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a b s t r a c t

Radiotherapy (RT) is a widely used cancer treatment, and the use of metal-based nano-radiotherapy sen-

sitizers has shown promise in enhancing its efficacy. However, efficient accumulation and deep penetra-

tion of these sensitizers within tumors remain challenging. In this study, we present the development

of bismuth/manganese biomineralized nanoparticles (BiMn/BSA) with multiple radiosensitizing mecha-

nisms, including high atomic number element-mediated radiation capture, catalase-mimic oxygenation,

and activation of the stimulator of interferon genes (STING) pathway. Significantly, we demonstrate that

low-dose RT induces the recruitment of macrophages and subsequent upregulation of Matrix metallo-

proteinases (MMP)-2 and MMP-9 that degrade the extracellular matrix (ECM). This dynamic process fa-

cilitates the targeted delivery and deep penetration of BiMn/BSA nanoparticles within tumors, thereby

enhancing the effectiveness of RT. By combining low-dose RT with BiMn/BSA nanoparticles, we achieved

complete suppression of tumor growth in mice with excellent biocompatibility. This study provides a

novel and clinically relevant strategy for targeted nanoparticle delivery to tumors, and establishes a safe

and effective sequential radiotherapy approach for cancer treatment. These findings hold great promise

for improving the outcomes of RT and advancing the field of nanomedicine in cancer therapy.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Radiotherapy (RT) is a commonly used treatment for cancer [1],

but its clinical application is limited by several factors [2,3]. One

major challenge is the difficulty in delivering high doses of radia-

tion to tumors while minimizing damage to surrounding healthy

tissue [4–6]. This can lead to suboptimal treatment outcomes,

as low doses may not be effective in killing cancer cells while

high doses can cause serious side effects. Another limitation is

the development of radiotherapy resistance in tumors, particularly

in solid tumors that are often hypoxic. This resistance can occur

through various mechanisms, including DNA repair, cell cycle reg-

ulation, and changes in the tumor microenvironment [2,7-9]. As a
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result, there is a need to develop new strategies to enhance the ef-

fectiveness of radiotherapy and overcome these clinical challenges.

In recent years, metal-based nano-radiotherapy sensitizers have

gained attention from researchers due to their potential to enhance

radiotherapy through various mechanisms [10–12]. Firstly, high-Z

elements-based nanomaterials, like tungsten, platinum, gold, and

bismuth, can increase the capture cross-section of X-ray pho-

tons and Compton scattering effect, generating additional sec-

ondary electrons that can augment the cellular exposure to ion-

izing radiation-induced reactive oxygen species (ROS) and DNA

damage [13–15]. Secondly, various metal-based nanoparticles have

been developed that have intrinsic catalytic activity to produce O2

using tumor abundant H2O2 as a substrate for hypoxia alleviation

[16,17]. Thirdly, recent studies have shown that Mn-based nanopar-

ticles can activate the stimulator of interferon genes (STING) sig-

naling pathway by releasing Mn2+, thereby enhancing the effect
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of radiotherapy [18–21]. Therefore, metal-based nano-radiotherapy

sensitizers hold great promise for improving the efficacy of can-

cer radiotherapy. By combining multiple mechanisms and develop-

ing more targeted delivery methods, it may be possible to further

enhance the effectiveness of these sensitizers and improve patient

outcomes [22,23].

The effectiveness of nano-radiotherapy sensitizers is dependent

on their ability to accumulate in tumor tissues and be uniformly

distributed throughout the tumor area [24]. However, despite the

use of tumor-targeting strategies such as the enhanced permeabil-

ity and retention (EPR) effect, the overall efficiency of nanoparticle

delivery to tumors remains suboptimal. Studies have shown that

only an estimated 0.7% of administered nanotherapeutics success-

fully infiltrate solid tumors, with the majority accumulating around

the tumor periphery [25]. This limited penetration is attributed

to the unique pathophysiological features of tumors, including a

densely packed extracellular matrix, elevated interstitial fluid pres-

sure, and aberrantly structured tumor vasculature [26]. These fac-

tors collectively restrict the deep penetration and effective diffu-

sion of nanoparticle drugs, resulting in inadequate reach to the hy-

poxic tumor core [27]. As a result, poor treatment outcomes and

tumor recurrence can occur. Therefore, the development of inno-

vative delivery strategies aimed at bolstering the accumulation and

penetration of nano-radiotherapy sensitizers within tumors is cru-

cial for enhancing radiotherapy efficacy.

