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Multifunctional Magnetic Gold Nanocomposites:
Human Epithelial Cancer Detection via Magnetic Resonance
Imaging and Localized Synchronous Therapy**

By Jaewon Lee, Jaemoon Yang, Hyunju Ko, Seung Jae Oh, Jinyoung Kang, Joo-Hiuk Son, Kwangyeol Lee,
Sang-Wha Lee, Ho-Geun Yoon, Jin-Suck Suh, Yong-Min Huh,* and Seungjoo Haam*

1. Introduction

Nanomaterials are increasingly used in biomedical fields be-
cause of their remarkable physicochemical properties on the
nanometer scale.[1] For example, the local temperature around

nanorods, nanocages, or nanocomposites composed of a dielec-
tric core and an outer thin metal shell can be sharply increased
by near-IR (NIR) laser illumination because of the surface plas-
mon resonance (SPR) effect.[2] The hyperthermia induced by
SPR, in turn, leads to a noninvasive thermocidal treatment for
cancer, which does not require operations, without any side ef-
fects.[3] On the other hand, magnetic nanocrystals (MNCs) have
been used for magnetic resonance imaging (MRI), drug delivery,
cell labelling, and magnetic cell separation.[1b,4–6] In particular, we
recently demonstrated that MnFe2O4 MNCs serve as excellent
MRI probes for noninvasive in vivo monitoring of molecular and
cellular events.[1a] By hybridizing MnFe2O4 MNCs and a gold na-
noshell, the dual tasks of cancer detection by MRI and cancer
treatment by hyperthermia might be accomplished simultaneous-
ly. Recently, a Au–Fe3O4–SiO2 nanocomposite has been reported
by Hyeon et al. for the same purpose as our investigation.[7]

However, we believe that MR imaging could be greatly im-
proved by a more careful design of nanocomposites and choice
of magnetic nanoparticles. It is recently shown that clustering of
magnetic nanoparticles can greatly improve the MRI property.[8]

By combining the intrinsically high magnetization saturation
[emu g–1] of MnFe2O4 and the clustering effect of magnetic nano-
particles, effective MRI might be accomplished. Besides, the Au–
Fe3O4–SiO2 nanocomposites in Hyeon’s study showed a maxi-
mum absorbance (kmax) of approximately 750 nm because Fe3O4

nanoparticles were present at the outer surface of the silica
layer.[7] The kmax of Au–Fe3O4–SiO2 nanocomposites needs to be
shifted to an “optical window (ca. 800–1000 nm)” for more effec-
tive thermal therapy using NIR.[2a,9]

Thus, here we report a novel multifunctional magnetic-par-
ticle–gold nanocomposite (MGNC) system for targeted cancer
detection by MRI as well as for a synchronous cancer therapy
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Novel multifunctional magnetic gold nanocomposites (MGNCs) were synthesized for synchronous cancer therapy and diagno-
sis via magnetic resonance imaging (MRI). The MGNCs consist of magnetic kernels (aggregates of ultra-sensitive MnFe2O4

magnetic nanocrystals wrapped in polymer) as effective MR contrast agents and silica–gold nanocomposites as hyperthermal
therapeutic agents. A therapeutic antibody, Erbitux (ERB), was conjugated for specific tumor cell targeting both to localize the
near-IR laser beam and to image their events through MRI. ERB-conjugated MGNCs selectively recognize the target cancer
cell lines. Fluorescence images and MRI analysis show that the MGNCs are effectively taken up by the cells. ERB-conjugated
MGNCs have an excellent synchronous therapeutic efficacy as a result of the therapeutic antibody and near-IR laser-induced
surface plasmon resonance. Consequently, MGNCs clearly demonstrate selective imaging and treatment of human epithelial
cancer simultaneously.
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via therapeutic antibody and hyperthermia effects. The quadru-
ple-layered structure of the MGNCs is depicted in Scheme 1.
For an MR contrast agent, we used magnetic kernels (MKs),
which are composed of a number of ultrasensitive MnFe2O4

MNCs. MKs were then embedded in the dielectric silica layer
by a slightly modified Stöber method.[10]

The synthesized core/shell type of mag-
netic silica nanoparticles (MSNPs) were
then coated with a gold nanolayer.[11] To
increase the colloidal stability and anti-
body conjugation efficacy, the gold
nanolayer surface was enveloped with
poly(ethylene glycol) (PEG). A therapeu-
tic antibody, Erbitux (ERB), was further
conjugated on the outer ends of the PEG
molecules for epidermal growth factor re-
ceptor (EGFR) specific tumor-cell target-
ing both to localize the NIR laser beam
and to image their events through MRI.
Furthermore, the growth-inhibition effect
of the cancer cells is expected via blocking
of the EGFR signaling pathway. In order
to assess the potential of the MGNCs to
be used as synergistic therapeutic agents
and bimodal diagnosis probes, we investi-
gated their optical properties, magnetic
sensitivity, colloidal stability, and affinity
for tumor cell lines, as well as their thera-
peutic efficacy.

