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Iron oxide nanoparticles are the most popular magnetic nanoparticles used in biomedical applications due to their
low cost, low toxicity, and unique magnetic property. Magnetic iron oxide nanoparticles, including magnetite (Fe3O4) and
maghemite (y-Fe,O3), usually exhibit a superparamagnetic property as their size goes smaller than 20 nm, which are often
denoted as superparamagnetic iron oxide nanoparticles (SPIONs) and utilized for drug delivery, diagnosis, therapy, and
etc. This review article gives a brief introduction on magnetic iron oxide nanoparticles in terms of their fundamentals of
magnetism, magnetic resonance imaging (MRI), and drug delivery, as well as the synthesis approaches, surface coating,
and application examples from recent key literatures. Because the quality and surface chemistry play important roles in
biomedical applications, our review focuses on the synthesis approaches and surface modifications of iron oxide nanopar-
ticles. We aim to provide a detailed introduction to readers who are new to this field, helping them to choose suitable
synthesis methods and to optimize the surface chemistry of iron oxide nanoparticles for their interests.

Keywords: Fe;0,, y-Fe,Os3, synthesis, surface coating, biomedical application

PACS: 75.47.Lx, 75.75.Cd, 61.46.—w, 81.16.Be

1. Introduction

Iron oxide nanomaterials have attracted great atten-
tion from many research fields. They have been found
highly applicable and versatile in lithium ion batteries,!]

supercapacitors,'?! catalysis, ]

tissue-specific releasing of
therapeutic agents,*! labeling and sorting of cells,’! as well
as the separation of biochemical products.!®”] Due to their
superparamagnetic property and low toxicity, magnetic iron
oxide (Fe3O4 and y-FeyO3) nanoparticles are especially in-
teresting to biomedical applications, such as diagnostic mag-
netic resonance imaging (MRI),[8! thermal therapy,[®!°! and

(8111 For these applications, Fe304 and y-Fe> 03

drug delivery.
nanoparticles are usually smaller than 20 nm, where they ex-
hibit superparamagnetic properties, i.e. a high magnetic sat-
uration moment and nearly zero coercivity at room temper-
ature. The external magnetic field can readily induce mag-
netic iron oxide nanoparticles towards magnetic resonance,
self-heating, and also moving along the field attraction. These
behaviors actually highly depend on the quality of the iron ox-
ide nanoparticles, such as crystallization, size, and shape. It
indicates the importance of synthesis approaches of iron oxide

nanoparticles, i.e. the synthesis approaches that can produce
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well-crystallized and size-controlled iron oxide nanoparticles
offer more opportunities for these applications. On the other
hand, after synthesis, iron oxide nanoparticles need surface
modification to make them more compatible in bio-systems
for molecular conjugation and functionalization. They also
often suffer from the chemical corrosion-induced instability.
Therefore, the surface modification is a critical post-synthesis
step for making iron oxide nanoparticles bio-compatible and
stable. Some modifications also introduced additional chemi-
cal and/or physical properties onto iron oxide nanoparticles. In
this review, we will focus on the synthesis approaches and sur-
face modification techniques of magnetic iron oxide nanopar-
ticles. A detailed comparison of the available physical and
chemical synthesis methods is given, aiming to help readers
who are new to this field to choose appropriate suitable syn-
thesis methods for their research interests. The surface mod-
ification is given with inorganic and organic coatings. The
advantages of surface modification are demonstrated with sev-
eral MRI and drug delivery examples. In addition, we also
give a brief introduction on crystal structure of Fe3O4 and -
Fe, 03, size-dependent magnetism, and the working principles

of magnetic nanoparticles in MRI.
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2. FE304 and y—Fe203

For Fe3O4 and 7y-Fe,03, the electron configuration of
the Fe** ion is 1s2s? 2p® 3s?3p®3d> and Fe?' ion is 1s?
252 2p® 3s? 3p® 3d°. It is the Fe 3d electrons that deter-
mine the electronic, magnetic and some spectroscopic proper-
ties. In the ground state Fe>* has five unpaired electrons and
Fe?" has two paired and four unpaired electrons. Magnetite,
Fe3 0y, is a ferrimagnetic oxide with a high Curie temperature
(Tc = 858 K). It is in an inverse spinel structure with a face-
centered cubic (fcc) unit cell (unit cell length a = 0.839 nm)
based on 32 O?~ ions regularly cubic close packed along the
[111] direction. There are eight formula units per unit cell.
Fe304 chemically contains both Fe?>* and Fe*". The struc-
ture consists of octahedral and mixed tetrahedral/octahedral
layers stacked along [111]. The formula can be written as
Fe’t(A)[Fe?tFe3t](B)04. A is the tetrahedral site which is
occupied by Fe*T ions surrounded by four O atoms, while B
is the octahedral site which is a mixture of Fe?/Fe’* ions
surrounded by six O atoms. Thus, Fe*>*occupies both tetrahe-
dral and octahedral sites.!!>!3] Fe atoms in A and B sites are
coupled antiferromagnetically and the Fe?>* ions in B site con-
tribute to macroscopic ferromagnetic properties.['*l As shown
in Fig. 1, the magnetic properties of Fe3Oy4 are ascribed to the
splitting of the 5d orbitals. The 5d orbitals are split into two
subsets due to the oxide ligands and all Fe3* and Fe>* ions
have four unpaired electrons, respectively. As can be seen,
in the octahedral site, Fe3™ and Fe?" ions are coupled fer-
romagnetically through a double exchange mechanism. The
electron with the spin directing in the opposite direction of
the others (in red), can be exchanged between two octahe-
dral coordination sites. On the other hand, the Fe3T ions in
tetrahedral and octahedral sites are coupled antiferromagnet-
ically via the oxygen, implying that the Fe’* spins cancel
out each other and thus merely unpaired spins of Fe?* in oc-
tahedral coordination contribute to the magnetization. Fast
electron hopping between the Fe3* and Fe?' ions at the B
sites can lead to the Fe304 conductivity.['>! The Fe304 can
be treated as half metal: a full spin polarization coming from
the negative electron spin polarization at the Fermi level.[1%17]
Maghemite, (magnetite-hematite), y-Fe,Os, is also a ferri-
magnetic oxide, whose structure (¢ = 0.834 nm) is similar
to that of magnetite.!'8! The difference between y-Fe,03 and
Fe30y4 lies in all or most of Fe in y-Fe; 03 is in the Fe3* state
and the oxidation of Fe?* is compensated by cation vacancies.
The unit cell contains 32 O%~ ions, 64/3 Fe3* ions and 7/3
vacancies. Each cation occupies the tetrahedral site and the
remaining cations are randomly distributed among the octahe-
dral sites. The vacancies are usually confined to the octahedral

sites.

(a)

Tetrahedral

V.

A+

Fig. 1. (a) Crystal structure of Fe304, where green atoms are Fe*,
brown atoms are Fe3*, and white atoms are O.[18] (b) The electron, col-
ored red, whose spin directs in the opposite direction of the others, can
be exchanged between two octahedral coordination.

3. Size-induced magnetism evolution and appli-
cation mechanisms

For all materials, the magnetism can be divided into five
groups: diamagnetism, paramagnetism, ferromagnetism, anti-
ferromagnetism, and ferrimagnetism. Diamagnetism is a ba-
sic property of all substances and it is a tendency to oppose
an applied magnetic field. The magnetic susceptibility of a
diamagnetic substance is small (—107%), negative and inde-
pendent of temperature. The diamagnetic material has no un-
paired electrons, and the paired electrons have opposite spin
directions, so the magnetic moment will be offset. Param-
agnetic substances have unpaired electrons whose spins have
random magnetic moment directions. When applying a mag-
netic field, the spins will make themselves align to the applied
magnetic field direction. The magnetic susceptibility is posi-
tive and small (0 to 0.01). It varies with temperature and its

191 Ferromag-

behavior is described by the Curie-Weiss law.
netic substances also have unpaired electrons, and they can
also make their magnetic moments align to the applied mag-
netic field. The difference between paramagnetic and ferro-
magnetic substances lies in the magnetic moment of ferromag-
netic substances will remain the lowered-energy state and par-
allel to each other, and this state can remain even though the
applied magnetic field is removed. An antiferromagnet has a
zero net moment because of the intrinsic magnetic moments
of neighboring valence electrons having opposite directions.

