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S ynthetic magnetic nanoparticles (MNPs) are emerging as versatile

Angewandte

From the Contents

probes in biomedical applications, especially in the area of magnetic

resonance imaging (MRI). Their size, which is comparable to bio-
logical functional units, and their unique magnetic properties allow
their utilization as molecular imaging probes. Herein, we present an

overview of recent breakthroughs in the development of new synthetic

MNP probes with which the sensitive and target-specific observation
of biological events at the molecular and cellular levels is possible.

1. Introduction

The development of biomedical imaging techniques, such
as computed X-ray tomography (CT), optical imaging, and
magnetic resonance imaging (MRI), has brought significant
advances for diagnosis and therapy.'* Since most biological
processes and diseases occur at the molecular and cellular
levels, however, the precise real-time imaging and the under-
standing of these processes are still challenging.

Inorganic nanoparticles are emerging as promising probes
with which to shed light on these unexplored events. They
have the potential for advancing imaging from its current
anatomy-based level to the molecular level, so-called “molec-
ular imaging”.**! Upon conjugation with target-specific
biomolecules, these tiny probes (1-100 nm) can travel
through the human body in the blood and lymphatic
vessels!'!" and they can identify
the desired target by specific bio-
logical interactions, such as anti-
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states, ™ resulting in the discovery of “designed” MNPs.
These innovative nanoparticle probes exhibit superior mag-
netism and MR contrast effects which have been shown to be
better than that of conventional MNP MR contrast
agents.’"*? Herein, we will provide an overview of the
strategies for the design of such new types of MNP
Specifically, we focus on the two most representative types
of iron oxide based MNPs and metal alloy MNPs. In addition
we consider the following points: 1) MR contrast enhance-
ment by control of the magnetic core (Figure 1a), 2) design of

Table 1: Conventional and new types of nanoparticle-based MRI contrast agents.

body-antigen,*®" 121! nycleic acid

Name Magnetic  Total Coating 2B mm~'s™] B[T]
hybridization,'*"8!  and  gene core size [nm] material
expression.'*2!] size [nm]

For the past two decades, Conventional MNP Agents

nature-inspired or aqueous-phase  AmI-25 (Feridex; 5-6 80-150  Dextran ca. 100 0.47
synthetic iron oxide nanoparticles,  Endorem)®"
such as dextran-coated superpara- SHU 555A (Resovist)P? ca. 4.2 ca. 62 Carbodextran 151 0.47
magnetic iron oxide (SPIO) and A-MI-227 g}Combidex; 4-6 20-40 Dextran 53 0.47
related nanoparticles (e.g. cross- s'”er?m)[ ] 54
linked iron oxide (CLIO), Feridex, CLIO; MION ca. 2.8 10-30 Dextran ca. 69 1.5
Resovist, and Combidex) have
served as  contrast-enhancing New Types of Synthetic MNPs
probes for MRI (see Table 1).'¥!  Fe,0, (MEIO)P® 12 15 DMSA 218 15
Some forms of these nanoparticles ~ MnFe,0, (MnMEIO)P® 12 15 DMSA 358 1.5
are now clinically used for improv- FeCoP! 7 30 Carbon and phospholipids- 644 1.5

ing anatomical magnetic resonance

poly(ethylene glycol)

(MR) contrast®?! and have also
been used in molecular imag-
ing.”? To improve MR contrast
effects and incorporate more ver-
satile surface groups for advanced
molecular imaging, researchers have been developing next-
generation MNP probes. Fortunately, rapid advances in non-
hydrolytic thermal-decomposition synthetic methods for
preparing MNPs have allowed researchers to synthetically
control the important features of these probes, such as size,
magnetic dopants, magneto-crystalline phases, and surface

pulse sequences.
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the ligand shell to attain high colloidal stability and biocom-
patibility (Figure 1b), 3) molecular and cellular targeting
capabilities (Figure 1c), and 4) MR imaging of cancer, angio-
genesis, cell trafficking, and therapy (Figure 1d).
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Figure 1. Tailored MNPs for molecular and cellular magnetic reso-
nance imaging (MRI). a) Controlling the magnetism of the nano-
particle core, b) tailoring the surface ligands of the nanoparticle shell,
and c) the molecular targeting capability of biomolecule-conjugated
nanoparticles. d) High performance utilizations of nanoparticles for
molecular and cellular MRI.
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2. Synthesis of High-Performance MNP Probes

