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Abstract: Atherosclerosis (AS) is a chronic inflammatory dis-
ease that leads to the formation of atherosclerotic plaques in

# These authors contributed equally to this work and should be con-
sidered first co-authors.

* Corresponding author: Jinkun Wen, Department of Biochemistry and
Molecular Biology, Key Laboratory of Neural and Vascular Biology,
Ministry of Education, Hebei Medical University, 361 Zhongshan East
Road, Shijiazhuang 050017, China, e-mail: wjk@hebmu.edu.cn

* Corresponding author: Xinhua Zhang, Department of Biochemistry
and Molecular Biology, Key Laboratory of Neural and Vascular Biology,
Ministry of Education, Hebei Medical University, 361 Zhongshan East
Road, Shijiazhuang 050017, China; Institution of Chinese Integrative
Medicine, Hebei Medical University, 361 Zhongshan East Road,
Shijiazhuang 050017, China, e-mail: 18200814@hebmu.edu.cn,

tel: +86-139-3387-0526

Lei Zheng: Department of Biochemistry and Molecular Biology, Key
Laboratory of Neural and Vascular Biology, Ministry of Education, Hebei
Medical University, 361 Zhongshan East Road, Shijiazhuang 050017, China;
Institution of Chinese Integrative Medicine, Hebei Medical University, 361
Zhongshan East Road, Shijiazhuang 050017, China; Central Laboratory, Harrison
International Peace Hospital, 180 Ren Min East Road, Hengshui 053000, China
Qianfan Zhang: Chongqing Institute of Green and Intelligent
Technology, Chinese Academy of Sciences, Chongging, 400714, China;
School of Pharmacy and Bioengneering, Chongging University of
Technology, Chongging, 400054, China

Hongguang Lian, Zekun Zhen, Ziyan Li, Lingdan Zhao, Tingting
Zhang, Bin Zheng: Department of Biochemistry and Molecular Biology,
Key Laboratory of Neural and Vascular Biology, Ministry of Education,
Hebei Medical University, 361 Zhongshan East Road, Shijiazhuang
050017, China

Wenli Wang: Department of Biochemistry and Molecular Biology, Key
Laboratory of Neural and Vascular Biology, Ministry of Education, Hebei
Medical University, 361 Zhongshan East Road, Shijiazhuang 050017,
China; Institution of Chinese Integrative Medicine, Hebei Medical
University, 361 Zhongshan East Road, Shijiazhuang 050017, China
Liangsheng Li: Chongging Institute of Green and Intelligent
Technology, Chinese Academy of Sciences, Chongging, 400714, China

arterial walls, which can eventually result in cardiovascular
diseases. It has been confirmed that the imbalance in the
polarization of Ml-type pro-inflammatory and M2-type anti-
inflammatory macrophages in AS plaques is closely related to
plaque instability and the development of cardiovascular dis-
eases like AS-related heart and cerebrovascular diseases.
Triptolide (TP) is a promising drug for the treatment of AS
due to its anti-inflammatory and anti-proliferative effects.
However, its poor solubility and lack of specificity limit its
clinical application. We developed a targeted delivery system
for TP to M1-type macrophages using mesoporous polydopa-
mine (MPDA) nanospheres modified with the LyP-1 peptide.
We then observed the performance of this targeted delivery
system and explored its regulatory effects on macrophage
polarization in AS. The results showed that the LYP-1-modi-
fied MPDA-TP delivery system had an average encapsulation
rate of 66.5%, a drug loading capacity of 4.5%, and an average
diameter of 250 nm. It exhibited excellent targeting ability
and drug release rate towards target cells. LYP-MPDA-TP
was capable of inhibiting the proportion of M1 macrophages
induced by oxidized low-density lipoprotein stimulation in
mouse macrophages, promoting apoptosis in M1-type macro-
phages significantly, and demonstrating a significant inhibi-
tory effect on AS in experimental animals. The LYP-1
peptide-modified MPDA delivery system provides a new
approach for TP treatment of AS and an important theore-
tical basis and methodological reference for the design of
targeted delivery systems for anti-AS nanoparticles.
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1 Introduction

