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A B S T R A C T

Tissue infection typically results from blood transmission or the direct inoculation of bacteria following trauma.
The pathogen-induced destruction of tissue prevents antibiotics from penetrating the infected site, and severe
inflammation further impairs the efficacy of conventional treatment. The current study describes the size-
dependent induction of macrophage polarization using gold nanoparticles. Gold nanoparticles with a diameter
of 50 nm (Au50) can induce M2 polarization in macrophages by inhibiting the NF-κB signaling pathway and
stimulate an inflammatory response in the environment by inhibiting the MAPK signaling pathway LPS.
Furthermore, the induced polarization and anti-inflammatory effects of the Au50 nanoparticles promoted the
osteogenic differentiation of BMSCs in vitro. In addition, the overexpression of TREM2 in macrophage induced by
Au50 nanoparticles was found to promote macrophage phagocytosis of Staphylococcus aureus, enhance the fusion
of autophagosomes and lysosomes, accelerate the intracellular degradation of S. aureus, in addition to achieving
an effective local treatment of osteomyelitis and infectious skin defects in conjunction with inflammatory regu-
lation and accelerating bone regeneration. The findings, therefore, demonstrate that Au50 nanoparticles can be
utilized as a promising nanomaterial for in vivo treatment of infections.
1. Introduction

Staphylococcus aureus (S. aureus) is one of the most common bacteria
causing tissue infection, which is frequently caused by the invasion of
suppurative microorganisms in trauma [1,2]. The clinical incidence rate
of common tissue infections, such as osteomyelitis, is 1–13 per 100,000
people, and the incidence rate of osteomyelitis in long bones or open
fractures is 4%–64% [3,4], whereas wound infection is the most common
tissue infection caused by trauma and the main complication of surgery
[5,6]. Due to numerous factors, including the low bioavailability of an-
tibiotics, the ineffective sterilization of phagocytes, and the destruction
of infection tissue, determining the optimal treatment strategy for oste-
omyelitis and wound infection remains difficult despite the rapid
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development of medical science. In the case of osteomyelitis, severe and
persistent inflammation plays a crucial role in preventing osteogenesis.
At the site of infection, pathogens can produce bacterial toxins that
severely damage blood vessels and bone tissue, preventing antibiotics
from penetrating the infected area and accelerating bone destruction [7].
In recent years, various materials used in the treatment of osteomyelitis
have achieved satisfactory results [8,9], but there are still some de-
ficiencies, such as secondary injury of material removal, metabolic
toxicity of material in vivo, and its specific molecular mechanism is un-
known. Nanoparticles are designed as nanoscale (1–100 nm) synthetic
building blocks for drug delivery, construct scaffold to fill the repair
promoting factor and other medical applications [10,11]. It has been
shown that nanoparticles interact with biological organisms to produce
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specific biological effects and activate the innate immune system
[12–14]. However, the effects of nanoparticles of various diameters on
cells are quite distinct. According to reports, inflammation induced by
nanoparticles can result in toxicity such as tissue fibrosis or allergy [15,
16]. However, depending on the physical and chemical properties of
nanoparticles, this reaction can also enhance the cellular and humoral
immune response against infection or tumor [17–19]. To promote clin-
ical application, the optimal materials for a potential osteomyelitis
treatment should adhere to a set of standards. Local treatment with a
minimally invasive strategy, for instance, can alleviate the pain of pa-
tients by reducing systemic toxicity and achieve effective bacterial in-
hibition at the site of infection [20]. In addition, materials that can
promote tissue repair are preferable in the treatment of tissue infection,
such as treatment of osteomyelitis with osteogenic materials, which is
typically accompanied by bone degeneration [21,22]. However, pro-
moting tissue regeneration while simultaneously eliminating bacteria
remains a formidable challenge.

As the first line of defense for innate immunity against bacterial in-
vaders, macrophages have the unique function of “swallowing” various
foreign bodies in the human body, preserving normal macrophage func-
tion, and effectively eliminating bacteria from the human body [23].When
macrophages consume bacteria, phagosomes envelop bacteria and fuse
with lysosomes. In the phagolysozyme body, bacteria are digested by en-
zymes and other toxic peroxides, and the destroyed bacteria are then
expelled as soluble fragments [24]. In addition to eliminating bacteria,
macrophages can secrete repair-promoting cytokines via M2 polarization,
thereby accelerating tissue regeneration and promoting wound healing
[25]. Autophagy is a cellular process, which engulfs proteins, lipids, and
organelles into autophages, and targets lysosomes for fusion and degra-
dation. However, it has also been proved to be able to resist the infection of
a variety of pathogenic bacteria [26]. In response, bacteria have developed
numerous strategies to avoid autophagy by interfering with autophagy
signals or mechanisms. In some cases, they use autophagy to stimulate
their own growth [27]. S. aureus has been demonstrated to stay in auto-
phagosomes of macrophages, inhibit lysosomal fusion, and incubate
continuously [28]. Notably, nanoparticles roughly the same size as
invadingmicroorganisms and autologous components have been proved to
induce autophagy via endocytosis/phagocytosis-dependent mechanisms,
oxidative stress, or mTOR-dependent pathways [29–32]. However, how
autophagy regulates bacterial intracellular clearance in response to stim-
ulation by nanomaterials with distinct physical and chemical properties
remains to be determined.

In this research, we investigated the effects of gold nanoparticles on
macrophage cells to eliminate S. aureus and induce polarization, as well
as the molecular mechanism underlying these effects using high-
throughput transcriptome analysis. Our research demonstrates that
Au50 can induce M2 polarization of macrophages to inhibit inflamma-
tory responses, which may be accomplished by inhibiting NF-κB and
MAPK signaling pathways and ultimately promoting tissue repair. In
addition, we demonstrated that 50 nm gold nanoparticles overexpressing
TREM2 promotes macrophage phagocytosis of S. aureus and induce
VAMP8 to interact with STX17 and SNAP29 to promote the fusion of
autophagosomes and lysosomes, enhance the autophagy process, and
accelerate intracellular bacterial degradation. Consequently, we discov-
ered that Au50 nanoparticles have a previously unidentified function and
mechanism in the intracellular sterilization and polarization reaction of
macrophages, which can aid the body in antibacterial and tissue repair.
Furthermore, these findings provide new horizon and scientific basis for
the development of effective antibacterial anti-inflammatory immuno-
therapy utilizing nanoparticles.
2

2. Result

2.1. Size-dependent M2 polarization in macrophages were induced by
Au50 inhibiting the NF-κB signaling pathway

To gain insight into the specific function of engineered nanoparticles
in macrophages, we first synthesized gold nanoparticles (AuNPs) with
average diameters of 10, 20, and 50 nm, and conducted mechanistic
studies by transmission electron microscopy (TEM) (Fig. 1A). The hy-
drodynamic size distribution, polydispersity index, zeta potential and
endotoxin content of Au nanoparticles in a DMEM medium were inves-
tigated (Figure S1A). The cytotoxicity of gold nanoparticles at various
concentrations was found to be extremely low when tested on
RAW264.7 cells (Fig. 1B) and BMDMs (Figure S1B). Consequently, we
selected 200 μg/mL as the experimental concentration of Au nano-
particles for subsequent experiments. Subsequently, we added AuNPs
(200 μg/mL) and LPS (100 ng/mL) to the culture medium for 24 h and
tested the endotoxin levels in their supernatant (Figure S1C) and sedi-
ment (Figure S1D). The results showed that AuNPs were unable to adsorb
LPS. Using TEM, we observed that different-sized Au nanoparticles can
be ingested by RAW264.7 cells (Fig. 1C) and BMDMs (Figure S1E),
allowing them to exert further influence on cells. In order to induce M1
andM2 polarization of macrophages, we initially primed RAW264.7 cells
with lipopolysaccharide (LPS) and interleukin 4 (IL-4). Subsequently,
western blot and flow cytometry were used to detect the polarization
induction of RAW264.7 cells by Au nanoparticles of varying diameters. In
flow cytometry (Fig. 1D), CD86 was utilized as an M1 polarization
marker and CD206 as an M2 polarization marker of macrophages,
whereas in western blot, iNOS and CD86were utilized as M1 polarization
markers and Arg-1 and CD206 was utilized as M2 polarization markers
(Figure S2A). In addition, the RT-PCR was used to measure the mRNA
expression of M1 and M2 polarization markers and cytokines in response
to the same treatment (Figure S2B). The preceding results demonstrate
that Au nanoparticles with three different diameters can induce M2 po-
larization in macrophages, particularly Au50. To confirm the effects of
Au50 nanoparticles in macrophages polarization, we combined Au50
with LPS and IL-4 individually or in pairs to induce the polarization of
RAW264.7 cells (Fig. 1E) and BMDMs (Figure S2C), and estimated the
expression level of polarized labeled proteins. Even in the presence of LPS
stimulation, Au50 was found to induce macrophage M2 polarization. In
addition, the cause of Au50 nanoparticle-induced M2 polarization of
macrophages was investigated. RAW264.7 cells were induced for 48 h
after LPS stimulation for 6 h, and RNA-seq analysis was used to investi-
gate the underlying mechanism of Au50 nanoparticles-induced effects.
Moreover, the GSEA analysis was then used to uncover the underlying
mechanisms of M2 polarization of macrophages induced by Au50, and
the results indicated that the TNF-α signaling via the NF-κB signaling
pathway of HALLMARK was significantly enriched in cluster LPS
(Fig. 1F). This is consistent with previous findings that inhibiting the NF-
κB signaling pathway promotes macrophage M2 polarization [33–35].

