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Background: Radiotherapy is a widely used clinical tool for tumor treatment but can cause systemic toxicity if excessive radiation is 
administered. Although numerous nanoparticles have been developed as radiosensitizers to reduce the required dose of X-ray 
irradiation, they often have limitations, such as passive reliance on radiation-induced apoptosis in tumors, and little consider the 
unique tumor microenvironment that contributes radiotherapy resistance.
Methods: In this study, we developed and characterized a novel self-assembled nanoparticle containing dysprosium ion and 
manganese ion (Dy/Mn-P). We systematically investigated the potential of Dy/Mn-P nanoparticles (NPs) as a reactive oxygen species 
(ROS) amplifier and radiosensitizer to enhance radiation therapy and modulate the tumor microenvironment at the cellular level. 
Additionally, we evaluated the effect of Dy/Mn-P on the stimulator of interferon genes (STING), an innate immune signaling pathway.
Results: Physicochemical analysis demonstrated the prepared Dy/Mn-P NPs exhibited excellent dispersibility and stability, and 
degraded rapidly at lower pH values. Furthermore, Dy/Mn-P was internalized by cells and exhibited selective toxicity towards tumor 
cells compared to normal cells. Our findings also revealed that Dy/Mn-P NPs improved the tumor microenvironment and significantly 
increased ROS generation under ionizing radiation, resulting in a ~70% increase in ROS levels compared to radiation therapy alone. 
This enhanced ROS generation inhibited ~92% of cell clone formation and greatly contributed to cytoplasmic DNA exposure. 
Subsequently, the activation of the STING pathway was observed, leading to the secretion of pro-inflammatory immune factors and 
maturation of dendritic cells (DCs).
Conclusion: Our study demonstrates that Dy/Mn-P NPs can potentiate tumor radiotherapy by improving the tumor microenvironment 
and increasing endogenous ROS levels within the tumor. Furthermore, Dy/Mn-P can amplify the activation of the STING pathway 
during radiotherapy, thereby triggering an anti-tumor immune response. This novel approach has the potential to expand the 
application of radiotherapy in tumor treatment.
Keywords: radiotherapy, Dy/Mn-P NPs, ROS, tumor microenvironment, STING pathway

Introduction
Radiotherapy (RT) is a widely used method for treating cancer in contemporary clinical practice. Regrettably, despite its 
unparalleled curative efficacy, the therapeutic potential of this method is hindered by unfavorable adverse effects, most 
notably the health hazards associated with excessive radiation doses.1,2 Recently, the use of NPs based on metal atoms 
with high atomic numbers in combination with radiation therapy to enhance the effect of radiation by accumulating or 
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releasing more in the tumor site compared to healthy tissues can effectively increase the efficiency of radiotherapy and 
reduce side effects.3–5 For instance, hafnium (Hf), gold (Au), and lanthanide elements have been developed as novel 
radio-sensitizing nanoparticles to effectively capture more local radiation dose inside the tumor since they possess a high 
atomic number, thus reducing the side effects of radiation therapy.6–12 During the RT, these radiosensitizers can interact 
with X-ray via several physical processes, releasing electrons and generating ROS, leading to irreparable DNA lesions 
and inducing tumor cell apoptosis.13–16 However, the unique tumor microenvironment (TME) poses challenges to the 
effectiveness of radiation therapy. For instance, the high levels of glutathione (GSH) and hydrogen peroxide (H2O2) 
within the tumor create an environment that hampers the efficacy of radiotherapy and promotes resistance to treatment.17– 

20 Additionally, a lack of tumor sensitivity may result in increased toxicity to normal cells and tissues. Therefore, it is 
crucial for researchers to address these issues by developing radiotherapy sensitizers that exhibit selective toxicity 
towards tumor cells and regulate the TME.

As a local treatment for tumors, RT may be ineffective in addressing metastasized tumors owing to a lack of adequate 
immune response in clinical practice.21–24 Fortunately, emerging evidence suggests that RT could activate the stimulator 
of STING pathway that acts as an innate immune signaling to induce the antitumor immune response against tumor cells 
when damaged tumor DNA escapes from the nucleus to the cytosol.25–28 This discovery has opened up new possibilities 
for the clinical use of RT. However, in order to achieve adequate activation of the STING pathway, higher doses of X-ray 
radiation are usually required to increase the exposure of cytoplasmic DNA, which inevitably leads to irreversible 
damage to normal tissues and cells. It is reported manganese ion (Mn2+) can directly activate cyclic GMP-AMP synthase 
(cGAS) and sensitize cGAS to recognize cytosolic DNA, achieving the activation of intracellular STING pathway.29–32 

In addition, recent studies further indicate that Mn2+ can efficiently kill cancer cells by converting endogenous H2O2 to 
highly toxic hydroxyl radicals (•OH) via a Fenton-like reaction. This property enables NPs based on Mn2+ ion to 
selectively kill tumor cells, as the concentration of H2O2 in normal cells is significantly lower than in tumor cells. During 
this progress, high valence ions manganese ion (Mn4+) could be generated and then react with tumor endogenous GSH to 
re-convert as Mn2+, leading to the generation of a substantial amount of ROS in tumor cells. This amplifies the ROS- 
induced damage to tumor cells and also plays a role in regulating TME-induced radiotherapy resistance.33–35 Moreover, 
recent studies have revealed that inducing the formation of •OH during ionizing irradiation could enhance the overall 
radiotherapeutic effect.9,10 From this point, the utilization of radiosensitizers in conjunction with Mn2+ shows great 
potential in developing tumor-targeted injury NPs that can activate the STING pathway and regulate the TME, ultimately 
leading to improved outcomes in radiation therapy.

