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This study develops a simple hollow ZrO2 nanostructure as a carrier to encapsulate ionic liquid (IL), which

integrates the CT imaging function of the ZrO2 shell and the microwave susceptibility function of the IL

core. The simple nanostructure can be used as a multifunctional theranostic agent via combining

diagnostic and therapeutic modalities into one “package”. Based on the microwave susceptibility

properties, the tumor inhibiting ratio can be over 90% in mice models after one-time thermal therapy

upon microwave irradiation. In vitro and in vivo imaging results prove the potential of CT imaging

application for real-time monitoring of biodistribution and metabolic processes, and assessing

therapeutic outcomes. To our best knowledge, our study is the first example to achieve CT imaging and

microwave thermal therapy simultaneously through a simple nanostructure. We anticipate that the

simple IL@ZrO2 nanostructure may build a useful platform for the clinical imaging guided therapy of tumors.

Introduction

The combination of diagnostic and therapeutic modalities into

one “package”, namely theranostics, opens up the possibility of

revolutionizing techniques for survival of cancer.1–4 This versatile

technique provides an arsenal of various clinically relevant

functions, which achieve excellent cancer control with minimal

side effects by mixing and matching of these functions.5

Therefore, research of theranostic agents for imaging guided

therapy has aroused great interest in cancer research.6–8 Multi-

functional nanoparticles are one of the most promising options

for clinical theranostic agents.9–11 Many nanocomposites with

anticancer and imaging functions have been designed and

created.12–14 In these tumor theranostic agents, the diagnostic

modalities include one or more imaging techniques, such as

X-ray computed tomography (CT) imaging,9,15–17 magnetic reso-

nance imaging,5–7 positron emission tomography imaging,18,19

photoacoustic imaging,3,20,21 ultrasound imaging,2,4 and

upconversion luminescent imaging.8,22,23 Among these tech-

niques, CT imaging shows signicant advantages in high image

resolution ratio, accurate diagnosis results and high diagnosis

efficiency. We found enhanced CT imaging properties of ZrO2

for the rst time based on the high atomic number and atomic

mass of Zr. Thus, ZrO2 nanoparticles will be desirable drug

loading and delivery vesicles with an extra CT imaging property.

On the therapeutic side, chemotherapy,24,25 nucleic acid

delivery,26,27 photodynamic,1,8,28,29 photothermal ablation,6,21,30,31

and radiation therapy9,10,32 are included. The microwave ther-

motherapy technique is attracting research interest currently,

due to the intuitive advantages of a non-intrusive heating model,

fair depth of penetration in tissues and ideal potential for killing

tumor cells without surgical risks or toxicity of chemotherapy. In

previous works, microcapsules have been developed as micro-

wave susceptible agents for tumor microwave thermal therapy in

vivo,33,34 but their micron size and single therapeutic function

limit the clinical application of the microcapsules. Innovative

theranostics are urgently needed that integrate a highly efficient

microwave susceptible agent with an imaging modality.

Herein, we develop a multifunctional theranostic agent

through a simple nanostructure of ionic liquid@ZrO2

(IL@ZrO2). The novel nanostructure integrates the CT imaging

properties of hollow ZrO2 nanoparticles and the high micro-

wave heating efficiency of IL.35 It shows powerful tumor inhi-

bition rate (>90%) in mice models under a very low microwave

irradiation of 1.8 W. A SD rat model is employed to prove the CT

imaging properties for the real-time assessment of therapeutic

outcomes visually, and a mini swine model is used to monitor
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the biodistribution or metabolic processes visually in real-time

without sacricing batches of experimental animals at different

time points aer injection, as reported in previous litera-

ture.36–38 The IL@ZrO2 nanoparticles provide a smart ‘all-in-one’

theranostic platform and move new theranostic agents closer to

clinical tumor treatment.

Results and discussion

Scheme 1 shows the synthesis procedure of hollow ZrO2 nano-

particles via the template method and the encapsulation

procedure of IL via the physical forced penetration method. The

obtained IL@ZrO2 nanoparticles possess CT imaging properties

and microwave susceptibility properties simultaneously

(Scheme 1a). Combined with the nano-sized morphology, the

nanoparticles can be injected via intravenous injection and

applied in CT imaging guided microwave thermal therapy in

vivo. Due to the enrichment of IL@ZrO2 in the tumor region, the

nanoparticles can be applied for real-time monitoring of the

therapeutic outcomes visually (Scheme 1b).

Characterization of the physicochemical properties of the

multifunctional IL@ZrO2 nanoparticles

Fig. 1a–c show the morphology and size distribution of the

IL@ZrO2 nanoparticles, with a regular spherical shape, narrow

size distribution and good dispersion. The statistical average

diameter is 345 nm, based on the histogram of the distribution

of diameters in Fig. 1c. The thickness of the shell is �50 nm

(Fig. 1a and b), which is suitable for inhibiting the inltration of

ionic liquid. The incomplete nanospheres in the SEM image

(inset of Fig. 1a) and the TEM image (Fig. 1b) show the hollow

structure clearly, providing a carrier for ionic liquid.

