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A B S T R A C T   

Repetitive implant-related infections (IRIs) are devastating complications in orthopedic surgery, threatening 
implant survival and even the life of the host. Biofilms conceal bacterial-associated antigens (BAAs) and result in 
a "cold tumor"-like immune silent microenvironment, allowing the persistence of IRIs. To address this challenge, 
an iron-based covalent organic framed nanoadjuvant doped with curcumin and platinum (CFCP) was designed in 
the present study to achieve efficient treatment of IRIs by inducing a systemic immune response. Specifically, 
enhanced sonodynamic therapy (SDT) from CFCP combined with iron ion metabolic interference increased the 
release of bacterial-associated double-stranded DNA (dsDNA). Immunogenic dsDNA promoted dendritic cell (DC) 
maturation through activation of the stimulator of interferon gene (STING) and amplified the immune stimu
lation of neutrophils via interferon-β (IFN-β). At the same time, enhanced BAA presentation aroused humoral 
immunity in B and T cells, creating long-term resistance to repetitive infections. Encouragingly, CFCP served as 
neoadjuvant immunotherapy for sustained antibacterial protection on implants and was expected to guide 
clinical IRI treatment and relapse prevention.   

1. Introduction 

Implant surgery has become a common clinical procedure world
wide, benefiting numerous patients suffering from heart, kidney, eye, 
bone and joint, and dental diseases [1]. However, postoperative com
plications, particularly implant-related infections (IRIs), reduce the 
survival of implants and even endanger the host’s life [2]. Despite the 
powerful phagocytic and bactericidal capabilities of the innate immune 
system, cunning pathogens adhere and aggregate under the protection 
of implants to form bacterial biofilms with physical barrier properties 
and antigen concealment, making infection eradication difficult [1]. 

In recent years, nanomedicine has shown great application promise 
in oncological, infectious, inflammatory, and autoimmune diseases 
[3–8]. The unique size and physical properties (e.g. light, sound, and 
heat) of nanomaterials provide them significant advantages in the 
treatment of bacterial biofilm infections [9]. In particular, the devel
opment of nanomaterials with both bactericidal and immunomodula
tory activities for the immune microenvironment of infection is 
becoming a popular research direction [10]. We previously developed a 
nanomaterial for the treatment of IRIs exploiting the inherent bacteri
cidal properties of copper ions and the immunomodulatory activity of 
luteolin on macrophages [11]. However, the therapeutic efficacy of 
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unilateral innate immunomodulatory strategies is stretched in the face 
of the challenge of complex, chronic, and recurrent infections [12]. 
Therefore, there is a need to develop novel nanotherapeutic platforms to 
enhance systemic immune responses against repetitive implant-related 
biofilm infections. 

Dendritic cells (DCs) are specialized antigen-presenting cells (APCs) 
that play a pivotal role in initiating specific systemic immune responses 
[13,14]. However, the antigen-hiding properties of biofilms in IRIs make 
it difficult for DCs to recognize, phagocytose, and present 
bacterial-associated antigens (BAAs). How to break the vicious cycle of 
infection-immune silencing-infection persistence is key to evoking sys
temic immunotherapy. Cyclic GMP-AMP synthase (cGAS) is a natural 
immune sensor that activates the stimulator of interferon genes (STING) 
by recognizing dsDNA derived from bacteria or tumor cells. STING 
activation forms aggregates that recruit and phosphorylate downstream 
TANK binding kinase 1 (TBK1) and interferon regulatory factor 3 (IRF3) 
to initiate the interferon immune response [15,16]. In oncology, re
searchers transform dead tumor cells from non-immunogenic to 
immunogenic, thereby stimulating the body’s anti-tumor immune 
response [17]. In this process, tumor-associated antigens activate the 
cGAS-STING pathway in DCs to catalyze their maturation and antigen 
presentation. However, it remains unclear whether increasing BAA 
exposure has a similar ignition effect in low-immunogenic IRIs. 

In this work, we developed an iron-based covalent organic framed 
nanoadjuvant doped with curcumin and platinum (CFCP) to achieve 
efficient treatment of IRI by inducing a systemic immune response. As a 
natural sonosensitiser, curcumin generated singlet oxygen (1O2) with 
high energy under ultrasound (US) irradiation [18]. The loaded 
single-atom platinum (Pt) exerted catalase enzyme activity (CAT) to 
catalyze oxygen (O2) production and enhanced the sonodynamic ther
apy (SDT) of curcumin [19]. CFCP-mediated SDT disrupted biofilm 
structure in IRIs and hastened bacterial death in synergistic with the 
metabolic interfering activity of iron ions. Subsequently, immunogenic 
dsDNA released from disrupted bacterial biofilms upregulated the 
STING pathway to induce DC maturation while activating the innate 
antibacterial immune response of neutrophils. Further, DCs increased 
BAA presentation to T and B cells, thereby motivating the adaptive 
immunity characterized by specific antibody secretion and memory 
immunity. Encouragingly, CFCP has been demonstrated to be effective 
as neoadjuvant immunotherapy in preventing IRI relapse and reinfec
tion and is expected to be further explored and applied clinically. 

2. Results and discussion 

2.1. Synthesis and characteristics of CFCP 

The covalent organic frame (COF), iron-based COF (CF), CF loaded 
with curcumin (CFC), and CFC doped with Pt (CFCP) were synthesized 
sequentially according to the schematic diagram in Scheme A. As the 
observation of transmission electron microscopy (TEM) showed, CF, 
CFC, and CFCP exhibited spherical structures with regular morphology 
and uniform size (Fig. 1A). The average hydrated particle sizes of CF, 
CFC, and CFCP were 153.1 nm, 142.6 nm, and 156.8 nm, respectively 
(Fig. 1B). The zeta potential of CF, CFC, and CFCP was 0.20 ± 0.55 mV, 
− 12.20 ± 2.56 mV, and − 21.89 ± 1.88 mV, respectively (Fig. S1). The 
increase of zeta potential suggested good dispersion and stability of 
CFCP. Energy dispersion spectrum (EDS) analysis showed that C, N, Fe, 
and Pt elements were dominant and uniformly distributed in CFCP 
(Fig. 1C). In addition, Fe-N stretching vibration peak was detected near 
1000 cm− 1 in the Fourier transform infrared spectroscopy (FTIR) of CF, 
CFC, and CFCP (Fig. 1D), which was consistent with the literature re
ports [20]. The X-ray diffraction (XRD) spectra of CFCP revealed more 
diffraction peaks than CF and CFC, which could be attributed to the 
loading of curcumin and Pt (Fig. S2). High-resolution X-ray photoelec
tron spectroscopy (XPS) measurements demonstrated that Fe, O, N, C, 
and Pt were present in CFCP and Fe was predominantly divalent and 

trivalent (Fig. 1E and F). 
The Ultraviolet–visible spectroscopy (UV–vis) spectra of CF, CFC, 

and CFCP were measured further and their characteristic absorption 
peak was detected at 410 nm (Fig. S3). No significant decrease in the 
UV–vis spectral peaks of CFCP was observed over four days in different 
solution systems including water, phosphate buffer saline (PBS), Dul
beccos Modified EagleMedium (DMEM), and serum, indicating its good 
stability (Fig. S4). In addition, the UV–vis spectra of curcumin at 
different concentrations were detected (Fig. S5A). Curcumin concen
tration showed a significant positive correlation with the absorbance at 
434 nm (Fig. S5B). The loading efficiency of curcumin in CFC and CFCP 
was 23.3 ± 2.26 % and 20.6 ± 1.75 %, respectively (Fig. S6). At pH 7.4, 
6, and 5, CFCP released 17.9 ± 0.7 %, 46.8 ± 1.1 %, and 52.8 ± 1.9 % of 
curcumin over 24 h, respectively (Fig. S7). 

Next, we investigated the enhanced SDT effect of CFCP. The CAT 
activity of single-atom Pt was first evaluated. The results showed that 
CFCP continuously consumed hydrogen peroxide (H2O2) during the 
reaction (Fig. 1G). Meanwhile, the O2 concentration in the CFCP group 
increased with the reaction time and gradually entered a plateau after 5 
h (Fig. 1H). In addition, the SDT activity of CFCP was investigated using 
electron spin resonance (ESR) spectroscopy. As shown in Fig. 1I, more 
1O2 was produced by CFCP+US, confirming the Pt-enhanced SDT effect. 
1,3-Diphenylisobenzofuran (DPBF) was used as another probe to 
determine the efficiency of CFCP in catalyzing the generation of 1O2. The 
consumption of DPBF was significantly accelerated in the CFCP+US 
group compared to the US and CFC+US, suggesting a stronger SDT effect 
(Fig. 1J-M). Assays using methylene blue (MB) as a reactive oxygen 
species (ROS) probe led to similar conclusions (Fig. S8). 

