Chapter 2

Controlled Synthesis and Surface Modification
of Magnetic Nanoparticles with High
Performance for Cancer Theranostics
Combining Targeted MR Imaging

and Hyperthermia

Jun Xie, Ning Gu, and Yu Zhang

Multifunctional inorganic nanoparticle (NP)-based theranostic agents are emerging
as promising paradigm toward personalized nanocarrier or nanomedicine for the
disease diagnosis and specific treatment [1-6]. Among these NPs, magnetic
nanoparticles (MNPs) are very prominent since they have already been introduced
into the clinical practice because of their unique physicochemical properties, such
as high magnetic performance, excellent magnetically induced heating ability, and
biocompatibility [7-11]. As conventional contrast imaging agents, MNP-based
magnetic resonance (MR) imaging with substantial signal enhancement can help to
locate active tumors and determine tumor stages, which is used for cancer early
detection and diagnosis [7, 8, 10]. As a promising cancer therapy, MNP-induced
targeted hyperthermia is mainly based on the heat generation by magnetic materials
exposed to an alternating current magnetic field (ACMF), which provides the mini-
mal damnification to deliver a therapeutic dose of heat specifically to cancerous
regions [7, 8, 11]. To ensure an optimal strategy for cancer treatment in vivo, the
integration of theranostics combining simultaneously magnetic resonance imaging
(MRI) and efficient heat induction into a single nano-formulation has gained
increased interest for researchers.

Developing the functional MNPs with high performance has become an impor-
tant goal for efficient cancer theranostics. The high performance of MNPs, includ-
ing superior magnetism, high magnetically induced heating effects, favorable
biocompatibility, accurate targeting ability, and long circulation, is optimized by the
controlled synthesis and surface functionalization. This is a rather challenging issue.
In this regard, we will begin our review with the goal of describing controlled
synthesis and surface modification of the MNPs with high performance, giving a
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background on the advantages of these high-quality MNPs and the advanced syn-
thetic methods currently under investigation. We will then conclude with a discus-
sion of current clinical applications of the MNPs, especially in cancer targeted MR
imaging and hyperthermia in vivo, and get a perspective of MNP-mediated cancer
theranostics strategy.

2.1 Controlled Synthesis and Surface Modification of MNPs
with High Performance

In the last decades, much research has been dedicated to the synthesis of MNPs
because the synthesis directly determines the physical properties of MNPs, includ-
ing the composition, magnetism, size distribution, and morphology [12—15], which
are fundamental for further biomedical applications. Generally, the synthesized
bare MNPs are rapidly cleared from the blood circulation when passing through the
biological defense system and vascular barriers. So introducing a surface modifica-
tion, such as amphiphilic molecules, bifunctional polymeric ligands, or biomole-
cules, can provide a stabilizing layer that prevents MNP agglomeration and enhances
colloidal stability, which is crucial requirement for almost any biomedical applica-
tion of MNPs [16—19]. In the practical clinical application, the development of new
types of MNPs with high performance, such as advanced MR contrast molecular
imaging and magnetic heat generation ability, and prominent magnetic attractive
forces for the transportation and movement of biological objects is particularly
important. It will bring potential advantages and opportunities afforded by MNPs as
platform materials for theranostics.

2.1.1 Conventional Synthesis of MNPs

Developing functional MNPs with high performance has become an important goal
for chemists due to the chemical processes involved in the controlled synthesis and
surface functionalization. During the last decades, many publications have described
efficient synthetic routes to MNPs with different compositions and phases, includ-
ing iron oxide pure metals (e.g., Fe;O, and y—Fe,0;) [20-23], magnetic dopant
ferrite metals (e.g., MnFe,O,, CoFe,0,, and ZnFe,O,) [24-27], and metal alloy
(e.g., FeCo and FePt) [28-31]. In conventional methods, such as coprecipitation,
thermal decomposition, and/or reduction, microemulsion synthesis and hydrother-
mal synthesis techniques can all be directed at the synthesis of size-/shape-
controlled, high-crystallinity, and monodisperse MNPs, which have been well
documented and still described in progress [32—43].

The comparison of advantages and disadvantages of the abovementioned syn-
thetic methods are briefly summarized in Table 2.1. As a whole, in terms of simplic-
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Table 2.1 Summary comparison of conventional synthetic methods of MNPs
Solvent,
reaction
temperature, | Size Shape
Synthetic method Synthetic progress and period distribution | control
Coprecipitation MNPs are commonly made by | Water, Relatively Not
hydrolysis/condensation of 20~80°C,a |narrow good
M?** and Fe’* ions by a base, few minutes
usually NaOH, or NH;- H,0,
in an aqueous solution or in
reverse micelles [32-35]

Thermal MNPs can be made by Organic Very narrow | Very
decomposition reductive thermal compound, good
decomposition of metal 250~320 °C,

acetylacetonates or a few hours
carboxylates in an organic
phase in high-boiling organic
solvents containing stabilizing
surfactants [36-38]
Microemulsion A microemulsion is a Organic Relatively Good
thermodynamically stable compound, narrow
isotropic dispersion of two 20~50°C,a
immiscible liquids, where the | few hours
microdomain of either or both
liquids is stabilized by an
interfacial film of surfactant
molecules, which can be used
as a nanoreactor for the
formation of MNPs [39]
Hydrothermal A process occurs Water— Very narrow | Very
synthesis spontaneously across the ethanol good
interface of metal linoleate and | compound,
the water—ethanol solutions in | 220 °C, a few
a closed and high-pressure/ hours

high-temperature system. The
MNPs generated at the
interface are coated with a
layer of linoleic acid, resulting
in a spontaneous phase-
separation process and the
formation of hydrophobic
MNPs [40-42]

ity of the synthesis, coprecipitation is the preferred route and is suitable for mass
production of MNPs, but it is difficult to control the synthesis of MNPs with uni-
form size distributions and various morphologies. Microemulsion methods can be
used to synthesize the monodisperse MNPs; however, this method requires a com-
plicated condition within a large amount of solvent, and the yield is very low. As an
alternative, hydrothermal synthesis by a liquid—solid—solution reaction is a rela-
tively suitable and little explored method to synthesize size- and shape-tunable
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MNPs with high quality, but the reaction is in a closed and high-pressure system,
hence lacking the ability for large-scale and practical application. In terms of size
and morphology control of the MNPs, thermal decomposition seems the best
method to obtain the high-performance MNPs (e.g., monodispersity, improved
crystallinity, and larger magnetization) developed to date. In this regard, we will
focus on the recent advance and advantage in the thermal decomposition synthesis
of monodisperse MNPs with controlled size, shape, composition, and structure, and
we will also try to present typical and representative examples for the discussion of
this synthetic pathway and the corresponding formation mechanism.

2.1.2 Advantage of Synthesis of High-Quality MNPs
by Thermal Decomposition

2.1.2.1 Formation Mechanism of Monodisperse MNPs by Thermal
Decomposition

Recently, significant advances in preparing monodisperse MNPs have been made
by the use of the thermal decomposition of organometallic precursors in high-
boiling organic solvents in the presence of some stabilizing surfactants [36-38,
44-50]. The precursors usually include metal acetylacetonates [44, 45], metal cup-
ferronates [46], or carboxylates [47]. Fatty acids [48], oleic acid [49], oleylamine
[45], and hexadecylamine [50] are often used as typical capping surfactants. In
MNP synthesis, a classical crystallization mode based on the supersaturation of
solution is usually used to explain the crystal nucleation/growth kinetics, which
plays a fundamental role in tailoring the MNPs with controllable sizes and shapes
[44, 51]. The crystal process evaluated by variation of the monomer concentration
can be described by using a La Mer model. With the supply of the precursor and
surfactants, the monomer concentration was gradually increased and reached the
minimum nucleation concentration. The reaction of molecular or atomic species
rapidly takes the concentration of the precipitating species to above critical super-
saturation. A large number of critical nuclei should be formed in a short interval of
time, and the ensuing spontaneous nucleation that reduces the monomer concentra-
tion was rapidly decreased to below the nucleation threshold, at which stage the
existing nuclei grow simultaneously at the same rate without production of fresh
nuclei. When no new monomers were supplied in the reaction solution, the mono-
mer was continuously consumed for subsequent particle growth, finally leading to
the formation of monodisperse nanoparticles [44, 51].

