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Background: The most challenging clinical characteristic of bladder cancer (BC) is its exceptionally high recurrence rate. 
Recurrence, metastasis and drug resistance remain critical challenges in BC treatment. Microwave dynamic therapy (MWDT) is an 
emerging antitumor modality; however, its therapeutic efficacy is limited by the hypoxic tumor microenvironment (TME). To address 
these limitations, we developed a multifunctional nanoplatform (Mn-Fe-Dox-BSA-MoS2) to enhance oxygenation and therapeutic 
efficiency. In this system, MoS2 served as a microwave sensitizer and photoacoustic imaging (PAI) agent, while bovine serum albumin 
(BSA) improved biocompatibility. Doxorubicin (Dox) acted as a chemotherapeutic drug, Mn/Fe ion complexes provided catalase-like 
activity, and Cy5.5 enabled fluorescence imaging (FI).
Methods: Reactive oxygen species (ROS) generation, oxygen production, imaging capability, and microwave/acid-responsive drug 
release were systematically evaluated. The antitumor efficacy and underlying mechanisms of Mn-Fe-Dox-BSA-MoS2-mediated 
therapy were further evaluated in MB49 cells in vitro and in BALB/c nude mice in vivo.
Results: The nanoflowers exhibited excellent biosafety and efficient microwave sensitization, producing abundant ROS under MW 
irradiation. Dual-mode FI/PAI imaging enabled precise visualization of tumor accumulation. Mn/Fe complexes catalyzed H2O2 

decomposition to continuously generate O2, alleviating tumor hypoxia and enhancing MWDT efficacy. Meanwhile, Dox was 
effectively delivered and released in response to MW irradiation and acidic TME conditions. The synergistic effects of chemotherapy, 
MWDT, and microwave thermotherapy (MWTT) significantly inhibited tumor cell proliferation.
Conclusion: Mn-Fe-Dox-BSA-MoS2 nanoflowers enable FI/PAI dual-modal imaging-guided multimodal therapy, demonstrating 
potent antitumor efficacy in a preclinical BC model.
Keywords: molybdenum disulfide, microwave dynamic therapy, microwave thermotherapy, chemotherapy, bladder cancer

Introduction
Bladder cancer (BC) is the most prevalent and lethal malignancy within the urinary system, with its incidence rates rising 
annually.1 One of the most challenging clinical characteristics of BC is its exceptionally high recurrence rate. 
Approximately 50–80% of patients with non-muscle invasive bladder cancer (NMIBC) experience tumor recurrence 
within five years, and 10–30% eventually progress to muscle-invasive bladder cancer (MIBC). High-risk NMIBC 

International Journal of Nanomedicine 2026:21 587614                                                          1
© 2026 Liu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                             

Open Access Full Text Article

https://doi.org/10.2147/IJN.S587614
Received: 29 December 2025
Accepted: 20 March 2026
Published: 11 April 2026

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0001-5181-5902
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


exhibits recurrence rates approaching 70–80%, and recurrent tumors frequently develop resistance to chemotherapy. The 
high recurrence rate of BC is attributed to tumor multifocality, field cancerization of the urothelium, tumor cell re- 
implantation during surgery, and the presence of occult residual lesions. In addition, epithelial–mesenchymal transition 
(EMT), cancer stem-like cell properties, and therapeutic selection pressure further contribute to tumor persistence and 
progression.2,3 Currently, transurethral resection of bladder tumor (TURB) is the preferred treatment for NMIBC and 
radical cystectomy is regarded as the standard approach for MIBC.4 Tumor cell implantation and the presence of residual 
primary lesions during TURB are key factors contributing to the high recurrence rate, often accompanied by complica
tions such as bladder perforation and bleeding.5 Additionally, the white-light cystoscopy employed during the procedure 
is ineffective in identifying small mucosal lesions, including carcinoma in situ and papillary carcinoma.6 Radical 
cystectomy is a complex surgical procedure often associated with postoperative complications, such as infections and 
urinary fistulas, and urinary diversion significantly impacts patients’ quality of life.7,8 Given these challenges, early and 
comprehensive identification and removal of bladder cancer cells, along with inhibiting their invasive growth and distant 
metastasis, are crucial for improving patient prognosis and quality of life.

The emergence of nanotheranostics provides a novel approach to addressing these challenges.9 By precisely modify
ing the size, shape, and surface properties of nanomaterials, it is possible to reduce their immunogenicity while 
simultaneously enhancing their biocompatibility, solubility, and targeting capabilities, enabling real-time intraoperative 
monitoring and navigation.10 Currently, photodynamic therapy (PDT) and sonodynamic therapy (SDT) are widely used 
to enhance tumor therapeutic effect under real-time monitoring by multimodal imaging such as fluorescence, MRI, and 
ultrasound. However, the limited tissue penetration of PDT and the lack of targeting specificity in SDT restrict their 
clinical applications.11 Hence, the development of innovative treatment modalities emerges as a crucial priority.

Graphical Abstract
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Microwaves (MW) are a form of energy composed of electric and magnetic fields, representing a type of electro
magnetic wave with wavelengths ranging from 1 mm to 1 m (frequencies of 300 MHz to 300 GHz).12 A wavelength of 
2450 MHz is commonly used in clinical treatments.13 Due to their ability to penetrate diverse types of tissues and non- 
metallic materials to a depth of approximately 5–7 cm, including water vapor, dehydrated tissues, and powdered materials, 
microwaves hold significant potential for the treatment of bladder cancer.14 Microwave thermotherapy (MWTT) is 
a minimally invasive treatment for bladder cancer. It utilizes microwaves to increase the movement of charged particles 
and the rotation of water molecules, thereby elevating the temperature to achieve tumor ablation. This approach is 
distinguished by its deep tissue penetration, high thermal efficiency, and minimal side effects.15,16 Nevertheless, the rates 
of tumor metastasis and recurrence remain high after MWTT. This is primarily due to the irregular shape or large size of 
tumors, which can hinder microwave heat from fully covering the entire tumor area.17 Additionally, increasing the power of 
microwave thermotherapy excessively can lead to damage to surrounding normal tissues.13 Incorporating the non-thermal 
effects of microwaves to target and eliminate residual tumor cells may further enhance the anticancer efficacy of MWTT.

