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Abstract: Neoadjuvant targeted therapy combining targeted agents with chemotherapy significantly improve survival
rates of patients suffering from human epidermal receptor (HER2)-positive breast cancer (BC) in early or locally
advanced stages. However, approximately 50% of patients fail to achieve a pathological complete response. In re-
sponse, targeted photothermal therapy (PTT) and photodynamic therapy (PDT) have emerged as effective strategies
to bolster primary tumors treatment. In this context, we developed a novel nanodrug, referred to as “P/ICG”, which
comprised of a tyrosine-kinase inhibitor pyrotinib and the photosensitizer indocyanine green (ICG). This formulation
was created for the targeted and multimodal synergistic therapy of HER2-positive BC. Upon irradiation with near-
infrared light, ICG generates high levels of intracellular reactive oxygen species and elevated temperature, enhanc-
ing chemotherapy effects of pyrotinib. This synergistic action boosts a highly effective anticancer effect promoting
the ferroptosis pathway, providing an efficient therapeutic strategy for treating HER2-positive BC.

Keywords: HER2-positive breast cancer, photothermal therapy, photodynamic therapy, pyrotinib, indocyanine
green

Introduction sive tumor phenotype and poor prognosis [5-8].
HER2-targeted therapy, as the main strategy for
HER2-positive BC, has improved survival and
prognosis of patients [9, 10]. However, some
patients have inherent resistance or acquired
resistance to HER2-targeted drugs, which often
lead to poor effects of targeted drugs and mini-
mal tumor regression [11, 12]. Moreover, after
receiving HER2-targeted neoadjuvant therapy,
over 50% of patients with HER2-positive BC fail
to achieve a pathological complete response
[13-15], which correlates with a decline in long-
term progression-free survival [16-18].

Breast cancer (BC) is one of the most prevalent
malignant tumors threating women’s health
[1]. In China, the incidence of breast cancer has
been increasing annually, gradually aligning
with rates observed in developed countries [2].
Among the factors contributing to mortality in
Chinese women with BC, obesity is the largest
contributor, followed by smoking and high
intake of red meat [3]. Integrated multiomic
profiling has illustrated that HER2-enriched
subtype breast cancer is remarkably high in
Chinese population, characterized by frequent
ERBB2 amplification and higher HER2 protein
abundance [4]. Human epidermal receptor

PTT and PDT have been postulated to consoli-
date the local treatment of solid tumors [19,

(HER) 2, a member of epidermal growth factor
receptor (EGFR) family, is overexpressed or
amplified in approximately 15-20% of all BC
cases, which is strongly associated with aggres-

20], as they cannot induce systemic reactions
and cause minimal damage to surrounding nor-
mal tissues [21, 22]. Indocyanine green (ICG), a
fluorescent tracer used in the clinic, has an
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Figure 1. Self-assembled nanoparticles P/ICG for HER2-targeted photothermal therapy and photodynamic therapy.
A. Self-assembled nanodrug comprising ICG and pyrotinib. B. Anti-tumor therapy using P/ICG to induce ferroptosis

(schematic).

absorption peak in the near-infrared light (NIRL)
region and exhibits remarkable photothermal
and photodynamic effects [23-26]. However,
the complete eradication of solid tumors solely
by PTT or PDT is challenged by three primary
limitations of ICG: (i) lack of selectivity to malig-
nant cells; (ii) the efficiency of PTT and PDT
being heavily dependent on the light source; (iii)
the concentration of ICG solution and the prop-
erties of the solvent critically influencing its
absorption characteristics [27, 28].

Pyrotinib is a novel pan EGFR family tyrosine
kinase inhibitor [29-32], with several studies
underscoring its high safety and efficacy in the
treatment of HER2-positive advanced BC [33-
38]. Given the challenges of ICG in terms of
targeting and dependence on light sources, we
developed a nanodrug named “P/ICG” by inte-
grating ICG and pyrotinib, which can solve the
limitation of ICG (Figure 1A) and exert a syner-
gistic and highly effective anti-cancer outcome.
Our findings indicate that P/ICG specifically tar-
gets HER2-positive BC cells, accumulating
pyrotinib and ICG within cytoplasm (Figure 1B).
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Moreover, when combined with NIRL irradia-
tion, P/ICG exhibited significant anti-tumor
capacity in a model of pyrotinib-resistant BC by
alleviating ferroptosis, switching the balance of
reactive oxygen species (ROS) and glutathione,
and reinforcing lipid peroxidation [39-41]. Our
research provides a novel comprehensive strat-
egy for the treatment of HER2-positive BC via
multimodal collaborative approaches.

Materials and method
Materials and instruments

Pyrotinib was provided by lJiangsu Hengrui
Medicine (Jiangsu, China). ICG was purchased
from J&K Chemicals (Shanghai, China). Fer-
rostatin-1 and liproxstatin-1 were obtained
from MedChemExpress (Monmouth Junction,
NJ, USA). The reagents including DCFH-DA
probe, 4’,6-diamidino-2-phenylindole, MDA tes-
ting kit, and phenylmethanesulfonylfluoride
were sourced from Beyotime Institute of
Biotechnology (Shanghai, China). The cell cul-
ture reagents including PBS, RPMI 1640 medi-
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um, fetal bovine serum, penicillin-streptomycin
solution, and trypsin-EDTA solution were ob-
tained from Hyclone (Logan, UT, USA). Me-
thanol, ethanol, and isopropanol were pur-
chased from Chongging Chuandong Chemicals
(Chongging, China).

