chem Commun. 
2005;33:4181–3.

 48. Hinman JG, Stork AJ, Varnell JA, Gewirth AA, Murphy CJ. Seed mediated 
growth of gold nanorods: towards nanorod matryoshkas. Faraday 
Discuss. 2016. https:// doi. org/ 10. 1039/ C6FD0 0145A.

 49. An L, Wang Y, Tian Q, Yang S. Small gold nanorods: recent advances 
in synthesis, biological imaging, and cancer therapy. Materials. 2017. 
https:// doi. org/ 10. 3390/ ma101 21372.

 50. Skrabalak SE, Au L, Lu X, Li X, Xia Y. Gold nanocages for cancer detection 
and treatment. Nanomedicine. 2007;2(5):657–68.

 51. Li J, Cai R, Kawazoe N, Chen G. Facile preparation of albumin-stabilized 
gold nanostars for the targeted photothermal ablation of cancer cells. 
J Mater Chem B. 2015;3(28):5806–14. https:// doi. org/ 10. 1039/ c5tb0 
0633c.

 52. Ward CJ, Tronndorf R, Eustes AS, Auad ML, Davis EW. Seed-mediated 
growth of gold nanorods: limits of length to diameter ratio control. J 
Nanomater. 2014;2014:47.

 53. Herizchi R, Abbasi E, Milani M, Akbarzadeh A. Current methods for 
synthesis of gold nanoparticles. Artificial Cells Nanomed Biotechnol. 
2016;44(2):596–602. https:// doi. org/ 10. 3109/ 21691 401. 2014. 971807.

 54. Chen Y-S, Hung Y-C, Liau I, Huang GS. Assessment of the In Vivo toxicity 
of gold nanoparticles. Nanoscale Res Lett. 2009;4(8):858–64.

 55. Naimi-Shamel N, Pourali P, Dolatabadi S. Green synthesis of gold 
nanoparticles using Fusarium oxysporum and antibacterial activity of 
its tetracycline conjugant. J de Mycologie Med. 2019. https:// doi. org/ 
10. 1016/j. mycmed. 2019. 01. 005.

 56. Sharma N, Pinnaka AK, Raje M, Fnu A, Bhattacharyya MS, Choudhury AR. 
Exploitation of marine bacteria for production of gold nanoparticles. 
Microb Cell Fact. 2012;11:86. https:// doi. org/ 10. 1186/ 1475- 2859- 11- 86.

 57. Urnukhsaikhan E, Bold BE, Gunbileg A, Sukhbaatar N, Mishig-Ochir T. 
Antibacterial activity and characteristics of silver nanoparticles biosyn-
thesized from Carduus crispus. Sci Rep. 2021;11(1):21047. https:// doi. 
org/ 10. 1038/ s41598- 021- 00520-2.

 58. Gevorgyan S, Schubert R, Falke S, Lorenzen K, Trchounian K, Betzel C. 
Structural characterization and antibacterial activity of silver nanopar-
ticles synthesized using a low-molecular-weight Royal Jelly extract. Sci 
Rep. 2022;12(1):14077. https:// doi. org/ 10. 1038/ s41598- 022- 17929-y.

 59. Lee KX, Shameli K, Yew YP, Teow S-Y, Jahangirian H, Rafiee-Moghaddam 
R, Webster TJ. Recent developments in the facile bio-synthesis of 
gold nanoparticles (AuNPs) and their biomedical applications. Int J 
Nanomed. 2020;15:275–300. https:// doi. org/ 10. 2147/ IJN. S2337 89.

 60. Philip D. Rapid green synthesis of spherical gold nanoparticles using 
Mangifera indica leaf. Spectrochimica Acta Part A Mol Biomol Spectro-
scop. 2010;77(4):807–10. https:// doi. org/ 10. 1016/j. saa. 2010. 08. 008.

 61. Kumar CG, Poornachandra Y, Mamidyala SK. Green synthesis of bacterial 
gold nanoparticles conjugated to resveratrol as delivery vehicles. Coll 
Surfaces B. 2014;123:311–7. https:// doi. org/ 10. 1016/j. colsu rfb. 2014. 09. 
032.

