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A B S T R A C T   

Atherosclerosis is a significant contributor to global cardiovascular disease. Reducing the formation of athero-
sclerotic plaque effectively can lead to a decrease in cardiovascular diseases. Therefore, controlling macrophage 
function is crucial. This study presents the creation of a bifunctional nanoparticle that is specific to macrophages 
to achieve intracellular and extracellular synergistic therapy for restoring macrophage functions. The nano-
particle is conjugated with anti-CD47 antibody to modulate extracellular CD47-SIRPα phagocytic signaling axis 
on the outer surface of macrophages and encapsulates the NLRP3 inhibitor (CY-09) to regulate intracellular 
inflammation response of macrophages. The results showed that the nanoparticles accumulate in the athero-
sclerotic plaque, alter macrophage phagocytosis, inhibit NLRP3 inflammasome activation, and decrease the 
plaque burden in Apoe− /− mice whilst ensuring safety. Examination of single-cell RNA sequencing indicates that 
this multifunctional nanoparticle decreases the expression of genes linked to inflammation and manages in-
flammatory pathways in the plaque lesion. This study proposes a synergistic therapeutic approach that utilizes a 
bifunctional nanoparticle, conjugated with anti-CD47, to regulate the microenvironment of plaques.   

1. Introduction 

Macrophages play a pivotal role in the development of atheroscle-
rotic plaque, making their regulation an essential target for treating 
atherosclerosis [1–4]. Previous research has indicated that diseased 
vascular endothelial cells and apoptotic debris accumulation in the 
subintima characterize atheromatous plaques [5]. Additional research 
has shown that the signal regulatory protein-α (SIRPα) present on the 
surface of macrophages could interact with the CD47, a protein 
expressed on the surface of apoptotic cells in atherosclerotic plaques. 
This interaction disrupts the phagocytic signaling, hindering the mac-
rophages’ ability to clear pathological and apoptotic cells (Fig. 1A) 

[6–8]. To counteract this CD47-SIRPα anti-phagocytic signaling axis, 
researchers injected an anti-CD47 monoclonal antibody into mouse 
models of atherosclerosis. This intervention with anti-CD47 antibody led 
to enhanced clearance of apoptotic cells and a significant reduction in 
atherosclerotic plaque size, demonstrating its potential as a promising 
therapeutic agent in the treatment of atheromatous plaques [6]. 

In addition, it was found that the blockade of CD47 could ameliorate 
the production of NLRP3 inflammasome-induced IL-1β, a key inflam-
matory cytokine [9,10]. Beyond aberrant phagocytosis, the 
macrophage-initiated inflammatory response plays a substantial role in 
the development of atherosclerotic plaques [11–13]. Macrophages 
activate the NLRP3 inflammasome upon internalizing oxidized 
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Fig. 1. A, The higher expression of CD47 in atherosclerotic model mouse than normal mouse aorta via immunofluorescence (Scale bar: 100 μm); B, The higher 
expression of NLRP3 in atherosclerotic model mouse than normal mouse aorta via immunofluorescence (Scale bar: 100 μm); C, Schematic illustration of the 
bifunctional nanoparticle formula and the application in chronic atherosclerotic mouse model. 
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low-density lipoprotein (ox-LDL). This activation results in substantial 
secretion of the inflammatory factor IL-1β (Fig. 1B) [14], promoting 
tissue damage and the formation of atherosclerotic lesions. Given the 
central role of the NLRP3 inflammasome in this process, targeting it 
offers a promising approach to atherosclerosis therapy. 

Nanoscale drug delivery systems, commonly used in treating tumors, 
offer a dual solution to both anti-phagocytosis and anti-inflammation 
challenges in atherosclerotic plaques. These systems are particularly 
effective due to their ability to passively target specific cells and their 
multifunctional properties [15–18]. In atherosclerotic diseases, chronic 
inflammation results in increased permeability of vascular endothelial 
cells, facilitating the accumulation of nanoparticles at the plaque sites 
through the enhanced permeability and retention (EPR) effect [19,20]. 
Enhanced therapeutic effects and reduced systemic side effects are 
observed simultaneously with high nanoparticle accumulation within 
the plaque. We hypothesized that conjugating monoclonal antibodies 
onto nanoparticle surfaces can enable targeted delivery of antibodies to 
the plaque site while minimizing systemic side effects. Moreover, 
antibody-conjugated nanoparticles can encapsulate small-molecule 
drugs to achieve drug delivery in addition to antibody delivery. In this 
study, we encapsulated CY-09, a novel NLRP3 inflammasome inhibitor, 
to suppress the assembly and activation of the NLRP3 inflammasome. 
Furthermore, the delivery of encapsulated NLRP3 inhibitors can 
remodel the inflammatory microenvironment of macrophages in addi-
tion to resolving issues caused by anti-CD47 monoclonal antibodies. 