Cell lines

BT474 cells, sourced from American Tissue
Culture Collection in Manassas, VT, USA, were
cultured in RPMI 1640 medium containing 10%
fetal bovine serum, 1% penicillin and 1% strep-
tomycin. The primary cell line BREB1, derived
from the tumor tissues of patients with HER2-
positive BC and harboring the H1047L muta-
tion of PIK3CA, is characterized by low ad-
hesion. BREB1 cells were cultured using a spe-
cialized primary BC cell-culture medium pur-
chased from Precedo Biomedical Technology
(D12108C). The cells were maintained at
37°C in 5.0% CO, atmosphere within a cell
incubator.

Animals

The study protocol was approved by the
Ethics Committee of our institution. Female
NOD-SCID mice, aged 6 weeks, were purchas-
ed from Beijing Charles River Laboratories
(Beijing, China).

Preparation of P/ICG

ICG-loaded nanoparticles were synthesized by
ICG-templated self-assembly of small-molecule
drugs. First, 645 pyL of a dimethyl-sulfoxide
solution of pyrotinib (1 mg/mL) was added into
2 mL of an aqueous solution of ICG (1.0 mg/
mL) at a molar ratio of 0.5:1. The mixture was
continuously stirred for 20 minutes before
being centrifuged at 15,000x% g for 30 minutes
at room temperature to collect the particles.
These were resuspended in the aqueous solu-
tion and purified from free drugs by ultracentri-
fugation using a 10 kDa cutoff ultrafiltration
centrifuge tube.

Characterization of P/ICG

The hydrodynamic diameter and zeta poten-
tial of nanoparticles were measured using a
nanoparticle size analyzer (ZetasizerNano ZSP,
Malvern, UK) by using DLS technology to mea-
sure the particle size and distribution. Elec-
trophoretic light scattering (ELS) was used to
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measure the electrophoretic mobility and
charge (Zeta potential) of molecules or parti-
cles in the dispersion system, and static light
scattering (SLS) was employed to analyze the
molecular weight of particles in the solution.
The morphology of nanoparticles was exam-
ined by a TEM (FEI Tecnai F20, Thermo, USA).
The mass and proportion of N, C, H, and S ele-
ments of nanoparticles and the drug-loading
proportion of ICG and pyrotinib were measured
by an organic element analyzer (Vario EL cube,
Elementar, Germany). Then, the absorption
and fluorescence spectrum of ICG and the
nanoparticle suspension were recorded by
a fluorescence/UV-visible spectrophotometer
(LS-55, Perkin Elmer, USA). The short-term sta-
bility of the nanoparticles was evaluated by the
nanoparticle size analysis.

Cellular uptake in vitro

BT474 or BREB1 cells were seeded at 1x10%/
well in a 3-mm confocal dish and treated with
ICG and P/ICG at a concentration of 0.2 mg/
mL after 24 h. Cells were fixed with paraformal-
dehyde for 15 minutes at various times (1, 2,
4, 8, 12 and 16 hours) followed by staining wi-
th 4’,6-diamidino-2-phenylindole for 5 minutes.
An anti-fluorescence quenching agent (P0128,
Beyotime, China) was then applied. Cells were
photographed using a confocal laser scanning
microscope (ZISS 880, ZEISS, Germany). In-
tracellular fluorescence was quantified by flow
cytometry using an ACEA NovoCyte system.

Antitumor effect in vitro

BT474 or BREB1 cells were seeded at a density
5,000-10,000 cells/well in a 96-well plate.
After 24 hours, the original culture medium
was replaced with culture medium containing
PBS, ICG, P/ICG (100 uL/well), setting three
replicates for each group. Following another
24-hour period, cells were irradiated with NIRL.
Subsequently, 10 uL of CCK8 solution was
added to each well, including a cell-free medi-
um blank control. After 2 hours, absorbance at
450 nm was measured by enzyme-labeled
instrument (Thermofisher, USA).

Detection of photothermal effect and calcula-
tion of photothermal conversion efficiency

P/ICG solution (0.5 mL at 0.2 mg/mL) was
placed in a 48-well plate with a thermometer
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inserted. After stabilizing to room temperature,
the solution was irradiated the with 808 nm
near-infrared light at different power densities
of 0, 0.5, 1.00 and 1.50 W/cm? for 300 sec-
onds to monitor the temperature changes and
assess photothermal conversion efficiency.
Additional tests involved different concentra-
tions P/ICG solutions (0, 0.1 and 0.2 mg/mL)
in a transparent cuboid sample pool, irradiated
with 1.0 W/cm? near infrared light, with tem-
peratures recorded every 30 seconds using an
infrared thermal imager. In order to measure
the photothermal conversion efficiency, 0.2
mg/mL P/ICG was irradiated at 1.0 W/cm?
808 nm for 5 minutes, then the irradiation was
removed and cooled to room temperature.
During this process, the temperature of the
solution was recorded every 30 seconds. The
photothermal conversion efficiency of P/ICG
was measured with reference to previous litera-
ture [24].

ROS measurement in vitro

BT474 or BREB1 cells (1x10%/well) were cul-
tured in a 3-mm confocal dish and treated with
ICG or P/ICG at 0.2 mg/mL. After 24 h, cells
were irradiated with an 808-nm laser at a
power density of 1.0 W/cm? for 5 minutes. After
irradiation, cells were stained with DCFH-DA to
detect ROS and imaged using a confocal micro-
scope. Intracellular DCF levels was quantified
via flow cytometry.

