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ABSTRACT

Cancer stem-like cells (CSCs) within deep tumors are a fundamental contributor to radiotherapy (RT) resistance due to
their pronounced stemness resulting in unique unlimited self-renewal and differentiation capabilities. Alleviating hypoxic
microenvironment of deep tumors to attenuate the stemness of CSCs remains a significant challenge, as the dense extracellular
matrix (ECM) severely restricts oxygen diffusion into deep tumors. Herein, a nano-delivery particle (AMPM) is constructed
to improve ECM permeability for deep tumor oxygen and radiosensitizer delivery. Natural fatty acid low-melting eutectic
mixtures are employed as phase change materials (PCM) to encapsulate thermoresponsive self-assembled micelles, O, pre-
saturated perfluoropentane, and nitroimidazole sensitizers (metronidazole, MTZ), with the goal of enhancing RT. Under 808 nm
light irradiation, PCM acts as a temperature-sensitive gatekeeper that undergoes solid-to-liquid phase transition under mild
hyperthermic conditions (40°C), precisely controlling the release of MTZ and oxygen. Additionally, this design enhances the
ECM permeability of the tumor, facilitating the delivery of oxygen and MTZ to deep-seated tumors. In TNBC (triple-negative
breast cancer) mouse models, the combination of oxygen and MTZ effectively reverses radioresistance caused by hypoxic tumor
microenvironment and CSCs, while significantly enhancing the efficacy of RT. Combination treatment with AMPM and RT (4 Gy)
achieves a tumor inhibition rate of 91.2%, substantially surpassing high-dose RT alone (12 Gy, 52.1% inhibition). This study presents
an innovative sensitization strategy with considerable clinical application potential for radiosensitization.

1 | Introduction

Breast cancer is the most common malignant tumor among
women. Triple negative breast cancer (TNBC), a subtype lacking
expression of estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor receptor 2 (HER-2) [1], has
limited treatment options due to a lack of biomarkers or drug
targets [2]. This leads to aggressive tumors with high metastasis

potential, poor prognosis, and recurrence rates [3, 4]. Radio-
therapy (RT), as one of the most crucial treatment approaches
for malignant tumors, participates in different treatment stages
of approximately 70% tumor patients [5] which improves the
local control of inoperable breast cancer and metastatic lesions
[6, 7]. However, the 5-year recurrence rate of advanced cancer
patients who received RT alone without surgery is as high as
60%-70% [8, 9]. This is because the inherent and acquired tumor
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radioresistance severely limits the efficiency of RT and leads to
treatment failure [10-12]. Therefore, overcoming RT resistance to
enhance RT efficacy and reduce damage to normal tissues is a
key problem that needs to be addressed. Cancer stem-like cells
(CSCs) are a distinctive subgroup of cancer cells with the ability of
continuous self-renewal and differentiation, playing a vital role in
tumorigenesis, development, metastasis, and recurrence [13, 14].
Compared with tumor cells, CSCs exhibit stronger RT resistance
and are widely considered to be the root cause of tumor radiore-
sistance [15-18]. Research on the relationship between CSCs and
RT resistance has made an important breakthrough in recent
years. A study published in Cell Metabolism in 2024 found that
glioma stem cell marker ALDH1A3 induced lactate accumulation
and modified DNA repair protein XRCC1 by interacting with
glycolysis rate-limiting enzyme PKM2, leading to RT resistance.
This work provides an argument for the mechanism of CSCs and
RT resistance [18].

Since Thomlinson and Gray discovered hypoxic cells in solid
tumors and linked them to poor RT outcomes, tumor hypoxia
has aroused great concern in radiobiology and oncology [19-22].
Studies have pointed out that CSCs are mostly located in the
center of the tumor mass, which is characterized by hypoxia
and low pH [23]. CSCs can promote their expansion by reducing
cellular radiation damage and modifying their gene expression
profiles, further aggravating RT resistance [24-26]. Hypoxia has
been confirmed as a critical factor in enhancing the stemness
and phenotype of CSCs, and is considered to be a major obstacle
to achieving radiosensitization [27, 28]. Liu’s group reported that
in situ cell membrane self-assembly radiosensitizer (CA-Pt), by
targeting carbonic anhydrase IX (CAIX), enriches CSCs improves
hypoxic microenvironment, and inhibits stemness maintenance.
CSCs-based radiosensitization remains a challenge because deep
tumor hypoxic microenvironment limits drug delivery and thera-
peutic efficacy [24]. Therefore, efficient delivery of oxygen to deep
tumor regions is of great significance for reducing the stemness of
CSCs.

In the current domain of nanomedicine, personalized and refined
nanomedicines are employed to ameliorate the hypoxic envi-
ronment of tumors [29], encompassing enhancing the oxygen
concentration within tumors [30], altering the metabolic path-
ways of tumors to reduce reliance on hypoxic conditions, and
normalizing tumor blood vessels [31-34]. The most straight-
forward approach is to directly convey oxygen to the tumor
site. Nevertheless, upon the arrival of oxygen at the tumor
region, the dense ECM impede the deep delivery of oxygen [33].
The ECM is comprised of fibronectin, collagen, and various
binding proteins, which collectively establish a complex three-
dimensional physical barrier within tumor tissue [35, 36]. This
dense structure creates resistance to molecular diffusion from
the perivascular region to distal cells; even O, molecules are
limited in their diffusion, reaching only 100-200 ym from the
vascular source [37-39]. The dense ECM of tumors results in poor
permeability. Hence, the bottleneck issue in oxygen delivery to
the tumor site is the poor permeability within the tumor tissue,
making it arduous to reach the central area of solid tumors.
Studies have confirmed that the photothermal effect can denature
tumor collagen, improve the permeability of tumor tissue, reduce
the hindrance of the dense ECM to nanomedicines, and facilitate
the deep penetration of nanomedicines [40, 41].

