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Surficial nano-deposition locoregionally yielding
bactericidal super CAR-macrophages expedites
periprosthetic osseointegration
Ziyang Li1,2,3†, Shengchang Zhang1†, Zhipeng Fu1†, Ying Liu1, Zhentao Man2,3, Chongdeng Shi1,
Chunwei Tang1, Chen Chen1, Qihao Chai2, Zhenmei Yang1, Jing Zhang1, Xiaotian Zhao1,
Hailun Xu3, Maosen Han1, Yan Wang1, Ziyang Liao1, Gongchang Yu4, Bin Shi4, Kun Zhao1,
Wei Li2,3*, Xinyi Jiang1*

Tracking and eradicating Staphylococcus aureus in the periprosthetic microenvironment are critical for prevent-
ing periprosthetic joint infection (PJI), yet effective strategies remain elusive. Here, we report an implant nano-
particle coating that locoregionally yields bactericidal super chimeric antigen receptor macrophages (CAR-MΦs)
to prevent PJI. We demonstrate that the plasmid-laden nanoparticle from the coating can introduce S. aureus–
targeted CAR genes and caspase-11 short hairpin RNA (CASP11 shRNA) into macrophage nuclei to generate
super CAR-MΦs in mouse models. CASP11 shRNA allowed mitochondria to be recruited around phagosomes
containing phagocytosed bacteria to deliver mitochondria-generated bactericidal reactive oxygen species.
These super CAR-MΦs targeted and eradicated S. aureus and conferred robust bactericidal immunologic activity
at the bone-implant interface. Furthermore, the coating biodegradability precisely matched the bone regener-
ation process, achieving satisfactory osteogenesis. Overall, our work establishes a locoregional treatment strat-
egy for priming macrophage-specific bactericidal immunity with broad application in patients suffering from
multidrug-resistant bacterial infection.
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INTRODUCTION
Periprosthetic joint infection (PJI), one of the most devastating
complications after artificial arthroplasty, represents a substantial
clinical challenge (1, 2). Management of PJI requires complex treat-
ment strategies, including multiple surgical revisions and long-term
antimicrobial treatment (3, 4). However, little clinical progress has
been made in the prevention and eradication of PJI. Although many
organisms have been linked to PJI, Staphylococcus aureus, especially
methicillin-resistant S. aureus (MRSA), remains the most prevalent
and destructive causative pathogen (5–7). Because implant-infect-
ing S. aureus can elude both innate and adaptive host defenses as
well as biocides and antibiotic chemotherapies (7, 8), tracking and
eradicating S. aureus in the implant microenvironment are critical
for preventing PJI. However, effective strategies remain elusive.

Macrophages (MΦs) are critical to the innate immune response
to S. aureus and commence their antimicrobial activity after inter-
nalizing the pathogen (9, 10). However, this immune defense mech-
anism is not commonly activated in the presence of postoperative
infections, which allows infections to persist (11). Furthermore,
the implant itself triggers a local tissue response, leading to a

niche of immune depression that suppresses the phagocytic and
bactericidal activities of MΦs (12, 13). In addition, S. aureus has
evolved immune escape mechanisms for thwarting phagolysosomal
killing, thus permitting their intracellular survival and allowing for
recurrent infections (14–16). Given the unique effector functions of
MΦs and their chemotaxis toward bacteria (17, 18), we hypothe-
sized that genetically engineering the periprosthetic MΦs to
express S. aureus–specific chimeric antigen receptors (CARs)
could redirect the phagocytic and bactericidal activity of these
cells against S. aureus, thereby preventing bacterial immune
evasion via a host-directed strategy and subsequently eliminat-
ing PJI.

S. aureus surface protein A (SasA), an essential virulence factor
for the survival of S. aureus during invasive infections, is prevalent
and highly conserved among clinical S. aureus strains (19, 20). SasA
promotes adhesion to host cells and tissue, contributes to biofilm
formation by stimulating attachment to the host or implants,
helps bacteria evade host innate immune responses, and accelerates
the progression of infection (21–23). SasA is considered a potential
target for immunotherapy against S. aureus infections. During S.
aureus infection, MΦs are not effective at eradicating internalized
S. aureus (10, 24). This phenomenon is largely due to the hijacking
of MΦ mitochondria via the caspase-11 (CASP11) activation trig-
gered by intracellular S. aureus, which decouples the mitochondri-
on-derived reactive oxygen species (mROS) defense mechanism,
thereby allowing S. aureus within MΦs to resist succumbing to
mROS-mediated clearance (25, 26). Together, these features of S.
aureus infection, i.e., phagocytosis interfere and thwarted phagoly-
sosomal killing, present an opportunity for CAR-MΦ–mediated
immunotherapy to be used in the treatment of PJI for overcoming
bacterial immune evasion and eradicating the infection.
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In situ CAR-MΦ engineering at the peri-implant represents a
rational therapeutic approach as an alternative to the current clini-
cal-scale manufacturing of CAR cells because it avoids the need for
an assortment of elaborate protocols to isolate, genetically modify,
and selectively expand the redirected cells before infusing them back
into patients (27–30). Here, we investigated a nanoparticle coating
for the locoregional in situ induction of super CAR-MΦ at the
bone-implant interface, which simplified CAR-MΦ preparation
and minimized the systemic adverse effects of MΦ reprogramming
(Fig. 1). We simultaneously decreased the expression of CASP11 in
CAR-MΦs by using short hairpin RNA (shRNA) and found that
this treatment notably enhanced the phagolysosomal killing effect
of SasA-specific CAR-MΦs. Together, our results suggest that this
nanoparticle coating enabled peri-implant MΦs to target and erad-
icate S. aureus in a seek-and-destroy fashion while promoting rapid
bone osseointegration at the bone-implant interfaces. These results
present a potential approach for the prevention and treatment of PJI
that warrants further assessment in clinical trials.

RESULTS AND DISCUSSION
Synthesis and characterization of the nanoparticle coating
To achieve the goal of MΦ targeting and efficient nuclear-targeted
gene delivery, the peptide nanoparticle (PNP) was designed and
synthesized. Using peptides containing a MΦ-targeting sequence
(MTS) (31) and a nuclear localization signal (NLS) (32) as the hy-
drophilic moiety and stearic acid (SA) as the hydrophobic domain,
we first synthesized an amphiphilic peptide-SA monomer, (SA)2-
KRRRR-NLS-MTS (Fig. 1A). The chemical structurewas confirmed
by mass spectra (fig. S1). The amphiphilic peptide-SA monomers
could readily self-assemble and encapsulate plasmid DNA
(pDNA) (Fig. 1B and fig. S2) to form core-shell–structured PNP
(Fig. 1C) in an aqueous solution for sequential targeted delivery.
As shown in Fig. 2A, pDNA was completely loaded by the PNP
when the weight ratio of peptide-SA monomers to the pDNA was
greater than 10:1. This result indicates that there is an increase in the
interaction between pDNA and peptide-SA with an increased
amount of peptide-SA monomers. The pDNA-laden PNP (pPNP)
was revealed to have a well-defined spherical structure under trans-
mission electron microscopy (TEM) (Fig. 2B), with an average di-
ameter of 108.5 nm (Fig. 2C). The stability of pPNPs in
deoxyribonuclease I (DNase I) or fetal bovine serum was analyzed
by gel retardation assay, and the results show that the pDNA was
stable in DNase I or fetal bovine serum after it was condensed
with PNPs (fig. S3A). We further evaluated the stability of pDNA
in a PNP-encapsulated manner on day 14. As shown in fig. S3B,
pDNA in PNP was detectable by day 14, confirming that PNP
could protect pDNA from degradation under physiological
conditions.