2.1.2.2 Size Effects

One important parameter for high performance of MNPs is their appropriate size.
As the MNP size decreases, their surface effect becomes more pronounced due to
the increased volume fraction of surface atoms within the whole nanoparticle, which
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is reflected in reduced symmetry for the chemical surroundings of magnetic metal
cations at the surface by the incomplete coordination [52-54]. Consequently, the
surface magnetic structure is greatly different from that in the body of MNPs, and
the magnetic interactions in the surface layer could have a notable effect on the
magnetic properties of the MNPs [52, 55-57]. Generally, naturally ferromagnetic
MNPs undergo a transition from multi- to single-domain magnetic structure as their
size is reduced to below 80 ~90 nm. Further size reduction to less than 20 nm, the
individual MNPs behave as a single magnetic domain and exhibit negligible rema-
nence and coercivity, leading to their predominant superparamagnetism, which
plays a critical role in practical applications [58]. In addition, the appropriate size of
MNC:s is highly related to their capabilities for effectively overcoming the biologi-
cal defense system and vascular barriers in vivo. For example, MNPs with a large
hydrodynamic diameter (e.g., >100 nm) are readily taken up by the mononuclear
phagocyte system (MPS) and occur primarily in the liver and spleen [52, 59], while
very smaller particles (e.g., <10 nm) may “leak” from the larger pores of fenestrated
vascular networks or first-pass elimination by the kidney [35]. Hence, the MNPs
with sizes of 10~ 100 nm can escape from phagocytes and travel through blood ves-
sels with a reasonably high blood half-life (>1 h) [52, 60]. 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 of the
blood vessels in the vicinity of cancerous tissues in vivo [61, 62].

Monodisperse ferrite MNPs with desired size distribution were usually made by
varying reaction conditions or by seed-mediated growth in a high-temperature
decomposition synthesis [63—65]. For instance, it was found that separation of
nucleation and growth in time is required for the formation of monodisperse MNPs.
By varying synthetic parameters including precursors, solvents, amount of surfac-
tants, and heating rate of the solution, the MNP size from 2 to 9 nm could be con-
trolled with 1 nm accuracy [63], as shown in Fig. 2.1a. Additionally, a practical and
relatively simple approach for the synthesis of crystalline MNP controllable size is
seed-mediated crystal growth, which is proved to be a reproducible method and is
of great fundamental and technological interest for researchers [64]. The process
firstly involves high-temperature (usually up to 300 °C) reaction of metal acetylace-
tonate with 1,2-hexadecanediol and surfactants (such as oleic acid (OA) and oleyl-
amine (OAm)), in making monodisperse smaller-sized MNPs. With the smaller
MNPs as seeds, the larger MNPs can be successfully synthesized by seed-mediated
growth (Fig. 2.1b). The process can result in MNPs with desired size distribution
and is readily suitable for mass production.

2.1.2.3 Shape Effects: From 0-D Nanocrystals to 3-D Nanoclusters

Recently, keen interests have been expanded into controlling the shape of nano-
structure and also into understanding the correlations between the material proper-
ties, function, and its shape [65-74]. These shape—function relationships are
particularly interesting for magnetic nanostructure, because the physical and chemi-
cal properties of the nanostructure are highly dependent on the material
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Fig.2.1 (a) TEM images of synthesized MNPs of size from 2 to 9 nm by varying synthetic param-
eters (Reprinted with permission from Ref. [63]. Copyright 2007, American Chemical Society).
(b) TEM bright field images of synthesized MNPs used by seed-mediated growth (Reprinted with
permission from Ref. [64]. Copyright 2004, American Chemical Society)

morphology, which can enhance the prospects for promising application in a wide
range of scientific and technological fields, including magnetism, electronics, catal-
ysis, biochemistry, and medicine [44, 45, 65-74]. The shape of magnetic nanostruc-
ture can be simply classified by their dimensionality. Generally, 0-D magnetic
nanostructures (e.g., spheres, cubes, and polyhedrons) are the most basic motifs
among shaped nanocrystals.

The improved understanding and investigation of the shape-controllable syn-
thetic mechanism is reviewed here. Generally, the essence of shape controlling of
nanostructures is tuning the growth rate in specific directions, which is governed by
the intrinsic surface energy and the monomer concentration in the crystal growth
process. For magnetic ferrite nanocrystals, the typical spinel structure is based on a
face-centered cubic model with three low-energy facets, {100}, {110}, and {111}
(Fig. 2.2a) [44, 45, 65]. The {100} planes show the lowest surface energy, while the
{111} planes have the highest [65]. In this regard, the choice of appropriate surfac-
tant remains an important challenge in the shape controlling of nanocrystals,
because the surfactant can selectively bind to specific crystal facets with lower
energy, and tunes their growing rate. The OA as a typical capping surfactant is used
to stabilize the formation of magnetic nanocrystals in a decomposition reaction of
metal precursors. For example, by adjusting OA/OAm ratios, the synthesized
spherical, cubical, and starlike nanocrystals were systematically investigated
(Fig. 2.2b) [65]. The OA with its carboxylic group bound strongly onto certain crys-
tal facets of initial nuclei, forming a stabilizing layer. Whereas, the OAm with an
amine group as a crucial reducing agent here has relatively weak binding onto the
crystal surface. It was evident that the various crystal planes are well capped and
stabilized and the differential growth of crystal facets is negligible when OA was
sufficient, thus leading to uniform spherical shape. Contrastively, when insufficient
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a b

Fig. 2.2 (a) The face-centered cubic (fcc) models of typical spinel structure with three low-energy
facets (Reprinted with permission from Ref. [44]. Copyright 2011, American Chemical Society).
(b) TEM images of synthesized spherical, cubical, and starlike MNPs (Reprinted with permission
from Ref. [65]. Copyright 2013, American Chemical Society). (¢) TEM images of the synthesized
cubelike and polyhedron-shaped MNPs (Reprinted with permission from Ref. [66]. Copyright
2004, American Chemical Society). (d) Schematic illustration of the shape evolution mechanism
of MNPs (Reprinted with permission from Ref. [67]. Copyright 2009, American Chemical Society)

amounts of OA were used, it induced the preferential stabilization on the {100}
crystal facets with lower energy, and grew along the [75] or [76] direction, resulting
in the formation of cubical and starlike nanocrystals with the terminated {100}
facets [65]. Another study had also described that the shape of magnetic nanocrys-
tals was tuned by varying the amount of stabilizers to metal precursors [66]. When
the surfactant/precursor ratio was smaller than 3:1, the nanocrystals were nearly
spherical with no well-defined facets, and increasing the ratio to 3:1 yields cubelike
particles. If the nanocrystals were further prepared using seed-mediated growth, the
polyhedron-shaped particles were obtained (Fig. 2.2c) [66].

Besides the surface energy-mediated surfactant effects, the monomer concentra-
tion synchronously tailors the morphology of magnetic nanocrystals [67]. A few
initial “crystal units” might appear at the stage from the decomposition of precursor,
in which the monomer concentration was continually increased, gradually leading
to the formation of spherical nanocrystals. Generally, most of spherical nanocrystals
might keep growing to form the cubic shape until the excess monomers in the
solution were nearly exhausted and their concentration reduced to the equilibrium
concentration. The definite formation of nanocrystals was dependent on the reaction
temperature, heating rate, and aging time. As the continuous consumption of the
monomer, a limited number of nuclei could grow to form large nanocubes. The
concentration of defects and surface energy in individual crystallites decreased in
going from the corners, to the edges, to the crystal faces of nanocubes. Thus, the
growth preferences for different sections of nanocubes are the corners, the edges,
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and the faces, respectively [67]. The shape evolution with increasing aging time
from spherical to the intermediate spherical-to-cubic, to cubic, and eventually to
corner-grown nanocube morphology was shown in Fig. 2.2d [67].

In addition, successes in similar monodisperse magnetic nanostructures with
corner-grown shape synthesized by thermal decomposition of iron oleates had been
reported by Gao and co-workers [68]. They reported that introducing the chloride
anions as the capping agent had an important role in the formation of the nanostruc-
tures with specific morphology. The size-controllable octapod magnetic nanostruc-
tures consisting of uniform four-armed starlike iron oxide particles with high yield
were prepared in the presence of NaCl (Fig. 2.3a) [68]. One possible forming mech-
anism was that the chloride ions were selectively bound to iron ions exposed on the
high-index facets (probably [311]) during the nanostructure growth [68].

