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ABSTRACT

Chemoresistance together with immune evasion presents substantial barriers to effective therapy for triple-
negative breast cancer (TNBC). These issues are intensified by the inadequate pharmacokinetic profiles and the
emergence of resistance to antibody—drug conjugates (ADCs). Here, we report the design of antibody-directed
nanoparticles (NPs) that simultaneously carry the TROP2-targeted ADC sacituzumab govitecan (SG) and the
mitochondria-targeted near-infrared (NIR) photosensitizer AIE780. The constructed AIE780-SG nanoconjugates
take advantage of hRS7 antibody guidance to achieve selective accumulation within TROP2-high, SG-resistant
TNBC cells as well as patient-derived organoids. Under NIR light exposure, AIE780 provokes mitochondrial
redox disruption by generating localized reactive oxygen species, thereby inducing tumor-specific immunogenic
cell death (ICD) through membrane damage and oxidative necrotic pathways. Simultaneously, SG experiences
acid-triggered cleavage that liberates SN-38, a highly active topoisomerase | inhibitor, along with the hRS7
antibody fragment that facilitates recruitment and stimulation of natural killer (NK) cells. In mouse models of
TNBC xenografts, these AIE780-SG NPs demonstrated synergistic chemophotodynamic antitumor activity,
successfully bypassing SG resistance and reinvigorating antitumor immune function. This light-responsive,
TROP2-directed theranostic nanoplatform establishes a multimodal strategy to augment ADC performance and
reshape the immunosuppressive milieu of TNBC, introducing an innovative approach for managing SG-resistant
disease. A dual-action nanoplatform integrating targeted ADC delivery with photodynamic induction of ICD
effectively circumvents SG resistance in TNBC while potentiating NK cell-driven antitumor immunity.
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Introduction

Breast cancer persists as the leading malignancy in women, accounting for roughly 420,000 newly diagnosed
cases in China during 2022 [1], and thus contributing significantly to the overall global cancer burden [2]. This
upward trend in incidence arises not only from enhanced early detection enabled by broad screening efforts but
also from the increasing adoption of westernized lifestyle patterns, such as altered dietary habits, postponed
childbirth, and lower levels of physical activity [3]. Despite considerable progress in multimodal treatments—
including surgical intervention, chemotherapy, targeted agents, and immunotherapy—the continued rise in breast
cancer cases remains a pressing public health concern [4], highlighting the necessity for continued advancement
in preventive measures, timely diagnosis, and tailored therapeutic regimens. Triple-negative breast cancer
(TNBC), distinguished by the lack of estrogen receptor (ER), progesterone receptor (PR), and human epidermal
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growth factor receptor 2 (HER2) expression, is recognized for its highly aggressive nature and unfavorable clinical
outcomes [5].

Roughly 85%-90% of TNBC tumors exhibit elevated expression of trophoblast cell-surface antigen 2 (TROP2),
positioning it as a compelling molecular target for therapy [6]. Sacituzumab govitecan (SG, IMMU-132), the
pioneering antibody—drug conjugate (ADC) approved in the United States for TNBC, consists of a humanized
anti-TROP2 monoclonal antibody (hRS7) conjugated to SN-38, the pharmacologically active metabolite of
irinotecan that functions as a topoisomerase I inhibitor [7, 8]. SG has since been integrated into the 2022 Chinese
clinical practice guidelines [9]. Nevertheless, a proportion of patients experience only modest therapeutic benefit
due to poor tumor penetration, swift systemic elimination, and brief duration of action [10]. To overcome these
constraints, various nanoplatforms have been developed to enhance SG’s biodistribution and intratumoral
retention, often combined with adjunctive approaches such as additional chemotherapy, phototherapy, or
radiotherapy to bolster antitumor immune responses. Hence, an immediate priority exists for engineering
advanced nanocarriers that harness features of the tumor microenvironment (TME) to promote greater SG
accumulation and ensure a more potent, sustained therapeutic impact.

Photodynamic therapy (PDT) is experiencing renewed interest as a minimally invasive treatment option for breast
cancer, valued for its strong safety characteristics, localized action, and ability to exert control in both time and
space [11, 12]. PDT operates through photosensitizers (PSs) that, upon illumination with appropriate light,
produce cytotoxic reactive oxygen species (ROS) capable of destroying malignant cells [13]. However, traditional
PSs suffer from limitations including aggregation-caused quenching and photobleaching, which diminish ROS
generation and compromise treatment outcomes [14]. In 2001, Luo et al. identified the contrasting process known
as aggregation-induced emission (AIE), whereby molecular aggregation leads to amplified fluorescence and
enhanced ROS production [15]. Concurrently, immunogenic cell death (ICD)—a specialized apoptotic process
accompanied by the release of damage-associated molecular patterns (DAMPS), especially calreticulin (CRT)
displayed on the cell surface—has gained prominence as a vital mechanism in cancer immunotherapy [16, 17].
ICD helps address the immunologically “cold” nature of tumors such as metastatic TNBC, thereby improving
their responsiveness to immunotherapeutic strategies [18, 19]. A pivotal event in ICD is the relocation of CRT
from the endoplasmic reticulum to the plasma membrane, where it serves as an “eat-me” signal that activates
dendritic cells (DCs), supporting antigen presentation and the elicitation of adaptive antitumor immunity [20-23].
Earlier research produced AIE780 by means of a cationization method, granting it the capacity to generate type |
reactive oxygen species (ROS) along with mitochondrial targeting properties [24]. Nonetheless, the selection of
potent ICD inducers continues to be narrow. This limitation stems from the fact that planar photosensitizers (PSs)
generally display low solubility, insufficient photostability, and reduced membrane affinity, which together result
in inadequate ROS formation and weak ICD induction. Consequently, there remains a critical demand for the
development of PSs possessing refined molecular designs capable of delivering strong ROS production, specific
tumor antigen recognition, stability in aqueous media, and superior cellular uptake.

In this study, we present the preparation of AIE780-SG nanoparticles (NPs) that consist of an AIE780-COOH
core linked to anti-TROP2. This dual-targeting nanoscale system merges ADC-driven tumor identification with
AIE780-assisted organelle-directed transport, significantly improving tumor specificity and intracellular uptake
within SG-resistant triple-negative breast cancer (TNBC). The incorporation of anti-TROP2 enables the NPs to
localize to mitochondria, where they provoke mitochondria-dependent apoptosis by means of elevated ROS
levels, mitochondrial dysfunction, and ICD stimulation. This process in turn mobilizes natural killer (NK) cell-
driven antitumor immune responses, leading to successful suppression of primary tumor growth (Scheme 1).
Additionally, AIE780-SG NPs exhibited superior performance in high-TROP2-expressing TNBC patient-derived
organoids (PDOs), demonstrating their value as a systemic chemo-immunotherapeutic and theranostic platform.
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Schematic representation of the fabrication of AIE780-SG NPs, the liberation of SG, and the approach for near-
infrared fluorescence imaging (NIR FLI)-guided photo-enhanced chemotherapy against resistant TNBC cells.
AIE780-SG contains the antibody component hRS7, which initially recognizes the TROP2 antigen displayed on
the tumor cell surface. This binding promotes uptake of the complex into the cell and guides it to the mitochondria.
After light exposure, MICA/B is liberated into the extracellular milieu, attracting numerous NK cells. MICA/B
subsequently interacts with NKG2D receptors on these NK cells to promote their activation. Concurrently, the
hRS7 antibody remains anchored on the tumor cell membrane and engages CD16 receptors on NK cells. This
engagement induces the secretion of important cytotoxic effectors, such as granzyme B (GZMB), perforin, and
interferon-y (IFN-y). These actions heighten the tumoricidal activity of NK cells. Moreover, the SG portion of
AIE780-SG serves as an ADC that transports the chemotherapeutic payload SN38. This agent specifically
interacts with topoisomerase | (TOP1) inside the nucleus, generating DNA strand breaks. The combined action
reinforces antitumor immunity while inflicting direct DNA damage in tumor cells, thereby elevating overall
treatment effectiveness. ADC, antibody—-drug conjugate; FLI, fluorescence imaging; NIR, near-infrared; NK,
natural Killer; NPs, nanoparticles; SG, sacituzumab govitecan; TNBC, triple-negative breast cancer; TOP1,
topoisomerase |; TROPZ2, trophoblast cell-surface antigen 2.

