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Abstract

Nanoparticles with gold shell and iron core have unique optical and magnetic properties which can
be utilized for simultaneous detection and treatment strategies. Several nanoparticles have been
synthesized and shown to mediate a variety of potential applications in biomedicine, including cancer
molecular optical and magnetic resonance imaging, controlled drug delivery, and photothermal
ablation therapy. However, to be effective, these nanoparticles must be delivered efficiently into their
targets. In this review, we will provide an updated summary of the gold-shelled magnetic
nanoparticles that have been synthesized, methods for characterization, and their potential for cancer
diagnosis and treatment. We will also discuss the biological barriers that need to be overcome for
the effective delivery of these nanoparticles. The desired nanoparticle characteristics needed to evade
these biological barriers were also explained. Hopefully, this review will help researchers in
designing nanoparticles by carefully choosing the optimum size, shape, surface charge, and surface
coating.

Introduction

Gold-shelled core-shell magnetic nanomaterial is composed of a magnetic core, such as
magnetite (Fe3O4)or maghemite (y-Fe,03), coated with a layer of a gold shell. These unique
nanostructures are of special interest not only because gold stabilizes (by preventing
aggregation) and reduces the toxicity of iron oxide core, but also because of these
nanostructures’ potential application in diagnostics and therapy.1=3 Gold nanostructures
possess unique physical and chemical properties, one of the most fascinating aspects being
their strong absorption of light in the visible and near-infrared (NIR) region. The origin of this
absorption is attributed to collective conduction band electron oscillation in response to the
electrical field of the electromagnetic radiation of light. Termed “surface plasmon,” this optical
absorption is strongly dependent on the shape and size of the nanostructure. By coating gold
on the surface of the iron oxide core, it is possible to tune these nanoparticles to absorb light
in the NIR region. The tunable optical properties of gold nanostructures are highly desired for
many applications that rely on light absorption, including imaging and therapy. Other attractive
features of gold-shelled magnetic nanostructures include easy reductive preparation, high
chemical stability, biocompatibility, and affinity for binding to amine and thiol terminal groups
in organic molecules. While the gold shell offers distinct optical properties, the magnetic iron
oxide core provides the potential for noninvasive imaging using magnetic resonance imaging
(MRI) for therapeutic heating in the presence of an alternating magnetic field (please see Lin’s
article in this issue) and for directing nanoparticles to tumors using an external magnetic field.
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Thus, by combining the magnetic property of the iron oxide core and the optical properties of
the gold shell, the multifunctional gold-shelled magnetic nanostructures can potentially find
applications in multimodal imaging, therapeutic combinations such as drug delivery and
photothermal therapy, and image-guided, minimally invasive intervention.

One of the major challenges for the in vivo application of gold-shelled magnetic nanostructures
is the delivery of these nanoparticles. The efficacy of most of these systems is often
compromised due to the presence of biological barriers. These biological barriers (Table 1)
must be overcome for these nanoparticles to reach their target, such as tumors. When
nanoparticles are introduced, depending on their physicochemical properties, they are taken
up either by liver and spleen, or kidneys, as the major clearance routes. Once they are able to
evade clearance, nanoparticles that are targeted to the tumors must be able to pass the tumor
vascular pores and be able to disperse in the perivascular area. To increase effectiveness of
gold-shelled magnetic nanostructures, their physiochemical properties has to be carefully
controlled. These properties include size, shape, morphology, charge, and surface chemistry.
Aside from the physicochemical characteristics of the nanoparticle, the innate property of
diseased tissues, such as tumor, can be utilized to enhance the uptake of the nanoparticle into
the target tissues. For example, tumors have abnormal lymphatic system and leaky vasculature.
Because of this, nanaoparticles having small particle size can pass and concentrate into the
tumor through enhanced permeability and retention effect (passive targeting). In some tumors,
there is an increased amount of markers, such as epidermal growth factor receptors and
melanocortin receptors. Peptides and antibodies which can directly attach to these receptors
may be conjugated on the surface of the NP to target and increase the residence time within
the tumors (active targeting). Table 1 summarizes the different biological barriers and the
desired nanoparticle characteristics to overcome these barriers.

