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ABSTRACT: Photodynamic therapy (PDT) scavenges diseased cells by using photosensitizers, excitation light, and oxygen.
Conventional PDT relies on external excitation light. The depth of penetration of the excitation light is limited, and atherosclerotic
plaques are located deep in the tissue, which is not conducive to atherosclerosis treatment. In this study, self-luminescent
nanoparticles, platelet membrane (PM)-coated PLGA nanoparticles containing the photosensitizer chlorin e6 (Ce6) and bis(2,4,5-
trichloro-6-[pentyloxycarbonyl]phenyl)oxalate (BTPO) (PM@CBNP), are designed for atherosclerosis therapy. After PM@CBNP
targeted the plaque, BTPO reacts with H2O2, exciting Ce6 to generate singlet oxygen (1O2) in the atherosclerotic plaque with
overexpressed H2O2. The targeting ability and chemiluminescence of PM@CBNP are investigated in vitro and in vivo. In
atherosclerotic mice, PM@CBNP eliminate inflammatory macrophages, reduce the expression of inflammatory factors, and prevent
the progression of atherosclerosis. PM@CBNP provide an idea for the therapy of atherosclerosis.
KEYWORDS: atherosclerosis, photodynamic therapy, nanoparticles, chemical luminescence, targeted therapy

■ INTRODUCTION
Atherosclerosis (AS), the main pathologic basis of cardiovas-
cular disease, has evolved over decades and still faces many
challenges in its therapeutic strategies.1−3 Current clinical
interventions include lipid-lowering statins, anti-inflammatory
therapies, and interventional procedures, but these approaches
have significant limitations in terms of targeting, long-term
efficacy, and complication control.4 Recent studies have shown
that the pathologic complexity of AS involves not only lipid
metabolism disorders but is also closely related to chronic
inflammation,5,6 oxidative stress, and plaque microenviron-
mental imbalances characterized by elevated hydrogen
peroxide (H2O2) levels due to activated macrophages and
oxidative stress.
The onset of AS is often closely related to other diseases,

such as hypertension and hyperlipidemia. Under the influence
of these factors, the vascular endothelium is damaged,
expressing endothelial adhesion molecules (VCAM-1, ICAM-
1), recruiting monocytes and T cells to infiltrate the intima.
LDL in the blood penetrates the subendothelial layer and is
oxidized by ROS to form ox-LDL. Macrophages phagocytose
ox-LDL and transform into foam cells, forming early lipid
streaks. Lipid overload promotes macrophage polarization
toward the M1 type, leading to the secretion of proin-
flammatory factors (TNF-α, IL-6). Concurrently, the NF-κB
and NLRP3 inflammasome pathways are activated, promoting

IL-1β release and maintaining the inflammatory microenviron-
ment. Under inflammatory stimulation, enhanced metabolism
in endothelial cells and macrophages leads to increased leakage
of reactive oxygen species (ROS) from the mitochondrial
electron transport chain (ETC). Superoxide anions (·O2

−) are
converted into H2O2 by superoxide dismutase (SOD). Lipid
deposition, such as ox-LDL, disrupts mitochondrial β-
oxidation, further increasing the level of ROS/H2O2
production. H2O2 can further oxidize LDL, damage the
endothelium, and activate inflammation, forming a vicious
cycle of “lipid-inflammation-oxidation.”
Song et al. achieved real-time monitoring of H2O2

concentration and polarity changes in plaques with the infrared
ratio probe Cy7P-B.7 In the process, Song et al. found that
H2O2 concentration was significantly elevated in the
pathological microenvironment of AS, and the concentration
of H2O2 within plaques could reach >50 μM, which was 5−10
times higher than that of normal tissues. Although novel
biologics have significantly improved low-density lipoprotein
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(LDL) clearance efficiency, they are still unable to effectively
address the core issues of macrophage foaming and
inflammatory cascades within the plaque.8 Therefore, the
development of therapeutic strategies that combine precise
modulation and multifunctional synergy is urgent.
The unique physicochemical properties of nanomaterials

provide novel ideas to break through the bottleneck of
traditional therapies. For example, lipid-9,10 or polymer-based
nanoparticles11 can be surface-modified with targeting
molecules to achieve specific enrichment of drugs at the
plaque site.12 In addition, responsive nanocarriers can precisely
release anti-inflammatory drugs or apolipoproteins that
promote reverse cholesterol transport, significantly enhancing
plaque stability.13,14 More notably, multifunctional nanoplat-
forms can integrate the functions of imaging and therapy, such
as nanoprobes that synergize near-infrared fluorescence
imaging (NIRF),15 photoacoustic therapy (PAT),16 photo-
thermal therapy (PTT),17 and photodynamic therapy (PDT),
which provide real-time monitoring of plaque progression and
precise interventions. Among them, PDT is a popular
treatment that, unlike invasive treatments such as surgery, is
safer and more specific.18,19 During PDT, photosensitizers can
jump from the ground state to the excited state under light
excitation. The excited photosensitizer at the lesion site
undergoes a series of reactions to produce a large amount of
singlet oxygen (1O2), which are cytotoxic and may cause cell
autophagy. Traditional PDT is ill-suited for AS treatment
primarily due to two critical limitations: (1) the deep-seated
vascular location of atherosclerotic plaques, which are
embedded 2−3 mm beneath the endothelium, and (2) the
shallow tissue penetration depth of external excitation light
(typically <1 cm), which hinders effective energy delivery to
the lesion site. These constraints collectively result in
inadequate targeting and suboptimal therapeutic efficacy for
deep vascular lesions.20

