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Pathogen-host competition for manganese and intricate immunostimulatory
pathways severely attenuates the efficacy of antibacterial immunotherapy
against biofilm infections associated with orthopaedic implants. Herein, we
introduce a spatiotemporal sono-metalloimmunotherapy (SMIT) strategy
aimed at efficient biofilm ablation by custom design of ingenious biomimetic
metal-organic framework (PCN-224)-coated MnO,-hydrangea nanoparticles
(MnPM) as a metalloantibiotic. Upon reaching the acidic H,O,-enriched bio-
film microenvironment, MnPM can convert abundant H,0O, into oxygen, which
is conducive to significantly enhancing the efficacy of ultrasound (US)-trig-
gered sonodynamic therapy (SDT), thereby exposing bacteria-associated
antigens (BAAs). Moreover, MnPM disrupts bacterial homeostasis, further
killing more bacteria. Then, the Mn ions released from the degraded MnO; can
recharge immune cells to enhance the cGAS-STING signaling pathway sensing
of BAAs, further boosting the immune response and suppressing biofilm
growth via biofilm-specific T cell responses. Following US withdrawal, the
sustained oxygenation promotes the survival and migration of fibroblasts,
stimulates the expression of angiogenic growth factors and angiogenesis, and
neutralizes excessive inflammation. Our findings highlight that MnPM may act
as an immune costimulatory metalloantibiotic to regulate the cGAS-STING
signaling pathway, presenting a promising alternative to antibiotics for
orthopaedic biofilm infection treatment and pro-tissue repair.

Orthopaedic implant-associated biofilm infections caused by multidrug-  biofilms, are highly resistant to antibiotics and host immune defenses,
resistant bacteria have emerged as an intractable clinical challenge resulting in persistent biofilm infections that have a negative impact on
owing to their high risk of recurrence and drug resistance evolution'”>.  public health and the global economy®’. There is a growing concern
Implant-adherent bacteria, such as Escherichia coli (E. coli) and about an alternative to traditional surgery and antibiotics that may
methicillin-resistant Staphylococcus aureus (MRSA), which reside in  more easily achieve better therapeutic outcomes®. Immunotherapy has
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remarkably revolutionized disease treatment and gained extensive
attention. As for innate immune cells, such as neutrophils and macro-
phages, immunotherapy usually produces unsatisfactory antibiofilm
effects due to the lack of immunogenicity and insufficient immune
response rate’ ™. Even worse, mature bacterial biofilms can conceal
antigen presentation to avoid immunosurveillance and subsequent
elimination, which is characterized by a low frequency of bacteria-
associated antigen (BAA) exposure, an immunosuppressive network in
the biofilm microenvironment (BME), and even antigen-presenting cell
(APC) killing*". Considering the important role of immunostimulatory
adjuvants in potentiating infection treatments to synergistically sup-
press biofilm progression, it is extremely desirable to develop immu-
nological adjuvants with both bactericidal and immunostimulatory
effects to both the innate and adaptive immune systems.

Metalloantibiotics, as metal-organic complexes, have garnered
increasing attention in recent years due to their unique antimicrobial
activity' and potential for metalloimmunotherapy™'¢. As vital trace
elements within biological systems, including bacterial pathogens,
metal ions (e.g., Cu*, Zn*, Fe?*, Mn*, Ca*, Co”, etc.) can be neither
biochemically synthesized nor degraded. Once the metal home-
ostasis becomes dysfunctional, the bacterial health will be affected.
Therefore, regulating metal homeostasis in bacteria presents a pro-
mising antibacterial strategy'”'®. For instance, when the bacterial Zn**
efflux pump is deleted, the bacteria become more sensitive to Zn*'
and are more easily killed by neutrophils'. Additionally, Fe**-induced
ferroptosis-like death in bacteria is developing into an efficacious
antibacterial strategy via homeostasis disturbance’®”. Notably,
invading pathogens increase the cellular demand for manganese, a
nutrient that belongs to the host as a defense against invading
pathogens®. New findings indicate that Mn elements acts as a key
micronutrient that contributes to the pathogenesis of a variety of
bacterial species®. When the gene encoding the Mn efflux pump
(MntE) in the family of cation diffusion facilitator proteins is
deleted, Streptococcus pyogenes is more readily killed by human
neutrophils in vitro®. Moreover, metal ions can also act in
immunomodulation”, such as pathogen-host interactions®** and
¢GAS-STING (cyclic guanosine monophosphate-adenosine mono-
phosphate synthase-stimulator of interferon genes) signaling”?’.
cGAS-STING in APCs is crucial for the coordination of innate immune
sensing and subsequent activation of adaptive immune
surveillance®. Recent studies have also shown that Mn ions can
sensitize the cGAS-STING pathway to double-stranded DNA and
synergize with immune checkpoint inhibitors”, radiotherapy***,
adjuvants’, in situ vaccines®**, and photodynamic therapy (PDT)*.
Undoubtedly, the equilibrium of STING activation is equally
significant”’. However, how to systemically develop an effective
metalloimmunotherapy and then convert it into appropriate metal-
loantibiotic forms for BAA-associated immunogenicity enhancement
and metal homeostasis modulation, remains largely unknown.

As a representative of porous materials, metal-organic frame-
works (MOFs) have been recognized as excellent drug carriers and
encapsulation shells for biomedical applications®**. Among the
emerging types of MOFs, porphyrinic MOFs are built from metal ions
and heme-like organic ligands*. Particularly, porphyrinic MOFs can
generate highly cytotoxic reactive oxygen species (ROS) upon
ultrasound (US) exposure through a sonodynamic process*™.
Moreover, as an artificial nanozyme, porphyrinic MOFs can catalyze
the polymerization of various monomers under a broad range of
wavelengths*®. Recently, porphyrin MOFs have also been applied
for encapsulation of small molecule drugs”, enzymes*, and even
nanoparticles®” to develop MOF heterostructures with novel
additional capacities. For instance, Hu et al.>® prepared porphyrinic
MOF-based drug nanocarriers for synergetic PDT and chemotherapy.
Shao et al.”* designed a core-shell upconversion nanoparticle@por-
phyrinic MOF for NIR-induced PDT and tirapazamine-mediated

chemotherapy. Zhang et al.*’ pointed out that porphyrinic MOFs
were sonosensitizer-integrated backbones for SDT under US expo-
sure. In addition, MOF-encapsulated Mn ions (e.g., Mn;0,4, Mn,03,
MnO,, MnO, etc.) can avoid normal tissue engulfment and excess
dosage-induced systemic toxicity*>. Collectively, MOF-based metal-
loantibiotics composed of porphyrinic MOFs and bioactive metal
elements, have great potential in bactericidal and BAA-related
exposure for metalloimmunotherapy to generate humoral and cel-
lular immune responses.