2. Results and Discussion

Monodispersed MnFe2O4 MNCs (ca. 12 nm), soluble in or-
ganic solvents, were synthesized by a previously described ther-
mal decomposition method (Fig. 1a).[1a,12] For the enhance-
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Scheme 1. Schematic illustration of the synthesis and structure of the multifunctional magnetic gold nanocomposite (MGNC) for cancer detection via
MRI and synchronous dual therapy.

Figure 1. Transmission electron microscopy images of a) MNCs, b) MKs, c) MSNPs, d) GNPs at-
tached on the surface of the MSNPs, and e) MGNCs. f) Scanning electron microscopy image of
PEGylated MGNCs.
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ment of the magnetic sensitivity via MRI, aggregates of MNCs
were formed by a nanoemulsion method to give magnetic ker-
nels (MKs). Oil/water emulsion was prepared by using amphi-
philic poly(vinyl alcohol) (PVA) aided by ultrasonification.
After solvent evaporation, nanometer-sized and monodis-
persed magnetic kernels were formulated. The prepared MKs
were 47.3±7.3 nm in size. Subsequently, they were covered with
a silica layer through hydrolysis of tetraethylorthosilicate
(TEOS) (Fig. 1c). The surface of the MSNPs was further modi-
fied with (3-aminopropyl)trimethoxysilane for effective attach-
ment of the gold nanoparticle (GNP) seeds onto the amine-ter-
minated silica surface. We finally formed a gold nanolayer of
the MGNCs by HAuCl4 reduction.[10a,13] Laser scattering indi-
cated that the size of the MGNCs was 120±13.7 nm (Fig. 1e
and f) and their well-tailored morphology was confirmed by
transmission electron microscopy (Fig. 1b–e). The morphology
of the prepared MGNCs was also examined by scanning elec-
tron microscopy (Fig. 1f).

The optical plasmon peak of the MGNCs was analyzed by
using a UV-vis spectrometer. The maximum absorbance (kmax)
of the GNPs was recorded at 520 nm (Fig. 2a). However, kmax

of the MGNCs was red-shifted to 820 nm because of the for-
mation of the gold nanoshell on the dielectric silica. The
820 nm NIR laser is known to be innocuous to the blood and
normal tissue, and, thus, is suitable for thermal cancer
therapy.[2a,9]

The crystallinity of the MNCs, GNPs, and the presence of sil-
ica in the MGNCs was evaluated by using X-ray diffraction
(XRD, Fig. 3). It is clear that the crystallinity of the MNCs was
still maintained during MGNCs formation (Fig. 3a).

To validate the diagnostic potential of the MGNCs as MR
probes, we investigated their magnetic properties and the in-
duced MR signal intensity. The T2-weighted MR image of the
MGNCs at 1.5 T presented significant color change with varia-
tion in MGNC concentration (Fig. 4a). Analogously, MR signal
intensities (R2) were strengthened as the concentration of
MGNC increased (Fig. 4b). The relaxivity coefficient was
465 mM

–1 s–1, which is higher than previous results because the

MKs are present in the MGNCs.[1a,8] The magnetic hysteresis
loop for the MGNCs measured by using a vibration sample
magnetometer (VSM) is shown in Figure 4c. The MGNCs ex-
hibited superparamagnetic behavior without magnetic hyster-
esis and had a magnetization saturation of approximately
2 emu g–1 at 1.5 T (300 K). It is interesting to note that a mag-
netization saturation of only approximately 0.3 or 1.2 emu g–1

was recorded for the previously reported Au–Fe3O4–SiO2 na-
nocomposites,[7,11b] which contain more than a hundred 7 nm
Fe3O4 nanoparticles per silica sphere; this result suggests the
superiority of our nanocomposite design for MR imaging. As
we have previously demonstrated, a higher magnetization
saturation [emu g–1] value is desired for better T2-based MR
imaging.[1a] Combined with the intrinsic high [emu g–1] value of
MnFe2O4, the clustering of these magnetic nanoparticles has
led to the effective MR imaging.
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Figure 2. UV-vis absorbance (ABS) of a) GNPs, b) MSNPs, and
c) MGNCs. The characteristic absorbance of the MGNCs was red-shifted
because of the outer gold layer.