The biocompatibility of CFCP was determined before biological ex
periments. Cell Counting Kit-8 (CCK-8) assay showed that the toxic side 
effect of CFCP on the proliferative activity of DCs and neutrophils was 
negligible when the concentration was up to 100 μg/ml (Figs. S9A and 
B). In addition, the therapeutic combination of CFCP+US did not pro
duce significant hemolysis at a concentration of 100 μg/ml (Figs. S9C 
and D). Therefore, 100 μg/ml was chosen as the action concentration of 
CFCP in subsequent in vitro experiments. 

2.2. CFCP+US motivates BAA exposure through enhanced SDT 

Bacterial biofilms protect BAAs from recognition by the immune 
system, resulting in immune silencing and chronicity of infection [21]. 
We have demonstrated that CFCP exhibits enhanced SDT under US 
irradiation, which is expected to disrupt biofilm structure and motivate 
BAA exposure. With this in mind, we explored the performance of 
CFCP+US in eliminating biofilm infections in vitro. 

Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) were 
cultured in vitro and their biofilms were obtained. The prepared biofilms 
were treated with different conditions and evaluated for their thera
peutic effects. The biofilms without any treatment were used as a con
trol. Reconstructed images of confocal laser scanning microscopy 
(CLSM) revealed that the control group had the most intact biofilm 
structure and almost no bacterial death. After CFCP+US treatment, the 
severely damaged biofilm became loose and a large number of bacteria 
died (Fig. 2A). In contrast, US, CFC, CFC+US, and CFCP were less 
effective in killing biofilm infections. Scanning electron microscopy 
(SEM) similarly showed that CFCP+US-treated biofilms lost their 
structural integrity, and the surviving bacteria within them were dras
tically reduced (Fig. S10A). Destruction of biofilm by CFCP+US caused a 
reduction in biomass as evidenced by crystalline violet staining (Fig. 2B 
and C). Quantitative results from the spread plate method (SPM) 
demonstrated that CFCP+US decreased bacterial survival within 
S. aureus and E. coli biofilms from 100.0 ± 6.0 % and 100 ± 2.9 % to 
14.8 ± 2.3 % and 18.9 ± 2.0 %, respectively (Figs. S10B and C). 

The mechanisms of CFCP+US killing biofilm infections were further 
explored. The membrane potential regulates a wide range of bacterial 
physiology and behaviors, including pH homeostasis, membrane 
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Fig. 1. Characterization of CFCP. (A) TEM images of CF, CFC, and CFCP. (B) Average hydrated particle size of CF, CFC, and CFCP measured by DLS. (C) The 
elemental distribution of CFCP measured by EDS mapping analysis. The colors corresponding to the elements C, Fe, Pt, and N are red, yellow, purple, and green, 
respectively. (D) FTIR spectra of CF, CFC, and CFCP. (E) XPS spectrum of CFCP and (F) high-resolution spectrum of Fe 2p within them. (G) Time-dependent H2O2 
depletion by CFCP. (H) O2 production by the reaction of 100 μg/ml CFCP with 20 mM H2O2. (I) ESR spectra of different samples with TEMP as the radical trap. (J to 
L) UV–vis spectra of DPBF in 20 mM H2O2 after co-incubation with US, CFC+US, and CFCP+US for 2, 4, 6, and 8 min. (M) Depletion rates of DPBF in various 
reaction systems. 

D. Xu et al.                                                                                                                                                                                                                                       



Bioactive Materials 35 (2024) 82–98

85

(caption on next page) 

D. Xu et al.                                                                                                                                                                                                                                       



Bioactive Materials 35 (2024) 82–98

86

transport, motility, antibiotic resistance, cell division, electrical 
communication, and environmental sensing [22,23]. Depolarization of 
the membrane potential is accompanied by an increase in the perme
ability of the cytoplasmic membrane, leading to the leakage of cellular 
contents [24]. In Fig. 2D, we examined the membrane potentials of 
bacteria from different treatment groups using flow cytometry and 
circle-gated the bacteria with depolarized membrane potentials. The 
proportion of S. aureus and E. coli with depolarized membrane potentials 
in the CFCP+US group increased sharply from 1.25 % to 90.30 % and 
from 2.08 % to 89.18 %, respectively. Rapid depolarization of mem
brane potential indicated the severe destruction of bacterial membranes, 
which was verified by the detection of TEM. Specifically, the continuity 
of the bacterial membrane was lost and the membrane boundary became 
blurred after CFCP+US treatment, accompanied by the efflux of intra
cellular material such as cytoplasm and DNA (Fig. 2E). We further found 
that the ROS levels were significantly elevated in CFCP+US-treated 
biofilms and bacteria, which attributed to the enhanced SDT and was a 
potential mechanism for biofilm infection elimination (Fig. 2F and G, 
and Figs. S11A and B). In addition, CFCP+US increased the permeability 
of the bacterial membrane, facilitating greater access of iron ions 
released by CFCP to the bacteria (Fig. 2H and I, and Figs. S11C and D). 
Iron overload has been demonstrated to exert a bactericidal effect by 
interfering with bacterial metabolism or inducing ferroptosis [25]. 

2.3. Iron-mediated metabolic interference hastens bacterial biofilm death 

To determine the comprehensive mechanisms by which CFCP+US 
eliminated biofilm infections, RNA-seq transcriptomics was employed to 
detect the differential gene expression of S. aureus. Compared with the 
control group, 447 genes were down-regulated and 480 genes were up- 
regulated in CFCP+US-treated S. aureus (Fig. S12). According to the 
enrichment analysis of the Kyoto Encyclopedia of Genes and Genomes 
(KEGG), the energy metabolism pathways were significantly disrupted 
in the CFCP+US group of S. aureus, as evidenced by down-regulation of 
the ABC transporters, glycolysis/gluconeogenesis, pentose phosphate 
pathway, and fructose and mannose metabolism (Fig. 3A). As an 
essential family of membrane transport proteins, ABC transporters uti
lize the energy of ATP hydrolysis to transport nutrients such as glucose 
across membranes. In addition, ABC transporters are involved in the 
development of bacterial drug resistance and the secretion of virulence 
factors [26]. It was reasonably inferred that the ABC transporters were 
key functional targets for the bactericidal action of CFCP+US. The Gene 
Ontology (GO) functional enrichment demonstrated that CFCP+US 
interfered with the processes of substance transport and energy meta
bolism in S. aureus, which were essential for the maintenance of normal 
bacterial growth and proliferative activity (Fig. 3B) [27]. Overall, the 
interference of CFCP+US with bacterial metabolic processes was sig
nificant. For further validation of the transcriptomic results, the repre
sentative differentially expressed genes related to ABC transporters, 
glycolysis, and anti-oxidative stress functions were screened and 
respectively presented in the form of a hierarchical clustering and heat 
map (Fig. 3C–E). 

Iron is a key element for bacterial growth [28]. Through co-evolution 
with the hosts, bacteria have mastered specific mechanisms for access
ing host iron sources [29]. However, it has been shown that iron 

overload within bacteria is detrimental to their maintenance of normal 
growth and metabolism [30,31]. CFCP+US was proven to increase the 
inward flow and accumulation of iron ions in bacteria. To investigate the 
role played by iron in CFCP+US interference with bacterial metabolism, 
we selected deferoxamine (DFO) as a chelator to antagonize the effect of 
iron [32]. qPCR results showed that CFCP+US down-regulated the 
expression of genes related to ABC transporter, glycolysis, and 
anti-oxidative stress functions, validating the transcriptomic results 
(Fig. 3F–H, and Fig. S13). This down-regulatory effect was significantly 
attenuated by DFO, indicating that it was mainly iron that interfered 
with bacterial metabolism. We further determined the glycolytic process 
of S. aureus at the metabolite level. As shown in Fig. 3I, the glucose 
content was reduced in CFCP+US-treated S. aureus, probably as a result 
of the down-regulation of the ABC transporter. Additionally, the 
decrease of pyruvate (Fig. 3J), the increase of the NAD+/NADH ratio 
(Fig. 3K), and the downregulation of the ATP level (Fig. 3L) demon
strated that CFCP+US inhibited the glycolytic process in S. aureus [33]. 
As expected, such inhibition effects were largely alleviated by DFO. 
Similar conclusions were drawn from the tests on E. coli (Fig. S14). The 
above results indicated that CFCP+US severely interfered with bacterial 
metabolic processes, which would hasten bacterial biofilm death and 
BAA exposure. 