The composition of the hollow ZrO2 nanoparticles and

multifunctional IL@ZrO2 nanoparticles was analyzed via energy

dispersive X-ray analysis (EDX). Fig. 1d shows the formation of

ZrO2 nanoparticles with the presence of Zr and O and some

additional Si, which may come from the SiO2 template. C, F and

P can be detected in Fig. 1e when the IL 1-butyl-3-methyl-

imidazolium hexauorophosphate ([Bmim]PF6) is encapsulated

in the hollow ZrO2. This result provides powerful evidence for

the successful encapsulation of [Bmim]PF6. FT-IR spectra

further conrm the combination of [Bmim]PF6 and ZrO2.

Compared with the spectra of hollow ZrO2 nanoparticles and

neat [Bmim]PF6, the spectrum of the multifunctional IL@ZrO2

nanoparticles shows the typical characteristic peaks of [Bmim]

PF6 and ZrO2 (Fig. 1f). Signicantly, the characteristic peaks at

3217 and 3125 cm�1 are attributed to the stretching vibration of

C–H in the imidazole ring. The two characteristic peaks at 3000–

2700 cm�1 are assigned to the stretching vibration of saturated

C–H bonds. The strong peak at 1169 cm�1 is owing to the

stretching vibration of the imidazole ring and the peaks below

1000 cm�1 can be assigned to the bending vibration of C–H. The

characteristic absorption peak of the P–F bond at 840 cm�1 can

also be clearly observed. These results conrm the obtaining of

multifunctional IL@ZrO2 nanoparticles.

Fig. 1g–j show the high-angle annular dark-eld scanning

TEM (HAADF-STEM)-energy-dispersive X-ray (EDX) images of

IL@ZrO2, indicating the distribution of C and Zr, which were

from the IL and ZrO2, respectively. The STEM and element

mapping images show that C is mainly distributed on the

internal surface of the hollow ZrO2 nanoparticles. The cross

sectional compositional line proles for the single IL@ZrO2

nanoparticle demonstrate a coincident conclusion with the

spectral element mapping (Fig. 1j). The loading amount of IL

Scheme 1 (a) Schematic illustration of synthesizing hollow ZrO2 nanoparticles via the template method and encapsulating IL via the physical

forced penetration method. (b) Schematic illustration of IL@ZrO2 as a multifunctional theranostic agent for CT imaging guided microwave

thermal therapy in vivo and real-time monitoring of the therapeutic outcomes visually.

This journal is © The Royal Society of Chemistry 2015 Chem. Sci., 2015, 6, 5016–5026 | 5017
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can be calculated via the TGA curves of ZrO2 and IL@ZrO2

(Fig. S1†). The total weight losses were 85.81% and 68.96% for

ZrO2 and IL@ZrO2, respectively. The difference between the two

values was caused by the loading of IL inside the ZrO2 nano-

particles. Through comparing the D-values of the total weight

losses of ZrO2 and IL@ZrO2, the loading amount of IL was

calculated with the value of 16.85% (Fig. S1†). The selection of a

hydrophobic IL can avoid leakage out of the ZrO2 shell when

dispersed in PBS solution, which results in stable microwave

response properties of the IL@ZrO2 nanoparticles.

Microwave heating in vitro

We rst performed a microwave heating test in vitro to investi-

gate the response properties of the IL@ZrO2 nanoparticles to

microwave irradiation. When irradiated by microwaves (1.8 W,

450 MHz) for 5 minutes, the temperature of the IL@ZrO2 group

rose from 30 to 58 �C, with an especially high heating rate

during the rst 60 s, while the temperature of the control group

containing an isometric saline solution only rose to 45 �C with a

relatively low heating rate. To discuss the inuence of pure ZrO2

without any IL loaded, ZrO2 nanoparticles were used as another

control group under the same microwave conditions, and poor

temperature rise performance was observed (Fig. 2a). The

rapidly alternating microwave eld results in a change of the

direction of ionic polarization, which causes frequency-depen-

dent friction between ions, and the temperature rises. The

microwave heating process can be clearly observed in the cor-

responding FLIR images (Fig. 2b). Signicantly, the high-

temperature region is gradually enlarged with prolonged

microwave irradiation time, yet the temperature in the control

group and ZrO2 group only reaches about 45 �C. This demon-

strates that the IL@ZrO2 nanoparticles are suitable for micro-

wave tumor thermotherapy.

In vitro and in vivo systematic toxicity evaluation results

A hemolysis test and MTT assay were primarily performed to

evaluate the potential toxicity of the IL@ZrO2 nanoparticles.

Each concentration group exhibits dramatic non-hemolysis

behavior, and themaximum hemolysis ratio is only 2.18% when

the concentration increases to 5000 mg mL�1 (Fig. S2a†). The

Fig. 1 Characterization of the physicochemical properties of the multifunctional IL@ZrO2 nanoparticles. (a) Low (�5k) and high (�100k, inset)

magnification SEM images, (b) TEM image, and (c) histogram of the distribution of diameters of the IL@ZrO2 nanoparticles. The histogram of the

distribution of diameters was based on statistical analysis of the results via measuring the size of 100 nanoparticles in (a). EDX spectra of (d) the

hollow ZrO2 nanoparticles and (e) themultifunctional IL@ZrO2 nanoparticles. (f) FT-IR spectra of the ZrO2 nanoparticles, multifunctional IL@ZrO2

nanoparticles and IL. STEM-EDX spectral element mapping for (g) carbon and (h) zirconium. (i) Merged overlay image formed from (g) and (h),

showing the clear structure. (j) Cross sectional compositional line profiles of IL@ZrO2.