A ferrimagnet has two characters: 1) it can keep the magnetic
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moment when lacking the magnetic field; and 2) neighboring
pairs of electron spins are in the opposite directions. In the op-
timal arrangement, it will show more magnetic moment in one
direction. The detailed magnetism classification can be found
in the literature. ")

Bulk Fe3O4 and y-Fe,O3 are ferrimagnetic. They were
classified as ferromagnetic materials a long time ago, be-
fore Néel’s discovery of ferrimagnetism and antiferromag-
netism in 1948.1!1 The research in nanosized magnetic mate-
rials has found that the magnetism of materials is highly size-

22231 The general rule is that as the size of ferro-

dependent.|
magnetic substances is sufficiently small, they will be like a
single magnetic spin, which has a larger response to the ap-
plied magnetic field. Below such a size, the substances dis-
play the superparamagnetic property. Nanosized Fe3O4 and
7-Fe; O3 smaller than 20 nm are often considered in the range
of a single domain and exhibit a superparamagnetic property.
In the single-domain region, the coercivity decreases with the
decrease of the particle size when the size is bigger than D,
(the superparamagnetic critical size). The coercivity will be-
come zero when the particle size is smaller than Dy, which can
be attributed to the randomization caused by thermal energy.
There is a maximum coercivity that exists at the transition
from multi-domains to a single-domain. In the multi-domain
region, domain wall motion determines the magnetic prop-
erty, and coercivity decreases when the overall size increases.
When the nanoparticles are extremely small, the magnetic mo-
ment of nanoparticles is very small, and the magnetization will
have a linear relationship with the magnetic field.**) A high
magnetic field will saturate the magnetization. Because of the
fluctuation of magnetic moment caused by thermal energy, su-
perparamagnetic nanoparticles do not present the remanence
and coercivity. [24-27]

A major application of superparamagnetic iron oxide
nanoparticles is magnetic resonance imaging (MRI). MRI is
a medical imaging technique using a strong magnetic field and
radio waves for body diagnosis. Because the human body
is largely composed of water molecules containing protons,
when the body is placed in the MRI scanner, the magnetic
moments of protons will align to the applied magnetic field
direction. If a radio frequency (RF) electromagnetic field is
applied, proton magnetic moments will change. As this RF
electromagnetic field is turned off, the magnetic moments will
return to their original state. Most MRI applications rely on
detecting a radio frequency signal emitted by excited protons.
Since the time or rate of the protons in different tissues return
to their equilibrium state after the microwave is removed are
different, the diseased tissue can be detected. When the RF
electromagnetic field is switched off, the flipped nuclear spins
tend to return to a low energy state along the applied magnetic
field and thus there will appear two independent processes: the

spin-lattice relaxation T1 process and the spin-spin relaxation
T2 process. They can be used to demonstrate different anatom-
ical pathologies. In the T1 process, the magnetic moments
will recover to the low energy state: aligned to the applied
magnetic field direction, while in the T2 process, the magnetic
moments will decay in the xy-plane perpendicular to the ap-
plied magnetic field direction. Thus, the image signal from the
T1 process will be brighter because the magnetic moments in
the applied magnetic field direction increase, while the image
signal from T2 will be darker. In order to accelerate T1 and T2
processes and further increase the contrast, the contrast agents
are desired to accelerate the relaxation. The contract enhance-
ment can be measured by relaxation rate R = 1/7 (s~') and
relaxivity r = R/concentration (mM~'-s~!). If a higher relax-
ivity is obtained, an enhancement on contrast will be observed.
Gd3*-complexes often serve as the T1 contrast agent,282°]
and magnetic nanoparticles (MNPs) are often used as the T2
contrast agent. The contrast effects are determined by (M;V)?
and d~%, where M is the saturation magnetization, V is the
volume of nanoparticles, and d is the distance from the MNP
surface to the protons. Therefore, the magnetic nanoparticles
with a high M, uniform size, and thin surface coating layer

(2830311 The synthesis

will be able to give a shaper contrast.
and surface modification of magnetic nanoparticles for MRI
purposes should follow this rule to reach a higher detection
sensitivity.

In addition, because superparamagnetic iron oxide
nanoparticles can be imaged in MRI and also be moved under
an applied external magnet, they have great potential to be the
carriers of drug molecules for targeted drug delivery. Ideally,
the targeted drug delivery*?! technique delivers the medicine
directly to the disease parts of a patient. It can increase the
local medicine concentration and reduce the dosage intake by
the patient. As a result, the usage of the drug can be more effi-
cient with lower side-effects and fluctuation in circulating drug
levels. Magnetic nanoparticles can be followed using MRI so
that the transportation of the drug with magnetic carriers can
also be tracked or guided.**! Magnetic nanoparticles for drug
delivery should not only meet the criteria of an MRI contrast
agent, but also need carrying sites for the drug. Because of
the limited space on the nanoparticle surface for both target-
ing agent and drug, surface coating/modification is a major

approach for creating loading sites for carrying drugs.?#!

4. Synthesis approaches

4.1. Physical vapor deposition (PVD)

Physical vapor deposition is a vacuum deposition method
used to deposit thin films by the condensation of a vaporized
form of the desired material on the substrates. It is purely
physical processes such as high-temperature vacuum evapo-
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ration with subsequent condensation, or plasma sputter bom-
bardment rather than a chemical reaction at the surface as
chemical vapor deposition (CVD). Many research groups re-
port to prepare iron oxides using PVD. Various PVD methods
such as pulsed laser deposition (PLD),?>3¢1 reactive molecu-

38.391 have conven-

lar beam epitaxy (MBE)!*7! and sputtering!
tionally been used to grow these spinel ferrites. For example,
Boho et al. utilized the facing target sputter technique to make
Fe30, epitaxial growth on MgO single crystal substrates. 40!
Pandya er al. deposited Fe3O4 nanoparticle film on Si(100)
using pulsed DC sputtering under the assistance of an electric
field.*! Since Y-Fe, O3 has almost the same lattice parameters
to FezO4, XRD cannot distinguish the phase between Fe;04
and y-Fe; O3 alone. Some researchers used Raman spectra and
Mossbauer spectroscopy to ensure the phase purity.[*!! You et
al. reported the preparation of iron/iron oxide core-shell nan-
oclusters via nanocluster deposition system, which employed
a combination of magnetron sputtering and gas-aggregation
techniques. The iron nanoparticles were prepared by passivat-
ing the Fe surface with MgO in order to retain the Fe high mag-
netic moments. 8! However, the method of growing y-Fe,O3
nanoparticle films has been limited to reactive MBE and facing
target sputtering.>°) Most recently, Yanagihara et al. prepared
Fe304 and y-Fe,O3 on single crystal MgO (001) using reac-
tive sputtering. When the total gas pressure was 0.5 Pa, and
the Ar flow rate was 30 sccm, changing the O, flow rate can be
used to choose to grow Fe3Oy4 or y-Fe;O3. When the O, flow
rate is controlled between 0.2 sccm to 0.5 sccm, the product
is Fe3Oy4; when the O, flow rate is bigger than 0.7 sccm, the

product is y-Fe;03.03%

4.2. Chemical vapor deposition (CVD)

Chemical vapor deposition was also reported for syn-
thesizing Fe3O4 nanoparticles by some groups, but the re-
ports are relatively rare. Rochel et al. used CVD to prepare
carbon-coated FezOy4 particles by the reduction of Fe,O3 in
methane and nitrogen.[*>] The carbon coating is commonly
used because of its biocompatibility and chemical stability. 4]
Recently, Mantovan et al. synthesized Fe;O4 thin film via
CVD using Fe(CgHg)(CO);3 as a precursor.[*3] The method
improved the stoichiometry degree as compared with carbonyl
precursors.[*3*31 The thickness of Fe;O4 can be controlled
by varying CVD pulses. Because the limitation of approach,
both PVD and CVD have been found to not be suitable for
producing iron oxide in the nanoparticle form. Even some
reports with nanoparticle formation, the post-synthesis treat-
ments, such as scratching powders from substrates and dis-
persing in solvent by sonication or surface modification, have
to be used. These shortcomings limit their biomedical appli-
cations in a wet-chemical environment.

4.3. Electrodeposition

Similar to vapor deposition, electrodeposition also in-
volves the deposition of precursors onto a substrate to form
nanostructures. But the electrodeposition usually can be con-
ducted under room temperature with dissolved Fe?" or Fe3*
ions as precursors. It is promising to prepare large-scale iron
oxide nanomaterials.*% Evidence from the literature sug-
gests that, in general, changes in deposition potential and
electrolyte composition can significantly affect film forma-
tion, including crystallinity, grain size, and orientation.4”]
Carlier et al. prepared Fe304 by anodic oxidation of Fe?*
at 80 °C under N, atmosphere, and used KCH3COO and
(NH4),Fe(SO4)-6H,0 as precursors. The gold-coated poly-
carbonate membrane served as templates.>!! Poduska et al.
used the same precursor to prepare Fe3O4 on metal substrates
(Fig. 2). The magnetic hysteresis response of Fe304 film can
be tuned by changing the applied potential and electrolyte
composition.*”] In addition, they found that acetate played an
important role in controlling the ratios of Fe3O4 and y-Fe,O3.
At a higher concentration of acetate in the electrolyte, pure
Fe3O4 can be produced.

