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Introduction

Magnetic resonance-guided focused ultrasound surgery (MRgFUS), as a promising non-

invasive ultrasound thermal treatment for soft tissue lesions, has been utilized in the 

treatment of prostate, kidney, and liver cancer [1–3]. In particular, there is precise control of 

beam direction and ongoing feedback is provided to detail temperature changes at and 

around the treated tissue in MRgFUS. The main advantages of MRgFUS are that it is non-

invasive, able to provide real-time, three-dimensional imaging, and closed-loop MR 

feedback. Magnetic resonance imaging (MRI) is a clinically useful diagnostic and tumor 

detection technique and can provide real-time temperature monitoring in MRgFUS. 

MRgFUS ablation usually involves the use of gradient-echo MR imaging for real-time 

temperature monitoring, based on spin-lattice (T1) relaxation time and temperature 

sensitivity of the proton resonance frequency [4]. The tumor ablation efficiency of MRgFUS 

highly depends on its capacity to deposit energy in tissue. However, when shifting from an 

in vitro environment to in vivo tissue, there is considerable attenuation of ultrasonic energy 

emitted by the MR-guided ultrasound transducer [5]. High ultrasound power must be 

employed to improve the therapeutic efficiency and guidance of conventional MRgFUS in 
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order to achieve reduction effects on a deeper lesion. This high ultrasound power could 

cause severe side effects, such as skin burns, edema, perforation of intestines, and injury of 

peripheral nerve surrounding the tumor [6]. Furthermore, the set current is not sensitive 

enough to visualize small lesions using conventional MRgFUS settings [6–9].

Due to their excellent biocompatibility and magnetic properties, superparamagnetic iron 

oxide (SPIO) NPs have been used extensively for drug delivery, MRI probes, and tumor 

thermotherapy [7–14]. Previous studies have shown that dipole relaxation induced by an 

alternating magnetic field can contribute to magnetic hyperthermia of SPIO NPs. During 

irradiations of near-infrared (NIR) laser light and high intensity focused ultrasound (HIFU) 

treatment, SPIO NPs were used to induce the thermal therapy effect in tumor tissue [6, 15–

19]. Recently, superparamagnetic iron oxide-polymer composite microcapsules (mean 

diameter, 587 nm & 885.6 nm) have been proposed for MRgFUS [5, 17]. These 

microcapsules were demonstrated with the ability to enhance ultrasonic wave absorption and 

energy deposition in the targeted tissue, thereby enhancing the tumor-ablative effects of 

MRgFUS [17]

In the present study, we propose to develop an active targeting, nanosized theranostic SPIO 

nanoplatform to improve the MRI sensitivity and tumor-ablative efficacy of a clinical 

MRgFUS system. These SPIO nanoparticles were coated with a layer of polyethylene glycol 

(PEG) to improve their biocompatibility [14, 20]. Epidermal growth factor receptor (EGFR) 

is a tyrosine kinase cellular transmembrane receptor and is linked to aberrant survival and 

poor prognosis. It is overexpressed in various epithelial tumors, such as non-small cell lung, 

kidney, breast, and head-and-neck squamous cell carcinoma [21, 22]. In this study, the 

surface of these PEGylated SPIO nanoparticles was further decorated with high affinity anti-

EGFR monoclonal antibody (Cetuximab) to form a nanocomposite (anti-EGFR-PEG-SPIO) 

for targeted delivery to EGFR overexpressing H460 lung cancer. The anti-EGFR-PEG-SPIO 

was physicochemically characterized. Their targeting capability, MRI contrast enhancement 

and cytotoxicity were studied in H460 lung cancer cells as well as in nude rat models 

bearing H460 lung cancer xenografts. The capability of anti-EGFR-PEG-SPIO for 

synergistic MRgFUS treatment of cancer and the applications of a series of MRI approaches 

for non-invasive monitoring treatment response were demonstrated using nude rat lung 

tumor models (Scheme shown in Fig. 1a). To the best of our knowledge, this study 

represents the first evaluation of an active targeting and nano-sized SPIO platform for the 

enhancement of imaging sensitivity and tumor-ablative efficacy in MRgFUS.