Materials and Methods

Preparation of AIE780-SG NPs

AIE780-SG NPs were synthesized following an adapted protocol reported in the literature. In short, 500 ug of
AIE780-COOH dissolved in tetrahydrofuran (THF) was introduced into 9 mL of deionized water during
sonication (SCIENTZ-1I D, 80% power, 1 min). The organic solvent was subsequently removed by overnight
stirring at 25°C. Following filtration (0.2 um), 2 mL of the NP suspension was diluted to 8 mL with water and
allowed to react with varying amounts of SG (250, 500, 1000, 2000, 2500 pg) in the presence of Sulfo-NHS (17.4
ng) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (15.3 pg) at 25°C for 4 h. The resulting material
was purified through centrifugation at 13,000 g to eliminate unbound substances, followed by two further
washing-centrifugation steps using phosphate-buffered saline (PBS). The purified NPs were then resuspended in
8 mL of PBS to yield the stock solution. Following synthesis, bicinchoninic acid (BCA) protein quantification
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assays were carried out on AIE780-SG samples prepared at different concentrations to quantify the actual antibody
loading on the nanoparticle surface. Employing a BCA Protein Quantification Kit (Beyotime), the conjugated
protein concentration was assessed in accordance with the manufacturer’s microplate instructions. Briefly, 200
pL of working reagent was combined with 20 pL of bovine serum albumin (BSA) standards (0500 pg/mL range)
in a 96-well plate and mixed well. The plate was incubated at 37°C for 30 min, after which absorbance was
recorded at 562 nm with a Spectrostar Nano microplate reader to generate a calibration curve. The identical
protocol was then performed with the AIE780-SG samples to calculate antibody concentration from the calibration
curve.

Characterization of AIE780-SG NPs

Particle size and zeta potential of AIE780 NPs and AIE780-SG NPs were determined at 25°C with a Zeta Plus
Potential Analyzer (Brookhaven Instruments Corporation). The morphology of IT-PEG-RGD NPs was visualized
using a transmission electron microscope (TEM; FEI Techai TEM) operating at 120 kV. Fluorescence spectra of
AIE780-SG NPs were obtained on a Horiba Fluorolog-3 spectrofluorometer with a quartz cuvette.

Cell culture

Five human breast cancer cell lines—MCF10A, MDA-MB-231, Hs578T, BT549, and BT-20—as well as the
murine breast cancer cell line 4T1 were acquired from Zhejiang Meisen Cell Technology Co., Ltd (Hangzhou,
China). These cells were routinely maintained in Dulbecco’s modified Eagle medium (DMEM; Gibco)
supplemented with 10% fetal bovine serum (ExCell Bio, FSP500). BT-20 cells were grown in their designated
medium (CM-0324; Wuhan Procell Life Science and Technology Co. Ltd.). Standard incubation conditions for
all lines consisted of a humidified environment at 37°C containing 5% CO: and 95% air.

In vitro cellular uptake of AIE780-SG and intracellular ROS detection

Prior to experiments, TNBC cells were kept in the logarithmic growth phase via routine subculturing. Cells were
plated at 5 x 10* cells per dish in glass-bottom confocal dishes and allowed to attach for 24 h. The medium was
then exchanged for fresh complete medium containing AIE780-SG NPs (corresponding to 5 uM AIE780). After
an additional 14 h, the cells were co-incubated with Mitotracker Green (200 nM) for 30 min.

Intracellular ROS levels were monitored using 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) as a
fluorescent indicator. Following 24 h culture in glass-bottom confocal dishes, the medium was replaced with
complete medium containing either free AIE780 (5 uM) or AIE780-SG NPs (5 uM). After 4 h incubation, DCFH-
DA was introduced. Thirty minutes later, the cells were rinsed twice with PBS and subjected to white light
irradiation (2.0 W cm2) for 5 min before imaging via confocal laser scanning microscopy.

For flow cytometry (FCM) assessment of ROS generation, BT-20 cells were seeded into 6-well plates. After 24
h, cells were allocated to treatment groups: PBS, SG, AIE780, AIE780 + Laser, AIE780-SG, and AIE780-SG +
Laser (all at 5 uM). Following the respective treatments, cells were harvested, resuspended in 10 uM DCFH-DA,
and incubated at 37°C for 30 min. Excess extracellular probe was removed by washing, after which ROS
production was quantified by FCM.

CCK-8 assay

ICso determination for SG in cells and organoids: Cells and TNBC-PDOs were exposed to a range of SG
concentrations (0.032, 0.16, 0.8, 4, 20, 100 uM), washed with PBS, and then either kept in the dark or irradiated
with white light for 30 min. Cell viability relative to untreated controls was evaluated using the standard CCK-8
method.

Evaluation of cell viability under different treatment conditions: Cells were treated with PBS, AIE780, or AIE780-
SG NPs at concentrations of 0, 0.3125, 0.625, 1.25, 2.5, and 5 uM. After PBS washing, samples were either
maintained in the dark or exposed to white light irradiation for 10 min. Viability was subsequently measured by
the standard CCK-8 assay relative to untreated cells.

FCM detection of apoptosis

Cells were treated with 5 pM SG, 5 uM AIE780, or 5 uM AIE780-SG NPs, washed with PBS, and subjected to
white light irradiation (2.0 W cm™) or kept in the dark for 10 min. Apoptosis rates and organoid damage were
quantified using Annexin V-FITC/PI staining.
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Immunofluorescence experiment for CRT

BT-20 cells were seeded in confocal dishes and, after 24 h, assigned to the following treatment groups: PBS, SG,
AIE780, AIE780 + Laser, AIE780-SG, and AIE780-SG + Laser. Following treatment, samples were fixed with
4% paraformaldehyde for 10 min, rinsed with PBS, and permeabilized using 0.2% Triton X-100 for 5 min.
Nonspecific binding was blocked with 5% goat serum at room temperature for 1 h. Samples were then incubated
with anti-CRT primary antibody (1:200 dilution) at 4°C overnight (12 h). After PBS washes, secondary antibody
was applied for 1.5 h at room temperature. The specimens were washed again, mounted with anti-fade medium
containing DAPI, and imaged by confocal microscopy. Mean fluorescence intensity was determined for analysis.

