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Superparamagnetic iron oxide nanoparticles have received great attention due to their applications as
contrast agents for magnetic resonance imaging (MRI). This feature article briefly introduces the
concepts of MRI and MRI contrast agents, and then mainly discusses the synthesis, surface
modification, surface functionalization, colloidal stability and biocompatibility of iron oxide particles,

followed by their MRI applications.

1. Introduction

Nanoscience and nanotechnology have gained significant
momentum in recent years to interplay with biology and medical
science, leading to the emergence of a new interdisciplinary field
called “nanomedicine”.! Nanomedicine can be defined as a new
technology for medical diagnosis and treatment based on the
special physical effects of nano-objects. Nanotechnology-based
devices and nanomaterials have been demonstrated to be greatly
useful for improving the efficiency and efficacy of bioassays and
medical diagnosis. Among different types of nanomaterials,
magnetic iron oxide nanoparticles as magnetic resonance
imaging (MRI) contrast agents have set the most successful
example for medical applications of inorganic nanoparticles.*?
Up to now, several magnetic iron oxide-based contrast agents
have been approved with a few others being at different stages of
clinical trials. The successful use of magnetic iron oxide particles
in monitoring stem cell trafficking and the use of bio-vectorized
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particles for target-specific imaging make the iron oxide-based
contrast agents a new type of MRI molecular probe for visual-
izing biological events down to cell and even molecular level,
consequently leading the iron oxide-based “MR molecular
imaging” to a booming area.

Over the past three years, more than 10 review articles have
been published on various aspects of magnetic iron oxide parti-
cles ranging from chemical synthesis,*” magnetism engineering,®
surface engineering® to in vivo applications.?*!*!! As a matter of
fact, most clinical investigations carried out so far are based on
the FDA-approved iron oxide-based contrast agents which are
produced by a classic hydrolytic synthetic route. However, the
hydrolytic synthetic routes, which will be introduced in more
detail later in this feature article, have several intrinsic draw-
backs, typically resulting in broad particle size distributions,
complicated surface compositions, and relatively low crystal-
linity degrees for the resultant iron oxide particles. In this
context, thanks have to be given to a novel non-hydrolytic
synthetic route, ie., a thermal decomposition method firstly
introduced by Alivisatos'? and latterly developed by Hyeon,'**5
Sun,'®!” Peng,'® Cheon," and Gao.2*** This method offers great
advantages over the hydrolytic synthetic route regarding the
mono-dispersity as well as the magnetic susceptibility of the
resultant particles (due to higher crystallinity degree and purer
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phases) in addition to a facile scaling-up possibility,’* thus
offering great opportunities for fabricating high performance
contrast agents. Nevertheless, the direct products of the thermal
decomposition method are typically not water-soluble, and
because of this drawback further surface chemical modifications
are needed to enable them to become useful as high performance
magnetic contrast agents. The aim of this feature article is to
summarize the state of the art of the advanced synthetic chem-
istry and set a bridge between synthetic chemistry, surface
chemistry and the biomedical applications of magnetic iron oxide
particles in MR molecular imaging.

2. MRI and contrast agents
2.1 A brief introduction of the MRI technique

Imaging of human internal organs with high spatial resolution is
very important for medical diagnosis, treatment and follow-up.
In this respect, magnetic resonance imaging (MRI) marks a very
important breakthrough as it offers the ability to achieve
extraordinarily high temporal and spatial resolution in addition
to its non-invasive feature in comparison with X-ray-based
imaging techniques. MRI was invented in the early 1970s.26 The
first commercial setup capable of human scanning appeared
about 10 years later.?’” Now it has become one of the most
important and powerful clinical diagnostic tools.

The fundamental working principle of MRI is based on
computer-assisted imaging of relaxation signals of proton spins
within the human body excited by radiofrequency waves in
a strong magnetic field. Most commonly water protons are
imaged. If the water protons are existing in identical magnetic
environments, they will resonate at the same frequency. Then,
the nuclear magnetic resonance signal is simply proportional to
the volume of water. The key innovation for MRI is to impose
spatial variations on the magnetic field to distinguish spins by
their locations. A magnetic gradient causes water protons at
different locations to oscillate at distinct frequencies, conse-
quently giving rise to a map of the spatial distribution of nuclear
spins. More fundamental physical principles and technical details
on MRI can be found in numerous publications.?6-2%-3!

Dr Mingyuan Gao is currently
a full Professor in the Institute
of Chemistry, the Chinese
Academy of Sciences. His main
research
synthesis of nanocrystals with
novel properties and unusual
shapes and structures; synthesis
of organiclinorganic  hybrid
materials; biological, biomedical
and environmental applications
of functional nanomaterials. He
took his current position upon
a “Hundred-talent Program”
from CAS. He received the
“National Science Fund for Distinguished Young Scholars” from
NSFC in 2002. He was an AvH fellow between 1996 and 1998.
More details can be found at http./lwww.gaomingyuan.com.

interests  include:

The relaxation of proton spins to their equilibrium states via
two processes, namely longitudinal relaxation, characterization
by a relaxation time T1, and transverse relaxation, characterized
by a relaxation time T2. Typically in soft tissues T1 is around 1
second while T2 is a few tens of milliseconds, but these values
vary widely among different tissues in addition to their depen-
dence on external magnetic fields, giving MRI its tremendous
soft tissue contrast.?’

2.2 MRI contrast agents

In spite of the excellent image quality of non-enhanced MRI,
various types of contrast agents have been developed to further
enhance the contrast between diseased and healthy tissues. The
MRI contrast agents principally work by shortening the T1 or T2
relaxation times of protons located nearby. Reduction of the T1
relaxation time results in a hypersignal and consequently gives
rise to a positive contrast, while reduced T2 relaxation time
reduces both T2 and T2* (describing the decay of transverse
magnetization taking into account the inhomogeneity of local
static magnetic fields) signals leading to a negative contrast.
Typically, elements with unpaired electron spins such as gadoli-
nium, manganese, and iron, can effectively reduce the T1 relax-
ation time. Therefore various types of small molecular weight
metal-organic complexes containing the aforementioned active
metal elements have been developed and used as positive contrast
agents. The most successful type which has widely been investi-
gated consists of gadolinium-based small molecular complexes,
e.g, Ga-DTPA (DTPA = diethylenetriaminepentaacetic
acid).?*** In contrast, superparamagnetic nanoparticles such as
maghemite (y-Fe,O3) and magnetite (Fe;O4) nanocrystals can
produce predominantly spin—spin relaxation effects due to the
induced local field inhomogeneities,** consequently resulting in
shorter T1 and T2 relaxation times. Up to now, magnetic iron
oxide nanoparticles are predominately used as T2 contrast
agents, producing negative enhancement effects on T2- and T2*-
weighted images. Table 1 presents iron oxide contrast agents
which are commercialized or at different clinical stages.

2.3 Special effects of iron oxide-based contrast agents

Different from paramagnetic small molecular weight T1 contrast
agents, the magnetic iron oxide-based contrast agents possess
tremendous effects in disease detection due to their much bigger
size which gives rise to remarkable interactions with blood
proteins, mononuclear phagocytic cells, macrophage in tissues,
cancer cells, biological barriers, etc. In fact, all these interactions
are not only related to the particle size but also strongly deter-
mined by particle surface physiochemical properties, leading to
different fates for various types of iron oxide contrast agents, by
which different diagnostic methodologies are being developed.
Therefore, the magnetic susceptibility, hydrodynamic size, size
distribution, and surface physiochemical properties of the
particle contrast agents are the most important parameters with
respect to their biomedical applications.

For in vivo applications, the hydrodynamic size of iron oxide
particles becomes more important than the size in the dry state
due to the fact that the human body is a water-rich system.
Therefore, the iron oxide-based contrast agents are generally

This journal is © The Royal Society of Chemistry 2009

J. Mater. Chem., 2009, 19, 6274-6293 | 6275



Table 1 List of iron oxide contrast agents which are commercialized or at different clinical stages”

Compound Classification Size Coating agent T Indication Development Tradename
Ferristene (OMP) SPIO 3500 nm Sulfonated styrene- Oral Gastrointestinal Sale Abdoscan®
(composed of divinylbenzene (GE-Healthcare)
crystals below copolymer
50 nm)
Ferumoxsil SPIO 300 nm (composed  Siloxane Oral Gastrointestinal Sale GastroMARK®
(AMI-121) of 10 nm (Advanced
crystals) Magnetics);
Lumirem®
(Guerbet)
Ferrixan SPIO 60 nm Dextran 24-3.6h Liver Sale Resovist®
(Ferucarbotran, (Schering);
SHU 555A) Cliavist™
(Medicadoc)
Ferumoxide SPIO 120-180 nm; Dextran 6 min Liver Sale Feridex®
(AMI-25, SHU 80-150 nm (Advanced
555A) Magnetics);
Endorem™
(Guerbet)
(SHU 555 C) USPIO =20 nm Dextran 6h Angiography Phase 1 Supravist™
(Schering)
Ferumoxtran-10 USPIO 20-40 nm Dextran 24-36 h  Lymph node, Phase 3 Combidex®
(AMI-227, BMS- liver, (Advanced
180549) angiography Magnetics);
Sinerem®
(Guerbet)
Feruglose (PEG- USPIO Core size 5-7 nm;  Carbohydrate- 6h Lymph node, Preclinical Clariscan™ (GE-
feron, total size 20 nm polyethylene liver, perfusion, Healthcare)
NC100150) glycol coating angiography
(PEGylated
starch)
(VSOP-C184) USPIO 7 nm Citrate 0.6-1.3 h Angiography Preclinical

“ T: blood half-time.

Fig.1 A) T2-weighted liver images of a patient with metastatic renal cell
carcinoma prior to administration (upper) and 15 min post-administra-
tion of AMI-25 (lower); B) T2-weighted MR images of lymph node
acquired from a patient with prostate cancer prior to administration
(upper) and 24 h after administration of Combidex (lower); C) T2-
weighted MR images of a mouse implanted with the cancer cell line
NIH3T6.7 acquired at different time points after injection of MnFe,O4-
herceptin conjugates or CLIO-herceptin conjugates (pre-injection image
(a,d); and 1 h (b, €) or 2 h (¢, f) after injection). In a—c, gradual color
changes at the tumor site, from red to blue, indicate progressive targeting
by MnFe,O4-herceptin conjugates. In contrast, almost no change is seen
in the mouse treated with CLIO-herceptin conjugates (d—f). (Images A, B,
and C are reprinted from ref. 140, 36, and 37, respectively, with
permissions.)

classified according to their hydrodynamic size. Typically,
particles with hydrodynamic size larger than 40 nm are called
SPIO (small particle of iron oxide) contrast agents, while those

with hydrodynamic size smaller than 40 nm are called USPIO
(ultra-small particle of iron oxide) contrast agents.? Nevertheless,
there is hardly a sharp border between USPIO and SPIO.

In general, the SPIOs are quickly taken up by the reticuloen-
dothelial system (RES) and eventually accumulate in the liver or
spleen as the normal function of these organs is to purify the
blood of foreign particles. Consequently, SPIOs have been
widely developed for detecting lesions and even tumors in the
liver, as shown in Fig. 1.

