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arly detection and treatment of disease is the most important component of a favorable prognosis. Biomedical researchers

have thus invested tremendous effort in improving imaging techniques and treatment methods. Over the past decade,
concepts and tools derived from nanotechnology have been applied to overcome the problems of conventional techniques for
advanced diagnosis and therapy. In particular, advances in nanoparticle technology have created new paradigms for theranostics,
which is defined as the combination of therapeutic and diagnostic agents within a single platform. In this Account, we examine the
potential advantages and opportunities afforded by magnetic nanoparticles as platform materials for theranostics.

We begin with a brief overview of relevant magnetic parameters, such as saturation magnetization, coercivity, and
magnetocrystalline anisotropy. Understanding the interplay of these parameters is critical for optimizing magnetic characteristics
needed for effective imaging and therapeutics, which include magnetic resonance imaging (MRI) relaxivity, heat emission, and
attractive forces. We then discuss approaches to constructing an MRI nanoparticle contrast agent with high sensitivity. We further
introduce a new design concept for a fault-free contrast agent, which is a T1 and T2 dual mode hybrid.

Important capabilities of magnetic nanoparticles are the external controllability of magnetic heat generation and magnetic
attractive forces for the transportation and movement of biological objects. We show that these functions can be utilized not only
for therapeutic hyperthermia of cancer but also for controlled release of cancer drugs through the application of an external
magnetic field. Additionally, the use of magnetic nanoparticles to drive mechanical forces is demonstrated to be useful for
molecular-level cell signaling and for controlling the ultimate fate of the cell. Finally, we show that targeted imaging and therapy
are made possible by attaching a variety of imaging and therapeutic components. These added components include therapeutic
genes (small interfering RNA, or siRNA), cancer-specific ligands, and optical reporting dyes. The wide range of accessible features
of magnetic nanoparticles underscores their potential as the most promising platform material available for theranostics.

1. Introduction

Although cancer is one of the leading causes of death, treat-
ment options are limited and accurate diagnosis and prognosis
are difficult in many cases. Therefore, tremendous efforts in
biomedical research have been devoted to improving the
sensitivity and accuracy of the diagnosis with the aim of
early diagnosis and possibly better efficacy of the treatment
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methods. Recently, nanotechnology has served a new role in
biomedical sciences by providing a variety of nanotechnology
platforms.’ Nanoplatform materials are generally categorized
as either organic or inorganic materials. Typical organic plat-
forms include polymer—drug conjugates, polymeric micelles,
and dendrimers and are used primarily for drug delivery.
For example, Abraxane, nanoparticle albumin bound (nab)
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FIGURE 1. Magnetic nanoparticles are versatile platform materials
suitable for theranostics. Targeted imaging, thermal therapy, precise
drug release, and cell signaling controls are all possible.

paditaxel, is the first drug in this class approved by the United
States Food and Drug Administration (FDA) for breast cancer.®
With the advantages of increased drug efficacy and less toxicity,
now various organic nanoplatform drugs are being tested in
dlinical trials.® Compared to organic nanoparticles, inorganic
nanopatrticles have more diverse and distinct physical proper-
ties contingent to their size and composition.® In particular,
magnetic nanoparticles exhibit not only unique material prop-
erties but also an integrated design capability for cell targeting,
imaging, and therapy, which render them as ideal platform
materials for theranostics.* While iron oxide based magnetic
nanoparticles were first utilized as T2-MRI contrast agent, a
number of new magnetic variants have been introduced to
improve the signal sensitivity for better MRI diagnostics. In
addition, these nanoparticle platforms can accommodate other
complementary imaging modalities, therapeutic drugs, and
targeting ligands and then can achieve highly accurate imaging
and effective therapeutic goals. Moreover, the magnetic nano-
particle platforms can act as magnetic switches for molecular
level control of cell signaling and functions. In this Account, we
first provide a brief background on the physical parameters of
magnetic nanoparticles and then introduce design strategies for
magnetic nanoparticles as a platform for contrast agents to
achieve highly accurate and early MRI diagnosis. Not only will
we discuss the incorporation of conventional drugs and genes
with magnetic nanoplatforms for selective cell targeting and
drug delivery, but also further integration of new functions will
be discussed for mechanical actuation and manipulation of
drug release and control of cellular activities, which are impor-
tant to accomplish high efficacy therapeutics in a noninvasive
and remote fashion. The overall scheme of the theranostic
magnetic nanopatticles is given in Figure 1.
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2. Magnetism for Biomedical Studies