5018 | Chem. Sci., 2015, 6, 5016–5026 This journal is © The Royal Society of Chemistry 2015
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inset picture in Fig. S2a† shows consistent visual results, with

non-hemolysis for each concentration except for the positive

control group. The MTT results in Fig. S2b† also display a low

toxicity in the concentration range of 5–5000 mg mL�1. The

HepG2 cells all maintained a high viability of >80%. The HepG2

cells grow normally without any inuence from the IL@ZrO2

nanoparticles. The low toxicity and high response properties to

microwave irradiation endow the IL@ZrO2 nanoparticles with

application potential in tumor microwave thermotherapy.

Next, systematic toxicity of the IL@ZrO2 nanoparticles and

microwave was evaluated in vivo. The change of body weight

during the course shows no obvious weight loss (Fig. S2c†).

Instead, the body weight in each group exhibits a growth

tendency, indicating the low toxicity of the IL@ZrO2 nano-

particles to ICR mice. Liver function is commonly assessed

using alanine aminotransferase (ALT) and aspartate amino-

transferase (AST) as biochemical markers. Compared with the

control group, the activity of ALT and AST in each experimental

group was within the normal ranges, indicating that the

IL@ZrO2 nanoparticles did not inuence liver function. Similar

results for glomerular ltration could be observed, which is

commonly evaluated by blood urine nitrogen (BUN) and creat-

inine (CREA) (Fig. S2d†). As depicted in Fig. S3,† IL@ZrO2

nanoparticles did not have any inuence on the heart, liver,

spleen, lung and kidney 16 days aer injection, indicating that

IL@ZrO2 has no obvious toxic side effect on mice.

Microwave thermal therapy using H22 tumor bearing ICR

mice in vivo

Aer the evaluation of the excellent response properties to

microwave irradiation and low toxicity of the IL@ZrO2 nano-

particles, a microwave thermotherapy experiment was designed

using H22 tumor bearing ICR mice. Fig. 3a shows the mean

temperature curves during the microwave thermotherapy

procedure. Compared with the MW group and ZrO2 + MW

group, an obvious temperature rise can be observed in the

IL@ZrO2 + MW group. During 5 minutes of microwave irradia-

tion, the nal temperature in the IL@ZrO2 + MW group rises

rapidly to 55 �C, resulting in inhibition of the tumor growth. The

package effect of the ZrO2 shell can promote the frequency-

dependent friction between ions, leading to temperature rise.

However, the temperature in the control and ZrO2 +MWgroup is

too low to kill tumor cells efficiently. The FLIR images in Fig. 3b

show the corresponding visible results. The enlarged high-

temperature region of the tumor in the IL@ZrO2 + MW group

represents the temperature rise, while the high-temperature

region (nearly 42 �C) in the control and ZrO2 + MW group shows

no obvious expansion.

The photos of ICR mice in Fig. 3c clearly show the therapeutic

results. The tumors in the IL@ZrO2 +MWgroup had disappeared

aer 16 days' normal feeding, while large tumors were clearly

observed in other groups. The quantitative results are as shown in

Fig. 3d and e. In the IL@ZrO2 + MW group, the growth of the

tumor is inhibited rapidly aer the microwave treatment due to

the accumulation of IL@ZrO2 in the tumor region, while the

tumors in other groups weren't inhibited, and instead grew rather

rapidly (Fig. 3d). No therapeutic effects were observed in any of

the control groups, suggesting that IL@ZrO2 ormicrowaves alone

cannot inuence the growth of tumors. Only the use of IL@ZrO2

as a microwave susceptible agent under microwave irradiation

can effectively inhibit and even completely kill the tumor.

Meanwhile, a slight weight increase was observed in all groups

and no noticeable abnormal clinical manifestations were found,

indicating the low toxicity of IL@ZrO2 to be used as a microwave

susceptible agent (Fig. 3e). The mean tumor weight of each group

is shown as Fig. 3f, with the values of 0.33 � 0.20, 2.20 � 0.33,

2.45� 0.31, 2.18� 0.85, and 3.39� 0.24 g for the IL@ZrO2 +MW,

ZrO2 + MW, IL@ZrO2, MW and control groups, respectively. The

value in the IL@ZrO2 + MW group is signicantly lower than in

any control group, and the tumor inhibiting ratio was over 90%.

Compared with all the control groups, there were no obvious

histopathological abnormalities or lesions in the tissues

(including heart, liver, spleen, lung and kidney) in the IL@ZrO2 +

MW group (Fig. S4†). The tumor cells exhibit numerous karyor-

rhectic debris or nuclear damage in the IL@ZrO2 + MW group,

caused by microwave hyperthermia (Fig. S5†).