Herein, sodium tripolyphosphate (STPP) was selected as phosphate ligands to coordinate with dysprosium ion 
(Dy3+) as high atomic numbers and Mn2+ for the self-assembly of Dy/Mn-P in the presence of polyvinyl pyrrolidone 
(PVP) (Scheme 1). Firstly, the Dy/Mn-P could be rapidly degraded in the presence of acidic TME. Subsequently, the 
release of Dy3+, a lanthanide element with a high atomic number (Z = 67), processes strong X-ray attenuation ability 
and better radio-sensitization effects for cancer cells to induce ROS generation and DNA damage. Secondly, the 
released Mn2+ could further convert tumor endogenous H2O2 into •OH, resulting in further damage to tumor cells 
and the formation of DNA lesions. Furthermore, Mn2+ could be oxidized high-valence Mn4+. Subsequently, the 
reduction of Mn4+ to Mn2+ by intracellular GSH and buildup of oxidized glutathione (GSSG) initiate a secondary 
cascade of Fenton-like reactions and GSH depletion, thereby amplifying ROS damage for tumor cells and improving 
TME, ultimately enhancing radiotherapy. Thirdly, large amounts of cytoplasmic DNA are exposed, which synergize 
with Mn2+ to promote cytoplasmic DNA recognized by cGAS, triggering the activation of the STING pathway in 
cancer cells. Consequently, the expression of interferon type 1 (IFN-β) was upregulated to evoke an immune 
response. Our design strategy aims to extend the therapeutic boundaries of radiation therapy within the clinical 
setting, distinguishing it from previous studies that primarily focused on combined radiation therapy and 
immunotherapy.36–38 In summary, our findings highlight the potential of our pH-responsive Dy/Mn-P to function 
as ROS amplifiers, effectively modulating the tumor microenvironment and augmenting the efficacy of tumor 
radiotherapy.
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Materials and Methods
Materials
Manganese chloride tetrahydrate (MnCl2·4H2O) and Dysprosium chloride hexahydrate (DyCl3·6H2O) were obtained 
from Aladdin (China). PVP and STPP were obtained by Macklin (China). Methylene blue (MB) was purchased from 
Acmec (China). Singlet oxygen sensor green (SOSG) was obtained from Invitrogen (USA). 4′,6-diamidino-2-phenylin-
dole (DAPI) and Reactive oxygen species assay kit (catalog number CA1410) were purchased from Solarbio (China). 
Calcein AM and propidium iodide (PI) cell viability/cytotoxicity assay kit (catalog number C2015S), fluorescein 
isothiocyanate Annexin V-FITC/PI kit, and DNA damage assay kit by γ-H2AX Immunofluorescence were supplied by 
Beyotime (China). Fetal bovine serum (FBS) was purchased from Newzerum (New Zealand). Cell counting kit-8 (CCK- 
8) was purchased from DojinDO (Japan). Micro BCA protein assay kit was obtained by Thermo Fisher Scientific (USA), 
and Prestained protein ladder was purchased from Yeasen Biotechnology (catalog number: 20350ES72). Rabbit anti- 
phospho-TBK1 (Ser172) antibody (catalog number bs-3440R), Rabbit anti-phospho-IRF3 (Ser396) antibody (catalog 
number bs-3195R), Rabbit anti-TBK1 antibody (catalog number bs-7497R), and Rabbit anti-IRF3 antibody (catalog 
number bs-2993R) were purchased from Bioss (China). Rabbit anti-IFN-β antibody (catalog number) was purchased 
from Abcam (USA). Mouse IL-6 and TNF-α ELISA kit were purchased from Elabscience (China).

Self-Assembly of Dy/Mn-P NPs
10 µL of MnCl2·4H2O (0.5 M) and DyCl3·6H2O (0.5 M), 125 µL of PVP (2 mM), and 20 µL of STPP (1 M) were 
prepared as 500 µL mixture solution. The mixture was stirred at 900 rpm for 60 min at 37 °C. Then, Dy/Mn-P NPs were 
obtained by centrifuging at 5000 rpm for 10 min, washed 3 times in ultrapure water, and dried at 40 °C. Moreover, NPs 
were optimized by using different ratios of Mn2+ and Dy3+ to get suitable particle size and dispersion.

Scheme 1 The preparation of Dy/Mn-P (top) and the schematic illustration of the mechanism of Dy/Mn-P-mediated ROS amplifying, tumor microenvironment regulation, 
and cGAS-STING pathway activation (bottom).
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Characterization of Dy/Mn -P NPs
Transmission electron microscopy (TEM, JEM-F200, Japan) and scanning electron microscopy (SEM, SU-70, Japan) 
were used to observe the surface morphology and size of Dy/Mn-P, while chemical composition was analyzed by energy- 
dispersive spectrometer (EDS). The average hydrodynamic diameter and zeta potential of Dy/Mn-P were measured by 
the Malvern Zetasizer Ultra instrument (Malvern, UK).