To overcome hypoxia and the ECM barrier limit the efficacy of
radiosensitizer in CSC-rich tumor cores, this study developed a
thermosensitive nanoplatform (AMPM), whose core components
include temperature-responsive PCM, NIR-driven photother-
mal micelles (ABM), nitroimidazole-based radiosensitizer (MTZ)
[42]. and highly efficient oxygen-carrying PFP (Scheme 1A). The
PCM are a eutectic mixture formed by two natural fatty acids
(Lauric acid: Stearic acid = 4: 1), which can undergo solid-
liquid phase transition in response to temperature changes. The
photothermal effect of ABM triggers the phase transition of PCM
and simultaneously lead to the inactivation of ECM collagen and
increased tumor permeability, thereby facilitating the delivery of
oxygen and MTZ to deep tumors. Oxygen effectively alleviates the
hypoxic characteristics of deep tumors, reduces the stemness of
CSCs, and inhibits the expression of HIF-1a (Scheme 1B). TMZ
enhances the lethal effect of RT on tumor cells by inhibiting
DNA damage repair function. In the mouse TNBC model,
AMPM efficiently reduced the expression of CD44 in CSCs,
inhibited HIF-1a, and suppressed DNA damage repair in tumor
cells, demonstrating a tumor inhibition rate of 91.2%, which is
significantly higher than that of the high-dose RT (12 Gy, tumor
inhibition rate of 52.1%) alone. Therefore, AMPM can successfully
alleviate tumor RT resistance and provide valuable guidance for
the development of high-performance radiosensitizers.

2 | Results and Discussions

2.1 | Preparation and Performance
Characterization of AMPM

Amphiphilic aza-BODIPY (AB) were synthesized via Cul-
catalyzed “click” reaction (Scheme S1and Figures S1-S8) and self-
assembled into 50 nm nanoparticle micelles (ABM; Figure 1A).
ABM, PFP, and MTZ were encapsulated in photothermal respon-
sive PCM to form ~120 nm AMPM nanoparticles, which release
ABM and MTZ upon PCM phase transition under heating
(Figure 1B,C). Spectral characterization showed AB had a UV/vis
absorption maximum at 679 nm (Figure 1D), while self-assembled
ABM exhibited a red-shifted absorption at 769 nm, ensuring
that ABM could produce a photothermal effect under 808 nm
irradiation. AMPM showed no significant spectral difference
from ABM (Figure 1E). Concentration-dependent UV/vis spec-
tra of AMPM in PBS revealed decreasing 808 nm absorption
with lower concentrations (Figure S9 and Figure 1F), and no
disassembly even at 25 ugemL™!, confirming dynamic stability.
We performed differential scanning calorimetry (DSC) analysis
on both the PCM and AMPM nanosystems (Figure S10). The
DSC curves showed a distinct endothermic peak at 40°C, which
corresponds to the melting point of the LA:SA mixture. AMPM
still exhibited a clear endothermic peak at 40.5°C, indicating
that the encapsulation process did not alter the melting point of
PCM. Dynamic light scattering (DLS) showed ABM and AMPM
had hydrodynamic diameters of 90 and 135 nm, respectively
(Figure 1G). The size distribution of AMPM after NIR irradiation
is shown in Figure S11, which remains a range of 40-350 nm.
Stability tests showed no significant change in the absorbance of
AMPM at 808 nm within 14 days (Figure 1H). Additionally, the
hydrodynamic diameter of AMPM remained relatively stable in
PBS and FBS over 72 h (Figure S12), demonstrating that AMPM
possesses favorable physiological stability.
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SCHEME 1 | Schematic diagram of the intelligent responsive RT sensitization platform enhancing the RT effect on deep tumors. (A) Components

and formation processes of AMPM. (B) AMPM responds to NIR for the deep delivery of oxygen and MTZ, aiming to ameliorate tumor hypoxia, reduce
the stemness of CSCs and inhibit the repair of DNA damage caused by RT, ultimately achieving radiosensitization.

The photothermal effect of AMPM is crucial for the responsive
release of drugs and oxygen. Consequently, the photothermal
effect of AMPM with different concentrations was recorded under
808 nm laser irradiation at different power densities (Figures S13
and S14). The temperature of the AMPM solution is positively
correlated with the laser intensity and the concentration of
the solution. Heating images of AMPM solution at different
concentrations under 808 nm within 5 min were shown in
Figure 11. The AMPM solution demonstrated a significant tem-
perature increase with increasing concentration and time. At 100
pgemL™, AMPM solution reached 51°C from 25°C after 5 min
laser irradiation. With PCM’s phase transition temperature at
40°C, this facilitates PCM’s solid-liquid transition for oxygen
and drug release. Periodic laser on/off-induced heating/cooling
cycles showed no significant temperature drop (Figure S15)
or UV/vis spectral changes (Figure S16), confirming AMPM’s
excellent photostability. Consistent UV-Vis spectra of AMPM
after 808 nm laser irradiation on day 1 and 30 (Figure S17)
further validated the photothermal stability of ABM, the source
of AMPM’s photothermal properties.

