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Multimodal imaging based on complementary detection principles has great potential for improving

the accuracy of tumor diagnosis. Fe3O4 core/Au shell nanoparticles (Fe3O4@AuNPs) can be used as an

effective multimodal contrast agent due to combining the advantageous and highly complementary

features of the Fe3O4 core and gold shell. In the present work, we have developed a novel Fe3O4@Au

NP based probe for targeting and multimodal imaging of cancer cells. The prepared Fe3O4@Au NPs

have been characterized by transmission electron microscopy (TEM), visible spectra and SERS. The

potential use of the prepared Fe3O4@Au NPs as a multimodal contrast probe for magnetic resonance

imaging (MRI), microwave-induced thermoacoustic imaging and photoacoustic imaging was then

evaluated. Importantly, when conjugated with a cancer cell targeted molecular and fluorescent dye, the

Fe3O4@Au NPs could be internalized by the corresponding cancer cells selectively and sensitively, and

fluorescence imaging was realized at the same time. The bio-modified Fe3O4@Au NPs incorporating

multiple functionalities into one single nano-structured system can be effectively used for targeting and

multimodal imaging of cancer cells simultaneously.
Introduction

Noninvasive imaging of cancer with various modalities to present

the tumor anatomical structure as well as its metabolism and

biochemistry is crucial in cancer early detection and localization.1

Existing clinical imaging modalities include computed tomog-

raphy (CT), magnetic resonance imaging (MRI), positron emis-

sion tomography (PET), optical fluorescence, and ultrasound

imaging. Each of them possesses characteristic strengths and

weaknesses, but none of them are capable of providing complete

structural and functional information independently or remark-

ably superior to all other methods.2,3 So it is highly desirable to

integrate the strengths of individual modalities for comprehensive

information to improve early and accurate detection of tumors.

However, on the one hand, detection with several imaging

modalities needs injection of various contrast agents, which is

time-consuming and painful for patients. On the other hand,

different contrast agents may influence each other. The emergence

of multimodal contrast agents that are capable of generating

contrast in different ways by several components will solve these

problems.4–6 They need to be injected only once to complete

various imaging modalities. Therefore multimodal contrast agents

can avoid the influence resulted from different contrast agents.
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Recently, various types of hybrid nanoparticles have been used

for multimodal imaging.7–11 Hybrid nanoparticles incorporating

several components into one single nano-structured system

integrate the strengths of individual components. So they are

ideal multimodal contrast agents. They are usually constructed

by combining the components of various nanoparticles together

or modifying the single component nanoparticles with some

other materials. Two or more imaging components are encap-

sulated into a silicon nanoshell, lipid or some other organic

compounds.12–15 Fluorescent dyes or some other molecules used

for imaging are modified on the surface of nanoparticles.16,17Two

or more kinds of nanoparticles are connected with covalent or

non-covalent linkage.18,19 Multimodal contrast agents which are

formed by encapsulating multiple nanoparticles together have

short circulation time in blood in response to their large particle

diameters.20,21 And the hybrid nanoparticles constructed by non-

covalent linkage are not stable enough.

Fe3O4 core/Au shell nanoparticles (Fe3O4@Au NPs) are

hybrid nanoparticles with gold shell directly coated onto the

Fe3O4 core. Compared with most of the existing multimodal

contrast agents, it has a very stable structure, controlled particle

size and smooth surface. In addition, it has highly complemen-

tary advantages for various biomedical applications based on the

performance of both the Fe3O4 core and gold shell. Fe3O4

nanoparticles (Fe3O4 NPs) have been used for various biomed-

ical applications, such as MRI, magnetic separation for their

magnetic property, and microwave-induced thermoacoustic for

their strong absorption of microwave.22–24 Au nanoparticles (Au

NPs) have been extensively used in biological applications due to
This journal is ª The Royal Society of Chemistry 2012
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their biocompatibility and absorption properties, which make

them good contrast agents for CT and photoacoustic imaging.

