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SUMMARY
Oxidative stress, particularly ROS accumulation, plays a key role in the development of abdominal aortic
aneurysm (AAA). Surgical treatments and current drugs for AAA have limitations, including lack of specificity
and significant side effects. This study constructed ROS-responsive nanoparticles using phenylthio-modi-
fied dendritic polylysine (PDP) loaded with selenomethionine (PDPs-Se) for AAA treatment, and elucidated
itsmechanismof action. In-vitro studies revealed that PDPs-Se enhanced the clearance of ROS by increasing
the levels of superoxide dismutase (SOD) and glutathione (GSH) while reducing malondialdehyde (MDA)
levels. Furthermore, PDPs-Se upregulated the expression levels of GPX4, SLC7A11, and FTH1 to suppress
ferroptosis and modulate the differentiation of vascular smooth muscle cells (VSMCs) from a synthetic to a
contractile phenotype. In-vivo experiments revealed that PDPs-Se attenuated the progression of AAA by in-
hibiting oxidative stress responses and improving the aortic wall thickness, indicating its potential as an
approach for AAA therapy.
INTRODUCTION

Abdominal aortic aneurysm (AAA) is a common degenerative

disease of the aorta characterized by a complex pathogenesis

involving chronic inflammation, oxidative stress, and extracel-

lular matrix degradation.1,2 Treatment options for AAA are

limited, with surgical repair being considered only when the aorta

diameter dilates sufficiently (greater than 5.5 cm for males or

greater than 5.0 cm for females), which indicates high risk of

rupture.3 Once the AAA ruptures, the mortality rate can reach

85%–90%.4 The incidence and mortality rates of AAA are

increasing globally each year, driven in part by an aging popula-

tion. Currently, the main drugs for AAA prevention and treatment

in clinical research include lipid-lowering drugs, antibiotics, anti-

platelet drugs, and anti-inflammatory drugs.5,6 However, the

traditional formulations used for these drugs lack targeted deliv-

ery to AAA lesions, resulting in unsatisfactory clinical effects and

numerous toxic side effects.7 Therefore, there is an urgent need

to develop new strategies for the prevention and treatment of

AAA, in addition to innovative targeted drug delivery systems.

Extensive studies have demonstrated that abnormally high

levels of reactive oxygen species (ROS) in the abdominal aortic

vessel wall are closely associated with the occurrence and pro-
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gression of AAA inflammation. This involves the recruitment of

local inflammatory factors in AAA, phenotypic transformation of

vascular smooth muscle cells (VSMCs), generation of matrix met-

alloproteinases (MMPs), and destruction of the vascular elastic

layers, which are considered key pathogenic factors leading to

AAA.8–10 Weintraub et al.11 reported that the ROS level in the

AAA segments of patients’ aortic blood vessels is 2.5 times higher

than that in non-AAA segments. In an AAA model using apolipo-

protein E (ApoE) gene-knockout mice induced by angiotensin II

(ANG-II), the ROS level in the abdominal aorta of the disease

group was more than 10 times higher than that of the control

group.12 Additionally, a study using a CaCl2-induced AAA rat

model reported that the ROS level in the abdominal aorta of the

disease group was more than 4 times higher than that of the con-

trol group.13 These findings suggest that antioxidant stress is a

highly promising therapeutic strategy. However, methods

with strong ROS clearance ability and precise targeting of

vascular lesions need to be developed. Recently, ROS-respon-

sive nanotherapies have been reported for targeted treatment of

AAA, such as Hu et al.14 reported a luminol-conjugated a-cyclo-

dextrin nanoparticles for targeting therapy of AAA by site-specif-

ically regulating neutrophilic inflammation, as well as Lin et al.15

prepared a multi-bioactive nanomicelle for site-specifically
8, 111880, March 21, 2025 ª 2025 Published by Elsevier Inc. 1
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Scheme 1. Schematic illustration of the synthesis of PDPs-Se nanoparticles and their application to AAA treatment
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delivering in AAA. Overall, ROS-responsive nanotherapeutic stra-

tegies hold greater promise for the treatment of AAA.