Here, we develop an innovative spatiotemporal sono-
metalloimmunotherapy strategy named “SMIT” against orthopaedic
implant-associated biofilm infections by the custom design of por-
phyrinic MOF-based metalloantibiotics (Fig. 1). Briefly, an Ostwald
ripening method is introduced for encapsulation of porphyrinic MOF
(porous coordination network-224, PCN-224 or PCN) on a single
MnO,-hydrangea nanoparticle (MnO,@PCN, MnP). After decoration
by hybrid neutrophil/macrophage membranes via biomimetic tech-
nology, these porphyrinic MOF-based heterostructured nano-
particles (MnO,@PCN@Mem, MnPM) will exhibit stimuli-homing
responsiveness and inflammatory chemotaxis. Firstly, MnPM can
catalyze hydrogen peroxide (H,0,) inside the BME into oxygen.
Secondly, the generated oxygen can boost oxygen-dependent SDT to
kill bacteria via bacterial homeostasis disturbance (e.g., Mn ion
overabundance, oxidative stress malfunction, cell membrane integ-
rity deficiency, quorum sensing (QS) system disorder, etc.). Thirdly,
the fragments of damaged bacteria as the exposed BAAs escape
from the biofilm and are recognized and engulfed by APCs (e.g.,
macrophages and dendritic cells (DCs), etc.). Meanwhile, the Mn ion-
enhanced cGAS-STING pathway activation promotes M1-phenotype
macrophage polarization and DC maturation, characterized by
the secretion of type-l interferons (IFN-I) and proinflammatory
cytokines, to reverse the immunosuppressive state. This augmented
APC priming and antigen presentation, activating biofilm-specific
T cell responses (CD4+, Thl7) to suppress biofilms. Of note,
oxygen will not be consumed by SDT when US exposure is removed.
The sustained oxygen generation can improve the survival and
migration of fibroblasts as well as promote the expression of angio-
genic growth factors and angiogenesis with elevated secretion
of anti-inflammatory factors. Finally, excessive cGAS-STING/Th17-
driven inflammation can be neutralized. Overall, MnPM, a metal-
loantibiotic composed of a sonosensitizer, a nanozyme, and bioac-
tive metal ions, is a prospective alternative to conventional
antibiotics and shed light on spatiotemporal antibiofilm sono-
metalloimmunotherapy and tissue repair by regulating the cGAS-
STING signaling pathway.

Results and discussion

Synthesis and characterization of hydrangea-structured MnO,
nanoparticles

Hydrangea-structured MnO, (MnO,-hydrangea) nanoparticles were
synthesized using a facile “one-pot wet” method by formamide-
mediated reduction of potassium permanganate at room temperature.
The collected MnO,-hydrangea nanoparticles showed a hydrangea-like
morphology with a rough surface (Fig. 2a and Supplementary Fig. 1),
which promoted efficient nano-bio interactions and lead to cellular
uptake®***, The results of Fourier transform near infrared (FTIR)
spectra, Ultraviolet-Visible (UV-Vis), and X-ray diffraction (XRD)
patterns further confirmed the successful preparation of MnO,-
hydrangea nanoparticles. As shown in Supplementary Fig. 2, FTIR
characteristic absorption peaks at 1383, 1641, 2850, and 2923 cm™
revealed the formation of MnO,-hydrangea nanoparticles®. In Sup-
plementary Fig. 3, a broad UV-Vis characteristic absorption band
at around 350 nm was observed due to the surface plasmon of col-
loidal manganese dioxide’®. The XRD pattern of MnO,-hydrangea
nanoparticles corresponded well with standard pattern of MnO,
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Fig. 1| Scheme illustrating the mechanism by which MnPM enhances SDT and
boosts antibiofilm metalloimmunotherapy. A spatiotemporal SMIT strategy is
proposed for biofilm ablation. Upon injection at the biofilm, MnPM can act as an
oxygen self-supplying sonosensitizer, thereby enhancing SDT against recalcitrant
implant-related infections. Concurrently, the released Mn ions can sensitize

the biofilm to SDT by disrupting intracellular homeostasis, further facilitating
biofilm degradation. The innate immune system serves as the primary source of

Peripheral
lymphatic tissue

crucial signals required to instigate adaptive immune responses. Consequently,
we anticipate these two elements to exhibit significant synergy. Moreover,
bacterial fragments (e.g., double-stranded DNA, dsDNA, etc.) as BAAs released from
the damaged biofilm can collaborate with Mn ions to initiate effective innate

and adaptive antibiofilm immune responses by activating STING to suppress
biofilm growth.

(Supplementary Fig. 4). Considering the narrow particle size distribu-
tion within the range of 50.73+7.00 nm (Fig. 2b), MnO,-hydrangea
nanoparticles were found to be efficiently taken up by APCs”.
Importantly, MnO,-hydrangea nanoparticles with a large surface area

(104.77 m?/g) were able to be used as the cornerstone to construct
the core-shell structure (Supplementary Fig. 5). Then, dissolved
oxygen experiments were performed to evaluate the catalase-like
activity of MnO,-hydrangea nanoparticles by decomposing H,0, into
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MnP-1, and MnP-3 by DLS. g Particle size distribution of MnP. h Merged image of
MnP nanoparticles with elemental mapping of Mn, O, N, and Zr. Scale bar, 50 nm.
i Ny-adsorption-desorption isotherms of MnO, and MnP nanoparticles. j TGA ana-
lysis curves of MnO, and MnP nanoparticles. k The fluorescence emission spectra
of the SOSG assay of the MnP + H,0, + US group for singlet oxygen detection. | ROS
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oxygen (Fig. 2c). High dissolved oxygen levels and stable plateau were
observed in H,0,-enriched and acidic environments with visible
abundant bubbles (Supplementary Fig. 6), suggesting the promising
oxygen supply capability of MnO,-hydrangea nanoparticles.

Synthesis and characterization of MnP

To endow porphyrinic MOF (PCN-224 or PCN) with enhanced SDT fea-
tures, an Ostwald ripening method was employed for encapsulation of
PCN-224 on a single MnO,-hydrangea nanoparticle to synthesize MnP
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nanoparticles (Fig. 2d). By varying the feeding concentration of zirco-
nium chloride (ZrCl,) and tetrakis(4-carboxyphenyl)porphyrin (TCPP)
while maintaining the same feeding concentration of MnO,-hydrangea
nanoparticles at 0.583 mg/mL, various types of MnP with different
morphologies were synthesized in N,N-dimethylformamide/ethanol
(DMF/EtOH) solution (Fig. 2e and Supplementary Fig. 7). The PCN-224
shell failed to adequately cover MnO,-hydrangea nanoparticles with a
low mass ratio of ZrCl,/TCPP/MnO, (Supplementary Fig. 8). Compared
with MnP, an increased mass ratio of ZrCl,/TCPP/MnO, resulted in
multi-aggregation of MnO,-hydrangea nanoparticles (Fig. 2e, MnP-2 and
MnP-3) and even homogeneous nucleation of PCN-224 (Fig. 2e, MnP-1).
Increased hydrodynamic particle size by dynamic light scattering (DLS)
measurement further confirmed the aggregation of MnP-1 and MnP-3
(Fig. 2f). In contrast, MnP, with a particle size distribution centered at
62.75+ 7.81 nm, exhibited optimized uniform morphology (Fig. 2g). The
change in the zeta potentials of various MnPs indicated successful MOF
decoration on MnOy-hydrangea nanoparticles (Supplementary Fig. 9).
The volume ratio of DMF/EtOH also exerted a dramatic impact on the
morphology of MnP nanoparticles (Supplementary Fig. 10). The Mn and
Zr of MnP were detected by X-ray photoelectron spectroscopy (XPS), as
shown in Supplementary Fig. 11. Binding-energy peaks of Mn2p1/2 and
Mn2p3/2 were observed at 653.7 and 641.8 eV, respectively, which were
typical values for Mn(lV), suggesting the formation of MnO,-hydrangea
nanoparticles®. Elemental mapping and X-ray energy-dispersive spec-
troscopy (EDS) spectra revealed the uniform distribution of Zr ions on
the surface of MnOy-hydrangea nanoparticles, providing additional
support for the successful encapsulation of PCN-224 on MnO,-hydran-
gea nanoparticles (Fig. 2h and Supplementary Fig. 12).