The characteristics of magnetic nanoparitcles are usually
measured by magnetization (M), coercivity (HJ), and magne-
tocrystalline anisotropy constant (K).> Saturation magne-
tization (M) is the maximum magnetization value of a
nanoparticle under a high magnetic field. Coercivity (HJ) is
the strength of the external magnetic field to make the
magnetization value of subjective nanopatrticles zero. The
zero coercivity of a superparamagnetic nanopatticle is
essential for biomedical studies where no residual magnetiza-
tion is critical in preventing their coagulation and sustaining
a long period of circulation in the body. Magnetocrystalline
anisotropy is the tendency of the magnetization to align
itself along a preferred crystallographic direction of easy
axis. The magnetocrystalline anisotropy constant (K) is
a physical constant which reflects the energy required
to change the direction of magnetization from easy to
hard axis.

Table 1 summarizes the relationship of magnetic param-
eters to magnetic resonance imaging (MRI) sensitivity,
heat generation, and magnetic attraction force. Under ex-
ternal magnetic field, magnetic nanoparticles generate a
secondary magnetic field, which can cause a faster relaxa-
tion time (T2) of the protons in the water molecules. The
transverse relaxation rate (R2), which is defined as 1/72 and
the sensitivity indicator of the MRI contrast agent for T2
imaging, is shown in eq 1. Graphs (a) and (b) predict that a
high M and large particle size (1) are necessary for a higher
R2. Not just only for imaging contrast enhancements, mag-
netic nanoparticles can perform as an energy transfer med-
iator and as a mechanical force vector. Through repeated
alignments of magnetic spins and relaxations via Néel (spin
rotation) and Brownian (particle rotation) processes in re-
sponse to the alternating magnetic field, thermal energy can
be dissipated from the magnetic nanoparticles. The gauge of
such a property is known as the specific loss power (SLP)
which is measured as the initial temperature rise of the
nanoparticle solution per unit volume or mass. SLP is de-
pendent on the volume, M, and K (eqs 2 and 3 in Table 1).
While the SLP value can have a maximum point at a certain
particle size () and K (graph (d) in Table 1),° it is proportional to
M (graph (e) in Table 1).>” The typical SLP value of iron-
oxide-based magnetic nanoparticles ranges from 100 to
500 W/g, which s still low and needs to be improved upon
for successful clinical trials.?

The magnetic manipulation of nanoparticles as transla-
tional vectors can be uniquely important in their biological
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TABLE 1. Functional Properties of Magnetic Nanoparticles
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9T2, transverse relaxation time; y, proton gyromagnetic ratio; Ms, saturation magnetization; V*, nanoparticle volume fraction; r, nanoparticle core radius; D, diffusivity
of water molecule; L, thickness of surface coating; SLP, specific loss power; uo, vacuum permeability; H, magnetic field strength; p, density of particle; L(£), Langevin
function; o, angular frequency; t, relaxation time; K, magnetic anisotropy constant; k, Boltzmann constant; V, particle volume; #, viscosity of solution; F,, force

experienced by a particle; B, magnetic field intensity.

applications such as drug delivery®® and mechanical cell
signaling.°° The attractive force that can be exerted to the
magnetic nanoparticles by an external field is given by eq 4
in Table 1 where high magnetization and larger size are
necessary to ensure a strong attractive force (graphs (f), (g)).
However, the size of the magnetic nanoparticles should
remain small enough to be within the regime of the
superparamagnetism.