Different from SPIOs, the USPIO type of contrast agent,
partly due to their much smaller size, do not accumulate in the
RES system as fast as their larger counterparts, therefore they
present longer blood circulating times. It is observed that after
USPIOs smaller than 10 nm are intravenously injected, they will
accumulate in lymph nodes, producing hypointense signals.?®
Unlike normal lymph nodes, metastatic nodes lack macrophages,
they appear isointense in comparison with the pre-contrast stage.
Therefore, the USPIOs are potentially useful in detecting lymph
node metastases.*®

Taking advantage of the long blood circulation of USPIO,
Cheon et al. reported in vivo human breast tumor detection by
using a magnetism-engineered Fe;O4 nanoparticle-herceptin
probe.?” Our group also reported the detection of human colon
carcinoma xenografts implanted in nude mice by using mono-
clonal antibody-labeled Fe;O4 nanoparticles which were initially
coated with poly(ethylene glycol) (PEG).>* The PEG coating
enables the Fe;O,4 nanoparticles to evade the RES system. By
a similar strategy, Sun et al. synthesized a ((RGDyK)-MC-Fe;0y4
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probe (MC: 4-methylcatechol) and used it in integrin o, B3-rich
tumor detection.’® More examples of MRI tumor detection
based on various types of targeting ligands such as proteins,
peptides, aptamers and small molecules demonstrate that
actively targeting the tumor via specific molecular recognition is
becoming a very effective approach for early tumor detection.

3. Synthesis of superparamagnetic nanoparticles
towards MRI applications

Superparamagnetism occurs when the size of a ferromagnetic
material is so small that the ambient thermal energy is sufficient
to induce the free rotation of the entire crystallite. Thus the
material behaves in a manner similar to a paramagnetic material,
except that the magnetic moment of the entire crystallite tends to
align with the magnetic field. There exist different critical sizes
for different types of spherical magnetic particles to transform
from ferromagnetic or ferrimagnetic to superparamagnetic
stages. For the most commonly used magnetic iron oxides in
MRI, i.e., Fe;0y, the critical size is 20-30 nm,3® and a similar size
also applies for y-Fe,053.4°

Over the past three decades, the syntheses of magnetic nano-
particles have widely been investigated and different synthetic
routes have been established ranging from physical methods such
as mechanical grinding and biomineralization processes to
chemical methods such as coprecipitation method, micro-
emulsion method, hydrothermal synthesis, sol-gel synthesis,
electrochemical method, sonochemical reaction, polyol method,
flame-assisted method, thermal decomposition method, etc. In
comparison with the physical methods and the biomineralization
processes, the chemical methods, especially the solution-based
synthetic routes, are generally more suitable for producing
superparamagnetic iron oxide particles towards MRI applica-
tions, because they exhibit great advantages in controlling the
following parameters, i.e., particle size, particle size distribution,
crystallinity degree, and phase purity, which are the most
essential parameters in terms of MRI applications. Regarding
the single-core contrast agents, the particle size and size distri-
bution controls are extremely important for revealing the particle
size-dependent biological distributions, pharmacokinetics, and
elimination pathways, which remain less known, partly due to
the poor availability of mono-dispersed particle samples with
identical surface chemical structures for different sizes of interest,
while the high crystallinity degree and phase purity are directly
associated with the MRI contrast enhancement effects.?” Last
but not least, the surface chemical modifications also play an
important role governing the fates of the magnetic nanoparticles
in vivo apart from providing the underlying particles with the
necessary water-solubility and colloidal stability under physio-
logical conditions, which will be discussed in more detail in the
following section. As the magnetic cores are the functional parts
of magnetic particle-based MRI contrast agents, in this section
we are mainly discussing the “core” synthesis.

According to chemical principles, the solution-based synthetic
methods for producing superparamagnetic iron oxide nano-
particles can roughly be classified into two categories,
i.e., hydrolytic routes and non-hydrolytic routes. The hydrolytic
synthetic routes, such as coprecipitation method, microemulsion
method, hydrothermal synthesis, sol-gel synthesis, electrochemical

method and sonochemical method, principally rely on the hydro-
lysis of ferric ions and ferrous ions, while the thermal-decompo-
sition method as a main-stream non-hydrolytic synthetic
technique relies on the pyrolysis of iron-organic compounds.
Herein, we classify the synthetic routes in this way because water
molecules present very strong affinities to ferric ion and ferrous
ion. In addition, hydroxyl ions also present a very strong affinity to
ferric ion and a medium affinity to ferrous ion. The presence of
a great excess of water in the hydrolytic routes therefore results in
very complicated surface binding situations involving water and
hydroxyl ions, which not only affect the surface coating of stabi-
lizing agents, but also vary the particle surface charge density and
surface chemical composition.* Moreover, water as the reactant
of the hydrolysis reactions of metal ions can induce very complex
particle surface dynamics which strongly influence the particle size,
size distribution, and even particle shapes, leading to poorly-
defined morphologies including broad particle size distribution. In
contrast, bulk water is not present in the non-hydrolytic synthetic
routes, which is very helpful for eliminating the disadvantages of
the hydrolytic synthetic methods.

There are certainly many methods in the literature suitable for
producing magnetic iron oxide particles, herein we only focus on
the methods by which the particles synthesized are readily
dispersible in liquid media.

3.1 Hydrolytic synthetic routes

3.1.1 Coprecipitation method. Among the hydrolytic
synthetic routes, the coprecipitation technique is the most
important and widely used method. Almost all iron oxide-based
MRI contrast agents which have been approved for clinical
applications or at different pre-clinical stages are exclusively
fabricated by this method. In fact, the hydrolytic synthetic routes
for magnetite can be found in very early literature. In 1925, Welo
et al. reported a synthetic route for producing magnetite by
coprecipitating Fe(IT)/Fe(II1) in aqueous solutions.** In 1956,
David et al. further developed the coprecipitation method by
partial oxidation of a Fe(II) salt solution with KNO; under
alkaline conditions at 90 °C.** Upon using a similar strategy,
magnetite was also obtained by partial reduction of Fe(III) salt in
alkaline solution.** Based on these chemical approaches,
different hydrolytic synthetic routes were developed later on. As
for y-Fe,O3, it can be obtained by further oxidizing Fe;O4
nanoparticles under different conditions.****¢ Because Fe;O,4 has
a higher saturation magnetization than y-Fe,Os, it is more
preferable for MRI application, but y-Fe,Oj3 is more chemically
stable under ambient conditions.

The preparation of magnetic iron oxide particles is very similar
to that for bulk magnetite except that the growth of nuclei needs
to be effectively inhibited so as to obtain nanometer-sized
particles. Therefore, different types of polymers and small
molecules are often used as precipitating agents which are also
called surface capping agents or stabilizing agents, from the
viewpoints of surface modification or colloidal stability, respec-
tively.

According to the Lewis acid-base concepts as well as the
classification of hard and soft acids and bases (HSAB), the iron
atom on the magnetic iron oxide surface is a hard Lewis acid,
while compounds containing O or N atoms, such as water,
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alcohols, ethers, ketones, NH;, amines, imines are hard Lewis
bases. Therefore, based on the HSAB theory, namely hard acids
reacting faster and forming stronger bonds with hard bases and
vice versa, it can be deduced that water-soluble organic
compounds bearing hard Lewis base groups can be used as
precipitating agents (surface capping agents).

The polymer coating can generally be realized by two different
strategies, Le., to coat the particles with polymers after precipi-
tation or to directly synthesize iron oxide particles in the presence
of polymers. Elmore reported an early example on dextran-
coated ferromagnetic colloid via the precipitation method in 1938
by the first strategy,*” while Cox et al. reported an iron-dextran
complex in 1965 prepared by the second strategy.*® These early
investigations provided a solid foundation for the iron oxide
contrast agents commercialized later on, as shown in Table 1.

In general, biopolymers such as carbohydrates (dextran, chi-
tosan, alginate, arabinogalactan), proteins, efc., and synthetic
polymers such as PEG, poly(vinyl alcohol) (PVA), poly(acrylic
acid) (PAA), poly(methylacrylic acid) (PMAA), poly(lactic acid),
polyvinylpyrrolidone (PVP), polyethyleneimine (PEI), AB and
ABC-type block copolymers containing the above polymers as
segments are often used as precipitating agents.

However, the adsorptions of these polymers are usually pH-
dependent,*-5! which suggests that the electrostatic interactions
may play an important role in coating the resultant nano-
particles. As magnetite is an amphoteric solid, magnetite nano-
particles present a pHpzc (pH at the point of zero charge, PZC)
of 6-8, determined by a potentiometric titration method.>**3
Below pHpzc, protonation of the particle surface leads to the
formation of =Fe-OH," moieties, while deprotonation occur-
ring above the isoelectric point gives rise to =Fe-O~ surface
moieties,>® which affect the electrostatic attachments of the
aforementioned polymers on the magnetic iron oxide particles.

Apart from the electrostatic interaction, ligand exchange
(surface complexation), hydrophobic interaction, entropic effect,
hydrogen bonding, and cation bridging were also reported to be
responsible for the adsorption of stabilizing agents on the surface
of iron oxides. Gu et al. reported systematic investigations on the
mechanisms of adsorption and desorption of natural organic
materials such as humic and fulvic acids which are representative
natural organic materials.>* By measuring the heat of adsorption
of the organic substances on iron oxide by a microcalorimetry
method, in combination with FTIR and '*C NMR analysis, they
demonstrated that a ligand exchange mechanism is responsible
for the adsorption of humic and fulvic acids on iron oxide, at
least at pH below pHpyc, rather than electrostatic adsorption.
Furthermore, they proposed a modified Langmuir model, in
which a surface excess-dependent affinity parameter was defined
to account for a decreasing adsorption affinity with surface
coverage due to the heterogeneity of the natural organic mate-
rials and adsorbent surfaces. In that model, a hysteresis coeffi-
cient, 4, is used to describe the hysteretic effect of adsorption
reactions that, at 2 = 0, the reaction is completely reversible,
whereas at & = 1, the reaction is completely irreversible. The
fitted values of /4 for natural organic materials desorption on iron
oxide surfaces range from 0.72 to 0.92, suggesting that the
adsorbed natural organic material is very difficult to desorb.
Humic and fulvic acids are rich in carboxylic acid and phenolic
hydroxyl functional groups.® Their further investigations on

substituted benzoic acids/phenols reveal that carboxyl functional
groups are more active or more important than hydroxyl groups;
however, when the hydroxyl group is ortho-positioned with
respect to the carboxyl groups, the hydroxyl group and carboxyl
group will simultaneously coordinate with the iron atom forming
a mononuclear chelating complex structure.® Following that,
they further demonstrate that PAA (Mw 2000) has stronger
adsorption affinity than humic acid for the iron oxide surface.*

Because carbohydrates are abundant in hydroxyl groups as
well as carboxylic groups (in alginate) and amino groups
(in chitosan), therefore they can firmly stick to the particle
surface and effectively inhibit the growth of crystal nuclei
according to the adsorption mechanism mentioned above.
Among carbohydrates, dextran is the most commonly used bio-
polymer in commercialized MRI contrast agents. Dextran is
a branched polysaccharide made of many glucose molecules
joined into chains of varying lengths (from 10 to 150 kilo-
daltons). The straight chain consists of a-1,6-glycosidic linkages
between glucose molecules, while branches begin from «-1,4-
linkages (and in some cases, o-1,2- and a-1,3-linkages as well).
Dextran is used as an antithrombotic (anti-platelet) and to
reduce blood viscosity in clinical applications. Apart from
carbohydrates, denatured proteins may also be useful for coating
magnetic iron oxide particles.>®

Apart from polymers, small molecules such as citric acid,
tartaric acid, gluconic acid, dimercaptosuccinic acid and phos-
phoryl choline are also useful precipitating agents for magnetic
iron oxide particles.’”! In general, the surface attachment of
these carboxylic acids also follows the ligand-exchange (surface
complexation) mechanism due to the fact that citric, tartaric, and
gluconic acids are a-hydroxyl acids and structurally similar to 2-
hydroxybenzoic acid. Therefore, they act as chelating agents by
firmly absorbing on the magnetic particles via surface complex-
ation, eventually leading to the formation of nanometer-sized
iron oxide particles. In addition, the surface complexation can
effectively be used to tune the particles size.”” For example, Bee
et al. demonstrated that the average diameter of citrate-coated
nanoparticles can be varied from 3 nm to 8§ nm by decreasing the
amount of citrate ions.*® Although the chelating organic anions
and polymer surface complexing agents can be used to tune the
particle size, a reduced crystallinity degree is observed with
increasing concentration of citric acid as a side effect.®® Never-
theless, the citrate-coating strategy has successfully been used for
a preclinical MRI contrast agent, i.e., VSOP-C184.