—_—
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Fig. 2. (a) Applied deposition potential vs. time for a sample pre-
pared galvanostatically at 50 pA/cm?. Within the first 15 s of de-
position, the applied potential stabilizes to a potential at which mag-
netite is electrodeposited, and no significant variation in potential is
observed over 15-90 min of deposition. (b) Scanning electron micro-
graphs show that rounded, columnar crystallites appear in deposits syn-
thesized potentiostatically, in this case at —0.425 V vs. Ag/AgCl refer-
ence electrode (Fisher Scientific), from electrolytes with higher acetate
concentrations. 471

4.4. Hydrothermal

The hydrothermal is one of the most popular wet chem-
ical approaches for synthesis of inorganic nanocrystals, espe-
cially for metals and metal oxides.>>3 This method often
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employs a relative high temperature and a high pressure to
induce or affect the formation of nanocrystals. The solubility
of reactants and desired products under such a condition is
critical. Hydrothermal synthesis has various advantages such
as high reactivity of the reactants, facile control of product
In ad-
dition, some metastable and unique condensed phases can

morphology, and good crystallization of products.

also be produced under a high pressure condition. As for
55]

61]

magnetic nanoparticles,®*! nanospheres,’>! nanosheets, |

56,57]

nanoplates, | nanorods, %% nanocubes, [°°! nanorings, |

nanowires,[%? etc. have been successfully synthesized by
the hydrothermal synthetic method.[%*! Chen er al. prepared
quasi-sphere polyhedron nanoscystalline FezO4 nanoparticles
with an average of 50 nm by the hydrothermal method. They
employed Na;S,03 as the phase control agent. The ratio of
Na;S03/FeSO4 determined whether the Fe3O4 phase can be
produced.[®! Date er al. prepared spherical Fe304 with a size
range of 150-200 nm using microwave hydrothermal reaction
in 90-200 °C. The FeSO4-7H,0 and FeCl3 served as precur-
sors and NaOH was used as the hydrolysis reactant. It was
found that Fe/NaOH was a critical parameter to control Fe304
formation. As compared with other hydrothermal methods,
the microwave facilitates the kinetics of reaction.[%! Different
from reducing the Fe*>* precursor, Chen et al. prepared Fe;0,
nanopowders via a hydrothermal process using Fe?>" precursor
(FeCl,-4H,0). They used the mixture of NaOH and N,Hy to
react with FeCl,. N, Hy was believed as an oxidant to partially
oxidize Fe>* to Fe*T.1%¢! Zheng et al. reported the synthesis
of octahedral-like Fe3O4 nanoparticles using EDTA-assisted
in mild condition. The starting reactants are FeCls, HyH4-HoO
and NaOH and EDTA. The EDTA acted as a surfactant and
assisted the shape control.!>*! Polyvinylpyrrolidone (PVP)
was also used as the surfactant in the hydrothermal method.
It was reported that by mixing FeCls, FeSO4-7H,O, NaOH
with PVP and benzene, the shape of the Fe3O4 nanoparti-
cles can be controlled. By varying experimental conditions
and the amount of PVP, different morphologies of Fe3O4 can
be obtained, such as nanoparticles, nanowires, bundles, and

(671 A further study revealed that hexagonal, dodec-

nanorods.
ahedral, truncated octahedral and octahedral shapes can also
be synthesized by modifying this method. The modification
on the recipe was mainly made on the surfactant and precipi-
tation agent selection. L-arginine and CTAB were used as the
precipitation agent and surfactant, respectively.[®8] Another
similar modification was reported by Gai et al. They used
FeSO4-7TH, 0, polyethylene glycol (PEG), NaOH, and KNO3
to synthesize octahedral Fe;04 with the size of 200-300 nm.
It was found that the ratio of PEG and NaOH was important
to the formation of octahedral Fe3O4 nanoparticles (Fig. 3). If
a higher concentration of NaOH was employed, PEG would
prefer to adsorb on the (111) plane of Fe3O4 and decrease the

69]

growing rate along the [111] axis. !

Fig. 3. SEM images of the Fe3O4 samples prepared (a) with and (b)
without PEG-6000.1%"]

4.5. Co-precipitation

Co-precipitation is widely used in the aqueous phase syn-
thesis of Fe304 nanoparticles.!”’! In general, the method em-
ploys an alkaline solution, such as NaOH and NH3-H,O, to
precipitate Fe?* and Fe3* ions in an aqueous solution. The
Fe3O4 nanoparticles were produced by dehydration from the
intermediate iron hydroxides. The surfaces of so-produced
iron oxide nanoparticles are rich in OH group and the nanopar-
ticles can be suspended well in an aqueous solution.[”!=73]
Refait and Olowe found another formation mechanism that
Fe(OH), can also serve as an intermediate for Fe3O4 forma-
tion. The mechanism includes the precipitation of Fe>* by al-
kaline, the oxidation of Fe(OH), by O, in air to FeOOH, and
the combination of Fe(OH), and FeOOH to form Fe3Qy4.[74-76]
It indicated that if only Fe>* was used as the precursor, the
co-precipitation method under air could still produce Fe;Oy4
nanoparticles and thus there was potentially no need to involve
Fe3* as precursors.
used C¢Hs5Na307-2H,0, NaOH, NaNOs,
FeSO4-4H>,O in an aqueous solution to prepare Fe3Oy

Gao et al.

nanoparticles on the gram scale. The diameter range of Fe3Oy4
nanoparticles can be tuned from ~20 nm to 40 nm (Fig. 4)
by changing the experimental parameters. The citrate ions
served as the surfactant, which capped on the surface of FezOq4
nanoparticles and prevented them from aggregation by the
repulsive force between radical ions.!”®! In 2012, Mo e al.
prepared Fe;O4 by injecting NH3-H,O into the Fe’* and
Fe?* aqueous solution under ultrasonic conditions.!”’! Ah-
mad et al. prepared Fe3O4 on the exterior surface layer of
talc mineral by co-precipitation of FeCl, and FeClz in NaOH
aqueous solution.!”8! In 2012, Xia et al. reported a novel
complex-coprecipitation method to synthesize Fe; O4 nanopar-
ticles. They used triethanolamine [N(CH,CH,OH)3, TEA] as
ligands to govern the quality of the Fe3O4nanoparticles. The
readily available and cost-effective iron precursors, Feo(SO4)3
and FeSO4, were used to synthesize the TEA-coated Fe3O4
nanocrystals. TEA played a role in limiting the Fe3O4 grow-
ing rate due to its chelation to Fe3* and Fe’*. Addition-
ally, TEA can prevent the Fe3O4 from agglomeration due to
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the TEA molecules being rooted in the colloid particles. !

Co-precipitation was also reported for the shape control on
Fe30O4 nanoparticles. Yan ef al. reported the synthesis of
Fe304 nanowires through NaAc-assisted co-precipitation in an
aqueous solution with FeSOy4-7H,0, NaAc, and NaOH. The
morphology could be controlled by altering the concentration
of NaAc.8% However, because of a polarized environment,
the weak bonding between capping agents and the iron oxide
surface was often interrupted by the hydrogen bond interac-
tions between the iron oxide surface and the water solvent.
It resulted in a limited control over the size and shape in co-
precipitation approach.

010 20 30 40

D'lnmds‘nn]

Fig. 4. (a)—(c) TEM images and size distributions of Fe3O4 nanopar-
ticles synthesized by co-precipitation in the presence of sodium citrate
with the different mean diameters of 20 nm ((a), ¢ = 16%), 25 nm ((b),
0 = 19%), and 40 nm ((c), 6 = 10%). (d) As-synthesized hydrophilic
Fe3 04 nanoparticles in powder form. (e) Fe304 nanoparticles dispersed
in water, which can be attracted by a magnet.[7!

4.6. High-temperature (thermal)
organometallic precursors

decomposition of

As stated above, for the co-precipitation route, it is diffi-
cult to optimize the size and size distribution of nanoparticles.
It is also difficult to achieve high crystalline or control the par-
ticle shape. This is because the most co-precipitation reactions
occur at low temperature and their chemical reaction kinetics
can be only controlled by adding rate of reactants. It results
in limited control over nucleation and growth. The lack of
capping agent also results in the difficulty of size control. In
addition, the crystallization is usually improved by tempera-
ture. The synthesis temperature of co-precipitation in aqueous
solution is limited by the low boiling point of aqueous solu-
tion and thus so-produced iron oxide nanoparticles are in low
crystallization. Thus, it is desirable to develop some high tem-
perature synthesis approaches to prepare high quality Fe3Oy4

nanoparticles.[”"!

In recent years, thermal decomposition of organometallic
precursors, such as Fe(acac)s and Fe-oleate, has been found
to be one of the best approaches to produce magnetic iron
oxide nanoparticles for biomedical applications.[?®81:821 The
iron oxide nanoparticles produced by this method are usually
well-controlled in size and shape. Due to the high tempera-
ture, nanoparticles are also well crystallized with a high satu-
ration moment. The first report using thermal decomposition
of Fe(acac); was made by Sun et al. in 2002.!'5] The method
involved the thermal decomposition of Fe(acac)3 in the pres-
ence of surfactants, oleylamine and oleic acid. To partially re-
duce Fe3* to Fe?*, a reducing agent 1,2-hexadecanediol was
also used. To achieve the high temperature, organic solvents
with high boiling point (> 250 °C) of phenyl ether or benzyl
ether were used. The method produced FezO,4 nanoparticles
confirmed by XRD and Mossbauer spectroscopy. The size
could be controlled between 4—16 nm (Fig. 5) and the size
of nanoparticles was uniform. By a thermal treatment in O,

Fe304 nanoparticles could be converted to }/—Fe203.[15]

| - G
Aty ~ "

X 28 il i 1y ”Q ;

Ll g O A 1

Fig. 5. (a) TEM image of 16-nm Fe3;O4 nanoparticles synthesized by

thermal decomposition of Fe(acac)s in the presence of oleic acid and
oleylamine. (b) HRTEM image of a single Fe304 nanoparticle.[!>!

