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Background: Doxorubicin (DOX) is a first-line chemotherapeutic agent, yet its clinical utility is limited by doxorubicin-induced
cardiotoxicity (DIC), a dose-dependent side effect. Current drug delivery strategies fail to prevent off-target accumulation of DOX in
cardiac tissue, necessitating innovative therapeutic approaches that protect the heart without compromising antitumor efficacy through
targeted cardioprotection.

Methods: We developed a multifunctional self-assembled nanoplatform (PGPP/NPs) via co-assembly of ginsenoside Rbl, probucol
(PB), and a phosphoinositide 3-kinase gamma (PI3Ky) inhibitor (PI), with surface modification using PCM peptide for cardiomyocyte-
targeted delivery. In vitro and in vivo models of DIC were used to evaluate targeting specificity and therapeutic efficacy. Mechanistic
investigations included ROS detection (DCFH-DA assay), inflammatory phenotype analysis (immunohistochemistry for CD68 and
CD206), and autophagy flux assessment (immunofluorescence for LC3-II).

Results: PGPP/NPs demonstrated selective accumulation in cardiomyocytes compared to non-targeted GPP/NPs (p<0.05). This
nanocomposite significantly alleviated DIC through antioxidative, anti-inflammatory, and autophagy-promoting mechanisms.
Notably, it reduced DIC severity while preserving the antitumor efficacy of DOX.

Conclusion: This novel therapeutic strategy shows great promise for mitigating chemotherapy-induced cardiotoxicity and may be
extended to other chemotherapeutic agents with cardiac side effects.
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Introduction

Doxorubicin (DOX), an anthracycline chemotherapy agent, remains the cornerstone in the treatment of hematologic
malignancies and solid tumors, significantly contributing to improvements in the average 5-year cancer survival rate'
However, due to the nonspecific distribution, most DOX accumulates in normal cells and organs, especially in the heart,
which can induce dose-dependent cardiotoxicity and subsequent heart failure.” The pathogenesis of DOX-induced
cardiotoxicity (DIC) is complex, involving multiple cellular and signaling pathways.®”” Extensive studies have revealed
that oxidative stress and inflammation play crucial roles in DIC progression.® '° Notably, recent studies have highlighted
that phosphoinositide 3-kinase gamma (PI3Ky) acts as a vital regulator of tumorigenesis and cardiac function.'' PI3Ky
inhibitors have emerged as promising therapeutic targets for DIC, as they promote autophagy to mitigate DOX-induced
cardiotoxicity while enhancing DOX’s antitumor efficacy. Leveraging the critical roles of oxidative stress and inflamma-
tion in DIC pathogenesis, combined with PI3Ky inhibition as a novel target, we aimed to design a novel cardiac
detoxification strategy.
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With the rapid development of nanobiotechnology and materials science, researchers have explored numerous
methods against DIC.'?"'> However, the major drawbacks of this strategy are the single-function platform design and
the requirement on synthetic nanocarriers for drug delivery. Moreover, some nanoscale detoxification platforms are
designed to competitively bind DOX to alleviate DIC.'® Whereas, these platforms are unable to distinguish between
tumor and normal tissues, potentially compromising the antitumor effect. Therefore, it is imperative to develop
a pleiotropic and convenient therapeutic strategy that alleviates DIC without compromising the antitumor efficacy
of DOX.

In recent decades, accumulating evidence has revealed that certain active compounds of traditional Chinese medicine
(TCM) can self-assemble or co-assemble into nanoparticles (NPs) through non-covalent intermolecular forces, such as
electrostatic forces, hydrogen bonding, hydrophobic interactions.'”° These self-assembled NPs offer promising drug
carriers for drug delivery, as they are composed exclusively of drugs, simplifying preparation methods, enhancing drug
loading capacity, improving biocompatibility, and increasing safety compared to synthetic NPs.>' >* Although this self-
assembly strategy has been widely applied in cancer targeted therapy, its application in alleviating DIC has not been
reported to our knowledge. Ginsenoside Rbl, a major bioactive compound extracted from ginseng, exhibits multiple
pharmacological properties, including antioxidative stress, anti-inflammatory, and anticancer effects.””>>° Additionally,
Ginsenoside Rbl can co-assemble with other drugs to form multifunctional nanoplatforms. Consistently, probucol (PB),
an FDA-approved drugs, is acknowledged for its anti-oxidative and anti-inflammatory effects.>* > It is capable of
synergizing with the Ginsenoside Rbl to alleviate oxidative stress and inflammatory response of DIC.

Herein, we propose a multifunctional and convenient strategy to relieve DIC without compromising antitumor
efficacy. This strategy involves co-assembling Ginsenoside Rb1 with PB and PI3Ky inhibitor (PI) to generate self-
assembled nanoparticles (GPP/NPs). These GPP/NPs are further modified with a cardiomyocyte-targeting peptide (PCM)
to enhance cardiac-specific targeting (termed PGPP/NPs). The developed PGPP/NPs selectively target myocardial tissue,
and alleviate DIC through antioxidative, anti-inflammatory, and autophagy-promoting mechanisms.

