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Plasmonic Magnetic Nanostructure
for Bimodal Imaging and Photonic-
Based Therapy of Cancer Cells

Yong Taik Lim,”’ Mi Young Cho,” Jin Kyeong Kim,?
Seol Hwangbo,” and Bong Hyun Chung*®

Nanomaterials that contain two or more different functionali-
ties are attractive candidates for technological applications in
the areas of biology and medicine."™ Among a variety of
nanoparticles, magnetic nanoparticles offer exciting new op-
portunities for improvements in the quality of magnetic reso-
nance imaging (MRI), hyperthermia treatment for malignant
cells, site-specific drug delivery, and the manipulation of cells.
Iron oxide magnetic nanoparticles (Fe,O; and Fe;0,), in partic-
ular, have attracted great interest in the areas of biomedicine
and biology due to their inherent biocompatibility."*"'¥ Super-
paramagnetic iron oxide nanoparticles have been extensively
studied for use as MRI contrast agents because in the presence
of an external magnetic field, a magnetic field is induced
within these nanoparticles that polarizes the spins of neighbor-
ing water protons; this results in enhanced contrast in the final
image.>'® |n addition to their
biocompatibility, the strong
light-absorption and scattering
properties of the gold nano-
structures, which is due to the
surface  plasmon  resonance
effect are also being investigat-
ed and have been proposed for
a variety of types of applications
such as optical sensors, imaging
contrast agents, targeted cancer
therapy and photothermal trig-
gers for drug release.>'"3
Several previous studies have
shown that by controlling the
structure of these nanoparticles,
for example, core-shell, hollow
or nanorod-like structures, the
optical resonance wavelength of
gold nanoparticles can be tuned
to the near-infrared (NIR, in the

shells.
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range of 750 to 1200 nm) region of the spectrum, where the
light transmission through biological tissues is known to be
quite high.”*3"32 Hence, a combination of the distinct optical
characteristics of gold nanostructures in the NIR region of the
spectrum with the multifunctional properties of magnetic
nanoparticles offers a great potential in biomedical applica-
tions for the future.

We have designed novel nanocomposite particles that con-
sist of hollow-type gold nanoshells with iron oxide nanoparti-
cles inside their interiors. These types of nanocomposite parti-
cles were especially designed to be used as multifunctional
nanoplatforms for biomedical imaging and targeted cancer
therapy. The iron oxide nanoparticles have a magnetic charac-
ter that enables them to be used as contrast agents for MRI,
whereas the hollow-type gold nanostructures, which encapsu-
late the magnetic nanoparticles provide strong absorption
(and/or scattering) of NIR light. These novel nanostructures
were used as a bimodal contrast agents for MRl and scatter-
ing-based optical imaging. We further extended their applica-
tion for the selective destruction of breast cancer cells (SKBR3)
by using a photothermal effect.

Scheme 1 depicts the synthetic scheme of multifunctional
nanocomposite particles for molecular imaging and targeted
cancer therapy. The TEM images of nanocomposite particles
are shown in Figure 1. The final structure is a hollow-type gold
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Scheme 1. Overview of the preparation of the iron-oxide-containing nanoshells and the antibody-coated nano-

nanoshell that contains magnetic nanoparticles within their in-
teriors. We synthesized monodisperse iron oxide nanoparticles
(Fe;0,, 9-11 nm; Figure 1A) in an organic solvent, then depos-
ited the gold nanolayers on these magnetic nanoparticles.*®
The thickness of the outer Au nanolayer in the gold-coated
Fe;0, (Fe;0,@Au) nanoparticles that was determined from TEM
image analysis, was about 2-3 nm (Figure 1B). The synthesized
gold-coated magnetic nanoparticles were sequentially coated
with silver for a subsequent replacement reaction.®**! The
thickness of the silver nanolayer was controlled by the mixing
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Figure 1. TEM images of A) iron oxide nanoparticles (Fe;0,), B) gold-coated
iron oxide nanoparticles (Fe;0,@Au), C) silver-coated Fe,0,@Au, and D) gold
nanoshells that contain gold-coated iron oxide nanoparticles (HGNS-
(Fe;0,@Au)).