Recently, our research group, along with others, has made an

intriguing discovery regarding the recruitment of macrophages to

local tumor microvessels through low-dose radiotherapy [28,29].

This phenomenon has been found to significantly enhance the

tumor-targeting accumulation of nanoparticles by leveraging the

vasculature bursting effect. We have observed that the recruit-

ment of macrophages is a dynamic process, reaching its peak on

the third day following radiotherapy. Exploiting this temporal win-

dow, we have successfully amplified the enrichment of nanopar-

ticles at the tumor site by a remarkable 26-fold. Importantly,

macrophages play a crucial role in regulating the tumor microen-

vironment and are capable of degrading tumor extracellular matrix

(ECM) of tumor through the secretion of metalloproteinases (MMP-

2 and MMP-9) [30]. Consequently, we hypothesize that the recruit-

ment of macrophages induced by low-dose radiotherapy not only

enhances the targeting of nanoparticles to tumors, but also facili-

tates their deeper penetration into the tumor microenvironment.

To support our hypothesis, we developed a biomineralization

process using bovine serum albumin (BSA) as a template to cre-

ate a multifunctional nanoradiosensitizer (Scheme 1). This nanora-

diosensitizer, named BiMn/BSA, incorporates bismuth-manganese

bimetallics and possesses multiple radiosensitizing mechanisms,

Scheme 1. Schematic illustration of the preparation BiMn/BSA, and mechanisms of

low-dose radiation to promote the accumulation and intratumoral penetration of

BiMn/BSA for effective sequential RT.

including the high atomic number (Z) element of bismuth, catalytic

oxygenation through its catalase-mimic activity, and activation of

the STING pathway upon intracellular release of Mn2+. Using this

nanoradiosensitizer, we investigated the efficacy of low-dose radio-

therapy in inducing macrophage recruitment and its impact on the

tumor-targeting delivery and penetration of nanoparticles within

the tumor. Our results demonstrate that low-dose radiotherapy ef-

fectively recruits macrophages, which in turn dynamically modu-

late the ECM by upregulating MMP-2 and MMP-9. The recruitment

of macrophages and ECM degradation play crucial roles in enhanc-

ing the accumulation and intratumoral penetration of nanoparti-

cles, respectively. Furthermore, by combining a second round of

low-dose radiotherapy, we achieved complete suppression of tu-

mor growth while ensuring full biocompatibility in tumor-bearing

mice. This study introduces a novel strategy for targeted nanopar-

ticle delivery to tumors and develops a safe and effective sequen-

tial radiotherapy approach for cancer treatment by combining low-

dose radiotherapy with nanoradiosensitizers.

BiMn/BSA nanoparticles were synthesized through a facile

biomineralization process, in which BSA served as template by

virtue of its strong coordination with both Bi3+ and Mn2+ [31,32].

The biomineralization was triggered upon addition of NaOH to al-

low nucleation, crystal growth, and the formation of BiMn/BSA

nanoparticles. Transmission electron microscope (TEM) images

showed that BiMn/BSA had a uniform platelike structure with an

average diameter of about 110nm (Fig. 1A and Fig. S1 in Sup-

porting information), consistent with the dynamic light scatter-

ing (DLS) measurement (Fig. 1B). The elemental mapping was

performed to probe the structural components of BiMn/BSA, and

C, O, N, S, Bi and Mn were noticed (Fig. 1C), confirming the

BSA-mediated Bi/Mn biomineralization. X-ray photoelectron spec-

troscopy (XPS) was also applied to determine the composition of Bi

and Mn in the BiMn/BSA. The characteristic binding energy peaks

at 171.78 and 158.63 eV were assigned to Bi 4f5/2 and Bi 4f7/2, re-

spectively, while the peaks at 658.23 and 641.88 eV were attributed

to Mn (2p1/2) and Mn (2p3/2) (Figs. 1D–F). In addition, the content

of Bi and Mn in BiMn/BSA was measured via inductively coupled

plasma atomic emission spectroscopy (ICP-AES), which turned out

to be 1.1% and 0.87% respectively (Fig. 1G).

