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At present, nanoparticles are used for various biomedical applications where they facilitate laboratory
diagnostics and therapeutics. More specifically for drug delivery purposes, the use of nanoparticles is
attracting increasing attention due to their unique capabilities and their negligible side effects not only in
cancer therapy but also in the treatment of other ailments. Among all types of nanoparticles, biocompatible
superparamagnetic iron oxide nanoparticles (SPIONs) with proper surface architecture and conjugated
targeting ligands/proteins have attracted a great deal of attention for drug delivery applications.
This review covers recent advances in the development of SPIONs together with their possibilities and
limitations from fabrication to application in drug delivery. In addition, the state-of-the-art synthetic routes
and surface modification of desired SPIONs for drug delivery purposes are described.
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1. Introduction

Nanoscale science and engineering are providing us with unprec-
edented understanding and control of matter at its most fundamental
level: the atomic and molecular scales. In particular, nanoscale
particles have attracted much attention due to their unusual
electronic [1], optical [2] and magnetic [3] properties. The dimensions
of these nanoparticles (NPs) make them ideal candidates for nano-
engineering of surfaces and the production of functional nanostruc-
tures. Such modifications of NPs facilitate their use in biomedical
applications, for example as contrast agents for magnetic resonance
imaging (MRI) and for targeted drug delivery in tumour therapy. For
instance, the main problems currently associated with systemic drug
administration include the general systemic distribution of therapeu-
tic drugs, the lack of drug specificity towards a pathological site, the
necessity of a large dose to achieve high local concentration, non-
specific toxicity and other adverse side effects. Current attempts to
solve these problems are focusing on the use of targeted NPs [4]. If
such treatments could be localised, e.g. to the site of a joint, the
continuous maintenance of these potent drugs could be possible.
Magnetic targeting using superparamagnetic NPs (SPIONs) is one of
the principle schemes to achieve this goal.

SPIONs consist of cores made of iron oxides that can be targeted to
the required area through external magnets. They show interesting
properties such as superparamagnetism, high field irreversibility, high
saturation field, extra anisotropy contributions or shifted loops after
field cooling [5]. Due to these properties, the particles no longer show
magnetic interaction after the external magnetic field is removed.
Since the pioneering concept of using an external magnetic field
coupled with magnetic carriers was proposed by Freeman et al. [6] in
the late 1970s, a variety of magnetic NP and microparticle carriers
have been developed to deliver drugs to specific target sites in vivo [7–
9]. The optimization of these carriers continues today with the
objectives (i) to reduce the amount of systemic distribution of the
cytotoxic drug, thus reducing the associated side effects, and (ii) to
reduce the dosage required by more efficient, localised targeting of
the drug. SPIONs typically have two structural configurations: (i) a
magnetic particle core (usually magnetite, Fe3O4, or maghemite, γ-
Fe2O3) coated with a biocompatible polymer or (ii) a porous bio-
compatible polymer in which SPIONs are precipitated inside the pores
[10]. The coating acts to shield the magnetic particle from the
surrounding environment and can also be functionalised by attaching
carboxyl groups, biotin, avidin, carbodiimide and other molecules
[11–13] in order to increase the targeting yield. These molecules then
act as attachment points for the coupling of cytotoxic drugs or target
antibodies to the carrier complex.

From the physical point of view, magnetic targeting is derived
from the magnetic force exerted on SPIONs by a magnetic field
gradient. The effectiveness of the therapy is dependent on several
physical parameters, including the field strength, the gradient and the
volumetric and magnetic properties of the particles. The process of
drug localization using SPIONs is based on the competition between
forces exerted on the particles by the blood compartment and
magnetic forces generated from the applied magnetic field. In most
cases, the magnetic field gradient is generated by a strong permanent
magnet, such as Nd–Fe–B, fixed outside the body over the target site.
The drug/carrier complexes, usually in the form of a biocompatible
ferrofluid, are injected into the patient via the circulatory system.
When the magnetic forces exceed the linear blood flow rates in
arteries (10 cm s−1) or capillaries (0.05 cm s−1), the magnetic
particles are retained at the target site by external, high-gradient
magnetic fields. Once the drug/carrier is concentrated at the target,
the drug can be released either via enzymatic activity or changes in
physiological conditions such as pH, osmolality, or temperature [7],
and may be internalized by the endothelial cells of the target tissue or
be taken up by the tumour cells [14]. This system, in theory, has major
advantages over the normal, non-targeted methods of cytotoxic drug
therapy.