In addition, the results of the bioinformatics analysis were validated
through molecular biology. The expression level of NF-κB signaling
pathway proteins was analyzed using western blotting after stimulated
by Au50 and LPS individually or in pairs (Fig. 1G). Immunofluorescence
(Fig. 1H) and nucleoprotein separation experiments (Fig. 1I) confirmed
that Au50 inhibited the nuclear translocation induced by LPS of the p65
protein. The result showed that Au50 was able to inhibit the activation of
the NF-κB signaling pathway induced by LPS. Additionally, we confirmed
the inhibition of Au50 on the NF-κB signaling pathway using a time- and
concentration-dependent gradient (Figure S2D). In addition, inhibitors
(JSH-23, JSH) and activators (Betulinic acid, BetA) of the NF-κB signaling
pathway, along with LPS and Au50, induced the polarization of macro-
phage cells (Figure S2E). Activation of the NF-κB pathway was unable to
induce M1 polarization, while inhibition of the NF-κB pathway was un-
able to induce M2 polarization.
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Fig. 1. Size-dependent M2 polarization in macrophages was induced by Au50 inhibiting the NF-κB signaling pathway. (A) Optical images of Au nanoparticle sus-
pension and TEM analysis of Au nanoparticles. The scale bar presents as indicated. (B) Toxicity of Au nanoparticles with different concentrations (10, 20, 50, 100, 200,
500 μg/mL) on RAW264.7 cells. (C) TEM analysis for the intracellular locations of Au nanoparticles in RAW264.7 cells incubated with 200 μg/mL Au nanoparticles for
48 h. The red arrows indicate nanoparticles. (D) Co-expression of CD86 and CD206 in RAW264.7 cells after LPS (100 ng/mL, 6 h), IL-4 (20 ng/mL, 24 h), and Au
nanoparticles (200 μg/mL, 48 h) treatment. Flow cytometry for M1 and M2, using CD86 as M1 mark, and using CD206 as M2 mark. (E) Immunoblot analysis the
expression of iNOS and Arg-1 of cell lysates of RAW264.7 cells primed with LPS (100 ng/mL, 6 h), IL-4 (20 ng/mL, 24 h), and Au50 nanoparticles (200 μg/mL, 48 h)
treatment. (F) GSEA enrichment plots showing significantly enriched the downregulated signaling pathways of the TNF-α signaling via NF-κB of HALLMARK. (G) LPS
(100 ng/mL, 6 h) and Au50 nanoparticles (200 μg/mL, 48 h) stimulate RAW264.7 cells respectively or in pairs. The expression levels of related proteins in the NF-κB
signaling pathway (IκBα, p65, p-IκBα and p-p65) were analyzed by western blot. (H) The phenomenon of p65 entering the nucleus by RAW264.7 cells was visualized
and imaged under a confocal microscope. The green fluorescence showed that p65 was in the nucleus or cytoplasm after treatment. The nuclear staining was per-
formed by DAPI. (I) The nuclear and cytoplasmic proteins were isolated and extracted, and their p65 protein levels were analyzed by Western blot. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.2. The inflammatory response induced by LPS in macrophages were
attenuated by Au50 through the inhibition of MAPK signaling pathway

In the course of investigating the polarization of macrophages
induced by Au50 nanoparticles, we discovered that macrophage in-
flammatory factors were not secreted in response to Au50 nanoparticle
stimulation (Figure S2B and Fig. 2A). Accordingly, we explored the
impact of nanoparticles on the secretion of inflammatory cytokines. The
RT-PCR was used to detected the mRNA levels of inflammatory cytokines
following stimulation of Au50 and LPS individually or in pairs (Fig. 2B).
To further investigate the mechanism, a Gene Ontology (GO) enrichment
analysis revealed that the term inflammatory response was the most
distinguishing term between the two clusters (Fig. 2C). Moreover, the
GSEA analysis was then used to uncover the underlying mechanisms of
Au50-induced M2 polarization of macrophages, and the results indicated
that the three downregulated pathways, including the Cytokine signaling
pathway of REACTOME, the Inflammatory response of HALLMARK, and
the MAPK signaling pathway of KEGG, were significantly enriched in
cluster LPS (Fig. 2D). Therefore, we hypothesized that Au50 reduces the
inflammatory factor secretion induced by LPS from inhibiting the MAPK
signaling pathway. We clustered all the genes involved in the three GSEA
pathways depicted in Fig. 2C and selected the top 50 genes based on the
degree of differential expression to generate a heat map for gene clus-
tering (Fig. 2E). The above RNA-seq enrichment analysis revealed that
the genetic expression of the MAPK signaling pathway was significantly
lower than that of the LPS cluster. Using a western blot, we determined
that the phosphorylation of p38 and JNK induced by LPS was decreased,
whereas the phosphorylation of ERK has no discernible change when
stimulated by Au50 (Fig. 2F). In addition, we confirmed the inhibition of
Au50 on the MAPK signaling pathway using a time- and concentration-
dependent gradient (Figure S2F). Subsequently, we further investigated
the relationship between MAPK and macrophage M2 polarization or NF-
κB. We use MAPK pathway activators (C16-PAF, C16) and inhibitors
(Doramapimod, Drp) to induce macrophage polarization, either indi-
vidually or in combination with LPS and Au50 (SFig. 2G). The result
showed that activation of the MAPK pathway was unable to induce M1
polarization, while inhibition of the MAPK pathwaywas unable to induce
M2 polarization. Subsequently, we validated the combined effect of NF-
κB and MAPK on the imaging of macrophage M2 polarization. We use
MAPK and NF-κB pathway activators (Gypenoside L, GpL) and inhibitors
(Atraric acid, Atra) to induce macrophage polarization, either individu-
ally or in combination with LPS and Au50 (SFig. 2H). The result showed
that although activation of the NF-κB and MAPK pathway was unable to
induce macrophage M1 polarization, inhibition of the NF-κB and MAPK
pathway was restricted the LPS-triggered M1 polarization and induced
M2 polarization.
2.3. The osteogenesis differentiation of peripheral cells were promoted by
Au50 reducing the secretion of inflammatory factors in macrophage

Our research has shown that Au50 nanoparticles can induce macro-
phages M2 polarization and suppress the secretion of inflammatory
4

cytokines. However, the living environment of macrophages was rela-
tively complex, necessitating additional investigations to explore the
effect of macrophages on peripheral cells stimulated by Au50 nano-
particles. We detected the osteogenic differentiation ability of BMSC after
7 or 14 days of Au50 stimulation using ALP staining. The results showed
that there was no significant difference in the osteogenic differentiation
ability of BMSC after 7 or 14 days of Au50 stimulation (Fig. 3A).
Accordingly, we used bone marrow-derived macrophages (BMDMs) to
create a conditioned medium (CM) to simulate the bone marrow
microenvironment in order to observe the effects of macrophages stim-
ulated by Au50 nanoparticles on osteoblastic differentiation of bone
mesenchymal stem cells (BMSCs). The results demonstrated that alkaline
phosphatase (ALP) staining (Fig. 3B) and alizarin red (AR) staining
(Fig. 3C) confirmed that the osteogenic differentiation of BMSCs
increased after treatment with CM-AuNPs and CM-LPS þ AuNPs,
compared to CM-LPS alone. In addition, the osteogenic differentiation
protein level (Fig. 3D) and mRNA expression (Fig. 3E) of BMSCs
increased following treatment with the CM of BMDMs stimulated by
Au50 nanoparticles, even following treatment with the CM of BMDMs
stimulated by both LPS and Au50 nanoparticles. Subsequently, we
examined the secretion of EGFR and VEGFR that was simultaneously
stimulated by ELISA (Fig. 3F) and RT-PCR (Fig. 3G) in response to the
remarkable cytokines of vascular differentiation. No obvious discrepancy
could be observed in the secretion of EGFR, although the expression level
of mRNA increased. In addition, the secretion andmRNA expression level
of VEGFR increased following treatment with CM-AuNPs and CM-LPS þ
AuNPs, when compared to treatment with CM-LPS. Therefore, this may
be related to the promotion of peripheral cell angiogenic differentiation,
which remains to be further explored.
2.4. The phagocytosis and intracellular sterilization of macrophages to
S. aureus was promoted by Au50 induces overexpressing TREM2