2.4. Bacterial-associated dsDNA induces DC maturation through STING 
activation 

CFCP+US has been shown to promote the degradation of biofilm 
matrices and the destruction of bacterial membranes, which is expected 
to increase the release of immunogenic substances represented by 
dsDNA. As the fluorescent image revealed, the content of residual 
dsDNA in CFCP+US-treated biofilm was sharply reduced (Fig. S15A). 
The quantitative assay results suggested that, after CFCP+US treatment, 
the dsDNA in the medium supernatant of S. aureus and E. coli was 
elevated from 172.6 ± 31.3 ng/ml and 162.4 ± 25.6 ng/ml to 947.9 ±
35.1 ng/ml and 546.7 ± 37.3 ng/ml, respectively (Figs. S15B and C). In 
contrast, dsDNA efflux was less significant in the other treatment groups. 
Whether CFCP-driven dsDNA release could regulate immune stimula
tion and antigen presentation of DCs aroused our great research interest. 
Therefore, the S. aureus biofilm supernatant was collected after different 
treatments and configured as the biofilm-conditioned mediums (BCMs) 
for DC cultivation (Fig. 4A). Flow cytometry was employed to assess the 
expression of the surface co-stimulatory molecules CD80 and CD86 in 
DCs cultured in different BCMs [34]. It was found that the proportion of 
CD80+CD86+ DCs in the CFCP+US group increased from 16.70 % to 
32.24 % and decreased to 20.37 % after offsetting the effect of dsDNA 
using Deoxyribonuclease I (DNase I) (Fig. 4B). Similar findings were 
obtained on bone marrow-derived dendritic cells (BMDCs) (Fig. S16). 
Subsequently, the activation of the cGAS-STING pathway and its role in 
DC maturation was verified. The western blot (WB) results revealed that 
the phosphorylation process of TBK1 and IRF3 was upregulated in the 
CFCP+US group and downregulated after the intervention with DNase I 
(Fig. 4C, and Fig. S17). We inferred that dsDNA as a bacterial immu
nogenic substance activated the cGAS-STING signaling pathway to 
promote DC maturation. Immunofluorescence staining of STING in DCs 
supported this conclusion (Fig. S18). Correspondingly, DCs in the 

Fig. 2. CFCP+US motivates BAA exposure through the enhanced SDT. (A) Three-dimensional structure of bacterial biofilms reconstructed by CLSM. Green for live 
bacteria, red for dead bacteria. (B) Representative images of the anti-biofilm effect in different treatment groups assessed using crystalline violet staining. (C) The 
crystalline violet dye bound to the biofilms was dissolved and the absorbance was measured at 595 nm. (D) Flow cytometry results of bacterial membrane potential in 
different treated biofilms. The y-axis (red axis) represents normal membrane potential, while the x-axis (green axis) represents depolarized membrane potential. Dots 
in purple boxes represent bacteria with depolarized membrane potential, and the numbers refer to their proportions. (E) Morphology of bacteria in biofilm from 
different treatment groups as observed under TEM. The dotted box on the right refers to the meaning of the different colored arrows. Scale bars, 200 nm. (F) Flow 
cytometry results of ROS levels in S. aureus within biofilms measured by DCFH-DA. (G) Relative ROS levels in the S. aureus biofilms as measured by a fluorescent 
microplate reader. (H) The absorbance at 450 nm for ONPG hydrolysis assay to assess the membrane permeability of S. aureus in different treated biofilms. (I) The 
intracellular iron concentration of S. aureus in biofilms from different treatment groups. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns means no 
significance). 
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CFCP+US group synthesized and secreted more immunomodulatory 
factor IFN-β. (Fig. 4D, and Fig. S19). In addition, gene expression levels 
of inflammatory cytokines and chemokines increased as DC matured 
(Fig. 4E). In particular, DCs in the CFCP+US group secreted more tumor 
necrosis factor-α (TNF-α) and interleukin 6 (IL-6) (Fig. 4F), which would 
stimulate and amplify the innate immune response [35]. 

The mannose receptor (CD206) is an important pattern recognition 
and endocytosis receptor in the innate immune system involved in 
microorganism recognition, endocytosis, antigen presentation, and im
mune homeostasis maintenance [36]. Iron ions have been reported to 
upregulate CD206 expression [37]. The results of immunofluorescence 
staining showed that DCs in the CFCP+US group expressed more CD206 
and were inhibited by DFO (Fig. 4G and H). Flow cytometry analysis 
further validated the upregulation effect of iron ions on CD206 
(Fig. S20). Benefiting from the activation of the cGAS-STING pathway 
and the immunomodulatory effects of iron ions, the expression of genes 
associated with antigen presentation and T-cell migration was upregu
lated in CFCP+US group DCs (Fig. 4I). 

In summary, CFCP+US prompted the release of bacterial-associated 
dsDNA, which subsequently promoted the maturation of DCs by acti
vating the cGAS-STING pathway. Mature DCs expressed more immu
nomodulatory factors such as IFN-β, inflammatory factors, and 
chemokines. In addition, iron ions released by CFCP+US synergistically 
enhanced the antigen-presenting ability of DCs by increasing the 
expression of CD206. 

2.5. IFN-β secreted by DCs mediates neutrophil immune activation 

Neutrophils are the first line of innate immune system defense 
against bacterial infections [38]. In turn, bacterial biofilms suppress 
neutrophil immunological activity [39]. We demonstrated that the 
CFCP+US-driven bacterial-associated dsDNA promoted the secretion of 
IFN-β by activating the STING pathway in DCs. IFN-β has been reported 
to enhance the immune response of neutrophils by regulating their 
differentiation, activation, and migration [40]. Therefore, the culture 
medium of DCs from different treatment groups was collected and 
configured as DC conditioned mediums (DCMs) for neutrophil cultiva
tion and identification. 

We first examined the effects of different DCMs on the IFN-1 pathway 
in neutrophils. As shown in Fig. 5A, the genes related to the IFN-1 
pathway was generally up-regulated in the CFCP+US group. Further
more, DCMs of the CFCP+US group increased the expression of IFN-1 
receptor (IFNAR1) in neutrophils (Fig. S21). Flow cytometry results 
showed that the percentage of activated neutrophils (CD182+CD54+) 
treated with DCM of the CFCP+US group increased from 39.60 % to 
57.73 % (Fig. 5B). Meanwhile, the expression of intercellular adhesion 
factor and pro-inflammatory cytokines was significantly enhanced in 
neutrophils of CFCP+US group (Fig. 5C). To clarify whether IFN-β 
exerted specific immune activation on neutrophils, we co-cultured 
antibody of IFNAR1 (anti-IFNAR1) with neutrophils to block the bind
ing of IFN-β in DCMs to IFNAR1. Subsequently, the immune activation of 
neutrophils was examined using flow cytometry and qPCR. Compared 
with the CFCP+US group, the proportion of CD54+CD182+ neutrophils 
decreased from 59.9 ± 2.6 % to 48.3 ± 2.8 % after antagonizing IFN-β 
(Figs. S22A and B). qPCR results indicated that anti-IFNAR1 reversed the 
up-regulation of genes related to neutrophil activation (Fig. S22C). 
These results suggested that IFN-β played an important role in the im
mune activation of neutrophils by DCs. 