Selenium, which is an essential trace elements in the growth

process of organisms, is involved in the regulation of various

physiological functions in the body and plays important roles in

antioxidant stress, cell protection and repair, immune response,

detoxification, and cancer prevention, in addition to exhibiting

potential anticancer properties.16,17 Multiple studies have re-

vealed that Se can reduce the expression of reactive oxygen

species (ROS) and help fight oxidative stress18–20 to alleviate dis-

ease progression. However, the narrow therapeutic window of

selenium between healthy and toxic dosages leads to reduced

Se bioavailability, and limiting its clinical application.21
2 iScience 28, 111880, March 21, 2025
Nano drug delivery systems (NDDSs) based on nanomaterials

have been extensively investigated.22,23 Comparedwith conven-

tional drug administration methods, NDDSs aim to improve the

pharmacokinetic properties of drugs, reduce toxicity to normal

tissues, and achieve safer and more effective treatment.24,25 In

this study, ROS-responsive PDPs-Se nanoparticles were devel-

oped through the self-assembly of benzylthiol-modified hyper-

branched polylysine with selenomethionine. PDPs-Se nanopar-

ticles undergo a hydrophobic-hydrophilic transition in the

presence of ROS, and release selenomethionine at the target

site to exert their antioxidant stress effect, thereby achieving

AAA therapy by modulating the ferroptosis and phenotypic

transformation of vascular smooth muscle cells (Scheme 1).
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RESULTS AND DISCUSSION

Synthesis of ROS-responsive drug release
nanoparticles
Phenylthio-modified dendritic polylysine was synthesized

using EDC/NHS conjugation chemistry between the -NH2

and -COOH groups (Figure 1A). The successful modification of

the phenylthio groups onto dendritic polylysine was confirmed

using FIIR spectroscopy. As shown in Figure 1B, the disappear-

ance of the -NH2 peak at approximately 3230 cm-1, along with

the appearance of the -S-C=O (at approximately 1130 cm-1)

and -Ph (at approximately 680 cm-1) groups in the product spec-

trum, demonstrates the successful synthesis of PDPs. In addi-

tion, chemical structural changes were also confirmed using

UV-vis spectroscopy. As shown in Figure 1C, the absorption

peaks of PDPs at the wavelengths of 327.6 and 466 nm demon-

strate the successful modification of chromophores (-S-C=O

and -Ph groups) on the molecule. As the occurrence of substitu-

tion reactions, the a-H atoms (a positions) of -NH2 groups of DP

disappeared accompanied by the H atoms (b positions) on the

benzene rings appeared (Figure S1). From the chemical struc-

tures of DP and PDP, the theoretical ratio of the number of

hydrogen atoms of a and b position was 3:10. The integral

area of a positions and b positions in the spectroscopy were

3.15 and 12.29 (15.71–3.42). Hence we can determine the de-

gree of substitution (DS) of (phenylthio) acetic unit was:

DS=(3.15/12.29)/(3/10)*100% = 85.43%. The content of seleno-

methionine was analyzed by determining the selenium in the se-

lenomethionine-loaded PDP using inductively coupled plasma

atomic emission spectroscopy (ICP-AES) at wavelength of

196.26 n. The content of selenomethionine in the nanoparticles

was 25.38 mg/g, which was very close to the initial additive

amount of 0.3 mg/10 mg (Table S1). As shown in Figure 1D, den-

dritic polylysine dissolved in water, while PDPs formed a homo-

turbid solution. The existence of -NH-CO- of the PDPs can form

hydrogen bonding interactions with -NH2 and -COOH of the se-

lenomethionine. After being distributed in water, the combination

of selenomethionine and PDPs was self-assembly by hydropho-

bic interaction of the phenylthio groups, formed nanoparticles

with structure of selenomethionine as core and PDPs as shell.

The introduction of phenylthio end groups led to significant

changes in the hydrophilicity of dendritic polylysine. Further-

more, SEM observation was performed to elucidate the micro-

scopic morphology of this turbid solution. The PDPs formed

nanoparticles with a diameter of less than 100 nm when

dispersed in water, due to its molecular amphiphilicity and the

formation of a core-shell structure (Figure 1E). The size disper-

sion of the nanoparticles was further analyzed using a laser par-

ticle size analyzer, and good dispersibility was observed, with

more than 85% of the nanoparticles having a diameter of 40–

70 nm (Figure 1F). The stability of the nanoparticles, which is

related to their zeta potential, was evaluated. As shown in Fig-

ure 1G, the zeta potential of dendritic polylysine was

�27.9 mV, which is lower than the absolute value of ±30 mV,

indicating low stability. However, the zeta potential of PDPs

was +46.7 mV, which is higher than the absolute value

of ±40 mV, indicating high stability. These results demonstrated

that the successful preparation of PDPs-based nanoparticles
with good size dispersion and stability. The cumulative release

of Se-Met from PDPs-Se in different concentrations of H2O2

were examined to monitor the ROS-responsive of PDPs-Se. As

shown in Figure S10, PDPs-Se exhibited a higher release in

10 mM H2O2 solution compared to 1 mM H2O2 solution. This in-

dicates that PDPs-Se could response ROS to release Se-Met.