Dynamic therapy can effectively kill tumor cells by generating reactive oxygen species (ROS) in situ, offering the benefits 
of high selectivity and minimal damage to surrounding normal tissues.18 Microwave dynamic therapy (MWDT) is a specific 
form of dynamic therapy that generates ROS under microwave irradiation.19 ROS encompass a variety of molecules, 
including singlet oxygen (1O2), superoxide anion radicals (·O2

−), hydrogen peroxide (H2O2), and hydroxyl radicals 
(·OH).13 When both tumor and normal cells are exposed to equivalent amounts of ROS, tumor cells, which typically have 
higher baseline levels of ROS, are more likely to reach the threshold for triggering apoptosis compared to normal cells. The 
minimum energy required to activate a substance to produce ROS is in the range of several hundred millivolts. In contrast, 
microwave energy is only 10−3 eV, which is insufficient to break chemical bonds or induce the generation of free radicals.17 

Therefore, to achieve the therapeutic effects of MWDT, appropriate microwave sensitizers are essential.
Molybdenum disulfide (MoS2) is a transition metal sulfide with surface defects such as sulfur (S) and molybdenum 

(Mo) vacancies.20 Combined with its large specific surface area, these characteristics endow MoS2 with excellent 
microwave absorption properties. Even in the form of thin nanosheets, MoS2 can efficiently absorb broadband 
microwaves.21 Additionally, the interlayer spaces of MoS2 are capable of retaining molecules or ions. Under MW 
irradiation, dipoles or ions align in the oscillating electric field, generating heat through molecular friction and dielectric 
loss.21,22 Additionally, Wu et al successfully utilized MoS2/Fe3O4 to mediate MWTT and MWDT for the treatment of deep 
bacterial-infected osteomyelitis. The MWDT functionality of MoS2 can be attributed to its abundant surface defects and 
edge-active sites. These characteristics facilitate microwave-induced electron excitation and charge separation, where the 
excited electrons and holes interact with dissolved oxygen and water molecules to generate ·O2

−, ·OH and 1O2.21 In this 
study, we selected MoS2 nanoflowers as the core nanocarrier. Compared to MoS2 nanosheets, the MoS2 nanoflowers exhibit 
a narrower size distribution, larger specific surface area, superior aqueous dispersibility, superior photothermal properties, 
and stronger light absorption capacity, while generating more ROS under MW irradiation. This is attributed to the higher 
specific surface area and interlayer structure of MoS2 nanoflowers, which promote ion collisions, enhance MW energy 
conversion and absorption, and ultimately increase ROS generation.23 Therefore, MoS2 nanoflowers are ideal microwave- 
absorbing materials. To further enhance the biocompatibility and modifiability of MoS2 nanoflowers, we employed bovine 
serum albumin (BSA) to encapsulate the nanoflowers. However, the tumor microenvironment (TME), characterized by 
hypoxia, weak acidity, and excessive H2O2, restricts the efficacy of MWDT.18 Notably, hypoxia not only drives tumor drug 
resistance but also severely suppresses the generation of 1O2. Continuous oxygen consumption during MWDT further 
aggravates intratumoral hypoxia. Therefore, remodeling the TME has the potential to enhance the therapeutic efficacy of 
MWDT. Moreover, BSA-MoS2 has been proven to have excellent photoacoustic imaging (PAI) capabilities, enabling real- 
time monitoring of nanomaterial distribution in vivo and guiding optimal time windows for precise microwave therapy.24 

Considering the operational constraints of PAI in intraoperative environments, integrating fluorescence imaging (FI) 
capabilities to develop a dual-modal system could significantly improve its clinical applicability.

Invasive tumor cells are distributed in a scattered manner, making it difficult for microwave energy to effectively 
cover the entire tumor area, leading to tumor recurrence and metastasis.25 Chemotherapy, in contrast, can overcome the 
limitations of the aforementioned microwave therapy. Doxorubicin (Dox) is a commonly used chemotherapeutic agent 
for treating tumors. It functions by intercalating into DNA, thereby inhibiting the activity of topoisomerase II.26 This 
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inhibition, in turn, suppresses DNA replication, depriving tumor cells of their proliferative capacity and impeding cell 
cycle progression. However, the inherent cardiotoxicity of Dox limits its clinical application.27 By utilizing nanomaterial- 
based targeting to deliver Dox directly to the tumor site in real-time, the drugs can diffuse freely within and around the 
tumor, effectively eliminating residual tumor cells.28

Herein, we have designed intelligent multifunctional nanomaterials (Mn-Fe-Dox-BSA-MoS2) that are responsive to 
microwave and tumor microenvironments. The synergistic interactions among the components of the nanoflowers enable 
dual-modal imaging-guided MWDT, MWTT and Dox-based chemotherapy. This multimodal therapeutic strategy offers 
a novel strategy for bladder cancer treatment.

Materials and Methods
Materials
Manganese (II) chloride tetrahydrate (MnCl2·4H2O), iron (III) chloride hexahydrate (FeCl3·6H2O) and methylene 
blue (MB) were acquired from Sigma-Aldrich (Merck KGaA, Germany). Doxorubicin (Dox) was acquired from 
Aladdin Reagent Co., Ltd (Shanghai, China). Sodium molybdate and thiourea were obtained from Sinopharm 
Chemical Reagent Co., Ltd (Shanghai, China). The CCK-8 assay kit was purchased from Dojindo Laboratories 
(Kumamoto, Japan). Calcein AM/PI Test Kit, 1,1′-dioctadecyl-3,3,3′,3′-etramethylindocarbocyanine perchlorate (DiI) 
and Reactive Oxygen Species Assay Kit (DCFH-DA) were obtained from Beyotime Biotechnology (Shanghai, 
China). The Annexin V-FITC/PI Apoptosis Detection Kit was purchased from Multi Science (Hangzhou, China). 
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) kit was acquired from Elabscience 
Biotechnology Co., Ltd (Wuhan, China). The proliferating cell nuclear antigen (PCNA) antibody was acquired 
from Wuhan Sanying Biotechnology Co., Ltd (Wuhan, China). Bovine serum albumin (BSA) was purchased from 
Thermo Fisher Scientific (Waltham, MA, USA). BALB/c nude mice were purchased from the CAVENS Laboratory 
Animal Co., Ltd. (Changzhou, China).

Preparation of Mn-Fe-Dox-BSA-MoS2 Nanoflowers
MoS2 nanoflowers were synthesized hydrothermally by reacting sodium molybdate and thiourea (pH 1) at 180 °C for 
24 h, followed by centrifugation, washing, and vacuum drying. The obtained MoS2 was modified with BSA (1:3, w/w) 
under stirring for 2 h to yield BSA-MoS2. Fe3+ and Mn2+ solutions were then mixed and incubated with BSA-MoS2 at 
room temperature for 8 h to obtain Mn-Fe-BSA-MoS2 after centrifugation and washing. Finally, Dox was loaded by 
incubating Mn-Fe-BSA-MoS2 with Dox in aqueous solution in the dark for 24 h, and the Mn-Fe-Dox-BSA-MoS2 

nanoflowers were collected by centrifugation and washing.
The preparation of Cy5.5-labeled Mn-Fe-Dox-BSA-MoS2 was carried out as follows. Initially, Cy5.5 was mixed with 

EDC in MES buffer (pH 5.5) and stirred for 30 minutes. The pH of the solution was then adjusted to 8.0, followed by the 
addition of NHS and Mn-Fe-Dox-BSA-MoS2 nanoparticles. The mixture was stirred overnight, and the resulting product 
was collected by centrifugation.

Characterization of Nanoflowers
Transmission electron microscopy (TEM, Carl Zeiss SUPER-X, Germany) and scanning electron microscopy 
(SEM, Carl Zeiss SUPRA 55, Germany) were employed to visualize their surface morphology and microstructure. 
Elemental mapping and X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, USA) were performed 
to analyze the elemental composition and chemical states. The optical absorption properties were evaluated 
by UV-Vis-NIR spectroscopy (UV-3600, Shimadzu, Japan). The zeta potential was measured with a potentiometric 
analyzer (ZEN3690, UK). To evaluate biocompatibility, a hemolysis assay was conducted. Oxygen generation 
under MW irradiation was monitored with a dissolved-oxygen meter (ZEN3690, UK). The Micromeritics ASAP 
2460 analyzer was used to determine the Brunauer-Emmett-Teller (BET) surface area and pore size of the 
material.
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MWDT Performance Evaluation
Under light-protected conditions, BSA-MoS2 nanoflowers were dissolved in deionized water and diluted to 
a concentration of 125 μg/mL. Subsequently, 30 μL of 1,3-diphenylisobenzofuran (DPBF, 1 mg/mL) solution was 
added to the nanoflower solution to prepare a 500 μL mixed system. The mixtures were then subjected to MW (5 W) for 
varying durations (1.5, 3, 4.5, 6, 7.5, and 9 minutes) in an ice bath. Following centrifugation, the supernatant was 
carefully collected, and its absorbance at 423 nm was measured using a spectrophotometer.