Here, we will discuss work on the synthesis and characterization of gold-shelled magnetic
nanostructures. We will present their potential in cancer diagnosis and therapy and the
challenges associated with the development of these techniques. Several review papers have
discussed the synthesis and characterization of the iron oxide core and core-shell magnetic
nanoparticles.*°

and Characterization

Gold can be coated onto magnetic nanoparticles through reactions in microemulsion, redox
transmetalation, iterative hydroxylamine seeding, or other methods.#® Controlling the size and
shape of the nanoparticles is important in order to tune the optical resonance wavelength at the
NIR region. The NIR light is desired because this is the region of the electromagnetic spectrum
in which absorption of water and naturally occurring fluorochromes is the lowest.” Therefore,
NIR light can penetrate deeper into tissues than visible or ultraviolet light without harmful
effects to normal, healthy tissues.

Several groups have attempted the synthesis of gold-shelled superparamagnetic iron oxide
(SP10)-containing magnetic nanostructures having plasmon absorption in the NIR region
(Table 2). Kim et al.8 synthesized a nanostructure with a silica core, a gold shell, and a layer
of SPI10O sandwiched between silica and gold. The synthesis involves three stages: formation
of SP10-coated silica, nucleation (i.e., small “seed” formation), and growth. Thus, 100-nm
silica spheres were first synthesized using the Stober! method. They were then covalently
attached to SP1O nanospheres and then functionalized with amine so that the gold will attach
on the surface. Then, the gold was allowed to seed and form a thin shell. A complete 15-nm
thick gold shell was formed in the last step. Similarly, Stoeva et al.10 and Salgueirino-Maceira
et al.11 synthesized structured gold nanoshells embedded with silica-stabilized magnetite
nanoparticles. More recently, Chen et al.12 reported a sandwich-like nanostructure composed
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of a magnetic silica core, an outer silver shell, and a thin layer of gold between the silica and
the silver. Nanorice is another gold-coated magnetic nanoparticle, shaped like rice, that absorbs
atthe NIR region. These nanostructures display two distinct absorptions observed coming from
transverse and longitudinal plasmons. The shorter wavelength is about 860 nm, while the longer
wavelength is at 1160 nm.13 In addition to silica, other dielectric materials interfacing the iron
oxide cores and gold shells also were used to fabricate gold-shelled magnetic nanostructures.
Wang et al.14 synthesized a gold-shelled Fe30,4 nanostructure with a polymer layer, poly
(allylamine hydrochloride), interfacing Fe30, nanoparticle and the gold shell. Lim et al.1
synthesized yolk-shell-structured gold nanoparticles that contain SPIO in the core and water
as the dielectric interface.

All of the syntheses of the gold-shelled magnetic nanoparticles, with the exception of the yolk-
shell-structured gold nanoparticles, have an average diameter of 120 nm or greater.10714 It
has been previously shown that the cell uptake of gold nanoparticles is dependent on size, with
50 nm being the optimal size.18 Moreover, smaller nanoparticles are expected to have a better
chance to extravasate or pass through tumor vasculature. Thus, it is desirable to have particles
with sizes smaller than 100 nm. To meet these needs, we developed gold-shelled silica
nanoparticles with SP10 embedded in silica (SP10@silica-Au).2 These nanoparticles had an
average diameter of ~80 nm, strong absorption at the NIR region, and high T, relaxivity value.
17 Relaxivity values in MRI is the numeric quantification of how much a certain agent can
change the relaxation time of the proton in water molecules. Since water molecules are
predominant in biological systems, the higher the relaxivity value, the better the contrast that
is seen in the MR images. Schema 1 shows the synthesis scheme for SPIO@silica-Au
nanoparticles.