Biocompatibility of PDPs-Se nanoparticles
Selenium-containing PDPs-Se nanoparticles were synthesized

following the procedure outlined in Figure 2A. To assess the

biocompatibility of the PDPs-Se nanoparticles, CCK8 was used

to detect the cell viability of VSMCs. As shown in Figure S2A,

the cell viability of PDPs-Se with different concentrations did not

exhibit toxicity under 15 mg/mL. Therefore, we selected a concen-

tration of 15 mg/mL for subsequent experiments. Moreover, Fig-

ure 2B showed that exposure to PDPs-Se nanoparticles for 24

h, 48 h, and 72 h did not significantly affect cell viability compared

with the control group. Additionally, flow cytometry analysis did

not reveal differences in cell apoptosis between the PDPs-Se

and control groups, as shown in Figure 2C. These findings sug-

gest that the PDPs-Se nanoparticles are nontoxic to VSMCs.

Furthermore, PDPs-Se nanoparticles were intravenously injected

into mice and continuously monitored for 7 days. The body

weights of the mice did not exhibit any significant changes

compared with the control group (Figure 2D). Additionally, blood

routine analysis did not identify no significant differences in the

red blood cells, white blood cells, platelets, and hemoglobin con-

tent between the PDPs-Se and control groups (Figure 2E). The

levels of ALT, AST, BUN, and CREA showed that PDPs-Se could

not affect the liver and kidney function (Figures S2B–S2E). More-

over, HE staining did not reveal significant pathological alterations

in the heart, liver, spleen, lung, and kidney of mice injected with

PDPs-Se nanoparticles compared to the control group (Figure 2F).

These results indicated that PDPs-Se nanoparticles have excel-

lent biocompatibility.

Inhibition of ROS production and ferroptosis by PDPs-Se
The pathogenesis of AAA is complex, with oxidative stress and

the loss of VSMCs playing a key role in its development.26,27

Growing evidence suggests that ferroptosis is involved in AAA

pathogenesis.28,29 Ferroptosis is an iron-dependent non-

apoptotic cell death characterized by the excessive accumula-

tion of lipid peroxides and reactive oxygen species.30 The occur-

rence of ferroptosis is associated with the levels of FTH1,

SLC7A11, and GPX4, which are key regulators of this pro-

cess.31,32 Specifically, FTH1 is a key regulator of iron storage

andmetabolism during ferroptosis, and affects ferritin deposition

and systemic ironmetabolism33; SLC7A11 is a part of the system

Xc-, which regulates intracellular cysteine levels and thus affects

GSH synthesis and GPX4 activity34; GPX4 is a key molecule in

the mechanism of ferroptosis, which relies on Se for bioac-

tivity.35 Previous studies have shown that the GPX4/GSH

antioxidant systems are weakened in AAA, leading to ROS accu-

mulation and the promotion of ferroptosis.36–38 Additionally, se-

lenomethionine (Se-met) delays the disease progression of oste-

oarthritis by inhibiting ferroptosis in chondrocytes.39,40 These

findings suggest that inhibiting ferroptosis and delivering Se-

Met may be promising therapeutic strategies for AAA.
iScience 28, 111880, March 21, 2025 3



Figure 1. Synthesis and characterization of PDPs and PDPs-Se nanoparticles

(A) Synthesis reaction formula of PDPs-Se.

(B) FTIR spectra of the dendritic polylysine and PDPs.

(C) UV-vis spectra of dendritic polylysine and PDPs.

(D) Photographs of the dendritic polylysine and PDPs dispersed in deionized water.

(E) SEM images of PDPs-Se nanoparticles.

(F) Particle size distribution of PDPs-Se.

(G) Zeta potential of dendritic polylysine and PDPs dispersed in deionized water.
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Angiotensin II (ANG-II) was used to induce VSMCs as an AAA

model. The endocytosis of PDPs-Se nanoparticles by VSMCs

was investigated by immunofluorescence staining. The PDPs-
4 iScience 28, 111880, March 21, 2025
Se were successfully endocytosed into ANG-II-induced

VSMCs (Figure S3A). At the same time, we evaluated the

in vivo targeting of PDPs-Se, Cy7-labeled PDPs-Se were



(legend on next page)
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intravenously injected via tail vein and allowed to circulate for

24 h. The aortas of the mice in vivo and ex vivo were imaged us-

ing the IVIS imaging system to visualize the signal given by the

Cy7-PDPs-Se. As shown in Figure S3B, the region of the mouse

aortas aneurysms showed a high fluorescent signal, indicating

accumulation of the Cy7-PDPs-Se in the aneurysmal tissue.