Furthermore, BSA-MoS2 nanoflowers were dissolved in deionized water and diluted to concentrations of 500, 250, 
125, 62.5, and 31.25 μg/mL. Then, 30 μL of DPBF was added to each nanoflower solution to prepare 500 μL of mixed 
solution. The mixtures were exposed to MW irradiation (5 W, 4.5 min) in an ice bath. After centrifugation, the 
supernatant was collected, and the absorbance at 423 nm was measured using a spectrophotometer.

To further investigate the impact of Mn and Fe ions on the MWDT, we used MB and DPBF as molecular probes to 
detect the generation of singlet oxygen (1O2) and hydroxyl radicals (·OH), respectively. The experiments comprised 
seven groups: control group, BSA-MoS2 group, BSA-MoS2+H2O2 group, Mn-Fe-BSA-MoS2+H2O2 group, BSA-MoS2 

+MW group, BSA-MoS2+H2O2+MW group, and Mn-Fe-BSA-MoS2+H2O2+MW group. Following respective treatments 
according to the experimental design, absorbance measurements were conducted at 423 nm (for 1O2 detection) and 664 
nm (for ·OH detection) using a spectrophotometer.

MWTT Performance Evaluation
Deionized water, saline, and RPMI-1640 medium were individually exposed to microwave irradiation (5 W) for 
9 minutes. Subsequently, Mn-Fe-Dox-BSA-MoS2 nanoflowers were dissolved and diluted to 125 μg/mL in deionized 
water, saline, and RPMI-1640 medium, respectively. The solutions were then transferred to a 48-well plate (200 μL/well) 
and subjected to microwave irradiation (8 W) for 6 minutes. Temperature changes were monitored in real-time and 
recorded using an infrared thermal imager.

Photoacoustic Imaging in vitro
A 3% agarose gel was prepared as the imaging matrix. Mn-Fe-Dox-BSA-MoS2 nanoflowers were dissolved in deionized 
water and serially diluted to concentrations of 1, 0.5, 0.25, 0.125, and 0.0625 mg/mL. 200 μL aliquots of each diluted 
nanoflower solution were loaded into separate wells of the agarose gel phantom. Then the samples were imaged using the 
Vevo LAZR Photoacoustic Imaging System.

Targeting Efficiency Assessment of Nanoflowers in vitro
To avoid spectral overlap between Dox and DiI, MB49 cells (Otwo Biotech Inc. cat #: HTX2716, Guangzhou, China) 
were sequentially incubated with the two probes. The phagocytosis of DiI-labeled Mn-Fe-BSA-MoS2 was first visualized 
by fluorescence microscopy at designated time points (0.5, 1, 2, 4, and 6 hours), followed by the quantification of cellular 
uptake for DiI-labeled Mn-Fe-Dox-BSA-MoS2 using flow cytometry at the corresponding intervals. In addition, bio- 
transmission electron microscopy confirmed that the nanoflowers had been internalized by MB49 cells.

Cytotoxicity Evaluation of Mn-Fe-BSA-MoS2 Nanoflowers
HUVEC and MB49 cells were separately seeded in 96-well plates (8×103 cells/well) and treated with nanoflowers at 
varying concentrations (15.625–500 μg/mL) for 24 hours. Following incubation, the culture medium was aspirated and 
cells were washed twice with PBS. Subsequently, CCK-8 solution was added to each well and the plates were incubated 
in the dark at 37 °C for 1 hour. The absorbance was then measured at 450 nm using a microplate reader.

Cell Viability Assay
MB49 cells were seeded in 96-well plates (8×103 cells/well) and divided into the following groups: control group (N), 
MW group (performed in an ice bath), BSA-MoS2+MW group (performed in an ice bath), Mn-Fe-BSA-MoS2 group 
(performed in an ice bath), BSA-MoS2+MW group, and Mn-Fe-BSA-MoS2+MW group. After 4 hours of nanoflowers 
treatment (125 μg/mL), the culture medium was removed and cells were subjected to the respective interventions 
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according to the above groupings for 6 minutes. Following 24 hours of incubation, the medium was aspirated and cells 
were washed twice with PBS. CCK-8 solution was then added to each well, and the plates were incubated in the dark at 
37 °C for 1 hour. Finally, the optical density was measured at 450 nm using a microplate reader.

Additionally, to evaluate the impact of Dox on cell viability, the cells were divided into the following groups: control 
(N), MW, Dox-BSA-MoS2, Mn-Fe-Dox-BSA-MoS2, Dox-BSA-MoS2+MW, and Mn-Fe-Dox-BSA-MoS2+MW. All 
groups received the corresponding interventions at room temperature, and cell viability was assessed using the method 
described above.

ROS Detection
MB49 cells were seeded in a 12-well plate at a density of 1×105 cells/well and divided into the following groups: control 
group (N), MW group, Dox-BSA-MoS2 group, Mn-Fe-Dox-BSA-MoS2 group, Dox-BSA-MoS2+MW group, and Mn-Fe 
-Dox-BSA-MoS2+MW group. After 24 hours, cells were treated according to the above groupings (125 μg/mL, 8 W) for 
6 minutes. Following 4 hours of co-culture, the medium was removed, and the cells were washed twice with PBS. 
Subsequently, cells were incubated with serum-free RPMI-1640 medium containing the DCFH-DA probe (10 μmol/L) at 
37 °C for 20 minutes. After incubation, cells were washed three times with serum-free medium to thoroughly remove any 
extracellular DCFH-DA. Finally, ROS generation was measured by flow cytometry.

Cell Apoptosis Analysis
MB49 cells were seeded in 6 cm plates (2×105 cells/well) and subjected to corresponding interventions. After washing 
and trypsinization, the cells were centrifuged and resuspended in pre-cooled PBS, followed by a second centrifugation. 
The cells were then resuspended in buffer and 100 μL of the cell suspension was transferred to a flow cytometry tube. 
Apoptosis dye was added, and the samples were analyzed by flow cytometry.

Live/Dead Cell Staining
MB49 cells were seeded in 3.5 cm culture dishes (1×105 cells/well). After 24 hours, the aforementioned nanoflowers 
(125 μg/mL) were added. Following six hours of incubation, the culture medium was removed and cells were washed 
twice with PBS. Then, 400 μL of culture medium was added, and the cells were subjected to microwave irradiation (8 W) 
for 6 minutes as described in the ROS experiment. After removing the medium and washing twice with PBS, 500 μL of 
Calcein AM/PI working solution was added, followed by incubation at 37 °C in the dark for 30 minutes. The staining 
solution was then removed, cells were washed twice with PBS, and 100 μL of PBS was added. Finally, cells were 
observed and imaged under a fluorescence microscope.