The well-known Mie theory has explained the surface plasmon absorption on the basis of
classical electrodynamics.1® The plasmon resonance frequency of core-shelled gold
nanostructures is determined by the relative sizes of the inner radius (r1) and outer radius (r,)
of the gold shell as well as the composition of each component of the nanostructures.1® The
optical absorption and scattering efficiencies of gold nanoshells can be calculated using a
computer code employing Mie scattering for concentric sphere geometry.20

As with other nanomaterials, proper structural determination is critical for understanding the
properties and functions of gold-shelled magnetic nanostructures. A number of powerful
techniques have been employed, including x-ray diffraction (XRD), x-ray absorption
spectroscopy (XAS), x-ray absorption near-edge structure (XANES), scanning electron
microscopy, transmission electron microscopy (TEM), energy-dispersive x-ray spectroscopy,
dynamic light scattering, Fourier transform infrared (FTIR), Raman, and ultraviolet-visible
spectroscopy.11:14:21:22 XRD is used for determining the crystal structure of crystalline
materials. Other x-ray-based spectroscopies are useful in determining the chemical
composition of materials. TEM is a high-resolution structural and chemical characterization
tool. It can be used to characterize nanoparticles to gain information about particle size, size
distribution, shape, crystallinity, and aggregation formation. High-resolution TEM has the
capability to image materials at a length scale from atoms (a fraction of a nanometer) to
hundreds of nanometers. It is often necessary to use a combination of analytical tools to fully
characterize core-shell structured nanoparticles. For example, while it is difficult to distinguish
v-Fe,03 from Fe3O4 using only XRD data, XANES or XAS offers a powerful means to
distinguish the iron oxide species.22 Another example is the distinction between so called
“core-shell” structures versus ‘aggregates’, which are formed from the reaction of HAuCl, and
NE:IZS.23

The superconducting quantum interference device is a popular technique used to measure
magnetic properties of superparamagnetic nanoparticles. The measured saturation moment per
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gram (M) for core-shell magnetic nanostructures is often lower than that of the corresponding
naked superparamagnetic nanoparticles due to the increase of the mass per magnetic
nanoparticles caused by the gold-shell coating.11:14:22:24 The reversibility of magnetic
hysteresis loops (magnetization M versus field H curve) is often used to determine whether
superparamagnetic properties of iron oxide are maintained in the core-shell magnetic
nanostructures.

Pharmacokinetics, Biodistribution, and Tumor Targeting

Nanoparticles in general may accumulate in the target tissues through two mechanisms: passive
targeting and active targeting. Passive targeting is the nonspecific accumulation of
nanoparticles in the cells of the RES or in the tumors owing to the innate physiological
properties of these tissues. Most nanoparticles are rapidly recognized as foreign and are taken
up by the liver and the spleen after they are introduced into the body. SP1O nanoparticles that
are efficiently taken up by the liver are therefore suitable imaging agents for liver cancer.
Indeed, dextran-coated SPIO or Ferumoxide is the first organ-specific MRI contrast agent
approved for clinical applications in detecting and evaluating liver lesions.2® Dextran is a type
of sugar that is used to coat the surface of the SPIO to enhance the delivery into the target
tissues and prevent the aggregation of the SP10. On the other hand, to direct nanoparticles to
organs other than the liver and the spleen, it is highly desirable that they avoid RES uptake and
thus have a prolonged blood circulating time.28 Long-circulating nanoparticles have shown
increased accumulation in tumors owing to an enhanced permeability and retention effect, a
phenomenon attributed to leaky tumor vasculature and impaired lymphatic drainage systemin
the tumors.27:28

