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AI-guided design of self-assembled flavonoid-
cisplatin nanoparticles enhances triple-negative
breast cancer therapy via three cell-death
pathways
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Triple-negative breast cancer (TNBC) remains challenging to treat because of its aggressiveness and poor

response to chemotherapy. Although cisplatin is clinically used for TNBC, its therapeutic window is

narrow due to severe systemic toxicity and rapid development of drug resistance, underscoring the need

for new strategies. To address this, we developed LMCDPS, a molecular language-model platform that

learns the structural grammar of natural compounds, predicts their compatibility for co-assembly with cis-

platin, and uniquely traces active small molecules back to their botanical origins. Using LMCDPS, we

identified persimmon leaf-derived flavonoids as optimal cisplatin partners and confirmed their ability to

spontaneously form stable, excipient-free nanoparticles (PLF-Cis NPs) via π–π interaction and hydrogen

bonding. These nanoparticles eliminate synthetic carriers, reduce impurities in crude extracts, and sub-

stantially enhance tumor delivery, achieving an 11.3-fold increase in intracellular platinum accumulation.

PLF-Cis NPs exert potent anti-TNBC activity by coordinating cisplatin-induced apoptosis, flavonoid-

mediated ferroptosis, and immunogenic cell death, thereby promoting dendritic-cell maturation and

robust CD8+ T-cell infiltration. In an orthotopic 4T1 model, they achieved a 71.5% reduction in tumor

growth. This study establishes a language-model-driven framework for designing natural product-based,

excipient-free nanomedicines, offering a scalable path to enhance chemotherapy while mitigating sys-

temic toxicity.

Introduction

Triple-negative breast cancer (TNBC), characterized by the
absence of estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor receptor 2 (HER2)
expression, is unresponsive to endocrine therapy and HER2-
targeted treatments. These features contribute to its highly
aggressive behavior, increased likelihood of recurrence, and

poor clinical prognosis.1 Chemotherapy remains the corner-
stone of systemic treatment for TNBC patients.2 Among che-
motherapeutic agents, cisplatin—a classical DNA-damaging
drug—has demonstrated substantial efficacy.3–5 However, its
therapeutic performance is severely limited by two major chal-
lenges: (1) the immunosuppressive tumor microenvironment
(TME) and low drug uptake efficiency, resulting in suboptimal
responses to monotherapy; (2) the development of severe sys-
temic toxicity and drug resistance, hindering its long-term
application.6,7 These limitations urgently call for synergistic
strategies capable of enhancing cisplatin sensitivity while redu-
cing adverse effects.

Nanodrug delivery systems (NDDS) offer a promising
approach to overcome these limitations of cisplatin.8–11

Beyond synthetic nanocarriers like liposomes and polymer
micelles, the self-assembly of natural bioactive compounds
with therapeutic agents into nano formulations has garnered
considerable interest in recent years.12,13 This approach is
favored for its excellent biocompatibility and straightforward
preparation methods.14–18 For example, epigallocatechin
gallate (EGCG) can coordinate with cisplatin to form stable
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nanoparticles, thereby significantly improving tumor targeting
and therapeutic efficacy.19 However, screening vast natural
product libraries to identify effective cisplatin synergists is
highly challenging. Therefore, utilizing artificial intelligence
presents an attractive strategy.

Artificial intelligence (AI), particularly machine learning
(ML) approaches, has been widely applied across biomedical
research, and has become a powerful tool for high-throughput
screening and rational molecular design in drug discovery.20,21

In nanomedicine, AI has already been applied to essential
tasks including the characterization of drug delivery processes
and prediction of nanodrug targeting efficiency.22,23 Molecular
language models further extend these capabilities by encoding
structural and chemical features into high-dimensional rep-
resentations, enabling rapid prediction of synergistic activity,
self-assembly potential, and drug-like properties.23 Compared
with traditional machine-learning methods, they provide faster
and more generalizable exploration across vast natural-product
chemical spaces. Despite these advantages, relying on an AI-
identified single compound may not fully capture the thera-
peutic potential of natural extracts. Experimental attempts to
reconstruct extracts by mixing their major constituents at
native ratios frequently fail to reproduce the full biological
efficacy.24 This suggests that synergistic interactions among
multiple components contribute significantly to the superior
activity of whole plant extracts.25,26 Current AI tools virtually
none support tracing an active single molecule back to its
botanical origin. Such traceability would greatly facilitate
reconstructing multi-component natural extracts and identify-
ing plant sources enriched in key pharmacophores—an essen-
tial step toward bridging single-molecule predictions with the
holistic properties of natural medicines.

To address these limitations, we developed a molecular
language model-based computational platform, LMCDPS. This
platform encodes 2D/3D molecular structures into unified
tokens, enabling the simultaneous assessment of both the
self-assembly potential with cisplatin and the synergistic
bioactivity of natural compounds. Notably, LMCDPS intro-
duces a reverse traceability module capable of identifying the
natural sources of predicted synergists, thereby establishing a
“function-oriented, source-traceable” development pipeline.
Our research strategy follows a rational progression from
reductionism to holism: initially, constrained by self-assembly
feasibility, key pharmacophores, and mechanistic foundations,
LMCDPS identified flavonoids with high synergistic potential
for cisplatin. As a valuable source of flavonoids, persimmon
leaves were top-ranked in our traceability model. Persimmon
leaves (Diospyros kaki L.) have a long history of use in tra-
ditional Chinese medicine for clinical treatment of cancer and
stroke-related syndromes.27,28 Thereafter, molecular dynamics
simulations investigated their multi-component co-assembly
into more stable nanostructures, mimicking the complex be-
havior of natural extracts. Leveraging this prediction, we suc-
cessfully prepared self-assembled persimmon leaf flavonoid/
cisplatin nanoparticles (PLF-Cis NPs), whose combined flavo-
noid multimodal activity and nanoparticle-mediated tumor

accumulation hold substantial promise for improving TNBC
treatment outcomes.

Materials and methods
Reagents and instruments

Persimmon (Diospyros kaki L.) leaves are derived from fresh
persimmon leaves in Anhui Province. Grade LC acetonitrile
and formic acid were provided by Fisher Scientific and the
ultrapure water was bought from Watsons. CQ, Fer-1, Nec-1,
v-ZAD-fmk, and Methyl thiazolyl tetrazolium (MTT) were
acquired from Aladdin Reagent (Shanghai, China). Dimethyl
sulfoxide (DMSO) and 2′,7′-dichlorofluorescein diacetate
(DCFH-DA) were obtained from Sigma-Aldrich and Fisher
(USA). PBS (KGB5001), DMEM medium (KGM31800), 0.25%
trypsin-EDTA digestive fluid (KGY0012) were purchased from
KeyGEN BioTECH (Jiangsu, China). PBST (P1031), 4% polyfor-
maldehyde (P1110), 5% BSA blocking solution (SW3015) were
purchased from Solarbio (Beijing, China). Anti-fluorescence
quenching sequester (P0126), DAPI (C1006), reactive oxygen
species detection kit (S0033M), and mouse adenosine tripho-
sphate (ATP) ELISA kit (S0026) were purchased from Beyotime
(Jiangsu, China). Rabbit monoclonal [EPR3507] to HMGB1
(ab79823), Alexa fluor®488 rabbit monoclonal [EPR3924] to
Calreticulin-ER marker (ab196158) were obtained from Abcam
(English). Anti-CD11c-FITC (561045), anti-CD80-APC (560016),
anti-CD86-PE (561963), anti-CD45-prep5.5 (561047), anti-CD8a-
BV510 (563068), anti-CD3-BV421 (562600), anti-CD4-RB780
(568694) antibodies were purchased from BD Biosciences. 4T1
(mouse breast carcinoma cells), 4T1-Luc (mouse breast carci-
noma cells transduction with luciferase gene) were purchased
from KeyGEN BioTECH. The experimental animal BALB/c
female mice were bought from Beijing Vital River Laboratory
Animal Technology Co., Ltd.

