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Multifunctional magnetoplasmonic (Au-Fe,O,) nanomaterials are characterized by some features of iron oxide and gold,
such as surface chemistry, special optical properties, and superparamagnetic properties, which have helped to draw much
attention to their biomedical applications. In this review, the state of the art of this rapidly developing field is described.
We review the developments in different approaches to integrating the magnetic and plasmonic properties in a single
nanoparticle with different morphological traits. Specific plasmonic and magneto-optical properties of magnetoplasmonic
nanoparticles are explained; this information should shed light on the future development of multifunctional magnetoplas-
monic nanomaterials. We also review cytotoxicity of magnetoplasmonic nanoparticles by in vitro and in vivo studies. With
the multifunctional properties of magnetoplasmonic nanomaterials, a variety of applications such as biosensor, biosepa-
ration, multimodal imaging, and therapeutics is possible and is highlighted here, in addition to outlining the future trends
and perspectives of these sophisticated nanocomposites.
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multifunctional nanoscale system.'* Multifunctional NPs
possessing fluorescent, surface plasmon resonant, and/or
magnetic properties have been reported. These NPs are
synthesized either via direct growth of heterogeneous
nanostructures (core—shell’>™'7 or heterodimer'®) or by
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enclosing 2 or more types of NPs within a single particle
using a coating (e.g., SiO,°).

This technology—combination of NPs of multiple
constituents—can also be conducive to diverse, benign
multifunctioning.??! Because of the rapid development
of their controlled synthesis, assembly, and modifica-
tions, nanomaterials hold great promise in a wide range
of biomedical applications.”>* There are two kinds of
materials that have been extensively exploited since the

first chemical synthesis of monodispersed NPs. On the
one hand, gold NPs have been widely used in cellu-
lar optical imaging, hyperthermia, and sensitive biodetec-
tion of DNA and proteins.!*?>"?7 This is because their
facile and robust interaction with thiol and disulfide groups
enables functionalization of these gold particles with var-
ious molecules that are capable of specifically recog-
nizing biological substances; in addition, the diversity
of possible practical applications is due to gold NPs’
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exceptional optical properties that are influenced remark-
ably by their chemical environment, aggregation, the type
of particles, and even their conformational differences.?=2
Moreover, the plasmon resonance peak of Au could be
shifted to the near-infrared (NIR) region by changing the
proximity and geometry of the Au NPs. On the other
hand, magnetic NPs, particularly iron and iron oxide par-
ticles including magnetite (Fe;O,) and its oxidized form
maghemite (y-Fe,0;), have been comprehensively studied
for a range of biomedical applications such as hyperther-
mia treatment of malignant cells, drug delivery, biosensors,
enhancement of contrast of magnetic resonance imaging
(MRI), magnetic separation, and cell sorting, owing to
their unique magnetic properties and biocompatibility.>*-3
Magnetic NPs as special biomolecular carriers (via a suit-
able immobilization process) hold promise as effective
sensors and have been used in immunoassays and in
various reactions involving enzymes, proteins, and DNA
for magnetically controlled transport and targeted deliv-
ery of anticancer drugs.*®3” Their tiny size and ability
to be transported within biological systems and reac-
tive media is an advantage over conventional support
systems.

Hence, if magnetic particles are provided with a gold
structure, then the combined benefits of the robust chem-
istry of a gold surface and the uniqueness of magnetic
NPs could be implemented; in addition, the magnetic core
could be protected from oxidation and corrosion.*® Mean-
while, gold has become a popular combining material not
only because of its easy reductive preparation, high chem-
ical stability, and biocompatibility, but also owing to its
plasmon-derived optical resonance in the visible and NIR
region. Furthermore, the gold coating could provide a plat-
form for optical absorption and emission mediated by the
collective electronic response of the metal to light; the gold
surface could also make these properties compatible with
and adaptable to sensor technologies. It is worth noting
that besides the separate magnetic and plasmonic proper-
ties of hybrid structures discussed in the current article, an
interplay, called magnetoplasmonics, exists between these
2 properties.

As a form of multifunctional
(MFMP) nanomaterials, NPs

magnetoplasmonic
combining gold and

Figure 1.

magnetic materials inherit from the 2 components excel-
lent surface chemistry, special optical properties, and
superparamagnetic properties, all of which would greatly
enhance the potential and broaden the practical appli-
cations of such nanomaterials. Accordingly, successful
MFMP nanomaterials have been developed for biomedical
applications.?® The magnetic core forms the basis of a par-
ticle and allows for a small size with significant magnetic
moment. In addition, the MFMP nanocomplex can serve as
a good platform for further conjugation of biomolecules.
This approach opens up a new avenue for biomedical
applications of advanced multifunctional nanomaterials.

Over the past few years, MEMP NPs, such as Au-Fe;0,
and y-Au-Fe,0;, have attracted broad attention due to
the low reactivity, high chemical stability, biocompatibil-
ity, and good affinity of the outer Au layer for amine
(-NH,) and thiol (-SH) terminal groups. These particles
consisting of a magnetic core with a plasmonic shell have
been largely used in the fields of protein separation,?* 404!
drug delivery,*? cell separation,®® catalysis,** detection,®
biological sensing and probing,*® and targeted photother-
mal (PT) therapy.*’ In particular, in PT therapy, where Au
NPs become attached to target cells, the absorbed light
energy is quickly transformed into heat and eventually
leads to irreparable damage to the target through thermal
denaturation and coagulation or through mechanical stress
caused by sudden bubble formation.*® The combination
of targeted delivery, improved MRI diagnosis, and NIR
photothermal ablation are expected to increase treatment
efficacy and to simultaneously minimize the damage to
healthy cells and tissues.

Several reviews of magnetoplasmonic nanomaterials
were published in recent years. For example, Zhou et al.*
reviewed core—shell structures—with iron oxide nanopar-
ticles as the core and covalently grafted organic polymers
as the shell—as well as the relevant biomedical applica-
tions. Wang and colleagues®™ reviewed the synthesis of
gold-coated magnetic oxide core@shell NPs, including
their synthesis and characterization as well as biological
and catalytic applications. Sun and coworkers>!"*? wrote
a good primer on the synthesis methods, properties, and
potential applications of multicomponent magnetic NPs.
Leung et al.>® provided an overview of current research

Schematic representation of four types of MFMP NPs: Type I, Spherical core-shell and core-satellite; Type Il, Het-

erodimer; Type lll, Multicomponent hybrid, Type IV, Non-spherical core—shell.
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activities with the focus on the synthesis and practical
applications of gold and iron oxide hybrid nanocompos-
ite materials. After reviewing these articles, to avoid any
redundancy, we focus here on the current status of biomed-
ical applications of MFMP nanomaterials. Including the
introduction, this article contains 6 sections. In the sec-
ond section, the synthesis of MFMP NPs with varied mor-
phology is introduced, which includes spherical core—shell,
core-satellite, heterodimer, multicomponent hybrid, and
nonspherical core—shell architectures. The schematic rep-
resentation of 4 types of magnetoplasmonic nanoparticles
is shown in Figure 1. The third section discusses enhanced
plasmonic and magneto-optical properties of MFMP NPs.
The fourth section reviews the cytotoxicity of MFMP NPs
in in vitro and in vivo studies. The fifth section intro-
duces the proper design of magnetoplasmonic NPs for
different biomedical applications, which include several
types of biosensors, bioseparation, multimodal imaging,
and therapeutics. Finally, in the sixth section, we provide
a summary and our own perspectives on this active area of
research.

STRUCTURE AND SYNTHESIS OF
MAGNETOPLASMONIC NANOPARTICLES

MFMP NPs are an attractive composite system:>*>¢ with
Au and magnetic components, especially high-moment
metallic magnetic components, NPs can be stabilized
more efficiently in corrosive biological conditions and be
readily functionalized thanks to the well-developed Au-S
chemistry; gold also imparts plasmonic properties to the
magnetic NPs. This design makes the magnetoplasmonic
composite NPs an interesting candidate for magnetic, opti-
cal, and biomedical applications.

Several approaches for the preparation of MFMP
NPs with varied multiform morphological traits (spher-
ical core—shell, core-satellite, heterodimer, multicompo-
nent hybrid, and nonspherical core—shell architectures)
have been reported in the literature, including reac-
tions involving laser ablation,’” layer-by-layer electrostatic
deposition,”® redox transmetalation,’® the reverse-micelle
method,*® microemulsion,*® ray radiation, sonochemical
reaction, and chemical reduction in aqueous and organic
phases, among others. In any case, synthesizing MFMP
NPs is a challenge due to the difference in surface energies
of the 2 materials;®' this difference commonly leads to the
segregation of the gold and magnetic components of NPs.

Spherical Core—Shell and Core-Satellite
Nanoparticles (Type I)

This section discusses NPs that resemble the structure
denoted as Type I in Figure 1, in which the magnetic
material (Fe O,) and gold (Au) are fused together to
form either a core—shell or a core-satellite nanostructure.
Despite the generally large lattice mismatch between mag-
netic and gold nanocrystals, it has recently been shown
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that it is possible to combine the 2 materials within 1 nano-
crystal, although the mechanism of attachment has not
been fully elucidated yet. The several examples discussed
below all involve synthesis using a chemical procedure, in
which the core is synthesized prior to the attachment of
the shell.

Core—shell nanostructures have stimulated great inter-
est in the past decades because of their enhanced opti-
cal and tunable surface properties, electronic and catalytic
properties, and the consequent wide range of potential
applications.5%> Generally, the shell layer coating the core
can protect the core from oxidation and enhance its sta-
bility and biocompatibility; the outer layer materials may
also provide a platform for surface modifications and func-
tionalization and even provide a natural vehicle for con-
struction of hybrid multifunctional materials.®® Moreover,
the physical and chemical properties of the core—shell
nanostructures can be tailored conveniently by control-
ling their composition and the relative size of the core
to shell. Three spherical core—shell structures of mag-
netoplasmonic nanoparticles have been successfully syn-
thesized: FeXO), @ Au core-shell, FeXOy@Au core-satellite,
and Au@Fe O, core—shell structures (Type I in Fig. 1).
Nevertheless, uniform Au@Fe O, core-shell composite
structures have seldom been studied due to the synthetic
challenge and the inactivated properties of the Au core
inside the magnetic shell.

Generally, the FeXOy@Au core—shell structure can be
achieved either by attaching a uniform Au layer to a
Fe, O, @Au core-satellite composite or by directly coating
a Fe O, core with an Au layer. The application of an Au
shell to any material requires reduction of HAuCl, in an
aqueous solution.

A simple but efficient route for the synthesis of spher-
ical Fe;O,@Au NPs (Type IA) has been developed by
our group recently.’’” Using our method, the resulting
Fe;O0,@Au NPs have a size of ~ 20 nm and strong magne-
tization via sodium citrate-coated Fe;O, NPs; sodium cit-
rate is used as the sole reducing agent (as shown in Fig. 2).
Cui et al.®® presented a synthetic method for the core—
shell NPs with a typical size of 50 nm in diameter and
practical use of the particles in a solid-phase immunoas-
say. Xu et al.® described facile synthesis of Au and Ag-
coated Fe;O, NPs with controlled plasmonic and magnetic
properties. The plasmonic properties of these core—shell
NPs can be fine-tuned by varying the coating thickness
and coating material. Wu et al.”’ published a sonochemi-
cal method for the synthesis of high-saturation magnetiza-
tion Fe;O,@Au NPs via a 3-step process in the following
order:

(a) use a copreparation method to create the Fe,O, core
of NPs;

(b) functionalize the Fe;O, NPs with an amine group by
means of APTES ([3-aminopropyl]triethoxysilane); and
(c) reduce Au** ions to form the gold coating using
sonolysis.