To date, there is limited study on the pharmacokinetic and biodistribution of gold-shelled
magnetic nanostructures.2® However, much in vivo data of a variety of gold nanoparticles are
available. Critical analysis of these data may help in designing gold-shelled magnetic
nanostructures with desired pharmacokinetic properties. In general, physicochemical
properties of nanoparticles such as size, shape, morphology, charge, and surface chemistry all
affect their pharmacokinetics and biodistribution. The size of the nanoparticles should be small
enough to avoid uptake by cells of the RES and big enough to avoid rapid renal clearance. It
has been shown that after intravenous injection into rats, spherical gold nanoparticles ranging
from 10 to 250 nm in diameter have been taken up primarily by the liver and spleen, with the
10-nm nanoparticles more broadly distributed in various organs.3? Very small particles can
easily pass through the leaky capillary wall in the tumor but can easily be pushed out from the
tumor by blood.3! Therefore, small particles may have good permeability but poor retention.
Very big particles, on the other hand, are sequestered easily by RES, and penetration into the
leaky vasculature is restricted. In addition to size, the shape and flexibility of the
nanoparticles32 and the surface charge play a critical role in blood half-lives of nanoparticles.
33,34 Positively charged coatings tend to nonspecifically stick to cells.33 A strong negative
charge on the particle surface is also detrimental because of increased liver uptake due to
sequestration by phagocytes.35 Therefore, it is generally agreed that nanoparticles with a
neutral surface experience extended blood circulation times.3® Since the passive diffusion of
the nanoparticle to tumors is dominated by the pore cutoff size of the tumor blood vessels,
smaller nanoparticles as compared to larger nanoshells have the advantage in crossing the
tumor vessel wall. This is particularly true for such tumors as glioma (brain cancer) and ovarian
cancer that have a small pore cutoff size of 7-100 nm.37:38

Surface coating is another factor that greatly affects the pharmacokinetics and biodistribution
of nanoparticles. Plasma proteins in blood adsorb onto the surface of bare gold nanoparticles,
producing large aggregates39 that may result in altered pharmacokinetics and biodistribution
of gold nanoparticles.#? Recent work indicates that gold nanospheres, nanoshells, and nanorods
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coated with poly(ethylene glycol) (PEG) exhibit prolonged circulation time in vivo upon
systemic injection.41:42 After intravenous injection into rats, various coatings, such as PEG,
are found to minimize nonspecific adsorption of proteins onto nanoparticles and to reduce their
uptake by the liver.40 These coatings, especially PEG, forms a hydrophilic, dense shell that
provides the nanoparticle stealth character with minimal non-specific interaction with other
proteins. For example, 30-nm PEG-coated gold nanoparticles have been successfully used to
deliver proteins, such as tumor necrosis factor to solid tumors.#2 PEG-coated gold
nanoparticles also have been reported to be promising computed tomography (CT) contrast
agents for blood pool imaging because they exhibit a longer blood circulation time and a 5.7
times higher attenuation than iodine-based CT contrast agents that are currently used.*3:44
Qian et al.45 described the use of PEGylated gold nanoparticles for in vivo tumor targeting and
molecular imaging based on their surface-enhanced Raman scattering effect. In a recent study
done in our laboratory, we found that the length of PEG attached on the surface of the gold,
the method of attaching PEG, and the size of the core coated with PEG affect the
pharmacokinetics and biodistribution of these nanoparticles.4®

Active targeting is a ligand-directed, site-specific accumulation of nanoparticles. By
conjugating targeting molecules that possess high affinity toward unique molecular signatures
found in malignant cells, these nanoparticles accumulate more efficiently and stay longer in
tumors. Researchers have attempted to attach tumor-cell specific “address tags” such as
antibodies®:24:47:48 or peptides*® to gold-shelled nanostructures. For example, the antihuman
epidermal growth factor receptor 2 (HER2) antibody was conjugated onto the surface of gold-
shelled iron oxide nanoparticles and was shown in vitro to target and mediate killing of tumor
cells through photothermal ablation therapy.24 Photothermal ablation therapy is a type of
therapy which utilizes agents, such as nanoparticles which absorb light at a particular
wavelength, converts the absorbed light into heat, and the heating causes death in cells. In two
separate publications, we have previously conjugated an antiepidermal growth factor receptor
monoclonal antibody C225 and melanocyte stimulating hormone (MSH) peptide, on the
surface of much smaller hollow gold nanospheres ~40 nm in diameter. Our results show that
C225-conjugated gold nanoparticles could effectively target cells that have increased amounts
of epidermal growth factor receptors, such as in tumors, and mediate laser-induced
photothermal ablation therapy in vitro.3 However, only a moderate increase in tumor uptake
of targeted nanoparticles was observed in vivo. This may be due to the size of the antibody that
is coated on the surface of NP, which makes it difficult to reach the target site. After this study,
amuch smaller MSH peptide directed at melanocortin receptors was used as a targeting ligand.
Melanocortin is an important marker for melanoma and our results showed a significantly
higher tumor accumulation was achieved in vivo with peptide-conjugated hollow gold
nanospheres than without the peptide.4® To summarize the results of these two studies,
nanoparticle size is not the only factor that that can be important in determining the efficiency
of targeted delivery of gold nanostructures but also the the size of the targeting ligand attached
on the surface of the nanoparticle.