3. Magnetic Nanopatrticles for Imaging
Diagnostics

Early and accurate diagnosis of diseases or biological targets
is very important because the treatments are simpler and
more effective when diagnosed at an early stage. Unfortu-
nately, many types of cancers such as pancreatic cancer are
still very difficult to detect until their later stages. Due to high
imaging contrast effects, magnetic nanopatrticles can in-
crease the difference between pathogenic targets and nor-
mal tissues via MRI. The relaxivity coefficient (r2) of contrast
agents can be tuned and further enhanced by engineering
magnetic parameters. We first describe an approach known
as magnetic spin modulation to increase r2. Since MRI
sensitivity alone is not perfect for early diagnosis, a new
methodology for achieving higher accuracy in the diagnosis
is equally important. Most MRI inaccuracy comes from

various artifacts present in physiological conditions, such
as incomplete fat suppression, air bubbles in the blood-
stream, and calcification. These undesired artifacts are pre-
sent in the MR images of the targeted areas on many
occasions,'? and therefore, the development of the next
generational MR imaging agents is important. We introduce
a new design concept which is an “AND” logic T1/T2 dual
mode contrast agent which can significantly increase the
degree of accuracy in imaging diagnosis.

3.1. Magnetic Nanoparticles with High MRI Sensitivity.
To detect small sized pathogenic targets precisely at an early
stage, MRI contrast agents are often used to highlight those
specific areas of interest. One of the most effective ways to
increase the MR contrast effects is the optimization of
saturation magnetization (M) which is directly related to
the relaxivity coefficient (r2). The relaxivity coefficient (r2) is
determined by a slope of R2 against nanoparticle concen-
tration and occasionally used as an indicator for contrast
effects. The magnetism engineering of iron oxide nanopar-
ticles has already been reported where substitution of one of
the Fe ions with different magnetic atoms such as Mn can
increase the M. Here we describe even more pronounced
contrast effects are possible when nonmagnetic atoms re-
place the Fe ions."® The scheme for magnetic tunability of
Zn** doped ferrite nanoparticles is depicted in Figure 2.
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FIGURE 2. Zn-doped magnetic nanoparticles for strong MRI contrast effect. Low (a) and high (b) resolution TEM images of 15 nm (Zng 4Feq ¢)Fe204
nanoparticles. The inset shows the fast Fourier transform (FFT) pattern revealing its inverse spinel structure. () Undoped (x = 0) and Zn>* doped (x =
0.2, 0.4) magnetic spin alignment diagrams of inverse spinel-structured nanoparticles under magnetic field. (d) Graphs of M versus (Zn,M; _,)Fe>04
(M =Mn?" (red line), Fe*" (black line)) nanoparticles. T2-weighted MR images of (Zn,M; _,)Fe,0, are shown on the bottom. (€) Graphs of M, and r2

values of representative nanoparticles.