J. Biomed. Nanotechnol. 10, 2921-2949, 2014
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Figure 2.

(A) lllustration and a transmission electron microscopy (TEM) image of Fe;0,@Au NP preparation. (B) UV-Vis spectra

of Fe;0,@Au NP colloid solutions. Reprinted with permission from [67], H. Zhou, et al., Ultrasensitive DNA monitoring by Au-
Fe;O, nanocomplex. Sensor Actuat. B-Chem. 163, 224 (2012). © 2012, Elsevier.

Bao et al.”! reported the synthesis of y-Fe,O;@Au NPs
with varying Au shell thickness by reducing HAuCl, on
the surface of y-Fe,O; NPs.

Bao et al.*’ reported that the synthesis of multifunc-
tional core-satellite Fe;O,@Au NPs (Type IB) occurs via
the chemical bonds of 2 separate prepared nanomateri-
als, not via a chemical deposition process. This synthesis
can be used for isolation of a protein, which would still
retain strong catalytic activity afterwards. The as-prepared
bifunctional NPs combine the merits of both gold and
Fe;O, NPs and are formed via chemical bonds. Containing
approximately 12% gold by weight, the resulting bifunc-
tional NPs maintain excellent magnetic properties. Umut
et al.”? tested Au@Fe;0, hybrid nanoparticles with the
core-shell topology (Type IC). All their particles were
linked with oleic acid and oleylamine: 2 organic molecules
included as a surfactant during the synthesis process; the
surfactants prevent aggregation of particles and increase
biocompatibility.

Such core—shell nanostructures could find applications
that exploit the electronic, magnetic, catalytic, sensing,
and chemical or biological properties of the nanocompos-
ite materials. For utilization of the magnetic properties,
the formation of a gold shell with a controllable assembly
allows for better stability and tunability for construction of
ordered arrays.® In a recent study of nanoscale gold, excel-
lent catalytic properties for water-gas shift reactions were
found in gold NPs based on an iron oxide core.”” For the
development of applications in biology and medicine, the
magnetic NPs and the magnetic field can be used in vivo
or in vitro for either remote positioning or selective filter-
ing of biological materials. In MRI, the presence of the
particles at a given site can enhance the contrast of cer-
tain types of cells by several orders of magnitude. The
possibility of using magnetic NPs to improve the effec-
tiveness of cell manipulations and DNA sequencing could
also aid the development of pharmaceuticals, drug delivery
systems, and magnetic separation technologies for rapid

J. Biomed. Nanotechnol. 10, 2921-2949, 2014

DNA sequencing. These applications should benefit a great
deal from the ability to control the surface and interparticle
spatial properties of the magnetic NPs.

Heterodimeric Nanoparticles (Type Il)
Heterodimeric Au-Fe O, NPs (denoted as Type II in
Fig. 1) are distinct monodispersed NPs that are com-
posed of 1 Au NP and 1 Fe O, NP, bonded interfacially.
The bonding is generally achieved via sequential growth
of the second component on a preformed NP seed. This
approach is similar to the synthesis of core—shell NPs
with the difference being that the nucleation and growth
are anisotropically centered on 1 specific crystal plane
of the seed NP, and not uniformly distributed through-
out the seed NP surface. Therefore, the successful syn-
thesis of heterodimer NPs strongly depends on promotion
of heterogeneous nucleation while suppressing homoge-
neous nucleation. This result can be achieved by tuning
the seed-to-precursor ratio and controlling the heating pro-
file so that the concentration of the precursor stays below
the homogeneous nucleation threshold throughout the syn-
thesis process.” In the growth process, the lattice spacing
of the 2 components is generally well matched to lower
the energy required for epitaxial nucleation of the second
component.”> A lattice mismatch, however, can also be
utilized to make heterodimeric NPs via a surface dewet-
ting process of the core—shell structure.’® Electron transfer
at the interface of the 2 components during the nucle-
ation process likely plays a key role in controlling the
heterodimer morphology, and this transfer process can be
modulated by polarity of the solvent.”’

Two reaction strategies have been developed for het-
erodimeric (Type IA) Fe,O,@Au nanocomposites uti-
lizing 50 nm polyethyleneimine-coated magnetite as a
seed, designed for diverse practical applications.”® The
polyethylenimine (PEI)-coated Fe;O, NPs were first used
as seeds to carry out the synthesis of heterodimeric
Fe;0,@Au nanocomposites (Figs. 3(A) and (B)). This
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Figure 3.

(A) Transmission electron microscopy (TEM) and (B) HRTEM images of heterodimeric Fe;O,@Au nanocomposites;

(C) and (D) water-soluble Au-PEG-Fe;0,-conjugated nanoparticles (NPs); (E) schematic representation of selected etching of
Au-Fe;0, NPs for the preparation of the Au NPs and dented Fe;0, NPs; TEM images of the as-synthesized (F) 6-17 nm Au-Fe;0,
NPs obtained using Au as seeds; (G) dented 17 nm Fe;0, NPs obtained by etching Au away from the Au-Fe;O, NPs. Reprinted
with permission from [78], L. Lou, et al., Facile methods for synthesis of core-shell structured and heterostructured Fe,0,@Au
nanocomposites. Appl. Surf. Sci. 258, 8521 (2012). © 2012, Elsevier; From [79], M. Wang, et al., Cross-linked heterogeneous
nanoparticles as bifunctional probe. Chem. Mater. 24, 2423 (2012). © 2012, American Chemistry Society; From [80], Y. Lee, et al.,
Synthetic tuning of the catalytic properties of Au-Fe;O, Nanoparticles. Angew. Chem. 122, 1293 (2010). © 2010, John Wiley

& Sons.

distinct morphology is suitable for diverse applications:
the heterodimer structure offers particles with 2 distinct
surfaces and functionalities due to different surfactant
molecules on the surface of Fe;O, and Au NPs.

The work presented by Wang et al.”’ demonstrated a
facile approach to synthesis of multifunctional nanomateri-
als based on a phase transfer protocol for the cross-linking
of NPs via a polyethylene glycol (PEG)-based ligand. Het-
erogeneous conjugates containing gold and iron oxide NPs
(Type 1IB) were synthesized and applied as contrast agents
to bifunctional scanning confocal microscopy and MRI.
Figure 3 (panels C and D) show the transmission electron
microscopy (TEM) images of the as-prepared Au-PEG-
Fe;0, conjugates. Both binary conjugates with one-to-one
correspondence between Au and Fe;O, and ternary struc-
tures with 2 Au to 1 Fe;O, or 1 Au to 2 Fe;O, NPs are
present in the product (approximately half and half) along
with a few individual Au or Fe;O, NPs.

Lee et al.® developed a unique synthetic procedure for
Au, Fe;O,, and Au-Fe;O, NPs. The single-component
Au and Fe;O, NPs are produced directly from the Au—
Fe;O, NPs using either Au etching or Fe;O, etching,
which allows for the direct comparison of NP catalysis of
H,0, reduction and shows that the Au-Fe;O, NPs offer
enhanced catalysis (as shown in Figs. 3(E)—(G)). By study-
ing the H,0O, reduction catalyzed by the individual Au
and Fe;O, NPs, researchers can demonstrate experimen-
tally that the enhanced catalysis by Au-Fe;O, arises from
the polarization effect at the Au—Fe;O, interface, where
Fe;O, becomes more active.

2926

Multicomponent Hybrid Nanoparticles (Type Ill)
Self-assembly processes provide an approach to fab-
ricate multicomponent hybrid NPs with integrated
multifunctionality. The advantages of such multicom-
ponent structures lie in acquisition of novel proper-
ties and implementation of multifunctionality and unique
applications.”> By employing intermolecular forces, it is
easy to prepare assembled nanostructures from various
individual NPs using a carrier material, as shown in
Figure 1 (Type III). Both silica and polymer matrices can
be used as a carrier material, as discussed below, result-
ing in a construct that is generally larger than particles of
Type I or Type II. This section focuses on multicomponent
hybrid NPs using silica capsules as a carrier material due
to its low cytotoxicity and useful porous structure.

Porous silica materials possess unique properties such
as large surface area, large pore volume, and low
cytotoxicity.®! Nanoparticles embedded in porous silica
have many advantages over metal core NPs and metal
core-silica shell nanostructures in terms of providing light
paths and a convenient reaction environment.’? These
porous shell-coated functional nanomaterials are useful in
many respects, such as catalysis, electronics, and encap-
sulation of drugs.®® The porous silica shell does not
affect the optical and catalytic properties of Au NPs sig-
nificantly. On the other hand, it simultaneously acts as
a protective layer for magnetic and gold NPs prevent-
ing the aggregation and oxidation. With this goal, Chen
et al.’ developed the synthesis of this kind of a novel
magnetic-gold bifunctional nanocomposite consisting of

J. Biomed. Nanotechnol. 10, 2921-2949, 2014
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Figure 4. (A) The model used for electromagnetic discrete
dipole approximation calculations and the electric field distri-
bution of Fe;O, and Au nanoparticles (NPs; insets), 15 and
5 nm in diameter respectively. (B) The electric field distribu-
tion of Au-Fe;O, NPs embedded in a silica medium when
the incident electromagnetic wave along the Z direction is
polarized along the symmetry axis and perpendicular to it
(inset). Reprinted with permission from [86], X. F. Zhang, et al.,
Multifunctional Fe;O,—Au/porous silica@fluorescein core/shell
nanoparticles with enhanced fluorescence quantum yield.
J. Phys. Chem. C 114, 18313 (2010). © 2010, American Chem-
istry Society.

Au-Fe;0, nanocomposite cores and a porous silica shell
(Type IITA).

Inspired by the dual functions of dumbbell-like iron
oxide-metal nanoparticles,?® 8 Zhang et al.® designed a
synthetic procedure for fluorescein-doped nanoporous sil-
ica NPs with dumbbell-like Au-Fe,;O, cores (denoted as
Au-Fe;0,/porous silica@F, Type IIIB). By incorporat-
ing the fluorescein molecules inside nanoporous shells,
Au-Fe;0,/porous silica@F NPs exhibit enhanced fluores-
cence quantum yields compared to Fe;O,/porous silica@F
NPs (as shown in Fig. 4). Compared to conventional
fluorescence-enhanced systems such as Au NPs and Au
flat surfaces, Au-Fe;O,/porous silica@F nanoparticles
(with both magnetic and plasmonic properties) provide
advantages for a wide range of practical applications
including multimodal imaging and magnetically targeted
drug delivery.

The above examples show that multicomponent hybrid
NPs using silica as a carrier material can be synthe-
sized in many flavors. Clear advantages of this versatile
approach are, for example, the high payload of magnetic
NPs and Au NPs that can be integrated, the tunability of
the ratio between the NPs, and fine control over the dis-
tance between magnetic NPs and Au NPs. Furthermore,
the surface plasmon resonance (SPR) of the Au NPs can be
easily varied by integrating (a combination of) different Au
NPs, allowing for multiplexing of barcoding.®” The surface
chemistry of silica particles is well developed, facilitat-
ing the biofunctionalization of this carrier. A distinct and
inherent feature of the combination of a carrier material
with nanocrystals is the relatively large size (> 50 nm).
This feature likely poses a limitation for hitting extravas-
cular targets (in drug delivery), but enhances the suitability
of this construct for targeting receptors on the endothelial

J. Biomed. Nanotechnol. 10, 2921-2949, 2014

cells of blood vessels. In addition, renal clearance of these
larger particles does not occur, which probably increases
their blood circulation half-life. This property may be con-
sidered an advantage in some cases, but will limit clinical
applications.