Neutrophil extracellular traps (NETs), degranulation, and phagocy
tosis are the main means neutrophils perform their antibacterial func
tions [41]. NETs are reticular fibrous structures released by neutrophils 
into the extracellular space, with a DNA backbone containing antimi
crobial peptides and hydrolases [42]. As a potent weapon for NET 
release and sterilization, ROS was increased in neutrophils in the 
CFCP+US group (Fig. 5D). Meanwhile, a distinct NET reticulum struc
ture was observed in the CFCP+US group, with high expression of cit
rullinated histone H3 (cit-H3) and neutrophil elastase (NE) (Fig. 5E and 
F). In addition, neutrophils in the CFCP+US group secreted more NE and 
myeloperoxidase (MPO), suggesting an enhanced degranulation process 
(Fig. 5G). Finally, we co-cultured neutrophils treated with different 
DCMs with bacteria and assessed their phagocytosis and bacterial killing 
activity. Compared to the control group, neutrophils and their NETs in 
the CFCP+US group captured more bacteria. For the CFCP+US+DNase I 
group, the phagocytosis of neutrophils was inhibited (Fig. 5H). 
Furthermore, in the bacterial co-culture system of the CFCP+US group, 
the survival rates of S. aureus and E. coli were reduced from 85.8 ± 3.4 % 
and 87.1 ± 4.0 % to 31.3 ± 2.3 % and 24.7 ± 9.1 %, respectively 
(Fig. S23). In contrast, the ability of DCM-treated neutrophils in the 
CFCP+US+DNase I group to kill bacteria was significantly attenuated. 

Overall, the outcome of antimicrobial therapy of CFCP+US triggered 
the host immune response, further increasing the antimicrobial effi
ciency of the treatment process. Specifically, bacterial-associated dsDNA 
released by CFCP+US therapy activated the STING pathway in DCs and 
promoted their maturation. Subsequently, IFN-β secreted by DCs acti
vated neutrophils and enhanced their innate antibacterial functions, 
including NETs, degranulation, and phagocytosis (Fig. 5I). 

2.6. CFCP+US boosts cure of primary IRIs by evoking systemic immune 
response 

Considering the excellent antimicrobial and immune-activating 
properties of CFCP+US in vitro, we further adopted a mouse model of 
primary IRIs to verify its therapeutic efficacy in vivo. The illustration of 
model construction, treatment implementation, and therapeutic efficacy 
evaluation was shown in Fig. 6A. Vancomycin, a routine antibiotic 
currently used for the prophylaxis and treatment of IRIs in clinical 
practice, was used as a positive control in this study [43]. 

Throughout the observation period, the body weights of mice 
increased smoothly in all groups (Fig. S24). In addition, CFCP+US- 
treated mice showed the slightest infection signs. Specifically, the 
infected area in the control group continued to increase with observa
tion time. Vancomycin-treated mice showed signs of infection control on 
day 5, as evidenced by a gradual decrease in the infected area. In 
contrast, the CFCP-treated mice showed no reduction in the area of 
infection, although some delay in the spread rate was achieved 
compared to control. Encouragingly, the infected area of the mice in the 
CFCP+US group consistently decreased after the first treatment on 
postoperative day 3. At day 10, few signs of infection were observed in 
CFCP+US-treated mice (Fig. 6B and C). Microbiological and histological 
analysis on day 10 revealed that CFCP+US eliminated biofilm structures 
adhering to the implant while reducing the bacterial load on the im
plants and in the surrounding tissues (Fig. 6D–G). 

The anti-infective immune responses of mice in different treatment 
groups were evaluated on day 7. The enhanced expression of STING and 
IFN-β in the wound tissues indicated the upregulation of the STING 
pathway (Fig. 6H and I). Flow cytometry results showed activation of 

Fig. 3. Iron ions released by CFCP+US interfere with bacterial metabolism in S. aureus biofilms. (A) KEGG enrichment of downregulated genes in S. aureus biofilms 
after CFCP+US treatment. (B) GO term of downregulated pathway related to biological processes, cellular components, and molecular function in S. aureus biofilms 
treated with CFCP+US. (C) Heat map of differentially expressed genes involved in ABC transport system. (D) Heat map of differentially expressed genes involved in 
glycolysis process. (E) Heat map of differentially expressed genes involved in antioxidant defense system. Yellow for relatively high expression genes and purple for 
relatively low expression genes. (F to H) qPCR validation results for expression levels of representative genes in the ABC transport system (natA and UvrB), glycolysis 
process (FBA1 and FBA2), and antioxidant defense system (Usp and yloU). (I to L) Levels of glucose, pyruvate, NAD+/NADH, and ATP in biofilms of S. aureus with 
different treatments. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns means no significance). 
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multiple immune cells in locally infected tissues and infection-draining 
lymph nodes (IDLNs) (Fig. 6J–N). Specifically, the proportion of mature 
DCs (CD80+CD86+) was increased in the infected tissues of CFCP+US 
treated mice, which would enhance the recognition and presentation of 
BAAs. The high expression of Ly6G and MPO indicated that more neu
trophils were recruited to the infected area in the CFCP+US group 
(Fig. S25). Subsequently, neutrophils were activated (CD54+CD182+) to 
perform their innate immune function against bacterial infections. T 
cells are activated through cell-to-cell interactions when the T cell an
tigen receptor complex encounters peptide antigen presented by APCs 
[44]. More CD4+ T cells were detected in the CFCP+US-treated mice. 
For bacterial-associated infections, an increase in the infiltration of 
CD4+ T cells predicts stronger humoral immunity, while inhibiting 
CD4+ T cell priming limits biofilm eradication [45]. Notably, there was a 
small decrease in the proportion of CD8+ T cells, which may be due to 
the activation of more CD4+ T cells. Overall, the antimicrobial humoral 
immune response dominated by CD4+ T cells was enhanced. With the 
assistance of CD4+ T cells, antigen-sensitized B cells differentiate into 
plasma cells and memory B cells [46]. Plasma cells secrete a large 
number of specific antibodies that circulate to the infection site and 
exert antibacterial effects [47]. Plasma cells (CD138+CD19+) differen
tiation was enhanced in CFCP+US treated mice, suggesting the initia
tion of the antigen-specific humoral immune response. The increase of 
serum IgM and IgG verified the potentiating effect of CFCP+US on the 
antibody response (Fig. 6O and P) [48]. In addition, there was no 
abnormal elevation of Fe within the blood of mice in the CFCP and 
CFCP+US treatment groups compared with the control group (Fig. S26). 
No significant differences were observed in the indices of blood routine, 
liver function, and kidney function in mice of all treatment groups 
(Fig. S27). 

To clarify whether CFCP+US directly affected the phenotype of im
mune cells surrounding the implant, we constructed a mouse model of 
aseptic subcutaneous implants and treated it with CFCP+US on days 3 
and 5. Subsequently, we collected peri-implant tissues on day 7 and 
examined the phenotypes of DCs and neutrophils therein using flow 
cytometry. As shown in Fig. S28, there was no significant difference in 
the proportion of CD80+CD86+ DCs and CD54+CD182+ neutrophils in 
the CFCP+US and control groups. The above results validated in vivo 
that CFCP+US activated the systemic immune response of mice and 
boosted the cure of primary IRIs. 

2.7. CFCP+US prevents IRI relapse and reinfection as neoadjuvant 
immunotherapy 

In the mouse model of primary IRIs, we demonstrated that the 
therapeutic effect of CFCP+US was superior to that of vancomycin. 
However, single antibiotic therapy often fails when IRIs relapse or 
develop into chronic infections. Revision surgery remains the clinical 
gold standard for the treatment of chronic or repetitive IRIs, including 
immediate revision (stage I revision) and delayed revision (stage II 
revision) [49]. Stage I revision refers to the immediate placement of a 
new implant after removing the infected one. For stage II revision, 
regular antibiotic therapy will be administrated until the infection is 
well controlled before the placement of a new implant. However, both 
revision surgeries are challenged by high rates of relapse and reinfection 
due to incomplete debridement, antibiotic resistance, bacterial deposits, 
and immunosuppression [50]. Neoadjuvant immunotherapy has shown 

prospects in activating immune response before surgery to prevent 
postoperative relapse of infection or tumor relapse [51]. Therefore, an 
IRI revision model was established to explore the potential of CFCP+US 
as a neoadjuvant immunotherapy to address the relapse issue after 
revision surgery. 

Specifically, titanium plates were implanted subcutaneously into 
mice and infected with S. aureus on day 0. Mice were randomized into 
four groups: Van (I), Van (II), CFCP, and CFCP+US. On day 9, mice in 
each group were treated preoperatively with vancomycin, vancomycin, 
CFCP, and CFCP+US, respectively. On day 11, mice in the Van (I), CFCP, 
and CFCP+US groups were subjected to stage I revision surgery, which 
consisted of as thorough a debridement as possible and immediate im
plantation of a new titanium plate. For mice in the Van (II) group, 
debridement on day 11 was followed by three days of vancomycin 
treatment and replacement with new titanium plates by day 14 
(Fig. 7A). The relapse of infection in the mice was closely monitored and 
recorded during this period. Infection assessment showed a higher 
relapse rate and a larger infection area in the Van (I) and CFCP groups, 
while almost no relapse happened in the Van (II) and CFCP+US groups 
(Fig. 7B and C). Bacterial counts of the implants and surrounding tissues 
on day 20 similarly demonstrated that Van (II) and CFCP+US were 
effective in preventing the recurrence of IRIs after revision surgery 
(Fig. 7D and E). In addition, serum IgM and IgG antibody levels were 
significantly increased in the CFCP+US treatment group, which may be 
key to preventing the relapse of infection (Fig. 7F and G). In summary, 
CFCP+US achieved a comparable effect in preventing infection relapse 
after revision surgery with stage II revision surgery but reducing anti
biotic use and surgical frequency. 