Antitumor effect in vivo

The antitumor efficacy of P/ICG combined with
NIRL irradiation was evaluated using a BREB1
cell-based tumor model in mice, under a proto-
col approved by the Ethics Committee of
Southwest Hospital in accordance with the
guidelines for the Use of Laboratory Animals.
BREB1 tumors was implanted into the fourth
left fat pads of NOD-SCID mice. The long diam-
eter (L) and short diameter (W) of the tumors
were measured and tumor volume (V) was cal-
culated as (L x W x W)/2. Once the tumor vol-
ume reached 100 mm3, mice were randomly
divided into five groups, each consisting of five
mice. In the experimental group, mice were
injected with ICG or P/ICG at a dosage of 0.02
mg/kg body weight. One-hour post-injection,
the tumors were irradiated with 808 nm NIRL
at a power density of 1.0 W/cm? for 5 minutes.
Mice were photographed by an infrared thermal
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imager (FLIR E40, FLIRSystems, USA) every
minute from radiation initiation. The tempera-
ture of the irradiated site was recorded.

Over a 2-week observation period, the weight
and volume of the tumor were measured. Post-
observation, tumor and vital organs (heart,
liver, spleen, lungs, kidneys) were harvested.
The weight and size of the tumor were mea-
sured. Tissues were then fixed with 4% parafor-
maldehyde for 24 hours, processed into paraf-
fin sections, and subjected to H&E staining his-
topathological examination.

In addition, survival data were collected from
the same five groups (n = 5). The study docu-
mented mortality rates and specific causes of
death, such as tumor ulceration or excessive
tumor growth exceeding 1,000 mm3, to evalu-
ate the long-term effects of the treatment.

MDA measurement

BT474 and BREB1 cells were co-cultured with
ICG and P/ICG at a concentration of 0.2 mg/
mL. After 24 hours, cells were exposed to an
808-nm laser at a power density of 1.0 W/cm?
for 5 minutes. Cells were then collected and
lysed with RIPA. Thiobarbituric acid was added
to the lysis solution and combined with MDA to
produce a red adduct at 100°C. The absor-
bance of this adduct was measured at 535 nm
to determine MDA levels.

Western blotting

BREB1 cells were washed twice with PBS and
lysed in RIPA buffer. Following cryogenic cen-
trifugation, proteins were collected into an
Eppendorf™ tube. Then, 5x SDS-PAGE Protein
Loading Buffer was added into the lysates,
which were then agitated and heated at 100°C
for 10 minutes. Total proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred
to polyvinylidene fluoride (PVDF) membranes.
Then, PVDF membranes were marked and
blocked with 5% milk solution for 1 hour at
room temperature, washed four times with
TBST (Tris-buffered saline and Tween-20), and
incubated overnight at 4°C with primary anti-
bodies against Nrf2, p-Nrf2, KEAP1, SLC7A11,
GPX4, FTH1, and B-actin (1:2,000 dilution; Cell
Signaling Technology). Horseradish peroxidase-
conjugated secondary antibodies (1:2,000 dilu-
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Figure 2. Characterization of P/ICG. A. DLS of P/ICG. B. Morphology of P/ICG under TEM (scale bar = 200 nm). C.
Continuous measurement of the particle size and PDI of P/ICG for 1 week. D. DLS of P/ICG at days 1, 3, and 7. E.

Absorption spectrum. F. Fluorescence spectrum.

tion; Cell Signaling Technology) were applied
subsequently. The PVDF membranes were then
processed with chemiluminescent substrate
and imaged by a gel-imaging system (ChemiDoc

XRS*; Bio-Rad Laboratories, Hercules, CA,
USA).
RNA-sequencing

Total RNA was extracted from BREB1 cells
treated with PBS, P/ICG, or P/ICG + L using
TRIzol® Reagent (Thermo Fisher Scientific, USA)
in triplicate. RNA purification, reverse transcrip-
tion, library construction, and sequencing were
performed at Shanghai Majorbio Biopharm
Biotechnology (Shanghai, China). According to
the TruSeq™ RNA Sample Preparation Kit of
lllumina (San Diego, CA, USA), total RNA (1 pg)
was used to prepare a transcriptome library.
In brief, messenger-RNA was isolated using
oligo(dT) beads and fragmented. Double-
stranded complimentary cDNA was synthe-
sized by a random hexamer primer (lllumina)
and the SuperScript Double-Stranded cDNA
Synthesis Kit (Invitrogen, Carlsbad, CA, USA).
Following terminal repair, phosphorylation, and
addition of the “A” base, cDNA was size-select-
ed on a 2% low-range ultra agarose gel to
isolate a 300 bp target fragment. The library
underwent 15 polymerase chain reaction
cycles using Phusion® DNA polymerase (New
England Biolabs, Ipswich, MA, USA) and was
quantified by a mini fluorometer (TBS380;
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Promega, Fitchburg, WI, USA). Sequencing was
performed on a NovaSeq 6000 sequencer
(Nlumina), generating paired-end reads of 150
bp.

Results

Preparation and characterization of P/ICG
nanodrug

Anticipating the potential of designed nanodrug
to target tumor cells, we synthesized the P/ICG
nanoparticles using pyrotinib and ICG. First,
645 uL of a dimethyl sulfoxide solution of pyro-
tinib (1 mg/mL) was dropped into 2 mL of an
aqueous ICG solution (1.0 mg/mL). The mixture
was subjected to continuous oscillation, fol-
lowed by centrifugation and ultrafiltration, yield-
ing a purified aqueous solution of P/ICG.

Subsequent freeze-drying and analysis of
organic components determined the molar
loading of pyrotinib and ICG at approximately
~13.475% and ~86.525%, respectively. Dyna-
mic light scattering (DLS) revealed that the
particle size of P/ICG was 203.8 + 3.0 nm with
a polydispersity index (PDI) of 0.14 + 0.01, and
a surface charge was 28.6 + 3.7 mV (Figure
2A). Transmission electron microscopy (TEM)
confirmed that P/ICG particles were uniformly
sized and spherical in shape (Figure 2B).