Transmission electron microscopy (TEM) images of 15 nm
(Zno 4Feg 6)Fe204 nanoparticles show the monodispersity
and single crystalline spinel structure (Figure 2a,b). By sub-
stituting Fe" in the T4 holes with nonmagnetic Zn>* (0 ug),
the antiparallel spin interactions between the magneticions
in the O, holes and T4 holes are reduced, which results in an
increase of the net magnetic magnetization of the nanopar-
ticles (Figure 2c). As shown in Figure 2d, Ms increases with
Zn** doping and becomes maximum with a Zn*" of 0.4
in (Zn,M; _,)Fe>04 (M=Mn?", Fe®") and then decreases. The
modulation of M values directly generates enhanced con-
trast effects where the relaxivity coefficient (r2) increases
significantly from less than 100 to almost 700 mM ' s~ as
seen Figure 2e. For example, for (Zng 4Mnq ¢)Fe>04 Nanopar-
ticles with a high M value of 175 emu/g-magnetic atom, the
12 reaches up to 676 mM~' s~ ! which is 6 times higher than
that of Feridex which is one of the most representative iron-
oxide based contrast agents.'?
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3.2. Design of Accurate MRI Contrast Agent: Is Fault-
Free MRI Possible? Conventional MRI contrast agents are
mostly effective only in a single imaging mode of either T1
or T2 and frequently suffer the ambiguities in diagnostics
especially for small biological targets. The combination of
simultaneously strong T1 and T2 contrast effects in a single
contrast agent can be one of the new breakthroughs, since it
can potentially provide more accurate MR imaging via self-
confirmation with better differentiation of normal and dis-
eased areas (Figure 3a). However, the realization of such
contrast has been challenging.'* Due to the strong magnetic
coupling between the contrast agents of T1 and T2 when
they are in proximity, the spin—Iattice relaxation processes
of T1 contrast materials is significantly diminished
(Figure 3b). One of the strategies to overcome such a
phenomenon is the inclusion of a separation layer to mod-
ulate their magnetic couplings. For example, micellar struc-
tures using organic block copolymers, inorganic porous
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FIGURE 3. Dual mode scheme for MRI for highly accurate imaging. (a)
DMCA is responsive with ON signals for a bright image in the T1 mode
and a dark image in the T2 mode, which renders self-confirmation
capability via overlay of the images. The MR images are added with
artificial drawings to demonstrate the concept of the dual mode contrast
agent. (b) Electronic spins of T1 contrast materials are affected by a
magnetic field from T2 contrast materials when they are in close
proximity. (c) Possible structures for a T1/T2 dual mode nanoparticle
contrast agent with separating layers. (d) Schematic and TEM image of
core—shell type DMCA [MnFe,0,@SiO>,@Gd>0(COs),].

materials such as MCM-48, and core—shell type inorganic
materials are possible frameworks for such a purpose
(Figure 3¢). Among these, we introduce a core—shell type
T1-T2 dual mode nanopatticle contrast (DMCA) agent,'®
where the T1 contrast material is positioned on the shell to
have direct contact with water for high T1 contrast effects
and the superparamagnetic T2 contrast material is located in
the core, inducing a long-range magnetic field for the
relaxation of water. Fifteen nm MnFe,O, is used as the T2
material and 1.5 nm Gd>O(COs), is coated as the T1 material
(Figure 3d). The two materials are separated by SiO,. By
adjusting the thickness of the SiO,, the magnetic coupling
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between T1 and T2 contrast materials is controlled
(Figure 4a,b). As the SiO, becomes thicker, T1 quenching
reduces and, concurrently, r1 increases while the decrement
of the T2 effects is relatively weaker (Figure 4b). When the
SiO, layer is 16 nm, both T7 and T2 contrast effects become
larger than the effects of the well-known single mode
contrast agents, Gd-DTPA and Feridex. Due to the simulta-
neously high T1 and T2 effect, DMCA can now be used
effectively to perform “AND” logic in MRI. In the T1 mode,
both DMCA and Gd-DTPA display bright “ON” signals while
water and Feridex display dark “OFF” signals. In the T2 mode,
DMCA and Feridex display dark “ON” signals while water and
Gd-DTPA display bright “OFF” signals (Figure 4c). Only the
DMCA possesses “AND” logic, which gives MRI a self-con-
firmation capability. Figure 4d shows MR images of a mouse
where 1 mm diameter tubings containing DMCA, Feridex, and
Gd-DTPA are implanted. Gd-DTPA and DMCA exhibit 30% and
35% T1-relaxivity change. In terms of T2-relaxivity change,
Feridex and DMCA show 35% and 72% relaxivity change,
respectively. Only DMCA displays high MR signals in both
T1 and T2 modes. Therefore, we can compare changes
between the pre- and postcontrast MR images and then
exclude any faulty signals. Since potential ambiguity of the
single mode contrast agent from artifacts present in vivo
can be eliminated, this study indicates that the dual-mode
contrast concept for MRI can bring about enhanced diag-
nostic accuracy.