Nonspherical Core—Shell Architecture of
Magnetic and Gold Nanomaterials (Type IV)
Controlled synthesis of metallic NPs with uniform geom-
etry has been a fascinating research area for decades
because of the broad use of noble metal NPs in catalysis,
photonics, electronics, plasmonics, optical sensing, biolog-
ical labeling, imaging, and photothermal therapy.®® % The
properties of novel metallic nanocrystals are strongly influ-
enced by their size, shape, and surface structure.!>*" In the
past several years, a lot of attention has been focused
on the fabrication of nonspherical metallic NPs.”!**> The
formation of nonspherical particles is driven by local
anomalies and kinetic differences in the growth rate in
the different parts of NPs. In general, unlike atoms and
molecules, nonspherical NPs lack the ability to grow along
specific directions, and therefore, they are thermodynam-
ically unstable and transform into spherical particles with
time.”? Therefore, the synthesis conditions need to be del-
icately optimized to control the epitaxial growth mech-
anism allowing for formation of anisotropic NPs. Upon
sufficient control over the NP geometry, nonspherical
nanoscale entities can be attractive materials because their
chemical, structural, biological, and optical properties are
expected to be quite different from those of ideal spherical
particles. The high degree of sophistication and synthetic
control achieved in the case of standard spherical NPs,
exemplified by the constantly growing variety of core—
shell nanostructures, is also required for nonspherical NPs.
Au-coated magnetic NPs (MNP@Au NPs) have received
considerable attention over the past decades because of
their bifunctionality that allows for combining magnetic
and optical properties for a variety of applications.>

The final category of particles that will be discussed
here is defined as nonspherical core—shell MFMP NPs,
schematically shown as Type IV in Figure 1. In any
case, the formation of nonspherical particles is driven by
kinetic factors, provisionally created in the reaction sys-
tem. Significant progress has been achieved in controlling
the number and length of branches. For example, gold
monopod, bipod, tripod, tetrapod, and urchinlike particles
have been successfully synthesized using different epitax-
ial growth approaches. Although the mechanism under-
lying the growth of nonspherical particles is gradually
clarified,®® fine-tuning the structure and size of nonspheri-
cal core—shell particles is still a challenge.

Levin et al.** reported the combination of resonant opti-
cal and magnetic properties in a single nanostructure,
accomplished by means of the growth of an Au shell
layer around a magnetic iron oxide core NPs. They show
that wiistite (Fe O) nanocrystals,” which can also form
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Figure 5. A schematic of Au-coated iron oxide synthesis for (A) faceted and (D) tetracubic (i) core, (ii) Au-decorated precursor,
and (iii) Au-coated iron oxide nanoparticles (NPs); transmission electron microscopy (TEM) images representing various stages
of synthesis for (B), (C) faceted and (E), (F) tetracubic (i) core (with average r, =31.5+9.7 and 28.5+7.3 nm), (ii) Au-decorated
precursor of NPs, and (iii) Au-coated iron oxide NPs. Reprinted with permission from [94], C. S. Levin, et al., Magnetic-plasmonic
core-shell nanoparticles. ACS Nano 3, 1379 (2009). © 2009, American Chemistry Society.

compounds of higher oxidation states, can be used as a
magnetic core material and a precursor for continuous
gold shell layer growth. The wiistite nanocrystals can be
grown in a variety of shapes and sizes; however, the sub-
sequent addition of an Au layer on the nanocrystal sur-
face modifies the overall nanoparticle shape, resulting in
spherical or near-spherical morphology with a nonspheri-
cal core (Fig. 5).

Nonspherical NPs with complex angled shapes and
non-Platonic geometry attract researchers by unique
shape dependence of different properties including opti-
cal, magnetic, catalytic, and biological. Their reliable
preparation—especially in cases when the core—shell mor-
phology determines the function—represents considerable
synthetic challenges. Recently, our group” reported a
synthetic route for creation of magnetoplasmonic supra-
particles (SPs) of a spiky shape, tunable diameters
(ca. 95-185 nm), plasmonic range 600-700 nm, and
strong magnetization. Illustration of the synthetic chem-
istry for these spiky Fe;O,@Au NPs is presented in
Figure 6. Citrate-coated Fe,O, NPs were initially pre-
pared as the central cores and subsequently coated with Au
layers. The spiky morphology was obtained via the syn-
thesis and attachment of additional Au NPs through seed-
mediated reduction of HAuCl, with hydroquinone. Owing
to their bifunctional nature and a combination of mag-
netic and optical properties and unique geometry, these
spiky Fe;O,@Au nanostructures can be potentially used
in various optoelectronic devices and in certain biomedical
applications.

A novel dendritic nanostructure of Fe;O,@Au NPs has
been fabricated recently using a facile method.”” The
dendritic Fe;O,@Au NPs show a mean particle size of
35 nm, intense near-infrared (NIR) absorbance at 754 nm,
and strong superparamagnetism, implying the potential
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applications in the fields of the optical/magnetic-resonance
bimodal imaging, photothermal-magnetothermal combined
therapy, low temperature catalysis, and magnetic sepa-
ration. Hui et al.®® reported a convenient method for
synthesis of novel Fe,O,@Au@Fe;O, nanoflowers that
integrate hybrid components and surface structures. Rela-
tive to conventional NPs with the core—shell configuration,

Figure 6. (A) lllustration of the synthetic chemistry for spiky
Fe;0,@Au supraparticles (SPs) through seed-mediated reduc-
tion of HAuCIl, with hydroquinone. (B) Transmission electron
microscopy (TEM) images of spiky SPs; insets show magni-
fied images of the individual SPs. (C) An HR-TEM image and
the SAED pattern of 1 branch of the spiky SPs. Reprinted with
permission from [96], H. Zhou, et al., Self-assembly mecha-
nism of spiky magnetoplasmonic supraparticles. Adv. Funct.
Mater. 25, 1439 (2014). © 2014, John Wiley & Sons.
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Figure 7. (A) TEM image of Fe;0,~Au hybrid nanorods syn-
thesized by annealing of FEOOH-Au hybrid nanorods under
Ar atmosphere; (B) TEM image of Au,—(Fe;0,), which is
Fe;0, nanoparticles assembled onto the surface of Au,,, sta-
bilized by PEG. Reprinted with permission from [99], H. Zhu,
et al., Fe;0,~Au and Fe,0;—Au Hybrid nanorods: Layer-by-
layer assembly synthesis and their magnetic and optical prop-
erties. Nanoscale Res. Lett. 5, 1755 (2010). © 2010, Springer;
From [100], C. Wang, et al., Gold nanorod/Fe;0, nanoparticle
“nano-pearl-necklaces” for simultaneous targeting, dual-mode
imaging, and photothermal ablation of cancer cells. Angew.
Chem. 121, 2797 (2009). © 2009, John Wiley & Sons.

such nanoflowers not only retain their surface plasmon
properties but also allow for a 170% increase in the satura-
tion magnetization and a 23% increase in the conjugation
efficiency because of the synergistic cooperation among
the hierarchical structures. These novel building blocks
could open up novel and exciting vistas in nanomedicine
for broad applications such as biosensing, cancer diagnos-
tics and therapeutics, targeted delivery, and high-contrast
imaging.

A layer-by-layer technique has been developed for syn-
thesis of FeOOH—Au hybrid nanorods that can be trans-
formed into Fe,O;—Au and Fe;O,—-Au hybrid nanorods
via a controllable annealing process.” The homogenous
deposition of Au nanoparticles onto the surface of FeOOH
nanorods can be attributed to the strong electrostatic
attraction between metal ions and polyelectrolyte-modified
FeOOH nanorods. The annealing atmosphere controls
the phase transformation from FeEOOH-Au to Fe;O,—Au
and a-Fe,0;—Au. The morphological and structural char-
acteristics of Fe;O,—Au hybrid nanorods are shown in
Figure 7(A).

Wang et al.'® demonstrated a novel route for the syn-
thesis of multifunctional nano-pearl necklaces based on
Fe;0, nanoparticles decorating Au,, that can be used as
an MRI and fluorescence imaging agent to target cancer
cells. An additional function, i.e., applicability to pho-
tothermal therapy, will also be demonstrated. Figure 7(B)
illustrates the fabrication of novel nano-pearl necklace
multifunctional NPs comprising a single, amine-modified
Au,, decorated with multiple “pearls” of Fe;O, nanoparti-
cles carrying COOH groups. Then Au,.4—Fe;O4 nano-pearl
necklaces (abbreviated as Au, —(Fe;0,),, where n > 5)
are further stabilized with thiol-modified polyethylene gly-
col (SH-PEG, My, ~ 5000) and functionalized with her-
ceptin as multifunctional bioprobes for targeting, dual
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Figure 8. Snapshots of oleylamine (OM; top), polyethylimine
(PEI; middle), and 3-aminopropyltriethylsilane (APTES)-silica
coating (bottom) of the surface of Fe;0, (111) and the addition
of an Au NP at various time points. Reprinted with permis-
sion from [115], J. Yue, et al., Molecular dynamics study on
Au/Fe;0, nanocomposites and their surface function toward
amino acids. J. Phys. Chem. B 115, 11693 (2011). © 2011,
American Chemistry Society.

imaging, and photothermal killing of human breast cancer
cells (SK-BR-3 cells).

Nanoporous gold fabricated using the dealloying of
binary Au alloys has a 3-dimensional network of fine lig-
aments on the nanoscale, which is a novel unsupported
gold catalyst with exceptional catalytic activity for CO
oxidation. Kameoka et al.!”! reported a new nanoporous
structure: a composite formed by alternately layered Au—
Fe;O0,—Au with layer spacing at approximately 200 nm
and with porous structure (the pore size is <20 nm), as
shown in Figures 8(D)—(F). The Au-Fe,;O,—Au manifested
much higher catalytic performance in CO oxidation than a
previously reported conventional Au-Fe,O; catalyst. The
porous Au and porous Fe;O, were responsible for the high
activity and high thermal stability respectively. The porous
structure is formed via a self-assembly process using a
NaOH aqueous solution for dealloying of Al in a conven-
tionally melting Al-Au-Fe alloy precursor with alternately
layered Al,Au—-Al,Fe—Al,Au structure.

ENHANCED PLASMONIC AND
MAGNETO-OPTICAL PROPERTIES OF
MAGNETOPLASMONIC NANOMATERIALS

The term magnetoplasmon was first introduced in the early
70s, motivated at the time by a renewed interest in surface
plasmons in metals and degenerate semiconductors.!? 103
The effect of an external magnetic field on the dielec-
tric function of the electron plasma has attracted much
research focused on the magnetic field modification of the
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propagation properties of surface plasma waves. Later, in
the 80s'%1% and the 90s''%!!* different groups studied the
possible effects of bulk and surface plasmon resonance on
the magneto-optical (MO) activity of a number of materi-
als systems.

Nowadays, the phenomena associated with systems
where plasmonic and MO properties coexist (the so-
called magnetoplasmonic or spin plasmonic systems) have
become an active area of investigation, and an increas-
ing number of research groups are exploring this field
experimentally and theoretically. Both the effects of a plas-
mon resonance on the MO activity of nanostructures and
the magnetic field effects on their plasmonic properties
are attracting much interest in terms of basic and applied
research.