Method and Materials

Materials

Ginsenoside Rbl, probucol (PB), PI3Ky inhibitor, and 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-Poly (ethylene
glycol) (DSPE-PEG) were purchased from China National Pharmaceutical Group Corporation (Beijing, China). PCM
(WLSEAGPVVTVRALRGTGSW) was synthesized by Shanghai Bioengineering Co. Dulbecco’s modified Eagle’s
medium (DMEM), Roswell Park Memorial Institute 1640 medium (RPMI 1640), collagenase II, fetal bovine serum
(FBS), penicillin— streptomycin, and trypsin were obtained from Gibco (Carlsbad, CA, USA). 1,19-Dioctadecyl
-3,3,39,39-tetramethylindodicarbocyanine perchlorate (DiD), 1,1’-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine per-
chlorate (Dil), 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO), 4',6-diamidino-2-phenylindole (DAPI), Reactive
Oxygen Species (ROS) assay kit, and a cell counting kit 8 (CCK-8) were purchased from Beyotime Biotechnology
(Shanghai, China). LIVE/DEAD kit was purchased from Thermo Fisher Scientific (Mainland China). 1,1’-Dioctadecyl-
3,3,3',3'-tetramethylindotricarbocyanine iodide (DiR) was purchased from Sigma-Aldrich (Saint Louis, MO, USA). N,
N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and lipopolysaccharide (LPS) was purchased from Solarbio
(Beijing, China).

LC3A/B Antibody (#4108) and rhodamine phalloidin were obtained from Cell Signaling Technology (USA). Mouse
cardiac troponin I (cTnl) and mouse Brain Natriuretic Peptide (BNP) ELISA kits were purchased from Wuhan Colorful
Gene Biological Technology Co. Ltd (Wuhan, China). All chemicals used in this study were of analytical grade and used
as received.

Preparation and Characterization of Self-Assembled GPP/NPs and PGPP/NPs

Nanoprecipitation was employed to prepare self-assembling NPs. Specifically, the mass ratio of GI/PB/PI is 10:20:1. The
mass of DSPE-PEG was 15% of the total mass of all materials. The above materials were dissolved with dimethyl
sulfoxide (DMSO), then thoroughly mixed together under sonication. The mixture was quickly and dropwise added to
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4 mL ultrapure water to obtain GPP/NPs solutions. Subsequently, the GPP/NPs solutions were transferred to a dialysis
bag (MWCO = 3500 Da) for 12 h to remove DMSO. Finally, the GPP/NPs solutions were collected and stored at 4 °C for
later use. Consistently, PGPP/NPs solutions were prepared following the identical method and the mass ratio of GI/PB/
PI/PCM is 10:20:1:3. Dil or DiD-labeled GPP/NPs and PGPP/NPs were prepared by adding free Dil (50 uM) or DiD
(50 uM) and stirring for 30 min.

The morphology of GPP/NPs and PGPP/NPs were observed by transmission electron microscopy (TEM) at 100 kV
(JEM-1200EX, Japan). The particle size and Zeta potentials of GPP/NPs and PGPP/NPs were measured by dynamic light
scattering (DLS; Malvern Instruments Ltd., UK). The encapsulation efficiency (EE) of PI3Ky inhibitor in the PGPP/NPs
was obtained at 341 nm by the ultraviolet spectrophotometer(UVS) (UV1700, Milford, USA). PBS solution (PH 7.4)
containing 30% absolute ethanol and 2% Tween-80 was selected as the release medium. The in vitro drug release profile
of PGPP/NPs was assessed using a dialysis method (MWCO = 3500 Da). Briefly, PGPP/NPs solutions (2 mg/mL) were
loaded into dialysis bags and immersed in 30 mL of release medium (pH 7.4 PBS), then incubated at 37°C with
continuous shaking at 100 rpm. At predetermined time intervals (0, 2, 4, 8, 10 h), 1 mL of the release medium was
withdrawn and replaced with an equal volume of fresh pre-warmed medium to maintain sink conditions. The concentra-
tion of the released PI3Ky inhibitor was quantified by UV-Vis spectroscopy (UV1700, Milford, USA) at 320 nm.

Cell Culture

The isolation and culture of primary cardiomyocytes from mouse followed previously reported protocols.’® Briefly,
primary mouse cardiomyocytes were obtained from neonatal mice (days 0-2), digested with 0.2% collagenase II,
neutralized with twice the volume of serum, and filtered with a 100 uM screen. Then, these cells were routinely cultured
in Dulbecco’s modified Eagle's medium (DMEM) supplemented with 20% foetal bovine serum(FBS), penicillin (100 U/
mL), and streptomycin (100 pg/mL) at 37 °C with 5% CO2 in a humidified cell incubator. Furthermore, HIC2 cells (rat
cardiomyocytes) and 4T1 cells (mouse breast cancer cells) were purchased from the American Type Culture Collection
(ATCC). They were respectively cultured in DMEM and Roswell Park Memorial Institute (RPMI) 1640 medium
supplemented with 10% FBS and 2% penicillin—streptomycin. The cells were incubated at 37 °C with 5% CO2 and
95% air.

Hemolytic Test of GPP/NPs and PGPP/NPs

The blood was collected from the abdominal aorta of Sprague-Dawley rats and placed in tubes containing EDTA
anticoagulant. The collected blood was centrifuged and then the red blood cells (RBCs) were washed with saline for five
times. RBCs were then diluted to 2% (v/v) hematocrit with saline to prepare RBCs suspensions for subsequent usage.
Saline was selected as negative control and distilled water as positive control, in addition, GPP/NPs (1 mg/mL) and
PGPP/NPs (1 mg/mL) solutions as experimental groups. In the assay, 1 mL of GPP/NPs, PGPP/NPs, saline, and distilled
water respectively added to 20 pL of RBCs suspensions, the mixtures were incubated at 37 °C for 60 min. After the
mixtures were centrifuged, the absorbance value of the supernatants was determined by ultraviolet spectrophotometer.