Furthermore, the efficiency of drug delivery using nanoscale delivery 
systems is crucial. The efficiency of transporting nanoparticles greatly 
relies on their capacity to escape the lysosome [21]. Upon entering the 
cell, the nanoparticles become enclosed by membrane vesicles and 
transported to the lysosome. Once there, they should be able to suc-
cessfully break the lysosome and deliver the payload to the cytoplasm, 
thus safeguarding the payloads from degradation by various digestive 
enzymes present in the lysosome [22,23]. Previous research has shown 
that phenylboronic acid facilitates lysosome escape and supports 
transcellular agent transfer [24,25]. Thus, for this study, polydopamine 
nanoparticles (DNP) were produced using a one-step process that relied 
on the interaction between boronic acid in boronophenylalanine (BPA) 
and the phenolic hydroxy group of dopamine. Polydopamine nano-
particles are commonly used polymers in the nanomedicine field due to 
their excellent biocompatibility and adhesion [26–31]. 

Here, we describe a novel therapy for atherosclerosis using a func-
tional polydopamine-phenylboronic acid nanomedicine conjugated 
with anti-CD47 antibodies. Our approach simultaneously targets 
phagocytosis restoration and inflammation inhibition (Fig. 1C). Initially, 
we utilized hydrophobic forces to encapsulate CY-09 within nano-
particles. Following this, we determined the optimal nanoparticle-to- 
antibody ratio. In vitro cell experiments suggest that this two-pronged 
nanoparticle effectively impedes reactive phagocytosis of macrophages 
and NLRP3 inflammasome activation. In vivo animal studies indicate 
that these nanoparticles can considerably reduce plaque burden without 
any associated toxicity. This bifunctional nanoparticle offers valuable 
insights into the development of synergistic nanomedicines for athero-
sclerosis therapy. 

2. Results 

2.1. Preparation and characterization of bifunctional nanoparticles 

In this work, polydopamine nanoparticles (DNPs) were prepared via 
a one-step process based on the interactions between the boronic acid of 
boronophenylalanine (BPA) and the phenolic hydroxy group of dopa-
mine. DNPs were easily fabricated by encapsulating BPA in polydop-
amine via nitrogen-boronate coordination. The NLRP3 inhibitor, CY-09, 
was loaded into DNP by overnight stirring to obtain DNPC nano-
particles, and the excess free drug was removed by centrifugation. 
Furthermore, the anti-CD47 antibody was conjugated to the surface of 