Perfluorocarbon (PFP), a clinically approved agent by European
Medicines Agency and a biocompatible ultrasound contrast agent
with an initial boiling point of 29°C (elevated to 40-50°C in
vivo due to blood pressure) [43, 44], enables oxygen release from
AMPM [45]. AMPM released oxygen gradually above 40°C and

sharply above 43°C (Figure 1J), due to PFP boiling (exceeding its
temperature threshold) and releasing pre-saturated oxygen (inset
shows oxygen release). Under 808 nm laser irradiation, optical
microscopy revealed significant bubble formation in AMPM after
5 min (Figure 1K), confirming laser—triggered oxygen release.
Subsequently, we investigated the drug release process from
AMPM following laser irradiation. Initially, a standard curve for
MTZ concentration versus absorbance was established using UV-
Vis absorption spectroscopy (Figure S18). Drug release assays
(Figure 1L) showed minimal MTZ release at room temperature,
slight release at 37°C and rapid release at 40°C (30.5 uM within
30 min, plateauing thereafter). 12 h dialysis yielded 5.6, 26.2,
and 66.2 pM MTZ at room temperature, 37°C, and 40°C, respec-
tively, confirming temperature-responsive release. NIR-triggered
release (Figure S19) showed no MTZ release at 0 W-cm™2; 0.2
W-cm~2 induced release at 4 min (17.6 um), while 0.5 W-cm™>
accelerated release to 2 min (18.5 uM), indicating higher laser
power shortens PCM phase transition and MTZ release time.

2.2 | Evaluation of In Vitro Radiosensitization of

AMPM

To evaluate the radiosensitization effect of AMPM in the respon-
sive delivery of MTZ and oxygen, we assessed the cytotoxicity
of AMPM on tumor cells by establishing various control groups.
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| Characterization of AMPM. (A) TEM image of ABM. (B) TEM image of AMPM. (C) TEM image of AMPM after NIR (808 nm, 0.5
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temperature. (E) UV/vis absorption spectra of ABM (50 ug*mL!, green line), AMPM (100 ug*mL~}, blue line) in PBS at room temperature. (F) UV/vis
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ABM and AMPM (50 pgemL~1) PBS solution at 37°C tested by dynamic light scattering (DLS). (H) UV/vis absorbance of the maximum absorption peak
(769 nm) of AMPM (100 pgemL!) in PBS within 14 days, inset images show the optical images of AMPM at different time points. (I) Heating images of
AMPM solution at different concentrations (0, 25, 50, 75, and 100 ugemL~") under 808 nm (0.5 We*cm~2) within 5 min. The specific temperature is shown
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inset figure is the optical image of AMPM after 808 nm irradiation (0.5 Wecm™2) for 3 min. (K) Photographs of bubbles generation of AMPM solution
before and after laser irradiation (808 nm, 0.5 Wecm™2 for 3 min) [NIR™] represented without 808 nm laser irradiation; [NIR* ] represented with 808 nm
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ABM and oxygen-saturated PFP was encapsulated with PCM
to create the control material (AMP). The UV/vis absorption
spectra, morphology, and size was analyzed in Figure S20. In
comparison to AMPM, the UV/vis absorption spectra of AMP
exhibited no notable variance (S20A), with an average size
of 122 nm (S20B-C). Radiation induces cellular damage both
directly (DNA injury) and indirectly (via ROS generated by
ionizing radiation). MDA-MB-231 cells cultured under hypoxia
were treated differently, and ROS levels were detected using the
DCFH-DA probe. Compared with the control group (G1), the
single administration group (G2) showed no significant difference
in ROS generation in Figure 2A and Figure S18. Under 808 nm
laser irradiation, AMPM (G3) produced a small amount of ROS,
with no significant difference from G2 (Figure S21). Under 4 Gy
irradiation, the G4 group exhibited ROS production, confirming
radiation-induced ROS generation. Compared with G4, AMP
(containing oxygen-saturated PFP) significantly increased ROS
levels under irradiation (statistically different from G4). AMPM
(also with oxygen-saturated PFP) showed notably enhanced ROS
fluorescence under 4 Gy irradiation, with no significant differ-
ence from G5. Though AMPM contains MTZ, this experiment
provided no evidence that MTZ plays a key role in ROS elevation.

To assess the impact of oxygen concentrations on treatment
efficacy, cells were cultured under hypoxia and treated with
AMPM encapsulating varying doses of PFP. PFP doses >200 pL
slightly reduced cell viability, with 500 uL decreasing survival
to 62% (Figure S22). Therefore, our optimized AMPM formula-
tion maximizes oxygen loading while minimizing cytotoxicity.
Figure 2B shown the quantitative analysis of fluorescence accord-
ing to Figure 2A. Flow cytometry revealed that under hypoxia,
4 Gy irradiation significantly increased ROS levels (Figure 2C),
which was further enhanced by oxygen supplementation during
irradiation. Cytotoxicity assays (Figure S23) showed that AMPM
alone (G2/G3) was non-toxic at 100 ug/mL with laser irradiation.
While 4 Gy irradiation alone (G4) reduced viability to 75.2%,
combining irradiation with oxygen (G5) increased cytotoxic-
ity. The combination of oxygen, radiosensitizer (AMPM), and
irradiation (G6) yielded optimal efficacy, reducing cell viability
t0 26.3%.