Macrophages were the primary defense cells of the organism in
response to foreign microbes and bacterial infections; however, our
previous experiments demonstrated that the polarization state of mac-
rophages could be altered and inflammatory responses could be sup-
pressed by Au50 nanoparticles, which are also essential mechanisms for
macrophages to deal with the external invasion [36]. Therefore, we
infected macrophages that had been pretreated with Au50 nanoparticles
with S. aureus, co-cultured the Au50 nanoparticles with S. aureus, and
determined the extracellular and intracellular antibacterial effects of
Au50 nanoparticles by bacterial plate count. Through bacterial plate
counting, we tested the extracellular antibacterial activity of Au50
nanoparticles against S. aureus in broth (Figure S3A) and LB (Figure S3B)
culture medium, as well as intracellular (Fig. 4A) antibacterial activity.
The results of the Alma blue staining analysis demonstrated that the
antibacterial activity of Au50 nanoparticles is weaker extracellularly
(Figure S3C) than intracellularly (Figure S3D), which may aid macro-
phages in enhancing bacterial clearance. In the meantime, we obtained
the same results as in Figure S3D by observing the survival of bacteria
cells with live & dead bacterial staining (Figure S3E).
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Fig. 2. The inflammatory response induced by LPS in macrophages were attenuated by Au50 through the inhibition of MAPK signaling pathway. (A) ELISA analysis of
the inflammatory factor secretion of RAW264.7 cells primed with LPS (100 ng/mL, 6 h) and Au nanoparticles (200 μg/mL, 48 h). (B) RT-PCR analysis of the in-
flammatory factor secretion of RAW264.7 cells primed with LPS (100 ng/mL, 6 h), Au50 nanoparticles (200 μg/mL, 48 h), and stimulated with Au50 nanoparticles
after LPS treatment. (C) The 10 top category terms of GO enrichment analysis. The y-axes correspond to the GO terms, and the x-axes show the enrichment factor. (D)
GSEA enrichment plots showing the two significantly enriched and downregulated signaling pathways, including the inflammatory response of HALLMARK and the
MAPK signaling pathway of KEGG. (E) Hierarchical cluster analysis of the 50 top significant differential expression genes in the three downregulated signaling
pathways of GSEA enrichment plots in (D). (F) LPS (100 ng/mL, 6 h) and Au50 nanoparticles (200 μg/mL, 48 h) stimulate RAW264.7 cells respectively or in pairs. The
expression levels of related proteins in the MAPK signaling pathway (JNK, ERK, p38, p-JNK, p-ERK and p-p38) were analyzed by western blot.
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Previous studies demonstrated that S. aureus-infected phagocytes are
engulfed by phagocytosis and degraded by lysosome fusion [37–39].
However, S. aureus could conceal itself in phagosomes and inhibit
autophagy to evade degradation and speed up intracellular proliferation,
thereby infecting and invading the cell or organism continuously [28,
40]. We utilized the SYTO41 nucleic acid probe to label S. aureus and the
Lysotracker to label lysosomes, and observed the intracellular degrada-
tion of S. aureus using a confocal microscope. The results demonstrate
that Au50 nanoparticles can stimulate the formation of lysosomes in
RAW264.7 cells (Fig. 4B) and the phagocytosis of macrophages towards
S. aureus, which was also observed in BMDMs (Figure S3F). Using TEM,
the Au50 nanoparticles were primarily distributed in the phagolysosome
or the cytoplasm compartments and that S. aureus was primarily
distributed in the phagosome or the phagolysosome in RAW264.7 cells
(Fig. 4C) and BMDMs (Figure S3G).

Analysis of the experimental results described above shows that the
Au50 nanoparticles promoted phagocytosis and intracellular sterilization
of S. aureus in macrophages; however, the molecular mechanism remains
unknown. Based on the results of GO enrichment analysis, we selected 6
GO terms associated with bacterial infection and autophagy from the RNA-
seq data and created GO chords (Fig. 4D) and a volcano map (Fig. 4E) of
the involved genes based on the LogFC sequence. TREM2 was the gene
whose expression differed the most between clusters associated with bac-
terial infection and autophagy, and its expression increased in the LPS þ
AuNPs cluster. The phagocytosis of myeloid cells was regulated by TREM2,
the triggering receptor expressed on myeloid cells-2, and the adaptor
protein DAP12 [41]. There are reports in the scientific literature that
TREM2 could promote the clearance of macrophages from bacteria and
increase the immune resistance of the host [42–44]. As a result, we utilized
western blot to verify whether Au50 nanoparticles could induce the
expression of TREM2 and DAP12 in RAW264.7 cells (Figure S4A) and
BMDMs (Figure S4B) following LPS pretreatment. We utilized siRNA to
inhibit TREM2 expression (Figure S4C) and Au50 nanoparticles to stimu-
late siRNA-treated RAW264.7 cells. After TREM2 silencing in 7 cells, Au50
nanoparticles were unable to stimulate TREM2 expression (Figure S4D).
Using TEM, we observed that the phagocytosis of RAW264.7 cells
decreased after TREM2 was knocked down and could not be restored by
stimulation with Au50 nanoparticles (Figure S4E). Therefore, we infer that
Au50 nanoparticles could enhance the bacterial phagocytosis of macro-
phages by overexpressing TREM2. Additionally, we confirmed the impact
of TREM2 knockdown on the autophagy process. After TREM2 knock-
down, autophagosomes were labeled with GFP-LC3 lentivirus transfected
RAW264.7 cells, lysosomes were labeled with Lysotracker, and S. aureus
was labeled with SYTO41. Subsequently, the localization or distribution of
autophagosomes, lysosomes, and S. aureus was observed under the
confocal microscope (Fig. 4F). According to our findings, knocking out
TREM2 inhibits the phagocytosis of S. aureus by cells, and the stimulation
of nanoparticles cannot be enhanced. Meanwhile, we observed that
S. aureus was encapsulated by autophagosomes, but was hardly
co-localized with lysosomes and that knocking down TREM2 had no effect.
In addition, the formation of lysosomes and the fusion of autophagosomes
with lysosomes were promoted, despite the fact that Au50 nanoparticles
did not increase the phagocytosis of macrophages with TREM2 knock-
down. Therefore, we hypothesized that TREM2 was the key gene for Au50
nanoparticles to induce macrophages to phagocytose S. aureus. However,
TREM2 does not interfere with S. aureus in autophagosomes to prevent the
fusion of lysosomes with it, whereas the intracellular sterilization of
6

macrophages by Au50 nanoparticles treatment promoted the fusion of
autophagosome-lysosome.