(a)
Fe(acac);

+
Oleylamine

Fig. 6. (a) The modified recipe for synthesizing Fe3O4 nanoparticles

capped only by oleylamine. TEM images of as-synthesized Fe3zOy4
nanoparticles using (b) only oleylamine and (c) a mixture of oleylamine
and benzyl either. 33!

This thermal decomposition method was further simpli-
fied by Xu et al. in 2009. It was found that oleylamine could
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serve as the solvent, surfactant, and reducing agent. There-
fore, the recipe could be simplified to use two or three chem-
icals. As illustrated in Fig. 6,831 Fe304 nanoparticles were
synthesized by heating a mixture of Fe(acac)s, oleylamine,
and benzyl ether. The decomposition of Fe(acac); was found
beginning since 250 °C, where the nucleation of small iron
oxide clusters was found by TEM. The complete decomposi-
tion occurred at around 300 °C. The size of so-produced FezO4
nanoparticles could be controlled from 7 nm to 10 nm by vary-
ing the volume ratio of benzyl ether and oleylamine. As com-
pared with the early method, the recipe is cost effective. Oley-
lamine is inexpensive and strong enough as a reducing agent
to replace 1,2-hexadecanediol, which is more expensive. %3]
In addition, the surface of so-produced Fe3O4 nanoparticles
is only capped with oleylamine, which is believed to have a
weaker bonding with the nanoparticle surface as compared
with oleic acid and thus can be easily replaced by other lig-

5nm ' 5nm| AL | 5 m

1-hexadecene [274°C) octylether [287°C} 1-octadece1e(317°C) 1-eicosene{330°C)

(a) (b)

ands for surface modification. 84

Alternatively, Fe-oleate complex was also reported as the
precursor for large scale synthesis of high quality iron oxide
nanoparticles. Hyeon et al. reported ultra-large scale synthe-
sis, in which a single reaction could produce 40 g of monodis-
The method used
environmentally friendly iron chloride (FeCls) and sodium

perse magnetic iron oxide nanocrystals.

oleate to prepare iron-oleate complex precursor, and then iron-
oleate, oleic acid and 1-octadecene were mixed and heated up
to 320 °C to synthesize iron oxide nanoparticles. The nanopar-
ticle size could be controlled by varying reaction time, tem-
perature, as well as the solvents with different boiling points
(shown in Fig. 7). It was also concluded that the composition
of iron oxide nanocrystals was Fe3O4 and y-Fe;03, and the

Fe304 component gradually increased with the increase of the

particle size.[®

! .
.“’

trioctylamine {365 *C)
{d) (e

Fig. 7. TEM images and HRTEM images of monodisperse iron oxide nanocrystals synthesized using various solvents with different
boiling points: (a) 5 nm; (b) 9 nm; (c) 12 nm; (d) 16 nm; and (e) 22 nm nanocrystals. (3]

Fe(CO)5 can be also used as the precursor for iron ox-
ide nanoparticles. The synthesis usually includes the for-
mation of Fe nanoparticles from Fe(CO)s and then the ox-
In 2007, Sun et al.

prepared monodisperse hollow Fe3O4 nanoparticles by care-

idation into iron oxide nanoparticles.

fully controlling the oxidation process of Fe nanoparticles by
Fe(CO)s. 80! Because Fe nanoparticles are not chemically sta-
ble, they can be oxidized if exposed to air. The oxidation
happens from the surface of Fe nanoparticles and thus the
Fe/Fe304 core/shell structure can be obtained. It was found
that both Fe and Fe3;04 were in the amorphous state. In-
stead of oxidation by air, controlled oxidation could be per-
formed using the oxygen-transfer reagent trimethylamine N-

oxide (Me3NO), which resulted in a step-by-step formation of

hollow Fe3O4 nanoparticles (as shown in Fig. 8). The con-
trolled oxidation gave hollow Fe3;04 nanoparticles with poly-
crystalline Fe3O4 grains. A major advantage is that the hol-
low Fe304 nanoparticles are low in mass density and it may
facilitate the formation of low-density porous nano-structures
by self-assembly or surface functionalization. This method
was modified later for the synthesis of Fe3Os porous hol-
low nanoparticles (PHNPs) by modifying the synthesis of
Fe/Fe;0,4 nanoparticles.!'!] The formation of PHNPS went
through three steps. The first step was the synthesis of Fe
nanoparticles. 1-octadecene, oleylamine, and Fe(CO)s was
maintained at 180 °C for 30 min to produce Fe nanoparticles.
The second step was to synthesize Fe3O4 hollow nanoparti-

cles. It is a controlled oxidation process at different temper-
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atures with different heating times. Fe nanoparticles were
added to the mixture solution of 1-octadecene and trimethy-
lamine N-oxide at 130 °C under argon gas, and then the solu-
tion experienced a series of heating processes to produce hol-
low Fe304 nanoparticles. Finally, the Fe304 PHNPs were syn-
thesized by adding the hollow Fe3O4 nanoparticles to the mix-
ture of oleylamine and oleic acid and then being heated and
treated at 260 °C. The porous shell allowed the capsulation
of the cancer chemotherapeutic drug cisplatin for controlled
release. The encapsulated cisplatin was protected well from

deactivation.

(a)

1.Oxidation
—p
2.Heating

—

Fig. 8.

(a) Synthesis of core—shell-void Fe-Fe3O4 and hollow
Fe304 nanoparticles from Fe-Fe3O4 nanoparticle seeds. TEM im-
ages: (b) 13 nm Fe—Fe304 nanoparticle seeds, (c) 16 nm hollow FezO4
nanoparticles. 3]

Using Fe(CO)s as the precursor, the method can also be
optimized to produce ultrasmall Fe3O4 nanoparticles. The
nanoparticles (shown in Fig. 9) were synthesized by oxidiz-
ing the products from the thermal decomposition of iron pen-
tacarbonyl, Fe(CO)s. 4-methylcatechol (4-MC) served as the
surfactant. Moreover, the 4-MC-coated Fe3O4 nanoparticles
(shown in Fig. 23) surface could be directly conjudged with
peptide, c(RGDyK), which made the nanoparticles stable in
the physiology environment. The diameter of c((RGDyK)-MC-

Fe30, nanoparticles is about 8.4 nm.[37]

Fig. 9. (a) TEM image of 2.5 nm Fe3zO4 nanoparticles. (b) HRTEM
image of 4.5 nm Fe304 nanoparticles. (87}

Recently, Cheng et al. reported the synthesis of monodis-
perse FezO4 nanoparticles using FeO-OH as the precursor.

The size of Fe304 nanoparticles could be controlled from 3 nm
to 20 nm. The approach showed a large scale capability with
a product mass up to 1.0 g. The synthesis was conducted by
mixing FeO-OH, oleic acid, and 1-octadecene and then heating
to 315 °C for 1 h. The size of so-prepared Fe3;04 nanoparti-
cles has a non-monotonic change when either decreasing the
precursor concentration or increasing the molar ratio of oleic
acid to FeO-OH. The phenomenon could be explained as that
in the “heating-up” process, the generation of monomers ex-
perienced a relatively long time and followed the nucleation
and growth of the nanoparticles simultaneously. The “heating-
up” process is different from “hot injection”, in which “hot
injection”-induced monomer supersaturation contributes to a
fast homogeneous nucleation reaction. The homogeneous nu-
cleation reaction is followed by a diffusion-controlled growth
process. (88

G i
o

e et

Fig. 10. TEM images of (a) 79-nm-sized Fe304 nanocubes (inset:
HRTEM image); (b) mixture of truncated cubic and truncated octahe-
dral nanoparticles with an average dimension of 110 nm; (c) 150-nm-
sized truncated nanocubes; (d) 160-nm-sized nanocubes; (e) 22-nm-
sized nanocubes. [25]

The thermal decomposition method also offers the shape
control over iron oxide nanoparticles. In terms of the cu-
bic shaped crystal structure, there are some reports on the
synthesis of Fe3O4 and/or y-Fe,O3; nanocubes by thermal
decomposition.[>>3°1 Hyeon et al. reported the synthesis
of Fe3O,4 cubic nanoparticles using Fe(acac); as precursor.
Fe(acac); was mixed with oleic acid and benzy] ether and then

heated to 290 °C for 30 min. The reaction produced cubic-
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shaped Fe3;04 nanoparticles with a uniform edge length of
about 79 nm (Fig. 10(a)). With a reduced amount of ben-
zyl ether, the reaction allowed the morphology evolution from
the truncated cubes and truncated octahedra (Fig. 10(b)) to
a perfect cubic shape (Figs. 10(c) and 10(d)). According
to the HRTEM analysis, it can be concluded that the fast
growth along the (111) direction resulted in the formation of
nanocubes. The surfaces of the nanocubes were {100} planes.
The synthesis also found that under high monomer concentra-
tion, the anisotropic growth was due to kinetically controlled
growth. The size of nanocubes could be controlled by adding
additional control agents. As 4-biphenylcarboxylic acid and
oleic acid were used together, the 22 nm-sized nanocubes
could be synthesized (Fig. 10(e)).[>!