Cytotoxicity across treatment groups was assessed in cells and
multicellular spheroids (MCSs) (Figure 2D,E and Figure S24).
Groups G2 and G3 showed no significant cytotoxicity versus Gl.
G4 (4 Gy irradiation alone) induced cell death in both models.
G5 (AMP with O,-saturated PFP + 4 Gy) enhanced cell killing
in hypoxic cultures. G6 (AMPM with O,-saturated PFP, MTZ
+ 4 Gy) exhibited the strongest cytotoxic effect in both cells
and MCSs, attributable to MTZ stabilizing radiation-induced
DNA damage and inhibiting repair. Flow cytometry analysis of
apoptosis (Figure 2F) corroborated these findings: G2/G3 induced
minimal apoptosis versus G1; 4 Gy irradiation (G4) significantly
increased apoptosis versus Control; oxygen supplementation (G5)
further increased apoptosis to 22.91% versus G4 (18.82%); and
G6 demonstrated the highest apoptosis (32.21%), demonstrating
pronounced radiosensitization at the cellular level.

y-H2AX, a key marker of radiation-induced DNA double-strand
breaks (DSBs) [46], was used to validate AMPM’s radiosensiti-
zation. Consistent with reports of peak foci formation at 0.5 h
post-irradiation [47], hypoxic MDA-MB-231 cells from each group

were assessed for y-H2AX foci (green) 30 min after 4 Gy irradi-
ation; nuclei were counterstained with DAPI (blue) (Figure 3A
and Figure S25). Similar to the G1, groups G2 and G3 showed no
y-H2AX foci. Foci were detected in G4 (4 Gy alone), confirming
radiation-induced DNA damage. Enhanced foci intensity in G5
(AMP with O,-saturated PFP + 4 Gy) versus G4 suggested
improved radiosensitivity via hypoxia alleviation. The strongest
foci signal and DNA damage occurred in G6 (AMPM with O,-
saturated PFP and MTZ + 4 Gy), attributed to combined oxygen
delivery and metronidazole’s stabilization of radiation-induced
DNA damage, inhibiting repair. Statistical analysis (Figure 3B)
confirmed that AMPM-released oxygen and MTZ significantly
increased DSBs. MDA-MB-231 multicellular spheroids (MCSs)
were established to model solid tumors in vitro (Figure 3C).
Post-treatment y-H2AX analysis revealed that G2/G3 showed no
significant DNA damage versus control (G1). In G4 (4 Gy irradi-
ation), Peripheral y-H2AX foci indicated radiation-induced DNA
damage, while hypoxic cores remained undamaged. Enhanced y-
H2AX fluorescence in G5 (AMP with O,-saturated PFP + 4 Gy),
suggesting partial hypoxia alleviation by NIR-triggered oxygen
release improved radiosensitivity. MTZ can inhibit the repair of
damaged DNA and thus act as a radiosensitizer. When loaded into
AMPM, MTZ is released in response to NIR irradiation, which
enhances the efficacy of RT and exhibits a favorable DNA—
damaging effect. Strongest y-H2AX signals in G6 (AMPM with
O,-saturated PFP and MTZ + 4 Gy), demonstrating optimal
DNA damage via NIR-activated oxygen/sensitizer co-delivery to
overcome radioresistance in MCSs.

Irradiation-induced DNA double-strand breaks (DSBs) cause
DNA unwinding and migration under electrophoresis, forming
a “comet tail”-assessed via comet assay using Olive tail moment
and tail DNA content as markers [48] Since the cell shape resem-
bles a comet after electrophoresis, this experiment is referred to
as the comet assay [49]. Comet assay quantified DNA damage
using Olive tail moment and tail DNA (Figure 3D,E). Compared to
control, G2/G3 groups showed no significant damage, confirming
AMPM (100 pg*mL~ + NIR) lacked genotoxicity. G4 (4 Gy)
exhibited detectable tail moments, verifying radiation-induced
damage. G5 (AMPM + O, + 4 Gy) demonstrated markedly
elongated tails, indicating oxygen-mediated radiosensitization.
Maximal DNA fragmentation occurred in G6 (AMPM + O,/MTZ
+ 4 Gy) with peak tail moments, demonstrating synergistic DSB
potentiation via NIR-triggered oxygen/MTZ co-release. Corrobo-
rating y-H2AX data, these results confirm that AMPM maximizes
radiation-induced DNA damage through dual oxygen/sensitizer
delivery, providing mechanistic evidence for its radiosensitizing
efficacy.

