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ARTICLE INFO ABSTRACT

Keywords: Traditional radiotherapy (RT) lacks the precision to distinguish between tumor and normal tissues, leading to
Radiotherapy inevitable X-ray-induced side effects in patients. Therefore, it is crucial to develop integrated imaging and
Nanodrug

therapeutic modalities that can reduce side effects on surrounding healthy tissues while enhancing susceptibility
to tumor tissues. In this study, we developed a pH-responsive nanodrug (AuNRs-Mn3O4-Ag>S Ve) by self-
assembling the second near-infrared (NIR-II, 950-1700 nm) fluorescent probe AgsS quantum dots (QDs),
multifunctional nanozyme Mn3O4 nanoparticles (NPs), and radiosensitizer gold nanorods (AuNRs) into a single
nanoplatform via an emulsion process. This nanodrug enables precise tumor localization for accurately guided RT
and multi-angle sensitization of RT. Upon intravenous administration, the nanodrug disintegrates in the tumor
area due to the pH-sensitive polymer P4VP, releasing Ag,S QDs which are specifically activated by the acidic
environment, thereby “turning on” the NIR-II fluorescence signal. The optimal timing of the NIR-II fluorescence
signal within the tumor region after intravenous injection was investigated, providing a reference for guided RT.
In vitro and in vivo experiments confirmed the efficient enhancement of tumor radiosensitization by AuNRs and
Mn304 NPs. The specific imaging modality that transitions the fluorescence signal from “off” to “on” has been
successfully implemented, addressing the limitations of conventional RT and enhancing radiosensitivity. The
integration of imaging and therapeutic approaches in this study presents a promising modality for image-guided
tumor RT.
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1. Introduction physiological processes in tumor cells. Common radiation types used in

RT include photons (X-rays and y-rays), electrons, protons, and neu-

As a leading cause of human health threats, malignant tumors
continue to pose a significant risk to patients’ lifespan [1,2]. According
to the latest statistics from the World Health Organization (WHO) [3,4],
RT remains one of the primary modalities for cancer treatment, having
contributed to the cure of over 50 % of cancer patients [5]. The mech-
anism of RT can be broadly categorized into two pathways: direct
damage to DNA double-strands by high-energy irradiation and indirect
induction of necrosis or apoptosis in tumor cells through reactive oxygen
species (ROS) generated by interactions with water molecules in the
body [6], leading to DNA double-strand breaks and disrupting normal

trons, which are sourced from radioisotopes and radiation-producing
devices. Among these modalities, X-ray-based RT is indispensable in
clinical practice for treating locally advanced cancers and improving
patient outcomes [7].

Nevertheless, X-ray induced RT inevitably has side effects that hinder
its effectiveness. Firstly, traditional RT often causes unavoidable dam-
age to surrounding healthy tissues due to the proximity of tumors to
these tissues. Consequently, there is a need to develop ideal nano-
radiosensitizers to enhance susceptibility to X-ray-induced lethality
while minimizing side effects on normal tissues [8-10]. High-Z metal
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nanomaterials have garnered significant attention as promising nano-
radiosensitizers because of their strong X-ray attenuation coefficients
and facile surface functionalization. Among these materials, gold
nanorods (AuNRs) are particularly noteworthy for their excellent
biocompatibility and ability to increase the radiosensitivity of tumor
cells [11]. Secondly, radioresistance constitutes a significant cause of
clinical RT failure and cancer progression, impeding the efficacy of RT
[12]. The development of radioresistance is associated with multiple
factors, including alterations in the tumor microenvironment (TME),
cell cycle arrest, modifications in relevant genes, regulation of auto-
phagy, and the presence of cancer stem cells. Among these factors, TME
characteristics such as hypoxia and elevated glutathione (GSH) levels
play a predominant role in promoting tumor recurrence and reducing
treatment efficacy [13]. For instance, in many locally advanced solid
tumors, the rapid proliferation of tumor cells outpaces angiogenesis,
leading to abnormal blood vessel formation and structural disorder
within tumor tissues, thereby failing to supply adequate oxygen [14].
Studies have shown that when oxygen levels are sufficiently high, tumor
cell sensitivity to X-rays increases more than threefold [15]. Addition-
ally, GSH levels significantly influence radiosensitivity under hypoxic
conditions. Specifically, GSH is a rich endogenous antioxidant that
maintains cellular redox homeostasis and mitigates ROS-induced cell
damage [16]. Post-radiotherapy, increased ROS production can induce
oxidative stress and DNA damage in cancer cells, highlighting the crit-
ical role of GSH in combating oxidative stress. Fortunately, discovery of
manganese oxide nanomaterials, such as MngO4 NPs, has led to signif-
icant advancements. These materials can reverse radioresistance by
responding to the TME and mimicking the natural enzymatic activities
of glutathione peroxidase (GPX) and catalase under acidic tumor con-
ditions [17]. Specifically, these NPs can convert GSH to its oxidized form
(GSSH) under acidic conditions and catalyzing the decomposition of
overexpressed hydrogen peroxide (H205) into oxygen (O2). This process
alleviates tumor hypoxia, thereby enhancing the sensitivity of tumors to
X-ray irradiation [18,19].