After decoration of porous PCN-224 on MnO,-hydrangea nano-
particles, the resulting MnP obtained a larger surface area (Fig. 2i and
Supplementary Figs. 5,13). In the thermogravimetric analysis (TGA)
curves, a distinct weight loss step ranging from 200 °C to 400 °C was
observed, which was attributed to the PCN-224 shell in MnP (Fig. 2j).
Subsequently, the ROS (singlet oxygen, '0,) generation from MnP
was measured by singlet oxygen sensor green (SOSG), as shown in
Fig. 2k and Supplementary Fig. 14. In contrast to the other groups, the
MnP + H,0,+US group exhibited distinct fluorescence emission,
implying that oxygen enhanced ROS generation (Fig. 2I). Huang et
al.”? also reported the effective strategy of oxygen-enhanced SDT.
The glutathione (GSH) content was detected using the probe 5,5-
dithiobis-(2-nitrobenzoic acid) (DTNB). The characteristic absor-
bance of DTNB decreased as time proceeded, indicating that GSH
was depleted by MnP (Supplementary Fig. 15). The decreased GSH
contents increased the survival of ROS and transformed Mn(IV) into
Mn(ll)*%. Apart from oxygen-enhanced SDT, the depletion of reduc-
tive substances also improved the efficiency of SDT. In Fig. 2m, the
transmission electron microscopy (TEM) images revealed the
degradation process of MnO, at pH 5.0 with H,0,. Besides, the UV-Vis
absorption spectra further confirmed the acidity/H,0,-triggered
MnO, degradation due to the vanishing of characteristic absorption
peaks (Supplementary Figs. 16 and 17).

Synthesis and characterization of MnPM

Hybrid Neutrophil and macrophage membranes-coated MnP nano-
particles (MnPM) were prepared by serial physical extrusion (Fig. 2n).
Two different cell membranes were fused together (Fig. 20). Two cell
membranes coated on a single MnP homogenously (Supplementary
Fig. 18a-c). Upon extrusion, hybrid membranes spontaneously orga-
nized on MnP nanoparticles, forming a core-shell structure (Fig. 2p and
Supplementary Fig. 18d). Furthermore, the homogeneous distribution
of S and P demonstrated the uniform coverage of the hybrid cell
membrane on the MnP nanoparticle (Fig. 2q). The mixture of lipids,
proteins, and carbohydrates that make up the cell membrane can
interact directly with the surrounding environment and play a
critical role in cell recognition, signaling, and adhesion®®. Although the

recruitment of immune cells under the inflammatory conditions
described above is complex, recent work has shown that molecules on
immune cells play a key role in mediating immune cell recruitment®"%%,
Therefore, we performed Western blot analysis of the surface mole-
cules on MnP, neutrophils, macrophages, neutrophil membranes,
macrophage membranes, and MnPM (Fig. 2r). As markers of neu-
trophils, lymphocyte function-associated antigen-1 (LFA-1) and lym-
phocyte antigen 6 complex locus g (Ly6G) were detected on MnPM.
Likewise, macrophage-expressed integrin 1 and integrin 33 were
successfully transferred onto the MnPM surface after the cell mem-
brane extrusion process. In addition, more proteins were also suc-
cessfully transferred onto the MnPM surface via Coomassie brilliant
blue staining (Supplementary Fig. 19). To demonstrate the efficient
enrichment of MnPM at the site of infection, Cy5.5-labled MnPM and
CyS.5-labled MnP were injected into the infected site in the implant-
associated biofilm infection mice. Compared with MnP, more MnPM
enriched in the infected area and retained there longer (Fig. 2s and
Supplementary Fig. 20). Inductively coupled plasma mass spectro-
metry (ICP-MS) also revealed the larger Mn concentration at the
infected area with Cy5.5-labled MnPM injection (Supplementary
Fig. 21). In summary, the well-designed MnPM inherently captured
specific protein markers from both neutrophils and macrophages,
which contributed to the efficient enrichment of MnPM. MnPM enri-
ched well in both infection-induced and excessive immunity-induced
inflammatory microenvironments.

In vitro antibiofilm effect

Antibiofilm is a prerequisite for addressing orthopaedic implant-
related infection. Here, we evaluated the potential antibacterial activity
of MnP against £. coli and MRSA in vitro. As shown in Fig. 3a, noticeable
biofilm structural defects were visualized via scanning electron
microscopy (SEM) in the PCN + US and MnP + US groups, indicating the
efficacious antibiofilm performance of SDT. Three-dimensional
reconstructions of the fluorescence-labeled E. coli and MRSA bio-
films via confocal laser scanning microscopy (CLSM) further verified
the oxygen-enhanced SDT in the MnP + US group (Fig. 3b). Visible
biofilm detachment was observed. Crystal violet staining revealed that
the biofilms maintained structural integrity in the Control, US, PCN,
and MnP groups (Fig. 3c). In contrast, after treatment with PCN +US
and MnP +US, significant biomass loss of the biofilms was observed
(Fig. 3d). The assessment of colony-forming units (CFU) in different
groups via the standard plate count method (SPM) revealed an optimal
bactericidal effect in the MnP + US group with minimal bacterial colony
residue (Fig. 3e, f). Notably, the structural destruction of the biofilm
and the death of the bacteria resulted in greater leakage of dsDNA
from the bacteria (Fig. 3g). Likewise, flow cytometry scatter plots
showed increased propidium iodide (PI)-positive rates, indicating the
efficient bactericidal ability of the MnP + US treatment (Fig. 3h-k). The
treatment of MnP + US also killed planktonic bacteria (Supplementary
Fig. 22). Then, we used Vitamin C (Vc) to scavenge the ROS in MnP + US
group, the antibiofilm activity of MnP + US treatment was inhibited
(Supplementary Fig. 23). The HAADF-STEM and fluorescence 3D
reconstruction revealed the distribution of MnP in bacteria and bio-
films, MnP penetrated into the biofilms and attached on the surface of
bacteria (Supplementary Fig. 24). Taken together, the reduction in
biofilms increased antigen release and allowed better access to anti-
gens by immune cells. Cellular debris from damaged bacteria is an
important source of bacterial antigen presentation and can be rapidly
internalized by APCs®. Intriguingly, the antibacterial effect of Mn ion in
the MnP group was not to be ignored, so further antibiofilm
mechanism research was conducted.

In vitro antibiofilm mechanism
To explore the underlying mechanism of MnP + US on MRSA biofilm
elimination, RNA sequencing (MnP + US wus Control, with three
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Fig. 3 | In vitro antibiofilm effect. a SEM images of E. coli and MRSA biofilms
treated with Control, US, PCN, PCN +US, MnP, and MnP + US. Scale bar, 2 pm.

b Three-dimensional reconstructions of the fluorescence-labeled E. coli and MRSA
biofilms stained with SYTO9 (green, indicating dead and live bacteria) and PI (red,
indicating dead bacteria). Scale bar, 100 pm. ¢ Macroscopic E. coli and MRSA bio-
film images of the Control, US, PCN, PCN + US, MnP, and MnP + US groups with
crystal violet staining. Scale bar, 4 mm. d Biofilm biomass of E. coli and MRSA
biofilms after various treatments. n =3 independent experiments; means + SDs.
n.s., not significant; *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001 using two-
tailed Student’s ¢ tests. e Typical photos of disrupted bacterial colonies from E. coli
and MRSA biofilms in the Control, US, PCN, PCN + US, MnP, and MnP + US groups.