Atherosclerosis (AS) is a progressive inflammatory disease
and a leading cause of coronary heart disease, stroke, and
peripheral vascular disease [1-3]. Studies have revealed
that during the early stages of AS development, monocytes
within the arterial intima differentiate into pro-inflammatory
M1 macrophages, which locally amplify the inflammatory
response and engulf lipoproteins in the intima, resulting in
the formation of foam cells and the initiation of early athero-
sclerotic lesions [4]. Macrophages, including foam cells, have
been found to play significant roles in all stages of AS by
releasing pro-inflammatory mediators and inducing endothe-
lial injury, particularly in the early stages of AS formation [5]. It
has been established that an imbalance between pro-inflam-
matory M1 macrophages and anti-inflammatory M2 macro-
phages in AS plaques is closely associated with plaque
instability and the development of AS-related cardiovas-
cular and cerebrovascular diseases [6-8]. Studies have
demonstrated that pro-inflammatory M1 macrophages can
release various pro-inflammatory factors, such as TNFa,
IL-1B, IL-6, and recruit monocytes and macrophages to the
enriched plaque area, further exacerbating the inflamma-
tory progression of vascular plaques [9]. Therefore, effective
early interventions targeting the inhibition of pro-inflamma-
tory M1 macrophages and the reduction of the amplification
effect of pro-inflammatory factors within the inflammatory
region may contribute to the concept of “preventing and
controlling AS in its early stages” [5,10].

Currently, traditional lipid-lowering therapies and immu-
notherapies have limitations in suppressing the abnormal
aggregation of AS macrophage cells [11-13]. In recent years,
extensive research on traditional Chinese medicine in the
fields of medical biology and clinical studies has demon-
strated the potential clinical applications of various active
monomers derived from Chinese herbal medicine for the
treatment of AS [14,15]. Tripterygium wilfordii, for instance,
has been found to exert anti-atherosclerotic effects by inhi-
biting the expression of inflammatory factors [16]. This is
attributed to the ability of its active components to suppress
the production of inflammatory transmitters, cytokines, and
chemokines during the early stages of chronic inflammation
in AS, thereby highlighting its promising prospects for appli-
cation in AS treatment [16]. However, limitations such as poor
solubility, short half-life in the body, and potential hepatotoxi-
city and nephrotoxicity have been observed in the application
of Tripterygium wilfordii lactone, restricting its clinical utiliza-
tion [16].

To address the limitations associated with the delivery
of active monomers from traditional Chinese medicine,
various carriers have been developed in recent years for
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in vivo drug delivery. Among these carriers, nanoparticles,
exemplified by mesoporous polydopamine (MPDA) nano-
spheres, possess unique advantages in drug delivery due to
their capacity for modification with different peptides tai-
lored to the characteristics of distinct diseases [10,17]. This
allows for targeted delivery and efficient drug enrichment,
consequently enhancing efficacy while minimizing toxi-
city. Particularly crucial is the identification of appropriate
antigens specifically expressed in early AS plaques, along
with the corresponding targeted binding peptides, which
can be employed to construct lipid nanoparticles for tar-
geted drug delivery. Previous studies have shown that
under physiological conditions, P32 (also known as the
binding protein of LYP-1 peptide) is highly conserved in
all tissues, while its expression is specifically increased in
tumor tissues, as well as in macrophages and foam cells
associated with AS [18]. It has been utilized as a targeted
peptide for AS imaging diagnosis [19,20]; however, limited
research has explored its combination with MPDA for AS-
targeted drug delivery.

Therefore, the objective of this study is to modify the LyP-1
cyclic peptide onto MPDA and employ it as a delivery system to
encapsulate triptolide (LYP-MPDA-TP) for targeted delivery.
The aim is to achieve precise treatment of AS by regulating
macrophages and foam cells in a targeted manner.