To study the colloidal stability, BiMn/BSA was redispersed in

phosphate buffered saline (PBS) or fetal bovine serum (FBS)-

contained DMEM cell medium, and the hydrodynamic size was

monitored. The size was almost unchanged over 48h (Fig. 1H),

demonstrating the stability of the nanoparticles for biological ap-

plications. With Mn element integration, the nanoparticles were

designed to equip with catalase-mimic activity to relief tumor hy-

poxia and reinforce the efficacy of oxygen-dependent RT. To con-

firm this, H2O2 was added into BiMn/BSA, and the oxygenation

was measured by using a portable dissolved oxygen meter. As

expected, a rapid O2 generation kinetic was observed in 10min

(Fig. 1I). Meanwhile, the Mn/BSA also exhibited excellent capabil-

ity to produce oxygen by decomposing H2O2 (Fig. S2 in Support-

ing information). For nanoparticles without Mn (termed Bi/BSA), by

contrast, no such phenomenon was seen. Therefore, the catalytic-

oxygenation capability was derived from Mn component, which

was consistent with previous reports [33–35]. Moreover, O2 gen-

eration rate increased with higher BiMn/BSA concentrations, dis-

playing a concentration-dependent profile (Fig. 1J).

The other biomineralized metal, Bi, which has the highest

atomic number amongst non-radioactive metals (Z=83), could sig-

nificantly adsorb radiation energy to sensitize radiotherapy. To ver-

ify such function of Bi-containing nanoparticles, radiation was per-

formed on mouse origin (4T1) tumor cell lines tumor and hu-

man origin tumor cell lines (MDA-MB-231), and anti-tumor effect

was evaluated by cell counting kit-8 (CCK8) assay. Without radi-

ation, both Mn/BSA, Bi/BSA and BiMn/BSA showed minimal cyto-
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Fig. 1. (A) TEM image. Scale bar: 200nm. (B) hydrodynamic size and (C) element mapping of BiMn/BSA. (D) XPS spectra showed the survey spectrum. (E) Bi 4f and (F) Mn

2p orbitals of BiMn/BSA. (G) The element content of BiMn/BSA was measured by ICP-OES. (H) Dynamic monitoring the particle size of BiMn/BSA in PBS and FBS-contained

DMEM. Oxygen generation in H2O2 solutions after adding (I) various formulations and (J) different concentrations of BiMn/BSA. Quantitative results are presented as standard

deviation (SD) (n=3). Differences among multiple groups were assessed using one-way ANOVA.

toxicity (Figs. 2A and B, Fig. S3 in Supporting information), indicat-

ing biocompatibility of the nanoparticles. Upon exposure to radi-

ation with 4Gy dose, by contrast, Bi/BSA and BiMn/BSA could kill

tumor cells in a concentration-dependent manner, demonstrating

the sensitization effect. We then tested various radiation doses,

and radio-sensitization was still observed (Figs. 2C and D). Inter-

estingly, BiMn/BSA showed relatively stronger cell damage activity

than Bi/BSA, especially at higher nanoparticle concentrations, re-

sulting in lower IC50 value under each radiation dose. One under-

lining mechanism of such enhancement might be ascribed to the

catalase-mimic of BiMn/BSA for oxygenation, which provides O2

substrate of radiotherapy. The DNA radicals produced by radiation

would react with such in-situ generated oxygen to form irrepara-

ble DNA damages (i.e., DNA double strand breaks), thus causing cell

death [36].

To confirm the above results, green fluorescent 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA) kit was employed

to probe intracellular ROS production. Compared to the con-

trol, the cells with nanoparticles treatment only emitted weak

fluorescence, while the signal became significantly intensified

upon radiation, demonstrating the radiotherapy-induced ROS

production (Fig. 2E). The fluorescence was further quantified by

flow cytometry, and the nanoparticles showed obviously higher

intensity than RT alone, confirming the radiosensitization effect of

the Bi-containing nanoparticles (Fig. 2F and Fig. S4 in Supporting

information). Moreover, the intensity of BiMn/BSA group was

1.7-fold stronger than Bi/BSA, further demonstrating the benefit of

Mn incorporation. The over-production of ROS could break DNA to

induce cell death, and this can be probed by DNA damage assay

kit of γ -H2AX immunofluorescence. The γ -H2AX fluorescence

was clearly seen inside cells upon RT, and notably, the signal was

highly colocalized with the 4′,6-diamidino-2-phenylindole (DAPI)

fluorescence, indicating that the damage mainly occurred in cell

nuclei (Fig. 2G and Fig. S5 in Supporting information). Consistent

with the above results, Bi-containing nanoparticles showed strong

radiosensitization effect, and BiMn/BSA achieved better efficacy.