Scale bar, 2.5 cm. f Number of CFUs of E. coli and MRSA in six different treatment
groups determined by SPM. n =3 independent experiments; means + SDs. n.s., not
significant; *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001 using two-tailed
Student’s ¢ tests. g The dsDNA concentration of E. coli and MRSA biofilms in six
different treatment groups. n =3 independent experiments; means + SDs. n.s., not
significant; *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001 using two-tailed
Student’s ¢ tests. Flow cytometry scatter plots of Pl and SYTO9 co-staining of E. coli
(h, i) and MRSA (j, k) detached from the biofilms after various treatments with
quantitative analysis. n =3 independent experiments; means + SDs. n.s., not sig-
nificant; *p <0.05, **p < 0.01, **p <0.001, and ***p <0.0001 using two-tailed Stu-
dent’s t tests. Source data are provided as a Source Data file.
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replicates) was performed with a total of 1024 differentially expressed
genes (526 upregulated and 498 downregulated) (Supplementary
Fig. 25). The enrichment analysis of Kyoto Encyclopedia of Gene and
Genomes (KEGG) and Gene Ontology (GO) term revealed a series of
downregulated pathways after the MnP + US treatment, such as QS,
peroxisome, two-component system, ABC transporters, S. aureus
infection, carotenoid biosynthesis, arginine biosynthesis, fructose and
mannose metabolism, amino sugar and nucleotide sugar metabolism,
and pyrimidine metabolism (Fig. 4a, b). Taken together, these down-
regulated differentially expressed genes were largely associated with
the QS system, cytosolic membrane integrity, antioxidant proteases,
and Mn ion homeostasis. The downregulated genes related to the QS
system and bacterial biofilm formation, such as AgrA, AgrB, and secA2,
were shown in the MnP + US group (Fig. 4c). Through heat map ana-
lysis, cytosolic membrane integrity-related genes were enriched as
visible with downregulated expression (Fig. 4d). Antioxidant protease-
related genes, including qoxA, qoxD, and gpx, were also down-
regulated in the MnP + US group (Fig. 4e). Notably, the MnP + US
treatment influenced Mn ion homeostasis, such as upregulation of Mn
ion uptake genes and downregulation of Mn ion efflux genes, as shown
in Fig. 4f.

Interestingly, opposite trends about AgrA and AgrB were obtained
in Fig. 4g. QS system is an important pathway for bacterial adaptation
to environmental changes and stress response. Perhaps in the early
stage of treatment, the stress response system of bacteria tried to
relieve QS system disorder by upregulating AgrA and AgrB. However,
the RNAseq results most likely reflected the later stage of treatment,
where the bacterial membrane was completely disrupted and the
QS system thoroughly lost the ability of stress response with down-
regulated AgrA and AgrB. When we extended the time of the treat-
ment, AgrA and AgrB decreased significantly as shown in
Supplementary Fig. 26. In addition, related transcriptomic results were
validated using a BCA leakage assay and an o-nitrophenol-f-D-galac-
toside (ONPG) assay (Fig. 4h). Downregulation of antioxidant enzyme
expression genes indicated the decreased antioxidant capacity of
bacteria. Reduced glutathione peroxidase (GPx) and superoxide dis-
mutase (SOD) activities, as well as increased ROS levels, confirmed the
imbalanced redox homeostasis and elevated oxidative stress levels
(Fig. 4i). After treatment with MnP + US, the bacteria failed to maintain
their structural integrity, resulting in the leakage of Mn ions (Fig. 4j). In
addition, clear Mn ion overabundance was observed using element
mapping analysis (Fig. 4k). The differential gene expression, such as
upregulated Mn ion uptake genes (e.g., MntH, MntABC, etc.) and
downregulated Mn ion efflux genes (e.g., MntE, etc.), further con-
firmed the mechanism of Mn ion overabundance, which was a novel
type of ion-induced bacterial death involving Mn ions (Fig. 4l,m).
Undeniably, there is complexity in the mechanism of bacterial death,
but the major bacterial lethal factors, especially overloaded Mn ions,
deserve attention.

In vitro promotion of the cGAS-STING pathway

Large amounts of Mn ions released from degraded MnO, recharged
immune cells (e.g., macrophages, DCs, etc.). To demonstrate the for-
mation of in situ STING activation (Fig. 5a), we first investigated whe-
ther MnP was able to effectively activate the cGAS-STING pathway via
western blotting (Fig. 5b, c). After treatment with MnP + dsDNA, the
APCs (RAW264.7 and DC2.4 cells) exhibited a significant increase in the
relative expression of cGAS-STING axis genes and STING-induced
inflammatory response genes (Fig. 5d, e and Supplementary Fig. 27).
The Mn ions released from MnP effectively activated the STING path-
way. Phosphorylation analysis of STING showed that the MnP + dsDNA
treatment effectively activated cGAS-STING signal transduction in
both RAW264.7 and DC2.4 cells. In addition, through the detection of
enzyme-linked immunosorbent assay (ELISA), MnP + dsDNA induced
the overexpression of Ifn-I, which was a marker of activation of the

cGAS-STING signaling pathway (Fig. 5f and Supplementary Fig. 28).
Furthermore, the DC maturation rate reached 47.86% after treatment
with MnP + dsDNA, compared to 37.11% in the PCN + dsDNA group
(Fig. 5g). Consistent with the STING signaling activation results, the
dsDNA and PCN + dsDNA groups also promoted DC differentiation due
to the bacterial antigens (Fig. 5h). Herein, compared to the groups
without Mn ions, the release of Mn ions from MnP into DCs promoted
both STING activation and DC maturation with significantly increased
efficiency (Fig. 5i, j). Release of bacterial antigens was associated
with enhanced STING signaling activation and subsequent presenta-
tion of APCs, which further reinforced adaptive antibiofilm immune
responses.

In vivo healing of implant-associated biofilm infections
Encouraged by the in vitro antibiofilm and immunostimulatory abil-
ities of the SMIT strategy, we established an implant-associated biofilm
infection mouse model and tried to evaluate the in vivo antibiofilm
effect of the SMIT strategy (Fig. 6a). The administration of MnPM + US
significantly suppressed the infection process compared to other
treatments (Fig. 6b). Infection-induced subcutaneous abscesses and
skin defects were visualized in the Control group even on day 14.
According to the bacterial SPM analysis, the MnPM + US treatment
damaged biofilm infection in both implants and peripheral tissues
(Fig. 6¢). In addition, the Vancomycin group also showed good anti-
biofilm ability, but the evolution of bacterial resistance could not be
ignored. In the Null Control group, almost no bacteria were found on
implant or in peripheral tissue (Supplementary Fig. 29). Almost no
bacteria were observed on the implant in the MnPM + US group
(Supplementary Fig. 30). Notably, the mice treated with MnPM + US
exhibited elevated levels of proinflammatory cytokines and inflam-
matory chemokines, such as 116, Tnfa, Cxcl9, Cxcl10, and Ccl2 (Fig. 6d
and Supplementary Fig. 31). Immune characterization of spleens and
peripheral tissues demonstrated that the SMIT strategy activated the
antibiofilm immune response (Fig. 6e-j). The gating strategies used for
in vivo flow cytometric analysis of immune cell populations were
shown in Supplementary Fig. 32. The MnPM + US treatment promoted
the maturation of DCs and elevated the levels of CD4 + T cells and M1
macrophages. The biofilm-induced frustrated and exhausted state of
APCs was characterized by the elevated expression of mannose
receptor (CD206) on macrophages and the immaturity of DCs. The
SMIT strategy facilitated bacterial antigen processing and presenta-
tion, as evidenced by the state transitions of APCs. These results clearly
presented how the SMIT strategy was able to induce strong antibiofilm
immune responses. Given that antibiotics as a clinical strategy for the
treatment of biofilm infections are often accompanied by the unfa-
vorable evolution of bacterial resistance, this advanced SMIT strategy
is expected to provide an effective alternative to conventional anti-
biotic therapy for the reversal of immunosuppressive BME.

