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Magnetic-vortex nanodonuts enhance ferroptosis
effect of tumor ablation through an imaging-guided
hyperthermia/radiosensitization strategy

S.S. Guo,1 M.M. Chen,1 Y.H. Yang,1 Y.Y. Zhang,1 X. Pang,3 Y.P. Shi,2 Y.C. Zhuang,4 D.D. Fan,1,* J.F. Bao,2,*

and Z.Y. Ji1,5,*
SUMMARY

Pursuing more efficient multifunctional treatment is the main challenge of preclinical nanoparticle-medi-
ated theranostics research. Here, nanoscale magnetite vortex donut shapewas synthesized as a platform,
and then ultrasmall gold nanoparticles were successfully embedded into the nanoring surface, thereby ob-
taining gold-modified magnetic vortex donut (GMVD). GMVD has a high photothermal conversion effi-
ciency (h = 42.2%), which makes it have excellent photothermal ablation effect on tumors both in vivo
and in vitro. Simultaneously, GMVD forms reactive oxygen species (ROS) under the 808 nm laser trig-
gering, inducing ferroptosis. The addition of gold element also makes GMVD have the effect of radio-
therapy (RT) sensitization. In conclusion, the synergistic treatment of RT and PTT greatly enhanced tumor
ablation, indicating that GMVD has good biocompatibility and antitumor efficacy. This work demon-
strates that the proposed GMVD can be a high-performance tumor diagnosis and theranostic treatment
agent and may have great potential for clinical application in the future.

INTRODUCTION

Globally, cancer is considered the second leading cause of death as an aggressive andmalignant disease.1 Current cancer therapies, such as

surgical resection, chemotherapy, and radiation therapy (RT), have serious limitations.2 Among them, RT uses high-energy ionizing radiation,

such as gamma rays or X-rays, to kill cancer cells by ionizing cellular components and/or water to produce cytotoxic free radicals (like the

reactive oxygen species, ROS) to attack DNA-like bioactive macromolecules in cancer cells.3 However, the X-ray absorption rate of solid tu-

mors is usually unsatisfactorily low; therefore, patients must receive excessive radiation doses, which inevitably cause severe damage to

normal tissues.4 In addition, repeated radiotherapy stimulates mutations in cancer cells, leading to the development of treatment resistance.5

To overcome the deficiencies of radiotherapy, a series of radiosensitizers, usually heavy atom nanoparticles, such as gold (Au),6 bismuth (Bi),7

rare earth,8 and platinum (Pt)9 have been significantly developed. They have higher X-ray absorption capacity and the photoelectric effect,

which allows precisely localized enhanced therapeutic efficacy at relatively lower and safer radiation doses. Therefore, radiosensitizers have

become promising nanoformulations for tumor radiotherapy.10,11

Hyperthermia has recently been introduced as an adjuvant therapy for cancer and holds great promise in combating this disease.12 Hy-

perthermia is defined as a treatmentmethod that exposes target tissue to high temperatures that directly damage the tissue (thermal ablation

at temperatures above 47�C) ormake cancer cellsmore susceptible to other treatmentmodalities (mild heat therapy in the temperature range

41�C–45�C).13 Among various heating strategies, alternating magnetic field (AMF) and near-infrared (NIR)-induced hyperthermia is the most

studied and generally considered the most suitable methods.14,15 Magnetothermal therapy (MTT) uses magnetothermal agents to convert

magnetic energy into heat in AMF for tumor ablation. Magnetic nanoparticles (MNPs) have been considered ideal magnetothermal agents,

and a variety of different Fe-based nanoparticles have been confirmed to have an excellent magnetothermal effect and can well cause tumor

regression, such as iron oxide nanospheres,16 magnetic nanocrystals of Mn-Zn ferrite,17 Fe-Mn nanoflowers18 and so on. However, the low

hyperthermia conversion efficiency of clinically used magnetothermal agents makes the treatment dose too large, which brings potential

side effects to patients, thus greatly limiting the broad application of magnetothermal therapy.19 Therefore, developing MNPs with higher

specific absorption rates (SAR) will greatly solve the existing problems. On the other hand, photothermal therapy (PTT) utilizes the photother-

mal effect of photothermal agents (PTA) to convert absorbed light energy into heat, causing thermal burns on tumors.20 PTT has been paid
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attention to because of its simple operation, short treatment time, and quick recovery.21,22 Various NIR-dependent photothermal nanoma-

terials have been used as PTA, such as Au-based nanostructures,23 carbon-based nanocomposites24 and Pd-based nanostructures,25 etc. Au-

based NPs have strong absorbance in the NIR, thus showing great potential in photothermal therapy.26

By combining different therapeutic agents, contrast agents or targeting agents on the surface of nanoparticles, medical diagnosis and

drug delivery are integrated into a single nanoplatform,27 which constitutes an integrated nanoplatform for diagnosis and treatment, which

has aroused widespread interest in the field of nanomedicine.28–30 magnetic iron oxide NPs have been used in magnetic resonance (MR) im-

aging due to their T2 shortening effect31 and Au NPs with specific shapes can strongly absorb NIR light for photoacoustic imaging (PAI).32,33

Considering all the properties mentioned above and capabilities of magnetic iron oxide NPs and AuNPs, they can be combined into a

nanocomposite.34

Based on these analyses, we present a biocompatible gold-decorated magnetic-vortex nano-donut (GMVD), which becomes anMRI/PAI-

guided magnetothermal/photothermal/radiotherapy sensitization theranostics nanoparticles. After identification, GMVD has a shape char-

acteristic similar to a donut. Themagnetic vortex iron oxide with a special structure is like a naked donut bread body, and the extremely small

gold particles cover its entire surface like sugar grains. The uniquemagnetic donut structure endowsGMVDwith an excellent specific absorp-

tion rate (SARPTT = 1747.48 W/g, SARMTT = 1222.65 W/g), and the addition of gold nanoparticles makes the photothermal conversion effi-

ciency reach an astonishing 42.2%. Validated in cancer cells, GMVD exhibited excellent contrast agents for T2-weighted magnetic resonance

imaging, PAI enhancement, specific laser-induced PTT toxicity, and sensitization of cells to X-ray radiotherapy. Amore encouraging finding is

that photothermal triggers GMVD to enhance ROS production, leading to ferroptotic iron metabolism. Furthermore, the combination of PTT

and RT resulted in synergistic effects, significantly inhibiting the growth of 4T1 tumors. And we preliminarily explored the caspase3/9

apoptosis pathway as the critical mechanism of tumor regression. Our results indicate that GMVD have the potential to be promising candi-

dates for cancer diagnostic imaging and therapy.