4. Magnetic Nanoparticles as Smart Actuators
and Carrier Vectors for Therapeutics

As opposed to most other imaging agents, magnetic nano-
particles are unique in that these can be used as a means for
actuation such as heat generation and translational vectors
for spatial movements. These can be done remotely and
noninvasively. Here, we demonstrate four different cases.
Not only can magnetic nanoparticles be functional by them-
selves such as magnetic hyperthermia for cancer treatment,
but they can also be useful as a drug carrier and an actuator
for controlled drug release. Magnetically driven mechanical
forces can selectively be applied to control certain biological
functions to determine their cell growth or death. We show
that angiogenesis related cellular growth is possible using
magnetic nanoparticles as a remote mechanical actuator.
Lastly, these magnetic nanoparticles are highly effective
carrier platforms for both reporting and therapeutic pur-
poses by carrying various bioactive molecules such as genes
and imaging probes.'®
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FIGURE 4. T1-T2 dual mode nanoparticle contrast agent (DMCA). (a) TEM images of DMCA with variable separating layer thickness (4, 8, 12, 16, and
20 nm), having a fixed MnFe, O, core (15 nm in diameter) and a Gd,O(COs), shell (1.5 nm). (b) Graphs of T1 quenching, r1, r2 vs SiO5 thickness. (d) T1-
and T2-weighted MR images of DMCA [MnFe,0,@SiO>@Gd>0(COs),, SiO> = 16 nm|, Feridex, Gd-DTPA (diethyltriaminepentaacetic acid), and water.
(0 T1-and T2-weighted transverse MR images of a mouse where 1 mm diameter tubings containing DMCA, Feridex, and Gd-DTPA are implanted near
the abdomen. Only DMCA exhibits a simultaneously high signal in both T1 and T2.

4.1. Hyperthermia with Enhanced Performance. Mag-
netically induced heat generation from nanopatrticles can be
used for various purposes including disease therapy known
as hyperthermia. Such therapeutic capability is dependent
on the specific loss power (SLP). The strategy for enhancing
SLP has been important, since high SLP can bring better
efficacy with a lower dosage level of nanoparticles. Upon
exposure to the alternating external magnetic field, the
magnetic nanoparticles continuously emit heat via Néel
and Brownian pathways (Figure 5a). The hyperthermia
device consists of the RLC (resistor, inductor, and capacitor)
circuit causing the induction of an AC field with a frequency
of 100 kHz to 1 MHz and an amplitude of 10—50 KA/m. The
water-jacketed coil is usually used to cool down the coil
temperature (Figure 5b). As described in section 2, the SLP
values are proportional to the M, values but inversely
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proportional to the size distribution of the nanoparticles
(0). SLP values have a maximum point at certain particle size
and magnetocrystalline anisotropy constant (K). Therefore,
magnetic nanoparticles with high Mg values, an optimal
anisotropy constant (K), and high monodispersity are desir-
able for effective hyperthermia.

The nanoparticles that we described in the previous section
are Zn ion doped iron oxide nanoparticles (Zng sMng e)Fe;04
with a large M value of 175 emu/g-magnetic atom and high
monodispersity (o < 5%), and they seem to be promising
candidates for hyperthermia.'? In fact, the measured SLP value
of (Zno 4Mng g)Fe;04 is 432 W/g which is ~4 times larger than
that (115 W/g) of Feridex measured at 500 kHz and 37 kA/m
(Figure 5¢). The use of such magnetic nanoparticles with high
SLP indeed has high efficacy for hyperthermia in cancer cell
studies. Whereas only 13.5% of HeLa cancer cells die in the
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FIGURE 5. Magnetic nanoparticles for hyperthermia. (a) Néel and
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with an amplitude of 37 kA/m. (d) Percentage of HeLa cells killed after
hyperthermic treatment with (Zny 4Mng g)Fe,O,4 nanoparticles and Fer-
idex. Fluorescence microscopy images of HeLa cells treated with (e)
(Zno 4Mng 6)Fe;04 nanoparticles and (f) Feridex.

case of Feridex, 84.4% of those cells treated with (Zng 4Mngg)-
Fe,O,4 are dead 10 min after the application of the ACmagnetic
field (Figure 5d). Here, the viability of cells upon hyperthermia
treatment with magnetic nanoparticles is examined by fluor-
escence microscope images, in which live cells are stained with
calcein emitting green fluorescence (Figure 5e,f).