Besides self-oxygenation, Mn-based nanoparticles were also

known to activate STING pathway via the release of Mn2+. Mn2+

can bind to cyclic GMP-AMP synthase (cGAS) by elevating both

the enzymatic activity of cGAS and the dsDNA sensitivity, thereby

boosting the activity of STING through the enhanced cGAMP-STING

binding affinity [20]. Meanwhile, the activation of STING pathway

could maintain ROS homeostasis, showing the potential to sen-

sitize ROS-based RT [37]. To explore the activation of STING by

BiMn/BSA, we analyzed the expression of p-STING and STING by

Western blotting. Among the treatments, only BiMn/BSA groups

displayed the enhancement of STING phosphorylation (Figs. 2H and

I, Fig. S6 in Supporting information), indicating STING pathway ac-

tivation. Therefore, the advantages of BiMn/BSA with Mn incor-

poration can be summarized into two aspects: its catalase-mimic

activity and the release Mn2+ to activate STING pathway, which

promote ROS generation and DNA damage. As a result, a signifi-

cantly enhanced RT was achieved to induce tumor cells cycle ar-

rest, senescence and apoptosis.

To further explore the cell death pathway, the cells were

dual-stained with Annexin V-fluorescein isothiocyanate (FITC) and

ethidium bromide propidium iodide (PI), based on which the

detailed information of cell death can be obtained. The amount of
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late apoptotic cells significantly increased after RT, and such ef-

fect was further pronounced when combining Bi/BSA or BiMn/BSA

nanoparticles (Fig. 2J and Fig. S7 in Supporting information). Again,

the best efficacy was seen in RT plus BiMn/BSA group, causing

>90% cells apoptosis (Fig. 2K and Fig. S8 in Supporting informa-

tion). Collectively, all these results demonstrated the superiority of

BiMn/BSA as nanoradiosensitizer owing to the incorporation of Bi

and Mn elements.

The above results demonstrated the radiosensitization and self-

oxygenation activities of BiMn/BSA, which is highly suitable to

treat the inner hypoxia tumor. However, while EPR effect could fa-

cilitate nanoparticles to reach peripheral tumor region, their deep

penetration into inner region is usually hindered by the dense

ECM. Therefore, the regulation of tumor microenvironment to pro-

mote the intratumoral distribution of BiMn/BSA is the prereq-

uisite for its anti-tumor efficacy. Interestingly, previous studies

have indicated the multiple regulation effects of RT on tumor mi-

croenvironment. For example, RT could induce tumor cells secre-

tion of mononuclear macrophage chemoattractant proteins (MCPs),

chemoattractant factors and cytokines, as well as the release of

ATP and high mobility group box 1 (HMGB1), resulting in signif-

icant recruitment of macrophages into tumor [38,39]. The accu-

mulation of macrophages then upregulates metalloproteinases lev-

els such as MMP-2 and MMP-9, which degrade ECM. Given such

ECM-regulation activity, we suspected that RT might be a po-

tential strategy to break the natural barrier of ECM for nanopar-

ticles penetration into tumor, and several experiments were

performed.

Fig. 2. The viability of (A) 4T1 cells and (B) MDA-MB-231 cells after different treatments. The viability of (C) 4T1 cells and (D) MDA-MB-231 cells exposed to different doses

of X-ray radiation with different concentrations of BiMn/BSA (n=5). (E) Confocal fluorescence images probing the ROS. Scale bar: 100μm. (F) Flow cytometry analysis the

intracellular ROS levels in 4T1 cells after various treatments. (G) Confocal fluorescence images of γ -H2AX after various treatments. Scale bar: 100μm. (H) The expression

levels of STING and p-STING proteins evaluated by Western blot and (I) quantified analysis after various treatments. (J) Flow cytometry analysis of the death of 4T1 cells

with different treatments and (K) corresponding rate of viable, early apoptosis, late apoptosis and necrotic cells (n=3). Quantitative results are presented as mean ± SD.