2 Materials and method

2.1 Preparation of Fe3O4 nanoparticles

Iron oxide nanoparticles were produced according to a reported procedure[23, 24]. In brief, 

Fe(acac)3 (2.12 g, 6 mmol), HOOC-PEG-COOH (0.12 M, M.W.=2000), and oleylamine 

(7.90 mL, 24 mmol) were mixed in 100 mL of diphenyl oxide solution. The above solution 

was heated to reflux under a nitrogen environment. Next, the iron solution was stirred at 400 

rpm. In order to monitor the particle growth and formation, different aliquots were extracted 

during the heating process. Upon addition of a mixture of ethanol and ether (vol:vol = 1:5) 

into the aliquots at 37 °C, the reaction mixture was deposited and isolated. After the wash, 
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the deposit was dissolved in ethanol. Subsequently, the solution was precipitated with ether 

for three cycles. Finally, the nanoparticles were purified and collected for further use.

Anti-EGFR-PEG-SPIO was synthesized based on a previously published method[20, 23]. 

Briefly, PEGylated SPIO (Fe 2 mg, 3.5 mg/mL) was added into a 2 mL Eppendorf tube. 1-

ethyl-3-(3-dimethylaminopropyl carbodiimide) (EDC) and N-hydroxysulfosuccinimide 

sodium salt (sulfo-NHS) were dissolved in PBS buffer and quickly transferred to the 

PEGylated SPIO solution. Then, the mixture was allowed to react for 15 min at room 

temperature. Afterwards, the solution was purified by a PD-10 column with NaHCO3/

Na2CO3 buffer (pH=8.5). Cetuximab (1 mg) was added into the purified PEGylated SPIO 

solution, and the reaction was stored at 4 °C overnight. Anti-EGFR-PEG-SPIO was obtained 

after the buffer was transferred to PBS by an ultracentrifugation process.

2.2 Characterization of Anti-EGFR-PEG-SPIO

The morphology of these nanoparticles was observed by transmission electron microscopy 

(TEM, FEI Tecnai G20). The hydrodynamic diameter of these nanoparticles before and after 

conjugation with anti-EGFR mAb was performed by dynamic light scattering (DLS, Nano 

ZS, Malvern) at room temperature. Hysteresis loop was investigated by a Quantum Design 

MPMS 5MPMS superconducting quantum interference device magnetometer at room 

temperature. Regaku D/Max-2500 diffractometer was employed to record X-ray diffraction 

(XRD) pattern and structural properties of the nanoparticle samples. The T2 values of the 

anti-EGFR-PEG-SPIO and PEGylated SPIO nanoparticles were carried out at 3.0 T MRI 

Scanner (GE signa HDx, USA.) at 37 °C. The acquisition parameters were: TR=4000 ms, 

TE=60 ms; slice thickness=1 mm; slice spacing=1 mm. A 64 mm square field of view

（FOV）was used with an image matrix of 256 × 256. The relativities r2 (mM−1s−1) were 

calculated from the fitting of the 1/T2 versus plots.

2.3 Cell culture and animal models

NCI-H460 was obtained from the Academy of Life Sciences (Shanghai, China). RPMI 1640 

medium, fetal bovine serum (FBS), streptomycin, and penicillin were obtained from Jinuo 

Biomedical Technology Co. Ltd. (HangZhou, China). H460 cells were cultured at 37 °C in 

RPMI 1640 medium containing fetal bovine serum (10%), streptomycin, and penicillin in a 

humidified atmosphere with 5% CO2.

Nude rats, 4 weeks of age, were obtained from Charles River Laboratory Animal 

Technology Co. Ltd. (Beijing, China). All animal experiments were performed under the 

requirements of the Use and Care of Animals Committee at Nanjing Medical University, 

Shanghai General Hospital according to institutional guidelines. H460 cells in a 200 uL 

mixture of PBS suspension were injected into the left posterior thigh muscles of nude rats. 

The tumor sizes for all nude rats were monitored and recorded weekly. Tumors reaching a 

longest dimension of 1.0 cm were used for in vivo MR imaging and MRgFUS ablation.

2.4 In vitro cytotoxicity

The cytotoxicity of anti-EGFR-PEG-SPIO and PEGylated SPIO was analyzed by MTT 

(methyl thiazolyl tetrazolium) assay on H460 cells according to a standardized method [25]. 
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A density of 3×105 H460 cells were seeded in 96-well plates and then incubated for 24 h 

(37 °C, 5% CO2) in RPMI 1640 medium. H460 cells were incubated for 24 h with media 

containing anti-EGFR-PEG-SPIO and PEGylated SPIO at different iron concentrations (5, 

10, 20, 40, 60, 80 μg/mL). Post incubation, 50 μL of MTT stock solution (5 mg/mL) was 

added to each well. After 4 h, the media was aspirated and 150 μL dimethyl sulfoxide 

(DMSO) was added to dissolve the crystal. Absorbance was measured at 490 nm using a 

microplate reader to assess cell viability.