RESULTS
Synthesis and preparation of GMVD

As shown in Scheme 1, GMVDwas synthesized. According to previous studies,35 first, a uniformmorphology oil bath was used to obtainmag-

netic vortex naked-nano-donut (Figure S1). Its unique ring structure gives it a bigger specific surface area to combine other substances. In the

presence of polyethyleneimine, tiny colloidal gold particles were dispersedly covering the naked-nano-donut surface, which was clearly

visible under TEM (Figure 1A). The diameter of GMVD in TEM was measured using ImageJ software. The GMVD’s average inner diameter

was about 58.7 nm, and the average outer diameter was about 141.0 nm. The diameter of GMVDwas found to be similar by DLSmeasurement

(Figure S2), which was about 114 nm. In addition, the distribution of GMVD in FBS was relatively stable, and the particle size increased to

280.7 nm after 5 days Figure 1B is a scanning TEM (STEM) image of a typical Magnetic vortex nano-donut, on which elemental mapping anal-

ysis was induced. It shows STEM-energy dispersive X-ray (STEM-EDX) elemental mapping of Fe, O and Au, respectively. Fe and O elements

form a ring, with tiny gold elements randomly covering the outer surface of the ring, confirming a structure like a donut dustedwith powdered

sugar. Moreover, the high-resolution TEM (HRTEM) image (Figure S3) shows the lattice fringes of Fe3O4 (�2.54 Å) and Au (�2.43 Å), respec-

tively, corresponding to the (3 3 1) plane of Fe3O4 and the (2 0 0) plane of Au. X-ray powder diffraction (XRD, Figure 1C) further verified that

GMVDwere crystalline, and the diffraction peaks were unambiguously indexed into magnetic iron oxide (JCPDS 88–0866) and Au (JCPDS 99-

0056), respectively. And EnergyDispersive Spectroscopy (EDS) shows that themass fraction of Au inGMVD is about 23.139% (Figure S4). X-ray

photoelectron spectroscopy (XPS) was used to characterize the addition of Au (Figure 1D). The Surveymap shows that there are C, O, Fe, and

Au elements in GMVD. In addition, according to the XPS spectrum of Fe 2p, the XPS peaks at 710.11 eV and 721.73 eV correspond to the

characteristic peaks of Fe 2p 3/2 and Fe 2p 1/2, indicating the presence of Fe3+ in GMVD. The two peaks 87.68 and 83.98 eV of the Au narrow

spectrum scan are attributed to Au 4f 5/2 and Au 4f 7/2 in Au0 respectively; the O spectrum peak 530.08 eV corresponds to O1 s in Fe3O4. It

was proved that the composite material is composed of Au and Fe3O4. As shown in Figure 1E, the saturation magnetization (Ms) of the ob-

tained GMVD was 51.4 emu/g. Due to the non-magnetic Au and PEI polymer matrix, it was lower than the value of MVD at 104.3 emu/g.36

However, this value of GMVD still has a higher saturation magnetization value to be suitable for clinical application. At the same time, due to

the larger particle size, GMVD exhibits higher magnetic susceptibility and saturation magnetization than the superparamagnetic particles,

indicating that favorable transverse relaxation effects could be expected, and the proposed GMVD may also have great potential in MRI-

guided tumor therapy. By comparing the UV-visible absorption spectra (Figure 1F), compared with MVD, GMVD of the same concentration

has higher UV absorption at 808 nm, which means it has higher photothermal potential. Interestingly, MVD has a characteristic absorption

peak at around 410 nm, which disappears after PEI modification and loading of Au particles. This may be due to the strong surface plasmon

coupling effect between adjacent Au on MVD’s surface, which causes the spectrum to red shift.37,38 In addition, with the addition of PEI, the

zeta potential of GMVDbecomes negative (Figure S2). Due to the positive charge on the surface of tumor cell membranes, nanoparticles with

negative zeta potential are more easily taken up by tumor cells and have higher biocompatibility.39

In vitro magnetothermal/photothermal effect

We then studied the thermogenic capacity of GMVD under 808 laser and AMF. A dispersion of GMVD at a concentration of 75 mg/mL was

irradiated with an 808-nm laser with a power density from 0.7 to 1.9 W/cm2, and it was found that at the minimum power of 0.7W/cm2, GMVD

can still heat up to 56.7�C (Figures 2A and 2C). Furthermore, a series of GMVD dispersions with concentrations ranging from 0.0 to 150 mg/mL

in water were irradiated with an 808-nm laser at a power density of 0.9 W/cm2 for 10 min. Through the calculation of the temperature rise at a
2 iScience 27, 110533, October 18, 2024



Scheme 1. Schematic illustration for the formation of GMVD and T2-weighted MRI/PAI-guided dual-thermal enhanced radiation synergistic therapy

GMVD was synthesized by a hydrothermal method. After specific NIR laser and X-ray irradiation on the tumor site, GMVD can cause tumor ablation. At the same

time, PTT triggers an enhancement of the Fenton response, releases ROS, and triggers ferroptosis.
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power of 1.9W/cm2, it can be seen that the photothermal SAR value of GMVD is as high as 1747.48W/g. The color-coded images (Figure S5A)

and the corresponding curves for temperature changes (Figure S5B) show that all the GMVDdispersions experienced significant temperature

increases within 120 s of turning on the laser. Notably, even the dispersion with the lowest concentration of GMVD (38 mg/mL) reached above

50.4�C after 300 s of laser irradiation, sufficient to induce irreversible cell apoptosis due to hyperthermia.10 After turning off the laser, the sus-

pension rapidly cooled down below physiological temperature (37�C) within 180 s (Figure 2E). When the laser was turned on again, the nano-

particles raised to a similar temperature at a similar speed, which can last more than 5 cycles, proving that the material has good repeated

photothermal properties (Figure 2G). The photothermal conversion efficiency (h) of GMVDwas then calculated to be 42.2%, demonstrating its

excellent photothermal conversion ability (Figure 2F).

GMVD also has excellent heating ability under AMF (Figures S6 and S7). Compared with spherical magnetic iron oxide nanoparticles, un-

der the same power of AMF, the heating capacity of GMVD is about 10�C higher than that of nanosphere-Fe3O4 (Figures 2B and 2D). After

calculation, GMVD also has a high magnetothermal SAR value of 1222.65 W/g. Due to the unique ring structure of GMVD, the magnetization

reversal of the vortex-onion state occurs in the presence of a magnetic field, resulting in a large hysteresis, which makes GMVD have an order

of magnitude higher magnetothermal efficiency than traditional superparamagnetic iron oxide.40

In summary, whether it is photothermal or magnetic thermal, GMVD performs outstanding and has great potential.
iScience 27, 110533, October 18, 2024 3



Figure 1. Successful synthesis and characterization of GMVD

(A) TEM image of GMVD, scale bar = 200/100 nm.

(B) EDS mapping images of all overlapping elements.

(C) X-ray powder diffraction (XRD) spectrum of GMVD and corresponding fingerprints of crystalline indexes for magnetic iron oxide (JCPDS 88–0866) and Au

(JCPDS 99-0056).

(D) X-ray Photoelectron Spectroscopy (XPS) image of GMVD.

(E) Magnetic hysteresis loops of MVD (red), GMVD (blue); (F) UV absorption curves of MVD (blue), GMVD (red).
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Figure 2. GMVD has good photothermal and magnetothermal properties

(A) Representative thermal images of 75 mg/mL GMVD dispersion in water during laser irradiation at 0.7–1.9 W/cm2.