Differences among multiple groups were assessed using one-way ANOVA. ∗∗P < 0.01, ∗∗∗P < 0.001.
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Fig. 3. (A) Flow cytometry to determine the abundance of F4/80+CD11b+ TAMs in 4T1 tumors at various timepoints following 4Gy RT treatment, and (B) the quantification

of macrophages in the tumor microenvironment. ELISA analysis the levels of (C) MMP-2 and (D) MMP-9 in corresponding tumor tissues. (E) Immunofluorescence staining

showing the MMP-2 and MMP-9 in tumors with different treatments. Quantitative analysis of Western blot detection for (F) MMP-2 and (G) MMP-9 in tumor tissues with

different treatments. Quantitative results are presented as mean ± SD (n=3). Differences among multiple groups were assessed using one-way ANOVA. ∗∗∗P < 0.001.

Considering the safety, a low dose RT (4Gy) was performed

on tumor-bearing mice, and the tumor microenvironment was dy-

namically monitored. Tumor-related macrophages (F4/80+CD11b+)
were measured by flow cytometry. As expected, macrophages

immediately increased after radiation therapy, and peaked on

day 3, followed by a leveling-off (Figs. 3A and B). On day 9 af-

ter radiation, the macrophages level reduced to baseline. Therefore,

RT induced a dynamic macrophages infiltration. In line with this,

the level of MMP-2 and MMP-9 were measured by an enzyme-

linked immunosorbent assay (ELISA) kit, which also showed a dy-

namic fluctuation (Figs. 3C and D). Consistently, these metallopro-

teinases peaked on day 3, and returned to normal level on day

9. To allow direct observation, MMP-2 and MMP-2 in tumor re-

gion was stained with green and red fluorescence, respectively.

Both green and red signals were significantly intensified on day

3 after RT (Figs. 3E–G). Such enhancement can be blocked by

SB-3CT, a thiol-based inhibitor that can inhibit the expression of

MMP-2 and MMP-9. Importantly, the clodronate liposomes (Clod-

Lip), a macrophage exhauster, could also abolish the upregula-

tion of MMP-2/MMP-9 level, demonstrating the critical role of

macrophages on the upregulation of these proteins. Overall, low

dose of RT could temporally modulate tumor ECM via macrophages

infiltration and MMP-2/MMP-9 expression, which opens a window

period to allow deep penetration of the nanoparticles.

Having confirmed the ECM-regulation effect of RT, we next

aimed to employ such mechanism to deliver nanoparticles. As indi-

cated by the above results, nanoparticles with Cy5.5 labeling were

administrated on day 3 post-RT. Upon vein injection, the fluores-

cence was eventually seen throughout the mice body in 1h, in-

dicating broad biodistribution of the nanoparticles. The nanoparti-

cles were gradually eliminated with decreased fluorescence, while

selective accumulation into tumor was seen at 12h and 24h, ow-

ing the EPR effect (Fig. 4A). Notably, it seems that mice with RT

showed an obviously stronger fluorescence at tumor than that of

non-RT group. To confirm this, major organs and tumor tissues

were extracted at 24h for ex vivo imaging, and we indeed ob-

served a much brighter signal for RT+BiMn/BSA group (Fig. 4B).

For more accurate quantification, Bi and Mn level was measured by

inductively coupled plasma (ICP), which was 6.1-fold and 5.4-fold

higher for RT group (Figs. 4C and D). Therefore, more BiMn/BSA

were delivered into tumor when combining with a low-dose RT.

Actually, such effect has been demonstrated in our previous work,

which was also attributed to RT-induced macrophages infiltration

[28]. The tumor infiltrated macrophages not only serve as nanopar-

ticles drug depots, but also elicit bursts of extravasation to enhance

drug uptake into tumor, both of which could enhance drug uptake

into tumor. It is essential to note that all animal experiments in

this study were conducted in strict adherence to ethical guidelines

for animal use and care at Central South University. Approval for

these experiments was granted by the local Institutional Ethics Re-

view Committee.

