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Abstract: 

Owing to the existence of severe tumor hypoxia and limited X-ray absorption of solid tumors, 

the therapeutic efficacy of radiotherapy is far from satisfactory. Herein, ultrasmall iridium 

nanocrystals (IrNCs) with homogeneous size distribution are successfully synthesized. The obtained 

IrNCs show catalase-like catalytic activity towards hydrogen peroxide (H2O2) with great 

temperatures / pH stability. As free IrNCs are prone to be toxified by thiol-containing biomolecules, 

we encapsulate as-prepared IrNCs within stealth liposomal carriers, obtaining Ir@liposome with 

well-protected catalytic activity in physiological conditions. By utilizing its efficient photothermal 

conversion ability, such Ir@liposome shows effective near-infrared-(NIR)-responsive catalytic 

activity towards H2O2 decomposition. As revealed by in vivo photoacoustic imaging, our 

Ir@liposome exhibits efficient passive tumor accumulation upon intravenous injection, and could 

efficiently decompose the tumor endogenous H2O2 into O2, particularly upon exposure to the NIR 

laser. As the results of relieved tumor hypoxia after such treatment and the radiosensitization 

capability of Ir as a high-Z element, greatly enhanced radio-therapeutic efficacy with Ir@liposome 

is then achieved. This work thus presents a unique type of NIR light controllable theranostic 

nanozyme based on noble metal nanocrystals as a nanoscale radiosensitizer with great performance 

in enhancing cancer radiotherapy. 
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1. Introduction 

As a mainstream cancer treatment modality, radiotherapy (RT) has been demonstrated to be able 

to kill cancerous cells via inducing the formation of DNA breaks upon exposure to external beam 

radiation (e.g. X-rays, g-rays, electrons, etc.) or internal radiation from implanted radioactive 

isotopes [1]. Owing to the fact that oxygen is needed for the fixation of DNA breaks to enhance 

radiation-induced cell killing, the therapeutic efficacy of RT would be affected by the level of 

available oxygen molecules within the tumor [2]. However, as a result of insufficient and 

heterogeneous blood supply within tumors, the tumor hypoxia, that is the lack of oxygen within the 

tumor microenvironment, is a general feature for many types of solid tumors, and would lead to 

resistance of tumors to RT treatment [3]. On the other hand, tumors are soft tissues that usually have 

relative weak interactions with radiation beams (e.g. X-ray), and a large proportion of radiation 

energy would be imposed to adjacent normal tissues, resulting in severe side effects during RT as 

well as the limited therapeutic efficacy under the safe radiation dose [4].  

In past decades, tremendous efforts have been devoted to looking for effective radio-sensitizing 

approaches for more efficient cancer RT, including concurrently applying chemotherapeutics (e.g. 

cisplatin) with RT for clinical cancer treatment [5-7]. However, the side effects of combined 

chemo-radiotherapy may be superimposed, causing more severe toxicities to patients compared to 

RT or chemotherapy alone [8-9]. Recently, with the advance of nanotechnology, tumor-homing 

high-Z elements containing nanomaterials that can interact and absorb radiation beams such as 

X-ray have been found to be a promising type of radio-sensitizer by increasing the effective dose of 

radiation energy applied onto the tumor to enhance radiation-induced tumor damage [10-12]. 

Besides, considering the negative role of tumor hypoxia in cancer RT, several different types of 

nanotheranostics have recently been designed to achieve more efficient RT cancer treatment by 

improving tumor oxygenation [13-19]. For instance, catalase, an effective enzyme that triggers the 

decomposition of H2O2 to release O2, has recently been formulated into nanoscale platforms to 

relieve tumor hypoxia by decomposing the endogenous H2O2 (50-100 µM) existing within the 

tumor microenvironment, so to overcome the tumor hypoxia associated therapeutic resistance [20].   

Nanozymes, which are inorganic nanostructures featured with interesting catalytic activities 

similar to many biological enzymes (e.g. peroxidase, catalase, etc.), have been extensively explored 

for cancer diagnosis and other bioapplications [21-25]. For instance, several different Ir-based 
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nanostructures have recently been uncovered to be efficient peroxidase / catalase mimics with great 

potential for biosensing and scavenging of reactive oxygen species (ROS) [26-28]. In this study, 

ultrasmall Ir nanocrystals (IrNCs) are synthesized via a simple chemical reduction process and 

encapsulated within polyethylene glycol (PEG) modified liposomes, and then employed for 

near-infrared (NIR) light-enhanced tumor hypoxia relief and synergistic radio-sensitization in 

cancer RT (Scheme 1). After liposomal encapsulation, the obtained Ir@liposome shows well 

protected and temperature-dependent catalytic activity in the physiological environment even in the 

presence of thiol-containing biomolecules, which are able to poison bare IrNCs. Meanwhile, owing 

to the stealth-like in vivo behaviors of PEGylated liposomes, such Ir@liposome exhibits efficient 

tumor accumulation owing to the enhanced permeability and retention (EPR) effect upon 

intravenous (i.v.) injection, as monitored by in vivo photoacoustic (PA) imaging via tracking the 

NIR absorbance of IrNCs. Notably, such Ir@liposome after tumor accumulation is able to 

significantly attenuate the tumor hypoxia status, particularly upon NIR laser induced mild 

photothermal heating to further promote the catalytic activity of such nanozyme. Owing to the 

greatly improved tumor oxygenation by such strategy and the capability of Ir as a high-Z element 

for radio-sensitization, remarkably enhanced RT treatment efficacy for tumor-bearing mice is 

achieved with Ir@liposome. This work thus highlights the elaborate construction of Ir-containing 

liposomal nanozyme with NIR light controllable catalytic activity for tumor hypoxia attenuation 

and radio-sensitization, promising for next generation cancer radiotherapy.  

 

2. Experimental Section 

2.1 Materials.  

Sodium hexachloroiridate(III) hydrate (Na3IrCl6 · xH2O), ascorbic acid (AA), Sephadex® 

G-100 medium, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) were 

purchased from Sigma-Aldrich. 1,2-dipalmitoyl-snglycero-3-phosphocholine (DPPC) was 

purchased from Xi’an Ruixi Biological Technology Co., Ltd. PEG conjugated 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE-mPEG5k) was purchased from Laysan 

Bio Inc. Cholesterol was purchased from J&K Scientific Ltd. RPMI-1640 medium and fetal bovine 

serum (FBS) were purchased from Thermo Fisher Scientific Inc. Sodium borohydride (NaBH4) and 

other chemicals were purchased from China National Pharmaceutical Group Corporation. 