2.1. MR Contrast-Enhancement Strategies
2.1.1. Basic Principles of MR Contrast Enhancement

Under an applied magnetic field (B,), a magnetic dipole
moment u is induced in superparamagnetic nanoparticles.
When water molecules diffuse into the periphery (outer
sphere) of the induced dipole moment, the magnetic relax-
ation processes of the water protons are perturbed and the
spin-spin relaxation time (72) is shortened. Such changes
result in the darkening of the corresponding area in 72-
weighted MR images (Figure2). The degree of the 72
contrast effect is typically represented by the spin—spin
relaxivity R2 (R2=1/T2), where higher values of R2 result
in a greater contrast effect. The relaxivity coefficient (r2),
which is obtained as the gradient of the plot of R2 versus the
molarity of magnetic atoms, is a standardized contrast-
enhancement indicator.

induced
field

magnetic
nanoparticle

A HO

slgnal' O m .

Figure 2. MR contrast effects of MNPs. Under an external field (By),
MNPs are magnetized with a magnetic moment of 4 and generate an
induced magnetic field which perturbs the nuclear spin relaxation
processes of the water protons. This perturbation leads to MR contrast
enhancement which appears as a darkening of the corresponding
section of the image.
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Based on this outer-sphere relaxation model with solute

Angewandte

. . iti
magnetic nanoparticles, the R2 of the proton can be (;:gz?séf;zgt)
determined by Equation (1).1 e
_ g o
1 327 ) NA [M] ) ) ) slze 0, sitd 5
R2 == (o8 )7 o (v ) (653:(09) + 157 0r) +21,(0)) — h
T2 (405 #1000 \ rD 2\@s e Eh N1X 1)
. 1+ fy(ior + 7/75,)" ? e
o) = Re{ e e el T T P
(1) N I contrast effect
anoscale
: ic rati ~ Effects O=@
Where, y; is the gyromagnetic ratio of protons in water, M
. . . . o . . magneto_
is the molarity of the magne.tlc nanopartlclle, ris its radius, N, &yeiiillha pias
is Avogadro’s number, u is the magnetic moment of the
nanoparticle, wg and w; are the Larmor angular precession ‘:\:V’ .
frequencies of the nanoparticle electric moment and water ferri vs. ferro mag"et'S";H
proton magnetic moment, respectively, the functions j,(w, 7) 1|
are spectral density functions in which Re is the real part of » ‘Jh_.

the expression that follows in parenthesis, T (r =1%D) is the
time scale of fluctuations in the particle-water proton
magnetic dipolar interaction arising from the relative diffu-
sive motion (D) of a particle with respect to water molecules,
and 75 and 75, are the lifetimes of the longitudinal and
transverse components of u.

The control of nanoparticle magnetism should be con-
ducted so as to lead to a maximum value of R2. Since R2 is
strongly related to the magnetic moment (u) and the
relaxation processes of the magnetic spin (g, 7s,), max-
imization of x4 during nanoparticle synthesis is important. The
magnetic moment (u) of the nanoparticle is dependent on the
size, composition, and magneto-crystalline phase of the
nanoparticle. The lifetimes of the longitudinal and transverse
components of 4 correlate with the magneto-crystalline phase
of the nanoparticles. Therefore, by precisely modulating these
nanoparticle parameters, synthetic MNPs can be designed
and constructed to maximize the MR contrast-enhancement
effects (Figure 3).

2.1.2. Synthesis of MNPs

High-quality synthetic MNPs are typically prepared
through the thermal decomposition of metal-complex pre-
cursors in hot non-hydrolytic organic solution containing
surfactants. Thermal decomposition of the precursors gener-
ates monomers and their aggregation above a supersaturation
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Figure 3. Important parameters of MNPs for MR contrast-enhance-
ment effects.

level induces nucleation and subsequent nanoparticle
growth.[***] During these stages, by tuning growth parame-
ters, such as monomer concentration, crystalline phase of the
nuclei, choice of solvent and surfactants, growth temperature
and time, and surface energy, it is possible to control the size,
composition, and magneto-crystalline phase of MNPs. For
example, there have been many reports on the synthesis of
metal ferrite nanoparticles from precursors such as iron
pentacarbonyl, iron cupferron, iron tris(2,4-pentadionate),
and iron fatty acid complexes, in hot organic solvents
containing fatty acids and amine surfactants.”2%22-31 Nano-
particle size can be tuned within the range of 4nm to
approximately 50 nm with 1-3 nm resolution. Details on the
synthesis of such MNPs have been reviewed previously.?>3>#!