Many research teams have conducted very in-depth studies
on both photodynamics and targeting. Hu et al. synthesized
TPA-N.21 TPA is a lipophilic material, and photostability is

increased by combining it with N. TPA-N has been used as a
fluorescent probe for the cellular level and has been shown to
be superior to conventional fluorescent probes. It was
demonstrated that at the cellular level, the fluorescence signal
of TPA-N was superior to that of conventional lipid droplet
fluorescent probes. Meanwhile, in in vivo experiments, TPA-N
was highly enriched in adipose tissue. Similarly, TPE is also a
lipid droplet fluorescent probe.22 Its targeted imaging ability
has been demonstrated in a variety of assays.
Aggregation-induced emission luminogens (AIEgens)23 are

also widely used as biosensors and for disease diagnostic
studies due to their excellent aggregated-state luminescence
enhancement properties. However, such fluorescent probes
usually require an exogenous light source for excitation and
may not be as suitable for atherosclerosis treatment in practical
applications.
To address the limitations of external light-dependent PDT,

chemiluminescence-based strategies have emerged as a
promising alternative. Chemiluminescence is based on the
interaction of different chemical compositions to produce an
illuminant that can replace the external excitation light to
excite the photosensitizers. Ding et al. synthesized a self-
luminescent nanomaterial containing bis(2,4,5-trichloro-6-
[pentyloxycarbonyl]phenyl)oxalate (BTPO) for tumor ther-
apy.24 BTPO excites photosensitizers at the lesion site and
generates 1O2, which induces apoptosis and inhibits the
proliferation of tumor cells. 1O2 can induce apoptosis and
inhibit the proliferation of tumor cells. This PDT shows
excellent application prospects. Meanwhile, it also provides a
novel idea for the treatment of AS.
Here, we report the development of platelet membrane

(PM)-coated PLGA nanoparticles encapsulating chlorin e6
(Ce6) and BTPO (PM@CBNP), which leverages plaque-
targeting and self-illuminating properties to enable efficient
PDT in AS. In this study, platelet membrane (PM)-modified
PLGA nanoparticles encapsulating chlorin e6 (Ce6) and
BTPO (PM@CBNP) were prepared (Scheme 1). PM have a
high affinity for vulnerable plaques: (1) adhesion proteins on

Scheme 1. Preparation and Mechanism of PM@CBNPa

a(A) Preparation and synthesis of PM@CBNP. (B) Principle of action in vivo of PDT.
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the surface of the platelet membrane, such as the GP Ib-IX
complex, are able to bind to collagen or von Willebrand (vW)
factor exposed at the rupture of the plaque. (2) Platelet
membranes mimic the chemotaxis of natural platelets and are
attracted to the plaque site by inflammatory factors. Thus, the
modification of PM achieves the targeting of PM@CBNP. Due
to the presence of large amounts of H2O2 in the plaque
microenvironment, chemiluminescence occurs to excite Ce6,
allowing for 1O2 production. This also overcomes the
limitation that external excitation light does not penetrate
deeply enough to reach the lesion site. Meanwhile, due to the
unique targeting ability of PM to the plaque, chemilumines-
cence PDT based on PM@CBNP specifically stimulates the
apoptotic process25 in the vulnerable plaque without damage
to normal tissues.

■ RESULTS AND DISCUSSION
Characterization of PM@CBNP. The nanoparticles in this

study can generate a chemiluminescent reaction in a H2O2
microenvironment and induce 1O2 generation for atheroscle-
rosis therapy. PM@CBNP were prepared. PM@CBNP are
capable of generating 1O2 in the presence of H2O2 without
light irradiation.
CBNP exhibited a near-spherical morphology with an

average diameter of approximately 120.3 nm (Figure 1A).

When the PM was modified on the surface of CBNP, PM@
CBNP were obtained. The average diameter of PM@CBNP
was 128.1 nm (Figure 1B). CBNP and PM@CBNP exhibited
uniform size distribution and spherical morphology (Figure
1C,D).
By TEM, it can be found that there was an obvious

difference between CBNP and PM@CBNP in terms of
appearance. Meanwhile, the average diameter of PM@CBNP
was larger than that of CBNP, indicating successful coating of
PM. Meanwhile, the marker proteins of platelets (CD42b and
CD62p) were detected in the PM@CBNP group (Figure 1E).
This also demonstrated that the PM was successfully modified
on the surface of CBNP. At the same time, XPS detection
results (Figures S1 and S2) showed that PM@CBNP had
significant membrane protein characteristic peaks, especially N
1s, S 2p, and P 2p peaks. This result further confirmed that the
PM was successfully modified on the CBNP surface.
In order to verify the stability of PM@CBNP, PM@CBNP

were placed in four different solutions, and their changes were
observed within 2 weeks (Figure S3). The size distribution of
nanoparticles was stable at about 6 h (Figure 1F,G). Except for
CBNP in water and PBS, the size of nanoparticles in other
media decreased in 9−72 h. Specifically, in the case of DMEM,
after 72 h, the diameters of CBNP and PM@CBNP were 62.4
and 96.3 nm, respectively. Additionally, the results showed that