As a matter of fact, Massart’s early pioneering work demon-
strated that the magnetic particles can even be synthesized in the
absence of organic surface capping agents and subsequently form
a stable magnetic colloidal solution in the alkaline range.®®
In later investigations, the influences of the following parameters
on the yield of the coprecipitation reaction, diameter and poly-
dispersity of the resultant nanoparticles were carefully investi-
gated, ie., type of base (ammonia, CH;NH, or NaOH), pH
value, cations (N(CH3),*, CH3NH3*, NH,*, Na*, Li*, K*), and
Fe**/Fe’* ratio. Under optimized conditions, the average particle
size can be tuned in the range 4-16 nm.** Massart’s process has
paved a successful synthetic route for producing aqueous
magnetic fluids, making the coprecipitation technique a booming
area later on. Nevertheless, the alkaline pH (>9) used for
producing “naked” magnetic iron oxide particles will
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undoubtedly facilitate the formation of iron hydroxide impuri-
ties.*® Therefore, various types of stabilizing agents are used in
producing MRI contrast agents for effectively tuning the pHpzc
far away from neutral pH so as to obtain colloidally stable iron
oxide particles at physiological pH, and in the meantime avoid
the formation of unwanted iron hydroxide impurities.

In general, the coprecipitation technique is a rather complex
approach, not only because the complicated hydrolysis equilibria
of ferric ions and ferrous ions are involved, but also because the
shape, size and size distribution of the resultant nanoparticles are
strongly influenced by a large number of synthetic parameters
such as pH, concentrations of iron salts, ratio of Fe*/Fe’,
counter ions of the cationic metal ions, reaction temperature,
ionic strength of the medium, ezc. Moreover, the type of
precipitating agent for inhibiting the growth of the crystal nuclei
also have strong impacts on the shape, size and size distributions.
Consequently, the magnetic nanoparticles prepared via the
coprecipitation method are typically characterized by broad size
distributions greater than 50%.% Further particle size-sorting
procedures can suppress the particle size distribution to 5% by
successively precipitating particles of different sizes upon the use
of various types of electrolytes, depending on the particle
systems.®® Apart from the broad size distribution, the synthesis
has to be performed in controlled atmosphere to avoid unwanted
oxidation. In spite of these intrinsic problems associated with
a large number of kinetic factors, the well-documented method
still allows mass production of magnetic iron oxide particles with
good reproducibility for MRI purposes.

3.1.2 Other hydrolytic methods. Given that the particles
obtained by the coprecipitation method possess broad size
distributions, other methods are being developed for producing
nanoparticles with uniform sizes.

The microemulsion method is a good choice regarding size
control in general as it allows the chemical reactions for gener-
ating nanomaterials only to take place in constrained cavities,
namely, aqueous microdroplets in oil, so as to suppress the
particle size distribution. By modulating the parameters of the
aqueous droplets the particle size and even shape can further be
varied.®”” One of the disadvantages of the microemulsion method
is related to the complicated purifying procedures required for
removing the surfactants used for emulsifying the immiscible
systems. Apart from that, the yield of nanoparticles is low
compared with the coprecipitation method, limited by the
narrow working window for microemulsions.”

Hydrothermal synthesis is based on aqueous reactions taking
place under high pressure and temperature. It has become an
important synthetic technique for producing magnetic nano-
materials such as ferrites. Recently, an important improvement
has been made by Li ez al. in producing monodispersed inorganic
nanocrystals.®® By skillfully utilizing the phase transferring
processes established at liquid (ethanol-linoleic acid)/solid (metal
linoleate) and solid/solution (water-ethanol) interfaces in
combination with reduction reaction occurring in the vicinity of
solid/solution interface and in-situ particle surface coating, they
obtained monodispersed noble metal nanoparticles and further
successfully applied the proposed “liquid-solid-solution” mech-
anism to the syntheses of a huge varieties of particles including
magnetic iron oxides. It is therefore reasonable to expect

promising results based on this synthetic route towards MRI
applications, as an alternative approach to the coprecipitation
method and the thermal decomposition method mentioned
below. Although water is present in this synthetic route, it cannot
simply be classified as a hydrolytic route as more complicated
liquid phase-related processes are involved.

Other methods such as sol-gel process, electrochemical method
and sonochemical reactions were also reported in the syntheses
of magnetic iron oxide particles. The sol-gel process is more
suitable for producing powders of magnetic particles,® it is
therefore not very suitable for producing MRI contrast agents.
The electrochemical method however does not differ very much
from the coprecipitation method except that in the electro-
chemical approach ferric ions are generated by a sacrificial iron
anode.” The hydrolysis and precipitation reactions follow those
occurring in the coprecipitation process. The sonochemical
reactions in most cases adopted volatile organometallic precur-
sors such as Fe(CO)s. Although both Fe;O4 and Fe,O3 nano-
crystals can be prepared, the size distribution remains to be
narrowed and the particle size tunability is worse.”">

3.2 Non-hydrolytic synthetic routes

Non-hydrolytic synthetic routes include thermal decomposition
method, polyol method, flame-assisted synthesis efc. Among
these non-hydrolytic synthetic routes, the thermal decomposition
method based on the pyrolysis of organometallic compounds,
metal-surfactant complexes and metal salts has become the most
successful approach for producing high quality iron oxide
nanocrystals with perfect monodispersity, high crystallinity
degree, satisfying size tunability, and better defined particle
surface complexation structures.

3.2.1 Thermal decomposition in non-polar solvents. About 10
years ago, Alivisatos’ group first developed the thermal decom-
position method for producing mono-dispersed v-Fe,Os,
Mn30,4, and Cu,O nanocrystals by pyrolyzing metal cupferron
complexes M*Cupy (Cup: N-nitrosophenylhydroxylamine,
CsHsN(NO)O—; M: Fe**, Cu**, Mn*") in trioctylamine at 200—
300 °C.'"? Octylamine was used as the surfactant for y-Fe,O;
nanocrystals. Uniform y-Fe,Os; nanocrystals of 6.7 + 1.4 nm
were successfully obtained via a “hot-injection” method (ie.,
a stock solution of the metal precursor is quickly injected into the
hot solvent) at 300 °C followed by reflux at 225 °C. A size-
fractioning process was used to narrow the particle size distri-
bution to <10%. Fig. 2a presents a typical TEM image of the
as-prepared y-Fe,O3 nanocrystals. Upon lowering the injection
temperature or the injected precursor concentration, smaller
nanocrystals were obtained. This pioneering work set the first
successful example for achieving high quality iron oxide nano-
crystals via a non-hydrolytic synthetic route.

Hyeon et al. further developed the above-mentioned synthesis
by using Fe(CO)s instead of metal cupferron complexes in
producing monodispersed v-Fe,Os; nanocrystals.'*> As the
pyrolysis of Fe(CO)s generated iron nanoparticles, an oxidation
by trimethylamine oxide was used to further generate y-Fe,O5
nanocrystals. The biggest advantage of this approach is that the
resultant nanocrystals present a very narrow size variation of 5%
so that no following size-selective process is required. By varying
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Fig.2 a)y-Fe,O3 nanocrystals synthesized by thermal decomposition of FeCups; b) Fe;04 nanocrystals prepared by pyrolyzing Fe(acac);; ¢) magnetic
iron oxide nanocrystals prepared by using iron oleate as precursor. (Images a, b, and c are reprinted from ref.12, 16, and 15, respectively, with

permissions.)

the molar ratio of Fe(CO)s to oleic acid which serves as stabi-
lizing agent, the size of the resultant nanocrystals can be tuned in
a size range of 4-11 nm. However, larger y-Fe,O3 nanocrystals
(16 nm) were obtained only by seed-mediated growth. By
a similar process, Woo et al. reported the synthesis of y-Fe,O3
nanocrystals which were formed by consecutively aerating the
reaction system at an appropriate temperature.” In addition,
they demonstrated that higher oleic acid : Fe(CO)s ratios favor
the formation of larger particles. However, when the molar ratio
reached 3 : 1, 19 nm Fe;0,4 rather than y-Fe,O3 nanocrystals
were generated. Cheon er al further demonstrated that by
pyrolyzing Fe(CO)s in ortho-dichlorobenzene containing dode-
cylamine (DDA) at 180 °C under aerobic conditions, the shape of
v-Fe,O3 nanocrystals can also be varied: for example, 12 nm
nanocrystals with diamond (~40%), triangle (~30%) and
spherical (~30%) shapes could be obtained.’ Further increasing
the molar ratio of DDA : Fe(CO)s from 1: 1 to 10 : 1 led to the
formation of larger particles of 40 nm as well as smaller ones of
10 nm after 9 h of injection. Prolonged reaction of 16 h further
increased the size of the larger particles to 50 nm, while the
smaller ones greatly decreased in both quantity and size, which
was interpreted to be a result of Ostwald ripening.'®

Sun et al. reported the synthesis of monodispersed Fe;O4
nanoparticles with sizes below 20 nm by the thermal decompo-
sition method for the first time in 2002.' In their synthesis,
iron(II) acetylacetonate (Fe(acac);) was adopted instead of
metal cupferron or Fe(CO)s. The thermal decomposition of
Fe(acac); was carried out in phenyl ether in the presence of 1,2-
hexadecanediol, oleic acid, and oleylamine to produce size-
controlled Fe;O4 nanoparticles as shown in Fig. 2b. In addition,
the “hot injection” was abandoned. Instead, a “heating-up”
method was used, i.e., heating up the solution consisting of all
reactants to designed temperatures. They further found that
higher reaction temperatures favor larger particle formation.'”
For example, by replacing the phenyl ether (boiling point 259 °C)
with benzyl ether (boiling point 298 °C), the particle size is
increased from 4 nm to 6 nm. The author claimed that the key to
the success of making monodispersed nanoparticles is to heat the

mixture to 200 °C first and maintain this temperature for some
time before it is heated to reflux. They also demonstrated that
1,2-hexadecanediol is better, with respect to particle quality and
product yield, than stearyl alcohol and oleyl achohol. Although
the reaction mechanism for the formation of Fe;O, was not
elucidated, they did observe FeO in the early stages (5 min) of the
preparation appearing as intermediate species.

Based on the pyrolysis of metal fatty acid salts, Peng et al.
reported a simple, reproducible, and general method for
preparing magnetic oxide nanocrystals.'® The particle sizes can
be controlled between 6 nm and 50 nm by varying the amount of
excess fatty acid or by changing the concentration of the
precursor salt following the “heating-up” method.’® Tt was
further demonstrated that higher excess of fatty acid favors
larger particles. In contrast, the presence of amines and alcohols
as activating reagents leads to the formation of smaller particles.
The current synthetic approach, characterized by the safety and
air-stability of the metal fatty acid salts, was further demon-
strated to be a facile method for producing monodispersed
magnetic nanocrystals (Fig. 2c) at an ultra-large-scale (tens of
grams) by Hyeon er al*® The investigations of Hyeon et al.
demonstrate that reaction temperature is a very effective tool for
achieving nanocrystals of different sizes, such as 5 nm (274 °C), 9
nm (287 °C), 12nm (317 °C), 16 nm (330 °C) and 22 nm (365 °C).
Moreover, the concentration of oleic acid can further be used to
finely tune the particle size in a range of 11-14 nm at 320 °C.
Further TEM investigations suggested that with a constant
heating rate of 3.3 °C/min no particles were produced at 310 °C
and 8-11 nm particles were generated when the temperature
reached 320 °C. At 320 °C, the particle size remained unchanged
against reaction time between 10 and 30 min. In contrast, reac-
tion at 260 °C for one day produced polydispersed and poorly
crystalline particles of 9 nm and 3 day reaction generated mon-
odispersed 12 nm particles. Lowering the aging temperature to
240 °C resulted in no particles for one day and highly poly-
dispersed 14 nm particles in 3 days. Further lowering the reaction
temperature to 200 °C gave rise to no particles in 3 days. From
the above experiments, the authors drew the conclusion that the
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nucleation occurs at 200-240 °C initiated by the dissociation of
one oleate ligand and the major growth occurs at ~300 °C
initiated by the dissociation of the other two oleate ligands, and
they also claimed that the key to the synthesis for achieving
monodispersed nanocrystals is to separate the nucleation and
growth processes.***

By using iron tris-2,4-pentanedionate (Fe(acac);) as precursor,
Cheon et al. reported a series of metal-doped magnetism-engi-
neered iron oxide (MEIO) nanoparticles of spinel MFe,O4
(M = Mn, Fe, Co or Ni), M was provided by metal chloride in
the reaction systems.*” Among them, MnFe,O4 present improved
saturation magnetization which is helpful for further increasing
the imaging contrast of MRI in comparison with Fe;04.%

Apart from metal-organic complexes, inorganic compounds
can also be used as iron source precursors. Colvin and co-
workers used FeOOH as a precursor to prepare high quality
Fe;04 nanocrystals (12.5 nm) by taking advantage of the good
solubility of FeOOH in oleic acid.” They also demonstrated that
higher concentration and temperature generally favor the
formation of larger particles of 20-30 nm but at the cost of
monodispersity.