 

Administrator
Highlight
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2.2 Synthesis and Characterization of IrNCs and Ir-GSH.  

IrNCs were synthesized via a simple chemical reduction process. Briefly, 50 mL 18.2 MΩ * cm 

ultrapure water was added into a round-bottom flask and heated up to 95 oC before 50 mg AA and 

10 mg Na3IrCl6 · xH2O were added. Then, 25 mg NaBH4 pre-dissolved in 1 mL ice-cold water was 

dropwisely added into the mixture under vigorous stirring for 15 min. Upon cooling down to room 

temperature, the IrNCs were condensed and purified by using an Amico ultrafilter device with a 

molecular weight cut-off (MWCO) of 10 kDa (Millipore, Bedford, MA) for further use. Ir-GSH was 

prepared according to the same procedure for the preparation of IrNCs, except that 20 mg 

glutathione (GSH) was added into the reaction mixture before stopping the heating.  

The morphology of as-prepared IrNCs and Ir-GSH were observed under a transmission eletron 

microscopy (TEM, Tecnai F20, FEI) operated at an acceleration voltage of 200 kV. The lattice 

fringes of the IrNCs were observed under the high resolution TEM (Tecnai F20, FEI). The X-ray 

diffraction (XRD) analysis of IrNCs was performed on a Shimadzu XRD-6000 X-ray diffractometer 

at a scanning rate of 0.05 ° s-1. The dynamic light scattering (DLS) size distribution and absorbance 

spectra of IrNCs were recorded using a Malvern zetasizer (nano-ZS90) and a UV-vis-NIR 

spectrometer (Thermo Fisher), respectively. The Ir concentration was quantified using the 

inductively coupled plasma mass spectrometry (ICP-MS, Aurora M90, Analytik Jena). 

 

2.3 Preparation of Ir@liposome and Ir-GSH@liposome.  

To prepare Ir@liposome and Ir-GSH@liposome, the lipid membranes were firstly prepared by 

dissolving DPPC, cholesterol, and DSPE-mPEG5k at a molar ratio of 6 : 4 : 0.5 in chloroform and 

then dried using a rotary evaporator. Then, the as-prepared lipid membranes were hydrated with 

IrNCs or Ir-GSH solutions (Ir = 5 mg mL-1) at 45 oC under stirring for 30 min, followed by being 

extruded through a 200 nm polycarbonate filters at 45 °C for 20 times. Afterwards, those 

unencapsulated IrNCs or Ir-GSH were removed by running through a sephadex G-100 column with 

PBS as the mobile phase, and condensed with an Amico ultrafilter device with a MWCO of 100 

kDa.  

 

2.4 Catalase-Like Activity Assay.  

The catalase-like activity assays were performed at 37 oC using the Góth method [29]. To 

evaluate its Michaelis-Menten constant (Km), 200 µL of the as-prepared IrNCs solution (20 µg mL-1) 
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was added into 1 mL pre-warmed phosphate buffer solution (67 mM) containing H2O2 and kept at 

37 oC for 1 min. Then, 1 mL ammonium molybdate solution (Mo = 240 mM) was rapidly added 

into the reaction mixture with its absorbance at 405 nm measured using a UV-vis spectrometer. The 

Km of IrNCs was calculated using the Lineweaver-Burk plot. Besides, the Km of catalase was 

measured using the same procedure at the catalase concentration of 1 µg mL-1.  

Then, the thermal and pH stabilities of IrNCs towards H2O2 decomposition were carefully 

studied and compared with that of catalase. In brief, IrNCs and catalase (0.1 mg mL-1) were 

pre-incubated at 80 oC for different time intervals or incubated at varying pH values for 2 h, and 

their catalytic activities were then measured by using the aforementioned Góth method with a fixed 

H2O2 concentration of 50 mM at 37 oC. In addition, the effect of temperature on the catalytic 

activity enhancement of as-prepared IrNCs and catalase were carefully studied by measuring their 

catalytic activities at 25, 37, 45, and 60 oC by following the aforementioned Góth method with a 

fixed H2O2 concentration of 50 mM. The relative catalytic activities of IrNCs or catalase were 

obtained by normalizing the obtained catalytic activities of each sample under varying reaction 

temperatures to the one measured at 25 oC.  

Afterwards, the catalytic activities of as-prepared IrNCs, Ir-GSH, Ir@liposome, and 

Ir-GSH@liposome (Ir = 5 µg mL-1) were further evaluated by recording their oxygen generation 

capacities when incubated with H2O2 solutions (1 mM) using a portable dissolved oxygen meter. 

Besides, the photothermal effect of IrNCs on their catalytic activity was studied by recording the 

oxygen generation from the H2O2 solution (1 mM) in the presence of IrNCs (10 µg mL-1) upon 

being exposed to a 785-nm laser at a power density of 1 W cm-2.   

 

2.5 In vitro Cell Viability Assay.  

4T1 murine breast cancer cells were maintained according to the recommended procedure. For 

cell viability assay, 4T1 cells seeded in 96-well plates were incubated with Ir@liposome or 

Ir-GSH@liposome at a series of Ir concentrations for 24 h, followed by the standard MTT cell 

viability assay.  

 

2.6 In vitro Clonogenic Survival Assay.  

For clonogenic survival assay, different numbers of 4T1 cells were seeded in 6-well plates and 

cultured at 37 oC overnight. Then, these cells were incubated with Ir@liposome or 
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Ir-GSH@liposome (Ir = 50 µg mL-1) under the hypoxic condition (5% CO2 / 1% O2 / 94% N2) for 

12 h to induce hypoxic phenotype according to the previously reported method [30]. Then, those 

cells were exposed to an X-ray Irradiator (RS-2000, RAD source, photon energy = 140 keV) at 

doses of 0, 2, 4 or 6 Gy. The cells of control group were treated under the same parameters in the 

absence of Ir@liposome or Ir-GSH@liposome. After 1 h, cells were washed with PBS and cultured 

in fresh medium at 37 °C under the normoxic condition for another 7 days. After that, those cells 

were fixed with methanol and stained with Giemsa solution for surviving fraction statistics 

according to the standard method.   