Iron oxide nanocubes can also be produced using other
precursors. A recent work found an interesting phenomenon
that similar to some synthesis of metal nanocubes, halogen
ions such as Cl and Br ions also work for the synthesis of
cubic-shaped iron oxide nanoparticles in the thermal decom-
position method, which has been reported by Xu er al.[’]
Cl ions could contribute to the formation of cubic iron oxide
nanocrystals (Fig. 11). When lacking of Cl ions, there were
only spherical iron oxide nanocrystals. Br ions also had a sim-
ilar function to control the shape of the iron oxide. The halo-
gens played a role in stabilizing {100} facets of magnetic iron
oxides, but not in regulating the thermolysis kinetics or serving
as the surfactant. This method provides a new way to control
the shape of iron oxide nanoparticles. It also simplified the or-
ganic phase synthesis because the metal chloride can be used
directly to replace organometallic powder. So it is economical
and environmentally benign.

Fig. 11. (a) TEM image of spherical Fe304 nanoparticles synthe-
sized without the presence of Cl ions. (b) TEM image of cubic Fe304
nanoparticles synthesized in the presence of Cl ions. "]

Octahedral Fe3O4 nanoparticles can be synthesized using
Fe-oleate, Fe(OA);3 as the precursor. Hou ef al. developed a
method for shape-controlled FezO4 nanoparticles. The ther-
mal decomposition of Fe(OA)3 was conducted at a high tem-
perature in the mixture of tetracosane and oleylamine. The
lateral size of as-synthesized Fe3;O4 octahedral nanoparticles
was 2142 nm, as shown in Fig. 12.°1]

Although high-temperature (thermal) decomposition can
produce highly crystalline and uniform-sized magnetic
nanoparticles by using organometallic and coordination com-
pounds in non-polar solution,®?! there are also some limi-
tations in this method. First, it needs relatively expensive
organometallic compounds as precursors such as Fe(CO)s, 3]
Fe(acac)3,[® iron oleate.[*! Fe(CO)s is also very toxic. Sec-
ond, the reaction process needs a high temperature and te-
dious procedure, which limits their large-scale production and
applications.[%3! Furthermore, nanoparticles applicable in bio-
chemistry must have a hydrophilic property and can be dis-
persed well in water. However, the Fe3O4 synthesized via
thermal decomposition cannot meet these demands. In ad-
dition, most bio-environments have a wide pH range (about
5-9),1769] where iron oxide may not be able to survive long
if the pH goes lower than 7. Therefore, it is desired to opti-
mize the surface chemistry of iron oxide nanoparticles to pro-
tect them from low pH corrosion, while functionalizing their
surface for further use.

0.50nm .
v (-111)

! \ (220)

0 N[
(111) 0.305nm
0.498nm

(e) (f)

Fig. 12. TEM images of self-assembled monolayer patterns consisting
of Fe304 nanoparticles with different projection axes. Image projection
direction: (a) (110), (b) (111). (c) and (d) HRTEM images are pro-
jected from (110) and (111), respectively. (e) and (f) are the models of
(c) and (d), respectively. o1

S. Surface coating for biomedical application

Magnetic iron oxide nanoparticles with a bare surface

tend to agglomerate because of strong magnetic attractions
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among particles, the van der Waals force, and high sur-
face energy.[””! Consequently, the agglomerated iron oxide
nanoparticles can be rapidly eliminated by the reticulendothe-
lial system (RES).[°781 Also, a high local concentration of
Fe ion from surface Fe dissolution is toxic to organisms. ]
These can be avoided by coating a shell on the iron oxide
nanoparticle surface to make them hydrophilic, compatible to

d. [33:99.100] Here we sum-

bio-environments, and functionalize
marize several typical coating methods and materials. Some
coating techniques are designed for protecting iron oxide cores
from corrosion and some are designed with additional chemi-

cal and physical functions for specific applications.

5.1. Au coating

The nobel metal coating is a popular method to protect
iron oxide nanoparticles from low pH corrosion. The coat-
ing with Au or Ag with surface plasmonic property is more
interesting since it provides additional optical properties. As
a plus, coating with Au can also facilitate the further organic
conjugation by Au—S chemistry. There are many reports on
the Au coating on magnetic iron oxide nanoparticles.[!01-193]
The coating usually is achieved by reducing Au precursor in
the presence of iron oxide nanoparticles. The experimen-
tal conditions vary according to the properties of iron ox-
ide nanoparticle cores, such as the solubility, surface chem-
istry, size, etc. Here we introduce some typical examples
briefly. Using Fe3O4 nanoparticles synthesized by thermal
decomposition of Fe(acac)s, Xu et al. synthesized magnetic
core/shell FezO4/Au and Fe3;04/Au/Ag nanoparticles by re-
ducing HAuCly at room temperature (shown in Fig. 13). Due
to the incompatible chemistry, the coating of Au over the iron
oxide surface is quite difficult. The fast reduction of Au pre-
cursor will lead to the growth of Au nanoparticles instead
of coating shell. To prevent the fast reduction, the method
employed oleylamine as a mild reducing agent to slowly re-
duce HAuCly in chloroform solution of Fe3O4 nanoparticles.
Also, chloroform is a strong solvent and it probably helps
desorption of oleylamine, as the surfactant, from the surface
of Fe3O4 nanoparticles, opening the surface for Au shell nu-
cleation and growth. So-prepared Au-coated Fe3O4 nanopar-
ticles were soluble in non-polar solvent because the surface
was still capped by oleylamine. To make them water-soluble,
these nanoparticles were dried and mixed with sodium citrate
and cetyltrimethylammonium bromide (CTAB). The absorp-
tion of sodium citrate on a Au shell enabled a negative charged
surface, which further led the capping of CTAB with a well-
known double layer structure and a stronger capping could be

achieved to replace oleylamine. The water-soluble core/shell

nanoparticles could serve as seeds for thicker Au-coating by
adding more HAuCly under the reducing condition, or for Ag
coating by reducing AgNO3. The method not only stabilized
magnetic Fe3O4 nanoparticles from a corrosive environment,
but also manipulated the surface plasmonic absorption of mag-

netic core/shell nanoparticles. %]

Fig. 13. (a) Schematic illustration of surface coating Fe3O4 nanoparticles
(i) with Au to form hydrophobic Fe3O4/Au (ii) and hydrophilic Fe3O4/Au
nanoparticles (iii); (b) TEM image of the nanoparticles (iii); (c¢) HRTEM im-
age of part of a single Fe304/Au nanoparticle from (b).[103]

@ . Au(ac)y g 2
e(acac)l Reducing agent :,* u;auclng-guu= e S

Capping agent Capping agent

Smaller-sized
FeO,@\u

Larger-sized
Fe,0,@ \u

Fig. 14. Schematic illustration of the chemistry and processes involved
in the synthesis of the Fe3O4 and Fe304@Au nanopa.rticles.”o‘”

For Fe304 nanoparticles synthesized by thermal decom-
position, there is another method reported by Zhong et al. The
schematic illustration was shown in Fig. 14.[1%4 The method
employed Au(Ac)s as the precursor and thermally reduced this
precursor at 180-190 °C in the presence of Fe3O4 nanoparti-
cles. Oleic acid and oleylamine were used as surfactants and
1,2-hexadecandediol was used as the reducing agent. The des-
orption of oleylamine and oleic acid from Fe3;0,4 nanoparti-
cle surfaces is facilitated by high temperature heating. The
method also employed a size selection process by centrifuge to
separate uncoated Fe3O4 nanoparticles, large-sized and small-
sized core/shell nanoparticles. The shell thickness was deter-
mined by TEM and direct current plasma (DCP) composition
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analysis. After coating, thiol-mediated inter-particle binding
was utilized to produce a thin film of core/shell Fe;04/Au
nanoparticles. The thin film exhibited a similar surface plas-
monic property with pure Au nanoparticle cross-linked thin
films, which was used as media for gas sensor applications a
few years later.

The coating of Au over the iron oxide nanoparticles by
co-precipitation synthesis has also been reported with sev-
eral examples. The iron oxide nanoparticles by the co-
precipitation method are usually water-soluble and their sur-
faces are rich in OH groups. Such a surface chemistry is
difficult for Au or other metal coatings. The surface mod-
ification by organic linkers is necessary. An example is to
use (3-aminopropyl)triethoxysilane (APTES) to functional-
ize the surface with amine groups, which are affinitive to

Au’t ions. A small amount of HNO; was also used to

N
H + HZN\’\§1-OE1 O ﬁ PAANH,
H

FCg 04

Fig. 15. Tllustration of the synthetic chemistry for FezO4/Au nanoparticle preparation.