Continuous monitoring of particle size and PDI
over 1 week confirmed the short-term stability
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Figure 3. Photothermal effect of P/ICG. A. Infrared thermal images of water and an aqueous solution of P/ICG at
different concentrations. B. Temperature versus time curve of an aqueous solution of P/ICG (0.1 mg/mL) irradiated
by a 808-nm laser at different power densities. C. Cooling curve of water and an aqueous solution of P/ICG (0.1 mg/
mL) irradiated by near-infrared light at a power density of 1.0 W/cm?. D. Plot of time versus -In(8).

of P/ICG (Figure 2C and 2D). The absorption
light spectrum showed that the maximum
absorption peak of P/ICG shifted from 775 nm
for ICG to 815 nm. The fluorescence spectrum
demonstrated that the fluorescence peaks of
P/ICG and ICG was approximately 60 nm,
respectively (Figure 2E and 2F).

Photothermal effect of P/ICG

The photothermal capabilities of P/ICG was
evaluated at varying concentrations and differ-
ent irradiation conditions using an 808-nm NIR
light. Upon irradiation, the temperature of the
P/ICG solution increased rapidly, peaking at
approximately 5 minutes. Higher concentra-
tions of P/ICG achieved a higher peak tempera-
ture (Figure 3A). Specifically, at a power density
of 0.5 W/cm?, the temperature of the P/ICG
solution increased by approximately 13.9°C. At
1.0 W/cm?, the temperature of the P/ICG solu-
tion increased by ~26.7°C, and at 1.5 W/cm?, it
was around 35.4°C (Figure 3B).
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To evaluate the efficiency of photothermal con-
version, the P/ICG solution was exposed to an
NIRL at a power density of 1.0 W/cm? until it
reached its maximum temperature and was
then allowed to cool to room temperature.
The temperature changes were meticulously
recorded (Figure 3C). The efficiency of photo-
thermal conversion was calculated to be
approximately 31.945% with a cooling time 1_ =
352.6 s (Figure 3D).

When the power density was 1.0 W/cm?, the
temperature of the P/ICG solution increased
rapidly and uniformly, whereas the temperature
of the water did not increase significantly.
Consequently, a power density of 1.0 W/cm?
was selected for subsequent cell experiments.

Cellular uptake, photodynamic toxicity, and cel-
lular toxicity of P/ICG in vitro

Cellular uptake of P/ICG in vitro was evaluated
in BT474 and BREBA cells. BREB1 cells, purified
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primary cancer cells derived from patients
with HER2-positive BC, harbor the PIK3CA-
H1047L mutation, confirmed by next-genera-
tion sequencing (Figure 4A). These cells, capa-
ble of suspension growth in a specifized medi-
um for primary cancer cells, showed stable
proliferation (Figure S1). BT474 and BREB1
cells were co-cultured with ICG or P/ICG at 0.2
mg/mL for varying durations (1, 2, 4, 8, 12, and
16 hours). Following fixation, cells were photo-
graphed using an ultra-high-resolution confocal
laser scanning microscope. Intracellular fluo-
rescence was compared via flow cytometry.
BT474 cells reached a peak of P/ICG uptake at
12 hours, with uptake rates 1.59 times higher
than ICG (P < 0.0001). BREB1 cells reached
peak uptake at 8 hours, with rates 1.42 times
that of ICG (P = 0.0382) (Figure 4B and 4C),
suggesting effective uptake of P/ICG by HER2-
positive BC cells.

Next, we irradiated P/ICG with 808-nm NIRL to
induce the generation of ROS. A dichlorodihy-
drofluorescein diacetate (DCFH-DA) probe was
applied to evaluate ROS levels, which convert-
ed into green fluorescent DCF upon oxidation.
Cells were treated with P/ICG or ICG at a con-
centration of 2.0 yg/mL for 12 hours before
irradiation with 808-nm NIRL for 5 minutes at
a power density of 1.0 W/cm?2. Confocal laser
scanning microscopy revealed brighter red and
green fluorescence in cells treated with P/ICG
and NIRL irradiation. The fluorescence intensity
of DCF significantly increased after P/ICG was
combined with NIRL radiation, indicating ele-
vated ROS levels (Figure 4D-G). Quantitative
analysis revealed significant increases in ROS
in the P/ICG + L group compared to other
groups (e.g., BT474 cells: 86.04 + 8.078 in the
ICG group, 108.3 + 20.29 in the ICG + light (L)
group, 102.0 £ 5.558 in the P/ICG group, 187.6
+ 7.446 in the P/ICG + L group; P/ICG + L vs.
ICG + L, P =0.0352; P/ICG + L vs. P/ICG, P =
0.0058; BREB1 cells: 24.56 + 7.080 in the ICG
group, 62.96 + 11.23 in the ICG + L group,
4552 + 15.02 in the P/ICG group, 252.1 +
46.04 in the P/ICG + L group; P/ICG + L vs. ICG
+ L, P = 0.0009; P/ICG + L vs. P/ICG, P =
0.0008). These results confirm the potent pho-
todynamic effect of P/ICG.

The cytotoxic effects of ICG, pyrotinib, and P/
ICG combined with NIRL irradiation were evalu-
ated on BT474 and BREB1 cells in vitro.
Pyrotinib alone had an obvious toxic effect on
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BT474 cells, with a half-maximal inhibitory con-
centration (IC_)) of 7.487 nmol/L (Figure 4H).
In contrast, BREB1 cells had strong resistance
to pyrotinib, with an IC_, of 471.1 nmol/L (Fig-
ure 4l). Combination treatment with P/ICG and
NIRL irradiation markedly reduced cell viability,
underscoring the synergistic anti-tumor effects
of P/ICG through PTT, PDT, and chemotherapy,
particularly in pyrotinib-resistant cells.