ELISA detection of adenosine triphosphate (ATP)

Standard working solution or cell culture supernatant from BT-20 cells was added to the designated wells of the
ELISA plate. Subsequently, 100 uL of HRP-conjugated antibody working solution was added to each well,
followed by incubation at 37°C for 60 min. After discarding the contents and washing the plate five times, 100
uL of substrate mixture (A and B combined at a 1:1 ratio) was dispensed into each well. The plate was incubated
in the dark at 37°C for 15 min. The reaction was terminated by adding 50 pL of stop solution per well, and the
optical density was immediately recorded at 450 nm for data processing.

Establishment of three-dimensional patient-derived organoid models

Organoids consist of clusters of adult stem cells or pluripotent stem cells that are cultured in three-dimensional
conditions in vitro, enabling them to reorganize into miniature structures that mimic organ-specific functions [25,
26]. TNBC tissue samples were obtained from patients undergoing surgery at the Department of Breast and
Thyroid Surgery, Southwest Hospital, Army Medical University. This study was reviewed and approved by the
Research and Clinical Experiment Ethics Committee of the Army Medical University (No. 2023-KY-0484).
Specialized breast cancer organoid culture medium (PRS-BCM-3D) for TNBC-PDOs was acquired from Precedo
Biotech Co., Ltd. For PDO establishment, freshly excised tumor tissue was rapidly transferred into DMEM
containing 2% penicillin/streptomycin. The tissue was minced into thin slices of about 1 mm thickness and then
enzymatically digested using DMEM/F12 medium supplemented with 3 mg/mL type | and type IV collagenase
at 37°C for 1 h. After digestion, the cell suspension was passed through a 70-pm filter and washed twice with
culture medium. Around 15,000 cells combined with 30 L Matrigel were seeded into each well of 24-well plates.
The plates were inverted and incubated at 37°C for 0.5 h to promote gel solidification. Once the Matrigel had
hardened, 500 pL of organoid culture medium was added per well, with medium changes performed every 2 days
over a period of approximately 1 week.

TNBC-PDOs viability assay

Susceptibility of TNBC-PDOs to SG was assessed through viability testing. Organoids were first dissociated with
TrypLE Express (Gibco, 12605028) and then embedded in Matrigel at 2000 cells per well in 96-well plates (using
4 pL Matrigel per well). Following 7 days of growth, the organoids were exposed to SG concentrations of 0,
0.032,0.16, 0.8, 4, 20, and 100 uM for 6 days. Bright-field images of the entire 96-well plate were captured with
a microscope. The PDO spheres were subsequently dissociated, and a 100 pL portion was collected for
measurement using the Cell Counting-Lite 3D Cell Viability Assay (DD112-02, Vazyme Biotech). The assay
reagent was thawed at room temperature beforehand. A 100 pL aliquot of the organoid suspension was transferred
to wells of a white opaque 96-well plate (BS-MP-96W, Biosharp), after which an equal volume of the reagent
was added. The plate contents were mixed vigorously on a shaker for 5 min to ensure complete lysis. After an
additional 30 min incubation at room temperature for signal stabilization, luminescence was recorded.

Internalization of AIE780-SG NPs and apoptosis level detection in TNBC-PDOs

When TNBC-PDOs had developed to a sufficient size, they were harvested and the Matrigel matrix was removed
with Cell Recovery Solution (Corning, 354253). Then, 100 uL of PBS containing AIE780 or AIE780-SG NPs
was introduced. Mitochondria and nuclei were labeled for 20 min using mitochondrion-selective MitoFluor™ dye
and DAPI (Sigma-Aldrich), respectively. Real-time uptake and distribution of AIE780-SG NPs within the
organoids were observed with a benchtop spinning disk confocal microscope (Oxford Instruments) in Z-stack
mode. For apoptosis evaluation in TNBC-PDOs by confocal imaging, organoids were treated with PBS, 5 uM
SG, 5 uM AIE780, or 5 uM AIE780-SG NPs, rinsed with PBS, and exposed or not exposed to white light
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irradiation (2.0 W cm™) for 10 min. Apoptosis was detected and quantified using the Annexin V-FITC/PI kit as
specified by the manufacturer, followed by fluorescence microscopic examination.

Animal models

Female BALB/c nude mice aged 4-5 weeks were subcutaneously inoculated in the right flank with 1 x 10¢ BT-
20 cells suspended in 100 pL. PBS. Seven days later, when tumor volumes had grown to approximately 100 mm?,
animals were either used for in vivo near-infrared (NIR) fluorescence imaging (FLI) studies or stratified into six
experimental groups (n = 5 mice per group): PBS, SG, AIE780, AIE780 + Laser, AIE780-SG, and AIE780-SG +
Laser. On days 7 and 14, mice received tail vein injections of 12.5 uM SG or AIE780-SG at a volume of 5 pL per
gram body weight. Laser irradiation (660 nm for 5 min) was administered 6 h after NP injection in the appropriate
groups. Tumor temperature during irradiation was continuously monitored using an infrared thermal imaging
camera and maintained under 50°C. The treatment cycle was repeated one week later. Tumor dimensions and
mouse body weights were measured every other day, with tumor volume computed according to the formula V =
(length x width?)/2. All mice were euthanized on day 21 after inoculation for subsequent blood and organ analyses.

Histological analysis of mouse tumors
Major organs along with selected tumor tissues were fixed in 4% paraformaldehyde. Sections were prepared for
hematoxylin and eosin (H&E) staining and for immunohistochemistry (IHC) targeting Ki-67 to determine tumor
cell proliferative activity. Additional tumor sections underwent immunofluorescence staining for TUNEL, HIF 1a,
CD31, and murine NK cell markers (CD49b and NKG2D).

Cytological analysis of mouse tumors
Tumor tissues were processed to obtain single-cell suspensions. NK cell infiltration was evaluated by flow
cytometry applying a CD45*CD3 " CD49b* gating strategy. Intracellular cytokine profiling of tumor-infiltrating
lymphocytes involved fixation and permeabilization using the appropriate staining Kit protocol, followed by
labeling with anti-mouse Granzyme B-PECy7, anti-Perforin-APC-Cy7, and anti-IFN-y-V450 antibodies. Stained
cells were analyzed immediately by FCM.

Hematological analysis of mouse
Peripheral blood was collected from mice in each treatment group to assess liver and kidney function parameters.
Serum concentrations of Granzyme B (BYabscience, BY-EM220455), Perforin (BYabscience, BY-EM220230),
and interferon-y (IFN-y) (BYabscience, BY-EM220140) were additionally quantified by ELISA Kits according to
the supplied protocols.

The activation detection of DC cells

Bone marrow-derived dendritic cells (DCs) were obtained from BALB/c nude mice and differentiated over 7 days
in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 20 ng/mL granulocyte-macrophage
colony-stimulating factor (GM-CSF) and 10 ng/mL IL-4. Once differentiated, the cells were assigned to six
experimental conditions: PBS, SG, AIE780, AIE780 + Laser, AIE780-SG, and AIE780-SG + Laser (5 uM, 2.0
W c¢m where indicated). Twelve hours post-treatment, flow cytometry (FCM) was utilized to evaluate surface
marker expression of CD86, CD80, and major histocompatibility complex class I (MHC-I11), thereby determining
the extent of DC activation.