 62. Manjunath HM, Joshi CG, Raju NG. Biofabrication of gold nanoparticles 
using marine endophytic fungus—Penicillium citrinum. IET Nanobio-
technol. 2017;11(1):40–4. https:// doi. org/ 10. 1049/ iet- nbt. 2016. 0065.

 63. Ahmadov IS, Ramazanli VN. Synthesis of nanoparticles in biological 
systems and their physical chemical characteristics-green synthesis. 
Adv Biol Earth Sci. 2019;4(3).

 64. Korbekandi H, Iravani S, Abbasi S. Production of nanoparticles using 
organisms. Crit Rev Biotechnol. 2009;29(4):279–306. https:// doi. org/ 10. 
3109/ 07388 55090 30624 62.

 65. Esther J, Sridevi VJGB. Synthesis and characterization of chitosan-
stabilized gold nanoparticles through a facile and green approach. 
2017;50:1–5. https:// doi. org/ 10. 1007/ s13404- 016- 0189-1.

 66. Boisselier E, Astruc D. Gold nanoparticles in nanomedicine: prepara-
tions, imaging, diagnostics, therapies and toxicity. Chem Soc Rev. 
2009;38(6):1759–82. https:// doi. org/ 10. 1039/ b8060 51g.

https://doi.org/10.1186/s12951-023-01872-9
https://doi.org/10.1186/s12951-023-01872-9
https://doi.org/10.1016/j.bioactmat.2021.02.035
https://doi.org/10.1016/j.bioactmat.2021.02.035
https://doi.org/10.1039/c6tb03276a
https://doi.org/10.1039/c6tb03276a
https://doi.org/10.1002/jbm.a.35491
https://doi.org/10.1039/c9nr09698a
https://doi.org/10.1039/c9nr09698a
https://doi.org/10.1039/c5nr08808a
https://doi.org/10.1021/acsami.6b02969
https://doi.org/10.1002/smll.202201462
https://doi.org/10.1016/j.biomaterials.2008.12.038
https://doi.org/10.1002/adhm.201200084
https://doi.org/10.1002/adhm.201200084
https://doi.org/10.1021/nn202155y
https://doi.org/10.1021/nl4032549
https://doi.org/10.1016/j.actbio.2018.10.014
https://doi.org/10.1016/j.actbio.2018.10.014
https://doi.org/10.1016/j.bioactmat.2021.05.050
https://doi.org/10.1016/j.jcis.2008.04.043
https://doi.org/10.1016/j.jcis.2008.04.043
https://doi.org/10.1039/C6FD00145A
https://doi.org/10.3390/ma10121372
https://doi.org/10.1039/c5tb00633c
https://doi.org/10.1039/c5tb00633c
https://doi.org/10.3109/21691401.2014.971807
https://doi.org/10.1016/j.mycmed.2019.01.005
https://doi.org/10.1016/j.mycmed.2019.01.005
https://doi.org/10.1186/1475-2859-11-86
https://doi.org/10.1038/s41598-021-00520-2
https://doi.org/10.1038/s41598-021-00520-2
https://doi.org/10.1038/s41598-022-17929-y
https://doi.org/10.2147/IJN.S233789
https://doi.org/10.1016/j.saa.2010.08.008
https://doi.org/10.1016/j.colsurfb.2014.09.032
https://doi.org/10.1016/j.colsurfb.2014.09.032
https://doi.org/10.1049/iet-nbt.2016.0065
https://doi.org/10.3109/07388550903062462
https://doi.org/10.3109/07388550903062462
https://doi.org/10.1007/s13404-016-0189-1
https://doi.org/10.1039/b806051g


Page 14 of 15Gao et al. Journal of Translational Medicine          (2023) 21:889 

 67. Onaciu A, Braicu C, Zimta A-A, Moldovan A, Stiufiuc R, Buse M, Ciocan 
C, Buduru S, Berindan-Neagoe I. Gold nanorods: from anisotropy to 
opportunity An evolution update. Nanomedicine. 2019;14(9):1203–26. 
https:// doi. org/ 10. 2217/ nnm- 2018- 0409.