2 Methods

2.1 Cell lines

The murine RAW 264.7 cell line was obtained from Zhong Qiao
Xin Zhou Biotechnology (ZQXZ Biotechnology, Shanghai, China).
Female ApoE”" mice (6 weeks old) were acquired from the
Experimental Animal Center of Chinese Academy of Medical
Sciences (Beijing, China). These mice were housed in a dedicated
pathogen-free animal facility at the Institute of Department of
Biochemistry and Molecular Biology, Key Laboratory of Neural
and Vascular Biology, Ministry of Education, Hebei Medical
University, with unrestricted access to food and water. All
animal procedures were conducted in compliance with institu-
tional ethics regulations and guidelines on animal welfare and
received approval from the Animal Ethics Committee at the
Hebei Medical University.

2.2 Synthesis of MPDA nanoparticles

The MPDA nanoparticles were synthesized by one-pot
method as the previous reference. Briefly, 60 mL H,0 and
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60 mL ethanol were mixed, and then 0.3 g Pluronic ® F127
(F127) and 0.3 g 1,3,5-trimethylbenzene were added. 85 mL
tristhydroxymethyl) aminomethane solution was dissolved to
the mixture after stirring and dissolving. Then, 55 mg dopa-
mine hydrochloride was added for 24 h at room temperature.
The synthesized MPDA nanoparticles was obtained by high-
speed centrifugation. The collected MPDA nanoparticles were
then characterized by transmission electron microscope (TEM)
and scanning electron microscopy (SEM).

2.3 Preparation of LYP-MPDA-TP
nanoparticles

10 mg MPDA nanoparticles were resuspended in 20 mL H,0
followed by ultrasonic treatment. For the synthesis of MPDA-
PEG nanoparticles, 20mg 4 branched-PEG-NH, were added
to the above solution and stirred overnight. The targeted LyP-
1 Cyclic Peptide (CGNKRTRGC) were purchased from the
Shanghai Topscience Co., Ltd. Then, 5 mg MPDA-PEG nano-
particles, 1 mg LyP-1 Cyclic Peptide, 4 mg EDC-HCl, and 4 mg
Sulfo-NHS were resuspended in 2mL H,0 and stirred for
24 h to obtain the LYP-MPDA-TP nanoparticles.

Three milligrams of different nanoparticles were sus-
pended in 1 mL of DI water with 0.5 mg TP overnight. Then,
the products were ultrafiltration centrifuged (MWCO 10kD)
and the MPDA-TP and LYP-MPDA-TP were obtained.

2.4 In vitro safety evaluation

Cytotoxicity evaluations of PBS, free MPDA nanoparticles,
and LYP-MPDA nanoparticles were performed using RAW264.7
cells and 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide (MTT) assays. Cells were seeded in 96-well plates at
a density of 10° cells/mL. After 24 h of incubation, the media
were replaced with fresh media containing different con-
centrations (0.5, 2.5, and 12.5 mM) of MPDA nanoparticles or
LYP-MPDA nanoparticles. Following an additional 24 h of incu-
bation, the media were substituted with DMEM containing
MTT. The survival rate of the cells was determined using
an MTT enzyme-linked immunometric meter, and data were
analyzed using SoftMax Pro 5.4.1. Statistical analysis was per-
formed using GraphPad Prism 6.

2.5 Cellular uptake and intracellular drug
release

Cellular uptake and intracellular drug release experiments
were conducted using macrophages, oxidized low-density
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lipoprotein (oxLDL)-treated macrophages. Cells were seeded
and incubated at 37°C for 24 h. Subsequently, the media
were replaced with fresh media containing Cy5 nanoparti-
cles and LYP-Cy5 nanoparticles, respectively. After an addi-
tional 1, 2, 4, 6, and 12 h of incubation, the cells were washed
three times with PBS buffer and fixed with paraformalde-
hyde for 15 min. After an additional three PBS washes, the
cells were observed using BD FACSCanto II Flow Cytometer.
The amount of loaded TP onto the NPs is calculated according
to the standard UV-Vis curve of TP. The prepared LYP-MPDA-
TP were suspended at 37°C in 5mL PBS solution with pH 7.4
and pH 5.5, respectively. At determined time points (0, 0.5, 1, 2,
4, 8,16, 24, 36, and 48 h), 1 mL of suspension was collected for
UV-Vis analysis.