Specific Surface Plasmonic Properties

Au-coated Fe;O, NPs are an attractive system* that has
interesting magnetic and optical properties and important
biomedical applications because of negligible cytotoxicity
of Au. Due to the generally large lattice mismatch between
magnetic and gold nanocrystals, the mechanism of MFMP
nanomaterial formation has not been fully explained yet,
although many researchers succeeded in combining the
2 materials within 1 nanocrystal (as discussed in the sec-
ond section earlier).61 Above all, the role the intermediate
layer played in the formation of core—shell structures is not
fully understood, and methods to obtain quantitative infor-
mation on the interaction of surface molecules of gold and
iron oxide remain a challenging task. This limitation will
reduce the possibilities related to the materials used to syn-
thesize these nanostructures. To move beyond the physical
phenomena, a theoretical simulation method will be helpful
for prediction of the stability and functionality of nanocom-
posites, particularly for the synthesis of stable particles for
in vivo applications and safe removal after use.*!

To understand the mechanism of formation of MFMP
nanomaterials, the molecular dynamics (MD) method is
used to simulate the interaction of Au NPs depositing onto
the modified Fe;O, (111) surface (Fig. 8).'" Molecules
with various functional groups are being evaluated includ-
ing oleylamine (OM), oleic acid (OA), polyethylimine
(PEI), polymethylacrylic acid (PMAA), 3-amino-
propyltriethylsilane (APTES), and tetraethylorthosilicate
(TEOS). The surface adsorption of amino acid molecules,
cysteine, methionine, and arginine, onto Au/PEl/Fe;0, is
simulated to understand the possibility of applications to
magnetic separation. Snapshots of the simulation show that
the nanoparticle (NP) moves slowly toward the surface of
Fe;0, (111), while a surfactant or polymer layer gradually
moves toward the Au NP and surrounds it. In contrast,
the silica layer can only vibrate rather than surround the
Au NP due to its inflexible 3D network structure after
polymerization.

Optical properties of core—shell MFMP nanostructures,
such as the wavelength of the plasmon resonance, the
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extinction cross-section, and the ratio of scattering to
absorption at the plasmon wavelength are critical parame-
ters in the search for the most suitable particles for envi-
sioned applications. Using Mie theory and the discrete
dipole approximation (DDA), a researcher can calculate
optical spectra as a function of composition, size, and
shape of core—shell nanospheres and nanorods. Brullot
et al.!'® reported that in the advantageous NIR, magne-
toplasmonic nanospheres produced by available chemical
methods lack the desirable tunability of optical characteris-
tics, but magnetoplasmonic nanorods can reach the desired
optical properties at chemically attainable dimensions.
Calculated optical properties of core—shell nanospheres
with an R, of 5 nm or 15 nm and increasingly thinner
gold shells are shown in Figure 9. These spectra indicate
the shift of A, as a result of a simultaneous change of
the composition and size of the core—shell nanospheres. As
expected, calculations showed that a thinner shell exhibits
a greater redshift and shows a lower QO incion du€ to a
decrease in the amount of gold per particle. The calcu-
lated results are consistent with experimentally obtained
results for similar systems.! From Figure 9(A), it is evi-
dent that coating of magnetite particles with an R . of
5 nm with a gold shell does not provide efficient tun-
ing of the plasmon band, nor does it yield high Q. ction
throughout the NIR. As shown in Figure 9(B), coating a
particle of a size near the superparamagnetic limit with
a gold shell reveals 2 types—with a 5-nm and 7.5-nm
gold shell—to show plasmon bands in the advantageous
NIR region. These results indicate a trend in which mag-
netoplasmonic nanospheres consisting of a larger core
show better tunability in the NIR region. Furthermore,
small spherical NPs as calculated here, exhibit negligi-
ble Ciering/ Cabsorption 8t Apa, because of the size and
wavelength dependence of Rayleigh scattering. This effect
diminishes their applicability in scattering applications.
Calculated optical spectra of the QO ineion fOr 3 sets
of nanorods are shown in Figures 9(C)—(E). As one can
see in Figure 9(C), an increase in the V,./V,. ratio
causes a redshift. This phenomenon can be explained in the
same way as for the core—shell nanospheres: By increas-
ing the V,./Va ratio, the gold shell surrounding the
core becomes thinner, which facilitates the coupling of
plasmonic modes across the shell, resulting in a redshift.
It can also be seen in the same figure that a decrease in
absolute Q. icion 18 Observed for an increasing V, ../ Vi
ratio. This effect can be explained by the fact that with
the increasing V. ./V,, ratio, the contribution of gold
decreases. Figure 9(D) shows the results of calculations
on nanorods with different aspect ratios. Redshifts of the
longitudinal dipolar plasmon resonance can be observed
with the increasing nanorod aspect ratio, accompanied by
an increase in absolute Q. i.cion- Lhis phenomenon is con-
sistent with the earlier explanation: the increasing aspect
ratio increases the path length for electron oscillation along
the long axis, causing a redshift. Figure 9(E) shows that
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Figure 9. Q.uincion @S @ function of wavelength for core-shell nanospheres with (A) an R_,. of 5 nm or (B) an R, of 15 nm
and an increasing gold shell thickness (R,,.,). Calculated optical spectra of the Q..ion fOr 3 sets of nanorods: (C) Fixed aspect
ratio = 3, fixed R .iive = 10 N, and varying V. /V,.1a from 0 to 1; (D) fixed V.o /Viora = 0.2, fixed R eciive = 10 NmM, and varying the
aspect ratio from 1 to 5; (E) fixed V. /V,.:as = 0.2, fixed aspect ratio = 3, and varying Recive = 5, 10, 15, and 20 nm. Reprinted with
permission from [116], W. Brullot, et al., Magnetic-plasmonic nanoparticles for the life sciences: Calculated optical properties of

hybrid structures. Nanomedicine 8, 559 (2012). © 2012, Elsevier.

increasing the volume of a nanorod with all other parame-
ters unchanged leads to a modest redshift and an increase
of Q. yiinciion- As for core—shell nanospheres, the explana-
tion for this phenomenon is that the increase in total size
augments the amount of material present in a single nano-
structure, enhancing C,,.ion- With this knowledge, it is
possible to design and synthesize structures that possess a
plasmon band in the advantageous NIR region and other
optical properties as needed for a potential application in
life sciences.

Magneto-Optical Properties

When a plasmonic material is combined with a magneto-
optically active one, the plasmonic and the magneto-
optical (MO) properties of the resulting MFMP system
become interrelated. In the case of magnetoplasmonic
nanomaterials, 2 effects can be attained: (i) there is an

J. Biomed. Nanotechnol. 10, 2921-2949, 2014

increase in the MO activity when surface plasmon polari-
tons (SPPs) are excited due to the combined action of the
intense decrease of the reflectivity and the confinement of
the electromagnetic field; (ii) the SPP wave vector can be
modified by an external magnetic field due to its depen-
dence on the off-diagonal elements of the dielectric ten-
sor. The former effect can be exploited in magneto-optical
surface plasmon resonance (MO-SPR) sensors, whereas
the latter phenomenon offers the possibility of developing
active plasmonic devices.

More recently, the research efforts shifted to the study
of MFMP nanostructures, viz., nanostructures that com-
bine magnetic and plasmonic functions.!'”-!'"® This is
because this kind of nanostructures could serve as a
building block of a new class of magnetically con-
trollable optical nanodevices for future biotechnological
and optoelectronic applications. This new direction in
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research has brought forward numerous studies of the
effects arising from the mutual interplay between MO
activity and light-matter coupling in spatially confined
conformations.!'*"1?* Because plasma oscillations in ferro-
magnetic materials typically exhibit a stronger damping
than in noble metals,'?* a common strategy to overcome
this excess damping is to develop hybrid structures con-
sisting of noble metals and ferromagnetic materials, where
the noble metal increases the plasmonic response.!?>-1%°

The theoretical study of the properties of MFMP sys-
tems is conducted by means of digital methods mainly. For
example, in the work by Garcia-Martin et al."** the numer-
ical solution of Maxwell’s equations was used to exam-
ine a magnetoplasmonic system consisting of an array of
cylindrical NPs. It is advantageous, however, to have a
simple and straightforward tool that allows for the esti-
mation of the MO properties of complex systems, con-
sisting of magnetic and plasmonic components. In this
case, analytical approaches have to be developed. In this
respect, the s-matrix propagation method was applied by
Bonod et al.'®! to treat analytically the structural prop-
erties to optimize the surface-plasmon enhancement of
the MO effects. Particularly, it was shown that the most
effective enhancer of the MO effects is the high-quality
surface plasmons for the transverse excitation geome-
try and may be the overdamped surface plasmons for
the polar and longitudinal ones.!*! Makarov et al. put
forth an analytical approach based on the Green’s func-
tion method to assess the MO properties in composite
magnetic/nonmagnetic nanoparticles.'?>13* The approach
accounts for the local-field effects, and thus allows for
estimating correctly the influence of the system shape
and dimensions on its MO response. In addition to the
localized surface plasmon characteristic of nano-objects,
propagating SPPs are of great application relevance'?
in spectroscopy,'* microscopy,’*” and sensorics,!**40 to
name a few.

CYTOTOXICITY OF MAGNETIC-PLASMONIC
NANOMATERIALS /N VITRO AND IN VIVO

In the past 2 decades, the development and implementation
of innovative processes in the field of biomedical engi-
neering were being extensively studied because of the con-
current innovation related to biomedical nanomaterials.'*!
Based on the development of composite NPs, MFMP
nanomaterials have attracted a broader interest because of
their combined advantages of the heteromaterials. Among
them, the applications of Fe, O,~Au NPs are of practical
interest because they have the magnetism of iron oxide that
renders them easily manipulable and heated by an external
magnetic field. The applications of Fe,O,~Au NPs are also
interesting because the excellent NIR light sensitivity and
strong adsorptive ability of the Au layer can make them
useful in biomedical applications.? It should be noted that
a considerable number of studies have been conducted on
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the synthesis and the coating process of magnetoplasmonic
NPs, but the attention devoted to the biocompatibility for
in vivo biomedical applications (to ensure safe clinical use
of this kind of heteromaterials) is still limited. The basic
criteria for their clinical application are safety and good
biocompatibility, which are also crucial for industrializa-
tion of nanomedicine.'*?

A prerequisite for the implementation of bioapplica-
tions of NPs is to obtain NPs with a hydrophilic surface
to maintain the colloidal stability under physiological
conditions.'* The most appropriate way to obtain them
would be the preparation using aqueous solution-based
synthetic approaches. It is a challenge however, to directly
obtain monodispersed NPs in aqueous media due to the
complexity of controlling the nucleation and growth pro-
cesses at room temperature, giving rise to particles with
low crystallinity, low saturation magnetization, and broad
size distribution. Salado et al.'"** reported fabrication of
hydrosoluble Fe;O,@Au NPs functionalized with bio-
compatible and fluorescent molecules and their interac-
tion with cell cultures by visualizing them with confocal
microscopy. The interaction with cells and the cytotoxic-
ity of the Fe;O,@Au, Fe;0,@Au-PEG, and Fe;O,@Au-
glucose NPs were determined upon incubation with the
HeLa cell line. These NPs showed no cytotoxicity when
evaluated using the MTT assay, and it was demonstrated
that the NPs clearly interacted with the cells, showing a
higher level of accumulation within the cells for glucose
conjugated NPs.