Assessment of Nanoflowers Biosafety in vivo
All experimental protocols in this study were strictly designed following the 3R principles (Replacement, Reduction, and 
Refinement) and conducted in accordance with the guidelines of the Animal Ethics Committee, and were formally 
approved by the animal ethics committee of the Second Affiliated Hospital of Chongqing Medical University (IACUC- 
SAHCOMU-2023-0004). All mice were anesthetized or euthanized using sodium pentobarbital (intraperitoneal injection, 
50 mg/kg). Twenty-five healthy BALB/c mice were randomly divided into 5 groups: control group (N), 3-day treatment 
group, 7-day treatment group, 14-day treatment group, and 28-day treatment group. Each group of mice was intrave
nously injected via the tail vein with Mn-Fe-Dox-BSA-MoS2 nanoflowers (1 mg/mL, 100 μL). Mice were euthanized on 
days 3, 7, 14, and 28 after injection. Blood was collected for routine blood tests, and serum was collected for biochemical 
analysis. Tissue samples from the heart, liver, spleen, lungs, and kidneys were collected for histopathological staining, 
and tissue conditions were observed under a microscope.

Pharmacokinetic Evaluation of Nanoflowers in vivo
Three BALB/c mice were intravenously injected with Mn-Fe-BSA-MoS2 nanoflowers (1 mg/mL, 100 µL) via the tail 
vein. Blood samples (approximately 50 μL per time point) were collected from the retro-orbital venous plexus at 
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predetermined time intervals (0.5, 1, 3, 8, 24, and 48 hours) post-injection. Molybdenum (Mo) concentrations in blood 
were quantitatively analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES).

Fluorescence and PA Imaging in vivo
BALB/c nude mice (n = 3) were intravenously injected with saline solution containing Mn-Fe-Dox-BSA-MoS2 (1 mg/ 
mL, 100 μL). Sequential photoacoustic images were acquired at predetermined time intervals (1, 3, 6, 9, 12, and 
24 h post-injection) using a photoacoustic imaging system, followed by quantitative signal intensity analysis.

And BALB/c nude mice (n = 3) were intravenously injected with 100 μL of a saline solution containing 
Cy5.5-labeled Mn-Fe-Dox-BSA-MoS2 at a concentration of 1 mg/mL. Fluorescence imaging was performed at 3, 6, 9, 
and 24 h post-injection using an in vivo imaging system. After 24 hours, the mice were euthanized, and tumor tissues 
along with major organs were harvested for subsequent ex vivo imaging.

MWTT Performance of Mn-Fe-Dox-BSA-MoS2 Nanoflowers in vivo
Ten BALB/c nude mice were randomly divided into two groups. Subcutaneous tumor models were established on the 
dorsal flank of each mouse. Six hours after intravenous injection of equal volumes of NaCl solution and Mn-Fe-Dox- 
BSA-MoS2 nanoflowers via the tail vein, the tumor regions were exposed to microwave irradiation. A thermal imaging 
infrared instrument was used to monitor and record the temperature at the tumor site in real time.

Antitumor Therapy in vivo
MB49 cells (5 × 105) suspended in 100 µL of PBS were subcutaneously injected into the flanks of BALB/c nude mice to 
establish tumor xenografts. After 7 days of logarithmic growth, twenty-five MB49 tumor-bearing nude mice were 
randomly divided into five groups: the control group (N), Mn-Fe-Dox-BSA-MoS2 group, microwave (MW) treatment 
group, Dox-BSA-MoS2+MW group, and Mn-Fe-Dox-BSA-MoS2+MW group. On days 1 and 4, the Mn-Fe-Dox-BSA- 
MoS2 group, Dox-BSA-MoS2+MW group, and Mn-Fe-BSA-MoS2+MW group were intravenously injected with the 
corresponding nanoflower solutions (1 mg/mL, 100 µL), while the control and MW groups were injected with saline 
only. Six hours post-injection, the mice in the MW group were irradiated with microwaves at 8 W for 5 minutes, whereas 
Dox-BSA-MoS2+MW and Mn-Fe-BSA-MoS2+MW groups were subjected to microwave irradiation at 8 W for 5 minutes 
under real-time temperature monitoring. During the 7-day observation period, the body weight of the mice was measured 
every other day. On the seventh day, all mice were euthanized, and tumor tissues were collected for weight and volume 
measurement and Hematoxylin and eosin (H&E) staining. Proliferation and apoptosis in tumor tissues were evaluated by 
immunohistochemistry for PCNA and TUNEL staining, respectively.

Statistical Analysis
Statistical analysis was conducted using SPSS 22.0 software. Data are presented as mean ± standard deviation (SD). 
Comparisons between two groups were performed using Student’s t-test, while differences among multiple groups were 
assessed using one-way ANOVA. Statistical significance was set at p < 0.05.

Results and Discussion
Preparation and Characterization of Mn-Fe-Dox-BSA-MoS2
BSA exhibits excellent biocompatibility and biodegradability, and contains a variety of functional groups, including 
amino, carboxyl, hydroxyl, and thiol groups, which can be used to chelate fluorescent probes.29 Additionally, BSA- 
modified MoS2 demonstrates enhanced tumor-targeting capability through the enhanced permeability and retention 
(EPR) effect for passive drug delivery. Mn-Fe-BSA-MoS2 nanoflowers were successfully obtained and further 
characterized to confirm their morphology and composition. TEM and SEM images revealed that the MoS2 exhibited 
a flower-like morphology (Figure 1A and B). Elemental mapping and energy-dispersive X-ray spectroscopy (EDS) 
analysis confirmed the successful adsorption of Mn and Fe elements onto the MoS2 nanoflowers (Figure 1C and D). 
XPS further confirmed the chemical composition of the MoS2 nanoflowers (Figure 1E). The full spectrum displayed 
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Figure 1 Synthesis and characterization of nanoflowers. (A) TEM images of BSA-MoS2 nanoflowers. Scale bar: 100 nm. (B) SEM images of BSA-MoS2 nanoflowers. Scale bar: 
500 nm. (C) EDS Analysis of Mn-Fe-BSA-MoS2 nanoflowers. (D) Elemental distribution mappings of Mn-Fe-BSA-MoS2 nanoflowers. Scale bar: 200 nm. (E) XPS analysis of 
MoS2 nanoflowers. (F) Fourier transform infrared spectroscopy analysis of BSA and BSA-MoS2. (G) Absorption spectra of BSA-MoS2 and MoS2 aqueous solution. (H) Zeta 
potential of MoS2, BSA-MoS2 and Mn-Fe-BSA-MoS2 nanoflowers. (I) Hemolysis rate of red blood cells incubated with Mn-Fe-BSA-MoS2 at various concentrations (15.625, 
31.25, 62.5, 125, 250 μg/mL), using deionized water and PBS as positive and negative controls, respectively.
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characteristic peaks for Mo, S, C, and O, confirming the presence of these elements in the synthesized material. 
Fourier-transform infrared spectroscopy (FTIR) spectra displayed characteristic absorption peaks of BSA in the BSA- 
MoS2 nanoflowers, confirming the successful coating of BSA on the MoS2 surface (Figure 1F). The mechanism 
underlying the MWDT effect of MoS2 nanoflowers may be related to plasmonic effects and ultraviolet light 
absorption. To investigate whether BSA coating affects the light absorption properties of MoS2 nanoflowers, UV– 
Vis absorption spectroscopy was performed on both MoS2 and BSA-MoS2 nanoflowers (Figure 1G). The results 
showed that their light absorption profiles were nearly identical, suggesting that the BSA coating does not signifi
cantly alter the light absorption characteristics of the MoS2 nanoflowers. Additionally, the zeta potential changed from 
−30.21±3.3 mV (MoS2) to −18.86±2.88 mV (BSA-MoS2) and further to 9.51±1.31 mV after Mn/Fe loading, 
indicating successful surface modification (Figure 1H). Hemolysis assays showed that Mn-Fe-BSA-MoS2 nano
flowers caused negligible erythrocyte lysis across all tested concentrations, demonstrating excellent hemocompat
ibility (Figure 1I).