We next constructed a self-assembling coating on titanium (Ti)
implants for locoregionally immobilizing therapeutics for peripros-
thetic infection at the bone-implant interface (Fig. 1D). In the first
step, the surface of the Ti implants was roughened using an acid-
etching method to improve the adhesion efficiency of dopamine
(DOPA) on the Ti surface. The catechol and quinone groups in
the DOPA coating can react with amine-containing polymers via
a Michael-type addition or Schiff base reaction (33, 34). Therefore,
in the second step, we used the cationic and amine-containing
polymer poly-L-lysine (PLL) to initiate the layer-by-layer process.

Heparan sulfate (HS)–containing pPNP was selected as a negatively
charged polyelectrolyte with which to form nanolayers in the third
step. Layers of positively charged PLL were alternated with layers of
negatively charged HS containing pPNP to form the pPNP coating.
As shown in Fig. 2D, we first used scanning electron microscopy
(SEM) to show the surface morphology of the prepared pPNP
coating. The SEM image confirmed that the pPNP coating was suc-
cessfully self-assembled. Then, we used atomic force microscopy
(AFM), revealing the change in the surface topography of different
surfaces, from the relatively coarse surface of the acid-etched Ti
implant (Ti) to the smooth ones after coating (Fig. 2, E to G). More-
over, our contact angle measurements indicate an increase in the
hydrophilicity of the pPNP-coated Ti implant surface compared
with the native Ti implant surface (fig. S4), which promotes biolog-
ical interactions between the implant and bone tissue. X-ray photo-
electron spectroscopy (XPS) showed area-specific changes in the N
1s, C 1s, and S 2p peaks, further demonstrating that the pPNP
coating was successfully fabricated (fig. S5). As demonstrated by
confocal imaging, the Cy5.5 signals from pPNP exhibited a
uniform distribution pattern in the coating, further indicating the
encapsulation of pPNP in the coating (Fig. 2, H and I). We next
tested the release profile of HS and pDNA from the pPNP
coating. As shown in fig. S6, HS and pPNP each exhibited an
obvious sustained release from the coating over 14 days. Around
11.7% of pDNA was released from the pPNPs in the coating, and
75.6% of pDNA was released in a PNP-encapsulated manner.
These results collectively indicate that the pPNP coating was suc-
cessfully constructed and had the potential to mediate gene delivery.

pPNP-mediated SasA-CAR programming in MΦs
Multiple types of MΦ cells, including bone marrow–derived MΦs
(BMDMs) and RAW 264.7 cells, were used to test the efficiency of
pPNP-mediated gene delivery, which allows MΦs to express corre-
sponding domains, including the CD8 stalk and transmembrane
domains, the CD3ζ endodomain, and the anti-SasA scFv (single-
chain fragment variable) domain (fig. S7). In both BMDMs and
RAW 264.7 cells, substantial enhancement was achieved in the in
vitro cellular internalization of pDNA after the pDNA was encap-
sulated in PNP (Fig. 3A and fig. S8A). These results were further
confirmed with flow cytometry, indicating that the pPNP efficiently
delivered the genes into MΦs (Fig. 3B and fig. S8B). Consistently,
immunofluorescence staining of the bone tissues around a pPNP-
coated bone implant depicted well-dispersed pPNP that also colo-
calized well with MΦs (Fig. 3C). Together, these data indicate that
pPNPs enable MΦ-targeted delivery of pDNA at the bone-implant
interface. When the incubation time was increased, the resulting
wide distribution of Cy5.5-labeled pDNA in the cytoplasm of
BMDMs indicates that the pPNP escaped the lysosome and
entered the cytosol (Fig. 3D). These observations were confirmed
by quantitative analyses of the colocalization of pPNP with endo/
lysosomes in confocal fluorescence images using Manders’ coeffi-
cients M1 and M2 (35). Manders’ coefficient M1 denotes the frac-
tion of Cy5.5-labeled pDNA overlapping with LysoTracker Green,
and M2 denotes the fraction of LysoTracker Green overlapping with
Cy5.5-labeled pDNA. These coefficients should each be close to 1 if
the LysoTracker Green and Cy5.5-labeled pDNA are highly colocal-
ized. As shown in Fig. 3 (E and F), M1 was much less than 1 at all
time points (particularly 4 hours), and the M2 data reveal that few
endo/lysosomes contained pDNA at 4 hours, indicating that the
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Fig. 1. Schematic illustration of the locoregional generation of S. aureus–specific super CAR-MΦs at the bone-implant interface for preventing PJI. (A) Chemical
structure of the peptide-SA monomer. (B) Diagram of anti-SasA CAR and CASP11 short hairpin RNA (shRNA) structure in plasmid DNA (pDNA). CMV, cytomegalovirus;
EGFP, enhanced green fluorescent protein. (C) Schematic illustration of the preparation of pDNA-laden peptide nanoparticle (pPNP). (D) Schematic illustration of the
pPNP coating on an implant (Ti-pPNP). HS, heparan sulfate. (E) pPNP coating generates S. aureus–specific super CAR-MΦs for tracking and eradicating S. aureus infection;
this approach orchestrates periprosthetic anti-infection and osseointegration in an arthroplasty mouse model. BMSC, bone mesenchymal stem cell; siRNA, small inter-
fering RNA.
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pPNP was able to accomplish endo/lysosomal escape, thus allowing
for the cytosolic delivery of pDNA.

We next investigated whether pPNP-mediated gene delivery
could induce SasA-CAR expression in MΦs. After incubation
with the pPNP, enhanced green fluorescent protein (EGFP) abun-
dance in MΦs was measured using confocal microscopy and flow
cytometry analysis. As shown in fig. S9, among the two groups
(the pPNP group and the free pDNA group), the pPNP group
had the highest percentage of EGFP-positive cells. Similarly, in
the pPNP group, the percentages of EGFP-positive BMDMs and

RAW 264.7 cells were 37.53 ± 2.15% and 40.77 ± 2.94%, respective-
ly, which are considerably higher than those of the free pDNA–
treated cells (Fig. 3, G and H, and fig. S10). We further tested the
specificity of the CD68 promoter that drives the specific expression
of the CAR gene in MΦs. As shown in fig. S11, the CD68 promoter
enabled the CAR gene to be transcribed in only MΦs, thereby avoid-
ing off-target effects. These data provide direct evidence that the
functional CAR was expressed on MΦs after their treatment
with pPNP.