 68. Cui X, Lai Y, Qin F, Shao L, Wang J, Lin H-Q. Strengthening Fano 
resonance on gold nanoplates with gold nanospheres. Nanoscale. 
2020;12(3):1975–84. https:// doi. org/ 10. 1039/ c9nr0 9976j.

 69. Abbasi J. Gold nanoshells ablate prostate tumors. JAMA. 
2019;322(14):1343. https:// doi. org/ 10. 1001/ jama. 2019. 15868.

 70. Wang C, Wang Y, Zhang L, Miron RJ, Liang J, Shi M, Mo W, Zheng S, Zhao 
Y, Zhang Y. Pretreated macrophage-membrane-coated gold nanocages 
for precise drug delivery for treatment of bacterial infections. Adv 
Mater. 2018;30(46):e1804023. https:// doi. org/ 10. 1002/ adma. 20180 4023.

 71. Chen F, Si P, de la Zerda A, Jokerst JV, Myung D. Gold nanoparticles to 
enhance ophthalmic imaging. Biomater Sci. 2021;9(2):367–90. https:// 
doi. org/ 10. 1039/ d0bm0 1063d.

 72. Niu C, Yuan K, Ma R, Gao L, Jiang W, Hu X, Lin W, Zhang X, Huang Z. 
Gold nanoparticles promote osteogenic differentiation of human peri-
odontal ligament stem cells via the p38 MAPK signaling pathway. Mol 
Med Rep. 2017;16(4):4879–86. https:// doi. org/ 10. 3892/ mmr. 2017. 7170.

 73. Zeng L, Geng H, Gu W, Ma S, Qin Y, Xia S, Chen K, Chang Y-N, Lei R, 
Zhang J, Li J, Xing G, Xing G. Au Nanoparticles attenuate RANKL-
induced osteoclastogenesis by suppressing pre-osteoclast fusion. J 
Nanosci Nanotechnol. 2019;19(4):2166–73. https:// doi. org/ 10. 1166/ jnn. 
2019. 15764.

 74. de Carvalho JO, de Oliveira FC, Freitas SAP, Soares LM, de Barros Lima 
RC, de Gonçalves LS, Webster TJ, Marciano FR, Lobo AO. Carbon nano-
materials for treating osteoporotic vertebral fractures. Curr Osteoporos 
Rep. 2018;16(5):626–34. https:// doi. org/ 10. 1007/ s11914- 018- 0476-2.

 75. Cheng H, Chawla A, Yang Y, Li Y, Zhang J, Jang HL, Khademhosseini A. 
Development of nanomaterials for bone-targeted drug delivery. Drug 
Discovery Today. 2017;22(9):1336–50. https:// doi. org/ 10. 1016/j. drudis. 
2017. 04. 021.

 76. Liang H, Xu X, Feng X, Ma L, Deng X, Wu S, Liu X, Yang C. Gold 
nanoparticles-loaded hydroxyapatite composites guide osteogenic dif-
ferentiation of human mesenchymal stem cells through Wnt/β-catenin 
signaling pathway. Int J Nanomed. 2019;14:6151–63. https:// doi. org/ 10. 
2147/ IJN. S2138 89.

 77. Trono JD, Mizuno K, Yusa N, Matsukawa T, Yokoyama K, Uesaka M. Size, 
concentration and incubation time dependence of gold nanoparticle 
uptake into pancreas cancer cells and its future application to X-ray 
drug delivery system. J Radiat Res. 2011;52(1):103–9.

 78. Ko W-K, Heo DN, Moon H-J, Lee SJ, Bae MS, Lee JB, Sun I-C, Jeon HB, 
Park HK, Kwon IK. The effect of gold nanoparticle size on osteogenic 
differentiation of adipose-derived stem cells. J Colloid Interface Sci. 
2015;438:68–76. https:// doi. org/ 10. 1016/j. jcis. 2014. 08. 058.