MWDT relies on the generation of high levels of ROS to induce tumor cell apoptosis and autophagy. However, the 
hypoxic conditions within tumor cells severely limit the efficacy of MWDT.18 To address this challenge, we chelated Mn 
and Fe onto the surface of MoS2 nanoflowers at a molar ratio of 2:1. The composite exhibits dual enzyme-mimicking 
activities, catalytically converting tumor-associated H2O2 into O2 without consumption of Mn and Fe. The continuous 
supply of O2 significantly boosts the generation of 1O2 during MWDT. Furthermore, MWTT-induced vasodilation 
increases tumor blood flow and oxygenation, creating a positive feedback loop to amplify therapeutic efficacy.14 

Under MW irradiation, Mn-Fe-BSA-MoS2 nanoflowers produced continuous O2 in the presence of H2O2, whereas 
negligible oxygen generation was observed in PBS alone (Figure 2A). This indicates that the Mn-Fe-BSA-MoS2 

nanoflowers can effectively enhance O2 generation under MW irradiation, thereby potentially improving the efficacy 
of MWDT in hypoxic tumor environments.

Doxorubicin (Dox) was employed as a chemotherapeutic agent to augment the anticancer efficacy of the 
nanoflowers.30 In our synthesized Mn-Fe-Dox-BSA-MoS2 nanoflowers, the drug loading capacity of Dox was deter
mined to be approximately 80%. The cumulative release of Dox was less than 16% at pH 7.4 after 48 h, whereas it 
increased to approximately 42% under acidic conditions (pH 5.5). This marked difference is attributed to the protonation 
of the amino groups of Dox in the acidic environment, which enhances its hydrophilicity and thereby facilitates drug 
release. Consequently, the Mn-Fe-Dox-BSA-MoS2 nanoflowers exhibit pH-responsive drug release properties, enabling 
preferential release of Dox in the acidic tumor microenvironment. This pH-sensitive release mechanism minimizes toxic 
side effects on normal cells while maximizing therapeutic efficacy at the tumor site. Furthermore, when Mn-Fe-Dox-BSA 
-MoS2 nanoflowers were subjected to MW irradiation (8 W, 3 min) at specific time points, the Dox release rate surged to 
approximately 68% (Figure 2B and C). This observation indirectly confirms that the temperature elevation induced by 
MW irradiation substantially enhances the release of Dox from the nanoflowers.31 This finding highlights the potential of 
combining MW irradiation with pH-responsive nanoflowers to achieve controlled and enhanced drug delivery in cancer 
therapy. The elemental composition and chemical states of the Mn-Fe-Dox-BSA-MoS2 nanoflowers were analyzed by 
XPS. As shown in Figure S1, the survey spectrum reveals the presence of Mo, S, Mn, Fe, C, N, and O elements. The 
characteristic peaks of Mo 3d and S 2p confirm the existence of the MoS2 framework. Meanwhile, the appearance of Mn 
2p and Fe 2p peaks indicates the successful incorporation of Mn and Fe species into the MoS2 nanoflowers. The N2 

adsorption-desorption isotherms of both pristine BSA-MoS2 nanoflowers and Mn-Fe-Dox-BSA-MoS2 nanoflowers are 
shown in Figure S2 and S3. Both samples exhibit typical type IV isotherms with a distinct H3 hysteresis loop and the 
Mn/Fe chelate-modified MoS2 nanoflowers display a significantly higher nitrogen adsorption capacity than the pristine 
MoS2 sample, as evidenced by the increased adsorption at high relative pressures (P/P0 > 0.8). This suggests that the 
introduction of Mn/Fe chelates leads to an increase in the accessible surface area and pore volume. The specific surface 
areas calculated using the BET method were found to be 14.8367 m2/g for pristine MoS2 and 45.3963 m2/g for Mn-Fe- 
Dox-BSA-MoS2 nanoflowers. The average pore diameter of Mn-Fe-Dox-BSA-MoS2 nanoflowers calculated by the BET 
method is 18.38 nm, while the BJH adsorption and desorption pore diameters are 23.77 nm and 17.33 nm, respectively, 
indicating a typical mesoporous structure.
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Potent Microwave Thermal and Dynamic Therapy of Nanoflowers
MWDT is a therapeutic strategy that relies on the generation of ROS to effectively induce tumor cell death.32 Significant 
1O2 generation was observed from BSA-MoS2 nanoflowers (at a concentration of 125 μg/mL) under MW irradiation, and 
the production increased with irradiation time (Figure 2D). Furthermore, as the concentration of BSA-MoS2 nanoflowers 
increased under MW irradiation, the amount of 1O2 generated showed a progressive rise (Figure 2E). These results 
demonstrate that the MoS2 nanoflowers possess remarkable 1O2 generation efficiency under MW irradiation, highlighting 
their significant potential for MWDT applications.

To further verify the impact of Mn and Fe ions on the MWDT performance of MoS2, we measured the generation of 
·OH and 1O2 using MB and DPBF probes, respectively. Compared with the BSA-MoS2+H2O2 group, the Mn-Fe-BSA- 
MoS2+H2O2 group exhibited a higher yield of ·OH without MW irradiation, primarily due to the peroxidase-like activity 
of Mn-Fe-BSA-MoS2 nanoflowers, which can catalyze the decomposition of H2O2 to generate ·OH. When the Mn-Fe- 
BSA-MoS2+H2O2 group was subjected to MW irradiation, the production of ·OH further increased compared with the 
Mn-Fe-BSA-MoS2+H2O2 group alone. This is likely attributed to the enhanced O2 generation facilitated by Mn and Fe 

Figure 2 (A) Mn-Fe-Dox-BSA-MoS2 nanoflowers produce dissolved oxygen under MW irradiation. (B) A calibration curve of Dox for the quantitation of its loading 
efficiency. (C) Release results of Dox in Mn-Fe-Dox-BSA-MoS2 nanoflowers under different conditions. (D) Time dependent of 1O2 generation by BSA-MoS2 under 
microwave irradiation detected via the DPBF probes. (E) Concentration dependent of 1O2 generation detected via the DPBF probes. (F) Generation of ·OH under different 
treatments was detected via the MB probes. (G) Generation of 1O2 under different treatments detected via the DPBF probes. (H) Temperature changes of different aqueous 
suspension under microwave irradiation (5 W, 9 min). (I) Temperature changes of Mn-Fe-Dox-BSA-MoS2 nanoflowers suspension at different aqueous suspension under 
microwave irradiation (8 W, 6 min). 
Abbreviations: MNP, Dox-BSA-MoS2 nanoflowers; MFDMNP, Mn-Fe-Dox-BSA-MoS2 nanoflowers.
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ions, thereby amplifying the MWDT effect (Figure 2F). Similarly, we used the DPBF probe to evaluate the generation of 
1O2 by Mn-Fe-BSA-MoS2 nanoflowers in the presence of H2O2 or MW irradiation. Compared with the BSA-MoS2+MW 
and BSA-MoS2+H2O2+MW groups, the Mn-Fe-BSA-MoS2+H2O2+MW group showed a significantly higher yield of 1 