Hemolysis (%) = (As-Ab)/(Ac-Ab) ¥100%>'

(Ab is the absorbance value of the negative control, Ac the absorbance value of positive control, and as the
absorbance value of experimental groups).

Biocompatible Evaluation of PGPP/NPs in H9C2 Cells in vitro

The viability of HIC2 cells was measured using a Cell Counting Kit-8 (CCK-8) assay. HOC2 cells were seeded in a 96-
well plate (5 x 10* cells/well) and incubated until approximately 80% confluence. Followed the incubation, PGPP/NPs
solutions with various concentrations were add to each well for 24 h. After removal of the original medium, the CCK-8
agents were added to each well and cultured for 2 h. Finally, the absorbance was measured at a wavelength of 490 nm.
All concentrations were performed in sextuplicate. Besides, to determine IC50 value, HOC2 cells were seeded and grown
in 96-well plates. After culture medium removal, the fresh mediums in a fixed 100 pL. volume containing various
concentrations of DOX were added and incubated for 24 h. Afterwards, HOC2 cells were subjected to CCK-8 assay. IC50
values were calculated by a nonlinear regression equation.
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Cellular Uptake of GPP/NPs and PGPP/NPs in vitro

HOC2 cells (1x10° cells/well) were seeded in 6-well plates and cultured for 24 h. DiO-labelled GPP/NPs and PGPP/NPs
solutions (25 pg/mL, nanoparticle weight) were added to the 6-well plates to investigate the intracellular fluorescence
intensity at the 2 h and 4 h time point. The intracellular fluorescence intensity was positively correlated with the targeting
ability. Simultaneously, the cytoskeleton of HI9C2 cells was labelled by rhodamine phalloidin and the cell nucleus
labelled by DAPI. The results were observed by confocal laser microscopy (TCS SP8, Leica, Germany) and analyzed by
flow cytometry (Cytoflex, Beckman, CA, USA).

Vitro Detoxification Tests of PGPP/NPs
To evaluate the cardioprotective capacity of PGPP/NPs against DIC, a CCK-8 test was used to determine cell viability. In
a 96-well plate, H9C2 cells were seeded at a density of 5x10° cells per well. After the cell confluence reached 80-90%,
the different concentrations of PGPP/NPs were added to the cell plate for 4 h. All concentrations were performed in
sextuplicate. Then, the medium was discarded and 200 pL of fresh medium containing IC50 dosages of DOX were added
into each well, followed by 24 h of incubation. Subsequently, HOC2 cells were subjected to CCK-8 assay.
Furthermore, LIVE/DEAD kit and Reactive Oxygen Species (ROS) Assay Kit were used to investigate the detox-
ification effect against DIC. HOC2 cells (1x10° cells well) were seeded into 6-well plates and incubated overnight. Then,
GPP/NPs (25 pg/mL), PGPP/NPs (25 pg/mL), and PBS solutions were added for 4 h of incubation. Thereafter, DOX at
IC50 dosages were added into each well and incubated for another 24 h. The cells were stained for 30 min with the
LIVE/DEAD kit and ROS kit. Finally, the excess dye was washed 3 times with PBS, and the samples were imaged by
fluorescence microscope. In addition, flow cytometry was used to quantify the fluorescence intensity of intracellular
ROS. Finally, primary cardiomyocytes were incubated and intervened in the same manner as above. LC3-1I (LC3A/B
Antibody) was selected as the primary antibody for cellular immunofluorescence staining to investigate cardiac
autophagy. Observation and quantitative analysis were performed by confocal laser microscopy.

Animal Model Construction
The animal protocols were authorized by the Committee on the Ethics of Animal Experiments of Chongqging Medical
University (Permit Number: IJACUC-CQMU-2023-10,037). BALB/c mice (6—8 weeks old, 16-18 g, female) were
obtained from Chongqing Medical University, China. To determine the maximal tolerance dosage (MTD) of DOX,
eighteen BALB/c mice were equally divided into six groups and injected with different DOX doses including 40, 30, 20,
15, 10, 0 mg/kg. Then, the survival rates and body weights of all mice were monitored daily for 15 consecutive days. The
MTD of DOX was defined as the dose of DOX that resulted in significantly weight loss while still maintaining 100%
survival.

4T1 cells were incubated to approximately 80% confluence and collected. Female BALB/c mice were inoculated with
1x10° 4T1 cells by subcutaneous injection. At the tumor volume reached roughly 70-80 mm?>, the mice were randomly
divided into five groups (n=5). The groups concluded the control group, the DOX group, the GPP/NPs + DOX group, the
PGPP/NPs + DOX group, and the unassembled drug + DOX group. The unassembled drug represented a simple mixture
of GI, PB, and PI3Ky inhibitor and did not form nanoparticles by self-assembled. Each group received intraperitoneal
injection of DOX at a dose of 2 mg/kg each time. The above treatments were repeated every 3 days, and tumor volume
were measured with a caliper.