Applications in Cancer Diagnosis and Therapy

The premise of gold-shelled magnetic nanostructures is their multifunctionality for targeted
delivery, diagnosis, imaging guidance, and photothermal ablation therapy. Applications in
surface-enhanced Raman scattering®® and photoacoustic imaging®1:>2 based on the optical
properties of this novel nanostructure are possible, but no study has been reported thus far.
Here, we briefly discuss the potential applications of gold-shelled magnetic nanostructures in
MRI and thermal ablation therapy.

MRI is a noninvasive technique used to obtain anatomic and functional information with high
spatial and temporal resolution (please see Lin’s article in this issue). MRI measures changes
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in the magnetization of hydrogen protons in water molecules placed in a magnetic field after
a pulse of radiofrequency has hit them. Protons from different tissues relax at different rates,
resulting in clearly defined anatomical images. In clinical settings, a contrast agent is often
necessary to differentiate between normal and abnormal tissues. Signal intensity arises largely
from the local values of the longitudinal relaxation rate of water protons, 1/T4, and the
transverse rate, 1/T,. Pulse sequences that emphasize changes in 1/T are referred to as T,-
weighted scans, the signal of which decreases with increasing 1/T,. Iron oxide nanoparticles
are used to enhance T,-weighted images owing to their large transverse relaxivity values (ro,
refer to the amount of increase in 1/T, per millimolar of contrast agent) and large ro/r; ratio,
where rq refers to the amount of increase in 1/Tq per millimolar of contrast agent. To date, a
wide variety of particles have been produced, differing in size (hydrodynamic particle size
varying from 10 to 500 nm) and type of coating material used (such as dextran, starch, albumin,
silicones, PEG).53 An extensive review on the imaging applications of magnetic iron oxide
nanoparticles has been published recently (please also see Lin’s article in this issue).6

Several gold-shelled iron oxides nanoparticles showed favorable transverse relaxivity.8:21,24
For example, SPIO@silica-Au nanoshells exhibited high transverse relaxivity, rp, and a large
r,/rq ratio and therefore could be imaged by MRI to obtain To-weighted images.?! Preliminary
in vivo data show that these nanoparticles mediated efficient photothermal effect in nude mice
implanted with tumor due to its strong absorption in the NIR region, while the presence of
SPIO provided contrast in To* MR imaging (Figure 1).2° T,* is a type of MR imaging that is
acquired quicker than a T2-weighted and can be quantified using a mathematical algorithm.
These data suggest that dual functional SPIO@silica-Au may be used in both therapeutic and
diagnostic (theranostic) applications in which the intratumoral distribution of the nanoparticles
depicted by MRI may be used to assist planning of photothermal therapy and prediction of the
treatment outcome.

The use of heat to preferentially kill cancer cells is a promising approach to cancer therapy.
Depending on the temperature achieved, either hyperthermia or thermal ablation is ensured.
Hyperthermia is the heating of tissues to 42 to 46°C,54 while thermal ablation occurs when
tissues are heated to temperatures greater than 46°C.>° This type of heating causes denaturation
of proteins which in turn results in cellular inactivation by inducing and regulating apoptosis
(programmed cell death), signal transduction and multidrug resistance. Repeatedly heating
tissues to hyperthermic temperatures signals the release of heat shock proteins.>6 Hyperthermia
also can boost the efficacy of radiotherapy57:58 and chemotherapy.59 Thermal ablation kills
cells directly by inducing necrosis.®? Hyperthermia/thermal ablation is attractive because it is
a physical treatment and therefore should have fewer side effects compared with conventional
cancer treatments. This form of treatment also may be performed repeatedly without the
accumulation of toxic side effects. There are two major ways in which hyperthermia/thermal
ablation can be induced with the introduction of gold-shelled magnetic nanoparticles. The first
is when NIR light is absorbed to generate a photothermal effect, and the second is when the
magnetic core is activated in the presence of an alternating magnetic field.