2.5 Prussian blue staining and TEM

H460 cells were seeded into a 96-well plate at a density of 4×105 cells per well and was 

incubated with anti-EGFR-PEG-SPIO and PEGylated SPIO in iron concentrations of 40 

μg/mL for 1 h. Then, the cells were washed and fixed with 4% glutaraldehyde for 20 min, 

and stained with Prussian blue according to a previous reported study [25].

The cellular uptake of anti-EGFR-PEG-SPIO and PEGylated SPIO was further evaluated by 

TEM imaging (Hitachi, Japan) with an operating voltage of 60 KV [25, 26]. In brief, the 

cells were seeded at a density of 4×105 cells per well into a six-well plate for 24 h, reaching 

a confluency of 80%, and then treated with PEGylated SPIO and anti-EGFR-PEG-SPIO for 

12 h at room temperature. The embedded cells were sectioned (75 nm) and mounted onto 

200-mesh copper grids after washing with phosphate buffer.

2.6 In vitro MRI on H460 tumor cells

An in vitro MRI was performed on H460 cells (1×106) that were incubated with anti-EGFR-

PEG-SPIO and PEGylated SPIO for 2 h. After incubation with different Fe concentrations 

(0–80 μg/mL), cells were digested with 0.25% trypsin, centrifuged for 3 min, and 

resuspended in agarose (1 mL, 0.5 %) using an Eppendorf tube. MR imaging was obtained 

in a 3.0 T MR system. T2WI images were performed using the following parameters: TR/

TE=3000 ms/90.4 ms; slice thickness=1 mm; slice spacing=1 mm; matrix=256 × 256; 

FOV=8 cm × 8 cm. The T2 signal intensities were measured within the region of interest 

(ROI).

2.7 In vivo MR imaging of H460 tumor

Nude rats bearing H460 lung cancer were scanned on a 3.0 T MR system with a high 

resolution animal coil at 0.5, 1.0, 2.0, 4.0, 6.0, 10, and 12 h after injection of the anti-EGFR-

PEG-SPIO (n=6) and PEGylated SPIO agents (n=6) (1 mL, 40 μg/mL) via tail vein. All rats 

were imaged under the T2W spin-echo sequence (TR/TE=4000/96.7 ms) with a 256 × 256 

matrix size. The mean T2-weighted signal intensities were measured for each tumor 

(Smean). Then, the relative signal-to-noise ratio (SNR = Smean/NSD (standard deviation of 

the background signal)) was calculated based on a previously reported method [25].

2.8 Biodistribution of targeting and nontargeting NPs

Nude rats were sacrificed at 12 h post MR scanning. Liver, spleen, heart, lung, stomach, 

intestines, kidneys, blood, and tumor tissues were collected and weighed. The iron 

concentration in the samples was measured with inductively coupled plasma atomic 
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emission spectroscopy (ICP-AES, Leeman Prodigy, USA). Nude rats bearing H460 lung 

cancer xenografts injected with PBS were used as a control group.

2.9 MR guided FUS System

All animal experiments were performed on the FUS system (Insightic, Inc., Haifa, Israel) 

and on a 3.0 T MR Signa HDxt system. Nude rats were anesthetized with 1 mL of 3% 

sodium pentobarbital by intraperitoneal injection, and were then randomly divided into 

positive control group (n=6), negative control group (low power, n=6), PEGylated SPIO 

group (n=6), and anti-EGFR-PEG-SPIO group (n=6). The nude rats tumors were sonicated 

after injection of the PEGylated SPIO and anti-EGFR-PEG-SPIO solution (1 mL, 40 μg/mL) 

via tail vein at 4.0 h. Prior to sonication, T2-weighted spin-echo sequence were acquired 

(TR/TE=4000/96.7 ms; slice thickness, 3 mm; matrix, 320 × 256; FOV, 8 cm × 8 cm). For 

each nude rat, two to five sonications were planned. A single-point pulsed sonication 

(Acourstic energy 30–80 W, spot energy 600–1400 J, frequency 1.0–1.2 MHz, sonication 

duration 25 s) was delivered to produce mechanical force in the tumor region. The treated 

areas were about 0.5 cm2 according to the pretreatment plan. Each dynamic temperature was 

monitored by real-time MRI temperature mapping of the treated area. The temperature of 

the treated tumor was increased to 65–80 °C.