Fig. 2. Design and characterization of the pPNP coating. (A) Gel retardation assay of the pPNP. (B) Transmission electron microscopy (TEM) images of PNPs with a
weight ratio of peptide-SA:pDNA of 10:1. Scale bar, 100 nm. (C) Zeta potential and size distributions of PNPs with aweight ratio of SAmonomers:pDNA of 10:1. (D) Surface
morphology and cross-sectional view of different titanium-based surfaces investigated by scanning electron microscopy (SEM). Scale bar, 1 μm. (E) Three-dimensional
reconstructed surface roughness images of different titanium-based surfaces as investigated by atomic force microscopy (AFM). Scale bar, 1 μm. (F and G) Quantitative
measurement of surface roughness parameters of different titanium-based surfaces. (H) Schematic illustration of the coating structure. (I) Representative fluorescent
images of coating, in which poly-L-lysine (PLL) was labeled with fluorescein isothiocyanate (FITC) and pPNP with Cy5.5 (Cy5.5-labeled pPNP). Scale bar, 25 μm. Data
are presented as means ± SD. n = 3 independent experiments per group, ***P < 0.001.
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Fig. 3. pPNP-mediated SasA-CAR programming in MΦs. (A) Confocal images of BMDMs treated with free pDNA or pPNP. The nuclei were counterstained with 4′,6-
diamidino-2-phenylindole (DAPI) (blue). Scale bars, 20 μm. (B) Cellular uptake of free pDNA or pPNP by BMDMs as measured through flow cytometry analysis. MFI, mean
fluorescence intensity; a.u., arbitrary units. (C) Immunofluorescence staining showing that pPNPs (red) colocalized with F4/80+ MΦs (green). Scale bar, 25 μm. (D) Typical
confocal images of BMDMs incubated with pPNPs for 1 or 4 hours at 37°C. The cell nuclei were stained using DAPI (blue), the endo/lysosomes were stained using Lyso-
Tracker Green (green), and pDNAs were labeled with Cy5.5 (red). Scale bars, 20 μm. (E and F) Quantitative analysis of the colocalization of Cy5.5-labeled pDNAwith endo/
lysosomes labeled with LysoTracker Green. (G and H) Percentage of EGFP-positive BMDMs treated with free pDNA or pPNP. (I) Volcano plot of genes differentially ex-
pressed in BMDMs versus CAR-MΦs. (J) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the identified differentially expressed genes. NF-κB,
nuclear factor κB; VEGF, vascular endothelial growth factor. (K) Heatmap of differentially expressed antigen-presentation genes and inflammatory genes between
BMDMs and pPNP-transduced CAR-MΦs. Data are presented as means ± SD. n = 3 independent experiments per group, ***P < 0.001.
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To uncover the immune profiles of CAR engineered-MΦs, we
next performed a transcriptomics analysis of MΦs after pPNP-me-
diated treatment. The volcano plot of differentially expressed genes
in MΦs treated with pPNPs shows an obvious separation of gene
expression (Fig. 3I). A Kyoto Encyclopedia of Genes and
Genomes pathway analysis revealed the comprehensive immune re-
action of BMDMs, reflecting the main activated signaling pathways,
such as endocytosis, nuclear factor κB (NF-κB) signaling pathway,
and antigen processing and presentation (Fig. 3J). Furthermore, the
expression changes of antigen presentation and inflammatory
factors between BMDMs and CAR-MΦs were singled out and re-
plotted in Fig. 3K. From a heatmap analysis of the secreted
factors, we found that many antigen presentation and inflammatory
genes, including H2-Oa, H2-Q4, H2-M3, CD80, Tap2, and Tlr4,
were up-regulated in the pPNP group. The H2 gene, which is
located on the 17th chromosome of mice and is related to the
major histocompatibility complex and antigen presentation of
mice (36), was obviously up-regulated. In addition, the overex-
pressed CD80, Tap2, and Tlr4 were attributed to the pro-inflamma-
tory signals. We further validated the induction of a pro-
inflammatory M1 phenotype using immunofluorescence analysis
and enzyme-linked immunosorbent assay (ELISA), which demon-
strated similar results, such as increased secretion of the M1
markers CD80, interleukin-1β (IL-1β), and tumor necrosis
factor–α (TNF-α) and reduced expression of the M2 markers argi-
nase 1 (Arg-1) and IL-10 in pPNP-treated MΦs (fig. S12). These
results indicated that pPNP-mediated CAR engineering in MΦs
could enhance polarization into the pro-inflammatory M1 pheno-
type. In total, pPNP treatment was beneficial to reinvigorate MΦ
activity and enhance the expression of pro-inflammatory, antibac-
terial, and antigen presentation genes.

Bactericidal activity of super CAR-MΦ in vitro
MΦs are crucial for host defense against MRSA, whereas MRSA fre-
quently evades engulfment by these cells and also blocks their intra-
cellular killing (14, 15). To test whether creating super CAR-MΦs
would be beneficial for bacterial clearance, we evaluated the phago-
cytosis and phagolysosomal killing of MRSA by different treatment
groups of BMDMs. We first evaluated the CAR-mediated phagocy-
tosis of MΦs through confocal microscopy and flow cytometry. The
CAR modification of MΦs did increase their robust phagocytosis of
MRSA (Fig. 4A). The percentage of BMDMs that phagocytized
MRSA in the pPNP treatment group was 5.2-fold higher than that
in the control group (Fig. 4B and fig. S13). These data suggest that
engineered CAR MΦs had elevated phagocytotic activity
against MRSA.

Intracellular MRSA-triggered CASP11 activation actively pre-
vents the recruitment of mitochondria to the vicinity of the phag-
olysosomes MRSA resides in, allowing these bacteria to avoid being
destroyed by intracellular killing (37). To determine whether
CASP11 shRNA effectively reduced the CASP11 expression in
MRSA-infected MΦs, we tested the mRNA expression level of
CASP11. CASP11-specific shRNA led to a notable repression of
the mRNA of its target gene (Fig. 4C). Subsequently, to investigate
whether CASP11 deficiency allows an increased association of
MRSA-containing vacuoles with mitochondria, we analyzed the co-
localization events between MRSA and mitochondria stained with
MitoTracker Deep Red in different treatment groups. As indicated
in Fig. 4 (D and E), the CASP11 inhibition groups displayed a

higher percentage of bacteria colocalized with MitoTracker com-
pared with the corresponding groups without CASP11 inhibition.
Furthermore, TEM revealed that more mitochondria were in prox-
imity to bacteria inside the BMDMs in the CASP11-inhibited
groups compared with those in the corresponding groups without
CASP11 inhibition (Fig. 4F). Evidence suggests that the bactericidal
activity of mROS directly contributes to killing phagocytosed bac-
teria (37, 38). Thus, we measured mitochondrial superoxide pro-
duction using the MitoSOX Red reagent (fig. S14). Compared
with noninfected control cells, the superoxide levels were sup-
pressed in normal MΦs infected with MRSA. MΦs lacking
CASP11 exhibited higher MitoSOX fluorescence in response to
MRSA than did cells without CASP11 inhibition. These data indi-
cate that in pPNP-engineered super CAR-MΦs, the mitochondria
are recruited to phagosomes containing phagocytosed bacteria to
actively deliver oxidative phosphorylation-generated bacterici-
dal mROS.