Cytotoxicity of Fe;O,—~Au NPs and Fe;O,—~Au NPs
loaded with doxorubicin (Dox-Fe;O,—Au) combined with
an external magnetic field was tested in vitro on HepG2
malignant tumor cells by Chao et al.'* The results showed
that cell viability remained above 92% when using Fe;O,—
Au NPs at a concentration as high as 2.0 mg/mL, sugges-
tive of the biocompatibility of the nanoparticles. The 1Cj,
(0.731 ug/mL) of the Dox-Fe;O,~Au group was higher
than that (0.522 wg/mL) of the Dox group (P < 0.05). On
the other hand, the Dox-Fe;O,—Au group combined with
a magnetic field exhibited an obviously increased inhibi-
tion rate for the HepG2 cell line and the ICy, was lower
than that of the Dox group (0.421 wg/mL). These results
indicate that Fe;O,—Au NPs loaded with doxorubicin com-
bined with a permanent magnetic field are more cytotoxic
and could be a potential targeted drug delivery system.

The design of multifunctional NPs for cell imaging
and therapeutic applications requires a fundamental under-
standing of their cellular interactions.'*% 47 The reciprocal
response of cells to NPs varies depending on the surface
properties of NPs, including composition and morphol-
ogy, size and shape, and ionic strength.'*® In particular,
the surface morphology of NPs is thought to play the most
important role in the cellular interactions and systemic dis-
tribution of NPs. The ability to manipulate the surface
properties of NPs makes improvements in diagnostic sen-
sitivity and therapeutic efficiency possible.!*-15!
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Among current nanomaterials, nonspherical core—shell
NPs are attractive because of their unique shape-dependent
optical and physical properties. As discussed in Section
Structure and Synthesis of Magnetoplasmonic Nanoparti-
cles, our group designed 2 shapes of Au-coated iron oxide
core—shell NPs, namely, spherical and spiky Fe;O,@Au
NPs.% Recently, we also analyzed the shape effect of
the spiky NPs on cytotoxicity and global gene expres-
sion in sarcoma 180 cells. Cells treated for 7 days with
spiky NP at concentrations up to 50 ug/mL showed
> 90% viability, indicating that these NPs were not toxic.
To shed light on the differences in cytotoxicity, the
expression of 33315 genes was monitored using microar-
ray analysis of NP-treated cells. The 171 upregulated
genes and 181 downregulated genes in spiky NP-treated
cells included 111b, Sppl, 1118, Rbp4, and Ill1ral: genes
mainly involved in cell proliferation, differentiation, and
apoptosis.

Li et al. carried out a cytotoxicity assay, a hemolysis
test, a micronucleus (MN) assay, and detection of acute
toxicity of Fe;0,@Au NPs in mice and beagle dogs.'>
The results of the cytotoxicity assay showed that the tox-
icity grade of this material on mouse fibroblast cell line
(L-929) was classified as grade 1, which belongs to no
cytotoxicity. Hemolysis rates showed 0.278%, 0.232%,
and 0.197%, far less than 5%, after treatment with dif-
ferent concentrations of Fe;O,@Au NPs. In the MN
assay, there was no significant difference in MN forma-
tion rates between the experimental groups and negative
control (P > 0.05), but there was a significant differ-
ence between the experimental groups and the positive
control (P < 0.05). The median lethal dose of the
Fe;O,@Au NPs after intraperitoneal administration in
mice was 8.39 g/kg, and the 95% confidence interval
was 6.58-10.72 g/kg, suggesting that these nanoparticles
have a wide safety margin. Acute toxicity testing in bea-
gle dogs also showed no significant difference in body
weight between the treatment groups 1, 2, 3, and 4 weeks
after liver injection and no behavioral changes. Further-
more, blood parameters, autopsy, and histopathological
studies in the experimental group showed no significant
differences with the control group. The results indicate
that Fe;O,@Au NPs appear to be biocompatible and
safe nanoparticles that are suitable for further biomedical
applications.

The above studies have shown that MFMP NPs appear
to be biocompatible and safe NPs according to the eval-
uation of toxicity in vivo and in vitro. Given that some
of the Food and Drug Administration-approved MRI con-
trast agents are made of Fe;O,, Fe;O,@Au composite
NPs have a potential to be used as safe optical and ther-
mal agents, allowing for the combination of cancer detec-
tion and cancer-specific hyperthermic treatment. These
studies laid down the experimental foundation for fur-
ther clinical research and evaluation of this promising
material.

J. Biomed. Nanotechnol. 10, 2921-2949, 2014

BIOMEDICAL APPLICATIONS OF
MAGNETOPLASMONIC NANOMATERIALS

Recently, growing interest has been expressed for the
development of MFMP NPs using incorporation of gold
nanostructures into superparamagnetic Fe;O, NPs that can
combine both plasmonic and magnetic properties in a sin-
gle NP.!1% Therefore, selected applications of MFMP NPs,
which include biosensors, bioseparation, multimodal imag-
ing, and therapeutics, are discussed in this section.

Biosensors

The development of sensitive and cost-effective minia-
ture sensors for detection of biological agents is urgently
needed in biomedical and environmental sciences.'** The
sensors feature 2 functional components: a recognition
element for selective/specific binding with a target ana-
lyte and a transducer component for signaling the binding
event. The functionalized NPs also work as biosensors,
where the NPs with unique physicochemical properties and
their surface functionalized ligands act as recognition and
transducer components respectively. Recently, multifunc-
tional magnetoplasmonic nanomaterials have been devel-
oped for detection of various biological molecules such as
proteins and nucleic acids. In this subsection, we mainly
review the recent applications of magnetoplasmonic nano-
materials as sensors to detect biological agents.

DNA-Based Biosensors

A novel detection method for DNA point mutations using
quartz crystal microbalance (QCM) based on a DNA lig-
ase reaction and Fe;O,@Au core—shell NPs probes has
been proposed By Pang et al.'>> The synthesized core—
shell NPs were used to implement the isolation of DNA
probes and amplification of the detected signal. After the
DNA ligase reaction and denaturing at an elevated tem-
perature, a biotin-modified probe reacts with avidin on
the electrode surface for the perfect match with a target,
causing a change of the crystal frequency, whereas no fre-
quency change would be recorded for a mismatched tar-
get. The validity of this approach has been demonstrated
with the identification of a single-base mutation at the
— 28 position of an artificial 8-thalassemia gene: the wild-
type and mutant sequences were successfully discrimi-
nated. A detection limit of 4.6 x 10~'® mol/L of oligonu-
cleotides was achieved. Owing to its ease of operation and
high sensitivity, it was expected that the proposed proce-
dure might be useful for both research-based and clinical
genomic assays.

Recently, our group reported a simple, sensitive,
and inexpensive quantitative approach for DNA detec-
tion based on the optical properties of gold NPs and
Fe;0,@Au NPs.*” We employed a single-step reaction to
synthesize Fe;O,@Au NPs, as discussed in Section Spher-
ical Core—Shell and Core-Satellite Nanoparticles (Type I).
The resulting Fe;O,@Au NPs showed good paramagnetic
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properties and were coated with thin layers of gold
atoms (~10 nm) having an average diameter of ca.
20 nm. We designed 2 probes to recognize target DNA,
where Fe;O,@Au NPs were employed to facilitate sam-
ple separation using an external magnetic field. The Au-
Fe;0,@Au complexes were also used to generate a color
signal and the uncombined Au NPs produced an opti-
cal signal. To achieve high sensitivity, Fe;O,@Au NPs
were employed for the collection of gold nanoprobes that
hybridized with complementary target DNA molecules.
The Au-Fe;0,@Au nanocomplex remains in the solution
at a concentration proportional to the concentration of the
target DNA and its optical properties allow it to be easily

quantified using UV-Vis absorption spectroscopy, as shown
in Figure 10. The limit of detection of this method is as
low as 0.1 M.

Immunosensors

MFMP (Fe, O —Au) NPs are a new type of composite par-
ticles, which have a typical core—shell structure with iron
oxide as the core and a layer of Au deposited on the
core surface as the shell. These NPs have the advantages
of convenient binding to biomolecules and easy separa-
tion using a magnetic field. The MFMP NPs need only
a single step for antibody immobilization and have high
binding capacity for antibodies. These advantages permit

Figure 10. (A) lllustration of the optical signal of Au nanoparticles (NPs), as used for DNA detection. (B) Comparison of UV-Vis

spectra for Fe;0,@Au and Au NPs in an aqueous solution; Fe;0,@Au-HS-ss-DNA and Au-HS-ss-DNA nanoprobes in a PBS
solution. (C) UV-Vis spectra for the different concentrations of target DNA sensor solution: 0.1 uM-0.1 fM — (a)-(k), after we
placed the sample on the magnet for 12 h. Insert (a): a calibration curve for colorimetric detection of target DNA spanning the
0.1 fM-1.0 M concentration range. (D) Photographs display the color change of DNA sensor (different concentrations from
1 uM to 0.1 fM, from left to right) before (top) and after (bottom) we put the sample on the magnet. Reprinted with permission
from [67], H. Zhou, et al., Ultrasensitive DNA monitoring by Au-Fe;0, nanocomplex. Sensor Actuat B-Chem. 163, 224 (2012).
© 2012, Elsevier.
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improved methods of isolating and detecting biomolecules.
Using hepatitis B virus (HBV) as a target, Cui et al.%®
have demonstrated that the MFMP NPs can function effi-
ciently as a solid-phase substrate for the detection of HBV
antigen in blood. According to the above data, the MFMP
NPs provide a great potential for binding an antibody and
antigen. Researchers developed an alternative: a new type
of immunosensor in the field of immunology promises to
be a novel substrate for immunological and affinity-based
assays in the near future.

Using MFMP NPs as a carrier, a biotin-avidin amplified
enzyme-linked immuno sorbent assay (ELISA) was devel-
oped to detect hepatitis B surface antigen (HBsAg).'>
A specific antibody was labeled with biotin and then
used to detect the antigen with an antibody adsorbed on
magnetoplasmonic NPs by means of a sandwich ELISA
assay. The results showed that the biotin-avidin ampli-
fied ELISA assay has a higher sensitivity than does the
direct ELISA assay. There is a 5-fold difference between
HBsAg-positive and -negative serum samples even at a

dilution of 1:10000, and the relative standard deviation
of the parallel positive serum at a dilution of 1:4000 is
5.98% (n = 11). Zhou et al.'”” have successfully synthe-
sized core-satellite Fe;O,@Au NPs using a pH-sensitive
polyethyleneimine (PEI) linker. The synthesized core-
satellite Fe,O,@Au NPs were applied to free-PSA detec-
tion via a surface-enhanced Raman scattering (SERS)
method, which was a convenient way for preconcentrat-
ing, purifying, and detecting target proteins in complex
biosamples (Fig. 11(A)).