Fig. 2 Evaluation of the microwave sensitizing properties of the IL@ZrO2 nanoparticles. (a) Heating curves of the ZrO2 and IL@ZrO2 nano-

particles dispersed in saline solution (1 mL, 20 mg mL�1) and irradiated by microwaves (1.8 W, 450 MHz) for 5 minutes. The control group

represents isometric saline solution. The temperature was recorded every 10 s with an optical fiber probe. (b) The corresponding FLIR images of

the ZrO2, IL@ZrO2 and control groups based on (a). The pictures were taken every 1 minute.

This journal is © The Royal Society of Chemistry 2015 Chem. Sci., 2015, 6, 5016–5026 | 5019

Edge Article Chemical Science

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

9
 M

ay
 2

0
1
5
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
2
/2

0
2
2
 1

1
:0

7
:4

1
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5sc00781j


Assessment of potential CT imaging properties of IL@ZrO2

nanoparticles

CT imaging in vitro and in vivo using ICR mice bearing H22

tumor cells. CT imaging is commonly used as a kind of diag-

nostic tool, based on the body density dependence relationship

of X-ray absorption. It is dominant over other imaging modal-

ities due to its high-resolution and three-dimensional (3D)

structural model, fast and real-time acquisition, high repro-

ducibility, minimal injury and pain, and potential property of

quantitative analysis.9 In this paper, IL@ZrO2 was employed as

an ideal CT contrast agent to enhance the CT imaging quality.

CT imaging in vitro was conducted at different concentrations

(0–1.25 mg mL�1) to evaluate the feasibility of IL@ZrO2 as a CT

contrast agent (Fig. 4a). The CT values of IL@ZrO2 were

signicantly positively correlated with the concentration, with

the color signal enhanced and tending to white based on their

high atomic number and atomic mass.

Encouraged by the ideal CT imaging results in vitro, ICRmice

bearing H22 tumor cells were used to evaluate the feasibility of

IL@ZrO2 as a CT contrast agent in vivo. IL@ZrO2 was injected to

the tumor site via subcutaneous and intravenous injection. In

the both cases, the signicant CT enhancement property of the

tumor site was observed via semiquantitative and qualitative

evaluation prior to and post injection (Fig. 4b and c).

Quantitative analysis was further conducted via ICP-MS analysis

of Zr in organs 12 h post intravenous injection (Fig. S6†). Zr

mainly existed in the liver and spleen. The Zr content in the

tumor is still relatively high and the targeting rate was over 2%

ID g�1. This demonstrates that IL@ZrO2 has CT enhancement

properties in vivo and can be used as an ideal CT contrast agent.

Real-time monitoring of the therapeutic outcomes visually

using VXII tumor bearing SD rats. The CT imaging properties

endow IL@ZrO2 with potential for real-time monitoring of the

therapeutic outcomes visually. VXII tumor bearing SD rats were

used to preliminarily explore the feasibility. The inset of Fig. 5a

represents the optical picture (le) and CT imaging picture

(right) of the SD rats. As shown in the CT imaging (Fig. 5a), the

growth of the tumor in the IL@ZrO2 + MW group was signi-

cantly inhibited in the 5–10 days post therapy period, and even

disappeared aer 15 days of normal feeding, while for each

control group, the tumors grew relatively rapidly. It is worth

noting that the rats in each control group gradually died during

days 10–15 due to cancer progression. Yet when the feeding

time reached 20 days, all rats in the IL@ZrO2 + MW group had

normally survived without any abnormal clinical manifesta-

tions (Fig. 5b). Namely, the microwave thermotherapy can

improve the survival rate of rats with ideal therapeutic efficiency

(Fig. 5c). Additionally, in the groups with IL@ZrO2 injection, CT

signals can be observed obviously as marked in the tumor

Fig. 3 Evaluation of themicrowave thermal therapy efficiency of IL@ZrO2 in vivo. (a) Themean heating curves of the tumor in the IL@ZrO2+MW,

ZrO2 + MW and MW groups in vivo, through statistical analysis of the results of five mice in each group. (b) Infrared thermal imaging pictures of

ICRmice in the IL@ZrO2+MW, ZrO2+MWandMWgroups, a picture of eachwas taken perminute. (c) Tumor volume of ICRmice in the IL@ZrO2

+ MW, IL@ZrO2, ZrO2 + MW, MW and control groups 16 days after microwave treatment. (d) Relative body weights of ICR mice in the IL@ZrO2 +

MW, IL@ZrO2, ZrO2 + MW, MW and control groups 16 days after microwave treatment. (e) Photographs of ICR mice in the IL@ZrO2 + MW,

IL@ZrO2, ZrO2 + MW, MW and control groups at 0 days and 16 days after microwave treatment. (f) Mean tumor weights of each group after

excision at 16 days. (All data are presented asmean� SD. ** denotes statistical significance for the comparison of the tumor volume in IL@ZrO2 +

MW group with other groups, ** p < 0.01).

5020 | Chem. Sci., 2015, 6, 5016–5026 This journal is © The Royal Society of Chemistry 2015
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region (Fig. 5a), providing proof that IL@ZrO2 can be used as a

CT contrast agent for real-time monitoring of the therapeutic

outcomes visually.

Real-time monitoring of the biodistribution of IL@ZrO2

nanoparticles in mini swine. The microwave thermotherapy

efficiency in the ICR mice and SD rats in vivo encouraged us to

next explore the potential of IL@ZrO2 in a large animal model.