2.10 Post thermal therapy MR imaging

Following thermal therapy, MR images were acquired to observe the tumor treatment effect. 

Post-thermal therapy MR images were performed at 0.5 h, 3, 7, 14 and 30 d. The dynamic 

T1-weighted images (TR/TE=560 ms/15 ms; slice thickness, 2 mm; matrix, 320 × 256; FOV, 

8 cm × 8 cm) were obtained in the axial and sagittal planes. Gadolinium diethylene-

trianmine pentaacetic acid (Gd-DTPA) (0.2 mL/kg) was administered through injection of 

tail vein. Fast spin-echo T2-weighted images were obtained using same parameters. For 

DWI, a single shot echoplanar pulse sequence (TR/TE=1924/60 ms), T2 signal intensity, 

apparent diffusion coefficient (ADC) values, and tumor size were measured. All nude rats in 

four groups were sacrificed, and the tumors were harvested for histopathology evaluation.

2.11 Statistical analysis

All data analyses were presented as mean ± standard deviation (SD). Analysis was carried 

out using SPSS 19.0 software. MRI signal intensity was compared using univariate Analysis 

of Variance, and we used SNK test for binary comparison. All statistical significance was 

assigned a p value less than 0.05.

3. Results and discussion

3.1 Synthesis and characterization of anti-EGFR-PEG-SPIO

We were able to successfully synthesize anti-EGFR-PEG-SPIO, and utilize TEM, DLS, 

XRD, and hysteresis loop to characterize their size, composition and magnetic properties. 

TEM image of PEGylated SPIO before ligand decoration showed a uniform size distribution 

with a mean diameter of about 9.2 nm (Fig. S1a). DLS results demonstrated that the 

hydrodynamic diameter was about 38.5 nm for PEGyloated SPIO and 45.7 nm for EGFR-

targeted NPs, respectively (Fig. 1b). Based on the XRD results, we calculated the SPIO size 
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by Scherrer equation [27]. The XRD calculated size was 8.73 nm, which was in line with the 

TEM results (9.2 nm) showed in Fig. S1a. The anti-EGFR-PEG-SPIO and PEGylated SPIO 

exhibited a typical superparamagnetic behaviour with a magnetization (M) value of 58 

emu/g and 60 emu/g (Fig. 1c). The T2 values of the anti-EGFR-PEG-SPIO and PEGylated 

SPIO were 10.3 and 11.2 ms, respectively, while the T2 relativity values were 97.1 s−1mM−1 

and 89.3 s−1mM−1, respectively, when measured on a 3.0 T MRI Scanner (Fig. 1d). The 

XRD result indicated that characteristic peaks of NPs were not changed after modification 

with PEG-SPIO (Fig. S1b). The above result confirmed that the EGFR antibody was 

conjugated successfully on the surface of PEGylated SPIO. The anti-EGFR-PEG-SPIO NPs 

dissolved in water or PBS remained stable for 3 months at 4 °C, indicating their great 

stability and water solubility.

3.2 Cytotoxicity assay of anti-EGFR-PEG-SPIO NPs and PEGylated SPIO in H460 cells

The cytotoxicity of the anti-EGFR-PEG-SPIO and PEGylated SPIO in H460 cells was 

evaluated by MTT assay before administrating the nanoparticles for in vivo application. Cell 

viability with these nanoparticles at different iron concentrations (5, 10, 20, 40, 60, 80 

μg/mL） was measured after 24 h of incubation (Fig. 2). The MTT result showed that the 

viability of H460 cells was above 96% at 5 μg/mL, and dropped to 85% when 80 μg/mL was 

present. These results demonstrated no obvious cytotoxicity for both anti-EGFR-PEG-SPIO 

and PEGylated SPIO at tested concentrations in H460 cells.