Figure 3. X-ray diffraction patterns of a) MGNCs, b) MSNPs, c) SNPs, and
d) MNCs.

Figure 4. a) Concentration-dependent T2-weighted MR images of MGNCs
in aqueous solution. b) Graph of relaxivity (R2) versus MGNC concentra-
tion and c) the magnetic hysteresis loop of the MGNCs.
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To enhance colloidal stability, we enveloped the
MGNCs with carboxylic acid terminated poly(ethyl-
ene glycol) (PEG–diCOOH, molecular weight,
MW = 6000).[14] The PEGylated MGNCs demon-
strated acceptable colloidal stabilities, which were
monitored for over 30 days (Fig. 5). PEGylated
MGNC nanocarriers demonstrated excellent water
solubility without any aggregation. The high colloidal
stability of the nanoparticles was essential for in-
creased cellular binding efficiency of the ERB-conju-
gated MGNCs.

To evaluate the targeting efficacy of therapeutic
antibody-conjugated MGNCs (ERB–MGNCs)
against cancer cell lines (A431 and MCF7 cells with
different levels of EGFR overexpression), we exam-
ined the cells using both fluorescence microscopy
and MRI. ERB was combined to the end functional
group of the PEGylated MGNC surface. The affinity
of ERB-conjugated MGNCs was tested against
A431 cells (cancer cell line with EGFR overexpres-
sion) and MCF7 cells (cancer cell line with decreased
EGFR expression). MGNCs (IRR–MGNCs) conju-
gated with an irrelevant antibody (IRR, human IgG)
were also prepared as a control. Fluorescence-acti-
vated cell sorting (FACS) analysis provided the spe-
cific binding efficiency of ERB–MGNCs. As shown
in Figure 6, EGFR overexpressed A431 cells showed
130 times higher mean fluorescence intensity be-
cause of the fluorescein isothiocyanate (FITC) bound
at secondary antibody sites than MCF7 cells accord-
ing to the order of the expression level of receptors.
The IRR–MGNCs presented the lower relative fluo-
rescence intensity because of nonspecificity against
cancer cells.

In fluorescence microscopy images, ERB–MGNC-
treated A431 cells had a brighter green color than
ERB–MGNC-treated MCF7 cells (Fig. 7a). This re-
sult demonstrates a specific affinity of the probe
nanocomposite for EGFR overexpressed cell lines.
In contrast, a negligible green color was observed on both
IRR–MGNCs treated A431 and MCF7 cell lines (Fig. 7a),

which further confirmed the remarkable selectivity of anti-
body-conjugated MGNCs. Furthermore, the ERB–MGNCs

specifically bound onto the cell membrane
of A431 cells. Simultaneously, A431 cells
that were incubated with ERB–MGNCs
exhibited a significantly enhanced MR
signal intensity (DR2/R2 values) (Fig. 7b).
In the T2-weighted MR images, the MR
images from A431 cells treated with the
ERB–MGNCs were black, while the
MCF7 cell images were grey (Fig. 7a, in-
set). Therefore, by using the well-defined
MGNCs as bimodal probes, we could spe-
cifically detect EGFR-expressing cancer
cells using both fluorescence microscopy
and MRI.

To determine the synchronous tumorici-
dal efficacies of combining therapeutic
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Figure 5. Stability test against the prepared nanoparticles in the dispersion medium for 30 days: a)
MNCs in hexane, b) MKs, c) SNPs, d) MSNPs, e) HAuCl4, f) GNPs, g) MSNPs–GNPs, h) MGNCs,
and i) PEGylated MGNCs in water. The prepared nanoparticles presented excellent colloidal stabil-
ity without any aggregation.