 79. Zhang Y, Kong N, Zhang Y, Yang W, Yan F. Size-dependent effects of 
gold nanoparticles on osteogenic differentiation of human periodontal 
ligament progenitor cells. Theranostics. 2017;7(5):1214–24. https:// doi. 
org/ 10. 7150/ thno. 17252.

 80. Bolaños K, Kogan MJ, Araya E. Capping gold nanoparticles with 
albumin to improve their biomedical properties. Int J Nanomed. 
2019;14:6387–406. https:// doi. org/ 10. 2147/ IJN. S2109 92.

 81. Zhang X-D, Luo Z, Chen J, Shen X, Song S, Sun Y, Fan S, Fan F, Leong DT, 
Xie J. Ultrasmall Au (10–12) (SG) (10–12) nanomolecules for high tumor 
specificity and cancer radiotherapy. Adv Mater. 2014;26(26):4565–8. 
https:// doi. org/ 10. 1002/ adma. 20140 0866.

 82. Zhang B, Chen J, Cao Y, Chai OJH, Xie J. Ligand design in ligand-pro-
tected gold nanoclusters. Small. 2021;17(27):e2004381. https:// doi. org/ 
10. 1002/ smll. 20200 4381.

 83. Kumara C, Zuo X, Cullen DA, Dass A. Faradaurate-940: synthesis, mass 
spectrometry, electron microscopy, high-energy X-ray diffraction, and 
X-ray scattering study of Au∼940±20(SR)∼160±4 nanocrystals. ACS 
Nano. 2014;8(6):6431–9. https:// doi. org/ 10. 1021/ nn501 970v.

 84. Jin R. Atomically precise metal nanoclusters: stable sizes and optical 
properties. Nanoscale. 2015;7(5):1549–65. https:// doi. org/ 10. 1039/ c4nr0 
5794e.

 85. Alvarez MM, Chen J, Plascencia-Villa G, Black DM, Griffith WP, Garzón 
IL, José-Yacamán M, Demeler B, Whetten RL. Hidden components in 
aqueous “Gold-144” fractionated by PAGE: high-resolution Orbitrap 
ESI-MS identifies the gold-102 and higher all-aromatic Au-pMBA cluster 

compounds. J Phys Chem B. 2016;120(26):6430–8. https:// doi. org/ 10. 
1021/ acs. jpcb. 6b045 25.

 86. Li K, Zhuang P, Tao B, Li D, Xing X, Mei X. Ultra-Small lysozyme-protected 
gold nanoclusters as nanomedicines inducing osteogenic differentia-
tion. Int J Nanomed. 2020;15:4705–16. https:// doi. org/ 10. 2147/ IJN. 
S2411 63.

 87. Zhang Z, Yao Y, Yuan Q, Lu C, Zhang X, Yuan J, Hou K, Zhang C, Du Z, 
Gao X, Chen X. Gold clusters prevent breast cancer bone metastasis 
by suppressing tumor-induced osteoclastogenesis. Theranostics. 
2020;10(9):4042–55. https:// doi. org/ 10. 7150/ thno. 42218.

 88. Chithrani BD, Ghazani AA, Chan WCW. Determining the size and shape 
dependence of gold nanoparticle uptake into mammalian cells. Nano 
Lett. 2006;6(4):662–8.

 89. Zhou S, Pan Y, Zhang J, Li Y, Neumann F, Schwerdtle T, Li W, Haag R. Den-
dritic polyglycerol-conjugated gold nanostars with different densities 
of functional groups to regulate osteogenesis in human mesenchymal 
stem cells. Nanoscale. 2020;12(47):24006–19. https:// doi. org/ 10. 1039/ 
d0nr0 6570f.

 90. Shan H, Zhou X, Tian B, Zhou C, Gao X, Bai C, Shan B, Zhang Y, Sun S, 
Sun D, Fan Q, Zhou X, Wang C, Bai J. Gold nanorods modified by endog-
enous protein with light-irradiation enhance bone repair via multiple 
osteogenic signal pathways. Biomaterials. 2022;284:121482. https:// doi. 
org/ 10. 1016/j. bioma teria ls. 2022. 121482.