(B) Thermal images of water (left), non-magnetic naked-nano-donut (bottom, [Fe] = 5 mg/mL), nanospheres-Fe3O4 (right, [Fe] = 5 mg/mL), GMVD (top, [Fe] =

5 mg/mL) at AMF (15–30 A).

(C) The corresponding temperature change curve of photothermal therapy.

(D) The corresponding temperature change curve of magnetic hyperthermia therapy.

(E) Temperature evolution of GMVD solution under irradiation.

(F) The photothermal conversion efficiency of GMVD.

(G) The photothermal temperature change curve of laser on-off five cycles.
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In vitro cytotoxicity and cellular uptake

It is worth noting that themicroscopicmorphology ofMVD induces themagnetic vortex effect, resulting in our synthesizedmaterial exhibiting

remarkable magnetocaloric properties. These properties have been previously demonstrated in relevant studies41 and confirmed through

in vitro experiments conducted in this study. Building upon these findings, our research aims to investigate whether themagnetocaloric prop-

erties of gold nanoparticles remain largely unaffected aftermodification. Additionally, thismultifunctional nano-platformpossesses a broader

range of antitumor properties that complement its magnetocaloric functionality. Considering this fundamental platform’s widely reported

excellent magnetocaloric performance, we have excluded magnetocaloric heat treatment from the cell and animal studies from avoiding

any potential confusion and focusing solely on verifying the modified performance and emphasizing its complementary relationship with

magnetocaloric effects.

In order to prove that GMVD has a good photothermal effect in addition to the magnetocaloric effect, we selected four different cancer

cell lines for verification. Similarly, GMVD showed cell killing effects in the 4T1 (mouse breast cancer cell), HeLa (human cervical cancer cell),

KYSE-150 (human esophageal squamous cell carcinoma cell), and A-375 (humanmalignantmelanoma cell). These were after the irradiation of
iScience 27, 110533, October 18, 2024 5
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808 nm laser and increases with the increase of GMVD’s concentration. Without the use of laser, GMVD does not affect the normal growth of

cells and shows good biocompatibility. (Figure 3A). The results show that GMVD not only has a killing effect on specific tumor cells but also is

effective on a broad spectrum of tumor cells, which provides the possibility for more applications in the future. In addition, the above-

mentioned good photothermal effect is largely due to the addition of gold. Through ICP-OES, the mass fraction of gold in GMVD is approx-

imately 27.7145%, which is very close to the result of the EDS test. When tested under the same content of MVD, it can be found that the

photothermal activity of GMVD is better than that of MVD at each concentration (Figure S8), indicating that although gold is added in ul-

tra-small particles, the sufficient content gives it sufficient specific surface area to enhance the photothermal activity.

For subsequent in vitro experiments, we selected HeLa cells as representatives for experiments. What’s more, as shown in Figure 3B, the

thin-section cell TEM images further prove that the GMVD incubated in cells were taken up through the endocytic pathway. Cell viability was

observed by Calcein-AM/PI live/dead cell staining (Figures 3C and S9): more than 95% of cells were PI-positive after the treatment with

PTT +300 mg/mL GMVD. These results show that the GMVD can be well non-specifically absorbed by a variety of tumor cells and exert excel-

lent photothermal effects to cause damage to tumor cells.

Photothermal-triggered ferroptosis-inducing ability of GMVD

Since iron itself is a key component in the production of ROS by the Fenton reaction, the process of ferroptosis is inseparable from the partic-

ipation of iron.42 Therefore, we speculate that GMVD can serve as an iron ion supplier, enhance the production of ROS, and participate in iron

metabolism in ferroptosis. However, GMVD itself has good biocompatibility and will not directly kill cells. The induced ferroptosis needs to be

triggered by exogenous factors such as light and heat.43 We observed the phenomenon of ROS production in GMVD after PTT by laser

confocal microscopy, and found that the generation of intracellular Fe2+ ions also increased by FerroOrange staining assay (Figure S10).

We preliminarily speculated that GMVD may trigger ferroptosis of tumor cells through hyperthermia.

Ferroptosis is defined as a process of programmed cell death caused by the accumulation of iron-dependent lipid peroxidation (LPO).44

Ferroptosis is morphologically, biochemically, and genetically distinct from apoptosis, necrosis, and other modalities of regulated cell death.

A large number of studies45–47 have confirmed that ferroptosis plays a key therapeutic role in various malignant tumors such as liver cancer,

colorectal cancer, breast cancer, and hematological malignancies. The ferroptosis process is characterized by the accumulation of LPO and

lethal ROS from iron metabolism, and can be inhibited by iron chelators. Iron catalyzes the production of ROS through the Fenton reaction,

which is an important way to induce ferroptosis. Excess ferrous iron can provide electrons to promote lipid peroxidation through the Fenton

reaction and generate ROS, thereby inducing ferroptosis.48

In order to verify whether photothermal triggers the ferroptosis pathway induced by GMVD, we performed RNA sequencing on cells

treated with GMVD combined with PTT (Figure 4A). Based on the sequencing results, we performed an enrichment analysis through Data-

base:Kyoto Encyclopedia of Genes and Genomes (KEGG), and found that ferroptosis is a significant change pathway, and the p value (p =

0.0285) is smaller than that of the apoptotic pathway (p = 0.0305). It was proved that after photothermal triggering, GMVD induced cell death

mainly involving ferroptosis.

Subsequently, the GMVD-induced ferroptosis pathway was verified in cells. The ferroptosis pathway induced by GMVD was subsequently

verified in cells. 4T1 cells after PTT obviously produced a large amount of ROS (Figure 4B). Lipid peroxidation produces two natural products,

namely malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE); measuring the final products of lipid peroxidation is an effective measure-

mentmethod that reflects oxidative damage. Use relevant kits to detect intracellularMDA content, and its content is positively correlatedwith

ferroptosis. In particular, ferroptosis can be inhibited by Ferrostatin-1 (Fer-1), and the MDA content decreased after adding Fer-1, confirming

that the production of MDA is due to the effect of ferroptosis (Figure 4D). Similarly, the content of LPO is also related to ferroptosis. When the

C11-BODIPY probe changes from red to green, it indicates the production of LPO (Figure 4C). qRT-PCR and Western blot detected the

expression of GPX4 protein related to ferroptosis (Figures 4E and 4F). The expression of GPX4 was down-regulated in cells after PTT and

GMVD treatment, which also proved that PTT-triggered GMVD induced ferroptosis.

In vitro RT enhancement effect

Because gold can increase local energy deposition by emitting secondary electrons,6 it can enhance the production of photoelectrons, Auger

electrons and low-energy secondary electrons, directly damaging biological cells, and can increase the sensitivity of DNA to ionizing radia-

tion.49 It can also increase the sensitivity of DNA through oxidation stress.50 Therefore, we further explored whether GMVD inherited the

radiotherapy-sensitizing effect of gold element.