Except for 0-D magnetic nanocrystals, 1-D nanostructures could also be interest-
ing for studying structural anisotropy, magnetic properties, and their corresponding
biomedical applications [69—71]. For example, dextran-encapsulated 1-D chains of
iron oxide nanoworms showed enhanced retention effects at the tumor sites and
increased blood circulation time [69]. Furthermore, anisotropic 1-D nanostructures
can interact and penetrate cellular membranes more efficiently, which makes them
to be good candidates as drug carriers [70]. Herein, Bao et al. reported a simple col-
loidal synthesis method for preparing the single-crystalline 1-D magnetic nanorods
by the iron oleate precursor thermal decomposition, where the aspect ratios of the
iron oxide nanorods could be tuned by changing reaction temperatures (Fig. 2.3b)
[71]. They found that the oleic ligand on the iron oleate complex was proposed to
have played an important role in directing the elongated nanostructure formation at

Fig. 2.3 (a) TEM, higher magnification, and tilted TEM images of octapod MNPs (inset: geomet-
ric model). Scale bar, 100 nm, and schematic cartoon of ball models of octapod and spherical
MNPs with the same geometric volume. Scale bar, 20 nm (Reprinted with permission from Ref.
[68]. Copyright 2013, Macmillan Publishers Ltd). (b) Proposed growth mechanism and TEM
images of iron oxide nanorods (Reproduced from Ref. [71] by permission of The Royal Society of
Chemistry)
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the nucleation stage below 200 °C [71]. When further raising the reaction tempera-
ture, the structure directing oleate group may start to desorb and decompose. The
transverse growth of the nanorods would then outgrow the longitudinal one, which
also served to decrease the surface energy and structure anisotropy [71].

Unlike 0-D or 1-D nanostructures, recent synthetic studies of 3-D magnetic
nanostructure have mostly focused on the “clusters” or “assemblies.” Their peculiar
structures of 3-D nanoclusters based on crystal aggregation have been shown theo-
retically and experimentally to be able to influence their magnetic properties, which
are used as efficient mediators for MRI and hyperthermia in cancer treatment [72].
Furthermore, the clusters of magnetic nanoparticles with multiple crystal facets
tend to have a larger surface area than individual nanocrystals [73], which may play
a dominant role in catalytic research and application. In nanocrystal synthesis, a
classical crystallization mode based on the supersaturation of solution is usually
used to explain the crystal nucleation/growth process of nanocrystals with control-
lable sizes and shapes [74]. In contrast, another significant mechanism named non-
classical “oriented attachment” is recently proposed, where nanoparticles with
common crystal orientations directly combine together to form larger ones [77].
The aggregation-based crystal growth theory shows its specific characteristics and
roles in the formation of larger and irregular nanoclusters.

The strategy of forming magnetic nanoclusters by oriented attachment of indi-
vidual nanocrystals has the advantage of controllably increasing the magnetization
while retaining the superparamagnetic characteristics. Recently, Gupta’s group
reported novel superparamagnetic 3-D “nanoflowers,” which composed of self-
assembled spherical and rodlike colloidal nanocrystals (Fig. 2.4a) [73]. The forma-
tion of such nanoclusters was likely because of the burst boiling accompanied by a
temperature drop when injecting a small amount of hexane during the heating and
aging steps. The effects might slow down the growth of the nuclei and promote their
assembly to form clusters by the particle coalescence (from interaction between the
nuclei) or oriented attachment to decrease the surface energy [73]. Similarly,
Zhang’s group had synthesized highly ordered, self-assembled 3-D nanoclusters
with sharp and obtuse edges, which were fabricated by controlling the nucleation/
growth dynamics [65]. They found that shortening nucleation duration might bring
a deficient nucleation and induce a rapid increase in monomer concentration, which
accelerated subsequent growth process of nanocrystals, leading to the formation of
the starlike nanocrystals with larger size. They are further oriented to assemble
reciprocally, gradually forming initial “branched” nanoclusters to minimize the
magnetostatic energy, owing to their size-dependent magnetic dipolar interaction
[65]. Furthermore, the surface-defect-induced secondary growth of the “branched”
nanoclusters might considerably improve their uniformity, resulting in the final
“multibranched” nanoclusters with formation of sharp or obtuse edges [65]. They
revealed the transformation of 0-D nanocrystals to 3-D nanoclusters as well as the
shape evolution, which provide a synthetic strategy for shape-controlled nanostruc-
ture, as shown in Fig. 2.4b.
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Oriented Attachment

A Scale Bar : 20 nm

Fig. 2.4 (a) TEM images of 3-D self-supported (1-3) spherical and (4-6) cubic magnetic nano-
clusters composed of intergrown spherical and rodlike MNPs, respectively (Reprinted with per-
mission from Ref. [73]. Copyright 2009, American Chemical Society). (b) Schematic illustration
of the transformation of 0-D magnetic nanocrystals to 3-D nanoclusters (Reprinted with permis-
sion from Ref. [65]. Copyright 2013, American Chemical Society)

2.1.2.4 Magnetic Metal-Dopant Effects

The magnetism of magnetic nanostructures can be greatly influenced by doping
with magnetically susceptible elements. This strategy is demonstrated for the syn-
thesis of binary ferrite MFe,O, (M =Mn, Co, Ni, etc.) nanostructure with control-
lable sizes and shapes in which Fe?* ions are replaced by other transition-metal M>*
dopants [24-26, 64—-67, 78-80]. For inverse spinel Fe;O, nanostructure, it has a
crystal structure constructed of face-centered cubic packed lattice of oxygen atoms
with the tetrahedral sites (7;) occupied by Fe** ions and octahedral sites (O,)
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occupied by Fe** and Fe?* ions [52]. Fe** has a d° configuration, and Fe?* has a d°
configuration with a high-spin state; the calculated total magnetic moment per unit
Fe;0,is 4 pg [52]. For metal-dopant substitution of ferrite MFe,O,, such as MnFe,0,,
CoFe,0,, and NiFe,0,4 nanostructure, the magnetic moments per unit can be esti-
mated as 5 pg, 3 Mg, and 2 p under their electron spin configurations, respectively
(Fig. 2.5a) [10]. It is worthwhile to note that the mass magnetization (M) value is
highest for MnFe,0, nanostructure (110 emu-g~! MnFe) and decreases for Fe;O,
nanostructure (101 emu- g™ Fe), which is proportionate to the magnetic moment
values [10]. This doped MnFe,O, nanostructure can also induce significant 72-
weighted MR contrast-enhancement effects with the coefficient r2 of 358 mM~!s!,
which is more than two times higher than the values of conventional iron oxide-
related MR contrast agents [10]. Significantly, a recent report of the successful Zn*
doping leads to an extremely high magnetization value (175 emu-g™) tuning and
provides the larger MRI contrast effects (r2=860 mM~'s™") (Fig. 2.5b) [78]. This
increased MR contrast-enhancement capability of magnetic metal-doped nano-
structures is advantageous, for example, for imaging-guided tumor diagnosis in vivo
(See Sect. 2.2).

The high magnetization values of the metal-dopant nanostructure can also be
used to achieve magnetically induced heat generation under an alternating current
magnetic field (ACMF), which is evaluated by specific loss power (SLP) or specific
absorption rate (SAR) values, the standard criterion for hyperthermia effects
(defined as the thermal power dissipation divided by the mass of the magnetic mate-
rial and the heat capacity of solution) [78, 81, 82]. For instance, the SLP value of
15 nm (Zny4Mn, ¢)Fe,O,4 nanoparticles is 432 W g~!, which is four times larger than
that of Feridex (115 W g™') when measured under the identical conditions [78]. The
high performance of Mn/Zn-doped ferrite nanoparticles plays a significant role in
the thermal treatment of cancer and other diseases (See Sect. 2.3).