The precise localization of tumors and the selection of optimal RT
initiation times are critical for enhancing tumor therapy efficacy.
Fluorescence (FL) imaging in the second near-infrared window (NIR-II,
1000-1700 nm), particularly TME-responsive activatable imaging,

@ AgsaDps

J

SH-PEG-NH,

Materials Today Bio 32 (2025) 101725

offers a promising approach to achieve this goal. Ag,S quantum dots
(QDs) have emerged as a powerful NIR-II FL imaging probe [20], widely
utilized in various applications such as imaging-guided tumor therapy,
subcutaneous and transcranial thermometry, early tumor diagnosis, and
dynamic monitoring of the cardiovascular system [21]. However, the
continuous “ON” state of the NIR-II FL signal from AgsS QDs limits their
disease specificity and ability to distinguish tumor tissues from normal
tissues, thereby constraining their broader application [22]. Fortu-
nately, recent studies have shown that Ag,S QDs assemblies can quench
the NIR-II fluorescence signal, which is subsequently reactivated upon
disintegration in response to the TME. This activation mechanism en-
ables accurate tumor localization and guides the appropriate timing for
therapeutic intervention.

Normal tissues typically exhibit a pH range of 7.0-7.5, whereas the
TME has a significantly lower pH value of approximately 5.4 [23].
Leveraging this distinct characteristic, we developed a pH-responsive
multifunctional hybrid nanovesicle (Ve), designated as AuNRs-M-
n304-AgsS Ve, for NIR-II fluorescence (FL) imaging-guided precise RT
(Fig. 1). The AuNRs-Mn3O4-AgsS Ve was fabricated through
self-assembly via an emulsion process, incorporating gold nanorods
(AuNRs), NIR-II fluorescent probes (Ag,S QDs), and manganese oxide
nanoparticles (MnsO4 NPs) coated with a mixed polyethylene
glycol-thiol (PEG-SH) and pH-sensitive polystyrene-co-4-vinylpyridine
(HS-PS-P4VP) polymer. In these vesicular nanostructures, AuNRs absorb
strong photons at 808 nm via robust plasmonic coupling, competing
with Ag>S QDs as an excitation source, resulting in fluorescence
quenching. Upon reaching the tumor region, the AuNRs-Mn304-Ag2S Ve
dissociates to release AgsS QDs, thereby activating the NIR-II FL signal
to guide RT. Additionally, AuNRs serve as radiosensitizers, while Mn3O4
regulates the TME by alleviating hypoxia and reducing glutathione
(GSH), thus enhancing the generation of reactive oxygen species (ROS)
to improve RT efficacy upon X-ray irradiation. This study exemplifies
the advancement of precision medicine by facilitating activatable
image-guided sensitization RT via the modulation of the TEM using
nanozyme.

/ Au NRs

HS-PS-P4VI
4 MnoO,NPs o

> ¢
&

A

N X
NIR-Il FL
b ‘IIOFF”

1193
3

Fig. 1. Schematic illustration of the preparation process of AuNRs-Mn304-Ag,S Ve and their application in activatable NIR-II fluorescence imaging-guided RT.
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2. Results and discussion
2.1. Synthesis and characterization of AuNRs-Mn304-AgsS Ve

