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Background: Thermoresponsive nanoparticles have become an attractive candidate for 

designing combined multimodal therapy strategies because of the onset of hyperthermia and their 

advantages in synergistic cancer treatment. In this paper, novel cetuximab (C225)-encapsulated 

core-shell Fe
3
O

4
@Au magnetic nanoparticles (Fe

3
O

4
@Au-C225 composite-targeted MNPs) 

were created and applied as a therapeutic nanocarrier to conduct targeted magneto-photothermal 

therapy against glioma cells.

Methods: The core-shell Fe
3
O

4
@Au magnetic nanoparticles (MNPs) were prepared, and then 

C225 was further absorbed to synthesize Fe
3
O

4
@Au-C225 composite-targeted MNPs. Their 

morphology, mean particle size, zeta potential, optical property, magnetic property and thermal 

dynamic profiles were characterized. After that, the glioma-destructive effect of magnetic fluid 

hyperthermia (MFH) combined with near-infrared (NIR) hyperthermia mediated by Fe
3
O

4
@

Au-C225 composite-targeted MNPs was evaluated through in vitro and in vivo experiments.

Results: The inhibitory and apoptotic rates of Fe
3
O

4
@Au-C225 composite-targeted MNPs-

mediated combined hyperthermia (MFH+NIR) group were significantly higher than other 

groups in vitro and the marked upregulation of caspase-3, caspase-8, and caspase-9 expression 

indicated excellent antitumor effect by inducing intrinsic apoptosis. Furthermore, Fe
3
O

4
@

Au-C225 composite-targeted MNPs-mediated combined hyperthermia (MFH+NIR) group 

exhibited significant tumor growth suppression compared with other groups in vivo.

Conclusion: Our studies illustrated that Fe
3
O

4
@Au-C225 composite-targeted MNPs have 

great potential as a promising nanoplatform for human glioma therapy and could be of great 

value in medical use in the future.

Keywords: Fe
3
O

4
@Au-C225 composite-targeted magnetic nanoparticles, U251 cells, human 

glioma therapy, magnetic fluid hyperthermia, near-infrared hyperthermia

Introduction
Gliomas are primary brain tumors arising from the supporting cells of the brain or spi-

nal cord. Accounting for .30% of all primary brain and central nervous system (CNS) 

malignant tumors, gliomas are the most common tumors of the CNS. They involve 

almost 80% of primary malignant type of brain tumors and are responsible for a higher 

rate of mortality than other forms.1 Overall incidence rate for primary malignant brain 

and CNS tumors is estimated to be 7.27/100,000 per year for all age groups.2 The Inter-

national Agency for Research on Cancer data estimate 256,213 worldwide cases of brain 

and CNS tumors, which is 1.8% of all estimated cancers, and 189,394 deaths, which is 

2.3% of all cancer-related deaths.3 An estimated 16,700 deaths were attributed to high-

grade gliomas in the brain and CNS in the USA in 2017.4 These aggressive brain tumors 
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grow invasively and cause discernible neurologic symptoms 

within months with an extremely poor prognosis. Even treated 

with aggressive open surgery combined with adjuvant chemo/

radiotherapy, the median survival time is still ,15 months,5–8 

and current treatment paradigms appear to have reached their 

maximum benefit. Therefore, for decades, considerable efforts 

have been devoted to developing more effective antitumor 

agents and better strategies for targeting human glioma.9,10

Recently, nanostructures with combined diagnostic 

and therapeutic functions represent a potential application 

for tumor therapy.11–14 Many inorganic nanoparticles with 

various compositions, physical features, and functionalities 

have been widely synthesized and used as drug vehicles, for 

instance, polymer Prussian blue, zeolitic imidazolate frame-

work, alginate, and calcium phosphate.15–18 Likewise, metal 

nanoparticles and their oxides with special shapes (sphere, 

tadpole, and pearl chain) have been successfully generated. 

Magnetic nanoparticles (MNPs), such as iron oxide, have 

been widely studied because of their combination of proper-

ties such as superparamagnetism, biocompatibility, and ease 

of synthesis. The most common form of iron oxide used is 

magnetite (Fe
3
O

4
) with a tendency to oxidize, which alters 

its magnetic properties.19 That is why iron oxide nanopar-

ticles are generally coated with a biocompatible layer such 

as polymers, silica, or gold (Au).20–27

In particular, core-shell-structured Fe
3
O

4
@Au composite 

MNPs have been the focus of study owing to their intriguing 

bifunctional properties.28,29 As a form of multifunctional mag-

netoplasmonic nanomaterials, the nanoparticles combining 

Au and magnetic materials inherit from the two components 

excellent surface chemistry, special optical properties, and 

superparamagnetic properties, all of which would greatly 

enhance the potential and broaden the practical applications 

of such nanomaterials.30

Advances in the area of nanotechnology have contributed 

to the development of magnetic fluid hyperthermia (MFH). 

In vivo MFH is expected to be one of the best solutions for 

destroying tumor cells that are deeply seated and localized 

inside the human body for unlimited tissue penetration and 

the possibility of multiple hyperthermia cycles. Additionally, 

high selectivity and heating homogeneity can be expected 

in the use of MFH. Nevertheless, the practical limitation 

with MFH is that heating efficiency declines markedly when 

nanoparticles are taken up by cancer cells, because their 

endocytosis and aggregation inhibit their Brownian motion. 

Similarly, the diffusion (thereby local dilution) or enhanced 

distribution of nanoparticles also decreases nanoparticle 

heating.31 The drawbacks of MFH could be overcome by 

combination with near-infrared (NIR) hyperthermia. With 

local plasmonic heating caused by NIR laser excitation, its 

efficiency is not impacted by intracellular confinement.31 As 

a form of multifunctional magnetoplasmonic nanomaterials, 

Fe
3
O

4
@Au composite MNPs are the designs of choice to 

implement a magneto-photothermal strategy to optimize 

nanoparticles’ heating efficiency.