It has been reported that tumor resistance to radiation therapy
can lead to tumor migration and recurrence [50-52]. Hypoxic
tumor cell migration post-treatment was assessed (Figure 3G).
While Gland G2 showed comparable migration rates, G3 (AMPM
+ NIR) exhibited mild inhibition, suggesting partial oxygen-
mediated suppression. Radiation alone (G4, 4 Gy) reduced
migration to 43.3%. This was further suppressed in G5 (AMP +
O, + 4 Gy; 35.6%) via hypoxia alleviation. Optimal inhibition
occurred in G6 (AMPM + O,/MTZ + 4 Gy; 9.3%), attributed to
dual oxygen delivery and MTZ-induced DNA repair blockade.
Statistical analysis confirmed significant advantage of G6 over
G4/GS5 (Figure 3H), demonstrating potent anti-migratory effects.
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FIGURE 3 | Evaluation of AMPM’s effects on tumor cell DNA damage and migration inhibition. (A) CLSM microscopy observation of y-H2AX
immunofluorescence of MDA-MB-231 cells treated with G1, G4, G5, and G6. (B) Quantitative analysis of y-H2AX foci from (A). Results are expressed as
the mean + SD of 20 replicates. (C) Immunofluorescent y-H2AX staining of MDA-MB-231 cells spheroids treated with G1-G6. D) Typical comet assay
images of MDA-MB-231 cells treated with groups of G1-G6. Quantitative analysis of tail DNA (E) and olive tail moment (F) from Figure 3D. (G) Evolution
of MDA-MB-231 cells wound healing treated with various treatments. (H) Cell migration rate calculated from (G). A p value of *p < 0.05, **p < 0.01, and
***p < 0.001 was considered statistically significant.
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2.3 | Evaluation of In Vitro Radiosensitization of
CSCs

CSCs possess unlimited self-renewal and differentiation capabili-
ties [53]. In comparison to tumor cells, CSCs exhibit significantly
enhanced radioresistance, which is considered as a fundamental
reason of treatment resistance in tumors [54]. These CSCs are
primarily located at the tumor center, a region characterized
by hypoxia and low pH [13]. Therefore, penetrating deeply into
tumors to influence stem cell differentiation is essential for
overcoming radiation resistance. Research has demonstrated a
close correlation between RT resistance and prognosis in breast
cancer patients [55]. In 2003, Al-Hajj et al. first isolated CSCs from
malignant pleural effusions and metastatic sites in breast cancer
patients [10], identifying their phenotype as CD44*/CD24~/1o¥,
This study investigates the effects of a nano-delivery platform
on the treatment of human breast cancer stem cells MDA-MB-
231. The MDA-MB-231 CSCs were c isolated from MDA-MB-231
using Hoechst 33342-based side population (SP) sorting via
flow cytometry (Figure 4A). Fluorescence microscopy images
(Figure 4B) demonstrate that sp-MDA-MB-231 stem cells exhibit
higher CD44 and lower CD24 expression than parental cells, with
flow cytometry confirming their CD44*/CD24~/1°" phenotype
(Figure 4C). When cultured in serum-free medium, SP-MDA-MB-
231 cells formed suspended spheres composed of cell aggregates
after 24 h (Figure 4D). To investigate the stemness of stem cells,
we performed low-cell-number tumorigenicity assays. Even at a
low cell seeding density (1x10° cells), measurable tumors were
formed at axillary injection sites (Figure S26). These findings
directly confirm the significant in vivo tumorigenic potential
of sorted CD44"/CD24"~ cells, further validating their stem cell
properties. Over a period of 3 to 10 days, both the volume
and number of the suspended spheres gradually increased.
Following the passage of these suspended cells, cell spheres
were subsequently established in ultra-low attachment 96-well
plates.

Cell spheres responses to treatments are shown in Figure 4E.
Compared to control (G1), groups G2-G3 showed no significant
cytotoxicity. While G4 (4 Gy) inhibited tumorsphere growth,
G5 (AMPM + NIR + 4 Gy) induced significant cytotoxicity
through NIR-triggered oxygen release improving hypoxia and
radiosensitivity. G6 (AMPM + NIR + 4 Gy) exhibited maximal
suppression with 68.3% volume reduction (Figure 4F), attributed
to synergistic oxygen/MTZ co-delivery enhancing DNA damage
stabilization. Quantitative analysis of tumor sphere volumes
confirmed these observations. Evaluation of CD44 expression in
tumor spheres showed G6 MCSs had the smallest size and lowest
CD44 fluorescence (Figure 4G,H). Furthermore, the expression
levels of cancer stem cell (CSC)-related genes, including Sox-2,
Nanog, and Oct-4, in the cell spheres are presented in Figure S27.
Consistent with the expression pattern of CD44, the G6 group
showed significantly lower levels of these stemness markers com-
pared to the G4 and G5 groups. Quantitative PCR further revealed
G6 markedly downregulated CD44, reducing the stemness of
SP-MDA-MB-231 cells.

These results demonstrate that AMPM acts as a potent radiosen-
sitizer for CSCs, offering a novel strategy to overcome tumor
radioresistance. Crucially, AMPM-mediated reduction of CSC
stemness significantly enhances therapeutic completeness. How-

ever, the molecular mechanisms governing AMPM’s stemness
modulation remain incompletely elucidated and may involve
multifaceted signaling pathways. Additionally, complex CSC-
microenvironment interactions could influence AMPM efficacy.
Future studies should address these mechanisms to optimize
treatment paradigms.