4.2. Magnetically Controlled Drug Release. Controlled
drug release in a remote and noninvasive fashion is very
important for theranostics.'” The thermal energy from

Theranostic Magnetic Nanoparticles Yoo et al.

magnetic nanoparticles can be used as an external and
remotely controlled trigger for controlled drug release. For
example, the thermal energy can open the gates of any kind
of organic or inorganic carriers which contain drugs for
therapy. Specifically, 15 nm (Zng 4Feq g)Fe204 nanoparticles
with a high SLP value described in the previous section are
incorporated inside porous drug carrier nanoparticles with
molecular valves.'® A molecular valve, which consists of a
thread and capping molecule (cucurbit[6]uril), closes the
silica pores to keep the drug inside (Figure 6a,b). When an
external alternating magnetic field is applied, heat genera-
tion and a subsequent pressure buildup (~90 bar) inside the
porous nanopatticles cause the rapid removal of the mole-
cular valves and the release of the cargo (Figure 6b). Figure 6¢is a
TEM image of (Zng4Feqe)Fe>04 nanoparticdes encapsulated
by mesoporous silica nanoparticles. The controlled cargo re-
lease is demonstrated by the application of a pulsed magnetic
field where the release of a fluorescent dye (Rhodamine B) is
observed in each pulse in a staircase-like fashion (Figure 6d).
The first pulse releases ~40% of the cargo. Doxorubicin and
magnetic nanopatticles loaded porous nanoparticles with FITC
(fluorescein isothiocyanate) for green fluorescence are tested
for the treatment of cancer cells (Figure 6e). The top image of
Figure 6e is the control fluorescence image of breast cancer cells
transfected only with silica nanoparticles. After the MDA-MB-
231 breast cancer cells are transfected with the nanoparticles,
yellow fluorescence regions indicate overlap of the red fluor-
escence from doxorubicin with the green fluorescence from the
silica nanopatrticles. When cells transfected with silica nanopat-
ticles containing doxorubicin are treated with an AC field, red
fluorescence from the released doxorubicin from the silica
particles and cell shrinkage and death are apparently ob-
served.'® This result indicates that magnetic nanoparticles are
effective as an actuator for controlled drug release from a carrier
in a noninvasive and remote way.

4.3. Magnetic Switches for Cell Fate Control. Magnetic
nanoparticles are also used to generate mechanical stimulations
on cells, which can induce changes in cell activity such as
differentiation, growth, and death.'® Under an external magnetic
field, magnetic nanoparticles can move around on cell mem-
brane surfaces and exert translational forces. Simultaneously,
magnetic nanoparticles with specific ligands can bind to certain
receptors on cell surfaces, and under spedific conditions such
mechanical stimulations can activate cellular signaling pathways
via receptor dustering, microtubule stimulation, and ion channel
activation (Figure 7)°°?° Although multivalent biochemical
ligands have the role to induce clusterization of the receptors
in nature, magnetic nanoparticles can artificially induce the same
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magnetic heating.

dusterization effects for cell signaling processes (Figure 8a).'
Figure 8b shows the distribution of magnetic nanoparticles
before and after the application of an external magnetic field.
The magnetic nanoparticles are homogeneously distributed on
the cell surface at first, but big clusters of magnetic nanoparticles
are observed after the application of the magnetic field.