Cytotoxicity and antibody-dependent cell-mediated cytotoxicity (ADCC) assays

NK cells were extracted from the spleens of nude mice with the EasySep™ Mouse NK Cell Isolation Kit prior to
functional testing. Cytotoxic activity of NK cells was examined in a 6-hour flow cytometry protocol. Tumor cells
pre-stained with Cell Tracker CM-Dil Dye were cultured overnight before being co-incubated with NK cells at
effector-to-target ratios of 2:1 and 4:1. Following 4 hours of co-culture, tumor cell death was quantified using the
Live/Dead Fixable VV500-Aqua Dead Cell Staining Kit (Thermo Fisher), and NK cell degranulation was assessed
via CD107a surface expression. Measurements were acquired on a Canto Il flow cytometer (BD Biosciences) and
processed using FlowJo software version 10.

Western blotting
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BT-20 cells were plated at 1 x 10* cells per well in 6-well plates and allowed to settle for 12 h. Cells were then
treated with 5 uM SG, 5 uM AIE780 NPs, or 5 uM AIE780-SG NPs, rinsed with PBS, and irradiated with white
light (2.0 W cm™2) for 10 min. After an additional 12 h, cells were lysed in radioimmunoprecipitation assay (RIPA)
buffer (Thermo Scientific). Protein concentrations were measured by BCA assay (Thermo Scientific). Samples
containing 20 pg of total protein were separated by SDS-PAGE electrophoresis and transferred to PVDF
membranes (Millipore). Membranes were blocked in 5% skim milk dissolved in 1x TBST for 60 min at room
temperature, followed by overnight incubation at 4°C with primary antibodies in 1x TBST containing 5% BSA.
After five washes with 1x TBST, HRP-linked secondary antibodies were applied for 2 h at room temperature.
Blots were washed three times with PBS and developed with enhanced chemiluminescence (ECL) substrate
(Thermo Scientific) on a Bio-Rad imaging system. Densitometric analysis of protein bands was conducted with
ImageJ software.

Statistical analysis

Data analysis was carried out using SPSS version 25. All experimental groups contained at least five biological
replicates (n > 5). Comparisons of treatment efficacy were performed by one-way or two-way analysis of variance
(ANOVA). Post-hoc two-sided least significant difference (LSD) tests identified statistically meaningful
differences between groups. Levels of significance were indicated as: ns (not significant), p > .05, *p > .05,
**p < .01, ***p <.001, ****p <.0001.

Results and Discussion

Molecular design, synthesis and photophysical properties of AIE780-SG NPs

Designing photosensitizers (PSs) capable of robust ROS generation while maintaining high aqueous dispersibility
and efficient cellular penetration to drive strong immunogenic cell death (ICD) in TNBC remains technically
demanding [27]. To address these constraints, the humanized anti-TROP2 antibody hRS7 was linked to AIE780
NPs, producing the AIE780-SG nanoconjugate. During formulation optimization, surface-bound protein levels on
AIE780 NPs were quantified using the micro-BCA assay across SG concentrations ranging from 0 to 500 pg/mL,
revealing conjugation efficiencies between 39% and 85%. After evaluating both binding efficiency and total
antibody payload, a concentration of 62.5 ug/mL SG (500 pug SG combined with 500 pg ATE780 in 8 mL) was
selected for all further experiments, achieving approximately 70% conjugation efficiency. Characterization by
dynamic light scattering (DLS) and transmission electron microscopy (TEM) (Figures la and 1b) showed
hydrodynamic diameters of 94.73 + 1.37 nm for plain AIE780 NPs and 113.24 £+ 2.10 nm for AIE780-SG NPs.
These dimensions are favorable for prolonged systemic circulation and passive tumor targeting through the
enhanced permeability and retention (EPR) effect [28, 29]. Although antibody attachment altered particle
morphology to some extent, it did not promote aggregation or sedimentation, preserving dispersion stability
appropriate for nanotherapeutic use (Figure 1c¢). Absorption spectra in PBS exhibited maxima at 605 nm and 635
nm for AIE780 and AIE780-SG, respectively (Figure 1d). Exposure to 660 nm NIR light at 2.0 W ¢cm™ caused
AIE780-SG NPs to reach 45°C within 2 minutes (Figures 1e and 1f). The conjugated nanoparticles displayed
consistent photothermal performance comparable to unmodified AIE780 NPs, with no substantial decline after
fabrication (Figure 1g). Temperature elevation scaled proportionally with both laser power and nanoparticle
concentration (Figures 1h and 1i). Controlled release experiments indicated that roughly 30% of SG was liberated
in serum-free PBS, whereas release remained limited to around 10% in the presence of serum, supporting adequate
stability during blood transport and reduced nonspecific leakage (Figure 1j). Release was markedly accelerated
under low pH and elevated temperature conditions that simulate the tumor milieu (Figures 1k and 1I). Overall,
the hRS7-functionalized AIE780-SG platform successfully integrates EPR-compatible size, reliable photothermal
properties, and environment-responsive drug liberation, thereby overcoming major limitations in the application
of ROS-based ICD strategies for TNBC.
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Figure 1. Photophysical performance of AIE780 and AIE780-SG NPs.

(a and b) Hydrodynamic size distributions and representative TEM micrographs of AIE780 and AIE780-SG
NPs (scale bars in insets: 40 nm). (c) Zeta potential profiles of AIE780 and AIE780-SG. (d) UV-vis
absorption spectra recorded in PBS (c =5 uM, Aex = 660 nm). (e) Time-dependent temperature increase of
AIE780-SG nanoparticles upon NIR irradiation (c =5 uM, 2 W cm2). (f) Cyclic photothermal stability test
of AIE780-SG showing temperature profiles during repeated laser on/off cycles (2 W cm™, total 10 min, ¢ =
5 uM). (g) Comparative heating curves for PBS, AIE780, and AIE780-SG under 660 nm laser exposure (2.0
W em2 for 10 min, ¢ =5 pM). (h, i) Photothermal heating as a function of nanoparticle concentration (at 2.0
W cm2) and laser power density (at ¢ = 5 uM). (j) Cumulative SG release profiles from AIE780-SG in PBS
versus serum-containing buffer. (k and I) Influence of pH and temperature on SG release kinetics from
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AIE780-SG. AIE, aggregation-induced emission; NPs, nanoparticles; SG, sacituzumab govitecan; PBS,
phosphate buffer saline; TEM, transmission electron microscope. *p < .05; **p < .01; ***p < .001.

In vitro tumor cell imaging and subcellular localization using AIE780-SG NPs

Antibody-drug conjugates like SG are engineered to preferentially recognize cells that overexpress TROP2 on
their surface. The therapeutic success of AIE780-SG hinges on its capacity for efficient internalization. Given the
inherent SG resistance of BT-20 cells, studies were performed to ascertain whether the nanoconjugate could
circumvent this limitation in TNBC models. Protein expression analysis by western blotting combined with flow
cytometry (Figures 2a-2c) confirmed markedly upregulated TROP2 in BT-20 cells relative to MCF-10A
epithelial controls. Cell viability testing in a panel of TNBC lines further revealed that high-TROP2-expressing
cells, most notably BT-20, displayed considerable resistance toward SG when administered alone (Figure 2d).
Confocal fluorescence microscopy showed clear penetration of AIE780-SG NPs across the plasma membrane and
subsequent accumulation in mitochondria, where intense red emission overlapped with nuclear DAPI and
mitochondrial MitoTracker Green labeling (Figure 2e). By contrast, low-TROP2 MCF-10A cells demonstrated
negligible nanoparticle internalization. Dynamic live-cell imaging illustrated progressive uptake and
mitochondrial trafficking of AIE780-SG NPs in BT-20 cells within 4 h (Figure 2f). These results indicate that
AIE780-SG capitalizes on tumor-specific TROP2 overexpression for selective uptake and accurate mitochondrial
delivery. Through hRS7-driven targeting, AIE780-SG achieves preferential engagement of TROP2-
overexpressing TNBC cells, effectively bypasses SG resistance, and attains mitochondrial localization, as
corroborated by expression profiling, pharmacological sensitivity data, and real-time visualization.
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Figure 2. Evaluation of TROP2 levels and SG responsiveness in multiple TNBC cell lines along with
intracellular trafficking patterns of AIE780-SG NPs and their association with mitochondria.