Architecture and workflow of the LMCDPS platform

To systematically discover multi-component natural products
that synergize with chemotherapeutic agents, we developed
the LMCDPS platform, whose core innovation lies in its
“Function-oriented Reverse Sourcing” capability. LMCDPS
integrates dual-task molecular evaluation with a reverse
mapping module that links predicted active molecules to their
corresponding natural product sources based on structural
and database-level associations. This design enables source-
level prioritization of candidate compounds for experimental
validation. Interpretability derives from function-source
linkage, and scalability from unified representations enabling
efficient large-scale screening without architectural changes.

As shown in Fig. 1, its workflow is logically divided into
four layers:

Layer 4: knowledge base layer
This layer serves as the data foundation, integrating mul-

tiple large-scale public databases (DRUGBANK and TCMBANK)
and literature to construct a comprehensive multi-dimensional
knowledge base containing 2D/3D structural information,
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natural sources, and reported biological activities of thousands
of natural compounds. All botanical source annotations in the
knowledge base are supported by published phytochemical
experimental studies.

Layer 3: AI prediction layer
This is the intelligent core of the platform. We deployed a

Transformer-based molecular language model trained for
dual-task prediction: (a) evaluating the self-assembly potential
between natural compounds and cisplatin, outputting a “Self-
Assembly Score”; (b) assessing the potential for synergistic
bioactivity (e.g., inducing ferroptosis, immunogenic cell death)
in specific disease models like TNBC, outputting a “Synergistic
Activity Score”.

Layer 2: source traceability layer
This key innovation module enables “reverse development”.

It receives the list of high-scoring candidate molecules from
the AI prediction layer and performs reverse queries against
the knowledge base. Using an enrichment analysis algorithm,
it identifies which natural raw materials are highly enriched
with these functionally ideal candidate molecules, generating
a prioritized “Potential Natural Source List”. Notably, this tra-
ceability step is based on compound-source annotations from
curated databases and is used to quickly narrow down poten-
tial natural sources rather than to experimentally verify com-
pound origins.

Layer 1: rational selection layer
This final decision-making layer introduces real-world

constraints. It comprehensively evaluates the “Potential
Natural Source List” using pharmacological safety data from
the knowledge base, combined with external criteria such as
availability, extraction cost, and existing research foundation,
ultimately recommending the most promising candidate raw
material.

Core technical modules

The Language Model-based Combination Drug Prediction
System (LMCDPS) core is built upon the Token-Mol paradigm
and shares the same core code framework with our previously
reported related studies.22 The model has been previously
benchmarked against conventional methods and demon-
strated robust performance. In this study, LMCDPS is applied
to prioritize candidate combinations for experimental vali-
dation based on the learned representations.

Input encoding and model architecture

LMCDPS establishes a multi-input, condition-aware predictive
framework through the unified encoding of candidate ligands,
cisplatin, and biological context such as pathway-protein
associations. Each input is tokenized to represent both two-
dimensional molecular structures (e.g. SMILES strings) and
three-dimensional conformational features, including torsion
angles, interatomic distances, and bond angles.

Inspired by the multimodal embedding strategies of Token-
Mol, our approach integrates geometric descriptors with mole-
cular semantics into a discrete sequence of embedded tokens,
effectively capturing both structural and functional infor-
mation. This representation can be formally expressed as:

T ligand ¼ tokenizeMolðS2D;G3DÞ
Pathway-protein contextual information is incorporated in

the form of “pathway context”, and is processed via a dedi-
cated Protein Encoder module to capture pathway and target-
specific features, formally defined as:

Tligand ¼ tokenizeMolðS2D;G3DÞEpathway
¼ encoderProtðPseq;pathwayIDÞ

Fig. 1 LMCDPS Platform: centered on a function-oriented reverse traceability strategy for natural medicine raw materials, leveraging a transformer-
based framework that integrates pathway-protein language modeling and ligand token encoding for combination prediction.
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All input representations are first processed through linear
projection layers followed by LayerNorm normalization, before
being integrated into the core Transformer architecture.

Pretraining and conditional attention mechanism

The core of LMCDPS is implemented using an N-layer
Transformer decoder architecture, consistent with the Token-
Mol framework. It adopts an autoregressive modeling strategy,
incorporating causal masking to emulate the sequential nature
of token generation. The training objective is to maximize the
likelihood of accurately predicting the next token in the
sequence, formally expressed as:

LLM ¼ �
XT

t¼1

log Pðxtjx,t;CÞ

Here, C denotes the conditional inputs, encompassing both
the molecular structure of cisplatin and the pathway context,
while xt represents the t-th output token in the sequence.

Multi-objective prediction and scoring mechanism

For each cisplatin–candidate compound pair, the model gener-
ates a sequence of output tokens, which is subsequently pro-
cessed by a post hoc module to extract predicted scores across
multiple biological endpoints—including breast cancer rele-
vance, apoptotic activation, and immune response. Target-
specific scoring is achieved via a multi-head linear projection
layer, defined as:

si ¼ MLPiðHÞ; i ¼ 1;…;K

Here, H represents the hidden states produced by the
Transformer, and K denotes the number of biological target
dimensions—such as breast cancer-specific targets and drug
assembly potential. Each score s∈[0, 1] reflects the model’s
confidence with respect to the corresponding objective.

Preparation of PLF-Cis NPs

PLF and cisplatin were separately dissolved in DMSO at a
feeding mass ratio of 10 : 1. PLF (1.8 mg mL−1) was mixed with
cisplatin at 1 : 1 (v/v) and then added dropwise to water at 1 : 5
(v/v). Nanoparticles were then subjected to ultrasonication
(power: 400 W, duration: 10 min, temperature: 25 °C) to facili-
tate dispersion and accelerate the self-assembly process. After
formation, the suspension was purified using 30 kDa ultrafil-
tration centrifugation. For biological experiments, the nano-
particle suspension was sterilized by filtration through a
0.22 μm sterile membrane to eliminate potential microbial
contamination. The encapsulation efficiency and drug loading
capacity of PLF were determined by ultraviolet-visible (UV-Vis)
spectrophotometry at the characteristic absorption band of fla-
vonoids using a PLF-equivalent reference standard, while
those of cisplatin were measured using ICP-MS.