We previously reported self-prepared Fe
3
O

4
@Au com-

posite MNPs, which are intrinsically magnetic, and exhibit 

high biocompatibility and safety according to the evaluation 

of toxicity in vivo and in vitro.32 Moreover, these MNPs have 

a potential to be used as safe optical and thermal agents, 

allowing the combination of cancer detection and cancer-

specific hyperthermic treatment.32 The present study is aimed 

at the functionalization of Fe
3
O

4
@Au composite MNPs with 

cetuximab (C225), a monoclonal antibody (McAb) targeting 

the epidermal growth factor receptor (EGFR) overexpressed 

in cancer cells. Additionally, the antiglioma effects of MFH 

combined with NIR hyperthermia mediated by Fe
3
O

4
@

Au-C225 composite-targeted MNPs were also investigated 

with in vitro and in vivo experiments. 

Experimental
Materials
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid and 

trypsin were purchased from AMRESCO. Bovine serum 

albumin (BSA) was purchased from Sijiqing Hangzhou 

Bioengineering Company. Dulbecco’s Modified Eagle’s 

Medium (DMEM) was purchased from GIBCO BD. MTT, 

diethylpyrocarbonate, and ethidium bromide were purchased 

from Sigma. Dimethyl sulfoxide was purchased from 

Shanghai Ling Feng Chemical Co., Ltd. RNAiso Reagent, 

AMV reverse transcriptase, deoxyribonucleoside triphosphate 

(dNTP), Oligo(dT)18, Taq DNA polymerase, 100 bp DNA 

Marker, RNasin, and RNase free DNase I were purchased from 

Takara. From Shanghai Shenneng Gaming Biotechnology 

Co. Ltd. (Whitehouse Station, NJ, USA), 20×TBE, agarose, 

caspase-3 primer, caspase-8 primer, caspase-9 primer, and 

β-actin primer were purchased. C225 solution for infusion 

was purchased from Merck & Co, Germany. All other chemi-

cals were commercially available and of analytical grade.

Cells and animals
U251 cells (human glioma cells) were purchased from 

Shanghai Cell Research Institute of Chinese Academy of 

Sciences. Balb/c nu/nu nude mice (5–7 weeks old, male and 

female, SPF grade) were purchased from Slaccas (Shanghai, 

China). License number: SCXK (Shanghai) 2002-0010. All of 

them were raised in Experimental Animal Center of Southeast 

University, Nanjing, China. All experiments involving 
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animals were performed in compliance with the guidelines of 

the Animal Care Committee of the Southeast University (Nan-

jing, China; Approval ID: SYXK-20140310358). All animals 

received humane care in compliance with the “Principles of 

Laboratory Animal Care” formulated by the National Society 

for Medical Research and the “Guide for the Care and Use of 

Laboratory Animals” prepared by the Institute of Laboratory 

Animal Resources and published by the National Institutes of 

Health (NIH Publication No 86-23, revised 1996).

Preparation of Fe3O4@Au-C225 MNPs
Fe

3
O

4
 MNPs were prepared by chemical co-precipitation method 

as previously published.33 Then Fe
3
O

4
 MNP solution was stirred 

with sodium citrate (1 mmol/L, 20 mL) for 10 min. The mixture 

was diluted with deionized water and NH
2
OH

3
HCl (1 mol/L, 

1 mL) was added. After that, HAuCl
4
 (1%, 10 mL) was incre-

mentally added dropwise with stirring for 1 h. Fe
3
O

4
@Au MNPs 

were separated by means of a permanent magnet and stored for 

further use.32 Next, C225 was loaded onto Fe
3
O

4
@Au MNPs via 

physical adsorption. C225 (5 mg/mL, 20 μL) was added into 

solution of Fe
3
O

4
@Au MNPs (0.5 mg Fe/mL, 2.5 mL) whose 

value of pH was adjusted to 9.0 by HCl (0.1 mol/L), and the 

mixture was placed in a temperature-controlled shaker at 200 

rpm for 2 h at a given temperature of 37°C, followed by BSA 

(1%, 100 μL) added for reaction for 30 min. At the end of the 

adsorption, the supernatant and Fe
3
O

4
@Au-C225 MNPs were 

separated by means of a permanent magnet, and the obtained 

precipitate was dissolved in BSA (1%, 1 mL) and stored at 

4°C for further use.

Characterization of Fe3O4@Au-C225 
MNPs
The morphology of Fe

3
O

4
@Au-C225 MNPs was char-

acterized using transmission electron microscopy (TEM; 

JEM-1011; JEOL, Tokyo, Japan) and scanning electron 

microscopy (SEM; JSM-6360LV; JEOL, Tokyo, Japan). The 

mean particle size and zeta potential were measured using 

Malvern Instruments (Malvern, UK). The optical proper-

ties and magnetic property were measured using 752 Pris-

matic UV−vis spectroscopy (Shanghai Precision Scientific 

Instrument Co., China) and vibrating sample magnetometer 

(PPMS-9; Quantum Design, USA).

Determination of C225 on the surface 
of Fe3O4@Au-C225 MNPs
To confirm whether the C225 was linked to Fe

3
O

4
@

Au-C225 MNPs, the fluorescein isothiocyanate (FITC)-

conjugated AffiniPure Goat Anti-Human Immunoglobulin 

G (IgG) was added to 2 μL of Fe
3
O

4
@Au-C225 MNPs with 

1% BSA and allowed to react for 1 h at 37°C. After sepa-

rated by means of a permanent magnet, the precipitate was 

washed three times with PBS, redispersed in 20 μL of PBS, 

and observed under a confocal laser scanning microscope 

(Leica TCS SP8 STED 3×; Leica Microsystems, Wetzlar, 

Germany). Fe
3
O

4
@Au MNPs were used as control.