Figure 6. FACS analysis against a) A431 and b) MCF7 cells incubated with ERB–
MGNCs and IRR–MGNCs. c) Relative fluorescence intensities using FACS analysis
compared to those of nontreated cells.
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antibody and NIR laser treatment modalities, we investigated
the cell viabilities of cancer cells that were incubated with the
ERB–MGNCs or the IRR–MGNCs after NIR laser exposure.
First, when the MGNC solution (8×1011 particles mL–1, 5 mL)
was exposed to an NIR laser (820 nm, 35 W cm–2), the temper-
ature increased by 14 K within 5 min, which is enough to kill
cancer cells (Fig. 8).[3]

We next determined the synergistic therapeutic potential of
MGNCs on two cancer cell lines with different levels of EGFR
expression. The fluorescence microscopy images for spatial
distribution of the hyperthermic effect via a calcein AM stain
(a fluorescent cell marker) are shown in Figure 9a. We found
that EGFR overexpressing cancer cells (A431) incubated with
ERB–MGNCs showed about 40 % of therapeutic efficacy by
using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) assay (Fig. 9b). After NIR-laser irradiation of
the A431 cells incubated with ERB–MGNCs, therapeutic effi-
cacy increased to approximately 83 %. Notably, the therapeu-
tic efficacy increased to about 43 % with NIR laser exposure.
This clearly indicates the synergistic therapeutic effect by com-
bining therapeutic antibody-induced growth inhibition and
hyperthermic cancer killing effects on EGFR-overexpressing

cancer cell lines. On the other hand, IRR–MGNC-treated
A431 and MCF7 cell lines showed only about 21 % and 12 %
therapeutic effects, respectively. Furthermore, MCF7 cell lines
incubated with ERB–MGNCs, which have lower EGFR ex-
pression levels, showed only about 10 % therapeutic efficacy
even after NIR laser exposure. This result further confirms the
EGFR-specific targeting route of the formulated ERB–MGNC
nanocomposites.
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Figure 7. a) Fluorescence microscopy images of A431 and MCF7 cells in-
cubated with ERB–MGNCs and IRR–MGNCs. T2-weighted MR images
and their color maps are shown in the left-hand and right-hand insets, re-
spectively. b) DR2/R2nontreat graph against A431 and MCF7 cells incu-
bated with ERB–MGNCs and IRR–MGNCs.

Figure 8. Temperature change of a) MGNCs solution (5 mL, 4 mg mL–1)
and b) pure water (5 mL) induced by NIR laser exposure at regular time
intervals.

Figure 9. a) Fluorescence images of A431 cells (A–C) and MCF7 cells (D–
F) after NIR laser exposure: A,D) nontreated, B,E) IRR–MGNCs + laser,
and C,F) ERB–MGNCs + laser. All scale bars are 250 lm. b) Therapeutic
efficacies of ERB–MGNCs and IRR–MGNCs on A431 or MCF7 cells after
exposure to an NIR laser.
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3. Conclusions

We synthesized a novel multifunctional magnetic-nano-
particle–gold nanocomposite (MGNC) system that was com-
posed of MKs (aggregates of magnetic nanoparticles wrapped
in polymer) as an MR contrast agent and a silica–gold nano-
composite shell as an effective hyperthermal therapeutic agent.
The superb MR contrast agent property of our MGNC system
stems from the intrinsic high [emu g–1] of the MnFe2O4 nano-
particles as well as the magnetic-nanocrystal clustering, which
was aided by the polymer. For effective thermal therapy using
an NIR laser, 820 nm of kmax was achieved by separating the
gold nanoshell from the embedded MKs with the dielectric sili-
ca layer. Furthermore, ERB-conjugated MGNCs selectively
recognized the target cancer cell lines and were effectively
taken up by the cells. We clearly demonstrate that ERB-conju-
gated MGNCs have an excellent synchronous therapeutic effi-
cacy stemming from the therapeutic antibody and NIR laser-in-
duced hyperthermia, which implies the therapeutic potential of
MGNCs for simultaneous diagnosis and treatment of cancer.

4. Experimental

Synthesis of Ultrasensitive Magnetic Nanocrystals: The MNCs
(MnFe2O4) were synthesized by the thermal decomposition method
[1a,12]. Iron(III) acetylacetonate (2 mmol), manganese(II) acetylace-
tonate (1 mmol), 1,2-hexadecanediol (10 mmol), dodecanoic acid
(6 mmol), dodecylamine (6 mmol), and benzyl ether (20 mL) were
mixed under nitrogen. The mixture was preheated to 150 °C for 30 min
and then heated to reflux at 300 °C for 30 min. After the reactants
were cooled at room temperature, the products were purified with ex-
cess pure ethanol. Approximately 12 nm diameter magnetic nano-
crystals were synthesized using the seed-mediated growth method.