2.5. The autophagosome-lysosomal fusion was promoted to clear
intracellular S. aureus by Au50 inducing VAMP8 to bind STX17 and
SNAP29

To validate our hypothesis, we analyzed the RNA-seq data. The GSEA
analysis was then used to uncover the underlying mechanisms of intra-
cellular sterilization of macrophages induced by Au50. The results sug-
gested that the two upregulated pathways, Protein localization to
lysosome of GOBP and Lysosome of KEGG, were significantly enriched in
cluster LPS þ AuNPs (Fig. 5A). In RAW264.7 cells, we detected
autophagy-related proteins, including autophagy precursor-related pro-
teins BECLIN1, ATG5, ATG12, and ATG16L1, as well as autophagosome
protein LC3B, autophagy flow degradation-related protein SQSTM1, and
lysosomal marker protein LAMP1 (Fig. 5B). The results demonstrated
that the expression of autophagic flux and autophagic degradation
increased, while the expression of lysosomemarker protein increased but
lysosome-autophagosome fusion was inhibited. The expression levels of
the aforementioned major proteins follow the same pattern in BMDMs
treated with the same agent (Figure S5A). Subsequently, we treated cells
with LPS for 6 h before administering Au50 nanoparticles based on
various time gradients. The expression of autophagy-related proteins and
lysosomal marker proteins increased over time, whereas the expression
of autophagy degradation-related proteins decreased (Fig. 5C). BMDMs
also yielded the same results (Figure S5B).

mRFP-GFP-LC3 (mRFP: Red Fluorescent Marker; GFP: Green Fluo-
rescent Marker) was utilized to monitor autophagic flux in more detail.
During the initial phase of autophagy, mRFP-GFP-LC3 aggregates on
autophagosomes, forming red/green co-localized dots. Then, autopha-
gosomes fuse with lysosomes, leading to the formation of autophagic
lysosomes. Because the acidic environment of lysosomes leads to the
quenching of GFP, only orange fluorescent spots can be detected. Thus,
autophagosomes in cells are represented by bright yellow dots (over-
lapping green and red fluorescence), whereas autophagosomes are rep-
resented by orange dots (quenched green fluorescence). Therefore,
RAW264.7 cells were transfected with mRFP-GFP-LC3 adenovirus; Then,
macrophages were cultured with or without Au50 nanoparticles and
treated with S. aureus for 6 h; Finally, Gentamycin was used to kill the
extracellular bacteria and SYTO41 probe was used to label the intracel-
lular S. aureus. Subsequently, fluorescent spots were detected using a
confocal microscope (Fig. 5D). The results showed that the number of
orange spots significantly increased after Au50 treatment, indicating that
the autophagic flux in macrophages was activated. After incubation with
S. aureus, the number of bright yellow spots increased significantly and
co located with blue spots, while the number of red spots decreased,
indicating that S. aureus hid in autophagosomes to inhibit the formation
of autophagic lysosomes. In contrast, compared with not treated with
Au50, the number of orange spots in macrophages treated with Au50 was
significantly increased when incubated with S. aureus, indicating that
Au50 nanoparticles could restore the autophagic flux blocked by
S. aureus. Similarly, we observed an identical phenomenon in BMDMs
receiving the same treatment (Fig. S5C).

In addition, we investigated the molecular mechanism by which Au50
nanoparticles promote autophagic flow. Previous studies have confirmed
that STX17 was recruited as a transmembrane SNARE protein on



Fig. 3. The osteogenesis and vascular differentiation of peripheral cells were promoted by Au50 reducing the secretion of inflammatory factors in macrophages. (A)
The osteogenic differentiation was analyzed by ALP staining. Conditional medium with different treatments stimulates BMSCs for the detection of osteogenic dif-
ferentiation; the osteogenic differentiation was analyzed by ALP staining (B) and AR staining (C), the related proteins, Cox1, Runx2, Opn, and Ocn protein levels were
analyzed by western blot (D) and RT-PCR (E). The detection of angiogenic differentiation with different treatments stimulates RAW264.7 cells for the secretion of
related cytokines, EGFR and VEGFR were analyzed by ELISA (F) and RT-PCR (G).
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Fig. 4. The phagocytosis and intracellular sterilization of macrophages to S. aureus was promoted by Au50 induce overexpressing TREM2. (A) Representative LB plate
image of CFUs of S. aureus for the bactericidal assay in LB culture medium. (B) The phenomenon of S. aureus being phagocytosed by RAW264.7 cells was visualized
and imaged using a confocal microscope. The red fluorescence showed that lysotracker was in the cytoplasm after treatment. The blue fluorescence showed that the
nuclear and S. aureus stained by SYTO41. (C) The intracellular location of Au50 nanoparticles and S. aureus were analyzed by TEM in RAW264.7 cells after treatment.
The red arrows indicate Au50 nanoparticles, the yellow arrows indicate S. aureus and the blue arrows indicate the autolysosome. (D) The chordal and (E) the volcano
plots of GO enrichment analysis of autophagy and bacterial resistance in RAW264.7 cells after treatment. (F) The phenomenon of S. aureus being phagocytosed and
cleared from the intracellular environment by RAW264.7 cells, with or without Au50 nanoparticles treatment after transfection with TREM2 siRNAs was visualized
and imaged using a confocal microscope. The green fluorescence showed that autophagosome and red fluorescence showed that lysotracker was in the cytoplasm after
treatment. The blue fluorescence showed that the nuclear and S. aureus stained by SYTO41. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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autophagy at the onset of autophagy, forming a ternary SNARE complex
with SNAP29 and VAMP8 to mediate autophagy-lysosome fusion.
Correspondingly, the autophagy-lysosome was formed and STX17 was
transferred to the lysosome after lysosome formation [45]. Consequently,
the interaction between STX17 and two SNARE proteins was essential for
autophagosome and lysosome fusion [46,47]. Therefore, the RAW264.7
cells were stimulated according to the previous protocol, and Co-IPs were
performed to determine whether the proteins formed complexes. These
results demonstrated that the binding of VAMP8 with STX17 and
SNAP29 was increased in Au50 nanoparticles, which may be related to
the increased expression of VAMP8 protein induced by Au50 nano-
particles. However, the binding of STX17 with SNAP29 did not demon-
strate a significant difference (Fig. 5E, Figure S5D, Figure S5E). These
experiments demonstrated that Au50 nanoparticles promoted autopha-
gic flux to eliminate intracellular S. aureus by enhancing the combination
of VAMP8 with STX17 and SNAP29, which is achieved by elevating
VAMP8 expression.

2.6. The regeneration of infectious tissue defect in rat was accelerated by
Au50

Encouraged by the excellent biocompatibility, anti-inflammatory ac-
tivity, and effective intracellular and extracellular antibacterial activity
of the prepared AuNPs, Au50 nanoparticles were selected and used to
evaluate the in vivo wound healing performance in a rat model with
infectious tissue defect. We selected the most commonly used osteomy-
elitis and full-thickness skin defect models in the tissue infectious defect
model. The in vivo therapeutic potential of the AuNPs was finally eval-
uated in a bacteria-infected bone defect (osteomyelitis) model. Following
the creation of a 0.3 cm circular defect in the femur of a rat, 108 colony-
forming units (CFU) of S. aureus, a major bacterial strain used in clinics to
induce osteomyelitis, were injected to induce bone infection [48]. Sub-
sequently, the bone defects of each group were filled with a sterile gel
sponge, the weight of rats in each group was recorded weekly
(Figure S6B), and the overall appearance was observed 42 days after
treatment (Figure S6A) to calculate the healing area of bone defects
(Fig. 6B). On the 42nd day, bone defect area of the defective control
group (Bone Defect Healing Rate, BDHR: 94.08% � 1.29%) and the
S. aureus group that had been treated with Au50 nanoparticles (BDHR:
89.67%� 3.66%) demonstrated the smallest area compared to the native
S. aureus group (BDHR: 26.11% � 8.59%). After treatment with sterile
blank gel, X-ray (Fig. 6A) and Micro-CT (Fig. 6C) reveal progressive
cortical bone destruction in the femur of the bacterial infection group,
whereas the bone defect in the Au50 nanoparticles treatment group has
recovered with minimal holes remaining. In the study of micro-CT
analysis of cortical bone and trabecular bone in rats with bone infec-
tion, we observed significant results between S. aureus and Au50 groups,
in which BV/TV, BMD, Tb⋅Th and Tb⋅N values were lower but Tb⋅SP
values were higher, which may be because long-term bacterial infection
may cause serious damage to the trabecular bone microstructure of these
two groups (Fig. 6D & S6C). Compared with the untreated group, we
observed the increase of BMD, BV/TV, Tb⋅N value and the decrease of
Tb⋅SP value in the infected rats treated with Au50 (Figure S6C), equiv-
alent to defect control group, indicating that Au50 nanoparticles
ameliorated the properties of trabecular bone in infected rats. Although
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bone tissue in the Au50 treatment group regenerates gradually and
long-term Au50 treatment significantly reduces the number of living
bacteria in the bone marrow, after 42 days there is no visible bacterial
colony (Figure S6D).