Adsorption efficiency measurements
To determine the antibody absorption efficiency, the FITC-

conjugated AffiniPure Goat Anti-Human IgG was added 

to 2 μL of Fe
3
O

4
@Au-C225 MNPs with 1% BSA and 

allowed to react for 1 h at 37°C in the dark. After sepa-

rated by means of a permanent magnet, the precipitate was 

washed three times with PBS, redispersed in 20 μL of PBS, 

and observed under a confocal laser scanning microscope 

(Leica TCS SP8 STED 3×). Fe
3
O

4
@Au-C225 MNPs that 

were not incubated with FITC-conjugated AffiniPure Goat 

Anti-Human IgG were used as control. The image data were 

processed with ImageJ software 1.8.

The effective Fc binding of C225 toward the surface of the 

Fe
3
O

4
@Au MNPs was also investigated by enzyme-linked 

immunosorbent assay according to the literature procedure.34 

Goat Anti-Human IgG (Fc)-horseradish peroxidase (HRP) 

was, respectively, added into an aqueous solution of Fe
3
O

4
@

Au-C225 MNPs (100 μL) at dilutions of 1:500, 1:1,000, 

1:2,000, 1:4,000, 1:8,000, and 1:16,000, and incubated for 

1 h at 37°C. After separated by means of a permanent mag-

net (60 min, 4°C), supernatant (100 μL) was then collected, 

and ortho-phenylenediamine substrate solution was added 

at room temperature protected from light. After 10 min, the 

reaction was stopped by adding H
2
SO

4
 (2 mol/L, 50 μL). Part 

of the dye solution was transferred and the OD was measured 

at 492 nm with a plate reader. Served as control, treatment 

of Fe
3
O

4
@Au-BSA and C225 mixture followed the same 

procedure described above.

Heating test of the Fe3O4@Au-C225 
MNPs
The Fe

3
O

4
@Au-C225 MNPs’ magnetothermal and photother-

mal effects were tested in aqueous suspensions as a function 

of [Fe] concentrations, ranging from 0.25 to 1.25 mg Fe/mL. 

The [Fe] concentrations of the samples dispersed in deion-

ized water were analyzed using Leeman Prodigy inductively 

coupled plasma-optical emission spectroscopy (USA). Three 

heating protocols were selected: 1) alternating magnetic field 

(AMF) alone, at an output frequency of 230 kHz and an 

output current of 30 A; 2) NIR laser alone at 635 nm laser 

with 0.3 W/cm²; and 3) combined hyperthermia (simultane-

ous application of both AMF and NIR).
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Cell culture
U251 cell line was maintained in DMEM, supplemented with 

10% fetal bovine serum in a standard humidified 5% CO
2
 

and 37°C incubator. The cells were passaged every 2–3 days 

and harvested on exponential growth stage.

Study of Fe3O4@Au-C225 MNPs on 
human glioma U251 cells in vitro
Observation of U251 cells labeled by 
Fe3O4@Au-C225 MNPs
U251 cells were seeded into four holes of a six-well plate 

with fresh growth medium and incubated (37°C, 5% CO
2
) 

overnight to bring the cells to confluence (1×106 cells). The 

growth medium was then discarded and replaced with fresh 

medium containing Fe
3
O

4
 MNPs, Fe

3
O

4
@Au MNPs, and 

Fe
3
O

4
@Au-C225 MNPs at the same [Fe] concentration and 

PBS as control. The cells were incubated (37°C, 5% CO
2
) for 

an additional 24 h and observed with an inverted microscope 

(Nikon, Tokyo, Japan).

MTT assay of antiproliferative effect
U251 cells (4×104/mL) were cultured in four 96-well plates 

(100 μL/well) and incubated in an incubator (37°C, 5% CO
2
). 

After incubation for 24 h, the growth medium containing differ-

ent reagents (Fe
3
O

4
 MNPs [0.5 mg Fe/mL], C225 [50 μg/mL], 

Fe
3
O

4
@Au MNPs [0.5 mg Fe/mL], Fe

3
O

4
@Au-C225 MNPs 

[0.5 mg Fe/mL]) was added into the wells of experimental 

groups (eight wells/group) and DMEM as negative control. 

Four plates were exposed to nonhyperthermia or AMF alone 

or NIR alone or AMF+NIR, respectively. Nonhyperthermia 

plate was exposed to no heat treatment. AMF plate was placed 

into AMF (f=230 kHz, I=30 A) for 30 min. NIR plate was 

treated with NIR laser (λ=635 nm, 0.3 W/cm2) for 30 min. 

AMF+NIR plate was possessed with simultaneous application 

of both AMF and NIR. After incubation for an additional 24 h, 

the cell viability was measured by a standard MTT method 

and the cell absorbance was measured at an OD of 492 nm. 

The cell relative growth rate (RGR) was calculated as (OD of 

experimental group/OD of blank control group)×100%.

Flow cytometry evaluation of cell apoptosis
U251 cells were seeded in culture flasks (6×105 cells/flask) 

and divided into eight groups as follows: 1) blank; 2) Fe
3
O

4
@

Au MNPs+MFH; 3) Fe
3
O

4
@Au MNPs+NIR; 4) Fe

3
O

4
@Au 

MNPs+MFH+NIR; 5) Fe
3
O

4
@Au-C225 MNPs; 6) Fe

3
O

4
@

Au-C225 MNPs+MFH; 7) Fe
3
O

4
@Au-C225 MNPs+NIR;  

and 8) Fe
3
O

4
@Au-C225 MNPs+MFH+NIR. Cells were 

incubated with Fe
3
O

4
@Au-C225 MNPs (0.5 mg Fe/mL, 

5 mL), Fe
3
O

4
@Au MNPs (0.5 mg Fe/mL, 5 mL), and medium 

solution (5 mL) in a humidified incubator (37°C, 5% CO
2
) 

for 24 h, respectively. For MFH, cells were placed into AMF 

(f=230 kHz, I=30 A) for 30 min. For photothermotherapy, 

cells were treated with NIR laser light (λ=635 nm, 0.3 W/cm2) 

for 30 min. For combined hyperthermia, cells were possessed 

with simultaneous application of both MFH and NIR. After 

incubation for an additional 48 h, cells were collected, washed 

twice with PBS, and fixed overnight in 70% ethanol at 4°C. 