Intracellular GSH or MDA level detection

4T1 cells were seeded and incubated in 6-well plates at a
density of 1 × 105 cells per well for 24 h, followed by treatment

with cisplatin, PLF and PLF-Cis NPs, respectively. Cells were
harvested, and the intracellular GSH or MDA content was
assessed using a reduced GSH or MDA assay kit. The final
content of intracellular GSH was expressed as nanomoles of
GSH per 106 cells.

Intracellular lipid peroxides (LPO) levels level assay

Intracellular lipid peroxides were detected via C11-BODIPY581/

591 following manufacturers’ instructions: 4T1 cells were
seeded and incubated in confocal cell culture dishes for 24 h,
followed by treatment with PBS, cisplatin and PLF-Cis NPs for
an additional 24 h. Olympus fluorescence microscope and
flow cytometer (BD LSR Fortessa Cell Analyzer) was used to
detect the fluorescence.

ICD induction in vitro

4T1 cells were exposed to the indicated concentrations of the
test compound in confocal dishes for a duration of 24 h.
Following this incubation period, the cells were fixed using
methanol, permeabilized with 0.1% Triton X-100, and blocked
with goat serum at room temperature for 0.5 h. Subsequently,
the cells were incubated with primary antibody overnight at
4 °C, followed by incubation with a secondary antibody at
room temperature for 1 h in a dark environment. DAPI was
employed for staining the cell nuclei, and the cells were then
imaged using a Carl Zeiss STED confocal fluorescence
microscope.

Furthermore, the secretion of HMGB1 and ATP was evalu-
ated by treating 4T1 cells in a similar manner. ATP release was
measured at a sub-IC50 concentration of 2 μM, under which
cell viability remained relatively high, ensuring that the
observed extracellular ATP primarily reflects regulated immu-
nogenic cell death (ICD) rather than non-specific cell lysis.
Upon incubation, the supernatant was collected and analyzed
using ELISA kit protocols.

Single-cell mass cytometry (Cy-TOF)

Fresh tumor tissues were prepared into single-cell suspensions
using type IV collagenase and DNase. Live cells were isolated
and fixed with FIX I (Fluidigm, CA, USA) solution for 15 min.
The cells were stained with antibodies to surface markers with
metal markers for 30 min, then infiltrated with Perm-S
(Fluidigm, CA, USA), and stained with antibodies to intracellu-
lar markers and washed three times. After treating with
iridium-containing DNA intermediates (191 Ir/193 Ir, final con-
centration 125 nM) in FIX and Perm (Fluidigm, CA, USA) solu-
tions at room temperature for 1 h, they were re-suspended in
10% EQ 4 element calibration beads (Fluidigm, CA, USA) solu-
tion and then detected on Helios flow mass spectrometry
(Fluidigm, CA, USA). Data were analyzed using the gating strat-
egy detailed in Fig. S12.

In vivo antitumor immunity

Female BALB/c mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. All animal experi-
ments were executed according to the protocols approved by
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the institutional animal care and use committee of Capital
Medical University; the ethics number is AEEI-2024-341. The
animals received humane care.

1 × 106 4T1-luc tumor cells per mouse were injected into
the third breast pad of BALB/c mice. When the size of the
tumor reached 75–100 mm3, all animals were randomly
assigned to different groups (8 mice per group) using a
random number table, and allocation concealment was
applied during grouping and treatment to avoid selection bias.
Sample size was determined based on comparable literature
reports, preliminary experiments, and the 3R guidelines for
animal research. The groups were intravenously injected with
normal saline; cisplatin (1 mg kg−1); cisplatin (2 mg kg−1);
PLF-Cis NPs-high (1 mg kg−1); PLF-Cis NPs-medium (0.4 mg
kg−1); PLF-Cis NPs-low (0.1 mg kg−1) every two days, respect-
ively. Normal saline was used as a negative control, while free
cisplatin served as a clinically relevant reference. This dosing
schedule was chosen to balance the pharmacological charac-
teristics of cisplatin-based nanoparticles with the rapid pro-
gression of the 4T1 orthotopic breast tumor model, and is con-
sistent with previously reported treatment regimens in similar
4T1 studies.29,30 The formula used to calculate tumor volume
was (1/2 × length × width × width), where the length was deter-
mined by the long axis diameter and the width was deter-
mined by the short axis diameter. In addition, all outcome
assessments, including body weight monitoring, tumor
volume measurement, and histological evaluation, were per-
formed in a blinded manner by investigators who were
unaware of the group assignments. After the mice were sacri-
ficed on the 22th day, the tumor tissue and major organs were
harvested and weighed, and then frozen in liquid nitrogen or
fixed in formalin for further use. For histopathological analysis
and immunohistochemistry, the major organs and tumors
were fixed with 4% paraformaldehyde, and subsequently de-
hydrated and embedded in paraffin. After dewaxing and rehy-
drating, 2 µm-thick sections were prepared and treated with
hematoxylin and eosin (H&E) for routine examination. In
terms of immunohistochemistry analysis, 4 μm-thick sections
were prepared, and then blocked and permeabilized in 2%
BSA and 0.2% Triton X-100 in PBS at 25 °C for 20 min. The
staining was conducted using the indicated combination of
primary antibodies at 4 °C overnight, followed by treatment
with secondary antibody (Alexa Fluor®568) for 1 h and DAPI
for 5 min away from light. The sections were imaged by a
section scanner (Pannoramic MIDI, 3DHISTECH, Hungary)
and analysis by Image J. Serum ALT, AST, UREA, CREA-S were
measured with the corresponding kits by an automatic bio-
chemical analyzer (BS-600, mindray). Complete blood counts
were analyzed by an automatic blood cell analyzer
(URIT-5160Vet, mindray).

The tumor-bearing mice were intraperitoneally injected with
0.1 mL of D-luciferin potassium salt (10 mg mL−1) at the 1st
day and 15th day of administration. The mice were anesthe-
tized with isoflurane 10 min after injection, then the fluo-
rescence signals were obtained by the IVIS spectral system, and
the data were processed and analyzed using Living Image 4.4.

To examine the immune response, tumors were obtained
from the tumor-bearing mice and prepared into a single-cell
suspension. The cells were then labeled with anti-CD11c-FITC,
anti-CD80-APC, anti-CD86-PE, anti-CD45-prep5.5, anti-CD8a-
BV510, anti-CD3-BV421, anti-CD4-RB780 antibodies, and ana-
lyzed by flow cytometry.

Statistical analysis

All experiments were performed with at least three indepen-
dent biological replicates unless otherwise stated. Key findings
were further validated in independent experiments to ensure
reproducibility. Data are expressed as mean ± standard devi-
ation (SD). Statistical analysis was performed using GraphPad
Prism 8.0.

Normality test and homogeneity of variance test were per-
formed before one-way ANOVA. Differences among multiple
groups were evaluated by one-way ANOVA followed by Tukey’s
post hoc test. * Indicates p < 0.05, ** indicates p < 0.01 and ***
indicates p < 0.001 were considered statistically significant.