Except for the total magnetic moment increase, the metal-dopant substitution-
induced novel core—shell structure may constitute an important strategy for achiev-
ing excellent magnetic properties drastically different from those of regular doped
ferrite nanoparticles [79-81, 83]. Zhong’s group recently reported a core—shell-
structured ternary nanocube consisting of Fe;O, core and Mn—Zn shells synthesized
by controlling the reaction temperature in the absence of conventionally used reduc-
ing agents, as shown in Fig. 2.5c. The core—shell-structured nanocubes displayed
unique magnetic properties, such as increased coercivity and field-cooled/zero-
field-cooled characteristics by a combination of the core—shell composition, which
was useful for magnetic and catalytic applications [79]. In addition, Cheon’s group
had designed some versatile core and shell combinations including CoFe,O,@
MnFe,0,, CoFe,0,@Fe;0,, Fe;0,@CoFe,0,,and Zn, ,Co, cFe,O,@Zn, ,Mn, (Fe,O,
with mutual coupling of magnetically hard and soft components (Fig. 2.5d) [80].
They took the advantage of the exchange coupling between a magnetically hard
core and magnetically soft shell to tune the magnetic properties of the nanostructure
and maximized the heat induction, which was a gauge of the conversion efficiency
[80]. The coupled system could allow optimal tuning of magnetocrystalline anisot-
ropy (K) values in particular, as well as M values, to achieve high SLP values while
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Fig.2.5 (a) Magnetic spin structures of metal-doped MFe,O, (M =Mn, Fe, Co, Ni) NPs (Reprinted
with permission from Ref. [10]. Copyright 2007, Nature). (b) Zn**-doped magnetic spin alignment
diagrams in spinel-structured (Zn,Fe,_,)Fe,O4 NPs (Reprinted with permission from Ref. [78].
Copyright 2009, John Wiley & Sons Ltd). (¢) TEM images of morphologies of Mn—Zn ferrite
core—shell nanocubes (Reprinted with permission from Ref. [79]. Copyright 2010, American
Chemical Society). (d) TEM image (/), high-resolution TEM image (2) of core—shell CoFe,0,@
MnFe,0, NPs, and (3-6) the corresponding electron energy loss spectrum (EELS) mapped images:
(3) Co-mapped image, (4) Fe-mapped image (5), Mn-mapped image, (6) and overlay image of
(3-6) (Reprinted with permission from Ref. [80]. Copyright 2011, Macmillan Publishers Ltd)

maintaining the superparamagnetism (e.g., CoFe,O,@MnFe,0,, 2,280 W g!;
CoFe,0,@Fe;0,, 1,120 W g™!; MnFe,0,@CoFe,0,, 3,034 W g!; Fe;0,@CoFe,0,,
2,795 W g7!; Zny 4Co, ¢Fe,0,@Zn, s Mn ¢Fe,0,, 3,886 W g!) [80]. These optimized
core—shell nanostructure with adequate biocompatibility could be a highly effective
new nanoscale tool useful for magnetic hyperthermia therapy and other advanced
nanobiotechnology applications, such as drug release, and thermal activation
induced anticancer drug release carriers.

2.1.2.5 Metal Alloy

The magnetic metal alloy nanostructure (e.g., FeCo or FePt) fabricated by thermal
decomposition synthesis is another example of magnetic nanostructures with high
performance [28, 52, 63]. In these nanostructures, all the magnetic spins align
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parallel to the external magnetic field, so they typically have higher magnetic
moments, leading to larger magnetocrystalline anisotropy and magnetization [52].
Take 7 nm-sized FeCo nanostructures for example; their magnetic moment was
approximately 2.4 pp per magnetic atom, while that of Fe;O, nanostructures was 1.3
pp per magnetic atom [28, 52]. These monodisperse FeCo nanostructures had an
exceptionally high magnetization value of 215 emu- g~! metal, and the coefficient 72
value was determined to be 644 mM~!s~!, which was much larger than that of con-
ventional Feridex contrast agents [28]. These advantages successfully endowed
them with efficient 77-weighted MR imaging ability in vitro or in vivo.

2.1.3 Surface Modification of MNPs
2.1.3.1 Ligand Conjugation

Surface modification of MNPs discussed here is critical to improving their stability,
biocompatibility, and functionality, which has widely received enormous attention
in biomedical applications in vivo. Recently, a variety of ligand conjugation strate-
gies for MNPs have been developed to give high colloidal stability in aqueous bio-
fluids and to avoid aggregation which can occur under physiological conditions
using different synthetic routes (Fig. 2.6) [20, 52, 84-96]. One commonly used
method for surface coating is the physical adsorption of material onto the surface of
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Fig. 2.6 Surface modification strategies for designing MNPs with high colloidal stability
(Reprinted with permission from Ref. [52]. Copyright 2008, John Wiley & Sons Ltd)
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the particle. Another such method to coat MNP surfaces also involves covalently or
ionically bonding a polymer to the particle surface [84].

In general, as a conventional ligand, the biologically inert polymer chains have
been used to modify MNPs for controlling the particle shape, size, and functionality
that permits multiple applications. Polyethylene glycol (PEG) is one such polymer
being explored for use in biological particle systems because of its solubility in
water, low immunogenicity, biocompatibility, and fast clearance ability. The surface
modification of MNPs with PEG, known as PEGylation, has been proposed for the
improved stealth properties covered extensively in the literature [85, 86]; they
include: (1) shielding the surface charge, increasing the hydrophilicity, and decreas-
ing the interfacial free tension of the MNPs, which leads to reduced interaction and
identification by opsonin proteins; (2) generating repulsive forces through the com-
pression of flexible PEG chains on the surface of MNPs, which results in preventing
specific binding to proteins; (3) and inhibiting phagocytosis by the reticuloendothe-
lial system (RES), prolonging half-life in blood circulation, and promoting the EPR
effect in vivo. To achieve the necessary stealth properties, the most suitable molecu-
lar weight of the PEG chain has been reported between 1,500 and 5,000 Da [86]. It
is worthwhile to note that the direct one-step PEGylation of MNPs has the addi-
tional advantages of providing small and uniform MNPs [87-89]. As reported,
PEGylated MNPs as small as from 4 to 9.8 nm had been prepared directly from
monocarboxyl-terminated PEG through the covalent binding to the surface hydroxy
groups by thermal decomposition of [Fe(acac);] in pyrrolidone and PEG [87]. The
further MRI experiments performed on living rats demonstrated that the PEG-
modified MNPs had long circulation time and very good biocompatibility and could
potentially be used as MRI contrast agents. Many multifunctional PEG ligands have
been commercially available for modifying MNPs. For instance, the MNPs were
frequently coated with the combination of bifunctional PEG-silane [90-92]. The
PEGylated MNPs had been synthesized by coating the MNPs first with a silane
group using either amino propyl trimethoxy silane (APTMS) or amino propyl
triethoxy silane (APTES) and then functionalized the amine terminal group with a
carboxy-terminated PEG for attaching to targeting groups [90].

In addition, a challenge in developing therapeutic PEGylated MNPs conjugated
with polypeptide or antibodies has recently shown a promising application. In order
to increase the probability of the long-circulating PEGylated MNPs to the desired
target, the MNP surface should be labeled with polypeptide or antibodies that spe-
cifically bind to surface epitopes or receptors on the target sites. These ligands have
to be not macrophage recognizable and coupled to the surface of stealth carriers [84,
93]. In this regard, Chen’s group had firstly modified iron oxide NP surface with
PEG copolymer, making them water soluble and function extendable. These MNPs
were then covalently conjugated with a near-infrared fluorescent (NIRF) dye
(IRDye800) and a cyclic arginine—glycine—aspartic acid (RGD)-containing peptide
c¢(RGDyK) for integrin a,f; targeting, which possessed excellent tumor integrin
targeting efficiency and specificity as well as limited RES uptake for molecular
MRI diagnostics [93]. It is to be observed that the antibody coupling has at least two
drawbacks: the overall dimensions of the antibodies (ca. 20 nm) may cause MNPs
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to poorly diffuse through biological barriers in vivo, and their immunogenicity may
evoke an immune response within an organism [84]. So the coupling of small non-
immunogenic ligands to polymeric carriers should be noticed and investigated.

Besides PEG, other block copolymers, such as polyaniline or polystyrene, can
also be used to coat MNPs by the oxidative polymerization in the presence of the
oxidant ammonium peroxydisulfate [94-96]. For example, Asher et al. reported that
single Fe;O, MNPs (ca.10 nm) can be embedded in polystyrene spheres through
emulsion polymerization to give stable superparamagnetic photonic crystals [95].
Zhang et al. had used this method for coating MnFe,O, MNPs with polystyrene,
yielding core—shell nanoparticles with sizes below 15 nm [96].