Cells were than washed with PBS and stained with propidium 

iodide for 30 min at room temperature in the dark. Cell cycle 

analysis was performed with an FACS Vantage SE flow 

cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA).

Quantitative real-time polymerase chain reaction 
(qRT-PCR)
U251 cells were divided and treated according to the protocol 

described in the study using flow cytometer assay. After treat-

ment, total RNA was extracted from groups of cells using 

RNAiso Reagent from Takara and dissolved in DEPC-treated 

water. Reverse transcription was performed with a 20 μL 

total volume comprising 2 μL of extracted RNA, 1 μL of 

Takara Oligo dT
l8
, 2 μL of Takara dNTP (10 mM), 0.5 μL 

of Takara RNasin, 1 μL of Takara AMV, 4 μL of 5× AMV 

Buffer, and 9.5 μL of DEPC-treated water. The qRT-PCR 

was performed in a 25 μL total volume comprising 2 μL of 

10× PCR buffer, 2 μL of Takara dNTP (2.5 mM), 1 μL of 5′ 
primer (20 pmol/μL), 1 μL of 3′ primer (20 pmol/μL), 0.5 μL 

of Takara TaqE (5 U/μL), 2.5 μL of MgCl
2
 (25 mM), 11 μL 

of DEPC-treated water, and 5 μL of cDNA on the PTC-100 

(MJ Research, Inc., Watertown, MA, USA). The sequences 

of the specific primers used in the research were as follows: 

caspase-3 – forward: 5′-AAACAGTATGCCGACAAG-3′ 
and reverse: 5′-GAGGGAAATACAGTACCAAA-3′; 
caspase-8 – forward: 5′-AAAGGGAACTTCAGACACC-3′ 
and reverse: 5′-CAGCAGGCTCTTGTTGAT-3′; caspase-9 – 

forward: 5′-CGAACTAACAGGCAAGCA-3′ and reverse: 

5′-TTCACCTCCACCATGAAAT-3′; β-actin  – forward: 

5′-CGTCTGGACCTGGCTGGCCGGGACC-3′ and reverse: 

5′-CATGAAGCATTTGCGGTGGACGATG-3′. The melt-

ing curve and threshold cycle data for each PCR product were 

determined and analyzed.

Western blotting
U251 cells were divided and treated according to the protocol 

described in the study using flow cytometry assay. Cells under 

different treatments were lysed, and the protein concentrations 

were assessed using Bradford assay. Proteins were separated 

using sodium dodecyl sulfate-polyacrylamide gel electropho-

resis and transferred from gel to polyvinylidene difluoride 
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membranes. The membranes were blocked with nonfat milk 

and probed with primary antibodies followed by HRP-conju-

gated secondary antibodies and the signals were detected.

Study of Fe3O4@Au-C225 MNPs on 
human glioma U251 cells in vivo
Establishment and treatments of a nude mouse 
xenograft model of human glioma
All the animal experiments were approved by the animal 

protection and care Committee of Southeast University. 

Balb/c nu/nu nude mice (Slaccas Shanghai, China) aged 

5–7 weeks were used.

U251 cells (2×106 cell/site) were implanted subcutane-

ously into nude mice and allowed to grow for 20–25 days after 

inoculation. As the tumors grew to approximately a diameter 

of 0.5 cm, the mice were randomly divided into eight groups 

with six mice in each group as follows: 1) negative control; 

2) Fe
3
O

4
@Au MNPs+MFH; 3) Fe

3
O

4
@Au MNPs+NIR; 

4) Fe
3
O

4
@Au MNPs+MFH+NIR; 5) Fe

3
O

4
@Au-C225 MNPs; 

6) Fe
3
O

4
@Au-C225 MNPs+MFH; 7) Fe

3
O

4
@Au-C225 

MNPs+NIR; and 8) Fe
3
O

4
@Au-C225 MNPs+MFH+NIR.

Tumor volumes (V, mm3) were calculated using the for-

mula V=(a×b2)/2, where a and b refer to the length and width 

of the tumor, respectively. After that, Fe
3
O

4
@Au MNPs 

(0.5 mg Fe/mL) and Fe
3
O

4
@Au-C225 MNPs (0.5 mg Fe/mL) 

were peritumorally injected at a dose of one-third of tumor 

volume, respectively. For MFH, the tumors were exposed to 

AMF (f=230 kHz, I=30 A) three times for 30 min each and 

a time interval of 24 h. For photothermotherapy, the tumors 

were irradiated with NIR laser light (λ=635 nm, 0.3 W/cm2) 

three times for 30 min each and a time interval of 24 h. For 

combined hyperthermia, tumors were possessed with simul-

taneous application of both MFH and NIR.

Tumor growth evaluation
The mice were killed on day 42 after the initial treatment. 

The quality and volume of stripped tumors were mea-

sured. Tumors and major organs (heart, liver, spleen, kidneys, 

lungs, and tumor) were surgically removed at the end of the 

treatment after killing. The tissues were fixed in 4% form-

aldehyde and embedded in paraffin, sectioned into thick 

slices, and stained with hematoxylin/eosin. Ultrastructural 

characteristics of the tumor were observed by TEM.

Statistical analysis
All statistical analyses were performed using SPSS version 

19.0 software (SPSS Inc., Chicago, IL, USA). Results were 

expressed as mean ± SD. Statistically significant differences 

were assessed via analysis of variance. Statistical significance 

was set at P,0.05.

Results
Preparation and characterization of 
Fe3O4@Au-C225 MNPs
Fe

3
O

4
@Au MNPs were synthesized as previously reported, 

and the C225 loading was achieved via physical adsorption.32 

TEM and SEM micrographs (Figure 1) show that prepared 

Fe
3
O

4
@Au-C225 MNPs were approximately spherical and 

uniform with good dispersibility.

The Fe
3
O

4
@Au-C225 MNPs had an average hydro-

dynamic diameter of 46 nm with single peak shape and 

narrow particle size distribution (Figure 2A) compared to 

Fe
3
O

4
@Au MNPs (35 nm).32 The zeta potential of Fe

3
O

4
@

Au-C225 MNPs was positive at 11.1±1.8 mV in the neu-

tral environment of pH 7.4 (Figure 2B), as a result of the 

presence of the C225 as part of the overall MNP structure. 

