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A B S T R A C T 

Based on the ionizing radiation applied to the malignant tumor tissue, radiation therapy (RT) is the frequentlyused non-surgical approach for cancer 

treatment. Hafnium Oxide (HfO2) based nanoagent has been used in clinical trials for radiosensitized tumor therapy. However, the current reported 

clinically used HfO2 nanoparticles are relay on intratumoral injectable, and the unmodified HfO2 nanoparticles tend to be aggregated in serum and 

cannot be injected by intravenous route, which significantly limited the types of treatable cancer. To overcome the limitation, in this work, we 

developed a large-scalable, intravenously injectable, and clearable HfO2 nanoassemblies (NAs) to enhance the radiotherapeutic effects. The HfO2 

NAs exhibited meaningfully promoted free-radical generation upon X-ray radiation for cancer cell killing due to the improved the sensitiveness of 

the breast cancer cells. The PEGylated HfO2 NAs demonstrated efficient tumor-homing ability via intravenous injection and manifested by HfO2 NAs 

enhanced CT imaging in a 4T1 breast tumor model. Utilizing the radiation sensitization function of HfO2 NAs, excellent tumor killing efficacy was 

achieved via both intratumoral and intravenously injection administration. Importantly, our HfO2 NAs could be degraded and excreted efficiently in 

a reasonable period in living body and avoid long-term toxicity. Taken together, our work provides a new technique by an injectable CT imaging-

guided radio-sensitivitiable nanosystem for the further potential clinic translation.  
1. Introduction 

Ionizing radiations, as one of the most commonly used non-surgical interventions, has been widely used in the field of clinic 
cancer diagnosis and therapy owing to high tissue penetration [1,2]. Over half of newly diagnosed cancer patients are receiving 
radiation therapies (RT) annually. Nevertheless, the high-energy radiations, which can break double strands in the DNA [3], need 

to be limited to reduce the damage to the surrounding normal tissue [4]. Therefore, the ultimate strategy is to deposit radiation 
doses at the site of tumors and reduce the radiation intensity around surrounding healthy tissues.  

Radiation dose deposit within desired tissues is associated with their ability to interact with/absorb X rays. The incursion of 
material containing high electron density at position X rays irradiated can increase efficient X-ray absorption, which is supposed 
to act as an X-ray contrast agent in computed tomography (CT) [5]. Meanwhile, nanosized theranostics are also beneficial for 
tumor-homing via enhanced permeation and retention (EPR) effect [6,7]. Thus, developing nanoparticles with high electron density 

possess great advantage as they can locate at the tumor site by EPR effect and acquire a large dispersion within tumor tissue and 
intimately interact with specific subcellular structures, which offer the possibility to deposit high amounts of radiation energy when 
irradiated by ionizing radiation. 

Heretofore, most previous studies of radio enhancer for cancer therapy are focused on high atomic number metal-nanostructures 
containing gold [8–10], bismuth [11–14], gadolinium [15], and rare earth elements [16]. These high atomic number NPs represent 
a radiation enhancers approach for the local treatment of solid tumors. Among them, NBTXR3 NPs, a newly developed radio-

sensitization, have been used to replace metallic nanoparticles with the composition of hafnium oxide (HfO2 is an oxides compound 
made of hafnium (atomic number, 72), with a high density of 9, can efficient deposit the high energy of X-rays for radio-enhancer 
therapy. Meanwhile, this compound is physically and chemically inert, making it providing beneficial characteristics from a 
biosafety perspective. Moreover, NBTXR3 NPs have been stepped into European Phase II/III clinical trial for radiotherapy. Once 
the HfO2 NPs accumulates in tumor cells, the HfO2 radio-enhancer will generate large quantities of electrons when irradiated by 
X-ray, which could promote the cancer cells killing ability and reduce the damage of side effects to sounding healthy tissues [17–

19]. Nevertheless, despite these advances, the previous study about the radio-therapeutic enhancement of HfO2 NPs mainly rely on 
intratumoral injection [17–21]. It has been demonstrated that intravenous (i.v.) and intratumor (i.t.) administration are the two 
common routes for therapeutic nanoparticles (NPs) delivering to tumor and i.t. is more efficient for NPs uptake within the tumor 
than i.v. injection [22]. However, limited tumor types are suitable for i.t. injection. Up to present, the i.v. injection of reported HfO2 

NPs have not been carefully studied. The synthesis method of reported NBTXR3 NPs, composed of crystalline HfO2 covered by a 
negatively charged phosphate coating, has not been careful discussed [17]. The research of morphological and structural 

characterization and the modification have not been fully researched [19,23]. Meanwhile, there have been few reports demonstrated 



whether the NBTXR3 NPs can be dispersed and stable in different physiological solutions. Therefore, further verification is 
required for HfO2 NPs uesd via i.v. injection. Meanwhile, the in vivo behavior of HfO2 NPs after intravenous injection, 
compromising pharmacokinetics, body distribution, and radiotherapy performance, have never been systematically investigated. 

In addition, the synthesis method of radio dose enhancement NBTXR3 NPs has not been careful discussed according to previous 
work reported [15–20,23]. Some previous works have reported that HfO2 can be synthesized by precipitating method. However, 
the synthesized HfO2 NPs seem to exhibit poor monodispersity, which are not suitable for via i.v. injection [24–26]. Other the 
available preparation method for uniform HfO2 NPs are harsh, such as in the condition of anhydrous and anaerobic [27].  