Their rich history of surface chemistry can also be used for

subsequent treatment with some useful chemical or biological

molecules. Consequently, Fe3O4@Au NPs have potential uses as

a multimodal contrast agent for MRI, CT, microwave-induced

thermoacoustic, photoacoustic imaging and magnetomotive

photoacoustic imaging.7,25,26 Importantly, when conjugated with

a fluorescent dye, they can also be used for fluorescence imaging,

which has a much higher sensitivity than the above-mentioned

imaging modalities. With the Fe3O4@Au NPs, we can identify

the specific location of tumor in the body before surgery with

a MRI, microwave-induced thermoacoustic imaging or photo-

acoustic imaging scan, and then use fluorescence imaging to find

and remove all parts of the tumor during the operation.

Contrast agents targeting tumors may achieve a better imaging

effect but with fewer and less severe side effects.27 Most of the

reported nano-probes for tumor imaging are accumulated in

tumor tissue through the EPR (Enhanced Permeability and

Retention) effect28 or magnetic tumor targeting with external

magnets. The EPR effect helps to carry the nanoparticles and

makes them spread inside the cancer tissue, but it is passively

targeted and limited to hyper-proliferative tissues, so that the

targeting effect during very early stages of cancer is insufficient.29,30

Magnetic tumor targeting is incapable of targeting areas within

deep tissues, mainly because of a rapid attenuation of the magnetic

field magnitude away from the magnets.31 Nevertheless, targeting

nanoparticles labeled with targeting molecule are internalized into

cells mainly through the ligand–receptor or antibody–antigen

mediated endocytosis pathway.32–34 Accordingly, coupling the

nanoparticle to a targeting molecule which recognizes tumor-

associated antigens is a rational strategy to increase the target

selectivity of cancer cells and provide safer and more effective

diagnosis.14,35–37 In our study, integrin avb3 (23C6) mono-clonal

antibody (integrin avb3 mAb) was used as the targeting molecule.

Integrin avb3 serves as a promising cancer cell targeting marker,

since it is not readily detectable in quiescent vessels but has high

expression in various cancer cells (glioma, melanoma and ovarian)

and tumor neovasculature compared to normal tissues.38,39

Herein, Fe3O4@Au NPs were synthesized and developed as

a multimodal imaging probe for MRI, microwave-induced

thermoacoustic tomography and photoacoustic imaging for their

versatile properties. After we conjugated the Fe3O4@Au NPs

with fluorescein-labeled integrin avb3 mAb, they could also be

selectively and sensitively internalized into the integrin avb3-

positive cancer cell, and fluorescence imaging was realized at the

same time. In brief, the bio-modified Fe3O4@AuNPs can be used

as a multifunctional probe for targeting and multimodal imaging

of cancer cells simultaneously. Due to broad applications for

cancer imaging, this novel imaging probe is expected to lead to

significant development in cancer diagnosis.
Experimental section

Synthesis of core–shell Fe3O4@Au NPs

The Fe3O4 nanoparticles were prepared using a modified chem-

ical co-precipitation protocol.40 Briefly, 2.703 g of FeCl3$6H2O

and 0.998 g of FeCl2$4H2O were dissolved in 100 mL deionized
This journal is ª The Royal Society of Chemistry 2012
water. Under nitrogen atmosphere, ammonia was added with

vigorous stirring till the pH reached 9.0–9.5. The solution was

then stirred continuously for 15 minutes at room temperature.

After amination the mixture was heated to 80 �C and kept stir-

ring for 30 minutes.