In vivo Blood Circulation and Biodistribution of GPP/NPs and PGPP/NPs

DiR-labeled GPP/NPs and PGPP/NPs were injected intravenously into mice bearing 4T1 tumors at a dose of 25 mg/kg.
At 0 min, 1 min, 6 h, 12 h, 24 h, 36 h, 48 h, and 72 h after administration, 30 pL of whole blood was collected and added
into 96-well plates containing 70 pL of water per well. The DiR fluorescence intensities were measured by multi-
functional microplate reader (Tecan Infinite 200Pro, Austria, Switzerland) at an excitation/emission of 745/778 nm. Each
time point contained three mice. Besides, to investigate the biodistribution, 25 mg/kg of DiR-labeled GPP/NPs or PGPP/
NPs were intravenously injected into the 4T1 tumors bearing mice. The control group was injected with the same volume
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of saline. Major organs (heart, liver, and tumor) of tumor-bearing mice were collected at 24 h after injection. Ex vivo
fluorescence imaging was performed using a fluorescence system (CRi Inc., Woburn, MA, USA), and the fluorescence
intensities were calculated. Each group contained five mice.

In vivo Therapeutic Efficacy of PGPP/NPs

In order to verify the cardiac detoxification effect of DOX at its MTD, BALB/c mice were respectively intrave-
nously preinjected with 25 mg/kg of GPP/NPs, PGPP/NPs, and unassembled drug, followed 4 h later by 15 mg/kg of
DOX. Mice were treated with single DOX (15 mg/kg) or PBS respectively as a positive or negative control. On
the day after the twenty-one treatment, in vivo cardiac function was assessed by transthoracic echocardiography in
sedated mice using a Vevo 550 System (Fujifilm Visualsonics Inc). M-mode imaging was performed on the short-
axis view of the left ventricle when heart rate fluctuated between 400 bpm and 500 bpm. Ejection fraction (EF),
fractional shortening (FS), stroke volume (SV), cardiac output (CO), and heart rate (HR) were determined
separately. Afterwards, blood samples and vital organ samples (heart and liver) were collected from all mice for
next detection. Serum was collected after centrifugation of fresh blood and detected by mouse cardiac troponin
I (¢Tnl) and mouse Brain Natriuretic Peptide BNP) ELISA kits. Cardiac tissues were removed for H&E, TUNEL,
Sirius red, and immunohistochemistry (IHC) staining. Histochemistry score (H-Score) was used to represent
semiquantitative results of tissue staining for each slice. H-Score = Y (pi X 1)= (percentage of weak intensity X 1)
+ (percentage of moderate intensityx 2) + (percentage of strong intensity x 3).>° To study the cardiac autophagic flux
in vivo, autophagic marker LC3-II was selected as the primary antibody and fluorescein (FITC)-labeled antibody as
the secondary antibody. After washing with PBS, the sections were stained with DAPI and then imaged by
fluorescence microscopy.

Statistical Analysis

All data were analyzed using Prism software (GraphPad software Inc) and presented as mean + SD. Statistical
significance was determined by unpaired two-tailed #-test between two groups and one way analysis of variance
(ANOVA) between multiple groups. P<0.05 was considered statistically significant.

Results

Characterization of GPP/NPs and PGPP/NPs

A graphical abstract shows the fabrication route of GPP/NPs and PGPP/NPs (Figure 1). GPP/NPs and PGPP/NPs were
fabricated via a nanoprecipitation method, leveraging n-m stacking and hydrophobic interactions to self-assemble
hydrophobic drugs (ginsenoside Rbl, PB, and PI3Ky inhibitor) into a carrier-free core, with DSPE-PEG conjugated to
the surface via PCM peptide for cardiomyocyte targeting. TEM imaging confirmed homogeneous spherical morphology
(Figure 2A). DLS analysis revealed uniform particle sizes (111.43 + 1.48 nm for GPP/NPs; 109.87 £ 0.95 nm for PGPP/
NPs) with narrow polydispersity indices (0.11 £ 0.01 and 0.14 + 0.01, respectively) and stable zeta potentials (—25.5 +
1.81 mV for GPP/NPs; —30.23 + 0.32 mV for PGPP/NPs) (Figure 2B). Dimensional stability assays demonstrated that
PGPP/NPs maintained uniform size and stability in DMEM (10% FBS), PBS, or pure water for up to 7 days (Figure 2C).
UV spectroscopy confirmed the characteristic absorption peak of the PI3Ky inhibitor at 341 nm, and a standard curve was
generated (Supplementary Figure S1). The EE of the PI3Ky inhibitor in PGPP/NPs reached 72.55%. Drug release assays
showed controlled release in physiological environments, ensuring efficient drug delivery to target regions (Figure 2D).

CCK-8 assays revealed cytotoxicity only at concentrations >100 pg/mL (Figure 2E), and in vitro hemolysis assays
demonstrated significantly lower hemolysis rates for GPP/NPs and PGPP/NPs compared to the positive control
(Figure 2F). Fluorescent labeling consistency between GPP/NPs and PGPP/NPs using equivalent fluorescent agents
was confirmed via supplementary experiments (Supplementary Figure S2). Biocompatibility was validated by normal

hematological parameters and H&E staining of key organs (Supplementary Figure S3). Collectively, these results indicate

successful preparation of GPP/NPs and PGPP/NPs with favorable size, stability, cytocompatibility, and targeting
potential.
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In vitro Cellular Uptake in H9C2 Cells

The PCM peptide (WLSEAGPVVTVRALRGTGSW), a cardiomyocyte-targeting peptide, was identified by in vivo
phage display technology.*® PCM-modified NPs can enhance the uptake of cardiomyocytes and improve the targeting of
the heart. The cellular uptake of PCM-modified particles by H9C2 cells was evaluated in vitro. Flow cytometry (FCM)
and confocal laser scanning microscopy (CLSM) both confirmed that the PGPP/NPs group exhibited stronger intracel-
lular fluorescence than the GPP/NPs group, implying that the PCM modification enhanced the targeting effect of
cardiomyocytes. Moreover, the intracellular uptake was time-dependent (Figure 3A—C). In addition, the cellular uptake
of particles increased with the rising PGPP/NPs concentrations, indicating a concentration-dependent characteristic
(Figure 3D-F).