Stability and ROS Detection
About 70 μg/mL of Dy/Mn-P was dispersed in 2 mL acetate buffer solution with different pH values (4.8 and 7.5) containing 
10% FBS at room temperature. The change in particle size and dispersion was measured every 12 h until 72h. As for ROS 
detection, 12.5 mM NaHCO3, 25 μg/mL MB, 0–20 μg/mL Dy/Mn-P, and 0–10 mM H2O2 solution were prepared as 1 mL 
solution, and then the mixture was incubated with stirring at 200 rpm and 37 °C in the dark for different time. The change in 
absorbance value at 664 nm was detected at the appointed time to evaluate the generation of •OH. To observe the generation 
of singlet oxygen (1O2), 10 μL SOSG (500 μM) was added to 990 μL Dy/Mn-P NPs (5 μg/mL). After exposure to different 
X-ray irradiation (0–6 Gy), the fluorescence intensity was detected in SPARK Microplate Reader (TECAN, Switzerland).

Cell Lines
Breast cancer cells (4T1), fibroblast cells (3T3) and melanoma cells (B16-F10) were obtained from the American Type 
Culture Collection (ATCC, Manassas, USA). DC2.4 cells were purchased from Kanglang Biological Technology Co., 
Ltd. (Shanghai, China). 4T1, B16-F10, and DC2.4 cells were cultured in RPMI 1640 medium containing 10% FBS and 
3T3 cells were cultured in DMEM medium containing 10% FBS. All cells were cultured at 37 °C and 5% CO2 in 
a humidified atmosphere.

Cytotoxicity and Cellular Uptake
B16-F10, 4T1, 3T3, and DC2.4 cells were seeded into 96-well plates at a density of 1×104 per well. After 24 h cultured, 
the culture medium was replaced with fresh cell culture medium containing different concentrations of Dy/Mn-P (0–500 
μg/mL) and co-cultured for 24 h. Then, the cells were washed twice with PBS and cultured with CCK-8 working fluid for 
a suitable time. The absorbance value at 450 nm was determined by SPARK Microplate Reader. The cell viability was 
calculated based on the following formula:

Meanwhile, B16-F10 cells were treated with Calcein-AM and PI after treatment with Dy/Mn-P NPs at a concentration 
of 70 μg/mL to further observe the ratio of live or dead cells by using fluorescence microscopy (Axio observer A1, 
ZEISS, Germany). As for analysis of apoptosis, Annexin V-FITC/PI kit was used to stain the cells, and the frequency of 
cell apoptosis was detected by flow cytometry (Accuric6, BD).

To evaluate the cellular uptake of Dy/Mn-P NPs, the B16-F10 cells were seeded in a cell culture dish at a density of 
5×104 and cultured for 12 h. Following this, the medium was replaced with 1mL of RPMI-1640 medium containing 70 
µg/mL Dy/Mn-P tagged with Rhodamine B dye (RhB) for different times (0, 2, 4 h). Then, the medium was removed and 
the cells were washed three times with 1× PBS (4 °C) and fixed with 1 mL of 4% paraformaldehyde solution (purchased 
from Solarbio, China) for 10 min. Next, 1 mL of DAPI working solution (1 μg/mL) was added to the cells and cultured 
for 5 min. Finally, the cells were washed three times with 1× PBS (4 °C) and observed by a confocal laser scanning 
microscope (LSM880, ZEISS, Germany). Additionally, the fluorescence value change of B16-F10 cells was analyzed by 
cell flow cytometry after treatment with Dy/Mn-P NPs for varying periods.

Clonogenic Assay
For the clonogenic assay, B16-F10 cells were seeded into 6-well plates at the densities of 500 per well and incubated at 
37 °C for 24 h. Then, B16-F10 cells were treated with 70 µg/mL of Dy/Mn-P NPs for 4 h, while cells treated with 1× 
PBS were as the control. Next, the cells were exposed to X-ray irradiation with radiation doses of 6 Gy. After further 
incubation for 7 days at 37 °C, the cells were fixed with 4% paraformaldehyde and stained with crystal violet (Solarbio, 
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China). The results of cell colonies were calculated only if they contained more than 50 cells. The surviving fraction was 
calculated as follows:

The mean surviving fraction was obtained from three parallel tests.

Cellular ROS and GSH
B16-F10 cells (5 × 104 per dish) were plated in 24-well plates and treated with 70 μg/mL of Dy/Mn-P for 4 h. Untreated cells 
were regarded as control. Afterward, the cells were treated with a 6 Gy dose of X-rays and incubated for another 8 h. According to 
the manufacturer’s protocol, B16-F10 cells were washed three times with PBS and incubated with PBS containing 10 μM 2′,7′- 
dichlorodihydrofluorescein diacetate (H2DCFDA) for 30 min in the dark. ROS level was evaluated by fluorescence microscopy. 
Additionally, the ROS fluorescence value of B16-F10 cells was analyzed by cell flow cytometry. The GSH of B16-F10 cells was 
observed by fluorescence microscopy by using ThiolTrace Violet as a detection reagent after treatment with Dy/Mn-P NPs as 
above. The tumor oxidative damage caused by Dy/Mn-P NPs was further evaluated by JC-1 dye after exposure to X-ray (6 Gy) 
and observed by fluorescence microscopy.