These results confirmed that PDPs-Se could successfully reach

and accumulate in the aneurysmal tissue. Subsequently, CCK8

and Transwell assays were conducted to observe the effects

of PDPs-Se nanoparticles on cell viability and migration

behavior, and it was found that ANG-II-induced VSMCs cultured

on PDPs-Se group possessed higher cell viability and migration

ability compared with the PDPs group, indicating that the incor-

poration of Se could enhance cell viability and promote cell

migration (Figures S3C and 3A). It was demonstrated that

VSMC could migrate to damaged areas and form new extracel-

lular matrix, thereby enhancing the structural integrity of blood

vessels.41 Consequently, the enhanced migration of VSMCs af-

ter PDPs-Se treatment may be a potential protective mechanism

contributing to the restoration of the vessel wall and the mainte-

nance of vascular stability. The ROS scavenging ability of PDPs-

Se nanoparticles was further evaluated, and found that the

PDPs-Se group significantly inhibited the ROS level in VSMCs

compared to the control group (Figure S4). Meanwhile, flow cy-

tometry results also indicated that PDPs-Se reduced ROS accu-

mulation in ANG-II-induced VSMCs (Figure 3B). Changes in the

SOD, MDA, and GSH levels in ANG-II-induced VSMCs treated

with PDPs-Se nanoparticles were assessed by ELISA. The re-

sults showed that the SOD andGSH levels in the PDPs-Se group

were significantly higher than those in the PDPs group, while the

MDA level was significantly lower, indicating that PDPs-Se could

significantly improved the oxidative stress response in ANG-II-

induced VSMCs (Figure 3C). Notably, we found that the Nrf

2/HO-1 signaling pathway was activated in ANG-II-induced

VSMCs and blocked in VSMCs treated with PDPs-Se. Addition-

ally, PDPs-Se significantly downregulated the expression of Nrf

2 and HO-1(Figures S5A and S5B). Next, the level of ferroptosis

in VSMCs in the different treatment groupswas examined by RT-

qPCR. The results revealed that themRNA levels of GPX4, FTH1,

and SLC7A11 in the PDPs-Se group were significantly higher

than those in the PDPs and ANG-II groups (Figure S6). Further-

more, immunofluorescence detection of GPX4 expression

confirmed that the PDPs-Se group exhibited significantly higher

GPX4 expression compared with the PDPs and ANG-II groups

(Figure 3D). Meanwhile, western blotting analysis indicated

that the protein levels of FTH1 and SLC7A11 in the PDPs-Se

group were significantly increased compared to the ANG-II

and PDPs groups (Figure 3E). These results demonstrated that

the PDPs-Se nanoparticles could significantly inhibit ferroptosis

in VSMCs.
Figure 2. Biocompatibility of the PDPs-Se nanoparticles

(A) Schematic illustration of encapsulation of selenocysteine in Se-containing na

(B) Cell viability of VSMCs was assessed using the CCK8 assay.

(C) Analysis of VSMCs apoptosis by flow cytometry.

(D) Mouse weight measured using an electronic balance.

(E) Detection of blood routine with a blood cell analyzer.

(F) Evaluation of condition of mouse heart, liver, spleen, lung, and kidney through
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Inhibition of inflammation and metabolic imbalance by
PDPs-Se
Ferroptosis is closely associated with the inflammatory re-

sponses, wherein cells undergoing ferroptosis release specific

cytokines to promote inflammation-related reactions.40 Studies

have shown that the inhibition of ferroptosis significantly allevi-

ates conditions, such as non-alcoholic fatty liver disease, neuro-

inflammation, and metabolic inflammation.42,43 In AAA, VSMCs

in the aneurysmal wall accumulate ROS due to ferroptosis, trig-

gering the release of many inflammatory factors, enhanced syn-

thesis of matrix metalloproteinases, and accelerated degrada-

tion of the vascular wall, in addition to promote the progression

of AAA.37 Therefore, the inhibition of ferroptosis may be a crucial

pathway toward alleviating AAA. To investigate whether PDPs-

Se nanoparticles can inhibit the inflammatory response in AAA,

VSMCs were induced in vitro using ANG-II. The results found

that treatment with PDPs-Se nanoparticles significantly downre-

gulated the mRNA levels of TNF-a, IL-6, and IL-1b compared to

the PDPs group and ANG-II group (Figure S7A). Western blot re-

sults also supported these findings (Figure S7B), indicating that

PDPs-Se nanoparticles effectively improved the inflammatory

response in AAA. Moreover, previous studies have found that

an extracellular matrix (ECM) metabolic imbalance in the arterial

wall plays a key role in the progression of AAA.44 Therefore, the

expression levels of MMP2 andMMP9 geneswere evaluated us-

ing RT-qPCR. The results showed that the PDPs-Se group had

significantly lower mRNA levels of MMP2 and MMP9 compared

to the PDPs and ANG-II groups (Figure 4A). Similarly, the protein

levels of MMP2 and MMP9 in the PDPs-Se group were lower

than those in the other groups (Figure 4B), indicating that

PDPs-Se nanoparticles restored the ECM imbalance in the arte-

rial wall.