2.6 Cell apoptosis assay in vitro

To assess cell viability and apoptosis, RAW264.7 cells were
exposed to a culture medium containing 20 pg/mL of 0XLDL
in the presence of different treatments: saline, MPDA, LYP-
MPDA, TP, MPDA-TP, and LYP-MPDA-TP. These treatments
were administered at varying concentrations of TP (1.25, 5,
and 20 uM) for a duration of 24 h.

Apoptosis rates were measured after a co-treatment
period of 6 h. The cells were processed according to the
instructions provided by the manufacturers of the fluores-
cein isothiocyanate (FITC) Annexin V Apoptosis Detection
Kit I. Briefly, the cells were suspended in 100 uL of binding
buffer and mixed with 10 pL of annexin V-FITC and 10 uL of
propidium iodide. After a 15-min incubation, an additional
400 uL of binding buffer was added, and the cells were
analyzed using a flow cytometer to determine the apop-
tosis rates. FlowJo software (version 7.6.1) was used for
data analysis.

2.7 Western blot

RAW264.7 cells were exposed to the culture medium con-
taining 50 ug/mL of oxLDL and various treatments: saline,
MPDA, LYP-MPDA, TP, MPDA-TP, and LYP-MPDA-TP. The
treatments were applied at different concentrations of TP
(1.25, 5, and 20 uM) for 24 h. After the incubation period, the
cells were homogenized in RIPA buffer supplemented with
protease inhibitors. The protein content was normalized
using a bicinchoninic acid assay. Protein lysates (50-100 pg)
from the cell samples were separated on a 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis gel under
reducing conditions and transferred to polyvinylidene
fluoride (PVDF) membranes. The PVDF membranes were
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then incubated overnight at 4°C with primary antibodies
specific to the target proteins, including Caspase 8, Bcl-2,
Cyto-C, Caspase 9, Caspase 3, and GAPDH. Subsequently, the
membranes were incubated with a secondary antibody
(goat anti-rabbit) for 1h. The expression levels of the pro-
teins were analyzed using an Alphalmag system.

2.8 Construction of AS in ApoE™’™ mice
Female ApoE™~ mice, aged 6 weeks, were fed a high-fat diet
comprising 21.2% lard, 49.1% carbohydrate, 19.8% protein,
and 0.2% cholesterol for a duration of three months to
induce AS. At the end of the treatment period, six mice
were euthanized, and the extent of pathological changes
was evaluated by measuring the lesion area of the aorta
from the heart to the iliac bifurcation. Confirmation of ather-
osclerotic plaque formation was achieved through hematox-
ylin—eosin (H&E) staining performed on the aortic root.

2.9 In vivo therapeutic efficacy study

Female ApoE ™~ mice at 6 weeks of age were randomly and
blindly divided into four groups (n = 7): a control group
(saline) and three treatment groups (TP, MPDA-TP, and
LYP-MPDA-TP). These mice were subjected to a high-fat
diet, identical in composition to the aforementioned diet,
for a continuous period of three months. After the first
month of high-fat diet treatment, the mice in each group
received intravenous administrations of saline, TP, MPDA-
TP, and LYP-MPDA-TP once a week at a dosage of 2 mg/kg
TP (except for the saline-treated group) for an additional
two months. Following the 2-month administration period,
all mice were euthanized, and atherosclerotic plaques from
ten mice in each group were collected for H&E staining.
Imaging techniques were employed to evaluate the thera-
peutic efficacy of the different formulations. Furthermore,
quantitative analysis of the atherosclerotic plaque was per-
formed using Image-Pro Plus 6.0 software.

2.10 Histological study on aorta tissues

For histological analysis, the aortic root from mice in the
various treatment groups were collected and subjected to
H&E staining.
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2.11 Statistical analysis

Statistical analysis was conducted using one-way analysis
of variance (ANOVA) and two-way ANOVA. Statistical sig-
nificance was denoted by *P < 0.05, **P < 0.01, and ***P <
0.001. All data were presented as the mean value + stan-
dard deviation of independent experiments.