Histological analysis with HE staining, Masson trichrome, Safranin O
and Gram staining was then conducted to further clarify the quality of
regenerated bone defect tissue infected by S. aureus among the three
groups. HE staining of the femoral medullary cavity of each group is
presented in Fig. 6E. In S. aureus group, intramedullary abscess formation
andmassive inflammatory cell infiltration were observed. In contrast, the
infection in the Au50 nanoparticle treatment group was basically
controlled, and only slight inflammatory reaction remained, which may
be related to the stimulation of S. aureus degradation products on sur-
rounding tissues. In order to further evaluate the effect of Au50 nano-
particles, Masson staining was performed on the femoral medullary
cavity (Fig. 7A). More immature sequestrum formation in S. aureus
group, however, it has better bone mass after treatment with Au50
nanoparticles. Safranin O staining of sections (Figure S6E) showed that
the new bone trabeculae in the defect control group and the Au50 group
contain typical porous structures with a large number of osteoblasts
around them. Such porous structure is conducive to related communi-
cation and aggregation of bone factors, as well as the migration, prolif-
eration, and differentiation of BMSCs, which is conducive to bone defect
repair. Compared with S. aureus group, Au50 group has more new bone
and more orderly trabecular structure, which indicates that adding Au50
nanoparticles can significantly promote the formation of new bone and
repair of bone defects. In addition, compared with the residual infection
in the S. aureus group, Gram staining showed that the bacterial infection
in the group treated with Au50 nanoparticles has been cured
(Figure S6F).

In order to further verify the mechanism of Au50 promoting the
bacteriostasis of phagocyte in tissues, we detected the co localization of
TREM2 (red point), LC3B (green point) and LAMP1 (yellow point) in
different groups by immunofluorescence. The results showed that the
expression of TREM2 and LAMP1 was significantly reduced in the
infection group, and the co-localization of LC3B and LAMP1 was signif-
icantly reduced. However, the expression of TREM2 and LAMP1, as well
as the co-localization of LC3B and LAMP1, were significantly increased in
the Au50 treatment group (Figure S7A). Subsequently, we tested the
immunofluorescence co-localization of STX17 (yellow point), VAMP8
(green point) and SNAP29 (red point) in tissues and found that VAMP8
expression decreased and co-localization with STX17 and SNAP29
decreased in the infection group, while recovery was observed after Au50
treatment (Figure S8A). In addition, we also detected the polarization of
macrophages in tissues through immunofluorescence, and found that the
expression of CD86 (red point) was significantly increased in the infec-
tion group, while the expression of CD206 (green point) was significantly
enhanced in the Au50 treatment group (Figure S9A). Therefore, we also
validated the mechanism of Au50 promoting macrophage clearance of
bacteria in vitro experiments.

Immunohistochemical staining was performed on all three treatment
groups in order to elucidate the anti-inflammatory properties of the Au50
nanoparticles. As an in vivo proinflammatory cytokine, TNF-α is the
primary mediator of the inflammatory response of the host. CD31, also
known as platelet endothelial cell adhesion molecule, is primarily



Fig. 5. The autophagosome-lysosomal fusion was promoted to clear intracellular S. aureus by Au50 inducing VAMP8 to bind STX17 and SNAP29. (A) GSEA
enrichment plots showing the two significantly enriched upregulated signaling pathways including the protein localization to lysosome of GOBP and the lysosome of
KEGG. (B) LPS and Au50 nanoparticles stimulate RAW264.7 cells respectively or in pairs. Related proteins in autophagy, Beclin1, Sqstm1, Atg5, Atg12, Atg16L1, Lc3b,
and Lamp1 protein levels were analyzed by western blot. (C) LPS was used to stimulate RAW264.7 cells, and then stimulated with Au50 nanoparticles at different time
intervals. Related proteins in the autophagy, Beclin1, Sqstm1, Lc3b and Lamp1 protein levels were analyzed by western blot. (D) The phenomenon of autophagosome-
lysosomal fusion to clear the intracellular S. aureus by RAW264.7 cells after infection with mRFP-GFP-LC3 lentivirus with or without Au50 nanoparticles treatment
was visualized and imaged using a confocal microscope. The green and red fluorescence showed that autophagosome was in the cytoplasm after treatment. The blue
fluorescence showed that the nuclear and S. aureus stained by SYTO41. (E) LPS and Au50 nanoparticles stimulate RAW264.7 cells respectively or in pairs, and
subjected to immunoprecipitation using IgG and anti-VAMP8 antibody. Input and pellet fractions were analyzed by western blot using the antibodies indicated. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. The repair of femoral osteomyelitis in rats was accelerated by Au50. (A) X-ray image of femoral osteomyelitis in rats at 14 days, 28 days, and 42 days after
treatment in each group and the bong defect healing rate (B). The red arrow indicates the bone defect of osteomyelitis. (C) The micro-structure of the femoral in-
fectious defect was analyzed by micro-CT, including coronal plane and horizontal plane and the BV/TV were measured (D). (E) H & E staining of femoral osteomyelitis
of rats in each group after 42 days of treatment. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 7. The Au50 inhibit the secretion of inflammatory factors in vivo. (A) Masson staining of femoral osteomyelitis of rats in each group. Representative immu-
nohistochemical TNF-α (B) and IL-6 (C) stained wound sections in each group.
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utilized to demonstrate the presence of endothelial cells and to assess
angiogenesis. By inhibiting the release of growth hormones, an increase
in TNF-α has the potential to delay wound healing [49]. We have verified
the anti-inflammatory effect of Au50 nanoparticles in vivo in the model
of infectious skin defect, and we have also found the same effect in the
model of osteomyelitis. Immunohistochemical staining of all three
12
treatment groups showed that the infected S. aureus group treated with
Au50 nanoparticles showed lower TNF-α (Fig. 7B) and IL-6 (Fig. 7C)
secretion or higher CD31 (Figure S9B) and TGF-β (Figure S9C) secretion
than the infected S. aureus group, and the difference was statistically
significant (p < 0.05) (Figure S9D-G). These results indicate that Au50
nanoparticles can inhibit inflammation and promote tissue repair in
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infected tissues. In addition, for nanoparticles used in vivo, we examined
the toxicity of the major organs of rats and determined that Au50 would
not be toxic in vivo (Figure S9H).

Finally, the in vivo performance of Au50 nanoparticles in the treat-
ment of infected wounds was investigated (Figure S10A, Figure S10B).
On the 3rd, 7th, and 14th day, wound contraction in the S. aureus group
treated with Au50 nanoparticles (S. aureusþ AuNPs Group) was superior
to other S. aureus group (S. aureus Group) and comparable to the defec-
tive control group (Defect Group). On the 3rd day, wounds of the
defective control group (Wound Healing Rate, WHR: 52.08% � 4.17%)
and the S. aureus group that had been treated with Au50 nanoparticles
(WHR: 39.68% � 2.09%) demonstrated the smallest area compared to
the native S. aureus group (WHR: 27.03% � 3.67%). Importantly, at the
7th day, the S. aureus group treated with AuNPs (WHR: 72.33%� 3.68%)
had a higher wound healing rate than the native S. aureus group (WHR:
52.98%� 4.43%), whereas the defective control group (WHR: 79.88%�
3.23%) and the S. aureus group treated with AuNPs remained at the same
level, indicating that wounds of the S. aureus group treated with AuNPs
healed faster than that of the native S. aureus. On the 14th day, wounds
for S. aureus treated with AuNPs (WHR: 98.92% � 0.52%) and defective
control group (WHR: 99.93% � 0.83%) were observed to have healed,
whereas wounds for S. aureus group (WHR: 88.70% � 2.95%) did not
appear to have healed. Meanwhile, we also recorded the weight of rats in
each group on days 3, 7, and 14.