Results
LMCDPS validation and screening output

The core architecture of the LMCDPS platform, which inte-
grates both 2D/3D molecular features and biological context
for combination therapy prediction, is depicted in Fig. 1. This
framework enabled efficient screening of candidate com-
pounds from curated databases such as DrugBank and
TCMBank (Fig. 2a), providing a robust foundation for the sub-
sequent identification of synergistic partners for cisplatin. The
platform’s effectiveness was validated by defining the thera-
peutic goal: identifying a multi-component natural extract
capable of self-assembling with cisplatin into a carrier-free
nanodrug and synergistically enhancing its efficacy against
TNBC.

(i) Functional definition & AI virtual screening: the AI pre-
diction layer screened the vast compound library. Results indi-
cated that molecules excelling in both “Self-Assembly Score”
and “Synergistic Activity Score” predominantly shared a flavo-
noid backbone. The multi-objective prediction scores for
different natural products combined with cisplatin across key
targets (breast cancer, apoptosis, immune regulation, drug
assembly) are presented in Fig. 2b. Among the top 12 com-
pounds selected from the 70 000-compound library, 5 were
flavonoids.

(ii) Reverse traceability & source enrichment analysis: the
source traceability layer, operating on the high-scoring flavo-
noid list, identified several plants containing these com-
pounds. Persimmon leaves (Diospyros kaki L.) showed signifi-
cant enrichment advantages in both the variety and relative
content of the target active ingredients (Fig. 2c).

(iii) Rational decision & final source determination: the
rational selection layer evaluated the traceability results.
Considering the wide availability, low cost, mature extraction
techniques, and established safety profile of persimmon
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leaves, the platform conclusively designated persimmon leaf
as the optimal natural source for subsequent experimental
studies.

Extraction and purification of persimmon leaf flavonoids (PLF)

Based on the aforementioned screening results and a compre-
hensive consideration of raw material availability, extraction
cost, and established pharmacological safety data, persimmon
leaves were selected as the multi-component flavonoid source
for subsequent investigation. As illustrated in Fig. 3a, standar-
dized PLF were obtained through ultrasound-assisted extrac-
tion followed by macroporous resin purification.

Phytochemical characterization revealed the identification
of 35 flavonoid and polyphenol compounds from PLF (Fig. 3b,
c and Tables S1, S2). Quantitative analysis of 11 common flavo-
noids showed that the top 5 most abundant compounds were
highly consistent with the flavonoids receiving the highest pre-
diction scores from the LMCDPS model, with a combined
content of 208.7 µg mL−1 (Fig. 3c). This result strongly vali-
dates the feasibility of our proposed research strategy, which
traces potential active components back to their botanical
source (persimmon leaves) through flavonoid profiling.

Furthermore, the 1H-NMR spectrum of PLF confirmed the
presence of characteristic signals corresponding to the flavo-

noid skeleton (Fig. S2). Based on the simulations and scoring
of self-assembly behavior between the five flavonoids and cis-
platin conducted on the LMCDPS-MD platform (Fig. 3d and e),
the results indicated that the multi-component combination
achieved the highest score (Fig. 3f). Therefore, we ultimately
selected this multi-component system for the preparation of
nanodrugs.

Self-assembly of PLF-Cis NPs

Different feeding mass ratios of PLF to cisplatin were screened,
and a ratio of 10 : 1 was identified as yielding the optimal
synergistic effect. This ratio was therefore adopted for the
preparation of PLF-Cis NPs (Fig S3). The encapsulation
efficiency and drug loading of PLF and cisplatin in PLF-Cis
NPs were determined using an ultrafiltration–centrifugation
method. At the feeding ratio of 10 : 1, the encapsulation
efficiencies of cisplatin and relative incorporation of PLF were
78% and 83%, respectively, indicating favorable co-assembly
behavior and efficient co-encapsulation. Based on the total dry
weight of the nanoparticles, the drug loading of cisplatin and
relative PLF content were 8.96% and 74.9%, respectively.

TEM micrographs demonstrated that PLF exhibited uni-
formly fine morphology (<100 nm), while cisplatin formed
spherical aggregates approximately 300 nm in diameter. When

Fig. 2 Architecture of the LMCDPS molecular language model for synergistic drug combination screening and function-oriented reverse sourcing.
(a) Screening pipeline for identifying potential drug candidates from natural product databases (e.g., TCMBank). (b) Multi-objective prediction scores
of natural products (e.g., astragalin) combined with cisplatin across key targets including breast cancer, apoptosis, immune response, and drug
assembly. (c) Source traceability results.
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Fig. 3 Preparation and characterization of self-assembled nanoparticles. (a) Schematic of the self-assembly process. (b) LC-MS/MS chromatogram
and mass spectrum of PLF. (c) Structures of the five most abundant PLF compounds. (d) Molecular dynamics simulation interface configured for
studying flavonoid–cisplatin interactions. (e) Representative 3D flavonoid conformations before and after simulation. (f ) Predicted synergy of multi-
flavonoid combinations with cisplatin (A: Isoquercetin; B: Astragalin; C: 2’’-Galloylhyperin; D: Hyperoside; E: Catechin). (g) TEM image of nano-
particles. Scale bar = 100 nm or 0.5 μm. (h–l) Nanoparticle Stability over 60 h. (m–o) Demonstration of PLF-Cis NPs Interaction Prediction. (p) FT-IR
spectra of cisplatin, PLF and PLF-Cis NPs. Data are shown as mean ± SD. Artworks created with FigDraw.
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cisplatin was assembled with either multi-component PLFs or
single-component astragalin, irregular aggregates were pro-
duced. In contrast, multi-component PLF and cisplatin co-
assembled into well-defined spherical nanoparticles (PLF-Cis
NPs, 116.8 ± 35.5 nm), with fine PLF particles observed to be
self-assembled and attached to their surface (Fig. 3g). Dynamic
light scattering (DLS) revealed that cisplatin in aqueous solu-
tion displayed a particle size distribution centered at
∼1000 nm (Fig. 3h), which is larger than the size observed by
TEM. This difference arises from the distinct measurement
principles of the two techniques: TEM reflects the dry-state
core size, whereas DLS measures the hydrodynamic diameter
in solution. Moreover, the free cisplatin dispersion exhibited a
relatively high polydispersity index (PDI), indicating aggrega-
tion in aqueous environments that further increases the appar-
ent particle size detected by DLS (Fig. 3i).