2.4 | Deep Tumor Penetration, In Vivo
Biodistribution and Photothermal Effects
Evaluation of AMPM

The dense ECM of solid tumors impedes nanoparticle drug
delivery. However, the photothermal effect produced by NIR
irradiation offers distinct advantages in cancer treatment, as it can
damage tumor cells and enhance the permeability of the ECM.
Accordingly, the present study employed the photothermal effect
of AMPM to simulate its penetration into tumors by constructing
MCSs in vitro. The AMPM was loaded with Nile red. The fluores-
cence distribution of AMPM and AMPM+NIR was characterized
using CLSM, indicated by red signals (Figure 5A). AMPM alone
localized only to the MCS surface, with signals diminishing by
100 um depth; AMPM+NIR enabled penetration into the MCS
interior (~100 pm) with sustained intensity, confirming enhanced
permeability (Figure 5B). We quantified the penetration distance
of AMPM into spheroids with/without NIR irradiation by mea-
suring the distance from the spheroid edge to the deepest site
where fluorescently labeled AMPM was detectable (Figure S28).
The average penetration depth was 26.5 um in non-irradiated
spheroids, while it significantly increased to 232.5 um post-NIR
irradiation, providing evidence that NIR irradiation enhances
AMPM penetration. Meanwhile, We performed lysosome co-
localization assays to characterize the internalization pathway
and efficiency of AMPM (Figure S29). The confocal microscopy
images show strong co-localization between Nile red labeled
AMPM and lysosomal markers at 2 h post-incubation, indicating
active cellular internalization.

Prior to in vivo tumor treatment, a mouse tumor model was
established to assess the accumulation time of Nile Red-labeled
AMPM at the tumor site (Figure 5C,D). In following tail vein
injection of AMPM, maximum accumulation at the tumor site
was observed between 8 and 12 h. At 24 h, the fluorescence
signal at the tumor site significantly decreased, and were nearly
undetectable at 48 h. 24 and 48 h after the injection of AMPM, the
mice were sacrificed, and fluorescence imaging was performed
on the excised organs and tumors. The significant fluorescence
signals were detected in the liver, lungs, and tumor sites at
24 h (Figure 5E). However, these fluorescence signals diminished
considerably at 48 h. Quantitative fluorescence analysis, as
presented in Figure 5F, indicated that AMPM predominantly
accumulated in the liver, kidneys, and tumor sites, with substan-
tial accumulation observed at 12 h that significantly decreased
by 48 h.

This study employs the photothermal effect to enhance tumor
penetration and facilitate the release of drugs and oxygen. The
images were captured at various time points following the tail
vein injection of AMPM in tumor-bearing mice 8 h post-injection,
using an 808 nm laser at a power of 0.5 Wecm~2 (Figure 5G). Both
AMP and AMPM exhibit a response to the NIR laser by generating
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FIGURE 4 | Evaluation of radiosensitization of AMPM to CSCs in vitro. (A) Representative images of flow cytometric sorting of SP cells in MDA-
MB-231 cells. (B) Fluorescence images of differential expression of CD44 and CD24 in MDA-MB-231 parental cells and their suspended CSCs (SP-MDA-
MB-231 cells). (C) Flow cytometry analysis of differential expression of CD44 and CD24 in MDA-MB-231 parental cells and SP-MDA-MB-231 cells. (D)
Representative images of the tumor spheres formed by SP cells culturing in the ultra-low attachment 6 well plates within 10 days. (E) Destructive effects
of different treatments on hypoxic 3D spheroids of SP-MDA-MB-231 cells. (F) Quantitative analysis of cell spheroid volume based on Figure 3E. (G)
Representative fluorescence images of CD44 expression of SP-MDA-MB-231 3D spheroids after 24 h treatment by various formulations. (H) Fluorescence
quantification calculated from Figure 3G. (I) gPCR analysis of CD44 expression in SP-MDA-MB-231 cells after 24 h in the presence of different. A p value
of *p < 0.05, **p < 0.01, and ***p < 0.001 was considered statistically significant.
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FIGURE 5 | Evaluation of AMPM’s in vitro deep tumor penetration, in vivo biological distribution, and photothermal effects. (A) Deep penetration

of the Nile red-labeled AMPM into MDA-MB-231 tumor spheroids using LSCM analysis (Scale bar = 100 um). (B) Fluorescence intensity profile along
the yellow arrow region in different groups of tumor spheroids. (C) In vivo fluorescent images of MDA-MB-231 tumor-bearing mice at different time
points after i.v. injection of AMPM. (D) Mean fluorescence intensity in the tumor sites at different time points (ns = non-significant). (E) Ex vivo major
tissues (heart, liver, spleen, lung, kidney, and tumor) imaging at 12 and 48 h post-injection. (F) The corresponding mean fluorescence intensity of organs
in Figure 4E. (G) In vivo photothermal imaging of mice treated by PBS, AMP, and AMPM. The tumor was irradiated under 808 nm laser for 5 min with

power density of 0.5 Wecm™2. (H) Temperature statistics at the tumor site according to (G).

a thermal effect, resulting in a gradual temperature increase over
time. In the AMP and AMPM groups, temperatures of 45.3°C and
45.9°C were recorded at the tumor site after 5 min, respectively,
exceeding the phase transition temperature of PCM, ensuring the
release of MTZ and oxygen. To investigate the penetration depth
of MTZ in tumor tissues, we used fluorescein isothiocyanate
(FITC) as a surrogate to study its penetration behavior in tumor
tissues (Figure S30). After NIR irradiation, FITC- encapsulated
AMPM penetrated deeper into tumors compared with the non-
irradiated group, and obvious signals were detected in tumor
tissues, providing evidence for the penetration of AMPM in
tumors.