O2. This enhancement is attributed to the elevated O2 content resulting from Mn and Fe ion incorporation (Figure 2G).
The high temperature at the tumor site can effectively eradicate tumor cells, and MW irradiation inherently generates 

thermal energy. It would be even more advantageous if a selected nanomaterial possessed enhanced MW-responsive 
heating capability.33 To this end, we systematically evaluated the thermosensitive properties of Mn-Fe-Dox-BSA-MoS2 

nanoflowers under MW irradiation. Initially, we examined temperature profiles of deionized water, NaCl solution, and 
1640 culture medium under MW irradiation (5 W, 9 min). The results showed that the temperatures of the NaCl solution 
and 1640 solution increased significantly, likely due to the high-frequency collisions of ions caused by MW irradiation 
(Figure 2H). When the MW power was adjusted to 8 W, we observed a more pronounced thermal differential, with ionic 
solutions reaching substantially higher temperatures than pure water. Notably, incorporation of Mn-Fe-Dox-BSA-MoS2 

nanoflowers further amplified the heating effect across all media. The nanoflowers induced additional temperature 
increases of approximately 4 °C in deionized water, 3.5 °C in NaCl solution, and 5.5 °C in 1640 medium (Figure 2I). 
This enhanced temperature rise is likely attributed to the large specific surface area and interlayer structure of MoS2 

nanoflowers, which further promote the collision of manganese and iron ions and thereby amplify the heating effect.28

Nanoflowers Exhibit Potent Antitumor Effects in vitro
Efficient intracellular uptake of nanomaterials is a prerequisite for microwave-driven cancer cell ablation. To identify the 
optimal time window for subsequent cell experiments, we assessed the cellular phagocytosis of nanoflowers using 
immunofluorescence and flow cytometry. After co-incubating MB49 cells with DiI-labeled Mn-Fe-BSA-MoS2 nano
flowers for 0.5 to 6 hours, distinct red fluorescence was observed within the cells, confirming successful nanoflowers 
uptake. To further verify whether the incorporation of Dox affects the cellular uptake rate, MB49 cells incubated with 
DiI-labeled Mn-Fe-Dox-BSA-MoS2 nanoflowers for varying durations were analyzed by flow cytometry. The results 
revealed that the uptake rate peaked at 6 hours (Figure 3A and B). Additionally, bio-transmission electron microscopy 
(Bio-TEM) confirmed that MoS2 nanoflowers were internalized into the cells, establishing a critical prerequisite for 
subsequent MWDT, MWTT, and chemotherapy to effectively eliminate tumor cells (Figure 3C).

In cell experiments, establishing the optimal concentration of nanoflowers is a critical first step. This concentration 
should be effective for therapeutic purposes while avoiding toxic effects on normal cells. To determine this, we initially 
incubated human umbilical vein endothelial (HUVEC) cells with various concentrations of Mn-Fe-BSA-MoS2 nano
flowers for 24 hours and assessed cell viability using the CCK-8 assay. The results demonstrated that cell viability 
remained above 90% even at a concentration of 500 μg/mL, indicating that the nanoflowers exhibit negligible 
cytotoxicity to normal cells within this concentration range (Figure 3D). In contrast, when MB49 bladder cancer cells 
were co-incubated with different concentrations of Mn-Fe-BSA-MoS2 nanoflowers for 24 hours, a significant reduction 
in cell viability was observed at 250 μg/mL (Figure 3E).

We ultimately selected a nanoflowers concentration of 125 μg/mL for subsequent experiments, which ensures both the 
safety of the nanoflowers and their efficacy in MWDT. To minimize the potential influence of microwave-induced 
thermal effects on MWDT evaluation, part of the cell viability experiments was conducted under ice-bath conditions 
during microwave irradiation, which effectively suppressed bulk temperature elevation while maintaining microwave 
exposure. The results indicated that MW irradiation alone, under ice-bath conditions, slightly inhibited cell viability, 
likely due to the generation of a small amount of ROS by MW irradiation. However, when BSA-MoS2 nanoflowers were 
introduced, MW irradiation further decreased cell viability compared to the MW-only group, suggesting that microwave- 
activated ROS generation mediated by BSA-MoS2 contributes to the cytotoxic effect beyond the thermal contribution. 
Moreover, the addition of Mn-Fe-BSA-MoS2 nanoflowers led to an even greater decrease in cell viability upon MW 
irradiation. This enhancement is likely attributed to the catalytic synergy of Mn/Fe in promoting H2O2 decomposition 
into ·OH radicals and O2, thereby augmenting the MWDT effect. Under standard temperature conditions, the combina
tion of BSA-MoS2 or Mn-Fe-BSA-MoS2 nanoflowers with MW irradiation resulted in a more pronounced reduction in 
cell viability, indicating a synergistic contribution of MWDT and MWTT (Figure 3F).
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Figure 3 Cellular uptake and cell viability. (A) Intracellular uptake of Mn-Fe-BSA-MoS2 nanoflowers labeled with DiI observed by fluorescence microscope after various 
intervals of incubation (scale bars: 100 μm). (B) Flow cytometry analysis of intracellular uptake of Mn-Fe-Dox-BSA-MoS2 nanoflowers labeled with DiI. (C) Intracellular 
uptake of Mn-Fe-Dox-BSA-MoS2 nanoflowers as observed by biological transmission electron microscopy. The red arrow indicates Mn-Fe-Dox-BSA-MoS2 nanoflowers. (D) 
Activity of HUVEC cells after incubation with different concentrations of Mn-Fe-BSA-MoS2 nanoflowers. (E) Activity of MB49 cells after intervention with different 
concentrations of Mn-Fe-BSA-MoS2 nanoflowers. (F) Activity of MB49 cells following different Dox-free interventions via CCK8 assay. (G) Detection of survival rate of 
MB49 cells following various Dox-containing treatments by CCK8 assay. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001. 
Abbreviations: DMNP, Dox-BSA-MoS2 nanoflowers; MFDMNP, Mn-Fe-Dox-BSA-MoS2 nanoflowers.

https://doi.org/10.2147/IJN.S587614                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 12

Liu et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



To explore the synergistic impact of MWTT and Dox on MB49 cell viability, cells were treated with Dox-loaded 
nanoflowers at room temperature. The findings revealed that MW therapy alone diminished cell viability by approximately 
40%. Additionally, Dox chelated by BSA-MoS2 nanoflowers reduced viability by about 55%, whereas Mn-Fe-Dox-BSA- 
MoS2 nanoflowers maintained viability at nearly 40%. This improvement can be attributed to the enhanced efficacy of 
MWDT in conjunction with chemotherapy, which is facilitated by the incorporation of Mn/Fe. Notably, the combination of 
microwave radiation with Mn-Fe-Dox-BSA-MoS2 nanoflowers further suppressed cell viability to around 10%, likely due 
to the synergistic amplification of both Dox cytotoxicity, MWTT and MWDT of the nanoflowers (Figure 3G).