Biocompatible SPIONs such asmagnetite have beenwidely used for
in vivo biomedical applications includingmagnetic resonance imaging
(MRI) contrast enhancement [15,16], tissue specific release of
therapeutic agents [17], hyperthermia, and magnetic field assisted
radionuclide therapy [18]. Their slower renal clearance and higher
relaxation values compared to the gadolinium-based contrast agents
make them more attractive for imaging purposes [19]. Some SPIONs
with core sizes of 3–6 nm and dextran coating (with 20–150 nm
hydrodynamic sizes) such as Feridex, Endorem, Combidex and
Sinerem are approved for MRI in patients [20,21]. Similarly, drug-
loaded SPIONs can be guided to the desired target area using an
externalmagnetic field while simultaneously tracking the biodistribu-
tion of the particles [22]. This approach truly makes them theragnositc
(therapeutic and diagnostic). Table 1 illustrates some of the commer-
cialized SPIONswhich are used for different diagnostic and therapeutic
applications.

With extensive research in stem cell engineering, this nanotech-
nology era is also marked with efforts to personalize treatments using
either stem cells or even genetically modified/engineered cells. In this
scenario, it is extremely important to track the transplanted/injected
cells and to evaluate their engrafting efficiency and functional ability.
SPIONs are also being explored as potential candidates for these
applications [23].

Their application in biology, medical diagnosis and therapy require
that the SPIONs be stable in water at neutral pH and physiological
salinity. Such colloidal stability depends on the dimensions of the
particles, which should be sufficiently small so that precipitation due
to gravitation forces can be avoided. Another important factor is the
charge and surface chemistry, which give rise to both steric and
coulombic repulsions. To control the surface properties of SPIONs,
they are coated with a biocompatible polymer during or after the
synthesis process in order to prevent the formation of large ag-
gregates, changes from the original structure and biodegradation
when exposed to the biological system. In addition, polymer coating
can also allow binding of drugs by covalent attachment, adsorption or
entrapment on the particles [24].

The biocompatibility and toxicity of SPIONs are other important
criteria to take into account for their biomedical applications.
Parameters determining biocompatibility and toxicity are the nature
of the magnetically responsive component (for instance, magnetite,
iron, nickel, cobalt, neodimium–iron–boron or samarium–cobalt), the
final size of the particles including their core and the coatings (shell).
Ideally, they must also have a high magnetization so that their
movement in the blood can be controlled with a magnetic field and so
that they can be immobilized close to the targeted pathologic tissue
[24]. However, highlymagnetic materials such as cobalt and nickel are
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toxic and susceptible to oxidation. Hence, they are of little interest.
Iron oxide particles such as magnetite (Fe3O4) or its oxidised form
maghemite (γ-Fe2O3) are by far the most commonly employed for
biomedical applications.

Another important aspect of SPIONs delivery is their internaliza-
tion into specific cells. It is severely limited by three factors: (a) short
blood half-life of the particles, (b) non-specific targeting, and (c) low
internalization efficiency of surface grafted ligands [25]. Various
efforts are directed towards improving these SPION properties and
modifying their synthesis methods to better control their size and
surface. A number of recently published reviews address these
approaches collectively or separately as well as focus on specific
applications of SPIONs [22,26–28]. In this comprehensive review, we
discuss efforts in the field to improve the properties of SPIONs using
various synthetic routes, and we examine the issues of their colloidal
stability and toxicity. Finally, we discuss various in vitro and in vivo
studies using SPIONs as drug delivery vehicles.

2. SPIONs synthesis

Magnetite (Fe3O4), maghemite (γ-Fe2O3) and hematite (α-Fe2O3)
are three main iron oxides that fall under the category of SPIONs.
Ferrites,which aremixed oxides of iron and other transitionmetal ions
(e.g. Cu, Co, Mn, and Ni), have also been reported to be super-
paramagnetic [29,30]. However, this review article focuses mostly on
pure iron oxide NPs with superparamagnetic properties.

