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Introduction: Radioactive iodine (RAI) therapy is a highly specific targeted treatment for thyroid cancer. However, the intrinsic low
energy of '*!T limits its efficacy in tumor eradication. Additionally, certain thyroid cancers exhibit a loss of sodium/iodine symporter
(NIS) function due to severe dedifferentiation, compromising the therapeutic effectiveness of RAI.

Methods: Our work was based on two distinct RAl-sensitizing strategies: (1) the generation of secondary electrons by irradiated
metallic nanomaterials to promote hydrolysis and enhance reactive oxygen species (ROS) production, and (2) drug-induced reversal of
the dedifferentiated phenotype of tumor cells to restore iodine uptake. Accordingly, we developed a multifunctional nanoplatform,
termed Bi@Digoxin, by loading digoxin onto bismuth nanoparticles (BiNPs). The physicochemical properties of Bi@Digoxin were
systematically characterized. Furthermore, its therapeutic efficacy was rigorously evaluated through in vitro and in vivo experiments,
demonstrating significant treatment outcomes.

Results: The experiments demonstrate that Bi@Digoxin enhances the efficacy of RAI in Anaplastic thyroid cancer (ATC) through
a triple synergistic mechanism: utilizing nanocarriers for efficient delivery of Digoxin to restore NIS function in tumor cells, reversing
RAI resistance in ATC; leveraging the high atomic number property of bismuth (Bi) to enhance radiation energy deposition, promoting
ROS bursts and DNA double-strand breaks; and combining near-infrared (NIR) laser-triggered controlled drug release with photo-
thermal ablation to significantly inhibit tumor growth.

Conclusion: Bi@Digoxin significantly enhances the therapeutic efficacy of RAI offering a novel synergistic treatment strategy for
ATC that combines biosafety and scalable production, with significant potential for clinical translation.

Keywords: radioactive iodine, redifferentiation, radiosensitization, photothermal therapy

Introduction

Anaplastic thyroid cancer (ATC) represents a rare yet highly malignant subtype of thyroid carcinoma, characterized by
a particularly poor prognosis.! Predominantly affecting elderly individuals, ATC exhibits a higher prevalence in female
patients.” The median overall survival (OS) for individuals diagnosed with ATC is approximately 5 months, with a one-year
OS rate of 20% and a disease-specific mortality rate approaching 100%.> The aggressive nature of ATC often results in its
diagnosis at an advanced, inoperable stage, where systemic chemotherapy demonstrates limited efficacy.” In the context of
differentiated thyroid cancer, Radioactive iodine (RAI) therapy plays a critical role. The decay of '*'I emits p-rays, which
directly damage the DNA of residual thyroid tissues and cancer cells,” inducing apoptosis and facilitating the elimination of
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postoperative residual thyroid tissues as well as the treatment of metastatic lesions.® However, in ATC, the functional
expression of the sodium/iodine symporter (NIS) on the cell membrane is lost due to cellular dedifferentiation,” rendering
the tumor resistant to RAI therapy.® Additionally, the relatively low energy of 'l (max.0.6065 MeV) contributes to
suboptimal therapeutic efficacy.” To effectively reengage '*'I in anaplastic thyroid carcinoma (ATC), it is essential not only
to restore functional NIS expression on the tumor cell membrane to facilitate iodide uptake but also to employ a combination
of other therapeutic strategies.

Digoxin emerges as a promising adjuvant therapy for enhancing iodide affinity in thyroid cancer cells.'® By inhibiting Na/
K ATPase, digoxin markedly restores functional NIS expression and enhances iodide uptake in ATC cell lines.'' However, the
narrow therapeutic index of digoxin poses a challenge, as the concentration required for redifferentiation surpasses the
maximum tolerated dose.'? Moreover, no studies have yet optimized the digoxin dosage necessary to restore functional NIS in
ATC effectively. Nanomedicine offers a solution to the issue of limited drug bioavailability by enabling the passive or active
delivery of substantial quantities of hydrophobic drugs directly to the tumor site.'® This nanoparticle-mediated drug delivery
approach has the potential to profoundly improve the safety and efficacy of anticancer therapeutic agents.'* In the biomedical
domain, bismuth (Bi) compounds have been employed clinically for over three centuries as medications administered at
relatively high dosages.'> These compounds are metabolized through urinary excretion facilitated by metallothionein,'®
resulting in an in vivo biosafety profile that surpasses that of other heavy-metal-based nanoreagents. The high atomic number
of Bi (Z = 83) renders it an effective sensitizer for radiotherapy,'” as its interaction with radiation can produce a substantial
number of secondary electrons. This interaction promotes hydrolysis and enhances the generation of reactive oxygen species
(ROS), thereby augmenting the DNA-damaging capacity against tumor cells.'® Furthermore, Bi-based nanomaterials exhibit
strong light absorption in the near-infrared (NIR) region and possess excellent photothermal conversion properties, which hold
remarkable potential for applications in the photothermal therapy (PTT) of tumors."”