Biodistribution of the nanomaterials in vivo is a key concern to

evaluate the inuence of nanomaterials on tissues and to

discuss future clinical applications. The traditional evaluation

methods focus on a single quantitative or qualitative analysis,

which is difficult in monitoring the biodistribution in real-

time. In addition, batches of experimental animals must be

sacriced at different times post injection to measure the

biometabolic processes. Due to the CT imaging properties, the

biodistribution of IL@ZrO2 in vivo can be easily observed using

a GE Lightspeed Plus. In our study, mini swine models were

employed to qualitatively study the biodistribution of IL@ZrO2

nanoparticles (Fig. 6). The inset of Fig. 6c represents the

optical picture (le) and CT imaging picture (right) of the mini

swine model. The results indicated that IL@ZrO2 nano-

particles were mainly distributed in the liver, spleen and

kidney at 6 h aer injection. The CT value of liver and spleen

reached its maximum value during 12–24 h aer injection,

while the CT value decreased gradually to the initial value 5

days aer injection (Fig. 6a and b). The possible reason for the

decrease is that the IL@ZrO2 nanoparticles are biodegraded or

excreted gradually from the body. For brain and muscle, the

CT values show no obvious difference prior to and post

injection, indicating few IL@ZrO2 nanoparticles were distrib-

uted in the two tissues. The quantitative analysis was con-

ducted via ICP-MS analysis of Zr in the organs. Fig. 6c shows

the biodistribution of Zr in the major organs 10 days aer the

mini swine was sacriced, which shows that Zr mainly existed

in the spleen, lung, gallbladder, and liver. These ICP-MS

results are coincident with the CT imaging results in Fig. 6b

and conrm the potential application of CT imaging in real-

time monitoring of the biodistribution or metabolic processes

at different time points without sacricing any experimental

animals.

Fig. 4 CT imaging efficiency of IL@ZrO2 in vitro and in vivo. (a) CT values and images (inset) of IL@ZrO2 nanoparticles at different concentrations;

circles from left to right in the inset represent low to high concentrations, respectively. (b) CT imaging in vivo prior to and post subcutaneous

injection in ICR mice models. (c) CT imaging in vivo prior to and 2 h post intravenous injection through the mouse tail vein in ICR mice models.

Fig. 5 Evaluation of the microwave thermal therapy efficiency of the IL@ZrO2 in SD rats bearing VXII tumor cells via real-time CT imaging. (a) CT

imaging pictures of the tumor region of each group at different time points during the thermal therapy period. The inset represents the optical

picture (left) and CT imaging picture (right) of the SD rats. (b) Relative tumor volume and (c) survival rate of the SD rats in the IL@ZrO2 + MW,

IL@ZrO2, MW and control groups at different time points after microwave treatment. The size of the tumor was measured based on the CT

imaging pictures of the tumor (all data are presented as mean � SD. ** denotes statistical significance for the comparison of the relative tumor

volume in the IL@ZrO2 + MW group with the MW and control groups, ** p < 0.01).
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Hematology biochemical indicators at different time points

post injection were measured to study the effect of IL@ZrO2

nanoparticles on the blood (Fig. S7†), including white blood

cell count (WBC), red blood cell count (RBC), basophile

(BASO), hemoglobin (HGB), hematocrit (HCT), mean corpus-

cular volume (MCV), mean corpuscular hemoglobin (MCH),

mean corpuscular hemoglobin concentration (MCHC), platelet

count (PLT), and red cell distribution width-standard deviation

(RDW-SD). None of the indicator values showed any signicant

difference within the normal ranges, indicating the low toxicity

and excellent biocompatibility of IL@ZrO2 nanoparticles to the

mini swine.

Serum biochemical indicators at different time points post

injection were measured to investigate the effect of IL@ZrO2

nanoparticles on target organs (Fig. S8†), including alanine

aminotransferase (ALT), alkaline phosphatase (ALKP), gluta-

myltranspetidase (GGT), total protein (TP), albumin (ALB),

total bilirubin (TBIL), UREA, creatinine (CREA), lactate dehy-

drogenase (LDH), and C-reactive protein (CRP). None of the

indicator values presented signicant differences within the

normal ranges, indicating low toxicity to the target organs.

A histological study of organs, including the heart, liver,

spleen and lung, was performed to further investigate the

effects and toxicity of IL@ZrO2 nanoparticles. No apparent

lesions or histopathological abnormalities can be observed,

indicating the low toxicity of IL@ZrO2 nanoparticles to animals

(Fig. S9†). Interestingly, IL@ZrO2 nanoparticles can be clearly

observed in the liver, spleen and lung as marked in Fig. S9.†

This result is coincident with the qualitative and quantitative

analysis biodistribution results in Fig. 6.

Experimental section
Materials

Zirconium(IV) propoxide was purchased from Tokyo Chemical

Industry Co. Ltd. 1-Butyl-3-methylimidazolium hexa-

uorophosphate ([Bmim]PF6) was obtained from Shanghai

Chengjie Chemical Co. Ltd. (China). 1,4-Dioxane and sodium

hydroxide (NaOH) were obtained from the Beijing Chemical

Reagents Company (China). Aqueous ammonia was a

commercially available product. All reagents used in our work

were analytical reagents (A.R.) without any further purication.