γ-H2AX Staining for DNA Fragments
B16-F10 cells (5 × 104 per dish) were incubated in 24-well plates after incubating with 70 μg/mL of Dy/Mn-P NPs for 6 
h. Then, the cells were exposed to X-ray irradiation at the dose of 6 Gy and cultured for another 18 h. The treated B16- 
F10 cells were fixed by 4% paraformaldehyde and then labeled with the anti-phospho-histone γ-H2AX mouse mono-
clonal antibody as the primary antibody overnight at 4 °C. After washing with 1× PBS (4 °C), the B16-F10 cells were 
further incubated with sheep anti-mouse secondary antibody for 1 h at 37 °C. Meanwhile, cell nuclei were stained by 
DAPI for imaging via using fluorescence microscopy.

cGAS-STING Pathway Activation
In a direct co-culture system, B16-F10 cells (3 × 105 per dish) were co-cultured with DC2.4 cells (1 × 104 per dish) in 6-well 
plates for 48 h followed by treatment with 1× PBS and Dy/Mn-P NPs (70 μg/mL) for 4 h. Then, co-cultured cells were further 
cultured for another 8 h after irradiated with a dose of 6 Gy. Protein samples were harvested by adding 100 µL RIPA lysis buffer 
containing 1 × PMSF and 1 × PSIM and ultrasonic crushing. The same concentration of protein samples was separated by SDS 
polyacrylamide gel electrophoresis after being quantified by a Micro BCA protein assay kit and blotted onto polyvinylidene 
fluoride membrane (Millipore). The membrane was blocked with 5% non-fat milk in tris-buffered saline with 0.1% Tween 20 
(TBST) at room temperature for 1 h and then treated with corresponding antibodies at 4 °C overnight, including Actin 
polyclonal antibody (1:1000), phospho-IRF3 (ser396) polyclonal antibody (1:1000), phosphor-TBK1 (ser172) polyclonal 
antibody (1:1000), IRF3 polyclonal antibody (1:1000), TBK1/NAK polyclonal antibody (1:1000) and IFN-β monoclonal 
antibody (1:1000). After that, it was washed three times with 1×TBST, and then treated with the corresponding secondary 
antibody. Finally, the protein bands were visualized with ECL reagent (Thermo Fisher Scientific, USA) by the Chemidoc XRS 
gel imaging system (Bio-rad, USA). The relative protein expression level was quantified by using Image J software. Meanwhile, 
the supernatant was collected after treatment with X-ray irradiation and the cytokine including TNF-a and IL-6 were measured 
by the corresponding ELISA kit. For dendritic cells maturation evaluation, DC2.4 cells were cultured in 24-well plates, and the 
supernatant of different treated co-culture cells was added to DC2.4 cells for 24 h. Then, the cells were collected and stained 
with anti-mouse CD11c FITC (11–0114-82, Invitrogen), anti-mouse CD80 APC (17–0801-81, Invitrogen), and anti-mouse 
CD86 PE (12–0862-83, Invitrogen) antibodies. Finally, the frequency of matured DCs was evaluated by flow cytometry.

Statistical Analysis
All quantitative results are expressed as the mean ± standard deviation (SD). The statistical analysis was performed by 
one-way ANOVA using GraphPad Prism (8.0), and the statistical significance was defined as *P < 0.05; **P < 0.01; 
***P < 0.001.
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Results and Discussion
Synthesis and Characteristics of Dy/Mn-P NPs
Initially, NPs with different molar mass ratios of Dy3+ to Mn2+ (5:1–1:5) were prepared to investigate the dispersion and 
size. As shown in Figure S1, a series of different size of Dy/Mn-P NPs ranging from ~180 to ~1200 nm were successfully 
synthesized, which may result from different size between Dy and Mn ions themselves.39 Among those NPs, the obtained 
Dy/Mn-P NPs at a ratio of Dy3+ to Mn2+ (1:1) exhibited well dispersity and uniform spherical morphology where 
hydrodynamic diameter of Dy/Mn-P was 180 ± 0.64 nm with a polymer dispersity index (PDI) less than 0.3 and the zeta 
potential was −28.25 ± 0.54 mV, according to dynamic light scattering (DLS) analysis (Figures 1A and B). Subsequently, 
the surface morphology of Dy/Mn-P NPs was observed through TEM and SEM. It revealed that the synthesized Dy/Mn- 
P were homogeneous in shape with a particle size of ~70 nm (Figures 1C and S2). After that, the chemical composition 
of Dy/Mn-P was also a major concern to reflect their physicochemical properties. Form the elemental mapping images in 
Figure 1D, the homogenous and well-overlapped distribution of Dy, Mn, P, and O elements in Dy/Mn-P demonstrated the 
successful fabrication of Dy/Mn-P with Mn and Dy ions doped nanostructure. EDS spectrum further confirmed the 
presence of Mn and Dy elements in the prepared Dy/Mn-P (Figure S3). X-ray diffraction (XRD) pattern in Figure S4 
revealed that Dy/Mn-P presented broad hump from 15° to 40° without obvious diffraction peaks, indicating their 
amorphous nature. In addition, as shown in Fourier transform infrared (FTIR) spectroscopy (Figure S5), some char-
acteristic peaks were displayed in STPP including a peak at around 1170 cm−1 belonging to P=O stretching vibration, 
a peak near 897 cm−1 that indicated at P-O stretching vibration, and six medium-intensity peaks between 400 and 
740cm.−140,41 In the spectra of Dy/Mn-P, the characteristic peaks at 1670, 1421, and 1290 cm–1 belonging to the 
stretching vibration of C=O, C-H, and C-N in traditional PVP framework, respectively.42 Meanwhile, the absorption 
peak at 556 cm−1 in Dy/Mn-P was assigned to the stretching vibration of Mn-O and Dy-O, further demonstrating the 
successful preparation of Dy/Mn-P.43,44