The clusters of Fe
3
O

4
@Au-C225 MNPs were observed in 

TEM and SEM. It may be attributable to slightly decreased 

electrostatic force between the positively charged Fe
3
O

4
@

Au-C225 MNPs according to the decreased zeta potential 

(11.1±1.8 mV) compared to negatively charged Fe
3
O

4
@Au 

MNPs (−23.2±1.8 mV).32

Differences in the chemical structure between Fe
3
O

4
@

Au-C225 MNPs and Fe
3
O

4
@Au MNPs also resulted in 

Figure 1 Transmission electron microscopy and scanning electron microscopy 
(top) of Fe3O4@Au-C225 magnetic nanoparticles.
Abbreviation: C225, cetuximab.
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differences in the peak absorption wavelengths. Specifically, 

the absorption peak of Fe
3
O

4
@Au-C225 MNPs (630 nm) 

was red-shifted compared to that of Fe
3
O

4
@Au MNPs 

(612 nm; Figure 2C), which indicated excellent adsorption 

of C225. 

Magnetic hysteresis measurements revealed that the 

magnetization of Fe
3
O

4
@Au-C225 MNPs shortly became 

saturated and exhibited zero remanence or coercive force, 

with the hysteresis loop close to the coincident “S”-shaped 

curve (Figure 2D). It provided a good demonstration of 

the superparamagnetic properties with Fe
3
O

4
@Au-C225 

MNPs. The saturation magnetization value obtained 

from the hysteresis loops at 300 K is 51.2 emu/g Fe
3
O

4
@

Au-C225 MNPs, which was close to Fe
3
O

4
@Au MNPs 

(51.8 emu/g).32

Determination of C225 adsorption
After being incubated with FITC-conjugated AffiniPure Goat 

Anti-Human IgG, green fluorescence from Fe
3
O

4
@Au-C225 

MNPs was observed by confocal laser scanning microscope. 

In contrast, no fluorescence was detected in the Fe
3
O

4
@Au 

MNPs (Figure 3A and B).

Absorption efficiency
C225 absorption efficiency was determined by measuring the 

fluorescence percentage. The mean density and fluorescence 

percentage of Fe
3
O

4
@Au-C225 MNPs after incubation with 

FITC-conjugated AffiniPure Goat Anti-Human IgG were much 

higher than Fe
3
O

4
@Au-C225 MNPs without incubation 

with FITC-conjugated AffiniPure Goat Anti-Human IgG 

(Figure 4A and B), showing an effective antibody absorption.

Figure 2 Characterization of Fe3O4@Au-C225 MNPs.
Notes: (A) Hydrodynamic diameter distribution of Fe3O4@Au-C225 MNPs; (B) Zeta potential of Fe3O4@Au-C225 MNPs; (C) UV–vis absorption spectra of Fe3O4@Au-
C225 MNPs (curve b) and Fe3O4@Au MNPs (curve a). (D) The hysteresis loops of Fe3O4@Au-C225 MNPs.
Abbreviations: C225, cetuximab; MNPs, magnetic nanoparticles.
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The binding of Goat Anti-Human IgG (Fc)-HRP at dif-

ferent dilutions to adsorbed Fe
3
O

4
@Au-C225 MNPs solution 

prepared was indicated by OD, and Fe
3
O

4
@Au-BSA and 

C225 mixture was used as control. To obtain the Fc binding 

efficiency of Fe
3
O

4
@Au MNPs toward C225, a percentage of 

Fe
3
O

4
@Au-C225 MNPs solution OD versus Fe

3
O

4
@Au-BSA 

and C225 mixture OD was calculated as shown in Table 1. 

It was found that the Fc binding of C225 was significant.

Heat generation by Fe3O4@Au-C225 
MNPs in suspension 
The iron concentrations of the Fe

3
O

4
@Au-C225 MNPs 

were ranging from 0.25 to 1.25 mg Fe/mL. When varying 

concentrations of Fe
3
O

4
@Au-C225 MNPs were exposed to 

AMF, the temperature rose rapidly within the first 30 min, 

then rose gently, and stabilized at a certain level after 50 min 

(Figure 5A). When exposed to NIR, the temperature rose 

rapidly within the first 15 min and stabilized at a certain 

level after 30 min (Figure 5B). When exposed to AMF+NIR, 

the temperature rose rapidly within the first 15 min and sta-

bilized at a certain level after 20 min (Figure 5C). In three 

heating protocols, the rise in temperature increased with the 

iron concentration. Among all of the tested concentrations, 

0.5 mg Fe/mL was the optimum. This hyperthermic behavior 

contributes to the killing of tumor cells while not harming 

normal tissues. In addition, Fe
3
O

4
@Au-C225 MNPs with the 

concentration of 0.5 mg Fe/mL exhibited a sufficient heating 

capacity (specific absorption rate [SAR]=84.56, intrinsic loss 

power [ILP]=0.018) to achieve satisfactory temperatures, 

which were selected in the following experiments. Temporal 

Figure 3 Determination of C225 absorbed on the surface of Fe3O4@Au-C225 MNPs. 
Notes: (A) The green fluorescence was seen in the Fe3O4@Au-C225 MNPs; (B) No fluorescence could be detected in Fe3O4@Au MNPs.
Abbreviations: C225, cetuximab; MNPs, magnetic nanoparticles.

Figure 4 Determination of the C225 absorption efficiency by measuring mean density and fluorescence percentage.
Notes: (A) Mean density of Fe3O4@Au-C225 MNPs after incubation with FITC-labeled IgG and Fe3O4@Au-C225 MNPs without incubation with FITC-labeled IgG.  
(B) Fluorescence percentage of Fe3O4@Au-C225 MNPs after incubation with FITC-labeled IgG and Fe3O4@Au-C225 MNPs without incubation with FITC-labeled IgG. 
**P0.01; ***P0.001.
Abbreviations: C225, cetuximab; FITC, fluorescein isothiocyanate; IgG, immunoglobulin G; MNPs, magnetic nanoparticles.
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response curves for iron concentration of 0.5 mg Fe/mL in 

different heating protocols are also shown in Figure 5D.