Here, we reported on the surfactant-free synthesis of dispersive and stable aqueous phase HfO2 nanocrystal assemblies (NAs) 
for cancer theranostic application (Scheme 1). The synthetic procedure is simple, not time-consuming, and easy to scale up. 

Moreover, it was discovered that the HfO2 NAs are exhibiting excellent biocompatibility with the potential for clinical translation. 
Meanwhile, HfO2 NAs have shown rather stable performance in the different medium after the modified process, which is 
propitious to long circulation after i.v. injection. The in vivo pharmacokinetics and body distribution performance of this PEG-
modified HfO2 NAs have been systematically revealed by inductively coupled plasma atomic emission spectrometry (ICP-AES) 
and non-invasive imaging methods. Subsequently, the radiotherapeutic enhancement property of the HfO2 NAs was also 
investigated via both in vitro and in vivo study. Specifically, the efficacy of RT was performed in vivo using 4T1 tumor models 

bearing mice after both intratumoral and intravenous injection. Finally, the toxicological evaluation was carried out to analyze 
short and long-term toxicity.  

2. Materials and methods  
2.1. Synthesis of HfO2 nanocrystal assemblies (NAs)  
The HfO2 NAs were synthesized by microwave-hydrothermal (MH) method. Typically, 0.05 mol L−1 of HfCl4 were stirred at 

80 °C for 1 h. Subsequently, 100 mL of sodium hydroxide solution (0.05 mol L−1) was slow added and stirred at room temperature 

for 30 min. Then, the mixture solution was sealed and placed inside the MH system (0.285 MPa, 700 W). The MH conditions were 
set at 160 °C for 1 h. The heating rate was fixed at 10 °C min−1. After MH procedure, this resultant solution in Teflon autoclave 
was centrifuged and washed with deionized water several times, and the white colloidal precipitates were collected for further 
modification.  

Scheme 1. Schematic illustration of the synthesis process of HfO2 nanocrystal assemblies and enhanced radiotherapy performance against tumor. 

Fig. 1. Characterization of the HfO2 Nanocrystal Assemblies (NAs). (a) TEM images (the inset shows the corresponding SAED pattern.), (b) 



Enlarged TEM images, (c) HRTEM image, (d,e) HAADF-STEM elemental mapping and EDX patterns images of HfO2 NAs,(f,g) X-ray diffraction 

pattern and XPS spectrum of HfO2 NAs. 
2.2. In vitro experiments  
γ-H2AX immunofluorescence staining was performed by the following method. 4T1 cells were incubated with/without HfO2 

NAs (0 or 100 μgmL−1) for 6 h. After the culture process, the 12-well plates were exposed to X-ray irradiation at 6 Gy. 1 h later, 

4T1 cells were fixed by paraformaldehyde and washed with PBS. The γ-H2AX immunofluorescence staining assay was conducted 
according to the standard protocol and imaged by a Zeiss confocal fluorescence microscope.  

For clonogenic assay experiment, 4T1 cells were incubated with/ without HfO2 NAs (0 or 100 μgmL−1) for 24 h. Subsequently, 
the 6-well plates were treated to X-ray irradiation at different doses (0, 2, 4, 6, and 8 Gy). After washing twice with PBS solution, 
the cells were further cultured with DMEM medium for 8 days. In the end, the 4T1 cells were fixed by methanol for 10 min and 
then stained by crystal violet for 20 min. The surviving fraction = (surviving colonies)/(cells seeded×plating efficiency).  

2.3. In vivo experiments  
All mice studies were conducted abide by the requirements of Zhejiang University Animal Study Committee for the care and 

use of laboratory animals in research. Eight weeks old female Balb/c nude mice were obtained from Slac Laboratory Animal Co., 
Ltd (Shanghai, China). For the mice model in this study, 1×106 4T1 cells were diluted with 150 μL PBS and s.c. injected into every 
mouse to establish the 4T1 breast cancer mice model.  

For in vivo radiotherapy performance, both intratumoral (i.t.) and intravenous (i.v.) injection of the NAs were performed in our 

study. For i.t. injection, HfO2 NAs were administrated with a concentration of 10 mg mL−1 (50 μL). For i.v. injection, HfO2 NAs 
were administrated with a concentration of 30 mg mL−1 (200 μL). The tumor-bearing mice in both i.t. and i.v. injection was 
randomly divided into four groups, respectively: Group 1: PBS; Group 2: HfO2 NAs; Group 3: X-ray irradiation without HfO2 

(RT); Group 4: HfO2 NAs + RT. For i.t. injection, the mice in groups 3 and 4 were exposed to X-ray radiation with 6 Gy after 
administrated of HfO2 NAs, immediately. For i.v. injection, the mice in groups 3 and 4 were also exposed to X-ray radiation with 
6 Gy after administrated of HfO2 NAs for 4 h. The tumor volume= length×width2/2. After the therapeutic process, tumors of 

different groups were dissected to make paraffin sections for further H& E staining. 
For in vivo long term biodistribution and toxicity: 200 μL of 30 mg mL−1 HfO2 NAs were i.v. administrated into Swiss mice (8 

weeks old, female) and sacrificed at different time points (0.1 h, 3 h, 12 h, 24 h, 48 h, 72 h, 14 days, and 90 days, n=3).   