3.2.2 Thermal decomposition in strong polar solvents. The
above mentioned investigations make the thermal decomposition
synthesis a powerful method for producing magnetic iron oxide
nanocrystals with high quality in terms of crystallinity degree,
particle size distribution, and particle size tunability. Further-
more, the thermal decomposition method is easily scaled up for
mass production. Most importantly, the resultant nanocrystals
in most cases lie in the size regime very suitable for MRI appli-
cations. Despite these remarkable advantages over the hydrolytic
synthetic routes, the products of the syntheses mentioned above
cannot directly be used at the single particle level due to the
surface-coated long alkyl chain surfactant molecules which make
the nanocrystals more readily dissolvable in organic solvents
such as hexane, chloroform, toluene, etc.

Another common feature of the above-mentioned syntheses is
the use of non-polar solvents such as phenyl ether, benzyl ether,
trioctylamine, octyl ether, octadecene, 1-hexadecene, 1-eicosene,
ortho-dichlorobenzene, etc., as reaction medium. In order to
produce aqueous dispersible magnetic nanocrystals which inherit
the advantages of the thermal decomposition method, we
replaced the non-polar solvent with strongly polar 2-pyrrolidone
in our first attempt.?* We chose 2-pyrrolidone because its boiling
point (245 °C) can guarantee the thermal decomposition of
organometallic precursors such as Fe(acac);. Moreover, 2-pyr-
rolidone is a strong polar solvent which can mix well with water
in almost at any ratio. By directly pyrolyzing Fe(acac); in 2-
pyrrolidone, we obtained iron oxide nanocrystals of 5 + 1.2 nm.
Larger particles of 11 & 2.5 nm were prepared by seed-mediated
growth. Further titration experiments demonstrate that the
resultant nanocrystals are stoichiometric Fe30,4 (Fe**:Fe*" = 1:2)
rather than Fe,O3, in good agreement with the X-ray diffraction
results. These nanocrystals are dispersible in both acidic and
alkaline media, but not at neutral pH, suggesting that these
nanoparticles become dispersible by charging the particle
surface. X-Ray photoelectron spectroscopy (XPS) experiments
reveal that 2-pyrrolidone not only provides a high temperature
environment for the decomposition of Fe(acac);, but also serves

FeCly6H,0 A FeOOH +3HCI +4H,0 (2)
6FcOOH + CO ‘H‘Lfm, 2Fe;04 + CO, +3H,0  (3)

Fig. 3 TEM images of Fe;O4 nanocrystals obtained after refluxing 2-
pyrrolidone containing FeCl;-6H,0 for 1, 10 and 24 hours (from left to
right). The scale bar corresponds to 100 nm (also for inset). The mech-
anisms for the formation of Fe;O4 nanocrystals are shown below.
(Reprinted from ref. 24 with permission.)

as a surface capping agent by coordinating with the surface Fe
atom via its carbonyl group.

To make the synthesis greener, FeCl;-6H,O was adopted as
precursor in our second attempt towards aqueous dispersible
Fe304 nanocrystals.?* Simply by boiling a 2-pyrrolidone solution
of FeCl;-6H,0, we obtained Fe;O4 nanocrystals of different
sizes, ie., 4 nm, 12 nm, and 60 nm. The particle size was
controlled by the reflux time, as shown in Fig. 3. As a matter of
fact, the Fe;O4 phase often appears in non-polar reaction
systems solely upon the pyrolysis of trivalent Fe compounds.'”!®
Therefore, it is important to know how Fe?* is generated. With
respect to the specific system of FeCls-6H,O/2-pyrrolidone,
ultra-violet photoelectron spectroscopy was used in combination
with an identification reaction to analyze the small molecular
weight species released during the reaction. Based on the iden-
tification results, a mechanism for the formation of Fe;O4 was
proposed as shown in Fig. 3. 2-Pyrrolidone undergoes slow
thermal decomposition at its boiling point generating CO and
azetidine; catalyzed by azetidine FeCl;-6H,O is hydrolyzed
forming FeOOH which is soluble in the system; the dehydration
of FeOOH in the presence of CO leads to the formation of
magnetite.**

Although the 2-pyrrolidone-based preparations offer a simple
approach towards aqueous dispersible Fe;O,4 nanocrystals and
inherit the advantages of the thermal decomposition syntheses
carried out in non-polar solvents, the poor solubility of the
resultant particles around neutral pH remains an obstacle for
further exploring their in vivo applications. To solve this
problem, we pyrolyzed Fe(acac); in 2-pyrrolidone in the presence
of monocarboxyl-terminated poly(ethylene glycol) (MPEG-
COOH).**2* PEG is a very good choice in terms of
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biocompatibility. As carboxylate groups can firmly bind to the
particle surface, the PEG-modified Fe;O,4 nanocrystals obtained
exhibit excellent aqueous solubility not only in pure water but
also in physiological saline, which allows us to further use these
PEG-coated Fe;O4 nanocrystals in disease detection.” a.,w-
Dicarboxyl-terminated PEG(HOOC-PEG-COOH) was further
used instead of MPEG-COOH to prepare biocompatible Fe;O4
nanocrystals with surface reactive moieties.”® The surface
carboxylate residues can be used for further covalently conju-
gating the biocompatible Fe;O,4 nanocrystals to an anti-tumor
antibody, forming a tumor specific MR molecular probe.?!

Recently we further developed the thermal decomposition
syntheses carried out in strong polar solvents by replacing 2-
pyrrolidone with N-vinyl-2-pyrrolidone (NVP).? In general,
PVP-coated Fe;O, nanocrystals are prepared by pyrolyzing
Fe(acac); in NVP at 200 °C via a “one-pot” reaction. In this
preparation, Fe(acac); acts not only as the iron precursor but
also as an initiator for the polymerization of NVP, while NVP
provides the high reaction temperature for pyrolyzing Fe(acac)s;
in addition to serving as a coordinating agent which is poly-
merized in situ forming the PVP-coating layer. The resultant
PVP-coated Fe;O4 nanocrystals present super-dissolvability not
only in water and PBS but also in 10 different types of organic
solvent.

The above-mentioned syntheses perfectly combine particle
synthetic chemistry with surface chemistry and allow the prepa-
ration of water soluble, biocompatible, and even surface reactive
moiety-bearing biocompatible Fe;04 nanocrystals via “one-pot”
reactions.

3.2.3 Growth mechanism of the particles prepared by the
thermal decomposition method. The particle size distribution is an
important criterion for evaluating the quality of an ensemble of
nanocrystals due to the strongly size-dependent properties. With
respect to magnetic iron oxide nanoparticles, the thermal
decomposition approach seems to be the best in terms of particle
size uniformity in comparison with the classic synthetic methods,
apart from providing a high crystallinity degree enabled by the
high boiling point solvents. Therefore, it is important to discuss
the growth mechanism for the magnetic nanocrystals generated
by the thermal decomposition method.

According to classic colloid theory, the growth of colloidal
particles from initially supersaturated solution undergoes
nucleation, growth and solid-phase formation via agglomeration
of small crystal grains. In the 1950s, LaMer et al. proposed
a strategy for achieving monodispersed colloids.” According to
his model, the repetitive nucleation should be made so short that
no additional nucleation occurs; consequently, monodispersed
colloidal particles are formed via uniform growth on the existing
nuclei. Based on the LaMer model, Bawendi et al. firstly invented
a “hot-injection” method in order to make the reaction quickly
enter stage IT of the LaMer plot to achieve “burst-nucleation”.””
The “hot-injection” method was then widely used in preparing
mono-dispersed fluorescent CdSe Q-dots™ and magnetic iron
oxide particles as well.’> Hyeon et al. adopted this LaMer model
to further interpret the homogenous nucleation of magnetic
nanocrystals occurring in the thermal decomposition synthesis,
but he also admitted that the underlying mechanism for the
“heating-up” method remained not very clear because the latter

method seems to offer comparable or even better quality
magnetic nanocrystals in terms of particle size uniformity.*
Hyeon et al. further performed numerical simulations for both
“burst of nucleation” and crystal growth. In his theoretical
model of particle growth, he combined the “focusing” effect
(“focusing of size distribution”) and the “defocusing” effect to
explain the acquisition of mono-dispered nanocrystals.* The
“focusing” and “defocusing” effects were initially used by Peng
et al. to explain the growth CdSe Q-dots.”

According to the “diffusion-controlled” model” which is
believed to be responsible for high quality nanocrystals,” if the
average distance between the particles is large enough, the
diffusion layer formed at the periphery of each particle is
undisturbed. When the concentration of monomer in bulk
solution is higher than the solubility of all crystals, the amount of
monomers diffused into the diffusion sphere and subsequently
deposited on the crystal surface should depend on the surface
area of the diffusion sphere rather than the size of the nano-
crystals, meaning that the volume of every crystal increases at the
same rate. Thus, smaller crystals grow faster than larger ones in
terms of diameter, leading to the kinetically controlled
“focusing” effect.”®8° However, according to the Gibbs-Thom-
son theory, smaller crystals also possess higher surface energies
or chemical potentials which drive them to grow faster to mini-
mize the surface energies, leading to a thermodynamically
controlled “focusing” effect, which is typically regarded as
a “growth-controlled” mechanism. However, an opposite effect
also occurs, especially when the monomer concentration in bulk
solution is lower than the solubility of small nanocrystals but
higher than the larger ones in the solution, small particles
consequently decrease in size and large ones will grow larger,
giving rise to an Ostwald ripening process.*”#83! In the classic
Ostwald ripening model, smaller particles dissolve to form
monomers which serves as growth materials for larger particles.
Consequently, the standard deviation of the particle size distri-
bution becomes broader.

From these theoretical discussions, it is safe to conclude that to
effectively shorten the repetitive nucleation period and to further
enhance the “focusing” effect and depress the “defocusing” effect
should be the most effective measures for preparing mono-
dispersed nanocrystals. Experimentally, the “hot-injection”
method seems to be an adequate measure as it induces the burst
of nucleation, while adopting as dilute as possible monomer
concentration, which is slightly higher than the solubility of
crystal nuclei, should also be a correct measure for depressing the
“defocusing” effect. Nevertheless, apart from these general rules,
the following unique features of the thermal decomposition
reactions should be taken into considerations for understanding
the superior ability of the thermal decomposition syntheses in
achieving mono-dispersed iron oxide particles.