Fluorescence imaging in vivo

To investigate the distribution and retention of
nanodrugs in tumors, we established a human
tumor cell-derived xenograft model using
BREB1 cell-derived tissue transplanted into the
fat pads of NOD-SCID mice. This local injection
method ensures intertumoral enrichment of
nanodrugs while minimizing uptake and metab-
olism by other organs, such as the liver.

BREB1 tumor-bearing NOD-SCID mice were di-
vided into three groups and subjected to local
injection of either phosphate-buffered saline
(PBS), free ICG, or P/ICG. Following the injec-
tion at ICG (0.5 mg/kg bodyweight), the fluor-
escence signal was measured at various time
intervals (Figure 5A). The fluorescence intensi-
ty for both the ICG group and P/ICG group
increased, peaking around 2 hours post-injec-
tion before stabilizing with small fluctuations
(Figure 5B). Twenty-four hours after injection,
the mice were euthanized, and their organs
were harvested for ex vivo fluorescence imag-
ing (Figure 5C). This imaging confirmed that
fluorescence signals were predominantly local-
ized in tumors, with the mean fluorescence
intensity of the P/ICG group being 3.03-fold
higher than that of the ICG group (P < 0.0001)
(Figure 5D). Notably, neither free ICG nor P/ICG
showed significant accumulation in non-target-
ed organs.

Antitumor effect of P/ICG in vivo

Next, we evaluated the antitumor effects of P/
ICG in vivo using a human tumor cell-derived
xenograft model as stated above (Figure 6A).
Fourteen days post-implantation, when the
tumor volume reached approximately 100
mm?3, the therapeutic trials commenced. Mice
were divided into five groups, each containing
five animals: control, ICG, P/ICG, ICG + L, and
P/ICG + L. Based on the ICG concentration, the
drug was administered directly into the tumors

Am J Cancer Res 2024;14(8):3976-3993
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Figure 4. Cellular uptake, photodynamics, and cellular toxicity of P/ICG in BT474 cells and BREB1 cells. A. H&E
staining and immunohistochemistry of BREB1 cells and BREB1 cell-derived tissue. B, C. Confocal laser scanning
microscopy and flow cytometry of cellular uptake of P/ICG at different time points in BT474 cells and BREB1 cells
in vitro. D, E. Confocal laser scanning microscopy showing intracellular distribution and ROS production of P/ICG
in BT474 cells and BREBL1 cells in vitro. F, G. Flow cytometry showing ROS production of P/ICG in BT474 cells and
BREB1 cells in vitro. H, |. Cytotoxicity assay of BT474 cells and BREB1 cells treated with free ICG, pyrotinib, or P/ICG,
following 808-nm near-infrared light radiation for 5 min at a power density of 1.0 W/cm?2. Scale bar = 50 ym. *P <
0.05, **P < 0.01, ***P < 0.001.
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Figure 5. Fluorescence imaging and biodistribution of P/ICG in vivo. (A) Fluorescence imaging and (B) semiquanti-
tative analyses of fluorescence intensity of P/ICG distribution in BREB1 tumor-bearing mice in vivo (n = 3, mean *
SD). (C) Ex vivo images and (D) and quantitative fluorescence analyses of uptake of PBS, free ICG, and P/ICG in the

tumor, heart, lungs, liver, kidneys, and spleen 24 h after injection. ***P < 0.001.

at a dosage of 0.5 mg/kg bodyweight, while the
same volume of PBS was injected to mice in
the control group. Two hours post-injection, the
mice received 808-nm NIRL irradiation at a
power density of 1.0 W/cm? for 5 minutes and
the temperature was measured simultaneously
with an infrared thermal imager (Figure 6B).
The mean temperature of the tumor injected
with P/ICG increased by 22.02°C within 2 min-
utes, whereas that of the tumor injected with
free ICG increased by 18.44°C (Figure 6C).

The anti-tumor efficacy of PTT or PDT was moni-
tored by measuring tumor volume and weight,
alongside measuring the vital signs of mice
every 2 days. A significant difference in the
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bodyweight of mice in each group was docu-
mented (Figure 6D). While no notable differ-
ence was observed between the control, ICG,
and P/ICG groups in terms of tumor volume
changes, both the P/ICG + L group and ICG + L
group exhibited significant tumor reduction
(ICG + L vs. control, P = 0.0416; P/ICG + L vs.
control, P < 0.0001), with the P/ICG + L group
showing greater reduction than the ICG + L
group (P/ICG + L vs. ICG + L, P =0.024) (Figure
6E).

Mice were euthanized, and their organs (such
as heart, liver, spleen, lungs, and kidneys) and
tumor tissues were harvested on day 14 for fur-
ther analysis. The tumors in the ICG + L group
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Figure 6. Antitumor effect of P/ICG in vivo. (A) Flowchart showing establishment of a BREB1 cell-derived tumor
model in mice and photothermal therapy and photodynamic treatment using P/ICG. (B) Infrared thermal images
and (C) semiquantitative analyses of BREB1 tumor-bearing mice who received 808-nm near-infrared light radiation
at a power density of 1.0 W/cm? at different time points (n = 5, mean + SD). (D) Plot of tumor weight versus time
of different groups. (E) Mean changes in tumor volume in different groups at different time points. (F) Tumor photo-
graphs taken from different groups of mice at day 14. (G) Tumor weight harvested from mice of different groups. (l)
Survival curve of mice in different groups. (H) H&E sections of the heart, liver, spleen, lungs, and kidneys of mice in
different groups at day 14. *P < 0.05, **P < 0.01, ***P < 0.001.

shrank to a certain extent, whereas the tumors
in the P/ICG + L group showed significantly
more pronounced shrinkage (P = 0.0018)
(Figure 6F and 6G). The average tumor weight
in the P/ICG + L group was significantly lower
than thatin the ICG + L group (0.054 + 0.02966
gvs. 1.390 + 0.3578 g, P = 0.0018). Histologi-
cal examination of organ sections stained with
hematoxylin and eosin (H&E) showed no signifi-
cant difference among groups (Figure 6H), sug-
gesting that P/ICG treatment did not cause
noticeable damage to the organs.