2.1.3. Size Effects of MNPs

One important parameter for the MR contrast-enhance-
ment effect of MNPs is their size. In the ideal case, all of the
magnetic spins in a bulk magnetic material are aligned
parallel to the external magnetic field. However, in the
nanoscale regime, surface spins tend to be slightly tilted to
form a magnetically disordered spin-glass-like surface layer
(Figure 4a).*) Such surface spin-canting effects of MNPs
have a significant influence on their magnetic moments and
MR contrast-enhancement effects as predicted in Equa-
tion (1). This effect is size dependent and is well demon-
strated in the case of magnetism-engineered iron oxide
(MEIO, Fe;0,) nanoparticles, where the variation of their
size from 4 nm to 6 nm, 9 mm, and 12 nm results in mass-
magnetization values of 25, 43, 80, and 101 emu per gram Fe,
respectively (Figure 4b,c).””7 As the nanoparticle size
decreases, the surface effect becomes more pronounced and
is reflected in the reduced net magnetic moment. Such size-
dependent magnetism directly influences the MR enhance-
ment effect. The relaxivity coefficient (r2) gradually increases
from approximately 78 to 106, 130, and to 218 mm 's™* for
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Figure 4. a) Surface spin canting effect of a nanoparticle upon magnet-
ization (M magnetic moment, H external magnetic field). b-e) Nano-
scale size effects of Fe;O, (MEIO) nanoparticles on magnetism and
MR contrast effects. b) Transmission electron microscopic (TEM)
images of 4, 6, 9, and 12 nm sized MEIO nanoparticles. c) Mass
magnetization values, d) T2-weighted MR images (top: black and
white, bottom: color), and e) relaxivity coefficient r2 of the nano-
particles presented in (a); (from Ref. [37]).

4 nm, 6 nm, 9 nm, and 12 nm sized nanoparticles, respectively,
which is shown by the MR contrast changing from light gray
to black (or from red to blue in color-coded images;
(Figure 4d,e).

2.1.4. Magnetic-Dopant Effects in MNPs

The magnetism of nanoparticles can be greatly influenced
by doping with magnetically susceptible elements. This is
demonstrated for MFe,O, nanoparticles in which Fe*" ions
are replaced by other transition-metal dopants M>" where
M = Mn, Ni, Co. Ferrimagnetic Fe;O, has a crystallograph-
ically inverse spinel structure constructed of face-centered
cubic packed lattice of oxygen atoms with the tetrahedral sites
(T,) occupied by Fe*" ions and octahedral sites (O,,) occupied
by Fe*" and Fe*" ions. Under an external magnetic field, the
magnetic spins of the ions at the O, sites align parallel to the
external magnetic field but those at T, sites align antiparallel
to the field (Figure 5a). Since Fe** has a d° configuration and
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© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Cheon et al.

2% %3

s

@:0 @ Fe" @:Fe

MnFez04 FeFe 04 CoFex04 NiFe 04
(MnMEIO) (MEIO) (COMEIO) (NIMEIO)
T @re
3 g . M2+
; 5 _ 4 .
O, site o
5y 4pg 3 g 2pg
1 | 1 1
1 I 1 I
c 1 I 1 1
¥ i 1 [
110 : : :
105 g4 & I
Msat / 100 !
emu g™’ :
95 i
30 h.:
85
MnFe,0, FeFe,0, CoFe,0, NiFe,0,
1 1 [ i
1 1 [ i
1 1 [ i
d ¥ v v v
400
300
YR
mm~' s~
200
100-—— T T T
MnFe,0, FeFe,0, CoFe,0, NiFe,0,

Figure 5. a) Metal ferrite nanoparticle with inverse spinel structure and
its ferrimagnetic spin alignments; O, octahedral hole, T, tetrahedral
hole. b) Magnetic spin structures of metal-doped MEIO nanoparticles,
MFe,O, (M =Mn, Fe, Co, Ni) nanoparticles. c) Their dopant-dependent
mass magnetization values, and d) effects on MR contrast and the r2
(from Ref. [38]).

Fe?* has a d® configuration with a high spin state, the total
magnetic moment per unit (Fe*") (Fe*'Fe’"),, O, is 4 pp*”!