The pH-sensitive responsive of NPs under acidic conditions is beneficial in reducing the damage to normal tissues due 
to the tumor microenvironment which usually exhibits acidity. As shown in Figures 1E and S6, no significant particle 
size and PDI change were seen in Dy/Mn-P after incubating with acetate buffer solution with 10% FBS at pH = 7.5 for 
72 h. Comparably, when Dy/Mn-P was exposed to acetate buffer solution (pH = 5.0), the size of Dy/Mn-P gradually 
increased and PDI also increased to 0.65, which indicated that Dy/Mn-P possess pH-sensitivity and easily disintegrated 
under acidic conditions. This may be related to the weakening of the bonding between phosphorus and metal ions at low 
pH values.

ROS Trigged by Dy/Mn-P NPs
During RT, the released electrons react with organic molecules or water in cancer cells to produce ROS, especially 1O2, 
which could be evaluated by using the SOSG probe, a highly selective detection reagent for 1O2.45,46 As shown in 
Figures 1F and S7, the fluorescence intensity change of SOSG revealed generation of 1O2 after exposing to radiation 
doses from 0 to 6 Gy in the presence of Dy/Mn-P at concentration of 5 μg/mL. Notably, it was found that the maximum 
generation of ROS capacity via Dy/Mn-P increased 14-fold after X-ray irradiation at radiation dose of 6 Gy compared to 
the control group. Therefore, 6 Gy was selected as appropriate radiation doses in subsequent experiments. Moreover, the 
generation of 1O2 in the presence of Dy/Mn-P NPs under 6 Gy X-ray irradiation was further verified by electron spin 
resonance (ESR) spectroscopy in Figure 1G. A typical 1:1:1 peak signal representing 1O2 was observed by using 
triacetonamine hydrochloride as a trapping agent which was attributed to the high Z lanthanide element in the Dy/Mn-P 
absorbing more X-ray irradiation and subsequently releasing more electrons such as photoelectrons and oxygen electrons 
to react with organic molecules. In addition, tumor endogenous high expression of H2O2 can be converted into •OH 
through a Fenton-like reaction induced by Mn2+, which facilitates the reduction of radioresistance.47–49 To explore the 
conversion of H2O2 into •OH caused by Dy/Mn-P, MB was selected as an indicator to evaluate the generation of •OH that 
lead to the decrease in the absorbance of MB at 664 nm. As shown in Figure S8 the progressively increased degradation 
of MB could be observed by co-incubating H2O2 and Dy/Mn-P at room temperature with 120 min, implying that Dy/Mn- 
P can catalyze H2O2 to generate •OH due to the presence of Mn2+. Moreover, the absorbance spectra of MB exhibited 
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gradient changes after exposing various concentrations of H2O2 and Dy/Mn-P (Figures 1H and I). A 1:2:2:1 quadruplet 
signal, identified as DMPO-OH, was observed by ESR in Figure 1J after using 5,5-dimethyl-1-pyrroline-N-oxide 
(DMPO) as a trapping agent, further revealing the generation of •OH. This was conducive to tumor-selective treatment 
due to the high-level concentration of tumor endogenous H2O2 compared to normal tissue.