Characterization

Scanning electron microscopy (SEM, Models 4300, Hitachi) and

transmission electron microscopy (TEM, JEM-2100, JEOL) were

used to characterize the morphology and size distribution of

ZrO2 and IL@ZrO2 nanoparticles. Energy dispersive X-ray

spectroscopy (EDX) was used to analyze the elemental compo-

sition of ZrO2 and IL@ZrO2 nanoparticles. High-angle annular

dark-eld scanning TEM (HAADF-STEM)-energy-dispersive

X-ray (EDX) (Tecnal G2 F20 U-Twin) was used to analyze the

distribution of C and Zr. Fourier transform infrared spectros-

copy (FT-IR, Varian, Model 3100 Excalibur) was employed to

examine the composition and surface functional groups. The

cell viability was measured via an ultraviolet and visible spec-

trophotometer (UV-Vis) and an enzyme-linked immunosorbent

assay reader. The temperature in this work was monitored via

an infrared thermal mapping apparatus (FLIR). Inductively

coupled plasma mass spectrometry (ICP-MS) was used to

quantitative analyse the biodistribution of IL@ZrO2

Fig. 6 Evaluation of the biodistribution of IL@ZrO2 nanoparticles in a mini swine model. (a) CT imaging pictures of the liver at different time

points prior to and post injection. (b) CT values of the organs at different time points prior to and post injection, representing the biodistribution of

IL@ZrO2 in different organs. (c) ICP-MS analysis results of IL@ZrO2 levels in tissues of the mini swine, including spleen, lung, gallbladder, liver,

muscle, kidney, heart, brain, stomach and bladder. The inset represents the optical picture (left) and CT imaging picture (right) of the mini swine

model.
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nanoparticles in mini swine models. An optical microscope

(Olympus X71, Japan) was employed to observe the paraffin

sections.

Synthesis of hollow ZrO2 nanoparticles

Hollow ZrO2 nanoparticles were prepared via a template

method. During the synthesis process, SiO2 nanoparticles were

employed as templates. The detailed procedure was as below.

SiO2 nanoparticles (100 mg) underwent the dewatering process

prior to being dispersed in a mixture of alcohol and acetonitrile

(120 mL, the volume ratio was 3 : 1). Ammonia (1.2 mL) was

added to adjust the pH value to weakly alkaline. The zirconium

(Zr) precursor (0.5 mL) was then swily injected into the

mixture under magnetic stirring. The hydrolytic process of Zr

was triggered in the weakly alkaline environment to induce the

growth of small ZrO2 nanoparticles with SiO2 as seeds. As the

reaction proceeded for 6 h, a ZrO2 shell was formed gradually on

the surface of the SiO2 seed. The thickness of the shell can be

controlled through adjusting the ratio of the Zr precursor and

the SiO2 seeds and the reaction time. To remove the SiO2 seed

core, NaOH solution (1 mL, 1 M) was added under a tempera-

ture of 80 �C for approximately 4 h. The obtained hollow ZrO2

nanoparticles were collected by centrifugation and washed

three times with deionized water (Scheme 1a).

Preparation of multifunctional IL@ZrO2 nanoparticles via a

novel physical forced penetration method

A hydrophobic IL, 1-butyl-3-methylimidazolium hexa-

uorophosphate ([Bmim]PF6), was selected as a microwave

susceptible agent to be encapsulated into the as-prepared

hollow ZrO2 nanoparticles via a novel and simple physical

forced penetration method. [Bmim]PF6 (0.5 mL) was dispersed

in 1,4-dioxane (5 mL), followed by dispersion in alcohol (5 mL)

under ultrasonication. The as-prepared hollow ZrO2 nano-

particles (20 mg) were then added into the solution. The reac-

tion system was kept under vacuum condition with a water

pump under continuous ultrasonication for 30 minutes. The IL

could gradually diffuse into the hollow structure through the

thin ZrO2 shell, due to the concentration difference and phys-

ical pressure. As time continued, multifunctional IL@ZrO2

nanoparticles were obtained and washed three times with

deionized water (Scheme 1a).

Microwave heating experiment in vitro

A microwave heating experiment in vitro was designed to eval-

uate the microwave susceptibility properties of the IL@ZrO2

nanoparticles. 1 mL IL@ZrO2 or ZrO2 dispersions (20 mg mL�1

in saline solution) were added into the reactor and then irra-

diated by microwaves (1.8 W, 450 MHz) for 5 minutes. The

control group contained isometric saline solution. During the

microwave irradiation process, the temperature values were

recorded every 10 s with an optical ber probe. To visually

monitor the temperature change, real-time thermal imaging

was monitored with FLIR, which corresponded well with the

optical ber probe results.