The MFMP Fe;0,@Au core—shell NPs can also be pre-
pared for simultaneous fast concentration of bacterial cells
by applying an external point magnetic field and for sen-
sitive detection and identification of bacteria using SERS
(Fig. 11(B))."*® A spread of a 10-uL drop of a mixture
of 10° cfu/mL bacteria and 3 ug/mL Fe;O,@Au NPs
on a silicon surface can be effectively condensed into a
highly compact dot within 5 min by applying an exter-
nal point magnetic field, resulting in 60 times more con-
centrated bacteria in the dot area than on the spread area

Figure 11. (A) Schematic illustration of a homogeneous immunoassay using antibody-conjugated Fe;0,@Au NPs and Au NPs

coupled with a SERS method; (B) Schematics of the condensation process of Au-MNPs and bacteria (left) and the biomolecu-
lar characteristics of the bacterial cell wall that can possibly be detected by SERS (right); (C) Schematic representation of the
synthesis of antibody-functionalized SNP and CdTe nanocomposite, and the detection mechanism that the biosensor immunoas-
say employed to capture targets in control, negative serum, and positive serum samples. Reprinted with permission from [157],
X. Zhou, et al., Fabrication of cluster/shell Fe,0,/Au nanoparticles and application in protein detection via a SERS method. J. Phys.
Chem. C 114, 19607 (2010). © 2010, American Chemistry Society; From [158], L. Zhang, et al., Multifunctional magnetic-plasmonic
nanoparticles for fast concentration and sensitive detection of bacteria using SERS. Biosens. Bioelectron. 31, 130 (2012). © 2012,
Elsevier; From [160], H. Zhou, et al., Detection of anti-neospora antibodies in bovine serum by using spiky Au—-CdTe nanocom-
plexes. Sens. Actuator B-Chem. 178, 192 (2013). © 2013, Elsevier.
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without concentration. Surrounded by dense uniformly
packed Fe;O,@Au NPs, bacteria can be sensitively and
reproducibly detected directly using SERS. The principle
component analysis (PCA) showed that 3 Gram-negative
bacterial strains can be clearly differentiated. The con-
densed multifunctional Fe;O,@Au NPs dot can be used as
a highly sensitive SERS-active substrate; a limit of detec-
tion better than 0.1 ppb was obtained in detection of small
molecules such as 4-mercaptopyrine.

Wang et al.!® demonstrated the feasibility of detect-
ing hydrocortisone in cosmetics using a novel CdSe@CdS
quantum dot-based competitive fluoroimmunoassay with
magnetic core—shell Fe;O,@Au NPs as solid carriers.
The analyte concentration was quantified by measuring
the fluorescence intensity of the unbound hydrocortisone
antigen-QDs conjugates. It was observed that with increas-
ing concentrations of hydrocortisone (0.5 to 15000 pg/mL
range), the fluorescence intensity was increased. It was
shown that the detection limit of hydrocortisone by the test
was as low as 0.5 pg/mL.

Very recently, our group'® reported a rapid, sensi-
tive, and inexpensive qualitative approach to detecting
neosporosis based on photoluminescence (PL) enhance-
ment between QDs (CdTe NPs) and a unique form of spiky
nanoparticles (SNP). We prepared anti-bovine IgG func-
tionalized SNPs, and a conjugated structure between QDs
and a recombinant N. caninum protein that was expressed
by silkworms. They bound easily when their common
complementary target, anti-Neospora antibodies (ANABs)
in bovine serum, was present. Binding was monitored by
the PL enhancement of CdTe NPs in the PL spectrum that
resulted from localized surface plasmon resonance (LSPR)
of SNPs. Figure 11(C) shows the SNP-CdTe nanocom-
posite that was used to detect ANABs in bovine serum.
The fluorescence intensity of samples from infected and
healthy cattle were compared, and significant differences
in intensity were found. The SNP-QD sandwich nanocom-
plexes remained in the solution, and their optical properties
allowed for easy quantification using fluorescence spectra.
More than 52% emission enhancement on the surface of
the SNPs was attained compared with the CdTe NPs and
the results were reproducible. Furthermore, the biosensor
was suitable for qualitatively analyzing ANABs in blood
serum. The ease of operation of this system and its gen-
erality offer specific advantages over other immunoassay
methods.

Electrochemistry Sensor

With the development of nanoscience and nanotechnol-
ogy, the combination of various nanoscale materials with
enzymes or proteins became possible and may lead to
the development of multifunctional nanoassembly systems
with simultaneous novel electronic properties. The integra-
tion of the technologies will, without a doubt, result in the
development of ultrasensitive biosensors relevant to diag-
nostics, therapy, and controlled drug delivery in the field of
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health care. Biomolecule-immobilized sensors have found
various important applications in many fields such as clini-
cal lab testing, fermentation processes, and pollution mon-
itoring. Within the biosensor research field, the technology
based on immobilization of a biomolecule onto an elec-
trode has been stimulating active research because of its
reliability, sensitivity, accuracy, ease of use, and a low cost.

A novel dopamine sensor was fabricated by -creat-
ing 6-ferrocenylhexanethiol (HS[CH,],Fc)-functionalized
Fe;O,@Au NP films on the surface of a carbon paste elec-
trode with the aid of a permanent magnet.'*! HS(CH,),Fc,
which acted as the redox mediator, was self-assembled
into Fe;O,@Au NPs via an Au—S bond. The pre-
pared ferrocene-functionalized Fe;O,@Au NP composite
shuttled electrons between an analyte and the electrode,
increased the mediator loading, and prevented the leak-
age of the mediator during measurements. The electroox-
idation of dopamine could be catalyzed by the Fc/Fc™
couple as a mediator and had a higher electrochemical
response due to the unique performance of Fe;O,@Au
NPs. The nanocomposite-modified electrode exhibited a
fast response (3 s) and the linear range was from 2.0 x 10~°
t0 9.2 x 107* M with a detection limit of 0.64 uM. This
immobilization approach effectively improved the stabil-
ity of the electron transfer mediator and is promising for
construction of other sensors and bioelectronic devices.

The magnetic core—shell Fe;O,@Au NPs attached to
the surface of a magnetic glassy carbon electrode (MGCE)
were applied to the immobilization/adsorption of myo-
globin (Mb) for fabricating a Mb/Fe;0,@Au biofilm.'®!
The resultant Fe;O,@Au NPs not only have the mag-
netism of Fe;O, NPs that make them easily manipulated
by an external magnetic field but also have the good con-
ductivity and excellent biocompatibility of an Au layer
which can maintain the bioactivity and facilitate the direct
electrochemistry of Mb in the biofilm (Fig. 12). The mod-
ified electrode based on this Mb/Fe;O,@Au biofilm dis-
plays good electrocatalytic activity to the reduction of
H,0O, with a linear range from 1.28 to 283 uM. The pro-
posed method simplified the immobilization methodology
of proteins and showed the potential application to fabri-
cation of novel biosensors and bioelectronic devices.

Gan et al.'®? have successfully designed a multienzyme
labeling Fe;O,@Au strategy as part of a signal amplifi-
cation procedure and demonstrated its use in ultrasensi-
tive, selective, and accurate quantification of a-fetoprotein
(AFP) by means of an electrochemical immunoassay.
Greatly amplified sensitivity is achieved using bioconju-
gates where horseradish peroxidase and Ab, are linked to
Fe;O,@Au at a high HRP/Ab, ratio for replacement of
singly labeled secondary antibodies. The results demon-
strated that an immunosensor based on this amplification
strategy has a good dynamic range from 0.005 to 10 ng/mL
and a good detection limit of 3 pg/mL for AFP.

The as-prepared Fe;O,—Au hybrid NPs, which com-
bine the merits of magnetic materials and gold, were
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Figure 12. Amperometric responses of the Mb/Fe;O,@Au/
MGCE at —0.35 V to successive addition of H,0, in a stirred
0.1 M PBS (pH 6.98); Inset: (Left) Cyclic voltammograms of the
Mb/Fe,0,@Au/MGCE in 0.1 M pH 6.98 PBS containing 0 (a),
15 (b), 50 (c), and 100 uM (d) H,0, at 100 mV s~'. (Right) Plot
of chronoamperometric current versus H,0, concentration.
Reprinted with permission from [161], J. D. Qiu, et al., Syn-
thesis and characterization of ferrocene modified Fe,O,@Au
magnetic nanoparticles and its application. Biosens. Bioelec-
tron. 24, 2649 (2009). © 2009, Elsevier.

successfully employed for the first time in the dual-mode
detection of carcinoembryonic antigen (CEA) via electro-
chemical and surface-enhanced Raman scattering (SERS)
methods.'®* Both methods make clever use of Fe;0,~Au
NPs and can accurately verify the presence of antigens.
In particular, the electrochemical immunosensor detection
has a wide linear range (0.01-10 ng/mL) of response with
a good detection limit (10 pg/mL), whereas the SERS
method responds to even lower antigen concentrations with
a wider detection range.

To sum up, the highlights of the developed electrochem-
ical biosensor using MFMP NPs are: Fe;O0,@Au as an
enzyme-loading carrier can load many enzyme molecules
on each Fe;O,@Au NP, thus enhancing the sensitivity
of the biosensor; using Fe;O,@Au as signal enhancers
facilitates rapid separation and purification of the signal
antibody on an external magnetic field; after each detec-
tion, the biosensor can be easily regenerated by applying
an external magnetic field. The electrochemical biosensors
using magnetoplasmonic NPs have high sensitivity, good
reproducibility, stability, and accuracy.

Surface Plasmon Resonance Biosensors

A surface plasmon resonance (SPR) biosensor could be
applied to label-free detection of a biomolecule at the
metal layer surface, such as Au or Ag.'** Owing to many
advantages such as real-time, label-free and nondestructive
detection, the SPR biosensor has been applied to studies of
various interaction partners, including proteins,'® nucleic
acids,'*® hormones,'®” cells,'® and especially antigens.'®’
The method for immobilizing biomolecules on the surface

J. Biomed. Nanotechnol. 10, 2921-2949, 2014

of a biosensor chip is crucial for enhancing the sensitivity
of an SPR biosensor and for simplifying the immunoas-
say procedures. The biomolecules have been immobilized
on sensor surfaces by means of various techniques, such
as sandwich assays, the avidin-biotin system, the label-
ing of inorganic NPs, and a chemical bond.'™ In most of
these methods, a protein is immobilized on the surface of
a biosensor using a chemical method. The magnetic NPs
have great advantages in the immobilization of proteins on
the SPR biosensor.'”" 172 Compared to traditional antibody
immobilization on the sensing film, there is no covalent
link between the biosensor chip surface and the antibody.
With the magnetic property and good biocompatibility, the
Fe;0,—Au nanocomposites could be an excellent candidate
as a carrier for protein immobilization. The conjugates of
Fe;0,—Au nanocomposites with an antibody can be made
on the surface of the biosensor by means of a magnetic
pillar easily. With the exceptional optical properties, the
Fe;O,—Au nanocomposites can play a major role in the
enhancement of sensitivity of the biosensor.

Small molecules or analytes present at low concentra-
tions are difficult to detect directly using conventional SPR
techniques because only small changes in the refractive
index of the medium are typically induced by the binding
of these analytes. Recently, Liang et al.!”® presented an
amplification technique using core—shell Fe;O,@Au NPs
for an SPR bioassay. To evaluate this amplification effect,
a novel SPR sensor based on a sandwich immunoassay
was developed to detect AFP by immobilizing a primary
AFP antibody (Ab,) on the surface of a 3-mercapto-
1-propanesulfonate/chitosan-ferrocene/Au NP (MPS/CS-
Fc/Au NP) film, employing Fe;O,@Au-AFP secondary
antibody conjugates (Fe;0,@Au—Ab,) as an amplification
reagent. A calibration curve of the Fe;O,@Au—Ab, con-
jugate amplification for AFP detection was shown to yield
a linear correlation in the range of 1.0-200.0 ng/mL with
a detection limit of 0.65 ng/mL. A significant increase
in sensitivity was therefore achieved by means of the
Fe;O,@Au-Ab, conjugate as an amplifier. This mag-
netic separation and amplification strategy have a great
potential for the detection of other biomolecules of inter-
est with low interference and high sensitivity by chang-
ing the antibody label used in the Fe;O0,@ Au-antibody
conjugates.