The use of cross-linkable small molecules as bifunctional ligands can also be
advantageous since the cross-linking endows MNPs with the high structural stabil-
ity with only a marginal increase in their hydrodynamic diameter [52, 97]. For
example, 2,3-dimercaptosuccinic acids (DMSAs) could stabilize 12 nm-sized Fe;O,
NPs through chelate bonding of the carboxylate group to the MNPs and structural
stabilization by disulfide cross-linkages between the ligands, and the remaining free
thiol group of the ligand could be used for further bioconjugation [97]. These results
indicated that these DMSA-coated MNPs were fairly stable in the phosphate-
buffered saline (PBS) which were sufficiently suitable for in vivo utilization.

The other ligands, including the oligonucleotides, polysaccharides, acids, and
amines, are also widely used in the surface modification of MNPs. Take folic acid
(FA) for example; Hayashi et al. had designed the MNP nanoclusters modified with
FA and PEG to promote their accumulation in tumors [98]. The surface modifica-
tion was attained simultaneously as follows: (1) several allyl-MNPs became
enclosed by PEG via the thiol-ene click reaction with thiol-functionalized PEG
(SH-PEG), resulting in forming SH-PEG-MNP nanoclusters, and (2) FA-PEG-
MNP  nanoclusters were then produced when wusing thiol- and
FA-heterobifunctionalized PEG (SH-PEG-FA) instead of SH-PEG [98]. The clus-
tered FA-PEG-MNPs with high relaxivity and the SAR value were potentially used
for the cancer targeted hyperthermia (See Sect. 2.3).

As a whole, the utilization of ligand conjugation can markedly improve colloidal
stability of MNPs in aqueous solutions. But the thin ligand coating is not a good
enough barrier to prevent oxidation of the highly reactive metal particles, and the
ligand-coated MNPs indicate relatively low intrinsic stability in solution at higher
temperature and other pH [20]. So the development of other surface modification
methods for protecting MNPs against deterioration is of great importance.

2.1.3.2 Hydrophobic Interaction

An alternative approach for noncovalent binding to the MNP surface relies on the
hydrophobic interaction. In this method, lipid-based colloidal aggregates, such as
liposomes, microemulsions, and micelles, can carry hydrophilic cargo in the aque-
ous lumen and hydrophobic cargo in the lipid membrane interior [99]. They have
been used extensively in recent decades as MNP surface coating and drug carriers
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to improve pharmacokinetic properties or the bioavailability of the drug, to increase
the target-to-background ratio of the drug or MNPs [19, 99-107]. In one method of
lipid functionalization of the MNP surface, MNPs and lipids are first coprecipitated
and then redispersed in water [19, 100]. In another method, the MNPs and lipids are
incorporated together through an emulsion formed by an organic solvent and water,
and the excess coating material is removed by magnetic separation [101]. For
instance, Anderson’s group developed a simple method to coat MNPs with a cat-
ionic lipid-like material. Herein, the monodisperse MNPs were first dispersed along
with oleic acid and lipids in chloroform. Instead of completely drying the forming
emulsions, the solvent N-methyl-2-pyrrolidone (NMP) was then added to induce
adhesion between the MNP surface and lipids and sonicated under nitrogen protec-
tion. Finally, the chloroform was thoroughly evaporated away, which prevented
phase separation when particles were transferred to the aqueous phase (Fig. 2.7a)
[19]. The lipid-coated magnetic aggregates as delivery platform here were capable
of delivering DNA and siRNA to cells, which could offer the potential for magneti-
cally guided targeting, as well as an opportunity to combine gene therapy with MRI
and magnetic hyperthermia (See Sects. 2.2 and 2.3).

Another ideal magnetic nanoscale drug delivery lipid vehicle was designed and
achieved by stealth liposomes comprising self-assembled superparamagnetic iron
oxide NPs individually stabilized with palmityl-nitroDOPA incorporated in the
lipid membrane, as was shown in Fig. 2.7b. The ACMF was used to control the tim-
ing and dose of repeatedly released thermally sensitive cargo from such lipid vesi-
cles by locally heating the membrane and changing its permeability. This novel
delivery system thus created the possibility to assemble and track versatile and effi-
cient drug delivery vehicles and nanoreactors [102].

The PEG—phospholipid has also been used to improve the stability and pharma-
cokinetics of MNPs in the physiological environment [105—107]. On the one hand,
the lipid coating on the MNP surface can provide remarkable biocompatibility and
biodegradability, and on the other the PEG polymers located at outmost layers are
used extensively for improving blood circulation in vivo. Bao’s group developed a
new solvent-exchange method, in which PEG-lipid copolymer (DSPE-mPEG) and
MNPs assembled in a solvent system with ascending solvent polarity [105]. They
found that the assembly of amphiphilic molecules on hydrophobic surface of 14 nm-
sized MNPs can be induced controllably by increasing the polarity of solvent
systems with miscible solvents. Similarly, Zhang’s group synthesized a well-estab-
lished Mn—Zn ferrite MNPs coated with DSPE-PEG2000 through hydrophobic
interaction between lipid and oleic acid/oleylamine (Fig. 2.7c). The monodisperse
PEGylated MNPs with core—shell structure (15 nm) exhibited excellent perfor-
mance, such as high magnetism of 98 emu- g Fe, 2 of 338 mM-!s7!, and SAR
value of 324 W g~! Fe [106]. These advantages endowed them with efficient passive
targeting ability in vivo for prominent tumor MRI and magnetically induced heating
when exposed to ACMEF, based on EPR effects (See Sect. 2.3).
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Fig. 2.7 (a) Schematic plot of the procedure of lipid-coating iron oxide nanoclusters and corre-
sponding TEM image (Reprinted with permission from Ref. [19]. Copyright 2013, American
Chemical Society). (b) Schematic of drug-loaded liposomes containing iron oxide NPs in their
bilayer and the triggered release under the ACMF (Reprinted with permission from Ref. [102].
Copyright 2011, American Chemical Society). (¢) A schematic diagram of PEGylated lipid-coated
Mn—Zn ferrite MNP synthesis (C, chloroform; W, water) and TEM images/schematic diagram of
PEGylated lipid-coated MNPs (Reprinted with permission from Ref. [106]. Copyright 2014,
Elsevier)

2.1.3.3 Precious Metal and Inorganic Material Coating

Some precious metals and inorganic materials can be deposited on magnetic
nanoparticles through reactions in the chemical conjugation, microemulsion, redox
transmetalation, iterative hydroxylamine seeding, or other methods, to protect the
cores against oxidation and to improve their functionality [75, 76, 108-113]. In a
precious metal coating, the bifunctional composite nanostructure containing Au/Ag
and MNPs is traditionally obtained by physical deposition of a thin Au/Ag film onto
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a spherical MNP, by adsorption of HAuCl, on the MNP surface followed by the
reduction, or via electroplating through the nanoscale templates [75, 76, 108, 109].
For instance, Sun’s group reported the dumbbell-like Au-Fe;O, NPs, as illustrated
in Fig. 2.8a. They firstly synthesized Au NPs by injecting HAuCl, solution into the
reaction mixture and then in situ decomposing the Fe(CO)s precursors on the sur-
face of the Au NPs followed by oxidation in 1-octadecene solvent in the presence of
oleic acid and oleylamine and heating the mixture to reflux (300 °C), leading to
dumbbell-like Au—Fe;O, NPs [108]. Additionally, they also presented a facile syn-
thesis of Au- and Ag-coated Fe;O, NPs with core—shell structure [109]. The synthe-
sis started with room temperature coating of Au on the surface of Fe;O, NPs by
reducing HAuCl, in a chloroform/oleylamine solution. The Au-coated Fe;O4 NPs
were then transferred into water by mixing them with sodium citrate and cetyltri-
methylammonium bromide (CTAB) (Fig. 2.8b). The water-soluble Fe;O,/Au NPs
served as seeds for the formation of Fe;O,/Au NPs with thicker Au coating by sim-
ply adding more HAuCl, in the reducing condition or for the preparation of Fe;O,/
Au/Ag NPs by adding AgNO; to the reaction mixture [109]. Wang et al. also devel-
oped the monodispersed core-shell Fe;O,@Au NPs by chemical deposition
(Fig. 2.8c) [76, 110]. Following the formation of Fe;O, NPs as seeds with the
desired sizes, Au was deposited onto the surface of Fe;O, NPs by the reduction of
Au(acac); in the presence of capping and reducing agents at elevated temperature
(180~190 °C) [110]. In this process, the careful manipulation of the reaction tem-
perature was the key factor, which could control the thermally activated deposition
of Au on the exposed Fe;O, NP surface and subsequent re-encapsulation of the Au
shell surface by the capping agent [76].