 

2.7 In vitro Immunofluorescence Staining of γ-H2AX.  

To evaluate the DNA damage post different treatments under a hypoxic condition, the double 

strand break status of those 4T1 cells were visualized using a confocal microscopy (SP5II, Leica) 

by recording the fluorescence signals of γ-H2AX, a well-known marker of DNA double stand break, 

following the literature protocol [20]. Briefly, 4T1 cells were incubated with Ir@liposome or 

Ir-GHS@liposome at an Ir concentration of 50 µg mL-1 under the hypoxic condition for 12 h, 

followed by being subjected to X-ray exposure at a dose of 6 Gy. After another 1 h incubation at 37 

oC, those cells were washed with PBS, fixed with 4% paraformaldehyde, and stained with 

anti-phospho-histone γ-H2AX mouse monoclonal antibody and 4,6-diamino-2-phenyl indole (DAPI) 

according to the procedure provided by the manufacturer. Finally, the cells were imaged by using a 

confocal microscopy. Quantitative analysis of γ-H2AX foci density (foci/100 µm2) was conducted 

automatically using the ImageJ software for 100 cells in each treatment group.  

 

2.8 Tumor Models.  

Female Balb/c mice mice of 18~20 g were purchased from Nanjing Sikerui Biological 

Technology Co. Ltd. and used under protocols approved by the laboratory animal center of 

Soochow University. For 4T1 tumor model inoculation, 2 × 106 4T1 cells suspended in 50 µL PBS 

were subcutaneously injected to the back of each mouse. The mice were used when the tumor 

volumes reached ~100 mm3.  

 

2.9 PA Imaging with Ir@liposome.  

To study the correlations between PA signal intensities and Ir concentrations, Ir@liposome was 
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suspended in Matrigel (Corning) to different concentrations and the final concentration of Matrigel 

was 50% v/v for all solutions. Then, the Matrigel mixtures (50 µL) were injected subcutaneously on 

the dorsal aspects of female nude mice to measure their corresponding PA signals using the 

Visualsonic Vevo® 2100 LAZER system with an excitation wavelength of 732 nm. For in vivo PA 

imaging, 4T1 tumor-bearing mice were anesthetized and then i.v. injected with Ir@liposome at an Ir 

dose of 6 mg kg-1. At difference time intervals post injection, the tumor region was imaged using 

the Visualsonic Vevo® 2100 LAZER system with an excitation wavelength of 732 nm.  

 

2.10 In vivo Pharmacokinetics Study of Ir@liposome.  

To evaluate the blood circulation profile, three healthy mice were i.v. injected with 

Ir@liposome at a dose of 6 mg kg-1 in terms of Ir. Then, ~20 µL blood samples were withdrawn 

from each mouse at different time intervals post injection. After that, the Ir concentration of each 

blood sample was measured using an ICP-MS after being dissolved with aqua regia. For the 

evaluation of biodistribution profile, three tumor bearing mice received an i.v. injection of 

Ir@liposome at an Ir dose of 6 mg kg-1. After 24 h, those mice were sacrificed with their main 

organs collected, weighted, and dissolved using aqua regia. Thereafter, their Ir concentrations were 

measured using an ICP-MS.  

 

2.11 In vivo Tumor Hypoxia Evolution.  

Ex vivo immunofluorescence staining assay was utilized to study tumor hypoxia evolution of 

those mice with injection of Ir@liposome. Briefly, a total of 15 mice bearing 4T1 tumors were 

divided into 5 groups (n = 3 mice per group) as follows: two groups of mice were i.v. injected with 

Ir@liposome, another two groups of mice were i.v. injected with Ir-GSH@liposome, and the other 

group of mice received an i.v. injection of saline as the negative control. The Ir doses for both 

Ir@liposome and Ir-GSH@liposome injection were 6 mg kg-1. At 24 h p.i., two groups of mice with 

injection of Ir@liposome and Ir-GSH@liposome were irradiated by a 785-nm laser (0.8 W cm-2) 

with tumor temperature controlled at ~45 oC according to a thermal camera (Fotric 225) for 20 min. 

Later, all mice were intraperitoneally (i.p.) injected with pimonidazole hydrochloride 

(HypoxyprobeTM, USA) at a dose of 30 mg kg-1 according to the procedure provided by the 

manufacturer. 90 min post injection of pimonidazole hydrochloride, the mice were sacrificed to 

collect frozen tumor slices for immunofluorescence staining to visualize the fluorescent hypoxia 
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signals from pimonidazole by adopting our previously used procedure [31]. Moreover, the 

expression levels of HIF-1α proteins in those tumor slices post various treatments were also stained 

according to the immunofluorescence staining procedures provided by the manufacture. Finally, the 

hypoxia region of each slice was statistically analyzed using the Image-J software according to the 

previously used procedures.  

 

2.12 In vivo Treatment.  

35 tumor bearing mice were randomly divided into 7 groups (5 mice per group), and received 

following treatments when the tumor size reaching ~100 mm3: (I) control group with saline 

injection only; (II) bare RT group with saline injection plus X-ray exposure; (III) Ir-GSH@liposome 

injection plus X-ray exposure; (IV) Ir@liposome injection only; (V) Ir@liposome injection plus 

X-ray exposure, (VI) Ir@liposome injection plus 785 nm laser irradiation, and (VII) Ir@liposome 

injection plus sequential 785 nm laser irradiation and X-ray exposure. The dose of Ir was 6 mg kg-1. 

At 24 h p.i., the mice in group (II), (III), (V), (VI), and (VII) were exposed to the 785-nm laser (0.8 

W cm-2 for 20 min, tumor temperature controlled at ~45 oC), or X-ray radation at the dose of 6 Gy, 

or both for group (VII). Since the beginning of the treatment, the size of each tumor was recorded 

by measuring its length (L) and width (W) using a digital caliper every two days. The tumor volume 

(V) was calculated by the following equation: V = LW2/2. Moreover, the therapeutic effects of those 

different treatments were further evaluated using the terminal deoxynucleotidyl transferase dUTP 

nick end labeling (TUNEL) assay. 