Fig. 1 presents the three most important published routes for the
synthesis of SPIONs, on which we will focus here. However, other
chemical routes that have been reported will also be mentioned.
Extensive research on the synthesis and magnetic properties of iron
oxides NPs as ferrofluids was published during the 1970s [2,31]. A
well establishedmethod was published by Sugimoto et al. [32], where
well-defined spherical magnetite NPs were prepared using ferrous
salt in the presence of potassium nitrate and potassium hydroxide by
a co-precipitation method. Recently, the same authors [33] reported
well-defined size, shape (spherical/ellipsoid), structure and magnetic
properties of magnetite, maghemite and hematite by a sol–gel
method. Precipitation from the solution is a fundamental method of
Table 1
Commercialized SPIONs.

Company Reference

Stemcell Technologies www.stemcell.com
Micromod www.micromod.de

Chemicell www.chemicell.com
Magnisense www.magnisense.com

Diagnostics Biosensors www.diagnosticbiosensors.com
Dexter Magnetic Technologies www.dextermag.com
Ocean Nanotech www.oceannanotech.com
Imego www.imego.com
Integrated Engineering Software www.integratedsoft.com

EMD chemicals eshop.emdchemicals.com
Magsense www.magsenselifesci.com

TurboBeads www.turbobeads.com
European Institute of Science www.biotechniques.com
Magnabeat Inc. www.magnabeat.com
nanoTherics Ltd. www.nanotherics.com
SEPMAG technologies. www.sepmag.eu
Magforce www.magforce.de
AMAG Pharmaceuticals
(Advanced Magnetics)

www.amagpharma.com

Estapor www.estapor.com
Miltenyi Biotec www.miltenyibiotec.com

Invitrogen and Dynal Biotech
(bought by Invitrogen in 2005)

www.invitrogen.com
crystallisation where nucleation and crystal growth are the principle
pathways for the formation of solids [34–36]. With this method, the
nuclei can grow uniformly by diffusion from the solution to their
surfaces. Ideally, monodispersed NPs can be formed by uniform nu-
cleation followed by crystal growth without further nucleation.
However, multiple nucleations can also result in uniform NPs by
Oswald ripening [37], where large uniform crystals form by crystal
growth through the dissolution of small crystallites. Uniform particles
of larger sizes can also be obtained by aggregation of small crys-
tallites through coalescence [32,38,39]. Crystal growth in solution is
interface-controlled up to a certain critical size and beyond that size,
the growth is diffusion controlled [40].

The most common method of SPIONs synthesis was reported by
Massart [41], in which the addition of base to an aqueous solution of
ferrous (Fe2+) and ferric (Fe3+) ions in a 1:2 stoichiometry produced a
black precipitate of spherical magnetite NPs of uniform sizes in an
oxygen free environment. It is important to have an oxygen free
environment during the synthesis otherwise,magnetite can be further
oxidised to ferric hydroxide in the reaction medium. Recently, Sen et
al. [42] compared Sugimoto's and Massart's methods for magnetite
synthesis. They found that Sugimoto's method produced larger
particles (30 to 200 nm) of rhombic (stirred condition) and spherical
(static condition) morphologies whereas Massart's method produced
smaller (b20 nm) spherical particles (Fig. 2). The size andmorphology
ofmagnetiteNPs could be controlledby varying the ratio of ferrous and
hydroxide ions in Sugimoto's method (Fig. 3, unpublished data).

Controlling the crystal growth step in the co-precipitation route is
the key step to producing sub nm size SPIONs. The microemulsion
(water in oil: W/O) method, using water droplets as nanoreactors in a
continuous phase (oil) in the presence of surfactant molecules [43–
45], is reported to be an alternative and more controlled method. In
this method, iron precursors can be precipitated as iron oxide in the
water phase specifically located in the centre of the micelles. Iron
oxides do not precipitate in organic phase as the iron precursors are
unreactive in this phase. The size of the NPs can be controlled by
controlling the size of the water droplets. Surfactants, which are
responsible for micellisation, can be utilised for the dispersion of iron
oxide NPs. Zhang et al. [46] have fabricated hollow magnetite NPs of
Applications