A 2 mL portion of the as-prepared Fe3O4 NPs solution was

washed with sodium citrate solution (10 mM) for three times and

then dissolved in 100 mL of that sodium citrate solution. After

being sonicated for several hours to exchange absorbed OH�

with citrate anions, the solution was put into a 250 mL flask and

heated to 70 �C under mild stirring. 10 mL of chloroauric acid

hydrated was dropped into the solution and allowed to react for

30 minutes under vigorous stirring. Then the water bath was

removed and the suspension was cooled to room temperature for

1 hour under continuous stirring. These core–shell Fe3O4@Au

NPs were separated from free gold nanoparticles by an external

magnet and redispersed in deionized water, then stored in

a refrigerator at 4 �C.
Characterization experiments

To examine the size of Fe3O4 and Fe3O4@Au nanoparticles, the

samples were observed using a HITACHI H-300 transmission

electron microscope (TEM) with parameters of 70 kV voltage

and 70 pA current.

The optical absorbance characteristics of various samples were

investigated by visible absorption spectra (Lambda-35 UV-Vis

spectrophotometer, Perkin-Elmer, USA).

Raman spectroscopy was used to detect the surface-enhanced

Raman scattering (SERS) of 4,40-dipyridyl bonded to Fe3O4

NPs, Au NPs and Fe3O4@Au NPs. 5 mL of 4,40-dipyridyl was
added to 1 mL of Fe3O4 NPs, Au NPs and Fe3O4@Au NPs,

respectively, and all these nanoparticles were 1 mM in concen-

tration. An argon ion laser (514.5 nm) was used for excitation in

combination with a 40� objective of an Olympus BX-41

microscope, an Acton spectro@2300i spectrometer system

(Princeton Acton, USA) and a Pixis 256 CCD detector (Prince-

ton Acton, USA). After focusing at the center of the capillary,

the Raman spectrum of the samples with a resolution of 2 cm�1

(10 mW power, 20 s collection time) was recorded.
Modified Fe3O4@Au NPs with FITC-labeled integrin avb3 mAb

Integrin avb3 mAb was labeled with FITC (Fluorescein iso-

thiocyanate) by the procedures according to Ou et al.41 Briefly,

a 400 mL solution of integrin avb3 mAb at a concentration of

40 nM in standard PBS was mixed with FITC (0.1 mg mL�1,

100 mL) dissolved in DMSO. After incubating the mixture for

several hours at 4 �C, protected from illumination, the conju-

gated integrin avb3 mAb–FITC was filtered through 1 kDa filters

(Millipore) to remove the excess FITC.

100 mL of 1 mg mL�1 mPEG-SH (methoxy-polyethylene

glycol-thiol, MW 5000) was added into 1 mL of the as-prepared

Fe3O4@Au solution. After the solution was sonicated for

30 minutes, 100 mL of 1 mM 11-MUA (SHC11H22CO2H) dis-

solved in DMSO was added into it. Then the solution was mixed

and sonicated for several hours at room temperature to accelerate

the reaction. Excess mPEG-SH and 11-MUA were removed in

the presence of an external magnet and the resulting particles
J. Mater. Chem., 2012, 22, 470–477 | 471
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were redispersed in deionized water. Then 100 mL of 5 mM EDC

(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride)

and 100 mL of 5mMNHS (N-hydroxysuccinimide) were added to

the resultant solution in succession and reacted at 4 �C overnight.

Excess EDC and NHS were also removed by an external magnet

and the resulting particles were redispersed in standard PBS. 100

mL of as-prepared FITC labeled integrin avb3 mAb was further

added to the carboxylated Fe3O4@Au solution and reacted for

3 hours at 4 �C, protected from illumination. The nanoparticles

were magnetically extracted from the supernatant, washed with

PBS two times, redispersed in 1 mL PBS and then stored in

a refrigerator at 4 �C, protected from illumination.

Magnetic resonance imaging

Fe3O4 NP and Fe3O4@Au NP samples with different concen-

trations were prepared by diluting the synthesized nanoparticles

with deionized water (resistance 18.2 MU). Samples of dilute

Fe3O4 NPs and Fe3O4@Au NPs were filled in Eppendorf tubes

and then embedded in an agar phantom. MRI was performed

with a 1.5 T Imager (GE Signa HD, 1.5 T MR, GE Healthcare,

Milwaukee, WI, USA) and a 12.7 cm receive-only knee coil. MR

coronal images were scanned using a fast spin echo T2 sequence

(repetition time (ms)/echo time (ms) ¼ 4000/108, 16 echo train

length) and a spin-echo T1 sequence (repetition time (ms)/echo

time (ms)¼ 500/17.9). Images were obtained with a matrix size of

256 � 256. Two measurements were acquired at the section

thickness of 2 mm and field view of 13 � 13 cm2. The region of

interest (ROI) for signal intensity (SI) measurement was 38 mm2.