Tumor cell proliferation and cellular 
apoptosis study in vitro
Fe

3
O

4
 MNPs, Fe

3
O

4
@Au MNPs, and Fe

3
O

4
@Au-C225 

MNPs were incubated with U251 cells for 24 h. The cellular 

internalization of different nanoparticles was observed by 

reverse microscopy (Figure 6A).

MTT assay was performed to measure viability of 

U251 glioma cells after hyperthermia (nonhyperthermia 

or MFH alone or NIR alone or MFH+NIR) mediated by 

Fe
3
O

4
 MNPs, Fe

3
O

4
@Au MNPs, C225, Fe

3
O

4
@Au-C225 

MNPs, and untreated cells as control. The cell RGR was 

calculated as (OD of experimental group/OD of blank control 

group)×100%.

When comparing the antiproliferation results (Figure 6B), 

it was found that the combined hyperthermia (MFH+NIR) 

mediated by Fe
3
O

4
@Au-C225 MNPs or Fe

3
O

4
@Au MNPs 

significantly decreased the cell viability (P,0.05), compared 

to sole hyperthermia (MFH or NIR). Moreover, signifi-

cant loss in cell viability in U251 cells was observed after 

combined hyperthermia (MFH+NIR) mediated by Fe
3
O

4
@

Au-C225 MNPs, and superior to that mediated by Fe
3
O

4
@

Table 1 Adsorption effect of Fe3O4@Au-C225 to antibody Fc

Dilution 
factor

Fe3O4@
Au-C225

Fe3O4@ 
Au-BSA, C225

Adsorption 
rate (%)

500 0.7820 0.8130 96.19
1,000 0.7360 0.7780 94.60
2,000 0.7340 0.7890 93.03
4,000 0.6060 0.6540 92.66
8,000 0.5340 0.5820 91.75
16,000 0.3460 0.3780 91.53

Abbreviations: BSA, bovine serum albumin; C225, cetuximab.

°

λ
°

°

λ

°

Figure 5 Heat generation by Fe3O4@Au-C225 MNPs in suspension (0.25–1.25 mg Fe/mL).
Notes: (A) AMF (f=230 kHz, I=30 A), (B) NIR (λ=635 nm, 0.3 W/cm2), and (C) AMF (f=230 kHz, I=30 A) combined with NIR (λ=635 nm, 0.3 W/cm2). (D) Temporal 
response curves for concentration of 0.5 mg Fe/mL. 
Abbreviations: AMF, alternating magnetic field; MNPs, magnetic nanoparticles; C225, cetuximab; NIR, near-infrared hyperthermia.
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Au MNPs (P,0.05; Figure 6B and C), indicating the highest 

antiproliferative activity against U251 cells in this study.

For further investigation of the antiproliferative effect, 

the cell cycle progression was measured using flow cytom-

etry. Results showed that S arrest was prominent in U251 

cells exposed to Fe
3
O

4
@Au-C225 MNPs with or without 

hyperthermia (Figure 7). We also observed an increase in the 

percentage of apoptotic cells in Fe
3
O

4
@Au MNPs+MFH group 

(7.92%), Fe
3
O

4
@Au MNPs+NIR group (8.15%), Fe

3
O

4
@

Au MNPs+MFH+NIR group (12.37%), Fe
3
O

4
@Au-C225 

MNPs group (5.77%), Fe
3
O

4
@Au-C225 MNPs+MFH 

group (21.97%), Fe
3
O

4
@Au-C225 MNPs+NIR group 

(21.89%), and Fe
3
O

4
@Au-C225 MNPs+MFH+NIR group 

(46.21%), compared to negative control without a clear 

∆

Figure 6 Proliferation of U251 cells after different treatments.
Notes: (A) Fe3O4 MNPs, Fe3O4@Au MNPs, and Fe3O4@Au-C225 MNPs were incubated with U251 cells. (B) The cell RGR of U251 glioma cells with different treatments 
(x¯±S). (C) U251 cells were treated with combined hyperthermia (MFH+NIR) mediated by different nanoparticles. *Compared with the negative control group, P,0.05; 
#AMF+NIR group compared with AMF or NIR group, P,0.05; ∆Fe3O4@Au-C225 MNPs compared with Fe3O4@Au MNPs when exposed to AMF combined with NIR, 
P,0.05.
Abbreviations: AMF, alternating magnetic field; C225, cetuximab; DMEM, Dulbecco’s Modified Eagle’s Medium; MFH, magnetic fluid hyperthermia; MNPs, magnetic 
nanoparticles; NIR, near-infrared hyperthermia; RGR, relative growth rate.
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Figure 7 The flow cytometry analysis of U251 cells after different treatments.
Note: Apoptosis peak were observed in Fe3O4@Au MNPs+MFH group (7.92%), Fe3O4@Au MNPs+NIR group (8.15%), Fe3O4@Au MNPs+MFH+NIR group (12.37%), 
Fe3O4@Au-C225 MNPs group (5.77%), Fe3O4@Au-C225 MNPs+MFH group (21.97%), Fe3O4@Au-C225 MNPs+NIR group (21.89%), and Fe3O4@Au-C225 MNPs+MFH+NIR 
group (46.21%), comparing to negative control group without obvious apoptosis peak.
Abbreviations: C225, cetuximab; MFH, magnetic fluid hyperthermia; MNPs, magnetic nanoparticles; NIR, near-infrared hyperthermia.

hypodiploid peak. The highest hypodiploid peak indicated 

an excellent therapeutic efficacy of combined hyperthermia 

(MFH+NIR) mediated by Fe
3
O

4
@Au-C225 MNPs toward 

U251 cells by induction of apoptosis.