As shown in Figures 5A and 5D, GMVD alone did not significantly affect the proliferation rate of cells. HeLa cells are not sensitive to low-

dose (%4Gy) X-rays. However, cells treatedwithGMVD showed significantly enhanced RT efficacy, which can reduce the cell colony formation

rate by more than 20%, proving that GMVD is an excellent radiosensitizer. Under the same X-ray dose, GMVD’s ability to inhibit cell prolif-

eration is also better than CMNa, a common clinical radiotherapy sensitizer. This finding suggests that GMVD performs superior to clinically

available sensitizers for tumor radiotherapy. In addition, cell migration assays showed that themigratory ability of cells treatedwithGMVDwas

significantly inhibited and the speed of wound healing was significantly reduced under a dose of 4 Gy of X-rays (Figures 4F and 4G).

In addition, ionizing radiation can cause DNA damage in tumor cells and then kill tumor cells through various mechanisms. Among them,

affecting the cycle regulation of tumor cells, that is, reducing the G2/M phase arrest of tumor cells, thereby affecting the repair of damaged

DNA in tumor cells, and causing tumor cell death is one of the main mechanisms for its treatment of tumors.51 The HeLa cells’ cell cycle

changes were evaluated by flow cytometry (Figures 5B, 5C, and 5E). It can be clearly observed that due to the DNA damage caused by
6 iScience 27, 110533, October 18, 2024



Figure 3. GMVD has photothermal therapeutic effects on various tumor cells

(A) Dark cytotoxicity and toxic effect of GMVD on HeLa, 4T1, KYSE-150 and A-375 cells. Values represent the means G SD. (****p < 0.0001; ***p < 0.001;

**p < 0.01*p < 0.05).

(B) Uptake of GMVD by cells, scale bar = 5.0/2.0 mm.

(C) Calcein-AM/PI live/dead cell staining on HeLa cells, scale bar = 200 mm.
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the enhanced ionizing radiation as the concentration of GMVD increases, cells will initiate checkpoints immediately after DNA double-strand

breaks to stop the cell cycle temporarily, checkpoints in G1/S and S regulation prevents entry into S phase and shortens S phase, whereas G2/

M checkpoint regulation prevents entry into mitotic M phase and lengthens G2 phase.

These results demonstrate that GMVD can enhance radiotherapy-induced decline in cell proliferation and migration and exacerbate

ionizing radiation-induced DNA damage, providing a good radiosensitization effect.

In vitro and in vivo T2-weighted MR imaging

Before in vivo experiments, we took the blood of mice for hemolysis assay to detect the biosafety of GMVD (Figure S11). The results showed

that hemolysis did not occur even at a concentration of up to 1.2 mg/mL, which preliminary the demonstrated the proposed GMVD has good

biocompatibility and that it could be safely used for in vivo experiments in mice.

In T2-weighted (T2W) MR Imaging, T2 contrast agents selectively increase the transverse relaxation rate and lead to a darkening (negative

contrast) in the region of interest.We first measured the in vitro T2MRI relaxation rate using a series of GMVDdispersions with a concentration

of up to 0.8 mg/mL. The representative weighting images and the relaxation rates (r2) are shown in Figures 6A and 6B, demonstrating a con-

centration-dependent negative enhancement. Notably, the transverse relaxation rates (R2) for GMVD are 50.40mM�1S�1, exhibiting an excel-

lent contrasting capability for enhancing T2 MRI.

Then, we studied the in vivo contrast enhancement by intravenous injection of GMVD (200 mL at 600 mg/mL) into 4T1-bearing mice. The T2
signals in the tumor region exhibited a significant darkening starting from 2 h post-injection, which persisted until 24 h post-injection

(Figures 6C and 6D). The T2-MRI imaging achieved maximum contrast at 8 h post-injection, suggesting the most enormous amount of

GMVD accumulation in the tumor area, providing the optimal time for treatment. Based on these results, we concluded that GMVD success-

fully accumulated and stayed at 4T1 tumor, and can act as an effective contrast agent for T2-weighted MRI.
iScience 27, 110533, October 18, 2024 7



Figure 4. GMVD induces ferroptosis of tumor cells under the triggering of 808 nm laser

(A) Dot plot of KEGG enrichment analysis after RNA sequencing.

(B) Production of ROS after treatment with GMVD. Scale bar = 200 mm.

(C) Changes in LPO content after treatment with PTT and GMVD, green fluorescence represents LPO, and red fluorescence represents LP. Scale bar = 100 mm.

(D) Changes in MDA content after PTT, GMVD and Fer-1 treatment. Values represent the means G SD. (***p < 0.001; *p < 0.05).

(E) GPX4 expression measured by qRT-PCR. Values represent the means G SD. (*p < 0.05).

(F) GPX4 expression measured by Western blot.
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In vitro and in vivo photoacoustic imaging

Photoacoustic Imaging (PAI) is a biomedical imaging technology based on the photoacoustic effect that has developed rapidly in recent

years. Gold nanoparticles are not only biocompatible and chemically inert, but also have unique surface plasmon resonance properties

and high molar extinction coefficient, and thus are considered to be one of the most attractive PAI contrast agents.52

For in vitro PAI, the photoacoustic signal was significantly enhanced with increasing GMVD concentration (Figures 7A and 7C). After in-

jecting GMVD into the tail vein of mice, the photoacoustic signal of the tumor site was tested. It was found that the photoacoustic signal

reached the highest intensity at 8 h, and the photoacoustic signal returned to the level before injection after 24 h. This result is consistent

with in vivo testing with MRI. Therefore, GMVD can significantly enhance the photoacoustic imaging signal in mice and reach the maximum

cumulative concentration at the tumor site around 8 h (Figures 7B and 7D).
In vivo PTT/RT synergistic therapy in 4T1 tumor model

We then investigated the antitumor efficacy of GMVD-mediated PTT and/or RT in 4T1-bearing mice, which were randomly assigned to six

treatment groups (3 mice per group): (1) saline as a control, (2) GMVD, (3) PTT+RT, (4) GMVD+PTT, (5) GMVD+RT, and (6) GMVD+PTT+RT.

Imaging with a thermal infrared camera revealed that the surface temperature of tumors treated with GMVD and PTT reached 59�C within
8 iScience 27, 110533, October 18, 2024



ll
OPEN ACCESS

iScience 27, 110533, October 18, 2024 9

iScience
Article



Figure 5. GMVD can enhance tumor radiotherapy sensitivity

(A and D) The clone formation and clone formation rate of GMVD and sodium glycididazole under different radiotherapy doses. Values represent the meansG

SD. (***p < 0.001).

(B and E) Changes of HeLa cell cycle after treatment with different concentrations of GMVD. Values represent the means G SD. (***p < 0.001; **p < 0.01;

*p < 0.05).

(C) Schematic diagram of GMVD enhancing radiation-induced DNA damage.