In this study, a new therapeutic platform is proposed to synthesize bismuth nanoparticles (BiNPs) using glucose as
surfactant and then load digoxin by simple physical agitation to obtain Bi@Digoxin (Scheme 1). The glucose modifica-
tion exploits the elevated glucose uptake by tumors to facilitate higher drug accumulation.*® The platform aims to better
restore the iodine uptake capacity of tumor cells, and to improve RAI therapy by combining radiosensitization and PTT.
Upon administration of Bi@Digoxin at the tumor site, a thermoresponsive release of the drug, coupled with photothermal
treatment, is achieved through NIR irradiation. This process upregulates the expression of the NIS in tumor cells.
Furthermore, the interaction between radiation and BiNPs enhances ROS production, leading to an increased incidence of
DNA double-strand breaks (DSBs) (Scheme 2). Consequently, Bi@Digoxin markedly enhanced the efficacy of RAI in
ATC by restoring iodine uptake, increasing sensitivity to radiotherapy, and integrating with PTT.

Results and Discussion

Synthesis and Characterization

We employed a chemical reduction technique to synthesize glucose-modified Bi metal nanoparticles, which concurrently serves to
protect the BiNPs’ surface from oxidative decomposition in aqueous environments. The morphology of the synthesized BiNPs
was characterized using TEM. The TEM analysis revealed that the BiNPs exhibited irregular, faceted morphologies with an
average particle size of ~70 nm (Figure 1A). In addition to the C and O signals originating from the sample substrate, the EDS
analysis exclusively revealed prominent peaks corresponding to the Bi element (Figure 1B and C). High-resolution TEM imaging
further indicated a lattice spacing of ~0.33 nm, corresponding to the (012) plane of Bi single crystals (Figure 1D). XRD analysis
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Scheme | Synthesis Schematic of Bi@Digoxin.
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Scheme 2 Schematic illustration of the mechanism by which Bi@Digoxin enhances the efficacy of RAI therapy in tumors.

confirmed that all diffraction peaks of the BiNPs samples were in perfect alignment with the hexagonal phase of Bi (PDF#85-
1329), suggesting excellent crystallinity and high sample purity (Figure 1E). The FT-IR spectra revealed characteristic features of
surfactants, with a broad IR absorbance observed between 1000 and 1100 cm ™!, which can be attributed to C-O and C-C bonds,
closely resembling the glucose standard (Figure 1F). As a result of the application of an organic surface stabilization coating, the
average hydrodynamic diameter experienced a modest increase, reaching 100 nm (Figure 1G).

Bi@Digoxin Exhibit NIR-Triggered Drug Release

The photothermal characteristics of BiNPs are depicted in Figure 2A and B. BiNPs were dispersed in deionized water at
varying concentrations of 0, 10, 20, 40, 100, and 200 pg/mL. These suspensions were subjected to irradiation with a NIR
laser (808 nm, 1W) for a duration of 10 minutes, with the system temperature being recorded at one-second intervals.
The results demonstrated a significant increase in the temperature of the BiNPs suspension under laser irradiation,
correlating positively with both the concentration of BiNPs and the duration of irradiation, while the control sample
(deionized water) exhibited negligible temperature change. To evaluate the drug loading capacity of BiNPs, the
absorbance standard curve of digoxin was measured utilizing a UV-Vis-NIR (Figure 2C). Digoxin molecules were
adsorbed onto the BiNPs through a straightforward mixing and stirring process, denoted as Bi@Digoxin. The experi-
ments examined the impact of varying the initial mass of Digoxin on the drug loading capacity of the BiNPs. It was
observed that while the drug loading capacity increased with higher amounts of Digoxin, the drug loading efficiency
showed a gradual decline (Figure 2D and E). Following a thorough evaluation of the loading capacity and efficiency,
Bi@Digoxin, with an approximate loading amount of 14.7% and a mass ratio of Digoxin to BiNPs of 1:1, was selected
for subsequent experimental procedures. UV-Vis-NIR absorption spectroscopy confirmed the successful loading of
Digoxin, as evidenced by the presence of its characteristic absorption peaks in Bi@Digoxin, in contrast to those of
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Figure 2 (A) Infrared thermography of BiNPs suspensions with different concentrations over time under NIR irradiation (808 nm, | W). (B) Temperature changes of BiNPs
suspensions with different concentrations over time under NIR irradiation (808 nm, | W). (C) Absorbance standard curve of Digoxin. (D) The effect of adding different
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Comparison of absorbance curves before and after loading of BiNPs with Digoxin. (G) Bi@Digoxin drug release profile with the arrow pointing to the laser irradiation time
period (808 nm, | W, 5 min). Data are shown as mean * SD. (n = 3).
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BiNPs alone (Figure 2F). Alterations in zeta potential provide further corroboration for this outcome (Figure S1 and
Supporting Information). Further investigation into the thermoresponsive drug release capability of Bi@Digoxin was

