Zuschriften

7918

e,

ST WILEY

InterScience’

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Nanomedicine

DOI: 10.1002/ange.200602471

Designed Fabrication of Multifunctional Magnetic
Gold Nanoshells and Their Application to
Magnetic Resonance Imaging and Photothermal
Therapy**

Jaeyun Kim, Sungjin Park, Ji Eun Lee, Seung Min Jin,
Jung Hee Lee, In Su Lee, llseung Yang, Jun-Sung Kim,
Seong Keun Kim, Myung-Haing Cho,* and

Taeghwan Hyeon*

Nanotechnology offers tremendous potential for future
medical diagnosis and therapy. Various types of nanoparticles
have been extensively studied for numerous biomedical
applications.'! Quantum dots modified with tumor-targeting
ligands were used as invivo cancer-targeting imaging
agents.”) Gold nanoparticles derivatized with oligonucleoti-
des were used in an ultrasensitive biobarcode assay.”!
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@ Supporting information for this article (experimental details,
demonstration of the rapid destruction of cancer cells by irradiation
with a femtosecond-pulse laser, and the temporal distribution of the
output power for a femtosecond-pulse laser versus that of a
continuous-wave laser) is available on the WWW under http://
www.angewandte.org or from the author.
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Molecular imaging using magnetic resonance imaging (MRI)
is an emerging technology that can be used to image target
tissues in vivo in a highly specific manner. Iron oxide nano-
particles, such as superparamagnetic iron oxide (SPIO)
nanoparticles, have been extensively utilized as MRI contrast
agents for molecular imaging.™

Recently, a great deal of attention has been paid to non-
invasive photothermal therapy for the selective treatment of
tumor cells. This type of therapy utilizes the large absorption
cross section of nanomaterials in the near infrared (NIR)
region. Owing to its weak absorption by tissues, NIR radiation
is able to penetrate the skin without causing much damage to
normal tissues and, thus, can be used to treat specific cells
targeted by the nanomaterials. Several nanomaterials that
strongly absorb NIR radiation, including gold nanoshells,”’
gold nanorods,®! and single-walled carbon nanotubes,” were
recently demonstrated to have potential therapeutic applica-
tions. The radiation that is absorbed by these nanomaterials is
converted efficiently into heat, causing cell destruction on a
picosecond time scale, as a result of electron—phonon and
phonon-phonon processes.”™!

The clever combination of different nanoscale materials
can lead to the development of multifunctional nanomedical
platforms for simultaneous targeted delivery, fast diagnosis,
and efficient therapy.”! For example, Kopelman and co-
workers reported multifunctional nanoparticles for the simul-
taneous targeted photodynamic therapy and in vivo MRI of a
rat brain cancer;”! these polyacrylamide nanoparticles con-
tained photosensitizers and MRI contrast agents, and their
surfaces were coated with poly(ethylene glycol) (PEG) and
molecular targeting groups. We herein propose that nano-
structures with combined magnetic and optical properties can
provide a novel nanomedical platform for diagnostic imaging,
using the magnetic properties, and simultaneous treatment,
using the optical properties. With this goal in mind, we
fabricated magnetic gold nanoshells (Mag-GNS) consisting of
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gold nanoshells embedded with magnetic Fe;O, nanoparti-
cles, and conjugated them with a cancer-targeting agent.
Cancer cells targeted by these Mag-GNS can be detected by a
clinical MRI system and killed by NIR radiation. Femto-
second laser pulses are particularly useful in the selective,
efficient, and rapid destruction of the targeted cancer cells.

The synthetic approach is represented in Figure 1a, and
transmission electron microscope (TEM) images of the
products obtained after each synthetic step are shown in
Figure 1b—e. In this synthetic method, Fe;O, (magnetite)
nanoparticles and gold seed nanoparticles are assembled on
amino-modified silica spheres;['”! gold shells are then grown
around the silica spheres (see Supporting Information).!"!
First, 100-nm silica spheres were synthesized using the
Stober method,? and the surfaces of the particles were
modified with 3-aminopropyltrimethoxysilane (Figure 1b).
Monodisperse 7-nm Fe;O, nanoparticles stabilized with oleic
acid were synthesized!"” and subsequently ligand-exchanged
with 2-bromo-2-methylpropionic acid (BMPA).'") The
BMPA-stabilized Fe;O, nanoparticles were then covalently
attached to the amino-modified silica spheres through a direct
nucleophilic substitution reaction between the bromo groups
and the amino groups (Figure 1¢).!] Gold seed nanoparticles
of 1-3 nm® were attached to the residual amino groups of
the silica spheres (Figure 1d). Finally, a complete 15-nm-thick
gold shell with embedded Fe;O, nanoparticles was formed
around the silica spheres, resulting in Mag-GNS (Figure 1¢).
Recently, similarly structured gold nanoshells embedded with
magnetite nanoparticles were fabricated by Mirkin and
coworkers."”!