As a result of their electron spin configurations, the
magnetic moments per unit MnFe,O,, CoFe,0,, and NiFe,O,
can be estimated as 5 pg, 3 pg, and 2 pg, respectively (Fig-
ure 5b)."% Mass magnetization measurements clearly reflect
the magnetic-dopant effect, the mass magnetization value is
highest for MnFe,0, nanoparticles (110 emu per gram
Mn,Fe) and gradually decreases for FeFe,O, (101 emu per
gram Fe), CoFe,0, (99 emu per gram Co,Fe), and NiFe,O,
(85 emu per gram Ni,Fe; Figure 5¢).*¥

These metal-doped MEIO nanoparticles can induce
significant MR contrast-enhancement effects.” Under 72-
weighted MR scans, MnFe,O, (MnMEIO) shows the stron-
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gest MR contrast effect, with an coefficient 72 of 358 mm~!s~!.

The r2 values are 218, 172, and 152 mm 's™!, for FeFe,O,
(MEIO), CoFe,0, (CoMEIO), and NiFe,O, (NiMEIO)
respectively (Figure 5d). The r2 of MnMEIO is more than
two-times higher than the values of conventional SPIO
related MR contrast agents (Table 1). This increased MR
contrast-enhancement capability of MNPs is advantageous
for example for MR imaging small cancers (see Section 3).

2.1.5. Metal-Alloy MNPs

Metal alloys MNPs, such as FeCo and FePt are another
example of MR probes.F**3%! In these MNPs all the
magnetic spins align parallel to the external magnetic field,
as a result they typically have higher magnetic moments than
those of ferrimagnetic nanoparticles. For example, the
magnetic moment of FeCo magnetic alloys is approximately
2.4 pz per magnetic atom, while that of Fe;O, is approx-
imately 1.3 py per magnetic atom.® Therefore, metal-alloy
MNPs can be excellent candidates for MR probes. One
successful demonstration has been the development of 7 nm
sized FeCo MNPs passivated with a graphite shell (Fig-
ure 6a).*l Coating of the MNPs with phospholipid—poly(eth-
ylene glycol) (PL-PEG) endows them with colloidal stability
in aqueous media (Figure 6b). These FeCo MNPs have an
exceptionally high magnetization value of 215 emu per gram
metal (Figure 6c¢). The coefficient 72 of FeCo MNPs has been
determined to be 644 mm~'s™!, which is much larger than that
of conventional SPIO contrast agents, such as Feridex
(ca. 100 mm~'s™").”) These MNPs are successfully utilized
for in vitro cell labeling and in vivo 71-weighted blood pool
MR imaging (see Section 3 and references [57,58] for reviews
on T1 agents).

2.2. Surface Ligands for High Colloidal Stability and
Biocompatibility

Nonhydrolytically synthesized MNPs are typically coated
with hydrophobic ligands. Therefore it is necessary to
exchange these ligands for appropriate ones that will give
high colloidal stability in aqueous biofluids and to avoid
aggregation which can occur under harsh physiological
conditions. The nanoparticle hydrodynamic diameter which
is defined as the apparent size of a dynamic hydrated/solvated
particle, is highly related to their capabilities for effectively
overcoming the biological defense system and vascular
barriers. For example, MNPs with a large hydrodynamic
diameter (e.g. >100nm) are readily taken up by phago-
cytes,” but smaller MNPs (e.g. 1-30 nm) can escape from
phagocytes and travel through blood vessels with a reasonably
high blood half-life (>1h) (Figure 7a).! These relatively
small-sized MNPs can have enhanced permeability and
retention (EPR) effects at the target tissues because they
can easily pass through the larger fenestrations (100 nm to
several um) of the blood vessels in the vicinity of cancerous
tissues (Figure 7a).%% Recently, a variety of ligand-
exchange strategies for MNPs have been developed (Fig-
ure 7b). Since surface engineering and the attachment of
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Figure 6. FeCo magnetism-controlled metal-alloy MNPs. a) TEM
image. b) Schematic representation of its surface ligand coating.
c) Hysteresis loop of 7 nm FeCo nanoparticles (from Ref. [39]).

biomolecules can change the size of the nanoparticles, more
comprehensive studies on nanoparticle size are needed to
determine the optimum size that would allow for large R2
values with a longer blood half-life.