Zeta potential measurements demonstrated that the aqueous
solution of cisplatin had a positive surface charge (+13.5 ±
5.3 mV), whereas the PLFs had a negative surface charge (−17.3
± 2.9 mV). Upon electrostatic self-assembly into composite nano-
particles, the surface potential significantly decreased to −20.4 ±
3.6 mV (Fig. 3j), suggesting that initial electrostatic attraction
drives primary aggregation, which is subsequently stabilized by
cooperative hydrogen bonding and π–π stacking interactions
within the multi-component PLF system, enabling the formation
of stable nanoparticles that cannot be achieved by single flavo-
noid components alone. Consistent with the TEM observations,
the small particles attached to cisplatin surfaces are likely
formed through electrostatic adsorption between oppositely
charged components. Notably, PLF-Cis NPs exhibited no signifi-
cant changes in particle size or PDI during a 60 h monitoring
period in both aqueous solution and DMEM medium contain-
ing 10% FBS (Fig. 3k, l and Fig. S4), indicating good colloidal
stability of the nanocomposite system.

Interaction of PLF-Cis NPs

To explore the self-assembly mechanism of cis-PLF NPs, we
used the LMCDPS-MD module for prediction and the FT-IR for
verification. Computational interaction predictions utilizing
the LMCDPS platform (Fig. 3m) reveal that the assembly of
PLF-Cis NPs is primarily mediated by hydrogen bonding
forces. Extended analysis indicates that intermolecular hydro-
gen bonding and π–π stacking interactions within PLF con-
stituents may cooperatively facilitate the self-assembly mecha-
nism integrating cisplatin with PLFs (Fig. 3n–o).

In the infrared (IR) spectrum of cisplatin, the vibrational
modes of the N–H bonds exhibited distinct features: stretching
vibration absorption peaks are observed at 3279 cm−1 and
3202 cm−1, whereas bending vibration absorption peaks
appeared at 1539 cm−1 and 1289 cm−1, which is consistent
with the vibrational characteristics of the ammonia ligands
(NH3) in cisplatin. The IR spectrum of the PLFs displayed a
broad and intense absorption band near 3314 cm−1, attributed
to the stretching vibration of its associated hydroxyl groups
(–O–H). When the two components self-assembled into a
complex (PLF-Cis NPs), significant changes were observed in

the IR spectrum. The –O–H stretching vibration peak of the
PLFs shifted from 3314 cm−1 to 3245 cm−1 and had a narrower
peak shape, indicating disruption of the hydroxyl association
and weakened intramolecular hydrogen bonding. The –C–O
stretching vibration peak of the secondary alcohol in the sugar
moiety of the PLFs rather than the phenolic hydroxyl groups
(Fig. 3p). In addition, two-dimensional nuclear Overhauser
effect spectroscopy (2D-NOESY NMR, Fig. S5) was further per-
formed to verify the intermolecular interactions. Obvious
cross-peaks were observed between the NH3 protons of cispla-
tin and the hydroxyl protons of the sugar moieties in PLFs,
with a spatial distance of 3.5–5 Å, which is typical for inter-
molecular hydrogen bonding. Combined with FT-IR and mole-
cular dynamics simulation results, these data confirm that cis-
platin and PLFs form stable self-assembled nanoparticles
mainly through hydrogen bonding between the NH3 ligand of
cisplatin and the sugar hydroxyl groups of PLFs, rather than
phenolic hydroxyl groups.

Cell cytoxicity

PLF exhibited no cytotoxicity toward cancer cells (Fig. S6). We
further evaluated the cytotoxic effects of PLFs, astragalin, and
their combinations with cisplatin. The results revealed that
single-component astragalin antagonized cisplatin’s cytotoxic
activity. The combination of five-component PLFs with cispla-
tin failed to demonstrate synergistic effects. In contrast, the
self-assembled nanodrug PLF-Cis NPs significantly enhanced
the tumoricidal activity of cisplatin in a synergistic manner
(Fig. 4b and c). Notably, PLF-Cis NPs exhibited stronger cyto-
toxicity than the physical mixture of PLF and cisplatin at equi-
valent Pt concentrations, further supporting the advantage of
nanoparticle assembly (Table S4). Using the Bliss indepen-
dence model, we obtained ΔE > 0, confirming the synergistic
interaction. Further functional characterization showed that
PLF-Cis NPs substantially inhibited the colony-forming
capacity of tumor cells (Fig. 4d), which may be attributed to
enhanced cellular internalization of the nanoparticles.

Cellular uptake

To further investigate the synergistic antitumor mechanism of
PLF-Cis NPs, we utilized ICP-MS to quantify platinum uptake,
comparing the nanoparticles with free cisplatin. As shown in
Fig. 4e, cells treated with PLF-Cis NPs exhibited an 11.3-fold
higher platinum content than those in the free cisplatin
group, indicating enhanced cellular accumulation. As pre-
viously mentioned, PLF-Cis NPs may form a more stable self-
assembled nano-solution with a smaller diameter, which may
facilitate the enhanced cellular uptake of the drug.
Pretreatment with endocytosis inhibitors did not reduce
PLF-Cis NPs uptake (Fig. S7), suggesting that cellular entry is
largely independent of classical pathways and primarily
mediated by the nanoparticles themselves.

Anti-migratory activity

The anti-metastatic activity of the nanodrug was further evalu-
ated using a wound healing assay. As shown in Fig. 4f and g,
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compared to the control and cisplatin groups, both PLF and
PLF-Cis NPs significantly reduced the wound closure rate of
4T1 cells after 24 hours of treatment. This indicates that
PLF-Cis NPs effectively retain the anti-metastatic activity of
PLF while maintaining the cytotoxic activity of cisplatin.

Proteomic analysis reveals key pathways linked to DNA
damage, cell cycle arrest and apoptosis

To decode the molecular pathways triggered by enhanced cis-
platin internalization, we performed quantitative proteomic

analysis of 4T1 cells treated with PLF-Cis NPs versus control.
Gene set enrichment analysis revealed significant upregulation
of key pathways including apoptosis (WP1254), DNA damage
response (WP4596), and G1-to-S cell cycle control (WP413)
(Fig. 5a), providing a mechanistic framework for our sub-
sequent targeted validation.

DNA damage and cell cycle

Consistent with proteomic enrichment of cell cycle and DNA
damage-related pathways, we first evaluated cell cycle distri-

Fig. 4 In vitro anti-tumor and anti-metastatic activity of PLF-Cis NPs. (a) Schematic illustration of the PLF-Cis NPs-mediated synergistic anti-tumor
effects. (b and c) Cell viability of 4T1 cells treated with cisplatin, cisplatin with PLF and astragalin, and PLF-Cis NPs. (d) Representative images and
quantitative analysis of colony formation in 4T1 cells treated with control, PLF, cisplatin, and PLF-Cis NPs. (e) Intracellular platinum content in 4T1
cells treated with cisplatin and PLF-Cis NPs, quantified by ICP-MS. (f ) Quantitative analysis of wound closure rate. (g) Representative images of the
wound healing assay at 0 h and 24 h post-treatment. Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. Artworks created
with FigDraw.
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bution. A greater proportion of cells in the PLF-Cis NPs group
were arrested in the S phase (Fig. 5b), indicating more effective
inhibition of DNA synthesis, likely attributed to increased
platinum-DNA intercalation.