Figure 2a shows that the Mag-GNS are deep purple in
color and disperse well in water. In the Vis/NIR spectrum of
the Mag-GNS, an absorption band ranging from 700 nm to the
NIR region is observed (Figure 2b). The field-dependent
magnetization curve of the Mag-GNS at 300 K shows no
hysteresis (Figure 2¢), which is consistent with superpara-

gold shell
growth

magnetic gold nanoshell

~ 200 nm

Figure 1. a) Synthesis of the magnetic gold nanoshells (Mag-GNS). TEM images of b) amino-modified silica spheres, c) silica spheres with Fe;O,
(magnetite) nanoparticles immobilized on their surfaces, d) silica spheres with Fe;O, and gold nanoparticles immobilized on their surfaces, and

e) the Mag-GNS.
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Figure 2. a) Photograph of the Mag-GNS dispersed in water. b) Vis/
NIR spectrum of the Mag-GNS. c) Field dependence of the magnet-
ization of the Mag-GNS at 300 K.

magnetic behavior arising from the embedded magnetite
nanoparticles.

The Fe;O, nanoparticles have a tendency to shorten the
spin-spin relaxation times (7,) of water, resulting in a
decrease in the MRI signal intensity.! MR images of the
PEG-coated Mag-GNS at various concentrations in water are
shown in Figure 3a. As the concentration of the PEG-coated
Mag-GNS increases, the signal intensity of the MR image
decreases, owing to the presence of the embedded Fe;O,
nanoparticles. This behavior allows the Mag-GNS to be
used as a T, contrast agent. The specific relaxivity, which is a
measure of the change in the spin—spin relaxation rate (7,")
per unit concentration, is r,=251 mmM~'s™' for the PEG-
coated Mag-GNS (Figure 3b).

For targeted MRI and NIR photothermal therapy, we
conjugated an antibody, anti-HER2/neu (Abyggoje,), Onto the
surface of the Mag-GNS using a PEG linker (see Supporting
Information), to prepare Mag-GNS that target the HER2/neu
receptors of the breast cancer cells (Mag-GNS-Abygrojnen)-
HER?2/neu-positive SKBR3 breast cancer cells and HER2/
neu-negative H520 lung cancer cells™ were incubated with
Mag-GNS-Abygrome, for 2 h at 37°C (see Supporting Infor-
mation). T,-weighted MR images were recorded for the
SKBR3 and H520 cells treated with Mag-GNS-Abygromen as
well as for untreated control SKBR3 cells, on a 3.0-T clinical
MRI system (Figure 3 c; see Supporting Information). The T-
weighted MR image of the Mag-GNS-Abyggy,.-treated
SKBR3 cells was much darker than those of the Mag-GNS-
Abygronec-treated H520 cells and the control SKBR3 cells.
The T, relaxation times of the Mag-GNS-Abyggo,...-treated
SKBR3 and HS520 cells, and the control SKBR3 cells were
54.8, 76.9, and 115 ms, respectively. Thus, the Mag-GNS can
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Figure 3. a) T,-weighted MR images of the PEG-coated Mag-GNS at
various concentrations in water. b) Plot of the spin—spin relaxation rate
(T,”") against iron concentration for the PEG-coated Mag-GNS, from
which the specific relaxivity (r,) is determined. c) T,-weighted MR
images of control SKBR3 cells, HER2/neu-negative H520 cells incu-
bated with Mag-GNS-Abyep; /e, and HER2/neu-positive SKBR3 cells
incubated with Mag-GNS-Abyp)ne.; the corresponding T, relaxation
times are indicated.

be a contrast agent in targeted MRI for the detection of
cancer cells.

Results of targeted NIR photothermal therapy against
cancer cells using Mag-GNS-Abygroe, are presented in
Figure 4 (see Supporting Information). The Mag-GNS-
Abygrome-treated SKBR3 and H520 cells, and the control
SKBR3 cells were exposed to a femtosecond-pulse laser with
a wavelength of 800 nm and a beam diameter of 1 mm for 10s.
The power of the laser was varied from 20-80 mW in steps of
10 mW. After exposure to the NIR laser, the dead cells were
stained blue by treating them with 0.4% trypan blue for
10 min. No destruction of the control SKBR3 cells was
observed, even after exposure to a power of 80 mW (Fig-
ure 4a). The death of the Mag-GNS-Abyggae.-treated H520
cell began at 60 mW (Figure 4b). However, in the case of the
Mag-GNS-Abygroe-treated SKBR3 cells, cell death was
observed even at a low power of 20 mW (Figure 4c). These
results clearly demonstrate that the Mag-GNS-Abygromens
which absorb NIR radiation, were more effectively targeted
on the SKBR3 cells than on the H520 cells, because of a
strong antigen—antibody interaction in the SKBR3 cells. At
20 mW, only the SKBR3 cells at the center of the laser beam
were exposed to the high intensity of the femtosecond pulse,
which has a Gaussian distribution, and thus destroyed. With
increasing laser power, the area of the dead cells spread. The
cells burst and died as a result of the local heating generated
by the absorption of NIR radiation by the Mag-GNS-
Abygromes- The control SKBR3 cells, which stayed alive,
exhibited normal morphology after exposure to a power of
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Figure 4. Optical microscope images of a) control SKBR3 cells,