The AuNRs-Mn304-Ag,S Ve was synthesized via the self-assembly of
amphiphilic polymer-functionalized AuNRs, Mn304 NPs, and Ag>S QDs.
The mean diameter of the AuNRs was 35 nm, synthesized using a
modified seedless growth method as previously reported (Fig. 2A)
[24-26]. Concurrently, the ~8 nm Ag,S QDs were prepared through an
evolutionary thermal decomposition process (Fig. 2B). Similarly, the ~4
nm Mn3O4 NPs were synthesized via a modified solvothermal approach
(Fig. 2C). Subsequently, pH-responsive thiolated polystyrene-co-poly
(4-vinylpyridine) (HS-PS-P4VP) and hydrophilic poly(ethylene
glycol)-thiol (SH-PEG-NHy) polymers were covalently conjugated to the
surfaces of the pre-prepared AuNRs, Mn3O4 NPs, and Ag,S QDs via stable
metal-sulfur bonds. Given that HS-PS-P4VP and SH-PEG-NH; possess
positive charges, their conjugation to AuNRs, Mn3O4 NPs, or AgsS QDs
resulted in an increase in zeta potential (Fig. S1), which confirms the
successful attachment of these polymers to the nanomaterial surfaces.
Finally, the multifunctional hybrid AuNRs-Mn304-AgsS Ve was suc-
cessfully assembled using an oil-in-water emulsion method, with the
molar ratio of AuNRs, Mn3O4 NPs, and Ag»,S QDs being 6:2:9 (Fig. S2).
Moreover, based on the X-ray diffraction (XRD) pattern, the excellent
crystalline structures of AuNRs, Mn3O4 NPs, Ag,S QDs, and AuNRs-M-
n304-Ag>S Ve were also characterized to demonstrate the superior
crystal properties of these nanomaterials. (Fig. S3). The representative
transmission electron microscopy (TEM) images of AuNRs-Mn304-Ag2S
Ve clearly displayed spherical nanovesicles with excellent uniformity
and dispersity (Fig. 2D). Higher magnification TEM images revealed that
Ag»S QDs and Mn304 NPs were densely packed around the AuNRs core
(Fig. S4). Additionally, dynamic light scattering (DLS) analysis
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confirmed the successful self-assembly of the three components, with
the resulting AuNRs-Mn3O4-Ag2S Ve measuring approximately 200 nm
in diameter (Fig. S5). Elemental mapping further corroborated the
presence of Au, Ag, S, and Mn elements, providing definitive evidence of
the composition of the AuNRs-Mn304-AgsS Ve (Fig. 2E).

In addition, X-ray photoelectron spectroscopy (XPS) was employed
to analyze the chemical composition and valence states of Mn 2p, Mn 3s,
and O 1s in the Mn304 NPs of the AuNRs-Mn304-Ag»S Ve. This analysis
provided precise insights into the electronic structure of Mn3zO4 within
the AuNRs-Mn304-AgsS Ve system. Previous studies have reported that
the bimodal binding energy differences for Mn?* and Mn®* in Mn 3s are
5.9 eV and 5.5 eV, respectively. As illustrated in Fig. 2F, the observed
bimodal binding energy difference of 5.7 eV for Mn 3s suggests the
coexistence of Mn?" and Mn>* valence states in the Mn3O4 component
of AuNRs-Mn304-Ag5,S Ve. Notably, the as-prepared AuNRs-Mn304-AgoS
Ve demonstrated exceptional water solubility and stability owing to the
high-density PEG polymer modification. When incubated with
phosphate-buffered saline (PBS), cell culture medium, or cell culture
medium supplemented with fetal bovine serum (FBS) for 7 days, no
significant aggregation or precipitation was observed (Fig. S6), and the
diameters remained unchanged across different media (Fig. S7). As a
comparison, we synthesized the non-responsive AuNRs-Mng04-Ag,S Ve
through the analogous method after replacing the HS-PS-P4VP with HS-
PS, whose diameters was also almost 200 nm (Fig. S8).