(F and G) HeLa cell scratch test and cell migration rate after treatment with different concentrations of GMVD, scale bar = 10 mm. Values represent the meansG

SD. (***p < 0.001; **p < 0.01; *p < 0.05).
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10 min of laser irradiation, while the surface temperature of tumors treated with PTT only remained around 41�C at the end of 10 min laser

irradiation (Figure 8A). Representative tumor and mice images are displayed 12 days after the initiation of treatment (Figures 8B and S12). As

shown in Figure 8C, the tumors treated with GMVD+PTT+RT experienced an initial shrinkage during the first 4 days after treatment, while

tumors in all other groups continued to grow, although at different rates. There was no significant change in body weight for the 4T1-bearing

mice in all the groups (Figure 8D) for up to 12 days after the initiation of treatments. H&E staining showed that in the tumor site of the syn-

ergistic treatment group, the intercellular space was enlarged, the nucleus was obviously destroyed, and the staining decreased, indicating

that the cell necrosis was obvious (Figure 8E). At the same time, after TUNEL staining, the collaborative treatment group showed stronger

fluorescence, indicating that more tumor cells were undergoing apoptosis. In conclusion, we have demonstrated that GMVD is a promising

agent to enhance PTT and RT for cancer therapy.

Furthermore, H&E staining of major organs, including the heart, liver, spleen, lung, and kidney, revealed no significant tissue damage or

inflammatory lesions, further proving the biocompatibility of GMVD (Figure S13).
Figure 6. T2-weighted MRI effects of GMVD in vivo and in vitro

(A) T2-MR images of GMVD at different concentrations.

(B) the relaxation rates (r2) of GMVD versus different concentrations of Fe3+.

(C) In vivo T2-MRI imaging of 4T1-bearingmice i.v. injected with 200 mL, 600 mg/mLGMVD acquired for up to 24 h after injecting theGMVD (red circles point to the

tumor sites).

(D) Relative T2 signal intensities of the tumor recorded at different time points post GMVD injection.
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Figure 7. Photoacoustic imaging of GMVD in vivo and in vitro

(A) Photoacoustic imaging images of different concentrations of GMVD in vitro.

(B) Photoacoustic imaging images of the tumor site (circled) after tail vein injection of GMVD at different times.

(C) Signal intensity corresponding to in vitro photoacoustic imaging.

(D) Tumor site photoacoustic imaging at different times signal strength corresponding to acoustic imaging.
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DISCUSSION

In the field of tumor therapy, the exclusive reliance on a single treatment method often encounters significant limitations. In recent years,

the rapid development of nanotechnology has established a robust foundation for synergistic strategies in tumor therapy and opened up

new avenues for multimodal diagnosis and treatment of tumors. Through the comprehensive utilization of nanomaterials with multiple

therapeutic mechanisms and diagnostic functions, we are able to construct nanoplatforms integrating therapy and diagnosis, which points

toward a novel pathway for the integration of tumor diagnosis and treatment. MNPs have gradually become a hot topic of research due to

their unique superparamagnetism, excellent biocompatibility and targeting. Under the action of a magnetic field, MNPs exhibit excellent

magnetic sensitivity, and their targeted drug loading, magnetic resonance imaging and magnetothermal effect provide an effective way to

treat tumors.

Although MNPs have been demonstrated to possess considerable potential for tumor thermotherapy, the lack of photothermal or mag-

netothermal conversion efficiency currently limits their wide clinical application. Consequently, the development of MNPs with higher SAR to

reduce the clinical dosage of conversion agents represents a crucial step in advancing the clinical translation of tumor thermotherapy. In this

study, the objective was to develop magnetic iron oxide NPs with enhanced conversion efficiency for the efficient thermotherapy of tumors.

Additionally, the T2 relaxation time-shortening effect of magnetic iron oxide NPs was exploited for MR imaging of tumors. Furthermore, the

combination of Au, which can absorb NIR light, enhanced the photothermal conversion performance of magnetic iron oxide NPs, while also

endowing them with the ability to perform PA imaging.

In conclusion, we successfully designed and synthesized GMVD as a multifunctional drug integrating MRI/PAI-guided diagnosis and

dual-thermal/enhanced RT synergistic therapy. The unique ring structure gives it excellent magnetothermal ability (SAR = 1747.48 W/g),

and GMVD exhibits a wide range of NIR absorbance and excellent photothermal ability (h = 42.2%). In addition, with the help of NIR laser

irradiation, GMVD showed efficient ROS generation and DNA damage, successfully inducing ferroptosis. Based on in vitro and in vivo ob-

servations, GMVD exhibits excellent anti-tumor ability under low laser power and appropriate X-ray irradiation, which may be attributed to

Fenton reaction and ferroptosis. GMVD demonstrated satisfactory biosafety in multiple cell and mouse models with no observable toxicity.

Notably, GMVD significantly enhanced T2-weightedMR and photoacoustic contrast for in vitro and in vivo imaging. Therefore, the prepared

GMVD shows great potential as a nanotherapeutic agent for MRI/PAI-guided PTT/magnetothermal/enhanced RT synergistic therapy in

future clinical trials.
iScience 27, 110533, October 18, 2024 11
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Figure 8. GMVD synergizes with PTT and RT in vivo to induce tumor ablation

(A) Representative infrared thermal images of tumor-bearing mice injected with saline or GMVD during laser irradiation. The 808-nm laser was applied 8 h after

injection at a power density of 1.6 W/cm2 for 10 min.

(B) Representative photographs of excised tumors after the initiation of treatments.

(C) Relative tumor growth curves after the initiation of treatments. Data are presented as meanG standard error of mean (SEM). Values represent the meansG

SD. (***p < 0.001).

(D) Body weight of mice in each treatment group (n = 3).

(E) Representative hematoxylin-eosin and TUNEL staining of tumor sections of each treatment group. Scale bar = 50 mm.
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Limitations of the study

Although GMVD exhibits goodmagnetocaloric and photothermal effects, its aggregation problem has not been well solved. At present, the

synthesis methods of magnetic iron oxide NPs mainly include coprecipitation, hydrothermal, high-temperature thermal decomposition, etc.

Although these mature preparation methods can synthesize MNPs with good uniformity and activity, the reaction process is affected by con-

ditions such as solution pH, temperature, and reaction time, and aggregation is prone to occur. The shape and size of the particles are also

difficult to control, which affects their performance in tumor treatment. Therefore, improving the stability and dispersibility of magnetic iron

oxideNPs is the key to its successful application. In order tomaintain the specific properties of magnetic iron oxideNPs,modification is one of

the commonmethods. The modification of magnetic nanomaterials is mainly divided into inorganic material modification and organic modi-

fication. Inorganic materials mainly include silica, gold, carbon, etc. The modification of magnetic iron oxide NPs with organic polymers has

gradually become the most widely used method in biomedicine, such as adding appropriate organic stabilizers during the preparation pro-

cess to control the distribution of particle size to obtain magnetic iron oxide NPs with uniform size. The organic materials usedmainly include

polyethylene glycol (PEG), polyvinyl alcohol (PVA), chitosan and some macromolecular proteins. In the future, we will also consider using

reasonable methods to modify GMVD to make it have superior dispersibility and better fit future clinical transformation applications.