Automated immunomagnetic cell separation
Drug delivery, biomagnetic separation, nucleic acid purification
and protein separation
Bioseparation- and detection systems
Bioassays for human and animal diagnostics, food safety and
environmental protection
Diagnostics biosensors
Biomagnetic separation
Synthesis, production as well as R&D of magnetic NPs
Medical diagnostics
Electromagnetic, electromechanical and electrothermal
analysis software
Immunoassay and immunoreagent development
Bioseparation, diagnostic, immunoassay, and bioanalytical
measurements
Efficient magnetic separation
Hyperthermia
Separation of many different bio-substances
Magnetic gene transfection
Large volume magnetic separation systems
Hyperthermia
MRI contrast agents; Diagnosis of cardiovascular disease
and cancer
Application of magnetic microspheres in immunoassays
Reagents and instruments development for use in immunology,
cell and molecular biology, bioinformatics, and stem cell technologies
In vitro diagnostics, protein, cell and biomolecular purification
and separation
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Fig. 1. A comparison of published work (up to date) on the synthesis of SPIONs by three different routes.
Sources: Institute of Scientific Information.

Fig. 2. TEM micrographs of magnetite nanoparticles: A. Prepared by Type 1 reaction in the presence of excess [OH−]; B. Prepared by Type 1 reaction without stirring and without
excess of [OH−] or [Fe2+]; C. Prepared by Type 2 reaction in the presence of NH4OH; D. Prepared by Type 2 reaction in the presence of dispersing agent TMAOH and without NH4OH.
Type 1: Sugimoto method; Type 2: Massart method (Reproduced from reference [42] with permission, copyright 2006, Institute of Engineering and Technology, IET Digital Library).
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Fig. 3. Effect of particle sizes and their size distribution in the presence of either excess
[Fe2+] or [OH−] ions by Sugimoto method (unpublished results by Sen T and Bruce I J).
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200 to 400 nm in diameter by themicroemulsion route, however these
NPs may not be useful for drug delivery purposes. This method suffers
from the preparation of adequate crystalline SPIONs on a large scale as
the temperature used for such synthesis is low. Hyeon et al. [47]
reported highly crystalline maghemite particles with well-defined
nanometer sizes by the microemulsion method at high temperature
using iron (III) acetyl acetonate as an iron precursor. Sun et al. [48]
later reported the size controlled synthesis of ultra-small magnetite
(12 and 16 nm) NPs using Fe(acac)3 as an iron source by the
microemulsion route.

A recent development in the synthesis of SPIONs is the use of
sonochemical routes [49–51]. In this process, a high energy ultra-
sonication creates acoustic cavitations that can provide localised heat
with a temperature of about 5000 K. At high temperature, the for-
mation and growth of nuclei and the implosive collapse of bubbles can
take place. Monodisperse NPs of a variety of shapes can be prepared
by this method; however, it lacks large scale synthesis. Electrochemical
deposition under oxidised conditions (EDOC) has also been used to
synthesize maghemite and magnetite NPs [52]. In this method, the
anode can be oxidised to metal ion species in solution and the metal
ion is later reduced to metal by the cathode in the presence of
stabilisers. This method, however, also lacks a large scale synthesis.
The hydrothermal method is reported to be the oldest method of
synthesis of magnetite where iron precursors in aqueous medium can
be heated at high temperature at autogenous pressure. Recently, this
method has been extended using microwave for the synthesis of
SPIONs [53]. This method produces SPIONs of uniform sizes and can
easily be scaled up. Grzeta et al. [54] reported the synthesis of
nanocrystalline magnetite by thermal decomposition of iron choline
citrate. A similar method was also reported using iron carbonate [55]
and iron carboxylate [56]. Recently, Liu et al. [57] prepared magnetic
platelets using ethylene diamine as a solvent/reducing agent by the
solvothermal route. The solvent free thermal decomposition route was
also used recently for the preparation of SPIONs [58].

Biomimetic synthesis of SPIONs by magnetotactic bacteria has
been known for a long time and various research groups have used
bacteria, fungi, Mms6 protein, or globular protein for this purpose
[59–64]. For instance, Coker et al. [64] exploited Fe(III)-reducing
bacterium Geobacter sulfurreducens to synthesize magnetic iron oxide
NPs. However, the disadvantage of this method is the lack of large
scale synthesis with well-defined sizes and shapes.