For effective magnetic manipulation, the design of the
nanoparticles with a high magnetization value and superpar-
amagnetism is critical. Some of the best suited nanoparticles
are the 15 nm (Zng 4Fepe)Fe204 nanoparticles with a high
magnetization value of 175 emu/g-magnetic atom, in which
pico-Newton tensional forces can be applied by using a
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magnetic actuation setup with NdFeB magnets (Figure 80). Then,
we test magnetically induced angiogenesis which is one of the
important processes related to new blood vessel formation in
cancer biology. A TiMo214 monodonal antibody (mAb) is
conjugated to the 15 nm (Zng4Feq6)Fe-04 nanopartice to
target Tie2 receptors. Magnetically clustered Tie2 receptors on
the cell surface initiate intracellular signal propagations, and key
pathways such as phosphorylation of Tie2 (Figure 8d) and Akt
(Figure 8e) are confirmed by Western blot and immunofluor-
escent techniques. In the Westemn blots (Figure 8d), a strong
band for p-Tie2 is seen for the cells that are first treated
with antibody conjugated Zn*'-doped ferrite magnetic
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nanoparticdes (Ab-Zn-MNPs) and then the magnetic field is
applied (Figure 8d). Phosphorylation of Akt (p-Akt) is confirmed
by the observation of red fluorescence using anti-p-Akt immu-
noglobulin G and its secondary antibody, Alexa 594-labeled
anti-rabbit 1gG (Figure 8e). Such Tie2 receptor activations are
further tested in human umbilical vein endothelial cells
(HUVECs) and the expedited transformation of cellular mor-
phology into a tubular shape is clearly observed under the
influence of magnetic stimulation (Figure 8f). Such tubulogen-
esis is known to be the prestage of angiogenesis. Some of the
advantages of the magnetically activated cellular transforma-
tion process over a conventional biochemical ligand system can
be found in the new capabilities of the spatial, temporal, and
remote control of cellular activities.

4.4. Magnetic Nanoparticles as a Delivery Carrier for
Therapeutic Genes. Gene therapy is a new technique that
uses genes to treat and prevent disease. siRNA is one of the

FIGURE 8. Activation of cellular signaling processes by magnetized nanoparticles. (a) Targeting and magnetic aggregation of cell surface
receptors. (b) Scanning electron microscopy (SEM) image of before and after the magnetic field application. Nanoparticles are false-colored as
yellow for clear visibility. (c) Magnet setup diagram for cell activations. (d) Phosphorylation of Tie2 (p-Tie2) and Western blot analysis. (e)
Phosphorylation of Akt (p-Akt) and fluorescence confocal microscopy images of cell cytoplasm before and after application of a magnetic
field. (f) Morphological change of HUVECs with Tie2 receptors before and after the application of magnetic field.
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FIGURE 9. (a) Schematic drawing of all-in-one nanoparticles of MnFe,0,4—siGFP—Cy5/PEG-RGD for theranostics. (b) Schematic illustration of
intracellular processes of MnFe,0,—siGFP—Cy5/PEG—RGD nanoparticles, from target-specific uptake to mRNA degradation. () Schematic illustration
of the target specific binding of the nanoparticles to o35 integrin positive cells. (d) T2-weighted MR images of MDA-MB-435 and A549 cells treated
with MnFe,04—siGFP—Cy5/PEG—RGD. Confocal microscopy images showing the distribution of MnFe,0,—siGFP—Cy5/PEG—RGD nanopatticles in
cells. Gene-silencing effect of the multimodal nanoparticle systems with (MnFe,O,—siGFP—Cy5/PEG—RGD) and without a targeting moiety
(MnFe,04—siGFP—Cy5/PEG) on a,33 integrin positive (MDA-MB-435) and a, 33 integrin negative (A549) cell lines.