Twelve ROIs were randomly selected and measured in each tube.

The specific relaxivity values of R were calculated through the

curve fitting of 1/T2 (s�1) vs. the Fe concentration (mM) as the

slope of the resulting linear plot.

Microwave-induced thermoacoustic signal of Fe3O4@Au NPs

100 mL of deionized water and Fe3O4@Au NPs with iron

concentrations of 2.5, 5.0, 10 and 20 mM were put into a silicon

tube with a diameter of 0.8 mm to detect their microwave-

induced thermoacoustic signals, respectively. The microwave

generator at 6 GHz (BW-6000HPT, China) transmitted out short

pulse microwave with a pulse width of 0.5 ms and an external

trigger repetition rate of 10 Hz. The data acquisition system for

thermoacoustic CT included a piezoelectric transducer (Doppler

Ltd., Central frequency: 2.5 MHz) and a high-speed digital data-

acquisition card (PCI-GPIB, NI, USA). The piezoelectric

transducer was used for detecting the original thermoacoustic

signals. The device was designed according to Nie et al.24

Photoacoustic signal of Fe3O4@Au NPs

100 mL of Fe3O4@AuNPs with gold concentrations of 2, 4, 8 and

16 mM were put into a silicon tube with a diameter of 0.8 mm to

detect their photoacoustic signals, respectively. An Nd:YAG

pumped laser (wavelength: 532 nm, pulse width: 7 ns, and

repetition rate: 15 Hz) provides laser pulses to irradiate the

samples for generating photoacoustic signals. The ultrasound

transducer with 75 MHz center frequency and 65% fractional

bandwidth was used to receive the photoacoustic signals. The

photoacoustic device was designed according to Xiang et al.42
472 | J. Mater. Chem., 2012, 22, 470–477
Cell culture

U87-MG human glioblastoma cancer cells and MCF-7 human

breast cancer cells were cultured in Eagle’s minimal essential

medium (EMEM) and Dulbecco’s modified Eagle’s medium

(DMEM), respectively. The media were supplemented with 10%

fetal bovine serum (FBS) and 1% penicillin–streptomycin in 5%

CO2, 95% air at 37 �C in a humidified incubator.

Selective imaging of cancer cells

After incubating the cells of 500 mL with bio-modified

Fe3O4@Au NPs at 37 �C (5% CO2) for 1 hour, the cells were

rinsed with fresh culture medium. A 500 mL of U87-MG cells was

pre-blocked by integrin avb3 mAb, and then was treated as

above. These cells were imaged by a commercial laser scanning

microscope (LSM510/ConfoCor2) combination system (Zeiss,

Germany) equipped with a Plan-Neo fluar 40�/1.3 NA oil DIC

objective. The nano-probe was excited at 488 nm with an Ar-ion

laser (reflected by a beam splitter HFT 488 nm) and the fluo-

rescence emission was recorded through a 500–550 nm IR band-

pass filter.

Quantification of fluorescence intensity

To quantify the fluorescence intensity, U87-MG cells and MCF-

7 cells were treated as the imaging experiments, then rinsed with

PBS, and harvested with trypsin. Cells under different treatments

were washed and resuspended in ice-cold PBS. The fluorescence

histogram of cells was obtained from 10 000 cells by flow

cytometry (Becton Dickinson FACScan).