ratio of silver acetate and the Fe;O,@Au nanoparticles. By
adding more silver acetate to the silver-coated Fe;O,@Au
nanoparticles, we were able to control the growth of the outer
silver layer (Figure 1C). Furthermore, because we intended to
use the outer silver layer as a template for the formation of
hollow gold nanoshells, we systematically controlled and
varied the final thickness of the silver layer by considering the
optical resonance peak of the final gold nanoshells (data not
shown). As a typical example, we have synthesized hollow-
type gold nanoshells that contain Fe;0,@Au (hereafter, HGNS-
(Fe;0,@Au)) within their interiors, whose optical resonance
peak reside around the NIR region of spectrum (see the Experi-
mental Section for details). After synthesizing silver-coated
Fe;0,@Au nanoparticles, they were transformed into hollow-
type gold nanostructures by means of a replacement reaction
between a chloroauric acid (HAuCl,) solution and the outer
silver layer in the silver-coated Fe;0,@Au nanoparticles. As
seen from the TEM image in Figure 1D, the Fe;0,@Au nano-
particles reside in the core of the hollow-type gold nanoshells.
In the final step, we have modified the surface of the nano-
composite particles with monoclonal antibodies (anti-HER2)
that can target epidermal growth factor receptors (EFGR);
EFGRs are overexpressed on the surface of breast cancer cells
(SKBR3). Further, we used polyethylene glycol (PEG) moieties
to increase the water solubility and to block nonspecific inter-
actions (Scheme 1).%) In particular, we used protein G mole-
cules to optimize the orientation of the antibodies on the sur-
face of the gold nanoshells.®®
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To monitor the structural changes that took place during the
preparation of the HGNS(Fe;0,@Au), we used a UV/Vis-NIR
spectrophotometer (Figure 2). When a gold nanolayer was
formed on the surface of the Fe;O, nanoparticles, we observed
an optical resonance peak at around 600 nm (Figure 2 A-C).
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Figure 2. UV/Vis-NIR spectrum of A) Fe;O,, B) silver-coated Fe;0,@Au,
C) Fe;0,@Au, and D) HGNS(Fe;0,@Au).

Compared to the resonance wavelength of bare gold nanopar-
ticles (at around 520 nm), the resonance peak in the case of
these nanocomposite particles, exhibited a shift to a longer
wavelength. This shift can result from a change in the dielec-
tric environment, as has been reported in previous studies.?”*®
The optical resonance peak of metal-coated nanoparticles can
be determined by the thickness ratio of the core and the shell
as well as by the dielectric constant of each component. When
silver acetate reacted with the Fe;0,@Au nanoparticles, the
resonance wavelength was observed in the 440 nm region;
this suggests that a thick silver layer had formed on the sur-
face of the Fe;0,@Au nanoparticles (Figure 2B and C). After
systematically controlling the thickness of the outer silver layer
by repeated experiments, we found that under the optimized
conditions, the high optical absorption of the hollow-type
gold nanoshells (after the replacement reaction) existed at
around 808 nm (the wavelength of NIR laser). The optical reso-
nance peak shifted to the 770 nm region when the HAuCl, so-
lution was added (Figure 2 B-D); this indicates the formation of
hollow-type gold nanoshells. Due to the broad absorption
spectrum as seen in Figure 2D, the optical absorption density
of the hollow-type gold nanoshells at 808 nm was similar to
that at 770 nm.

The potential of the synthesized nanocomposite particles
HGNS(Fe;0,@Au) for biomedical imaging and targeted cancer
therapy were investigated in detail. Iron oxide nanoparticles
that are encapsulated by the hollow-type gold nanoshells can
be used as a contrast agent for MRI, while the hollow-type
gold nanoshells provide strong absorption (scattering) of NIR
light. HGNS(Fe;0,@Au) exhibited superparamagnetic character-
istics (Figure 3A) and was found to generate MR contrast sig-
nals (see Figure S1 in the Supporting Information). The satura-
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Figure 3. Magnetic properties of HGNS(Fe;0,@Au). A) Magnetization (M) hys-
teresis for Fe;0,@Au (sample 1) and HGNS(Fe;0,@Au) (sample 2) at 300 K,
B) the spin—spin relaxation rates of HGNS(Fe;0,@Au).