2.2.1. Bifunctional Ligand Coatings™%-%

Initial attempts to transfer the nanoparticles from organic
to aqueous media were performed by introducing small
bifunctional molecules as ligands.!*%"! The ligand is typically
composed of two parts—the region which binds to the MNP
surface and the hydrophilic region that will be exposed to the
aqueous medium. For example, the diol moiety of betaine
molecules attach to the iron oxide nanoparticles and the
ammonium salt at the opposite end makes them water
soluble.[*¥

The use of the PEG moiety as a hydrophilic group can
enhance colloidal stability of nanoparticles.”*! For example,
introducing mixed bifunctional ligands, such as PEG-thiol
and PEG-dopamine onto FePt!*! or Fe@Fe;0,°! nanopar-
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Figure 7. a) Behavior of nanoparticles in blood vessels in the liver, normal
tissue, and tumor tissue regions. The enhanced permeability and retention

(EPR) effect of the tailored MNPs is greatest at cancer cells. b) Surface
modification strategies for designing MNP probes with high colloidal stability.

amphiphilic micellar
ligand

ticles allows them to form a stable colloidal dispersions in an
aqueous medium (Figure 8).

2.2.2. Multidentate Polymeric Ligands’®"!

The utilization of multidentate polymeric ligands also
improves colloidal stability of MNPs in aqueous solutions.
Surface coating y-Fe,O; nanoparticles with a PEG—polymeric
phosphine oxide ligand provides them with high colloidal
stability (Figure 9a,b)."!

Inorganic polymer ligands, such as siloxane, can also be
utilized. A sol-gel reaction in a microemulsion containing
iron oxide nanoparticles induces formation of a silica shell
around the nanoparticles (Figure 9c,d)."? Reaction of
triethoxysilyl-terminated PEG ligands with hydrophobically
coated iron oxide nanoparticles provides them with high
colloidal stability in the aqueous phase (Figure 9e,f)."”!

5128

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Cheon et al.

Figure 8. Nanoparticles with bifunctional ligands. a) Exchange of
hydrophobic ligands on FePt nanoparticles for a mixture of polyethy-
lene glycol PEG-dopamine and PEG-SH ligands. b) TEM image of
resulting water-soluble FePt nanoparticles. Inset: aqueous solution of
FePt nanoparticles. c) Exchange of ligands on Fe@Fe;O, nanoparticles
for PEG-dopamine. d) TEM image of water-soluble Fe@Fe;O, nano-
particles (from Ref. [66,67]).

a

c
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Figure 9. a, b) Synthesis scheme and demonstration of the water-
solubility of multidentate polymeric ligand coated Fe,O; nanoparticles
(from Ref. [70]), c) synthesis scheme and d) TEM image of silicon
dioxide coated Fe;O, nanoparticles, e) synthesis scheme and f) TEM
image of water-soluble Fe;O, nanoparticles coated with PEG—siloxane
ligands (from Ref. [72,73]).
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2.2.3. Amphiphilic Micellar Coatings”**"

MNPs coated with hydrophobic ligands can be transferred
to aqueous media by over coating them with amphiphilic
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2.2.4. Cross-Linkable Bifunctional Ligand Coatings®’?%1

The use of cross-linkable small molecules as ligands can
be advantageous since the cross-linking endows MNPs with
high structural stability with only a marginal increase in
their hydrodynamic diameter. For example, bifunctional
ligand, 2,3-dimercaptosuccinic acids (DMSA), can sta-
bilize 12nm Fe;0, nanoparticles (Figure 11a).F7-341
This ligand provides the nanoparticles with high colloi-
dal stability through chelate bonding of the carboxylate
group to the nanoparticles and structural stabilization by
disulfide cross-linkages between the ligands. Further-
more, the remaining free thiol group of the ligand can be
used for bioconjugation. These nanoparticles are fairly
stable in phosphate-buffered saline (PBS, up to a NaCl
concentration of 250 mm; Figure 11b), while maintain-
ing the hydrodynamic diameter of the nanoparticles (ca.
13 nm; Figure 11c¢). At this size the nanoparticles are
sufficiently small for in vivo utilization.

' 3. Molecular and Cellular MR Imaging

The designed MNPs described in the previous
Sections have high MR contrast-enhancement effects
as well as versatile surface ligands ready for biological
conjugation. Thus, these MNPs have the potential to
enable the early stage pinpointing and diagnosis of

g/ biological targets. In this Section, we will describe the

effectiveness of designed MNP probes for advanced
molecular and cellular imaging. Also, safety issues
including cytotoxicity of MNPs will be briefly discussed.