2.2. pH-responsive properties of AuUNRs-Mn3O4-Ag»S Ve
The pH difference between the TME and normal tissue offers a viable
opportunity for developing specifically activated nanodrugs, which in

turn facilitates subsequent NIR-II fluorescence imaging to guide tumor
RT. Consequently, we investigated the specific activation properties of
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Fig. 2. Characterization of AuNRs-Mn304-Ag>S Ve. Transmission electron microscopy (TEM) of (A) AuNRs, (B) Ag>S QDs, (C) Mn3O4 NPs, (D) AuNRs-Mn304-Ag>S
Ve. (E) The corresponding elemental mapping demonstrates the distribution of Ag, S, Mn, and Au. (F) XPS analysis of Mn 3s, Mn 2p and O 1s spectra of Mn3O4 NPs.
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AuNRs-Mn304-AgsS Ve transitioning from an “OFF” to an “ON” state in
response to an acidic environment (Fig. 3A). Prior to this, we examined
the pH responsiveness of the AuNRs-Mn304-Ag,S Ve. After incubation in
a pH 5.4 solution for 2 h, the vesicles gradually disassembled into in-
dividual AuNRs, Mn304, and Ag,S. DLS data indicated a reduction in the
size of the hybrid vesicles during the disassembly process under acidic
conditions (Fig. 3B). More intuitively, representative TEM images
illustrated the disassembly process of the AuNRs-MngO4-AgoS Ve
(Fig. 3C). This disassembly is attributed to the pH-responsive charac-
teristic of the HS-PS-P4VP polymer, where pyridine groups rapidly
protonate under acidic conditions, leading to the breakdown of the
nanovesicles. Subsequently, we observed a distinct enhancement in the
NIR-II FL intensity of AuNRs-Mn3O4-Ag»S Ve treated with acidic solu-
tion over time (Fig. 3D). This phenomenon can be attributed to the
strong photon absorption of AuNRs within the vesicles (Fig. S9), which
competes with the excitation light and subsequently suppresses the NIR-
II FL signals from Ag,S QDs [27-29]. However, under acidic conditions,
the AuNRs-Mn304-Ag>S Ve disassemble, leading to the release of AgsS
QDs and the restoration of the NIR-II FL signal excited at 808 nm.
Consequently, the NIR-II FL imaging of AuNRs-Mn304-AgsS Ve also
showed a significant increase when treated with PBS solution at pH 5.4
over a period of 2 h (Fig. 3E, Fig. S10). These results demonstrated the
remarkable pH responsive “turn-on” properties of AuNRs-Mn304-Ag>S
Ve.
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2.3. The enzyme-like properties of AuNRs-Mns04-AgsS Ve

The elevated GSH levels and hypoxic conditions within the TME
significantly impair the efficiency of RT. Nanomedicine that can effec-
tively reduce GSH levels and generate oxygen has the potential to
enhance RT efficacy by remodeling the TME. Consequently, we assessed
the GSH depletion capacity and oxygen generation capability of AuNRs-
Mn304-AgoS Ve, which exhibits GPX and CAT nanozyme activities
(Fig. 4A). The dissolved oxygen meter was utilized to assess the oxygen-
producing capacity of AuNRs-Mn304-Ag>S Ve. Initially, we incubated
AuNRs-Mn304-AgsS Ve in an acidic solution for a specified duration. As
anticipated, the dissociated Mn3O4 NPs reacted with HyO; to generate
increased levels of oxygen due to their catalase-like enzymatic activity
(Fig. 4B). In contrast, the control group of AuNRs-AgsS Ve exhibited
negligible oxygen production, indicating that the oxygen generation
primarily originates from the Mn3O4 NPs. Digital photographs provided
a more intuitive visualization of bubble formation in the experimental
group, thereby the oxygen production capacity of AuNRs-Mn304-AgaS
Ve was further demonstrated (Fig. 4C). We subsequently utilized
UV-visible spectroscopy with 5,5-dithiobis-(2-nitrobenzoic acid)
(DTNB) as a probe to evaluate the GSH depletion capability of Mn3O4
NPs derived from the disaggregated AuNRs-Mn304-AgsS Ve in an acidic
solution. The presence of GSH leads to the transformation of DTNB into a
yellow thiols-containing product, TNB, which exhibits characteristic
absorbance at 412 nm. A significant reduction in the absorbance of
DTNB at 412 nm was observed with increasing concentrations of AuNRs-
Mn304-AgsS Ve in the acidic solution, indicating effective GSH depletion
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Fig. 3. pH responsive properties of AuNRs-Mn304-Ag»S Ve (A) Schematic illustration of the pH-triggered NIR-II fluorescence signal activation by AuNRs-Mn304-Ag>S
Ve. (B) Hydrodynamic diameter changes and (C) TEM images of the pH-responsive AuNRs-Mn304-Ag,S Ve before and after incubation in an acidic solution (pH =
5.4). (D) The variation in NIR-II FL spectra of AuNRs-Mn304-Ag>S Ve incubated in an acidic solution over a 2 h period. (E) NIR-II FL images (Ex: 808 nm, Em: 1250
nm) of AuNRs-Mn304-Ag,S Ve after incubation with solutions of varying pH values over a 2 h period.
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Fig. 4. The enzyme-like properties of AuNRs-Mn304-Ag,S Ve (A) Schematic representation of the enzyme-like activities exhibited by Mn3O,4 NPs dissociated from the
AuNRs-Mn304-Ag5S Ve in an acidic environment. (B) The O, production from various concentrations of AuNRs-Mn304-Ag»S Ve in acidic solution upon addition of
H50;. (C) The O, generation capacity and corresponding digital images of different groups following 120 s of incubation with H,0,. (D) Concentration-dependent
absorbance changes in GSH consumption following treatment with AuNRs-Mn304-Ag>S Ve. (E) Time-dependent absorbance changes of GSH consumption upon