Result and discussion

Fabrication of bio-modified Fe3O4@Au NPs

The synthesis of the high performance core/shell Fe3O4@AuNPs

involved two phases. In the first phase, Fe3O4 NPs were

synthesized through the co-precipitation of ferric chloride and

ferrous chloride by ammonia. In the second phase, gold was

coated onto the Fe3O4 NPs through the reduction of HAuCl4 by

the citrate absorbed on the surface of Fe3O4.

Fig. 1 is the schematic procedure for fabrication of the bio-

modified multifunctional nanoparticles. mPEG-SH was immo-

bilized on the surface of gold shell via the formation of stable,

covalent gold–thiol linkages. It suppresses immunogenic

responses, thus prolongs the circulation time of the nanoparticles

and allows sufficient time for them to localize in different

organs.43 The mPEG-SH functionalized Fe3O4@Au NPs were

then conjugated with 11-MUA to cap them with carboxy groups.

Subsequently, using EDC/NHS chemistry, the tumor-targeted

multimodality contrast agents were thus constructed by fabri-

cating the FITC-labeled integrin avb3 mAb on the surface of

Fe3O4@Au NPs capped with carboxy groups.

Characterization of bio-modified Fe3O4@Au NPs

The TEM micrographs of Fe3O4 NPs and Fe3O4@Au NPs are

illustrated in Fig. 2A and B, respectively. The size of Fe3O4@Au

NPswas obviously increased since the particles had been coated by

gold. And the dispersibility of Fe3O4@Au NPs was better than
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 An illustration of the procedures for producing the integrin avb3 mAb–FITC modified Fe3O4@Au NPs.
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Fe3O4 NPs without gold shell, reflecting the enhanced stability

resulting from the gold shell. Fig. 2C shows the visible spectra of

Fe3O4 NPs, Au NPs of 13 nm, Fe3O4@Au NPs with and without

purification. Fe3O4@Au NPs reached an absorption peak at

526 nm, which is the characteristic absorbance of gold nano-

particles. The red-shifting in the hybrid nanoparticles was in

agreement with their relatively larger diameters. After the prepared

Fe3O4@Au NPs were purified by removing free gold NPs with an

external magnet, and then centrifuged to remove uncoated Fe3O4

NPs, the absorption peak became more evident. In addition,
Fig. 2 TEM pictures of (A) Fe3O4 nanoparticles with an average

diameter of�10 nm and (B) Fe3O4@AuNPs with an average diameter of

30–50 nm; (C) visible absorbance spectra of Fe3O4 NPs, Au NPs (13 nm),

Fe3O4@Au NPs with and without purification and color comparison

(above) of 50 mM Fe3O4 NPs (1), 1 mM Fe3O4 NPs (2), Fe3O4@Au NPs

without (3) and with purification (4) and the supernatant after getting rid

of the nanoparticles by an external magnet (5); (D) SERS spectra

measured from 4,40-dipyridyl bonded to Au NPs (30 nm), Fe3O4 NPs and

Fe3O4@Au NPs separately.

This journal is ª The Royal Society of Chemistry 2012
similar to Fe3O4 NPs, the absorption of Fe3O4@Au NPs in the

range of 400–500 nm was much stronger than that of Au NPs,

which was most likely a consequence of the existence of a few

uncoated Fe3O4 NPs. From the picture of Fig. 2C, we can clearly

see the color change of Fe3O4 NPs before and after gold coating.

The red color of the resulting Fe3O4@Au NPs indicated that they

had inherited the colorimetric character of Au NPs. A small

amount of gold nanoparticles without iron oxide nanoparticles

(2.9% of the total Au concentration, see ESI†), which was reflected

by the light pink color remaining in the solution, was separated

from magnetic Fe3O4@Au NPs with an external magnet.