In vivo transcriptomics analysis

Furthermore, to unveil the potential in vivo ramification mechanism of
spatiotemporal SMIT treatment (MnPM + US), the mouse wound
infection model was established on BALB/c mouse. 200 ulL MnPM
(30 pg/mL) was injected into the tissue at the wound MRSA infection
site on the back of mice. In the MnPM + US group, the US power =
1.5 W/cm?, frequency = 1 MHz, duty cycle = 50%, and irradiation time =
8 min. Wound tissues were taken for transcriptomic analysis. We
monitored in vivo oxygen generation via a small animal photoacoustic
imaging system, which made sure the sustained oxygen generation
(Supplementary Fig. 33). Then, transcriptomic analysis was performed
to investigate the transcriptional profiles after the SMIT therapeutic
strategy in vivo on day 3, with a total of 887 differentially expressed
genes (Jlog, FC | >1and g-value < 0.05) between the Control and MnPM
+ US groups (Supplementary Fig. 34a). Bacterial death-triggered
dsDNA release stimulated a series of immune system process with
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activated signaling pathways (Fig. 7a), such as NOD-like receptor,
cytosolic DNA-sensing, and Toll-like receptor pathways (Fig. 7b). The
upregulation of the HIF-la signaling pathway was attributed to
immune cell infiltration and SDT-induced oxygen consumption. Rela-
ted transcriptomics analysis confirmed the SDT-induced hypoxia
shown in Supplementary Fig. 35. The assistance of Mn ions significantly
enhanced the activation of STING signaling pathways associated with

IFN-I responses, proinflammatory cytokines, and chemokine expres-
sion. Then, STING activation triggered multiple signaling cascades,
leading to activation of the NF-kappa B, TNF, and IL17 signaling path-
ways, as shown by gene set enrichment analysis (GSEA) in Fig. 7c-g.
Related genes, such as Stingl, 1117a, 11233, Il1b, 116, Tbk1, Nfkb2, Ifnb1,
and Tnf, were significantly upregulated in the MnP + US group
according to the results from heat map and GO enrichment chord plot
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Fig. 4 | In vitro antibiofilm mechanism. Bacterial transcriptomics analysis. GO
term (a) and KEGG enrichment (b) analysis of downregulated genes in bacteria
between the Control and MnP + US groups. Heat map analysis of differentially
expressed genes about QS system (c), cytosolic membrane integrity (d), anti-
oxidant proteases (e), Mn ion homeostasis (f) between the Control and MnP + US
groups. g Relative gene expression of AgrA and AgrB. n=3 independent experi-
ments; means + SDs. n.s., not significant; *p < 0.05, **p < 0.01, **p <0.001, and
***p < 0.0001 using two-tailed Student’s ¢ tests. h BCA leakage and ONPG test of
MRSA biofilm. n =3 independent experiments; means + SDs. n.s., not significant;
*»<0.05, ¥p <0.01, **p<0.001, and ***p < 0.0001 using two-tailed Student’s ¢
tests. i Antioxidant capacity evaluation, including GPx activity, SOD activity, and

ROS levels in biofilms. n =3 independent experiments; means + SDs. n.s., not sig-
nificant; *p <0.05, **p < 0.01, **p <0.001, and ***p < 0.0001 using two-tailed Stu-
dent’s ¢ tests. j TEM image of MRSA treated by MnP + US with quantitative analysis.
Scale bar, 500 nm. k Elemental mapping of the Mn ion with quantitative analysis.
Scale bar, 100 nm. n =3 independent experiments; means + SDs. n.s., not sig-
nificant; *p <0.05, **p < 0.01, **p <0.001, and ***p < 0.0001 using two-tailed Stu-
dent’s ¢ tests. | Relative gene expression of MntH, MntABC, and MntE. n=3
independent experiments; means + SDs. n.s., not significant; *p < 0.05, **p < 0.01,
***p < 0.001, and ***p < 0.0001 using two-tailed Student’s ¢ tests. m Schematic of
Mn ion overabundance. Source data are provided as a Source Data file.

(Supplementary Fig. 34b, c). The differentiation of Th17 cells requires
the cytokines IL1b and IL6. Proinflammatory cytokines play a crucial
role in activating DC maturation and T cell activation. These studies
indicated that the MnPM + US treatment effectively broke the biofilm
barrier and utilized the biofilm as endogenous BAAs deposition to
further activate adaptive antibiofilm immunity.

On day 10, a total of 1939 dramatically differentially expressed
genes (948 upregulated and 991 downregulated) with significant (|
log, FC|>1 and g-value < 0.05) expression patterns before and after
the MnPM + US treatment was identified (Supplementary Fig. 36a).
Among them, tissue repair-related genes involved in intermediate
filament organization, keratinization, hair follicle development, and
epithelial cell differentiation were remarkably upregulated (Fig. 7h).
As shown in the KEGG analysis, effective biofilm killing and continued
oxygen generation activated tissue repair-related signaling pathways
(Fig. 7i), such as DNA replication, cell cycle, ribosome biogenesis in
eukaryotes, mismatch repair, and nucleotide excision repair, via
GSEA (Fig. 7j-n). Related genes were significantly upregulated after
treatment with MnPM + US (Supplementary Fig. 36b, c). Together,
these transcriptome profiles demonstrated that the well-developed
spatiotemporal SMIT treatment was able to alter the balance of
immunosuppressive and coactivating signaling pathways to achieve
an antibacterial immune response and promote tissue repair by
regulating the cGAS-STING signaling pathway.

In vitro pro-tissue repair evaluation
Excessive ¢GAS-STING/Th17-driven inflammation is no longer protec-
tive but can instead cause severe inflammatory diseases®*°°. Hypoxia
alters the populations of monocytes and macrophages during infec-
tion, which leads to persistent inflammation that hinders tissue repair
after infection treatment®’. Furthermore, long-term hypoxia in wounds
impairs the healing process by inhibiting angiogenesis, re-epitheliali-
zation, and extracellular matrix synthesis®. Once US irradiation was
withdrawn, the oxygen generated from MnP would not be converted
to '0, by PCN and sustained oxygenation would reshape the immune
landscape after the SMIT treatment (Fig. 8a). The released oxygen
effectively increased M2-phenotype macrophage polarization in the
MnP group (Fig. 8b, c). The gPCR results revealed that pro-
inflammatory factors were significantly downregulated due to the
oxygen generation from MnP (Fig. 8d and Supplementary Fig. 37). The
ELISA results further confirmed the reversal of the proinflammatory
microenvironment with upregulated vascular endothelial growth fac-
tor (Vegf) (Fig. 8e).

To assess whether the generated oxygen was able to facilitate
the migration of human umbilical vein fusion (EA.hy926) cells, a
scratch assay was conducted (Fig. 8f). After treatment with MnP, the
migration ratio of EA.hy926 cells was clearly increased (Fig. 8g). In
the Transwell migration assay, MnP significantly stimulated the
mobility of EA.hy926 cells compared to other treatments (Fig. 8h, i).
To evaluate the potential of oxygen generation in promoting angio-
genesis, EA.hy926 cells were subjected to in vitro vascular tube for-
mation (Fig. 8j). In the MnP group, the EA.hy926 cells assembled with
a significantly greater number of circles, exhibited an -4.8-fold

increase in circle number compared to those in the Control group
(Fig. 8k). Following the removal of US, the sustained oxygenation
enhanced the migration of fibroblasts and promoted angiogenesis,
accompanied by an elevated secretion of anti-inflammatory factors.
The generated oxygen worked well to alleviate the inflammatory
immune microenvironment following the SMIT treatment, posses-
sing the great potential to promote healing of infection-induced
tissue damage.