tion moment per unit mass, M, at 10 kOe was 3.70 emug™'
for HGNS(Fe;0,@Au) and 9.95 emug™ for Fe;0,@Au. The de-
crease in the Mg of HGNS(Fe;0,@Au), compared to that of iron
oxide nanoparticles (59.3 emug™'), might be due to the large
volume of the gold nanoshells that encapsulate the iron oxide
nanoparticles. The increase in the concentration of nanoparti-
cles leads to a dramatic decrease in signal intensity due to the
shortening of T, (Figure S1). The relaxivity (R,) of the HGNS-
(Fe;0,@Au), which is a measure of the change in the spin-spin
relaxation rate (1/T,) per unit
concentration, was
23.61 mm~'s™' (Figure 3B). Be-
cause HGNS(Fe;O,@Au) contains
only one Fe;0,@Au within its
interior, the relaxivity value is
lower than that of the previous
reported values in which multi-
ple iron oxide nanoparticles
were bound to silica nanoparti-
cles. However HGNS(Fe;0,@Au)
does not contain silica materials
in the core part. The HGNS-
(Fe;0,@Au) is only composed of
biocompatible  hollow  gold

A) Control
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Figure 4. A) Fluorescence image of SKBR3 cells only, B)
anti-HER2, and C) MCF cells that were incubated with HGNS(Fe;0,@Au)/anti-HER2. For the fluorescence image,
anti-rabbit 1gG (TRITC) was also conjugated on the HGNS(Fe;0,@Au)/anti-HER2.

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

nanostructure and iron oxide nanoparticles. Furthermore, we
could easily tune the optical resonance peak of the hollow
gold nanostructure just by controlling the shell thickness; this
is different from previous studies,” in which the optical reso-
nance of the composite nanoparticles was controlled by the
relative thickness of a silica core and gold shell.

We have further investigated whether the HGNS(Fe;0,@Au)
could be used in targeted imaging and therapy of cancer cells.
The HGNS(Fe;0,@Au) were conjugated with monoclonal anti-
bodies (anti-HER2) that can target epidermal growth factor re-
ceptors (EFGR), one of which is HER2 (human epidermal
growth factor receptor 2); this is often overexpressed on the
surface of breast cancer cells.”™ To investigate the specificity of
HGNS(Fe;0,@Au)/anti-HER2, HER2-positive breast cancer cells
(SKBR3, 2.5x 10°) and HER2-negative breast cancer cells (MCF7,
2.5%10°) were prepared. To visualize the attachment of HGNS-
(Fe;0,@Au)/anti-HER2 on the surface of cell line, anti-rabbit
IgG tetramethyl rhodamine iso-thiocyanate (TRITC) was also
conjugated to HGNS(Fe;0,@Au)/anti-HER2 in the antibody con-
jugation step. As shown in Figure 4, strong TRITC fluorescence
was only observed in the HER2-positive SKBR3 breast cancer
cells. The attachment of HGNS(Fe;0,@Au)/anti-HER2 onto the
SKBR3 cells, suggests that there is a specific interaction be-
tween the anti-HER2 that bound to HGNS(Fe;O,@Au) and
HER2, which is overexpressed on the SKBR3 cells. Based on
these experimental results, we have further explored whether
HGNS(Fe;0,@Au)/anti-HER2 could be used for molecular imag-
ing and therapy of SKBR3 breast cancer cells. Figure 5A shows
the T,weighted images (TR=4000 and TE=120) of SKBR3
cells that had been labelled with HGNS(Fe;O,@Au)/anti-HER2.
The decrease in the magnetic resonace (MR) signal intensity
(darkening) is due to the presence of HGNS(Fe;O,@Au)/anti-
HER2 (0.45 mm Fe) on the surface of SKBR3 cells. In addition to
being used in MR-based cellular imaging, HGNS(Fe;O0,@Au)/
anti-HER2 can also be used as optical imaging contrast agents
for the diagnosis of breast cancer. Due to the strong surface-
plasmon-enhanced scattering properties of metal nanoparti-
cles, the HGNS(Fe;0,@Au)/anti-HER2, which are targeted to
SKBR3 cells can be clearly detected with a dark-field micro-
scope (Figure 5B).°7 The data showed that the HGNS-
(Fe;0,@Au)/anti-HER2 can be used as bimodal imaging agents
for breast cancer diagnosis, particularly with the techniques of

B) SKBR3 C) MCF7

) SKBR3 cells that were incubated with HGNS(Fe;0,@Au)/
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Figure 5. Imaging of SKBR3 cells that were targeted with HGNS(Fe;0,@Au)/
anti-HER2. A) an MR image, B) a dark-field scattering image.