5.2. SiO; coating

SiO; coating is often used in colloid surface modifica-
tion. The density of silica shell can be tuned by changing re-
action conditions to either porous or dense. The SiO; shell
surface is compatible with many chemicals and molecules for
further bio-conjugations.!”1%1 In addition, small molecules
like dye and drug, and even quantum dots can be incorpo-
rated into the silica shell during the formation of silica shell.
Due to these advantages, the SiO; coating has been popular
for magnetic iron oxide nanoparticles and a silica surface can
covalently attach to various ligands and biomolecules to tar-
get organs via antibody-antigen recognition. [°%106-108] Gjjica
coating is usually made by alkaline hydrolysis of tetraethyl or-
thosilicate (TEOS) in the presence of core nanoparticles. The
recipe can be modified for most nanoparticles in either an or-
ganic solution or an aqueous solution. For magnetic iron ox-
ide nanoparticles, core-shell Fe;04@Si0O; nanoparticles have
been widely reported. It is interesting to note that the silica-
coated iron oxide nanoparticles usually are stable and can be
easily dispersed in an aqueous or organic solution, even with-
out surfactants. Gao et al. used 20 nm hydrophilic Fe304
nanoparticles as seeds to prepare Fe3O4@SiO, nanoparticles
, and by changing experimental conditions, the thickness of

the SiO, shell can be tuned from 12.5 nm to 45 nm. The re-

make functionalized surface positively charged. The son-
ication of a mixture of APTES functionalized iron oxide
nanoparticles, HAuCly, and sodium citrate finally resulted
in Au-coated iron oxide nanoparticles. Li ef al. also re-
ported a method to modify the surface of iron oxide nanopar-
The differ-

ence is that the method used chemical linkers to immobi-

ticles with small Au nanoparticles (Fig. 15).

lize the pre-made Au nanoparticles onto iron oxide nanopar-
ticles. The chemical linkers are O-benzotriazole-N,N,N’,N’-
tetramethyluroniumhexafluorophosphate (HBTU) and triethy-
lamine. The covalence binding between amine and OH groups
linked HBTU with iron oxide nanoparticles. The thiol group
on HBTU bonded with Au nanoparticles. These Au modified
iron oxide nanoparticles were used for separating arginine ki-
nase from cell lysate. The separation was achieved by apply-
ing external magnet attraction and arginine kinase persists the

catalytic activity after separation.[10%]

Audt
—‘.

Sonochemical
Fe3,04/ Au

[102]

action time, the concentration of Fe304 seeds and the ratio of
TEOS/Fe304 were found to be critical for controlling SiO;
shell thickness. ]

Xia’s group reported a sol-gel method to coat iron ox-
ide nanoparticles with silica.!'®! Because the iron oxide sur-
face has a strong affinity to silica, the coating of silica can
be achieved without intermediate steps to promote the adhe-
sion of silica to the iron oxide surface. Commercial iron ox-
ide nanoparticles (EMG 340) dispersed in water were directly
mixed with ammonium and TEOS in 2-propanol. The reac-
tion proceeded at room temperature under stirring for 3 h.
The hydrolysis of TEOS was catalyzed by ammonium hydrox-
ide and the affinity between iron oxide and silica made sil-
ica grow over the iron oxide surface. So-produced core/shell
Fe304/S10, nanoparticles dispersed well in water without sur-
factants. The concentration ratio of iron oxide nanoparticles
to TEOS had to be carefully optimized to avoid the homo-
geneous nucleation of silica. This ratio was also a parame-
ter for controlling the shell thickness. They further modified
the procedure by adding dye molecules to make fluorescent
core/shell Fe304/SiO; nanoparticles. Two fluorescent dyes, 7-
(dimethylamino)-4-methylcou-marin-3-isothiocyanate (DAC-
ITC) and tetramethylrhodamine-5-isothiocyanate (5-TRITC),

with thioisocyanate functional group were selected. The
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thioisocyanate group could be coupled with amine group of 3-
aminopropyl-triethoxy-silane. The covalent bond formed be-
tween the two groups stabilized the fluorescent dye molecules
The fluorescent core/shell Fe304/Si0;
nanoparticles could form chain-like structures along the ap-

into the silica shell.

plied magnetic field. Due to the fluorescent dyes, they were
visible under fluorescent microscopy (shown in Fig. 16).

Besides dye molecules, small nanoparticles can also be
incorporated into the silica shell. Ying ef al. incorporated
quantum dots CdSe into the silica shell and produced silica
coated gamma-Fe;03/CdSe composite nanoparticles (shown
in Fig. 17).[1191 Magnetic iron oxide nanoparticles and quan-
tum dots were firstly synthesized separately. A reverse mi-
croemulsion medium using polyoxythylene nonylphenyl ether
and Igepal CO-520 was employed for controlled coating sil-
ica. The silica was produced by adding ammonium hydrox-
ide and TEOS after dispersing iron oxide nanoparticles and
quantum dots into the reverse microemulsion solution. This
method successfully combined magnetic and fluorescent prop-
erties into one nanoparticle. The quantum efficiency of incor-
porated CdSe particles was found to be lowered as compared
to bare CdSe. A thicker silica shell may further weaken the
quantum efficiency. However, the magnetic saturation mo-
ment normalized by iron oxide mass persisted, without drop.
The silica shell protected both iron oxide and CdSe nanopar-
ticles and such a bi-functional nanoparticle is very promising
for diagnostic imaging by either MRI or fluorescence.

Au nanoparticles with surface plasmonic absorption are
also introduced into the silica-modified iron oxide nanoparti-
cles. An example is by Hyeon et al. They successfully syn-
thesized magnetic gold nanoshells (Mag-GNS), where Au and
Fe;0,4 nanoparticles formed a shell over silica nanospheres.
The dense Au surface could be readily conjugated with cancer-
targeting agents (Fig. 18). To immobilized Fe3;O4 and Au
nanoparticles, the surfaces of the silica spheres were firstly

(a)

lgepal in cyclohexane
Silica shell

Qb"‘"’"

modified with 3-aminopropyltrimethoxysilan, which enable
the surface rich in amine groups. Fe3O4 and Au nanoparti-
cles were subsequently attached onto silica spheres. The fur-
ther growth of Au nanoparticles resulted in a dense Au shell
with Fe3O4 embedded. This method is quite interesting be-
cause this Au shell has NIR absorption around 700 nm. It
enables the photothermal therapy against cancer cells. Addi-
tionally, magnetic Fe3O4 nanoparticles are well-protected into
the Au shell and can be used for MRI. Lung and breast can-
cer cells can be clearly imaged after being targeted with these
nanoparticles under T2-weighted MRI. The continuous-wave
laser gives an effective local heating by the near infrared (NIR)
absorption of Au shell and cancer cells can be killed under op-
timized power."’!

Fig. 16. (a) A typical TEM image of silica-coated Fe3O4 nanoparticles
synthesized by the sol-gel method. (b) A close view of a single silica-
coated Fe3O4 nanoparticle. (c) and (d) Fluorescent microscopy images
of chain-like structures formed by silica-coated iron oxide nanoparticles
in the presence of an external magnetic field. The silica shell was incor-
porated with DACITC (c) and 5-TRITC (d) with APS precursor. The
insets are TEM images of core/shell Fe304/SiO; nanoparticles with dye

molecules. 109

Fig. 17. (a) The procedure for synthesis of silica coated magnetic y-Fe;O3 and CdSe nanoparticles. (b) The TEM image of a single

core/shell nanoparticle. (c) The HRTEM image of y-Fe,O3 and CdSe nanoparticles in the silica.!

[110]
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nanoparticles

Silica sphere

e @ o
BMPA-stabilized Gold seed Gold :,?;"
magnetite $ nanoparticles gro

Magnetic gold nanoshell

(e)

Fig. 18. (a) Synthesis of the magnetic gold nanoshells (Mag-GNS). TEM images of (b) amino-modified silica spheres, (c) silica
spheres with Fe3O,4 (magnetite) nanoparticles immobilized on their surfaces, (d) silica spheres with Fe3O4 and gold nanoparticles

immobilized on their surfaces, and (e) the Mag—GNS‘[g]

5.3. TaO, coating

Nanosized TaO, is a low cost CT contrast agent. It

LI2] gimilar to

has been used for clinical applications
Aul'Bl and Bi,S3.1''*l Hyeon et al.

Fe;04/TaO, nanoparticles as a bifunctional agent for CT and

developed core/shell

MRI (Fig. 19).''5] CT can clearly give images of newly
formed blood vessels in the tumors, while MRI detects the
tumor microenvironment, such as the hypoxic and oxygenated
regions. The complementary information from CT and MRI

provides a great potential for accurate diagnosis of cancer.

