
RESEARCH ARTICLE
www.advhealthmat.de

Manganese-Based Biofunctional 2D Nanosheets Enabled In
Situ Macrophage Engineering for Precise Eradication of
Osteomyelitis

Shengchang Zhang, Huaijuan Zhou,* Bowen Chi, Zdenek Sofer, Paul K. Chu,*
Yilong Wang, and Jinhua Li*

Efficient treatment of osteomyelitis caused by Staphylococcus aureus is a
great clinical challenge due to bacterial resistance and immune evasion
issues. Macrophages play a crucial role in the fight against S. aureus but
suffer from deficiencies in function in the infectious milieu leading to
persistent infection. Here, a strategy of exploiting aged neutrophil membrane
(aNM) is developed to camouflage 2D MnPSe3 nanosheets (MPS NSs),
denoted as aNM@MPS, to mediate in situ macrophage engineering, thereby
potentiating macrophages to eradicate refractory osteomyelitis. When
administered systematically, the biofunctional aNM@MPS ensures selectivity
for osteomyelitis lesions, enhanced bone marrow retention, and subsequent
phagocytosis by macrophages. In the mouse model of osteomyelitis, the
aNM@MPS enables dysfunctional macrophages to digest intracellular
bacteria by generating highly toxic hydroxyl radicals and sequentially
reprogramming bactericidal immunity through manganese ion-mediated
immune activation, which synergistically terminates persistent
infection-initiated pathological cascades and subsequently reestablish
host-directed bactericidal potency, thereby conferring a satisfactory
osteoprotective effect. These findings demonstrate that macrophages in the
skeletal infectious milieu can be precisely remodeled via the
lesion–macrophage dual-targeting metalloimmunotherapy strategy, which
holds potential for osteomyelitis treatment.
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1. Introduction

Osteomyelitis, a particularly devastating
complication following orthopedic surgery
or bacteremia, remains a significant clin-
ical challenge.[1] The management of
osteomyelitis necessitates complex treat-
ment strategies, including prolonged
antibiotic therapy and extensive surgical
debridement.[2] However, limited clini-
cal progress has been made in terms of
eradicating osteomyelitis due to bacterial
persistence. Among the diverse pathogens
linked to osteomyelitis, Staphylococcus
aureus, particularly methicillin-resistant
S. aureus (MRSA), represents the most
prevalent and destructive causative agent
regarding osteomyelitis.[1a,3] Because
osteomyelitis-causing S. aureus can cause
host immune paralysis and evade antibiotic
chemotherapy,[4] restimulating bactericidal
immunity in the skeletal infectious mi-
croenvironment is critical in eradicating
osteomyelitis. However, effective treatment
strategies remain largely unexplored.
Macrophages play a pivotal role in or-

chestrating the bactericidal immune re-
sponse to S. aureus, which mainly relies on
a burst of reactive oxygen species (ROS) af-
ter internalizing the pathogens and serially
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initiating adaptive immunity via antigen presentation.[5] How-
ever, postoperative local tissue response and progressive infec-
tions lead to a niche of immune paralysis that impairs the
phagocytic and bactericidal activities of macrophages.[4b,6] Fur-
thermore, S. aureus-infected macrophages with inadequate ROS
levels weaken phagolysosomal killing, thus permitting the in-
tracellular survival of pathogens and allowing for persistent
infection.[7] As macrophages possess unique effector functions
in terms of host defense against pathogens,[8] it is hypothesized
that the in situ targeted reprogramming of the macrophages
in the skeletal infectious microenvironment to restore im-
mune defense could redirect the phagocytosis and reinforce
the phagolysosomal killing activity of staphylococcus-infected
macrophages, thereby thwarting bacterial immune evasion via a
host-directed strategy and subsequently eradicating uncontrolled
osteomyelitis.
The precise targeting of macrophages in the skeletal in-

fectious microenvironment is crucial in efficiently remodeling
macrophage-initiated bactericidal immune cascades. Aged neu-
trophils (aNEs) can home to bonemarrow for safe removal, which
is a critical innate function on the part of neutrophils to help
maintain tissue homeostasis.[9] During the homing of aNEs to
the bone marrow, the overexpression of the chemokine receptor
CXCR4 on the aNEs’ plasma membrane is a key signal to con-
nect with the CXC chemokine ligand 12 (CXCL12) in the bone
marrow, which guides aNE homing.[10] Critically, when aNEs mi-
grate back into the bone marrow, macrophages prefer to rec-
ognize and phagocytose them there.[9b,11] Inspired by this, the
camouflage with aged neutrophil membrane (aNM) may there-
fore enhance the bonemarrow homing of nanoformulations and
serially enable the specific internalization of macrophages. Im-
portantly, nanoformulation-armed infected macrophages elicit
a highly reactive ROS burst within the phagosome, which is
crucial in effectively eliminating intracellular pathogens. Typi-
cally, ROS-catalytic metal-based enzymatic nanoformulations ex-
hibit robust Fenton/Fenton-like reactions that produce highly
toxic hydroxyl radicals (•OH).[12] Moreover, metal ions, espe-
cially manganese ions, are effective immunologic adjuvants for
metalloimmunotherapies.[13] Superior to the free ion state, 2D
ternarymanganese-based layeredmaterials, such asMnPSe3 and
MnPS3, are emerging biomaterials due to their inherent enzyme
mimetics and potential immunostimulatory properties.[14] How-
ever, biological barriers and non-specific distribution remain
formidable challenges for 2D layered material-based precision
therapeutics.[15] As such, aNM-coated 2D ternary manganese-
based enzymatic nanoformulations may be an efficient way
to manipulate macrophages in skeletal infectious microenvi-
ronment in situ such that they digest intracellular multidrug-
resistant bacteria and restimulate innate anti-bacterial immunity,
which can enable the host-directed bactericidal strategy and thus
eradicate osteomyelitis.
Here, we sought to develop biofunctional nanosheets for

infected bone marrow homing and the in situ reprogram-
ming of microenvironmental macrophages to enable the pre-
cise eradication of osteomyelitis. 2D MnPSe3 nanosheets (MPS
NSs), incorporating divalent manganese, phosphorus, and se-
lenium ions, are a promising candidate for immunostimula-
tion and osteoprotection. Such metalloimmunotherapy based on
aNM-cloaked MPS NSs possesses both the improved accumu-

lation in the lesional bone marrow and the ability to remodel
macrophage-initiated bactericidal immune cascades, thereby re-
versing uncontrolled osteomyelitis (Figure 1). With the shield-
ing of aNM, the obtained aNM@MPS is endowed with stealth
properties in the circulation and can realize the bone mar-
row homing, thus enhancing the retention in osteomyelitic le-
sions. When aNM@MPS is enriched in the lesional bone mar-
row, the biofunctional nanosheets are subsequently phagocy-
tosed by macrophages. These aNM@MPS-armed dysfunctional
macrophages have demonstrated the capabilities to digest intra-
cellular bacteria by generating highly toxic •OH, serially recon-
struct anti-bacteria host immunity, and ultimately confer an os-
teoprotective effect.

2. Results

2.1. Preparation and Characterization of aNM@MPS

To obtain aNM, neutrophils with an average purity of 96.5%
(Figure S1, Supporting Information) were isolated from mouse
bone marrow and cultured in vitro for aging. Aged neutrophils
up-regulate CXCR4 expression, causing them to migrate to the
bone marrow for their natural removal.[9a] Given the half-life of
neutrophils,[16] those that had been aged for 8 h and exhibited
high CXCR4 expression levels (Figure S2, Supporting Informa-
tion) were selected for the preparation of aNM. Next, MPS NSs
were prepared via the liquid­phase exfoliation of bulk MnPSe3
powder in an aqueous solution using sonication. The trans-
mission electron microscopy (TEM) image of the bulk MnPSe3
shows a tightly packed, laminated microstructure (Figure 2a).
The TEM image also shows that the exfoliated MPS NSs in
the above bulk MnPSe3 have a typical sheet-like morphology
(Figure 2b), with a hydrodynamic size of ≈190 nm (Figure 2d).
Additionally, the Raman spectrumof bulkMnPSe3 andMPSNSs,
as shown in Figure S3 (Supporting Information), displays rep-
resentative Raman modes, which are consistent with previous
reports.[17] Subsequently, the aNM was coated on the MPS NSs
via sonication. Figure 2c shows a TEM image of aNM@MPS,
which reveals a typical sheet-like core–shell structure like that
of bare MPS NSs. The increased diameter further indicates the
successful coating of the aNM (≈10 nm in thickness) on the sur-
face of the MPS NSs (Figure 2d). For visualization, the red dye
Rhodamine B (RhB) and green dye 5(6)-Carboxyfluorescein diac-
etate succinimidyl ester (CFSE) were loaded into the MPS NSs
and aNM, respectively. The colocalization of both fluorescence
signals indicated the successful association of the two compo-
nents (Figure 2e). Next, we examined the expression of CXCR4
in the aNM@MPS. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis revealed the preservation of similar protein pro-
files in aNM@MPS (Figure S4, Supporting Information). Im-
portantly, flow cytometry analysis showed that the aNM@MPS
possesses CXCR4, a critical protein marker of senescent neu-
trophils, after successful membrane cloaking (Figure 2f). Collec-
tively, these results demonstrated successful aNM coating.
The migration of aNEs to the bone marrow is guided by

the CXCR4/CXCL12 signaling axis.[10a] Thus, a transwell-based
model was designed via which to evaluate the responsiveness of
the aNM@MPS to CXCL12 (Figure 2g, left). The statistical analy-
sis suggested that the CXCL12-treated aNM@MPS group exhib-
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Figure 1. Schematic of the preparation process and anti-osteomyelitis mechanism of aNM@MPS. a) Preparation of aNM@MPS. b) After intravenous
injection and accumulation in osteomyelitis lesions, aNM@MPS can effectively armmacrophages to kill intracellular bacteria, sequentially eliciting host-
directed bactericidal immune cascades, thereby conferring an osteoprotective effect. TBK1, TANK-binding kinase 1; IRF3, interferon regulatory factor
3.