Figure 10. a) Formation of micelles around Fe;O, nanoparticles with amphi-

philic PEG ligands, b) TEM image of water-soluble Fe;O, (from Ref. [74]),

c) synthesis scheme and d) TEM image of polystyrene—poly(acrylic acid) (PS-
PAA) block copolymer micelles encapsulating several MNPs. e) Schematic
and f) TEM image of poly(p,L-lactide)-PEG block copolymer micelles encap-

sulating several MNPs and a therapeutic agent (from Ref. [40, 77]).

ligands having both hydrophobic and hydrophilic regions. The
process results in the formation of micelles. The strategy, first
developed for quantum dots">"! has been successfully
extended to MNPs. The addition of amphiphilic ligands,
such as tetradecylphosphonate and PEG-2-tetradecylether to
MNPs induces the formation micelles around the MNPs!™
with the hydrophilic PEG end of the ligand contributing to
the water solubility (Figure 10a,b). Similarly, water-soluble
iron oxide nanoparticles are fabricated through applying a
micellar coating of either amphiphilic PEG-phospholipids™!
or poly(maleic anhydride-alt-1-octadecene)-PEG block
copolymers."® Encapsulation of several MNPs into each
amphiphilic micelle is also possible. Owing to hydrophobic
interactions, multiple MNPs are confined in the micelles
formed by using the amphiphilic polystyrene—poly(acrylic
acid) (PS-PAA) block copolymer (Figure 10c,d).”” Similarly,
evaporation of hydrophobic solvents containing polylactide—
PEG block copolymers generate micelles of approximately
50 nm size with a hydrophobic interior containing MNPs and
a hydrophilic shell (Figure 10e,f)."
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3.1. Target-Specific Molecular Imaging

Upon conjugation with the appropriate targeting
molecules, MNPs can be utilized for the active detection
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Figure 11. a) Exchange of the ligands on Fe;O, nanoparticles for the
cross-linkable bifunctional ligand 2,3-dimercaptosuccinic acid (DMSA),
b) colloidal-stability test in NaCl solution, and c) dynamic light scatter-
ing (DLS) results of DMSA-coated Fe;O, nanoparticles (from

Ref. [37,41]).
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of cancer. Since less than 15% of cancer patients are
diagnosed in stage I or II with conventional diagnostic
tools,®!! the utilization of MNP probes with high MR contrast
effects may help to improve the rate of cancer diagnosis in its
earliest stages. One successful example is the molecular
imaging of breast cancer using Fe;O, (MEIO) nanoparticle
probes. Breast cancer cells typically overexpress human
epidermal growth factor receptor 2, (HER2/neu).®? When
nanoparticles with an 2 of 218 mm's™! are conjugated with
the HER2/neu specific antibody Herceptin, the SK-BR-3
breast cancer cell lines can be detected (Figure 12a).””
Furthermore, Fe;O,~Herceptin probes make the ultra-sensi-
tive invitro detection of cancer cells possible since these
probes interact with all HER2/neu positive cancer cells
including Bx-PC-3 cells which have only a minimal level of
HER2/neu (Figure 12b).14!

Significantly improved molecular imaging of cancers is
possible utilizing MnFe,O, (MnMEIO) probes which have a
large 2 of 358 mm 's™'.*®) When these probes are intra-
venously injected into a mouse, very small tumors (ca. 50 mg;
Figure 12¢) can be detected with a high MR contrast effect
(ca. 34 % of R2 change; Figure 12d,e). When Fe;O,~Hercep-
tin probes are used, a relatively weaker contrast effect with an
R2 change of approximately 12% is observed in tumors
(Figure 12d,e). However, using conventional CLIO-Hercep-
tin probes under the same conditions, tumors will not be
detected; with them there is no noticeable R2 change in the

a
HERZ2/neu

}L?

HER2/neu
expression level

OO0 0®e

J. Cheon et al.

MR images (Figure 12d,e). Such results clearly demonstrate
the significance that the magnetism-tuning of MNPs has for
the ultra-sensitive imaging of cancer.

Detection of colon cancer is also possible by using Fe;O,—
rch24 antibody conjugates.® With them colon cell lines with
carcinoma embryogenic antigen (CEA) can be recognized,
the targeted cells appearing with a dark MR contrast.
Similarly, in vivo detection of colon cancer is successful
(Figure 13a).