3 Results

3.1 Synthesis and characterization of
different nanoparticles

Different nanoparticles were synthesized by using a one-
pot method, and the hollow mesoporous nanoparticles
were collected and detected by using the TEM and SEM.
As shown in Figure la-c, the particle size of LYP-MPDA-TP
was approximately 250 nm. This indicated that the particle
is suitable for delivering the TP to the cells. The zeta poten-
tial measurement results demonstrated that MPDA and LYP-
MPDA carries more negative charges (Figure 1d), revealing
the negatively charged TP filling the hollow mesoporous
nanoparticles.

3.2 Selective uptake of LYP-MPDA-TP in vitro

The cell targeting efficacy of the LYP-MPDA-TP is crucial for
delivering the TP to the macrophage. The tumor-homing
peptide LyP-1 can bind to the protein P32, which is highly
expressed in tumor tissues. It has been utilized as a tar-
geted peptide LyP-1 for AS in many studies. Therefore, we
modified the LYP-1 cyclic peptide onto the MPDA as a
delivery system of TP for treating AS. We first examined
the RAW264.7 cells targeting efficiency of the MPDA with
the targeting peptide. Compared with the control group,
the MPDA coupled with LYP-1 cyclic peptide showed a con-
siderably higher density of internalized nanocomplexes in
the Flow cytometry after 1-12h of incubation (Figure 2a).
Significantly, the free MPDA nanoparticles and LYP-MPDA
nanoparticles showed no cell cytotoxicity (Figure 2b). In
addition, the cumulative release of TP from LYP-MPDA-
TP substrate was investigated. The release amount of TP
from under pH 7.4 was less than that under acidic pH
environment (pH = 5.5). The TP release basically arrived
at the peak after 16 h (Figure 2c).
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Figure 1: Characterization of the nanoparticles. (a) SEM image of LYP-MPDA-TP. (b) TEM image of LYP-MPDA-TP. (c) Average diameter of the MPDA,
LYP-MPDA, and LYP-MPDA. (d) Zeta potential of MPDA, LYP-MPDA, and LYP-MPDA in H,0.

3.3 The impact of LYP-MPDA-TP on oxLDL-
induced macrophage polarization

To examine the influence of different TP formulations on
macrophage polarization, mouse RAW264.7 macrophages
were co-cultured with oxLDL (50 ug/mL) and various for-
mulations (saline, TP, MPDA-TP, and LYP-MPDA-TP) for 24 h.
Subsequently, the expression levels of phenotypic markers
iNOS for M1 macrophages and Argl for M2 macrophages were
assessed. Following oxLDL treatment, both mRNA and protein
levels of the M1 marker iNOS in macrophages were significantly
elevated compared to the control group (Figure 3a and c), and
inflammatory cytokines which were associated with M1 polar-
ization, including TNF-a, IL-1B, and MCP1, also exhibited sub-
stantial increases compared to the control group (Figure 3g-i).
Conversely, the protein expression of the M2 marker Argl was
significantly reduced after 24 h of oxLDL treatment (Figure 3b, c
and e), while alterations in M2-related cytokines IL-10 and TGF-8
were insignificant (results not shown). Remarkably, treatment
with different TP formulations led to a significant reduction in
the expression levels of the M1 marker iNOS in mouse macro-
phages at both the mRNA and protein levels, with LYP-MPDA-TP

demonstrating the most pronounced inhibition (Figure 3a, ¢ and
d). Further experiments showed that the level of inflammatory
cytokine TNF-a and IL-1f which were associated with macro-
phage M1 were inhibited after the treatment of all different TP
formulations, with LYP-MPDA-TP exerting the strongest inhibi-
tion on these factors (Figure 3g—i). Moreover, TP formulations
induced substantial changes in the expression of M2 anti-inflam-
matory marker proteins and their secreted cytokines (Figure 3b,
¢, e and i). Collectively, these findings suggest that LYP-MPDA-TP
effectively suppresses oxLDL-induced polarization of mouse
macrophages toward the pro-inflammatory M1 phenotype. Con-
sequently, it reduces the release of pro-inflammatory factors by
oxLDL-stimulated macrophages, thereby displaying potential for
early intervention in AS lesions.