Synthesis of Magnetic Silica Nanoparticles: To prepare the MKs,
MNCs (5 mg) were dissolved in dichloromethane (10 mL). This organ-
ic phase was added into the aqueous phase (20 mL) containing PVA
(200 mg) [5]. After mutual saturation of the organic and continuous
phase, the mixture was emulsified for 10 min with an ultrasonicator
(ULH700S, Ulssohitech, Korea) at 200 W. After evaporation of the or-
ganic solvent, the products were purified by filtration and centrifuga-
tion at 21 000 rpm. The precipitates were redispersed in water. MKs
52±7.3 nm in size were prepared [15]. The MSNPs containing the MKs
were then synthesized by the modified Stöber method. The MSNPs
were synthesized in a mixture of alcohol and water at an ambient tem-
perature using the MKs as seeds. MKs (1 mL; 5 mg mL–1) were diluted
with ethyl alcohol (4 mL) and ammonia solution (0.1 mL; 28 % in
water). TEOS (60 lL) was slowly added to this suspension, and after
stirring for 12 h, a silica outer shell formed on the surface of the MK
through hydrolysis and condensation of TEOS [5a,10]. The SNPs were
synthesized in the manner described above.

Synthesis of Magnetic-Particle–Gold Nanocomposites: GNPs (ca.
3 nm) were prepared by the reduction of 1.0 wt% gold(III)chloride tri-
hydrate (2 mL) in the presence of the tetrakis(hydroxymethyl) phos-
phonium chloride (THPC, 12 lL)/NaOH (0.5 mL, 1 M) reducing
agents for 7 min at room temperature [11a,13]. The surfaces of the sili-
ca particles were modified by self-assembly of (3-amino-
propyl)trimethoxysilane (APTMS; 5 lL) and MSNPs (40 mg) in 5 mL
of water for 3 h. The APTMS-coated MSNPs were purified by centri-
fuging and redispersing in water (0.5 mL). Amine-functionalized
MSNPs (40 mg) were stirred with an excess of gold nanoparticles
(7×1014 particles/5 mL of GNP solution). Small gold seeds were at-
tached via the amine groups of the functionalized silica surface. The
gold surface deposits on the silica particles were subsequently used as

nucleation sites for further reduction of gold salts using formaldehyde,
consequently leading to a continuous gold layer. The gold-salt solution
was prepared by adding potassium carbonate (25 mg) into 0.02 wt% of
gold(III)chloride trihydrate (50 mL). The gold-deposit–MSNP solution
(200 lL) was mixed with the gold-salt solution (4 mL) and formal-
dehyde (80 lL) for 5 min [11a]. The size distribution of the MGNCs
was analyzed by laser scattering (ELS-Z, Otsuka Electronics). The sat-
uration of magnetization was evaluated using a vibrating-sample mag-
netometer (Lakeshore, model 7300). The weight quantity of magnetic
nanocrystals in the MGNCs was analyzed with a thermogravimetric an-
alyzer (SDT-Q600, TA instrument). X-Ray diffraction measurements
of MGNCs were performed with a Rigaku D/max-RB (Tokyo, Japan)
powder diffractometer and by image-plate photography using graphite-
monochromatized Cu Ka radiation (k = 1.542 Å). Data were collected
from 10° to 70° with a step size of 0.05° and a step time of 5 s.

Preparation of Antibody-Conjugated MGNCs: To synthesize carbox-
yl-terminated poly(ethylene glycol) (PEG–diCOOH), PEG (MW:
6000, 0.5 mmol) was dissolved in dioxane and activated by adding suc-
cinic anhydride (2.0 mmol), 4-dimethylaminopyridine (4.0 mmol), and
triethylamine (4.0 mmol) [14]. This reaction was carried out for 24 h at
room temperature under a nitrogen atmosphere. The resultant prod-
ucts were dissolved in carbon tetrachloroaurate and an excess of ethyl
ether was added. Then, the precipitates were filtrated, dried under vac-
uum, and stored for later use. For preparation of the PEGylated
MGNCs, PEG–diCOOH (0.1 mmol), and 20 mg of cystamine-conju-
gated MGNCs were dissolved in phosphate buffered saline (PBS;
500 lL, pH 7.4). 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(2.0 mmol) and N-hydroxysuccinimide (2.0 mmol) were also added to
the above solution [16]. After 4 h, the unreacted materials were re-
moved by centrifugation (20 000 rpm). To conjugate the antibody with
the PEGylated MGNCs, 0.1 mg of ERB (Roche Pharmaceutical Ltd.)
was dissolved in 10 mM sodium phosphate buffered solution (400 lL,
pH 7.4) and mixed with the above MGNC solution (5 mg mL–1). Then,
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (2.0 mmol) and
N-hydroxysuccinimide (2.0 mmol) were added to the solution. After
4 h, the ERB–MGNC solution was purified with a Sephacryl
S-300 (Amersham Biosciences) column. The amount of antibody con-
jugated with the MGNCs was calculated using a BCA (bicinchoninic
acid) kit [1a]. The irrelevant antibody (IRR, human IgG as a control)-
conjugated MGNCs were synthesized in the manner described above.