Subsequently, the major organs were gathered to investigate the biodistribution of HfO2 NAs. Heart, liver, spleen, lung, kidney, 

stomach, intestine, skin, muscle, and bone were collected at the appointed time points and solubilized by aqua regia for ICP-AES 

to measure the Hf values. 

For histological studies, the collected major organs (heart, liver, spleen, lung, and kidney) were fixed in 10% neutral buffered 

formalin and subsequently treated with paraffin for H&E staining. The stained slices were studied on a digital microscope (Leica 

QWin, Buffalo Grove, IL, USA). 

 
Fig. 2. In vitro studies of radioenhancer performance of HfO2 NAs. (a) Colony of 4T1 cells treated with PEG-HfO2 NAs (100 μgmL−1) with the 

different X-ray radiation (from 0 to 8 Gy), (b) Dose-effect curve of 4T1 cells survival detection by clonogenic assay (n=3), (c,d) Evaluation of 

apoptosis rates of 4T1 cells treated with or without X-ray (6 Gy) in the presence or not the presence of HfO2 NAs for 24 h. (e) Digital images of 

4T1 cells after the cell scratch treatment. Scale bars: 100 μm. (f) Representative fluorescence images of DNA fragmentation and nuclear 

condensation induced by HfO2 NAs (100 μgmL−1) exposed to X-ray radiation (6 Gy), stained with DAPI and γ-H2AX for nuclear visualization and 

DNA fragmentation, respectively. Scale bars: 10 μm. (g) Representative fluorescence images of the degree of cell oxidative stress. 4T1 cells were 

stained with DAPI and DCFH-DA for nucleus and ROS, respectively. Scale bars: 50 μm. (h) Expression of proapoptotic proteins Bax, anti-

apoptotic proteins Bcl-2 and apoptotic protein cleaved caspase-3 in 4T1 tumor cells after different treatment. P values, **p < 0.01, ***p < 0.001. 
3. Results and discussion 



3.1. Characteristics of HfO2 nanocrystal assemblies (NAs) 

The TEM micrographs indicate HfO2 NAs demonstrate uniform spindle-like shape with good monodispersity, and the average 

diameter is ~65 nm (Fig. 1a). Further, the insert selected area electron diffraction (SAED) pattern demonstrates legible diffraction 

rings, suggesting the highly polycrystalline nature of HfO2 NAs formed by using this simple microwave hydrothermal approach. 

Additionally, the magnified TEM demonstrated the HfO2 NPs were formed by assembled nanocrystals (Fig. 1b). At a higher 

magnification, the lattice fringes become apparent, and the distance between the adjacent lattice fringes is ~0.285 nm, which is 

well to agree with the interplanar spacing of (110) of monoclinic HfO2 phase (Fig. 1c). The element mapping and 

energydispersive X-ray spectroscopy (EDS) spectrum indicate that Hf and O elements are homogeneously distributed within 

polycrystalline HfO2 matrix (Fig. 1d&e). Further, the X-ray diffraction (XRD) pattern of HfO2 NAs shows the well-defined 

diffraction peaks corresponded to monoclinic HfO2 (JCPDS 34–0104) with no impurities (Fig. 1f) [28]. X-ray photoelectron 

spectroscopy (XPS) survey spectra of the synthesized HfO2 NAs were investigated to identify chemical composition and states. 

The corresponding peaks of the Hf and O elements at their corresponding binding energies are exhibited in Fig. 1g. Peaks at 

~211.9 and ~224.1 eV are attributed to the Hf4d featured spin-orbit doublet of HfO2. The characteristic peak at ~380.8 eV is 

attributed to the Hf4p photoelectron line. The emerging of the C1s peak at ~285 eV is ascribed to carbon element, and the distinct 

peaks at ~531 eV are ascribed to O1s. Therefore, the XPS results confirm the composition and purity of the HfO2 NAs.  
Subsequently, different physiological solutions were used to investigate stable performance. As demonstrated in Fig. S1, the 

bare HfO2 NAs can hardly be dispersed in PBS and DMEM solution and form flocculent precipitate after added to the two media 

solution, immediately. Meanwhile, the hydrodynamic diameter of unmodified HfO2 NAs increase to micron level after dispersed 

in FBS solution. In spite of that, the unmodified HfO2 NAs can be stable and good monodisperse state in pure water. If so, it is 

rather difficult to obtain the prolonged circulation in the bloodstream after intravenous (i.v.) injection for the unmodified HfO2 

NAs. Although the intratumoral i.t. injection is an available therapy method for tumors, the distribution of unmodified HfO2 NAs 

in the tumors will be rather inhomogeneous after i. t. injection, which may delay the therapeutic effect. Moreover, limited tumor 

types are suitable for i.t. injection to acquire the treatment effect and i.v. injection is most commonly utilized with the merit that 

it yields high systemic bioavailability of therapeutics. Therefore, the unmodifid HfO2 NAs tend to be aggregated in serum 

solution and cannot be injected by i.v. method, which we hypothesize may be one of the reasons why i.v. injection of reported 

HfO2 was not done in previous studies and it is highly desirable to develop the intravenous HfO2 NAs for future clinical 

applications.  
In this study, the stability of HfO2 NAs in different physiological solutions has been greatly improved by surface modification 

with the aim to prolong their circulation in the bloodstream and enhance their accumulated at tumor section to promote 

therapeutic efficiency. The synthesized HfO2 NAs were then modified with PEG polymer to achieve the water-soluble and 

biocompatible property [29]. The HfO2 NAs showed a positive surface charge at the beginning. Then negatively charged polymer 

PAA coated to the surface via electrostatic binding to form the negatively charged HfO2-PAA. PEG-NH2 molecule was final 

reacted with surface carboxyl groups on HfO2-PAA (Fig. S2). The final PEG-modified HfO2 NAs slight negative charged, which 

is beneficial for long-circulating after i.v. administration. Meanwhile, the sizes of HfO2 NAs measured by DLS were also mildly 

increased during the surface modified process, and the hydrodynamic diameter of the final modified HfO2-PEG NAs is ~100 nm. 