In vitro Therapeutic Efficacy of PGPP/NPs

Then, we assessed the capacity of PGPP/NPs to attenuate Dox-induced cytotoxicity. Initially, the 50% inhibitory
concentration (IC50) of DOX in H9C2 cells was confirmed, which was 1.58 puM (Supplementary Figure S4).

Inflammatory marker (IL-6, TNF-a) results indicated successful construction of DOX-induced H9C2 inflammatory
cells (Supplementary Figure S5). As shown in the CLSM image of Figure 4A, DOX (IC50) induced H9C2 cells to
produce a large amount of ROS, which was manifested as strong green fluorescence. The green fluorescence intensity
was significantly reduced after pretreatment with PGPP/NPs, which confirmed the anti-oxidative effects of PGPP/NPs.
Consistently, FCM results also verified above conclusion (Figure 4B). LIVE/DEAD cell-staining exhibited H9C2 cells
apoptosis caused by DOX (IC50), with red fluorescence represented dead cells and green fluorescence represented live

cells. Pretreatment with PGPP/NPs significantly inhibited DOX-induced apoptosis in cells (Figure 4C). Furthermore, as
shown in Figure 4D, HIC2 cells experienced approximately a 50% loss in viability under the IC50 concentration of DOX
alone. Pretreatment with PGPP/NPs at concentrations below the safe limit (100 pg/mL) gradually restored cell viability,
with near complete recovery observed at a concentration of 50 pg/mL.

In this study, it was observed that PI3Ky inhibitor-loaded PGPP/NPs could enhance autophagy in primary cardio-
myocytes (Figure 4E and F). In addition, we evaluated the anti-inflammatory effect of PGPP/NPs in vitro by FCS. The
results showed a higher expression of CD206 (M2 marker) and a lower expression of CD86 (M1 marker) in the PGPP/
NPs + LPS group compared to the LPS group (Figure 4G-J). These results implied that PGPP/NPs effectively reduced
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in H9C2 cells after treating with PBS, DOX, GPP + DOX, PGPP + DOX, and PI + GI + PB + DOX (n = 3). Scale bars, 100 um. (C) LIVE-DEAD cell-staining of H9C2 cells
after treating with PBS, DOX, DOX + GPP/NPs, and DOX + PGPP/NPs (Green: Live,Red: Dead). Scale bars, 100 um. (D) Cell viabilities of H9C2 incubated with Dox at

IC50 value after preincubation with increasing concentrations of PGPP/NPs (n = 6). (E) CLSM images and (F) fluorescence quantification of LC3 expression in primary
cardiomyocytes after treating with PBS, DOX, DOX + GPP/NPs, and DOX + PGPP/NPs (n = 3). Scale bars, 10 um. Flow cytometry results of the expression of (G and H)
CD86 and (I and J) CD206 in RAW 264.7 cells after treating with PBS, LPS, PGPP/NPs, and LPS + PGPP/NPs (n = 3). Data are presented as the mean * SD. *p < 0.05; **p <
0.01; **p < 0.001; ***¥p < 0.0001.

intracellular ROS levels, promoted autophagy of cardiomyocytes, and ameliorated inflammation by inhibiting M1(CD86)
while favoring M2(CD206) polarization of macrophages.®’

The Biodistribution and Blood Circulation of GPP/NPs and PGPP/NPs in vivo

To investigate the biodistribution and blood circulation of NPs in vivo, 4T1 tumors bearing mice were injected with GPP/
NPs or PGPP/NPs via the caudal vein, and then the major organs (heart, liver, and tumor) were removed for ex vivo
fluorescence imaging. GPP/NPs or PGPP/NPs were gathered distinctly in the liver or heart regions 24 h post-
administration (Figure SA-D). Most notably, the cardiac fluorescence intensity was higher in the PGPP/NPs group
compared to the GPP/NPs group (Figure SE). These results demonstrated that after PCM modification, PGPP/NPs
significantly improved the targeting of cardiomyocytes in vivo. As shown in Figure 5F, the trend of long blood
circulation was generally consistent between GPP/NPs and PGPP/NPs groups. The blood fluorescence signal increased
from the time of administration and began to decline after 6 h. These data indicated that PGPP/NPs could efficiently

accumulate in the heart and be internalized by target cardiomyocytes.
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Figure 5 The blood circulation and biodistribution of GPP/NPs and PGPP/NPs in vivo. (A and B) Ex vivo fluorescence imaging and quantitative analysis of fluorescent
intensity of heart after injection of GPP/NPs or PGPP/NPs for 24 h (n = 5). (C and D) Ex vivo fluorescence imaging and quantitative analysis of fluorescent intensity of liver
after injection of GPP/NPs or PGPP/NPs for 24 h (n = 5). (E) CLSM images showing the distribution of DiO-labeled GPP/NPs and PGPP/NPs. (F) Relative serum signal of
GPP/NPs and PGPP/NPs intravenously administered (n = 3). Data are presented as the mean + SD. *p < 0.05; ****p < 0.000/.