To assess DNA double-strand breaks, we performed con-
focal microscopy using γ-H2AX as a marker. Pronounced
γ-H2AX foci (green fluorescence) were observed in the PLF-Cis
NPs group (Fig. 5e), with significantly higher mean fluo-
rescence intensity compared to control and free cisplatin
groups (Fig. 5c). This enhanced genotoxic effect was further
confirmed by western blot, which showed elevated γ-H2AX
expression in PLF-Cis NPs-treated cells (Fig. 5k and m).

Additionally, PLF-Cis NPs significantly downregulated the
expression of cell cycle regulators CDK1/2, leading to cell cycle
arrest (Fig. S7).

Cell apoptosis

The antiproliferative mechanism of cisplatin primarily involves
inducing cancer cell apoptosis, which was also highlighted in
our proteomic data. We examined apoptotic status via
Annexin-V/PI flow cytometry: representative plots (Fig. 5f) and
quantitative analysis (Fig. 5d) showed that PLF-Cis NPs mark-
edly increased the proportion of apoptotic cells (Q2 + Q3 quad-

Fig. 5 DNA damage, cell cycle arrest and apoptosis induced by PLF-Cis NPs in 4T1 cells. (a) Proteomic pathway enrichment analysis of 4T1 cells
treated with PLF-Cis NPs versus control, highlighting pathways related to apoptosis, DNA damage response and cell cycle regulation. (b) Cell cycle
distribution of 4T1 cells treated with different formulations, analyzed by flow cytometry. (c) Quantitative analysis of γ-H2AX mean fluorescence
intensity. (d and f) Apoptosis analysis of 4T1 cells determined by Annexin-V/PI staining and flow cytometry. (e) Confocal microscopy images of
γ-H2AX foci (green) in 4T1 cells (scale bar = 10 μm). (g and h) Intracellular ROS levels in 4T1 cells measured by flow cytometry. (i and j) Mitochondrial
membrane potential (ΔΨm) analyzed by JC-1 staining. (k–m) Western blot analysis of Bcl-2 and γ-H2AX expression in 4T1 cells, with ACTIN as the
loading control. Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant.
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rants) compared to control, free cisplatin, and PLF-alone
groups.

To dissect the apoptotic pathway, western blot analysis
revealed that PLF-Cis NPs significantly reduced the expression
of Bcl-2, an anti-apoptotic protein (Fig. 5k and l), suggesting
activation of the mitochondrial apoptotic pathway.

Oxidative stress and mitochondrial function

To further validate the mitochondrial apoptotic mechanism,
we measured intracellular ROS levels and mitochondrial mem-
brane potential (ΔΨm). Flow cytometry showed that ROS levels
were significantly elevated in PLF-Cis NPs-treated cells (Fig. 5g
and h), leading to oxidative stress. Meanwhile, a marked loss
of ΔΨm was observed (Fig. 5j), consistent with Bcl-2 downregu-
lation and mitochondrial dysfunction.

Mechanism of cell death

To systematically decode the distinct cell death patterns
induced by PLF-Cis NPs compared with free cisplatin, we per-
formed quantitative proteomic analysis and pathway enrich-
ment. As shown in Fig. 6a, ferroptosis was identified as the top
enriched pathway in PLF-Cis NPs-treated 4T1 cells relative to
free cisplatin. The involvement of distinct cell death modalities
was assessed using specific inhibitors: z-VAD-fmk (apoptosis),
Nec-1 (necroptosis), Fer-1 (ferroptosis), and CQ (autophagy).31

Cell viability of the cisplatin-only group was significantly
restored by Nec-1 (Fig. 6b), consistent with secondary necrop-
tosis triggered by accumulated apoptotic cells. In contrast, Fer-
1, z-VAD-fmk, and Nec-1 all robustly rescued cell viability in
the PLF-Cis NPs group (Fig. 6c), confirming the nanodrug
exerts antitumor effects via a multi-modal pathway, with fer-
roptosis as the key driver predicted by proteomics.

Ferroptosis

To validate ferroptosis, key biomarkers of lipid peroxidation
and antioxidant status were measured. Intracellular malondial-
dehyde (MDA), a terminal product of lipid peroxidation, was
significantly elevated in the PLF-Cis NPs group compared
with control and cisplatin groups (Fig. 6d). Using the peroxide-
sensitive probe C11-BODIPY (581/591), flow cytometry revealed
a significant decrease in red fluorescence (reduced lipids)
and a corresponding increase in green fluorescence (oxidized
lipids) in PLF-Cis NPs-treated cells (Fig. 6e and f).
Concomitantly, intracellular glutathione (GSH) levels—critical
for clearing lipid peroxides—were markedly reduced
(Fig. 6g). Concomitantly, intracellular glutathione (GSH) levels
—critical for clearing lipid peroxides—were markedly reduced
(Fig. 6g).

Immunogenic cell death (ICD)

Beyond cisplatin, other platinum-based chemotherapeutics
such as oxaliplatin are well-established inducers of ICD.7

Emerging evidence indicates that ferroptosis can act as an
immunogenic cell death modality, prompting us to assess the
ICD potential of PLF-Cis NPs by measuring key damage-associ-
ated molecular patterns (DAMPs). Confocal microscopy

showed pronounced cell surface exposure of calreticulin (CRT)
in PLF and PLF-Cis NPs groups (Fig. 6h), with quantitative ana-
lysis confirming significantly higher CRT fluorescence inten-
sity compared with cisplatin (Fig. 6j). For high-mobility group
box 1 (HMGB1), intracellular red fluorescence intensity was
markedly reduced in PLF-Cis NPs-treated cells (Fig. 6i and k),
accompanied by a significant increase in extracellular HMGB1
concentration (Fig. 6l). Additionally, PLF-Cis NPs treatment led
to a significant decrease in intracellular ATP levels and a con-
comitant increase in extracellular ATP release (Fig. 6m), a criti-
cal signal for immune cell recruitment. These results demon-
strate that PLF-Cis NPs induce ICD, whereas cisplatin does
not, thereby potentially enhancing antitumor immune
responses (schematically illustrated in Fig. 6n).

Antitumor effects in vivo

To further confirm the activities and molecular mechanism of
the PLF-Cis NPs in vivo, we evaluated their antitumor and anti-
metastatic effects in an orthotopic 4T1 tumor-bearing mouse
model. As shown in Fig. 7a and b, tumor volume and weight
measurements indicated that high (1 mg kg−1), medium
(0.4 mg kg−1), and low (0.1 mg kg−1) dose PLF-Cis NPs groups
all exhibited a significant reduction compared to the saline
group. In contrast, a significant decrease was observed only in
the 2 mg kg−1 cisplatin group, but not in the 1 mg kg−1 cispla-
tin group. Notably, the 1 mg kg−1 PLF-Cis NPs group (tumor
growth inhibition rate = 71.5%) achieved comparable tumor
inhibition to that of the 2 mg kg−1 cisplatin group (tumor
growth inhibition rate = 61.3%). Both represented images of
tumor and in vivo fluorescence imaging results also confirmed
the superior antitumor performance of the PLF-Cis NPs
(Fig. 7c–e).