In the abdominal aorta, VSMCs are mainly located in the

medial layer of the artery and play a crucial role in regulating

vascular tension, blood pressure, and blood flow through their

contraction and dilation abilities. The dysfunction of VSMCs is

a key pathological feature of AAA, and is associated with AAA

expansion and rupture.45 Research has found that impaired con-

tractile ability of smooth muscle cells in patients with AAA, char-

acterized by the downregulation of differentiation markers, such

as the smooth muscle actin and smooth muscle myosin heavy

chain. This indicates a transition from a differentiated contractile

phenotype to a dedifferentiated synthetic phenotype.46 To

further explore the impact of PDPs-Se nanoparticles on the

phenotypic transition of VSMCs, the expression levels of OPN

and a-SMA genes were evaluated by RT-qPCR. The results

showed that the mRNA level of OPN in the PDPs-Se group

was significantly lower than in the other groups, while the oppo-

site is true for a-SMA (Figure 4C). Immunofluorescence also

showed the same results (Figure 4D), indicating that PDPs-Se
noparticles.

HE staining (scale bar: 100 mm). (n = 3).



(legend on next page)
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could promote the transition of VSMCs from the synthetic

phenotype to the contractile phenotype, thereby improving the

progress of AAA.

Inhibition of AAA procession in vivo by PDPs-Se
To evaluate the therapeutic effect of PDPs-Se nanoparticles

in vivo, abdominal aortas from different groups of treated mice

were collected and examined for damage to the abdominal

aortas using HE staining. The results showed that the abdominal

aortic wall thickness and diameter in the PDPs-Se group was

significantly smaller than that in the PDPs andmodel groups (Fig-

ure 5A), with a notable reduction in collagen deposition (Fig-

ure 5B). Moreover, similar results also showed in Victoria blue

staining (Figure S9). The apoptosis levels of VSMCs in the

PDPs and model groups were significantly higher than those in

the sham-operated group. However, this trend is reversed in

PDPs-Se group, where PDPs-Se treatment inhibited VSMCs

apoptosis (Figure 5C). Furthermore, the levels of inflammatory

factors in the mouse serum were analyzed via ELISA. As shown

in Figure S8, the contents of TNF-a, IL-6, and IL-1b in the PDPs-

Se group were significantly lower than those in the PDPs and

model groups. Collectively, these results collectively indicate

that the PDPs-Se nanoparticles exhibited a good therapeutic ef-

fect on AAA in vivo.

Inhibition of ferroptosis in mice of AAA by PDPs-Se
To assess the impact of PDPs-Se nanoparticles on ferroptosis in

AAA, this study assessed the oxidative stress response in mice,

and the expression levels of SOD, MDA, and GSH proteins were

measured by ELISA. Compared with the model group, the SOD

and GSH levels were significantly upregulated, whereas MDA

was notably decreased in the PDPs-Se group (Figure 6A). Addi-

tionally, the mRNA levels of GPX4, FTH1, and SLC7A11 in the

PDPs-Se group were firstly analyzed by RT-qPCR. As shown

in Figure 6B, the expression levels of GPX4, FTH1, and

SLC7A11 genes were significantly higher than those in the

PDPs and model groups. Furthermore, immunofluorescence

staining results revealed that the expression level of GPX4 pro-

tein in the PDPs-Se group was significantly higher compared

to that in the PDPs and model groups (Figure 6C). Additionally,

the protein levels of SLC7A11 and FTH1 (Figure 6D) were notably

elevated. These findings indicate that PDPs-Se could signifi-

cantly inhibit ferroptosis in mice with AAA.

Reversal of phenotypic transformation in AAA mice by
PDPs-Se
MMP2 and MMP9 are important members of the MMP family

and play key roles in extracellular matrix hydrolysis and vascular

wall integrity.47,48 Therefore, the expression levels of MMP2 and

MMP9 genes in the abdominal aorta of mice in different groups
Figure 3. PDPs-Se inhibited ferroptosis in ANG-II-induced VSMCs

(A) The migration ability of the VSMCs was examined by Transwell experiment (s

(B) Flow cytometry was used to evaluate the levels of ROS in VSMCs.

(C) ELISA was used to evaluate the levels of SOD, MDA, and GSH in VSMCs.

(D) Immunofluorescence analysis of GPX4 in VSMCs (scale bar: 200 mm).

(E) Western blotting was conducted to detect the protein levels of FTH1 and SLC7

statistical analysis. **p < 0.01, ***p < 0.001 vs. Control group, #p < 0.05, ##p < 0
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were further analyzed by RT-qPCR. As shown in Figure 7A, the

mRNA levels of MMP2 and MMP9 were significantly higher in

the PDPs-Se group compared with the PDPs and model groups.