 

3. Results and Discussion  

In this work, IrNCs were synthesized via a simple chemical reduction process from their 

precursor, sodium hexachloroiridate(III) hydrate (Na3IrCl6 · xH2O), with ascorbic acid (AA) as the 

capping agent and sodium borohydride (NaBH4) as the reducing agent after heating at 95 oC for 15 

min (Figure 1a). After detailed screening, it was found that the IrNCs prepared by mixing 

Na3IrCl6 · xH2O, AA and NaBH4 at the mass feeding ratio of 1 : 5 : 2.5 showed excellent stability in 

water and saline. Under transmission electron microscopy (TEM), the as-prepared IrNCs showed 

homogenous size distribution with a mean size of ~3.3 nm (Figure 1b, supporting Figure S1). The 

lattice spacing of such IrNCs was measured to be ~0.22 nm as observed by the high resolution TEM 
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(Figure 1b, inset), indicating the crystalline face-centered cubic (fcc) of IrNCs, which was further 

confirmed by the X-ray diffraction (XRD) analysis (Figure 1c).  

After that, the steady-state kinetics of such IrNCs towards H2O2 decomposition was studied by 

measuring the initial rates as a function of H2O2 concentration using the Góth method [29]. It was 

found that the catalytic property of such IrNCs followed typical Michiaelis-Menten (MM) model. 

As determined by the corresponding Lineweaver-Burk plots (Supporting Figure S2a&b), the MM 

constant (Km) was calculated to be ~132 mM, a little higher than that of catalase (~50.6 mM) 

(Supporting Figure S2c&d), consistent with those previous reports [26]. Then, the thermal and pH 

stabilities of such IrNCs were carefully studied via the Góth method. It was uncovered that the 

catalytic activity of IrNCs showed much less fluctuation after being incubated at 80 oC for 2 h 

compared to that of catalase (Supporting Figure S2e). Besides, unlike catalase which showed 

dramatically dropped catalytic activity under acidic pH, our IrNCs retained a high level of catalytic 

activity within a large pH range (Supporting Figure S2f). Therefore, IrNCs as a nanozyme exhibit 

much higher thermal and pH stability compared to its biological enzyme counterpart, catalase.  

The catalytic capacity of IrNCs towards H2O2 decomposition was further evaluated by recording 

the oxygen generation using a portable dissolved oxygen meter. It was found that our IrNCs (Ir = 5 

µg mL-1) induced effective oxygen generation within H2O2 solutions (Figure 1d). However, the 

catalytic activity of those bare as-made IrNCs would be significantly suppressed in the presence of 

thiol-containing biomolecules such as glutathione (GSH) and bovine serum albumin (BSA), which 

would toxify nanozyme IrNCs likely owing to the reaction between thiol groups and the active sites 

on the surface of IrNCs [32, 33]. For instance, GSH mixed IrNCs (Ir-GSH) showed similar 

morphology and size distribution to those of bare IrNCs (Supporting Figure S3a&b), while their 

catalytic activity towards H2O2 decomposition nearly disappeared (Supporting Figure S3c). Owing 

to the wide existence of thiol-containing molecules in the physiological environment, bare as-made 

IrNCs thus cannot be directly used in biological systems.  

To confer IrNCs excellent catalytic stability in physiological environments (e.g. in the presence 

of thiol-containing biomolecules) and efficient tumor homing capacity, the as-prepared ultrasmall 

IrNCs were encapsulated within the aqueous cavities of PEGylated liposomes, which are 

well-known for their great biocompatibility and versatile role in molecular loading [31, 34-36]. In 

our experiments, the Ir@liposome sample was obtained by hydrating the lipid membrane of DPPC, 

cholesterol, and DSPE-mPEG5k at a molar ratio of 6 : 4 : 0.5, by an aqueous solution of IrNCs. As 
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revealed under TEM imaging, such Ir@liposome nanoparticles were found to show spherical 

morphology, with multiple ultra-small individual IrNCs encapsulated within one liposomal 

nanoparticle (Figure 1e). Moreover, by utilizing the high resolution TEM imaging, the lattice 

spacing of the encapsulated IrNCs was determined to be ~0.22 nm, which was same as that of 

as-prepared IrNCs (Figure 1e, insert). As determined by dynamic light scattering (DLS), 

Ir@liposome nanoparticles showed a mean hydrodynamic size of ~100 nm, which appeared to be 

much larger than that of bare IrNCs at ~10 nm (Figure 1f). By using the thermogravimetric analysis 

(TGA), the loading capacity of IrNCs within Ir@liposome nanoparticles was determined to be 15.6% 

by weight (Supporting Figure S4). Our results collectively indicate the successful encapsulation of 

IrNCs within liposomes. More interestingly, unlike IrNCs whose catalytic function could be greatly 

suppressed in the presence of thiol-containing molecules (Figure 1d), the obtained Ir@liposome (Ir 

= 5 µg mL-1) could trigger efficient H2O2 decomposition even in the presence of BSA or FBS 

(Figure 1g, supporting Figure S5). Such a well-protected catalytic activity of Ir@liposome 

towards H2O2 decomposition should be ascribed to the efficient shielding effect of the liposome 

shell to prevent the direct contact between thiol-containing proteins with IrNCs.  

As measured by the UV-Vis-NIR spectrometer, Ir@liposome showed efficient optical 

absorption in the NIR region, similar to bare IrNCs (Figure 2a), which had a mass extinction 

coefficient of 12.5 mL mg-1 cm-1 at 785 nm (Supporting Figure S6). Then, upon exposure to 785 

nm laser, it was found that the temperatures of Ir@liposome solution (Ir = 10 µg mL-1) showed 

laser-power-density dependent rapid increase (Figure 2b), indicating the efficient photothermal 

conversion of IrNCs. By using the Góth method, it was found that catalytic activities of 

Ir@liposome (Ir = 4 µg mL-1) towards H2O2 decomposition showed significant increase as the rise 

of solution temperatures, while free catalase showed minimal increase of its catalytic activity when 

measured at elevated temperatures (Figure 2c). Such a significant temperature dependent catalytic 

activity of Ir@liposome towards H2O2 decomposition is speculated to be ascribed to increased 

molecular motion under the elevated temperature, which would speed up the interaction between 

H2O2 and IrNCs in accordance with those previous reports [23, 26]. Besides, as measured by the 

portable dissolved oxygen meter, we found that H2O2 solutions added with Ir@liposome (Ir = 5 µg 

mL-1) showed effective temperature dependent oxygen generation (Figure 2d). More interestingly, 

it was further uncovered that the rate of oxygen generation from H2O2 solutions in the presence of 

Ir@liposome (Ir = 10 µg mL-1) could be significantly speeded up upon exposure to the 785-nm NIR 
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laser irradiation at a power density of 1 W cm-2 (Figure 2e), owing to the photothermal heating 

effect of IrNCs. Therefore, the photothermal conversion ability of Ir@liposome could be utilized to 

remotely control its catalytic activity towards H2O2 decomposition, demonstrating it to be a 

promising NIR-controllable nanozyme (Figure 2f).  