treatment with AuNRs-Mn304-Ag2S Ve.

by the Mn3O4 NPs (Fig. 4D). Additionally, the characteristic UV-vis
absorption peak at 412 nm decreased over time (Fig. 4E), and visual
color changes further confirmed GSH consumption. These characteris-
tics indicated that AuNRs-Mn304-Ag,S Ve has the potential to enhance
RT sensitivity by decreasing intratumoral GSH overexpression and
mitigating tumor hypoxia.

2.4. Biocompatibility and radiotherapeutic efficacy of AuNRs-Mn30y4-
Ag>S Ve in vitro

Exceptional biocompatibility is a prerequisite for the further
biomedical application of nanodrugs. Therefore, we selected the 4T1
mouse mammary carcinoma cell line to evaluate the biocompatibility of
AuNRs-Mn304-AgsS Ve in vitro. Initially, we examined the cellular up-
take efficiency of DIL-labeled AuNRs-MngO4-AgoS Ve in 4T1 cells.
Confocal laser scanning microscopy (CLSM) images clearly demon-
strated that DIL-labeled AuNRs-Mn304-Ag>S Ve gradually accumulated
within the cytoplasm over time, indicating efficient cellular internali-
zation and suggesting excellent biocompatibility (Fig. 5A). Additionally,
the cytotoxicity of both responsive and non-responsive AuNRs-Mn3O4-

Ag,S Ve to 4T1 tumor cells and normal human kidney-2 (HK-2) cells was
assessed using the CCK8 assay. The results showed that cell viability
remained approximately 90 % even at a high concentration of 200 pg/
mL, further confirming the superior biocompatibility of AuNRs-Mn3O4-
AgsS Ve (Fig. 5B, Fig. S11).

Upon entering the tumor cells, AuNRs-Mn304-Ag>S Ve could disas-
semble into three well-dispersed NPs under the acidic TME. Specifically,
Mn304 NPs could catalyze oxidase-like enzymatic reactions to promote
O, generation, thereby alleviating hypoxia and consequently enhancing
ROS accumulation to increase radiosensitivity. Moreover, to further
investigate the underlying mechanism of elevated O levels mediated by
Mn3O4 NPs, we conducted Western blotting analysis of hypoxia-
inducible factor-1 alpha (HIF-la) protein expression. As shown in
Fig. S12, the results demonstrated a significant reduction in HIF-1a
expression in the AuNRs-Mn304-AgsS Ve-treated group compared to the
control groups. Therefore, the Mn3O4 NPs in AuNRs-Mn3O4-Ag2S Ve
exhibited promising catalase-like activity for relieving hypoxia. Besides,
we utilized the tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II)
dichloride (RDPP) as an oxygen fluorescent probe to detect Oy produc-
tion ability. RDPP is a porphyrin complex featuring a long fluorescence
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Fig. 5. In vitro radiosensitizing efficacy of AuNRs-Mn304-Ag,S Ve. (A) Representative confocal fluorescence images of 4T1 cells incubated with DIL-labeled pH-
responsive AuNRs-MnzO4-Ag,S Ve at various time points; scale bar: 50 pm. (B) The cell viability of 4T1 cells was assessed after incubation with varying concen-
trations of NPs. (C) Evaluation of the viability of 4T1 cells following various treatments. (D) Fluorescence images of intracellular ROS stained by DCFH-DA under
different treatment conditions; scale bar = 50 pm. (E) Confocal fluorescence microscope images of 4T1 cells stained with y-H2AX (indicating DNA damage) and DAPI
(nuclear staining) following various treatments; scale bar: 50 pm. (F) Flow cytometry analysis was conducted on 4T1 cells following various treatments. (G1: PBS, G2:
AuNRs-Mn304-Ag>S Ve only, G3: X-ray only, G4: AuNRs-Ag»S QDs Ve + X-ray, G5: AuNRs-Mn304-Ag»S Ve + X-ray).