In vivo healing of infected skin wounds

To determine whether continuous oxygen generation was able to
accelerate infection wound healing, different treatments were admi-
nistered onto full-thickness excisional wounds in MRSA-infected mice
(Fig. 9a). Notably, the wound size in the MnPM + US group was sub-
stantially smaller than that in the Control and US groups, demon-
strating that the MnPM + US treatment promoted wound closure
(Fig. 9b and Supplementary Fig. 38). As a naive T cell subpopulation
capable of secreting IL17, Th17 cells are important in autoimmunity
and anti-infection defense®. Immunohistochemical staining revealed
STING axis activation with IL17 and IL23r secretion (Fig. 9c, d). We
believed that the emergence of Th17 cells during biofilm infection was
associated with the MnPM + US treatment.

According to the histomorphological analysis on day 14, the
MnPM + US treatment significantly diminished the infiltration of neu-
trophils (Fig. 9e, f, H&E). Bacteria in tissues were killed efficiently in the
MnPM + US group (Fig. 9¢, g, Giemsa). Successful killing of MRSA
infection in the MnPM + US group increased collagen deposition
(Fig. 9¢, h, Masson). The different treatments also affected the immune
microenvironment. Immunohistochemistry assays demonstrated
numerous CD31-positive cells in the MnPM + US group rather than in
the other groups (Fig. 9i). Furthermore, the flow cytometric analysis
results revealed that a large number of M2 phenotype macrophages
infiltrated the tissue in the MnPM + US group on day 14 (Fig. 9j), sug-
gesting that the infection was effectively eliminated while not causing
excessive inflammatory response.

To evaluate the rate of reepithelialization, we used cytokeratin 14
(K14) and cytokeratin 19 (K19), two markers for basal keratinocytes and
skin stem cells’”®, respectively, to stain tissue sections harvested on
days 3, 10, and 14 (Fig. 9k). The K19-containing keratinocytes were
found to localize to a region of hair follicles known as the bulge”.
On day 10, in the MnPM + US group, the complete layer of basal ker-
atinocytes (K14 +) nearly encapsulated the wounds. Compared to the
other treatments, MnPM + US activated higher migration of more skin
stem cells (K19 + ). On day 14, in the Control, US, and PCNM groups, the
migration of basal keratinocytes and skin stem cells was still sluggish.
As a key cytokine in the STING axis activation program, IL6 was
secreted in large quantities in tissues on day 3 after the MnPM + US
treatment (Fig. 91). In the MnPM + US group, from day 3 to day 10, the
amelioration of the proinflammatory microenvironment was able to be
visualized by upregulated IL10 and downregulated IL6 in the immu-
nofluorescence staining images (Fig. 9m). By contrast, IL10 was barely
secreted in the Control and US groups. These results demonstrated
that continuous oxygenation effectively accelerated keratinocyte
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Fig. 5 | In vitro promotion of the cGAS-STING pathway. a Schematic illustration
of the promotion of the cGAS-STING pathway. b, ¢ Western blot of the activation of
the cGAS-STING pathway in APCs (RAW264.7 and DC2.4 cells) after different
treatments. Actin = 42 kDa, IRF3 and p-IRF3 =46 kDa, TBK and p-TBK = 84 kDa.
Relative gene expression of the cGAS-STING axis in RAW264.7 (d) and DC2.4 (e)
cells after different treatments by qPCR analysis. f ELISA detection of Ifn-I, Tnfa,
and 116 in RAW264.7 and DC2.4 cells after different treatments. n =3 independent
experiments; means + SDs. n.s., not significant; *p < 0.05, **p <0.01, **p < 0.001,
and ***p < 0.0001 using two-tailed Student’s ¢ tests. g The efficacy of promoting DC

maturation in different groups evaluated by flow cytometry in vitro with quanti-
tative analysis (h). n=3 independent experiments; means + SDs. n.s., not sig-
nificant; *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001 using two-tailed
Student’s ¢ tests. i CLSM images showing STING activation in DCs with quantitative
analysis (j), where blue represents cell nuclei and red represents STING. Scale bar,
50 pm. n =3 independent experiments; means + SDs. n.s., not significant; *p < 0.05,
*p < 0.01, **p < 0.001, and ***p < 0.0001 using two-tailed Student’s ¢ tests. Source
data are provided as a Source Data file.

migration and hair follicle formation, thereby promoting wound re-
epithelialization.

In vitro and in vivo evaluation of biosafety

To confirm the biosafety of the materials, a CCK-8 (cell counting kit-8)
assay was used to evaluate the cytotoxic effect in vitro. Accordingly,
EA.hy926, RAW264.7, and DC2.4 cells were separately incubated with
materials. The relative cell viability remained above 83.7% in the pre-
sence of materials (30 pg/mL), indicating good biocompatibility

(Supplementary Fig. 39). The treatment of MnP + US also did not harm
healthy cells (Supplementary Fig. 40). The H&E sections of the kidney,
liver, lung, spleen, and heart derived from mice subjected to different
treatments exhibited no significant difference, suggesting no obvious
tissue toxicity (Supplementary Fig. 41).

In summary, we developed an innovative spatiotemporal SMIT
strategy based on custom-designed biomimetic porphyrinic MOF-based
metalloantibiotics (MnPM) for sono-metalloimmunotherapy against
recalcitrant orthopaedic biofilm infections. MnPM-induced primary
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Fig. 6 | Evaluation of the in vivo immunogenic effect in the implant-associated
biofilm infection model. a Schematic of the implant-associated biofilm infection
model and therapeutic procedure of the SMIT strategy. b Average infection area
change curves in infected mice after different treatments. Representative photos of
the Control and MnPM + US groups on day 14. n = 3; means + SDs; **p < 0.01 using
Two-way ANOVA. ¢ Bacterial CFU counts of residual biofilm on the extracted
implants and residual bacteria in the peripheral tissues on day 14. n = 3 independent
animals; means + SDs. n.s., not significant; *p < 0.05, **p < 0.01, ***p < 0.001, and

***p < 0.0001 using two-tailed Student’s ¢ tests. d qPCR analysis of the relative gene
expression of the cGAS-STING axis with different treatments. Representative flow
cytometry plots of CD4 + T cells (CD4 +) by gating on CD3 + T cells (e, f), M1-
phenotype macrophages (CD80 + CD206-) by gating on CD11b + F4/80+ cells (g, h),
and mature DCs (CD80 + CD86 +) by gating on CD11c+MHC-II+ cells (i, j) in spleens.
n=3 independent animals; means + SDs. n.s., not significant; *» <0.05, *p<0.01,
***p < 0.001, and ***p <0.0001 using two-tailed Student’s ¢ tests. Source data are
provided as a Source Data file.

bacterial death through SDT and homeostatic disturbances released neo-
BAAs, and the combination of Mn ions and BAAs dramatically elevated
STING activation in APCs. The intelligent design of MnPM as a metal-
loantibiotic composed of a sonosensitizer, a nanozyme, and bioactive
metal ions enhanced SDT efficiency, amplified T cell responses,

neutralized excessive inflammatory responses, and promoted tissue
repair. Moreover, systemic treatments with the spatiotemporal SMIT
strategy exerted remarkable biofilm infection elimination efficacy
and pro-tissue repair in implant-related biofilm infection models via
successful cGAS-STING signaling pathway regulation. Distinct from
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Fig. 7 | In vivo transcriptomics analysis. a GO term analysis of upregulated terms
after treatment with MnPM + US on day 3. Pink, highlight. b KEGG enrichment of
upregulated genes after treatment with MnPM + US on day 3. GSEA of repre-

sentative immune signaling pathways about NF-kappa B (c), NOD-like receptor (d),
cytosolic DNA-sensing (e), IL17 (f), TNF (g) after treatment with MnPM + US on day
3. h GO term analysis of upregulated terms after treatment with MnPM + US on day

10. Pink, highlight. i, KEGG enrichment of upregulated genes after treatment with
MnPM + US on day 10. GSEA of representative repair signaling pathways about DNA
replication (j), cell cycle (k), ribosome biogenesis in eukaryotes (I), mismatch repair
(m), nucleotide excision repair (n) after treatment with MnPM + US on day 10.
Source data are provided as a Source Data file.

traditional antibiotics, our work presents the concept of metalloantibio-
tics based on metal-organic framework, demonstrating the tremendous
potential of sono-metalloimmunotherapy in killing biofilms, such as
dental implant infections, catheter infections, and scaffold infections.