Survival rates were also assessed in another
identical set of treatment groups (Figure 6l).
Four weeks after drug injection, 80% of mice in
the P/ICG + L group survived, significantly out-
performing the other groups, indicating that P/
ICG combined with NIRL irradiation markedly
improved compared to free ICG with NIRL (P =
0.0316).

Therapeutic mechanisms of P/ICG for tumor
suppression according to RNA-sequencing
analysis

RNA-sequencing was conducted to explore the
therapeutic mechanisms of P/ICG. Principal
component analysis demonstrated genetic
diversity among the P/ICG + L, P/ICG, and con-
trol groups (Figure 7A). Volcano plots highlight-
ed the differences between the P/ICG + L and
control group, as well as between P/ICG and
the control group (Figure 7B). We identified
3,551 differentially expressed genes (DEGS)
between the P/ICG group and control group:
2,432 genes were significantly upregulated,
and 1,119 genes were downregulated. Addi-
tionally, 3,130 DEGs were observed between
the P/ICG + L and control group: 2,089 genes
were upregulated and 1,041 were down-
regulated.

Analyses of signaling pathways using the Kyoto
Encyclopedia of Genes and Genomes (KEGQG)
database indicated that DEGs between the P/
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ICG + L and control group were primarily
involved in processes like DNA replication, cell
cycle, systemic lupus erythematosus, pathways
in cancer, neutrophil extracellular trap forma-
tion, mismatch repair, and homologous recom-
bination (Figure 7C). Notably, apoptosis was
downregulated in the P/ICG group but upregu-
lated in the P/ICG + L group, suggesting that
reduced apoptosis may be a resistance mecha-
nism in drugs targeting HER2-positive BC,
which could be reversed by P/ICG treatment
(Figure S2A). Further classification of enriched
DEGs using the Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) database
identified 10 key pathways including inner
dynein arm assembly, cilium movement in-
volved in cell motility, axoneme assembly, posi-
tive regulation of apoptotic cell clearance, cel-
lular response to biotic stimulus, cellular hor-
mone metabolic process, cilium movement,
response to lipopolysaccharide, hormone met-
abolic process, and cilium or flagellum-depen-
dent cell motility (Figure S2B). Compared with
the control group, P/ICG combined with NIRL
irradiation inhibited pathways such as DNA rep-
lication, cell cycle, mismatch repair, homolo-
gous recombination, and the Cushing syndrome
pathway. Conversely, it promoted pathways
related to systemic lupus erythematosus, neu-
trophil extracellular trap formation, alcoholism,
rheumatoid arthritis, and cytokine-cytokine
receptor interaction pathway (Figure S2C and
S2D). Overall, in the P/ICG + L group, the domi-
nant pathways associated with DNA replication
and repair, cell growth and death, immune sys-
tem processes, and signal transduction (Table
S1). Specifically, the pathways of cell growth
and death, such as cell cycle, cellular senes-
cence, apoptosis, pb3 signaling pathway,
oocyte meiosis, and ferroptosis, were signifi-
cantly influenced by P/ICG.

Besides apoptosis, we considered ferroptosis
as another potential anti-tumor mechanism for
P/ICG, influenced by changes in the balance
between ROS and glutathione due to photody-
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Figure 7. Therapeutic mechanisms of P/ICG for tumor suppression based on proteomics analysis. (A) PCA showing
data gap between the P/ICG + L group and control group. (B) Volcano plot showing DEGs between the P/ICG + L
group and control group. (C) Diagram showing DEGs between the P/ICG + L group and control group using the KEGG
database focused mainly on “DNA replication”, “cell cycle”, “systemic lupus erythematosus”, “pathways in cancer”,
“neutrophil extracellular trap formation”, “mismatch repair”, and “homologous recombination”. (D) Correlation net-
work diagram of eight hub DEGs related to ferroptosis. (E) Relative MDA level in BT474 cells and BREB1 cells in
different groups. (F, G) Viability of BT474 cells and BREB1 cells treated with liproxstatin-1 or ferrostatin-1 in different
groups. (H, I) Western blots showing expression of ferroptosis-related proteins in BREB1 cells administered different
treatments. *P < 0.05, **P < 0.01, ***P < 0.001.
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namic therapy (PDT). Eight hub genes associ-
ated with ferroptosis were notably affected
by P/ICG, including TF, HMOX1, MAP1LC3B2,
SAT2, CP, ACSL4, ACSL5, SLC7A11 (Figure 7D).
Ferroptosis is an intracellular iron-dependent
form of cell death, which is distinct from apop-
tosis, necrosis, and autophagy. Ferroptosis fea-
tures prominently in tumor suppression and
tumor immunity [42]. Initially, we quantified
lipid peroxidation of BT474 and BREB1 cells by
measuring the malondialdehyde (MDA) levels.
MDA levels significantly increased after NIRL
irradiation in both the P/ICG + L group and ICG
+ L group compared to their non-irradiated
counterparts with marked differences noted
(BT474 cells: P/ICG + L vs. ICG + L, P < 0.0001;
P/ICG + L vs. P/ICG, P < 0.0001; BREB1 cells:
P/ICG + Lvs. ICG + L, P < 0.0001; P/ICG + L vs.
P/ICG, P < 0.0001) (Figure 7E). Subsequently,
we investigated the effects of the ferroptosis
inhibitors on cell survival. Liproxstatin-1 (300
nM) and ferrostatin-1 (200 nM) were added to
cell culture medium, respectively, followed by
treatment with ICG or P/ICG. Twenty-four hours
post-treatment, the cells were irradiated with
NIRL, and cell survival was assessed using the
Cell Counting Kit 8 (CCK8) Reagent. There was
a significant increase in cell survival following
NIR irradiation, highlighting that both PTT and
PDT may actively promote ferroptosis (Figure
7F and 7G).