 91. Lin TH, Pajarinen J, Lu L, Nabeshima A, Cordova LA, Yao Z, Goodman 
SB. NF-κB as a therapeutic target in inflammatory-associated bone 
diseases. Adv Protein Chem Struct Biol. 2017;107:117–54. https:// doi. 
org/ 10. 1016/ bs. apcsb. 2016. 11. 002.

 92. Boyce BF, Li J, Xing L, Yao Z. Bone remodeling and the role of TRAF3 in 
osteoclastic bone resorption. Front Immunol. 2018;9:2263. https:// doi. 
org/ 10. 3389/ fimmu. 2018. 02263.

 93. Siddiqui JA, Partridge NC. Physiological bone remodeling: systemic 
regulation and growth factor involvement. Physiology. 2016;31(3):233–
45. https:// doi. org/ 10. 1152/ physi ol. 00061. 2014.

 94. Kim J-M, Lin C, Stavre Z, Greenblatt MB, Shim J-H. osteoblast-osteoclast 
communication and bone homeostasis. Cells. 2020. https:// doi. org/ 10. 
3390/ cells 90920 73.

 95. Feng X, McDonald JM. Disorders of bone remodeling. Annu Rev Pathol. 
2011;6:121–45. https:// doi. org/ 10. 1146/ annur ev- pathol- 011110- 130203.

 96. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and activa-
tion. Nature. 2003;423(6937):337–42.

 97. Wada T, Nakashima T, Hiroshi N, Penninger JM. RANKL-RANK sign-
aling in osteoclastogenesis and bone disease. Trends Mol Med. 
2006;12(1):17–25.

 98. Agidigbi TS, Kim C. Reactive oxygen species in osteoclast differentia-
tion and possible pharmaceutical targets of ros-mediated osteoclast 
diseases. Int J Mol Sci. 2019. https:// doi. org/ 10. 3390/ ijms2 01435 76.

 99. Boyce BF, Xing L. The RANKL/RANK/OPG pathway. Curr Osteoporos Rep. 
2007. https:// doi. org/ 10. 1007/ s11914- 007- 0024-y.

 100. Yi C, Liu D, Fong C-C, Zhang J, Yang M. Gold nanoparticles promote 
osteogenic differentiation of mesenchymal stem cells through p38 
MAPK pathway. ACS Nano. 2010;4(11):6439–48. https:// doi. org/ 10. 1021/ 
nn101 373r.

 101. Heo DN, Ko W-K, Moon H-J, Kim H-J, Lee SJ, Lee JB, Bae MS, Yi J-K, 
Hwang Y-S, Bang JB, Kim E-C, Do SH, Kwon IK. Inhibition of osteoclast 
differentiation by gold nanoparticles functionalized with cyclodextrin 
curcumin complexes. ACS Nano. 2014;8(12):12049–62. https:// doi. org/ 
10. 1021/ nn504 329u.

 102. Suda T, Takahashi N, Udagawa N, Jimi E, Gillespie MT, Martin TJ. Modula-
tion of osteoclast differentiation and function by the new members 
of the tumor necrosis factor receptor and ligand families. Endocr Rev. 
1999;20(3):345–57.

 103. Sul O-J, Kim J-C, Kyung T-W, Kim H-J, Kim Y-Y, Kim S-H, Kim J-S, Choi H-S. 
Gold nanoparticles inhibited the receptor activator of nuclear factor-κb 
ligand (RANKL)-induced osteoclast formation by acting as an antioxi-
dant. Biosci Biotechnol Biochem. 2010;74(11):2209–13.

 104. Lee NK, Choi YG, Baik JY, Han SY, Jeong D-W, Bae YS, Kim N, Lee SY. A 
crucial role for reactive oxygen species in RANKL-induced osteoclast dif-
ferentiation. Blood. 2005;106(3):852–9.