lifetime and high sensitivity to Oy [30]. Oxygen molecules, acting as an
efficient fluorescence quencher, can interact with fluorescent probes
such as RDPP, resulting in a decrease in fluorescence intensity or a
shortening of fluorescence lifetime. In hypoxic environments, the fluo-
rescence intensity of the probe is relatively high; as the oxygen con-
centration increases, the fluorescence intensity gradually decreases. By
measuring the changes in fluorescence intensity, the oxygen concen-
tration can be quantitatively detected. As shown in Fig. S13, the green
fluorescence of 4T1 cell treated by the AuNRs-Mn304-AgsS Ve was the
weakest, suggesting that AuNRs-Mn3O4-AgeS Ve-treated cell could
generate more O.

Additionally, the intracellular GSH content after various treatments
was measured using a GSH detection kit. In the AuNRs-Mn304-Ag2S Ve
group, the GSH content, as determined by a standard curve, was found to
be the lowest. This result suggests that the Mn3O4 NPs in the AuNRs-
Mn304-AgoS Ve formulation effectively depleted GSH, thereby further

validating its GPX-like enzyme activity (Fig. S14). Consequently, the
AuNRs-Mn304-AgsS Ve system can enhance the efficacy of RT by alle-
viating tumor hypoxia and depleting GSH.

Encouraged by the outstanding biocompatibility and radiosensitiz-
ing mechanism of AuNRs-Mn304-AgsS Ve, we further investigated its
pH-responsive radiosensitizing effect for biomedical applications in
vitro. The CCK8 assay demonstrated that cell viability significantly
decreased after incubation with AuNRs-Mn304-AgsS Ve at a concen-
tration of 100 pg/mL followed by X-ray irradiation (Fig. 5C). This
phenomenon can be attributed to the excellent radiosensitizing prop-
erties of AuNRs as high-Z metal elements and the radiosensitizing ca-
pabilities of Mn3O4 NPs. Furthermore, ROS, which are key molecules
produced during oxidative stress and naturally generated from various
organelles through typical biochemical reactions [31], can induce DNA
damage via their strong oxidizing power, thereby directly destroying
tumor tissues. To detect ROS production, we used 2,
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7'-dichlorofluorescin diacetate (DCFH-DA), which rapidly oxidizes to
produce the strongly green fluorescent signal product 2',7-dichloro-
fluorescein (DCF) to determine ROS levels. In the control groups,
treatments with only AuNRs-Mn304-Ag>S Ve or X-ray irradiation alone
exhibited negligible fluorescent signals. Excitingly, the fluorescent im-
ages clearly showed that the green fluorescent signal was highest in the
group treated with AuNRs-Mn304-Ag,S Ve combined with X-ray irra-
diation (Fig. 5D). This result is likely due to the excessive ROS produc-
tion from the radiosensitizing effect of AuNRs and the multifunctional
nature of Mn3O4 NPs, which alleviate hypoxia and deplete GSH in an
acidic environment.

Subsequently, y-H2AX staining was employed to validate the pres-
ence of double-strand breaks (DSBs) in DNA within tumor cells, thereby
assessing the efficacy of DNA damage induced by AuNRs-Mn3O4-AgaS
Ve across various treatments (Fig. 5E). Minimal red fluorescence was
observed in both the PBS group and the single AuNRs-Mn304-AgsS Ve
group. Slight red fluorescent spots were detected within the cell nuclei
exposed to 6 Gy RT alone. Notably, while the intensity of red fluores-
cence increased in the cell nuclei when AuNRs-Ag,S Ve was exposed to
6 Gy irradiation, the brightest red fluorescence was observed in the
AuNRs-Mn304-AgsS Ve + X-ray group. This indicated that the combi-
nation of AuNRs-Mn304-Ag»S Ve with RT significantly intensified DSBs’
damage. Furthermore, flow cytometry using an Annexin V-FITC/PI
apoptosis detection kit corroborated this observation. The cell apoptosis
rates varied significantly among different treatments. As anticipated, the
highest apoptosis and necrosis rate of 56.1 % was recorded for the
AuNRs-Mn304-AgsS Ve + X-ray irradiation group, which was markedly
higher than the rates for the AuNRs-Mn304-Ag>S Ve group alone (5.2
%), the RT group alone (21.9 %), and the AuNRs-Ag,S Ve (without
Mn3O4 NPs) + X-ray group (41.2 %) (Fig. 5F). All the aforementioned
results collectively demonstrated the significant radiosensitizing effect
and enhanced cell-killing capability of AuNRs-Mn304-AgsS Ve when
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combined with X-ray irradiation, thereby establishing a robust founda-
tion for further in vivo biomedical research.