(a) Western blot images depicting TROP2 protein abundance in assorted breast cancer cell lines. (b)
Densitometry-based quantification of TROP2 expression across the tested breast cancer cell lines. (¢) Flow
cytometry histograms illustrating TROP2 surface expression in various breast cancer cell lines. (d)
Concentration-response curves showing SG IC50 values for different breast cancer cell lines. (e)
Representative images of AIE780-SG NP distribution in breast cancer cell lines and corresponding
quantitative colocalization analysis with mitochondria. Scale bar: 20 um. (f) Time-course imaging of AIE780
versus AIE780-SG NP localization and mitochondrial overlap in BT-20 cells at successive time points post-
incubation. Scale bar: 5 um. FCM, flow cytometry; SG, sacituzumab govitecan; TNBC, triple-negative breast
cancer; TROP2, trophoblast cell-surface antigen 2. ****p < .0001.

In vitro intracellular ROS generation, apoptotic induction, and DNA damage by AIE780-SG NPs

Earlier observations established predominant mitochondrial localization of AIE780-SG NPs as the basis for its
cytotoxic activity. Subsequent work examined resulting changes in mitochondrial fine structure. Bio-TEM
examination disclosed extensive organelle injury in cells exposed to AIE780-SG combined with laser exposure,
featuring disrupted membranes, loss of cristae architecture, organelle condensation, and overall shrinkage—
typical morphological signs of controlled cell death pathways (Figure 3a). Generation of intracellular ROS was
monitored with the DCFH-DA fluorescent indicator [30]. Both confocal imaging and flow cytometric
measurements demonstrated significantly augmented ROS production in BT-20 cells under AIE780-SG + Laser
conditions compared with other treatments (Figures 3b and 3c).
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Figure 3. Influence of AIE780 and AIE780-SG NPs upon mitochondrial architecture, ROS levels in BT-20
cells, apoptotic induction, and expression profiles of key regulatory proteins following diverse interventions.
(a) Transmission electron microscopy views of mitochondrial ultrastructure in BT-20 cells after AIE780-SG

treatment with or without 660 nm laser application, accompanied by magnified insets to highlight specific
damage features. Scale bar: 500 nm (overview), 200 nm (enlarged). (b) Fluorescence imaging of ROS in BT-

20 cells using H2DCFDA probe following AIE780-SG exposure with or without 660 nm laser irradiation.

Scale bar: 50 um. (c) Flow cytometric detection of ROS generation in BT-20 cells labeled with DCFH-DA
(overlaid histograms ordered from bottom to top: Isotype, PBS, SG, AIE780, AIE780 + Laser, AIE780-SG,
AIE780-SG + Laser). (d) Representative flow cytometry plots quantifying apoptosis in BT-20 cells. Annexin
V+ PI- (Q4 quadrant) corresponds to early apoptosis, Annexin V+ PI+ (Q2) to late apoptosis, and Annexin
V- PI- (Q1) to viable cells. (¢) Immunoblot images displaying expression of apoptosis-associated proteins

(HSP70/HSP90, p-elF2a/elF2a, Bel2, Total-Caspase3, Cleaved-Caspase3, and MICA/MICB) across
treatment conditions in BT-20 cells. Results are expressed as mean percentages derived from three
independent experiments conducted in duplicate (n = 3). DCFH-DA, 2',7'-dichlorodihydrofluorescein
diacetate; FCM, flow cytometry; NPs, nanoparticles; PBS, phosphate buffer saline; ROS, reactive oxygen
species; SG, sacituzumab govitecan. **p < .01; ***p < .001; ****p < .0001.

Of note, standalone SG treatment produced little evidence of synergistic killing, while the AIE780-SG + Laser
regimen triggered robust cell death, emphasizing the benefit of integrated nanoparticle delivery in surmounting
resistance in TNBC. In addition, YH2AX foci formation, indicative of DNA double-strand breaks, was
prominently increased following AIE780-SG + Laser exposure, consistent with enhanced genotoxic effects from
photo-activated SN-38 liberation [31]. In summary, these results show that AIE780-SG NPs successfully merge
photodynamic ROS generation with chemotherapeutic action to achieve enhanced tumor cell killing with
potentially reduced systemic adverse effects.
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AIE780-SG nanoparticles selectively target and synergistically bypass SG resistance in TNBC patient-derived
organoid models

To provide additional confirmation of the precise targeting capability of AIE780-SG, TNBC patient-derived
organoids (TNBC-PDOs) were employed. These three-dimensional culture systems accurately mirror the native
tumor microenvironment and represent a critical platform for precision oncology, high-throughput drug
evaluation, and investigations into tumor-immune interactions. TNBC-PDOs were generated and subsequently
classified into SG-sensitive and SG-resistant subgroups (Figures 4a and 4b). Histological examination via H&E
staining, together with TROP2 immunohistochemistry, verified the reliable establishment of SG-resistant TNBC-
PDOs (TNBC-PDO-R) (Figures 4c and 4d). Following exposure to AIE780-SG nanoparticles, the resistant
organoids displayed considerably stronger red fluorescence signals than those incubated with AIE780 alone,
confirming preferential uptake and retention of the targeted nanoparticles (Figure 4e).
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Figure 4. Generation of TNBC organoids and assessment of sensitivity to SG. Confocal micrographs
demonstrate targeting by AIE780/AIE780-SG and induction of apoptosis under different treatment
conditions.

(a) Overview of the organoid culture workflow and subsequent evaluation of cell viability following SG
administration. (b) Bright-field images and corresponding IC50 curves for SG-sensitive and SG-resistant
organoids after SG exposure. Scale bar: 100 pum. (¢, d) H&E histology and TROP2 immunohistochemical
analysis of TNBC PDOs showing prominent TROP2 levels and acquired resistance to SG. Scale bar: 100 pum;
100 pm for the enlarged region. (¢) Confocal fluorescence images of SG-resistant TNBC PDOs labeled with
red AIE780 or AIE780-SG nanoparticles alongside Mitotracker Green (green). Imaging parameters: AIE780
NPs and AIE780-SG NPs, Ex = 561 nm, Em = 600—700 nm; Mitotracker Green, Ex = 488 nm, Em = 500—
565 nm; DAPI (blue), Ex = 405 nm, Em = 410-550 nm. Scale bars: 20 um. (f) Immunofluorescence detection
of apoptosis in TNBC PDOs across treatment groups. Pl signal intensity was measured in TNBC PDOs with
Image] software. Scale bar: 20 um. PDO, patient-derived organoid; SG, sacituzumab govitecan; TNBC,
triple-negative breast cancer; TROP2, trophoblast cell-surface antigen 2. **p < .01,****p < .0001.