conducted using the standard curve of Digoxin. Upon laser irradiation, a rapid release of the drug was observed, which
subsequently decreased once the laser was turned off (Figure 2G). This thermoresponsive drug release characteristic
holds promising potential for controlled drug delivery applications targeting tumor sites.”’

Bi@Digoxin Boosts Tumor RAI Therapy via NIS Restoration and Photothermal Synergy
The viability of HUVEC and 8505C cells following co-culture with varying concentrations of BiNPs suspensions was
assessed using the CCK-8 assay. As depicted in Figure 3A, BiNPs exhibited no significant impact on the viability of HUVEC
cells. In contrast, a reduction in viability was observed in 8505C cells at elevated concentrations, potentially attributable to
differential uptake rates. To ensure biological safety, a concentration of 10 pg/mL was selected for subsequent biological
validation experiments. The optimal dose of '*'I was determined through CCK-8 assays. Upon co-culturing 8505C cells with
varying concentrations of '>'I, it was observed that the concurrent application of BiNPs (10 ug/mL) led to a further reduction
in cell viability compared to treatment with '*'T alone (Figure 3B). These findings tentatively indicate that BINPs may enhance
the efficacy of RAI therapy, and a concentration of 400 uCi/mL was chosen for *'T in subsequent cellular experimental studies
based on the CCK-8 assay results. In our investigation of the effects of Digoxin and Bi@Digoxin on cell viability, we
determined that there was no significant impact on cell viability across the range of drug concentrations utilized in the
experiment. This finding corroborates the safety and appropriateness of the selected dosage (Figure 3C).

To ascertain the differential uptake of glucose-modified BiNPs between normal and tumor cells, we employed BioTEM to
visualize the internalization of BiNPs within the cytoplasm of both HUVEC and 8505C cells. Our observations revealed
a significantly higher accumulation of BiNPs in 8505C cells compared to HUVEC cells (Figure 3D). This finding was
corroborated by quantitative analysis using ICP-MS, which demonstrated that, at 8 hours post-exposure, the uptake of the Bi
element in HUVEC cells was ~21 ng/ 10° cells, whereas in 8505C cells, it was ~34 ng/ 10° cells—an increase of about 1.6-fold
(Figure 3E). These results indicate a differential uptake of BiNPs between normal and tumor cells, highlighting the efficacy of
glucose modification as a strategy for targeted delivery. Additionally, it is noteworthy that thyroid cells serve as the primary iodine
reservoirs in the body, with their iodine uptake capacity being predominantly regulated by the NIS located in thyroid follicular
cells. This symporter facilitates the uptake of iodide ions against the electrochemical gradient, driven by the sodium gradient
generated through the sodium-potassium pump exchange mechanism.?? To further ascertain whether BiNPs enhance the delivery
of Digoxin to cells and thereby augment the differentiation rate, we assessed the expression of NIS across various experimental
groups. Compared to the group treated with free Digoxin, a notable enhancement in the redifferentiation effect was observed when
Digoxin was delivered via BiNPs (Figure 3F and G). Additionally, the expression of Cleaved PARP was evaluated in each group
to monitor cellular apoptosis under different treatment conditions. The group treated with '*'T + BiNPs + NIR exhibited the
highest Cleaved PARP expression among all experimental groups, whereas the group treated with '*'I alone demonstrated the
lowest Cleaved PARP expression, with no expression detected in the control and BiNPs culture groups (Figure 3F and G). These
findings further corroborate the effective sensitization of BiNPs to RAI therapy, and suggest that supplementary PTT can
significantly enhance tumor cell eradication. Caspase-3/7 activity assay further confirmed this result (Figure 3H).