Next, to evaluate the bactericidal activity of the super CAR-MΦs,
we quantified the intracellular survival of MRSA in BMDMs treated
by control, shRNA@PNP, CAR@PNP, or pPNP. Among these
groups, the pPNP group showed the strongest bactericidal activity
at all tested end time points, with a percentage of inhibition of
83.6% (Fig. 4, G and H). The bactericidal activity in the
shRNA@PNP was markedly reduced (Fig. 4H), suggesting the im-
portance of simultaneously decreasing the expression of CASP11 by
shRNA. These results together demonstrate the potent bactericidal
activity of super CAR-MΦs.

Anti-infection and immunomodulation effects of pPNP
coating in vivo
Given the observed potent in vitro bactericidal activity of super
CAR-MΦs, we tested their bactericidal effects in a MRSA-infected
orthopedic implant mouse model (Fig. 5A). The CAR expression in
bone tissues at the bone-implant interface was determined with
EGFP. As shown in Fig. 5B, a large number of MΦs were gathered
in the infected bone, and some of them expressed EGFP. To evaluate
the bactericidal activity of Ti-pPNP, the implant was harvested 7
days after surgery. We observed macroscopic inflammatory
changes in infected murine joints, including edema that decreased
with the lower MRSA bioburden in the Ti-pPNP group (Fig. 5C).
The number of MRSA colonies in the Ti-pPNP group was signifi-
cantly less than that in the control, Ti-PNP, Ti-shRNA@PNP, or Ti-
CAR@PNP groups (fig. S15A). The corresponding antibacterial ef-
ficiency of Ti-pPNP is more than 90%; thus, it has excellent bacter-
icidal activity in vivo (fig. S15B). In addition, hematoxylin and eosin
(H&E) and Gram staining were used to investigate the inflammato-
ry reaction and the residual bacteria, respectively, in the bone tissue
surrounding the implant. As displayed in Fig. 5D (red arrows),
typical infections of bone tissue were observed through H&E stain-
ing in the control, Ti-PNP, Ti-shRNA@PNP, Ti-CAR@PNP, and
Ti-pPNP groups. In these groups, we observed large numbers of in-
flammatory cells infiltrated into the tissues, indicating PJI. Many
scattered bacteria were found in the Gram-stained sections from
the control and Ti-PNP groups (Fig. 5E, blue arrows). In contrast,
lower numbers of inflammatory cells and residual bacteria were
found in the Ti-pPNP–treated group. Collectively, these data indi-
cate that CAR and CASP11 shRNA additively exert robust antibac-
terial effects.
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Fig. 4. Bactericidal activity of super CAR-MΦs in vitro. (A) Representative images of the phagocytosis of MRSA byMΦs treated with each formulation. Scale bar, 10 μm.
(B) Rate of phagocytosis by MΦs after 4 hours of incubation with MRSA at 37°C. (C) Relative mRNA levels of CASP11 in different treatment groups as verified by quan-
titative reverse transcription polymerase chain reaction. (D) Quantification of MRSA colocalized with MitoTracker Deep Red. (E) Typical confocal images of MRSA-infected
BMDMs in the indicated treatment groups at 4 hours after infection. White arrows indicate the colocalization of MRSAwith MitoTracker. Scale bars, 10 μm. (F) Qualitative
TEM images of MRSA-infected CAR-MΦs at 4 hours after infection. Yellow arrows indicate mitochondria. Scale bar, 10 μm. (G and 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. Scale bars, 2 cm. Data are
presented as means ± SD. n = 3 independent experiments per group, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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S. aureus biofilm formation allows the bacteria to avoid immune
recognition and thereby limit the establishment of effective antibac-
terial immunologic responses (39, 40). To clarify whether the Ti-
pPNP treatment could reverse pathogen-induced immunosuppres-
sion, we first evaluated the levels of myeloid-derived suppressor
cells (MDSCs) around the infected region. As shown in Fig. 5 (F
and G), the frequency of MDSCs in implant-associated tissue was

significantly lower for the Ti-pPNP group at 14 days after infection.
This coincided with a lower bacterial burden and implies the estab-
lishment of antibacterial immunologic responses during pathogen
clearance. IL-10 production by MDSCs is critical for the immune-
suppressive properties of PJI (12). As expected, the levels of IL-10
secretion were reduced in animals after treatment with Ti-pPNP
(Fig. 5H). In addition, we found that the Ti-pPNP–redirected MΦ

Fig. 5. pPNP coating-induced anti-infec-
tion and immunomodulation effects in
vivo. (A) Schematic illustration of the ex-
perimental design. (B) EGFP-positive MΦs
(white arrows) at the bone-implant inter-
faces of mice after their treatment with
pPNP. Blue, DAPI-stained cell nuclei; red,
F4/80+ MΦs. Scale bars, 25 μm. (C) Repre-
sentativemouse knee joint images at 7 days
after implantation. (D) Hematoxylin and
eosin (H&E) staining of the bone tissues
surrounding the implants. Red arrows indi-
cate the infiltration of inflammatory cells.
Scale bar, 100 μm. (E) Gram staining of the
bone tissues surrounding the implants.
Blue arrows indicate scattered bacteria.
Scale bar, 50 μm. (F and G) Representative
flow cytometry plots (F) and quantitative
analysis (G) of CD11b+Gr1+ myeloid-
derived suppressor cells in MRSA-infected
bone tissues at day 14 after infection. (H) IL-
10 levels in implant-associated tissue, as
measured by ELISA. (I and J) Representative
flow cytometry quantitative analysis of M2-
like MΦs (F4/80+CD206+) (I) and M1-like
MΦs (F4/80+CD80+) (J) in the implant-as-
sociated tissues of mice in the indicated
treatment groups. (K) Mature dendritic cells
(DCs) in the draining lymph nodes. (L and
M) Representative flow cytometry quanti-
tative analysis of the percentage of
CD3+CD4+ (L) or CD3+CD8+ (M) T cells in
the implant-associated tissues of mice in
the indicated treatment groups. (N)
Heatmap of the IL-2, TNF-α, IFN-γ, and TGF-
β expression profiles in implant-associated
tissues. Data are presented as means ± SD.
n = 5 mice per group, **P < 0.01, ***P <
0.001, and ****P < 0.0001. NS, not
significant.
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phagocytic activity against S. aureus elicited a higher level of anti-
bacterial immunologic responses, regulating the pro-inflammatory
polarization of MΦs (Fig. 5, I and J, and fig. S16A), promoting the
maturation of dendritic cells (Fig. 5K and fig. S16B), and activating
CD4+/CD8+ T cells (Fig. 5, L and M, and fig. S16C) against the re-
sidual S. aureus. Moreover, as presented in Fig. 5N, compared with
other groups, the levels of TNF-α, IL-2, and interferon-γ (IFN-γ)
production were markedly higher in the Ti-pPNP group, whereas
the expression level of transforming growth factor–β (TGF-β) was
lower, demonstrating that the Ti-pPNP fostered an antibacterial im-
munologic microenvironment around the implant. These results
collectively suggest that the Ti-pPNP treatment reversed the infec-
tion-induced immunosuppression milieu, thereby conferring
robust bactericidal immunologic activity at the bone-implant inter-
face in a host-directed strategy.