DNPC by covalent linkage via a Schiff reaction, and DNPC-αCD47 was 
obtained (Fig. 2A). The size and zeta potential of DNP, DNPC, and 
DNPC-αCD47 were characterized by dynamic light scattering (DLS). In 
aqueous solution, DNP and DNPC nanoparticles have a narrow size 
distribution with a mean particle size of 190 nm (PDI of 0.10) and 193 
nm (PDI of 0.07), respectively. After the conjugation of αCD47, the 
hydrated particle size of DNPC-αCD47 increased to 320 nm (PDI of 0.15) 
(Fig. 2B), indicating that the antibody was successfully conjugated on 
the surface of nanoparticles. DLS showed that the zeta potentials of DNP, 
DNPC and DNPC-αCD47 were − 45 ± 0.53 mV, − 32 ± 0.48 mV and − 35 
± 0.42 mV, respectively (Fig. 2C). The negative charge on the surface of 
the nanoparticles can reduce the adsorption of proteins in the blood and 
increase circulatory stability. In addition, these nanoparticles have good 
particle size and potential stability. As shown in Fig. 2D, no obvious 
change in particle size and zeta potential was detected in DNPC-αCD47 
during 24 h at 37 ◦C in PBS. To further explore the particle size and 
morphology of nanoparticles, TEM images of three nanoparticles were 
acquired in the dry phase, as shown in Fig. 2E–G. From the results, the 
particle size of DNPC-αCD47 nanoparticles was similar to DNP and 
DNPC (about 190 nm). Besides, the blurred outline on the surface 
indicated that a layer of protein was attached to the nanoparticle 
(Fig. 2G). To determine the optimal conjugation ratio, different conju-
gation ratios were performed by adjusting the ratio of nanoparticles to 
antibodies (Table S1). From these results, the 1:1 nanoparticle to anti-
body ratio was selected as the final ratio with a 94 % conjugation rate. 
To further verify the antibody conjugation, a significant lane was 
detected at 25–50 KDa after Coomassie blue staining of SDS-PAGE gel 
electrophoresis. The protein lane in DNPC-αCD47 is the same as the free 
anti-CD47 antibody, which also indicates that the anti-CD47 antibody 
was successfully conjugated on the surface of nanoparticles (Fig. 2J). 
Moreover, the encapsulation of CY-09 in DNPC was detected by UV 
spectroscopy as shown in Fig. 2H. From this result, a 380 nm peak was 
clearly detected in the UV spectra of DNPC compared to DNP nano-
particles. The release of CY-09 in DNPC was also tested by high- 
performance liquid chromatography (HPLC). CY-09 can release 
approximately 60 % in 12 h in PBS at 37 ◦C (Fig. 2I). The release profile 
of CY-09 in DNPC-αCD47 is similar to DNPC. Based on these results, anti- 
CD47 antibody conjugated and CY-09 encapsulated polydopamine- 
based nanoparticles with suitable particle size and potential and good 
stability were successfully prepared. 

2.2. Cellular uptake, lysosome escape, and endocytic pathway 

To study the cellular uptake and follow the endocytic pathways of 
the nanoparticles, chlorin e6 (Ce6) was also encapsulated in DNPC- 
αCD47 nanoparticles as a fluorescent probe. The cellular uptake of 
DNPC-αCD47 by RAW264.7 cells was examined by flow cytometry as 
shown in Fig. 3A–B. As the incubation time or nanoparticle concentra-
tion increased, the fluorescence intensity in the cells increased, indi-
cating that the number of nanoparticles internalized by the cells also 
increased significantly. This suggests that DNPC-αCD47 nanoparticles 
can be rapidly and easily taken up by macrophages. The endocytic 
pathways for these polymers were then investigated. Cells were co- 
incubated with different endocytic markers labeled with Alexa- 
Fluor®488 and DNPC-αCD47. Fluorescence images showed that DNPC- 
αCD47 nanoparticles co-localized with cholera toxin subunit B, a marker 
of caveolae-mediated endocytosis, but not with dextran or transferrin, 
markers of micropinocytosis or clathrin-mediated endocytosis, as shown 
in Fig. 3C [15,18]. Furthermore, co-incubation of free dopamine and 
DNPC-αCD47 nanoparticles can significantly reduce the uptake of 
nanoparticles by macrophages, indicating that dopamine 
receptor-mediated endocytosis plays an important role in the uptake of 
nanoparticles (Fig. 3D). Upon entering the cell, the nanoparticles are 
internalized by membrane vesicles and transported to the lysosome. The 
efficiency of transporting nanoparticles greatly relies on their capacity 
to escape the lysosome. The lysosome escape of nanoparticles was 
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confirmed by co-localization of Lysotracker and nanoparticles by 
confocal microscopy. As shown in Fig. 3F, no significant co-localization 
was observed, indicating that the nanoparticle can escape from lyso-
somes into the cytoplasm. The lysosome escape function of 
DNPC-αCD47 protects CY-09 from being degraded by various digestive 
enzymes in lysosomes and improves the bioavailability of CY-09. The 
TEM images also illustrate this result as shown in Fig. 3E. These results 
indicate that DNPC-αCD47 can be rapidly taken up by macrophages 
through dopamine-mediated endocytosis and protects the drug CY-09 
from being degraded in lysosomes. 