Figure 1. Characterization and functional verification of CBNP and PM@CBNP. (A) Size distribution and (B) morphology of the CBNP. (C) Size
distribution and (D) morphology of PM@CBNP. (E) Western blotting to detect the expression of CD42b and CD62p. (F) Sizes of PM@CBNP
and (G) CBNP in different media within 72 h. Scale bar: 200 nm. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. n.s.: not significant.
Error bar: mean ± SD.
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after 24 h, the particle size of CBNP decreased significantly in
both FBS and DMEM environments. We speculate that this is
due to the presence of esterases in both environments, which
accelerate ester bond hydrolysis, leading to particle disintegra-
tion. In contrast, PM@CBNP, which possess a natural lipid
bilayer structure provided by platelet membranes, exhibit
enhanced steric hindrance and electrostatic repulsion due to
surface glycoproteins (e.g., CD47) and negative charges (sialic
acid).
Validation of Chemiluminescence and 1O2 Produc-

tion. To demonstrate that BTPO undergoes chemilumines-
cence in a H2O2 environment, the fluorescence intensity
produced by Ce6 in CBNP-containing BTPO was measured.
In order to avoid the excitation of Ce6 by an external light,
CBNP were placed under non-Ce6 excitation wavelengths.
The fluorescence intensity of Ce6 was significantly stronger in
the presence of H2O2 than in a H2O2-free environment (Figure
2A). Specifically, at different excitation wavelengths, the
fluorescence intensities of CBNP + H2O2 were enhanced by
19.9, 7.6, and 27.1%, respectively, compared with those of the

CBNP group. BTPO in CBNP itself does not emit light but
can undergo a chemiluminescence reaction in the presence of
H2O2, resulting in fluorescence. Therefore, the fluorescence of
CBNP + H2O2 is significantly enhanced. Meanwhile, in
another experiment, CBNP were placed in H2O2, and the
changes of H2O2 concentration were measured every 2 min. It
was found that the concentration of H2O2 decreased
significantly (Figure 2B) over time. Within 3 min, the
fluorescence intensity decreased by 5.8% from the initial
level and by 8.2% in 5 min. This proves that H2O2 is indeed
involved in the chemiluminescence process.
In addition, the relationship between the H2O2 concen-

tration and the intensity of chemiluminescence was inves-
tigated. The fluorescence intensity increased with the increase
of the H2O2 concentration (Figure 2C). RAW264.7 was
activated with LPS to mimic foam cells in the plaque. More
H2O2 was produced in the foam cells (Figure 2D) compared to
normal RAW264.7. It provides a favorable environment for
chemiluminescence at the plaque.

Figure 2. CBNP promote generation of 1O2. (A) Fluorescence intensity of free CBNP versus that of CBNP treated with H2O2. (B) Change in the
H2O2 concentration within 5 min after mixing CBNP with H2O2. (C) Fluorescence intensity of H2O2 mixed with CBNP at concentrations of 0.05,
0.1, 0.15, 0.2, and 0.25 mM. (D) H2O2 concentrations of RAW264.7 and RAW264.7 were activated by LPS. (E) Verification of 1O2 generation, 1O2
labeled with SOSG. (F) CLSM observation of 1O2 expression and (I) quantitative analysis in RAW264.7 activated by LPS after treatment with
CBNP. Nucleus was stained with DAPI (blue), and 1O2 was labeled with SOSG (green). Scale bar: 100 μm. (G) Flow cytometry image and (H)
quantitative analysis of intracellular 1O2 in activated RAW264.7 pretreated with LPS and incubated with CBNP. Scale bar: 100 μm. *p < 0.05, **p
< 0.01, ***p < 0.001 and ****p < 0.0001. n.s.: not significant. Error bar: mean ± SD.
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1O2 is a kind of highly reactive free radical.26,27 1O2 can
damage various intracellular components (DNA, RNA, lipids,
and proteins) and induce apoptosis or necrosis.
Therefore, 1O2 produced by the reaction of Ce6 with oxygen

could induce the apoptosis of macrophages at the plaque.
Moreover, 1O2 could alleviate the progression of atheroscle-
rosis. The generation of 1O2 was quantified by the fluorescent
probe SOSG. SOSG emitted green fluorescence in H2O2 in the
presence of CBNP. This indicated that a large amount of 1O2
was generated in the mixture. BTPO in nanoparticles
undergoes a chemiluminescence reaction in a H2O2 environ-
ment (Figure 2E). At the same time, we indirectly determined
the 1O2 quantum yield28 of CBNP to be 0.74 using
chemiluminescence (Figure S4). CBNP exhibit good photo-
dynamic effects.
Meanwhile, to verify 1O2 production more visually,

RAW264.7 activated with LPS was cocultured with CBNP in
another experiment. CLSM showed that SOSG fluorescence
intensity was significantly enhanced (Figure 2F,I) when CBNP
was in the inflammatory microenvironment. Specifically,
fluorescence intensity of the cells treated with CBNP in the
presence of H2O2 showed a 15-fold increase compared with
that of the control group (PBS treatment).