1) The formation of nanocrystals by the thermal decomposi-
tion method is generally described by the processes shown in
Fig. 4. In fact, the monomers used in the discussion of “focusing”
and “defocusing” effects remain to be identified. They are
believed to be active atomic or molecular species.?* Moreover,
little is known about the nuclei which should be soluble inter-
mediate clusters formed by monomers.#® Apart from that,
the chemical transformation from precursor to monomer, the
aggregation of monomers to form clusters, and the
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Fig. 4 Schematic drawing of the procedures for iron oxide nanocrystals
growing in non-polar solvents via the pyrolysis of iron precursors. The
monomers and nuclei remain to be identified. The decomposition of the
chelating ligands, release of small molecular weight species, and indis-
solubility of the iron oxide species in non-polar solvents may make
procedures I and III hardly reversible.

transformation of clusters to the final nanocrystals are less
known as yet, and some of them may not be reversible.

2) With respect to the thermal decomposition of iron precur-
sors, the release of small molecular species is often observed,
which will greatly destroy the equilibria required for establishing
the “defocusing” process. A number of mechanism investigations
confirm that different types of small molecular weight species are
released during the formation of magnetic iron oxide nano-
crystals upon pyrolysis of various types of iron precursors. For
example, water, CO, and CO, and azetidine are released from
a very simple system of FeCls-H,O in 2-pyrrolidone;** while CO,
is released from another simple system consisting of Fe(oleate);
and oleic acid in l-octadecene.'® From a relatively more
complicated  system of  Ni(acac),- H,O/3-aminopropylt-
rimethoxysilane/tetracthyloxysilane in 2-pyrrolidone, we also
observed the release of CO,, CH3;0H, and CH;COCH; during
the thermal decomposition of Ni(acac),-2H,0.% In addition,
Sun also found FeO intermediate species formed in the system
consisting of Fe(acac)s, 1,2-hexadecanediol, oleic acid, and
oleylamine in phenyl ether.'” All these results suggest that the
pyrolysis of metal precursors is very complicated involving
different types of decomposition reactions and redox reactions.
Moreover, the release of small molecular weight species as the
byproducts of the reaction makes the thermal decomposition
reactions hardly reversible, while the classic crystal growth
theory considers the crystallization reaction merely as a solid-
solute conversion process. Even if more complicated reactions
can be adopted for producing nanoparticles,’ all species neces-
sary for establishing the dissolution and precipitation equilibria
remain available in the reaction system rather than being
expelled from the reaction system.

3) Under high reaction temperature, usually above 200 °C or
even 300 °C (for example in octadecene), even if some simple
metathesis reactions superficially occur in the metal-surfactant
complex system,” the precipitation (for generating nanocrystal)
and dissolution of iron oxide nanocrystals may hardly
be reversible due to the generation of low boiling point
species such as water which is required for maintaining the

precipitation-dissolution equilibria. Some size distribution
broadening effects were observed and used to support the
“Ostwald ripening” process in the thermal decomposition
synthesis,’*” but more careful experiments are required for
excluding the repetitive nucleation by monitoring the conver-
sion of the preparation while the particle size distribution is
getting broadened, which to the best of our knowledge is not
yet clarified with respect to magnetic iron oxide nanocrystals
prepared by the thermal decomposition method.

4) The “defocusing” and “focusing” effects are widely used to
interpret the formation of mono-dispersed nanocrystals. But
these effects are based on the dissolubility of the nanocrystals.
With respect to iron oxide, the binding force of Fe-O bond is as
high as 397.5 kJ/mol, therefore, it is very hard to remove the Fe
atom away from the particle surface in non-polar environments.
In other words, the resultant iron oxide should be indissoluble in
non-polar media.

All these discussions suggest that non-polar solvents are
greatly unfavorable for the “defocusing” effect. Due to the
indissolubility of iron oxide in non-polar solvents, the nuclei can
only choose to grow faster to minimize the surface energy, largely
following the thermodynamically controlled focusing effect
(growth-controlled mechanism), eventually leading to the
formation of mono-dispersed iron oxide nanocrystals, which
interprets the fact that the overall size distribution of the as-
prepared iron oxide nanocrystals through the thermal decom-
positions of various types of iron precursors is much narrower
than those produced in aqueous systems in which kinetic factors
largely govern the particle growth.

Moreover, the following experimental observations also
suggest that the growth of iron oxide nanocrystals may follow the
growth-controlled mechanism. Hyeon reported the successful
control over the size of iron oxide by reaction temperatures, ie.,
5nm (274 °C), 9nm (287 °C), 12nm (317 °C), 16 nm (330 °C) and
22 nm (365 °C)."® Furthermore, they also observed that the
nanoparticles grew at 320 °C to 12 nm within 10 min and
remained almost unchanged at prolonged reaction time (20 and
30 min), which suggests that within a very short time window, the
nanocrystals can grow to a thermodynamically controlled size.
Higher temperature enables the particle to grow further by more
heavily activating the surface Fe-ligand bonding.®* Our unpub-
lished results on Fe3O4 nanocrystals, prepared by thermally
decomposing Fe(acac); in phenyl ether in the presence of oleyl-
amine and carboxylated PEG, also suggest that the yield of the
reaction is time dependent at certain temperatures, while the
particle size is nearly unchanged within a time window of 1-24 h.
However, it was found that the increased molar ratio of oleic acid
to Fe(oleate); is favorable for largely increasing the particle
size,”® which seems to be contradictory to our guess that the
particle growth predominantly follows the growth-controlled
mechanism. However, apart from encouraging the formation of
the Fe;O,4 phase,'®7® an extra large ratio of oleic acid to Fe(acac);
will not only unavoidably alter the properties of the reaction
media, but also largely increase the boiling point of the reaction
system.

In fact, also doubted by Peng®® and Hyeon et al,* the overall
nanocrystal growth models have some limitations as they are
based on the classic crystallization concepts, such as the Gibbs-
Thompson equation and Ostwald ripening, whose reliabilities are
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highly questionable for inorganic nanocrystals such as iron oxide
particles produced in non-polar solvents. We do not deny the
efforts for suppressing the particle size distribution of iron oxide
nanocrystals in literature by manipulating the synthetic param-
eters. We simply want to emphasize that the non-polarity of the
solvents commonly used in the thermal decomposition method is
unfavorable for the reversibility of the particle growth, conse-
quently leading to the narrow particle size distribution no matter
how the preparations are carried out, i.e., by the “hot-injection”
method or by the “heating-up” method, which is principally
controlled by the intrinsic properties of the system, i.e., inorganic
nanocrystals growing in non-polar solvents. As for the strong
polar solvent systems we developed,”>* one of the biggest
advantages is that the strong polarity of 2-pyrrolidone allows the
use of various types of surface ligands for facilely achieving
biocompatible nanocrystals via a “one-pot” reaction.?*> Even
though the strong polar solvent may encourage the “defocusing”
effect, Fe304 nanocrystals with a slightly broader size distribu-
tion (~15%) can be obtained without applying any size-sorting
treatment.*'~>*

Apart from the synthetic routes mentioned above, attention
should be paid to the preparations of uniform nanoparticles
under supercritical conditions® or in ionic liquids®® which will
not be discussed in this article.

4. Basic requirements for developing iron oxide-
based contrast agents

The development of iron oxide-based contrast agents shown
from left to right in Fig. 1 suggests that smaller size contrast
agents generally favor more sophisticated applications due to
their longer blood circulation time which is characterized by the
blood half-time (T;,,). Moreover, disease detection through iron
oxide-enhanced MRI, especially tumor detection, is gradually
shifting from passive targeting modes to active targeting modes
by taking advantage of molecular recognition. To examine these
developments from a chemistry viewpoint, producing iron oxide-
based MR molecular probes capable of actively targeting disease
requires the nanoparticles to possess water solubility, biocom-
patibility, colloidal stability under physiological conditions, and
surface functionalizability in addition to small particle size.

4.1 Water solubility and colloidal stability

Herein, the water solubility of particles means that the nano-
particles can spontaneously be dissolved in aqueous media
forming a thermodynamically stable solution of particles. The
aqueous dissolvability of magnetic nanoparticles facilitates the
subsequent chemical processing for MRI applications apart from
being favorable for storage and transportation. The nano-
particles which can form colloidally stable sols principally do not
need to have water solubility due to the fact that various types of
forces can be used to achieve the colloidal stability of given
particles. In principle, the colloidal stability of magnetic nano-
particles in aqueous media results from the equilibrium estab-
lished between attractive and repulsive forces. Theoretically,
attractive forces come from van der Waals forces, dipolar and
magnetic dipolar forces, while repulsive forces mainly originate
from electrostatic repulsion and steric repulsion. Therefore,

electrostatic repulsion and steric repulsion can effectively be used
for elaborating the colloidal stability.

For nanoparticles in aqueous media, the particle surface
charges are balanced by an equal but oppositely charged region
of counter-ions. Some of the counter-ions might specifically
adsorb near the surface and build an inner sub-layer, or so-called
stern layer. The outer part of the screening layer is usually called
the diffuse layer. The diffuse layer, or at least part of it, can move
under the influence of tangential stress, therefore a slipping plane
is introduced to separate the mobile fluid from fluid that remains
attached to the surface. The electric potential at this plane is
called the electrokinetic potential or zeta potential, denoted as
C-potential. A value of 25-30 mV (positive or negative) can be
taken as the arbitrary value that separates low-charged surfaces
from highly-charged surfaces. It is quite obviously that nano-
particles with highly charged surfaces more readily form stable
sols.

For magnetic iron oxide particles to be colloidally stable in
aqueous media at physiological pH (7.35-7.45 for human blood),
to bring in additional charges to the particle surface is very
important for electrostatically stabilizing the colloids due to the
fact that the pHpzc of “naked” iron oxide is around 7; otherwise
they will flocculate. It was demonstrated that the attachment of
small chelating agents on the surface of iron oxide particles can
greatly shift the pHpzc point of iron oxide particles away from
neutral pH, in addition to effectively inhibiting the crystal
growth.®** Fauconnier et al. further demonstrated that the co-
adsorption of gluconic acid and citric acid on y-Fe,O5 particles
gave rise to colloidal solutions stable within a wide pH window,
3.5-11.%°

Nevertheless, satisfying colloidal stability around neutral pH is
not enough for magnetic nanoparticles to be useful as MRI
contrast agents administrated IV (intravenously), they should
also have good enough colloidal stability at physiological ionic
strength around 0.17 M. Phosphate buffered saline (PBS) is often
used to mimic the pH and ionic strength of physiological
conditions as the osmolarity and ion concentrations of the PBS
buffer match those of the human body. Increasing the ion
strength of the aqueous media will undoubtedly suppress the
electric double layer around the charged particle, eventually
leading to fluctuation of the colloids. Therefore, polymers are
preferred as stabilizing agents as they provide steric repulsion to
the nanoparticles in addition to electrostatic repulsion, conse-
quently the influence of ionic strength on the colloidal stability
can effectively be reduced. For example, superparamagnetic
Fe;04 nanoparticles synthesized by the coprecipitation method
in the presence of poly(vinyl alcohol phosphate) were found to be
stable at pH 5-8 for 4 weeks.”” The PVP-coated Fe;04 nano-
crystals, prepared via a “one-pot” reaction, exhibited excellent
solubility in water within a wide pH range and in PBS as well as
10 different types of organic solvents.?

Actually, under physiological conditions, apart from pH value
and ion strength, the existence of a great variety of proteins has
to be taken into consideration. Therefore, to effectively minimize
the aggregation of the particles caused by protein adsorption also
needs to be taken into consideration. Thus, anti-biofouling
polymers are preferred to modify the magnetic nanocrystals for
producing RES-evading particles with long blood half-times.*®
Among anti-biofouling polymers, PEG is one of the good
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choices. We have demonstrated that PEG-coated Fe;O4 nano-
crystals, prepared by thermal decomposition of Fe(acac); in 2-
pyrrolidone in the presence of MPEG-COOH, present a long
blood circulation duration.?? Apart from PEG, dextran is also
a good choice for resisting protein adsorption.