2.3. Inhibition of NLRP3 inflammasome activation in vitro 

The NLRP3 inflammasome has been implicated in various inflam-
matory diseases, including atherosclerosis, so the activation of the 
NLRP3 inflammasome should be strictly controlled. As shown in Fig. 1B, 
in atherosclerosis, NLRP3 was consistently upregulated in mouse 
atherosclerotic plaques compared to non-atherosclerotic vascular tissue. 

In this study, an NLRP3 inhibitor, CY-09, was encapsulated in nano-
particles to inhibit NLRP3 activation and reduce inflammation in 
atherosclerotic plaques. In vitro immunofluorescence staining of NLRP3 
was performed after treatment with different nanoparticles as shown in 
Fig. 4A, and the semiquantitative analysis of the expression area is 
shown in Fig. 4B. From this result, DNP slightly reduced the expression 
of NLRP3 compared with the control group, which may be due to the 
dopamine-mediated inhibition of NLRP3. In the DNPC and DNPC-αCD47 
groups, the expression areas of NLRP3 were significantly reduced due to 
the strong anti-inflammatory effect of CY-09. The inhibition of NLRP3 
activation after treatment of DNPC and NPC-αCD47 was also confirmed 
by flow cytometry analysis (Fig. 4C and S1). 

The NLRP3 inflammasome is a cytosolic protein complex composed 
of NLRP3, ASC, and caspase-1, and activation of the NLRP3 inflamma-
some promotes the maturation and release of several proinflammatory 
cytokines, such as interleukin-1β (IL-1β), and high expression of related 
proteins. In this study, IL-1β levels in supernatants from LPS-primed 
BMDMs treated with nanoparticles for 3 h and then stimulated with 

Fig. 2. A, Schematic illustration of the preparation of DNP, DNPC and DNPC-αCD47 nanoparticles; B–C, Size and zeta potentials of nanoparticles; D, Stability of size 
and zeta potentials in 24 h; E-G, TEM images of DNP, DNPC and DNPC-αCD47 (scale bar: 200 nm). H, The UV spectrum of DNP, DNPC and CY-09; I, CY-09 release 
curve of DNPC, DNPC-αCD47 and free CY-09; J, Coomassie blue staining of SDS-PAGE gel electrophoresis (Lane1: DNP, Lane1: DNPC, Lane3: DNPC-αCD47, Lane 
4: αCD47). 
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Fig. 3. A-B, Fluorescence intensity of macrophages after incubation with DNPC-αCD47 at different times or different concentrations. C, Endocytic pathway of DNPC- 
αCD47, indicating the composite nanomedicine was co-located with three different endocytic markers (Scale bar: 10 μm). D, Fluorescence intensity reduction of cells 
after incubation with free dopamine and nanoparticles. E, TEM images of macrophages uptake DNPC-αCD47 nanoparticles (Scale bar: 500 nm in enlarged image). F, 
Co-localization of DNPC-αCD47 and lysotracker (Scale bar: 10 μm). 
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ATP for 30 min were detected by enzyme-linked immunosorbent assay 
(ELISA). As shown in Fig. 4D, IL-1β levels were reduced after nano-
particle treatment. Specifically, CY-09 encapsulated in DNPC and DNPC- 
αCD47 groups significantly inhibited NLRP3 inflammasome activation 
and IL-1β release. The NLRP3 protein was also examined by Western 
blot. The expression of NLRP3 was significantly reduced after treatment 
with DNPC and DNPC-αCD47 (Fig. 4E and S2). Compared with the 
DNPC group, the expression of NLRP3 slightly increased in the DNPC- 
αCD47 group, perhaps because CD47 could ameliorate the production of 
NLRP3 inflammasome-induced IL-1β as mentioned above. In addition, 
dopamine is known to be a potent antioxidant and to protect neurocytes 
from oxidative stress by scavenging free radicals [32]. In this study, a 
reduction in ROS levels after nanoparticle treatment was also detected 

by flow cytometry (Fig. 4F). ROS scavenging plays an important role in 
regulating the microenvironment of macrophages. Taken together, the 
encapsulation of CY-09 significantly halts the activation of NLRP3 
inflammasomes and reduces the release of IL-1β, and 
polydopamine-based nanoparticles can also scavenge intracellular ROS, 
thereby regulating the metabolic microenvironment. 