In flow cytometry (Figure 2G,H), the same results could be
observed. MFI in the CBNP group increased by 50.0 and
40.4%, respectively, compared to the control and LPS groups.
These results suggest that BTPO in the CBNP can

spontaneously generate light sufficient to excite Ce6 in an
intraplaque H2O2 environment, while Ce6 generates 1O2 in
response to the environment.
Targeting Ability of PM@CBNP In Vitro. PM proteins

have very strong affinity for plaques, mainly due to the
presence of damaged endothelial cells and exposed collagen on
the surface of fragile plaques, as well as monocyte-platelet
aggregates (MPAs) produced through the interaction of P-
selectin glycoprotein ligand-1 (PSGL-1) with P-selectin.29−33

Based on this phenomenon, it is believed that the PM has a
strong binding affinity for plaques and can bind damaged
endothelial cells with macrophage-derived foam cells. In this
section, the uptake of PM@CBNP by activated RAW264.7
(Figure 3A) and activated HUVEC was evaluated (Figure 3D).
Compared to CBNP (platelet membrane-free), PM@CBNP

were more likely to bind to activated RAW264.7 and HUVEC.
The fluorescence intensity of PM@CBNP (Figure 3B) in
activated RAW264.7 and HUVEC was 1.2 and 1.7 times that
of CBNP, respectively. Meanwhile, the MFI of PM@CBNP in

Figure 3. Targeting of RAW264.7 and HUVEC by CBNP and PM@CBNP. (A) Confocal images and (B) quantitative analysis of RAW264.7 after
treatment with CBNP and PM@CBNP. (C) Flow cytometry results and quantitative analysis of intracellular Ce6 in activated RAW264.7 pretreated
with LPS or normal RAW264.7 incubated with CBNP and PM@CBNP. (D) Confocal images and (E) quantitative analysis of HUVEC after
treatment with CBNP and PM@CBNP. Scale bar: 100 μm. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. n.s.: not significant. Error
bar: mean ± SD.
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activated RAW264.7 and HUVEC was 1.2 times and 3.1 times
(Figure 3B,E) than nonactivated cells. The results from flow
cytometry (Figure 3C) also support the above findings. The
uptake of PM@CBNP by activated RAW264.7 was 1.5 times
that of normal RAW264.7. At the same time, the uptake rate of
activated RAW264.7 to PM@CBNP was 1.3 times that of
CBNP. These results suggest that, compared to CBNP, PM@

CBNP can more effectively target damaged endothelial cells
and foam cells.
At the same time, it could be found that in both RAW 264.7

and HUVEC, the activated RAW 264.7 seemed to bind more
PM@CBNP. The fluorescence intensity of PM@CBNP in
activated RAW 264.7 was 1.8 times that of HUVEC. This
result suggests that PM@CBNP appear to have a higher
affinity for foam cells. This demonstrates that platelets

Figure 4. PM@CBNP reduce lipids and inflammatory factors. (A) Representative images and (B) quantification of Oil Red O (ORO) staining of
RAW264.7 treated with CBNP and PM@CBNP. (C) Expression of IL-6 and TNF-α of activated RAW264.7 cells treated with CBNP and PM@
CBNP. (D) Relative expression of TNF-α and IL-1β produced by activated RAW264.7 cells treated with CBNP (n = 3) and PM@CBNP (n = 3)
as measured by qPCR. (E) CLSM observation of ROS expression and (F) quantitative analysis in RAW264.7 activated by LPS after treatment with
PM@CBNP. Nucleus was stained with DAPI (blue), ROS was labeled with DCFH-DA (green). (G) Flow cytometry results and quantitative
analysis of intracellular ROS in activated RAW264.7 pretreated with LPS and incubated with CBNP. Scale bar: 100 μm. *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001. n.s.: not significant. Error bar: mean ± SD.
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preferentially accumulate in damaged endothelial and vulner-
able plaques.
To determine whether the targeting of PM@CBNP depends

on the function of the GP Ib-IX complex and vW factor,
fucoidan was used as an inhibitor of the GP Ib-IX complex and
the vW factor,34 and cells were pretreated with it. The results
(Figure S5) showed that after fucoidan intervention, the
fluorescence intensity of PM@CBNP decreased significantly.
Meanwhile, the fluorescence intensity of CBNP did not show
significant changes before and after treatment. This indicates
that PM@CBNP primarily enter cells via the GP Ib-IX
complex and the vW factor. Specifically, after the endocytic
pathway was blocked, the fluorescence intensity of PM@
CBNP decreased by 93.1 and 93.4% in RAW264.7 and
HUVEC, respectively.
In Vitro Therapeutic Efficacy. According to the molecular

mechanism of atherosclerosis, macrophages are apt to engulf
excess lipids to form foam cells,35 which produce ROS and
recruit inflammatory factors.36−43 PM@CBNP and CBNP
inhibited the accumulation of lipid droplets in RAW264.7
activated by ox-LDL (Figure 4A). Specifically, compared with
the ox-LDL group, the inhibition rates of PM@CBNP and
CBNP were 42.8 and 31.8%, respectively (Figure 4B).