SG exerts its cytotoxic effects primarily through SN-38-dependent inhibition of topoisomerase I, which generates
DNA strand breaks, induces cell cycle arrest, and ultimately drives programmed cell death [32]. The integration
of photothermal therapy with SG-mediated chemotherapy resulted in substantially amplified tumor cell
elimination. Prior reports have noted that BT-20 and MDA-MB-231 cell lines display comparatively reduced
responsiveness to IMMU-132 relative to other TNBC lines [33]. Flow cytometry data demonstrated that BT-20
cells receiving the combination of AIE780-SG and laser irradiation underwent markedly higher levels of apoptosis
than cells exposed to either SG monotherapy or AIE780 plus laser (Figure 3d). Complementary Western blot
results clarified the underlying apoptotic pathway, with evidence of elevated pro-apoptotic protein expression and
suppressed BCL-2 levels following photothermal activation of AIE780-SG. In parallel, analysis of damage-
associated molecular patterns linked to immunogenic cell death (ICD), such as HMGB1, HSP70, and HSP90 [34],
revealed significantly enhanced extracellular release in the AIE780-SG plus laser cohort compared with AIE780
plus laser (Figure 3e). This was accompanied by increased phosphorylation of elF2-a, an essential mediator in
ICD signaling. Surface exposure of calreticulin (ecto-CRT) was also monitored on BT-20 cells. Confocal
microscopy showed substantially elevated ecto-CRT presentation in the AIE780-SG plus laser group relative to
all other conditions. Quantitative measurements indicated that ecto-CRT fluorescence intensity following
illumination of AIE780-SG nanoparticles was roughly 4.6 times greater than that observed with SG treatment
alone. Beyond membrane-bound CRT, extracellular ATP concentrations were quantified, revealing markedly
higher secretion in the supernatant of cells treated with AIE780-SG plus laser. Collectively, these observations
highlight the importance of reactive oxygen species (ROS)-induced mitochondrial dysfunction in promoting
tumor immunogenicity [35].

Antitumor activity was further examined by treating TNBC-PDO-R with AIE780-SG and performing Annexin
V/PI staining four hours after laser exposure. Quantitative assessment identified a significant elevation in both
early apoptotic (Annexin V-positive, green) and necrotic (Pl-positive, red) populations, with the highest fraction
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of necrotic cells observed in the AIE780-SG plus laser group (Figure 4f). Overall, AIE780-SG nanoparticles
exhibit selective accumulation in resistant TNBC-PDO-R models and, when activated by near-infrared light, elicit
robust apoptotic and necrotic responses, demonstrating potent therapeutic efficacy within this clinically relevant
three-dimensional system.

In vivo biodistribution, tumor suppression capacity, and safety profiling

The use of near-infrared luminescence enables deeper penetration into biological tissues, which is advantageous
for noninvasive in vivo imaging [36]. Given its emission characteristics in the NIR-I region, AIE780-SG was
advanced for tumor-specific imaging and therapeutic applications. Subcutaneous BT-20 xenografts were
developed in mice, followed by systemic intravenous delivery of AIE780-SG or AIE780 at a dose of 12.5 uM (5
pL/g). Real-time infrared thermographic monitoring ensured that tumor temperatures remained below 50°C
throughout laser irradiation sessions. Fluorescence-based in vivo tracking showed pronounced and selective
accumulation of AIE780-SG within tumor masses, with sharp contrast against surrounding tissues evident by 48
hours. Conversely, plain AIE780 nanoparticles produced negligible fluorescence signals at the tumor site
(indicated by red dotted circle) up to 24 hours (Figure 5a). Subsequent ex vivo fluorescence assessment of
resected tumors and major organs corroborated the superior tumor-homing properties of AIE780-SG over non-
targeted AIE780 (Figure 5b).

After establishing effective in vivo localization and photothermal performance, antitumor activity was
investigated in BT-20 xenograft mice assigned to six experimental groups: PBS, SG, AIE780, AIE780 + laser,
AIE780-SG, and AIE780-SG + laser. Intratumoral nanoparticle levels peaked at 24 hours following
administration. Tumor volumes and animal body weights were measured every two days, with laser applications
performed on days 7 and 14. Growth curves and terminal tumor masses revealed only marginal growth retardation
in the SG, AIE780, and AIE780 + laser cohorts compared with PBS-treated controls (Figures 5¢ and 5d). In
marked contrast, the AIE780-SG + laser regimen induced dramatic tumor volume reduction, underscoring the
synergistic benefits of the combined phototheranostic platform. Histopathological examination at day 21
demonstrated extensive necrotic areas and disrupted cellular architecture in tumor tissues from the AIE780-SG +
laser group. Immunohistochemistry further indicated substantially decreased Ki-67 labeling (reflecting lower
proliferation) and increased TUNEL staining (indicating enhanced apoptosis) (Figure 5e). These collective
observations confirm that NIR-activated AIE780-SG strongly restrains TNBC development by limiting
proliferative activity and triggering widespread tumor cell death. In summary, AIE780-SG supports precise NIR-
I tumor visualization with prolonged intratumoral residence. When paired with 660 nm laser exposure, it generates
powerful photothermal and chemotherapeutic actions that effectively halt TNBC progression through proliferation
suppression and apoptosis induction. Biosafety assessment via H&E histology of key organs and serum chemistry
analysis (ALB, ALT, ALP, BUN, CREA, UA) revealed no morphological alterations or biochemical
abnormalities after 21 days. These results affirm the outstanding biocompatibility of AIE780-SG nanoparticles,
positioning them as promising candidates for phototheranostic strategies.
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Figure 5. Assessment of in vivo tumor development and therapeutic outcomes following AIE780-SG
nanoparticle administration in BT-20 tumor-bearing mice.

(a) Representative in vivo NIR fluorescence images of BT-20 xenograft mice at multiple time points after
intravenous administration of AIE780 versus AIE780-SG nanoparticles. Ex = 880 nm, Em = 900 nm. (b) Ex
vivo NIR fluorescence images of principal organs and tumors harvested at 12 and 24 h post-intravenous
injection of AIE780 or AIE780-SG formulated in PBS. (c) Photographs of excised tumors from nude mice
bearing BT-20 xenografts at day 14 after receiving the specified treatments. (d) Quantitative tumor volume
progression curves across treatment cohorts. (e) Histopathological and immunohistochemical characterization
of tumor sections from groups treated with PBS, sacituzumab govitecan (SG), AIE780, AIE780 + laser,
AIE780-SG, and AIE780-SG + laser, evaluated by H&E, Ki67, and TUNEL (green) staining. Scale bar: 100
um. FLI, fluorescence imaging; NIR, near-infrared; NPs, nanoparticles; PBS, phosphate buffer saline; SG,
sacituzumab govitecan. **p < .01; ***p < .001; ****p < .0001.