Surface-enhanced Raman scattering (SERS) is a surface

sensitive technique that results in strong enhancement of Raman

scattering signals by molecules absorbed on the surfaces of gold

nanoparticles.44 The Raman signal of 4,40-dipyridyl is too weak

to distinguish. But when 4,40-dipyridyl was absorbed on the

surface of Au NPs and Fe3O4@Au NPs, as shown in Fig. 2D, the

SERS effect made the Raman signals become strong enough to

detect. When absorbed on the surface of Fe3O4 nanoparticles,

4,40-dipyridyl did not have the SERS effect. It is thus concluded

that the SERS effect caused by Fe3O4@AuNPs must be from the

gold shell. To sum up, the TEM photographs, visible spectra and

SERS results all indicate the formation of a gold coating on the

surface of Fe3O4 NPs.
Multimodal imaging using Fe3O4@Au NPs

As a common clinical imaging modality, MRI is a noninvasive

imaging tool which offers high resolution and images tissues

deeper than most optical imaging modalities.45 To demonstrate

the potential use as an enhanced MRI contrast agent, we

examined the MR contrast effect of Fe3O4@Au NPs in

comparison with that of free Fe3O4 NPs with an equivalent iron

concentration. As shown in Fig. 3A, Fe3O4@Au NPs generate

enhanced MR contrast on T2 proton relaxation time weighted

sequences. The T2-weighted MR images of both Fe3O4 NPs and

Fe3O4@Au NPs became darker as the concentrations of the

probes increased. The images of Fe3O4@Au NPs were slightly
J. Mater. Chem., 2012, 22, 470–477 | 473
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Fig. 3 (A) T2-Weighted MR images of bare Fe3O4 NPs and Fe3O4@Au

NPs at various [Fe] dilutions. Signal strength is indicated by the darkness

of the images. (B) T2-Relaxivity plots of aqueous suspension of Fe3O4

NPs and Fe3O4@Au NPs.

Fig. 4 (A) Microwave-induced thermoacoustic signals of Fe3O4@Au

NPs at various [Fe] dilutions and (B) linear fitting of thermoacoustic

signal intensity under the corresponding iron concentrations.
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lighter than those of Fe3O4 NPs without gold nanoshell coating

indicating the weaker MR signals of Fe3O4@Au NPs. Analo-

gously, Fig. 3B shows that the relaxivity value R of Fe3O4@Au

NPs is determined to be 26.53 mM�1 s�1, which is slightly lower

than that of Fe3O4 NPs (36.67 mM�1 s�1). This is because the

magnetic properties of Fe3O4@Au NPs are weaker than those of

Fe3O4 NPs due to the gold nanoshell coating. By comparing with

previously reported Fe3O4/Au nanocomposites, such as Au–

Fe3O4 dumbbell nanoparticles19 and iron oxide–gold hybrid NPs

with an organic gap,7 Fe3O4@Au NPs at an equivalent iron

concentration have a similar MR contrast effect. Moreover,

compared with the most clinically used Gd(III) complexes, the

nanoparticle-based agents have a longer residence time in the

vascular system, so that they could greatly increase the imaging

time.46 And compared with the commercial T2-weighted contrast

agents (such as dextran-coated iron oxide NPs), the Fe3O4@Au

NPs have better stability and a richer history of surface chemistry

due to the gold coating.

Microwave-induced thermoacoustic tomography, which offers

deep tissue penetration and high spatial resolution, is a hybrid of

microwave imaging and ultrasound imaging.47 To confirm

Fe3O4@Au NPs can be used as an effective contrast agent for

microwave-induced thermoacoustic tomography, we detected

the thermoacoustic signals of Fe3O4@Au NPs at various iron

concentrations. The thermoacoustic signals generated by deion-

ized water and Fe3O4@AuNP solutions are displayed in Fig. 4A.

The signals increased evidently with the increase of the iron

concentration, and the intensity was 180% of that of water when

the iron concentration reached 20 mM. The data indicate that the

thermoacoustic signal produced by Fe3O4@AuNPs solution is in

linear relationship with iron concentrations (R2 ¼ 0.987,

Fig. 4B). The observed oscillation in the thermoacoustic signal
474 | J. Mater. Chem., 2012, 22, 470–477
was likely a result of the limited bandwidth of the transducer.