Similarly, PM@CBNP and CBNP inhibited inflammatory
factors by detecting the levels of inflammatory factors TNF-α
and IL-1β by ELISA (Figure 4C). PM@CBNP eliminated
52.9% of IL-6 and 56.0% of TNF-α compared with the LPS
group. Similar results can be obtained from qPCR (Figure
4D). After PM@CBNP treatment, TNF-α and IL-1β
expression decreased by 50.1 and 64.4%, respectively,
compared with that of the LPS group.
The presence of high levels of ROS in atherosclerotic

plaques causes mass cell apoptosis, which can lead to increased
plaque vulnerability. In order to verify the effect of PM@
CBNP on ROS levels, ROS was labeled by the DCFH-DA
probe and observed by a confocal microscope (Figure 4E).
The clearance rate of PM@CBNP was 18.7% compared with
the LPS group (Figure 4F). The results of flow cytometry
(Figure 4G) were similar. The MFI of ROS of the PM@CBNP
group decreased by 18.4% compared with the LPS group. It
can be hypothesized that PM@CBNP do not have a notable
effect on ROS removal due to the production of 1O2. However,
the overall ROS content was still reduced due to the
consumption of H2O2. Reduced ROS levels delay plaque
formation and deterioration.
The foam cells in the plaque produce inflammatory

cytokines that promote inflammation in the plaque, thus

Figure 5. PM@CBNP target the aortic arch and reduce plaque burden. (A) Timeline diagram of the animal experiment. (C) Representative ex vivo
images and (B) fluorescent intensity of aortas with plaques from ApoE− /− mice treated with CBNP (n = 3) and PM@CBNP (n = 3) at different
time points. (D) Representative ex vivo images and fluorescence intensity of major organs (heart, liver, spleen, lung, and kidney) from mice treated
with (E) CBNP and (F) PM@CBNP. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. n.s.: not significant. Error bar: mean ± SD.
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exacerbating the lesion. PM@CBNP can inhibit the formation
of inflammatory factors by inhibiting the ROS and producing
1O2, which can scavenge foam cells. Therefore, PM@CBNP
play a role in alleviating the early atherosclerotic lesions.
However, there is a question: how does 1O2 scavenge cells?

We reviewed the paper for cell death triggered by photo-
dynamic therapy, which usually includes the forms of
pyroptosis and apoptosis. In the experiments of Li et al.,44 a
photosensitizer loaded with ce6 induced pyroptosis in
macrophages. In the experiments of Hu et al.,45 photodynamic
therapy induced apoptosis by activating caspase-3. It is also

possible that apoptosis and pyroptosis act simultaneously. In
order to clarify the mechanism by which 1O2 plays a role in
cellular clearance, we performed the validation of both
pyroptosis and apoptosis.
Pyroptosis is an inflammatory form of programmed cell

death that depends on the activation of the gasdermin protein
family to induce cell membrane perforation, leading to the
leakage of cellular contents, particularly large amounts of
inflammatory factors (e.g., IL-18 and IL-1β), thereby triggering
an inflammatory response. Lactate dehydrogenase (LDH) is an
enzyme that is normally present within cells. During pyroptosis

Figure 6. PM@CBNP reduce inflammatory expression at the aortic arch and alleviate atherosclerosis. (A) Changes of body weights of mice during
different treatments. (B) MRI of the cross-section of carotid arteries in vivo. (C) Representative images ORO-stained aortas and quantitative
analysis from mice treated with CBNP (n = 3) and PM@CBNP (n = 3). (D) Representative images after immunohistochemistry staining of the
aortic root sections with TNF-α and MCP-1 and (G) quantitative analysis (n = 6). (E) Representative images of Oil Red O-stained sections and
H&E staining of plaque areas in aortic roots for mice and (H) quantitative analysis (n = 6). (F) Immunofluorescence images of double staining for
CD68 to label macrophages and (I) quantitative analysis (n = 6). Scale bar: 100 μm. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. n.s.:
not significant. Error bar: mean ± SD.
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(or any stimulus causing cell membrane rupture), LDH is
released through the ruptured cell membrane.
LDH results (Figure S6C) revealed that the LDH release

rate was significantly elevated in the PM@CBNP group
compared to that in the control group. This suggests that
PM@CBNP may promote pyroptosis. However, interestingly,
there were no significant differences between LPS, PM@
CBNP, and LPS+PM@CBNP. This may indicate that PM@
CBNP do not significantly promote pyroptosis in an
inflammatory environment.
The WB results (Figure S6A,B) showed that PM@CBNP

increased the protein expression of GSDMD-N in an
inflammatory environment. Combining the results of LDH
and IL-1β, we speculate that PM@CBNP may promote
pyroptosis, but not significantly.
Additionally, there were significant changes in Caspase-3,

Bax, and Bcl-2 (Figure S6D,E), which are key proteins in
apoptosis. The results show that PM@CBNP increased the
protein expression levels of Caspase-3 and Bax, while the
expression level of Bcl-2 decreased. Furthermore, the results
indicate that, compared to the control group, PM@CBNP do
not significantly promote apoptosis under normal conditions.