3.3 In Vitro Cellular Uptake

The uptake of anti-EGFR-PEG-NPs and PEGylated NPs in the H460 cell line was 

determined by Prussian blue staining (Fig. 3a and b). The H460 cells treated with anti-EGFR 

targeting NPs showed more blue appearance than non-targeting NPs at the same iron 

concentration (40 μg/mL). This result indicated that EGFR receptor-mediated endocytosis 

could increase the uptake rate of PEGylated SPIO. TEM was utilized to further investigate 

the subcellular distributions of the two types of nanoparticles (anti-EGFR targeting vs non-

targeting NPs). Numerous electron staining particles could be observed in the cell endosome 

after treatment with anti-EGFR-PEG-SPIO NPs for 12 h (Fig. 3c and d). In contrast, H460 

cells incubated with non-targeting PEGylated SPIO did not show obvious electron-dense 

particles in TEM. Our results suggested that the increased cellular uptake of anti-EGFR 

targeted NPs may be due to the EGFR receptor-mediated endocytosis pathway.

3.4 Targeted MR imaging in vitro

To further investigate the in vitro EGFR targeting of anti-EGFR-PEG-SPIO on H460 cells, 

we measured the T2 weighted signal intensity of H460 cells after incubation with different 

iron concentration of NPs. As the iron concentration in EGFR targeting NPs group 

increased, the T2 signal intensity decreased significantly. The rate of signal intensity change 

was −58.2%, −82.7%, −94.4%, and 98.3% respectively, at the iron concentrations of (10, 20, 

40, 80 μg/mL). MRI signal intensity of H460 cells with EGFR overexpression treated with 

anti-EGFR-PEG-SPIO decreased more significantly than the group treated with PEGylated 

SPIO (P<0.01) (Fig. 4a and b, and Tab. S1). This was in consistency with the above Prussian 

blue staining and TEM results, and further demonstrated that the anti-EGFR mAb was able 

to increase the cellular uptake of NPs via binding with EGFR on the surface of H460 cells. 
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The increased uptake of SPIO nanoparticles in cells decreased their T2 signal intensity 

values in MRI. Collectively, the results indicated that the effect of active targeting via anti-

EGFR in EGFR overexpressed cells could be achieved by anti-EGFR-PEG-SPIO in H460 

cells in vitro and this targeted delivery process could be monitored by MRI. It has been 

reported that the protein corona could establish a barrier and screen the interactions between 

the ligand and its target on a separate surface, and therefore significantly reduce NP 

targeting efficiency[28, 29]. We also considered this issue in our work. The SPIO 

nanoparticles used in the present work were based on our previous study [30], in which we 

incubated the SPIO nanoparticles with BSA and IgG (major proteins in serum), and 

investigated the interactions between the nanoparticles and proteins. The results supported 

that oleylamine and PEG co-stabilized SPIO nanoparticles (used in this work) enabled to 

greatly deplete the formation of protein corona. Therefore, we believed that less corona was 

formed on our nanoparticles, and gave less influence on the active targeting. To achieve even 

higher corona depletion and further enhance the active targeting capability of our 

nanoparticles, we plan to decorate their surface with zwitterionic coatings in the future, since 

the zwitterionic molecules have been recently reported as a promising method to deplete the 

protein corona and improve targeting efficiency of nanoparticles[31].

3.5 In vivo MRI

We further evaluated anti-EGFR-PEG-SPIO and PEGylated SPIO for MRI on nude rats 

bearing H460 lung tumor. T2 SNR of H460 lung tumors after injection of the active targeting 

and non-targeting contrast agents are shown in Fig. 5 and Tab. S2. Thirty minutes after the 

injection of anti-EGFR-PEG-SPIO, the T2 SNR in the lung tumor started to decrease. The 

T2 SNR at the tumor region decreased more significantly at 4 hours post-injection of anti-

EGFR-PEG-SPIO compared with the nontargeting group (p<0.01). This was likely caused 

by the higher accumulation of SPIO nanoparticles due to the active targeting effect of anti-

EGFR-PEG-SPIO to the EGFR overexpressed H460 lung cancer xenograft. Prussian blue 

staining further demonstrated a higher SPIO deposition in tumor tissue in the anti-EGFR-

PEG-SPIO group compared to the PEGylated SPIO group (Fig. 5c and d). This result was 

consistent with that shown in the MRI studies.