As mentioned in the previous section, the thermal decompo-
sition methods offer the best magnetic nanocrystals with narrow
particle size distribution, high magnetic susceptibility and suffi-
cient size tunability in the size regime interesting for MRI
applications. Unfortunately, all magnetic iron oxide nano-
crystals prepared through the thermal decomposition methods,
except for those prepared with the use of strong polar solvents
reported by us, are not water soluble. Therefore, the following
different approaches have been developed for transferring the
hydrophobic nanocrystals into water.

1) Nanocrystals capped by long hydrophobic chains are
transferred into water via ligand displacement reactions. 2,3-
Dimercaptosuccinic acid (DMSA) was used to prepare DMSA-
coated Fe3;04 nanoparticles which are stably dispersible in
PBS.*”*® By a similar approach, dopamine was used to displace
the hydrophobic ligand on the magnetic iron oxide particles
because it can firmly coordinate with Fe forming a stable
chelating complex.”® The resultant dopamine-coated Fe;O,
nanocrystals are stable in water and PBS as well. This method
can also be used to prepare aqueous dispersible magnetic nano-
crystals with core-shell structures, e.g., Fe@Fe;04'® and
Co@Fe,05,'" and alloy structures, i.e., FePt.? According to the
investigations on the surface complexation of iron oxide nano-
crystals,***®19 gmall chelating agents are not limited to the
above-mentioned molecules. Nevertheless, a major difficulty may
come from how to control and characterize the displacement
degree of the ligands.

2) Nanocrystals capped by long alkyl chain molecules are
transferred into water via phase transferring agents. Typically,
the transferring reagents consist of long hydrophobic chains.
Upon the hydrophobic interaction of the incoming long hydro-
carbon chain with that initially on the particle surface, the
nanoparticles are rendered soluble in water upon the buildup of
a “quasi”-interdigital bilayer structure on the particle surface
with the hydrophilic head of the phase transferring agent
pointing to the aqueous medium. Robinson ef al. reported water
soluble magnetic MFe,O4 (M = Fe, Co, or Mn) nanoparticles
transferred into water by using a combination of alkylphosph-
onate surfactants and other surfactants such as ethoxylated fatty
alcohols or phospholipids.’® The resultant aqueous colloidal
solutions were stable at pH 5 or 9. Bao er al synthesized
a pegylated phospholipid, 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine- N-methoxy(polyethylene glycol) 2000
(DSPE-mPEG 2000), and used it to transfer hydrophobic Fe;0,4
nanocrystals into aqueous solution.'® Although the transferring
process resulted in slight agglomeration, the resultant nano-
particles were colloidally stable in water and 1 x PBS for
a period of weeks at 4 °C. In contrast, polymeric surfactants
bearing a number of long hydrocarbon chains seem to be more
adequate for rendering the hydrophobic nanoparticles water
soluble. The widely used polymeric phase transferring agents are
based on commercial products, e.g., poly(maleic anhydride-alt-1-
tetradecene). Pellegrino er al. have developed a simple and
general strategy for decorating hydrophobic nanocrystals such as

Fe,05, CoPt;, CdSe@ZnS, and Au, to eventually render them
dispersible in water and TBE (tris-borate-EDTA) buffer (pH 8-
9).1% The experiments are briefly described as follows.
Poly(maleic anhydride-alt-1-tetradecene) was firstly coated on
the particle surface, then partly cross-linked by bis(6-amino-
hexyl)amine in chloroform. After evaporation of the solvent, the
resultant solid was redispersed in water or buffers forming
colloidal solutions which were stable for months. Fluorescence
correlation spectroscopy (FCS) was used to determine the
hydrodynamic size of fluorescent CdSe@ZnS dots before and
after being transferred into aqueous systems. A significant
increase in particle size suggests that a polymer shell is success-
fully formed. Further electrophoresis experiments on the poly-
mer-coated nanocrystals suggest that no interparticle
agglomeration occurs during the phase transferring process.'®®
By a similar approach, Yu et al. synthesized an amphiphilic
polymer by grafting poly(maleic anhydride-alt-1-octadecene)
(PMAO) with PEG 6000 for transferring Fe;O4 nanocrystals
from organic solvents to aqueous systems.'”” The authors
claimed that the resultant PMAO-PEG-coated Fe;O, nano-
crystals are colloidally stable in water over a wide pH range of 4—
10, or in 10 x PBS or 1 M NaCl solutions (pH 6-8) for over two
years. All these experiments strongly suggest that the steric
stabilization effect from the polymer coating layer greatly favors
colloidal stability over a large pH range even in the presence of
salts, even though the use of polymeric phase transferring agents
will increase the overall hydrodynamic size of the resultant
nanoparticles.

4.2 Biocompatibility

Biocompatibility is one of the most important prerequisites for
magnetic nanocrystals being used in vivo. The biocompatibility
of a material refers to its ability to perform its desired function in
a medical therapy without eliciting any undesirable local or
systemic effects in the recipient of that therapy, but generating
the most appropriate beneficial cellular or tissue response in that
specific situation, and optimizing the clinically relevant perfor-
mance of that therapy.'®® Biocompatibility is traditionally con-
cerned with implantable devices that are intended to remain in an
individual for a long time. Different from the implanted mate-
rials, iron oxide-based contrast agents are supposed to be elim-
inated from the body after exerting their contrast-enhancing
function. Therefore, the toxicities of both iron oxide and coating
materials, local or systemic effects, circulating behaviors and
elimination pathways are the major concerns with respect to the
developments of iron oxide-based contrast agents for MRI
applications.

4.2.1 Toxicity. According to standard toxicological and
pharmacological tests of several iron oxide contrast agents, iron
oxide nanoparticles show a satisfactory safety profile for human
use.? Actually, human tissues contain a certain amount of iron
carried by haemosiderin, ferritin and transferrin. For instance,
a normal human liver contains approximately 0.2 g Fe/kg wet
weight and total human iron stores are approximately 3.5 g Fe/70
kg body weight. Investigations of the chronic iron toxicity show
that cirrhosis and hepatocellular carcinoma developed only after
the liver iron concentration exceeds 4 g Fe/kg wet weight.10%-110
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Regarding the coating materials, dextran and PEG with proper
molecular weights are on the safe side. The former can be bio-
degraded within the body while the latter can easily be
excreted.' However, the toxicities of the coating materials
developed at the in-lab stage need to be further evaluated.

4.2.2 Local or systemic effects. The effects of iron oxide at
cellular and sub-cellular levels are generally very complicated.
An increase in oxidative stress was observed from RAW
macrophages loaded with magnetic nanoparticles (VSOP C200)
in in vitro experiments, which was caused by intracellular iron
released from the loaded VSOPs. But the transient oxidative
stress could be prevented by using antioxidants or iron chelators
such as desferal. Further experiments suggested that the in vitro
magnetic labeling of macrophages with VSOPs minimally
affected cell growth and viability.'"?

Regarding the systemic effects, the presence of anti-dextran
antibodies in a few individuals suggested at least a theoretical
danger from dextran-coated contrast agents. It was reported that
serious allergic reactions were caused, at least in part by dextran-
reactive IgG antibodies when dextrans (40 and 70 kD) were used
as plasma substitutes.'® Fortunately, the dextrans used for
coating magnetic particles are much lower in molecular weight
(10 kD or 20 kD) and no evidence has been published to show
that dextran-coated contrast agents possess side effects caused by
anti-dextran antibodies.

4.2.3 Circulating behavior. The fate of the iron oxide nano-
particles is strongly dictated by their physicochemical properties,
such as size, charge, hydrophilicity/hydrophobicity, and surface
chemistry. A sufficiently long blood half-time is in most cases
favorable for delivering the magnetic nanoparticles in deep
territories and then actively targeting the pathological tissues.

The clearance of iron oxide nanoparticles intravenously injec-
ted is strongly related to the opsonization process because the
nanoparticles would be firstly adsorbed by opsonins (i.e., circu-
lating plasma proteins including various subclasses of immuno-
globulins, complement proteins, fibronectin, efc.), and then taken
up by the reticuloendothelial system (RES), alternatively known
as the mononuclear phagocyte system (MPS) which is defined as
the cell family of bone marrow progenitors, blood monocytes and
tissue macrophages (such as Kupffer cells in the liver).!'* As
a result of the opsonization effect, the magnetic nanoparticles are
quickly cleared from the blood compartment, as opsonins are
capable of interacting with specialized plasma membrane recep-
tors on monocytes and macrophages, thus promoting the particle
recognition by these cells.'*>'*® Consequently, liver, spleen and
bone marrow become the most accessible tissues as they are rich
in macrophages. Therefore, magnetic nanocrystals prone to be
uptaken by RES can be used to better visualize these tissues by
MRI. Typically, nanoparticles larger than 200 nm are sequestered
by the spleen as a result of mechanical filtration and then are
taken up by the phagocytic system.'® For particles down to 100
nm or below, neutral surfaces are not sufficiently coated with the
opsonizing complement proteins, and as a result are poorly
recognized by Kupffer cells.'*®

The particles are endocytosed by the circulating monocytes or
the tissue macrophages via a complex mechanism comprising
phagocytosis, non-specific endocytosis, receptor-mediated

endocytosis, and pinocytosis. To effectively minimize or delay
the nanoparticle uptake by the RES is important for developing
contrast agents with long blood half-times.

With respect to USPIO-type contrast agents, smaller particle
size favors long blood circulation times for particles coated with
the same materials. Apart from the particle size, the physical
properties of the polymer coating materials are more important
than those of the “core” material. In general, for water soluble
(dispersible) nanoparticles, an ionic polymer coating leads to
a higher uptake than a nonionic coating.’*® For example, cationic
poly-L-lysine-coated magnetic iron oxide nanoparticles (MION-
46, 21 + 3 nm) present a half-clearance time of 1-2 min, while the
uncharged counterparts presented a much longer half-clearance
time of 2-3 h.! The short blood half-time of the positively
charged particles was explained by the non-specific adsorption of
particles on cells,'* which however remains to be verified. The
strong negatively charged particles also present strong liver
uptake effects: for example, 8.7 nm citrate-coated iron oxide
nanoparticles (VSOP) present a blood half-time of approxi-
mately 1 h in humans.? Therefore, to produce RES-evading
nanoparticles, less-chargeable hydrophilic polymers such as
linear dextran and PEG are preferred for coating the magnetic
nanoparticles because they can effectively reduce protein
adsorption, 1112

4.2.4 Elimination pathways. Bawendi et al. recently demon-
strated that particles with hydrodynamic size smaller than 5.5 nm
are rapidly removed through renal clearance. However, when the
hydrodynamic size is increased to 8.6 nm, the renal clearance is
significantly suppressed, leading to a long blood half-time of
20 h.'?

For particles larger than this border size, their pathways are
known as follows. Early investigations from Weissleder et al.
demonstrate that intravenously injected iron oxide particles
(AMI-25, 80 nm) undergo biodegradation and the metabolized
iron (as determined by *Fe) is incorporated into hemoglobin
beginning 1 to 2 days after injection, and peaking at 5-40 days.'**
At cellular level, the opsonized iron oxide particles (dextran-
coated iron oxide particles with monocrystalline cores of
4.6 =+ 1.2 nm) are taken up via receptor-mediated endocytosis
rather than pinocytosis to localize to the lysosomal compartment
of macrophages, and metabolized via the lysosomal pathway.'*
Upon the use of iron oxide particles of 5.6 4+ 1.2 nm stabilized by
methoxy (PEG) phosphate 2000, Briley-Saebo et al. investigated
the retention of iron oxide particles in either Kupffer or endo-
thelia cells by both MRI and ICP-AES (inductively coupled
plasma-atomic emission spectroscopy) methods. Their investi-
gations reveal that at 28 days post-injection, no quantifiable
particles are present in either the Kupffer or endothelial cell
fractions based on MRI measurements. In contrast, significant
amounts of breakdown products are observed in both cell frac-
tions based on the ICP-AES measurements. They therefore
concluded that the degradation of the iron oxide particles occurs
faster than the exocytosis of the breakdown products presumably
as ferritin or transferrin.'?® The latter experiments might be more
conclusive by taking the decrease of the contrast enhancement
effect caused by the aggregation of particles into consideration.
Although a large number of in vitro and in vivo experiments have
been carried out on magnetic iron oxide nanoparticles, from our
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point of view, their fates at cellular and sub-cellular levels must
be subjected to more careful studies for elucidating the elimina-
tion pathways.