TEM images of as-produced HfO2-PEG clearly showed an amorphous polymer shell with a thickness of about 5–8 nm covering 

the surface of HfO2 NAs, which did not exist before the modified process (Fig. S2c). Furthermore, the examination using XPS 

spectrum demonstrated the coexistence of Hf, O, N, and C elements in the HfO2-PEG complexes (abbreviate as HfO2), reflecting 

the successful PEG-NH2 molecules modification of HfO2 NAs (Fig. S2d). Furthermore, HfO2 NAs can be gram-scale and 

reproducible synthesized by our rapid and convenient microwave hydrothermal method. Meanwhile, the modified HfO2 NAs 

demonstrated good stability in different media solution (Fig. S3), which advances the current HfO2 nanotherapeutics for clinical 

intravenous injection.  



 
Fig. 2. In vitro studies of radioenhancer performance of HfO2 NAs. (a) Colony of 4T1 cells treated with PEG-HfO2 NAs (100 μgmL−1) with the 

different X-ray radiation (from 0 to 8 Gy), (b) Dose-effect curve of 4T1 cells survival detection by clonogenic assay (n=3), (c,d) Evaluation of 

apoptosis rates of 4T1 cells treated with or without X-ray (6 Gy) in the presence or not the presence of HfO2 NAs for 24 h. (e) Digital images of 

4T1 cells after the cell scratch treatment. Scale bars: 100 μm. (f) Representative fluorescence images of DNA fragmentation and nuclear 

condensation induced by HfO2 NAs (100 μgmL−1) exposed to X-ray radiation (6 Gy), stained with DAPI and γ-H2AX for nuclear visualization and 

DNA fragmentation, respectively. Scale bars: 10 μm. (g) Representative fluorescence images of the degree of cell oxidative stress. 4T1 cells were 

stained with DAPI and DCFH-DA for nucleus and ROS, respectively. Scale bars: 50 μm. (h) Expression of proapoptotic proteins Bax, anti-

apoptotic proteins Bcl-2 and apoptotic protein cleaved caspase-3 in 4T1 tumor cells after different treatment. P values, **p < 0.01, ***p < 0.001. 
3.2. In-vitro enhanced radiosensitizing effect of HfO2 NAs  

The cytotoxicity performance of HfO2 NAs was evaluated before investigating their therapeutic effects. In this study, the MTT 

assay using 4T1 cells was conducted to examine the biocompatibility of HfO2 NAs. As revealed in Fig. S4, the relative cell 

viability retained over 85% when the concentration of HfO2 NAs increased from 0 to 500 μgmL−1 after incubation for 24 h. 

Moreover, the live/dead cell staining fluorescence images accommodated with MTT assay results (Fig. S5). Therefore, all the 

above date indicated that the HfO2 NAs prove good biocompatibility and low cell cytotoxicity. Subsequently, the cell colony 

formation, apoptosis, γH2AX analysis and wounding healing assay were conducted to evaluate the therapeutic effects upon X-

ray irradiation of HfO2 NAs on 4T1 cells. As shown in Fig. 2a&b, the cell colony formation and cells viability of the HfO2 NAs 

samples exposed to X-ray irradiation with diverse doses ranging from 0 to 8 Gy exhibit significantly reduced compared with the 

cells in the absence of HfO2 NAs. The survival fraction is of 0.49 for HfO2 NAs group, adequately lower than 0.74 for the control 

group when irradiated at 2 Gy. The calculated sensitization enhancement ratio (SER) value of HfO2 NAs was about 1.38, which 

is in agreement with the previous studies [30,31]. Subsequently, the enhanced radiation therapeutic effects against 4T1 cell of 

HfO2 NAs was subsequently quantitatively evaluated by flow cytometry method. As indicated in Fig. 2 c&d, the HfO2 NAs with 

concentration of 100 μgmL−1 evidently impel the apoptosis rate of 4T1 cells from 7.88% to 13.87% upon 6 Gy X-rays irradiation 



at the time point of 24 h. These prominent sensitization enhanced effects can be rooted in the synergistic effect of Compton 

electrons, scattered photons, photoelectrons, electron-positron pairs, and Auger electrons, caused by the HfO2 NAs [3]. 