3.6 Biodistribution and clearance of anti-EGFR-PEG-SPIO and PEGylated SPIO NPs

Understanding the real biodistribution and clearance of anti-EGFR-PEG-SPIO is significant 

for its applications as a molecular probe for MR imaging. Fig. S2 and Tab. S3 illustrated the 

biodistribution of anti-EGFR-PEG-SPIO and PEGylated SPIO NPs in different organs such 

as heart, lung, liver, spleen, stomach, intestines, kidneys, blood, and tumor, at 24 h post-

injection. This study shows that the iron concentration in liver and spleen was significantly 

higher than in heart, lung, stomach, and intestines at 24 h after injection. In vivo 
biodistribution patterns were similar between the targeting and nontargeting groups. The 

clearance mechanism of these nanoparticles were similar to that reported in previous studies, 

which was likely going through reticuloendothelial system (RES, mainly includes the organs 

like liver and spleen) and renal/urinary route [32–34].
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3.7 In vivo synergistic MRgFUS lung tumor targeted ablation

Phase-difference maps of ablation (input power: 30–80 W; time: 20–25 seconds) and the 

temperature-time curve during ultrasound pulse (1.0 MHz) in left posterior thigh muscles of 

rats were shown in Fig. 6 (a and b) and Tab. 1. The sonication energy level used in the anti-

EGFR-PEG-SPIO group (32 W) and PEGylated SPIO NPs group (54 W) were significantly 

lower than that in the positive control group (76 W) (P<0.01) (Fig. 6e and f). However, the 

peak temperatures in both anti-EGFR-PEG-SPIO and PEGylated SPIO NPs were very 

similar to that of the positive control group. Based on a previous report, SPIO containing 

microcapsules were able to enhance the ultrasonic wave absorption and energy deposition in 

tumor tissue [17]. Consistently, our results indicated that SPIO NPs had synergistic effect 

with the thermal therapy in MRgFUS system for tumor ablation. In this study, the energy of 

the targeting group was even lower than that of the nontargeting group (32 W vs 54 W, 

P<0.01) (Fig. 6 and Tab. 4). However, the achieved peak temperatures were roughly the 

same, demonstrating that anti-EGFR-PEG-SPIO could further enhance the efficiency for in 
vivo ultrasonic energy deposition. The increased energy deposition efficiency may be 

attributed to the higher accumulation of SPIO nanoparticles in the lung tumor sites with 

EGFR expression in the targeting group [35–37]. This result was consistent with that in in 
vitro and in vivo MR imaging studies (Fig. 4 and Fig. 5). In the negative control group (low 

power, 54 W), the peak temperature was significantly lower than that of the PEGylated SPIO 

group with identical sonication power (54 W). The above finding indicated that: 1) SPIO 

NPs could improve the ultrasound energy deposition efficiency in tumor tissue at lower 

power and generate a synergistic effect in tumor thermal therapy; and 2) higher 

accumulation of SPIO NPs in the anti-EGFR-PEG-SPIO group through targeting EGFR 

overexpressing H460 lung cancer could further enhance the energy deposition efficiency in 

MRgFUS.

The entire MRgFUS ablation process was monitored by MRI. The T2WI signal intensities of 

tumor increased significantly before and after MRgFUS therapy (Fig. 6g), indicating the 

degeneration and necrosis of the tumor tissue following ablation [38]. Enhanced axial T1WI-

weighted images after injection of gadolinium also showed an area of nonperfusion of the 

focal ablation (white) (Fig. 6g)

3.8 Post-treatment MR imaging

In the present study, we utilized a series of MRI sequences, such as T2WI, DWI, and 

contrast-enhanced T1WI imaging to guide the evaluation of therapeutic efficiency. Fig. 7(a–

d) showed that T2 signal intensities and ADC values increased gradually after ablation in a 

prolonged time course in the positive control (76 W), nontargeting (54 W), and targeting 

group (32 W). However, compared with the three previous groups, the negative control 

group (low power, 54 W) did not show similar results before and after ablation. Hypointense 

signals on T2WI may be due to cystic degeneration or necrosis in tumors after treatment 

(Fig. 7a and e). A small black focal area of nonperfusion at series axial T1WI indicated the 

lack of blood supply in the tumor after treatment (Fig. 7d), suggesting the absence or 

necrosis of tumor cells after MRgFUS ablation. These findings were consistent with that in 

previous results [39]. Tumor sizes in different treatment groups were measured at different 

time points after treatment. For the targeting group, MRI showed that the tumor tissue was 
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almost eliminated in two rats at 30 days (Fig. 7a and b and c). Post treatment, a significant 

decrease of tumor size in four other nude rats was observed, which was slightly smaller than 

those in the nontargeting and positive control group (Fig. 7f). Tumor size was significantly 

decreased in the positive control (76 W), nontargeting (54 W), and targeting group (32 W). 

In contrast, MRI showed tumor size increases in the negative control group (low power, 54 

W)(Tab. S4).