MRI (as shown in Figure 5A) and optical imaging (as shown in
Figure 5B). One of the merits of using gold nanostructures as
chromophores is that they have non-bleaching properties in
cellular imaging. Although fluorescent semiconductor nano-
crystals are considered to be an alternative solution to the
photobleaching problems of organic dyes, there are still toxici-
ty issues that need to be resolved.*>*¥ Thus, the dark-field
image of cells that use the distinct scattering properties of
gold nanostructures is a very promising tool for cellular imag-
ing.

By using the strong optical absorption properties in the NIR
region, the HGNS(Fe;0,@Au)/anti-HER2 were used for targeted
cancer therapy of SKBR3 cells. After incubating the SKBR3 cells
with HGNS(Fe;0,@Au)/anti-HER2, we exposed the cells (5.5%
10°-1.0x 10° cells per mL, in 24-well plates) to an NIR laser
(808 nm). Two important control experiment revealed the tox-
icity limits of both the laser power and the nanoparticle con-
centration on the HGNS(Fe;0,@Au)/anti-HER2-treated SKBR3
cells and the SKBR3 cells alone. When the laser power was
greater than 12.68 Wcm™, cell damage began to appear
within 3 min, even in SKBR3 cells that had no NIR absorbing
nanoparticles. Likewise, when the concentration of HGNS-
(Fe;0,@Au)/anti-HER2 reached a certain value (optical extinc-
tion density (OD)=3.5, at 808 nm), the SKBR3 cells that were
incubated with the nanoparticles for 48 h, started to be dam-
aged without NIR photothermal therapy (see Figure S2). How-
ever, when we fixed the concentration of nanoparticles below
this limit (as measured with an optical density value in an ab-
sorption spectrum, where OD=2.0 at 808 nm), damage began
to appear in the targeted SKBR3 cells with HGNS(Fe;0,@Au)/
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anti-HER2 after 3 min of lower-powered laser illumination
(808 nm, 4.34 Wcm™). As shown in Figure 6B, the SKBR3 cells
that were targeted with HGNS(Fe;0,@Au)/anti-HER2 were de-
stroyed selectively only in the region that was illuminated by
the NIR laser. In contrast, no damage was observed in SKBR3
cell lines where no NIR-absorbing nanoparticles were present
(Figure 6 A). This result thus demonstrates that the multifunc-
tional gold nanostructures that were developed in this study,
can be used for the targeted therapy of cancer cells through
the conjugation of cancer-specific biomarkers and the subse-
quent NIR-light illumination.

A) B)

Selective laser therapy

Figure 6. Fluorescence image of A) SKBR3 cells only, B) SKBR3 cells that were
incubated with HGNS(Fe;0,@Au)/anti-HER2. After incubation, the cells were
illuminated with 808 nm NIR laser (4.34 Wcm™) and subsequently stained
with Calcein-AM. Selective destruction was observed only in the SKBR3 cells
that were targeted with HGNS(Fe;0,@Au)/anti-HER2.

In summary, we synthesized a novel nanostructure that has
NIR-absorbing (and scattering) optical characteristics and mag-
netic-responsive moieties for MRI. The nanocomposite particles
were successfully demonstrated for use as bimodal-imaging
contrast agents as well as photonic-based therapeutic agents
for cancer cells. As a perspective of this research, we expect
that these nanocomposite particles would enable biologists or
medical doctors to gather diagnostic in vivo imaging data by
using MRI at the preoperative stage. In addition, the patholo-
gists can directly analyze biopsy samples during the operative
and postoperative stages by using the strong scattering prop-
erties in the NIR region, even without any further need to pre-
pare additional samples. Furthermore, the multifunctional
nanostructure that was developed in this research has poten-
tial in a wider variety of novel applications that are related to
modulated drug delivery,“" combined therapy (gene therapy
and chemotherapy),“? and theranostic nanoplatforms.”*!