The gold coating on the surface of MNPs functionalized with thiol (-SH) or
amino (-NH,) groups as another surface modification method is especially interest-
ing recently, since the gold surface can be easily functionalized with these groups
[111, 112]. This treatment allows further linkage of functional ligands which may
make the MNPs@Au suitable for catalytic and other optical applications. For
instance, Goon et al. reported a facile method of synthesizing 50 ~ 150 nm MNPs@

»
»

Fig. 2.8 (a) Schematic diagram of dumbbell-like Au—Fe;O, NP synthesis and corresponding
TEM images (Reprinted with permission from Ref. [108]. Copyright 2005, American Chemical
Society). (b) Schematic illustration of hydrophilic Fe;0,/Au NP synthesis and corresponding TEM
images (Reprinted with permission from Ref. [109]. Copyright 2007, American Chemical Society).
(¢) The formation of Fe;0,@Au NPs in the presence of capping agents which involves capping-
shell desorption, deposition of Au on the exposed Fe;O, surface, and re-encapsulation, TEM
images, and size distributions of the Fe;0,@ Au NPs (Reprinted with permission from Ref. [110].
Copyright 2005, American Chemical Society). (d) Schematic representation of the synthesis of
Fe;0,@Au NPs, based on the PEI self-assembled onto negatively charged Fe;O, NPs and corre-
sponding TEM image (Reprinted with permission from Ref. [111]. Copyright 2009, American
Chemical Society). (e) Schematic illustration of bifunctional Au—Fe;O, NP synthesis by chemical
bond (such as Au-S) interaction and corresponding TEM images (Reprinted with permission from
Ref. [112]. Copyright 2007, American Chemical Society)
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Au composites via the use of a biocompatible polyethyleneimine (PEI) for the dual
function of attaching gold seeds and preventing the formation of large aggregates
[111]. They showed that successful Au coating of MNPs requires the self-assembly
of a layer of PEI onto MNP cores by Au—N chemical bond interaction and subse-
quent saturation of the surface with 2 nm gold seeds. In order to form a protective
layer of gold shell, the additional PEI could be used to increase MNPs @ Au stability
against aggregation, which was important for further application (Fig. 2.8d) [111].
Bao et al. had reported their recent success in the synthesis of bifunctional Au—
Fe;0, NPs that are formed by simply linking two separately prepared nanomaterials
by chemical bond (such as Au—S) interaction, rather than using chemical deposition
processes (Fig. 2.8e) [112]. Due to the introduction of Au nanoparticles, the result-
ing bifunctional Au-Fe;O4 NPs could be easily modified with other functional mol-
ecules to realize various technological separations and detections simply under a
magnet [112].

Except for the precious metal coating, of some inorganic materials, such as sil-
ica, carbon coatings also have the advantages arising from the higher chemical and
thermal stability as well as biocompatibility and easy surface modification [20,
113-118]. A silica shell does not only protect the magnetic cores but also prevent
the direct contact of the magnetic core with additional agents linked to the silica
surface, thus avoiding unwanted interactions [20]. Xia et al. had shown that the
commercially available MNPs can be directly coated with silica shells by the hydro-
lysis of tetraethoxysilane (TEOS) [113]. The MNPs here were diluted with deion-
ized water and 2-propanol, and then ammonia solution and various amounts of
TEOS were added to the reaction mixture under stirring at room temperature for
about 3 h. The coating thickness could be controlled by changing the amount of
TEOS [113]. Johnson et al. had described a simple method to prepare carbon-coated
magnetic Fe and Fe;C NPs by direct thermal decomposition of the iron stearate at
900 °C under an argon atmosphere [117]. Lu et al. had synthesized highly stable
11 nm-sized carbon-coated cobalt MNPs. They indicated that the cobalt NPs could
be coated with furfuryl alcohol which was converted first into poly(furfuryl alcohol)
and then carbonized in the presence of CTAB used as the carbon source during the
pyrolysis, resulting in a stable protection layer against air oxidation [118].

2.2 MNPs with High Performance for MR Imaging
Diagnostics

Recently, biomedical imaging techniques including representative positron-
emission tomography (PET), magnetic resonance imaging (MRI), and X-ray com-
puted tomography (CT) are vital in the diagnosis of various diseases due to their
analytic ability at molecular or cellular levels [7, 8, 10, 52, 119—123]. In this regard,
a new discipline, known as “molecular imaging,” which combines molecular biol-
ogy and in vivo imaging, has emerged. MRI as one of the most powerful diagnosis
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techniques has been the preferred tool for the brain and the central nervous system
imaging and for the tumor detection, since it can give noninvasive, highly sensitive,
and target-specific detection of diseases by the help of MRI contrast agents. In gen-
eral, the MRI contrast agents should possess as high as possible relaxivity and as
small as possible size. In the past years, a variety of MNPs, such as superparamag-
netic iron oxide nanoparticles, are important and representative MRI contrast
agents, and it has received great attention for clinical liver imaging [124, 125].
These MNP-based MRI contrast agents are composed of three parts: (1) the mag-
netic core, which can generate distinct MR signal enhancement; (2) the surface
water-dispersible layers of MNPs, which endow their compatibility and stability in
the biological environment; and (3) the bioactive materials on the terminal of MNPs
for their active targeting purpose [124].

Under an applied magnetic field (B,), the designed MNPs are magnetized with
additional magnetic moment and generate an induced magnetic field, perturbing the
nuclear spin relaxation processes of the water protons. Based on their relaxation
processes, some conventional MRI contrast agents are mostly effective in a single
imaging mode of either longitudinal (77) relaxation mode (bright signals) or trans-
verse (72) relaxation mode (dark signals) (Fig. 2.9a) [8]. The commercially avail-
able T1 contrast agents are usually paramagnetic complexes, while 72 contrast
agents are based on iron oxide nanoparticles. Take the typical 72-MR contrast effect
for example; the magnetic relaxation processes of the water protons in the presence
of MNPs are perturbed, and the spin—spin relaxation time is shortened. The pertur-
bation leads to the MR signal contrast enhancement, which appears as a darkening
of the corresponding MR image [52] (Fig. 2.9b). The degree of the 72 contrast
effect is represented by the spin—spin relaxivity R2 (R2=1/T2), and the relaxivity
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Fig. 2.9 (a) Responsive MR signals for a bright image in the T1 mode and a dark image in the T2
mode (Reprinted with permission from Ref. [8]. Copyright 2011, American Chemical Society). (b)
MR contrast effects of MNPs. Under an external field (B,), the MNPs are magnetized with a mag-
netic moment 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 darkening of the corresponding section of the MR image (Reprinted with permission from Ref.
[52]. Copyright 2008, John Wiley & Sons Ltd)
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coefficient (72), which is obtained as the gradient of the plot of R2 versus the molar-
ity of magnetic atoms, is a standardized contrast-enhancement indicator [52].