2.4. Enhancement of efferocytosis and accumulation in plaques 

In atherosclerosis, hyperlipidemia and hypercholesterolemia can 
induce apoptosis of macrophages and smooth muscle cells, leading to 
the accumulation of these apoptotic cells and debris within atheroscle-
rotic plaques [33]. To prevent these apoptotic cells or debris from 

Fig. 4. A, Immunofluorescence staining of NLRP3 in BMDMs after treatment of DNP, DNPC and DNPC-αCD47 (Scale bar: 10 μm); B, Semi-quantitative analysis of 
expression area of NLRP3; C, Fluorescence intensity of NLRP3 after treatment by flow cytometer. D, ELISA of IL-1β in supernatants from LPS-primed BMDMs treated 
for 3 h with nanoparticles and then stimulated with ATP for 30 min; E, Expression of NLRP3 protein by Western blot (Lane1: Blank, Lane2: LPS + ATP, Lane3: LPS +
ATP + DNP, Lane4: LPS + ATP + DNPC, Lane5: LPS + ATP + DNPC-αCD47). F, In vitro ROS reduction of macrophages detected by flow cytometer after treatment 
with nanoparticles. 
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causing inflammatory consequences, macrophages can recognize the 
“eat-me” signal on the surface of apoptotic cells and quickly and effi-
ciently remove these cells through a phagocytic process known as pro-
grammed cell clearance or “efferocytosis” [34,35]. However, the “eat 
me” signaling axis can be blocked by anti-phagocytic “don’t eat me” 
signals expressed on the cell surface (e.g. expression of CD47). CD47 is a 
key anti-phagocytic molecule, but a wide range of cancers upregulate 
CD47 [36]. As shown in Fig. 1A, in atherosclerosis, CD47 was consis-
tently upregulated in mouse atherosclerotic plaques compared to 
non-atherosclerotic vascular tissue. Previous studies have reported that 
anti-CD47 antibody treatment significantly reduces atherosclerosis in 
the aortic sinus and aortic adventitia. In the present study, the anti-CD47 
antibody was conjugated to the surface of DNPC nanoparticles to block 
antiphagocytic signaling. In vitro phagocytosis assays showed that 

DNPC-αCD47 was effective in inducing the clearance of diseased and 
apoptotic vascular SMCs and macrophages exposed to oxidized phos-
pholipids, mimicking the atherosclerotic environment (Fig. 5A–B). In 
addition, chronic inflammation promotes increased permeability of the 
endothelial layer in atherosclerosis, allowing nanoparticles to accumu-
late. The enhanced permeability and retention (EPR) effect of the 
nanoscale delivery system can achieve a high degree of aggregation at 
the site of the atherosclerotic plaque and play a therapeutic role [9]. As 
shown in Fig. 5C and Figs. S3–4, the accumulation of Ce6-labeled 
DNPC-αCD47 nanoparticles was detected in the aorta compared to the 
saline group. Subsequently, flow cytometry showed that a greater per-
centage of Ly-6Chi monocytes had taken up the nanoparticles in the 
atherosclerotic aorta after tail vein administration (Fig. 5D). From a 
mechanistic perspective, DNPC-αCD47 therapy was associated with 

Fig. 5. A-B, DNPC-αCD47 promotes efferocytosis of MOVAS after exposure to pro-atherosclerotic lipids. C, Accumulation of Ce6 labeled nanoparticles in the aorta of 
the atherosclerotic mouse. D, Enhanced uptake is observed by Ly-6Chi monocytes in the aorta. E, The immunofluorescence images of SHP-1, a key anti-phagocytic 
effector molecule known to signal downstream of CD47 (Scale bar: 20 μm). 
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marked suppression of intraplaque SHP-1 phosphorylation, confirming 
interruption of the anti-phagocytic signaling axis downstream of SIRPα, 
the cognate anti-phagocytic receptor of CD47 (Fig. 5E). Our findings 
reveal that DNPC-αCD47 nanoparticles specifically accumulate within 
atherosclerotic lesions and are subsequently phagocytosed by local 
macrophages. Importantly, the conjugated CD47 antibody on these 
nanoparticles impedes the anti-phagocytic signaling, thereby signifi-
cantly enhancing the clearance of apoptotic cells within the lesions. 