Although most of the above synthesis protocols resulted in either
spherical or rhombic morphologies, there are few reports of syn-
thesizing SPIONs with other geometries such as ellipsoid [33] and
cubic [65]. Such unique geometries can offer well-defined and
reproducible magnetic fields. On the other hand, Peng et al. [66]
prepared magnetite nanorods through reduction of beta-FeOOH,
whereas large scale synthesis of single-crystal magnetic (maghemite,
magnetite and hematite) nanorings was achieved by Jia et al. [67]
using the hydrothermal route.

3. Characteristics of SPIONs

3.1. Colloidal stability of SPIONs

The stability of SPIONs in suspension is controlled by three principal
forces: (a) hydrophobic–hydrophilic, (b) magnetic and (c) van der
Waals. SPIONs tend to aggregate to micron size clusters in suspension
due to the hydrophobic interactions between the sub nm size particles
(large surface area to volume ratio). Micron size clusters further
aggregate due to the magnetic dipole–dipole interactions and become
magnetized by neighbouring clusters. In the presence of an external
magnetic field, further magnetization of these clusters can occur
increasing their aggregation [68]. In general, nanometer size particles
aggregate in suspension due to the attractive van der Waals forces in
order to minimise the total surface or interfacial energy. Consequently,
such aggregation can hamper the efficacy of SPIONs in drug delivery
(less drug loading) due to their low surface area and larger sizes. Hence,
the stabilisation of SPIONs in suspension bymodifying their surface is an
important issue in the context of drug delivery.

Surface modification of SPIONs can be carried out either during
their synthesis or in a post-synthesis process. Table 2 presents a list of
materials which have been used as stabilising agents during the
synthesis of SPIONs.

The ideal molecules used for stabilization of SPIONs should be
biocompatible and biodegradable. However, the most common
molecules used are surfactants such as oleic acid, lauric acid, alkane
sulphonic acids, and alkane phosphonic acids [115]. Surfactant mol-
ecules are amphiphilic in nature and they play their role at the
interface of SPIONs and the solvent. Most of the surfactant mediated
syntheses are reported in organic solvents, i.e. hexadecane, toluene, n-
hexane etc., as the hydrophobic tail groups (hydrocarbon chain) of the
surfactant molecules lay as a shell around SPIONs. However, SPIONs in
organic suspension cannot be used for biological purposes, especially,
for drug delivery.

Wang et al. [116] reported a method where the hydrophobic
surface of coated SPIONs was inverted to a hydrophilic surface using
alpha-cyclodextrin by host–guest interactions and the NPs were able
to disperse from organic to aqueous solution. Such inversion of
hydrophobic surfaces to hydrophilic surfaces was also achieved by
using an amphiphilic polymer shell [117]. Various polymers such as
poly (ethylene-co-vinyl acetate), polyvinylpyrrolidone (PVP), poly-
lactic-co-glycolic acid (PLGA), polyethylene glycol (PEG) or polyvinyl
alcohol (PVA) have also been used as coating materials in aqueous
suspension [118]. Natural dispersants including gelatin, dextran,
polylactic acids, starch, albumin, liposomes, chitosan, ethyl cellulose
have been extensively used for dispersion of SPIONs in aqueous
medium (Table 2) for the purpose of drug delivery. The synthesis of
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Table 2
Materials used for coating or encapsulating SPIONs and their applications.

Materials used Size and size distribution Applications Advantages Ref.

Amorphous silica 20–200 nm, broad Isolation of biomolecules, e.g. genomic and
plasmid DNA, extraction of nucleic acids
from soil, drug delivery, extraction of phenolic
compounds from environmental water

Does not require any organic solvents and eliminates
the need for the repeated centrifugation, vacuum
filtration or column separation

[69–75]

Mesoporous silica 10–300 nm, broad Controlled drug delivery, removal of mercury
from industrial effluent, support for enzyme
immobilisation for bio-catalysis, fluorescence,
isolation of genomic and plasmid DNA

Uniform pore size, large surface area, and high
accessible pore volume

[76–81]

Polyethylene glycol (PEG) 10–50 nm, narrow In vivo NMR imaging, in vivo contrasting Improves the biocompatibility, blood circulation time
and internalization efficiency of the NPs, easy to
functionalise

[82–84]