Laser-induced photothermal ablation therapy utilizes the plasmon absorption by gold
nanoparticles of NIR light. The absorbed light energy is converted into thermal energy, which
ultimately destroys cancer cells. To be effective, the plasmon absorption of the gold-shelled
magnetic nanostructures should be tuned to the NIR region that matches the wavelength of the
laser light. An aqueous solution of SPIO@silica-Au nanoshells showed an increase in
temperature of 16°C at a concentration of 7.5 x 1012 particles/mL when irradiated with 810
nm of continuous-wave diode laser at 1 W for 15 min. This increase in temperature is
concentration-dependent.1” Selective ablation of tumors cells treated with targeted gold-
shelled magnetic nanostructures and NIR laser has been demonstrated in vitro.8:24 However,
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no data have been published indicating the efficacy of this type of agent in vivo after systemic
administration.

A magnetic particle can generate heat by hysteresis loss. This concept of mediating
hyperthermia using a magnetic material was first proposed by Gilchrist’! in 1957. Two years
after they published their work on ex vivo magnetic fluid hyperthermia, Gilchrist and co-
workers performed successful hyperthermia experiments on lymph nodes of rats and dogs.52:
63 To find the most effective treatment based on magnetic materials, Gordon et al.54 proposed
the concept of intracellular hyperthermia by using submicron magnetic particles capable of
penetrating the cell membrane. This technique resulted in selective thermal destruction of
cancer cells upon the application of an external high-frequency or pulsed electromagnetic field,
with little effect on normal cells. Again, a prerequisite for successful electromagnetic field-
mediated destruction of tumor cells is efficient and selective uptake of magnetic nanoparticles
in the tumor cells. Although experiments on the heat-generating capacity of gold-shelled
magnetic nanostructures under alternating magnetic field have not been reported, it is
anticipated that this type of nanoparticle could mediate the thermal ablation effect using both
an NIR laser and an alternating magnetic field, making it feasible to treat both deep and
superficial cancer lesions.

Summary and Outlook

Photothermal ablation therapy mediated by gold nanoparticles is a new minimally invasive
therapeutic approach that has been shown in vitro and in vivo to be highly effective at killing
tumor cells. Effective gold-based photothermal ablation therapy in the clinical setting will
require selective delivery of a sufficient amount of gold nanoshells to tumors to mediate a
photothermal effect. In addition, techniques must be developed to enable accurate pretreatment
thermal dose calculation and noninvasive real-time monitoring of the spatiotemporal
temperature profile and response to therapy in a given local target volume. Multifunctional
gold-shelled magnetic nanoparticles, with their combination of unique magnetic and optical
properties, should enhance the efficacy of gold nanoshell-mediated photothermal therapy by
making it possible to direct more nanoparticles to tumors through the application of external
magnetic fields and by permitting real-time in vivo MRI of the distribution of the nanoparticles
before, during, and after photothermal therapy. However, with the exception of two recent
reports with hollow gold nanospheres,3:49 active targeting of NIR-absorbing gold-shelled
magnetic nanoparticles to tumors as MRI-visible thermal coupling agents has not been
demonstrated in vivo. Successful targeted delivery of these nanostructures in vivo requires
overcoming a number of biological barriers, including RES uptake, extravasation into
extravascular fluid space, and dispersion into the tumor matrix. Meeting these challenges
requires an in-depth understanding between the physiochemical characteristics, particularly
the surface properties of these nanoparticles, and their in vivo behaviors. In the ideal case,
nanostructures with an absorption band tunable in the NIR region, small size (< 50 nm), uniform
size distribution, and high colloidal stability are preferred. Fabrication of such nanostructures
remains a significant challenge for synthetic chemists.