In vivo Therapeutic Efficacy of PGPP/NPs

Firstly, we determined the maximal tolerated dosage (MTD) of DOX for BALB/c mice. During treatment with various
DOX doses, mice in high-dose groups (20, 30, 40 mg/kg) died sequentially, while the mice in low-dose groups (15,
10 mg/kg) did not die. In addition, complete survival and significant body weight loss were observed simultaneously only
at a concentration of 15 mg/kg (Supplementary Figure S6). Hence, 15 mg/kg was determined to be the MTD of DOX for
BALB/c mice. Subsequently, we evaluated these four biomarkers (AST, ALT, LDH, and CK-MB) in mice, and the results
confirmed the successful construction of the mouse cardiac injury model (Supplementary Figure S7).

Transthoracic echocardiography was performed after 21 days of treatment. Echocardiographic assessment revealed
that DOX induced significant left ventricular systolic dysfunction (Figure 6A). Quantitative analysis of left ventricular
ejection fraction (LV-EF) (Figure 6B) and left ventricular fraction shortening (LV-FS) (Figure 6C) further revealed heart
dysfunction in the 4T1 tumors bearing mice receiving DOX intervention. Significantly, PGPP/NPs treatment restored the
LV-EF and LV-FS indicators to normal. Mice administered with the free drug or GPP/NPs showed no significant
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Figure 6 PGPP/NPs detoxification of Dox in vivo. (A) Representative M-mode echocardiographic images 21 days after treating with PBS, DOX, GPP + DOX, PGPP + DOX,
and Pl + Gl + PB + DOX. (B) Left ventricular ejection fraction (LVEF) and (C) fractional shortening (FS) 21 days after treating as in (A) (n = 3). The content of (D) cTnl and
(E) BNP in serum 21| days after treating as in (A) (n = 3). (F and G) Representative images of H&E staining and quantification of cardiomyocyte area treated as in (A) (n = 3).
Scale bars, 20 um. (H and I) Representative images of TUNEL staining and quantification of TUNEL-positive nuclei per field in whole hearts treated as in (A) (n = 3). Scale
bars, 50 um. (J and K) Representative images of PicroSirius Red staining and relative quantification of collagen deposition in heart sections treated as in (A) (n = 3). Scale
bars, 100 um. Data are presented as the mean + SD. *p < 0.05; **p < 0.0/; ***p < 0.00/; ****p < 0.0001.

differences compared to control. Subsequently, serum markers of myocardial injury were measured. Blood samples were
collected from different groups to detect the content of Cardiac troponin I (¢Tnl) (Figure 6D) and brain natriuretic
peptide (BNP) (Figure 6E) in serum. The results showed significantly elevated levels of ¢Tnl and BNP in the DOX group
compared to control. Treatment with PGPP/NPs significantly prevented the rise in ¢Tnl and BNP levels in serum.

It was worth mentioning that, cardiomyocyte size, apoptosis, and cardiac fibrosis were three key hallmarks of DOX-
induced cardiotoxicity.”® H&E staining revealed that PGPP/NPs maintained normal cardiomyocyte size after DOX
injection (Figure 6F and G). Besides, TUNEL staining results indicated that PGPP/NPs could extensively alleviate
myocardial apoptosis, and thus attenuating DIC (Figure 6H-I). Furthermore, Sirius red staining showed a remarkable
increase of cardiac fibrosis in the DOX group, which was prevented by PGPP/NPs (Figure 6] and K).

To further validate our findings, we performed cardiac ROS detection in mice. After harvesting the hearts, they were
stained with DHE, and ROS fluorescence intensity and distribution were visualized (Figure 7A). Additionally, flow
cytometry was used to quantify intracellular ROS levels (Figure 7B). The results revealed that PGPP/NPs treatment
significantly reduced cardiac ROS production compared to controls. These results were complemented by assessments of
inflammatory and autophagic markers. Immunohistochemistry revealed higher CD206 and lower CD86 expression in
PGPP/NP-treated hearts, indicating reduced inflammation via M1-to-M2 macrophage polarization (Figure 7C-E).
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Figure 7 PGPPNPs alleviate oxidative stress, promote M2 macrophage polarization, and enhance cardiac autophagy. (A) Immunofluorescence staining images and (B) Flow
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presented as the mean * SD. *p < 0.05; **p < 0.01; ***p < 0.00/; ****p < 0.0001.

Autophagic activity, assessed by LC3-1I immunofluorescence, was enhanced in PGPP/NP-treated hearts (Figure 7F and G),
consistent with PI3Ky inhibitor-mediated autophagy promotion.

Effect of PGPP/NPs on the Anticancer Activity of DOX

We further investigated tumor growth during the treatment period. In the in vivo experiments, tumor volume was
significantly reduced following DOX administration. Importantly, the therapeutic efficacy of DOX was not diminished by
the addition of PGPP/NPs (Supplementary Figure S8). Although there was no significant difference in tumor volume
among the DOX, GPP/NPs + DOX, and PGPP/NPs + DOX groups, mice in the PGPP/NPs + DOX group had the
smallest tumor volume. Overall, PGPP/NPs effectively reduce DIC while maintaining, and even enhancing, the tumor-

killing efficacy of DOX, thereby demonstrating a synergistic effect against tumor progression.