Microemulsion (ME)

Fe;0,/Ta0O,-ME

PEG-silane/
RITC-APTES
\/\/\/\,

e f’g‘”‘“

The TaO, coated Fe3O4 nanoparticles were synthesized by
thermal decomposition of iron oleate precursor and subse-
quently a fast hydrolysis of tantalum ethoxide in a mixture of
Igepal CO-520, NaOH, and other organic solvents. The ele-
mental mapping image from TEM showed Fe3;O4 was indeed
coated with a thin layer of TaO,. This shell could be made
thicker if longer hydrolysis was applied. The TaO, shell was
further conjugated with rhodamine-B isothiocyanate (RITC)
functionalized silane and poly(ethylene glycol) silane to en-
able the fluorescence capability, colloidal stability, and bio-

compatibility. [113:116]

2

Purification

Fe;0,/TaO,-RITC-PEG-ME Fe;04/TaO,-RITC-PEG

Roeoeo. . ~
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Fig. 19. (a) Schematic illustration of synthesis and modification of Fe304/TaO, Core/Shell nanoparticles. (b) TEM image of Fe304
nanoparticles. (c) TEM image of Fe304/TaO, Core/Shell nanoparticles. The inset is the elemental mapping image with Fe in red. (d)
T phantom images at various concentrations of Fe304/TaO, core/shell nanoparticles and (b) HU values in CT.[!15]

5.4. Polymer coating

Incorporating magnetic iron oxide nanoparticles into a

polymer has also been developed. Similar to silica coating, a

polymer coating can also give a protective and bio-compatible
organic surface for functionalization. Its synthesis is similar
to the hydrolysis synthesis of silica-coated Fe3O4 nanopar-
ticles, and usually they can be synthesized by polymeriza-
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tion of precursors in the presence of iron oxide nanoparti-
cles. Hyeon et al
nanomedical platform with three functions:

developed a multifunctional polymer
cancer-targeted
MRI, optical imaging, and magnetically-guided drug deliv-
ery at the same time (Fig. 20). It has four parts: biodegrad-
able poly(D,L-lactic-co-glycolic acid) (PLGA) nanoparticles
served as a matrix for loading and controlling release of hy-
drophobic therapeutic agents into cells. Fe3O4 and CdSe/ZnS
nanoparticles were incorporated into the PLGA matrix: Fe304
nanoparticles were used for both magnetically guided deliv-
ery and T2 MRI contrast agent, and CdSe/ZnS nanoparti-
cles were used for optical imaging. Doxorubicin (DOXO)
was used as a therapeutic agent for cancers. Finally, cancer-
targeting folate was conjugated onto the PLGA nanoparticles
by PEG groups to target KB cancer cells. With the increase
of PLGA(MNP/DOXO) nanoparticles, the intensity of MRI
singnal decreases and r2 increases. The external magnetic field
during incubation can make the image darker. It also indicated
that PLGA(MNP/DOXO) nanoparticles could serve as cancer-
targeted, T2 contrast agents in MRI. Additionally, the combi-
nation of folate targeting groups and an external applied mag-
netic field could contribute to enhancing the cancer targeting
efficiency.!®]

( a) Doxorubicin
. A A
A .
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Fig. 20. (a) Synthetic procedure for the multifunctional polymer
nanoparticles; (b) TEM image of PLGA(MNP/DOXO) nanoparticles
embedded with 15 nm Fe3O4 nanocrystals; (c) a close view on a single
PLGA(MNP/DOXO) nanoparticle. [®!

Polymer coatings are very popular in making colloidal
nanoparticles water-soluble and biocompatible. Dextran, den-
drimers, polyethylene glycol (PEG), and polyethylene ox-

ide (PEO) are the most commonly used. As for iron oxide
nanoparticles, PEG has been found to be effective to protect
the iron oxide in a hydrophilic environment. PEG is an am-
phiphilic polymer and is commonly regarded as a non-specific
interaction reducing reagent. It has been widely used for the
conjugation with proteins to extend their circulation time. An
early study by Sun et al. investigated the effect of chain length
to the hydrodynamic size of PEG-capped Fe;O4 nanoparti-
cles as well as the stability in buffer solutions (phosphate
buffered saline (PBS)+10% fetal bovine serum (FBS)).l'!7 1t
was found that PEG could be anchored onto Fe3O4 nanoparti-
cles by covalent bonding. After coating, Fe3O4 nanoparticles
could be well-stabilized in cell culture media with negligible
aggregation (Fig. 21). The non-specific uptake by macrophage
cells were also found to be reduced greatly. It should be
highlighted here that dopamine was used to replace the sur-
factants, oleic acid and oleylamine, on the surface of Fe3O4
nanoparticles. The dopamine moiety was proved to have a
high affinity to the iron oxide surface.!!'®!1°] Many other sur-
face modifications have been developed based on dopamine-
PEG chemistry.[120-12]
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Fig. 21. (a) Hydrodynamic sizes of the Fe3O4 nanoparticles coated
with different surfactants. The sizes were measured from the aqueous
solution of the nanoparticles by dynamic light scattering (DLS). (b) Hy-
drodynamic size changes of the DPA-PEG coated Fe304 nanoparticles
incubated in PBS plus 10% FBS at 37 °C for 24 h.[117]

Besides dopamine, phospholipid was also combined with
PEG for surface modification and stabilization of iron ox-
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ide nanoparticles. Hyeon er al. reported polyethylene
glycol-phospholipid (PEG-phospholipid)-coated iron oxide
nanocubes as an MRI contrast agent. Iron oxide nanocubes
were synthesized via thermal decomposition of Fe(acac);
in a mixture of oleic acid and benzyl ether, and then
coated with PEG-phospholipid, which could transform the
hydrophobic nanoparticles to hydrophilic and biocompatible
These

PEG-phopholipid-coated magnetic nanoparticles were found

nanoparticles, and prevent extensive agglomeration.

to be capable of labeling many kinds of cells with high
relaxivity.['>3] However, these particles were found in low col-
loidal stability and the in vivo applications were limited. The
MRI of single cells at high tesla MRI was found to be highly
efficient. The use in imaging pancreatic islets at clinical MRI
was also demonstrated. The imaging function of these parti-
cles persisted for nearly 150 days in pancreatic islets (Fig. 22).
The work indicates that PEG based coating is a promising
way to protect iron oxide from corrosion in a hydrophilic bio-
environment. The chemistry can also be varied by conjugating
PEG with many active groups/molecules.

Fig. 22. (a) TEM image of iron oxide nanocubes synthesized by thermal de-
composition of Fe(acac)s in a mixture of oleic acid and benzyl either (scale
bar, 100 nm). These nanocubes were then capped by PEG-phospholipid
through ligand exchange. (b) Trypsinized MDA-MB-231 cells. The iron ox-
ide nanoparticles are visible as dark spots inside the cells. (c) MRI of four
labeled cells sandwiched between two Gelrite layers. (d) Fluorescence image
of cells stained with calcein-AM. (e) Merged image of corresponding region
of (c) and (d). The dark spots in the MRI matched exactly with the green spots
in the fluorescence image. In vivo MRI of intrahepatically transplanted syn-
geneic islets. T2 MRI of rat liver infused with ~3000 pancreatic islets for 4
(f) and 150 (g) days after transplantation. The hypointense spots representing
labeled islet persisted up to 150 days after transplantation. [!23]

Some research works tried to embed magnetic iron ox-
ide nanoparticles into polymer hydrogels to make a “smart”
platform for drug delivery. Hydrogels have been extensively
studied in various biomedical applications, such as soft con-
tact lenses, intravascular devices, wound dressings, drug de-
livery, and lubricants for surgical gloves. An interesting
property of hydrogels is that they can swell or shrink with
a volume change up to 1000 times in response to small
changes in environment temperature, pH level, electric fields
or solvent and ionic composition. For example, Poly (N-
isopropylacrylamide) (PNIPA) hydrogel is temperature sensi-
tive. When immersed in water, the PNIPA hydrogel has a low
critical solution temperature of 34 °C. It is swollen at tem-
peratures below 34 °C, but collapses at 34 °C and above.[!?4]
Because of this low critical temperature for volume change in
aqueous media, PNIPA hydrogel can be used for drug deliv-
ery. The drug molecules are encapsulated in the hydrogel and
they can be released during this collapse transition. To gen-
erate temperature change, Ang et al. incorporated magnetic
iron oxide particles and employed hyperthermia to increase
the temperature within the PNIPA hydrogel (Fig. 23).1'>51 A
magnetic field with a frequency of 375 kHz and the strength
varying from 1.7 kA/m to 2.5 kA/m was used. The concen-
tration of Fe3O4 particles was varied to investigate the tem-
perature induced by this magnetic field. It was found that the
temperature in the hydrogel induced by the magnetic field in-
creased with the concentration of Fe3Oy4 particles. The optimal
concentration was found 2.5 wt.% Fe3O4 in the PNIPA-Fe3; 04

hydrogel, which took 4 min to be heated to 45 °C.

-2.25 wt%

1 wt%

Temperature (Celsius)
8

o o e [F1 W% #2wi% #2.25 wi% 4 2.5 Wi%- 3wt
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(b)
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Fig. 23. (a) Temperature vs time for PNIPA-Fe3O4 at H = 2.5 kA/m.
(b) Heating of PNIPA hydrogel at 34 °C as a function of time.[1?!