To evaluate the molecular mechanisms of Fe
3
O

4
@

Au-C225 MNPs-mediated hyperthermia-induced apoptosis, 

we performed qRT-PCR and Western blot analyses. The 

results demonstrated that when compared to Fe
3
O

4
@Au 

MNPs-mediated hyperthermia, Fe
3
O

4
@Au-C225 MNPs-

mediated hyperthermia successfully upregulated the mRNA 

and protein levels of caspase-3, caspase-8, and caspase-9 in 

U251 cells (Figure 8A–D). In addition, a marked upregu-

lation of caspase-3, caspase-8, and caspase-9 expression, 

particularly caspase-3 and caspase-9, was evaluated using 

the cells treated with Fe
3
O

4
@Au-C225 MNPs-mediated 

combined hyperthermia (MFH+NIR), indicating the excel-

lent antitumor effect of Fe
3
O

4
@Au-C225 MNPs-mediated 

combined hyperthermia by inducing intrinsic apoptosis in 

this study.

Study of Fe3O4@Au-C225 MNPs on 
human glioma U251 cells in vivo
A subcutaneous tumor model of U251 glioma cells 

was used to evaluate the in vivo therapeutic efficacy 

of Fe
3
O

4
@Au-C225 MNPs-mediated combined hyper-

thermia (MFH+NIR) in comparison with that mediated by 

Fe
3
O

4
@Au MNPs. At 42 days post-treatment, mice in groups 

were killed and the stripped tumor volume and weight were 

measured (Figure 9A and B). Compared to the negative 

control, the tumor growth was suppressed to various degrees 

in the tumor weight and volume among experimental groups 

(P,0.05; Figure 9A, left and right). Furthermore, treatments 

with Fe
3
O

4
@Au-C225 MNPs-mediated combined hyper-

thermia had more efficiency in reduction of tumor growth 

than that of the Fe
3
O

4
@Au MNPs-mediated combined 

hyperthermia (P,0.05; Figure 9A, left and right).

Subsequently, we performed histologic examinations 

of tumor tissues post-treatment via hematoxylin/eosin 

staining (Figure 9C). The tumor cells grew densely in the 

groups of control, Fe
3
O

4
@Au MNPs+MFH, Fe

3
O

4
@Au 

MNPs+NIR, and Fe
3
O

4
@Au-C225 MNPs. In the Fe

3
O

4
@

Au MNPs+MFH+NIR, Fe
3
O

4
@Au-C225 MNPs+MFH, 

Fe
3
O

4
@Au-C225 MNPs+NIR, and Fe

3
O

4
@Au-C225 

MNPs+MFH+NIR groups, the tumor cells atrophied and 

obvious zones of necrosis were observed in Fe
3
O

4
@Au-C225 

MNPs+MFH+NIR group.

Ultrastructural characteristics of the tumor in Fe
3
O

4
@

Au-C225 MNPs+MFH+NIR group were observed. TEM 

revealed intracellular localization of Fe
3
O

4
@Au-C225 

MNPs. Numerous vesicles containing the aggregative 

Fe
3
O

4
@Au-C225 MNPs were visible intracellularly and 

were dispersed randomly in the cytoplasm (Figure 9D). 
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Scattered and chaotic collagen fibers (Figure 9E) were also 

shown on the TEM micrographs.

Discussion
The combination of chemotherapy and thermotherapy has 

been the focus of cancer therapy in recent years. However, 

one of the challenges encountered was to achieve the optimal 

effects of the combination therapy. Thus, a robust therapeutic 

platform is urgently needed to achieve the most effective 

synergic effect for tumor therapy.

The importance of EGFR in the malignant progression 

of glioblastoma and the effect of EGFR on patient survival 

has been extensively documented. Overexpressed EGFR 

is present in up to 40% of primary glioblastoma and the 

β β

Figure 8 qRT-PCR and Western blot analyses of U251 cells after different treatments.
Notes: (A) The quantitative real-time polymerase chain reaction analyses to evaluate the relative mRNA levels of caspase-3, caspase-8, and caspase-9 in U251 cells with 
various treatments and (C) β-actin was used as an internal control to normalize the data. (B) Western blot analyses to evaluate the protein levels of caspase-3, caspase-8, 
and caspase-9 in U251 cells of different treatment groups, and (D) β-actin was used as an internal control to normalize the data.
Abbreviations: MFH, magnetic fluid hyperthermia; MNPs, magnetic nanoparticles; NIR, near-infrared hyperthermia.
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Figure 9 Efficacy of various therapeutic strategies in treating nude mice bearing U251 glioma tumors.
Notes: (A) The quality and volume changes of stripped tumors in various treatment groups. (B) Tumors rejected from mice in various treatment groups. (C) Histopathologic 
examination of human glioma transplanted in nude mice (hematoxylin/eosin staining, ×100 magnification). Transmission electron microscopy of the tumors exposed to 
Fe3O4@Au-C225 MNPs-mediated combined hyperthermia (MFH+NIR). (D) Numerous vesicles containing the aggregative Fe3O4@Au-C225 MNPs. (E) The denatured 
collagen zones in the close vicinity of Fe3O4@Au-C225 MNPs localization. *Compared with the negative control group, P,0.05; #Fe3O4@Au-C225 MNPs compared with 
Fe3O4@Au MNPs when exposed to AMF combined with NIR, P,0.05.
Abbreviations: AMF, alternating magnetic field; C225, cetuximab; MFH, magnetic fluid hyperthermia; MNPs, magnetic nanoparticles; NIR, near-infrared hyperthermia.
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common overexpression makes EGFR a theoretically attrac-