Next, we ought to study the radio-sensitizing effect of Ir@liposome at the in vitro level. 

Ir-GSH@liposome, which was prepared by replacing bare IrNCs with Ir-GSH following the same 

liposome preparation procedure, was used as the negative control of Ir@lipsome (Supporting 

Figure S3b). Both two types of Ir-containing liposomes exhibited no appreciable toxic effects 

towards 4T1 breast cancer cells within our tested concentration ranges (Figure 3a). Then, the 

capability of Ir@liposome on sensitizing RT was carefully evaluated. From the clonogenic survival 

assay results, it was found that 4T1 cells treated with Ir@liposome (Ir = 50 µg mL-1) followed by 

X-ray irradiation (photon energy = 140 keV, doses = 2, 4, and 6 Gy) under a hypoxic incubation 

condition (1% O2 / 94% N2 / 5% CO2) showed obviously reduced viable clone formation compared 

with those treated with Ir-GSH@liposome (Figure 3b). Furthermore, based on the 

immunofluorescence staining of γ-H2AX, a classic marker of double-strand DNA breaks [20], we 

found that the cells treated with Ir@liposome plus X-ray exposure showed the highest level of DNA 

damages compared to the other control groups (Figure 3c&d). Notably, although less effective 

compared to Ir@lipsome, Ir-GSH@liposome also exhibited significant radio-sensitizing effect to 

enhance the in vitro RT efficacy, owing the high X-ray attenuation coefficient of Ir as a high-Z 

element. Therefore, the effective RT enhancing function of Ir@liposome is attributed to both the 

radio-sensitizing effect of Ir, as well as the ability of IrNCs to enable intracellular re-oxygenation 

via triggering decomposition of H2O2 produced by tumor cells [20].  

With strong NIR optical absorption, Ir@liposome could thus be tracked under photoacoustic 

(PA) imaging, an emerging optical-sound imaging modality by detecting ultrasound signals 

generated from the absorbed pulsed laser energy as the result of photothermal expansion [37-39]. 

Upon subcutaneous injection of Ir@liposome premixed with Matrigel, it was found that our 

Ir@liposome showed a concentration-dependent PA signal enhancement with a rather low detection 

threshold of ~5 µg mL-1 under the Visualsonic Vevo 2100 LAZER PA imaging system (Figure 4a). 

The PA signal intensities of Ir@liposome were found to show a linear proportional to its 

concentrations (R2 = 0.997) (Figure 4b). We then used PA imaging to track in vivo tumor retention 

of Ir@liposome. Mice bearing 4T1 tumors were intravenously (i.v.) injected with Ir@liposome (Ir = 
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6 mg kg-1) and imaged under the PA imaging system. Gradually increased PA signals were observed 

within the tumor post injection of Ir@liposome (Figure 4c), suggesting the efficient tumor retention 

of those Ir@liposome nanoparticles. By semi-quantitative analysis, it was uncovered that the PA 

signals in the tumor increased over time and approached the saturation level at ~8 h post injection 

(p.i.) (Supporting Figure S7).  

Moreover, the detailed pharmacokinetic profiles of such Ir@liposome were carefully studied by 

recording the Ir concentrations using the inductively coupled plasma mass spectrometry (ICP-MS). 

It was found that the blood circulation of Ir@liposome followed a typical two-compartment mode, 

with the first half-life (t1/2(α)) and second half-life (t1/2(β)) measured to be 0.95 ± 0.04 h and 17.0 ± 

0.96 h, respectively (Figure 4d). Additionally, the tumor accumulation of Ir@liposome was 

measured to be 4.6 ± 0.65% ID g-1 (percentage of injected dose per gram tissue) at 24 h p.i. 

Moreover, high accumulations of Ir@liposome were also found in the liver and spleen (Figure 4e), 

the reticuloendothelial systems (RES) to clear foreign nanoparticles. Taken together, all these results 

demonstrate that Ir@liposome nanoparticles with stealth-like long blood circulation time would 

show efficient tumor retention owing to the EPR effect.  

Next, the tumor hypoxia status post i.v. injection of the Ir@liposome was carefully studied via 

the ex vivo immunofluorescence staining with Pimonidazole as the exogenous hypoxia staining 

probe and hypoxia induced factor 1α (HIF-1α) protein as the endogenous hypoxia reporter, 

respectively, following the standard protocols. Based on preliminary study indicating that 

Ir@liposome showed most effective tumor hypoxia attenuation at 24 h post i.v. injection (data no 

shown), a total of 15 mice bearing 4T1 tumors with a size of 100 mm3 were randomly divided to 5 

groups, with two groups of mice i.v. injected with Ir@liposome and the other two groups of mice i.v. 

injected with Ir-GSH@liposome at the same Ir dose of 6 mg kg-1. At 24 h post injection of 

nanoparticles, two groups of mice with corresponding i.v. injection of Ir@liposome and 

Ir-GSH@liposome were subjected to 785 nm laser irradiation (0.8 W cm-2) for 20 min with the 

temperature of tumors controlled at ~45 oC (Supporting Figure S8), as monitored by a thermal 

camera (Fotric 225), while the other three groups of mice were not exposed to the laser irradiation. 

Interestingly, tumors on mice with i.v. injection of Ir@liposome showed remarkably decreased 

hypoxia signals, which were further attenuated upon 785 nm laser irradiation. In contrast, i.v. 

injection of Ir-GSH@liposome with the GSH-poisoned nanozyme resulted in much less significant 

change of the tumor hypoxia status, even with NIR laser irradiation (Figure 5a). By 
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semi-quantitative analysis of the hypoxia positive signals in those tumor slices, it was uncovered 

that the percentages of hypoxia positive area dropped from ~46.6% for the control tumor, to ~23.4% 

and ~8.3% for those collected from the mice with i.v. injection of Ir@liposome in absence or 

presence of 785-nm laser irradiation, respectively (Figure 5b). In comparison, for mice with i.v. 

injection of Ir-GSH@liposome, only a slight drop of hypoxia positive area (to ~34.4%) in their 

tumors was observed for those receiving 785-nm laser irradiation. Similarly, by analyzing the 

expression levels of HIF-1α in those tumor slices, we found that i.v. injection of Ir@liposome plus 

785-nm laser irradiation could lead to the most efficient down-regulation of HIF-1α, while i.v. 

injection of Ir-GSH@liposome showed only a minor effect to the HIF-1α expression even with 

laser exposure (Supporting Figure S9). These results collectively indicate that our Ir@liposome 

could efficiently relieve tumor hypoxia upon irradiation by a NIR laser, owing to the 

photothermally enhanced nanozyme activity of such Ir@liposome to decompose tumor endogenous 

H2O2 and promote tumor oxygenation.  