Polyvinyl alcohol (PVA) 10–50 nm, narrow In vivo imaging and drug delivery Prevents coagulation of particles, giving rise to
monodisperse particles

[85,86]

Polyvinyl pyrrolidine (PVP) 10–20 nm, narrow Contrasting and drug delivery Enhances the blood circulation time and stabilises
the colloidal solution

[87,88]

Polyacrylic acid ∼250 nm, narrow Target thrombolysis with recombinant
tissue plasminogen activator

Increases the stability and biocompatibility of the
particles and also helps in bioadhesion

[89]

Polystyrene 10–20 nm, narrow Cellular imaging and DNA hybridisation Stable and uniform size particles in suspension [90,91]
Polymethyl methaacrylate 10–50 nm, narrow DNA separation and amplification Novel, simple and labour-saving; can be

applied in automation system(s) to achieve high
throughput detection of single nucleotide
polymorphisms

[92]

Polydipyrrole/dicarbazole 20–100 nm, broad DNA hybridization Molecular diversity for engineering functional
polyDPyr-/polyDCbz-shell outer layers of magnetic
nanocomposites

[91]

Ethyl cellulose 20–50 nm, broad Extraction of pharmaceutical chemicals Enhanced the drug absorption into the surrounding
tissues for a prolonged period of time

[93,94]

Chitosan 20–100 nm, broad Tissue engineering, hyperthermia A natural cationic linear polymer that is widely used
as non-viral gene delivery system, biocompatible,
hydrophilic, used in agriculture, food, medicine,
biotechnology, textiles, polymers, and water treatment

[95–98]

Dextran 10–200 nm, narrow Isolation of E. coli, drug delivery, imaging Enhances the blood circulation time, stabilises the
colloidal solution

[99–101]

Starch 10–20 nm, narrow Contrasting and imaging Natural polymers, biocompatible [102,103]
Liposome 50–200 nm, broad Imaging, drug delivery, hyperthermia,

contrasting
Long-circulating time [104–108]

Albumin 100–200 nm, broad Cell separation Magnetic tagging and separation, does not affect cell
viability and proliferation

[109,110]

Erythrocytes 10–100 nm, broad MRI imaging, drug delivery Avoids the rapid clearance by the reticuloendothelial
system (RES) and permits a long half-life in blood
circulation

[111,112]

Gelatin 50–100 nm Isolation of genomic DNA, drug delivery Hydrophilic, biocompatible, natural polymer. Improves
the efficiency of drug loading and is a rapid, simple,
and a well-suited method for DNA extraction

[113,114]
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hydrophilic magnetic NPs has also been reported via a reverse
emulsion approach using PEG [45]. Other chemicals used for surface
stabilisation of SPIONs include Disperbyk 120 [42] and tetramethyl
ammonium hydroxide [119]. Furthermore, Park et al. [120] reported
graphitic carbon coated magnetite and maghemite NPs using
ferrocene in supercritical water.

The post-synthesis modification of SPIONs, known as core–shell
NPs, has also been widely studied. Materials used for core–shell
SPIONs are mostly polymers, silica, metal (e.g. gold and cadmium/
selenium) and organic dye molecules. The coating materials protect
the core against oxidation and, hence, maintain themagnetic property
of SPIONs. Iron oxide particles are known to be non-toxic; however,
some of the coating materials could be toxic. Silica is known to be
biocompatible but not biodegradable. Amorphous silica coating on
magnetite NPs was first reported by Philipse et al. [121] with a sol–gel
approach. As silica is hydrophilic in nature, the silica-coated core–
shell particles were reported to be well dispersed in aqueous sus-
pensions. The silica-coated SPIONs can be negatively charged above
the isoelectric point of silica (pH ∼2); hence, they have been used for
separation of biomolecules through electrostatic interactions. In
addition, silica has hydroxyl groups (silanol group: Si–OH) useful
for the attachment of further functionalities through covalent bonding
with organosilanes. Bruce et al. [122] reported large scale synthesis
and modification of magnetite NPs by amorphous silica. In this meth-
od, silicic acid (ion exchanged from sodium silicate) was added slowly
to diluted suspension of magnetite at pH 13. The suspension's pH was
adjusted from 13 to 10 by slow addition of diluted hydrochloric acid.
Core–shell NPs of magnetite core coated with a thin silica shell were
prepared and the percentage of coating was characterised by DNA
binding and elution behaviour. The reverse microemulsion method
[45] has also been used for silica coating using non-ionic surfactants
(Triton X100, Brij-97 and Igepal CO-520) and the silica coating was
reported to be as thin as 1 nm. To gain advantage of surface area of
silica-coated SPIONs, various authors have used a templating route for
the preparation of microporous (zeolites) and mesoporous silica
coating for biological applications. Sen et al. [81] used a surfactant
templating route for the fabrication of high surface area mesoporous
silica-magnetite core–shell NPs of spherical and tubular morphologies
for the extraction of nucleic acid from cells. Recently, Zhao et al. [123]
prepared SPIONs with magnetite core and microporous zeolite shell
for the immobilisation of trypsin.