ited a much higher fluorescence intensity (Figure 2g, right), im-
plying that the biofunctional nanosheets engage in bone marrow
homing. In addition, manganese ions-based enzymatic nanofor-
mulations exhibited sensitive catalytic activity that converted less-
toxic H2O2 into highly toxic •OH, effectively enhancing oxida-
tive damage.[18] Thus, we used terephthalic acid to determine
the level of •OH generation. The introduction of aNM@MPS
into the mimicking lysosomal environment successfully ele-
vated the levels of •OH, thereby significantly facilitating the
oxidation of terephthalic acid to yield the fluorescent product
2-hydroxyterephthalic acid (Figure 2h). These results demon-

strated the aNM@MPS provides enhanced chemodynamic activ-
ity against bacteria, enabling the efficient induction of phagolyso-
somal killing.

2.2. Enhancement of Bactericidal Activity by aNM@MPS-Armed
Macrophages In Vitro

Aged neutrophils are preferred in terms of being recognized
and phagocytosed by macrophages.[9b,11a] We investigated the en-
gulfment of the aNM cloaking nanosheets in vitro using bone
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Figure 2. Preparation and characterization of aNM@MPS. a) Representative TEM images of bulk MnPSe3 (n = 3 independent experiments). Scale bar,
500 nm. b) Representative TEM image of the exfoliated MPS NSs (n = 3 independent experiments). Scale bar, 100 nm. c) Representative TEM image
of aNM@MPS (n = 3 independent experiments). Scale bar, 100 nm. d) The hydrodynamic diameters of various nanosheets measured by dynamic light
scattering (n = 3 independent experiments). e) Fluorescence images of aNM@MPS. Red: RhB-labeled MPS NSs; Green: CFSE-labeled aNM (n = 3
independent experiments). Scale bar, 10 μm. f) Flow cytometry analysis of the presence of CXCR4 on the surface of aNM@MPS (n = 3 independent
experiments). g) Schematic of the transwell migration model (lift) and the quantitative result of migratory aNM@MPS with or without CXCL12 (right).
The results are reported as the mean ± s.d. (n = 3 independent experiments). MFI, mean fluorescence intensity; a.u., arbitrary units. h) Detection of
•OH generated by aNM@MPS. Nonfluorescent terephthalic acid was converted to fluorescent 2-hydroxyterephthalic acid by •OH oxidation. The results
are reported as the mean ± s.d. (n = 3 independent experiments). Statistical significance was determined by a two-sided Student’s t test in (g) and (h).
**P< 0.01, ***P< 0.001. NS, not significant.

marrow-derived macrophages (BMDMs; Figure S5, Supporting
Information). As shown in Figure 3a, substantial enhancement
was achieved regarding the in vitro cellular internalization of
aNM@MPS after the nanosheet was coated in aNM. In con-
trast, a minimal red signal was detected in the uncoated MPS
NSs treatment group. The result was further confirmed with
flow cytometry, indicating that the aNM@MPS was efficiently
delivered into themacrophages (Figure 3b). We then investigated
the intracellular trafficking of the biofunctional nanosheets. Con-
focal laser scanning microscopy (CLSM) images indicate that
aNM@MPS was localized specifically with the endo/lysosomes
of macrophages (Figure 3c). The Pearson correlation coeffi-
cient of the colocalization of Lyso Tracker Green DND-26-
labeled lysosomes (green) with RhB-labeled aNM@MPS (red)
further confirmed the above observation (Figure 3d). In addi-

tion, the cell-counting kit-8 (CCK8) assay results revealed that
the biofunctional nanosheets had excellent cell safety (Figure
S6, Supporting Information). Together, our findings indicate that
aNM@MPS have the potential for biomedical applications re-
lated to macrophage-targeted delivery.
Infected macrophages failed to eradicate intracellular

infections.[19] To test whether the specific cellular internalization
of aNM@MPS would be beneficial for intracellular infection
clearance, we examined the intracellular killing of MRSA by
various treatment groups of BMDMs. In view of the fact that
the toxic ROS had limited effective radii of action (less than
200 nm),[20] we intended to ascertain whether the biofunctional
nanosheets would colocalize with intracellular bacteria after
being efficiently taken up by macrophages. As demonstrated
in Figure 3e, the RhB-labeled aNM@MPS matched with the
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Figure 3. Macrophage targeting and bactericidal activity of aNM@MPS in vitro. a) Fluorescence images of BMDMs treated with uncoated MPS NSs
or aNM@MPS (n = 3 independent experiments). The nuclei were counterstained with DAPI (blue). Scale bars, 20 μm. b) Cellular uptake of uncoated
MPS NSs or aNM@MPS by BMDMs as measured through flow cytometry analysis. The results are reported as the mean ± s.d. (n = 3 independent
experiments). c,d) Representative images (c) and Pearson correlation (d) of colocalization of LysoTracker-labeled lysosomes (green) with RhB-labeled
aNM@MPS (red). The nuclei were counterstained with DAPI (blue). Pearson correlation with (+) and without (−) a 20-pixel shift (the approximate
lysosome diameter) of the green signal. The results are reported as the mean ± s.d. (n = 3 cells per group). Scale bar, 10 μm. e) Confocal images of in-
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CFSE-labeled MRSA well, implying the selectively bactericidal
ability of aNM@MPS regarding phagosomal bacteria. Because of
the ability of aNM@MPS to efficiently catalyze •OH generation,
we investigated its intracellular catalytic activity by monitoring
•OH levels. Consistently, we found that aNM@MPS-treated
infected macrophages exhibited noticeable •OH generation
(Figure 3f; Figure S7, Supporting Information). Next, we eval-
uated the phagolysosomal killing ability of NM@MPS-treated
macrophages. BMDMs were infected with MRSA and then
treated with aNM@MPS, MPS NSs, vancomycin (Van), and
phosphate-buffered saline (PBS) (control group). Among these
treatments, the aNM@MPS group showed the strongest bacte-
ricidal activity, with 90.52% inhibition (Figure 3g,h). This can
be attributed to the remarkable cellular internalization of the
biofunctional nanosheets and their effective catalytic activity
in terms of generating •OH for oxidative killing. Notably, the
biofunctional nanosheets reestablished the pathogen phagocy-
tosis ability of infected macrophages. As shown in the confocal
microscopy images presented in Figure S8 (Supporting Infor-
mation), the aNM@MPS-armedmacrophages led to their robust
phagocytosis of MRSA. Consistently, the proportion of armed
macrophages that phagocytized MRSA in the aNM@MPS treat-
ment group was 2.9 times higher than that in the control group
(Figure 3i,j).
Persistent bacterial infections often induce an immune-

suppressiveM2-likemacrophage phenotype that fosters bacterial
growth and attenuates antibacterial therapy.[21] Proinflammatory
macrophages are thought to demonstrate significant phagocytic
and bactericidal activity against bacteria and sequentially trigger
acquired immune responses.[22] To further elucidate the mech-
anisms that underlie the efficacy of biofunctional nanosheets
in enhancing macrophages’ phagocytic and bactericidal activ-
ity, we next performed a phenotype analysis of macrophages af-
ter aNM@MPS treatment. As shown in Figure 3k,l, and Figure
S9 (Supporting Information), the percentage of CD80+ M1-
phenotype cells was increased significantly in the aNM@MPS
group as compared to the other groups, whereas the percentage
of CD206+ M2-phenotype cells was decreased significantly. We
further validated the induction of a proinflammatory M1 pheno-
type using quantitative reverse transcription polymerase chain
reaction (qRT-PCR), which demonstrated similar results, such
as the increased expression of the M1 biomarker tumor necrosis
factor-𝛼 (TNF-𝛼) and the reduced expression of theM2 biomarker
IL-10 in aNM@MPS-treated macrophages (Figure 3m). In addi-
tion, the gene expression of the type I interferon (IFN) biomarker
of IFN-𝛽 was effectively elevated in cells treated with aNM@MPS
(Figure S10, Supporting Information), which is additional ev-