l 1 minute | 2 minutes | 3 minutes

5.5. Small molecular coating

Iron oxide nanoparticles have also been directly coated or
surface-modified with small molecules to avoid a large hydro-
dynamic size. This is to overcome a shortcoming that the mag-
netic nanoparticles with a hydrodynamic size over 50 nm have
a very limited extravasation ability and can be easily uptaken
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by RES, which further leads to a poor targeting specificity. Xie
et al. developed a protocol to synthesize small Fe3O4 nanopar-
ticles using thermal decomposition of Fe(CO)s followed by
oxidation under air. The synthesis employed 4-methylcatechol
(4-MC) as the surfactant, which could be directly conjugated
with a peptide, c((RGDyK), through the Mannich reaction. The
protocol is illustrated in Fig. 24. The overall diameter of
the ¢(RGDyK)-MC-Fe3z0O4 nanoparticles was about 8.4 nm,
including the Fe3O4 core size of 4.5 nm. The ¢(RGDyK)-
MC-Fe304 nanoparticles were stable and could target specif-
ically to integrin o, f3-rich tumor cells. After being accu-
mulated preferentially in tumor cells, these nanoparticles en-
hanced the MRI contrast for tumor cell detection. As a plus,
these RGD-coated Fe3O4 nanoparticles were found stable in
aqueous solution for months. In addition, they proved the ac-
cumulation of c(RGDyK)-MC-Fe3;04 nanoparticles was medi-
ated by integrin o, 33 binding. Although there were some de-
position seen in spleen and liver, there were rare c(RGDyK)-
MC-Fe304 nanoparticles seen in kidneys and muscle, which
indicated the nanoparticles could last enough circulation time
for targeting. (8]
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Fig. 24. (a) The protocol for producing small c(RGDyK)-MC-Fe3O4
nanoparticles. MRI of the cross section of the U§7MG tumors im-
planted in mice: (b) without nanoparticles, (c) with the injection of
300 pg of ¢(RGDyK)-MC-Fe3;04 nanoparticles, and (d) with the in-
jection of ¢c(RGDyK)-MC-Fe3O4 nanoparticles and blocking dose of
¢(RGDyK); and Prussian blue staining of U§7MG tumors in the pres-
ence of (e) c(RGDyK)-MC-Fe304 nanoparticles and (f) c(RGDyK)-
MC-Fe304 nanoparticles plus blocking dose of c(RGDyK). 7]

Liposome-structured coatings were also developed for
encapsulating both iron oxide nanoparticles and molecular
therapeutics. A major advantage of liposomes is that it can
encapsulate both hydrophobic and hydrophilic molecules very

well by its closely packed phospholipid bilayer. As a re-

sult, the local dilution and the interaction with microenvi-
ronment can be prevented for encapsulated drugs. Georgy
et al. encapsulated magnetic iron oxide nanoparticles into
PEG-modified liposomes (Fig. 25).11>6] The water soluble
iron oxide nanoparticles were made by mechanochemical
synthesis using saline crystal hydrates. The magnetic lipo-
somes were prepared by mixing the iron oxide nanoparticles
with L-a-phosphatidylcholine and 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethylene  glycol)-
2000]. These magnetic liposomes were found to be very
effective to target the cathepsin inhibitor JPM-565 to the peri-
tumoral region of mouse breast cancer, which resulted in a
significant reduction in tumor growth. The work also found
that magnetic liposomes could act as a drug carrier with the
ability of encapsulating many different types of cargos. As a
plus, iron oxide nanoparticle cores could act as an MRI con-
trast agent and provide the non-invasive, real time in vivo MRI
detection.
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Fig. 25. (a) Preparation procedure of magnetic FezO4 liposomes. (b)
Anti-tumor effect of magnetically targeted Fe3 O4-liposomes containing
cysteine protease inhibitor JPM-565. The treatment experiment with
cells from the transgenic (Tg) MMTV-PyMT mouse with multifocal
tumors. (c¢) Tumor volumes for each treatment day for the different
treatment groups.[126]

5.6. Carbon coating

Carbon coating is not widely reported because the for-
mation of carbon shell usually needs a high temperature an-
nealing process, which carbonizes hydrocarbon precursors
but will also result in the reduction of iron oxide. An ex-

ample can be found in the synthesis of carboncoated FeCo
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nanoparticles.!'>”] The synthesis was conducted by a CVD
method at 800 °C under nitrogen gas protection. The pre-
cursor iron and cobalt ions were reduced to FeCo under this
condition. A method to avoid this reduction is to use pre-
synthesized Fe3O4 nanoparticles and low temperature anneal-
ing. Zhu et al. embedded magnetic Fe304 nanoparticles into
a carbon substrate using an ethylene glycol based photoresist
as the carbon source (Fig. 26).['28] They synthesized Fe3O4
nanoparticles by the thermal decomposition method and then
used layer-by-layer assembly to make Fe3zO4 nanoparticles
embedded photoresist on a silicon substrate. The following
low temperature annealing induced a carbon coated silicon
substrate, where the carbon layer was embedded with Fe3O4
nanoparticles. Such a substrate was found to be effective
for the growth of nerve cell PC12 and with the increase of
Fe304 concentration, the substrate exhibited a higher adhe-
sion ability for these cells. This approach is interesting to
further studies with a combination of hyperthermia and MRI
techniques for cell culture related research. Most recently, a
study revealed that the Fe3O4 nanoparticles synthesized by the
thermal decomposition method may have a thin carbon shell

1291 Tron oleate was used as the precursor and

on their surface. !
various solvents like octadecane, docosane, eicosane, and oc-
tadecene were used to adjust the thermal decomposition tem-
perature. The highest temperature could be achieved as high as
365 °C using docosane. The work presented the evidence from
HRTEM and Raman spectra, where thin carbon layers can be
seen on individual Fe3;O4 nanoparticles and D band and G
band for sp> carbon were found. The thin carbon coating layer
was probably formed by the slight carbonization of oleate
ligands. These particles were tested for their cytotoxicity
to several cells including HeLLa Kyoto, human osteosarcoma
U20S (GFP-53BP1), NIH 3T3 fibroblasts, and Macrophages

7442. The research found that carbon coated Fe3;O4 nanopar-

1.2 mgimi Fe,0,

3.0 mg/m| Fe;,0,

4 8 mg/ml Fe,0,

Fig. 26. Neurite length pictures of rat pheochromocytoma PC12 cells
attached on carbon substrates with different Fe30,4 concentrations: (a)
0 mg/mL, (b) 1.2 mg/mL, (c) 3.0 mg/mL, and (d) 4.8 mg/mL.[128]

ticles with the size range of 9.7-20.3 nm gave similar cytotox-
icity results, but different uptake behaviors. The cells can up-
take both single nanoparticles and small nanoparticle clusters,
which may affect the evaluation of the cytotoxicity. However,
the carbon coating was not found to be influential on the cy-
totoxicity. It is probably because the carbon coating layer was
too thin to actively prevent the iron oxide from contacting with
the microenvironment.

6. Conclusions and perspectives

Magnetic iron oxide nanoparticles Fe3O4 and y-Fe,O3
have been extensively studied in terms of their synthe-
sis approaches, characterizations, surface modifications, and
biomedical applications. There are many research articles
published in this field and a lot of significant progress has been
made in recent years in the world wide range. This review arti-
cle attempts to highlight the most popular and efficient synthe-
sis approaches for magnetic iron oxide nanoparticles, which
can be used in biomedical fields, such as MRI and drug de-
livery. Due to the bio-environment, iron oxide in colloidal
form and soluble in an aqueous solution is a major consid-
eration when choosing synthesis approaches. Wet-chemical
approaches, such as co-precipitation in an aqueous solution
and high temperature thermal decomposition of organometal-
lic precursors, meet this criterion. Although co-precipitation
can make water-soluble iron oxide nanoparticles directly, the
poor crystallization and the lack of size control have limited
its use. Most researchers selected thermal decomposition of
organometallic precursors like Fe(acac);, Fe(CO)s, and Fe-
This

method produces iron oxide nanoparticles with a high crys-

oleate to produce magnetic iron oxide nanoparticles.

tallization due to the high temperature employed. Involving
surfactants provides a good control over the size and shape.
The particles can be well-controlled into a size range from sev-
eral nanometers to several decade nanometers, where they can
be stabilized in colloidal form and be superparamagnetic for
MRI, hyperthermia therapies, targeting cells, and drug deliv-
ery. A shortcoming of these iron oxide nanoparticles is their
hydrophobic surface chemistry, which makes them only sol-
uble in non-polar solvents like hexane and toluene. There-
fore, much effort in the last few years has been made in
converting their surface chemistry into hydrophilic and bio-
compatible. Various surface modification techniques have
been developed. We summarized several typical surface modi-
fication techniques, including noble metal coating, silica coat-
ing, polymer coating, small molecular coating, and liposome
coating. Indeed, to make these nanoparticles applicable in bio-
systems, surface modification is a critical step. It not only pro-

vides a bio-compatible surface chemistry for bio-conjugation
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and functionalization, but also offers additional physical prop-
erties, such as optical and CT resonance.

To date, the synthesis approaches for magnetic iron ox-
ide nanoparticles have been well-established. The size and
shape can be controlled effectively by tuning synthetic con-
ditions. The surface modification techniques have also been
well-explored. However, the interface of nanoparticles and the
bio-microenvironment is very complicated. The challenges re-
main in the tuning of surface chemistry of iron oxide nanopar-
ticles. One of the future research focuses should be exploring
the protocols for enhancing specific bonding for a dense func-
tional conjugation, while lowering the non-specific bonding of
unwanted biomolecules in a microenvironment. It is important
to improve the targeting efficiency of iron oxide nanoparticles
for tumor/cancer cells. Another issue is that exposing iron ox-
ide into a bio-environment leads to the degradation of iron ox-
ide nanoparticles. This will cause, for instance, the loss of
MRI contrast. The dissolution of iron metal ions into the mi-
croenvironment will also result in a toxicity effect. Therefore,
the techniques for building a strong, but bio-compatible sur-
face protection layer are highly desirable. In addition, build-
ing smart structures with the abilities of diagnosis and thera-
peutics based on magnetic nanoparticles and other functional

materials are always welcome.
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