Figure 1 Synthesis and characterization of Dy/Mn-P. (A and B) Representative graphs of size distribution and zeta potentials of Dy/Mn-P, respectively. (C) TEM image of Dy/ 
Mn-P. Scale bar = 100 nm. (D) HAADF-STEM image and elemental mapping for Dy/Mn-P. Scale bar = 20 nm. (E) Hydrodynamic size values of Dy/Mn-P in acetate buffer 
solution with 10%FBS at different pH values (7.5 and 4.8) for 72 h. (F) The generation of 1O2 caused by Dy/Mn-P after exposing to different radiation doses. (G) ESR 
spectrum of Dy/Mn-P exposed to 6 Gy X-ray radiation to observe 1O2 peaks. (H and I) Absorbance spectra change of MB under different concentrations of H2O2 or 
different concentrations of Dy/Mn-P. (J) ESR spectrum of Dy/Mn-P exposed to 6 Gy X-ray irradiation to observe •OH peaks.
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Cytotoxicity and Cellular Uptake of Dy/Mn-P NPs
B16-F10, 4T1, 3T3, and DC2.4 cells were treated with different concentrations of Dy/Mn-P from 0 to 500 µg/mL for 24 
h to evaluate cytotoxicity by CCK-8 assay. Encouragingly, positive cytotoxicity was observed in tumor cells, including 
B16-F10 cells with a median inhibitory concentration (IC50) of ~68.28 µg/mL (Figures 2A and S9A) and 4T1 cells with 
an IC50 of ~83.45 µg/mL (Figures 2B and S9B). However, for normal cells, both 3T3 and DC2.4 cells exhibited lower 
toxicity compared to tumor cells where the IC50 was 196.2 µg/mL for 3T3 cells (Figures 2C and S9C) and 146.7 µg/mL 
for DC2.4 cells, respectively (Figures 2D and S9D). It indicated that Dy/Mn-P has selectivity treatment for cancer cells, 
which may be attributed to the higher level of endogenous H2O2 in tumor cells compared to normal cells and the 
degradation of Dy/Mn-P due to the acidic tumor microenvironment. B16-F10 cells were used to further investigate the 
cellular internalization behavior of Dy/Mn-P labelled with RhB by using CLSM and flow cytometry. According to the 
image of CLSM, the RhB fluorescence signal (red) gradually increased within 4 h in B16-F10 cells, which demonstrated 
time-dependent cellular internalization of Dy/Mn-P (Figure 2E). In addition, the quantification of the fluorescence 
intensity of B16-F10 cells was evaluated by flow cytometry at 0, 2, and 4 h. it revealed that the cellular uptake of Dy/ 
Mn-P at 4 h was 1.4 times higher than that at 2 h (Figures 2F and G). These results suggest the efficient delivery and 
tumor-selective cytotoxicity of Dy/Mn-P.

Radiosensitization Effect of Dy/Mn-P NPs
The calcein-AM and PI probe was performed to assess Dy/Mn-P-mediated radiosensitization inducing apoptosis in B16- 
F10 cells. In this assay, live cells can be stained by calcein AM and imaged with green fluorescence, while necrotic cells 
were stained with PI to observe red fluorescence. The control (+) group (X-ray irradiation alone) and Dy/Mn-P (-) group 
could cause B16-F10 cells apoptosis and necrosis compared to the control group, while the highest red fluorescence was 
observed in the Dy/Mn-P combined with X-ray irradiation (Figure 3A). Furthermore, apoptosis and necrosis cells were 
evaluated by the apoptosis detection kit. Early apoptotic cells were only stained with Annexin V-FITC, while late 
apoptotic and necrotic cells were stained with Annexin V-FITC and PI as analyzed by flow cytometry. As shown in 
Figures 3B and C, the apoptosis and necrosis rate were increased from the original 0.26% to 7.54% after only treatment 
with Dy/Mn-P for 24 h. However, a significant apoptosis and necrosis rate (13.9%) was elicited in Dy/Mn-P plus X-ray 
irradiation. Our results indicate that the Dy/Mn-P NPs can greatly induce tumor cell apoptosis and necrosis under X-ray 
irradiation. In addition, the ability of tumor cells to proliferate rapidly and divide “indefinitely” is one of the reasons for 
tumor treatment failure.50 The cell clone formation in Figure 3D reveals that compared to the control group, only 20% of 
the cell survival fraction was reduced when accepted X-ray irradiation alone. However, the cell survival fraction in the 
Dy/Mn-P (-) group was reduced to about 23%, attributed to the Mn ion-mediated Fenton-like reaction. It is noteworthy 
that only a few viable colonies were formed in the Dy/Mn-P (+) group with the tumor cell survival fraction was less than 
8% (Figures 3D and E), which further indicated that Dy/Mn-P effectively sensitized to radiotherapy to induce cancer cell 
death and inhibit tumor cell rapid proliferation owing to generate effective products in the presence of X-ray irradiation.

Endogenous ROS Generation and GSH Depletion
The cellular ROS generation and GSH depletion induced by Dy/Mn-P were investigated by corresponding probes. 
H2DCFDA is a sensitive fluorescent probe for the detection of intracellular ROS levels. A slight green fluorescence 
was detected in the control (-) group or control (+) group, suggesting X-ray irradiation alone made it difficult to 
produce satisfactory ROS levels to meet clinical needs. However, a stronger green fluorescence signal was observed in 
B16-F10 cells after incubating with Dy/Mn-P which was main attributed to the Mn2+-induced Fenton-like reactions51 