2.5. Prevention of atherosclerosis in vivo 

To evaluate the therapeutic effect of nanoparticles on atheroscle-
rosis, a chronic atherosclerosis model (Apoe− /− mice fed a high-fat 
‘Western’ diet for 11 weeks) was established. Mice were divided into 4 

groups and administrated with DNP, DNPC, DNPC-αCD47, and saline 
every three days for one month. After injection, mice were sacrificed, 
and blood and major organs were collected for analysis. Hearts were 
fixed in 4 % paraformaldehyde, dehydrated, and OCT-embedded for 
frozen sectioning. Masson trichrome staining of the aortic root was 
performed to analyze the necrotic core of traced lesions. As shown in 
Fig. 6A (left), compared to the other groups, mice treated with nano-
particles have a smaller necrotic core. After analysis, DNPC and DNPC- 
αCD47 significantly reduced the necrotic core area of plaque, and DNPC- 
αCD47 further decreased the necrotic core than DNPC treatment 
(Fig. 6C). Furthermore, compared to mice treated with saline (CON 
group), DNP, and DNPC, mice treated with DNPC-αCD47 develop 
significantly smaller atherosclerotic plaques as measured by Oil Red O 
(ORO) staining in the aortic sinus (Fig. 6A–B and Figs. S5–6). Similarly, 

Fig. 6. A, Masson trichrome (left) and Oil red O (right) staining of aortic sinus after treatment of different nanoparticles (Scale bar: 100 μm). B, Oil red O staining of 
the aorta after treatment, total aortic atherosclerosis content is also reduced. C-D, Quantitative analysis of necrotic core area and ORO area of aortic sinus. E-F, 
Immunofluorescence of NLRP3, Mac-3 and cleaved caspase-3 in aortic sinus after different treatments (Scale bar: 50 μm). 
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DNPC-αCD47 nanoparticle treatment has a better effect than DNPC 
nanoparticles. Moreover, tissue ORO staining of the aorta also showed 
similar results (Fig. 6D). To observe the anti-inflammation effect of these 
nanoparticles, NLRP3 was stained in the aortic sinus by immunofluo-
rescence. As expected, the expression of NLRP3 is lower in mice treated 
with DNPC and DNPC-αCD47 than in other groups (Fig. 6E). From the 
results, DNPC nanoparticles encapsulated with CY-09 also prevent the 
inflammatory response and necrotic core compared to the DNP and CON 
groups. In addition, to investigate efferocytosis in vivo, lesions were 
stained for SHP-1 phosphorylation and Mac-3. Apoptotic cells stained 
with cleaved caspase-3 were significantly lower in DNPC-αCD47-treated 
mice than in the other groups. The ratio of free to macrophage- 
associated apoptotic cells was lower in lesions from DNPC-αCD47 

animals, indicating increased efferocytic activity in the vascular bed 
(Fig. 6F). Intraplaque SHP-1 phosphorylation was also observed in 
nanoparticle-treated mice, suggesting that antiphagocytic signaling 
downstream of CD47-SIRPα. 

2.6. Single-cell RNA sequencing reveals an anti-inflammatory signature 

To assess the regulation of the intra-plaque microenvironment on 
lesions, large-scale single-cell RNA sequencing (scRNA-seq) was per-
formed from the aorta after being treated with DNPC-αCD47 (Fig. 7A). 
After quality control and filtering, about 26,915 cells from the control 
and 29,598 cells from the DNPC-αCD47 group were included in the 
scRNA-seq analysis (Fig. S7 and Table S2). Gene expression data from 

Fig. 7. A, Workflow for single-cell RNA-seq (Created with Biorender.com); B, Unsupervised dimensionality reduction identifies 7 major immune-related cell types 
with a similar gene expression (n = 3 biologically independent animals per group); C, The KEGG enrichment of downregulated gene expression; D, The GO 
enrichment and pathway analysis of differential gene expression; E, Up-down regulation of Top25 differentially expressed gene interaction network. 
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cells extracted from both conditions were aligned and projected in a 2- 
dimensional space through t-stochastic neighbor embedding (t-SNE) to 
allow identification of overlapping and atherosclerosis-associated im-
mune cell populations (Fig. 7B and Fig. S8). Unsupervised Seurat-based 
clustering (see Methods section) singled out 7 distinct cell clusters 
(including B cells, Endothelial cells, Epithelial cells, Fibroblasts, Mac-
rophages, Neutrophils, and Stromal cells) (Fig. 7B and Fig. S9). We 
found that DNPC-αCD47 elicited numerous changes in lesional macro-
phages, which included a decrease in pro-inflammatory transcripts 
(Ccl6, Ccl8, Ccl9, and Pf4) (Table S3). 