Experimental Section

Materials: Iron(lll) acetylacetonate (Fe(acac);, 99.9%), hexadecane-
1,2-diol (Cy4H,,CH(OH)CH,(OH), 90%), oleylamine (OAM, CoH,&=
CoHi;NH,, 70%), oleic acid (OA, C4H,e=CgH,sCOOH, 99%), benzyl
ether (C,H,,0, 99%), mercaptoundecanoic acid (MUA,
SHC,,H,,CO,H, 95%), polyvinylpyrrolidone (PVP), chloroauric acid
(HAuCl,), and methanol were purchased from Aldrich. Gold acetate
(Au(OOCCH,);, or Au(ac);, 99.9%) was purchased from Alfa Aesar
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(Karlsruhe, Germany). Anti-HER2 (9G6, mouse monoclonal 1gG;)
was purchased from Santa Cruz Biotechnology (USA). Anti-rabbit
IgG-TRITC was purchased from Sigma.

Synthesis of gold-coated iron oxide nanoparticles: Fe(acac);
(0.51 g, 1.44 mmol) was mixed with oleic acid (1.5 mL, 4.5 mmol)
and oleylamine (1.6 mL, 3.2 mmol) in benzyl ether (16 mL) under
an argon atmosphere. After vigorous stirring, hexadecane-1,2-diol
(1.65 g, 6.4 mmol) was added to the solution, and the solution was
heated to 200°C for 3 h. The solutions were further refluxed at
290°C for 1.5 h. After cooling to room temperature, ethanol was
added into the solution. A dark-brown precipitate (Fe;0,) was sep-
arated with a magnetic bar, and was washed with ethanol. To syn-
thesize gold-coated iron oxide nanoparticles (Fe;0,@Au), the Fe,0,
nanoparticles (0.1 g) were dispersed in benzyl ether (40 mL). Au-
(OOCCH,); (0.7 g, 2.2 mmol), hexadecane-1,2-diol (3.1 g, 12 mmol),
oleic acid (0.5 mL, 1.5 mmol), and oleylamine (3 mL, 6 mmol) were
added to a phenyl ether (40 mL) solution that contained Fe;O,
nanoparticles. In this case, the molar ratio of gold precursor-to-iron
oxide nanoparticles was approximately 7:1. Under an argon atmos-
phere and vigorous stirring, the solution was heated to 190°C at
10°Cmin~", then the solution was kept at 190°C for 1.5 h. After
the solution had cooled to room temperature, ethanol was added
to the solution. A dark-purple material was precipitated and sepa-
rated by using a magnetic bar. The precipitated product was
washed with ethanol, and dispersed in hexane (100 mL) that con-
tained oleic acid (75 mm) and oleylamine (75 mm). The nanoparti-
cle solution appeared dark purple.

Silver-coated Fe;0,@Au nanoparticles: MUA (10 mm) was added
into the hexane solution that contained Fe;O,@Au nanoparticles
and the solution was sonicated for 1 h. The precipitated product
was washed with ethanol and redispersed in distilled water
(100 mL). The pH of the solution was adjusted to 10 by using
NaOH (100 mm) after it had already been diluted 10x with distilled
water. Then, 100 mm AgNO; (0.5 mL) was added and reacted at
100°C with vigorous stirring and refluxing. After adding 50 mm
sodium citrate (1 mL), the solution was further reacted for 20 min.

Hollow-type gold nanoshells that contain gold-coated iron
oxide nanoparticles: After ultracentrifugation of the synthesized
silver-coated Fe;O,@Au nanoparticles solutions 3 times at
10000 rpm, the nanoparticle solution was redispersed in distilled
water (10 mL) that contained PVP (100 mg). The solutions were re-
acted at 100°C for 1 h and 10 mm HAuCI, (0.8 mL) was injected at
a flow rate of 0.425 mLmin~". The solutions were then cooled to
room temperature after 20 min reaction. NaCl (10 mL) was added,
which caused a white precipitate to form; this was removed, and
the final hollow-type gold nanoshells that contained iron oxide
nanoparticles (HGNS(Fe;0,@Au)) were separated from the solution
after more than 3 cycles of washing and centrifugation.