What’s more, to further investigate the effects of Dox chemotherapy combined with MWDT and MWTT on cells, we 
employed flow cytometry to quantitatively analyze ROS levels and apoptosis rates, and also observed the cell viability under 
various treatment conditions using live/dead staining methods. Our results demonstrated that even with MW irradiation alone 
at room temperature, a small amount of ROS was generated. Dox-BSA-MoS2 nanoflowers can release Dox in the tumor 
microenvironment without MW irradiation, and Dox itself can induce ROS generation in tumor cells. Even in the absence of 
MW irradiation, the intrinsic peroxidase-like activity of Mn and Fe ions within Dox-BSA-MoS2 nanoflowers contributed to 
additional ROS production. Notably, when Dox-BSA-MoS2 nanoflowers were combined with MW irradiation, ROS levels 
were markedly increased, indicating that microwave activation of the nanoplatform promotes ROS generation while thermal 
effects may further potentiate the overall therapeutic outcome. This effect was further amplified by the catalytic activity of Mn 
and Fe ions (Figure 4A and B). MW irradiation inherently possesses thermal therapeutic effects, while BSA-MoS2 nano
flowers, in addition to their MWDT capabilities, can further enhance the MWTT effect. Both MWDT and MWTT, along with 
Dox chemotherapy, promote apoptosis in tumor cells. Flow cytometry analysis revealed that the apoptosis rates in each group 
were consistent with the levels of ROS production. Specifically, the group treated with Mn-Fe-Dox-BSA-MoS2 nanoflowers 
in combination with MW irradiation exhibited the most pronounced apoptotic response (Figures 4C and S4), suggesting 
a combinatorial effect of enhanced ROS generation and thermal potentiation.

To evaluate the cytotoxic effects of different interventions on MB49 cells, we used Calcein-AM and Propidium Iodide 
(PI) staining. Calcein-AM is a cell-permeable fluorescent dye that labels live cells, emitting green fluorescence under 
a fluorescence microscope, while PI stains dead cells by binding to their nuclei, producing red fluorescence. Compared 
with the control group, the MW-only group, Dox-BSA-MoS2 group, and Mn-Fe-Dox-BSA-MoS2 group all exhibited 
predominant green fluorescence with sporadic red signals, indicating that a small number of cells had undergone death. 
However, when MW irradiation was used to activate the therapeutic effects of MWDT and MWTT, complete fluores
cence shifted from green to intense red. This observation suggested that the combination of MWDT, MWTT, and Dox 
chemotherapy significantly enhanced the cytotoxic effects on MB49 cells (Figure 4D). These results further validate the 
potent therapeutic efficacy of combining Dox chemotherapy with MWDT and MWTT, providing a solid foundation for 
the in vivo application of Mn-Fe-Dox-BSA-MoS2 nanoflowers.

Verification of Excellent Biosafety in vivo
The potential toxicity of Mn-Fe-Dox-BSA-MoS2 nanoflowers in mice is a crucial factor in determining their suitability as 
ideal materials for MWDT and MWTT. To comprehensively evaluate their in vivo biocompatibility, we performed histological 
examination on the heart, liver, spleen, lung, and kidney tissues of mice injected with Mn-Fe-Dox-BSA-MoS2 nanoflowers 
solution. H&E staining of these tissues revealed no significant damage compared to the control group, indicating that the 
nanoflowers did not cause noticeable organ toxicity (Figure 5A). Additionally, comprehensive hematological analysis and 
blood biochemical profiling further confirmed the biosafety of Mn-Fe-Dox-BSA-MoS2 nanoflowers, with all measured 
parameters (including liver/kidney function markers and complete blood counts) remaining within normal physiological 
ranges throughout the observation period (Figure 5B). These results indicate that the nanoflowers undergo efficient metabolic 
clearance through major detoxification pathways. They also demonstrate that the nanoflowers have excellent systemic 
biocompatibility at therapeutic doses and the selected dosage regimen maintains physiological homeostasis. To further 
investigate the pharmacokinetic profile of these nanoflowers, we performed serial blood collection via the facial vein at 
various time points post-injection and quantified molybdenum (Mo) concentrations. The results demonstrated a gradual 
decrease in Mo content over time, suggesting that the nanoflowers were effectively metabolized and cleared from the 
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Figure 4 In vitro antitumor therapy. (A) ROS production in MB49 cells as determined by flow cytometry observation after different treatments. (B) Statistical analysis of 
ROS production in MB49 Cells under different treatments. Compared to the control group, * indicates p < 0.05, *** indicates p < 0.001. (C) Flow cytometry analysis of 
apoptosis after various treatments. (D) Live/dead cell staining after nanoflowers treatments in different groups (Scale bar: 50 μm). 
Abbreviations: DMNP, Dox-BSA-MoS2 nanoflowers; MFDMNP, Mn-Fe-Dox-BSA-MoS2 nanoflowers.
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Figure 5 In vivo biosafety assessment. (A) H&E staining of the major organs at corresponding time intervals (scale bars: 100 μm). (B) No statistically significant differences 
were observed in blood routine and biochemical test of mice after intravenous administration of Mn-Fe-Dox-BSA-MoS2. (C) Metabolism of Mo element in blood.
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bloodstream (Figure 5C). This finding supports the biocompatibility and potential safety of Mn-Fe-Dox-BSA-MoS2 nano
flowers for in vivo therapeutic applications.

Nanoflowers Enable Effective Multimodal Imaging in Tumor Detection
Nanomaterials with strong absorption of near-infrared light and efficient photothermal conversion capabilities are 
particularly valuable for photoacoustic (PA) imaging applications. Our studies demonstrate that Mn-Fe-Dox-BSA- 
MoS2 nanoflowers exhibit excellent PA imaging properties, showing a concentration-dependent signal enhancement. 
Quantitative analysis revealed a linear relationship between PA signal intensity and nanoflower concentration across the 
tested range (0.0625–1 mg/mL) (Figure 6A). To evaluate the in vivo PA imaging potential of these nanoflowers, we 
conducted experiments in MB49 tumor-bearing nude mice. Following intravenous administration, ultrasound-guided PA 
imaging enabled precise tumor localization and longitudinal monitoring. The time-course analysis showed that tumor PA 
signals peaked at 6 hours post-injection, followed by gradual signal attenuation (Figures 6B and S5). These findings 
confirm that Mn-Fe-Dox-BSA-MoS2 nanoflowers can serve as highly sensitive PA imaging agents, providing imaging 
support for monitoring the metabolic behavior of nanoflowers at the tumor site.