However, PM@CBNP significantly promotes apoptosis under
inflammatory conditions. This suggests that PM@CBNP
primarily clears inflammatory macrophages by promoting
apoptosis.
AS Plaques Targeting and Therapeutic Efficacy of

PM@CBNP In Vivo. Atherosclerotic plaques were easily
formed in apolipoprotein E-deficient (ApoE−/−) mice after
long-term feeding of the high-fat diet (Figure 5A). Ce6 itself
has certain fluorescence characteristics and can produce strong
fluorescence. Therefore, the targeting of PM@CBNP in vivo
can be detected by fluorescence imaging. In this experiment,
saline (control group), PM@CBNP, and CBNP were injected
into atherosclerotic mice. The mice were executed 24 and 48 h
after injection, and the aortas were collected and observed by
IVIS Spectrum.
The fluorescence of Ce6 is visible over a large area. More

importantly, the aorta treated with PM@CBNP showed
stronger fluorescence than the aorta treated with CBNP
(Figure 5C). Moreover, the fluorescence intensity in the aortic
arch was significantly stronger than that in the rest of the aorta
because plaque was more likely to form there.

Figure 7. Biosafety validation of the PM@CBNP. (A) Cell viability of RAW264.7 pretreated with LPS (1 μg/mL) and incubated with CBNP and
PM@CBNP at different concentrations. (B) Hemolysis rate and (C) images of CBNP and PM@CBNP with different concentrations. (D)
Histological changes evaluated by H&E staining in atherosclerotic mice treated with CBNP and PM@CBNP.
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These results suggest that PM@CBNP showed a stronger
affinity for plaque. Furthermore, our previous studies19 have
not been explored for targeting ability.
After 48 h of injection, the fluorescence intensity of the

PM@CBNP group was 1.5 times that of the CBNP group
(Figure 5B). In addition, imaging results (Figure 5D) showed
that PM@CBNP was predominantly metabolized through the
liver and kidney (Figure 5E,F).
In Vivo Therapeutic Efficacy. In order to explore the

antiatherosclerosis effect of PM@CBNP, ApoE−/−mice with
atherosclerosis were randomly divided into three groups, which
were injected with saline (control group), PM@CBNP, and
CBNP via the caudal vein twice a week for 4 weeks.
Over the time of treatment, there were no significant weight

changes in both PM@CBNP and CBNP groups (Figure 6A).
T2MRI results showed that right carotid stenosis was
significantly lower in the PM@CBNP and CBNP groups,
compared with the control group. More importantly, the right
carotid artery (Figure 6B) of the PM@CBNP group was
significantly larger than that of the CBNP group. PM@CBNP
were more effective than CBNP in treating plaque.
After treatment, the plaque area was obviously reduced

(Figure 6C). Specifically, the PM@CBNP and CBNP groups
showed a decrease in the lesion area of 62.3 and 41.4%
compared to the control group.
The expression of TNF-α and MCP-1 in the aorta decreased

significantly after treatment (Figure 6D). Specifically, PM@
CBNP and CBNP groups decreased by 57.4, 73.8, and 29.2,
57.1%, respectively (Figure 6G). PM@CBNP and CBNP
significantly reduced the lesion area, and PM@CBNP showed
better therapeutic effect compared with CBNP. Specifically,
PM@CBNP and CBNP are 54.3 and 30.1% less integrated,
respectively (Figure 6E,H).
The decreased expression of CD68 indicated apoptosis

(Figure 6F) in PM@CBNP and CBNP plaques. Compared
with the control group, the expression of CD68 decreased by
58.4% in the PM@CBNP group (Figure 6I). These results
suggest that PM@CBNP could reduce the expression of
plaque accumulation and inflammation and relieve the burden
of atherosclerosis. The results of H&E staining (Figure 6E,H)
support the above conclusion.
The in vivo therapeutic effects of PM@CBNP are focused

on the ApoE−/− mouse model. Previous studies have shown
that plaques in ApoE mice are richer in inflammatory cells and
necrotic cores,46 while lesions in LDLR mice induced by an
HFD are more similar to human late-stage plaques.47

Therefore, PM@CNBP may be more suitable for athero-
sclerosis induced in ApoE mice, while its efficacy in LDL-C-
dominated pathology requires further validation. Future work
could be extended to LDLR models or ApoE/LDLR double-
knockout mice to assess whether “PM@CBNP photodynamic
therapy” is equally effective in LDL-C-dependent atheroscle-
rosis. Additionally, the combination of humanized mice (such
as ApoE3-Leiden) may enhance clinical translational signifi-
cance.
Biosafety Analysis of PM@CBNP In Vivo and In Vitro.

Finally, biosafety is another aspect that needs to be examined.
Cell viability was calculated by eq 1. Cells reached half lethal at
10 and 20 μg/mL in PM@CBNP and CBNP, respectively.
High activity was observed at 1.25 μg/mL. Interestingly, PM@
CBNP seemed to scavenge more cells (Figure 7A) than CBNP
at the same concentration of BTPO. Specifically, at different
concentrations, compared to CBNP, PM@CBNP increased

the inhibition rate of activated RAW264.7 by 4.6, 8.1, 22.8, 3.3,
and 6.1%. This may also explain why PM@CBNP is more
effective than CBNP in therapy.
When the hemolysis rate is less than 5%, the drug is

considered to be biosafe. The hemolysis rate was calculated
using eq 2. The hemolysis rates of PM@CBNP and CBNP
were 1.8 and 3.2%, respectively, when the concentration of
BTPO was 10 μg/mL, showing high safety (Figure 7B,C).
However, when the concentration increased to 20 μg/mL, only
PM@CBNP showed safety. These results indicate that PM@
CBNP have higher biosafety than CBNP. At the same time,
through blood biochemical parameters and others (Figure S7,
Tables S1, and S2), it can also be observed that after treatment,
the inflammation in the mice was alleviated, and no other
abnormalities were exhibited. Similarly, H&E staining of the
main organs (Figure 7D) of atherosclerotic mice showed that
PM@CBNP had good biological safety.