Promoted osteogenesis of pPNP coating
Implant surfaces are carefully designed for optimal biocompatibility
and osseointegration. As shown in fig. S17A, the spread of bone
mesenchymal stem cells (BMSCs) adhered on the surface in the
Ti-pPNP group was comparable to those in the control and Ti-
DOPA groups. Furthermore, the cell viability of BMSCs in these
samples at day 7 after treatment showed minimal difference,
which proves that the pPNP coating exhibited an excellent cytocom-
patibility with BMSCs after long-term culture (fig. S17B). We
further tested the expression of the osteogenic-related genes alkaline
phosphatase (ALP), runt-related transcription factor 2 (RUNX2),
osteocalcin (OCN), and type I collagen (COL-I) after 14 days.
From the quantitative reverse transcription polymerase chain reac-
tion (qRT-PCR) results (fig. S18A), the expressions of ALP,
RUNX2, OCN, and COL-I in the Ti-pPNP group maintained the
highest levels among all the samples. The OCN and osteopontin
(OPN) immunofluorescence staining results also confirm that the
most efficient enhancement of osteogenic differentiation occurred
in the Ti-pPNP–derived BMSCs (fig. S18B). We further determined
the primary safety of pPNP by a cytotoxicity assay in vitro. As shown
in fig. S19, no significant changes in cell viability were observed in
pPNP-treated MΦs. Furthermore, we performed blood analyses and
histological analyses of the treated mice to evaluate the potential sys-
temic toxicity of degradation byproducts. Throughout the study
period of up to 4 weeks, the blood (fig. S20A) and histological
(fig. S20B) analyses of animals with the implanted Ti-pPNP
yielded results comparable to those of healthy animals, lacking
any marked signs of systemic toxicity. These results suggest that
our pPNP coating had excellent biocompatibility.

An ideal bone implant should precisely match the process of
bone regeneration and achieve satisfactory osteogenesis at the
bone-implant interfaces (41, 42). Thus, we investigated the in vivo
degradability of the pPNP coating in a PJI mouse model. The in vivo
biodegradability of the pPNP coating was assessed using in vivo
imaging systems (IVIS) and labeling the pPNP coating with
Cy5.5. After implantation, we found a steady decrease in the fluo-
rescence signal over time, down to no detectable level at day 14 after
implantation (Fig. 6A). The results indicate that the pPNP coating is
largely resorbed after 2 weeks and will not compromise osseointe-
gration. We next investigated the expression of osteogenic factors
using ELISA analyses. The secretion of osteogenic-related cyto-
kines, including OPN, oncostatin M (OSM), and OCN, was elevated
after treatment with Ti-pPNP, demonstrating the strong potential of

this approach to inducing osteogenesis (Fig. 6B). Next, a micro–
computed tomography (micro-CT) analysis was used to determine
the level of neonatal bone formation at the interface of bone and
implant. Compared with other groups, the Ti-pPNP group was ob-
served to have the highest amount of neonatal bone formation
(Fig. 6C, yellow highlight). A quantitative analysis further con-
firmed this result. Tissues in the Ti-pPNP group had an elevated
bone volume (BV) (Fig. 6D) and the highest percentage of BV to
tissue volume (BV/TV) (Fig. 6E). The BV/TV value in the Ti-
pPNP group (21.15% ± 1.47%) was 1.76- and 1.62-fold higher as
compared with that in the Ti-CAR@PNP (12% ± 1.23%) and Ti-
shRNA@PNP (13.04% ± 0.94%) groups, respectively. Moreover,
quantitative analyses of bone mineral density (BMD) demonstrated
that the mean BMD in pPNP-treated mice was markedly increased
compared with that in mice from the other groups (fig. S21). The
newly formed bone was further assessed by using Masson staining
(Fig. 6, F and G) and Safranin O/Fast Green staining (Fig. 6, H and
I), and similar results were obtained. Collectively, the above data
demonstrate that the devised coating clearly improved bone-
implant integration.

Effects of pPNP coating on anti-hematogenous infection
In orthopedic prosthetic infections, hematogenous implant-related
infections are an important clinical problem because bacteria can
spread from the bloodstream to a previously well-functioning
implant and result in infectious complications and even orthopedic
surgery failure (43, 44). To evaluate the broad applicability of the
pPNP coating, we established a S. aureus hematogenous implant in-
fection mouse model as previously reported (Fig. 7A) (45). Briefly,
we first placed the designed implant into the right femurs of mice
using an aseptic surgical technique. The mice were then intrave-
nously infected with S. aureus at 1 week after surgery, and the infec-
tion was monitored on day 14 after inoculation. We performed SEM
to evaluate biofilm formation on the implants at 2 weeks after injec-
tion. As seen in Fig. 7B, the implants from mice in the Ti-pPNP
group had only infrequent coccoid bacteria and lacked appreciable
biofilm formation, whereas the implants from the mice in the other
groups had dense biofilm aggregates. In addition, Gram staining for
the evaluation of infection revealed no active MRSA in the Ti-pPNP
group (Fig. 7C). After removing the mouse femur containing the
implant and homogenizing it, we found that the Ti-pPNP group
had nearly 83% fewer mice with an infection in the surgical legs
compared with the control group (4 versus 23). Moreover, the
number of mice with no detectable colony-forming units (CFUs)
of bacteria in both the surgical and nonsurgical legs in the Ti-
pPNP group was sixfold higher than that in the control group (25
versus 4) (Fig. 7D), suggesting that the Ti-pPNP group had a lower
overall propensity of infection. Because of the major concern of os-
seointegration on artificial implants, the details of the newly formed
bone tissue at the bone-implant interface were further studied by
OCN immunofluorescence staining (Fig. 7E). We clearly observed
a large area of bone matrix (red stain) in the Ti-pPNP group. As
shown in fig. S22, compared with other treatment groups, the
levels of TNF-α, IL-2, and IFN-γ production were markedly
higher in the Ti-pPNP group, whereas the expression level of
TGF-β was lower, demonstrating that the Ti-pPNP fostered an an-
tibacterial immunologic microenvironment around the implant.
Moreover, the secretion of osteogenic-related cytokines, including
OPN, OSM, and OCN, was elevated after treatment with Ti-

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Li et al., Sci. Adv. 9, eadg3365 (2023) 31 May 2023 9 of 15



pPNP, demonstrating the strong potential of this approach to in-
ducing osteogenesis. Thus, the pPNP coating not only improved
the osteogenic activities but also prevented the MRSA-associated
infection. Together, these findings demonstrate that the pPNP
coating has the potential to reduce the risk of hematogenous
implant infection in vivo.