The same results obtained bywestern blot (Figure 7B), indicating

that PDPs-Se nanoparticles could significantly improved the ac-

tivity of matrix metalloproteinases and alleviated vascular wall

damage. Notably, VSMCs undergo phenotypic transformation

during aneurysm development, with a shift from a contractile

to a proliferative phenotype.49,50 This transformation leads to a

decrease in contractile smooth muscle cells marked by a-SMA

expression, and an increase in synthetic smooth muscle cells

marked by OPN, thereby increasing the risk of aneurysm

rupture.6 The expression levels of a-SMA and OPN proteins

were further detected by western blot. The results revealed

that the expression level of a-SMA in the PDPs-Se group was

significantly higher than that in the PDPs and model groups,

while opposite is the case for the expression of OPN (Figure 7C).

This indicates that PDPs-Se nanoparticles reversed the pheno-

typic transformation of AAA in vivo.

This study used benzylthiol-modified hyperbranched polyly-

sines to construct amphiphilic molecules responsive to ROS.

These molecules successfully self-assembled with selenome-

thionine to form ROS-responsive PDPs-Se nanoparticles with

good size dispersion and stability. The PDPs-Se nanoparticles

exhibited biocompatibility because they were nontoxic to

VSMCs and did not induce organ pathology upon intravenous

administration in vivo. In-vitro cells experiments showed that

the ROS-responsive PDPs-Se nanoparticles could effectively

suppress ferroptosis, attenuated inflammatory responses, and

facilitate the transition of VSMCs from a synthetic to a contractile

phenotype. Furthermore, in-vivo experiments in mice with AAA

demonstrated that PDPs-Se nanoparticles exerted a good ther-

apeutic effect by inhibiting inflammation, oxidative stress and

ferroptosis, as well as reversing the phenotypic transformation

of VSMCs, suggesting a promising targeted treatment strategy

for AAA.
Limitations of the study
Though the therapeutic effect of PDPs-Se was verified in vitro

and in vivo experiments, their pharmacokinetics is still unclear.

Additionally, while the focus was on oxidative stress and ferrop-

tosis, the deeper mechanisms of the therapeutic effect in AAA

progression were not explored.
RESOURCE AVAILABILITY
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cale bar: 200 mm).

A11 in VSMCs. n = 3, data are represented as mean ± SD. t test was utilized for

.01vs ANG-II+PDPs group.
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Figure 5. Inhibition of AAA procession in vivo by PDPs-Se

(A) Photographs and diameter of abdominal aortas collected from different groups of treated mice.

(B) HE staining of the abdominal aorta (scale bar: 200 mm).

(C) TUNEL staining estimated the apoptosis levels of VSMCs (scale bar: 100 mm). n = 3, data are represented as mean ± SD. t test was utilized for statistical

analysis. **p < 0.01 vs. sham group, ##p < 0.01 vs. Model+PDPs group.
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Materials availability

This study did not generate new unique reagents or cell lines.

Data and code availability

d All data supporting the findings of this study are found within the article

and its supplemental information.

d This article does not report the original code.
Figure 4. Inhibition of metabolic imbalance in ANG-II-induced VSMCs

(A) The mRNA levels of MMP2 and MMP9 in VSMCs detected by RT-qPCR.

(B) Protein levels of MMP2 and MMP9 in VSMCs detected by western blot.

(C) The mRNA levels of OPN and a-SMA in VSMCs detected by RT-qPCR.

(D) Immunofluorescence staining for OPN and a-SMA proteins in VSMCs (scale

statistical analysis. **p < 0.01, ***p < 0.001 vs. Control group, #p < 0.05, ###p <

10 iScience 28, 111880, March 21, 2025
d Any additional information about the data reported in this paper will be

shared by the lead contact upon request.

ACKNOWLEDGMENTS

This work was financially supported by the National Natural Science Foundation

of China (81974081), Natural Science Foundation of China (No. 81900578), the
by PDPs-Se

bar: 200 mm). n = 3, data are represented as mean ± SD. t test was utilized for

0.001vs ANG-II+PDPs group.



(legend on next page)

iScience 28, 111880, March 21, 2025 11

iScience
Article

ll
OPEN ACCESS



Figure 7. Reversal of phenotypic transfor-

mation of AAA mice by PDPs-Se

(A) The mRNA levels of MMP2 and MMP9 in

aneurysm tissues detected by RT-qPCR.

(B) Protein levels of MMP2 andMMP9 in aneurysm

tissue detected by western blot.

(C) The expression levels of OPN and a-SMA in

aneurysm tissues detected by western blot. n = 3,

data are represented as mean ± SD. t test was

utilized for statistical analysis. **p < 0.01,

***p < 0.001 vs. sham group, #p < 0.05, ##p < 0.01

vs. Model+PDPs group.
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18. Gong, G., Méplan, C., Gautrey, H., Hall, J., and Hesketh, J.E. (2012). Dif-

ferential effects of selenium and knock-down of glutathione peroxidases

on TNFa and flagellin inflammatory responses in gut epithelial cells. Genes

Nutr. 7, 167–178. https://doi.org/10.1007/s12263-011-0256-4.