Synergistic application of AIE780-SG nanoparticles with photodynamic therapy reduces tumor hypoxia and
strengthens NK cell-mediated antitumor responses in vivo

The combination of engineered nanomaterials and phototherapy can reshape the immunosuppressive tumor
microenvironment by promoting infiltration of effector immune cells and reducing regulatory populations [37,
38]. Through localized hyperthermia and reactive oxygen species production, such approaches facilitate
recruitment of cytotoxic T cells and NK cells into the tumor bed [39]. Aligning with these mechanisms, tumors
exposed to AIE780-SG + laser displayed strongly increased MICA/B levels (Figure 3e), which likely contributes
to improved NK cell trafficking. CD16 (FcyRIII) functions as a major activating receptor on NK cells capable of
directly inducing degranulation following IgG binding [40] It was proposed that surface-presented hRS7 antibody
fragments, liberated after nanoparticle internalization, could engage CD16+ NK cells. Specific blockade of CD16
significantly impaired NK cell killing activity in both SG- and AIE780-SG-treated samples and reduced CD107a
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degranulation markers, whereas control PBS and AIE780 groups were unaffected. Dendritic cells also support
broader antitumor immunity. Analysis of bone marrow-derived dendritic cells by flow cytometry revealed
elevated maturation markers (CD80, CD86, and MHC-11) following AIE780-SG + laser exposure (Figures 6a—
6d), suggesting enhanced dendritic cell capacity to stimulate NK cells. Accordingly, this group exhibited the
largest population of CD49b+ NK cells (Figure 6€). Upon activation, NK cells deploy granzyme B, perforin, and
IFN-vy to execute target cell elimination [21, 41]. AIE780-SG + laser treatment increased both NK cell abundance
and effector cytokine secretion (Figure 6f). NK cell responsiveness depends on the integrated signaling from
various activating receptors such as NKp30, NKp44, NKp46, DNAM-1, and NKG2D [42, 43]. Confocal studies
confirmed upregulated expression of NKG2D and CD49b on NK cells within tumors of the AIE780-SG + laser
cohort, supporting their augmented killing capability (Figure 7a).

PBS AIET80 AlE 780+Laser AIET80-SG AIET30-SG+Laser

133 o3 | _203'" 04 144 "o

- 4 | B
o1 o
3 ~ $3

00 - “Ho
A0 100 W

_ — 3 waee
Fal . = —_—
z pas g —
F 100 120
M Ed L ' TEL D
LE g
& £S5 © G2t
g FE
& &
b) d)
10 T .
§ o, A
8 g ose
3 g i PO < - .
= w e o e w10 E“:: o rd
AIE780+Laser AIE780-SG  AIE780-SG+Laser é 50 e B f
: [ Sl my NK 10~ —[ NK S 28 “ r |
871 s Gy 684 wizt 87 x eoll=
o r: "1k e MO
ke e “ e&"*@ 96'
o of i = é@
10¢ 0w " |803 10 »
e)
GranzymeB-PEcy7 . IFN-y-V450 2 Perforin-APC.cy7
_w.. o | B 722 | A s>
y - 32 i, s | ) T
! 83 | s | { 501
y = s . 262 T
L 14 A T22 | A “s
e | . ss | -
A0 0 10* 10 A0° 0 10 104 -100 0 "0
f)

Figure 6. Flow cytometric characterization of cytokine-producing NK cells.
(a) Analysis of surface CD80, CD86, and MHC-I1I expression by flow cytometry after immunofluorescent
labeling in the various treatment conditions. (b—d) Quantitative evaluation of co-expression levels for CD86+,
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CD80+, and MHC-I11+ following different interventions. (e) Flow cytometry plots and statistical
quantification of NK cell populations (CD45+CD3—-CD49b+). (f) Proportions of cells positive for Perforin,
IFN-y, and Granzyme B secretion (peak order from bottom to top: Isotype, PBS, SG, AIE780, AIE780 +
Laser, AIE780-SG, AIE780-SG + Laser). MHC-II, major histocompatibility complex-I1; NK, natural killer;
PBS, phosphate buffer saline; SG, sacituzumab govitecan. *p <.05; ***p < .001; ****p < .0001.
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Figure 7. Immunofluorescent evaluation of tumor specimens from mice exposed to distinct treatment
protocols.

(a) Detection of CD49b and NKG2D expression with corresponding quantification of positive cell
percentages. (b) Immunostaining for CD31, HIF-1a, and DAPI along with quantification of HIF-1a levels.
Results are shown as mean + SD (n = 3), analyzed via one-way ANOVA. Scale bar: 40 um. Significance
levels are indicated as follows: ns, p > .05; *p <.05; **p <.01; ***p < .001; ****p < .0001.

Hypoxic conditions within solid tumors, largely mediated by HIF-1a accumulation in poorly perfused areas [44],
limit treatment effectiveness. Oxidative stress and vascular changes induced by photodynamic therapy influence
HIF-1a-dependent pathways and associated cell survival signals [45, 46]. Immunohistochemical results indicated
that AIE780-SG + laser significantly downregulated HIF-1o while elevating CD31 expression (Figure 7b),
consistent with hypoxia relief and favorable vascular reorganization.

This study introduces AIE780-SG nanoparticles as an innovative photoimmunotheranostic system designed to co-
deliver the TROP2-directed sacituzumab govitecan (SG) antibody-drug conjugate alongside a mitochondria-
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targeted aggregation-induced emission photosensitizer. Leveraging the hRS7 antibody fragment for specific
recognition, these nanoparticles demonstrate preferential accumulation in TROP2-overexpressing, SG-resistant
triple-negative breast cancer (TNBC) cells and patient-derived organoids. This approach effectively addresses key
limitations of conventional SG therapy, including insufficient tumor penetration and rapid systemic clearance.
Under 660 nm light irradiation, AIE780 efficiently produces type | reactive oxygen species in mitochondria,
resulting in oxidative damage, mitochondrial dysfunction, and immunogenic cell death. Simultaneously, the pH-
triggered liberation of SN-38 intensifies DNA lesions and apoptotic signaling, yielding synergistic tumor cell
elimination with reduced systemic side effects.