Finally, we evaluated the in vivo RT enhancing effect of such Ir@liposome on 4T1 tumor 

bearing mice. A total of 35 female Balb/c mice bearing 4T1 tumors at the initial sizes of ~100 mm3 

were randomly divided into seven groups (n = 5 per group) as follows: (I) control group with saline 

injection only; (II) bare RT group with saline injection plus X-ray exposure; (III) Ir-GSH@liposome 

injection plus X-ray exposure; (IV) Ir@liposome injection only; (V) Ir@liposome injection plus 

X-ray exposure, (VI) Ir@liposome injection plus 785-nm laser irradiation, and (VII) Ir@liposome 

injection plus sequential 785-nm laser irradiation and X-ray exposure. The Ir dose for Ir@liposome 

and Ir-GSH@liposome injection was 6 mg kg-1, the laser power density was ~0.8 W cm-2 with 

tumor temperature controlled at ~45 oC for 20 min, while the X-ray radiation was applied at a dose 

of 6 Gy (photon energy = 140 keV). Both NIR laser and X-ray treatments were conducted at 24 h 

p.i. in the corresponding groups because at this time point those tumors with Ir@liposome injection 

showed the most effective tumor hypoxia attenuation. Then, the tumor sizes were recorded using a 

digital caliper. It was found that the treatment of Ir@liposome injection plus sequential 785 nm 

laser irradiation and X-ray exposure (Group VII) showed the most effective tumor growth 

suppression among all other treatment groups (Figure 5c), while NIR laser irradiation of tumors on 

mice injected with Ir@liposome could only partly delay the tumor growth under the current mild 

photothermal heating conditions. Notably, In fact, tumors on 3 of 5 mice in Group VII were 

completely disappeared after treatment for up to 21 days (Supporting Figure S10). Besides, it was 
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found that the treatment of Ir@liposome injection plus X-ray exposure (Group V) was more 

effective in inhibiting the tumor growth compared to the treatment of Ir-GSH@liposome injection 

plus X-ray exposure (Group III), while the latter treatment only showed a slight therapeutic 

enhancement effect for RT cancer treatment (Group II) under the relatively low Ir injection dose.  

To further evaluate the therapeutic efficacy, the apoptosis levels of tumors collected at day 4 

post various treatments were examined by the terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL) assay. It was found that the tumor slice taken from mice with Ir@liposome 

injection plus sequential laser irradiation and X-ray exposure exhibited the highest level of 

apoptosis, while only moderate levels of apoptosis were observed on the slices collected from the 

mice with other treatments (Figure 5d), following the same trend of tumor growth data (Figure 5c). 

Taken together, our results demonstrate that Ir@liposome could act as a NIR light controllable 

liposomal nanozyme for effective RT enhancement, not only by efficiently relieve tumor hypoxia 

via IrNC-mediated NIR-enhanced decomposition of tumor endogenous H2O2, but also by utilizing 

the high X-ray attenuation coefficient of Ir.  

Moreover, we also studied the biocompatibility of such Ir@liposome at the in vivo level. By 

recording the body weights of each group of mice, it was found that the i.v. injection of 

Ir@liposome under the tested dose showed negligible influence on the body weights of those mice 

throughout the whole treatment period (Figure S11a). Additionally, at 14 day post the treatment, 

hematoxylin and eosin (H&E) staining of main organ slices collected from mice with Ir@liposome 

injection did not show any obvious histological damage in comparison with those collected from 

saline injected mice (Figure S11b), even though a relative high accumulation of Ir@liposome in 

liver and spleen was observed at 24 h p.i. (Figure 3d). Therefore, our results preliminarily 

demonstrated that Ir@liposome at our treatment dose could be a safe nano-theranostic agent. 

In this work, IrNCs-encapsulated liposomes were prepared and utilized as an efficient NIR light 

controllable catalase mimic as well as a high-Z element based radio-sensitizer for synergistic cancer 

radiotherapy. Although IrNCs have been reported to be an efficient catalase mimic, their in vivo 

applications for cancer therapy have rarely been explored. As the catalytic activity of naked IrNCs 

could be toxified by thiol-containing biomolecules, we thus encapsulated IrNCs within PEGylated 

liposomes, which not only offered effective protection for the IrNC catalytic activity, but also 

enabled long-term blood circulation and effective tumor passive retention of IrNCs (Figure 1, 
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Figure 4). Moreover, like many other nanozymes, our Ir@liposome showed superior temperature / 

pH stability towards H2O2 decomposition to its biological counterpart, catalase [7, 20].  

Photothermal heating has been widely explored and utilized as a non-invasive approach for 

effective cancer photothermal therapy and controllable drug delivery with high spatial / temporal 

resolution [40]. Utilizing its intrinsic NIR absorbance (Figure 2a), the obtained Ir@liposome 

showed efficient photothermal heating effect (Figure 2d). Owing to the temperature-dependent 

catalytic activity of IrNCs, such Ir@liposome exhibited intriguing NIR-controllable catalytic 

activity towards H2O2 decomposition (Figure 2e). Therefore, with efficient tumor retention, our 

Ir@liposome could effectively enhance tumor oxygenation by decomposing tumor endogenous 

H2O2 upon NIR laser irradiation of those tumors.  

As for radio-sensitization, it has been widely demonstrated that tumor-homing high-Z element 

containing nanostructures (e.g. gold nanostructures) are able to improve radiation-induced tumor 

destruction by depositing X-ray energy within the tumor, and therefore would lead to enhanced 

radiotherapy efficacy under reduced radiation doses [21]. As a high-Z element, Ir within 

Ir@liposome could act as a radio-sensitizer. Such effect together with the NIR-triggered tumor 

hypoxia relief function would make Ir@liposome a rather effective nano-agent to remarkably 

enhance the therapeutic outcome of radiotherapy towards solid tumors. Moreover, considering the 

clinic use of iridium-192 as the implants for brachytherapy [41], as well as no appreciable in vivo 

side effects observed in our experiments (Figure S11), our Ir@liposome may indeed be a promising 

radio-sensitizing agent for potential clinical use.  