2.5. Acidic TEM-responsive NIR-II FL imaging-guided RT in vivo

We employed the aforementioned pH-responsive AuNRs-MngOy-
Ag»S Ve for further evaluation of its potential in vivo imaging-guided RT.
The AuNRs-Mn304-Ag,S Ve functions as an activatable probe that re-
mains inactive until triggered by the overexpressed acidity within the
TME. This feature addresses the “always on” fluorescence limitation of
Ag-S QDs, enabling a switch from “OFF” to “ON” in the acidic TME,
thereby enhancing both imaging sensitivity and specificity.

Based on the activated FL signals observed in the NIR-II window [32,
33], we employed AuNRs-Mn304-Ag,S Ve as imaging contrast agents in
4T1 tumor-bearing mice. The animal model was established by subcu-
taneously inoculating 4T1 tumor cells into BALB/c mice. All animal
experiments were conducted in strict accordance with the guidelines for
the care and use of laboratory animals and were approved by the
Institutional Animal Care and Use Committee of Qingdao University. For
in vivo NIR-II fluorescence imaging, AuNRs-Mns304-AgsS Ve was
dispersed in PBS (200 pL, 2 mg/mL) and intravenously injected into 4T1
tumor-bearing mice via the tail vein. A clear temporal variation in NIR-II
FL signal intensity was recorded over time (Fig. 6A). The pH-responsive
AuNRs-Mn304-AgsS Ve group exhibited a detectable FL signal within the
tumor region at 6 h post-injection, which peaked at 24 h and gradually
diminished thereafter. In contrast, no significant changes in NIR-II FL
signal were observed in the non-responsive AuNRs-Mn3O4-Ag2S Ve
group. The corresponding changes in average fluorescence intensity at
1250 nm within the tumor region were also monitored, which correlated
well with the variations in NIR-II fluorescence signals observed in the
tumor images (Fig. 6B). Furthermore, despite the liver, as a major
metabolic organ, exhibiting only a slight signal, the FL signal intensity in
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Fig. 6. In vivo NIR-II fluorescence imaging (Ex: 808 nm, Em: 1250 nm). (A) In vivo NIR-II fluorescence imaging of pH-responsive AuNRs-Mn304-Ag,S Ve and non-
responsive AuNRs-Mn304-Ag»S Ve, as well as (B) the corresponding FL intensity. (C) Ex vivo fluorescence images of the dissected organs from the pH-responsive

AuNRs-Mn304-Ag,S Ve-treated group.
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the tumor region was notably higher than that in the liver. The activa-
tion of the NIR-II fluorescence signal within the tumor can be attributed
to the acid TME-induced dissociation of AuNRs-Mn304-AgsS Ve into
AgsS QDs. The pH-responsive NIR-II fluorescence imaging was further
confirmed by ex vivo imaging of major organs (Fig. 6C). These findings
provided compelling evidence for the superior pH-responsive NIR-II FL
imaging capabilities of AuNRs-Mn304-AgsS Ve, facilitating precise
localization of tumor tissues and preparing for subsequent guided RT.