After ablation, the expression of EGFR was absent in the necrotic region of three groups 

(positive control, nontargeting, and targeting), while the expression of EGFR was positive in 

the negative control group (low power) (Fig. 8a~d). The TUNEL staining results indicated 

that the percentage of apoptotic cells in the negative control (low power) group were much 

lower than those in the other three groups (Fig. 8e~h). The results from H&E staining 

showed more extensive necrotic areas in the positive control (76 W), nontargeting (54 W), 

and targeting group (32 W) than that in the negative control group (low power, 54 W) after 

MRgFUS ablation (Fig. 8i~l).

Discussion

The therapeutic efficacy of MRgFUS is relatively low for large volume tumor masses or 

deep lesions. With an increase of depth in tumor tissues, the ultrasound energy is attenuated 

exponentially, and therefore high ultrasound power must be employed to obtain the desired 

therapeutic efficacy. Such high acoustic energy could cause damage to normal surrounding 

tissues in the process of ultrasound, resulting in potential complications such as inadvertent 

injury to hollow viscera adjacent to the target tumor, nerve injury, and skin burns [38, 40–

42]. Novel approaches that are able to obtain high therapeutic efficacy with low ultrasound 

power in MRgFUS therapy remains as a critical unmet clinical need.

To address the problem mentioned above, we proposed to develop a multifunctional 

MRgFUS synergistic agents for tumor treatment based on targeting nano-sized NPs, from 

which heat can be generated to specifically synergize tumor ablation accompanied with 

minimal complication to healthy tissues and surrounding organs. To the best of our 

knowledge, the present study evaluated the active targeting and nano-sized SPIO platform 

for the enhancement of imaging sensitivity and tumor-ablative efficacy in MRgFUS for the 

first time. The targeting and nano-sized SPIO platform has better targeting tropism to lung 

cancer in vitro and in vivo compared to SPIO NPs without medication by antibody. The 

design of targeting nano-sized NPs is particularly suitable for enhancing MRI sensitivity and 

the efficiency for in vivo ultrasonic energy deposition in MRgFUS, leading to fewer side 

effects.

Two main mechanisms may be involved to account for the synergistic effect caused by 

introduction of anti-EGFR-PEG-SPIO for MRgFUS ablation. Firstly, the anti-EGFR-PEG-

SPIO has active targeting for lung cancer overexpressing EGFR, therefore, it could enhance 

the heat transfer rate in tissue in comparison to nontargeting NPs. Secondly, the introduction 

of SPIO NPs could change the acoustic microenvironment of the tumor tissue to improve 

ultrasound wave absorption and ultrasound energy deposition in tumor tissue [17]. The 

previous reported particles have very large sizes (587 nm & 885.6 nm) and their 
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accumulation in tumor was low [5, 17]. In contrast, our anti-EGFR-PEG-SPIO nanoparticles 

are nano-sized (40–50 nm), and their tumor accumulation could be further enhanced with 

active targeting mAb against EGFR. This platform could greatly improve the energy 

accumulation property in tumor regions and enhance targeted tissue hyperthermia by 

MRgFUS.

Conclusion

We have successfully developed an anti-EGFR mAb modified PEGylated SPIO nanoparticle 

as targeting MR imaging contrast agents and synergistic agents for MRgFUS ablation in 

lung carcinoma. These targeting nanoparticles significantly improved the MRI sensitivity for 

visualization of EGFR overexpressed lung cancer in a rat model. Furthermore, these 

nanoparticles are highly desirable for their ability to further enhance MRgFUS efficacy with 

lower energy levels, which may be able to the reduce side effects to surrounding normal 

tissues. Before and after tumor ablation, the therapeutic efficacy could be conveniently and 

noninvasively monitored by a series of novel MRI sequences, providing an attractive 

approach for treatment assessment. This targeting nano-theranostic platform shows great 

potential to improve the imaging sensitivity and treatment outcomes for clinical MRgFUS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(a) Scheme of the formulation process for anti-EGFR-PEG-SPIO NPs and their applications 

in MRgFUS. (b) The DLS results showed that diameter was about 38.5 nm for PEGylated 

SPIO and 45.7 nm for anti-EGFR-PEG-SPIO. (c) The hysteresis loop of anti-EGFR-PEG-