These results suggest that the Fe3O4@Au NPs possessed micro-

wave absorption property and could generate the thermoacoustic

signal when irradiated with pulsed microwave. As Nie et al.

reported,24 when the intensity of the thermoacoustic signal

produced by Fe3O4 NPs was about 1.5 times that of water,

a high-contrast image could be reconstructed. Therefore, we

conclude that Fe3O4@AuNPs can be used as a potential contrast

agent for microwave-induced thermoacoustic tomography.

Compared with some purely optical imaging, such as fluores-

cence imaging, photoacoustic imaging can provide an image in

a region up to several centimetres deep in biological tissue. In the

mean time, photoacoustic imaging is more economical and

convenient to operate than MRI.7,48,49 Au NPs have been

reported as an ideal contrast agent for photoacoustic imaging

owing to their strong optical absorption near 532 nm wave-

length.50,51 In order to determine if Fe3O4@Au NPs can be used

as a contrast agent for photoacoustic imaging, the photoacoustic

signal of Fe3O4@Au NPs with various gold concentrations was

detected using a 532 nm pulse laser as the irradiation source. The

choice of the laser wavelength was based on the absorbance

spectra of Fe3O4@Au NPs shown in Fig. 2C, which suggests that

the nanoparticles have a strong absorption at 532 nm. The

photoacoustic signals generated by the Fe3O4@Au NP solutions

were summarized in Fig. 5A. As we expected, the intensity of the

photoacoustic signal was linearly correlated with the gold

concentrations (R2 ¼ 0.993, Fig. 5B). All the results indicate that
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 (A) Photoacoustic signals of Fe3O4@Au NPs at various [Au]

dilutions and (B) linear fitting of photoacoustic signal intensity under the

corresponding gold concentrations.
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Fe3O4@Au NPs are a potential contrast agent for photoacoustic

imaging.

The above results show that Fe3O4@Au NPs can be used as

probes for MRI, microwave-induced thermoacoustic tomog-

raphy and photoacoustic imaging.
Selective fluorescence imaging of cancer cells with biomodified

Fe3O4@Au NPs

Fluorescence imaging has higher sensitivity than all of the above-

mentioned imaging modalities. Furthermore, compared to MRI

and radio imaging, it is more convenient to monitor multiple

biological processes simultaneously and in real time.52 Antibody-

conjugated nanoparticles can be selectively internalized into cells

highly expressing the corresponding antigen through the

antigen–antibody mediated endocytosis pathway. After being

modified with integrin avb3 mAb, Fe3O4@Au NPs can be

specifically internalized into integrin avb3-positive cells. When

FITC is labeled on them, they are useful for fluorescent imaging.

To investigate the tumor targeting and fluorescent imaging

capability of the probe, U87-MG cells with over expressed

integrin avb3 on the cell surface and MCF-7 cells with few

integrin avb3 were incubated with bio-modified Fe3O4@Au NPs,

respectively. Then the fluorescence of fixed cells was detected by

confocal microscopy. In Fig. 6A and B, high fluorescence signals

are observed in U87-MG cells, whereas no evident fluorescence is

observed in MCF-7 cells. A similar result was demonstrated with
This journal is ª The Royal Society of Chemistry 2012
the fluorescence histograms obtained using flow cytometry

(Fig. 6D).

To further confirm the targeting probe was internalized into

cells mainly through the antigen–antibody mediated endocytosis

pathway, U87-MG cells were treated with the probe after the

cells were incubated with integrin avb3 mAb. Then the U87-MG

cells were detected by confocal microscopy. The fluorescence

level detected in the integrin avb3 mAb-treated group was

significantly lower than that in the untreated group, indicating

that the targeting effect of the probe was significantly blocked by

integrin avb3 mAb. And the result was confirmed by the fluo-

rescence histograms (Fig. 6D). Effective and specific internali-

zation of the biomodified Fe3O4@Au NPs suggested that these

probes could be used for targeting and fluorescence imaging.