In summary, our findings establish that periprosthetic MΦs can
be genetically engineered to yield super CAR-MΦs with the pro-
posed pPNP coating, thereby enabling them to eradicate S. aureus
to prevent PJI and therapeutic resistance. Furthermore, the in vivo
biodegradability of our proposed implant coating precisely matches
the bone regeneration process and achieves satisfactory osteogenesis
at the bone-implant interfaces. Therefore, our work may provide a

Fig. 6. Promoted osteogenesis of
pPNP coating. (A) In vivo biode-
gradation of pPNP coating labeled
with Cy5.5, visualized using in vivo
fluorescence imaging. The fluores-
cence scale shown was obtained
directly from the in vivo imaging
systems imaging scanner. (B)
Heatmap of the OPN, OSM (on-
costatin M), and OCN (osteocalcin)
expression profiles in bone tissues.
(C) Micro–computed tomography
(micro-CT) images of implants in
mouse femurs and three-dimen-
sional reconstructed images
showing the neonatal bone gen-
eration surrounding the implants
(green, implant; yellow, bone
tissue). (D and E) Quantitative sta-
tistics of the bone volume (BV) (D)
and the percentage of BV to tissue
volume (%, BV/TV) (E) calculated
from the micro-CT data. (F) Repre-
sentative Masson staining (blue,
bone tissue) for the neonatal bone
surrounding the implants. Scale
bars, 200 and 50 μm. (G) Bone area
ratios calculated from Masson-
stained samples. The bone-implant
contact ratio was calculated by
comparing the accumulated
length of the edge, where the
implant contacts the bone tissue,
to the implant circumference
based on the images of Masson
staining analysis. (H) Representa-
tive Safranin O/Fast Green staining
(green, bone tissue) for the neo-
natal bone surrounding the im-
plants. Scale bars, 200 and 50 μm.
(I) Histomorphometric measure-
ments of osteogenesis. The relative
ratio was defined as the percent-
age of osteogenesis with a region
extending 20 μm from the implant
surface. Data are presented as
means ± SD. n = 5 mice per group,
****P < 0.0001.
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Fig. 7. Effects of pPNP coating on anti-hematogenous infection. (A) The study protocol of a prophylactic regimen with a hematogenous S. aureus implant infection
mouse model. (B) Representative SEM images of biofilm formation on the implants harvested on day 14 after inoculation; n = 5 mice per group. Scale bar, 200 nm. (C)
Gram staining of the bone tissues surrounding the implants. Blue arrows indicate scattered bacteria; n = 5 mice per group. Scale bar, 50 μm. (D) Euler diagram depicting
the number of micewith or without infection in the surgical or nonsurgical legs of mice in the Ti or Ti-pPNP groups (n = 30mice per group). (E) Representative fluorescent
images showing the expression of OCN at the bone-implant interface (n = 5 mice per group). Scale bar, 100 μm. ***P < 0.001.
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more efficient host-directed immunotherapeutic strategy for pa-
tients suffering from PJI or multidrug-resistant bacterial infection,
and this new approach warrants further clinical validation.

MATERIALS AND METHODS
Materials
(SA)2-KRRRR-NLS-MTS was custom-synthesized by Shanghai
Apeptide Co. Ltd. All of the plasmids used in our work were cus-
tomized by vectorbuilder.com. Titanium (Ti) plates (1-cm long by
1-cm wide by 1-mm thick; 99.5% purity) and Ti implants (1 mm in
diameter, 10 mm in length, 99.5% purity) were obtained from
BIORTHO VET (Jiangsu, China). HS, PLL (Molecular weight.
70,000 to 150,000), and DOPA hydrochloride (98%) were pur-
chased from MCE. All other chemicals and solvents of an analytical
nature were procured locally. The 4′,6-diamidino-2-phenylindole
(DAPI) kit was obtained from Thermo Fisher Scientific. Macro-
phage colony-stimulating factor was obtained from Sino Biological.
LysoTracker was provided by Dalian Meilun Biotech Co., Ltd. or
GeneTex. PerCP/Cy5.5-labeled anti-CD11b, antigen-presenting
cell (APC)/Cy7-labeled anti-CD3, APC-labeled anti-CD4, phycoer-
ythrin (PE)/Cy7-labeled anti-CD8, fluorescein isothiocyanate
(FITC)–labeled anti-F4/80, PerCP/Cy5.5-labeled anti-F4/80, PE/
Cy7-labeled anti-Gr1, PE-labeled anti-CD206, PE/Dazzle594-
labeled anti-CD80, and APC-labeled anti-CD86 antibodies were
all purchased from BD Biosciences or BioLegend Inc. ELISA kits
for TNF-α, IFN-γ, IL-10, TGF-β, IL-2, OCN, OPN, and OSM
were procured from Abcam. The anti-OCN and anti-OPN antibod-
ies for immunofluorescence analysis were obtained from Abcam or
Cell Signaling Technology.

Animals
All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Shandong
University of Traditional Chinese Medicine and Shandong Univer-
sity, and experimental protocols were approved by the Animal
Ethics Committee of Shandong University of Traditional Chinese
Medicine and Shandong University. Schemas of the used mouse
models are shown in detail in the first panel of each relevant
figure. C57BL/6J mice were purchased from Beijing Vital River Lab-
oratory Animal Technology Co., Ltd. (Beijing, China) and housed
by the Shandong University of Traditional Chinese Medicine and
Shandong University Medical School Animal Care Facility under
pathogen-free conditions.

Cell isolation and cell culture
BMDMs were harvested from mouse femurs for producing mouse
MΦs and cultured in Dulbecco’s minimum essential medium (con-
taining 10% fetal bovine serum, penicillin/streptomycin, glutamine,
and Hepes). RAW 264.7 cell line cells and BMSCs were purchased
from the Institute of Biochemistry and Cell Biology, Shanghai Insti-
tutes for Biological Sciences, Chinese Academy of Science. All cells
were cultured in a humidified atmosphere containing 5% CO2
at 37°C.

Bacterial culture and in vitro antibacterial assay
MRSA (ATCC43300) was purchased from American Type Culture
Collection, and an individual colony was separated from the LB agar
plate, stored in the 4°C refrigerator, added to fresh LB broth, and
then shaken at 200 rpm overnight at 37°C. The overnight bacterial

solution was diluted 1:200 and shaken for another 3 hours to make
sure the bacteria were in the log-growth phase before their use in an
experiment. The intracellular antimicrobial assay was conducted in
accordance with a previously reported method (46). Briefly, after
different groups of BMDMs were subjected to the appropriate treat-
ment, the BMDMs were incubated with MRSA at a multiplicity of
infection of 5 for 6 or 24 hours. After being washed with phosphate-
buffered saline (PBS), cells were incubated for an additional 1 hour
in medium containing gentamicin (100 μg ml−1) to clear the extra-
cellular bacteria. Cells were then washed with PBS and lysed with
0.1% Triton X-100. The resulting lysates were cultured on LB agar
to determine the number of bacterial CFUs.

pDNA construction
The pDNA used in this study was prepared with piggyBac transpo-
son gene expression vectors. The CASP11 shRNA was expressed
under the control of the U6 promoter, and the S. aureus–specific
CAR gene was expressed under the control of the MΦ-specific
CD68 promoter (47). The CAR gene was composed of a mouse
CD8 signal peptide, SasA-specific scFv, myc-tag, mouse CD8
hinge sequence, CD8 transmembrane region, and mouse CD3ζ en-
dodomains. To evaluate the gene-transfer efficiency and monitor in
situ MΦ programming, constructs with reporter proteins were gen-
erated via fusing GFP or luciferase with the CAR domain, separated
by a P2A sequence. To strengthen gene expression, a woodchuck
hepatitis virus posttranscriptional regulatory element was inserted
between the EGFP/luciferase and the rabbit beta-globin polyadeny-
lation signal.