4.3 Surface functionalizability

To actively target pathological tissues, surface reactive moieties
are required to further conjugate the contrast agents to target-
ing molecules, such as antibody, peptide, and folic acid with
respect to tumor detection, for specifically recognizing the
pathological cells via their surface receptors. To meet this
requirement, surface reactive moieties such as carboxylic
groups, amine groups and thiol groups are preferred as they
allow further conjugation reactions with proteins or peptides to
take place under mild conditions, which are important for
maintaining the biological functions of targeting molecules as
well as the physical properties of iron oxide nanoparticles
because harsh chemical environments such as strong base, acid,
or oxidative conditions will chemically destroy Fe;O, nano-
particles in addition to introducing impurities. One of the most
widely used conjugation reactions is l-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide (EDC)- or EDC/N-hydroxy-succinimide
(EDC-NHS)-mediated amidation reaction for chemically
conjugating carboxylic group- or amine group-bearing particles
to proteins or peptides. More mild conjugation reactions via
carboxylic groups, amine groups, or thiol groups can be found
from the literature.'*’

In this context, to introduce surface reactive moieties to iron
oxide nanoparticle becomes the most important step for
obtaining robust MRI molecular probes, because chemical
bonding is quite obviously superior to physical adsorption of
targeting molecules on particle surfaces. With respect to iron
oxide particles prepared in aqueous systems, the surface chem-
istry introduced in the previous section suggests that the easiest
approach would be the use of surface complexation reagents
bearing excessive carboxylic groups and/or amine groups. As
dextran is the most commonly used natural polymer for coating
magnetic iron oxide nanoparticles, different approaches have
been established for functionalizing dextran. For example,
surface aldehyde groups on dextran-coated iron oxide particles
can be generated upon an oxidation reaction using NalO,4 or
KI10,4,'*® while amine-terminated particles can be obtained by
crosslinking the dextran-coated particles by epichlorohydrin and
ammonia.'?

With respect to the magnetic nanoparticles produced in non-
polar solvents through thermal decomposition reactions, as they
are coated by long hydrophobic chain molecules, different
approaches as mentioned above have been developed for
rendering them water soluble. Those approaches, in most cases,
simultaneously introduce surface reactive moieties to the water-
soluble particles. With respect to the phase transferring strategy,
despite the overall size increase caused by the additional coating
layer, the amphiphilic polymers like poly(maleic anhydride-alt-1-
tetradecene) and poly(maleic anhydride-alt-1-octadecene) offer
almost the ultimate solution for introducing surface reactive
carboxylic groups in addition to rendering the hydrophobic
particles water soluble.’®® Regarding the ligand displacement
strategy, different types of surface reactive moieties can easily be
introduced. For example, the displacement of surface-capped

lauric acid by 2,3-dimercaptosuccinic acid gives rise to free
surface thiol groups available for further bioconjugation reac-
tions.?” Similarly, upon the displacement of surface-bonded oleic
acid by either 5-hexynoic acid or 2-azido-2-methyl-propionic
acid 2-phosphonooxy-ethyl ester, alkyne or azide surface groups
can be introduced and used as effective functional groups for
further “click” reaction (reactions between azide and alkyne
groups catalyzed by copper(I)).**® Although “click” chemistry is
still new in terms of particle surface functionalization, it may
offer versatile choices.’®3? Recently, Sun et al developed
another unique route for functionalizing hydrophobic particles.
They adopted 4-methylcatechol (4-MC) as the surface ligand
instead of oleylamine and oleic acid to produce functionalizable
Fe;04 nanocrystals, then the aromatic ring of 4-MC was used to
directly couple the nanoparticles with amine groups from
a peptide via a Mannich reaction.?®

Different from all above-mentioned methods, the use of o, w-
dicarboxyl-terminated PEG as a surface capping agent enabled
us to produce biocompatible Fe;O4 nanocrystals with surface
reactive carboxylic acid groups through the thermal decompo-
sition of Fe(acac);.2**! The unique feature of our synthetic route
is that the preparation is carried out via a “one-pot” reaction.
Our unpublished results further demonstrate that to use a non-
polar solvent instead of 2-pyrrolidone is greatly helpful for
further suppressing the size distribution of the particles bearing
surface carboxylic acid groups.'*?

Certainly, surface functionalizaiton can also be achieved by
coating the iron oxide particle with silica,*** Au,'* or polymer.'3¢
From the surface functionalization point of view, the silica or Au
coating will offer versatile choices for coupling the particles with
targeting molecules. But from the in vivo MRI application point
of view, it may cause additional “trouble” in many aspects as
discussed throughout this section.

5. [Iron oxide-based contrast agents for disease
detection

Typically, iron oxide nanoparticles are used as T2 contrast agents
due to their predominant T2-relaxation effects, giving rise to
signal reduction on T2-weighted images (“negative” contrast).
The ability of iron oxide particles to increase the proton relax-
ation rates of the surrounding water proton spins is described by
the relaxivity R2 (1/T2) which is associated with the magnetic
susceptibility of the particles as a function of particle size and
composition, in addition to experimental variables such as field
strength, temperature, medium in which the relaxation times are
determined (water, gels, tissue), ezc.'®’

With respect to the in vivo applications, as the fates of the iron
oxide nanoparticles are strongly governed by the particle size and
surface properties, different methodologies are being established
based on various biological effects and can further be classified as
passive mode imaging and active mode imaging. The in vivo
applications of iron oxide-based contrast agents are classified in
this way because high quality iron oxide nanocrystals offered by
the thermal decomposition methods possess great potential in
MR molecular imaging, which is beyond what can be achieved by
using iron oxide nanoparticles produced by hydrolytic synthetic
methods, even though the latter type of contrast agents have been
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the subject of a large number of investigations, especially at
clinical levels.

5.1 Passive mode imaging

Passive mode imaging herein refers to imaging based on the
natural biological distribution of iron oxide nanoparticles.

5.1.1 RES-directed MRI. Diagnoses based on RES-directed
imaging have been summarized in a number of review articles.>!!
In principle, magnetic iron oxide particles prone to be passively
taken up by RES can be used for detecting diseases in tissues rich
in macrophages.

Upon intravenous injection, SPIOs are easily and rapidly
sequestered by macrophages in the liver and spleen, resulting in
hypointensity on T2-weighted images of normal parenchyma.
Since the tumor tissues are devoid of macrophages, or contain
negligible or few RES cells in comparison with normal tissue, the
tumors are visualized with increased conspicuousness and vice
versa for focal nodular hyperplasia due to its higher content of
RES cells.**® SPIO particles are typical liver contrast agents, for
example, AMI-25 developed by Advanced Magnetics accumu-
lates in liver by approximately 80% and in spleen by 5-10% of the
injected dose in humans,"® thus presenting a very short blood
half-time of 6 min.*® By an injection dose of 20 pmol Fe/kg, the
signal intensity of normal human liver decreases by 66% (SE
1500/40/2).14° In one clinical study, the tumor/liver contrast-to-
noise ratio (CNR) was observed to increase from 0.6 & 4.9 to
16.3 + 9.6 on T2-weighted images and hepatic tumor deposits as
small as 3 mm were detected.’*®*! In another study performed
on spleen, 45 lesions were visible on enhanced MRI contrasting
to 4 on un-enhanced MRI."?

USPIOs with smaller size and longer blood half-time are
enabled to cross the capillary wall and have more widespread
tissue distribution, leading to extensive uptake by the RES cells
of lymph nodes and bone marrow.? The delivery of nanoparticles
to lymph nodes is realized probably by two different pathways: 1)
by direct transcapillary passage through endothelial venules into
the medullary sinuses of the lymph node, followed by macro-
phage phagocytosis; 2) via non-selective endothelial transcytosis
into the interstitial space in the body, followed by uptake of the
nanoparticles by draining lymphatic vessels and transport to

Pre-contrast
T2 images

T2* images
on 4th day

Pre-contrast Post-contrast
Injection dose of Fe;0,4(9.8+1.7 nm):
0.175 mmol Fe/kg BW

lymph nodes.>>'** Normal functioning lymph nodes contain
macrophages and present reduced signals upon uptake of
USPIOs, while the metastatic nodes that are partially or
completely replaced by tumor cells do not possess the same levels
of phagocytotic activity as normal nodes, and thus maintain the
same T2 signal intensity in the post-contrast images.>'** By this
method, very small metastases of less than 2 mm are identified
within normal-sized lymph nodes. Similarly, USPIO can be used
to differentiate abnormal marrow from normal marrow based on
the altered phagocytic activity of the local RES cells.***

MRI detection of other diseases associated with phagocytes in
inflammatory and degenerative diseases, such as stroke, athero-
sclerosis, multiple sclerosis, kidney disease, oscteoarticular,
infection and cardiac graft rejection, has also been reported by
using RES-directed USPIOs.? The contrast enhancement effects
are attributed either to local macrophage uptake after trans-
cytosis of these nanoparticles through the endothelium or to the
infiltration of activated blood monocytes which have already
taken up USPIQOs. #5146

5.1.2 Blood pool imaging. Blood pool imaging requires the
contrast agents to remain in the blood for sufficient time for data
acquisition during radiological procedures and show low inter-
stitial background enhancement. The mammalian vasculature has
an average pore size of ~5 nm. Particles larger than the pore size
may present prolonged blood half-time and reduced renal clear-
ance upon proper surface modification.'*® USPIOs such as Fer-
umoxtran-10, SHU 555C, Feruglose and VSOP-C184 have been
evaluated in MR angiography (MRA) for different territories,
such as coronary, pulmonary, or peripheral angiography.'*-'s8

5.1.3 Tissue perfusion imaging. Iron oxide nanoparticles with
long blood half-time are also very suitable as perfusion imaging
agents due to their much bigger size in comparison with small
molecular imaging agents. Microvascular hyperpermeability
happening in neoplasms, inflammation, infection and ischemia
provides the possibility for USPIOs to be used as detection
agents.® For example, by the enhanced permeability and reten-
tion (EPR) effect of tumors, USPIO are used for tumor detec-
tion."s*1® We also use PEG-coated Fe;O, nanoparticles in
detecting toxoplasmic lesions in mouse brain. The toxoplasmic
lesions are clearly visible in post-contrast T2*-images as shown in

4 day

T1 images
on 4th day

Pre-contrast Post-contrast
Injection dose of Ga-DTPA:
0.1 mmol Fe/kg BW

Fig. 5 Upper row: T2-weighted MR images (TR/TE = 2500/75 ms) of coronal brain slices of mice infected with 7. gondii acquired on different days
after infection; lower row: MR images acquired on the fourth day after infection. The two groups of images in the lower row were recorded before and
after intravenous injections of Fe;O4 (left) and Ga-DTPA (right), respectively. (Reprinted from ref. 75 with permission.)
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Fig. 5, which reflect blood-brain barrier impairment and/or
inflammatory reactions associated with these lesions.”