However, even if no natural relapse of infection occurs after revision 
surgery, the chances of re-infection by exogenous bacteria are multiplied 
[52]. With this in mind, we selected non-relapse mice in each group and 
subjected them to a new bacterial challenge on day 21 to assess their 
defenses to reinfection. The results showed that mice in the Van (I), Van 
(II), and CFCP groups failed to show satisfactory reinfection resistance. 
Although stage II revision surgery based on antibiotic treatment was 
effective in preventing the natural infection relapse postoperative, it did 
not protect against reinfection caused by exogenous bacterial chal
lenges. In contrast, the reinfection area of mice that underwent neo
adjuvant treatment with CFCP+US was significantly reduced (Fig. 7H 
and I). Meanwhile, the bacterial load of the implants and surrounding 
tissues on day 30 from the CFCP+US group was minimal, validating its 
greatest resistance to reinfection (Fig. 7J and K). SEM examination of 
implants supported this conclusion (Fig. S29A). Notably, the weakest 
inflammatory response was observed in the peri-implant tissues of 
CFCP+US-treated mice compared to the other treatment groups 
(Figs. S29B and C). Further, we examined immune activation in mice 
with different treatments. CFCP+US-treated mice showed an active 
immune response of B and T cells with enhanced expression of CD20 and 
CD3/CD4 (Fig. 7L). Meanwhile, the proportion of memory B cells was 
significantly increased in the CFCP+US group, suggesting activated 
memory humoral immune response (Fig. 7M and N). Additionally, his
tological analysis of the major organs (heart, liver, spleen, lung, and 
kidney) demonstrated that the CFCP+US treatment had a high biosafety 
profile (Fig. S30). These results demonstrated that the application of 
CFCP+US as neoadjuvant immunotherapy in preventing infection 
relapse and reinfection after revision surgery for IRIs was effective. 

Fig. 4. Bacterial-associated dsDNA promotes DC maturation through activating STING. (A) Preparation of BCMs (biofilm-conditioned mediums) and DCMs (DC- 
conditioned mediums). (B) The proportion of mature DCs (CD86+CD80+) measured by flow cytometry. DNase I was used to eliminate dsDNA in BCMs. (C) 
Representative WB bands of proteins and their phosphorylated forms associated with the cGAS-STING pathway in different treated DCs. (D) Concentration of IFN-β 
secreted by DCs into mediums after co-culture with different BCMs. (E) Relative expression levels of genes related to immune activation in DCs treated with different 
BCMs. (F) Concentration of TNF-α and IL-6 secreted by DCs into medium after co-culture with different BCMs. (G) CD206 expression levels in DCs assessed by 
immunofluorescence staining. DFO is used to chelate iron ions in BCMs. Green for CD206, red for cytoskeleton, and blue for nucleus. (H) Relative fluorescence 
intensity of CD206 expressed by DCs in different groups. (I) The expression levels of genes associated with antigen presentation in DCs after co-culture with BCMs. 
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns means no significance). 
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3. Conclusions 

In summary, we developed a nanoadjuvant with enhanced SDT ef
fects to treat repetitive IRIs by evoking the systemic antimicrobial im
mune response. Specifically, the 1O2 generated by CFCP under US 
irradiation coupled with interference of iron ions on bacterial meta
bolism increased BAA exposure. The dsDNA released from destroyed 
biofilm and bacteria promoted the maturation of DCs by activating the 
cGAS-STING pathway. IFN-β secreted by DCs enhanced the innate 
antimicrobial immune response of neutrophils to eliminate bacterial 
infections through NETs, degranulation, and phagocytosis. In addition, 
iron ions increased the expression of CD206 on DCs, which further 
promoted the presentation of BAAs. DC-presented BAA continuously 
activated B and T cells and hastened the curing of IRIs by secreting 
bacteria-specific antibodies and enhancing the immune memory effect. 
It was encouraging that CFCP+US was not only effective in treating 
primary IRI, but also as a neoadjuvant immunotherapy to prevent 
recurrence of infection and reinfection after revision surgery. 

4. Materials and methods 

4.1. Materials 

Methanol, Acetone, 1,3,5-Tris(4-aminophenyl) benzene (TAPB, CAS: 
118727-34-7), Benzene-1,3,5-tricarbaldehyde (BTC, CAS: 3163-76-6), 
Glacial acetic acid (CAS: 64-19-7), Acetonitrile (CAS: 75-05-8), Chlor
oplatinic acid hexahydrate (H2PtCl6. 6H2O, CAS: 16941-12-1), Sodium 
borohydride (NaBH4, CAS:16940-66-2), Iron (III) chloride hexahydrate 
(FeCl3. 6H2O, CAS: 10025-77-1). All the materials were purchased from 
Aladdin Reagent Co. (Shanghai, China). 

4.2. Synthesis of CFCP 

Preparation of COF. 30 ml of methanol was stirred vigorously with 
30 ml of ethanol at room temperature (RT) for 10 min. Subsequently, 
205 mg of TAPB and 95 mg of BTC were added and sonicated at low 
temperatures to aid dissolution. After the complete dissolution of TAPB 
and BTC, 6 ml of glacial acetic acid was added and stirred vigorously for 
15 min. The product obtained was washed with methanol, acetone, and 
DI-water in turn by centrifugation (13000 rpm, 20 min) and dried under 
vacuum to obtain COF for later use. 

Synthesis of CF. 10 mg of COF was dispersed in 5 ml of DI water, 
followed by adding 0.1 ml of 20 mg/ml of aqueous FeCl3. 6H2O. After 
stirring for 24 h at RT, the product obtained was washed by centrifu
gation with DI-water (13000 rpm, 20 min) and dried under vacuum to 
obtain CF for later use. 

Loading of curcumin. 10 mg of CF was dispersed in 5 ml of DI-water, 
followed by the addition of 1 ml of 1 mg/ml of ethanolic solution of 
curcumin. After stirring for 24 h at RT, the product obtained was washed 
by centrifugation with DI-water (13000 rpm, 20 min) and dried under 
vacuum to obtain CFC for later use. 

Preparation of CFCP. 10 mg of CFC was dispersed in 5 ml of DI-water. 
Subsequently, 1 ml of 20 mM aqueous H2PtCl6 was added and stirred at 
a low temperature for 1 h. Then 10 ml of 4 mg/ml of NaBH4 was added 
and the reaction was carried out at low temperature for 3 h. The product 
obtained was washed by centrifugation with DI-water (13000 rpm, 20 

min) and dried under vacuum to give CFCP. 

4.3. Characterization of CFCP 

A TEM (JEOL-1400 PLUS, Japan) equipped with an EDS was used to 
observe the morphology and elemental distribution of the nanoparticles 
(NPs) at 120 KV. DLS (ZS-100, Horiba) was used to collect the hydro
dynamic diameter and zeta potential data of various NPs. FTIR spectra 
were recorded by a VERTEX70V FTIR spectrometer (Bruker, Germany). 
XRD patterns were scanned from 10◦ to 80◦ on a Rigaku automated X- 
ray diffractometer (Smartlab, Rigaku Co. Ltd., Japan). XPS (Thermo 
Scientific K-Alpha, USA) analysis was performed to determine the 
elemental types and valence states. The stability of CFCP was analyzed 
based on UV–visible absorption spectra (PerkinElmer Lambda 750, USA) 
in different solution systems. O2 was detected using a portable dissolved 
oxygen meter (HACH, USA). US therapeutic apparatus (Nu-Tek, China) 
was used as the irradiation source for implementing sonodynamic 
therapy (1 MHZ frequency, 1 W/cm2 power, and 50 % duty cycle). 