The Cy5.5 fluorescent dye is suitable for near-infrared fluorescence imaging due to its strong fluorescence properties 
and high photostability, which help minimize background interference in vivo and enhance the clarity and sensitivity of 
imaging.34 Therefore, to further investigate the in vivo metabolism of the nanomaterial, we prepared Cy5.5-conjugated 
nanoflowers for fluorescence imaging to monitor their biodistribution. Cy5.5 fluorescent dye was conjugated to Mn-Fe- 
Dox-BSA-MoS2 nanoflowers (Cy5.5-Mn-Fe-Dox-BSA-MoS2), which were then intravenously injected into MB49 
tumor-bearing mice via the tail vein. Fluorescence signals in the tumor region were monitored over a 24-hour period. 
The results demonstrated that the Cy5.5 signal intensity peaked within 6 h post-injection and gradually declined 
thereafter (Figure 6C). After 24 h, the mice were euthanized, and ex vivo fluorescence imaging was performed to 
quantify the signal distribution in major organs and tumor tissues (Figure 6D).

Nanoflowers Demonstrate Potent Anticancer Activity in vivo
MW irradiation inherently possesses thermal therapeutic effects. To evaluate the thermal therapy effects of MW 
irradiation alone and in combination with nanoflowers, we conducted real-time temperature monitoring at the tumor 
site during treatment. Our findings demonstrated that compared to the MW-only treatment group, the group treated with 
Mn-Fe-Dox-BSA-MoS2 nanoflowers combined with MW irradiation exhibited a faster and more significant temperature 
increase at the tumor site, indicating a more effective microwave thermal therapy (Figure 6E and F).

To substantiate our findings that the triple-combination therapy (MWDT, MWTT, and Dox chemotherapy) provides maximal 
tumor suppression, we established a subcutaneous MB49 tumor model for comprehensive therapeutic evaluation. Once the tumor 
reached a standardized size (approximately 5 mm in diameter, rice grain equivalent), the mice were intravenously injected with the 
corresponding nanoflowers or an equivalent volume of PBS solution, followed by microwave irradiation according to the 
prescribed protocol (Figure 7A). Based on pharmacokinetic imaging data, we initiated microwave irradiation at the 6-hour post- 
injection timepoint for optimal nanoflowers accumulation. Compared with the control group, tumors in the Mn-Fe-Dox-BSA- 
MoS2 group were smaller in size. MW irradiation alone exhibited moderate antitumor efficacy, primarily attributable to its 
inherent thermal effects. In comparison with the MW alone group, the Dox-BSA-MoS2 combined with MW group showed 
superior antitumor effects, mainly attributed to ROS generation and microwave-induced heat facilitated further release of Dox 
under MW irradiation. The combined antitumor effect of MWDT, MWTT, and Dox chemotherapy was significantly superior to 
that of MW thermal therapy alone. The Mn-Fe-Dox-BSA-MoS2 combined with MW group achieved the optimal antitumor 
efficacy, nearly eradicating the tumor completely. This enhanced therapeutic efficacy can be attributed not only to the synergistic 
combination of MWDT, MWTT, and Dox chemotherapy, but also to the tumor-localized O2 generation catalyzed by Mn/Fe ions, 
which potentiates MWDT outcomes through improved tumor oxygenation (Figure 7B). Throughout the treatment process, no 
significant differences in body weight were observed among the groups, indirectly indicating the excellent biosafety profile of Mn- 
Fe-Dox-BSA-MoS2 (Figure 7C). The tumor weights and volume from each group were measured after various treatments to 
further validate the therapeutic effects (Figures 7D and S6). We further confirmed the combined therapeutic effects by performing 
H&E, TUNEL, and PCNA staining on the subcutaneous tumors from each group (Figure 7E). The H&E staining results revealed 
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Figure 6 PA, near-infrared fluorescence and infrared thermal imaging in vitro and in vivo. (A) In vitro PA contrast images and PA values of Mn-Fe-Dox-BSA-MoS2 nanoflowers at 
different concentrations. (B) In vivo PA images of tumors in tumor-bearing mice after intravenous injection of Mn-Fe-Dox-BSA-MoS2 nanoflowers at different time points (1 mg/mL, 
100 μL). (C) Near-infrared fluorescence images recorded at tumor region after intravenous injection of Cy5.5-Mn-Fe-Dox-BSA-MoS2 at different time points. (D) Ex vivo fluorescence 
intensity of major organs and tumor tissue at 24 hours postinjection. (E) Infrared thermal image changes at tumor regions of different treatment group for 6 hours with MW irradiation 
(8 W, 5 minutes). (F) Temperature change curves at tumor regions of the different treatment group. The red circles delineate the areas occupied by the subcutaneous tumors in mice. 
Abbreviation: MFDMNP, Mn-Fe-Dox-BSA-MoS2 nanoflowers.

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S587614                                                                                                                                                                                                                                                                                                                                                                                                      17

Liu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Figure 7 In vivo antitumor therapy. (A) Schematic illustration of the Mn-Fe-Dox-BSA-MoS2 for primary tumor on BALB/c-nude mice. (B) Photographs of tumors dissected 
from mice of five groups after various treatments. The red circles represent complete elimination of the subcutaneous tumor in the mouse. (C) Time-dependent body 
weight curves of mice in the different groups. (D) Weight of tumors in the different groups. Compared to the control group, *** indicates p < 0.001. (E) H&E staining, PCNA 
staining and TUNEL staining of tumor sections from various treatment groups (scale bars: 50 μm). 
Abbreviations: DMNP, Dox-BSA-MoS2 nanoflowers; MFDMNP, Mn-Fe-Dox-BSA-MoS2 nanoflowers.
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that the group treated with Mn-Fe-Dox-BSA-MoS2 nanoflowers combined with MW irradiation exhibited significantly more 
pronounced nuclear pyknosis, karyolysis, and karyorrhexis compared to other groups, indicating the most severe tumor cell 
necrosis and the best therapeutic effect. The TUNEL assay and PCNA staining were used to evaluate apoptosis and proliferation 
of tumor cells, respectively. The Dox-BSA-MoS2 nanoflowers combined with MW irradiation resulted in a significant increase in 
apoptotic cells and a decrease in proliferating cells compared to the first three groups. The group treated with Mn-Fe-Dox-BSA- 
MoS2 nanoflowers combined with MW irradiation exhibited even more apoptosis and stronger proliferation suppression than the 
Dox-BSA-MoS2 plus MW group. This was mainly due to the improved tumor hypoxia microenvironment, which further 
enhanced the combined therapeutic effects.

Limitations of the Study
Despite the promising therapeutic outcomes demonstrated in this study, several limitations remain. First, the long-term 
biodistribution and metabolic pathways of Mn-Fe-Dox-BSA-MoS2 nanoflowers require further investigation. Second, 
although the subcutaneous tumor model provides preliminary evidence of therapeutic efficacy, orthotopic bladder cancer 
models may better simulate the clinical tumor microenvironment. Future studies should also explore the potential 
immunological effects of microwave-induced tumor ablation combined with nanotherapy.

Conclusions
We developed microwave-responsive Mn-Fe-Dox-BSA-MoS2 nanoflowers using MoS2 as a carrier to load Dox and chelate 
Mn/Fe ions, forming a multifunctional nanoplatform. The 3D BSA-MoS2 structure enhanced microwave energy absorption 
and ROS generation for microwave dynamic/thermal therapy, while Mn and Fe ions catalyzed H2O2 decomposition to 
produce O2 and relieve tumor hypoxia, thereby improving therapeutic efficacy. Additionally, the nanoflowers enabled 
targeted Dox delivery and real-time PA/fluorescence imaging, achieving synergistic tumor therapy and imaging guidance.
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