To investigate whether RAI accumulation increased concomitantly with the upregulation of NIS function, we conducted
1231 uptake assays. In our study, treatments with Digoxin and Bi@Digoxin led to varying degrees of enhanced iodine uptake
capacity in 8505C cells. To elucidate the relationship between increased iodine uptake and drug-mediated NIS function, we
conducted inhibition studies using NaClOy, a specific inhibitor of the NIS.* It is noteworthy that the Bi@Digoxin treatment
group exhibited the most significant correlation (Figure 3I). These findings indicate that the Bi@Digoxin treatment enhances
the functional expression of NIS proteins, thereby augmenting iodine uptake in 8505C cells. In addition, we employed the
same experimental approach to compare the redifferentiation effects of Bi@Digoxin with those of the pioneering drug in
redifferentiation therapy, the small-molecule MEK1 and MEK?2 inhibitor selumetinib, on 8505C cells. At conventional doses,
Bi@Digoxin still demonstrated superior redifferentiation efficacy (Figure S2 and Supporting Information). Subsequently, we

investigated the tumoricidal effects of the combination treatment through live-dead cell staining. The results revealed that cells
subjected to the combination treatment exhibited a marked and progressive increase in red fluorescence intensity relative to the
control group, thereby confirming the cytotoxic impact of the BiNPs combination treatment platform on the cells (Figure 3J).
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Figure 3 Comprehensive assessment of biocompatibility, radiosensitizing ability, and efficacy of combination therapy with BiNPs. (A) Cell viability of HUVEC and 8505C cells treated
with BiNPs at gradient concentrations for 24 h. (B) Cell viability of 8505C cells co-treated with different concentrations of '*'l and BiNPs for 24 h. (C) Cell viability of 8505C cells treated
with gradient concentrations of Digoxin and Bi@Digoxin. (D) TEM images of HUVEC and 8505C cells incubated with or without BiNPs for 4 h (Arrows: Cellular uptake of BiNPs. Circle:
Magnified view of intracellular BiNPs). (E) Quantification of cellular uptake of BiNPs after incubation with cells for different time periods by ICP-MS. (F) Expression of NIS, Cleaved PARP
in different treatment groups of 8505C cells. (G) Quantification of NIS, Cleaved PARP in different treatment groups of 8505C cells. (H) Caspase-3/7 activity in different treatment groups
of 8505C cells. (I) Quantification of iodine uptake in different treatment groups of 8505C cells. (J) Staining of live and dead cells in different treatment groups of 8505C cells. i: Control;
ii "' ii: 311 + BiNPs; iv: "'l + Bi@Digoxin; v: "'l + Bi@Digoxin + NIR. Data are shown as mean # SD. (n = 3), ns (not significant), *p < 0.05, *p < 0.01, **p < 0.001, **p < 0.0001.
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Bi@Digoxin Combination Therapy Suppresses Tumor Proliferation via ROS-Mediated
DSBs

Ionizing radiation and thermal stress contribute to the accumulation of ROS through mechanisms including direct damage by
energetic particles and protein denaturation, respectively.>**> This accumulation subsequently impacts the functional integrity and
viability of cells.?® To assess changes in ROS levels, the fluorescence intensity of the DCFH-DA probe was measured by
monitoring the cells. Cells treated solely with '*'I exhibited weak green fluorescence. In contrast, the group subjected to
combination treatment demonstrated a progressive enhancement in fluorescence intensity (Figure 4A and B), indicating
a substantially higher production of ROS compared to RAI therapy alone. Given that DNA is a critical target of ROS and that
DSBs represent the most severe form of cellular damage induced by ROS,?’ we further investigated alterations in DSBs. This was
achieved by detecting the formation of y-H2AX through immunofluorescence assays to assess DNA damage. Through
a comparative analysis of fluorescence images across different treatment groups, it was observed that the number of y-H2AX
foci increased proportionally with the escalation of treatment modalities. This finding indicates that all components of the nano
drug delivery system were effectively sensitized to RAI therapy, resulting in a pronounced elevation in the incidence of DSBs in
8505C cells (Figure 4C and D). The heightened occurrence of DSBs is associated with the inhibition of cell proliferation.”® To
investigate this phenomenon, a cell cloning assay was conducted to assess the long-term impact of each treatment group on the
proliferation of 8505C cells. The results revealed that the group treated with '*'T+ Bi@Digoxin + NIR exhibited the lowest colony
formation rate and survival fraction (Figure 4E-G). These findings demonstrate that the Bi@Digoxin combination treatment
platform effectively enhances the rate of DSBs in tumor cells through the generation of ROS, thereby leading to sustained
inhibition of cell proliferation.