Synthesis and characterization of the pPNP
(SA)2-KRRRR-NLS-MTS (2 mg) was dissolved in 10 μl of dimethyl
sulfoxide and diluted with 1 ml of diethylpyrocarbonate-treated
water solution with 35 μl of pDNA (weight ratio of peptide-SA
monomer:pDNA = 10:1). The mixture was vortexed to obtain
pPNPs. The dynamic light scattering and zeta potential analysis
of the resultant nanomicelle were conducted with a Zeta Sizer
Nano ZS90 (Malvern Instruments Ltd.). The morphology of the
pPNPs was characterized using TEM performed on a JEM-1200
EX II electron microscope after negative staining with 2% phospho-
tungstic acid.

Synthesis and characterization of pPNP coating
Commercially pure Ti plates (1-cm long by 1-cm wide × 1-mm
thick; 99.5% purity) and Ti implants (1 mm in diameter, 10 mm
in length, 99.5% purity) were prepared with their surfaces machined
and acid-etched with 67% (w/w) sulfuric acid (H2SO4) at 120°C for
75 s. Acid-etched Ti plates and implants were incubated in DOPA
solution (2 mg ml−1, pH 8.5) for 16 hours. The alternating layer-by-
layer operation was then performed as follows. First, Ti plates and
implants were immersed in PLL (0.5 mg ml−1, pH 7.4) solution for
10 min. After being rinsed with distilled water for 1 min, the
samples were immersed in a solution of HS (0.5 mg ml−1, pH
7.4) containing nanoparticles (108 nanoparticles ml−1, pH 7.4) for
10 min. The above two-step treatment was defined as one coating
cycle. The number of layer coating cycles for all the experiments was
set to 20. Nanolayers were cross-linked with an aqueous solution of
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (100 mg ml−1)
and N-hydroxysuccinimide (20 mg ml−1). Surface-modified Ti
plates and implants were characterized by SEM (FEI QUANTA
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FEG250 field emission scanning; accelerating voltage, 8 kV;
working distance, 7.2 mm), AFM (E-SEEEP, elastic coefficient 5
to 37 N/m; resonance frequency, 96 to 175 kHz), XPS (Escalab
250Xi multifunctional surface analyzer; Al Kα x-ray source;
working voltage, 14.6 kV; working current, 10 mA), and water
contact angle (Theta Flex).

Agarose gel electrophoresis assay
Agarose gel electrophoresis was conducted to study the complete
complexation of (SA)2-peptide with pDNA. Nanoparticles were
prepared with (SA)2-peptide and pDNA at ratios of 5:1, 10:1,
15:1, 20:1, or 25:1. Ten microliters of solution containing 0.3 μg
of pDNAwas mixed with DNA loading buffer and loaded into par-
allel wells of a 1.2% (w/v) agarose gel containing 0.5 μl ml−1 NA-
Green (Beyotime) in tris-acetate-EDTA buffer to evaluate the
DNA-complexation effect of the (SA)2-peptide compared with
that of naked pDNA. Electrophoresis was performed at 90 V for
60 min, and gel retardation was visualized by using an Amersham
Imager 600 RGB.

Cellular uptake and nanoparticle-mediated gene
transfection in vitro
MΦs were cultured with each formulation, and the cellular uptake
of the pPNPs was assessed both qualitatively and quantitatively. The
cells were first incubated with free pDNA or pPNP at a plasmid dose
of 5 μgml−1. Four hours later, the cells werewashed three times with
ice-cold PBS and examined using flow cytometry. For Confocal
laser scanning microscope (CLSM) observations, the nuclei were
stained with DAPI (blue), and then subjected to CLSM analysis
(CLSM 780, Carl Zeiss Inc.).

For the in vitro gene transfection assay, RAW 264.7 cells,
BMDMs, BMSCs, or T cells were incubated with saline and
pPNP. After a 48-hour incubation, the percentage of EGFP-positive
cells was analyzed by flow cytometry.

Transcriptome sequencing and data analysis
After being subjected to pPNP-mediated treatment, MΦs were
treated with TRIzol reagent (Beyotime Biotechnology) and stored
at −80°C before sequencing. The RNA sequencing was performed
using an Illumina HiSeq X10 (Illumina, USA). The gene expression
value was transformed as log10 [TPM (transcripts per million reads)
+1]. The RNA sequencing data were normalized via the fragments
per kilobase per million reads method.

Macrophage phagocytosis analysis
BMDMs that were pretreated with PBS, CAR@PNP, shRNA@PNP,
or pPNP were cocultured with 5(6)-carboxyfluorescein diacetate
succinimidyl ester (CFSE) dye-stained (Dalian Meilun Biotechnol-
ogy Co. Ltd.) bacteria. After being cocultured for 4 hours, the
BMDMs were harvested, stained with anti-F4/80 labeled with
PerCP/Cy5.5, and then analyzed with flow cytometry. For the qual-
itative analysis of phagocytosis, bacteria were prestained with rho-
damine B 5-isothiocyanate (Dalian Meilun Biotechnology Co.,
Ltd.). Afterward, MΦs and bacteria were coincubated at a ratio of
MΦs to bacteria of 1:5 for 4 hours at 37°C. The cells were lastly ob-
served with a fluorescence microscope.

Analysis of vacuole-containing bacteria and mitochondria
in infected MΦs
BMDMs and CFSE-stained bacteria pretreated with PBS,
CAR@PNP, shRNA@PNP, or pPNP were coincubated at a ratio
of MΦs to bacteria of 1:5 for 4 hour at 37°C. Afterward, the mito-
chondria of the infected MΦs were stained with MitoTracker Red
CMXRos (Invitrogen). The association of vacuole-containing bac-
teria with mitochondria in the cells was observed with fluorescence
microscope. In addition, infected MΦs were fixed with 2.5% glutar-
aldehyde (TedPella, 18426) in 0.1 M phosphate buffer, pH 7.4 con-
taining 0.1 M sucrose, and the relationship between the bacteria and
the mitochondria of the infected MΦs was further qualitatively an-
alyzed with a JEM-1200EX II electron microscope.

Mitochondrial ROS assay
To evaluate mitochondrial superoxide production, BMDMs were
incubated with 2 μM MitoSOX dye (Thermo Fisher Scientific,
M36008) diluted in cell imaging solution [10 mM Hepes, bovine
serum albumin (1 mg ml−1), glucose (1 mg ml−1), 1 mM MgCl2,
and 1.8 mM CaCl2 in PBS) at 37°C in a humidified atmosphere con-
taining 5% CO2. The cells were then washed with PBS and further
incubated with cell imaging solution containing gentamicin (10 μg
ml−1). The fluorescence was read using a SpectraMax i3x microplate
reader at 510/580 nm, and the cell number in each well was deter-
mined using a SpectraMax MiniMax300 Imaging Cytometer. Fluo-
rescence values were first normalized to the cell number in each
well, and then all conditions for each group were normalized to
the nontreated control group.

qRT-PCR assay
For real-time quantitative PCR analysis, total RNA were isolated
using TRIzol (Invitrogen, Carlsbad, CA, USA), and the isolated
RNA were then subjected to reverse transcription using a Prime-
Script RT Reagent kit (Takara, Dalian, China). Real-time PCR anal-
ysis was conducted with a SYBR Premix Ex Taq II (Takara) using a
CFX96 Real-Time System (Bio-Rad, USA). Relative expression was
calculated with the 2−ΔΔCT method. The sequences of the primers
used for these assays are listed in table S1.

