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Abstract High-atomic-number nanomaterials have garnered significant attention in the field of tumor radiosensitization
due to their ability to enhance localized energy deposition and amplify radiation-induced physicochemical damage
upon irradiation. To establish an efficient radiosensitization system for hepatocellular carcinoma (HCC) radiotherapy,
a hydrothermal method was employed to synthesize HfO, nanoparticles with a primary size distribution of 50—100 nm, a
monoclinic crystal phase, and excellent dispersion. The in vivo behavior, radiosensitization efficacy, and preliminary
safety of the test substance were systematically evaluated in a rabbit orthotopic liver cancer model following transarte-
rial infusion. TEM, XRD and EDS characterization indicated that the obtained HfO, nanoparticles exhibited regular
morphology, high purity, and stable crystalline phases. The results of ICP-MS, CT, and TEM analyses demonstrated
that following hepatic arterial administration, HfO, nanoparticles achieved high enrichment and sustained retention
within tumor tissues over time. Accumulation in major organs such as the heart, lungs, and kidneys was minimal,
with only the spleen, which is rich in phagocytes, demonstrating notable aggregation. The combination of HfO, and
radiotherapy led to a substantial reduction in tumor volume and weight when compared to radiotherapy alone.
Histological and molecular analyses revealed that the treatment resulted in extensive necrosis, a significant
decrease in Ki-67 positivity, and elevated levels of y-H2AX expression and intracellular reactive oxygen species
accumulation. This finding suggests that HfO, nanoparticles augment radiation-induced DNA damage and oxidative
stress, thereby potentiating the antitumor effects of radiotherapy. Serum cytokine analysis revealed elevated levels of
inflammation-related factors in the combination therapy group, accompanied by a relative reduction in lung metastasis
burden. This finding indicates that, in addition to directly amplifying local radiation-induced damage, the combina-
tion therapy may elicit a systemic immune response. No significant acute toxicity was observed in hematological assess-
ments, biochemical parameters, or major organ pathology, indicating good tolerability of HfO, nanoparticles under
the study dosage and administration conditions. This work provides experimental evidence covering material prepara-
tion, in vivo distribution, radiosensitization effects, and preliminary safety for the further development and transla-
tional application of HfO,-based nanoradiosensitizers in hepatocellular carcinoma treatment.

Keywords Hafnium dioxide nanoparticle; Radiosensitization; Orthotopic hepatocellular carcinoma; Transarterial

hepatic infusion; Tumor metastasis burden
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Fig.1 TEM images(A, B), HRTEM image(C), size distribution(D), EDS spectrum(E) and XRD pattern(F) of HfO,
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Fig. 2 In vivo distribution of HfO, nanoparticles

(A, B) ICP-MS analysis of Hf in tumor tissues(A) and para-tumor tissues(B); (C, D) TEM images of HfO, inside vascular endothelial
cells(C) and cytoplasmic vesicles of tumor cells(D); (E, F) CT images of the rabbit abdomen showing HfO, nanoparticles at the tumor
margin (E) and within the tumor(F) ; (G, H) TEM images of tumor tissues(G) and para-tumor tissues (H) at Day 2, 5, and 12. * P<
0. 05; ** P<0. 01; *** P<0. 001.
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HRIETH2 46% , 156 B HIO, A KO ELAT S22 () 1A PR RS 14 e e
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Fig.3 Representative abdominal CT images of orthotopic liver tumors in rabbits(A) and
comparison of tumor weight(B)
* P<0.05; ** P<0.01; *** P<0. 001.
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Fig. 4 Evaluation of the antitumor efficacy of HfO, nanoparticles in vivo
(A) Representative HYE and fluorescent staining images (ROS, y-H2AX and Ki67) of tumor tissues; (B—D) Quantitative analysis of
Ki67(B), y-H2AX(C), and ROS(D) fluorescence in(A). * P<0.05; ** P<0. 01; *** P<0. 001.
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Fig. 5 Expression of IL-6(A), IL-12(B), TNF-a(C), IFN-y(D) and IL-18(E) in rabbit serum
* P<0. 05; ** P<0. 01; *** P<0. 001.
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Fig. 6 Results of hematological blood chemistry parameters from rabbit after different treatments
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