Anti-metastasis effects

To assess metastatic potential, we quantified pulmonary
nodules and performed a histological evaluation of lung
metastases using hematoxylin and eosin (H&E) staining.
Compared with control treatment, PLF-Cis NPs treatment sig-
nificantly reduced both macroscopically visible and micro-
scopic metastatic foci in lung tissues (Fig. 7f and g). These
findings demonstrate that PLF-Cis NPs not only increase the
antitumor activity of low-dose cisplatin but also effectively sup-
press tumor metastasis, suggesting their potential as a promis-
ing therapeutic strategy for TNBC treatment.

Mechanisms of action in vivo

ICP-MS quantitative analysis revealed that platinum accumu-
lation in tumor tissues was significantly greater in the PLF-Cis
NPs group than in the free cisplatin group. Specifically, the
intra-tumoral platinum distribution rate was 8.82 ± 5.36% in
the free cisplatin group, whereas that of the PLF-Cis NPs group
reached 28.54 ± 8.66%, representing an approximately 3.2-fold
greater accumulation efficiency (Fig. 7h). Further histopatholo-
gical analysis revealed markedly increased levels of γ-H2AX (a
DNA damage marker) and positive TUNEL (an apoptosis indi-
cator) staining in tumor sections from the PLF-Cis NPs group
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Fig. 6 PLF-Cis NPs induce ferroptosis and ICD. (a) Proteomic pathway enrichment analysis of 4T1 cells treated with PLF-Cis NPs versus cisplatin,
highlighting pathways related to ferroptosis. (b and c) Investigation of cell death mechanisms via MTT assay. (d) Effect of PLF-Cis NPs on the MDA
content in cells. (e and f) Flow cytometry analysis of the level of the lipid peroxidation in 4T1 cells incubated with PLF-Cis NPs. (g) Effect of PLF-Cis
NPs on the GSH content in cells. (h) CLSM images depicting CRT expression. Scale bar = 25 μm. (i) CLSM images depicting HMGB1 expression. Scale
bar = 25 μm. ( j) Mean fluorescence intensity of CRT. (k) Mean fluorescence intensity of HMGB1. (l) The extracellular release of HMGB1 after treat-
ment (a: control; b: PLF; c: cisplatin; d: PLF-Cis NPs). (m) Effect of PLF-Cis NPs on the intracellular and extracellular ATP content. (n) Schematic illus-
tration of the PLF-Cis NPs-mediated ferroptosis and ICD. Data are shown as mean ± SD, n ≥ 3, *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.
Artworks created with FigDraw.
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(Fig. 7i and j). These results confirm that PLF-Cis NPs increase
the distribution of cisplatin in the tumor sites by increasing
the drug delivery efficiency, thereby increasing the degree of
severe DNA damage and promoting tumor cell apoptosis.

Systemic toxicity

Given the potential systemic toxicity of platinum-based drugs,
we systematically evaluated the tissue distribution profile of

Fig. 7 Effect of PLF-Cis NPs on 4T1 orthotopic tumor-bearing mice. (a and b) Tumor volume and tumor weight of 4T1 orthotopic tumor-bearing
mice (i: vehicle; ii: cisplatin 1 mg kg−1; iii: cisplatin 2 mg kg−1; iv: PLF-Cis NPs-high; v: PLF-Cis NPs-medium; vi: PLF-Cis NPs-low; vii: PLF). (c and d)
Live animal imaging (i: vehicle; ii: cisplatin 1 mg kg−1; iii: cisplatin 2 mg kg−1; iv: PLF-Cis NPs-high; v: PLF-Cis NPs-medium; vi: PLF-Cis NPs-low; vii:
PLF). (e) Tumors from the mice in each group (i: vehicle; ii: cisplatin 1 mg kg−1; iii: cisplatin 2 mg kg−1; iv: PLF-Cis NPs-high; v: PLF-Cis NPs-medium;
vi: PLF-Cis NPs-low; vii: PLF). (f ) Representative images of lung metastasis. (g) Number of pulmonary metastases (i: vehicle; ii: cisplatin 1 mg kg−1; iii:
cisplatin 2 mg kg−1; iv: PLF-Cis NPs-high; v: PLF-Cis NPs-medium; vi: PLF-Cis NPs-low; vii: PLF). (h) Platinum distribution in tissues. (i) γ-H2AX
expression in tumor tissue. ( j) TUNEL staining of tumor tissue. Scale bar = 100 μm. (k) Representative images of HE-stained of lung tissue sections.
Scale bars = 2000 or 200 μm. Data are shown as mean ± SD; n ≥ 3, *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.
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platinum in PLF-Cis NPs-treated mice using ICP-MS. Analysis
of the platinum-based drug distribution in organs revealed
that the free cisplatin group presented significantly greater
hepatic platinum accumulation (66.35 ± 2.77%), whereas the
PLF-Cis NPs group presented a markedly reduced proportion
of platinum accumulation in the liver (37.79 ± 10.04%)
(Fig. 7h). These results indicate that the tumor-targeted deliv-
ery properties of PLF-Cis NPs substantially decreased the
hepatic retention of platinum-based drugs, thereby mitigating
potential hepatotoxicity risks. Serum biochemical assays
further confirmed the systemic safety profile of the PLF-Cis
NPs, as key hepatic and renal function markers (AST, ALT,
UREA, and CREA-S levels) in the PLF-Cis NPs-treated animals
remained within normal physiological ranges, with no obser-
vable signs of hepatorenal toxicity (Fig. S8). H&E staining of
major organ tissues demonstrated enhanced biosafety out-
comes. Compared with tumor-bearing control mice, which dis-
played prominent inflammatory cell infiltration in pulmonary
regions, the PLF-Cis NPs group tissue exhibited histopathologi-
cal features closely resembling those of control group lung
tissue, with only mild and localized inflammatory responses
(Fig. 7k and Fig. S9). This observation aligns with the organ
distribution data, further supporting the systemic safety advan-
tages of PLF-Cis NPs.

Tumor immune microenvironment

Single-cell Cy-TOF analysis revealed dynamic shifts in immune
cell composition within tumor tissues. Through systematic
profiling of cell surface marker expression (Fig. 8a), we quanti-
fied the relative abundance of distinct immune cell subsets
(Fig. 8b). Notably, cytotoxic T lymphocytes (CTLs) significantly
expanded in tumor-infiltrating populations, whereas myeloid-
derived suppressor cells (MDSCs) markedly decreased in per-
centage (Fig. 8c–e). These coordinated changes in immune cell
ratios collectively indicate that PLF-Cis NPs modulated the
tumor immune microenvironment toward a more immunosti-
mulatory profile.

We further performed flow cytometry to quantify tumor-
infiltrating CD4+ and CD8+ T and DC populations in tumor
tissues (Fig. 8f–j). These results demonstrated that the nonse-
lective cytotoxicity of free cisplatin severely compromised the
murine immune system. In contrast, PLF-Cis NPs markedly
increased the infiltration of CD4+ T cells, CD8+ T cells, and
mature dendritic cells (DCs) into tumors. We hypothesize that
this phenomenon may be mechanistically linked to the immu-
nogenic cell death (ICD)-inducing activity of PLF-Cis NPs.