SPIO and PEGylated SPIO at 298 k, magnetization (M) value was 58 emu g−1. (d) T2 

relativity values were 97.1 mM−1s−1 for anti-EGFR-PEG-SPIO and 89.3 mM−1s−1 for 

PEGylated SPIO.
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Fig. 2. 
H460 cells viability after incubation with anti-EGFR-PEG-SPIO and PEGylated SPIO (Fe 

concentration: 10–80 μg/mL) for 24 hours by MTT assay.
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Fig. 3. 
Prussian blue staining images (×200) of H460 cells (1×106) after 2 h incubation with anti-

EGFR-PEG-SPIO (a) and PEGylated SPIO (b). TEM images of H460 cells after 12 h 

incubation with anti-EGFR-PEG-SPIO (c) and PEGylated SPIO (d). The white arrow shows 

iron particles located at the endosomes. The black arrow shows no obvious iron particles 

were observed in the endosomes.
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Fig. 4. 
In vitro MR images analysis of H460 cells treated with PEGylated SPIO and anti-EGFR-

PEG-SPIO at different iron concentration for 2 h (a). A low T2 signal intensity negatively 

correlates with iron concentration. T2 signal intensities reduced significantly when the iron 

concentration is increased to 20 μg/mL (a & b). The unobvious change of T2 signal 

intensities (a & b).
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Fig. 5. 
T2WI MRI images (a) and SNR (b) of tumor after injection of 0.1 mL targeting and 

nontargeting contrasting agents at different time points (0.5, 1, 4, 6, 10, 12 h). The mean T2-

weighted signal intensities were measured for each tumor. The relative SNR was calculated. 

Prussian blue staining of tumor tissues after 6 h injection of (c) anti-EGFR-PEG-SPIO and 

(d) PEGylated SPIO.
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Fig. 6. 
(a) Sonication process images. Treatment planning software on the MRgFUS workstation. In 

total, 5 sonications are needed to measure the circumference of this tumor. (b) Tissue 

temperature mapping during MRgFUS ablation. (c) Real-time temperature change in 

MRgFUS ablation monitored by MRI. (d) Schematic illustration of therapeutic temperature 

map in tumor center and margin. Sonication energy (e) and therapeutic peak temperature (f) 

of negative control (low power, 54 W), control (76 W), PEG-SPIO (54 W), and anti-EGFR-

PEG-SPIO (32 W) at 4 h post-injection of SPIO nanoparticles. (g) Anti-EGFR-PEG-SPIO 
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group: Coronal T2WI image signal intensity of tumor before treatment and after treatment. 

The coronal T2WI signal intensities of tumor increased significantly after therapy compared 

to before therapy (Fig. 6g). Enhanced axial T1WI-weighted images after injection of Gd-

DTPA. Axial contrast-enhance T1WI subtraction images after injection of Gd-DTPA showed 

a small focal area of nonperfusion.
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Fig. 7. 
Anti-EGFR-PEG-SPIO group: (a and b) axial T2WI and DWI images at 7, 14, 30 d after 

MRgFUS ablation, T2 signal intensities and ADC values increased gradually after ablation. 

T2WI and DWI images show complete tumor elimination at 30 days after MRgFUS 

treatment. (c) Axial contrast-enhance T1WI images show small focal area of nonperfusion 

(black unenhanced area) at different time points after MRgFUS ablation (7, 14, 30 d). (e and 

f) T2WI images and tumor size change images before and after MRgFUS ablation of 

negative control (low power), positive control, PEGylated SPIO, and anti-EGFR-PEG-SPIO.
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Fig. 8. 
The expression of EGFR in tumor tissue after MRgFUS ablation by immunohistochemistry. 

The nucleus appeared brown (a) in EGFR-positive cells, blue in negative cells (b and c and 

d). TUNEL staining images showed that the percentage of apoptotic cells in (e) were much 

lower than those in (f and j and h). (i~l) H&E staining of tumor tissue in negative control 

(low power), positive control, PEGylated SPIO and anti-EGFR-PEG-SPIO group.
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Tab. 1

Power, treatment time, and peak temperature of the four groups

Groups/parameter Negative control Positive control PEG-SPIO Anti-EGFR-PEG-SPIO

Power(W) 53.8±2.8 75.8 ±2.9 54.3 ±2.5 32.0±2.7

Treatment time(s) 24.2±1.1 23.2±1.2 24.0±1.2 24.2±1.0

Temperature(°C） 52.1±1.8 72.4±3.4 74.1±2.9 75.2±3.0

Power, treatment time, and peak temperature are presented as mean±standard deviation, SD
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