5.2 Active mode imaging

MR active mode imaging for detecting diseases such as early
tumors has provoked great research interest over the past several
years. 2373898161174 Tt refers to MR imaging realized by the
contrast agents which are capable of actively targeting specific
diseased sites upon various molecular recognition events, leading
to the emergence of MR molecular imaging. The target-specific
deliveries of nanoparticles used in active mode imaging can roughly
be classified into two groups. The first group of approaches adopts
targeting molecules such as protein,>":3798:161-164 hentide 38:165-170.174
folic acid,'”"'7* etc., which are in most cases covalently bonded to
iron oxide particles, while the second group of approaches takes T-
lymphocyte as vehicles and target disease sites via the cell surface
expressed antigen-specific antibody.'”

5.2.1 Targeting molecule-mediated imaging. To prepare
molecular probes based on iron oxide nanoparticles, the
following two prerequisites must be fulfilled, i.e., RES-evading
properties of the particles and the preservation of the bioactivity
of targeting molecules through coupling reactions.

Early pioneering work was carried out by simple adsorption of
antibodies on magnetic nanoparticles.'”® By covalently conju-
gating monoclone antibody to iron oxide nanoparticles, Weis-
sleder et al. developed magnetic iron oxide particle-antibody
probes and used them in tumor detection in vivo. Although the
specificity of the probes is not very evident, these investigations
pioneered the MR molecular imaging of tumors.!¢?

Benefiting from the high quality of the magnetic nanocrystals
prepared by the thermal decomposition method and various
approaches established for particle surface functionalization, the
new generation of MR molecular imaging probes exert greatly
improved efficacies for targeting tumors in vivo for early tumor
detection and even differentiation. Cheon ef al. reported the in
vivo imaging of breast cancer using the Fe;O4-herceptin probe.
Herceptin as a specific antibody can target breast cancer cells
overexpressing HER2/neu (epidermal growth factor receptor
2).%® Significantly improved molecular imaging of cancers is
realized by using MnFe,O, nanocrystals instead of Fe;O,
nanocrystals as they possess much higher mass magnetization
value than the latter ones (110 vs. 80 emu/g magnetic atoms).
Effective R2 increases, i.e., ~25% (1 h) and ~34% (2 h), much
higher than the values achieved using CLIO (~5%; CLIO: ~45
nm crosslinked aminated dextran particles incorporated with 5
nm iron oxide nanocrystals), are observed from post-injection
T2-weighted MR images which are acquired with a 1.5 T clinical
MRI instrument with a micro surface coil. By using a MnFe,Oy4-
herceptin probe, tumors as small as ~ 50 mg can be detected.*”

The “one-pot” thermal decomposition method we developed
offers a facile approach for preparing Fe;O4 nanocrystals with
surface reactive carboxylic groups.?* By EDC/NHS-mediated
amidation reaction, anti-carcinoembryonic antigen (CEA)
monoclonal antibody rch 24 (rch 24 mAbD) is conjugated to the
PEG-coated Fe;O4 nanocrystals, forming a MR molecular
imaging probe. Both in vitro and in vivo experiments suggest that
the resultant probe can specifically target human colon

pre-contrast

24 h post-contrast
G

positive

negative

Pre 6h 10h 24h

Fig. 6 a) TEM image of as-prepared PEG-coated Fe;O4 nanocrystals
with surface reactive carboxylic groups (Fe;04@PEG-COOH). b) T2*-
weighted MR images acquired before and after the injection of Fe;04-
(rch 24 mAb) conjugates. c¢) T2*-weighted MR images of two tumors
acquired before and at different times after intravenous injections of
Fe;04-(rch 24 mAb) conjugates (upper row) and Fe;04,@PEG-COOH
nanocrystals (lower row), respectively. (Reprinted from ref. 21 with
permission.)

carcinoma cells and xenograft implanted in nude mice, as shown
in Fig. 6.2' Different from Cheon’s investigations, the T2
decrease reaches a maximum at 24 h post-injection, but only by
10%. Our unpublished results further suggest that a much
improved tumor specificity can be obtained by using PEG-coated
Fe;0,4 prepared by a modified recipe. Under optimized condi-
tions, a R2 increase up to 45% can be achieved at 24 h post-
injection using a 3 T clinical MRI instrument equipped with an
animal coil developed by GE HealthCare, China.!33

Although antibody is a good choice for tumor targeting, the
conjugate of nanoparticles and antibody inevitably suffers from
its large hydrodynamic size and diffuses poorly through biolog-
ical barriers and may also lead to easy uptake by RES.'7¢177
Thus, small targeting molecules become alternative choices.
Integrins are ubiquitous membrane proteins. Certain integrins,
such as a3, are upregulated on tumor cells in comparison with
healthy tissue.’”® Therefore, it is a useful target for tumor
detections. Since a specific tripeptide sequence, ie., arginine-
glycine-aspartic acid (RGD), can specifically bind to a,fs, it is
often used to couple with iron oxide nanoparticles in detecting
tumors including breast tumors, malignant melanomas, and
squamous cell carcinomas.?*®¢76%17? Because RGD peptide and
derivatives are much smaller than iron oxide particles, increasing
the number of RGD molecules bonded per particle can increase
the binding efficacy of iron oxide particles to target cells due to
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a multivalent binding effect.’®” Other functional peptide such as
chlorotoxin (CTX, a 36 amino acid peptide) can simultaneously
be used for both MR molecular imaging and tumor therapeutic
purpose.'”®

Apart from peptides, folic acid (FA) as a small tumor-target-
ing molecule can be recognized by folate receptors overexpressed
on the surface of many human tumor cells, including ovarian,
lung, breast, endometrial, renal, and colon cancers, etc.'8"-181
Moreover, the internalization of particles conjugated to folic acid
(FA) can be facilitated via folate receptor-mediated endocy-
tosis.!”"1®2 In vitro cellular targeting experiments suggest that
a Fe;04-FA conjugate can specifically bind to tumor cells.'” In
vivo tumor detection experiments using a SPIO-PEG-FA
contrast agent on human nasopharyngeal epidermal carcinoma
cells (KB cells) reveal a signal intensity change in positive KB cell
tumors by —20 to —25%, extracted from the pre-contrast and
post-contrast images.'”> Another advantage of peptide and folic
acid over antibody is that they allow more chemical reactions to
be used for constructing the molecular probes due to their better
tolerance of organic solvents and harsh chemical environments.

5.2.2 T-Lymphocyte-mediated imaging. Immune cells such as
T-lymphocytes are receiving more attention due to their antigen-
specific cytotoxicity which is being used for cell-based therapies
of cancer'*!¥* and inflammatory diseases.'®® They therefore can
potentially be used as vehicles for delivering iron oxide nano-
particles to the diseased sites.'”® In this context, effective loading
of magnetic iron oxide particles is important. In fact, several
parameters affect the internalization of iron oxide nanoparticles
into cells, such as size, surface charge, and surface chemical
composition. In general, positively charged surfaces favor
particle internalization.'?'®¢ Transfection agents can also
promote the particle internalization: for example, Weissleder
et al.'™ reported HIV Tat peptide derivatized magnetic nano-
particles with enhanced cell internalization ability for in vivo
high resolution three-dimensional MR imaging of antigen-
specific cytotoxic T-lymphocyte trafficking to tumors. Apart
from the loading efficiency, to effectively prevent the loaded
particles from aggregating within cells is also important, espe-
cially for in vivo monitoring of stem cells'® or progenitor cells
migration.'®” As a matter of fact, cell magnetic labeling has many
other potential applications beyond tumor detection,> which will
not be discussed here due to the limitation of space.

6. Remarks and perspectives

Superparamagnetic iron oxide nanoparticles have received great
attention over the past 3 decades due to their application in MRI
as contrast agents. Recent developments in the syntheses of high
quality magnetic nanoparticles have however introduced new
blood into this interdisciplinary field.

Until now, commercial iron oxide-based contrast agents are
exclusively produced by hydrolytic synthetic routes, e.g., the
coprecipitation method. The growth of iron oxide nanoparticles
in aqueous media is heavily controlled by a large number of
kinetic factors not only because water and hydroxyl ions are
involved, but also because complicated surface dynamics are
induced by the strong polar aqueous media. Thus the resultant
iron oxide particles are generally characterized by wide particle

size distributions and relatively low magnetic susceptibility. In
contrast, the recently developed thermal decomposition method
overcomes the intrinsic drawbacks by adopting a different
synthetic principle, ie., pyrolysis rather than hydrolysis.
Consequently the number of kinetic factors for growing iron
oxide particles is greatly reduced in the high temperature envi-
ronment due to the absence of bulk water and the indissolubility
of iron oxides in non-polar and weak polar solvents. Thus,
uniform iron oxide nanocrystals become more facilely available
through the thermal decomposition method as the surface
dynamics are greatly simplified in comparison with those
occurring in aqueous systems.

Nevertheless, acids, alcohols, and amines bearing long
hydrophobic chains are required to produce iron oxide nano-
crystals to eventually provide them with surfaces compatible with
non-polar environments. Consequently the direct products of the
thermal decomposition syntheses are typically characterized by
hydrophobicity. Only through further surface engineering by
taking the surface biocompatibility and functionalizability into
consideration do they become usable as MRI contrast agents.
We developed an alternative approach to achieve water soluble
and biocompatible iron oxide nanocrystals while inheriting the
advantages of the thermal decomposition method by replacing
the non-polar or weak polar solvents with strong polar solvents,
which further allowed us to effectively combine the particle
synthetic chemistry with surface engineering chemistry, conse-
quently different types of biocompatible Fe;O4 nanocrystals can
be obtained via “one-pot” reactions, which greatly simplifies the
procedures for producing high quality MRI contrast agents.

Even though the commercial iron oxide-based contrast agents
were largely evaluated at preclinical and clinical stages more than
10 years ago, the perfect particle size monodispersity, tunability,
satisfactory magnetic susceptibility due to the higher phase
purity of magnetic iron oxide particles offered by the thermal
decomposition method, together with various techniques avail-
able for more delicate surface engineering provide new genera-
tions of contrast agents by which more details of various
biological and biomedical events may be hopefully revealed. In
this context, some of the conclusions based on the commercial
contrast agents may need to be reconsidered.

To target specific pathological sites in vivo via particle surface
coupled targeting molecules has become an important trend,
leading to new conceptual MR molecular imaging. The great
advantage of using iron oxide nanoparticles to construct
molecular probes is that the particles offer multiple surface
binding sites by which various types of biological probes can be
simultaneously attached, giving rise to multi-functional probes
combining different imaging modes!**!#¥ or both imaging and
therapeutics.

The precise particle size control achieved by the thermal
decomposition method provides great opportunities to reveal the
particle size-dependent behavior in a more reliable way, such as
the particle size-dependent fate and permeability across various
biological barriers.’® Towards these investigations, clearly
defining the surface structures of differently sized nanoparticles
remains challenging.

In summary, great advancements in the syntheses of high
quality magnetic iron oxide nanocrystals are providing new
possibilities for improving the efficiency and efficacy of medical
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diagnosis based on superparamagnetic iron oxide nanoparticle-
enhanced MRI. In this multidisciplinary field, discovering,
developing and understanding the underlying chemistry for
particle size and surface control are of the utmost importance.
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Additions and corrections

Superparamagnetic iron oxide nanoparticles: from preparations to in vivo MRI applications

Ruirui Qiao, Chunhui Yang and Mingyuan Gao

J. Mater. Chem., 2009, 19 (DOI: 10.1039/b902394a). Amendment published 20th May 2008.

In section 2.2, in Fig. 5 and in the Fig. 5 caption Ga-DTPA should read Gd-DTPA. The corrected Fig. 5 is
shown below.

Pre-contrast

T2 images

4 day
T2* images & e w4 T1 images
on 4th day s LS on 4th day

Pre-contrast Post-contrast Pre-contrast Post-contrast
Injection dose of Fe;04(9.841.7 nm): Injection dose of Gd-DTPA:
0.175 mmol Fe/kg BW 0.1 mmol Fe/kg BW

The Royal Society of Chemistry apologises for these errors and any consequent inconvenience to authors and
readers.
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