The strongest fluorescence signal was observed in the Dy/Mn-P (+) group, demonstrating the highest ROS generation 
level after exposing to X-ray irradiation (Figure 4A). In addition, the result of flow cytometry was further used to prove 
the highest intensity of cellular endogenous ROS levels after treatment with Dy/Mn-P plus X-ray irradiation 
(Figures 4C and D). Therefore, the application of Fenton process significantly increases the ROS production and 
combination with lanthanides can maximize amplification of intracellular ROS levels under the X-ray irradiation due 
to release of secondary electrons.10,11
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Figure 2 Cytotoxicity and cellular uptake of Dy/Mn-P. (A-D) The cytotoxicity of B16-F10 cells, 4T1 cells, 3T3 cells, and DC2.4 cells after treatment with different 
concentrations of Dy/Mn-P NPs (0–500 μg/mL). Data represent means ± SD (n = 3). (E) CLSM images of B16-F10 cells incubated with RhB-labelled Dy/Mn-P at different 
times. Scale bar = 20 µm. (F and G) Representative flow cytometry plots and quantitative fluorescence analysis of B16-F10 cells incubated with RhB-labelled Dy/Mn-P for 
different times (n = 3). Statistical significance was calculated via one-way ANOVA with Tukey’s test: **P < 0.01.
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Figure 3 In vitro radiosensitization effect of Dy/Mn-P. (A) Live/dead cells assay after various treatments, in which (-)/(+) indicated without/with X-ray irradiation. Scale bar = 
200 μm. (B and C) Representative flow cytometry plots and quantitative apoptosis analysis of B16-F10 cells by staining with Annexin V-FITC and PI after different treatments 
(n = 3). (D and E) Colony formation of B16-F10 cells after various treatments indicated and the corresponding survival fraction. Data were given as mean ± SD (n = 3). 
Statistical significance was calculated via one-way ANOVA with Tukey’s test: ***P < 0.001.

https://doi.org/10.2147/IJN.S436160                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 718

Jiang et al                                                                                                                                                              Dovepress

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

https://www.dovepress.com
https://www.dovepress.com


Notably, evidence from recent studies has proved that tumor endogenous GSH is a prominent means of scavenging 
ROS, thereby reducing ROS damage to tumor cells.52 Therefore, depletion of intracellular GSH makes cancer cells more 
susceptible to oxidative stress. To further confirm that GSH scavenging was triggered by the progress of the valence 
transition of Mn ions, the ThiolTrace Violet was selected as a sensitive and reproducible fluorescence probe to investigate 
GSH levels in B16-F10 cells after different treatments. As shown in Figure 4B, when exposed to X-ray irradiation alone, 
there was an obvious increase in intracellular GSH content compared to the control group, suggesting the fact that radiation 
therapy alone is highly susceptible to radio-resistance, leading to treatment failure. However, the depletion of GSH levels 
was observed in Dy/Mn-P (-) and Dy/Mn-P (+), which were caused by Mn ions in high valence states (Mn4+). It indicated 
that the doping of Mn ions in Dy/Mn-P could effectively reduce endogenous GSH while increasing ROS levels thus 
enhancing oxidative damage in tumor cells, leading to DNA damage enhancement. The endogenous GSH levels were 
quantified by flow cytometry to further prove the highest depletion of GSH in Dy/Mn-P (Figures 4E and F). These results 
suggest that Dy/Mn-P NPs can act as a ROS amplifier to improve radiation resistance induced by the tumor microenviron-
ment and enhance the tumor radiotherapy.

Figure 4 Endogenous ROS generation and GSH depletion caused by Dy/Mn-P. (A) Fluorescence images of intracellular ROS production. Scale bar = 100 μm. (B) 
Fluorescence images of intracellular GSH depletion. Scale bar = 100 μm. (C and D) Representative flow cytometry plots and quantitative fluorescence analysis of ROS 
generation in B16-F10 cells. Data were given as mean ± SD (n = 3). (E and F) Representative flow cytometry plots and quantitative fluorescence analysis of GSH depletion in 
B16-F10 cells. Data were given as mean ± SD (n = 3). Statistical significance was calculated via one-way ANOVA with Tukey’s test: **P < 0.01; ***P < 0.001.
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Mitochondrial Membrane Potential Changes and DNA Damage
Mitochondria are important mediators of cellular metabolism and generators and targets of ROS. In first, the JC-1 dye 
was used to assess mitochondrial membrane potential changes induced by Dy/Mn-P, where red fluoresce was shown in 
normal cellular mitochondria via J-aggregates, and green fluorescence of J-monomers indicated abnormal mitochondrial 
function. As shown in Figure 5A, a significant decrease in red fluorescence and an increase in green fluorescence were 
observed in the Dy/Mn-P (+) group compared to other groups, indicating that Dy/Mn-P enhanced mitochondrial damage 
after exposing to X-ray irradiation, which was associated with ROS amplification and accumulation effect triggered by 
Dy/Mn-P. Phosphorylated H2AX histone (ie, γ-H2AX) is a key marker of radiation-induced DNA double-strand 
breaks.53 The formation of γ-H2AX foci was further detected by immunofluorescence (green fluorescence). No 
fluorescent signal was observed in the control (-) group, while a slight green fluorescence was detected in the control 
(+) group and Dy/Mn-P group owing to DNA damage induced by X-ray irradiation directly and ROS. Notably, high 
levels of γ-H2AX-positive foci in the nucleus were imaged after treatment with Dy/Mn-P plus X-ray irradiation, 
suggesting that Dy/Mn-P could enhance DNA damage in tumor cells and reduce the radiation resistance under X-ray 
irradiation (Figure 5B). All these results together proved that the combination of Dy/Mn-P and X-ray irradiation could 
induce robust tumor oxidative damage and promote DNA damage. Moreover, it has been reported that cytosolic DNA 
release could be recognized by cGAS to activate the STING pathway to induce DCs maturation and stimulation anti- 
tumor immune response.54