In vivo Toxicology of BiNPs

We conducted an investigation into the in vivo toxicity of BiNPs by analyzing alterations in blood indices between control and
BiNP-treated mice. At two weeks post-injection, assessments of liver function indices, including blood alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) levels, as well as renal function indices such as uric
acid (UA) and blood urea nitrogen (BUN) levels, remained within normal physiological ranges.?® This observation suggests that
the hepatic and renal functions were not adversely impacted by BiNP exposure (Figure S3 and Supporting Information).

Furthermore, no significant deviations were observed in other blood indices when compared to the control group (Figure S4
and Supporting Information). Histological examination of major organs, including the heart, liver, spleen, lungs, and kidneys,

revealed no discernible morphological alterations in mice administered with BiNPs (Figure S5 and Supporting Information).

Additionally, the hemolysis rate following BiNP treatment was less than 5% relative to deionized water, indicating favorable
blood compatibility, with no significant hemolysis detected even at elevated concentrations (Figure S6 and Supporting
Information). We investigated the changes in BiNPs concentration in the bloodstream and their distribution in mice (Figure S7
and Supporting Information). BiNPs exhibited prolonged circulation time in the mouse blood system. The highest concentrations

of BiNPs were found in the liver and spleen, indicating their uptake and metabolism by the mononuclear phagocyte system of the
body. Additionally, elevated levels of Bi were detected in the kidney tissues of the mice, suggesting that a portion of BiNPs is also
metabolized in the kidneys.

Bi@Digoxin Combination Therapy Suppresses Tumor Growth and Upregulates NIS in vivo
The synergistic effect of the Bi@Digoxin combination therapy platform in conjunction with RAI therapy was systematically
investigated for the first time. Mice with tumor volumes of approximately 100 mm® were allocated into five treatment groups:
Control, ', *'T+ BiNPs, "*'I + Bi@Digoxin, and *'1 + Bi@Digoxin + NIR. After 14 days, the average tumor volumes in
the Control and '*'I treatment groups increased to 769 mm?® and 548 mm?, respectively. In contrast, the mean tumor volumes
in the "*'T + BiNPs and "*'T + Bi@Digoxin treatment groups increased to 371 mm® and 295 mm?, respectively. Notably, the
11+ Bi@Digoxin + NIR combination treatment group exhibited a marked suppression of tumor growth, with the mean tumor
volume reduced to approximately 109 mm?® (Figure 5A and B). Tumor weight is as shown in Figure 5C. Throughout the
observation period, no marked fluctuations in body weight or signs of malignancy were observed, indicating the biosafety of
the formulated treatment (Figure 5D). The experimental results demonstrated that the '*'I + Bi@Digoxin + NIR combination
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exhibited the most effective therapeutic outcome. To further investigate the anti-tumor efficacy of the combination therapy, we
collected tumor tissues and conducted H&E staining, TUNEL assay, and Ki-67 immunohistochemical staining (Figure 5E).
The histological analysis revealed a pronounced reduction in tumor cell density in the combination treatment group. TUNEL
staining indicated a marked increase in apoptotic cells, while Ki-67 staining demonstrated the lowest proliferative capacity in
cells subjected to the combination treatment. Additionally, we examined changes in NIS expression in tumors from nude mice
by establishing Control, Digoxin, and Bi@Digoxin treatment groups. As illustrated in Figure 5F and G, the expression of NIS
protein was markedly elevated in the Bi@Digoxin treatment group compared to the other groups. These findings suggest that
the strategy of employing BiNPs for Digoxin delivery is effective and enhances the expression levels of NIS proteins in

transplanted tumors in nude mice.

Conclusion

In conclusion, this study presents a novel strategy for enhancing sensitization to RAI therapy by utilizing BiNPs as
a multifunctional therapeutic platform. Current research on drug delivery systems for ATC redifferentiation is limited and
predominantly focuses on organic nanoparticles, which are prone to rapid degradation and metabolism. Given the
complexity of tumor pathogenesis, the efficacy of single therapeutic approaches is often inadequate. Furthermore,
while some studies have explored the grafting of ligands for active targeting, these methods involve complex fabrication
processes that are challenging to scale up for mass production.*® In this study, glucose-modified BiNPs were synthesized
in a single step, employing glucose as a surfactant to enhance drug utilization by leveraging the high glucose uptake
characteristic of tumors, thereby improving the redifferentiation efficiency of digoxin. The high atomic number and
excellent photothermal conversion efficiency of BiNPs facilitate both physical sensitization and PTT in the context of
RAI treatment. Compared to other drug delivery systems, this approach is straightforward to synthesize and highly
versatile, offering a promising solution to address the limitations associated with RAI therapy in the treatment of thyroid
cancer.