idence for the activation of proinflammatory macrophages,
as IFN-𝛽 is the key downstream protein of cyclic guanosine
monophosphate-adenosine monophosphate synthase (cGAS)–
stimulator of interferon genes (STING) pathway activation. To
verify the formation of in situ STING activation, we examined
the relative gene expression of the cGAS-STING axis and the
phosphorylation levels of associated proteins in macrophages af-
ter various treatments using qRT-PCR analysis and western blot,
respectively. As indicated, aNM@MPS-treated macrophages ex-
hibited a significant increase in the relative expression of cGAS-
STING axis genes of cGAS, STING, andCXCL10 (Figure S10b–d,
Supporting Information). Notably, aNM@MPS significantly aug-
mented the phosphorylation levels of TBK1 and IRF3, prov-
ing that aNM@MPS treatment effectively activated cGAS-STING
signal transduction inmacrophages (Figure S10e, Supporting In-
formation). These results indicated that aNM@MPS-mediated
macrophages’ reprogramming could enhance their polarization
into the proinflammatory M1 phenotype, which confirmed that
biofunctional nanosheets would specifically boost the phagocytic
and bactericidal activity of macrophages. In addition, we found
that the proportion of CD80+CD86+ macrophages was upreg-
ulated after M2-like BMDMs were pretreated with aNM@MPS
(Figure 3n; Figure S11, Supporting Information). The overex-
pressed co-stimulators contribute to antigen presentation and
sequentially activate MRSA-specific T cell responses. In total,
aNM@MPS treatment was beneficial in terms of reinvigorating
macrophages’ phagocytic and bactericidal activity, thereby res-
timulating host immunity.

2.3. Bone Marrow Localization of the Biofunctional Nanosheets
In Vivo

An implant-related osteomyelitis mouse model was first estab-
lished as previously reported.[23] We next investigated the in
vivo biodistribution and bone marrow targeting properties of
aNM@MPS. The major organs and hindlimb long bones of
the osteomyelitis mice from each group were collected at 8 and
24 h post intravenous administration and subjected to fluores-
cence analysis ex vivo. As shown in Figure 4a,b, aNM@MPS
was superior to MPS NSs in terms of intra-bone accumulation,
indicating the specific bone marrow targeting property of the
biofunctional nanosheets. In addition, although the nanosheets
from both groups were highly distributed in the liver and
spleen after tail vein injection, the aNM@MPS group exhib-
ited faster clearance from these organs as compared to the MPS
NSs group (Figure 4a,c). At the study endpoint, the bone tis-
sue profile also demonstrated that aNM@MPS was preferen-

tracellular CFSE-MRSA (green) after incubation with aNM@MPS (red). White arrows indicate the colocalization ofMRSA (green pixels) with aNM@MPS
(red pixels) (n = 3 independent experiments). Scale bars, 20 μm. f) Quantitation of •OH in BMDMs with hydroxyphenyl fluorescein. The results are
reported as the mean ± s.d. (n = 3 independent experiments). g,h) Representative images g) and quantitative analysis h) of the intracellular survival of
MRSA in BMDMs (multiplicity of infection = 5:1) in the indicated treatment groups. The results are reported as the mean ± s.d. (n = 3 independent
experiments). i) Flow cytometry detected the phagocytosis of labeledMRSA by BMDMs treated with the different formulations (n= 3 independent exper-
iments). j) Statistical analysis of theMRSA phagocytosis index in Figure (i). The results are reported as the mean± s.d. (n= 3 independent experiments).
k,l) The proportions of proinflammatory (F4/80+CD80+) (k) and anti-inflammatory (F4/80+CD206+) (l) macrophage in each treatment group according
to flow cytometry analysis. The results are reported as the mean ± s.d. (n = 3 independent experiments). m) Gene expression of TNF-𝛼 and IL-10. The
results are reported as the mean ± s.d. (n = 3 independent experiments). n) The proportion of CD80+CD86+ BMDMs after treatment with different
nanoformulations. The results are reported as the mean ± s.d. (n = 3 independent experiments). Statistical significance was determined by a two-sided
Student’s t test in (b) and (d) and one-way ANOVA with Tukey’s post hoc test for (f), (h), (j), (k–n). *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001.

Adv. Healthcare Mater. 2025, 14, 2500169 © 2025 Wiley-VCH GmbH2500169 (6 of 16)

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 4. Accumulation of aNM@MPS in bone marrow. a) Fluorescence images of excised major organs and hind limb long bone that were collected
frommice receiving RhB-labeled aNM@MPS or MPS NSs at 8 and 24 h after administration and were captured using an IVIS Spectrum Imaging System
with 𝜆ex/𝜆em = 748/780 nm (n= 3 biologically independent animals per group). b,c) Quantification of fluorescence intensity in the hind limb long bone
(b) and spleen and liver (c) of osteomyelitis mice. Data are themean± s.d. (n= 3 biologically independent animals per group). d) Trafficking profile of the
biofunctional nanosheets in the bonemarrow. Red represents nanosheets and blue represents nuclei. Scale bars, 500 and 50 μm. e) Quantitative analysis
of the accumulation of the nanosheets in the bone marrow of the treated mice. Data are presented as the mean ± s.d. (n = 3 independent experiments).
f) Representative images of the biofunctional nanosheets engulfed by macrophages in vivo. Blue, DAPI-stained cell nuclei; Red, RhB-labeled nanosheets;
Green, FITC-conjugated anti-F4/80 antibodies-labeled macrophages. The arrow indicates the colocalization of the nanosheets and macrophages labeled
with anti-F4/80 antibodies (n = 3 independent experiments). Scale bars, 50 μm. Statistical significance was determined by a two-sided Student’s t test
in (b), (c), and (e). *P< 0.05, **P< 0.01. NS, not significant.
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tially enriched in the bone marrow as compared to the bare
nanosheet-treated group (Figure 4d,e). Further immunofluores-
cence staining demonstrated that aNM@MPS colocalized with
the macrophages well (Figure 4f), confirming that the biofunc-
tional nanosheets could efficiently home to bone marrow and
specifically target macrophages in situ.
The systemic safety of the intravenously administered bio-

functional nanosheets was also tested. In a titanium-based bone-
implanted mouse model, throughout the study period of up to 4
weeks, blood biochemical parameters and routine blood param-
eters of the aNM@MPS-treated mice did not exhibit any statis-
tically significant differences compared to those of the PBS con-
trol group (Figure S12a,b, Supporting Information). The histo-
logical analyses (Figure S12c, Supporting Information) of the or-
gans ofmice treated with aNM@MPS yielded results comparable
to those of animals that were treated with PBS, lacking marked
signs of systemic toxicity. Similarly, the pathological section of
the peri-implant bone tissue also showed no significant changes
in cell apoptosis or inflammatory cell infiltration (Figure S12d,
Supporting Information). Together, these results suggest that our
biofunctional nanosheets have excellent biocompatibility.

2.4. Anti-Infection and Immunity Activation Effects of
aNM@MPS In Vivo

Given the potent aNM@MPS-mediated bactericidal activity ob-
served in vitro, we next tested the bactericidal effects of the bio-
functional nanosheets in an in situ implant-related osteomyeli-
tis mouse model (Figure 5a). At the study endpoint, the colony
counting results from the bone marrow aspirates showed that
the numbers of both intracellular and extracellular MRSA
colonies in the aNM@MPS-treated group were significantly
lower than those in the control, Van, or MPS-NS-treated groups
(Figure 5b,c; Figure S13a,b, Supporting Information). In addi-
tion, hematoxylin and eosin (H&E) staining showed that the
peri-implant bone tissue exhibited an almost normal structure
in the aNM@MPS group, whereas the typical abscess formation
was observed in the other treatment groups, indicating persis-
tent osteomyelitis (Figure 5d). Gram staining was used to in-
vestigate the residual bacteria in the bone tissue surrounding
the implant. As shown in Figure 5e (blue arrows), in compari-
son to the aNM@MPS group, numerous bacteria are found in
Gram-stained sections taken from the control, Van, and MPS NS
groups. The scanning electron microscopy (SEM) images of ex-
tracted implants showed consistent results. aNM@MPS elimi-
nated the majority of bacteria on the implant and thus destroyed
the formation of biofilms (Figure S14a, Supporting Information).
In contrast, numerous bacteria occupied the surface of implants
that were harvested from control, Van, and MPS NSs groups. Be-
sides, optical images of bacterial colonies obtained by rolling the
implant on agar plates revealed that a minimal number of bac-
teria were observed on the implant surface in mice treated with
aNM@MPS (Figure S14b, Supporting Information). Therefore,
these results suggest an excellent anti-infection effect on the part
of the biofunctional nanosheets on in situ implant-related os-
teomyelitis.
To elucidate whether aNM@MPS contributes to an effective