In addition, the article only preliminarily explored the phenomenon of photothermal-triggered GMVD-induced ferroptosis, and did not

conduct in-depth research on the mechanism of this phenomenon. It has been reported that in the presence of photothermal conversion

materials, temperature increase can accelerate the Fenton reaction kinetics.53 On the one hand, light irradiation promotes the generation

of ROS of iron therapeutics through direct electron transfer and light-enhanced Fenton reaction, while the photothermal effect can improve

the generation of ROS.54 On the other hand, hyperthermia affects intracellular enzyme activity and destroys the inherent resistance of cancer

cells (e.g., ferroptosis-related proteins, unstable iron pools, and respiratory enzymes), resulting in an ideal anti-tumor therapeutic effect.55

GMVDmediates the process of ferroptosis mainly by generating Fe2+ ions and thus catalyzing the Fenton-like reaction.56 The increase in tem-

perature during PTT can accelerate the Fenton-like reaction and enhance the tumor killing ability of ferroptosis.57 We verified these two hy-

potheses and found that under 808 nm laser triggering, GMVD significantly produced ROS and produced more Fe2+ ions than MVD. Due to

time and space constraints, we were unable to further verify the mechanism of GMVD-triggered ferroptosis. We will further explore related

issues in subsequent experimental studies.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GPX4 Proteintech RRID: 67763-1-Ig

b-actin Proteintech RRID: 66009-1-Ig

Chemicals, peptides, and recombinant proteins

Trizol TaKaRa Cat#9108

RPMI Medium 1640 Solarbio Cat#31800

Trypsin-EDTA solution, 0.25% (without phenol red) Solarbio Cat# T1300

Fetal bovine serum (FBS) Cell-Box Cat# AUS-01S-02

4% paraformaldehyde Solarbio Cat#P1110

Critical commercial assays

Cell counting kit-8 (CCK-8) Dojindo Cat#CK04

Calcein-AM/PI Double Stain Kit Dojindo Cat#C542

Lipid Peroxidation Probe -BDP 581/591 C11 Dojindo Cat#L267

FerroOrange Dojindo Cat# F374

Cell Malondialdehyde (MDA) assay kit (Colorimetric method) Nanjing Jiancheng Cat# A003-4-1

Reactive Oxygen Species Assay Kit KeyGen Cat# KGA7308-100

cell cycle Assay Kit KeyGen Cat# KGA9101-100

SYBR� Green PCR Master Mix TaKaRa Cat# RR420A

PrimeScript RT reagent Kit TaKaRa Cat# RR037A

Experimental models: Cell lines

Mouse:4T1 Cell Bank of the Chinese

Academic of Sciences

SCSP-5056

Human:HeLa Cell Bank of the Chinese

Academic of Sciences

SCSP-504

Experimental models: Organisms/strains

Mouse: BALB/c (female, 5 weeks old) Beijing HFK Cat#11002A

Oligonucleotides

Primer:GPX4 forward: TGTGCATCCCGCGATGATT GENEWIZ N/A

Primer:GPX4 forward: CCCTGTACTTATCCAGGCAGA GENEWIZ N/A

Primer: b-actin forward:GGCTGTATTCCCCTCCATCG GENEWIZ N/A

Primer: b-actin reverse:CCAGTTGGTAACAATGCCATGT GENEWIZ N/A

Software and algorithms

Graphprism 8.0 Graphpad https://www.graphpad.com/resources

ModFit LT32 ModFit LT https://www.vsh.com/products/mflt/index.asp
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Unless specified, chemicals were purchased from several commercial companies and used without further purification. FeCl3, NaH2PO4,

Na2SO4 and hydroxylamine hydrochloride were purchased from Aladdin Company (Shanghai, China). HAuCl4$3H2O, Polyethyleneimine, so-

dium citrate and NaOH were all purchased from Macklin Chemical Co. (Shanghai, China). NaBH4 was purchased from Tianjin Fengchuan

Chemical Reagent Co., Ltd. The murine breast tumor cell line (4T1) and human cervical carcinoma cell line (HeLa) were purchased from

the National Collection of Authenticated Cell Cultures (Shanghai, China). The cell lines have been authenticated and were tested for myco-

plasma contamination. Roswell Park Memorial Institute-1640 (RPMI-1640) medium and trypsin-EDTA solution,0.25% (without phenol red),
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were purchased from Beijing Solarbio Science & Technology Co., Ltd. The fetal bovine serum (FBS) was purchased from Cell-Box Co. Balb/c

mice used in animal experiments were purchased from BEIJING HFK BIOSCIENCE CO.LTD. The animal experiment has passed the ethical

review of Henan Institute of Medical and Pharmaceutical Sciences, No. 2022-24.
METHOD DETAILS

Preparations of magnetic vortex naked-nano-donut (MVD)

The synthesis approach of the basic non-magnetic naked-nano-donut was a simple hydrothermal method derived from previous work.58

259.2 mg FeCl3, 1.728 mg NaH2PO4 and 6.248 mg Na2SO4 were mixed in 80 mL aqueous solutions with distilled water. After vigorous stirring

for 30min, themixture was transferred into a hydrothermal reactor liner with a capacity of 100mL for hydrothermal treatment at 220�C in an oil

bath for 24 h. The autoclavewas allowed to cool to room temperature at the end of the experiments. The orange precipitate was separated by

centrifugation (10000 r/min), washed with distilled water and absolute ethanol 8 times, and dried under vacuum at 80�C for following use.

For the reduction experiment on powdered naked-nano-donut, the as-prepared nanoparticles (1.0 g) were flatted on the bottom of a

quartz boat, which was placed in the middle part of a quartz tube and kept horizontally in the furnace. A mixed gas of 5% hydrogen and

95% argon was passed through the quartz tube at a rate of 1.0 L/min for 20 min to remove other gases. Then the system was heated to

400 �C at a speed of 10�C/min and kept at that temperature for 2 h before being cooled down to room temperature.
Preparations of GMVD

On the basis of MVD, colloidal gold was added to synthesize GMVD. First, colloidal gold particles are prepared.59 Add HAuCl4$3H2O (1mL, 1

wt %) to ultrapure water (90 mL). After mixing for 1 min, sodium citrate (2 mL, 38.8 mM) was added and stirred for an additional minute. Then

1 mL of 0.075 wt % NaBH4 in aqueous sodium citrate (38.8 mM) was added, stirring the reaction mixture for 5 min.

The initially formed MVD were heated at 90�C for 2 h in the presence of PEI solution (4 g/L) to self-assemble on their surface with PEI. The

collectedMVD-PEI particles were rinsed 5 times with Milli-Q water and suspended in 80 mL of Milli-Q water, yielding a suspension of NPs (3.2

g/L, pH�7). A 2 mL volume of the above MVD-PEI was then stirred for 2 h with 90 mL of 2 nm colloidal gold particles. The MVD-PEI-Auseed

particles were magnetically separated from excess Au colloid solution and rinsed 5 times with Milli-Q water. The particle surfaces were then

functionalized again with PEI by heating in a 60�C oven for 1 h in the presence of a 5 g/L PEI solution, followed by rinsing 5 times and disper-

sion in 20 mL of Milli-Q water with an ultrasonic probe.