Regarding the clinical translation potential of Bi@Digoxin, first, in terms of scalability, the next key step lies in
overcoming the challenges of transitioning from simple laboratory synthesis to large-scale production processes that meet
Good Manufacturing Practice standards. Second, at the regulatory approval level, more systematic standardized toxicol-
ogy studies supporting long-term medication use must be conducted, ultimately requiring rigorous clinical trials to verify
its safety and efficacy in patients. Addressing these issues will be crucial for advancing this nanoplatform into actual use
for treating ATC.

Experimental Section

Materials and Reagents

The chemicals and reagents used were of analytical grade. Bismuth nitrate pentahydrate (Bi(NO3);-5H,0, > 99.99%),
D-(+)-glucose (CsH;20g), 1,2-propanediol (PPD, > 99%), and borane-morpholine complex (C4H9NO- BH3, > 95%) was
purchased from Aladdin’s Reagent. RPMI 1640, penicillin/streptomycin, fetal bovine serum, and phosphate-buffered
saline were purchased from sangon Biotech. NIS, GAPDH primary antibody was purchased from Proteintech, and
Cleaved PARP primary antibody was purchased from Abcam. The Caspase-3/7 activity assay kit was purchased from
Elabscience. Calcein/PI cell viability and cytotoxicity assay kit, ROS assay kit, and DNA damage assay kit were
purchased from Beyotime.

Characterization

TEM imaging of nanoparticle samples was accomplished using JEM-F200 at an accelerating voltage of 200 kV (JEOL,
Japan). XRD data were acquired on a SmartLab SE (Rigaku, Japan) diffractometer. UV-Vis-NIR absorption spectra and FT-IR
spectra were measured at room temperature using a nanodrop 2000 UV-Vis-NIR spectrophotometer (Thermo Fisher
Scientific, USA) and a Nicolet iS20 FT-IR spectrometer (Thermo Fisher Scientific, USA), respectively.
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Synthesis of BiNPs

BiNPs were synthesized with reference to previously published methods with modifications.>' PPD was used as a solvent, and Bi
(NO3) 5-:5H,0 solution (485 mg, 4 mL) was magnetically stirred with D-(+)-glucose solution (10 g, 84 mL) in a water bath at 80
°C for 1h, and boranomorpholine (308 mg, 12 mL) was added for 60s to trigger the formation of nanoparticles. Pre-cooled
100 mL of deionized water was then added to the above reaction solution for quenching and the mixture was centrifuged at
8000 rpm for 1h and the supernatant removed. In order to remove excess reaction reagents or by-products, the precipitate was
continued to be washed three times with deionized water and finally freeze-dried and stored at 4 °C.

Digoxin Loading and Release

3 mg of BiNPs powder was dispersed in 10 mL of deionized water, Digoxin was added in different ratios and the reaction
was magnetically stirred at room temperature for 24 h. The suspension was centrifuged to discard the supernatant, and
the precipitate was washed with deionized water to remove the free Digoxin, and the resultant drug-loaded Bi@Digoxin
was placed in a refrigerator at 4 °C for storage. The supernatant was collected by centrifugation of 3 mg/mL Bi@Digoxin
suspension before and after laser (808 nm, 1 W) irradiation, and the amount of drug released was calculated.

Cell Culture and in vitro Cytotoxicity

HUVEC were obtained from Wuhan Pricella Biotechnology Co., Ltd. 8505C were obtained from the Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences. Cells were cultured in RPMI 1640 medium containing 10% fetal
bovine serum and 1% penicillin/streptomycin at 37 °C in a constant temperature, 5% CO, incubator. HUVEC and 8505C
cells were inoculated into 96-well plates for adherent growth for 24 h. PBS suspensions containing different concentra-
tions (0—100 pg/mL) of BiNPs were co-cultured with the cells for 24 h. Cell viability was detected by the CCKS assay.
8505C cells were inoculated into 96-well plates for adherent growth for 24 h. PBS suspensions containing different
concentrations (0-800 pCi/mL) of *'I, 10 pg/mL BiNPs were co-cultured with the cells for 24 h. Cell viability was
detected by CCK8 assay. 8505C cells were inoculated into 96-well plates for adherent growth for 24 h. PBS suspensions
containing different concentrations (0—-100 pg/mL, Unless otherwise specified, the concentration of free digoxin is
invariably equivalent to that loaded in Bi@Digoxin) of Digoxin, Bi@Digoxin were co-cultivated with the cells for
4 h, respectively, and then washed off the uninternalized drug with PBS, and the culture was continued for 24h, and cell
viability was detected by CCK8 method.