The MR contrast-enhancement effect in vivo of MNPs can be greatly influenced
by their size, shape, magnetism, surface chemistry, and biocompatibility, which are
the most important considerations in clinical cancer early detection and diagnosis.
Therefore, the development of the MNPs with high performance is particularly
important. In recent years, some relevant research groups have developed a variety
of MNPs with excellent magnetic properties, high sensitivity, low toxicity, long
blood circulation, and specific target function served as contrast-enhancing MRI
probes. We can attempt from the following cases [105, 126—128]. For instance,
Tong et al. have described a method for coating magnetic iron oxide nanoparticles
with phospholipid PEG1000 through the hydrophobic interaction between lipid and
oleic acid/oleylamine on MNP surface. They further demonstrate that, by fine-
tuning the core size and PEG coating of MNPs, the r2 relaxivity per particle can be
increased by >200-fold. With 14 nm core and PEG1000 coating, the MNPs have r2
relaxivity of 385 mM~!s~!, which is among the highest per-Fe atom relaxivities. In
addition, intravenous injection of the MNPs resulted in the significant enhancement
in 72-MRI contrast of tumor tissue, which demonstrated the potential of the MNPs
for clinical applications (Fig. 2.10a) [105]. In addition, Lee et al. have developed a
new MnFe,O,~Herceptin probe with high performance to make the ultrasensitive
in vitro detection of cancer cells possible since the probe interacts with all HER2/
neu-positive cancer cells. Significantly, improved 72-MR imaging of cancers is pos-
sible utilizing this probe which has a large 2 of 358 mM™'s™'. When the MNP probe
is tail intravenously injected into a mouse, very small tumors can be specifically
detected with a high MR contrast effect. In particular, these MNPs with high perfor-
mance have little toxicity for potential in vivo ultrasensitive cancer imaging applica-
tions. These features make them appealing candidates for early detection and
diagnosis of cancer and many other diseases (Fig. 2.10b) [10, 52, 121].

2.3 MNPs with High Performance for Cancer Targeted
Hyperthermia

Magnetically induced heat generation from NPs can be used for various purposes
including cancer therapy known as hyperthermia [7, 8, 129-138]. Once the MNPs
are in the desired location in vivo (where they are concentrated) upon exposure to
an ACMF with appropriate field and frequency, the MNPs continuously emit heat
via Néel and Brownian pathways (Fig. 2.11a), generating heat and increasing the
temperature of the surrounding diseased tissue. Ideally, the cancer tissue is heated
to approximately 42~55 °C, which reduces the viability of the cancer cells.
Comparing with the conventional radio frequency-, microwave-, and laser
wavelength-induced thermotherapy, the magnetic hyperthermia is more superior
and predominant. It can focus on the MNPs’ exact location of both transplantable
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Fig.2.10 (a) In vivo tumor MR imaging. Arrow shows the location of the subcutaneous tumor and
MR images of tumor before probe injection. MR images collected after 1 h following the injection
of 14 nm MNPs conjugated with antibodies against mouse VEGFR-1 (Reprinted with permission
from Ref. [105]. Copyright 2010, American Chemical Society). (b) Intravenous tail vein injection
of the MNP—Herceptin probes into a mouse with a small HER2/neu-positive cancer in the proxi-
mal femur region. In comparison, MNP-Herceptin probes and CLIO-Herceptin probes were also
tested. Color-mapped MR images of the mouse at different times following injection (Reprinted
with permission from Ref. [10]. Copyright 2007, Macmillan Publishers Ltd, Ref. [52]. Copyright
2008, John Wiley & Sons Ltd, and Ref. [121]. Copyright 2005, American Chemical Society)
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Fig. 2.11 The MNPs for magnetic hyperthermia under an ACMF: (a) Néel and Brownian relax-
ation processes and (b) experimental apparatus (Reprinted with permission from Ref. [8].
Copyright 2011, American Chemical Society)

and in situ carcinoma in vivo and provides a noninvasive way to efficiently raise the
tumor temperatures to therapeutic levels [8, 133], which is considered a promising
cancer therapy in further clinical application.

The magnetic hyperthermia device consists of the radio link control (RLC) cir-
cuit, including the resistor, inductor, and capacitor, causing the induction of an
ACMF. The water-jacketed coil is usually used to cool down the coil temperature
(Fig. 2.11b) [8]. Unfortunately, most of the studies on magnetic hyperthermia used
harmful ACMF with high amplitude and frequency for patients in clinical
application. Some experiments have shown that the designed low- or mid-frequency
ACMF (100 ~400 kHz) has been demonstrated to be safe and beneficial for poten-
tial application [7, 8, 134, 135], and data on the therapeutic effect of the hyperther-
mia assessed under ACMF with the product of the amplitude and frequency of
<5%10° Am~!s7! is required [136-138], but to date, none of the FDA-approved
MNPs have been exploited for hyperthermia purposes. The first instance of selec-
tive inductive heating of lymph nodes using MNPs under an ACMF was probably in
1957 [139], since then the MNP-mediated hyperthermia in vivo has progressed
much. But the clinical trial of MNPs designed by Jordan et al. for hyperthermia had
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been at Berlin’s Charité Hospital in 14 patients with a severe type of brain cancer
using local injection of 15 nm-sized iron oxide NPs in a water suspension. The field
amplitudes here between 3.8 and 13.5 kA m™' at 100 kHz were employed [140].
Johannsen et al. also had used an ACMF with a frequency of 100 kHz and variable
field strength of 0~ 18 kA m™ in clinical use. To measure heating rate in situ, fiber-
optic thermocouples were surgically positioned into the prostate, urethra, rectum,
perineum, scrotum, and left ear and monitored with software to keep field strength
constant or be adjusted to the desired temperatures [141]. In addition, the favorable
recent results of “nanothermotherapy” study in clinical phase II led by German
company MagForce Nanotechnologies [130-132] demonstrated the magnetic
hyperthermia potential.

In the majority of cases, the MNP-mediated cancer hyperthermia therapy strate-
gies are applied in two ways: (1) the high temperature for short-time periods (>50 °C
for 10~30 min) in tumor tissue, commonly referred to as thermal ablation, and (2)
the lower temperatures for long-time periods (42~45 °C for at least 30 min) in
tumor tissue often called mild hyperthermia [142]. Generally, the threshold thermal
exposure for mild hyperthermia treatment can induce distinct apoptosis effect.
Simultaneously, it can result in the tumor vascular damage and the reduction in
tumor blood flow in the vasculature, thereby impairing oxygen and nutrient supply,
inducing the anti-angiogenesis effect [106]. Whereas thermal ablation can alter the
tumor microenvironment in terms of hypoxia, perfusion in tumors and immunologi-
cal function kill the tumor cells directly with heat treatment and finally lead to
tumor tissue necrosis and coagulation [7]. The heat ablation induction can also raise
the metabolism and transition (meaning the structural transformation from an
ordered to a disordered state) of cellular structures, such as DNA and proteins [7,
142-144]. Accordingly, protein aggregation, insolubilization, increased fluidity of
cellular membranes, disruption in ion permeability through cellular membranes,
inhibition of amino acid transport, morphological changes as a consequence of
damaged cytoskeletal system, and inhibition of DNA repair are typical effects at the
cellular level [7, 142]. For instance, in an experiment conducted by Hilger et al., the
tumor-bearing mice received an intratumoral injection of iron oxide NPs at 4-18 mg
per 100 mg tumor tissue and were then exposed to an ACMF (amplitude, 6.5 kA
m~!; frequency, 400 kHz) for 50 min. During hyperthermia treatment, the tempera-
ture of tumor tissue changes varied from 12 °C to 73 °C, and the histological exami-
nation of the tumor tissue revealed the presence of the early stages of coagulation
and necrosis [145]. Huang et al. had described the use of the MNPs that, with a
well-tolerated intravenous dose, achieved a tumor concentration of 1.9 mg [Fe]/g
tumor in a subcutaneous carcinoma mouse model. With an ACMF of 38 kA m™ at
980 kHz, tumor tissue could be heated to 60 °C in 2 min, durably ablating them with
millimeter precision, leaving the surrounding tissue intact [146]. More recent stud-
ies have also focused on increasing the efficiency of this thermal ablation treatment
[147-149]. Although thermal ablation can effectively destroy tumor tissue, a major
limitation with this type of therapy in its overall effectiveness is due to the difficul-
ties of heating large tumors. In this regard, designing an effective magnetic hyper-
thermia strategy, such as the MNP injection method and dose, and the appropriate
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size of ACMF helical coil device, to make sure the whole tumor tissue region
reaches a sufficient temperature, is challenging for researchers.