19. Hassanin, K.M.A., Abd El-Kawi, S.H., and Hashem, K.S. (2013). The pro-

spective protective effect of selenium nanoparticles against chromium-

induced oxidative and cellular damage in rat thyroid. Int. J. Nanomed. 8,

1713–1720. https://doi.org/10.2147/ijn.S42736.
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FTH1 Antibody Proteintech Cat # 83428-1-RR; RRID: AB_3671075

SLC7A11 Antibody Proteintech Cat # 26864-1-AP; RRID: AB_2880661

MMP2 Antibody Abcam Cat # Ab86607; RRID: AB_10672798

MMP9 Antibody Abcam Cat # Ab76003; RRID: AB_1310463

OPN Antibody Proteintech Cat # 22952-1-AP; RRID: AB_2783651

a-SMA Antibody Affinity Cat # BF9212; RRID: AB_2839428

Nrf2 Antibody Proteintech Cat # 16396-1-AP; RRID: AB_2782956

HO-1 Antibody Proteintech Cat # 10701-1-AP; RRID: AB_2118685

IL-1b Antibody Cell signaling technology Cat # 31202; RRID: AB_2799001

IL-6 Antibody Abclonal Cat # A0286; RRID: AB_2757098

TNF-a Antibody Abclonal Cat # A0277; RRID: AB_2757090

GAPDH Antibody Proteintech Cat # 60004-1-Ig; RRID: AB_2107436

Chemicals, peptides, and recombinant proteins

(Phenylthio)acetic acid Aladdin Biochemical Technology Cat #P101811

Selenomethionine Aladdin Biochemical Technology Cat #S130045

Experimental models: Cell lines

Vascular smooth muscle cells GuangZhou Jennio Biotech Co.,Ltd. Cat # JNO-M0177

Experimental models: Organisms/strains

C57BL/6Jmice Guangzhou Ruge Biotechnology Co., Ltd. NA

Software and algorithms

GraphPadPrism GraphPadSoftware,LLC V9

Origin OriginLab V2021

Fiji ImageJsoftware ImageJ.org V1.53
EXPERIMENTAL MODEL AND STUDY PARTICIPANT

Cell culture
The VSMCswere purchased fromGuangZhou Jennio BiotechCo.,Ltd. (Guangzhou, China) and cultured in DMEM/F12media (Gibco)

supplemented with 10% FBS, 1% penicillin, and streptomycin.

Animal experiment
Twenty-four 6-week-oldmale C57micewere purchased fromGuangzhou Ruge Biotechnology Co., Ltd., and randomly divided into 4

groups: control, AAA, PDPs and PDPs-Se (n = 6). After anesthesia, a midline incision was made in the abdomen to expose the auxil-

iary arteries. A gauze soaked in a calcium chloride solution was placed on the outer membrane of the abdominal aorta and incubated

for 10 min. The abdominal cavity was then cleaned with PBS and closed. After 4 weeks, the PDPs group and PDPs-Se group were

injected with 100 mL of PDPs and PDPs-Se (15 mg/mL) intravenously, while the control group and AAA groups received the same

amount of normal saline, respectively. The animal experiments were approved by the Animal Ethics Committee of Guangzhou Seyo-

tin Biotechnology Co., Ltd. (SYT2023078).

METHOD DETAILS

Preparation and characterization of dendritic polylysine-ROS -based nanoparticles
Phenylthio-modified dendritic polylysine (PDPs) was prepared as follows: first, 3.65 g of dendritic polylysine (DPs) was dissolved in

100mL of deionized water. Subsequently, 4.2 g of EDC and 2.3 g of NHSwere added to the solution and stirred at room temperature.
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Subsequently, Tri-HCl buffer solution was added dropwise until the pH reached 5.5. Next, 3.36 g of (phenylthio)acetic acid was dis-

solved in 10 mL of ethanol and added to the solution. After 24 h of reaction, the solution was dialyzed in deionized water for over

3 days. Finally, the insoluble oily product was collected and hermetically stored in a vial at �20�C.
Phenylthio-modified dendritic polylysine nanoparticles loaded with selenomethionine (PDPs-Se) nanoparticles were further pre-

pared by mixing 0.3 mg of selenomethionine with 10 mg of PDPs in 1 mL of deionized water. After stirring at 400 rpm for 30 min,

the PDPs-Se nanoparticles were obtained by lyophilization at �80�C for 48 h.

The morphology of PDPs-Se nanoparticles was observed by field emission scanning electron microscopy (FE-SEM). The nano-

particles were collected, treated with gold spraying, and observed using FE-SEM (MERLIN, Carl Zeiss AG, Germany) at a working

distance of 10 mm and an EHT of 10 kV.