Cellular Uptake of BiNPs

Using PBS treatment as the control group. HUVEC and 8505C cells were inoculated into 6-well plates and grown on the
wall for 24 h. BiNPs (20 pg/mL) were co-cultured with the cells for 4 h and then washed with PBS to remove the
uninternalized drug, and the cells were collected for single-cell observation under bio-TEM system. HUVEC and 8505C
cells were inoculated into 6-well plates for adherent growth for 24 h. BiNPs (20 pg/mL) were co-cultured with the cells
for different times (1-24 h) and the uninternalized nanomaterials were washed away with PBS, and the cells were
collected for detection of elemental Bi content by ICP-MS.

Western Blotting

8505C cells were inoculated in 6-well plates for adherent growth for 24 h. Five groups were set up with Control (PBS),
BiNPs, Digoxin, Bi@Digoxin, Bi@Digoxin + NIR (BiNPs, Bi@Digoxin = 10 pg/mL). After co-culturing with the cells
for 4 h, the uninternalized drug was washed away with PBS, and the laser (808 nm, 1 W) treated group was irradiated for
5 min, and the culture was continued for 24 h. Proteins were extracted from the cells for NIS expression analysis by
Western blot, and the intensity of the bands was quantified by ImageJ software. 8505C cells were inoculated into 6-well
plates for adherent growth for 24 h. Five groups were set up, namely: Control (PBS), BiNPs, '*'I, '*'T + BiNPs, '*'I +
BiNPs + NIR ("*'I =400 uCi/mL, BiNPs = 10 pg/mL). The cells were incubated with the respective agents for 24 h, and
the laser (808 nm, 1 W) treated group was irradiated for 5 min. Proteins were extracted from the cells by Western blot for
Cleaved PARP expression analysis, and the intensity of the bands was quantified by Image] software. 8505C cells were
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inoculated in 6-well plates for adherent growth for 24 h. Three groups were set up with Control (PBS), Selumetinib,
Bi@Digoxin (Selumetinib = 10 pM, Bi@Digoxin = 10 pg/mL). After co-culturing with the cells for 4 h, the
uninternalized drug was washed away with PBS, and the culture was continued for 24 h. Proteins were extracted from
the cells for NIS expression analysis by Western blot.

Caspase 3/7 Activity

8505C cells were inoculated into 96-well plates for adherent growth for 24 h. Five groups were set up, namely: Control
(PBS), BiNPs, "*'I, "*'T+ BiNPs, '*'I + BiNPs + NIR (**'T1 =400 uCi/mL, BiNPs = 10 ug/mL). The cells were incubated
with the respective agents for 24 h, and the laser (808 nm, 1 W) treated group was irradiated for 5 min. The cells were
treated with Caspase-3/7 activity assay kit, and the signal values were measured at 405 nm wavelength using a microplate
reader. All results were normalized as fold changes relative to the control group.

lodine Intake

8505C cells were inoculated in 12-well plates for adherent growth for 24 h. Three groups were set up with Control (PBS),
Digoxin, and Bi@Digoxin (Bi@Digoxin = 10 pg/mL), respectively, and the cells were co-cultured with each other for
4 h. The uninternalized drug was washed away with PBS, and the culture was continued for 24 h. Cells were incubated with
2 uCi Na '#I for 45 min at 37 °C with or without the competitive NIS inhibitor sodium perchlorate (300 uM), to control NIS-
specific uptake. Uninternalized '*°I was then washed away and lysed with 500 pL formic acid. The radioactivity was
measured in the cell lysates using a gamma radioimmunoassay counter (ANHUI USTC ZONKIA Scientific Instruments Co.,
Ltd., Anhui, China). All measured values have been deducted from the background. The radioactivity is expressed in counts
per minute (cpm)/10° cells. Three groups were set up with Control (PBS), Selumetinib, Bi@Digoxin (Selumetinib = 10 uM,
Bi@Digoxin = 10 pg/mL). After co-culturing with the cells for 4 h, the uninternalized drug was washed away with PBS, and
the culture was continued for 24 h. Subsequent procedures were consistent with the aforementioned protocol.