Meanwhile, the area of the scratch in the HfO2+RT group is largest compared with other three groups after cultured for 24 h, 

implying that the HfO2 NPs plus X-rays irradiation can significant inhibit the migration of 4T1cells due to the faded cell viability, 

while the HfO2 NAs group did not affect the cell viability compared with the control group (Fig. 2e and Fig. S6.). Therefore, 

HfO2+RT group exhibited the lowest cell activity [32,33]. The γH2AX immunofluorescence assay, as exhibited in Fig. 2f, 

further demonstrated that the HfO2 NAs + RT could amplify immunofluorescence intensity caused by X-ray radiation, revealing 

an enlarged DNA molecule damage, while the mere RT group do not lead to drastically effect compared with HfO2 NAs and 

control group. The enhanced radiotherapy performance is considered to be ascribed to the DNA damage owned to reactive 

oxygen species (ROS) owing to the high X-ray attenuation of Hf element [34,35]. Therefore, the capacity of ROS generation 

caused by HfO2 NAs after X-ray radiation was investigated in vitro using 4T1 cancer cell. DCFH-DA fluorescent dye was 

applied to detect the generated ROS in the 4T1 cell. As illustrated in Fig. 2g, the fluorescence intensities of DCF intracellular in 

the group that treated with RT + HfO2 were meaningfully higher than that of only RT treatment, illustrating that HfO2 NAs 

possess the potential to be acted as a radiosensitizer to advance radiotherapy effect by heightening the ROS generation. To 

further investigate the 4T1 tumor cell apoptosis pathway induced by HfO2 NAs based radiosensitization, Western blot was 

studied to analyze the protein expression of Bax, Bcl-2, and caspase- 3 (Fig. 2h). HfO2 NAs + RT group showed the highest 

protein expression level of caspase 3, indicating the apoptosis-inducing cancer cell killing effect [36]. The Bax, as a pro-

apoptotic protein, serve as regulon in apoptosis process, while the Bcl-2, an anti-apoptotic protein, acts as a pivotal role in 

controlling cell survival via distracting the programmed cell death process [37]. As shown in Fig. 2h, the level of Bcl-2 was 

down-regulated, and the Bax was up-regulated in the 4T1 cells when exposed to X-ray irradiation. The highest Bax activity in 

HfO2 NAs + RT group demonstrated the maximum effect on generating cell apoptosis.  
3.3. In-vivo fluorescence and CT imaging  

The HfO2 NAs were labeled with IR780 to investigate the distribution of HfO2 NAs in tumors at different time points after 

i.v.injection. As demonstrated in Fig. 3a, the IR780/HfO2 NAs group revealed prominently stronger fluorescence signals at the 

tumor region compared to free IR780 group. Meanwhile, 24 and 48 h after injections, the fluorescence signals of IR780/HfO2 

NAs group could be detected in tumors and be the highest at point of 24 h. However, the fluorescence signals of pure IR780 

almost disappeared after 24 h post injection. After 48 h, the mice were sacrificed to harvest tumors and major organs and 

analyzed using the same imaging system (Fig. 3b). As expected, higher tumor fluorescence signal were noticed in IR780/HfO2 

group, which was consistent to the whole-body fluorescent imaging observation. The above results are in agreement with the 

findings reported elsewhere [38,39]. Apart from the enhanced radiotherapeutic effect, the characteristic X-ray attenuation ability 

of hafnium element also enables the HfO2 NAs a favorable CT imaging functionality. In the study, the X-ray attenuation of both 

HfO2 NAs and clinical iopromide were careful compared in vitro. Fig. 4 proves the CT image of an aqueous dispersion of the 

HfO2 NAs and iopromide at different concentrations. It was clearly observed that both the CT signal intensity was increased as 

the concentration goes up. One notable fact is that, the Hounsfield Units (HU) values increased linearly with the concentration of 

HfO2 NAs and iopromide solution. Meanwhile, the HfO2 NAs have a higher HU intensity than iopromide molecules. The slope of 

the HU value was about 58.34 HU L‧g−1 and 30.38 HU L‧g−1, respectively. An analysis of the in vitro CT contrast efficiency 

showed that the HU value of HfO2 NAs was higher than that of iopromide at equivalent mass concentration attributed to the 

larger X-ray attenuation coefficient of Hf element. The in vivo CT imaging was further investigated by dispersing the HfO2 NAs 

in PBS solution and then were intravenously administrated into tumor-bearing mice. Fig. 4c represents the in vivo tumor CT 

images before and after intravenous injected of HfO2 NAs solution through tail vein. The CT signal of the tumor section 

remarked by a circle was primarily around ~47 HU before injection and risen to ~103 HU post contrast after 24 h. Further, TEM 

was employed to ex vivo analysis of tumor section to determine the internalization of HfO2 NAs in tumor cells after intravenous 

administration. The TEM images of tumor sections clearly indicate HfO2 NAs as dark spots in the tumor cells due to uptake 

effect via enhanced permeability and retention (EPR) effect. Therefore, these results intelligibly demonstrated that the HfO2 NAs 



possess enough ability of substantial tumor homing and a promising CT contrast agent for the in vivo therapeutic application.  

 
Fig. 3. In vivo evaluation the distribution of HfO2 NAs after i.v. injection of free IR780 and IR780/HfO2 NAs: (a) Fluorescence imaging of the 4T1 

tumorbearing mice at 0, 2, 6, 24 and 48 h Ex vivo fluorescence images of the harvest major organs and tumors at 48 h after i.v.injection of free IR780 

and IR780/HfO2 NAs. 