Colloidal gold particles were next grown by iterative reduction of HAuCl4 onto the MVD-PEI-Auseed-PEI. Twenty milliliters of Au-seeded

nanoring were mechanically stirred with 110 mL of 0.01 M NaOH (Ph�11.5). A first iteration of 0.5 mL of 1% HAuCl4 was added along with

0.75 mL of 0.2 M NH2OH$HCl, followed by 0.5 mL of 1% HAuCl4 and 0.25 mL of 0.2 M NH2OH$HCl for the subsequent iterations. A total

of up to five iterations were made, with 10 min in between iterations. The GMVD was then magnetically separated from the reaction mixture,

rinsed 5 times, and dispersed in 20 mL of Milli-Q water with an ultrasonic probe.60
Characterization

GMVD is separated and purified by magnetic adsorption. Particle morphology and crystal lattice were measured using a field-emission scan-

ning electron microscope (FE-SEM, JEOL, JSM-6700F, 15 kV, Tokyo, Japan) and a transmission electron microscope (TEM, Hitachi, HT7800,

120 kV, Tokyo, Japan). The magnetic properties of the NPs were measured at 300 K using a superconducting quantum interference device

(SQUID) magnetometer (Quantum Design MPMS-5S, Quantum Design Inc., San Diego, USA). At room temperature, X-ray diffraction (XRD)

was measured using a Bruker D8 Advance diffractometer (Bruker GmbH, Karlsruhe, Germany). The UV-Vis spectrum was obtained using a

NanoDrop 2000 (Thermo Fisher Scientific Inc., USA), and XPS were measured using a Thermo Scientific ESCALAB Xi+ instrument. The

808-nm NIR laser source LWIRL808-5F (Beijing Laserwave Optoelectronics Technology Co., Ltd., Beijing, China) was used for photothermal

experiments. The high-frequency induction heating equipment (SPG-10A-II, Shenzhen Shuangping Technology Co., Ltd., Shenzhen, China)

was used for magnetic hyperthermia experiments. The MRI data were obtained using a clinical open permanent magnet scanner (GE).
Magnetic hyperthermia effect

The magnetic hyperthermia effect was measured using the handheld infrared thermal camera (HM-TPH21Pro-3AQF, Hikmicrotech Co., Ltd.,

Hangzhou, Zhejiang, China). A high-frequency magnetic induction heating equipment (SPG20A, Shenzhen Shuangping, China) with 80�482

kHz frequency and 5 to 45 A heating current was used to generate the AMF. Water, non-magnetic naked-nano-donut, magnetic iron oxide

nanospheres andGMVD ([Fe] = 5mg/mL) were placed in a coil ofF603 7 turns andmeasured at different powers of 15,20,25,30 A to observe

the temperature changes.

And then specific absorption rate (SAR) was calculated using the following equation:61

SAR = C
DT

Dt

1

mFe
(Equation 1)

Where C is the constant value of the specific heat capacity of water, DT/Dt is temperature change per unit of time, and mFe is the Fe

concentration.
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Photothermal effect

Photothermal effects were quantified by measuring temperature changes using a thermal infrared camera. For phantom studies, GMVD at

concentrations of 0, 38,75,100,150 mg/mL were irradiated with an 808-nm laser at energy densities of 0.7, 1, 1.3, 1.6, and 1.9W/cm2 for 10 min,

during which time the temperature of NP dispersions was monitored continuously. For in vivo studies, Balb/c mice bearing 4T1 tumors were

intravenously injected with GMVD (0.6 mg/mL, 200 mL). Saline was used as control. Twenty-four hours after injection, the tumors were irradi-

ated with an 808-nm laser at 1.6 W/cm2 for 10 min.
Cell viability and cellular uptake

HeLa, 4T1, KYSE-150 and A-375 cells were maintained in 1640 medium supplemented with 10% FBS and cultured at 37�C in a 5% CO2 atmo-

sphere. Cells were first seeded in a 96-well plate at a density of 13 104 cells per well for 24 h. Then, GMVD was added to the wells and incu-

bated with the cells for 12 h. One part of the cells was used to test the dark toxicity of the GMVD, while the other part was subjected to photo-

thermal therapy (PTT) by irradiation with an 808 nm laser at 1.3 W/cm2 for 10 min. Cell viability and dark toxicity were measured using the Cell

Counting Kit-8 (CCK-8) assay kit (Dojindo, Tokyo, Japan). Live and dead cells were stained using a Calcein-AM/PI double stain kit (Dojindo,

Tokyo, Japan) and imaged under a confocal laser microscope (Olympus, Tokyo, Japan).

As for cell uptake experiments, 4T1 cells were first seeded in a 6-well plate at 13 105 cells per well for 24 h; then GMVDwas incubated with

the cells for 12 h. Subsequently, the cells were digested with trypsin and centrifuged. The cells were fixed with glutaraldehyde fixative. After

fixation, the cells were dehydrated, solidified and sectioned, and observed under a transmission electron microscope.
RNA sequencing after photothermal therapy

To confirm the changes in cellular pathways after GMVD photothermal treatment, we collected cells for RNA sequencing analysis. 4T1 cells

were first seeded in a 6-well plate at 13 105 cells per well for 24 h; thenGMVDwas incubatedwith the cells for 12 h. The cells are then irradiated

with an 808 nm laser at 1.3W/cm2 for 10 min. After continuing to culture for 24 h, the cells were collected. RNA sequencing was completed by

Beijing Novogene Technology Co., Ltd., and the KEGG database was used for differential analysis.
Photothermal-triggered GMVD ferroptosis

After confirming the meaningful enrichment of ferroptosis pathways in the RNA sequencing results, we examined the occurrence of ferrop-

tosis at the cellular level, including the production of reactive oxygen species(ROS), increases in lipid peroxides(LPO), malondialdehy-

de(MDA), and ferrous ions(Fe2+), and changes in the related geneGPX4 in ferroptosis. 4T1 cells were seeded overnight in a 25cm2 cell culture

flask at a density of 53 105 cells per well. The cells were incubated with 600 mg/mL GMVD for 12 h and then the cells were irradiated with an

808 nm laser (1.3 W/cm2) for 10 min.

Reactive Oxygen Species Assay Kit (KeyGEN, Nanjing, China) was used to stain the RT-treated cells, which were then visualized under a

confocal laser microscope.

Lipid peroxidation was detected using a C11-BODIPY lipid peroxidation sensor (Dojindo, Tokyo, Japan). 4T1 cells were cultured in 6-well

culture plates (13 105 cells per well) overnight before treating with 600 mg/mL of GMVD for 12 h. After that, the cells were irradiated with an

808 nm laser (1.3 W/cm2) for 10 min and the cells were stained with lipid peroxidation sensor staining solution for 30 min at 37�C. Then, the
stained cells were visualized under a confocal laser microscope.