2.6. In vivo radiotherapeutic effect

Considering that the NIR-II FL signal peaked 24 h after intravenous
injection [34-37], we selected this time point as optimal for irradiating
and treating 4T1-tumor-bearing mice (Fig. 7A). The study included five
groups of 4T1-tumor-bearing mice: Group 1 (G1) received PBS; Group 2
(G2) was treated with AuNRs-Mn304-Ag2S Ve; Group 3 (G3) underwent
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X-ray irradiation alone; Group 4 (G4) was treated with AuNRs-Ag»S QDs
Ve followed by X-ray irradiation; and Group 5 (G5) received
AuNRs-Mn304-Ag,S followed by X-ray irradiation. Changes in tumor
volume and body weight were visually captured using digital photos
every 7 days post-treatment (Fig. 7B). Notably, tumors in G1 and G2
exhibited rapid growth despite treatment. In G3, while X-ray irradiation
alone suppressed tumor growth to some extent, the inhibitory effect was
not significant. This suggested that X-ray therapy without a radio-
sensitizer has limited therapeutic efficacy. In contrast, both G4 and G5
demonstrated excellent suppression of tumor growth compared to X-ray
irradiation alone due to the use of a radiosensitizer. Particularly, G5,
which received AuNRs-Mn304-AgsS Ve combined with X-ray irradia-
tion, showed the most effective tumor inhibition among all X-ray-pre-
treated groups (Fig. 7C and D). Subsequently, we collected tumor tissues
from each group of mice for morphological analysis using hematoxylin
and eosin (H&E) staining after a 21-day treatment regimen (Fig. 7E).
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Fig. 7. In vivo radiosensitizing treatment. (A) Schematic illustration of the antitumor efficacy of AuNRs-Mn304-Ag>S Ve in a 4T1 tumor-bearing mouse model. (B)
Representative images of tumor-bearing mice before and after various treatments. (C) Tumor volume (D) Tumor weight (E) Representative H&E staining of tumor
tissues from tumor-bearing mice after various treatments. (F) Body weight growth curves of 4T1 tumor-bearing BALB/c mice following different treatments. (G1:
PBS, G2: AuNRs-Mn304-Ag,S Ve only, G3: X-ray only, G4: AuNRs-Ag>S QDs Ve + X-ray, G5: AuNRs-Mn304-Ag>S Ve + X-ray). *P < 0.05, **P < 0.01, ***P < 0.001.
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Compared to other groups, the tumor area treated with AuNRs-M-
n304-AgsS Ve + X-ray exhibited the most pronounced apoptosis and
necrosis, with significant structural disruption. This observation further
corroborated its potent radiosensitizing effect. This study demonstrated
that AuNRs-Mn304-Ag>S Ve in combination with X-ray irradiation
significantly enhanced radiosensitization, attributed to the multifunc-
tional properties of Mn3zO4 NPs as nano-enzymes to remodel the TME.

Furthermore, the body weight curves of mice showed no statistically
significant differences between the control group and the AuNRs-
Mn304-Ag,S Ve-treated group during the 21-day post-treatment period
(Fig. 7F). Blood analysis performed 21 days after treatment revealed no
significant alterations in routine hematological parameters (Fig. S15),
suggesting that the combination of AuNRs-Mn304-AgsS Ve and X-ray
irradiation did not induce systemic toxicity. The biodistribution study of
AuNRs-Mn304-AgsS Ve demonstrated that PEG modification enhanced
its accumulation in the tumor region, reaching 10.35 + 0.18 %ID g~ " at
24 h post-injection ([Au] %ID g‘l). However, AuNRs-Mn304-AgsS Ve
was rapidly cleared from other major organs, with minimal residual NPs
observed after 10 days (Fig. S16). Additionally, H&E staining of tissue
sections from the liver, heart, spleen, lungs, and kidneys exhibited no
significant pathological changes following therapy (Fig. S17), further
confirming the safety of AuNRs-Mn304-Ag»S Ve as a therapeutic agent
for precise RT.

3. Conclusion

In summary, we developed a multifunctional pH-responsive nano-
drug for NIR-II FL imaging-guided RT. Upon activation by the acidic
TME, the AuNRs-Mn304-AgsS Ve disassembles due to the acid-sensitive
polymer P4VP, sequentially releasing AuNRs, Mn3O4 NPs, and Ag>S
QDs. The combination of AuNRs’ radiosensitizing effect with the
multifaceted properties of Mn3O4 NPs as nanozymes, particularly their
ability to alleviate hypoxia and reduce GSH, significantly enhances
radiosensitization efficiency. The process simultaneously restores the
NIR-II FL imaging signal, thereby enabling precise tumor localization.
Consequently, this pH-responsive nanomedicine, which integrates an
activatable FL probe and a potent radiosensitizer, shows significant
potential for future clinical applications in image-guided RT.
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