Loading efficiency and release characteristics of curcumin. A series 
of standard solutions of curcumin in methanol were prepared at mass 
concentrations of 2, 4, 6, and 8 μg/ml. The absorbance of different 
standard solutions was determined using UV–vis spectrophotometer 
(PerkinElmer Lambda 750, USA). The regression equation was calcu
lated between mass concentration and absorbance at maximum ab
sorption wavelength. To calculate the loading efficiency of curcumin, 1 
mg of CFCP was completely dissolved in 10 ml of methanol and the 
absorbance of the supernatant was determined using UV–vis spectro
photometer (PerkinElmer Lambda 750, USA). The amount of curcumin 
and loading efficiency were calculated from the standard curve. To test 
the release characteristics of curcumin, 1 mg of CFCP was dissolved in 
10 ml of PBS buffer of different pH values and then pipetted into a 
dialysis bag of 3500 u cut-off molecular mass. The dialysis bag was 
immersed in 90 ml of PBS buffer of the corresponding pH. 1 ml of su
pernatant was taken out at regular intervals and replenished with 1 ml of 
PBS buffer of the corresponding pH. The absorbance of the supernatant 
at different time points was measured and the cumulative release rate of 
curcumin was calculated from the standard curve. 

Evaluation of SDT in vitro. DPBF (MedChemExpress, US) was used as 
an indicator to detect the generation of 1O2. Briefly, DMSO (20 μL) 
containing DPBF (10 mM) was added to 2 ml of PBS, CFC (100 μg/ml), or 
CFCP (100 μg/ml) in the presence of H2O2 (20 mM). After being trans
ferred into a cuvette, the various diverse solutions were exposed to US 
irradiation, followed by the record with UV–vis spectrophotometer 
(PerkinElmer Lambda 750, USA) every 2 min. In addition, the 1O2 
generation was detected using 4-Amino-2,2,6,6-tetramethylpiperidine 
(TEMP) as a trapping agent for ESR spectroscopy measurements. 
Various groups were set as follows: US irradiation, CFC+US, and 
CFCP+US. After corresponding treatments, the solution (180 μL) in each 
group was mixed with TEMP solution (20 μL, 1 M) and transferred to a 
quartz capillary tube. The ESR signals were recorded at RT using an ESR 
spectrometer (Bruker EMXplus, Germany). 

4.4. In vitro biocompatibility assessment 

The cytotoxicity of CFCP to DCs and neutrophils was assessed using 
the CCK-8 kits (Beyotime, China). Briefly, cells were inoculated into 96- 

Fig. 5. IFN-β secreted by DCs enhances the antibacterial immune response of neutrophils. (A) Expression levels of genes related to the IFN-1 pathway in neutrophils 
after co-culture with different DCMs. (B) Representative flow cytometry plots of activated neutrophils (CD54+CD182+) in different DCM co-culture groups. Dots in 
purple boxes represent the activated neutrophils, and the numbers refer to their proportions. (C) Expression levels of chemotaxis and inflammation-related genes in 
neutrophils from different groups. (D) Representative flow cytograms of ROS in neutrophils of different DCM co-culture groups. (E) Assessment of NE and cit-H3 
expression in different groups of neutrophils using immunofluorescence staining. Green for NE, red for cit-H3, and blue for nucleus. (F) The fluorescence in
tensity of NE and cit-H3 in neutrophils co-cultured with different DCMs. (G) Concentration of NE and MPO secreted by neutrophils into mediums after co-culture with 
different DCMs. (H) CLSM images after co-culturing neutrophils from different DCM co-culture groups with fluorescent bacteria. Green for GFP-S. aureus, red for the 
neutrophil cytoskeleton, and blue for the nucleus. (I) DC-secreted IFN-β activates neutrophils and enhances their NETs, degranulation, and phagocytosis. (*p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001, and ns means no significance). 
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well plates (1 × 104 per well) and cultured overnight. Different con
centrations of CFCP (0, 20, 30, 50, 100, and 200 μg/ml) were added to 
the culture medium, and incubation was continued for 24 h. Subse
quently, cells were washed with PBS to remove the excess NPs and 
incubated with a DMEM medium containing 10 % CCK-8 reagent for 30 
min. Finally, the absorbance of each culture system was measured at 
450 nm using a microplate reader (BioTek ELX800, USA). 

The hemolysis assay was used to assess the hemocompatibility of 
CFCP. Fresh blood from mice was collected, centrifuged, and resus
pended in a PBS solution containing heparin. After the different treat
ments, the blood cell suspension was incubated at 37 ◦C for 2 h. The 
supernatant was collected and the absorbance at 540 nm was measured 
using a microplate reader (BioTek ELX800, USA). 

4.5. In vitro anti-biofilm infection evaluation 

Monoclonal strains of S. aureus (ATCC 43300) and E. coli (ATCC 
35218) were picked from blood agar plates and incubated in Tryptic Soy 
Broth (TSB, Solarbio, China) at 37 ◦C for 8 h. Bacterial suspensions were 
diluted to 1 × 106 CFU/ml and inoculated in 24-well plates at 1 ml per 
well. After incubation at 37 ◦C for 24 h, the biofilms were obtained and 
divided into six groups: Control (no treatment), US (8 min of US irra
diation), CFC (100 μg/ml of CFC), CFC+US (100 μg/ml of CFC + 8 min 
of US irradiation)), CFCP (100 μg/ml of CFCP), and CFCP+US (100 μg/ 
ml of CFCP + 8 min of US irradiation). The biofilms were treated 
accordingly and incubated at 37 ◦C for another 6 h. 

The anti-biofilm effect of CFCP+US was systematically evaluated, 
including CLSM, SEM, crystalline violet staining, and SPM. Specifically, 
after incubation with LIVE/DEAD BacLight Bacterial Viability Kits 
(Invitrogen, USA) for 30 min, the biofilm structure was observed and 
reconstructed using CLSM (ZEISS LSM 710, Germany). For SEM, bio
films were fixed in 2.5 % glutaraldehyde (Servicebio, China) overnight, 
dehydrated with different concentrations of ethanol solution (50 %, 60 
%, 70 %, 80 %, 90 %, 95 %, and 100 % for 10 min each), and freeze- 
dried for 4 h. The samples were sprayed with gold and finally 
observed using SEM (JEOL JSM-6310LV, Japan). In addition, biofilms 
were fixed with 99 % methanol and stained with 0.1 % crystalline violet 
dye (Beyotime, China) for 10 min. The stained biofilm was dissolved 
with 33 % acetic acid and the absorbance at 595 nm was measured using 
a microplate reader (BioTek ELX800, USA). To detect the bacterial load 
in bacterial biofilms, the biofilms were diluted in a gradient and spread 
evenly on blood agar plates. Individual colonies were counted after the 
plates were incubated overnight in a 37 ◦C incubator (Thermo, USA). 

The anti-biofilm mechanisms of CFCP+US were further explored. To 
detect the bacterial membrane potential and ROS levels, single bacterial 
suspensions were obtained by resuspending biofilms from different 
treatment groups. The bacteria were incubated with the BacLight™ 
Bacterial Membrane Potential Kit (Invitrogen, USA) and the ROS probe 
DCFH-DA (Beyotime, China) for 30 min, respectively. The stained bac
teria were washed with PBS and examined using a flow cytometer 
(Beckman Coulter, USA). In addition, single bacterial suspensions were 
prepared and fixed with 1 % osmium tetroxide for 2 h. The bacteria were 
dehydrated in a gradient concentration of ethanol and embedded in 
acetone and resin. 60 nm thick sections were prepared, stained with 2 % 
uranyl acetate, and observed using TEM (JEOL 1200Ex, Japan) at 80 KV. 

The ONPG hydrolysis test was used to assess the permeability of bac
terial membranes. Specifically, the biofilm suspension was mixed 1:1 
with the prepared ONPG solution (0.75 M in NaH2PO4 buffer, pH = 7) an 
incubated at 37 ◦C for 1 h. The absorbance of the reaction solution at 
420 nm was then measured using a microplate reader (Bio-TekELx800, 
USA). Finally, iron quantification kits (Merck, USA) and BCA kits 
(Beyotime, China) were used to determine the iron content and protein 
content within biofilm bacteria respectively. And their ratios were 
considered standardized intra-bacterial iron concentrations. 