antimicrobial immunologic response, we first analyzed the pro-

portion of myeloid-derived suppressor cells (MDSCs) around the
infected region on day 14 after infection. MDSCs have a piv-
otal function in orchestrating the immunosuppressive microen-
vironment in implant-related bone infections.[21a] The percent-
age of CD11b+Gr-1+ MDSCs in the aNM@MPS treatment group
was far less than those in the control, Van, and MPS NS groups
(Figure 5f,g), which coincided with a lower bacterial burden, im-
plying the reverse of an immunosuppressive niche. Consider-
ing the fact that MDSC infiltration is a negative regulator of
macrophage function, we explored whether a change in MD-
SCs affects the phenotype of macrophages in infected tissue.
As expected, treatment with aNM@MPS did induce phenotypic
alterations in infected macrophages. The quantitative flow cy-
tometry results showed that the population of M1-phenotype
macrophages in the infected region in the aNM@MPS treatment
group was much higher than that in the other groups (Figure 5h;
Figure S15a, Supporting Information); the opposite trendwas ob-
served for the anti-inflammatory phenotype of the macrophages
(Figure 5i; Figure S15a, Supporting Information). Because the
M1-phenotype shift regarding the macrophages may highlight
the possibility of adaptive immunity activation, we next analyzed
T-cell infiltration in the peri-implant bone tissue. Compared with
the other groups, the significant infiltration of CD4+/CD8+ T-
cells was found in the aNM@MPS treatment group (Figure 5j,k;
Figure S15b, Supporting Information); these are vitally impor-
tant in reestablishing host-directed bactericidal immunity. The
above results collectively suggest that the administration of bio-
functional nanosheets reversed the infection-induced immuno-
compromised milieu, thereby conferring vigorous bactericidal
immune activity and eradicating uncontrolled osteomyelitis.
Persistent infection in osteomyelitis typically leads to progres-

sive bone destruction.[2a] We wished to ascertain whether the bio-
functional nanosheet treatment would have an osteoprotective ef-
fect. Thus, we performed immunofluorescence staining to char-
acterize the expression of osteocalcin (OCN), a crucial late os-
teogenic marker. In alignment with the observed therapeutic ef-
ficacy against infection, immunofluorescence imaging revealed
a significant enhancement in OCN secretion within the peri-
implant bone tissue of the aNM@MPS-treated groups as com-
pared to the other groups (Figure 5l,m). The above-mentioned
in vivo results unequivocally demonstrate the potential of these
functional nanosheets to effectively eliminate MRSA infections
and promote sequential osteoprotection.

2.5. Anti-Hematogenous Osteomyelitis Effects of aNM@MPS In
Vivo

Osteomyelitis can arise due to hematogenous dissemination
from systemic bacteremia, potentially occurring at any time in
previously healthy implant or bone tissue, leading to an un-
controlled infection.[24] Thus, we established a MRSA-induced
hematogenous implant-related osteomyelitis mouse model to
evaluate the potential clinical application of the biofunctional
nanosheets (Figure 6a). At the study endpoint, the aNM@MPS-
treated group exhibited the lowest extracellular and intracellu-
lar bacterial burdens among all groups (Figure 6b; Figure S16,
Supporting Information), which was attributed to its exceptional
bone marrow homing capability for the osteomyelitis site and se-
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rially induced macrophage-mediated robust bactericidal immu-
nity. An important pathogenesis in S. aureus-induced osteomyeli-
tis is the formation of biofilms.[25] Invading bacteria prefer to col-
onize the implant, and thus, they lead to persistent and chronic
infections. We therefore used SEM to detect biofilm formation
on implants harvested at 5 weeks after orthopedic surgery. As
shown in Figure 6c, treatment with aNM@MPS reduced the
overall propensity for biofilm formation, whereas implants taken
from other groups of treated mice, especially the control and
Van-treated groups, had dense biofilm aggregates. The bacterial
colonies from rolling plate assays of the implant in the femur also
revealed a significant reduction in the aNM@MPS group (Figure
S17, Supporting Information), providing clear evidence that the
biofilms on the implants were nearly eliminated by the biofunc-
tional nanosheets. In addition, Gram staining for the evaluation
of infection in bone tissue revealed no obviousMRSA infiltration
in the aNM@MPS group (Figure 6d). Given that the production
of host leukocyte IL-10 is an associated pathological feature of
the persistence of S. aureus biofilm,[21a,26] we further detected the
secretion of IL-10 in the peri-implant bone tissue via immunohis-
tochemical staining with anti-IL-10. As shown in Figure 6e and
Figure S18 (Supporting Information), the aNM@MPS treated
group showed minimal IL-10 expression, with few positively
stained areas at the infectious sites, while many IL-10-positive
areas were detected in the other groups. Taken together, the bio-
functional nanosheet treatment markedly alleviated hematoge-
nous osteomyelitis in vivo.
S. aureus hematogenous osteomyelitis is a major factor imped-

ing osteogenesis.[27] Suitable osteogenesis at the bone-implant
interface is key to the postoperative evaluation of orthopedic
surgery. The histology showed marked bone erosion in the con-
trol, Van-, and MPS-NSs-treated groups, while an almost com-
plete bone structure was observed in the aNM@MPS-treated
group (Figure S19, Supporting Information). The profile of the
newly formed bone tissue around the implant was further stud-
ied via Masson’s trichrome staining. We observed a significant
presence of dense new bone at the bone–implant interfaces in
the aNM@MPS group, in contrast to the sporadic formation of
new bone seen in the other three groups (Figure 6f). The superior
ability of aNM@MPS to sustain novel collagen synthesis can be
attributed mainly to the long-lasting multiple protection mecha-
nism, which successfully blocks the growth and colonization of
surrounding bacteria, resulting in the preferential occupancy of
biomaterial surfaces by host cells.

3. Discussion

Current clinical treatments for osteomyelitis are palliative, and
they still rely largely on multiple antibiotics, long-term ther-
apy, and extensive debridement surgery.[1a] Despite multidisci-
plinary approaches,more than one-third of osteomyelitis patients
are not cured.[2a] In addition, currently available therapies often
lead to systemic toxicity and even functional impairment.[28] Al-
though osteomyelitis is a heterogeneous disease, critical clini-
cal pathogenic insights indicate the persistence of multidrug-
resistant bacteria during osteomyelitis formation and aggrava-
tion. Among these multidrug-resistant bacteria, S. aureus, es-
pecially MRSA strains, is the most causative pathogenic bac-
terium regarding osteomyelitis.[1a,29] S. aureus persistence re-
duced susceptibility to antibiotics and resulted in host immune
defense paralysis via the formation of intracellular infection,[3]

biofilm,[25,30] small-colony variants,[31] and osteocyte lacuno-
canalicular network invasion.[32] Macrophages, an essential com-
ponent of the innate immune system, are critical to the in-
nate immune response to S. aureus, initiating their bacterial
killing activity after internalizing the pathogen, thus forming
a bridge to the adaptive immune system.[8,33] Upon host im-
mune defense paralysis, however, the macrophages-mediated
immune defense mechanism is not commonly activated, favor-
ing persistent infection.[7] Based on the above research findings,
we developed biofunctional nanosheets to arm dysfunctional
macrophages and allow them to terminate persistent infection-
initiated pathological cascades, which could serially destroy in-
vading organisms and elicit acquired bactericidal immune re-
sponses, thereby conferring an osteoprotective effect and ulti-
mately eliminating osteomyelitis.
Osteomyelitis is a bone-infecting disease caused by infec-

tions due to orthopedic surgery or systemic bacteremia.[2a] Track-
ing and targeting dysfunctional macrophages at osteomyelitis
sites is of utmost importance for the treatment of this skele-
tal system disease. Developing biohybrid micro/nanocarriers for
active drug delivery provides a promising strategy.[34] Bone is
a vascularized tissue rich in blood vessels,[35] which can be
exploited for bone marrow-targeting drug delivery. Aged neu-
trophils have the inherent bone marrow homing under the guid-
ance of the CXCR4/CXCL12 signal axis.[9a] At the end of this
pathway, aNEs are safely removed by macrophage phagocyto-
sis in the bone marrow, which mainly depends on macrophage-
mediated programmed cell removal.[11a] Therefore, we proposed