2.5 | Synergistic Radiosensitization of AMPM In
Vivo

To verify whether the thermoresponsive delivery platform
enhances RT for tumor growth suppression, its efficacy was
evaluated in a breast cancer model. Tumor-bearing BALB/c nude
mice were intravenously administered PBS, AMP, or AMPM on
days O and 7. At 8 h post-injection, groups G3, G5, and G6
received 808 nm laser irradiation, followed by y-ray irradiation
(2 Gy) for G4, G5, and G6 (Figure 6A). Tumor size measurements
over 14 days showed no significant growth inhibition in G2
(AMPM alone) or G3 (AMPM + NIR) compared to the control
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FIGURE 6 |

Individual tumor growth curves of the mice in the different groups. (D) Tumor volume curves for the various treatment groups (mean + SD, n = 5). (E)
Tumor weight of different groups (mean + SD, ns = non-significant). (F) Kaplan—-Meier survival curves of each group (mean + SD, n = 5). (G) Tumor
volume curves for G1, 12 Gy, and G6 (mean + SD, n = 5). (H) Representative images of the whole livers after different treatments. (I) TUNEL staining,

100 pm

AMPM augments RT against MDA-MB-231 tumor-bearing mice. (A) Schedule of tumor therapy. (B) Different treatment groups. (C)

immunohistochemistry images of HIF-1a, and immunofluorescence images of CD44 at tumor sections after treatment by assigned formulations. ns =

non-significant. A p value of *p < 0.05, **p < 0.01, and ***p < 0.001 was considered statistically significant.
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(Figure 6C,D), indicating negligible tumor-inhibitory effects of
AMPM or NIR at the tested energy density. G4 (4 Gy RT alone)
achieved 35.6% tumor suppression. G5 (AMP + NIR + RT) showed
enhanced suppression (71%), due to NIR-triggered oxygen release
from AMP synergizing with RT. G6 (AMPM + NIR + RT)
exhibited the strongest efficacy (91.2% suppression) via NIR-
induced co-release of oxygen and MTZ to potentiate RT. Tumor
weight analysis (Figure 6E) confirmed significant differences
between G6 and G5.

The survival rates of mice in different groups were observed and
recorded within 60 days of treatment. The 60-day survival rate of
mice in the G6 group was 48.6%, showing a significant difference
compared to the G4 group (Figure 6F). We added an additional
experimental group using PCM-encapsulated PFP (designated as
PP) asa control for antitumor therapy. As shown in Figure S31B,C,
no significant tumor volume inhibition was observed in the G7
group. After sacrificing the mice, compared to the Control group,
tumor weights of the PP group showed no significant difference
(Figure S31D). Survival analysis of G7 mice revealed a mortality
rate of 50% at 30 days, with no significant difference from the
Control group (Figure S31E). Figure S32 displays ex vivo tumor
images of the mice. To further investigate the effects of AMPM
on radiosensitization, we set up a group of mice for high-dose
irradiation with RT alone. In a high-dose RT control (12 Gy
alone), tumor suppression was 52.1%, which was significantly
lower than G6 (Figure 6G). The combination of AMPM with RT
can achieve better therapeutic effects at lower irradiation doses,
thereby strengthening the radiosensitizing capacity.

Liver metastasis was evaluated across groups (Figure 6H). G4
(4 Gy RT) showed more metastasis than G1 group, while high-
dose RT (12 Gy) reduced but did not eliminate it. Notably, G6
(AMPM + NIR + RT) exhibited no significant liver metastasis,
likely due to NIR-triggered co-release of drugs and oxygen,
which synergizes with RT to alleviate tumor hypoxia, modulate
stem cell differentiation, and inhibit migration. Quantitative
graph of the number of liver metastatic tumors in different
treatment groups was shown in Figure S33. Immunohistochem-
ical and immunofluorescence analyses revealed G6 tumors had
the strongest apoptotic effects (Figure 6I). The tumor tissues
were characterized for the hypoxia factor HIF-1a and the breast
cancer stem cell surface marker CD44. We further explored the
inhibitory effect of oxygen on HIF-la by immunofluorescence
and WB experiments (Figure S34A,B). For cells cultured under
hypoxia, the fluorescence intensity of HIF-la was significantly
reduced in cells treated with AMPM + NIR by comparison with
the control group. We further examined protein level changes
to explore the expression of HIF-la (Figure S34C). Western
blot results demonstrated significant reductions in HIF-1a levels
in the AMPM + NIR group. CAIX is a protein specifically
overexpressed on the surface of hypoxic tumor cells. To indirectly
assess the oxygen levels in tumor tissues, we performed CAIX
immunofluorescence staining on tumor tissues from different
treatment groups. The results showed that the expression of CAIX
was significantly downregulated in the AMPM and AMP groups
after NIR treatment (Figure S35). These results confirm that NIR-
stimulated oxygen release from AMPM downregulates CAIX,
HIF-1a, and CD44, alleviating tumor hypoxia and reducing CSCs
stemness. In addition, we detected the expression of key proteins
in the ECM of tumor tissues (Figure S36). Under near-infrared

(NIR) irradiation, AMPM significantly reduced the deposition of
collagen I and fibronectin, regulated the structure of the ECM,
which may alleviate the barrier to drug penetration.