The KEGG functional enrichment analyses also revealed that DNPC- 
αCD47 induced a decreased signature in inflammation-related TNF 
signaling pathway, cytokine-cytokine receptor interaction, NF-κB 
singling pathway, and NOD-like receptor signaling pathway (Fig. 7C and 
Fig. S10). Interestingly, gene ontology (GO) enrichment analysis further 
showed that macrophages downregulated genes implicated in inflam-
matory response and neutrophil chemotaxis (Fig. 7D and Fig. S11). 

2.7. Safety assessment of bifunctional nanoparticles 

Lately, a formal assessment has been conducted to evaluate the 
safety of nanoparticles. The body weight of mice was recorded during 
treatment, as illustrated in Fig. 8A, and no significant loss in body 
weight was observed across all groups. Furthermore, after treatment, 
blood routine analysis was performed on the mice (Fig. 8B–D). As 
illustrated in Fig. 8B, the white blood cell count decreased in the DNPC 
and DNPC-αCD47 groups, although the results were not statistically 
significant. It is worth noting that treatment with DNPC-αCD47 did not 
result in anemia, which is a major complication that hinders the trans-
lation of pro-efferocytic antibodies (Fig. 8D). Additionally, the serum 
biochemical analysis indicates a slight decrease in cholesterol, low- 
density lipoprotein, and triglyceride levels with DNPC-αCD47 treat-
ment, but the results were not statistically significant. The underlying 
mechanisms require further investigation in future studies. H&E stain-
ing of tissue sections revealed normal major organs and no histopatho-
logical abnormalities, indicating no signs of cell or tissue damage in vivo 
from these nanoparticles (Fig. S12). Given that DNPC-αCD47 treatment 
did not demonstrate any of these potential toxicities, these data are 
consistent with the ability of nanoparticles to avoid off-target effects due 
to their specific accumulation within macrophages. 

3. Conclusion 

Atherosclerosis is a chronic inflammatory disease characterized by 
macrophage dysfunction, contributing significantly to plaque develop-
ment. As shown in Fig. 1A–B, high expression of CD47 and NLRP3 was 
detected in atherosclerotic plaque, underlining the role of inflammatory 
reactions and macrophage-mediated phagocytosis in this context. 
Despite advances in the development of drugs that can modulate lesional 
inflammation and/or reactivate apoptotic debris engulfment in the 
necrotic core, single-agent therapies often fall short of effectively sup-
pressing plaque formation. To address these limitations, we have engi-
neered polydopamine-based nanoparticles that encapsulate an NLRP3 
inhibitor and are conjugated with anti-CD47 antibodies, offering 
multifunctional regulation of macrophages. Notably, this nanoparticle 
can be prepared and functioned with a simple method, without 
requiring complicated synthesis and fabrication processes. Our in vitro 
studies demonstrate that these nanoparticles effectively inhibit NLRP3 
expression and block the anti-phagocytic signals. Furthermore, in vivo 
studies in animal models show a significant reduction in plaque burden 
without inducing toxicity. Moreover, scRNA-seq data suggests a sup-
pression of cytokine-dependent vascular inflammation by these nano-
particles. To summarize, our study advocates a novel synergistic 
therapeutic strategy using anti-CD47 conjugated bifunctional nano-
particles. This approach effectively modulates the plaque microenvi-
ronment at both intracellular and extracellular levels. 

4. Experiment section 

The Supporting Information includes details on the materials, 
methods, preparation, and characterization of the bifunctional nano-
particle conjugated with anti-CD47, as well as in vitro and in vivo 
studies, their respective mechanisms, and statistical analysis. 
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