The synthesized product and its rawmaterials (dendritic polylysine) were analyzed using a Fourier transform infrared spectrometer

(FTIR, Nicolet iS5N, Thermo Fisher, USA) and H Nuclear Magnetic Resonance Spectra (1H NMR).

The chemical structure of the dendritic polylysine and synthetic product was analyzed by ultraviolet–visible spectroscopy (UV-vis).

The samples were briefly dispersed in deionizedwater at a concentration of 10mg/mL. After being photographed using a digital cam-

era, the samples were transferred to a cuvette and examined using UV-vis (UV-3600i Plus, Shimadzu, Japan). ROS-responsive

release of PDPs-Se were measured in different concentration of H2O2 solution using UV-vis. Additionally, the size distribution and

zeta potential of PDPs-Se were evaluated using dynamic light scattering (DLS, LS Instruments, Switzerland).

CCK-8 assay
The toxicity of PDPs-Se nanoparticles on VSMCs was evaluated using the Cell Counting Kit-8 (CCK-8, Dojindo). The cells were

seeded in a 96-well plate and induced by adding 10 mg/mL ANG-II for 24 h. After further treatment with different PDPs-Se concen-

trations (5, 10, 15, 20, and 25 mg/mL) for 48 h, 10 mL CCK-8 solution (Seyotin, China) was added to each well, and the absorbance at

450 nm was measured using a microplate reader.

RT-qPCR
The total RNA was extracted from freshly frozen aortic tissues using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The ex-

tracted mRNA was reverse-transcribed into cDNA using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, USA).

Subsequently, RT-qPCR was performed in a 20-mL reaction volume using the SYBR Green PCR premix (Seyotin, China), with

GAPDH used as an internal control. The relative expression of genes was calculated using the 2�DDCTmethod. The primer sequences

are listed in Table S2.

Western blot
Following treatment with PDPs-Se for different durations, the total proteins was extracted from the tissues and cells using the RIPA

lysis buffer. The protein concentration was determined using the BCA method. The samples were separated using SDS-PAGE gel

and transferred onto a PVDF membrane. The membrane was blocked with 5% non-fat milk solution, washed with TBS-T 3 times,

and incubated with Anti-GPX4, Anti-MMP2 (Abclonal, China) and Anti-MMP9 (Abclonal, China), followed by HRP-conjugated sec-

ondary antibodies. Finally, the protein signals were detected using the ECL detection reagent (Seyotin, China).

Immunofluorescence staining
After treatment with PDPs-Se for different durations, the cells were fixed in 4%paraformaldehyde for 15min at room temperature and

permeabilized with 0.1% Triton X-100 for 2 min. After washing with PBS 3 times, the cells were blocked in 3% normal serum blocking

solution for 20 min at room temperature, followed by incubation with primary antibodies (1:100 dilution) at 4�C overnight. Subse-

quently, the cells were incubated with the corresponding secondary antibodies (1:200 dilution) for 60 min and DAPI solution for

10 min at 37�C. Finally, the cells were observed using a fluorescence microscope.

ELISA assay
Cellular supernatants were collected from themice, incubated at room temperature for 90min, and centrifuged at 3000 rpm at 4�C for

10 min. The supernatant was collected and stored at�80�C. The expression levels of SOD, MDA, and GSH proteins were measured

using an ELISA kit, following the manufacturer’s instructions.

Flow cytometry
The cells were inoculated into 6-well plates, treated with PDPs-Se for 24 h, washed three times with PBS, and incubated with 500 mL

diluted DCFH-DA at 37�C for 20 min in a cell incubator. The probe was inverted and mixed every 3-5 min to ensure complete contact

with the cells. After incubation, the cells were washed three times with a serum-free cell culture medium to remove any residual

DCFH-DA. Flow cytometry (BD, USA) was used for detection.

Histological and immunofluorescence staining
After 2 weeks, blood was collected and the serum was separated. Then, the abdominal aortic tissues were isolated and fixed in 4%

paraformaldehyde for 48 h. After dehydration, the tissues were embedded in paraffin. Subsequently, the tissues were cut into 4-mm
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thick sections, dehydrated using an ethanol gradient solution. The pathological changes in the tissues were investigated using he-

matoxylin-eosin (HE) staining, TUNEL staining, and Victoria blue staining.

In vivo IVIS imaging
Fluorescent imaging of mice was performed under anesthesia for 24 h after mice ingested Cy7-labeled PDPs-Se using a living small

animal multi-mode imaging system (IVIS spectrum system, PerkinElmer).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using the SPSS software (version 25.0). To compare the two groups, the t-test was used for nor-

mally distributed data. The statistical significance was defined as p < 0.05.
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