Figure 5. aNM@MPS-enabled anti-infection and immunity activation effects in vivo. a) Therapeutic regimen in an implant-related osteomyelitis mouse
model. b) Representative images of intracellular MRSA colony counting plates of the bone marrow aspirates after different treatments (n = 3 biologically
independent animals per group). c) Quantitively intracellular MRSA burden in the bone marrow after the different treatments. Data are the mean ± s.d.
(n = 3 biologically independent animals per group). d) Histological analysis with H&E staining of the bone tissues surrounding the implants (n = 3
biologically independent animals per group). Scale bar, 100 μm. e) Gram staining of the bone tissues surrounding the implants. Blue arrows indicate
infiltrated bacteria (n = 3 biologically independent animals per group). Scale bar, 50 μm. f,g) Representative flow cytometry plots (f) and quantitative
analysis (g) of CD11b+Gr-1+ MDSCs in MRSA-infected bone tissues at the study endpoint. Data are the mean ± s.d. (n = 3 biologically independent
animals per group). h,i) Flow cytometry quantitative analysis of M1-like macrophages (F4/80+CD80+) (h) and M2-like macrophages (F4/80+CD206+)
(i) in the peri-implant bone tissues of osteomyelitis mice in the indicated treatment groups. Data are the mean ± s.d. (n = 3 biologically independent
animals per group). j,k) Flow cytometry quantitative analysis of the infiltration CD3+CD4+ (j) or CD3+CD8+ (k) T-cells in the peri-implant bone tissues
of osteomyelitis mice in the indicated treatment groups. Data are the mean ± s.d. (n = 3 biologically independent animals per group). l) Peri-implant
bone tissue sections were stained for OCN to determine the mature osteoblasts in osteomyelitis model mice treated with different formulations (n =
3 biologically independent animals per group). Scale bar, 50 μm. Nuclei were stained with DAPI (blue). m) Quantitative analysis of positive stained
cells/areas of OCN. Data are the mean ± s.d. (n = 3 biologically independent animals per group). Statistical significance was determined by one-way
ANOVA with Tukey’s post hoc test for (c), (g), (h–k), and (m). *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001.
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Figure 6. Effects of aNM@MPS on anti-hematogenous osteomyelitis. a) Therapeutic regimen in an MRSA-induced hematogenous implant-related
osteomyelitis mouse model. ROI: retro-orbital injection. b) Bacterial burden in the bone marrow aspirates of the mice for the PBS, Van, MPS NSs, and
aNM@MPS groups, respectively. Data are the mean ± s.d. (n = 3 biologically independent animals per group). c) SEM images were used to show the
biofilms on the implant that was taken from infected bone tissue after treatment (n = 3 biologically independent animals per group). Scale bar, 4 μm. d)
Gram staining of the bone tissues surrounding the implants. Blue arrows indicate infiltrated bacteria (n = 3 biologically independent animals per group).
Scale bar, 50 μm. e) Immunohistochemical staining was used to detect the secretion of IL-10 in the infectious tissue of each group (n = 3 biologically
independent animals per group). Scale bar, 100 μm. f) Sections of specimens stained with Masson’s trichrome (n = 3 biologically independent animals
per group). Scale bar, 100 μm. Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test for (b). ****P< 0.0001.
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the aNM biomimetic strategy to meet the demand for bone
marrow homing and serial in situ macrophage engineering.
We demonstrated that aNM cloaking endowed nanosheets with
enhanced bone marrow targeting ability (Figure 4a–e). More-
over, aNM-camouflaged nanosheets boosted internalization by
macrophages both in vitro (Figure 3a–c) and in vivo (Figure 4f).
The 2D MnPSe3 nanosheets (MPS NSs) exhibited a manganese
ions-mediated catalytic reaction that converted less toxic H2O2
into highly toxic •OH, effectively fueling oxidative capability
(Figures 2h and 3f). Thus, the biofunctional nanosheet-armed
macrophages showed the strongest bactericidal activity against
intracellular bacteria (Figure 3g,h). The results are mainly at-
tributed to the remarkable cellular internalization of the biofunc-
tional nanosheets. This finding also explains one of the reasons
for the failure of clinical therapies to eradicate intracellular in-
fections: the poor cell membrane penetration of antibiotics.[4c]

More importantly, manganese ions induced the activation of im-
mune responses, especially the cGAS–STING signal pathway, re-
sulting in the enhancement of macrophage-derived host-directed
bactericidal immunity (Figures 3k–n and 5f–k; Figure S10, Sup-
porting Information). In total, our data indicate that the biofunc-
tional nanosheet-armed macrophages successfully enhanced the
phagocytosis and digestion of MRSA intracellularly, preventing
immune evasion and eliminating osteomyelitis synergistically.
As unique nanomaterials with a planar topology, 2D layered

material-based nanoplatforms are an emerging class of bioma-
terials with remarkable potential for biomedical applications.[36]

However, 2D layeredmaterialsmustmodulate their surface prop-
erties to break through biological barriers, such as blood–bone
marrow barriers.[37] In general, non-spherical nanoformulations
have shown prolonged blood circulation half-lives as compared to
spherical ones.[38] The designed biofunctional nanosheets have
a typical sheet-like core–shell structure (Figure 2c,e). The re-
sults demonstrate that biofunctional nanosheets with a cloak-
ing property in the blood circulation can break through phys-
iological barriers to achieve precise therapy. Importantly, the
biofunctional 2D manganese-based nanosheets have satisfactory
biosafety (Figures S6 and S12, Supporting Information). In sub-
sequent work, we will systematically investigate the long-term
fate of the biofunctional nanosheets in biological systems and
their biological effects. Based on their superior biocompatibil-
ity and intriguing physicochemical properties, the biofunctional
nanosheets, as a therapeutic platform, can successfully man-
age implant-associated or hematogenous osteomyelitis and thus
prevent progressive bone destruction (Figures 5l,m and 6f). In
addition, phosphorus- and selenium-containing materials are
promising candidates for osteo-inductivity. The phosphorus el-
ement has been shown to facilitate biomineralization[39] and os-
teoblastic differentiation,[40] while the selenium element exhibits
osteo-inductivity by accelerating angiogenesis and preventing
osteolysis.[41] The significant expression of OCN, a key marker
of osteogenic differentiation, in the aNM@MPS group indicates
that the biofunctional 2D nanosheets enhance the availability of
phosphorus and selenium at the osteomyelitis site, thereby pro-
moting bone regeneration. Consequently, the biofunctional 2D
MnPSe3 nanosheets exhibit superior potential for managing re-
fractory osteomyelitis in combination with bone defects.
The concept of aNM@MPS-based bone marrow–macrophage

dual-targeting nanomedicine represents a frontier in osteomyeli-

tis metalloimmunotherapy. Although the clinical translation of
cell membrane-based biomimetic nanomedicines poses signifi-
cant challenges, there are notable opportunities for aNM@MPS.
To further advance future translational research, reliable deriva-
tion of aged neutrophil membranes and production of 2D nano-
materials can be envisioned through the application of standard-
ized purification and preparation techniques commonly used
in biologics. Following purification, the membrane coating pro-
cess can be conducted using a microfluidic mixing technique to
achieve finer control. After coating, the final aNM@MPS prod-
uct can be lyophilized and stored for subsequent use. Previ-
ous studies have demonstrated that the cell membrane cloak-
ing approach maintains viable storage stability.[42] Given the im-
portance of preserving the structural integrity and functionality
of biological membranes, developing specific cryoprotectants to
maintain their stability is critical for long-term storage. Regard-
ing cost-effectiveness, 2D nanomaterials can be readily sourced
either from in-house production or commercial vendors. The
high production costs of aged neutrophil membrane derivation
can be mitigated by engineering universal cell lines. Addition-
ally, the derivation of cell membranes and subsequent coating
processes can leverage existing industrial-scale techniques to bal-
ance cost and quality. From an ethical standpoint, the derivation
of cellmembranes frompatient autologous neutrophilsmitigates
many ethical concerns. In contrast, when cell membrane mate-
rials are obtained from allogeneic cells or genetically engineered
cells, ethical considerations become significantly more complex
and critical. Overall, with continued research, technological ad-
vances, and developments in precision medicine, we anticipate
that the biofunctional nanosheets will be poised for widespread
clinical adoption.

4. Conclusion

In summary, our findings show that macrophages in the skeletal
infectiousmicroenvironment can be targeted and reprogrammed
for osteomyelitis treatment with the proposed manganese-based
biofunctional 2D nanosheets. Using osteomyelitis mouse mod-
els, we demonstrated that dysfunctional macrophages in infected
bone marrow can be precisely targeted in situ. Functionally, the
aged neutrophil membrane biofunctional nanosheets effectively
armed macrophages to kill intracellular bacteria and repolarized
them to a proinflammatory phenotype in situ, serially eliciting
host-directed bactericidal immune cascades and ultimately erad-
icating refractory osteomyelitis. Our work, therefore, provides a
metalloimmunotherapy strategy for macrophage heterogeneity
for osteomyelitis treatment, which may be extended to various
macrophage-involving osteoimmune disorders, such as bone tu-
mors, osteoporosis, and septic arthritis.

5. Experimental Section
Materials: Titanium implants (0.8 mm in diameter, 6 mm in length,

99.5% purity) were obtained from Baoji Henglongtai Metal Materials
Co., Ltd. The 4′,6-diamidino-2-phenylindole (DAPI) kit, LysoTracker Green
DND-26, 5(6)-Carboxyfluorescein diacetate succinimidyl ester, Percoll,
Vancomycin and Gentamicin were provided by Beijing Solarbio Science &
Technology Co., Ltd. 7-aminoactinomycin D, Rhodamine B isothiocyanate
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(RBITC) and Recombinant murine macrophage colony-stimulating factor
(M-CSF) was purchased from Beyotime Biotech Inc, Shanghai Haohong
Scientific Co., Ltd and PeproTech Inc. Cell Staining Buffer, PE-labeled anti-
CXCR4, FITC-labeled anti-Gr-1, PerCP-Cy5.5-labeled anti-CD11b, APC/Cy7-
labeled anti-CD45, PE-labeled anti-CD4, APC-labeled anti-CD8, PE-labeled
anti-CD11b, FITC-labeled anti-F4/80, PE-labeled anti-CD206, APC-labeled
anti-CD80, and PE-labeled anti-CD86 antibodies were all purchased from
BioLegend Inc. The anti-OCN and anti-IL10 antibodies for immunofluores-
cence or immunocytochemistry analysis were obtained from Servicebio or
Cell Signaling Technology. All other chemicals and solvents of analytical
grade were procured from local suppliers.