Hemolysis test

A hemolysis test was necessary to preliminarily estimate the

potential toxicity of the IL@ZrO2 nanoparticles. Rabbit's heart

blood was employed to prepare red blood cell dispersions in

PBS solution (2 v%). 0.5 mL cell dispersion was mixed with

isometric IL@ZrO2 PBS solutions with a wide concentration

range (5–5000 mg mL�1). The positive and negative control

groups were designed to replace IL@ZrO2 dispersions with

isometric deionized water and PBS solution, respectively. Each

group contained three parallel experiments in duplicate to

minimize statistical error. Aer a 3 h incubation period, these

mixtures were centrifuged and UV-Vis was used to measure the

absorbance of the supernatant at 570 nm.

Cell culture and animal model

All animal experiments in our work were performed in

compliance with the Institutional Animal Care and Use

Committee of Technical Institute of Physics and Chemistry,

Chinese Academy of Sciences and First Hospital of China

Medical University, China. Human liver carcinoma cells, HepG2

cell line (purchased from ATCC), were cultured in a high-

glucose DMEM medium at 37 �C with 5% CO2 in a humid

atmosphere. Six-week-old ICR female mice weighing 20–25 g

(provided by Vital River Laboratory Animal Technology Co. Ltd.)

were subcutaneously implanted with 2–3 � 106 H22 tumor cells

in the le anterior axillary. The CT imaging and microwave

thermal therapy experiments in vivo were performed aer the

tumor volume reached about 100 mm3. The acute toxicity test in

vivo was performed with healthy six-week-old ICR female mice

without tumor cells implanted.

MTT assay

A MTT assay was conducted to evaluate the potential cytotox-

icity of the IL@ZrO2 nanoparticles. A 96-well plate seeded with

100 mL HepG2 cells in each well (around 10 000 cells) was

incubated overnight in culture conditions to allow for the cell

attachment. Subsequently, to each well was added 100 mL

IL@ZrO2 dispersed in the culture medium with a wide

concentration range (5–5000 mg mL�1). Then the 96-well plate

was incubated for another 24 h in culture conditions. The

control group was designed to replace the IL@ZrO2 dispersions

with isometric DMEN culture medium. 20 mL of MTT solution

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,

nal concentration was 0.5 mg mL�1) was added into each well

and the 96-well plate was incubated for another 4 h in culture

conditions. The growthmediumwas removed and the cells were

washed three times with PBS solution. The absorbance of each

well was measured at 492 nm on an enzyme-linked immuno-

sorbent assay reader. The cell viability (%) ¼ 100 X optical

density (OD) of experimental group/OD of control group. Each

group contained ve parallel experiments in duplicate.

Systematic toxicity testing in vivo

Systematic toxicity testing in vivo via intravenous injection was

needed and a typical procedure was designed as below. Healthy

This journal is © The Royal Society of Chemistry 2015 Chem. Sci., 2015, 6, 5016–5026 | 5023
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female ICR mice were divided into ve groups (n ¼ 3 in each

group), including a control (without any treatment), IL@ZrO2

(only IL@ZrO2 added without microwave treatment), ZrO2

(ZrO2 added without microwave treatment) MW (only micro-

wave treated without IL@ZrO2 added) and IL@ZrO2 + MW

(combined microwave treatment with IL@ZrO2 added) groups.

The nanoparticles were injected via intravenous injections

through the mouse tail vein and the dose for each group was 40

mg mL�1. Twelve hours aer injection, the IL@ZrO2 + MW and

MW groups were irradiated by microwaves (1.8 W, 450 MHz) for

5 minutes, in correspondence with the thermal therapy

experiment. The clinical manifestation of the mice was

observed and their weight was recorded carefully throughout

the experiment period. The mice were sacriced aer 16 days'

normal feeding. Simultaneously, a venous blood sample was

collected for blood biochemistry examination, including

alanine aminotransferase (ALT), aspartate aminotransferase

(AST), blood urea nitrogen (BUN), and creatinine (CREA). The

tissues and organs, including the liver, spleen, lung, and

kidney, were excised and xed in formalin solution (10%) for

further histological study.

Tumor microwave thermal therapy experiment using ICR

mice bearing H22 tumor cells

Aer optimization of the therapeutic conditions, an injection

dose of 40 mg kg�1 and 1.8 W, 450 MHz microwave irradiation

for 5 minutes were used for the tumor thermal therapy in vivo.

Six-week-old ICR female mice (20–25 g) bearing H22 tumors

were used for the tumor microwave thermal therapy experi-

ment. The mice were divided into the following ve groups (n ¼

5 in each group): control (without any treatment), IL@ZrO2

(only IL@ZrO2 added without microwave treatment, the injec-

ted dose was 40 mg kg�1), MW (only microwave treated without

IL@ZrO2 added), ZrO2 + MW (combined microwave treatment

with ZrO2 added, the injected dose was 40 mg kg�1) and

IL@ZrO2 + MW (combined microwave treatment with IL@ZrO2

added, the injected dose was 40 mg kg�1). The IL@ZrO2 and

ZrO2 were injected via the intravenous injection method

through the mouse tail vein and the microwave treatment (1.8

W, 450 MHz) was given 12 h aer injection, so that an abundant

amount of nanoparticles could be targeted to the tumor region

(Scheme 1b). The microwave irradiation time was set for 5

minutes and the temperature values were recorded every 10 s

with an optical ber probe. To visually monitor the temperature

change of the tumor region, real-time thermal imaging was

monitored with FLIR. During our experiments, anesthesia was

maintained using pentobarbital sodium (2 w%, 0.2 mL). Each

group was designed to contain three parallel mice. Aer treat-

ment, the tumor volume and body weight were monitored every

two days and tumor volume can be calculated through formula

(1). The tumor volume and relative body weight were calculated

to make the results more understandable. The mice were

sacriced aer 16 days' normal feeding and the tissues and

organs, including liver, spleen, lung, and kidney, were excised

and xed in formalin solution (10%) for further histological

study.