■ CONCLUSIONS
In conclusion, PM@CBNP can target plaques, activate Ce6 in
the presence of H2O2, and generate 1O2. This novel PDT can
reduce the inflammatory response within the plaque and
alleviate the development of atherosclerosis.

■ EXPERIMENTAL SECTION
Materials. Bis{3,4,6-trichloro-2-[(pentyloxy)carbonyl]phenyl} ox-

alate (BTPO) was provided by Shanghai Macklin Biochemical Co.,
Ltd. Ce6 was purchased from MedChemExpress (Shanghai).
Lipopolysaccharide (LPS) and 2′,7′-dichlorodihydroffuorescein diac-
etate (DCFH-DA) were supplied by Shanghai Macklin Biochemical
Co., Ltd. Cell Counting Kit-8 (CCK-8), Hydrogen Peroxide (H2O2)
Assay Kit, Modified Oil Red O Staining Kit, Singlet Oxygen Sensor
Green Fluorescent Probe (SOSG), LDH assay kit, and 2-(4-
amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) were
purchased from Beyotime Biotechnology (Shanghai, China). Oxidized
low-density lipoprotein (ox-LDL) was obtained from Guangzhou
Yiyuan Biotechnology Co., Ltd. Antibodies were purchased from
Proteintech. Six-week-old C57BL/6 mice and ApoE−/− mice were
provided by the Model Animal Research Center of Nanjing
University.
CBNP Preparation. Eleven mg of PLGA, Ce6, and BTPO were

dissolved in 1.2 mL of DCM/DMSO (5/1, v/v) with the mass ratio
of 20/1/1 and ultrasonically solubilized for 10−30 min away from
light. Then, 50 mg of PVA was weighed and added to 10 mL of
ddH2O, heated, and stirred until dissolved. The two solutions were
mixed and emulsified by ultrasonication (20 kHz, 10 s on, 3 s off, 10−
20 min) in an ice bath until translucent. The sonicated mixture was
stirred overnight away from light to induce volatilization of DCM.
The final solution obtained was CBNP.
PM@CBNP Preparation. Whole blood was collected in an

anticoagulant tube from C57BL/6 mice (Model Animal Research
Center of Nanjing University). It was centrifuged at 850 × g for 10
min at 4 °C, the supernatant was discarded, and the precipitate was
resuspended in saline. After repeated centrifugation and washing 3
times, the samples were resuspended in saline containing protease
inhibitors, frozen in liquid nitrogen, thawed at 37 °C, and repeated 3−
4 times. The sample was centrifuged at 4000 × g for 5 min at 4 °C,
and the supernatant was discarded. The precipitate was resuspended
in saline containing protease inhibitors and washed by repeated
centrifugation 3 times to obtain the PM. The PM was quantified to
the corresponding concentration with saline containing protease
inhibitors.
The quantified PM was mixed with CBNP and sonicated for 15−30

min away from light until the solution was clear. The final solution
obtained was PM@CBNP.
Chemiluminescence Imaging of CBNP. To verify whether the

reaction of BTPO and H2O2 can produce endogenous excitation light,
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CBNP were excited at a non-Ce6 excitation wavelength, the emission
wavelength was fixed, and the fluorescence intensity was detected,
which was compared with that without H2O2. In another experiment,
the nanoparticles were colocated with a certain initial concentration of
H2O2, and the concentration of H2O2 was detected after different
time intervals. In order to investigate the link between H2O2
concentration and fluorescence intensity, the nanoparticles were
placed in different concentrations of H2O2 and detected for
fluorescence intensity and absorbance (Tecan Spark, Nanodrop one).
Detection of 1O2 in Nanoparticles. To verify the successful

production of 1O2 by Ce6 after chemiluminescence, the 1O2
fluorescent probe SOSG was added to the mixture, and the change
in absorbance was detected (Nanodrop one).
Determination of H2O2 Content. RAW264.7 were inoculated in

six-well plates and activated by LPS (1 μg/mL) or ox-LDL (80 μg/
mL) for 24 h. H2O2 content was determined by reference to the H2O2
Content Assay Kit.
Determination of 1O2 Production. Cells were inoculated in six-

well plate cell crawler slices (3 × 105 cells per well) and incubated
overnight. Cells were treated with PBS, LPS, and LPS+CBNP. The
concentrations of LPS and CBNP were set as 1 and 1.25 μg/mL,
respectively. After 24 h of incubation, the culture medium was
replaced with fresh medium containing SOSG (5 μM). After 1 h, cells
were collected for analysis by flow cytometry. Cells were washed 3
times and fixed by 4% PFA for 15 min. After the nucleus was stained
with DAPI for 5 min, cells were washed 3 times. Cell crawls were
picked out with forceps and placed face down on a slide with a drop
of a sealing solution. Cells were photographed by CLSM.
Cellular Targeting of CBNP and PM@CBNP. Cells were

inoculated in six-well plates crawls (3 × 105 cells per well) and
treated with PM@CBNP (1.25 μg/mL), LPS+PM@CBNP, LPS
+CBNP (1.25 μg/mL), and LPS (1 μg/mL). After incubation with
nanoparticles for 6 h, the cells were washed with PBS, fixed with 4%
PFA, and stained with DAPI, and fluorescent images were taken.
HUVEC also performed the experiment as above.
In another experiment, cells were collected after coincubation with