Discussion

The development of effective strategies to mitigate doxorubicin-induced cardiotoxicity (DIC) while preserving the
antitumor efficacy of doxorubicin (DOX) remains a critical challenge in oncology, as DIC often limits treatment duration
and dosage, ultimately compromising patient outcomes. Our study introduces PGPP/NPs, a multifunctional nanoparticle
system engineered with cardiomyocyte-targeting capability and loaded with a PI3Ky inhibitor, to address this unmet
need. Below, we contextualize our findings within the broader literature, explore their mechanistic underpinnings, and
discuss their implications for clinical translation, while also addressing limitations and future directions.

The carrier-free core design of GPP/NPs and PGPP/NPs, driven by m-n stacking and hydrophobic interactions,
represents a departure from traditional nanoparticle systems that rely on polymer or lipid carriers. This approach
minimizes potential off-target effects by avoiding carrier-related toxicity and simplifies formulation complexity, as it
eliminates the need for synthetic polymers or lipids that may induce immune responses or interfere with drug bioactivity.
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The use of DSPE-PEG as a minimal excipient for surface conjugation of the PCM peptide further enhances biocompat-
ibility; PEGylation is well-documented to reduce macrophage clearance via the “stealth” effect, prolonging nanoparticle
circulation time and improving target tissue accumulation. This design choice aligns with emerging trends in nanome-
dicine, where simplicity and biocompatibility are prioritized to enhance therapeutic index.

Central to the success of PGPP/NPs is their precise cardiomyocyte targeting, mediated by the PCM peptide identified
via in vivo phage display. Flow cytometry and confocal microscopy confirmed that PCM modification significantly
increased intracellular fluorescence in H9C2 cells compared to non-targeted GPP/NPs, with uptake kinetics showing
time- and concentration-dependence. This specificity is pivotal for DIC treatment, as precise delivery of therapeutic
agents to cardiac tissue minimizes systemic exposure and reduces off-target toxicity. In vivo biodistribution studies using
4T1 tumor-bearing mice corroborated this targeting effect: PGPP/NPs accumulated preferentially in the heart (versus
liver for GPP/NPs), aligning with clinical needs for cardiac-specific drug delivery. Notably, the circulation profile of
PGPP/NPs—maintaining fluorescence intensity similar to GPP/NPs—indicates that PCM modification does not com-
promise nanoparticle stability or circulation time, a common concern with ligand-conjugated nanoparticles. This balance
between targeting efficiency and circulation stability is critical, as premature clearance would reduce cardiac accumula-
tion, while excessive circulation could increase off-target effects.

The in vitro experiments revealed that PGPP/NPs mitigate DOX-induced cytotoxicity through three interrelated
mechanisms: antioxidative stress, anti-inflammatory modulation, and autophagy promotion. At the cellular level, ROS
overproduction is a central driver of DOX-induced cardiomyocyte damage, disrupting mitochondrial function and
inducing oxidative stress. PGPP/NPs significantly reduced ROS levels in HOC2 cells, as evidenced by decreased green
fluorescence in CLSM and flow cytometry assays. This aligns with prior studies demonstrating that nanoparticle-based
antioxidant delivery can scavenge ROS and protect cardiac cells. By encapsulating ginsenoside Rbl—a natural
antioxidant—as part of the carrier, PGPP/NPs likely synergize with the PI3Ky inhibitor to enhance redox balance,
though the exact contribution of Rbl requires further investigation.

Chronic inflammation exacerbates DIC by promoting cardiomyocyte apoptosis and fibrosis. PGPP/NPs modulated
macrophage polarization toward an M2 phenotype (CD206"/CD86"), a key anti-inflammatory state. This shift is critical,
as M1 macrophages (CD86") secrete pro-inflammatory cytokines (eg, TNF-a, IL-6) that amplify tissue damage, while
M2 macrophages secrete reparative factors (eg, IL-10) that support healing. Our findings extend previous reports linking
nanoparticle-mediated M2 polarization to cardiac repair, suggesting PGPP/NPs create a pro-healing microenvironment in
the heart. This anti-inflammatory effect likely complements the antioxidative mechanism, as reducing inflammation can
further lower oxidative stress by dampening pro-inflammatory signaling cascades.

Dysregulated autophagy is another hallmark of DIC, with excessive or insufficient autophagic flux contributing to
cardiomyocyte death. The PI3Ky inhibitor loaded in PGPP/NPs enhanced autophagic flux, as indicated by increased
LC3-II expression (implied by immunofluorescence). LC3-II is a marker of autophagosome formation, and its upregula-
tion suggests enhanced degradation of damaged organelles (eg, mitochondria) and misfolded proteins. By promoting
autophagic clearance, PGPP/NPs likely prevent the accumulation of toxic cellular components, thereby reducing
apoptosis. This multi-faceted approach—targeting ROS, inflammation, and autophagy—reflects a systems-level strategy
to protect cardiac tissue, which is often more effective than single-target therapies.