 105. Maggio D, Barabani M, Pierandrei M, Polidori MC, Catani M, Mecocci P, 
Senin U, Pacifici R, Cherubini A. Marked decrease in plasma antioxidants 

https://doi.org/10.2217/nnm-2018-0409
https://doi.org/10.1039/c9nr09976j
https://doi.org/10.1001/jama.2019.15868
https://doi.org/10.1002/adma.201804023
https://doi.org/10.1039/d0bm01063d
https://doi.org/10.1039/d0bm01063d
https://doi.org/10.3892/mmr.2017.7170
https://doi.org/10.1166/jnn.2019.15764
https://doi.org/10.1166/jnn.2019.15764
https://doi.org/10.1007/s11914-018-0476-2
https://doi.org/10.1016/j.drudis.2017.04.021
https://doi.org/10.1016/j.drudis.2017.04.021
https://doi.org/10.2147/IJN.S213889
https://doi.org/10.2147/IJN.S213889
https://doi.org/10.1016/j.jcis.2014.08.058
https://doi.org/10.7150/thno.17252
https://doi.org/10.7150/thno.17252
https://doi.org/10.2147/IJN.S210992
https://doi.org/10.1002/adma.201400866
https://doi.org/10.1002/smll.202004381
https://doi.org/10.1002/smll.202004381
https://doi.org/10.1021/nn501970v
https://doi.org/10.1039/c4nr05794e
https://doi.org/10.1039/c4nr05794e
https://doi.org/10.1021/acs.jpcb.6b04525
https://doi.org/10.1021/acs.jpcb.6b04525
https://doi.org/10.2147/IJN.S241163
https://doi.org/10.2147/IJN.S241163
https://doi.org/10.7150/thno.42218
https://doi.org/10.1039/d0nr06570f
https://doi.org/10.1039/d0nr06570f
https://doi.org/10.1016/j.biomaterials.2022.121482
https://doi.org/10.1016/j.biomaterials.2022.121482
https://doi.org/10.1016/bs.apcsb.2016.11.002
https://doi.org/10.1016/bs.apcsb.2016.11.002
https://doi.org/10.3389/fimmu.2018.02263
https://doi.org/10.3389/fimmu.2018.02263
https://doi.org/10.1152/physiol.00061.2014
https://doi.org/10.3390/cells9092073
https://doi.org/10.3390/cells9092073
https://doi.org/10.1146/annurev-pathol-011110-130203
https://doi.org/10.3390/ijms20143576
https://doi.org/10.1007/s11914-007-0024-y
https://doi.org/10.1021/nn101373r
https://doi.org/10.1021/nn101373r
https://doi.org/10.1021/nn504329u
https://doi.org/10.1021/nn504329u


Page 15 of 15Gao et al. Journal of Translational Medicine          (2023) 21:889  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

in aged osteoporotic women: results of a cross-sectional study. J Clin 
Endocrinol Metab. 2003;88(4):1523–7.

 106. Hikosaka K, Kim J, Kajita M, Kanayama A, Miyamoto Y. Platinum nano-
particles have an activity similar to mitochondrial NADH:ubiquinone 
oxidoreductase. Coll Surfaces B. 2008;66(2):195–200. https:// doi. org/ 10. 
1016/j. colsu rfb. 2008. 06. 008.

 107. Kajita M, Hikosaka K, Iitsuka M, Kanayama A, Toshima N, Miyamoto Y. 
Platinum nanoparticle is a useful scavenger of superoxide anion and 
hydrogen peroxide. Free Radical Res. 2007;41(6):615–26.

 108. Dykman L, Khlebtsov N. Gold nanoparticles in biomedical applications: 
recent advances and perspectives. Chem Soc Rev. 2012;41(6):2256–82. 
https:// doi. org/ 10. 1039/ c1cs1 5166e.

 109. Teitelbaum SL. Bone resorption by osteoclasts. Science. 
2000;289(5484):1504–8.

 110. Alhadlaq A, Mao JJ. Mesenchymal stem cells: isolation and therapeutics. 
Stem Cells Develop. 2004;13(4):436–48.

 111. Colter DC, Sekiya I, Prockop DJ. Identification of a subpopulation 
of rapidly self-renewing and multipotential adult stem cells in 
colonies of human marrow stromal cells. Proc Natl Acad Sci USA. 
2001;98(14):7841–5.