Affinity Test of the ERB–MGNCs Against Cancer Cell Lines: The
epidermoid carcinoma A431 cell line and the MCF7 cell line were ob-
tained from American Tissue Type Culture (ATCC, Rockville, MD)
and cultured. Briefly, the cells (1×106 cells mL–1) were seeded in
100$empty$ Corning culture dishes (10 mL dish–1) with Dulbecco’s
modified eagle medium (DMEM, supplemented with 10 % FBS (fetal
bovine serum) and 1 % antibiotics) and incubated at 37 °C in a humidi-
fied atmosphere containing 5 % CO2. We used FACS and MRI to de-
termine the affinity of the ERB–MGNCs (9.6×109 particles mL–1,
200 lL) to the A431 and MCF7 cells. First, A431 and MCF7 cells were
washed with FACS buffer (2 % FBS, 0.02 % NaN3 in PBS). Then, cells
were incubated with the ERB–MGNCs and the IRR–MGNCs for 1 h
at 4 °C. We used 4 °C to avoid nonspecific binding of antibodies be-
cause MGNCs can be taken up by the cells through endocytosis with-
out receptor-mediated uptake. The treated cells were washed three
times with FACS buffer to eliminate unbound antibody and incubated
with an FITC-labeled goat anti-human IgG for 45 min at 4 °C in the
dark room [10d,17]. The washed cells were suspended in 500 lL PBS
and stored at 4 °C prior to FACScan analysis (Becton Dickinson,
Mountain View, CA) and MR imaging (Intera; Philips Medical Sys-
tems).

MRI Procedure: All MRI experiments were performed with a 1.5 T
clinical MRI instrument containing a micro-47 surface coil (Intera;
Philips Medical Systems, Best, the Netherlands). R2 relaxivity for the
cancer cells (1×106 mL–1) treated with MGNCs (1×107 cells/tube, for 1 h
at 4 °C) was measured by the Carr–Purcell–Meiboom–Gill (CPMG)
sequence at room temperature: TR: 10 s, 32 echoes with 12 ms even
echo space, number of acquisitions: 1, point resolution of
156 lm×156 lm, section thickness of 0.6 mm. R2 was defined as
1/T2 with the units of s–1. The relaxivity coefficient [mM

–1 s–1] equals

Adv. Funct. Mater. 2008, 18, 258–264 © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.afm-journal.de 263

FU
LL

P
A
P
ER

J. Lee et al./Multifunctional Magnetic Gold Nanocomposites



the ratio of R2 to the concentration of MGNC. For T2-weighted MR
imaging of in vitro cells at 1.5 T, the following parameters were
adopted: point resolution: 156 lm×156 lm, section thickness: 0.6 mm,
TE: 60 ms, TR: 4000 ms, number of acquisitions: 1. For T2 mapping of
in vitro cells, the following parameters were adopted: point resolution:
156 lm×156 lm, section thickness: 0.6 mm, TE: 20, 40, 60, 80, 100, 120,
140, 160 ms, TR: 4000 ms, number of acquisitions: 2.

Hyperthermia Therapy by Exposure to NIR: A431 and MCF7 cells
(104 cells/well) were incubated in 96-well plates for 24 h. Target cells
were incubated with ERB–MGNCs and IRR–MGNCs (200 lL;
1.6×1010 particles mL–1) at 37 °C. After 4 h, an equal volume of 10 %
FBS was added to the wells, and the cells were incubated for 72 h.
After exposure to an NIR laser (820 nm, 35 W cm–2, 5 min), the cells
were incubated for 2 h at 37 °C. The live/dead cell distribution after
staining for calcein AM (Molecular Probes, luM) was observed by
using a fluorescence microscope. In addition, the cell viabilities were
determined using MTT assay. The therapeutic efficacies were deter-
mined by calculating the differences between cell viabilities under
treated and nontreated conditions.
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