CBNP and PM@CBNP, washed by PBS, and detected by flow
cytometry (BD Accuri C6 Plus).
Changes in ROS Expression Levels after Treatment. Cells

were inoculated in six-well plate crawls (3 × 105 cells per well) and
treated with PBS, LPS (1 μg/mL), and LPS+CBNP (1.25 μg/mL).
After 6 h, the culture medium of the cells in the three groups was
discarded, and the cells were stained with DCFH-DA and DAPI. Cells
were washed, fixed, and photographed by CLSM.
In another experiment, cells were collected after coincubation with

CBNP, stained with DCFH-DA, washed, and detected by flow
cytometry (BD Accuri C6 Plus).
Expression Levels of Foam Cell-Associated Inflammation

after Treatment. Cells were inoculated in six-well plates and treated
with PBS, CBNP, and PM@CBNP after activated. The cellular RNA
level was extracted for qPCR (QuantStudio5).
Changes in Intracellular Lipid Levels after Treatment.

RAW264.7 were seeded in six-well plates (3 × 105 cells per well)
and treated with PBS, ox-LDL (80 μg/mL), ox-LDL+CBNP (1.25
μg/mL), and ox-LDL+PM@CBNP (1.25 μg/mL). The culture
medium in the wells of each group was discarded, washed with
PBS, and fixed with 4% PFA for 10 min after PBS was rinsed; the
staining wash solution was added and incubated for 20 s. The wash
solution was discarded, and the oil red staining solution was added
and incubated for 30 min away from light. After staining was
completed, the cells were rinsed with the staining wash solution and
observed with an inverted microscope.
Cell Viability Assays. RAW264.7 cells were seeded into 96-well

plates (8000 cells per well, five wells for each group, with DMEM as
the culture medium) and incubated overnight for cell adherence. The
next day, DMEM was removed, and the cells were washed twice with
PBS. Then, 100 μL DMEM containing CBNP and PM@CNP with
different BTPO concentrations (1.25, 2, 5, 10, and 20 μg/mL) was
added to each well. The plates were then incubated at 37 °C for 24 h.
After incubation, 10 μL of a CCK-8 solution was added. After

incubation for 1 h at 37 °C, cell viability was evaluated by the
absorbance at 450 nm measured on a microplate reader. Cell viability
(%) was determined as follows:

= ×Cell viability%
OD OD

OD OD
100%

sample blank

control blank (1)

In another experiment, RAW264.7 were activated by LPS or ox-
LDL overnight. Then, CBNP and PM@CBNP with different
concentrations (1.25, 1.5, 2, 2.5, and 5 μg/mL) were added and
cultured with cells for 24 h. Then, we measured cell viability in the
same way.
In Vivo Imaging of Early Atherosclerotic Plaques. Six-week-

old apolipoprotein E-deficient (ApoE−/−) mice were fed a high-fat
diet for 4−6 weeks and underwent right common carotid artery
narrowing. Saline, CBNP (0.3 mg/kg Ce6 and BTPO), and PM@
CBNP (0.3 mg/kg Ce6 and BTPO) were injected into the tail vein
twice a week for 4 weeks. Carotid artery T1 and T2 imaging was
performed in mice using a small animal magnetic resonance
instrument. Mice were executed, and the aorta and other major
organs were collected. Fluorescence imaging of isolated tissues was
performed using an IVIS-100 imaging system (Xenogen, Alameda,
CA).
Biosafety. Blood was taken from healthy C57BL/6 mice into an

anticoagulation tube at 1000 rpm for 10 min and centrifuged, the
supernatant was discarded and washed with saline until the upper
layer was essentially colorless, and the supernatant was discarded
again. The blood cells were diluted to a 5% concentration with PBS
and mixed 1:1 with 10, 20, and 40 mg/mL of CBNP and PM@CBNP.
PBS was used as a negative control, and ddH2O was used as a positive
control. The blood cells were incubated for 4 h at 37 °C, followed by
centrifugation at 3000 rpm for 10 min. The hemolytic status was
recorded, and absorbance was measured at 540 nm. The hemolysis
rate (HR) of the samples was calculated as follows:

= ×HR
OD OD

OD OD
100%

sample saline

water saline (2)

For safety evaluation, major organs (heart, liver, spleen, lung, and
kidney) were collected and fixed with 4% PFA. Histological analysis
was performed by hematoxylin−eosin (H&E) staining.
Statistical Analysis. Results are presented as the mean ±

standard deviation (SD). Statistical comparisons were made by one-
way ANOVA (between two groups). The difference between the two
groups was also analyzed using a two-sample t-test. Data analysis and
figures were prepared using the GraphPad Prism software (Version
9.0) and Origin 2021. *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001. n.s.: not significant.
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