4.6. Transcriptomic analysis and validation of bacterial biofilms 

S. aureus biofilms were collected after different treatments and 
immediately stored in liquid nitrogen. The samples were detected for 
transcriptomic analysis with the mass spectrometry platform of OE 
Biotech (Shanghai, China). The data obtained were further analyzed 
using OE Cloud (OE Biotech) software. 

qPCR was used to validate the expression levels of genes that were 
significantly regulated in the transcriptomics analysis results. Briefly, 
total S. aureus RNA was extracted from biofilms using a bacterial RNA 
extraction kit (Vazyme, China). cDNA was synthesized using a reverse 
transcription kit (EZBioscience, USA) after the determination of RNA 
concentration. cDNA obtained was subsequently amplified using SYBR 
Green Master Mix (EZBioscience, USA) and a LightCycler 480 (Roche, 
USA). The 16s RNA was selected as the housekeeping gene and the 
primers used were listed in Table S1. 

Finally, the glucose metabolism of S. aureus in biofilms was measured 
using the Glucose Assay Kit (Beyotime, China), Pyruvate Assay Kit 
(Solarbio, China), ATP Assay Kit (Beyotime, China), and NAD+/NADH 
Assay Kit (Beyotime, China), respectively. 

4.7. In vitro DC maturation and function assay 

DC 2.4 cells (CL-0545) and BMDCs (CP-M151A) were purchased 
from Pricella (Wuhan, China) and cultured in a constant temperature 
incubator at 37 ◦C with 5 % CO2. The BCMs was prepared to culture DCs. 
Briefly, supernatants of S. aureus biofilms from different treatment 
groups were collected, centrifuged (12000 g, 10 min), and filtered using 
0.22 μm filters (Merck, Germany). The dsDNA concentration in the su
pernatant was determined using a dsDNA quantification kit (Yeason, 
China). Subsequently, the filtered biofilm supernatant was mixed 1:2 
with DMEM medium (Gibco, US), followed by the addition of 10 % fetal 
bovine serum (FBS, Gibco, US) and 1 % penicillin/streptomycin (Gibco, 
US). When necessary, 50 μg/ml of DNase I (Merck, Germany) or 100 μM 
of DFO (Merck, Germany) were used to eliminate dsDNA or Fe in BCMs. 
Notably, DCs cultured in BCMs prepared with untreated biofilm super
natant were used as a control. 

For WB, RIPA cell lysate (EpiZyme, China) was used to extract DC 
protein. The protein concentration was determined using the BCA kit 
(EpiZyme, China) and adjusted to 1 mg/ml for sample loading. After 
electrophoresis using the Bio-Rad system, the proteins on the gel were 
transferred to the PVDF membrane (EpiZyme, China). The membrane 
was blocked with 5 % BSA solution (EpiZyme, China) at RT for 30 min 
and incubated with the primary antibody at 4 ◦C overnight. The primary 
antibody was recovered and the membrane was rinsed, followed by 

Fig. 6. CFCP+US treatment activates systemic immune responses against primary IRIs in vivo. (A) Schematic diagram of the construction and intervention of the 
murine primary IRI model. (B) Curves of the individual infection areas at different time points for each treatment group and the representative photograph of wounds 
on day 10. (C) Curves of the average infection area in different treatment groups. (D) Representative SEM images of subcutaneous implants of mice with different 
treatments on day 10. Yellow for S. aureus. (E) Giemsa staining results of peri-implant tissues on day 10 from different treatment groups. (F and G) Bacterial counts of 
implants and peri-implant tissues on day 10 as determined by SPM. (H and I) Quantification of STING and IFN-β in peri-implant tissues on day 7 with different 
treatments by immunohistochemical staining. (J to M) Representative flow cytometry plots of mature DCs (CD80+CD86+) by gating on CD11c+ MHC II+ cells, 
activated neutrophils (CD54+CD182+) by gating on CD11b+Ly6G+ cells, CD4+ T cells (CD4+) by gating on CD3+ T cells, and plasmablasts (CD138+CD19+) by gating 
on CD45+ cells. DCs and neutrophils were analyzed from locally infected tissues on day 7. T and B cells were analyzed from IDLNs on day 7. (N) Quantitative analysis 
of the corresponding immune cell population. (O) IgM and (P) IgG antibody levels in the serum of mice on day 7 from different treatment groups. (*p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, and ns means no significance). 
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incubation with the corresponding HRP-conjugated secondary antibody 
at RT for 1 h. Finally, protein bands were detected using chemilumi
nescent reagents (EpiZyme, China) and the imaging system (Image
Quant 800, Amersham), and their relative expression levels were 
quantified using ImageJ software. The WB antibodies used in this study 
were shown in Table S2. 

For flow cytometry, DCs from different groups were collected and co- 
incubated with fluorescein-labeled flow cytometry antibody on ice for 
30 min. After recovering the antibodies and washing the cells, the 
samples were examined using a flow cytometer (Beckman Coulter, USA), 
and the data were analyzed using Flowjo V10. The antibodies used in 
this test were shown in Table S3. 

For qPCR, total cellular RNA of different treated DCs was extracted 
using an RNA extraction kit (EZBioscience, USA). Subsequently, the 
RNA concentrations were measured with a Nanodrop 2000 (Thermo, 
USA) and the cDNA was synthesized using a reverse transcription kit 
(EZBioscience, USA). Finally, qPCR was carried out using SYBR Green 
Master Mix (EZBioscience, USA) and a LightCycler 480 (Roche, USA). 
The gene primers used in this test were shown in Table S1. 

For ELISA, the DC medium was collected and centrifuged (12000 g, 
10 min) to obtain the supernatant. Subsequently, ELISA kits (Dakewe 
Biotech, China) were used to determine the corresponding cytokine 
levels in the medium supernatant. 

For immunofluorescent staining, DCs were fixed in 4 % para
formaldehyde for 10 min and blocked with Immunostaining Blocking 
Solution (Beyotime, China) at RT for 30 min. Subsequently, cells were 
co-incubated with Anti-Mannose Receptor/CD206 Rabbit pAb 
(GB113497, Servicebio, China) at 4 ◦C overnight. After removing the 
primary antibody, cells were incubated with Alexa Fluor® 488-conju
gated Goat Anti-Rabbit IgG (H+L) (GB25303, Servicebio, China) at RT 
for 1 h. Actin-Tracker Red-Rhodamine (Beyotime, China) and DAPI 
(Beyotime, China) were used to label the cytoskeleton and nuclei, 
respectively. Finally, samples were observed with a CLSM (ZEISS LSM 
710, Germany) and the fluorescence intensity was determined with a 
fluorescent microplate reader (BioTek, USA). 

4.8. In vitro neutrophil activation and function assay 

Neutrophils were isolated from mouse bone marrow using the 
EasySep™ Mouse Neutrophil Enrichment Kit (STEMCELL Technologies, 
Canada) according to the manufacturer’s instructions. The DCMs were 
prepared for neutrophil culture. Briefly, medium supernatants from 
different groups of DCs were collected, filtered, and mixed 1:2 with 
DMEM medium (Gibco, US), followed by the supplementation of 10 % 
FBS (Gibco, US) and 1 % penicillin/streptomycin (Gibco, US). The cell 
culture conditions were as described previously. For IFN-β antagonism 
experiments, neutrophils were pre-incubated with 2 μg/ml of anti- 
IFNAR1 antibody (Cat. abs111649, absin, China) for 2 h before 
culturing with DCMs. 

After 4 h of incubation, the gene expression levels related to IFN-1 
pathway and inflammation-associated cytokines in neutrophils was 
examined using the qPCR assay. The proportion of activated neutrophils 
was detected through flow cytometry after co-incubation with APC- 
labeled anti-CD54 and PE/Cy7 labeled anti-CD182 antibodies. ROS 
levels within neutrophils were measured using flow cytometry after co- 
incubation with the ROS probe DCFH-DA (Beyotime, China) for 30 min. 
To assess the ability to form NETs, neutrophils were co-incubated with 

anti-cit-H3 and anti-NE primary antibodies overnight, labeled with 
fluorescent secondary antibodies, and examined under a CLSM (ZEISS 
LSM 710, Germany). A fluorescent microplate reader (BioTek, USA) was 
used to quantify their fluorescent intensity. The content of NE and MPO 
in the cell culture medium was measured by ELISA kits (Cloud-Clone 
Corp., USA) to assess the ability of neutrophils to degranulate. In addi
tion, neutrophils after different treatments were co-incubated with GFP- 
S. aureus (Cell: Bacteria = 5:1) for 2 h and then washed with PBS and 
vancomycin solution to remove the bacteria that had not been phago
cytosed. The cytoskeleton and nucleus were labeled with Actin-Tracker 
Red-Rhodamine (Beyotime, China) and DAPI (Beyotime, China), 
respectively. Finally, the phagocytosis of bacteria by neutrophils was 
observed using CLSM (ZEISS LSM 710, Germany). To assess their 
bactericidal capacity, neutrophils were lysed using 0.1 % Triton-X100 
and mixed with the culture supernatant. The mixed bacterial solution 
was diluted and spread to blood agar plates. Single colonies were 
counted after incubation at 37 ◦C overnight. 