We used flow cytometry to quantitatively determine the popu-
lation of CSCs in tumor tissues from different treatment groups
(Figure S37). The results demonstrate that, compared with the
control group, the G3 (AMPM + NIR), G5 (AMP + NIR + RT),
and G6 (AMPM + NIR + RT) groups show a significant decrease
in the proportion of CD44*/CD24~ CSCs. This study used nano-
delivery particles AMPM to precisely deliver oxygen and RT
sensitizers to deep tumors, aiming to overcome RT resistance
induced by CSCs. Composed of thermoresponsive ABM, oxygen-
saturated PFP, and MTZ, AMPM employs PCM as a temperature-
sensitive gatekeeper—triggering controlled release of oxygen and
MTZ under NIR-induced mild hyperthermia (40°C). This design
enhances tumor ECM permeability, facilitating deep-tumor deliv-
ery of oxygen and MTZ. Oxygen improves radiosensitivity by alle-
viating hypoxia and reducing CSCs stemness; MTZ further poten-
tiates RT by inhibiting radiation-induced DNA damage repair.

2.6 | Biosafety Characterization of AMPM

The biosafety of AMPM was systematically evaluated in vivo and
in vitro. First, at the cellular level, the cytotoxicity of AMPM
was investigated at various concentrations, and the cell viability
was >85% even after 72 h of incubation, revealing the negligible
cytotoxicity (Figure S38). Furthermore, as a model organism,
zebrafish has advantages in safety evaluation due to its small
body size, high reproductive rate, and short passage period.
To evaluate the biosafety of AMPM, we incubated zebrafish
embryos with different concentrations of AMPM to study the
survival rate (Figure 7A) and hatching rate (Figure 7B) of the
embryos. The results showed that 200 ugemL™ AMPM had
no significant effect on the survival rate and hatching rate of
zebrafish. Figure 7C shows representative pictures of zebrafish
after different treatments. Further, we evaluated the hemolytic
rate of AMPM, as shown in Figure 7D, compared to the control
group, there was no significant difference observed for AMPM
at a concentration of 1 mgemL™. After the treatment in vivo,
there was no significant weight loss (Figure 7E) and no obvious
abnormality in blood phase indicators (Figure 7F) observed. The
H&E staining of the main organs (liver, spleen, kidneys, heart,
and lungs) in mice was performed, and no obvious damage
was observed (Figure 7G). Therefore, the strategy of AMPM
responding to NIR to release oxygen and MTZ in combination
with RT for achieving radiosensitization shows good biosafety.

3 | Conclusions

In conclusion, the thermal responsive RT sensitization
nano-platform exhibits advantages in both performance and
biocompatibility. By encapsulating the photothermal material
ABM, the RT sensitizer, and oxygen-pre-saturated PFP within
phase change materials, we have created a thermally responsive
drug delivery platform. This therapeutic platform can effectively
accumulate at the tumor site via the EPR effect, releasing the
RT sensitizer MTZ and oxygen in response to thermal stimuli.
Simultaneously, the thermal effect can enhance the permeability
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of the ECM in tumors, facilitating the deeper penetration of MTZ
and oxygen. Oxygen can improve the hypoxic environment of
tumors, reduce the expression of tumor stem cell CD44, and
inhibit the expression of HIF-1a. Compared to the control group,
the inhibitory effect on tumor cell migration was increased by
87.6% in the wound healing assay. MTZ inhibits DNA damage
repair caused by y-rays, achieving a radiosensitizing effect. In the
mouse MDA-MB-231 tumor model, the AMPM treatment group
exhibited a significant tumor suppressive effect, with a tumor
suppression rate of 91.2%. The combined treatment of AMPM +
NIR irradiation significantly reduces liver metastasis in a murine
model of metastatic tumor compared to control groups. Com-
bined treatment of AMPM irradiation significantly downregulate
the expression of CSC stemness markers (CD44, Sox-2, Nanog,
and Otc-4) in vitro spheroid models, and significantly reduced
both CSCs numbers and expression of related genes. The nano-
platform can mitigate tumor resistance to RT, thereby introducing
advanced treatment strategies for solid tumors. Although AMPM
shows translational potential, several challenges must be
addressed before clinical implementation. Regarding the 808 nm
NIR light used in the platform, its limited tissue penetration depth
may restrict application to superficial tumors or those accessible
through specific interventions. In terms of formulation scale-up
and batch consistency for clinical-grade AMPM production,
large-scale synthesis may face issues such as maintaining the
stability of the nano-platform structure and ensuring uniform
drug loading. Microfluidic-based scalable synthesis protocols
can be developed to ensure the batch-to-batch reproducibility. In
addition, extended pharmacokinetic, biodistribution, and long-
term safety studies are essential. While these preclinical studies
are crucial, translating AMPM from the laboratory to the clinic
will require rigorous validation across multiple dimensions.

4 | Experimental Section

Experimental details are provided in Supporting Information.
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