The in vivo results further validate PGPP/NPs as a promising DIC therapeutic. Transthoracic echocardiography
revealed that PGPP/NPs restored left ventricular ejection fraction (LV-EF) and fractional shortening (LV-FS) to near-
normal levels in DOX-treated mice, indicating improved cardiac contractility. These functional improvements correlate
with reduced serum levels of cardiac troponin I (cTnl) and brain natriuretic peptide (BNP)—biomarkers of myocardial
injury and heart failure, respectively. Histological analyses (H&E, TUNEL, Sirius red staining) provided structural
evidence of protection: PGPP/NPs preserved cardiomyocyte size, reduced apoptotic nuclei, and limited collagen
deposition, all of which are critical for maintaining cardiac architecture and function.

Notably, PGPP/NPs did not compromise DOX’s antitumor efficacy. Tumor volume in the PGPP/NPs + DOX
group was comparable to (or slightly smaller than) the DOX-only group, suggesting that the nanoparticle carrier
does not interfere with DOX’s ability to kill cancer cells. This is a critical observation, as many cardioprotective
agents (eg, dexrazoxane) are limited by dose-dependent cardiotoxicity or reduced chemotherapeutic efficacy. The
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lack of antagonism may arise from the spatial separation of free DOX (systemically distributed) and PGPP/NPs
(cardiac-targeted), or from differential pharmacokinetics that prevent competitive binding at tumor or cardiac
targets. This finding addresses a major barrier in developing dual-purpose therapeutics for cancer and cardiac
protection.

Despite these promising results, several limitations warrant discussion. First, while we confirmed the EE of the
PI3Ky inhibitor, the loading efficiency of ginsenoside Rb1 (a carrier component) was not measured. Although Rb1’s
role as a structural stabilizer was validated indirectly through nanoparticle characterization, its potential contribution
to cardioprotection (eg, via anti-inflammatory or cytoprotective effects) remains to be elucidated. Future studies
should quantify Rb1 EE and explore its biological activity in vitro and in vivo, as this could optimize formulation
design by adjusting Rbl loading to enhance efficacy. Second, our in vivo studies focused on a 4T1 breast cancer
model, which may not fully recapitulate DIC pathophysiology in other cancer types (eg, lung or liver cancer) or in
patients with comorbidities. Validation in additional models (eg, human xenografts or genetically engineered mouse
models) would strengthen the translational relevance of our findings. For example, testing PGPP/NPs in a lung cancer
model could reveal whether the targeting mechanism generalizes to other tissues, while studying aged or diabetic mice
might uncover interactions between DIC and comorbid conditions. Third, while LC3-II upregulation indicates
enhanced autophagic flux, we did not directly visualize autophagosomes or assess autophagic degradation (eg, via
p62 Western blotting or electron microscopy). Additional studies using these methods would confirm the role of
autophagy in PGPP/NP-mediated cardioprotection. For instance, electron microscopy could reveal the number and
morphology of autophagosomes, while p62 degradation assays would confirm the completion of the autophagic
process (ie, lysosomal degradation of autophagosomes). Finally, clinical translation considerations include nanopar-
ticle scalability, long-term toxicity, and immunogenicity. While DSPE-PEG is generally well-tolerated, prolonged
circulation may increase the risk of anti-PEG immune responses, which can reduce nanoparticle efficacy over time.
Further preclinical studies evaluating these parameters—such as repeated dosing studies to assess cumulative toxicity
and immune reactions—are necessary to advance PGPP/NPs toward clinical application. Additionally, optimizing the
manufacturing process to ensure reproducibility and scalability will be critical for translating this research from the
bench to the bedside.

In summary, our study demonstrates that PGPP/NPs, a cardiomyocyte-targeted nanoparticle system loaded with
a PI3Ky inhibitor, effectively mitigate DIC through antioxidative, anti-inflammatory, and autophagy-promoting mechan-
isms while preserving DOX’s antitumor activity. These findings provide a compelling rationale for further preclinical
development of PGPP/NPs as a dual-purpose nanotherapeutic for cancer therapy and cardiac protection. By addressing
key challenges in DIC management—including off-target toxicity and chemotherapeutic efficacy preservation—this
work bridges the gap between nanotechnology and precision oncology, offering a promising platform for future
therapeutic innovation.

Conclusion

Despite the indispensable role of doxorubicin (DOX) in cancer therapy, its clinical application is severely limited by
dose-dependent cardiotoxicity, particularly diastolic dysfunction (DIC). Here, we report a multifunctional self-
assembling nanoparticle platform (PGPP/NPs) engineered through a co-assembly strategy to simultaneously mitigate
DIC and preserve antitumor efficacy. By incorporating ginsenoside Rb1, probucol, and a PI3Ky inhibitor, PGPP/NPs
synergistically scavenged reactive oxygen species, activated autophagy, and suppressed apoptosis in DOX-exposed
cardiomyocytes, while PCM-functionalization enhanced myocardial-specific delivery. In 4T1 tumor-bearing mice,
PGPP/NPs demonstrated cardiac accumulation and dual therapeutic benefits: serum troponin I levels decreased and
left ventricular ejection fraction was preserved, confirming cardioprotection. Notably, tumor growth inhibition rates
promote, demonstrating maintained antitumor efficacy. This pharmacological synergy, coupled with tumor-targeted
delivery via macrophage polarization, positions PGPP/NPs as a first-in-class platform to address DOX-induced cardio-
toxicity. While further validation in large-animal models is required, our findings provide a translational framework for
safer DOX-based chemotherapy.
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