Vtumor ¼
ab2

2
(1)

where a and b refer to the length and width of tumor,

respectively.

CT imaging experiments

CT imaging in vitro. CT imaging in vitrowas performed using

a GE Lightspeed Plus. Isometric IL@ZrO2 dispersed in PBS

solutions with a wide concentration range (1.25, 0.65, 0.30, 0.15,

0 mgmL�1) was added into a PE tube and then scanned with the

GE Lightspeed Plus. The group containing pure PBS solution

was designed as the control group. The CT value of each group

was recorded to evaluate the CT contrast properties of the

IL@ZrO2 nanoparticles.

CT imaging of H22 tumor bearing ICR mice in vivo. CT

imaging of H22-bearing ICR mice in vivo was performed using a

Philips Brilliance iCT256, and the mice were scanned prior to

and 2 h post injection of IL@ZrO2 with the dose of 40 mg kg�1

(Scheme 1b). The different CT values in the tumor region prior

to and post injection of IL@ZrO2 conrmed the ideal CT

imaging application in vivo. The injection was achieved via

subcutaneous and intravenous injection to explore the feasi-

bility of IL@ZrO2 as a CT contrast agent in vivo.

Real-time monitoring of the therapeutic outcomes visually

using SD rats bearing VXII tumor cells. SD rats (200 g) bearing

VXII tumor cells were employed to further explore the poten-

tial application of IL@ZrO2. The experiment procedure was

similar to the ICR mice experiment. SD rats were divided into

four groups, control (without any treatment), IL@ZrO2 (only

IL@ZrO2 added without microwave treatment, the injected

dose was 80 mg kg�1), MW (only microwave treated without

IL@ZrO2 added), and IL@ZrO2 + MW (combined microwave

treatment with IL@ZrO2 added, the injected dose was 80 mg

kg�1). The IL@ZrO2 was injected to tumor sites via subcuta-

neous injection and microwaves (1.8 W, 450 MHz) were

applied for 5 minutes. CT imaging was performed at different

time points post microwave therapy to monitor the change in

the tumors. Tumor volume was measured from the CT

imaging and calculated through formula (1). Relative tumor

volume was calculated to make the results more

understandable.

Real-time monitoring of the biodistribution of IL@ZrO2

nanoparticles in the mini swine model. All experiments per-

formed on mini swine models were approved by the Institu-

tional Animal Care. Healthy mini swine weighing 50 kg were

used for the study of the biodistribution of IL@ZrO2 nano-

particles. IL@ZrO2 nanoparticles were injected intravenously

with a dose of 6 mg kg�1. CT imaging and inductively coupled

plasma atomic emission spectroscopy (ICP-MS) were employed

to conduct the qualitative and quantitative analysis at different

times post injection, respectively. Meanwhile, blood was

collected for hematology and serum biochemistry analysis. The

mini swine were sacriced 10 days post injection and the organs

were collected for subsequent ICP-MS analysis and histological

study.
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Histological study

A typical histological study was conducted using standard

laboratory procedures. The tissues were xed in formalin solu-

tion (10%) for 24 h and the deprivation process of body uids

was followed. Subsequently, the tissues were embedded in

paraffin blocks and sectioned into thin paraffin sections (5 mm

in thickness). To identify the cell and organization structure,

the paraffin sections were then stained with hematoxylin and

eosin (H&E stain) and observed using an optical microscope

(Olympus X71, Japan).

Statistical analysis

All experimental results were performed as mean � standard

deviation (S.D). Multigroup comparisons of the data were

carried out using a one-way analysis of variance (ANOVA) test

using SPSS Statistics 17.0. The level of signicance for all tests

was set at p < 0.05.

Conclusions

We introduced a simple IL@ZrO2 nanostructure via a physical

forced penetration method. The ZrO2 shell produces an

enhanced CT imaging effect which allows highly sensitive

detection in vivo and in vitro, and the IL inside produces a

microwave susceptibility effect which allows excellent thermo-

therapy efficiency. Namely, the simple nanostructure can be

used as a multifunctional theranostic agent for CT imaging

guided microwave thermal therapy. Upon microwave irradia-

tion, the tumor inhibiting ratio was over 90% in H22 tumor

bearing ICR mice. In addition, we demonstrated the bio-

distribution of IL@ZrO2 in the tissues of a mini swine model

through CT imaging and ICP-MS analysis with coincident

results, providing valuable proof of the potential CT imaging in

vivo. This versatility of the CT imaging and microwave suscep-

tibility properties endows the multifunctional nanoparticles

with the ability to be a useful platform for imaging guided

therapy of tumors and real-time monitoring of the bio-

distribution and metabolic processes or assessment of thera-

peutic outcomes visually.
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