To determine the involvement of PTT or PDT
in ferroptosis, we analyzed the expression of
ferroptosis-related proteins in BREB1 cells.
Western blotting revealed that PTT and PDT sig-
nificantly promoted the phosphorylation of
nuclear factor erythroid 2-related factor 2
(Nrf2), upregulated the expression of free
Kelch-like ECH-associated protein 1 (KEAP1),
and simultaneously reduced the expression of
SLC7A11, glutathione peroxidase 4 (GPX4),
and ferritin heavy chain 1 (FTH1) (Figure 7H
and 7I). The Nrf2-KEAP1 signaling pathway,
one of the important mechanisms of cell
defense against oxidative-stress injury, partici-
pates in ferroptosis regulation. Proteins such
as SLC7A11, GPX4, and FTH1 are involved in
the reduction of glutathione and serve to inhi-
bit ferroptosis [43-48]. These results indicate
that PTT and PDT can activate the Nrf2-KEAP1
signaling pathway and suppress the expression
of SLC7A11, GPX4, and FTHL. This modulation
disturbs the balance between ROS and gluta-
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thione, enhances lipid peroxidation, and conse-
quently promotes ferroptosis.

Discussion

Recently, nanomaterials have emerged as a
promising alternative therapy for tumors, offer-
ing advantages such as non-invasive, minimally
invasive, enhanced controllability, and lack of
drug resistance [49]. Nanomaterials provide a
new strategy for tumor immunotherapy, add-
ressing a number of defects in conventional
therapies, which often suffer from poor speci-
ficity, low immunogenicity, inadequate delivery
efficiency, and off-target side effects [50].
Nanomaterials for tumor therapy utilized di-
verse basic biomaterials, including metal oxide,
silicon, carbon nanotubes, polymer, natural
bio-macromolecular, or cell-derived bioactive
materials, serving as carriers for immunothera-
peutic agents [51]. These materials enhance
therapeutic efficacy by prolonging circulation
time, optimizing pharmacokinetic parameters,
ensuring target delivery, facilitating uptake and
presentation, and control release. This multi-
faceted approach effectively compensates for
the limitations traditionally associated with
immunotherapy [52].

Traditional breast cancer treatment typically
includes combinations of surgery, radiation,
chemotherapy, hormone, and targeted therapy
[53-56]. However, recent advances in nano-
technology offer new synergistic approaches
for managing this disease. For instance, Qin
et al. developed platelet membrane-camou-
flaged magnetic nanoparticles, Fe,0,-SAS @
PLT, aimed at treating triple-negative breast
cancer. The experiment revealed that Fe,O,-
SAS @ PLT-mediated ferroptosis not only
enhances tumor-specific immune response but
also effectively reprograms immunosuppres-
sive M2 macrophages into antitumor M1 sub-
type [57]. Furthermore, the HA-b-PCDA poly-
meric nanomaterial platform was designed
to simultaneously deliver chemotherapeutic
drugs and target breast cancer stem cells, sig-
nificantly inhibiting the proliferation and stem-
ness of breast cancer stem cell-enriched 4T1
mammospheres [58]. In another innovative
approach, Hao et al. developed nanoparticles
composed of doxorubicin, chitosan, and cell-
penetrating peptide, loaded with ginsenoside
Rg3. These nanoparticles are designed to
reverse the immunosuppressive tumor micro-
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environment and promote immunogenic cell
death in 4T1 tumors [59]. Moreover, according
to the research by Zhuofei et al., a new biode-
gradable polymeric nanoparticle platform en-
capsuling RNA1 has been shown to reverse
radio-resistance of triple-negative breast can-
cer by inducing long noncoding RNA AFAP1-
AS1 silencing and restraining Wnt/B-Catenin
signaling pathway [60].

In recent years, nano-biomaterials for tumor
PTT and PDT stimulated by NIRL have garnered
significant attention. Near infrared light, which
includes two primary regions, 650-950 nm and
1,000-1,350 nm, offers minimal absorption by
water and biomolecules, allowing it to pene-
trate deep tissues without significant damage
to normal tissues. This attribute makes NIRL
particularly effective for therapeutic applica-
tions in deep-seated tumors. PTT and PDT
offer high selectivity and specificity, and they
can be conveniently integrated with other ther-
apeutic regimen such as chemotherapy, radia-
tion therapy, immunotherapy or gene therapy
[61]. By targeting photosensitizers to specific
cells, not only can the photothermal efficiency
be improved, but also damage to surrounding
normal tissues can be minimized. This targeted
approach allows for a multi-mode synergistic
anti-tumor effect that encompasses cell death,
cell immunity, and modulation of extracellular
matrix [62].

In summary, this research introduces innova-
tive targeted photothermal nanomaterials by
combining a HER2-targeted drug with indocya-
nine green. These materials are designed to
precisely target tumor cells, delivering an accu-
rate and potent anti-tumor effect.