strong candidates for the next generation of gene therapy.
SsiRNA binds mRNA to inhibit the translation processes of
proteins in the cytoplasm.?* Figure 9a shows a scheme for
multifunctional magnetic nanoparticles for imaging and gene
therapy. MnFe,O, magnetic nanopatrticles are conjugated with
SiRNA, fluorescence dye, surface stabilizing agent (polyethylene
glycol, PEG), and targeting Arg-Gly-Asp (RGD) peptide.** RGD
peptide targets a3 integrin, which is overexpressed in certain
endothelial and cancer cells. siRNA is bonded to nanopatrticles
via disulfide linkage which can be cleaved enzymatically for its
facile release.* Multiple processes from target specific uptake
of nanopartides into the cells to siRNA release are shown in
Figure 9b, in which nanoparticles recognize the cancer cells via
targeting RGD peptide, and after endocytosed nanoparticles
escape from the endosome, glutathione breaks the disulfide
bond to release the siRNA for the inhibition of protein expres-
sion. The location of the therapeutic nanopartides can be
monitored via MRI and fluorescence techniques (Figure 9d).
The selective targeting and theranostic of magnetic nanoparti-
des on a,3; receptor-expressing MDA-MB-435 human breast
cancer cell lines are dearly shown with strong MRI signals and
red fluorescence, and the gene silencing effect is apparent. In
contrast, the control cell lines of receptor-free A549 do not show
any such features. Since the endosome is stained as blue
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fluorescence, the red from the magnetic nanoparticles and blue
fluorescence colocalize to emit yellow when the nanoparticles
are inside the endosomes. However, after the nanoparticles
escape the endosome, the two colors are seen separately. Red
fluorescence in Figure 9d indicates that some nanoparticles
successfully escape the endosome. Therapeutic efficacy is
dearly observed from the suppression of GFP by the released
siRNA for MDA-MB-435 cells, whereas bright green fluorescence
is observed in the control cell line of A549 cells. This result
demonstrates that magnetic nanoparticles can serve as plat-
form materials for theranostics.

Contrary to gene suppression, gene expression in selec-
tive cell lines is also possible using magnetic nanopatrticles.
When adenovirus, which has target selectivity on cells
expressing CAR receptor,?® is coupled with magnetic nano-
particles, the success of gene delivery can be confirmed by
MRI and fluorescence techniques.?® Figure 10a shows the
conjugation scheme of magnetic nanopatrticles to adeno-
virus. The amino groups in the adenovirus and thiol group
on the surface of the MnFe,O4 nanopatrticles are connected
using a cross-linker. As shown in Figure 10b, four or five
magnetic nanoparticles are present per each adenovirus.
Then, U251N cells with CAR expression and control CHO-1
cells are treated with the adenovirus—magnetic-nanopatrticle
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FIGURE 10. MnFe,O4-nanoparticle—adenovirus hybrids for MRI and efficient gene delivery. (a) Schematics showing the formation of MnFe,O,4-
nanoparticle—adenovirus hybrids. (b) TEM image of MnFe,O4-nanoparticle—adenovirus hybrids. (c) Target specific binding of the hybrid nanopar-
ticles to CAR positive cells. T2-weighted MR images of U25TN and CHO-1 cells treated with the hybrids. Fluorescence image of eGFP expression

delivered by the hybrid nanoparticles.

conjugates (Figure 10¢). For U251N cells, the T2 MRI signal is
strong as a result of the binding of nanoparticles to the cells,
while that of CHO-1 cells is weak. After endocytosis of
adenovirus—magnetic-nanoparticle conjugates, the eGFP
gene is successfully delivered to the nucleus to express
GFP in the U251N cells where strong green fluorescence is
observed.

5. Conclusions

Without a depth-penetration limit of the magnetic field in
the human body, magnetic nanoparticles have been one of
the ideal platform materials for targeted imaging of biolo-
gical objects. Their additional capabilities are noninvasive
and remote actuation for controlled drug release and cell
signaling for therapeutics. These nanoparticles can also be
used for targeted imaging of specific receptors and en-
zymes in disease processes and for the monitoring of the
efficacy of the treatments. The current developmental
stage of theranostic nanoparticles is still too early to predict
their success, but rapid advances in new design concepts

for next-generation nanoparticles have promising poten-
tial in that avenue.
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