FePt—-Au nanoparticles conjugated with HmenB1 anti-
bodies, can be used to identify neuroblastoma cells (CHP-
134) with a polysialic acid (PSA) overexpression. The
detection is through a dark MR contrast effect in the MR
image arising from the magnetic FePt component (Fig-
ure 13b).54

3.2. Cellular Trafficking

The migration of cells (cellular trafficking) can be
monitored by MRI using MNP probes. This technique has
the potential to become a powerful technique for monitoring
the history and the fate of cells and for evaluating cell-based
therapies. Although several SPIO-nanoparticle transfection-
agent-labeling systems have been used for such purposes,®**!
the utilization of MNP probes with defined magnetism and
selected surface ligands can also be effective in cellular

v
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Figure 12. a) In vitro MR detection of HER2/neu-positive breast cancer (SK-BR-3) by Fe;O, (MEIO)-Herceptin nanoparticle probes. b) MR contrast-
enhancement effects of various cancer cells with different HER2/neu expression levels (from Ref. [37,41]), c—e) Highly-sensitive in vivo cancer
detection by utilization of MnFe,0, (MnMEIO)-Herceptin nanoparticle probes. c) Intravenous tail-vein injection of the MEIO-Herceptin probes
into a mouse with a small (ca. 50 mg) HER2/neu positive cancer in its proximal femur region. For comparison, MEIO-Herceptin probes and
CLIO-Herceptin probes were also tested. d) Color-mapped MR images of the mouse at different times following injection. e) Time-dependent R2

changes at the tumor site after injection of the probes (from Ref. [38]).
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Figure 13. a) MR detection of carcinoma embryogenic antigen (CEA)
positive colon cancer by Fe;O,-rch 24 antibody conjugates: schematic
representation of molecular recognition by the nanoparticle probes
and the in vitro and in vivo MR detection of colon cancer (from

Ref. [83]), b) MR detection of neuroblastoma cancer cell (CHP-134)
using dumbbell shaped FePt-Au and HmenB1 antibody conjugates
(from Ref. [84]).

trafficking MRI studies. For example, the use of a new type of
FeCo metal alloy MNP probes with high MR contrast effects
("22=644mm 's™!) can provide excellent cellular MR sig-
nals.’”) When these nanoparticles are co-cultivated with
mesenchymal stem cells (MSCs), the nanoparticle-labeled
MSCs show an enhanced MR contrast compared to Feridex-
labeled cells (Figure 14).

Fe;O, MNPs coated with appropriate surface ligands can
be effectively transported inside cells. By using (3-carbox-
ypropyl)trimethylammonium chloride molecules, cationic-
ligand-coated MNPs can be prepared which show a much
higher transfection efficiency into neural stem cells (NSCs)
than both anionic ligand (2-carboxyethyl phosphonate)
coated MNPs and conventional Poly-L-lysine-Feridex (Fig-
ure 15a).* This improved cellular transfection capability
allows for the invivo cellular MRI of NSC trafficking, in
which the longitudinal migration of NSCs is clearly observed
in MR images as an elongated dark region along the spinal
cord (Figure 15b).
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Figure 14. MR images of Feridex-labeled, unlabeled, and FeCo metal-
alloy MNP labeled mesenchymal stem (MSC) cells, a) oblique plane,
b) coronal plane (from Ref. [39]).
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Figure 15. a) Effects of the surface ligands of Fe;O, nanoparticles on
cellular labeling and MR contrast enhancement. Cationic Fe;O, nano-
particles show the most pronounced MR contrast effects, Ferridex-PLL
is used in conventional cell labeling. b) In vivo trafficking of cationic
Fe;O, labeled neural stem cells (NSCs) introduced into the spinal cord
of a mouse (from Ref. [42]).

3-3. Biosafety of MNPs

The toxicity of MNPs is also a very important issue that
needs to be addressed prior to clinical utilization. According
to previous toxicity studies on iron oxide nanoparticles, they
appear to be biologically safe.?%*l They are metabolized
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into elemental iron species by either hydrolytic enzymes or
the acidic conditions found inside lysosomes. Although high
concentrations of Fe ions in cytoplasm can potentially cause
the generation of reactive oxygen species (ROS), ferritin and
transferrin receptors regulate the homeostasis of iron.”!! The
iron is then merged in normal body stores and are subse-
quently incorporated in hemoglobin. The novel iron oxide
MNPs show the low toxicity typical of the conventional iron
oxide nanoparticles. No noticeable cytotoxic effect is
observed when Fe;O, and MnFe,O, nanoparticles are tested
to various cell lines up to the highest tested concentration of
200 pugmL 1P

Metal-alloy MNPs, such as FeCo and FePt, can potentially
cause some toxicity owing to the highly reactive natures of Co
and Pt ions. This toxicity can be avoided by using appropriate
coatings. For example, thick graphite shell coatings on FeCo
nanoparticles prevent metal ions leaching from them.”
When they are tested both in vitro in cells and in vivo in
rabbits, no acute toxicity is observed. Despite these promising
results, further systematic safety evaluations of these new
types of engineered MNPs with respect to bio-distribution,
body clearance, and long term toxicity are required.’>*’!