Conclusions

We developed a new nanodrug, P/ICG, which
combines pyrotinib and ICG for targeted and
multimodal synergistic therapy of drug-resis-
tant HER2-positive BC. P/ICG integrated the
advantages of pyrotinib and ICG: pyrotinib
enhances the targeting of nanomaterials to
tumor cells, while the photothermal and photo-
dynamic properties of ICG amplify the chemo-
therapeutic effects of pyrotinib, resulting in a
stronger anticancer effect. Intratumor injection
is utilized to overcome the interstitial barrier
associated with the tumor, allowing for precise
and uniform drug distribution directly to the
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tumor site and ensuring a sustained therapeu-
tic effect. P/ICG exerts its photothermal and
photodynamic effects by increasing ROS and
elevating intracellular temperature. The equilib-
rium shift of ROS and glutathione, along with
the downregulation of ferroptosis-related pro-
tective proteins due to high temperature,
enhances lipid peroxidation and promotes fer-
roptosis. The present nanodrug holds three
main advantages: (1) pyrotinib provides effec-
tive targeting of HER2; (2) the combined anti-
cancer activity of pyrotinib and the photother-
mal and photodynamic effects of ICG result in
a highly potent anti-cancer effect; (3) local
injection and NIRL irradiation enable precise in
situ ablation of tumor cells with minimal dam-
age to surrounding normal tissues.

Our research provides a novel integrated
approach against HER2-positive BC, employing
a targeted and multimodal synergistic stra-
tegy.
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Figure S1. BREB1 cells are purified cancer cells that can grow in a suspension in a specific medium and proliferate
stably.
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Table S1. KEGG signaling pathways

Pathway id Description Ratio_in_study Ratio_in_pop P value First Category Second Category
hsa03030 DNA replication 19/1514 36/14529 2.96E-10 Genetic Information Processing Replication and repair
hsa04110 Cell cycle 36/1514 122/14529 4.19E-09 Cellular Processes Cell growth and death
hsa05322 Systemic lupus erythematosus 34/1514 130/14529 2.90E-07 Human Diseases Immune disease
hsa05200 Pathways in cancer 88/1514 501/14529 5.47E-07 Human Diseases Cancer: overview
hsa04613 Neutrophil extracellular trap formation 42/1514 181/14529 4.50E-07 Organismal Systems Immune system
hsa03430 Mismatch repair 11/1514 23/14529 6.25E-06 Genetic Information Processing Replication and repair
hsa03440 Homologous recombination 14/1514 40/14529 2.85E-05 Genetic Information Processing Replication and repair
hsa05222 Small cell lung cancer 22/1514 86/14529 5.05E-05 Human Diseases Cancer: specific types
hsa05034 Alcoholism 36/1514 178/14529 7.09E-05 Human Diseases Substance dependence
hsa05202 Transcriptional misregulation in cancer 37/1514 184/14529 6.44E-05 Human Diseases Cancer: overview
hsa05217 Basal cell carcinoma 17/1514 61/14529 0.000113394 Human Diseases Cancer: specific types
hsa05203 Viral carcinogenesis 37/1514 194/14529 0.000200865 Human Diseases Cancer: overview
hsa04934 Cushing syndrome 30/1514 147/14529 0.00023309 Human Diseases Endocrine and metabolic
disease
hsa04020 Calcium signaling pathway 41/1514 231/14529 0.000457937 Environmental Information Signal transduction
Processing
hsa05165 Human papillomavirus infection 52/1514 316/14529 0.000575785 Human Diseases Infectious disease: viral
hsa04916 Melanogenesis 21/1514 95/14529 0.000650055 Organismal Systems Endocrine system
hsa04933 AGE-RAGE signaling pathway in diabetic 21/1514 94/14529 0.000560361 Human Diseases Endocrine and metabolic
complications disease
hsa04060 Cytokine-cytokine receptor interaction 48/1514 287/14529 0.000639373 Environmental Information Signaling molecules and
Processing interaction
hsa00260 Glycine, serine and threonine metabolism 12/1514 40/14529 0.000543706 Metabolism Amino acid metabolism
hsa05226 Gastric cancer 28/1514 143/14529 0.000742189 Human Diseases Cancer: specific types
hsa04923 Regulation of lipolysis in adipocytes 14/1514 54/14529 0.0009868  Organismal Systems Endocrine system
hsa04218 Cellular senescence 29/1514 153/14529 0.001036158 Cellular Processes Cell growth and death
hsa04913 Ovarian steroidogenesis 13/1514 49/14529 0.001175034 Organismal Systems Endocrine system
hsa04390 Hippo signaling pathway 29/1514 154/14529 0.001152336 Environmental Information Signal transduction
Processing
hsa04512 ECM-receptor interaction 19/1514 87/14529 0.001342493 Environmental Information Signaling molecules and
Processing interaction
hsa05224 Breast cancer 27/1514 142/14529 0.001444753 Human Diseases Cancer: specific types
hsa04210 Apoptosis 24/1514 122/14529 0.001603728 Cellular Processes Cell growth and death
hsa05323 Rheumatoid arthritis 19/1514 88/14529 0.001548295 Human Diseases Immune disease
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hsa03460
hsa04510
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Hematopoietic cell lineage
Gap junction
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Focal adhesion
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Lipid and atherosclerosis

Human T-cell leukemia virus 1 infection
MicroRNAs in cancer

Steroid hormone biosynthesis

TNF signaling pathway

IL-17 signaling pathway
p53 signaling pathway

Viral protein interaction with cytokine and
cytokine receptor

Platelet activation

Circadian entrainment

Complement and coagulation cascades
Fluid shear stress and atherosclerosis
Hepatocellular carcinoma

Oxytocin signaling pathway

Axon guidance

GnRH signaling pathway
Salivary secretion
Wnt signaling pathway

Amoebiasis

Nucleotide excision repair
Dilated cardiomyopathy

25/1514

20/1514
18/1514

13/1514
33/1514

36/1514

34/1514
35/1514
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14/1514
21/1514
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18/1514
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Gastric acid secretion
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Caffeine metabolism

Pancreatic cancer
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