Cell Culture: Mouse neutrophils were collected from the bone mar-
row of C57BL/6 mice (7 weeks old, 22–24 g) using the Percoll gradient
method.[10b] Briefly, bone marrow was rinsed with 1× phosphate-buffered
saline (PBS), centrifuged at 450 g for 5min, and the supernatant was dis-
carded. The cells were precipitated with 4 mL 69% (vol/vol) Percoll and
then superimposed on 4 mL 78% (vol/vol) Percoll, followed by centrifu-
gation at 1600 g for 35 min. The cells from the interface of the 69% and
78% gradient layers were recovered to a new tube. Red blood cell lysis
buffer was then added to the sample to lyse the erythrocytes. Neutrophils
were purified by washing with ice-cold 1× PBS three times and resuspend-
ing the cells in a culture medium for aging. Cell purity was determined
by flow cytometry after staining with APC/Cy7-labeled anti-CD45, PerCP-
Cy5.5-labeled anti-CD11b, and FITC-labeled anti-Gr-1 antibodies.

Bonemarrow-derivedmacrophages (BMDMs) were differentiated from
mouse bone marrow monocytes in vitro.[43] The femurs and tibias were
dissected from the C57BL/6 mice (7 weeks old, 22–24 g). Then, the bone
marrow was rinsed with 1× PBS to isolate bone marrow cells, which was
followed by erythrocyte lysis in red blood cell lysis buffer. After centrifuga-
tion, the cells were resuspended in a medium with M-CSF (20 ngmL−1) to
induce thematuration of BMDMs. After 3 d of incubation, themacrophage
differentiation medium was discarded, and the plates were washed with
1× PBS to remove nonadherent cells. Adherent BMDMs were harvested
at least 7 days after induction and used in subsequent experiments. The in-
duction of mature macrophages was stained with PerCP-Cy5.5-conjugated
anti-CD11b and FITC-conjugated anti-F4/80 antibodies and evaluated by
flow cytometry (BD FACSAria III).

Aged Neutrophil Membrane Derivation: Neutrophils were further cul-
tured in an incubator to obtain senescent neutrophils. After 0, 8, and 16 h,
the cells were collected and stained with PE-labeled anti-CXCR4 and FITC-
labeled anti-Gr-1 antibodies for 30min. The unconjugated antibodies were
washed off before the samples were detected by flow cytometry. Typically,
aged neutrophil membranes are prepared from neutrophils that have been
aged for 8 h in vitro. After washing with cold 1× PBS, the aged neutrophils
were then resuspended in hypotonic lysing buffer containing protease in-
hibitor. Thereafter, the suspension was disrupted with a homogenizer for
5 min to obtain the suspension, and the cell membrane was collected
through gradient centrifugation. Finally, the obtained membrane material
was stored in 0.2 mm EDTA at −80 °C for subsequent use.

Preparation and Characterization of the aNM-Cloaked Nanosheets:
MnPSe3 bulk crystals were synthesized via the chemical vapor trans-
port method. Iodine was used as the transport medium. Specifically,
manganese (99.95%), phosphorus (99.9999%), and selenium (99.9999%)
were placed in quartz glass ampoule (40×220 mm) in a stoichiometric ra-
tio corresponding to 20 g of MnPSe3 together with 0.5 g of iodine (99.9%)
and 1 at.% excess of phosphorus and selenium. After melting and sealed
under high vacuum (<1×10−3 Pa), the ampoule was first placed in a muf-
fle furnace and heated at 450 °C for 25 h and subsequently at 500 °C for
50 h and on 600 °C for 50 h. Then the ampoule was transferred to a two-
zone horizontal furnace. First, the growth zone was kept at 750 °C while
the source zone was at 600 °C for 2 d. The thermal gradient was reversed
by keeping the temperature of the source zone at 700 °C and that of the
growth zone at 600 °C for the following 14 d. During the cooling process,
the growth zone was heated at 400 °C, while the source zone was kept un-
der 150 °C for 2 h to remove excess phosphorus, selenium, and transport
medium. Finally, the ampoule was opened in argon argon-filled glovebox,
and growth crystals were collected.

The mechanical exfoliation method was applied to achieve the MnPSe3
nanosheets. First, bulk MnPSe3 crystals were suspended in water at a con-
centration of 4mg mL−1. Then, the suspension was treated with probe
sonication in an ice bath for 6 h with a power of 800 W, with a cycle of
3 s on and 2 s off. The obtained solution was centrifuged for 10 min at
5000 rpm to remove large bulks. The resulting supernatant solution was
collected and further washed with ethanol and water. The final exfoliated
MnPSe3 nanosheets (MPS NSs) were obtained. aNM cloaking was then
accomplished by dispersing and fusing aNM vesicles with MPS NSs by
sonication using a CJ-010S bath sonicator under an ice bath at a frequency
of 40 kHz and a power of 120 W for 5 min.

The morphology of these nanosheets was verified using transmis-
sion electron microscopy (HT7700 Exalens). In addition, the size dis-
tribution of the aNM-coated nanosheets was measured using dynamic
light scattering (ZEN 90 Zetasizer, Malvern). The cloaking of aNM to
the MPS NSs was captured by fluorescence microscopy with two indi-
vidual fluorescence channels, CFSE-labeled aged neutrophil membranes
and RhB-labeled MPS NSs, respectively. Protein characterization was car-
ried out using Coomassie blue staining and flow cytometry assay. Briefly,
10 μL of aNM fragments, the aNM@MPS, and MPS NSs were loaded
into the well of sodium dodecyl sulfate-polyacrylamide gels. Coomassie
Blue combined with Bio-imaging Systems (Tanon Chemi Dog 5200T)
was used to image total protein. For flow cytometry assay of the pres-
ence of CXCR4 on the surface of aNM@MPS, the aNM vesicles and
the aNM@MPS were resuspended in 2% bovine serum albumin solu-
tion for 30 min. After blocking, these nanosheets were centrifuged and
co-incubated with PE-labeled anti-CXCR4 for 30 min. Then after washing
with 1× PBS, both the samples were detected by flow cytometry. To de-
termine the •OH generation, aNM@MPS solution with a final concen-
tration of 10 μg mL−1 and terephthalic acid solution with a final con-
centration of 10 mM were configured in the reaction system with pH
7.4 and pH 5.0 + 0.1 mm H2O2 solution, respectively. The fluorescence
intensity was detected at Ex/Em = 315/425 nm after reaction for 30
min.

Bacterial Culture and in vitro Intracellular Infection Model: MRSA
(ATCC43300) was obtained from the BioSci Biotech (Hangzhou, China).
Individual colonies were separated from the TSA plate and then added to
fresh TSB to grow overnight (37 °C, 200 rpm) for in vitro or in vivo studies.
The model of intracellular infection in vitro is developed following the pre-
viously reported approach.[19b] Briefly, the BMDMs were infected with the
logarithmic phase MRSA (multiplicity of infection, 20:1) in DMEM con-
taining 10% FBS for 2 h. Cells were washed three times with 1× PBS, and
gentamicin (100 μg mL−1) was added for 2 h to lyse the remaining extra-
cellular bacteria, and then the intracellular bacteriamodel was constructed
successfully.

Transwell Model Study: To explore the migration ability of aNM@MPS
from vascular to bone marrow under the effect of CXCR4-CXCL12 axis, a
Transwell kit (0.4-μm pore size, 24-well plate, NEST) was used. A mono-
layer of HUVECs (2 × 105 per insert) was seeded on the insert. The HU-
VECs were cultured until confluence, and then they were treated with
0.4 μg μL−1 lipopolysaccharide for 2 h to mimic the leaky sinusoidal in-
flammatory vasculature. CXCL12 (20 ng mL−1) was added in the bottom
chamber. After washing the HUVECs to remove redundant lipopolysac-
charides, RhB-labeled MPS NSs or aNM@MPS were seeded in the up-
per chamber for 4 h to study the translocation ability of the biofunctional
nanosheets. The fluorescence intensity of nanosheets loading RhB in the
bottom chamber was determined at Ex/Em = 555/580 nm.