 

4. Conclusion  

In summary, a unique type of noble-metal-nanocrystal-encapsulated liposomes is prepared in 

this work and utilized as an efficient NIR light controllable catalase mimic as well as a high-Z 

element based radio-sensitizer for synergistic RT sensitization. After encapsulating IrNCs into 

liposomes, the obtained Ir@liposome exhibits well-protected catalase-like activity, as well as 

stealth-like long blood circulation time to enable efficient retention in tumors on mice after systemic 

administration, as vividly revealed by in vivo PA imaging. Upon NIR light irradiation, Ir@liposome 

would show increased catalase-like catalytic activity to trigger decomposition of tumor endogenous 

H2O2 and improved tumor oxygenation, which together with the intrinsic radio-sensitizing function 

of Ir as a high-Z element would enable remarkably enhanced cancer radiotherapy. Therefore, our 
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work presents an intriguing type of nanozyme whose catalytic activity could be remotely controlled 

by NIR light. Such nanozyme with multiple functionalities appears to be particularly promising for 

imaging-guided, synergistically enhanced RT treatment of cancer.  

 

Supporting Information 

Figures S1-S10 can be found in the supporting information. 
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Scheme 1. A scheme illustrating Ir@liposome as a sequentially acted, NIR-controllable theranostic 
nanozyme for cancer radiotherapy. In this process, Ir@liposome enables the precise in vivo PA 
imaging of tumors, and then efficient tumor endogenous H2O2 decomposition and hypoxia relief 
upon NIR laser induced mild photothermal heating. With the radio-sensitization capability of Ir as a 
high-Z element, greatly enhanced radiotherapy of tumors is further achieved with Ir@liposome.  
 
 
 
 
Figure 1. Synthesis and Characterization of IrNCs and Ir@liposome. (a) A scheme showing the 
synthesis of IrNCs and the preparation of Ir@liposome. (b) TEM image and (c) XRD analysis of the 
as-prepared IrNCs. Inset in (b) is a high-resolution TEM image of IrNCs. (d) Oxygen generation 
profiles of IrNCs (5 µg mL-1) in the 1 mM H2O2 solutions containing BSA at 0, 1, and 5 mg mL-1 

measured using a portable dissolved oxygen meter. (e) TEM image of the as-prepared Ir@liposome. 
Inset in (e) is a high-resolution TEM image of encapsulated IrNCs. (f) DLS size distribution of 
IrNCs and Ir@liposome. (g) Oxygen generation profiles of Ir@liposome (Ir = 5 µg mL-1) in the 1 
mM H2O2 solutions containing BSA at 0, 1, and 5 mg mL-1.  
 
 
 
 
Figure 2. Temperature and NIR light Responsive Catalytic Activity of Ir@liposome. (a) 
UV-vis-NIR spectrum of IrNCs and Ir@liposome. Insets are the photographs of IrNCs (1) and 
Ir@liposome solutions (2). (b) Temperature change curves of Ir@liposome solution (10 �g mL-1) 
under the irradiation of a 785-nm laser at 0.5, 1 and 1.5 W cm-2. (c) Relative catalytic activities of 
both Ir@liposome and catalase towards H2O2 decomposition at varying temperatures for 1 min 
recorded by using the Góth method. (d) Oxygen generation profiles of Ir@liposome (Ir = 5 �g mL-1) 
in the H2O2 solutions (1 mM) recorded at different temperature using a portable dissolved oxygen 
meter, respectively. (e) Oxygen generation profiles of H2O2 solutions (1 mM) in the presence or 
absence of Ir@liposome (Ir =10 µg mL-1) under the exposure of the 785-nm laser at the power 
density of 1 W cm-2 using a portable dissolved oxygen meter. (f) A scheme showing the temperature 
and NIR light responsive oxygen generation via Ir@liposome mediated H2O2 decomposition. 
 
 
 
 
Figure 3. In vitro Cell Viability and Radiosensitization Assays. (a) Relative viabilities of 4T1 cells 
after being incubated with Ir@liposome or Ir-GSH@liposome at varying concentrations for 24 h (n 
= 6). (b) Clonogenic survival assay of 4T1 cells treated with Ir@liposome or Ir-GSH@liposome 
under varied X-ray irradiation doses (n = 3). (c) γ-H2AX immunofluorescence staining showing the 
DNA damage statuses of 4T1 cancer cells treated with Ir@liposome only, X-ray irradiation only, 
Ir-GSH@liposome plus X-ray irradiation, or Ir@liposome plus X-ray irradiation. The dose of X-ray 
was 6 Gy. The concentration of Ir was 50 µg mL-1. (d) Semi-quantitative analysis of γ-H2AX foci 
densities (γ-H2AX foci/100 µm2) in each treatment group shown in (c) with the Image J software (n 
= 100). P values were calculated by the Student's t-test: *P < 0.05, **P < 0.01. 
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Figure 4. In vivo PA Imaging and Pharmacokinetics Study. (a) Photoacoustic/ultrasound 
co-registered images of the subcutaneous Ir@liposome-Matrigel inclusions (50 µL) in mice at 
varying Ir concentration as indicated. (b) Linear correlation of PA signal intensities of 
Ir@liposome-Matrigel inclusions against corresponding Ir concentrations based on imaging data 
shown in (a). (c) In vivo PA imaging of 4T1 tumors bearing mice with i.v. injection of Ir@liposome 
recorded at different time intervals p.i. (d) Blood circulation profiles of Ir@liposome after i.v. 
injection. (e) Biodistribution profiles of Ir@liposome in 4T1 tumor bearing mice measured at 24 h 
p.i. The data were recorded by measuring Ir concentrations using ICP-MS. Error bars were based on 
three mice per group.  
 