Discussion

This study successfully established an AI-driven platform,
LMCDPS, which employs a “function-oriented reverse sour-
cing” strategy to achieve a rational design from therapeutic
goals to optimal natural raw materials. The platform’s unique
strength lies in its integration of dual predictive capabilities—
assessing both molecular self-assembly potential and multi-

target synergistic bioactivity—coupled with interpretable mole-
cular dynamics simulations that provide mechanistic insights
into the physicochemical drivers of self-assembly, thereby miti-
gating the “black box” limitation commonly associated with AI
models in biomedical applications. Utilizing this platform, we
not only efficiently identified Persimmon Leaf Flavonoids
(PLF) as an ideal synergistic partner for cisplatin but also
developed a self-assembled nanodrug (PLF-Cis NPs) capable of
concurrently triggering apoptosis, ferroptosis, and immuno-
genic cell death (ICD). Notably, apoptosis and ferroptosis rep-
resent two distinct forms of regulated cell death, whereas ICD
refers to an immunostimulatory phenotype associated with
dying tumor cells rather than an independent death modality.

Compared to traditional self-assembled systems using
single-component natural products, PLF-Cis NPs demonstrate
distinct advantages. Firstly, although single-component
systems are more straightforward for mechanistic deconvolu-
tion, their drug-loading capacity and pharmacological activity
network are relatively limited. This study demonstrated that an
AI-screened, multi-component flavonoid system can form
more stable nanostructures through synergistic self-assembly
with cisplatin and elicit more robust and multifaceted antitu-
mor effects. This “many-to-one” assembly mode not only
mimics the inherent multi-component synergy of natural
extracts but also mitigates the potential risk of single-target
action in complex biological systems. More importantly, this
strategy eliminates the need for complex synthetic carriers by
directly leveraging the intrinsic physicochemical properties of
natural components, thereby offering favorable safety profiles,
cost-effectiveness, and potential for clinical development.

PLF-Cis NPs exert their therapeutic efficacy through
increased intracellular platinum accumulation and the co-
ordinated activation of multiple cell death pathways. This is
consistent with the LMCDPS-based prioritization of these fla-
vonoids for their potential to modulate apoptosis, immune
responses, and co-assembly with cisplatin, providing a func-
tional basis for the observed multi-pathway activation. In
addition to cisplatin-induced DNA damage and apoptosis, we
observed that the nanoparticles induce significant lipid peroxi-
dation accumulation, thereby driving ferroptosis. As an emer-
ging form of regulated cell death, ferroptosis holds particular
promise for addressing the common issue of cisplatin resis-
tance in TNBC.32 Given the complex and potentially synergistic
nature of the flavonoid mixture, the contribution of individual
components to this ferroptosis induction warrants further
investigation. Inhibitor experiments further revealed that
blocking either apoptosis or ferroptosis alone only partially
rescued PLF-Cis NPs–induced cytotoxicity, suggesting that
these two pathways jointly contribute to tumor cell killing.
More critically, PLF-Cis NPs exhibited potent ICD induction—a
feature absent in cisplatin alone33—likely amplified by the
combined actions of apoptosis and ferroptosis. The ICD-
related “eat me” signals (e.g., calreticulin exposure) and
damage-associated molecular patterns (e.g., ATP release) suc-
cessfully activated dendritic cells and promoted the infiltration
of cytotoxic T cells into deep tumor regions.34 This links con-
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ventional cytotoxic chemotherapy with innate and adaptive
immune responses, contributing to modulation of the immu-
nosuppressive tumor microenvironment (TME).35 Based on

current understanding, redox imbalance may act as a common
upstream trigger for apoptosis and ferroptosis, whereas ICD-
associated DAMPs release is generally considered a down-

Fig. 8 Effects of the PLF-Cis NPs on the tumor immune microenvironment. (a) Expression of cell surface markers. (b) t-Distributed stochastic
neighbor embedding (tSNE) plot for immune cells from tumor tissue. (c–j) DC, MDSC, and CD4+ CD8+ T-cell percentages in tumor tissue (a:
vehicle; b: cisplatin; c: PLF; d: PLF-Cis NPs). Data are shown as mean ± SD, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.
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stream consequence of ongoing cell death. Notably, this
mechanistic convergence aligns with the functional criteria
used for candidate prioritization, thereby bridging compu-
tational selection with the observed multi-pathway therapeutic
effects. This “chemo-immunity” synergistic effect offers a
rational strategy for enhancing therapeutic efficacy against
TNBC, with potential to augment anti-tumor immune
responses beyond direct cytotoxicity.

Although this study presents a promising strategy, several
limitations remain. First, the in vivo circulation behavior and
pharmacokinetic properties of PLF-Cis NPs require systematic
investigation, particularly their stability under physiological shear
stress and dynamic blood circulation conditions, as well as their
long-term biosafety in larger animal models. Second, although we
observed increased expression of DAMPs and enhanced cytotoxic
T cell infiltration suggestive of antitumor immune activation, the
current data remain correlative and do not establish a direct
causal link between ICD and T cell recruitment. Future studies
will require definitive experiments to mechanistically confirm this
link and assess the durability of the antitumor immune response.
In parallel, the precise mechanisms by which this nanoplatform
modulates the tumor immune microenvironment, as well as the
balance between cisplatin’s cytotoxicity and its potential immuno-
suppressive effects, warrant further investigation. Third, as an AI-
driven platform, LMCDPS inherently relies on the quality and cov-
erage of public database annotations, which may bias predictions
toward well-characterized compounds and undervalue less-
studied but potentially promising natural products. In particular,
the model performance may be influenced by the chemical space
represented in the training datasets, potentially favoring com-
pounds with extensively reported structures and biological activi-
ties. Furthermore, given the inherent complexity of botanical com-
ponents, the preparation process must adhere to stringent
pharmaceutical standards, including purity and quality control, to
minimize potential confounding factors. From a translational per-
spective, additional challenges should also be considered, includ-
ing the scalability and batch-to-batch consistency of nanoparticle
preparation, comprehensive evaluation of long-term safety, and
regulatory considerations associated with complex nanomedicine
systems. Addressing these issues will be essential to ensure suc-
cessful downstream standardization and clinical translation.
Future research will focus on these aspects to further advance the
application of natural product-based self-assembled
nanomedicines.

Conclusions

In summary, this study pioneers an AI-guided, rational para-
digm for developing multi-component natural product-based
nanodrugs. We have demonstrated that the PLF-Cis NPs, devel-
oped through AI (LMCDPS)-guided sourcing and preparation,
can efficiently eliminate TNBC cells and favorably modulate
the immunosuppressive TME by synergistically activating three
distinct pathways—apoptosis, ferroptosis, and ICD—while
exhibiting excellent antitumor efficacy and a favorable safety

profile in vivo. This work not only provides a highly potential
novel combinatorial therapy for TNBC but also represents a
critical step towards modernizing natural medicine research
through AI, shifting the paradigm from “empirical screening”
to “rational design”.
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