Characterization: Spectroscopic observations were made by using
UV/visible-NIR spectroscopy (DU 800 spectrophotometer, Beckman
Coulter, Fullerton, USA). The TEM images were obtained by using a
EF-TEM (EM 912 Omega; Zeiss). Magnetic measurements were per-
formed by using a SQUID magnetometer at 300 K (MPMS5, Quan-
tum Design). T,-weighted images of HGNS(Fe;0,@Au) (Figure S1)
were obtained by an MRI scanner (1.5T, Philips Medical system,
Best, the Netherlands, Section thickness 2 mm, Matrix 192X 256,
Number of acquisitions: 6, FOV 100 x 100).

Surface modification of nanoparticles: The HGNS(Fe;0,@Au) were
dispersed in PBS (1 mL, pH7.4) medium and the final concen-
tration was matched to OD=28. Thiol-protein G (100 pL,
300 mgmL™") was added and the dispersion was stirred gently at
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4°C for 12 h. Then, anti-HER2 (80 pL, 200 mgmL~") was added, and
the dispersion was allowed to react at 4°C for another 12 h. Thiol-
PEG (100 uL, 10 mgmL™") was then added, the dispersion was
allowed to react at 4°C for another 12 h.

Cellular imaging: The HER2-positive breast cancer cells (SKBR3,
2.5x%10°) and HER2-negative breast cancer cells (MCF7, 2.5x10°)
were prepared in 24-well plates. To visualize the attachment of the
nanoparticles on the surface of each cell line, anti-rabbit 1gG
(TRITC) was also conjugated to the HGNS(Fe;O0,@Au)/anti-HER2 in
the antibody conjugation step. DPBS (Dulbecco’s phosphate buf-
fered saline, 500 uL, 1X, GIBCO) was used to wash the SKBR3 and
MCF7 cells before experiments. Then, the HGNS(Fe;O,@Au)/anti-
HER2 (350 pL, OD=2.0) was added to the SKBR3 and MCF7 cells,
and they were incubated at 37°C for 1 h. After washing with DPBS
(3x500 uL) to remove unattached nanoparticles, McCoy's 5A
medium (300 pL, that contained 10% FBS 1X Antibiotics, GIBCO)
was added. The interaction of HGNS(Fe;O0,@Au)/anti-HER2 with
each cell line was observed by using TRITC fluorescence. The light-
scattering image of the SKBR3 cells that were targeted with HGNS-
(Fe;0,@Au)/anti-HER2 was detected with an inverted microscope
(Nikon) where the narrow beam of light from the tungsten source
was delivered with a dark-field condenser. Only the scattered light
from samples was collected by using a 100x/1.35 oil Iris objective
(Uplanapo). An MRI scanner (1.5 T, Philips Medical system, Best, the
Netherlands) was used for MRI and T,-weighted image parameters
were as follows: TR=4000 ms and TE=120, 240, 360, 480 ms, Sec-
tion thickness 2 mm, Matrix 192x256, Number of acquisitions =6,
FOV=100x100. The relaxivities were obtained from linear fitting
of the 1/T, vs. concentration of iron plots.

Photothermal therapy of SKBR3 cells targeted with nanoparti-
cles: The toxicity of HGNS(Fe;0,@Au)/anti-HER2 was tested by in-
cubating various concentrations of the nanoparticles with SKBR3
cells for 48 h. The cultured SKBR3 cell lines (with or without nano-
particle loading) were irradiated by using a NIR laser (Unique Mode
GmbH (Gilching, Germany) diode laser module, 808 nm, optical
cable designed for 200 um, N.A.=0.2, fiber) and remained in the
culture medium for 2 h at 37°C. After the illumination of targeted
SKBR3 cells with HGNS(Fe;0,@Au)/anti-HER2 with the NIR laser
(808 nm, 434 Wcm™?) for 3 min, the viability of the NIR-treated
cells was observed by a fluorescence microscope after staining
with Calcein-AM (0.1 mm).
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