tive target, and consequently, EGFR inhibitors have been 

among the most studied in clinical trials.35–38 C225, an IgG1 

human–murine chimeric of McAb M225 from murine, has 

been approved for use in patients with head and neck cancer, 

which is the only EGFR inhibitor that has conferred a survival 

advantage when combined with platinum-based combination 

chemotherapy.39

In this study, we decorated Fe
3
O

4
@Au composite MNPs 

with C225 via physical adsorption in order to maintain the 

biologic activities of C225. The green fluorescence observed 

by confocal laser scanning microscope (Figure 3A and B) and 

the UV–vis absorption spectra of Fe
3
O

4
@Au-C225 MNPs 

demonstrated the presence of C225 on the surface of Fe
3
O

4
@

Au-C225 MNPs. The absorption peak of Fe
3
O

4
@Au-C225 

MNPs (630 nm) was red-shifted compared to Fe
3
O

4
@Au 

MNPs (612 nm; Figure 2C), suggesting the excellent adsorp-

tion of C225. In addition, zeta potential and particle size are 

two important factors. The size of the nanoparticle may have 

an effect on uptake efficiency. The Fe
3
O

4
@Au-C225 MNPs 

that we synthesized revealed a diameter of 46 nm with a zeta 

potential of 11.1±1.8 mV. It is known that a nanoparticle with 

a positive charge has more efficient cellular internalization 

than a nanoparticle with a neutral or negative charge.40,41 Cell 

surface usually has a negative charge; therefore, Fe
3
O

4
@Au 

MNPs (zeta potential=−23.2±1.8 mV) have less affinity to 

cancer cells because of negatively charged Au shell on its 

surface. Hence, C225 adsorption changed the zeta potential of 

the Fe
3
O

4
@Au-C225 MNPs to a positive charge, which pos-

sibly enhances the interaction between the nanoparticles and 

glioma cells. Perhaps more importantly, Fe
3
O

4
@Au-C225 

MNPs may enter glioma cells through receptor-dependent 

C225-mediated endocytosis.

In our cell studies, MTT assay showed that the combined 

hyperthermia (MFH+NIR) mediated by Fe
3
O

4
@Au-C225 

MNPs significantly decreased the U251 cell viability com-

pared to sole hyperthermia (MFH or NIR), suggesting the 

optimizing heating efficiency. In addition, the highly anti-

proliferative effect of combined hyperthermia (MFH+NIR) 

mediated by Fe
3
O

4
@Au-C225 MNPs against U251 cells 

was also observed compared to that mediated by Fe
3
O

4
@Au 

MNPs groups, confirming the significant role of C225 in the 

targeting to U251 cells with overexpressed EGFR. For further 

investigation of the antiglioma effect, the cell cycle progres-

sion was measured using flow cytometry, and then qRT-PCR 

and Western blot analyses were performed to evaluate the 

molecular mechanisms of induced apoptosis. The combined 

hyperthermia (MFH+NIR) mediated by Fe
3
O

4
@Au-C225 

MNPs exhibited excellent therapeutic efficacy for U251 

cells by induction of apoptosis (Figure 7). Furthermore, a 

marked upregulation of caspase-3, caspase-8, and caspase-9 

expression, particularly caspase-3 and caspase-9, was evalu-

ated using the cells treated with Fe
3
O

4
@Au-C225 MNPs-

mediated combined hyperthermia (MFH+NIR), indicating 

its excellent antitumor effect by inducing intrinsic apoptosis  

(Figure 8).

Evaluation of animal models displayed that therapeutic 

efficacy of Fe
3
O

4
@Au-C225 MNPs-mediated combined 

hyperthermia (MFH+NIR) was superior compared to 

sole hyperthermia (MFH or NIR) and Fe
3
O

4
@Au MNPs-

mediated combined hyperthermia in mice with tumor 

model of human glioma. Representative sections of tumors 

are shown in Figure 9C. Control tumors, as well as NIR 

or MFH-treated tumors, exhibited a relatively viable and 

homogenous tumor tissue. The Fe
3
O

4
@Au-C225 MNPs did 

not affect the viability of U251 cells when hyperthermia 

was not applied, as neither zones of necrosis nor immune 

cell infiltrates were observed. In contrast, combined hyper-

thermia led to diffusion and subsequent dilution of Fe
3
O

4
@

Au-C225 MNPs throughout the tumors, and enlarging zones 

of necrosis were also observed. TEM revealed intracellular 

localization of Fe
3
O

4
@Au-C225 MNPs. Numerous vesicles 

containing the aggregative Fe
3
O

4
@Au-C225 MNPs were 

visible intracellularly and were dispersed randomly in the 

cytoplasm (Figure 9D). The denatured collagen zones in the 

close vicinity of Fe
3
O

4
@Au-C225 MNPs localization were 

shown on the TEM micrographs (Figure 9E).

Structural modification of nanoparticles with target-

ing ligands like aptamers, short peptides, and other small 

molecules has been found to increase the accumulation of 

nanoparticles at the tumor site just because the ligands can 

recognize special and unique biophysical markers on the 

surface of tumor cells.42–44 Therefore, in our study, designed 

Fe
3
O

4
@Au-C225 composite-targeted MNPs with C225, 

with high affinity for EGFR, caused to enhanced efficacy of 

cellular MNPs uptake through receptor-dependent C225-

mediated endocytosis and antiglioma effect of C225 itself. 

Subsequently, the simultaneous application of both MFH 

and NIR hyperthermia contributes to intrinsic apoptosis of 

U251 glioma cells and enhanced efficacy in tumor size reduc-

tion. We developed a robust therapeutic platform for glioma 

therapy based on Fe
3
O

4
@Au-C225 composite-targeted 

MNPs. On the basis of the experimental results of this study, 

MFH combined with NIR hyperthermia mediated by Fe
3
O

4
@

Au-C225 composite-targeted MNPs will show promise in 

future human clinical trial for patients with glioma.
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Conclusion
We developed a robust therapeutic platform for tumor therapy 

based on Fe
3
O

4
@Au-C225 composite-targeted MNPs. 

C225 was physically adsorbed to the surface of Fe
3
O

4
@Au 

MNPs. Furthermore, the dual magnetic and photothermal 

action mediated by Fe
3
O

4
@Au-C225 composite-targeted 

MNPs resulted in intrinsic apoptosis of U251 cells in vitro 

and growth suppression of tumor in vivo, which showed 

remarkable improvement in synergistic therapeutic effects 

for glioma treatment.
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