To date, most research stands on the proof-of-concept stage. Detailed preclinical studies should
be addressed, especially to pharmacokinetics and in vivo tumor targeting and therapeutic effect.
Furthermore, the metabolism of the gold nanoparticles as well as acute and long-term clearance
and long-term toxicity need to be examined thoroughly, although preliminary studies suggest
that gold nanoparticles have excellent biocompatibility.
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T2* Preinjection T2* Postinjection Temperature Map

Figure 1.

T2* Magnetic resonance imaging (MRI) and the magnetic resonance temperature (MRTI) map
of a subcutaneous A431 tumor injected with SPIO@silica-Au nanoparticles in the tumor at a
dose of 1 x 1011 particles/site. Note the darkening of the tumor in T2*-weighted MRI after the
injection of the SPIO@silica-Au, and the increase in temperature by as much as 60°C as shown
in MRTI. This indicates the potential use of SPIO@silica-Au for the simultaneous MRI and
photothermal therapy.
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OH
NH,OH NH,OH
> OH >
TEOS APTMS
OH
NH,
HAuCI,, THPC K,CO,, HAuCI,
NH, > >
HCHO
NH,
Scheme 1.

Synthesis of SPIO@silica-Au nanoshells.1” Silica-coated superparamagnetic iron oxide
(SPIO) (y-Feo03) nanoparticles were synthesized using the Stober process. After the surface
of the silica shell was functionalized with 3-aminopropyltrimethoxysilane (APTMS), 2-3 nm
gold nanocrystal seeds were attached to the amino groups on the silica sphere by reducing
chloroauric acid (HAuUCIly) with tetrakis(hydroxymethyl) phosphonium chloride (THPC).
Finally, the attached gold nanoseeds were used to nucleate the growth of a gold overlay on the
silica surface to form a gold nanoshell.
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Summary of gold-shelled magnetic nanoparticles
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Structure

Characteristics

1L::\":ﬂﬂSF"IO

Size: ~120 nm
Surface: PEG
and anti-HER2/
neu
Absorbance:
700-900 nm
(broad)
Magnetic: r,
=251 nM1st
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Structure

Characteristics

PlO
Gol

Size: >200 nm
Surface: 3’ and
5'-thiol
modified DNA
Absorbance:
600-900 nm
(broad)
Magnetic:
Movement of
NP with a bar of
magnet
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D*d llica

can be tuned
from visble to
NIR

Magnetic:
Reversible
hysteresis loop
and movement
of NP with a bar
of magnet.

Structure Characteristics | In
Size: >200 nm NC
Surface: None
Absorbance:
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Structure

Characteristics

Size: ~170 nm
Surface: None
Absorbance:
~480-1000 nm
(broad)
Magnetic:
Reversible
hysteresis loop.
Irradiation with
808 nm laser
had temperature
increase with
increasing NP
concentration

gold

D|}FI’I'IEI'

Size: 273+17.9
nm

Surface: None
Absorbance:
600-900 nm
(broad)
Magnetic:
Reversible
hysteresis loop
and movement
of sample with a
bar of magnet
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Structure Characteristics | In
Size: NC
longitudinal
=340 + 20 nm;
transverse=
None 54 £ 4 nm
Surface: None
Absorbance:

860 nm and

1160

Size:82.2+9.7 | Nc

nm

Surface: PEG

Absorbance:

600-900 nm

(broad)

Magnetic:

Reversible

hysteresis loop

and movement

of NP with a bar

of magnet.

Size: ~80 nm E

Shape: spherical | ag

Surface: PEG en

Absorbance: wi

600-900 nm usi

(broad) las

Magnetic: r= inc

369 mM1s! ter
of
Te
inc
lin
rel
po
co

Size:30.4+4.4 | Se

nm bir

Shape: spherical | C2

Surface: C225 We

monoclonal wi

antibody cel

Absorbance: Or

808 nm tre

(narrow) C2
an
las
aft
no
co
las
tar
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Structure Characteristics | In
Size:43.5+2.3 | Re
nm Se
Shape: spherical | bir
Surface: M!
melanocyte We
stimulating in
hormone me
(MSH) peptide cel
Absorbance: cel
808 nm wi
(narrow) H(

nn
aft
no
col
alc
alc
tar
+ 1
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