Wang et al.'”* reported that the core-shell Fe;0,@Au
NPs modified with 3-mercaptopropionic acid (MPA) were
prepared and applied to the SPR biosensor. For their mag-
netic and exceptional optical properties, the Fe;O,@Au
NPs were used as the solid support for the goat anti-
human IgM, which was immobilized on the surface of
the SPR biosensor chip by means of a magnetic pillar.
This novel method of immobilization of goat anti-human
IgM simplified experimental procedures and facilitated the
regeneration of the sensing membrane. As a result, the
SPR biosensor exhibits a satisfactory response to human
IgM in the concentration range of 0.30-20.00 wg/mL.
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Increasing the NP diameter further enhances the sensitivity
of the SPR biosensor.

A novel nanocomposite Fe;O,—~Au NR was prepared
and used as a substrate in an SPR biosensor to detect
goat IgM.'” The nanocomposites exhibit both magnetic
and exceptional optical properties, which are useful for
antibody immobilization and for the sensitivity of detec-
tion. Moreover, the Au NR shows 2 plasmon resonance
wavelengths defined as transverse mode and longitudi-
nal mode, and the longitudinal plasmon wavelengths are
more sensitive to the changes in the dielectric properties of
the surroundings. In the optimal conditions, the biosensor
based on Fe;O,—Au NR nanocomposites exhibits a satis-
factory response to goat IgM in the concentration range of
0.15-40.00 wg/mL.

Bioseparation

The biotechnologies today allow proteins to be expressed
easily, whereas purification of a low-abundance protein
is still a difficult procedure. The development of meth-
ods for enrichment and purification of proteins, especially
low-abundance proteins, is currently a hot topic. Many
target proteins are usually expressed with a tag for affin-
ity separation, and histidine-tagged (His-Tag) fusion pro-
teins are preferably considered for protein preparation. The
custom-made products can be conveniently purified using
metal chelate affinity chromatography (MCAC) based on
the formation and disassociation of the coordination bonds
between the 6 consecutive histidine residues (6 x His) and
Ni**-nitrilotriacetate complex (NTA-Ni*") under certain
conditions.'’*!'”® The MCAC method is universal: simple
in the chemical structure of coordination group and suit-
able for mild separation conditions; nevertheless, it also
has shortcomings such as its tedious operation, low protein
binding capacity, and lower efficiency for low-abundance
proteins. Magnetic NPs exhibit unique superiority in sep-
aration and analysis because of their highly specific sur-
face area, good solubility, and magnetic manipulability.
With the development of magnetic NP-based biosepara-
tion and analytical techniques,’**' magnetic NPs have
been used successfully to enrich and separate histidine-
tagged proteins. The protein-binding efficiency for MCAC
with magnetic NPs is much higher than that for microm-
eter scale packing, with a remarkable decrease in nonspe-
cific adsorption of proteins.!” Magnetic NPs, however, are
prone to aggregation and are surface unstable, and even
able to lose magnetism when used in complicated sys-
tems; these problems limit their applications. Therefore,
it is worth exploiting higher enrichment and separation
efficiency and the better detection limit of magnetic NPs
used in bioseparation.

Gold NPs have been widely applied to biosensing and
immunoassays'®-132 because they have good biocompat-
ibility, chemical stability, and special optical properties
and are easy to biofunctionalize. Au NPs can be read-
ily functionalized with thiol groups, for example, using

2938

MPA. The Au NPs modified with MPA have been widely
used to bind to proteins.'®3 Nonetheless, the Au NPs also
have a shortcoming. When Au NPs are used in the sepa-
ration of proteins from a sample solution, multiple rounds
of centrifugation are usually required, which is tedious
and time consuming. Therefore, MFMP nanomaterials are
becoming more and more popular for their integration
with magnetomanipulability, stability, and biocompatibil-
ity. The MFMP nanomaterials facilitate applications of
both gold and magnetic NPs in biology.*7!:77- 184186 §ome
MFMP nanomaterials have been used successfully to sep-
arate proteins. Bao et al.”' synthesized Fe,0;@Au core—
shell NPs and used them for antigen separation and for
an immunoassay coupled with surface-enhanced Raman
scattering (SERS). Park et al.'"® prepared Fe;O, @ Au NPs
using thermal processing, with the particle size and the
shell thickness being controllable, and used the result-
ing NPs for immunoseparation with SERS detection. Bao
et al.** fabricated Au-Fe;O, NPs by means of chemical
bonding, which were successfully used for protein sepa-
ration. Xie et al.'"¥” prepared biofunctionalized magnetic
Fe;0,@Au-NTA-Ni*" NPs by modifying Fe;0,@Au
with MPA followed by conjugating with NTA and chelat-
ing to Ni**. Furthermore, maltose-binding protein (MBP)
was enriched and separated directly from the mixture of
lysed cells with these NPs. Magnetic Fe;O,@Au-NTA—
Ni** NPs have been successfully assembled using MPA to
modify Fe;O,@Au followed by conjugation of NTA and
chelating of Ni?*, resulting in biofunctionalized magnetic
Fe;0,@Au-NTA-Ni** NPs with strong affinity for His-
Tag fusion proteins. These magnetic NPs can efficiently
capture, enrich, and purify the MBP directly from the cell
lysate.

Liu et al.? tested applicability of Fe;0,@Au core—shell
NPs as a vehicle for biomedical applications such as cell
separation. Streptavidin-fluorescein isothiocyanate (STA-
FITC) was conjugated to the surface of the Fe;O,@Au
NPs using a carbodiimide activation protocol (Fig. 13).
These NPs were further tested for their ability to bind
CD4* T lymphocytes, which were bound to biotin-labeled
anti-CD4 mAbs and isolated from the spleen of C57BL/6
mice. The Fe;O,@Au NPs successfully pulled down
CD4* T lymphocytes from the whole splenocytes with
high specificity. Therefore, these NPs provide an efficient
tool for the cell separation process and further present
the dramatic potential to be applied to other areas of
biomedicine including diagnosis, monitoring, and treat-
ment of human diseases.

The bioconjugation of Fe;O,@Au NPs makes them
into carriers of various biomolecules such as DNA, anti-
bodies, and enzymes, which therefore can be used as
biorelated functional materials in bioanalytical chemistry,
such as affinity extraction and biosensors.!®® The pos-
itively charged protein (e.g., antibody or enzyme) can
be immobilized on the surface of Fe;O,@Au NPs via
physical adsorption,' but the stability of the adsorbed
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Figure 13. (A) A flow chart of the synthesis of a Fe;O0,—Au-straptavidin-FITC nanosystem (Fe;0,—Au-STA-FITC). (B) A fluores-
cent image of streptavidin-FITC-linked Fe,0,—Au core-shell nanocrystals. Reprinted with permission from [2], H. L. Liu, et al.,
Synthesis of streptavidin-FITC-conjugated core-shell Fe;O,—Au nanocrystals and their application for the purification of CD4+

lymphocytes. Biomaterials 29, 4003 (2008). © 2008, Elsevier.

protein may be a challenge when used in complex biolog-
ical samples. This problem can be solved by covalently
immobilizing the antibody on Fe;O,@Au NPs coated
with a protein-coupling agent,'®® but accessibility of the
antigen to the binding sites may be sterically hindered
because the antibody is randomly immobilized and the
length of the intermediate linker is relatively small. In the
work of Zhang’s group, half-IgG of antiepitestosterone
(17a-hydroxy-4-androsten-3-one, abbreviated as ET) mon-
oclonal antibodies were immobilized on Fe;O0,@Au NPs
through Au—S bonds and successfully applied to pseu-
dohomogeneous immunoextraction,'®® but the preparation
of half-IgG from anti-ET mAbs was complicated and time
consuming. Therefore, Zhang’s group'®! developed an effi-
cient, economic, and simple new method for nanoparti-
cle bioconjugation recently. In their work, an anti-CD3
monoclonal antibody is bioconjugated to the surface of
Fe;O,@Au NPs in specific orientation, through affinity
binding between the Fc portion of the antibody and pro-
tein A that was covalently immobilized on the NPs. The
oriented immobilization method was performed to com-
pare its efficiency of cell separation with the nonoriented
one, in which the antibody was directly immobilized onto
the carboxylated NPs surface. Results showed that the
oriented bioconjugated Fe;O,@Au NPs successfully pull
down CD3* T cells from the population of whole spleno-
cytes, with high efficiency of up to 98.4%, showing a more
effective cell capture nanostructure than that obtained with
the nonoriented strategy. The novel strategy for the synthe-
sis and oriented bioconjugation of Fe;O,@Au NPs offers
an efficient tool for cell separation, and may be applied to
various fields of bioanalytical chemistry for in vitro diag-
nosis, affinity extraction, and biosensing.

Multimodal Imaging
Noninvasive imaging of cancer with various modalities
to examine a tumor’s anatomical structure as well as its
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metabolism and biochemistry is crucial for early detec-
tion of cancer and for early and accurate localization. !> 13
Existing clinical imaging modalities include computed
tomography (CT), magnetic resonance imaging (MRI),
positron emission tomography (PET), optical fluorescence,
and ultrasound imaging.'* Each of them possesses char-
acteristic strengths and weaknesses, but none of them is
capable of providing complete structural and functional
information independently from or superior to all other
methods.!®> 1% Thus, it is worthwhile to integrate the
strengths of individual modalities to acquire comprehen-
sive information and improve early and accurate detec-
tion of tumors. On the one hand, detection with several
imaging modalities needs injection of various contrast
agents, which is time consuming and inconvenient for
patients. In addition, different contrast agents may interfere
with one another. The emergence of multimodal contrast
agents that are capable of generating contrast in different
ways by means of several components will solve these
problems.'”*> They need to be injected only once to
complete various imaging modalities. Therefore, multi-
modal contrast agents can avoid or reduce the mutual inter-
ference arising in a mixture of different contrast agents.
Recently, various types of hybrid NPs have been used
for multimodal imaging.?*2°2 Hybrid NPs, incorporat-
ing several components into a single nanostructure sys-
tem, integrate the strengths of individual components. The
hybrid NPs are usually constructed by combining the
components of various NPs or by modifying the single-
component NPs with some other materials, which is an
ideal multimodal contrast agent. Two or more imaging
components are encapsulated into a silicon nanoshell,
lipid, or some other organic compound.?®*-2% Fluorescent
dyes or some other molecules used for imaging are mod-
ified on the surface of nanoparticles.?’”-2% Two or more
kinds of NPs are connected via covalent or noncovalent
linkage.> 1% Multimodal contrast agents that are formed by
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encapsulating multiple NPs together have short circulation
time in the blood stream because of their large particle
diameters.?”” Moreover, the hybrid NPs constructed using
noncovalent linkage are not stable enough.