Macrophage Targeting Abilities of the aNM@MPS In Vitro: BMDMs
were seeded in confocal dishes and allowed to adhere overnight. The bio-
functional nanosheets were then added to the cells. After incubation for
2 h, the cells were washed 3 times with ice-cold 1× PBS and fixed with
4% paraformaldehyde. Then the cells were incubated at 37 °C for 15 min
with 10 nm DAPI and imaged with LSM 980 with an Airyscan 2 Super-
Resolution microscope (ZEISS, Germany). For flow cytometric analysis,
the treated BMDMs were scraped and collected after PBS washing and
then analyzed with a BD Biosciences flow cytometer. The results were an-
alyzed using FlowJo software.
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Evaluation on aNM@MPS Colocalization with Bacteria and •OH
Generation in Macrophages: Colocalization of MRSA and aNM@MPS
within macrophages were investigated by fluorescence microscope. First,
macrophages that were pretreated with CFSE-prestained MRSA con-
structed an intracellular bacteria model as aforementioned. Then, the
infected macrophages were treated with the RhB-labeled biofunctional
nanosheets and co-cultured for 2 h. After that, the nucleus of infected
macrophages was stained with 10 nm DAPI for 15 min. Then, the fluo-
rescence images were captured by CLSM.

The fluorescent probe of •OH, hydroxyphenyl fluorescein, was em-
ployed to evaluate the aNM@MPSmediated cellular •OHgeneration after
the nanosheets internalized by MRSA-infected BMDMs. The •OH signal
was indicated by cell fluorescence intensity that was determined by flow
cytometry and fluorescence microscope.

In vitro Antimicrobial Assay: Intracellular bacterial clearance by the bio-
functional nanosheets was evaluated by the in vitro intracellular infection
model. Infected macrophages were incubated with PBS, Van, MPS NSs,
and aNM@MPS respectively. Cells incubated after 12 h, the cells in dif-
ferent treatments were then washed with PBS and lysed with 0.1% Triton
X-100. The resulting lysates were cultured on TSA plates to quantify the
bacterial colony-forming units (CFUs).

To evaluate whether the biofunctional nanosheets could enhance the
phagocytosis efficiency of macrophages toward bacteria. MRSA was first
stained with RhB in the dark for 30 min. Subsequently, BMDMs pretreated
with PBS, Van, MPS NSs, and aNM@MPS were co-cultured with RhB-
tagged MRSA at a 1:20 ratio. After 1.5 h of co-culture, the cells were har-
vested, stained with a FITC-conjugated anti-F4/80 antibody, and then an-
alyzed by flow cytometry. For visualization purposes, CFSE-labeled PBS,
Van, MPS nanoparticles, or aNM@MPS-armed macrophages were co-
cultured with RhB-taggedMRSA at a 1:20 ratio for 2 h at 37 °C. The phago-
cytic levels were observed by fluorescence microscope.

Immunomodulation Effects of the aNM@MPS In Vitro: M2-BMDMs
were seeded in 6-well plates and allowed to incubate for 24 h before PBS,
Van, MPS NSs and aNM@MPS were added, respectively. Subsequently,
themacrophages were exposed to different treatments overnight, followed
by incubation in a fresh medium for 24 h. The cells were then harvested
and rinsed with PBS three times, pre-blocked with CD16/32 antibodies (Bi-
oLegend, dilution ratio 1:100) for 10min at room temperature for Fc recep-
tors blockade, and stained with the different antibodies according to the
instructions of the manufacturer’s instructions. The F4/80+CD206+ (M2)
or F4/80+CD80+ (M1) or CD80+CD86+ populations were determined us-
ing flow cytometry (BD FACSAria III), and the results were analyzed using
FlowJo software.

The immunomodulation efficiency of the biofunctional nanosheets was
also investigated by quantitative real-time PCR (qRT-PCR). After different
treatments, the total mRNA was extracted by TRIzol reagent (Invitrogen),
and reversely transcribed into cDNA by a SuperRTIII All-in-one RT Mix
(biosharp). RT-qPCR was performed with Universal SYBR qPCR Master
Mix (biosharp) by QuantStudio 5 (Applied Biosystems). The related gene
expressions of TNF-𝛼, IL-10, IFN-𝛽, cGAS, STING, andCXCL10were tested
and 𝛽-actin was used as a housekeeping gene. The assay was quantitatively
calculated by the 2−ΔΔCt method. qRT-PCR was performed using specific
primers (Table S1, Supporting Information).

Study on the Biodistribution of the aNM@MPS in Osteomyelitis Mouse
Model: All animal studies were performed following the protocols ap-
proved by the Beijing Institute of Technology Institutional’s Animal Care
and Use Committee and in compliance with all relevant ethical regula-
tions (License No: BIT-EC-SCXK (Beijing), 2019-0010-M-054). The biodis-
tribution of the biofunctional nanosheets in mice was quantified using an
IVIS system (CRI, Inc., excitation: 748 nm, optical filter: 780 nm). The DiR-
labeled MPS NSs and aNM@MPS were intravenously injected into os-
teomyelitis mice via the tail vein. At predetermined times, the mice were
sacrificed to obtain hind limb long bone, heart, liver, spleen, lungs, and
kidneys for analysis.

To observe the specific bone marrow homing of the biofunctional
nanosheets, RhB-labeled aNM@MPS with a dose of 2.5 mg kg−1 was in-
jected into osteomyelitis mice, with free RhB-labeled MPS NSs as a con-
trol. After 48 h, the mice were euthanized, and the femur was obtained

and fixed with 4% paraformaldehyde at 4 °C for 48 h. Then, the paraffin-
embedded bone tissue sections were prepared and the slides were stained
with anti-F4/80 antibodies, followed by DAPI staining. Fluorescence imag-
ing was performed by CLSM.

Biosafety Analysis: For in vitro cytotoxicity experiments, a cell count-
ing kit-8 (CCK8) assay was used to evaluate the cytocompatibility follow-
ing various dose treatments of aNM@MPS. To investigate the biocom-
patibility of the biofunctional nanosheets in vivo, the animals from the
titanium-based bone implanted mouse model were treated with PBS or
aNM@MPS (10 mg kg−1) three times in one week and euthanized at the
study endpoint. Fresh whole blood from these mice was collected on day
28 for routine blood tests and the detection of biochemical markers. The
femur bone tissues surrounding the implants, heart, liver, spleen, lungs,
and kidneys were excised and fixed in 10% formalin for 48 h for histological
analyses.

Bactericidal Effects of the aNM@MPS in Implant-Related Osteomyeli-
tis Model: An implant-related osteomyelitis mouse model was estab-
lished by the following protocol.[23] Mice were anesthetized using inhala-
tional isoflurane (1–5%)mixed with oxygen. The distal femur was exposed
via a medial parapatellar arthrotomy, with lateral displacement of the
quadriceps-patellar complex. Then, a burr hole was created in the femoral
mid-shaft with a 25-gauge needle. Following a total of 2 μL of MRSA sus-
pension (1 × 105 CFUs mL−1) inoculated in the bone marrow cavity, the
medical-grade titanium implant (0.8 mm diameter and 6 mm length) was
inserted to model orthopedic implant-related osteomyelitis.

To evaluate the therapeutic effects in the intracranial implant-related
osteomyelitis mouse model, four different treatments PBS (100 μL),
vancomycin (20 mg kg−1), MPS NSs (10 mg kg−1), and aNM@MPS
(10mg kg−1 MPS NSs equivalent dose) were administered via the tail vein
three times a week from day 1 to 7. On day 14 after bacteria inoculation,
three mice from each group were euthanatized, and the implanted femora
were harvested for bacterial colony counting. Particularly, bacteria isolated
from the implants and bonemarrow aspirate suspensions served as extra-
cellular bacteria. Bacteria were isolated from the aseptically homogenized
bone marrow cell population as intracellular bacteria. Meanwhile, another
three implanted femora tissues were harvested and sectioned for H&E and
Gram staining.

Flow Cytometry Assay In Vivo: On day 7 after the last injection with the
indicated formulations, the treated mice from each group were sacrificed
to analyze the profiles of immune cells in the bone marrow around in-
fection lesions. The peri-implant bone marrow was dispersed and filtered
to obtain single-cell suspensions. The cell suspension was washed with
1× PBS and lysed the erythrocytes. Then, the cell suspension was incu-
bated with CD16/32 (BioLegend, dilution ratio 1:100) for 10 min to block
nonspecific antibody binding, followed by staining with various antibod-
ies as per the manufacturer’s instructions. The CD11b+Gr-1+ (MDSCs)
or F4/80+CD206+ (M2) or F4/80+CD80+ (M1) or CD3+CD4+ T cells or
CD3+CD8+ T cells populations were determined using flow cytometry (BD
FACSAria III), and the results were analyzed using FlowJo software.

Mouse Hematogenous Osteomyelitis Model Study: The mouse
hematogenous osteomyelitis model was established on the titanium-
based bone implanted mouse model.[44] The mouse femoral implant
model was first established as described above. At 21 d post-surgery,
100 μL MRSA at 2 × 105 CFUs mL−1 was inoculated via retro-orbital
injection (ROI). On day 22, the mice in each group were injected into
the tail vein with PBS (100 μL), vancomycin (20 mg kg−1), MPS NSs
(10 mg kg−1), and aNM@MPS (10 mg kg−1 MPS NSs equivalent dose)
three times within 7 days. Seven days after the third administration, the
treated hematogenous osteomyelitis mice were euthanized for further
analysis, including the antibacterial activities evaluation and biofilm
detection.