Given the enhancement of tumor accumulation, we next ex-

plored the deep penetration of the nanoparticles with the aid of

RT. To do this, tumor tissue was stained by immunofluorescence.

Without RT, the Cy5.5 fluorescence from BiMn/BSA was mainly lo-

cated at the peripheral region of the tumor (Fig. 4E). With RT,

on the other hand, the overall fluorescence was much stronger.

More importantly, the fluorescence was eventually distributed at

both peripheral and inner core regions of tumor, indicating the ef-

fective deep penetration of the nanoparticles. BiMn/BSA was fur-

ther monitored by MRI imaging since Mn as a contrast agent can

enhance scan signal generation and reduce signal relaxation time
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Fig. 4. (A) In vivo images showing the dynamic biodistribution of BiMn/Cy 5.5-BSA

post nanoparticles injection and (B) ex vivo imaging of fluorescence in tumors and

main organs at 24h post administration. (C) Bi and (D) Mn contents in main organs

and tumors at 24h post-injection of BiMn/Cy 5.5-BSA measured by ICP-MS. (E) Pen-

etration and distribution of BiMn/BSA into tumor at 24h post injection. Scale bar:

1mm. (F) T1-weighted contrast-enhanced MRI images of different concentrations of

BiMn/BSA into PCR tubes. (G) Mouse tumor MRI T1 images of tumors after differ-

ent treatment. Quantitative results are presented as mean ± SD (n=3). Differences

among multiple groups were assessed using one-way ANOVA. ∗∗P < 0.01.

(Fig. 4F). Concordant with the above results, BiMn/BSA plus RT

showed significantly stronger MRI signal, especially at central core

region (Fig. 4G). Therefore, a single low-dose RT provides dual-

benefits for tumor targeting delivery of the nanoparticles, which

not only promotes the accumulation of nanoparticles into tumor,

but also facilitates their deep penetration into central tumor core.

Effective tumor accumulation and deep penetration were criti-

cally important for the efficacy of nanomedicines. To confirm these

benefits, the in vivo anti-tumor efficacy of BiMn/BSA-sensitized RT

was explored. The mice were randomly divided into six groups,

each receiving one of the following treatments as illustrated in

Fig. 5A, G1: PBS control, G2: RT, G3: Bi/BSA, G4: RT+Bi/BSA, G5:

BiMn/BSA, and G6: RT+BiMn/BSA. Two doses of 4Gy radiation

were performed on day 0 (for tumor targeting delivery and deep

penetration of the nanoparticles) and day 4 (for RT), respectively.

Tumor volume was recorded every other day to evaluate the thera-

peutic effect. Compared to the PBS control, RT alone did not show

much anti-tumor effect due to the low radiation dose with lim-

ited energy, and the nanoparticles did not have a significant im-

pact on tumor proliferation either (Fig. 5B). When RT combined

with nanoparticles, by contrast, significant tumor inhibitions were

observed, attributable to the radiosensitization effect of the Bi ele-

ment. In addition, radiation-induced accumulation and deep pen-

etration of nanoparticles might also contribute to the enhanced

anti-tumor effect. Among then, RT+BiMn/BSA group displayed the

best therapeutic outcome, which could completely suppress the

tumor growth. The mice were sacrificed after therapies to collect

the tumor tissues, and the tumor suppression effect can be di-

rectly compared with an order of RT+BiMn/BSA > RT+Bi/BSA >

BiMn/BSA > RT > Bi/BSA > PBS (Fig. 5C).