Atomic transfer radical polymerisation (ATRP) is another common
method developed by Wang et al. [124] for coating SPIONs. Li et al.
[125] used the ATRP method for coating iron oxide with polystyrene
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using divinylbenzene as a crosslinker. Several other polymers, i.e. PVA,
poly(glycerol monoacrylate), poly(glycerol monomethyl acrylate) and
tri-blockcopolymers, have also beenused as coatingmaterials [126,127].
Inverse emulsion is anotherway of coating iron oxideNPswith PEG [45].
However, it should be noted that the use of non-magnetic materials for
coating SPIONs may result in a decrease in saturation magnetization
[128]. Indeed, Voit et al. [129] found a similar effect when polymers (i.e.
PVA and starch) were used as coating materials. Sen et al. [78] also
reported a decrease in the saturationmagnetisation value from 90 emu/
g to 15 emu/g due to the presence of amorphous silica in a biphasic
mixture of silica and magnetite NPs.

Due to the interaction of SPIONs with biological fluids, the for-
mation of free hydroxyl radicals and reactive oxygen species (ROS) can
be significantly increased. In order to protect the in vivo environment
from these toxic by-products, biocompatible and rigid coatings such as
gold (Au) has been employed. For instance, Kim et al. [130] reported
the reverse micelle method for Au coating on SPIONs. Recently, Goon
et al. [131] reported an aqueous synthesis of Au coated SPIONs using
polyethyleneimine for the dual functions of attaching 2 nm gold NPs
onto magnetite particles and preventing the formation of large
aggregates. On the other hand, quantum dots (CdSe/ZnS) can be
used as coating materials for the fluorescence marker [87,88]. An
organic fluorescencemolecule (pyrene) has also been used recently as
a coating material for multifunctional SPIONs [132].

3.2. Shape, size and size distribution

The size and size distribution of SPIONs are also important pa-
rameters related to their biological applications. The magnetic
property of SPIONs is size dependent. Mahmoudi et al. [133]
employed a multiphysics finite element model in order to study the
effects of an applied magnetic field on SPIONs with various sizes and
shapes in a simulated blood vessel. For this purpose, a 2D model
triangular mesh was used, consisting of a blood vessel 1 cm in width,
tissue 1 cm in width, an external magnet, and the surrounding en-
vironment (Fig. 4A); fluid flow is from left to right. It is notable that
various synthesis parameters (e.g. stirring rates and base molarity)
were used for preparation of SPIONs with different sizes and shapes.
The FEMmodel iteratively solved coupledMaxwell and Navier–Stokes
equations to predict both the induced magnetic flux density and fluid
velocity fields (see Fig. 4). Simulation results suggest that both the
strength of the applied magnetic field and the magnetic properties of
SPIONs (which obtained by their various size and shapes) affect the
velocity field fluctuations (flow turbulence) and amplitude (peak
velocity). These parameters showed some interactions in defining the
shape and amplitude of the velocity field. The authors hypothesized
that the velocity field with less fluctuation and higher amplitude,
especially in the direction normal to tissue, is believed to be preferable
to facilitate drug delivery.