Direct intratumoral injection of MNPs is a conventional method for magnetic
hyperthermia, which is demonstrated to be safe and beneficial in clinical application
[146, 147]. It has the advantages of achieving high concentrations of MNPs in the
tumor regions and inducing tumor thermal ablation under the exposure to ACMF,
rapidly controlling tumor growth. But it severely suffers from not covering tumors
adequately, being invasive, and typically leaving undertreated regions, leading to
the cancer regrowth [146]. In contrast, intravenous administration of MNPs covers
irregular tumor shapes more precisely, loads many tumors simultaneously, and is
minimally invasive, which has a practical advantage in cancer targeted magnetic
hyperthermia (TMH) [106]. Previous attempts to implement intravenous injection
of MNPs followed by ACMF heating showed some efficacy but were not able to
fully ablate tumors, as required concentration was not reached in the tumors [150,
151]. Additional barrier to this approach was the toxicity of the MNPs at a level that
achieves the required tumor loading after injection.

To achieve adequate concentrations of MNPs in the tumor, the excellent perfor-
mances of MNPs, such as the higher magnetic characteristic, biocompatibility, and
increased tumor-targeting ability, are crucial for their successful cancer TMH. As
previously mentioned, one way of characterizing the heating ability of MNPs under
an ACMF is calculating their SAR values. Firstly, there is a great challenge for
optimizing the size, shape, and structure of MNPs to achieve higher heating power.
In detail, it was shown that the spherical MNPs with a mean size of ~20 nm are suit-
able for clinical hyperthermia as the previous depiction [152], and cubic-shaped
iron oxide NPs or flower-shaped NPs had recently shown considerably improved
hyperthermia properties, compared to optimized 20 nm spherical iron oxide NPs
[72, 137]. The current progress in the synthesis of MNPs now allowed for their vari-
able and controlled core—shell structures [80]. A very important antitumor effect
induced by hyperthermia had been thus noticed with core—shell MNPs consisting of
a core displaying a high magnetic anisotropy surrounded by a shell with a small
magnetic anisotropy [80]. In an attempt to develop new ferrite NPs with higher
thermal energy transfer capability, a metal-dopant (e.g., Mn** or Zn>*) substitution
strategy had also been pursued in recent studies [52, 78]. For instance, it was proved
that this strategy for enhancing SAR value (432 W g™!) of doped (Zny,Mn,¢)Fe,0,
NPs, achieving higher nanomagnetism, was very important. The high SAR could
bring better efficacy with lower dosage levels, leading to a fourfold enhancement in
hyperthermic effects in vitro compared to conventional Feridex measured under an
ACMEF at 500 kHz and 37 kA m™" [78]. In the study of Zhang et al., doping Mn—Zn
ferrite MNPs (8 nm) were proved to exhibit extremely high magnetization value
with 98 emu g~! Fe and a magnetically induced temperature elevation (~30 °C in
aqueous solution for 15 min by application of an ACMF with 390 kHz and 12 A)
[106]. The outstanding performances made the MNPs promising as an excellent
material for early diagnosis and therapy in vivo.

Secondly, the improved MNP-mediated tumor-targeting efficiency as another
strategy plays a vital role in practical TMH in vivo. As an essential challenge, the
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MNPs should be conjugated to the surface coating or targeting molecule to achieve
efficient accumulation in tumor tissues with MNP-mediated intravenous injections.
Generally, the leaky vasculature of tumors may promote MNP accumulation as the
blood flows through the tumor, but the MNPs without surface modification are rap-
idly cleared from the blood circulation when passing through the biological defense
system and vascular barriers in vivo [129]. When the immune system does not rec-
ognize the MNPs, the MNPs may have a longer blood circulation time, promoting
their passive targeting ability and increasing their accumulation in the tumor tissue
because of the aforementioned EPR effect. The previously mentioned coatings (e.g.,
specifically PEG and liposomes) are the mostly responsible for passive targeting
effect and increased blood circulation time of the MNPs. It was proved that the lipid
DSPE-PEG2000-coated Mn—Zn ferrite MNPs with a core—shell structure in an
average diameter of 48.6 nm can drastically minimize the recognition and phagocy-
tosis of macrophages and simultaneously improve their biocompatibility, which
endowed them with efficient passive targeting ability in vivo for prominent mag-
netically induced heating when exposed to ACMEF, based on the EPR effects
(Fig. 2.12a) [80, 106]. To ensure sufficient accumulation, the use of MNPs with a
well-tolerated intravenous single dose of 18 mg Fe kg™' mouse body weight was
described. With an ACMF of 12 A at 390 kHz, the tumor surface sites could be
heated to approximately 43 °C in 30 min based on MNC-mediated intravenous
injections [106]. The MNP-mediated passive targeting can successfully accumulate
at tumors, but there is also concurrent accumulation in some other tissues, most
notably the liver and spleen. It makes the restricted use of passive targeting for
tumor hyperthermia purpose.

a b
FA-PEG-sPION Ncs (IS

#  Normal tumor cell
@ Apoptotic tumor cell

Fig. 2.12 (a) A schematic diagram of MNPs for the magnetically induced mice cancer theranos-
tics (Reprinted with permission from Ref. [106]. Copyright 2014, Elsevier). (b) The FA-PEG-
SPION NPs with intravenous administration for mice cancer TMH (Reprinted with permission
from Ref. [98]. Copyright 2013, Theranostics)
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Approaches of MNP-mediated active targeting in relation to TMH are proposed
with the aim of improving the MNP accumulation beyond passive targeting. It has
the advantage that MNPs can be selectively deposited in the tumor region after the
intravenous application without needing to puncture the tumor tissue with intratu-
moral injection methods. The active targeting ligands, such as antibodies, tat pep-
tides, RGD peptides, FA, and chlorotoxin, are often modified on the initial surface
of MNPs [129]. The targeting ligands can increase the cellular uptake of MNPs in
targeted cell either by endocytosis or binding to targeted cell surface. A promising
active targeted hyperthermia method for treating prostate cancer was developed by
Cui et al., in which they synthesized fluorescent MNPs conjugated with single-
chain Fv antibody against an overexpressed y-seminoprotein [153]. Through studies
of targeted MNPs intravenously administered into mice, they showed a steady
increase of MNP concentration in the tumor after 2, 6, 9, 12, and 24 h injection.
Mice receiving treatment with a magnetic field had a longer life expectancy
(7 weeks) than mice not receiving treatment with a magnetic field (4 weeks) [129,
153]. Hayashi et al. had also modified the magnetic nanoclusters with FA, to pro-
mote sufficient accumulation in tumors [98]. Twenty-four hours after intravenous
injection of FA-modified nanoclusters, they accumulated locally in the cancer tis-
sues. The tumors of the mice then underwent local heating by application of an
ACMF (8 kA m™! and 230 kHz) for 20 min. The temperature of the tumor was
higher than the surrounding tissues by ~6 °C (Fig. 2.12b) [98].

Thirdly, for clinically available TMH, the optimization of ACMF with adequate
frequency, field, and helical coil device is also challenging, which can provide the
base for theranostics strategies. It was used in the MNP-mediated hyperthermia
clinical trial treating prostate cancer using a 100 kHz machine designed for human
patients and later in human glioma trials which demonstrated to be safe and have
some benefits [140, 141]. In the experiments of mice modes, the highest amplitude
and frequency of an ACMF were set to 38 kA m™! and 980 kHz, in which the mice
were observed to have no obvious clinical signs of toxicity (no weight loss or abnor-
mal behavior) [146]. Xie et al. designed a magnetic induction coil device with 3 cm
in diameter and 1.5 cm in length in ACMF. The designed ACMF system just made
the tumor region of a mouse placed in the center of magnetic induction, focusing the
heat into very small tumor regions, and promoted higher thermal energy production,
which was used for making TMH a more effective approach to cancer therapy with
decreased risk of heating surrounding healthy tissues (e.g., liver and spleen) [106].

The TMH has recently emerged as a promising therapeutic approach for cancer
treatment due to intravenous administration of MNPs with high performance to
deliver a therapeutic dose of heat specifically to cancerous regions under
ACMF. However, it is proved that the single injection of MNPs was difficult in
achieving necessary concentration in tumor because of the metabolism and clear-
ance by correlative organs. So the extraordinary strategies of high-quality MNP-
mediated TMH attained in further study may be attributed to a combination of the
following factors: (1) the dosages of MNCs used here which are considerably larger
than that used in previous MR imaging, (2) designing the TMH strategy of repeti-
tious MNP-administered intravenous injections (3~6 time) and the long-lasting
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hyperthermia, and (3) the TMH which can combine with other thermotherapies or
chemotherapies, triggering the cancer synergetic therapy.
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