 112. Xin Y, Jiang J, Huo K, Hu T, Chu PK. Bioactive SrTiO(3) nanotube arrays: 
strontium delivery platform on Ti-based osteoporotic bone implants. 
ACS Nano. 2009;3(10):3228–34. https:// doi. org/ 10. 1021/ nn900 7675.

 113. Kaur G, Valarmathi MT, Potts JD, Jabbari E, Sabo-Attwood T, Wang Q. 
Regulation of osteogenic differentiation of rat bone marrow stromal 
cells on 2D nanorod substrates. Biomaterials. 2010;31(7):1732–41. 
https:// doi. org/ 10. 1016/j. bioma teria ls. 2009. 11. 041.

 114. Discher DE, Mooney DJ, Zandstra PW. Growth factors, matrices, and 
forces combine and control stem cells. Science. 2009;324(5935):1673–7. 
https:// doi. org/ 10. 1126/ scien ce. 11716 43.

 115. Rubin J, Rubin C, Jacobs CR. Molecular pathways mediating mechanical 
signaling in bone. Gene. 2006. https:// doi. org/ 10. 1016/j. gene. 2005. 10. 
028.

 116. Kumar A, Chaudhry I, Reid MB, Boriek AM. Distinct signaling pathways 
are activated in response to mechanical stress applied axially and trans-
versely to skeletal muscle fibers. J Biol Chem. 2002;277(48):46493–503.

 117. Xiao G, Jiang D, Thomas P, Benson MD, Guan K, Karsenty G, Franceschi 
RT. MAPK pathways activate and phosphorylate the osteoblast-specific 
transcription factor, Cbfa1. J Biol Chem. 2000;275(6):4453–9.

 118. Heo JS, Lee S-Y, Lee J-C. Wnt/β-catenin signaling enhances osteoblasto-
genic differentiation from human periodontal ligament fibroblasts. Mol 
Cells. 2010;30(5):449–54. https:// doi. org/ 10. 1007/ s10059- 010- 0139-3.

 119. D’Alimonte I, Lannutti A, Pipino C, Di Tomo P, Pierdomenico L, Cianci 
E, Antonucci I, Marchisio M, Romano M, Stuppia L, Caciagli F, Pandolfi 
A, Ciccarelli R. Wnt signaling behaves as a “master regulator” in the 
osteogenic and adipogenic commitment of human amniotic fluid mes-
enchymal stem cells. Stem Cell Rev Rep. 2013;9(5):642–54. https:// doi. 
org/ 10. 1007/ s12015- 013- 9436-5.

 120. Choi SY, Song MS, Ryu PD, Lam ATN, Joo S-W, Lee SY. Gold nanopar-
ticles promote osteogenic differentiation in human adipose-derived 
mesenchymal stem cells through the Wnt/β-catenin signaling pathway. 
Int J Nanomed. 2015;10:4383–92. https:// doi. org/ 10. 2147/ IJN. S78775.

 121. Fanord F, Fairbairn K, Kim H, Garces A, Bhethanabotla V, Gupta VK. 
Bisphosphonate-modified gold nanoparticles: a useful vehicle to study 
the treatment of osteonecrosis of the femoral head. Nanotechnology. 
2011;22(3):035102. https:// doi. org/ 10. 1088/ 0957- 4484/ 22/3/ 035102.

 122. Cole LE, Vargo-Gogola T, Roeder RK. Contrast-enhanced X-ray detection 
of microcalcifications in radiographically dense mammary tissue using 
targeted gold nanoparticles. ACS Nano. 2015;9(9):8923–32. https:// doi. 
org/ 10. 1021/ acsna no. 5b027 49.

 123. Lee D, Heo DN, Kim H-J, Ko W-K, Lee SJ, Heo M, Bang JB, Lee JB, Hwang 
D-S, Do SH, Kwon IK. Inhibition of osteoclast differentiation and bone 
resorption by bisphosphonate-conjugated gold nanoparticles. Sci Rep. 
2016;6:27336. https:// doi. org/ 10. 1038/ srep2 7336.