Methods

Mice

All animal experiments were approved by the Animal Ethics Commit-
tee of The First Affiliated Hospital of USTC, University of Science and
Technology of China Animal Department (2022-N(A)-056). All hand-
ling and surgical procedures followed the approved guidelines.

Synthesis and characterization of MnO,-hydrangea, MnP, and
MnPM nanoparticles
The MnO,-hydrangea nanoparticles were prepared by mixing 950 mg
of potassium permanganate (KMnO,, Aladdin, China) in 480 mL
deionized water (DI-water). After stirring for 5min, 15mL of for-
mamide (Aladdin, China) was dropped into the above mixed solu-
tion, and stirring was continued for 8 h. The final MnO,-hydrangea
products were centrifuged, washed with water, and freeze-dried for
further use.

MnP nanoparticles with varying mass ratios of MnO, and PCN
were prepared by dispersing 140 mg of MnO, in 20 mL of a mixed
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Fig. 8 | In vitro pro-tissue repair evaluation. a Schematic of posttreatment with
SMIT therapy. Sustained oxygenation from MnP without US accelerated wound
healing. b Flow cytometry of CD80 and CD206 expression on macrophage after
different treatments. ¢ M2-phenotype macrophage percentage. n =3 independent
experiments; means * SDs. n.s., not significant; *p < 0.05, *p < 0.01, **p <0.001,
and **p < 0.0001 using two-tailed Student’s ¢ tests. d Relative gene expression of
RAW264.7 cells after different treatments by qPCR analysis. e ELISA detection of
1110, Vegf, 116, and Tnfa in RAW264.7 cells after different treatments. n =3 inde-
pendent experiments; means + SDs. n.s., not significant; *p <0.05, *p <0.01,

**p < 0.001, and ***p < 0.0001 using two-tailed Student’s ¢ tests. f Scratch assay of
EA.hy926 cells cultured in macrophage-conditioned media for O and 24 h with
quantitative analysis of the migration ratio (g). Scale bar, 200 um. n=3
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independent experiments; means + SDs. n.s., not significant; *p <0.05, **p < 0.01,
***p <0.001, and ***p < 0.0001 using two-tailed Student’s ¢ tests. h Transwell
migration assay of EA.hy926 cells in different groups with quantitative analysis of
the number of migrated cells (i). Scale bar, 200 um. n = 3 independent experiments;
means * SDs. n.s., not significant; *p < 0.05, **p < 0.01, **p <0.001, and

***p < 0.0001 using two-tailed Student’s ¢ tests. j Vascular tube formation of
EA.hy926 cells cultured in various macrophage-conditioned media on Matrigel for
6 h with quantitative analysis of the number of circles (k). Scale bar, 200 um. n=3
independent experiments; means + SDs. n.s., not significant; *p <0.05, **p < 0.01,
**p <0.001, and ***p < 0.0001 using two-tailed Student’s ¢ tests. Source data are
provided as a Source Data file.

solution of N,N-dimethylformamide (DMF)/ethanol (EtOH). Then,
27.8 mg of zirconium chloride (ZrCly, Aladdin, China) and 50 mg of
tetrakis(4-carboxyphenyl)porphyrin (TCPP, TCI, Shanghai) were
added into the above mixed solution. After sonication in an ice bath for
10 min in the dark, the mixed solution was stirred at 90 °C for 6 h.
Then, MnP products were collected by centrifugation, washed three
times with ethanol, and freeze-dried for further use.

TEM (JEOL, JEM-2100 Plus, Japan) was used to observe the mor-
phology of the nanoparticles. Elemental mapping was used to analyze
the elemental composition of the materials. To evaluate oxygen gen-
eration, a dissolved oxygen meter (JPB-607A, INESA, Shanghai) was
used to detect the generated oxygen gas in the DI water. 'O, genera-
tion was detected by SOSG assay via fluorescence spectrometry.

To prepare MnPM, a neutrophil and macrophage hybrid mem-
brane was used to encapsulate MnP nanoparticles. Herein, RAW264.7
cells were cultured in complete DMEM containing 10% fetal bovine
serum. RAW264.7 cells (2 x 107 cells per well) were precipitated by
centrifugation and resuspended in a precooled hypotonic buffer of 1x
protease inhibitor (pH 7.4, 10 mM Tris, 1 mM MgCl,) in an ice bath for
half an hour. Similarly, neutrophils were isolated from the bone mar-
row of male mice (6-8 weeks). Frozen cells were thawed and washed
three times with 1x PBS. Cells were then suspended in hypotonic buffer
containing 30 mM Tris-HCI (pH 7.5, Sigma, T8230) and precooled 1x
protease inhibitor (pH 7.4, 10 mM Tris, 1 mM MgCl,) in an ice bath for
half an hour. The disintegrated cells were centrifuged (1100 g, 4 °C
15 min), and the supernatant was collected. The precipitate obtained
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Fig. 9 | In vivo healing of infected skin wounds. a Schematic illustration of the
experimental animal models of wound MRSA infection to evaluate SMIT and
oxygen-mediated tissue repair. b Representative images of wound size changes
during 14 days post-wounding. Immunohistochemical analysis. Immunohisto-
chemical staining (c) with quantitative analysis (d) for STING, IL17, and IL23r on day
3. Scale bars, 250 pm. n = 3 independent animals; means + SDs. n.s., not significant;
*»<0.05, *p <0.01, **p < 0.001, and ***p < 0.0001 using two-tailed Student’s

t tests. e-h Histomorphological analysis via hematoxylin and eosin (H&E), Giemsa,
and Masson’s trichrome staining of the peripheral tissues after various treatments
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with quantitative analysis (f-h). Scale bars, 50 um. n =3 independent animals;
means * SDs. n.s., not significant; *p < 0.05, **p < 0.01, **p <0.001, and

****p < 0.0001 using two-tailed Student’s ¢ tests. i Immunohistochemical staining of
CD3l. Scale bars, 50 um. j M2-phenotype macrophages (CD80-CD206 +) by gating
on CD11b + F4/80+ cells. k Immunofluorescence staining of cytokeratin 14 (K14,
green) and cytokeratin 19 (K19, red) for the wounds on days 3, 10, and 14. Scale bars,
50 pm. I A scheme illustrating Th17 cell differentiation. m Immunofluorescence
staining of IL10 (green) and IL6 (red) for the wounds on days 3 and 10. Scale bars, 50
pm. Source data are provided as a Source Data file.
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by centrifugation (100000 g, 4 °C, 120 min) of the collected super-
natant was the cell membrane. After washing with 0.2mM EDTA
(100000 g, 4 °C, 60 min), the neutrophil and macrophage membranes
were collected and stored at 4 °C for future use and at -80 °C for long-
term storage. Finally, the extracted macrophage membrane dispersion
(Img/mL), neutrophil membrane dispersion (1mg/mL) and MnP
nanoparticles (1 mg/mL) were mixed in DI water. The mixture was
sonicated for 10 min and stirred at 800 rpm for 30 min. The mixture
was then extruded sequentially through 400 nm and 200 nm poly-
carbonate porous membranes more than 20 times repeatedly using an
Avanti microextruder. The free membranes were then removed by
centrifugation (16060 g, 4 °C, 30 min) to further purify the obtained
hybrid membrane-encapsulated MnP nanoparticles, noted as MnPM.
The PKH67 Green Fluorescent Cell Linker Mini Kit and Dil (DilC18(3))
were used for fluorescence imaging of neutrophil and macrophage
hybridization membranes.