Mouse model of implant-related infection
During the implantation surgery, mice were anesthetized using in-
halational 1 to 5% isoflurane mixed with oxygen. The distal femur
was accessed via medial parapatellar arthrotomy with lateral dis-
placement of the quadriceps–patellar complex. An intramedullary
femoral canal was manually reamed with a 25-gauge needle. To es-
tablish the PJI models, 10 μl of S. aureus (1 × 105 CFU ml−1) was
injected into the medullary cavity carefully and slowly. To prevent
leaking of the bacterial suspension from the injection track, the
syringe was removed 30 s later. After that, control, Ti-PNP, Ti-
shRNA@PNP, Ti-CAR@PNP, or Ti-pPNP implants (length, 10
mm; diameter, 1 mm) were surgically placed in a retrograde
fashion with 1 mm protruding into the knee joint space. Last, the
quadriceps–patellar complex was reduced to the midline, and the
surgical site was closed with absorbable Vicryl 5-0 sutures. For in-
vestigating the antibacterial capability of different implants, mice
were euthanized by CO2 inhalation at 7 days after implantation,
and the implants were harvested and ultrasonicated for 5 min in 2
ml of PBS. The isolated bacteria were diluted, inoculated on LB
medium, and cultured at 37°C for 24 hours for counting the
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bacterial CFUs. Osteogenesis was investigated with the mouse
model of implant-related infection after 4 weeks.

To establish the hematogenous orthopedic infection models, 100
μl of S. aureus (1 × 107 CFU ml−1) was injected into the tail vein at 1
week after surgery. The antibacterial effect and osteogenesis of dif-
ferent implants were investigated after 14 days.

Flow cytometry assay in vivo
For analysis of the immune subsets present within the infection mi-
croenvironment around the implant, the bone marrow around in-
fection foci and nearby lymph nodes were harvested and filtered to
obtain single-cell suspensions. These isolated cells were treated with
red blood cell lysis buffer (Beyotime) and washed with PBS. The
cells were subsequently stained with different antibodies including
anti-CD11b-PerCP/Cy5.5, anti-CD3-APC/Cy7, anti-CD4-APC,
anti-CD8-PE/Cy7, anti-F4/80-FITC, anti-Gr1-PE/Cy7, anti-
CD206-PE, anti-CD80-PE/Dazzle594, and anti-CD86-APC. After
being stained with fluorescently labeled antibodies, the cells were
washed in PBS with EDTA. Flow cytometry data were acquired by
a BD FACSCanto II flow cytometer using the BD FACS Diva 8 soft-
ware (BD Bioscience). Data were analyzed using FlowJo software.

In vivo evaluation of the biocompatibility and
degradability of the nanoparticle coating and the
persistence and biodistribution of the super CAR- MΦs
To investigate the nanoparticle coating biocompatibility, at 1, 2, and
4 weeks after implantation, 200 μl of blood was collected from the
eye socket venous plexus for use in a blood analysis. Last, the
animals were euthanized by CO2 inhalation. The heart, liver,
spleen, lungs, and kidneys were excised and fixed in 10% formalin
for 24 hours for histological analyses. To investigate the nanoparti-
cle coating degradability, a nanoparticle coating labeled with Cy5.5
was surgically placed into the distal femur of mice. Mice were anes-
thetized via the inhalation of isoflurane (2%), and in vivo fluores-
cence imaging was performed by using the IVIS Lumina II in vivo
imaging system (PerkinElmer, Hopkinton, MA, USA).

Micro-CT analysis
The bone tissues surrounding the implantation site were scanned at
a 36-μm resolution on a SkyScan 1172 micro-CT system with a ro-
tation step of 0.15°/180°. Image parameters were as follows: source
voltage, 80 kV; exposure time, 0.37 s; 1-mm Al filter to optimize the
contrast; and source current, 112 μA. Scans were reconstructed
using SkyScan NRecon software and analyzed by CTAN software
to generate three-dimensional images. During the micro-CT analy-
sis, we did not pull out the implant from the bone tissue, and the
selected region of interest was defined on the basis of the cylindrical
implant. The newly formed bone tissues around the implants were
further determined by micro-CT. The standardized threshold (>220
HU) was set as mineralized tissue. After reconstruction, the BMD,
new BV, and percentage of BV to TV (%, BV/TV) were calculated by
CT Analyser software (version 1.11; SkyScan).

Histopathological, immunohistochemical, and
immunofluorescence analyses
To investigate the inflammatory reaction, the bone tissues sur-
rounding the implants were harvested 2 weeks after implantation
and then fixed with 4% paraformaldehyde, decalcified by EDTA,
dehydrated in an ascending graded series of ethanol solutions,
and embedded in paraffin. The sectioned tissues were subjected

to H&E and Gram staining to observe the inflammation level and
the remaining bacteria, respectively. To investigate the bone integra-
tion surrounding the implants, the bone tissues were harvested 4
weeks after implantation. The samples were stained with Masson
staining or Safranin O/Fast Green staining. For immunofluores-
cence staining, paraffin-embedded bone tissue sections were
stained overnight with primary antibodies against OCN or OPN
(Abcam) at 4°C. The sections were then incubated with an appro-
priate secondary antibody labeled with Alexa Fluor (Life Technol-
ogies) for 1 hour at room temperature, followed by counter-staining
with DAPI. To examine the colocalization of nanoparticles and
MΦs, samples were stained with a primary antibody against F4/80
(Abcam) at 4°C overnight. The sections were then incubated with an
appropriate secondary antibody labeled with Alexa Fluor (Life
Technologies) for 1 hour at room temperature, followed by
counter-staining with DAPI.

Determination of proteins by ELISA
The bone tissue homogenate was collected and frozen at −80°C
before use. The levels of TNF-α, IL-2, IFN-γ, TGF-β, OSM, OPN,
and OCN were measured using corresponding ELISA Quantitation
Kits (Abcam) according to the manufacturer’s instructions. Results
were normalized to the total amount of protein in each
tissue sample.

Statistical analysis
Results are presented as the means ± SD. Error bars represent the SD
of the mean from independent samples. Animals were randomly
grouped before the initiation of the treatment. Data were compared
using a one-way analysis of variance (ANOVA), two-tailed Stu-
dent’s t test, or two-tailed Fisher’s exact test, as indicated in the
figure legends. All statistical analyses were carried out with the
Prism software (GraphPad). Statistical significance was set at *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. NS, not
significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S22
Table S1
Legend for source data

Other Supplementary Material for this
manuscript includes the following:
Source data
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