 124. Nah H, Lee D, Heo M, Lee JS, Lee SJ, Heo DN, Seong J, Lim H-N, Lee Y-H, 
Moon H-J, Hwang Y-S, Kwon IK. Vitamin D-conjugated gold nanoparti-
cles as functional carriers to enhancing osteogenic differentiation. Sci 
Technol Adv Mater. 2019;20(1):826–36. https:// doi. org/ 10. 1080/ 14686 
996. 2019. 16441 93.

 125. Cohen O, Betzer O, Elmaliach-Pnini N, Motiei M, Sadan T, Cohen-
Berkman M, Dagan O, Popovtzer A, Yosepovich A, Barhom H, Michaeli 

S, Popovtzer R. “Golden” exosomes as delivery vehicles to target tumors 
and overcome intratumoral barriers: in vivo tracking in a model for 
head and neck cancer. Biomater Sci. 2021;9(6):2103–14. https:// doi. org/ 
10. 1039/ d0bm0 1735c.

 126. Zhang D, Qin X, Wu T, Qiao Q, Song Q, Zhang Z. Extracellular vesicles 
based self-grown gold nanopopcorn for combinatorial chemo-
photothermal therapy. Biomaterials. 2019;197:220–8. https:// doi. org/ 10. 
1016/j. bioma teria ls. 2019. 01. 024.

 127. Betzer O, Perets N, Angel A, Motiei M, Sadan T, Yadid G, Offen D, Popo-
vtzer R. In vivo neuroimaging of exosomes using gold nanoparticles. 
ACS Nano. 2017;11(11):10883–93. https:// doi. org/ 10. 1021/ acsna no. 
7b044 95.

 128. Lee D, Heo DN, Nah HR, Lee SJ, Ko W-K, Lee JS, Moon H-J, Bang JB, 
Hwang Y-S, Reis RL, Kwon IK. Injectable hydrogel composite containing 
modified gold nanoparticles: implication in bone tissue regeneration. 
Int J Nanomed. 2018;13:7019–31. https:// doi. org/ 10. 2147/ IJN. S1857 15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.colsurfb.2008.06.008
https://doi.org/10.1016/j.colsurfb.2008.06.008
https://doi.org/10.1039/c1cs15166e
https://doi.org/10.1021/nn9007675
https://doi.org/10.1016/j.biomaterials.2009.11.041
https://doi.org/10.1126/science.1171643
https://doi.org/10.1016/j.gene.2005.10.028
https://doi.org/10.1016/j.gene.2005.10.028
https://doi.org/10.1007/s10059-010-0139-3
https://doi.org/10.1007/s12015-013-9436-5
https://doi.org/10.1007/s12015-013-9436-5
https://doi.org/10.2147/IJN.S78775
https://doi.org/10.1088/0957-4484/22/3/035102
https://doi.org/10.1021/acsnano.5b02749
https://doi.org/10.1021/acsnano.5b02749
https://doi.org/10.1038/srep27336
https://doi.org/10.1080/14686996.2019.1644193
https://doi.org/10.1080/14686996.2019.1644193
https://doi.org/10.1039/d0bm01735c
https://doi.org/10.1039/d0bm01735c
https://doi.org/10.1016/j.biomaterials.2019.01.024
https://doi.org/10.1016/j.biomaterials.2019.01.024
https://doi.org/10.1021/acsnano.7b04495
https://doi.org/10.1021/acsnano.7b04495
https://doi.org/10.2147/IJN.S185715

	Multifunctional gold nanoparticles for osteoporosis: synthesis, mechanism and therapeutic applications
	Abstract 
	Background
	Synthesis of gold nanoparticles
	Relationship between the size and shape of AuNPs and osteoporosis
	AuNPs of different sizes
	AuNPs in different shapes
	Gold nanospheres
	Gold nanostars
	Gold nanorods


	Effect of AuNPs on bone homeostasis
	Role of AuNPs in bone resorption
	Role of gold nanoparticles in bone formation

	Conclusions and future perspectives
	Acknowledgements
	References