 
Fig. 4. CT imaging of HfO2 NAs. (a) CT images of two series of aqueous solutions containing HfO2 NAs or iohexol with different concentrations 

(0, 0.625, 1.25, 2.5, 5, 10, and 20 mg mL−1), (b) In vitro CT value (in Hounsfield unit, HU) as a function of HfO2 NAs or iohexol concentration 

demonstrating Hounsfield unit values of the BNTs were slightly higher those of iohexol at equivalent concentrations., (c) CT images of a mouse 

before (left) and after (right) intravenous injection of HfO2 NAs (20 mg mL−1, 200 μL), with the tumor being indicated by a rainbow circle. (d) The 

TEM image of tumor sections of a mouse after intravenous injected with HfO2 NAs. (e) EDS spectrum of tumor sections of (d). 
3.4. In-vivo enhanced radiosensitizing performance against tumor  

To evaluate the in vivo antitumor efficiency by radiation enhancement, a single dose of HfO2 NAs (10 mg mL−1) was 

administered intratumorally. The 4T1 tumor-bearing mice were randomly divided into four groups: Control, HfO2, RT alone, and 

RT + HfO2. As exhibited in Fig. 5a&b, a prominent shrinkage of the tumor volume of RT + HfO2 was observed compared to the 

control and HfO2 group, RT + HfO2 group effectively delayed tumor growth compared with RT alone, indicating the competent 

radiosensitization of HfO2 NAs for in vivo tumor therapy. Complete tumor destruction was achieved by 18 days for the RT + 

HfO2 group, and transformed into thorough remission without a evident loss in body weight post-treatment compared with other 

three groups, demonstrating that the mice were in a better state during the therapeutic process. As expected, the mean tumor 

weight of RT + HfO2 group revealed the lightest tumor weight compared with all other groups. To further evaluate RT cancer 

cell killing ability, the tumors were dissected for H&E staining. Histological analysis showed that treatment by RT + HfO2 

induced the most significant degree of cancer cell apoptosis and necrosis, while RT treatment alone just produced moderate 



damages to tumor cells. Hence, the enhanced synergistic RT therapeutic effect by RT + HfO2 could be ascribed to the high 

electron density via HfO2 NAs to deposit higher radiation energy locally within the tumor section.  

 
Fig. 5. In vivo radiation therapy of 4T1 tumor-bearing mice with intratumoral injection with a concentration of 10 mg mL−1 for HfO2 NAs. (a) 

Tumor volume growth curves of different groups of mice after various treatments groups: Control, HfO2 NAs alone, RT alone and RT+HfO2 NAs 

(n=7). (b) Photographs of tumors harvested from mice receiving different therapeutic group after the radiation treatments. (c) Average weights of 

tumors collected from the mice at the end of radiation therapy. (d) Representative photos of mice at the end of different treatments. (e) Images of 

H&E stained tumor slices from different groups of mice treated with PBS (control), HfO2 NAs (intratumor injection), RT alone, and RT + HfO2 

NAs. Bar=50 μm. P values, ***p < 0.001. 

 
Fig. 6. In vivo radiation therapy of 4T1 tumor-bearing mice treated with HfO2 NAs (30 mg mL−1) by intravenous administration. (a) Tumor 

volume growth curves of different groups of mice after various treatments groups: Control, HfO2 NAs alone, RT alone and RT + HfO2 NAs (n=4). 

(b) Photographs of tumors harvested from mice receiving different treatment group. (c) Average weights of tumors collected from the mice at the 

end of the therapeutic process. (d) Representative photos of mice at the end of different treatments. (e) Images of H&E stained tumor slices from 

different groups of mice treated with PBS (control), HfO2 NAs (intravenous injection), RT alone, and RT + HfO2 NAs. Bar=50 μm. P values, **p < 

0.01, ***p < 0.001. 

Although intratumoral injection methods can be applied for various tumors, such as liver or brain cancers. Delivering the 

nanotherapeutics by intravenous administration approaches will expand the range of application of RT for treatment of varying 

primary and metastatic tumors [40]. Therefore, the antitumor efficacy of HfO2 NAs enhanced radiotherapy in vivo was further 

evaluated by intravenous the injection (30 mg mL−1). As revealed in Fig. 6, the tumor growth rate for the groups of mice treated 

with RT was considerably slower than the rates of controlled and HfO2 groups. Meanwhile, RT + HfO2 represented more 

effective tumor killing ability compared with RT alone. The average tumor volume treated with RT + HfO2 was almost threefold 

smaller than controls and HfO2 groups at day 20. Importantly, mice treated with HfO2 showed a superior response to RT, 

indicating the facilitating radiation effect against the tumor. The RT + HfO2 group demonstrated the lightest mean tumor weight 

compared with other three groups (Fig. 6b&c), demonstrating that the enhanced radiotherapy performance of RT + HfO2 NAs 

enhanced RT, which has obvious advantages in tumor disruption. The H&E staining was also used to investigate the anti-tumor 



performance after different treatments. Histological analysis indicated that the untreated tumor (Control and HfO2 group) 

demonstrated the typical herringbone appearance characteristic of fibrosarcomas, but treated tumors (RT and RT + HfO2 group) 

revealed extensive necrosis (Fig. 6d&e). Meanwhile, the RT + HfO2 group proved the maximum tumor destruction. On day 21 

after treatment, immunohistochemical analysis of the tumor tissues under different treatments was further performed to explore 

the anti-tumor effectiveness. Bax, Caspase-3, TUNEL, and Ki-67 staining assays (Fig. 7), were utilized to assess the tumor 

suppression mechanism of the RT + HfO2 groups. Bax, serve as a pro-apoptotic protein, plays a vital role in regulation of 

apoptosis [41,42]. The increased expression of Bax promoted permeability of the mitochondrial outer membrane, and 

subsequently countered the apoptotic repressor activity and further promoted cell apoptosis. In this study, the expression quantity 

of Bax protein was up-regulated after the tumor sections were treated with RT + HfO2, compared to the other three groups. 