4.9. Primary murine subcutaneous IRI model 

48 male ICR mice (8–10 weeks old) were selected to establish the 
model of primary IRIs. Briefly, mice were anesthetized with 1 % 
pentobarbital (10 μL/g), shaved on the back, and disinfected with 75 % 
ethanol. Sterile titanium pieces (8 mm diameter) were implanted sub
cutaneously through a transverse dorsal incision. A 100 μL of S. aureus 
bacterial suspension (1 × 106 CFU/ml) was injected around the titanium 
pieces and the incision was then sutured. Afterward, mice were 
randomly divided into four groups (12 mice each) and treated with local 
injections on days 3 and 5 postoperative: Control group (100 μL of sa
line), Van group (2 mg/kg of vancomycin), CFCP group (2 mg/kg of 
CFCP), CFCP+US group (2 mg/kg of CFCP + 8 min of US irradiation). 
The wound infection area was measured using calipers regularly. On 
postoperative days 7 and 10, partial mice from each group were 
executed and their blood, implants, peri-implant tissues, and IDLNs were 
collected. 

Implants, peri-implant tissues, and blood collected on day 10 were 
used primarily for treatment efficacy and biosafety assessment. The 
implants were fixed, dehydrated, lyophilized, and finally observed for 
residual bacteria using SEM (JEOL JSM-6310LV, Japan). Equal weights 
of peri-implant tissues were homogenized with a tissue homogenizer 
(KZ-III-FP, Servicebio), while the implants were sonicated and vortexed 
in sterile PBS (sonication for 5 min, vortex for 30 s, 3 cycles). The bac
terial load in the tissue homogenate and implant rinse were quantified 
using SPM. In addition, the blood was used for Fe, blood routine, and 
blood biochemistry tests. 

Peri-implant tissues, IDLNs, and blood collected on Day 7 were used 
primarily for immunological testing. Partial peri-implant tissues were 
fixed, dehydrated, embedded, sectioned, and stained to assess the acti
vation of the immune response. Primary antibodies of STING (Cat. 
ab288157, Abcam), IFN-β (Cat.PRS4243, Merck), Ly6G (Cat.GB11229, 
Servicebio), and MPO (Cat.GB11224, Servicebio) were used in this 
study. Flow cytometry was used to detect the activation of immune cells 
in peri-implant tissues and IDLNs. Specifically, freshly collected tissues 
and IDLNs was cut into small pieces and digested with a mixture of 
enzymatic solutions at 37 ◦C for 30 min, including 1 mg/ml of colla
genase I (Merck, Germany), 250 μg/ml of collagenase IV (Gibco, US), 
and 50 μg/ml of deoxyribonuclease (Merck, Germany). Single-cell 

Fig. 7. CFCP+US-mediate neoadjuvant immunotherapy prevents infection relapse and re-infection after IRI revision surgery. (A) Schematic diagram of the con
struction and intervention of the murine relapse and re-infection IRI model. (B) Curves of individual infection areas in the relapse IRI model and representative 
photographs of wounds on day 20. (C) Infection relapse rates in different treatment groups. (D and E) Bacterial counts of implants and peri-implant tissues on day 20 
in the relapse IRI model. (F) IgM and (G) IgG antibody levels in the serum from different treated mice on day 20. (H) Curves of individual infection areas in the re- 
infection IRI model and representative photographs of wounds on day 30. (I) The curves of the average infection areas in different treatment groups. (J and K) 
Bacterial counts of implants and peri-implant tissues on day 30 of the re-infection IRI model. (L) Immunofluorescence staining images for CD20 (B cells) and CD3/ 
CD4 (T cells) in the spleen on day 30. (M) Representative flow cytometry plots of memory B cells (IgG+ IgD− ) in IDLNs by gating on B220+ cells on day 30. (N) 
Quantitative analysis result of memory B cell population. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns means no significance). 
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suspensions were obtained after filtration through 70 μm filters (Bio
sharp, China) and the erythrocytes were removed using 1 ml of ACK lysis 
buffer (Biosharp, China). After washing with PBS, the samples were co- 
incubated with anti-CD16/32 antibodies on ice for 15 min to block the 
Fc receptor. The blocked immune cells were incubated with fluorescein- 
labeled flow cytometry antibodies on ice for 30 min. The target cells 
were gated using flow cytometry for analysis according to the strategies 
shown in Fig. S31. Detailed information of flow cytometry antibodies 
was listed in Table S3. In addition, antibody levels (IgM and IgG) in the 
blood were detected using ELISA kits (Beyotime, China) according to 
manufacturer’s instructions. 

4.10. Relapse murine subcutaneous IRI model 

48 male ICR mice (8–10 weeks old) were used to establish the model 
of relapse IRIs. Titanium pieces were implanted subcutaneously and 
infected with bacteria, as described previously. Mice were randomly 
divided into four groups and treated with local injection on day 9: Van 
(I) group (2 mg/kg of vancomycin), Van (II) group (2 mg/kg of vanco
mycin), CFCP group (2 mg/kg of CFCP), and CFCP+US group (2 mg/kg 
of CFCP + 8 min of US irradiation). After removing the infected titanium 
pieces on day 11, the necrotic tissue was excised and the wound was 
irrigated in a saline-hydrogen peroxide-saline-vancomycin sequence. In 
the Van (I), CFCP, and CFCP+US groups, new titanium pieces were 
implanted immediately after debridement and the incision was closed. 
For the Van (II) group, the wound was treated with 2 mg/kg of vanco
mycin (once a day for three days) before implanting the new titanium 
piece. On day 20, some of the mice were sacrificed and the titanium 
pieces as well as the surrounding tissues were collected for infection 
assessment through SPM. Meanwhile, blood levels of IgG and IgM were 
detected using ELISA kits (Beyotime, China). Subsequently, mice with 
no visible recurrence of infection were given a new injection of S. aureus 
suspension (1 × 105 CFU/ml) on day 21. The area of infection was 
measured and recorded in the same manner. On day 30, the remaining 
mice were sacrificed and the required samples were collected for further 
testing and analysis, including titanium pieces, surrounding tissues, 
IDLNs, and main organs (heart, liver, spleen, lung, and kidney). Spe
cifically, SPM and SEM were used to detect the bacterial load in titanium 
pieces and surrounding tissues. Peri-implant tissue homogenates were 
obtained and the levels of inflammatory factors (TNF-α and IL-1β) were 
measured using ELISA kits (Dakewe Biotech, China). Flow cytometry 
was used to assess the activation of memory B cells in IDLNs. In addition, 
histological analysis of the major organs was used to assess the in vivo 
biocompatibility of CFCP. 

4.11. Statistical analysis 

All data were obtained from replicated independent experiments and 
expressed as mean ± standard deviation. The data obtained were 
analyzed and plotted using Microsoft Office 2016 and GraphPad Prism 8 
software. One-way ANOVA and Student’s t-test were used to determine 
statistical significance. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. p < 0.05 were considered statistically significant. 
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[38] T. Németh, M. Sperandio, A. Mócsai, Neutrophils as emerging therapeutic targets, 
Nature reviews, Drug discovery 19 (2020) 253–275. 

[39] A. Bonavia, L. Miller, J.A. Kellum, K. Singbartl, Hemoadsorption corrects 
hyperresistinemia and restores anti-bacterial neutrophil function, Intensive care 
medicine experimental 5 (2017) 36. 

[40] Y. Peng, X. Wu, S. Zhang, C. Deng, L. Zhao, M. Wang, Q. Wu, H. Yang, J. Zhou, 
L. Peng, X. Luo, Y. Chen, A. Wang, Q. Xiao, W. Zhang, Y. Zhao, X. Zeng, Y. Fei, The 
potential roles of type I interferon activated neutrophils and neutrophil 
extracellular traps (NETs) in the pathogenesis of primary Sjögren’s syndrome, 
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