A major obstacle to the long-term success of SG lies in the emergence of acquired resistance, which restricts its
therapeutic utility in clinical settings. Multiple pathways contribute to SG resistance, such as (1) variable or
diminished TROP2 expression that hinders antibody-drug conjugate binding and internalization; (2) enhanced
drug efflux driven by upregulated ATP-binding cassette (ABC) transporters that actively remove SN-38 from
malignant cells; and (3) disrupted intracellular transport or lysosomal processing that prevents optimal payload
delivery. These adaptations led to substantially reduced SG internalization and attenuated SN-38-mediated DNA
damage, as evidenced by decreased YH2AX foci, thereby establishing a complex, multifactorial resistant state.
Resistance to TROP2-targeted SG antibody-drug conjugates has been linked to TROP2 downregulation, altered
membrane trafficking, and mutations affecting payload targets (e.g., TOP1 inhibitors) [10]. Analogous
mechanisms in HER2-directed conjugates such as T-DM1 include antibody evasion, lysosomal impairment, and
multidrug resistance (MDR) pump activity [47-49]. Approaches to circumvent antibody-drug conjugate resistance
include the development of next-generation payloads (e.g., exatecan derivatives), refined antigen selection,
stabilized linkers, and increased payload potency to improve outcomes in combination regimens [50, 51].
AIE780-SG nanoparticles effectively counteract these resistance mechanisms via multiple synergistic strategies:
(1) Improved Targeting and Cellular Uptake. The surface-displayed hRS7 fragment maintains strong binding to
TROP2, promoting efficient receptor-mediated endocytosis despite lowered receptor abundance. Uptake
experiments demonstrated that SG-resistant cells retained >80% internalization of AIE780-SG relative to sensitive
parental cells, even after a 40% reduction in TROP2 levels, whereas free SG uptake dropped to only 25%. This
enhanced delivery helps overcome partial antigen loss. (2) pH-Sensitive Dual Payload Release. In the acidic
environment of endolysosomes, the hydrazone bond undergoes cleavage, enabling simultaneous liberation of SN-
38 and the photosensitizer. This coordinated release ensures that mitochondrial reactive oxygen species generation
by AIE780 persists even if some SN-38 is expelled by efflux pumps, causing organelle disruption and amplified
oxidative stress that exhausts cellular protective mechanisms. Notably, SG-resistant cells exposed to AIE780-SG
plus light displayed approximately three-fold higher mitochondrial superoxide levels than those treated with SG
alone, resulting in pronounced mitochondrial membrane potential (AWm) dissipation and apoptotic activation. (3)
Circumvention of Efflux-Dependent Resistance. The photosensitizer component is not recognized by ABC
transporters, and its reactive oxygen species-mediated effects operate independently of DNA repair pathways.
Through induction of immunogenic cell death via mitochondrial perturbation and calreticulin externalization,
AIE780-SG successfully eliminates cells otherwise capable of expelling SN-38. Combined treatment with
verapamil, a P-gp inhibitor, produced only limited additional benefit for AIE780-SG, confirming the efflux-
independent nature of the phototherapeutic component. (4) Immunogenic Cell Death and Tumor
Microenvironment Reprogramming. In addition to direct tumoricidal activity, AIE780-SG-triggered
immunogenic cell death promotes the liberation of damage-associated molecular patterns and pro-inflammatory
mediators (including ATP and HMGBL), thereby transforming immunologically “cold” SG-resistant tumors into
“hot” immunogenic lesions. Upregulation of MICA/B on cancer cells facilitates NK cell engagement through
NKG2D interactions, while liberated hRS7 fragments support antibody-dependent cellular cytotoxicity via CD16
on NK cells. This dual immune-stimulating effect was not observed with SG monotherapy, emphasizing the
unique immunological advantages conferred by the photodynamic approach.

TROP2-mediated metastasis and therapeutic resistance are closely associated with persistent activation of the
TROP2/B-catenin positive feedback circuit. This pathway drives nuclear accumulation of B-catenin, augments
transcriptional regulation, and promotes epithelial-mesenchymal transition (EMT) together with extracellular
matrix (ECM) reorganization. To counteract these effects, Bruceine D has been identified as an agent capable of
interfering with TROP2/B-catenin complex assembly, thereby reversing EMT and ECM abnormalities and
restoring therapeutic responsiveness [52]. Although conventional 1gG-based antibody-drug conjugates exhibit
restricted activity in pancreatic cancer, emerging strategies such as nanobody-drug conjugates (NDCs, for
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example HUNb-MMAE) offer improved cellular uptake and more efficient payload delivery [53]. Additionally,
approaches directed at TROP2’s intracellular domain or the concurrent use of ADCs with cyclin D1 inhibitors
may produce synergistic therapeutic benefits [54]. Ultimately, overcoming resistance demands an integrated
strategy encompassing refined ADC engineering (such as NDCs or ICD-inducing ADCs), remodeling of the tumor
microenvironment, and simultaneous inhibition of downstream survival signals (for instance, B-catenin and cyclin
D1) to interrupt critical pro-survival cascades [49].

The present results are consistent with and build upon recent progress in organelle-directed nanotherapeutic
platforms. Wang et al. engineered a mitochondria-targeted supramolecular antagonist incorporating calreticulin
(CRT) that increases cancer cell membrane permeability, promotes CRT externalization, decreases mitochondrial
membrane potential, and triggers apoptosis, highlighting its promise as an organelle-specific therapeutic agent
[55, 56]. Other investigations have shown that AlEgen-based self-assembled nanoparticles conjugated with anti-
PD-L1 antibodies markedly improve the combined benefits of photodynamic therapy and immunotherapy against
malignant melanoma, resulting in enhanced tumor control and immune stimulation [57]. Similarly,
TB/PTX@RTK micelles delivering chemotherapy and photodynamic therapy in conjunction with anti-PD-L1
antibodies were found to synergistically boost systemic antitumor activity in hepatocellular carcinoma models
[58]. Ding et al. described multifunctional photoactive aggregates based on AIE properties and cisplatin prodrugs
that support sustained near-infrared fluorescence imaging, accompanied by potent reactive oxygen species
generation and photothermal conversion, leading to effective synergistic outcomes in bladder cancer [59].
Moreover, the integration of chemotherapy and photodynamic therapy not only exerts direct cytotoxic effects on
tumor cells but also stimulates immune responses [60, 61]. For example, IR780-derived homodimers have
demonstrated substantial suppression of TNBC tumor growth while amplifying immunological activity through
robust recruitment of immune cells within the tumor microenvironment [62]. In distinction from these systems,
AIE780-SG achieves comprehensive integration of targeted antibody-drug conjugate delivery, photodynamic
therapy, and immunomodulatory functions within one nanoparticle platform, conferring superior performance
against SG-resistant TNBC.

The capacity of AIE780-SG nanoparticles to selectively localize to mitochondria and elicit immunogenic cell
death not only augments the antitumor activity of SG but also strengthens the overall immunogenicity of the
treatment. In the current investigation, these nanoparticles effectively inhibited primary tumor expansion in TNBC
models by stimulating immune activation and eliciting systemic antitumor immunity, illustrating the advantages
of uniting chemotherapeutic and immunotherapeutic modalities in a unified nanomedicine. Nevertheless, several
aspects require additional examination. First, detailed pharmacokinetic profiling and extended safety assessments
of AIE780-SG should be conducted in larger immunocompetent animal models. Second, although the study
emphasized mitochondrial apoptosis, contributions from alternative programmed cell death routes—such as
ferroptosis or necroptosis—warrant further exploration. Third, potential synergies between AIE780-SG and
immune checkpoint blockade agents (e.g., anti—-PD-1/PD-L1 antibodies) could amplify antitumor immunity and
promote long-term immunological memory.

In summary, AIE780-SG nanoparticles offer a multifaceted theranostic platform for managing SG-resistant TNBC
by integrating precision ADC delivery with photodynamic induction of immunogenic cell death. This combination
effectively overcomes chemoresistance and enhances NK cell-driven immune responses. With continued
optimization and strategic combinations, this dual-action nanoplatform exhibits considerable promise for clinical
development, providing an advanced framework for personalized photoimmunotherapy in challenging breast
cancer subtypes.

Conclusion

In conclusion, AIE780-SG nanomedicine constitutes a significant advancement toward improved management of
SG-resistant triple-negative breast cancer. Through the coordinated application of photodynamic and
chemotherapeutic mechanisms coupled with immune stimulation, this platform holds strong potential to improve
treatment responses and deliver a more efficacious multimodal therapeutic strategy for affected patients.
Subsequent research should prioritize refinement of the nanoparticles’ pharmacological characteristics and their
evaluation in clinical contexts, aiming to enhance patient prognosis and expand the utility of immunogenic
approaches in cancer therapy.
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