3.4 The influence of LYP-MPDA-TP on oxLDL-
induced apoptosis in mouse
macrophages

Subsequently, we investigated the impact of different TP for-
mulations on oxLDL-induced apoptosis in mouse macrophages.
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Figure 2: Analysis of cellular uptake, cell cytotoxicity, and drug release of
the different nanoparticles. (a) In vitro cellular uptake analysis in
RAW264.7 cell line at different time points. (b) Viability of RAW264.7 cells
in response to the nanoparticles treatment. (c) The cumulative drug
release of TP under pH 7.4 and 5.5 at different time points. *P < 0.05.

Mouse RAW264.7 macrophages were co-cultured with oxLDL
(50 ug/mL) and diverse formulations (saline, MPDA, LYP-MPDA,
TP, MPDA-TP, LYP-MPDA-TP) for 24h. Flow cytometry was
used to assess macrophage apoptosis, while western blot ana-
lysis was performed to detect apoptosis signals. Our results
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indicated that TP-containing formulations promoted apoptosis
in mouse macrophages, with no significant difference observed
between the TP and MPDA-TP groups, and LYP-MPDA-TP
exerted the most potent pro-apoptotic effect among these for-
mulations (Figure 4a and b).

Based on the flow cytometry results, we further inves-
tigated the impact of LYP-MPDA-TP on apoptosis signaling
pathways at the cellular level. As demonstrated in Figure
4c and d, LYP-MPDA-TP significantly enhanced the expres-
sion of Caspase 8, consequently activating caspase-3 and
suggesting the involvement of the extrinsic pathway in
apoptosis. Additionally, we examined Bcl-2 family proteins,
including the proapoptotic protein Bax and the antiapop-
totic protein Bcl-2 under the treatment of these TP formu-
lations. Our findings revealed a significant reduction in the
expression level of Bcl-2 due to LYP-MPDA-TP treatment.
This decrease in Bcl-2 subsequently triggered the expres-
sion of cytochrome c and caspase-9, ultimately leading to
mitochondrial dysfunction through the caspase cascade
and mitochondrial pathways. Collectively, these results
indicate that LYP-MPDA-TP effectively promotes apoptosis
in macrophages undergoing pathological changes stimu-
lated by oxLDL. Given that these inflammatory lesion cells
play a crucial role in driving sustained progression of AS
lesions, LYP-MPDA-TP holds potential for early interven-
tion in AS lesions.

3.5 Effect of LYP-MPDA-TP on the
development of cholesterol-rich and
high-fat diet-induced AS in ApoE™™ mice

Considering the significant inhibitory effects of LYP-MPDA-
TP demonstrated in vitro on the polarization of pro-
inflammatory M1 macrophages and the downregulation
of pro-inflammatory cytokine expression levels, we con-
ducted further investigations to assess the therapeutic effi-
cacy of LYP-MPDA-TP in attenuating AS in ApoE™" mice
induced by a high-cholesterol and high-fat diet. In con-
trast to previous treatment models, our approach aimed
to validate the “prevention at the early stage” strategy
for AS therapy. We administered different TP formula-
tions to experimental animals concurrently with the
establishment of the animal model, with the objective
of achieving early intervention in AS. The experimental
procedure is illustrated in Figure 5a.

Histological examination of the aortic root demon-
strated a significant inhibition of plaque formation in the
LYP-MPDA-TP group compared to the other groups (Figure
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Figure 3: Effects of LYP-MPDA-TP on oxLDL-stimulated macrophage polarization. Mouse RAW264.7 macrophages were co-cultured with oxLDL (50 pg/mL)
and various TP formulations (saline, TP, MPDA-TP, LYP-MPDA-TP) for 24 h. The expression levels of phenotypic markers iNOS (M1 macrophages) and
Arg1 (M2 macrophages), as well as the corresponding cytokine secretion profiles, were measured. (a and b) RT-PCR analysis of iNOS and Argl mRNA
levels. (c) Western blot analysis of iNOS and Arg1 protein expression. (d-f) Quantitative analysis of iNOS and Arg1 protein expression using Image)
software. (g-i) ELISA analysis of TNF-a, IL-6, and MCP-1 levels in the culture supernatant. ***P < 0.001.