Caspase-3 protein has been identified as a main signaling component of the apoptosis cascade and can finally generate a 

programmed cell death [43]. Therefore, the caspase-3 activity was further careful evaluated following the different treatment. As 

shown in Fig. 7, groups after RT treatment exhibited higher caspase-3 activity compared with control and HfO2 groups. 

Simultaneously, the activity of caspase-3 was meaningfully enhanced when the HfO2 NAs exposed to X-ray irritation compared 

with all the other three groups. These results showed that RT + HfO2 treatment was energetically evolved in the activation of 

effector caspase-3 and downstream target, which may expressively restrain the cancer cell proliferation and revealing apoptosis. 

Ki-67 immunohistochemical staining has been widely used as a cell proliferation marker. It can also be employed to assess the in 

vivo antitumor effect on cell proliferation. Compared with the control, HfO2, and RT groups, the RT + HfO2 groups exhibited 

significantly fewer Ki-67-positive cells. Moreover, a TUNEL assay was used to prove the rates of apoptosis in tumors section. 

The levels of apoptosis in merely RT treated tumor was only minimally higher than that of the control and HfO2 treated group. 

To the contrary, compared to the control and HfO2 treated tumors, RT + HfO2 groups demonstrate superior rates of apoptosis. All 

above IHC results imply that RT + HfO2 treated group can accelerate apoptosis in tumor cells and delay tumor growth, consisting 

of the H&E results.   

 
Fig. 7. Histological analysis of tumor tissues with different treatments. (a) Representative Bax, Caspase 3, Ki-67, and TUNEL 

immunohistochemical staining of the tumor tissues with different treatments on day 21, bar = 50 μm. (b–e) The corresponding quantitative analysis 

of the Bax, Caspase 3, Ki-67, and TUNEL staining. **P˂0.01, ***P˂0.001. 

Pulmonary and hepatic metastasis is the leading cause of death for breast cancer patients [44]. As revealed in Fig. 8a, the 

histological analysis indicated numerous and legible lung metastatic lesions had been observed among the control and HfO2 

group. The pulmonary metastatic phenomenon was unobservable from the lesions in RT treatment groups. Moreover, scarcely 

any distinct lung metastatic lesion was prominent in HfO2+RT group, indicating those treatments were able to prevent tumor cell 

spread. Subsequent, the liver pathological sections were analyzed in Fig. 8b, intensively. Hepatic metastases were also found in 

the livers in control, HfO2, and RT treatment groups. Nevertheless, the hepatic metastases were remarkably reduced after the 

HfO2+RT treated group. In consequence, HfO2+RT treatment could effectively restrain the metastasis of 4T1 cells. As for 

hematoxylin-eosin staining (H&E) of heart, kidney, and spleen sections, no significant organ damage nor inflammation can be 

observed compared with the control group (Fig. S7). Body weights variation over time were recorded to preliminary evaluate the 

in vivo systematic toxicity during the therapeutic process. Fig. S8 elucidated that all the groups indicated no remarkable 

differences in body weight variation. Additionally, hematological parameters such as serum aspartate transaminase (AST), 

alanine transaminase (ALT), creatinine (CREA) and blood urea nitrogen (BUN) were investigated. As demonstrated in Fig. S8, 



no distinct alterations were observed between the four treatment groups. The levels of white blood cell (WBC) markedly 

decreased after X-ray irradiation treatment due to the radiation-induced inflammatory responses [45]. Red blood cell (RBC) and 

hemoglobin (HGB) index of the X-ray treatment patterns exhibit a slight increase compared to control and HfO2 groups. The 

platelets (PLT) almost keep the some before and after the therapeutic process. Therefore, the primary research suggested the 

biochemical blood biosafety radiosensitivity by HfO2 NAs in vivo. 

 
Fig. 8. Inhibitory effects on lung and liver metastasis with different treatments. Representative histological examination of metastatic lesions in (a) 

lung and (b) liver tissues from each group after H&E staining. 
3.5. Elimination of cancer stem cells 

The mammosphere assay is the commonly used in vitro methods to evaluate the effect of inhibiting cancer stem cells. There is 

increasing evidence indicates that breast cancer stem cells (CSCs) are considered as the key factor of impregnated tumor 

metastases [45–48]. Mammosphere formation conduce to CSCs kept in specific microenvironments, such as hypoxia, mimicking 

the condition of solid tumor in vivo. Thus inhibition of mammosphere formation is significant in suppressing carcinogene 