The MFMP nanomaterials (Fe,O,—Au NPs) are hybrid
NPs with the gold shell directly deposited onto the iron
oxide core. Compared to the majority of the existing mul-
timodal contrast agents, a hybrid NP has stable structure,
a controlled particle size, and smooth surface. In addi-
tion, it has complementary advantages for various biomed-
ical applications because of the functioning of both the
Fe;0, core and gold shell. Fe;O, NPs have been used for
various biomedical applications, such as MRI, magnetic
separation, and microwave-induced thermoacoustic imag-
ing because of their strong absorption of microwaves.** 21
Au NPs have been extensively used in biological applica-
tions due to their biocompatibility and absorption proper-
ties, which make them good contrast agents for CT and
photoacoustic imaging. Their rich history of surface chem-
istry can also be used for subsequent treatment with some
useful chemical or biological molecules. Consequently,
magnetoplasmonic nanomaterials have potential uses as
a multimodal contrast agent for MRI, CT, microwave-
induced thermoacoustic or photoacoustic imaging, and
magnetomotive photoacoustic imaging.?!!*2!>2 When conju-
gated with a fluorescent dye, they can also be used for
fluorescence imaging, which has much higher sensitivity
than do the above-mentioned imaging modalities. With the
magnetoplasmonic nanomaterials, physicians can identify
a specific location of a tumor in the body before a surgi-
cal procedure, by means of MRI, microwave-induced ther-
moacoustic imaging or photoacoustic imaging, and then
use fluorescence imaging to find and remove all parts of
the tumor during the operation.

Multimodal imaging based on complementary detection
principles has a great potential for improving the accuracy
of tumor diagnosis. Fe;O,@Au NPs can be used as an
effective multimodal contrast agent because they combine
the advantageous and complementary features of the Fe;O,
core and a gold shell. Recently, Zhou et al.?'* developed a
novel Fe;O,@Au NP-based probe for targeting and mul-
timodal imaging of cancer cells. The potential use of the
prepared Fe;O,@Au NPs as a multimodal contrast probe
for MRI, microwave-induced thermoacoustic imaging and
photoacoustic imaging was then evaluated. When conju-
gated with a cancer cell-targeting molecular and fluores-
cent dye, the Fe;O,@Au NPs can be internalized by the
corresponding cancer cells selectively, and sensitive fluo-
rescence imaging is implemented at the same time. The
biomodified Fe;O,@Au NPs incorporating multiple func-
tionalities into a single nanostructured system can be used
for effective targeting and simultaneous multimodal imag-
ing of cancer cells.

Cai et al.’* reported a facile approach for fabrica-
tion of Fe;O,@Au nanocomposite particles (NCPs) as a
dual-mode contrast agent for both MRI and CT imaging
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applications. The resulting Fe;O,@Au NCPs are col-
loidally stable and hemo- and biocompatible in the given
concentration range (0-100 wg/mL). The relatively high 2
relaxivity (71.55 mM~'-s7!) and enhanced X-ray attenu-
ation properties—compared to either uncoated Fe;O, NPs
or dendrimer-entrapped gold NPs (Au DENPs)—afford the
novel Fe;O,@Au NCPs a capacity not only for dual-mode
CT and MR imaging of cells in vitro but also for MR
imaging of liver and CT imaging of subcutaneous tissues
in vivo. With the facile integration of both Fe;O, NPs and
Au DENPs within 1 particle system via the layer-by-layer
assembly technique and dendrimer chemistry, the result-
ing Fe;O,@Au NCPs are expected to be further modified
with multifunctionality for multimode imaging of various
biological systems.

Contrary to the routine chemical processes for prepar-
ing Fe;0,—Au hybrid NPs, Narayanan et al.?! reported an
environmentally friendly (green) method involving a well-
known polyphenol from grapes, viz., grape seed proan-
thocyanidin (GSP), to simultaneously aid reduction and
stabilization of the nanohybrids at room temperature dur-
ing a completely aqueous synthesis route. MRI and mag-
netization studies revealed that the Fe;O, component of
the hybrid provides superparamagnetism, with dark T,
contrast and high relaxivity (124.243.02 mM~'-s7").
PCT imaging demonstrated good X-ray contrast, which
can be attributed to the presence of the nanogold compo-
nent in the hybrid. Considering the potential application

Figure 14. DIC images of human mesenchymal stem cells
(hMSCs) taken under a confocal microscope. (A)—(C) Serial
optical sections of hMSCs showing hybrid nanoparticles dis-
tributed in the cytosol after uptake. (D) A low-magnification
DIC image of hMSCs showing nanoparticle uptake, and
(E) Prussian blue staining of hMSCs showing the uptake of
hybrid nanoparticles as a blue stain. The arrowhead indicates
magnetite nanoparticles stained with Prussian blue. Reprinted
with permission from [215], S. Narayanan, et al., Biocompatible
magnetite/gold nanohybrid contrast agents via green chem-
istry for MRl and CT bioimaging. ACS Appl. Mater. Interfaces
4, 251 (2011). © 2011, American Chemistry Society.
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of this bimodal nanoconstruct for stem cell tracking and
imaging, the compatibility studies on human mesenchymal
stem cells (hMSCs) were carried out, wherein the authors
assessed cell viability, apoptosis, and intracellular reac-
tive oxygen species (ROS) generation due to the particle-
cell interaction. The material shows good biocompatibility
even at high concentrations (500 wg/mL) and incubation
up to 48 h, with no apoptotic signals or ROS generation.
Cellular uptake of the nanomaterials was visualized using
confocal microscopy and Prussian blue staining (Fig. 14).

Therapeutics

As reported during the past decade, plasmonic Au NPs and
superparamagnetic iron oxide NPs are promising therapeu-
tic agents.?'®22 If clinical trials are successful, these NPs
may be used as targeted therapeutic agents in photother-
mal therapy. Au NPs of different sizes and shapes with
optical properties tunable in the NIR region are useful for
cancer imaging as a result of their high transmission rate
through biological tissues.??**? On the other hand, iron
oxide NPs have been used as contrast agents in MRI and
biological separation.??*>32 In addition to its biocompati-
bility, negligible toxicity, and the ability to generate high

temperatures at a desired site, the use in the early detection
and therapeutic challenges of cancer perhaps is the most
promising feature of nanotechnology therapeutics based on
plasmonic gold.'?2**23* Similarly, MNPs can also mediate
localized hyperthermia effects in the presence of a strong
magnetic field.> 2327 As a result, the integration of mag-
netic and plasmonic functions into a single platform such
as a magnetic core with a plasmonic shell would be helpful
for cancer nanomedicine. Plasmonic gold coating on mag-
netic NPs is useful for stabilizing high-magnetic-moment
NPs in corrosive biological conditions. It will also allow
for easy bioconjugation through the well-developed chem-
istry of Au—S.3%-94:238

In recent years, many research efforts were focused
on developing novel gold nanostructures to achieve sur-
face plasma resonance in the NIR region. Halas and
coworkers developed 10-nm-thick gold nanoshells coat-
ing 110 nm diameter silica cores with a NIR absorption
peak. Those authors demonstrated the use of these NPs in
photothermal ablation of cancer cells and cancer tissue.>*
Wang et al. prepared Fe;O,@polymer@Au shell-core—
shell nanostructures using NH,OH reduction and seed-
induced growth methods and found that the composites

Figure 15. (A) Bright-field inverted microscopy images of aptamer-conjugated magnetic/plasmonic nanoparticles attached to SK-
BR-3 breast cancer cells after irradiation with 670 nm light at 2.5 W/cm? for 7 min followed by staining with trypan blue. (B) Bright-
field inverted microscopy images of SK-BR-3 cells alone after irradiation with 670 nm light at 2.5 W/cm? for 10 min followed
by staining with trypan blue. (C) A plot showing cell viability when S-6 aptamer-conjugated magnetic/plasmonic nanoparticles
attached to SK-BR-3, MDA-MB, and HaCaT cells were activated using 670 nm light at 2.5 W/cm? for 20 min. (D) A plot showing cell
viability when S-6 aptamer-conjugated magnetic/plasmonic nanoparticles attached to SK-BR-3 and HaCaT cell mixtures (1:0.01)
were activated with 670 nm light at 2.5 W/cm? for 20 min. Reprinted with permission from [243], Z. Fan, et al., Multifunctional
plasmonic shell-magnetic core nanoparticles for targeted diagnostics, isolation, and photothermal destruction of tumor cells.

ACS Nano 6, 1065 (2012). © 2012, American Chemistry Society.
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display magnetization and near-IR absorption.?*® Guo
et al. have synthesized Fe;O,/Au hybrid nanostructures
by means of 3-aminopropyltrimethoxysilane as a linker
to adsorb Au nanoparticles, which also displayed near-IR
absorption.?*! El-Sayed and coworkers have demonstrated
that gold nanorods 20 nm in diameter and 78 nm in length
have a longitudinal absorption mode in the NIR region and
can also serve as a photothermal therapeutic agent.*’ The
anti-HER2/neu-linked magnetic gold nanoshell fabricated
by Hyeon et al.**? for example, is a promising modality for
targeted MRI and NIR photothermal therapy for cancer.

Fan et al.**® reported the development of a MFMP
core—shell nanotechnology-driven approach for the tar-
geted diagnosis, isolation, and photothermal destruction
of cancer cells. The aptamer-conjugated MFMP NPs can
be used for targeted imaging and magnetic separation
of a particular type of cells from a heterogeneous mix-
ture of cancer cells (Fig. 15). A targeted photothermal
experiment using 670 nm light at 2.5 W/cm? for 10 min
resulted in selective irreparable cellular damage to most
of the cancer cells. This aptamer-conjugated MFMP NP-
based photothermal destruction of cancer cells was shown
to be selective. The elegant multifunctional materials in
biological systems inspire scientists to design analogous
hierarchical structures with multifunctional capabilities
characterized by surface-associated functions such as sens-
ing, separation, and selective therapy.??"-2?*2* Multifunc-
tional material development is a key multidisciplinary and
interdisciplinary field of the 21st century for biomedical
imaging and novel therapeutics.?'¢-2!8

Huang et al.>* demonstrated that gold-nanoshell mag-
netic nanoeggs with surface-immobilized vancomycin
(Van-Fe;0, @ Au) are effective photothermal agents for the
selective killing of pathogenic bacteria by means of illu-
mination with NIR light. The temperature of a suspen-
sion of Van-Fe;O,@Au rises from 23 to approximately
55 °C during 3 min of illumination by NIR light. The
cell growth of nosocomial pathogenic bacteria, includ-
ing antibiotic-resistant strains, is targeted by the Van-
Fe;O,@Au nanoeggs and can be effectively inhibited.

Ren et al.>*® demonstrated a facile method for synthe-
sis of Fe;O,@Au NPs with biocompatibility via a self-
assembly approach. The as-synthesized nanocomposites
with average diameters of ca. 70 nm exhibit good bio-
compatibility, magnetic response, and optical properties.
The Fe;O,@Au NPs can effectively convert NIR laser
energy into heat. The sudden temperature increase leads
to hyperthermia, rapidly causing cell death. Therefore,
the fine-structured Fe;O,@Au NPs hold a great poten-
tial as a substrate of photothermal therapy with NIR laser
irradiation.

SUMMARY AND PERSPECTIVE

Multifunctional magnetoplasmonic (MFMP) nanomateri-
als are proven platforms for biomedical applications due
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to their excellent surface chemistry and special optical and
superparamagnetic properties. Several methods for synthe-
sis of MFMP NPs with varied morphology have evolved
in the past few decades. The multifunctional surfaces of
MFMP NPs allow for rational conjugation of various bio-
logical and therapeutic molecules of interest. In the future,
the ability to functionalize surfaces with molecules of
varying nature and dimensions based on their means of
attachment to cells—as well as the potential to shape the
nanosurface physically, chemically, and topographically—
will enable selective targeting of individual proteins and
peptides within biological systems. Advancing the under-
standing of the influence of MFMP particle size, control of
morphology, and the interfaces with cells is essential for
the future development of nanotechnology and its biomed-
ical applications. Such an interdisciplinary approach is
complicated, therefore effective collaboration of scientists
from different disciplines is necessary.
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