Fluorescent Staining

8505C cells were inoculated in 6-well plates and grown in adherence for 24 h. Five groups were set up, namely Control
(PBS), ', *'T + BiNPs, *'T + Bi@Digoxin, *'T + Bi@Digoxin + NIR (**'T = 400 pCi/mL, BiNPs, Bi@Digoxin =
10 pg/mL). After co-culturing with cells for 4 h, the uninternalized drug was washed away with PBS, '*'T was added, and
the laser (808 nm, 1 W) treated group was irradiated for 5 min, and continued to be cultured for 24 h. Fluorescent
staining of Calcein AM/PI, DCFH-DA, and y-H2AX was carried out, respectively, and placed under the fluorescence
microscope for observation. The fluorescence intensity of ROS was quantitatively analyzed by zymography. y-H2AX was
quantitatively analyzed by Image] software.

Cell Clone Formation

8505C cells were inoculated into 6-well plates for adherent growth for 24 h. Five groups were set up, Control (PBS),
311+ BiNPs, '*'T + Bi@Digoxin, *'T + Bi@Digoxin + NIR ("*'T= 10 uCi/mL, BiNPs, Bi@Digoxin = 10 ug/mL). After
4 h of co-culture with the cells, the uninternalized drug was washed away with PBS, '*'I was added, and the laser (808

1311,

nm, 1 W) treated group was irradiated for 5 min, and the culture was continued for 24 h. The cells were trypsin digested,
counted, and spread in six-well plates at 1x10° cells per well. After 14 days of drug treatment, the formed colonies were
washed with PBS and fixed with 4% paraformaldehyde and stained by adding 0.4% crystal violet solution. Then the
percentage of clone formation and survival fraction were calculated.

In vivo Biocompatibility Validation

BiNPs (20 mg/kg) were injected into the tail vein of mice, and mice treated with PBS were used as controls. Fresh blood
was extracted for routine blood index tests and serum biochemistry. In addition, major organs were collected and then
immersed in 4% paraformaldehyde for further staining with H&E. Intact blood samples were collected from healthy mice
and incubated with BiNPs at different concentrations; PBS group was the negative control and H,O group was the
positive control. 5 h later, the supernatant was collected by centrifugation, and the absorbance was measured by an
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enzyme marker at 570 nm. BiNPs (20 mg/kg) were injected into the tail vein of mice. At predetermined time points,
15 pL of mouse blood was collected, and the Bi element content was measured using ICP. For the in vivo distribution
experiment, after intravenous injection of the same dose of dispersion, the mice were sacrificed after 12 hours. Their
major organs, including the heart, liver, spleen, lungs, and kidneys, were dissected, and the Bi element content was
measured using ICP to calculate its distribution in the body.

Establishment of Animal Models and in vivo Therapeutic Evaluation

A mouse tumor-bearing model was established by injecting 5x10° 8505C cells into the right axilla of female Balb/c-nu.
When the tumor size reached approximately 100 mm?, the mice were divided into different groups for treatment. Since
tumor volume can affect treatment efficacy, a randomized block design was employed to group mice based on tumor
volume, ensuring similarity in tumor size across different groups. Balb/c-nu was randomized into five groups: control
(PBS), "1, *'1 + BiNPs, "*'I + Bi@Digoxin, and "*'T + Bi@Digoxin + NIR ('*'I = 800 uCi, BiNPs, Bi@Digoxin =
10 mg/kg). Given that RAI is suitable for eliminating residual cancer cells while PTT is appropriate for treating
superficial solid tumors, we adopted two distinct drug delivery routes to achieve synergistic therapeutic effects while
confining the radiosensitizing to the tumor, thereby effectively reducing side effects. Mice were treated with intravenous
injection of "*'I via the tail vein, intratumoral injection of the other drugs, and exposure to an 808 nm laser at 1 W/cm?
for 10 min. Tumor size and body weight were measured every 2 days, and the mice were executed after 14 days, and the
tumor tissues were extracted and then subjected to pathological examination. Comparison of tumor redifferentiation
effect: Balb/c-nu was randomly divided into three groups, Control (PBS), Digoxin, Bi@Digoxin (Bi@Digoxin = 10 mg/
kg, Digoxin concentration equal to Digoxin loaded in Bi@Digoxin), and intratumorally injected with the drug. Mice
were put to death after 14 days, and the tumor was extracted tissues, followed by NIS immunohistochemical staining.

Statistical Analysis

All the experiments were repeated at least three times. Data were expressed as mean + standard deviation (SD). Student’s
t-test performed comparisons for two groups, and ANOVA for multiple groups using GraphPad Prism 8. *p < 0.05 was
considered to be statistically significant. **p < 0.01, ***p < 0.001 and ****p < 0.0001 were highly statistically
significant between the groups.
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