Histopathological, Immunofluorescence, and Immunohistochemical Anal-
yses: At the study endpoint, implanted femora tissues were harvested
and then fixed with 4% paraformaldehyde. After decalcified by EDTA decal-
cifying solution, these bone tissues dehydrated in an ascending graded se-
ries of ethanol solutions, and embedded in paraffin. H&E, Gram, andMas-
son’s trichrome staining were carried out following the manufacturer’s in-
structions provided with the kits. For immunofluorescence analysis, the
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sectioned tissues were stained overnight with primary antibodies against
OCN (Servicebio) at 4 °C. The samples were then incubated with an ap-
propriate secondary antibody labeled with Cy3 for 2 h, followed by counter-
staining with DAPI. To detect IL-10 expression, implanted femora tissue
sections were dewaxed and stained with anti-IL-10 primary antibodies
(Servicebio). Biotinylated goat anti-rabbit IgG was used as the secondary
antibody for chromogen development. The relative quantification of os-
teoblasts and the area of IL-10 positively stained regions were evaluated
with Image J software (http://imagej.net/).

Statistical Analysis: The results are presented as mean ± s.d. Error
bars represent the s.d. of the mean from independent samples. Two-tailed
Student’s t test was applied to test the statistical significance of differ-
ences between the two groups. Statistically significant differences among
the groups were analyzed using one-way analysis of variance (ANOVA).
GraphPad Prism 9.0 (GraphPad Software Inc.) and Microsoft Excel 2021
(Microsoft Inc.) were used for all statistical analysis. Statistical significance
was set at *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. Flow cytometric analysis of the purity of neutrophils. a. Representative flow 

plots of CD11b+Gr-1+ neutrophils. b. The proportion of the CD11b+Gr-1+ neutrophils. 

Data are presented as the mean ± s.d. (n = 3 independent experiments). 
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Figure S2. The CXCR4 expression on aged neutrophils over time. a. Representative 

flow plots of CXCR4+ neutrophils at 0 h, 8 h and 16 h. b. The proportion of CXCR4+ 

senescent neutrophils changed over time in vitro aging culture. Data are presented as 

the mean ± s.d. (n = 3 independent experiments). 
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Figure S3. Raman spectra of bulk MnPSe3 and the exfoliated MPS NSs. 
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Figure S4. Protein profiles of membrane fragments, MPS NSs, and aNM@MPS 

characterized by SDS–polyacrylamide gel electrophoresis. (n = 3 independent 

experiments). 
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Figure S5. Flow cytometric analysis of the purity of BMDMs. a. Representative flow 

plots of CD11b+F4/80+ macrophages. b. The proportion of the CD11b+F4/80+ BMDMs. 

Data are presented as the mean ± s.d. (n = 3 independent experiments). 
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Figure S6. Biocompatibility of aNM@MPS was assessed with CCK-8 test. Data are 

presented as the mean ± s.d. (n = 6 independent experiments). Statistical significance 

was determined by one-way ANOVA with Tukey’s post hoc test. NS, not significant. 
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Figure S7. Fluorescent images of aNM@MPS induced •OH generation in macrophages. 

Scale bar, 100 µm. (n = 3 independent experiments). 
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Figure S8. Representative images of the phagocytosis of MRSA by macrophages 

treated with each formulation. The red fluorescence shows phagocytosed MRSA, the 

green fluorescence shows macrophage, and the blue fluorescence shows nuclei. Scale 

bar, 10 µm. 
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Figure S9. Flow cytometry analysis of macrophage phenotypes. Representative flow 

cytometry analysis of the percentages of F4/80+CD80+ (a) and F4/80+CD206+ (b) cells 

after treated with various formulations. 
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Figure S10. In vitro promotion of the cGAS-STING pathway. a. Statistical analysis 

of gene expression of IFN-β. The results are reported as the mean ± s.d. (n = 3 

independent experiments). ****P < 0.0001. In vitro qRT-PCR analysis for the relative 

gene expression of cGAS-STING axis, including b) cGAS, c) STING, and d) CXCL10, 

in macrophages with different treatments. The results are reported as the mean ± s.d. (n 

= 3 independent experiments). Statistical significance was determined by one-way 

ANOVA with Tukey’s post hoc test for (a-d). *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001. e. Western blot of the activation of the cGAS-STING pathway in 

macrophages after different treatments (n = 3 independent experiments). 
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Figure S11. Representative flow cytometry plots of CD80+CD86+ cells from different 

treatment groups. 
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Figure S12. Systemic toxicity evaluation of aNM@MPS in vivo. Typical blood 

biochemical parameters (a) and routine blood parameters (b) of mice after receiving 

various treatments for 4 weeks. Data are presented as the mean ± s.d. (n = 3 biologically 
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independent animals). Statistical significance was determined by a two-sided Student’s 

t test in (a) and (b). NS, not significant. ALT, alanine aminotransferase; AST, aspartate 

aminotransferase; BUN, blood urea nitrogen; CRE, creatinine; RBC, red blood cell 

count; WBC, white blood cell; PLT, platelet; HGB, hemoglobin. c. Histological 

sections of major organs on the 28th day. Scale bar, 100 µm. (n = 3 biologically 

independent animals). d. Histological sections of the implanted femur on the 28th day. 

Scale bars, 500 and 50 µm. (n = 3 biologically independent animals). 
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Figure S13. Quantitative results of extracellular MRSA in implant related 

osteomyelitis mice subjected to different treatments. a. Representative images of 

extracellular MRSA colony counting plates of the bone marrow aspirates after different 

treatments (n = 3 biologically independent animals per group). b. Quantitively 

extracellular MRSA burden in the bone marrow after the different treatments. Data are 

the mean ± s.d. (n = 3 biologically independent animals per group). Statistical 

significance was determined by one-way ANOVA with Tukey’s post hoc test for (b). 

****P < 0.0001. 
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Figure S14 Representative general SEM images and optical images of bacterial 

colonies of the implant from the infected mice on day 14. a. Representative SEM 

images of the biofilm on the implant from the infected mice on day 14 (n = 3 

biologically independent animals per group). Scale bar, 4 µm. b. Optical images of 

bacterial colonies after rolling the implant on agar plates (n = 3 biologically independent 

animals per group). 
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Figure S15. The immune cell landscape profile change in peri-implant bone after 

various treatments. a. Representative flow cytometry analysis of proinflammatory 

M1-like macrophages (F4/80+CD80+) and anti-inflammatory M2-like macrophages 

(F4/80+CD206+) in peri-implant bone of the mice treated with various formulations. b. 

Representative flow cytometry analysis of the percentages of CD3+CD8+ and 

CD3+CD4+ T cells in peri-implant bone of the mice treated with various formulations. 
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Figure S16. Representative photos of the bacterial colonies from the bone marrow 

harvested from the indicated treatment groups. (n = 3 biologically independent animals). 
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Figure S17 The bacterial colonies of rolling plate assays from the implant in the bone 

tissues after different treatments (n = 3 biologically independent animals per group). 
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Figure S18. Quantitative analysis of positive stained cells/areas of IL-10. Data are the 

mean ± s.d. (n = 3 biologically independent animals per group). Statistical significance 

was determined by one-way ANOVA with Tukey’s post hoc test. *P < 0.05, 

***P < 0.001. 
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Figure S19. H&E staining of infected peri-implant bone tissues at the study endpoint. 

Scale bar, 100 µm. (n = 3 biologically independent animals). 
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Table S1. List of primers used for qRT-PCR 

TNF-α 
Forward 5’-GTTCCCAAATGGCCTCCC-3’ 

Reverse 5’-GTGCTCCTCACCCACACCG-3’ 

IL-10 
Forward 5’-CCCTTTGCTATGGTGTCCT-3’ 

Reverse 5’-GTGGCCAGTTTGTTATTTAT-3’ 

IFN-β 
Forward 5’-CAGCTCCAAGAAAGGACGAAC-3’ 

Reverse 5’-GGCAGTGTAACTCTTCTGCAT-3’ 

cGAS 
Forward 5’-GTCGGAGTTCAAAGGTGTGGA-3’ 

Reverse 5’-GACTCAGCGGATTTCCTCGTG-3’ 

STING 
Forward 5’-GGTCACCGCTCCAAATATGTAG-3’ 

Reverse 5’-CAGTAGTCCAAGTTCGTGCGA-3’ 

CXCL10 
Forward 5’-CCAAGTGCTGCCGTCATTTTC-3’ 

Reverse 5’-GGCTCGCAGGGATGATTTCAA-3’ 

β-actin 
Forward 5’-GTGACGTTGACATCCGTAAAGA-3’ 

Reverse 5’-GTAACAGTCCGCCTAGAAGCAC-3’ 
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