4. Hybrid MNPs as Multimodal Molecular Imaging
Probes

The multimodality of hybrid nanoparticles suggests the
possibility of multiple imaging techniques (e.g. magnetic and
optical) or combining different multiple functionalities (e.g.
imaging and therapeutics). One such example is a probe in
which MNPs are coupled with other functional nanoparticles
(e.g. probing or therapeutic) so as to serve as a multimodal
probe for biomedical applications. For this purpose, hybrid
“core—satellite” nanoparticles composed of a dye-doped silica
“core” (Dye-SiO,) and multiple “satellites” of Fe;O, nano-
particles have been reported.’ They exhibit a 3.4 times
larger MR contrast effect than in the individual nanoparticles.
This increase arises from cooperative magnetic interactions
between the linked MNPs (Figure 16a). By conjugating
nanoparticles with the HmenB1 antibody which specifically
binds to the polysialic acid (PSA), the resulting conjugates
can be used to detect PSA positive cells (CHP-134), these
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show up with a dark MR contrast (Figure 16b). In addition, a
strong red fluorescence is observed from the membrane
regions of the CHP-134 cells (Figure 16¢).” This result
suggests that dual-mode imaging is clearly advantageous in
obtaining both macroscopic (e.g. MRI) and microscopic
subcellular (e.g. optical imaging) information of biological
events.

Hybrid metal-alloy MNPs can have therapeutic capabil-
ities in addition to MR imaging capabilities. For example,
when HeLa cells are treated with FePt@CoS, nanoparticles,
cell viability is dramatically decreased.” After cellular
uptake of FePt@CoS, nanoparticles the low pH value (ca.
5.5) of the cellular environment induces oxidation of Pt and
the subsequent release of Pt*' ions, which causes DNA
damage and cell apoptosis. The cytotoxic effect of FePt@CoS,
can be confirmed by changes in cell morphologies and dose-
dependent cell viability (Figure 17 a).

Hybrid nanoparticles of SiO,@Fe;O,@Au can be used for
molecular MR imaging and cancer therapy (Figure 17b).7)
After conjugation with an anti-HER2/neu antibody and
subsequent treatment to breast cancer cells, a dark MR
contrast is observed for the cells in the 72-weighted MRI,
indicating successful HER2/neu targeting. Upon irradiation
by a continuous-wave (CW) laser, the targeted cells are killed
by hyperthermia effects arising from the Au shells.

Encapsulation of the therapeutic agents and MNPs inside
polymeric micelles is also effective for simultaneous diagnosis
and therapy. Polymeric micelle nanoparticles containing
MNPs, doxorubicin and the tripeptide Arg-Gly-Asp (RGD),
which is a targeting moiety for angiogenesis-related o,f3;
integrin, have been prepared. When endothelial cells are
treated with these micelles, they could be detected by MRI
and therapeutic effects on the targeted cells were clearly
observed (Figure 17¢).[*)

5. Concluding Remarks

Designed MNPs with controllable nanoscale properties,
such as size, composition, magnetism, and surface states are
valuable not only for high MR contrast enhancement but also
for excellent colloidal-stability and targeting capabilities.
Although the development of designed MNP probes is still

CF;‘P: 34 HEK-293
(PSA()  (PSAC-)

“core-satellite”

nanoparticles filiorescence

imaging

synergistic
effect

Figure 16. Hybrid Fe;O, and dye-doped silica (Dye-SiO,) nanoparticles for dual mode MR—fluorescent imaging of neuroblastoma. a) Increased MR
contrast enhancement by Dye-SiO,—(Fe;0,), core—satellite NPs and their dual-modal imaging applications in detection of polysialic acid (PSA)
expressed in neuroblastoma b) MRI (PSA-negative HEK 293 cells (right) are not visible.) and c) fluorescence (from Ref. [94]).
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