Investigation of the in vitro antibiofilm mechanism

gPCR was performed to determine the relative expression levels of
typical genes in three replicates using SYBR Green qPCR Master Mix
(EZBioscience) and the QuantStudio 7 Flex system (Life Technologies).
Gene expression levels were evaluated using the 2**“ method.
The sequences of primers used for gene amplification were shown in
Table S1. Elemental mapping was performed to determine the Mn
ion content within the bacteria. The concentrations of protein leaked
from the bacteria were determined using a BCA protein assay kit
(Elabscience, China). ONPG hydrolysis was used to evaluate the
membrane permeability of bacteria in the biofilm. The collected bac-
teria were incubated with ONPG solution (Yeasen, China). The absor-
bance at 420 nm of the mixed solution was recorded using an enzyme-
labeled instrument (BioTek Epoch, USA). ROS (*0,) within the bacteria
were detected by a 2’,7-dichlorodihydrofluorescein diacetate (DCFH-
DA) assay using a Reactive Oxygen Species Assay Kit (Beyotime,
China). In this assay, 500 pL of MRSA suspension (1 x 10° CFU/mL) was
seeded into 24-well plates at 37 °C and incubated for 24 h. After dif-
ferent treatments, the biofilms were collected and resuspended in PBS
and washed twice with PBS for coincubation with 10 uM of DCFH-DA.

In vitro cGAS-STING evaluation
For Western blot analysis, cells were seeded in six-well plates and
treated according to the different groups. Total protein from each
group was extracted by RIPA lysis buffer, and the concentration was
determined by a BCA protein quantification kit. Different molecular
weight proteins were separated by SDS-PAGE gel electrophoresis, and
then the protein bands were transferred to PVDF membranes. The
membrane was blocked at room temperature for 1h, washed 3 times
with TBST for 5 min each time, incubated overnight at 4 °C with pri-
mary antibody against the target protein, washed 3 times with TBST,
incubated at 4 °C for 2 h with horseradish peroxidase enzyme-labeled
secondary antibody, washed 3 times with TBST, and developed by an
ECL chemiluminescence reagent kit. The western blot antibodies used
in this study were shown in Table S2.

The ELISA was performed by incubating cells with materials for
24 h, collecting the media, and centrifuging (2380 g, 30 min) to obtain
the supernatants. Then, ELISA kits were used to determine cytokine
concentrations in different collected supernatants.

In vivo antibiofilm and immune response analysis

The mouse implant-related biofilm infection model was established
using BALB/c mice purchased from the School of Agriculture and
Biology, Shanghai Jiao Tong University. The infection model mice were
divided into 6 groups and subjected to different treatments as follows:
Control, US, PCNM, PCNM +US, MnPM, and MnPM +US. The con-
centrations of both PCN and MnP used in the PCNM, PCNM + US,
MnPM, and MnPM + US groups were 30 pg/mL. The US power,

frequency, duty cycle, and irradiation time were 1.5 W/cm?, 1 MHz, 50%,
and 8 min, respectively. Herein, 200 pL of MRSA bacterial suspension
(1 x 107 CFU/mL) was cocultured with poly(ether-ether-ketone) (tita-
nium disc, diameter = 8 mm, thickness = 0.5 mm) discs at 37 °C with 5%
CO, for 48 h. Prior to biofilm implantation, 1% pentobarbital sodium
was injected for intraperitoneal anesthesia, and the prefabricated
titanium discs with biofilms were implanted subcutaneously at the
back of the neck. After shaving, disinfection, incision, and implanta-
tion, the skin wounds were immediately sutured. On day O, the
implantation sites were subjected to various treatments. On days O, 1,
3, 7, 10, and 14 after injection, photographs of the infected area
were taken.

For in vivo flow cytometry analysis. Localized skin tissue or spleen
was taken, rinsed with PBS and placed in 1 ml of 1640 medium con-
taining digestive enzymes (1 mg/mL collagenase type 1, 250 pg/mL
collagenase type II, 50 pg/mL DNase I). These tissues were minced,
digested for 45 min at 37 °C, filtered through a 40 pm cell sieve, and
centrifuged at 400 x g for 3 min. Afterwards, 2 mL of erythrocyte lysate
was added, lysed for 3 min and centrifuged, and the cells were washed
by centrifugation with PBS. Then, CD16/32 blocking antibody was
added, the cells were resuspended and placed on ice for 30 min for
blocking, and the cells were washed by centrifugation with PBS. Sub-
sequently, fluorescein-labeled antibody was added and incubated on
ice for 30 min, and the cells were washed by centrifugation with PBS.
Collected cells were resuspended in 500 pL of PBS for flow cytometry.
The flow antibodies used in this study were shown in Table S3.

In vivo bioluminescence imaging

The mouse implant-related biofilm infection model was established.
Cy5.5-labled MnP and MnPM nanoparticles were intravenously
injected at the infected area. Then, an animal live imaging system
(VISQUE InVivo Elite) was used to track diffusion and enrichment of
nanoparticles in vivo.

In vivo antibiofilm and tissue repair analysis

The mouse wound infection model was prepared with BALB/c mice
obtained from the School of Agriculture and Biology, Shanghai Jiao
Tong University. Mice were anesthetized with pentobarbital sodium
(1%), and the skin on the back was shaved and disinfected. Dorsal skin
wounds 8 mm in diameter were made in the mice and 100 pL. MRSA
solution (1 x 10° CFU/mL) was injected into tissues, which were then
subjected to various treatments: Control, US, PCNM, PCNM +US,
MnPM, and MnPM +US. The US power, frequency, duty cycle, and
irradiation time were 1.5 W/cm?, 1MHz, 50%, and 8 min, respectively.
Wounds in each group were photographed and recorded until eutha-
nasia on days O, 1, 3, 7, 10, and 14. On day 14, wound tissues were
collected and fixed with paraformaldehyde (4%). The fixed tissues were
then dehydrated in ethanol, embedded in paraffin, and sectioned for
histological analysis. Hematoxylin and eosin (H&E) and Giemsa stain-
ing methods were used to evaluate inflammation and bacterial residue.
All slides were viewed under an optical microscope (OLYMPUS, IX70,
Japan). ImageJ/FIJl software (https://imagej.nih.gov/ij/) was used to
quantify the data from three different images. All images were con-
verted to binary with a fixed threshold to allow comparison of sub-
strates. Images of immunohistochemical staining for CD31, IL17, IL23r,
and STING were captured via microscopy (Ci-s, Nikon). Immuno-
fluorescence co-staining images of KI14/K19 and IL6/IL10 were
observed under a fluorescence microscope (OLYMPUS, 1X70, Japan).
Histological observation of major organs (heart, liver, spleen, lung, and
kidney) in different treatments was performed by H&E staining to
evaluate the biosafety of these treatments.

Statistics and reproducibility
All data are presented as the means + SDs deviation from at least three
parallel experiments. Statistical analysis between two groups was
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performed by using two-tailed Student’s ¢ test. P < 0.05 was considered
to be statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-Seq data generated in this study have been deposited in the
NCBI Gene Expression Omnibus database under the accession code
GSE260971. The experimental data generated in this study are avail-
able within the Article and Supplementary Information. All other data
are available from the corresponding authors upon request. Source
data are provided with this paper.
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