As shown in Figure S10C, all groups regenerated new epidermis at the
wound site 14 days after treatment. Compared with the other two groups,
S. aureus dressings showed different degrees of inflammatory cell infil-
tration around the wound, suggesting that AuNPs are beneficial to reduce
inflammatory response and promote epidermal remodeling. Further-
more, at day 14, hair follicle and angiogenesis were observed in S. aureus
treated with Au50 nanoparticles. No significant skin appendage regen-
eration was observed in the S. aureus group, which still contained a large
amount of immature tissue. Collagen fibers are a key component of
granulation tissue and the extracellular matrix of the dermis. Further-
more, they play a crucial role in wound healing in cell differentiation,
tissue repair, and organ nutrition [50]. The amount of collagen deposited
at the wound site is also an important indicator of the success of wound
repair [51]. Therefore, we used Masson's trichrome staining and
blue-stained collagen to determine total collagen levels in the healing
wounds to further assess wound healing progress with each of the three
treatments. After 14 days of healing, as shown in Figure S10D, the
S. aureus group treated with Au50 nanoparticles developed relatively
denser and more continuous mature collagenous fibers than the defective
control group. This suggests that, macroscopically, the S. aureus group
treated with Au50 nanoparticles was comparable to the defective control
group for wound contraction (Figure S10A), and superior to the S. aureus
group due to a higher collagen level. In addition, Gram staining revealed
that the bacterial infection in the S. aureus group treated with Au50
nanoparticles was essentially cured, whereas the S. aureus group was still
infected 14 days after healing (Figure S11B).

In order to evaluate the level of inflammation in wound tissue on days
3, 7, and 14, TNF-α and CD31 expression were measured. As shown in
Figures S11C, the infected S. aureus group treated with Au50 nano-
particles exhibited lower TNF-α expression than the infected S. aureus
group at each detection timepoint. On the third day, there was a statis-
tically significant difference between the infected S. aureus group that
was treated with Au50 and the infected S. aureus group that was not
treated (Figure S11C). As shown in Figure S11D, the S. aureus group had
the lowest level of CD31 expression overall, with statistical difference
compared with the other two groups. These results also confirm our
previous findings that compared with the Staphylococcus aureus group,
the Au50 treatment group has a significant effect on the inhibition of
TNF-α level, the inhibition of inflammatory reaction and the stimulation
of angiogenesis are better. Similarly, we examined the toxicity of the
major organs of rats and determined that Au50 would not be toxic in vivo
(Figure S11E).
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3. Discussion

Although systemic administration of antibiotics typically results in
the cure of the majority of infectious diseases, more effective dose is
required in the case of infectious tissue defect such as osteomyelitis or
skin defect due to its unique anatomical characteristics, which result in
the treatment concentration of antibiotics being continuously below the
MIC for invasive pathogens [52]. Widespread use of PMMA beads con-
taining antibiotics has significantly improved osteomyelitis treatment
outcomes in clinical practice. However, poor release kinetics leads to
insufficient drug elution, and the thermal energy of polymerization may
result in host tissue damage [53]. The surface ratio and the number of
atoms near the surface of nanomaterials vary with particle size, which
explains why the properties of nanomaterials with different particle sizes
are obviously distinct. Therefore, based on the numerous advantages of
nanomaterials, such as their large surface area-to-mass ratio, good me-
chanical properties, and biocompatibility, they can be used to involve
highly specific materials and interact with human cells at the molecular
level to achieve the greatest therapeutic effect with the fewest side effects
[54,55]. In recent years, an increasing number of researchers have
examined the differences between the effects of nanomaterials with
different particle sizes, shapes, and structures on cells, and then the role
of nanomaterials themselves [56–59]. This study, therefore, investigated
the various functions of gold nanoparticles with varying particle sizes and
the underlying molecular mechanism and developed Au50 nanoparticles
as a promising nanomaterial for the treatment of infection in vivo.

Previous research has demonstrated that stem cells play a role in
tissue repair, and the osteoblastic differentiation of stem cells is affected
differently by various nanoparticle shapes and sizes [60–63]. As
confirmed from our findings, Au50 nanoparticles can induce RAW264.7
cells and BMDMs M2 polarization to weaken inflammatory response
through the inhibition of NF-κB andMAPK signaling pathways, as well as
promote BMSC osteogenic differentiation in a conditioned medium
environment. We did not observe the macrophage polarization response
when NF-κB or MAPK activator was used, nor did we observe the
decrease in LPS-induced macrophage M1 polarization when NF-κB or
MAPK inhibitor was used. However, we observed the decrease in M1
polarization when NF-κB and MAPK activator was used, and partial in-
duction of M2 polarization when NF-κB and MAPK inhibitor was used in
macrophages. Accordingly, we hypothesized that the polarization of
macrophage M1 was related to many factors, of which the NF-kB and
MAPK pathways were only a part. However, when LPS-triggered M1
polarization occurred, inhibiting NF-kB and MAPK could restricted M1
polarization and partially transform into M2 polarization. We believe
that the M2 polarization effect induced by Au50 in macrophages is not
entirely regulated by the NF-kB and MAPK signaling pathways, but is
partially regulated or caused by the interaction of multiple pathways,
which requires further investigation.

Previous research has demonstrated that the antibacterial capability
of gold nanoparticles is dependent on their morphology, with star- and
flower-shaped nanoparticles exhibiting the most potent antibacterial ef-
fects [64]. In addition, the antibacterial mechanisms of AuNPs against
various bacteria vary. AuNPs eliminate bacteria in S. aureus by increasing
ROS production and inhibiting DNA transcription [65,66]. AuNPs can
induce vesicle formation and combine with DNA to inhibit transcription
in Escherichia coli in order to resist bacterial infection [66,67]. In Strep-
tococcus pneumoniae, AuNPs form inclusion bodies within bacteria to
destroy biofilm and serve an antibacterial function [68]. AuNPs can also
cause intracellular bivalent cation homeostasis to break down. Antibi-
otics can induce the accumulation of intracellular ROS. The synergistic
effect of the two can result in the death of salmonella cells via apoptosis
[69]. In the phagocytic phase, we discovered that the overexpression of
TREM2 in macrophage induced by Au50 nanoparticles enhanced
macrophage bacterial phagocytosis. TREM2 is a macrophage phagocytic
receptor that controls macrophage immune function by fine-tuning ROS
production and boosts the host's defense against bacterial infection [43,



Fig. 8. Scheme illustration for Au50 promoting tissue repair of S. aureus infection. Au50-nanoparticle-induced infective tissue repair requires dual function: (1) Au50
nanoparticles promote macrophages M2 polarization and reduce the secretion of inflammatory factors through the inhibition of NF-κB and MAPK signaling pathways
to promote tissue regeneration and (2) improving phagocytosis of macrophages by overexpressing TREM2 and enhance the interaction of VAMP8 with STX17 and
SNAP29 to promote the fusion of autophagosomes and lysosomes to eliminate intracellular bacteria. Through dual functions, Au50 nanoparticles promotes the
regeneration of infected skin defects and the repair of femoral osteomyelitis in rats. Created with BioRender.com.
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70]. We discovered that phagocytosis of macrophages decreased signif-
icantly following the knockdown of TREM2 with siRNA, whereas Au50
could not increase the gene expression level of TREM2 following the
knockdown of siRNA. This may be associated with the site at which Au50
stimulates TREM2 expression, which requires further investigation. In
the context of intracellular bacterial elimination, our research demon-
strates that Au50 nanoparticles degrade S. aureus hiding in autophago-
somes by promoting autophagosome-lysosome fusion. During
autophagy, autophagosomes ingest pathogens, organelles, and bacteria
before transporting them to lysosomes for degradation. The fusion of
autophagosomes and lysosomes is essential for the autophagic flow to
proceed smoothly [71]. STX17 was recruited to autophagosomes during
the process of fusion. STX17 formed a SNAP ternary complex with
SNAP29 on the autophagosome membrane and VAMP8 on the lysosome
membrane to mediate the fusion of autophagosome and lysosome after
autophagosome phagocytosis bacteria reachedmaturity. After autophagy
lysosome formation, STX17 translocated to the lysosome and then exited
the lysosome [45,72]. Therefore, we found that Au50 nanoparticles
promote the formation of SNAP ternary complex by promoting the
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combination of VAMP8 with STX17 and SNAP29, which may be related
to inducing the overexpression of VAMP8. We believe that this is the key
to its ability to promote the fusion of autophagic lysosomes and thus
enhance the autophagic process of intracellular bacteria. To determine
whether Au50 affects the lysosomal translocation of STX17, more
research is required to determine the precise binding site and mode of
Au50, which stimulates the binding of SNAP ternary complex.

To summarize, we demonstrated in vitro that Au50 nanoparticles can
induce M2 polarization of macrophages to diminish inflammatory
response, as well as induce intracellular bacterial degradation by pro-
moting the fusion of autophagosomes and lysosomes. Meanwhile, we
constructed in vivo rat models of infectious skin lesions and osteomyelitis
to confirm that Au50 has clinical potential for accelerating the repair of
infectious tissue damage (Fig. 8).