To have mechanistic understanding, the tumor tissues were fur-

ther examined via pathological analyses. The strongest signal of

immunofluorescence from both green fluorescent Tunnel protein

and red fluorescent caspase 3 was observed for RT+BiMn/BSA

group, demonstrating the best efficacy to induce tumor cell apop-

tosis (Fig. 5D and Fig. S9 in Supporting information). Hema-

toxylin and eosin (H&E) staining was also performed and the same

trend was observed. Moreover, the expression of γ -H2AX in the

tumor tissues significantly increased, demonstrating RT-induced

DNA damage. Notably, all these pathological analyses further ev-

idenced the superiority of BiMn/BSA over Bi/BSA to combat tu-

mor. These can be ascribed to two aspects. First, Mn-incorporation

could endow the nanoparticles with catalase-mimic activity, which

served as self-oxygenator to support O2. This can be evidenced

by the hypoxia-inducible factor 1-alpha (HIF-1α) immunofluores-

cence, which became significantly weakened for RT+BiMn/BSA

group. Second, the release of Mn2+ from BiMn/BSA could acti-

vate STING pathway, which in turn sensitizes the RT by prevent-

ing DNA damage repair. To verify this, the level of STING and p-

STING proteins were measured by western blotting, and their rel-

ative ratio was quantified. Obviously, the STING protein decreased

accompanied by p-STING protein decrease after BiMn/BSA thera-

pies, suggesting the activation of STING pathway to induce protein

phosphorylation (Figs. 5E and F, Fig. S10 in Supporting informa-

tion). Collectively, BiMn/BSA presents as a multi-functional nanora-

diosensitizer for enhanced RT by virtue of high-Z characteristic of

bismuth, catalase-mimic activity of the nanoparticles, as well as

the release of Mn2+ to activate STING pathway.

Another important limitation of traditional RT is the non-

specific damage to nearby normal tissues. In our system, low-

dose radiation was performed and biocompatible nanoradiosensi-

tizer was employed, which was expected to decrease side-effects

for better clinical application. To confirm this, the biosafety was

systematically evaluated. The body weights of mice did not show

significant change during therapies, indicating the lack of acute

toxicity (Fig. 5G). Key serum biochemistry parameters were tested,

and all of them were within the normal change, suggesting the

minimal influence on liver/kidney functions and cardiac enzyme

profile (Fig. S11 in Supporting information). Hematological analysis

indicated that there were no significant changes in red blood cell,

white blood cell, or platelet counts after therapies (Fig. S12 in Sup-

porting information). Moreover, the H&E staining of various organs

revealed no apparent inflammation or damage (Fig. S13 in Support-

ing information). Therefore, this combinatorial strategy could mit-

igate the intrinsic limitation of RT with lower side-effects, which

would definitely be more compliant to tumor patients.

In conclusion, we have developed BiMn/BSA nanoparticles as a

novel nanoradiosensitizer with multiple mechanisms to enhance

radiotherapy efficacy. By incorporating Bi/Mn through biomin-

eralization, these nanoparticles exhibit excellent radiosensitizing

properties. Furthermore, we have discovered a previously unex-

plored phenomenon where low-dose radiotherapy induces the re-

cruitment of macrophages to the tumor site, which significantly

improves the accumulation and deep penetration of nanoparti-

cles within the tumor. Our findings highlight the crucial role

of macrophages in modulating the tumor microenvironment by

upregulating metalloproteinases, thereby promoting the degrada-

tion of the extracellular matrix and facilitating the penetration of

nanoparticles into the tumor core. In vivo studies have demon-

strated the remarkable potential of combining low-dose radiother-

apy with BiMn/BSA nanoparticles, resulting in enhanced radio-
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Fig. 5. (A) Overall treatment schedule of in vivo anti-tumor experiment (n=7). (B) Changes of tumor volume during various treatments. (C) Photographs of tumors harvested

after different treatments. (D) H&E, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), caspase 3, HIF-1α, and γ -H2AX staining to evaluate necrosis,

apoptosis, tumor hypoxia, and nuclear damage of tumor after various treatments. Scale bar: 100μm. (E) The level of STING and p-STING proteins after treatments, and (F) a

quantitative analysis. In each panel, G1, PBS; G2, RT; G3, Bi/BSA; G4, RT+Bi/BSA; G5, BiMn/BSA; G6, RT+BiMn/BSA (n=3). Quantitative results are presented as mean ± SD.

Differences among multiple groups were assessed using one-way ANOVA.

therapy efficacy and complete tumor eradication. Importantly, this

therapeutic approach maintains full biocompatibility, ensuring its

safe application in clinical settings. Our research sheds light on

the effectiveness of metal-based nanoradiosensitizers and the sig-

nificance of macrophage-mediated tumor accumulation in over-

coming the limitations of conventional radiotherapy. By leverag-

ing these approaches, we can improve the delivery of therapeutic

agents to tumors and enhance their deep penetration into the tu-

mor microenvironment. This study opens new avenues for improv-

ing nanoparticle radiotherapy sensitization, holding great promise

for enhancing treatment outcomes in cancer patients.
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