Every single imaging modality mentioned above possesses

characteristic strengths and weaknesses, so they have different

advantages in tumor diagnosis. For example, MRI offers the

deepest tissue images, which makes it suitable for fundamental

detection, but it cannot be used in patients with most forms of

medical or biostimulation implants.53 Fluorescent imaging

provides the highest signal sensitivity and is suitable for accurate

localization and detection. While photoacoustic imaging and

microwave-induced thermoacoustic tomography, which have

both deep tissue images and high sensitivity, are also useful for

detection of tumors. Clinically, tumors are normally detected

without knowing their size, location and depth, so we have to

detect them with various imaging modalities to meet different

situations, respectively. As a result, various contrast agents have

to be injected, which is time-consuming and painful for patients.

However, when we use multimodal imaging probes, only one

injection is sufficient to complete various imaging modalities and

acquire complementary information and accurate diagnosis. The

EPR effect allows the nanoparticle-based agents to have a better

permeability and retention of tumor tissues than small-molecule

contrast agents.27,46 The PEG-immobilized on them further

increases the imaging time to make the multimodal imaging

possible.43 As reported, various pegylated Au NPs have long

circulation time to guarantee the multimodal imaging. The

pegylated hollow gold nanospheres have elimination half-lives of

71.82 � 30.46 hours.54 The pegylated Au NPs of 20 nm have

a retention time in blood more than 20 hours and that in tumor is

even more than 48 hours.21 Therefore we estimate that the bio-

modified Fe3O4@Au NPs will remain in the tumor interstitium

for a long time to guarantee the imaging effect of multimodal

imaging.

Due to the versatile properties of Au NPs and Fe3O4 NPs,

Fe3O4/Au hybrid nanoparticles of various shapes have been used

as multimodal contrast agents for MRI, photoacoustic imaging

and magnetomotive photoacoustic imaging.7,18,19 In our study,

Fe3O4@Au NPs were used as multimodal contrast agents for

MRI, microwave-induced thermoacoustic imaging and photo-

acoustic imaging. We also modified the Fe3O4@Au NPs with

fluorescent dye and cancer cell targeted-molecule. So the

bio-modified Fe3O4@Au NPs can also be used for fluorescence

imaging and targeting of cancer cells. The ability of targeting

tumor means that the imaging probes are internalized into cancer

cells selectively and sensitively. Then a better imaging effect can

be achieved with fewer and less severe side effects. The bio-

modified Fe3O4@Au NPs were conjugated with integrin avb3
J. Mater. Chem., 2012, 22, 470–477 | 475

http://dx.doi.org/10.1039/c1jm13692e


Fig. 6 Confocal images of U87-MG (A), MCF-7 (B) and U87-MG cells pre-blocked by integrin avb3 mAb (C) incubated with bio-modified Fe3O4@Au

NPs; (D) fluorescence histograms of U87-MG cells and MCF-7 cells under different treatments.
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mAb for targeting cancer cells in this study. But other tumor-

targeted molecules can be also connected with Fe3O4@AuNPs in

the same way if necessary.
Conclusions

In conclusion, Fe3O4@Au NPs were synthesized and developed

as a novel tumor targeted contrast probe for multimodal imaging

after they were modified with antibody and fluorescent dye. As

the bio-modified Fe3O4@Au NPs generate enhanced MR

contrast, they can be used as a contrast agent for T2 weighed

MRI. They also have high photoacoustic and microwave-

induced thermoacoustic signals, thus they are useful for both

microwave induced thermoacoustic tomography and photo-

acoustic imaging. In addition, they can be used for specifically

targeting and fluorescent imaging of integrin avb3-positive cancer

cells with FITC-labeled integrin avb3 mAb. Consequently, the

bio-modified Fe3O4@Au NPs can be used as a tumor-targeted

probe for multimodal imaging and lead to significant develop-

ment in cancer therapy, as they are broadly applicable for cancer

imaging applications. Their multifunctional imaging of tumor

in vivo and other applications will be presented in our further

studies.
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