4. Conclusions

In conclusion, our study demonstrates that the diameter of nano-
particles plays a crucial role in determining the polarization effect on
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macrophages. The size of 50 nm gold nanoparticles is optimal for pro-
moting macrophages M2 polarization and inhibiting the secretion of
inflammatory factors. In addition, we confirmed that Au50 can enhance
the phagocytosis of macrophages toward S. aureus by overexpressing
TREM2 and promoting the interaction of VAMP8 with STX17 and
SNAP29 to enhance the fusion of autophagosome lysosomes and induce
the degradation of intracellular bacteria. In addition, Au50 nanoparticles
with their good biocompatibility have been demonstrated to be effective
biomaterials for the treatment of infection in vivo, while Au50 nano-
particles can also down-regulate inflammatory response-related path-
ways, reduce the secretion of inflammatory factors, and promote bone
formation and vascular differentiation by promoting macrophage secre-
tion of repair promoting factors, so as to speed up the tissue regeneration
of infected sites. Due to their properties of promoting macrophage
phagocytosis, sterilization, and repair, Au50 nanoparticles have a high
clinical potential in the treatment of infection in vivo.

5. Materials and methods

5.1. Synthesis of Au nanoparticles

All necessary glasswares were soaked in aqua regia for 24 h, and then
used after drying. Subsequently, sodium citrate was added to 150 mL of
ultrapure water, heated to 110 �C, followed by the addition of HAuCl4 to
react for 10 min. The resultant solution was then cooled to 90 �C, and
sodium citrate and HAuCl4 were added over the course of 2 min, to allow
a subsequent reaction of 30 min. The preceding steps were then repeated
to obtain gold nanoparticles with varying particle sizes.

5.2. Dynamic light scattering analysis

The hydrodynamic diameter and zeta potential of AuNPs were
determined by dynamic light scattering (DLS) in a submicron particle size
and zeta potential analyzer manufactured by Beckman Coulter called
DelsaNano C. Number distribution on a normalized scale was used to
conduct measurements. At 25 �C DEME was used as a dispersing medium
for the measurements (viscosity 0.8872 cP; dispersant dielectric constant
78.5; dispersant refraction index 1.330). To conduct DLS analysis, both
AuNPs and AuNPs (2 mg/mL) stocks were diluted 1:1 v/v.

5.3. Macrophage cell culture

RAW264.7 cells were obtained from the American Type Culture
Collection (ATCC) and cultivated in RPMI 1640 medium (Gibco) sup-
plemented with 10% heat-inactivated foetal bovine serum (Gibco) at 37
�C and 5% CO2. C57 mice aged 4–6 weeks were anesthetized and then
decapitated. The femur and tibia were uncovered by slicing the skin.
Subsequently, the bone fragments from above the hip joint and below the
knee joint were placed in the sterile culture medium. A 10 cm culture
dish was then taken, and the severed ends of the femur or tibia were
placed therein, to flush the bone marrow into the culture dish using a 1
mL syringe. Subsequently, macrophages derived from bone marrow were
cultured in DMEM medium (Gibco) supplemented with 10% heat-
inactivated foetal bovine serum (Gibco) and 30 ng/mL M-CSF (Pepro-
tech, USA) at 37 �C and 5% CO2.

5.4. Transmission electron microscopy analysis

The physical characterization of synthesized AuNPs was accom-
plished by TEM using JEM-1230 (JEOL company, Peabody, MA) instru-
ment working at an accelerating voltage of 100 kV. More than 100
particles were measured in a random field of vision, and the average
particle size and standard deviation were calculated using images. The
collected data were analyzed by ImageJ software (Version 1.50, National
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Institutes of Health, Bethesda MD, USA).
5.5. Reagents and antibodies

LPS, IL-4 and all ELISA kits were obtained from R&D Systems (R&D
Systems, USA). Cell culture reagents, including DMEM, Foetal bovine
serum (FBS), antibiotics, trypsin–EDTA, PBS and other reagents were
purchased from Thermo (Waltham, MA, USA). Monoclonal mouse anti-
beta-actin (ab8226), polyclonal rabbit anti-iNOS (ab178945), anti-Liver
Arginase (ab233548), anti-Mannose Receptor (ab64693), anti–NF–κB
p65 (ab32536), anti-IκB alpha (ab32518), anti-phospho-IκB alpha
(ab133462), anti-ERK (ab184699), anti-phospho-ERK (ab201015), anti-
p38 (ab170099), anti-COX1 (ab109025), anti-RUNX2 (ab92336), anti-
Osteopontin (ab63865), anti-TREM2 (ab305103), anti-DAP12
(ab283679), anti-ATG5 (ab108327), anti-ATG12 (ab303488), anti-
ATG16L1 (ab188642), anti-STX17 (ab229646), anti-VAMP8 (ab76021),
anti-SNAP29 (ab138500), anti-TNF alpha (ab1793), anti-CD31
(ab281583), anti-IL-6 (ab290735), and anti-TGF beta 1 (ab215715)
were obtained from Abcam (Cambridge, MA). Polyclonal rabbit anti-
Histones H3 (#4499), anti-Phospho–NF–κB p65 (#3033), anti-JNK
(#9257), anti-Phospho-JNK (#9255) and anti-Phospho-p38 (#4511)
were obtained from Cell Signaling (Danvers, MA, USA). Polyclonal rabbit
anti-Osteocalcin (AB10911), anti-Beclin1 (SAB5700251), anti-SQSTM1
(SAB5700845), anti-LC3B (L7543), and anti-LAMP1 (SAB3500285) were
obtained from Sigma Aldrich (St. Louis, MO, USA).
5.6. Cell viability assay

Each well was filled with CCK8 solution, and the samples were
incubated for 2 h at 37 �C. To determine cell viability, the absorbance
was measured at 450 nm using a microplate spectrophotometer (Spec-
traMax; Molecular Devices, Sunnyvale, CA). Three independent experi-
ments were conducted in triplicate.
5.7. TREM2 small interfering RNAs (siRNAs), plasmids and cell
transfection

Small interfering RNA (siRNA) oligonucleotides against TREM2 and
the scrambled sequences were synthesized by Genomeditech Company
(Shanghai, China). The sequences of the following siRNAs are listed in
Supplementary Table1 A. According to the manufacturer's recommen-
dation, use Lipofectamine 3000 (Invitrogen, USA) for transfection.
5.8. RNA isolation and real-time PCR

According to the manufacturer's instructions, total RNAwas extracted
from cells in each group using TRIzol reagent (Invitrogen, CA, USA). For
each sample, use MLV reverse transcriptase to reverse transcribe 1 mg
RNA according to the instructions. Use SYBR ® Quantitative real-time
PCR of specific transcripts by Premix DimerRaser ™ (TaKaRa, Japan),
and use RT-qPCR in ViiA for analysis ™. The primers used for real time
PCR are listed in Supplementary Table1 B.
5.9. ELISA

After the indicated treatment, macrophage medium was collected.
The abundances of IL-1β, TNF-α, IL-6 and IL-1α were examined using
mouse IL-1β (Abcam, ab197742), TNF-α (Abcam, ab208348), IL-6
(Abcam, ab222503) and IL-1α (Abcam, ab199076) ELISA kit in line
with the guide of manufacturer. The outcomes are expressed in pico-
grams per milliliter.
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5.10. Immunofluorescence and image quantification

Fixed the cells with 4% PFA for 15 min, washed with PBS, and then
broken with Triton �100 at room temperature for 20 min. After being
washed again, the cells were incubated with closed buffer (PBS con-
taining 10% goat serum and 1% BSA) for 1 h. Add antibody (1:400
dilution) and incubate at 4 �C overnight. After washing with TBS-T three
times for 5 min, incubate goat anti-rabbit IgG antibody with 1:200
dilution conjugated with Alexa Fluor (Life Technologies, USA) in the dark
at room temperature for 30 min. After washing in TBS-T solution, the
nuclear DNA was stained with DAPI (Dojindo, Japan) for 5 min. Cover
the petri dish with PBS and obtain the fluorescence microscope image
(Olympus, Japan).

5.11. Nuclear and cytoplasmic extraction

After treatment, according to the instructions provided by the
manufacturer, collect cells and use the nuclear extraction kit (Beyotime,
China) to extract the nucleus and cytoplasmic protein, and determine the
quality and purity of subcellular classification by using the immuno-
blotting of antibodies against the cytoplasm (β-actin) and cytoplasmic
(Histones H3) protein.