[49,50]. Herein, the mammosphere assay was conducted to determine whether RT + HfO2 treatment could regulate CSCs 

populations. As revealed in Fig. 9, CSCs treated with RT + HfO2 show the minimal mammosphere formation efficiency 

compared with the other three treatment groups. Control treatments with only HfO2 treatment do not affect mammosphere 

formation or size. The quantitative analysis demonstrated a significant variation of mammosphere number with RT + HfO2 

treatment, compared with control and HfO2 treatment groups. Meanwhile, RT + HfO2 group exhibited lower mammosphere 
formation efficiency compared to the merely RT treatment. Therefore, the above data prove that RT + HfO2 treatment promotes 

the killing effect against CSCs. The RT + HfO2 treatment effectively scraped breast CSCs and restrained the liver and lung 

metastasis. According to previous literature that about 60–70% death of breast cancer patients was caused by lung metastasis due 

to CSCs [44]. In our results, RT reasonably weakened the lung metastasis to a certain degree, and RT + HfO2 treatment 

remarkably decreased lung and liver metastasis due to the enhanced anti- CSC effect. Therefore, the reduced metastasis of the 

mice with RT + HfO2 treatment could be owing to the highly effective CSC killing ability.  



 
Fig. 9. Cancer stem cell killing effect with different treatments. (a) Representative photographs and (b) quantitative analysis of 4T1 primary 

tumorsphere 7 d after treatments, grown at a density of 6000 cells per well. *p < 0.05, ***p < 0.001. 

 
Fig. 10. Preliminary toxicity analysis. (a) Degradation of HfO2 NAs in serum. (b) Body weight variation of the mice (n=5). (c) Time-dependent 

biodistribution of Hf element in mice after i.v. injection of HfO2 NAs (n=5). (d) H&E-stained images of major organs from healthy control mice and 

mice after i.v. injection of HfO2 NAs at different time points, bar=100 μm. 
3.6. Long term biosafety 

We found that our HfO2 NAs are biodegradable in the physiological environment. Fig. 10a shows TEM images of the MDNs 

in serum solution with different time. The HfO2 NAs were degraded with the time increase, and the degraded product may be 

excreted within a reasonable period. In order to satisfy the demands for in vivo therapeutic application, it is a demand to estimate 

the toxicity of HfO2 NAs both in vitro and in vivo. In this work, the viabilities of 293 cells, EC cells, and HFF-1 cells were 

carefully investigated after being incubated with HfO2 NAs with the concentration from the 0–5mgmL−1 for 24 and 48 h (Fig. 

S9). Cytotoxicity MTT assay indicated that all the cell viabilities of 293 cells, EC cells, and HFF-1 cells were above ~80% even 

when the concentration of HfO2 NAs was up to 5 mg mL−1, demonstrating excellent biocompatibility of HfO2 NAs. The in vivo 

biosafety of HfO2 NAs was further evaluated to determine the clinical application prospect. Previous studies have demonstrated 

that the majority of i.v. administrated therapeutic nanoparticles will be uptaken by liver, kidneys, and spleen [51]. Therefore, it is 

highly desirable to investigate the in vivo systemic toxicity to the normal tissue. The in vivo long-term biodistribution behaviors 

of the prepared HfO2 NAs was further investigated. Balb/c mice were scarified at 0.1 h, 3 h, 12 h, 1 day, 2 days, 3 days, 14 days 



and 90 days after intravenous injection of HfO2 NAs at the concentration of 30 mg mL−1 (200 μL). The major organs, containing 

the heart, liver, spleen, lung, kidney, muscle, bone, brain, and intestine were gathered, weighed and digested by aqua regia for a 

biodistribution studied via detecting Hf element by ICP-AES (Fig. 10b). The Hf values were measured at the relative high 

horizon in the liver, spleen, lung, and kidney tissue at initial two-week post-injection. At the time point of 90 days, however, the 

detected Hf values were decreased to a low level in the liver, spleen, lung, and kidney, demonstrating that a large proportion of 

the administrated HfO2 NAs had been eliminated. Subsequently, no apparent body weight (Fig. 10c) variation was observed 

compared to the control group after systemic administration the HfO2 NAs (30 mg mL−1, 200 μL) for 3 months, indicating that 

the injection dose was within a biosafety range. Last, histological examination of-of the heart, liver, spleen, lung, and kidney was 

harvested and sliced for H &E staining to study the potential long-term toxic side-effects of the HfO2 NAs (Fig. 10d). No distinct 

signs of abnormality caused by HfO2 NAs were observed after 90 days. Thus, HfO2 NAs at the concentration of 30 mg mL−1 is 

safe and will not lead to long-term toxicity.  

4. Conclusion  

In conclusion, we present the gram-scale synthetized of low toxicity interventional HfO2 NAs for CT imaging-guided cancer 

radiotherapy. With X-ray absorption, such HfO2 NAs show excellent CT imaging contrast; meanwhile, it can be used for radio-

sensitization and enhancement treatment of tumors. The in vitro and in vivo data demonstrated the enhanced cancer cell-killing 

ability, and anti-tumor performance induced by HfO2 NAs mediated radio-sensitization effect. Importantly, a key feature of our 

designed HfO2 NAs nano-radiosensitizer can be administrated via both intratumoral and interventional injection when used in 

vivo. In particular, interventional injection of HfO2 NAs displayed analogous anti-tumor effect with intratumoral injection 

method. Moreover, HfO2 NAs have excellent biodegradable and biocompatibility as verified by the in vitro and in vivo 

experiments, and the HfO2 NAs are completely excreted from mice within 3 months, and no long-term toxicity was detected. 

Therefore, HfO2 NAs as synthesized in this study can be encouraged further for in-depth investigation of clinical practice.  
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