5b and c). Similarly, the TP and MPDA-TP groups also
exhibited plaque inhibition which was consistent with
the results of in vitro study, although no statistical differ-
ence was observed between the two groups. Moreover, we
measured the expression levels of inflammatory cytokines
in the peripheral blood of the experimental animals, and

the results revealed a substantial reduction in the expres-
sion levels of total pro-inflammatory cytokines TNFa and
IL-18 in the LYP-MPDA-TP group compared to the other
groups (Figure 5e and f), approaching levels similar to
those observed in the control group mice (ApoE™" mice
on a regular diet, results not shown).
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Figure 4: Effects of LYP-MPDA-TP on oxLDL-induced macrophage apoptosis.

v

Mouse RAW264.7 macrophages were co-cultured with oxLDL (50 pg/mL)

and various TP formulations (saline, MPDA, LYP-MPDA, TP, MPDA-TP, LYP-MPDA-TP) for 24 h. Macrophage apoptosis was assessed using flow
cytometry, and apoptosis signals were evaluated through western blot analysis. (a) Flow cytometry analysis of apoptosis. (b) Quantitative analysis of
the cell apoptotic rate using Image] software. (c) Western blot analysis of apoptosis-related protein expression. (d) Quantitative analysis of the cell
apoptosis-related protein expression using Image] software. *P < 0.05, ***P < 0.001.

4 Discussion

In this study, we developed a nanoparticle delivery system
to efficiently load and deliver TP specifically targeting AS
macrophages for precise treatment of AS. The delivery
system exhibited excellent stability, safety, high encapsula-
tion efficiency, and drug-loading capacity. Effective uptake
by target cells and efficient release of the loaded drug are
crucial for targeted delivery systems, emphasizing the sig-
nificance of selecting specific targeting sites.

The loading of active substances by nanoparticles has
emerged as a promising approach for the treatment of
diseases. For instance, studies have investigated the use
of nanoparticles, such as hollow silica nanoparticles and
MPDA nanoparticles, to load prohealing peptides like RL-
QN15 for skin wound healing [21-23]. These peptide-loaded
nanoparticles have demonstrated enhanced therapeutic
potential in promoting wound healing compared to the
peptides alone, through the slow release of the loaded pep-
tide from the nanoparticles. In this study, we designed a
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Figure 5: LYP-MPDA-TP ameliorates plaque and inflammation in a cholesterol-rich and high-fat diet-induced atherosclerotic mouse model. (a)

Schematic illustration depicting the development of the atherosclerotic mouse model and treatment with various TP formulations (saline, TP, MPDA-
TP, and LYP-MPDA-TP). (b-d). Representative photographs and quantitative analysis of H&E-stained sections of the aortic root and aortic arch (n = 6).
Scale bar: 500 pm. (e): ELISA analysis of TNF-a, IL-6, and MCP-1 levels in blood serum collected from atherosclerotic mice after treatment with different
formulations (saline, TP, MPDA-TP, and LYP-MPDA-TP) at a dose of 2 mg/kg per week (n = 6). All data are presented as mean =+ SD. Statistical analysis

was performed using one-way ANOVA. ***P < 0.001.

modified MPDA delivery system based on LyP-1 cyclic non-
apeptide (LYP-MPDA). It specifically targets macrophages
within AS lesions by recognizing the LyP-1 cyclic peptide,
facilitating the delivery of TP encapsulated in MPDA to
these macrophages [10,17,20]. Consequently, it effectively
suppresses the polarization of pro-inflammatory M1 macrophages

and reduces the levels of pro-inflammatory factors at the site
of inflammation. Moreover, the sustained release and contin-
uous movement of MPDA nanoparticles enable the contin-
uous detection and elimination of aberrant M1 macrophages
in the affected regions, potentially further enhancing its anti-
atherosclerotic effect [10,17]. The in vivo results demonstrated
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the remarkable inhibitory effect of LYP-MPDA-TP on the for-
mation of AS.