 
 
 
Figure 5. In vivo NIR-Enhanced Tumor Hypoxia Attenuation and Synergistic Cancer Radiotherapy. 
(a) Ex vivo immunofluorescence staining of tumor slices collected from mice with i.v. injection of 
Ir@liposome or Ir-GSH@liposome followed by exposure to a 785-nm laser for 20 min at 24 p.i. as 
indicated. The signals of hypoxia and nuclei were shown in green and blue, respectively. (b) 
Semi-quantitative analysis of the percentages of positive hypoxia areas in those slices with various 
treatments. (c) Tumor growth curves of mice after various treatments as indicated. V and Vo stand 
for the tumor volumes after and before the treatment, respectively. Error bars were based on five 
mice in each group. (d) Ex vivo TUNEL staining of tumor slices collected from mice from various 
groups at day 4 post various treatments. The signals of TUNEL and nuclei were shown in green and 
blue, respectively. Groups I, II, III, IV, V, VI and VII are same as those indicated in (c). Mice were 
injected with various agents at day 0, and subjected to NIR laser irradiation and / or X-ray exposure 
at day 1. P values were calculated by the Student's t-test: *P < 0.05, **P < 0.01.  
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Scheme 1. A scheme illustrating Ir@liposome as a sequentially acted, NIR-controllable theranostic 
nanozyme for cancer radiotherapy. In this process, Ir@liposome enables the precise in vivo PA 
imaging of tumors, and then efficient tumor endogenous H2O2 decomposition and hypoxia relief 
upon NIR laser induced mild photothermal heating. With the radio-sensitization capability of Ir as a 
high-Z element, greatly enhanced radiotherapy of tumors is further achieved with Ir@liposome.  
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Figure 1. Synthesis and Characterization of IrNCs and Ir@liposome. (a) A scheme showing the 
synthesis of IrNCs and the preparation of Ir@liposome. (b) TEM image and (c) XRD analysis of the 
as-prepared IrNCs. Inset in (b) is a high-resolution TEM image of IrNCs. (d) Oxygen generation 
profiles of IrNCs (5 µg mL-1) in the 1 mM H2O2 solutions containing BSA at 0, 1, and 5 mg mL-1 

measured using a portable dissolved oxygen meter. (e) TEM image of the as-prepared Ir@liposome. 
Inset in (e) is a high-resolution TEM image of encapsulated IrNCs. (f) DLS size distribution of 
IrNCs and Ir@liposome. (g) Oxygen generation profiles of Ir@liposome (Ir = 5 µg mL-1) in the 1 
mM H2O2 solutions containing BSA at 0, 1, and 5 mg mL-1.  
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Figure 2. Temperature and NIR light Responsive Catalytic Activity of Ir@liposome. (a) 
UV-vis-NIR spectrum of IrNCs and Ir@liposome. Insets are the photographs of IrNCs (1) and 
Ir@liposome solutions (2). (b) Temperature change curves of Ir@liposome solution (10 �g mL-1) 
under the irradiation of a 785-nm laser at 0.5, 1 and 1.5 W cm-2. (c) Relative catalytic activities of 
both Ir@liposome and catalase towards H2O2 decomposition at varying temperatures for 1 min 
recorded by using the Góth method. (d) Oxygen generation profiles of Ir@liposome (Ir = 5 �g mL-1) 
in the H2O2 solutions (1 mM) recorded at different temperature using a portable dissolved oxygen 
meter, respectively. (e) Oxygen generation profiles of H2O2 solutions (1 mM) in the presence or 
absence of Ir@liposome (Ir =10 µg mL-1) under the exposure of the 785-nm laser at the power 
density of 1 W cm-2 using a portable dissolved oxygen meter. (f) A scheme showing the temperature 
and NIR light responsive oxygen generation via Ir@liposome mediated H2O2 decomposition. 
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Figure 3. In vitro Cell Viability and Radiosensitization Assays. (a) Relative viabilities of 4T1 cells 
after being incubated with Ir@liposome or Ir-GSH@liposome at varying concentrations for 24 h (n 
= 6). (b) Clonogenic survival assay of 4T1 cells treated with Ir@liposome or Ir-GSH@liposome 
under varied X-ray irradiation doses (n = 3). (c) γ-H2AX immunofluorescence staining showing the 
DNA damage statuses of 4T1 cancer cells treated with Ir@liposome only, X-ray irradiation only, 
Ir-GSH@liposome plus X-ray irradiation, or Ir@liposome plus X-ray irradiation. The dose of X-ray 
was 6 Gy. The concentration of Ir was 50 µg mL-1. (d) Semi-quantitative analysis of γ-H2AX foci 
densities (γ-H2AX foci/100 µm2) in each treatment group shown in (c) with the Image J software (n 
= 100). P values were calculated by the Student's t-test: *P < 0.05, **P < 0.01. 
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Figure 4. In vivo PA Imaging and Pharmacokinetics Study. (a) Photoacoustic/ultrasound 
co-registered images of the subcutaneous Ir@liposome-Matrigel inclusions (50 µL) in mice at 
varying Ir concentration as indicated. (b) Linear correlation of PA signal intensities of 
Ir@liposome-Matrigel inclusions against corresponding Ir concentrations based on imaging data 
shown in (a). (c) In vivo PA imaging of 4T1 tumors bearing mice with i.v. injection of Ir@liposome 
recorded at different time intervals p.i. (d) Blood circulation profiles of Ir@liposome after i.v. 
injection. (e) Biodistribution profiles of Ir@liposome in 4T1 tumor bearing mice measured at 24 h 
p.i. The data were recorded by measuring Ir concentrations using ICP-MS. Error bars were based on 
three mice per group.  
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Figure 5. In vivo NIR-Enhanced Tumor Hypoxia Attenuation and Synergistic Cancer Radiotherapy. 
(a) Ex vivo immunofluorescence staining of tumor slices collected from mice with i.v. injection of 
Ir@liposome or Ir-GSH@liposome followed by exposure to a 785-nm laser for 20 min at 24 p.i. as 
indicated. The signals of hypoxia and nuclei were shown in green and blue, respectively. (b) 
Semi-quantitative analysis of the percentages of positive hypoxia areas in those slices with various 
treatments. (c) Tumor growth curves of mice after various treatments as indicated. V and Vo stand 
for the tumor volumes after and before the treatment, respectively. Error bars were based on five 
mice in each group. (d) Ex vivo TUNEL staining of tumor slices collected from mice from various 
groups at day 4 post various treatments. The signals of TUNEL and nuclei were shown in green and 
blue, respectively. Groups I, II, III, IV, V, VI and VII are same as those indicated in (c). Mice were 
injected with various agents at day 0, and subjected to NIR laser irradiation and / or X-ray exposure 
at day 1. P values were calculated by the Student's t-test: *P < 0.05, **P < 0.01.  
 
 