b) HER2/neu-negative H520 cells incubated with Mag-GNS-Ab,¢zy/eur
and c) HER2/neu-positive SKBR3 cells incubated with Mag-GNS-
Abyieryneu after irradiation for 10 s with a femtosecond-pulse laser (with
a wavelength of 800 nm and a beam diameter of 1 mm) at various
intensities and subsequent staining with trypan blue. High-magnifica-
tion optical microscope images of d) control SKBR3 cells and

e) SKBR3 cells incubated with Mag-GNS-Aby¢py,., after irradiation at a
power of 80 mW and subsequent staining.

80 mW (Figure 4d), whereas most of the Mag-GNS-Abygry
re-treated SKBR3 cells were burst, and the cytoplasm of the
dead cells stained by trypan blue spread to the medium
(Figure 4e).

The use of a femtosecond-pulse laser is crucial to this
experiment.'” Although the average power of a femto-
second-pulse laser may be comparable with that of a
continuous-wave (CW) laser, its peak power greatly exceeds
that of the CW laser.”” The large amount of energy tightly
packed in the femtosecond pulses imparts an enormous
impact on the sample, both temporally and spatially."
Furthermore, the duration of a femtosecond pulse is much
shorter than the characteristic time for relaxation through
intermolecular energy transfer,”” preventing the dissipation
of the photon energy and, thus, resulting in very effective local
heating by photo-excitation. These characteristics of the
femtosecond pulse lead to a unique feature that could have an
important implication for in vivo therapy: the photodegrada-
tion of the cancer cells is greatly accelerated, and thus, the
required dose of radiation is correspondingly reduced. For
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example, irradiation for only 10s is necessary for the
destruction of the SKBR3 cells with a femtosecond-pulse
laser, whereas 2-7 min is normally required with a CW laser
at a similar or higher intensity.””

Recently, several multifunctional nanomedical platforms
have been reported.”! The probes encapsulated by biologi-
cally localized embedding (PEBBLEs) produced by the
Kopelman group are particularly interesting, because differ-
ent types of photosensitizers, imaging contrast agents, and
targeting agents can be simultaneously incorporated into
polymer or silica nanoparticles.” Although the multifunc-
tional nanomedical features of PEBBLEs are similar to those
of our Mag-GNS, there are several key differences between
these two nanomaterials. Firstly, the compositions are com-
pletely different. Our Mag-GNS consist of a silica nanosphere
core surrounded by a gold nanoshell for photothermal
therapy, with embedded magnetite nanoparticles for 7,
MRI contrast enhancement. In contrast, the PEBBLESs
consist of polyacrylamide nanoparticles containing organic
dyes for photodynamic therapy and gadolinium complexes for
T, MRI contrast enhancement. Secondly, cancer cells are
killed by the two nanomaterials through different mecha-
nisms. In photothermal therapy using Mag-GNS, the NIR
radiation absorbed by the gold nanoshells is converted
efficiently into a sufficient amount of heat to kill cancer
cells. In contrast, in photodynamic therapy using PEB-
BLEs," reactive oxygen species generated by laser irradi-
ation of the photosensitizers kill the cancer cells. Thirdly, the
Mag-GNS absorb NIR radiation, which is optimal for the
treatment of deep tissues, because the absorption of NIR
radiation in tissues is generally much less than that of visible
light, and consequently tissue penetration is enhanced.
Fourthly, irradiation of the cancer-targeting Mag-GNS-
Abygrome, Using a femtosecond-pulse laser with an NIR
wavelength makes it possible to kill cancer cells at a low
power and in a short period of time. This very effective
destruction of cancer cells through localized heating by
photo-excitation results from the synergetic effects of the
femtosecond laser pulse and the NIR irradiation.

In conclusion, multifunctional Mag-GNS consisting of
gold nanoshells with embedded magnetic Fe;O, nanoparticles
were synthesized. Anti-HER2/neu was linked to the Mag-
GNS for targeted MRI and NIR photothermal therapy of
cancer cells. The embedded Fe;O, nanoparticles resulted in
high contrast in the MR images, and the gold nanoshells had
an optical absorption cross section high enough for NIR
photothermal therapy. Cancer cells targeted with the Mag-
GNS-Abygrome, in vitro were detectable by a commercial
clinical MRI system, and were rapidly destroyed upon short
exposure to femtosecond laser pulses with an NIR wave-
length and a low power.
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