5.12. Western blot analysis

After treatment, the cells were washed with cold PBS, and then ice-
cold RIPA (Beyotime Biotechnology, Jiangsu, China) containing 10 mM
phenylmethanesulfonyl fluoride (PMSF) was added and cracked on the
ice for 30 min. Use the BCA assay kit (Beyotime Biotechnology, China) to
determine the concentration of total cell protein. SDS-PAGE gel electro-
phoresis was used to separate and transfer the protein to polyvinylidene
fluoride (PVDF) membrane. After the membrane was sealed in 5%
skimmed milk dissolved in PBST buffer for 1 h, the membrane and the
primary antibody were incubated overnight at 4 �C. After washing with
TBS-T, the secondary antibody (1:5000, Abgent) conjugated with cor-
responding HRP was incubated at room temperature for 1 h. ECL kit
(Pierce Chemical, Rockford, IL, USA) and Bio-Rad ChemDoc MP imaging
system were used for chemiluminescence detection. Each experiment
was conducted three times. Finally, the gray value of the band is analyzed
by Image J software (National Institutes of Health).

5.13. Co-immunoprecipitation (Co-IP)

Resuspend cell particles in NP40 lysis buffer containing protease in-
hibitor, 14,000� G Centrifuge for 5 min. The supernatant was incubated
overnight with the antibody of binding protein Aþ g magnetic beads at 4
�C. Before Western blot analysis, the beads were washed three times with
pyrolysis buffer.

5.14. Staphylococcus aureus infection and assessment of bacterial killing

S. aureus in the mid-log phase was diluted to 106 CFU/mL; 50 μL of the
bacteria suspension was added to 5.0 mL of LB broth containing AuNPs,
and the mixture was incubated at 37 �C with gentle shaking. At pre-
determined intervals, 50 μL of each suspension was spread on the agar
plate, followed by a 24-h incubation at 37 �C. The number of visible
colonies was determined, and the average CFU results were graphed
against time on a log scale. Just before the cell infection, Staphylococcus
aureuswas evenly dispersed through a vortex oscillator and suspended in
OD600 of 0.1 (about 1 � 108 CFU) in the infection medium (RPMI-1640,
10% FBS), diluted to reach the infection multiplicity (MOI) of 10:1, and
then evenly dispersed again through the eddy current oscillator. Notably,
1.5 � 106 RAW264.7 cells were seeded into a 6-well plate well (Costar,
Jiangsu, China). After treatment with AuNPs for 48 h, cells were infected
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for 60 min with S. aureus in the early stationary phase. The extracellular
bacteria were then eradicated by the addition of 200 μg/mL gentamicin
for 30 min at 37 �C, followed by the addition of fresh RPMI-1640 con-
taining 10% FBS to the infected cells (0 hpi). The supernatants of infected
cell cultures were removed and cells were lysed by the addition of 20 μL
of 0.1% Triton X-100. Extracellular bacteria were not removed. The su-
pernatants were then combined with the lysates of the corresponding
cells. Colonies were counted on plates containing dilutions yielding
30–300 visible colonies. The Live/Dead bacteria staining kit (Yeasen
Biotechnology, Shanghai) was used to evaluate the cytotoxicity of bac-
terial survival in cell lysate after AuNPs treatments, as specified by the
manufacturer.

5.15. Tandem mrfp-gfp-lc3 and GFP-LC3 fluorescence microscopy and
measurement of lysosome distribution

To investigate autophagic flux, macrophages were transfected with an
adenovirus expressing mRFP-GFP-LC3 (Genomeditech, China) for 48 h
and then treated with AuNPs and infected with S. aureus. Macrophages
were washed in PBS and incubated at 37 �C for 30 min with LysoTracker
Deep Red (1/1000) and SYTO41 (1/500) to determine lysosome posi-
tion. The cells were then photographed and analyzed using a confocal
microscope (Olympus, Japan).

5.16. Experimental rat osteomyelitis and infectious skin defect model and
treatment

Zoletil®50 was injected intramuscularly in accordance with 1 mL/kg
body weight. After administering anesthesia, preparing the skin and
disinfecting the thigh, a longitudinal incision was made on the antero-
lateral side of the rat femur to cut the skin, subcutaneous tissue, and deep
fascia, exposing the femur along the space between the rectus femoris
and the medial femoris. After drilling the femoral shaft with a 3 mm drill
bit, the defect group was filled with a gel sponge saturated in deionized
water. 1 � 108 cfu/mL bacterial liquid was injected into the infected
group and 10 μL was injected into the treatment group. The gelatin
sponge was then filled (the gel sponge in the infection group was soaked
in deionized water, whereas the gel sponge in the treatment group was
soaked in AuNPs solution), and the wound was closed layer by layer with
3–0 suture. Following the operation, the mice are free to roam their
cages. At the 2nd, 4th, and 6th week after surgery, 2 rats in each group
were chosen for X-ray detection to observe the repair status of the
femoral shaft defect. At the 6th week, all rats were killed and the mate-
rials were stored in 4% PFA.

After administering anesthesia, the skin on the back was prepared to
create four 1 cm-diameter circular skin defects, with a distance of �1 cm
between each defect. After suturing the bandage to the wound's surface,
the defect group's wound is sutured with a bandage that absorbs sterile
normal saline. The concentration of the drop solution for the wound of
the infection group and the treatment group 1 � 108 cfu/mL bacterial
liquid 100 μL (The wound of the infection group was sutured with ban-
dages that absorbed normal saline, and the wound of the treatment group
was sutured with bandages that absorbed AuNPs solution). After the
operation, the mice were free to move about their cage. One rat from
each group was sacrificed 3, 7, and 14 days after surgery, and the skin
tissue of the defect was photographed and preserved in 4% PFA.

This experiment was approved by the Research Ethics Committee of
Shanghai General Hospital.

5.17. Histological analysis

The femur and skin were fixed with formalin solution for 48 h, the
bone tissue was decalcified with disodium EDTA solution (12% v/v) for
28 days, dehydrated in ethanol, and embedded in paraffin. Consecutive
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4 μm-thick horizontal sections were obtained from the defect area and
then stained with H&E, Masson's trichrome and Safranin O staining for
new bone and remnant scaffold assessment, and stained with Gram for
evaluation of tissue infection, and imaged with inverted microscope
(Olympus, Japan).

5.18. Immunohistochemical staining

Immunohistochemistry was carried out using a two-step detection kit
(Zhongshan Golden Bridge Biotechnology, China). Briefly, specimens
were immersed in antigen retrieval solution for 20 min, blocked for 30
min with 5% bovine serum albumin (BSA), and subsequently incubated
with primary antibodies against mouse TNF-α (Abcam, ab1793) and IL-6
(Abcam, ab290735) for inflammatory cytokines markers, CD31 (Abcam,
ab182981) and TGF-β (Abcam, ab215715) for promoting repair markers
at 1:100 dilution overnight at 4 �C. After rinsing thoroughly in PBS, the
horseradish peroxidase-conjugated secondary antibodies (Zhongshan
Golden Bridge Biotechnology) were dropped onto slides. Each group is
composed of more than three slides, and each slide was observed using a
Zeiss light microscopy at the defect area including the scaffolds (N > 3).

5.19. Micro CT assessment

The rat osteomyelitis model femur was fixed for 24 h in 4% PFA.
These were then analyzed using high-resolution μCT by the YUEBO
Company (Hangzhou, China). Isotropic resolution was 6 μm. The femur
was then reconstructed in three dimensions (3D).

5.20. RNA extraction, RNA-seq, and data analysis

TRIzol (Thermo Fisher Scientific) was used to extract total RNA from
RAW264.7 cells, followed by lithium chloride precipitation for further
purification. We sequenced RNA from nine samples derived from three
matched groups of cells subjected to distinct treatments (Control group,
S. aureus infection group, and AuNPs treated S. aureus infection group).
Differentially expressed genes (DEG) were examined using weighted
gene co-expression network analysis (WGCNA), Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis, and gene ontology (GO)
enrichment analysis.

5.21. Statistical analysis

Student t-test was used to detect the difference between the two
groups. All data were expressed as mean � SD of at least three inde-
pendent experiments. Analysis of variance is used to detect differences
among three or more groups. All statistical analyses were performed
using SPSS version 18.0 software (IBM, Chicago, USA). (*) P < 0.05 was
considered statistically significant.
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