Malondialdehyde was detected by cellular MDA assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). 4T1 cells were

cultured in 48-well culture plates (2 3 104 cells per well) overnight before treating with 600 mg/mL of GMVD for 12 h. After that, the cells

were irradiated with an 808 nm laser (1.3 W/cm2) for 10 min. After the cells continue to be cultured for 24 h, use a cell scraper to scrape

off the cells. Transfer the cells to a plastic centrifuge tube and crush them tomake a suspension. Take a sample of 0.1mL in a 1.5mL centrifuge

tube, add the working solution prepared with the kit, and measure the absorbance of each well with a microplate reader.

Intracellular ferrous ions (Fe2+) detected by FerroOrange fluorescent probe (Dojindo, Tokyo, Japan). 4T1 cells were cultured in 6-well cul-

ture plates (1 3 105 cells per well) overnight before treating with 600 mg/mL of GMVD for 12 h. After that, the cells were irradiated with an

808 nm laser (1.3 W/cm2) for 10 min and the cells were stained with FerroOrange working solution for 30 min at 37�C. Then, the stained cells

were visualized under a confocal laser microscope, and measured the absorbance of each well with a microplate reader.
In vitro radiotherapy sensitization effect

The radiotherapy sensitizing effect after the addition of gold was confirmed through cell experiments, and the inhibition of cell growth by

GMVD was tested, including colony formation experiments, cell cycle detection, cell migration experiments, etc. HeLa cells were seeded

overnight in a 25cm2 cell culture flask at a density of 5 3 105 cells per well. The cells were incubated with 300 mg/mL GMVD and

500 mg/mL SodiumGlycididazole (CMNa) for 12 h and then subjected to X-ray radiation at doses of 0, 2, 4, 6, and 8Gy. The cells were digested

and centrifuged with trypsin, washed with PBS, fixed in 70% ethanol for 12–24 h, and stained with Cell Cycle Assay Kit (KeyGEN, Nanjing,

China). The fluorescence intensity of individual cells was measured and quantified on a flow cytometer (Beckman, California, USA).

HeLa cells were seeded overnight in a 25cm2 cell culture flask at 53 105 cells per well for the colony formation assay. They were then incu-

bated with 300 mg/mL GMVD for 12 h and treated with X-rays at doses of 0, 2, 4, 6, and 8 Gy. Next, 13 103 cells were seeded into 6 well plates
iScience 27, 110533, October 18, 2024 19
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and cultured for 14 days. After that, the cells were fixed with methanol and stained with Giemsa. Colonies withR50 cells were counted using

ImageJ software. Finally, the clone formation rate was calculated. Clone formation rate = (clone number/inoculated cell number) 3 100%

For cell migration assay, HeLa cells were seeded overnight in a 6-well plate at 1 3 105 cells per well. When the cells reached about 95%

confluence, theywere treatedwithGMVDat concentrations of 0, 38, 75, 150, 300, and 600 mg/mL for 12 h and then subjected to X-ray radiation

at a dose of 4 Gy. After treatment, the cell layers were scraped with a sterile 0.1 mL pipette tip to create gaps. The cells were then cultured in a

serum-freemedium for 24 and 48 h, and the width of the scratches was observed under amicroscope. Cell migration rate = (0 h scratch width-

wound width after culture)/0 h scratch width 3 100%
T2-weighted MR imaging

To demonstrate the T2 relaxation effect of GMVD, magnetic resonance imaging examinations were performed at both the material and an-

imal levels. All MRI experiments in this study were performed on a 0.35 Tesla (XGY-OPER, Ningbo Xingaoyi Co., Ningbo, China). In order to

calculate the R2, different concentration (0,0.05,0.1,0.2,0.4,0.8mg/mL) of nanoringGMVDwas dispersed in an aqueous solution and fixedwith

0.8% agarose gel in 2-mL EP tubes. Then, the phantoms were scanned with Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence in a single

coronal slice with the following parameters: repetition time (TR) = 4,000 ms, echo time (TE) = 12, 24, 48, 72, 96, 108, 120, 132, 168, 180, and

192 ms, bandwidth = 50 kHz, matrix = 1283 128, and slice thickness = 5 mm. After acquisition, T2 fitting was carried out using the non-linear

curve-fitting method and the reciprocal of T2 is R2.

For in vivo imaging, nude mice bearing 4T1 tumors were intravenously injected with 200 mL of GMVD at a concentration of 600 mg/mL. MR

images were scanned at 0,1,2, 4,6,8,12 and 24 h after the injection of GMVD. Mouse was scanned with T2W fast spins echo method at pre-

defined time points with the following parameters: TR = 3,000 ms, effective TE = 40 ms, echo train length (ETL) = 12, matrix = 1283 128, and

field of view (FOV) = 50mm3 50mm. The signal intensity of the tumor and any other organswas extracted using the ImageJ software package

(Rasband W., National Institutes of Health, United States) for future quantitative analysis.
Photoacoustic imaging

In order to demonstrate the photoacoustic imaging effect of GMVD, imaging examinations were performed at both the material and animal

levels. The results of photoacoustic imaging (PAI) are achievedby a small animal in vivomulti-spectral whole-body tomography photoacoustic

imaging system (iThera Medical MSOT inVision 64, Munich, Germany). For in vitro testing, 0,38,75,150,300,600 mg/mL concentrations of

GMVD were loaded in plastic straws and tested under the wrapping of gels. For in vivo tests, mice were injected with 200 mL at

600 mg/mL GMVD NPs through the tail vein, and the imaging changes of the tumor site were observed at 0,2,4,6,8,10 and 24 h, respectively.
Animal models

In order to verify the synergistic tumor treatment effect of GMVDwith photothermal/radiotherapy, experiments were conducted using Balb/c

mice to form subcutaneous tumors. Female Balb/c mice, 5 weeks old, were subcutaneously inoculated with 53 106 4T1 cells on the right flank

and assigned to the following six groups after tumors had formed: (1) saline as a control, (2) GMVD, (3) PTT + RT, (4) GMVD+ PTT, (5) GMVD+

RT, and (6) GMVD + PTT + RT. The doses for each treatment were as follows: PBS 200 mL, GMVD 200 mL at 600 mg/mL, PTT using an 808-nm

laser at 1.6W/cm2 for 10min, and RT at 4 Gy X-ray. PBS or GMVDwere intravenously injected 8 h before treatment. Tumor volume andmouse

body weight were monitored daily for 12 days after treatment using the following formula: V = length3width2/2. Upon animal euthanization,

part of tumor tissues and major organs (heart, liver, spleen, lung, and kidney) were excised, washed with PBS, and fixed in 5% formaldehyde.

Tumor and tissue sections were then stained with hematoxylin and eosin (H&E) and TUNEL, and examined with a Panoramic Tissue Scanner.

Another part of the tumor was grinded in a fresh state and homogenized, and the protein was extracted for western blot experiments.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with GraphPad Prism (version 8.0, San Diego, CA). T-test was used for analyzing differences between

groups. The mean values G SEM was showed in figure, and statistically signifcant differences marked with * indicate p < 0.05, ** indicate

p < 0.01, *** indicate p < 0.001 and **** indicate p < 0.0001.
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