STING Activation and DCs Maturation
Subsequently, we explored the stimulation of the cGAS/STING pathway by Western blot after different treatments. The 
phosphorylated IRF-3 (p-IRF3) and phosphorylated TBK1 (p-TBK1) are two important downstream transcription factors 
in the STING pathway, responding to the degree of STING pathway activation and triggering the secretion of IFN-β, 
which could induce DCs maturation, improve pro-inflammatory cytokines secretion, such as TNF-α and IL-6, and 
generate a series of anti-tumor immunity.55,56 To mimic the tumor environment, B16-F10 cells and DC2.4 cells were co- 
cultured to investigate the activation of the STING pathway in tumor cells. It was found that the expression of p-TBK1, 
p-IRF3, and IFN-β protein was slightly increased in co-cultured cells after only receiving Dy/Mn-P treatment, which was 
attributed to Mn2+ can directly activate the STING pathway.30 Meanwhile, the expression of both p-TBK1 and p-IRF3 
was significantly increased in the Dy/Mn-P (+) group. It indicated that massive exposure of cytoplasmic DNA induced by 
radio-sensitization of Dy ions, which were sensitized by Mn2+ and realized stimulation of the STING pathway 
(Figures 6A-F). The secretion of TNF-α and IL-6 in the co-cultured cells supernatant was evaluated by the corresponding 
ELISA Kit. As shown in Figures 6G and H, compared to other groups, the secretion level of TNF-α and IL-6 was 
significantly enhanced in the Dy/Mn-P (+) group. More importantly, a significant increase in the proportion of matured 
DCs was observed after incubating with co-cultured cells supernatant treated by Dy/Mn-P NPs plus X-ray irradiation 
(Figure 6I and J). Dy/Mn-P (-) group could directly induce 20.1% DCs maturation owing to stimulation of the STING 
pathway by Mn2+. Of note, 28.7% DCs maturation was observed in the Dy/Mn-P (+) group, which is approximately 3.2 
times that of the control group (9.06%). Although X-ray irradiation alone could induce slight immune response, it only 
increased the maturation of DCs by 6.5% compared to the control group, which is far from adequate for clinical needs. 
These results together evidenced that the combination of Dy/Mn-P and X-ray irradiation-induced STING pathway 
activation and striking secretion of IFN-β and then resulted immune response.

Conclusions
In this study, we develop Dy/Mn-P NPs as ROS amplifiers to regulate tumor microenvironment and enhance tumor 
radiotherapy by three different aspects: (1) Dy/Mn-P NPs can rapidly be degraded at acidic tumor environments resulting 
in lanthanide radiosensitizer (Dy3+) and Mn2+ release. (2) Dy/Mn-P NPs exhibit a tumor-selective therapeutic capacity 
and significant radiotherapy sensitization effect on tumor cells. (3) Dy/Mn-P NPs can induce endogenous GSH depletion 
and ROS accumulation in tumors, thereby improving radiotherapy resistance triggered by tumor microenvironment. In 
addition, damaged tumor DNA escapes from the nucleus owing to RT and ROS, which further activate the STING 
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pathway resulting in the secretion of IFN-β to promote DCs mature and pro-inflammatory cytokines release. Therefore, 
this research provides a novel approach for the development of radiosensitizers, ROS amplifiers, and STING pathway 
activation based on Dy/Mn-P NPs, and provides scientific theoretical support and guidance for high atomic numbers 

Figure 5 Mitochondrial membrane potential changes and DNA damage. (A) JC-1 staining for detecting the change of mitochondrial membrane potential in B16-F10 cells 
after indicated treatments. Scale bar = 100 μm. (B) Immunofluorescence images of γ-H2AX foci. Scale bar = 100 μm.
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combined manganese ion complexes in further clinical application. This work not only sheds light on a ROS amplifier 
based on Dy/Mn-P for regulating radio-resistance caused by TME but also paves an avenue toward broadening the 
application of radiotherapy into immunotherapy.

Figure 6 The activation of the STING pathway. (A) The Western blotting analysis protein expression in co-cultured cells, including IFN-β, TBK1, p-TBK1, IRF3, and p-IRF3 protein. 
(B-F) Quantitative analysis of IFN-β, TBK1, p-TBK1, IRF3, and p-IRF3 protein by Western blot. Data were presented as mean ± SD (n = 3). (G and H) The secretion of IL-6 and 
TNF-a in cell supernatant. Data were presented as mean ± SD (n = 3). (I and J) Representative flow cytometry plots (J) and quantification (I) of mature DCs (CD80+CD86+) via 
STING activation evaluated by flow cytometry (n = 3). Statistical significance was calculated via one-way ANOVA with Tukey’s test: *P < 0.05; **P < 0.01; ***P < 0.001.
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