LyP-1 was initially identified as a tumor-homing peptide
with specific recognition for tumor cells, tumor lymphatic
vessels, and tumor-associated macrophages, interacting with
its receptor protein p32/gC1qR/HABP1 [20]. Previous studies
have reported the expression of p32 in atherosclerotic pla-
ques, particularly in macrophages and foam cells, suggesting
the therapeutic and diagnostic potential of LyP-1 for AS, as
well as a marker for AS vascular macrophages and foam cells
[24,25]. Our study demonstrated that foam cells derived from
macrophages stimulated by oxLDL displayed excellent tar-
geting uptake efficiency and efficient drug release when
treated with LYP-MPDA. Additionally, compared to the
challenges encountered in targeting modification in other
delivery systems, this study utilized the thiol group in the
cysteine residue of the LyP-1 cyclic peptide chain, enabling
specific binding to the maleimide on the surface of MPDA.
This characteristic facilitated rapid targeting protein mod-
ification of the MPDA delivery system, indicating its poten-
tial for delivering therapeutic drugs for AS.

To validate the therapeutic effect of LYP-MPDA tar-
geted drug delivery for AS, we selected TP as the candidate
drug. Previous studies have confirmed the anti-AS effects
of TP through the inhibition of inflammatory reactions and
promotion of apoptosis in AS lesion cells via activation of
the NFxB signaling pathway [26,27]. Consistent with these
findings, our in vitro experiments demonstrated that LYP-
MPDA-TP effectively inhibited M1 polarization of mouse
macrophages stimulated by oxLDL, leading to reduced
release of pro-inflammatory factors induced by oxLDL
compared to pure TP and MPDA-TP. These results suggest
the potential of LYP-MPDA-TP for early intervention in AS
lesions. Further experiments revealed that LYP-MPDA-TP sig-
nificantly promoted apoptosis in oxLDL-stimulated lesion
macrophages, which play a key role in driving the progres-
sion of persistent AS lesions. This finding indicates the poten-
tial efficacy of LYP-MPDA-TP in the early intervention of AS
lesions.

To further validate the therapeutic efficacy of the
delivery system in vivo, we established an ApoE ™" athero-
sclerotic mouse model and compared the effects of different
drug formulation combinations. To validate the “preventive”
treatment strategy for AS, we administered the corresponding
therapeutic drug combinations during the construction
of the ApoE™" atherosclerotic mouse model. The results
demonstrated that the LYP-MPDA-TP group exhibited a sig-
nificantly reduced plaque ratio compared to the pure TP
and MPDA-TP groups. Interestingly, while MPDA effec-
tively protected TP, the MPDA-TP group showed a significant
difference in plaque size compared to the control group but
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not compared to the TP group. This further confirms the
delivery advantages of the targeted modified delivery system.
Therefore, our study suggests that LYP-MPDA-TP may have
the potential to slow down and attenuate plaque progression
in ApoE ™" mice.

One limitation of our study is the susceptibility of the
MPDA nanoparticles used to clearance by the reticulo-
endothelial system in the body. Despite the successful
targeting peptide modification, a certain proportion of
nanoparticles encounter challenges in reaching the target
cells, which somewhat compromises the delivery efficiency.
In future research, we plan to enhance the in vivo escape
rate of nanoparticles by encapsulating them with biomi-
metic membranes derived from live cells, thus improving
their delivery efficiency. Although a certain proportion of
the delivery system in this study is cleared in the body, the
therapeutic drugs delivered through it continue to demon-
strate excellent in vitro and in vivo anti-AS treatment
effects, highlighting its potential value in targeted drug
delivery for AS. Furthermore, a comparative study assessing
the half-life of TP and its nanoparticle formulation in the
body is warranted. Additionally, a supplementary study eval-
uating the safety of the nanoparticle formulation, including
an assessment of hepatic and renal toxicity through analysis
of AST, ALT, Cre, BUN, and histological examination of the
liver and kidneys, is recommended. In conclusion, the LyP-1
peptide-modified MPDA nanospheres exhibit excellent tar-
geting ability towards foam cells, effectively inducing
apoptosis, and inhibiting their proliferation, invasion,
and migration. Additionally, they demonstrate good bio-
compatibility. These findings provide a crucial theoretical
basis and methodological reference for the design of tar-
geted delivery systems for anti-AS nanoparticles, offering a
new approach for the treatment of AS. Future studies
should focus on optimizing the formulation of the delivery
system and further investigating its safety and efficacy in
animal models and clinical trials.
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