It has been shown that themagnetic dipole–dipole interactions are
significantly reduced in SPIONs because they scale as r6 (r is the
particle radius). Varanda et al. [134] reported that the saturation
magnetisation of SPIONs and their sizes are linearly correlated as the
surface curvature changes with size. Another main advantage of using
particles of sizes smaller than 100 nm is their higher effective surface
areas (easier attachment of ligands), lower sedimentation rates (i.e.
high stability in suspension) and improved tissular diffusion. Particles
should be small enough (b100 nm) to escape from the reticuloendo-
thelial system (RES). They should remain in the circulation after
injection and be capable of passing through the capillary systems of
organs and tissues avoiding vessel embolism. Similarly, the particle
size is important for achieving enhanced permeability and retention
(EPR) effect. For instance, particles larger than 10 nm cannot
penetrate the endothelium at physiological conditions [135], but
they can penetrate it in pathological conditions such as inflammation
or tumour infiltration [136].
Variousmethods are available tomeasure the sizes of SPIONs either
in suspension or in dry state. However, it is the size in suspension
which is important for their applications, since the size in dry state
does not include the solvation shell around the SPIONs. In addition, the
drying step can have an effect on aggregation behaviour. The
techniques used in order to determine particle size include dynamic
light scattering (DLS), transmission electron microscope (TEM),
Scherrer analysis of X-ray diffractograms (XRD) and extended X-ray
absorption fine structure (EXAFS). The DLS technique determines the
particle size in suspension whereas the other techniques determine
the crystallite size in its dry state. The DLS technique provides in-
formation of mean sizes based on volume, intensity and number
distribution. Scherrer analysis of XRD determines size based on the
broadening of the diffraction peak and can be calculated by the
equation τ=(Kλ)(βcosθ)−1, where K is the shape constant (usually
0.89 but it varies with the actual shape of the crystallite), λ is the
wavelength of the X-ray used, β is the width of the peak at half height
in radians and θ is the Bragg angle. TEM is themost powerful technique
to determine the crystallite and particle sizes and their morphology.
This technique gives information on the size distribution as well as
details of the core–shell structure due to the difference in electron
density of core and shell materials.

When the drug-loaded NPs are injected systemically into the
bloodstream, the size, morphology and surface charge are the three
important parameters for their behaviour in the blood stream. Tissue
macrophages (i.e. Kupffer cells in the liver) are highly sensitive to
invading micro-organism and NPs [136]. The plasma proteins (opso-
nins) can easily adsorb on the surface of invading NPs depending on
their sizes, surface charge and morphology. Particles with sizes above
200 nm or below 10 nm are not suitable due to their uptake by the RES.
Gupta et al. [137] reported that the sizes between 10 and 100 nm are
most effective for drug delivery purposes because they can evade the
RES.

3.3. Surface charge

The surface charge and the biodistribution of SPIONs play a
significant role in colloidal stability. It can be qualitatively described as
the nature and behaviour of the surface groups in solution at a certain
pH in the presence of an electrolyte. Quantitatively, it can be
measured as an electrical potential in the interfacial double layer on
the surface of NPs in suspension. A high zeta potential (+ or−) value
is an indication of the dispersion stability of SPIONs due to the
electrostatic interaction. Sun et al. [138] studied the effect of excess
surface concentration of Fe2+ or Fe3+ ions on the zeta potential of
SPIONs. According to their results, zeta potential of magnetite had
positive and negative values in the absence of multivalent cations in
acidic and basic solutions, respectively. Furthermore, in the presence
of excess iron cations, specific adsorption took place at the surface of
magnetite, considerably affecting its zeta potential.

The composition and structure of NPs are very important in their
interactions with biological fluids. Magnetite is reported to be an
inverse spinel structure with oxygen forming a face-centred cubic
(FCC) closely packed arrangement and Fe cations occupying the
interstitial tetrahedral and octahedral sites [139]. The structure of
maghemite is similar to that of magnetite except that all Fe ions are in
a trivalent state (Fe3+). Coey et al. [140] found that the surface charge
of SPIONs also determines their cellular interaction, especially during
endocytosis and phagocytosis.

In a knownmedium, the characteristics of SPIONs such as chemical
composition of both core and shell, size and its distribution, shape and
angle of curvature, crystallinity, smoothness/roughness, hydropho-
bicity/hydrophilicity are important for their in vivo applications; these
characteristics could determine the residence time of SPIONs in the
circulatory system [141]. Recently, Osaka et al. [142] reported a cor-
relation between the surface charge of magnetite NPs and their



31M. Mahmoudi et al. / Advanced Drug Delivery Reviews 63 (2011) 24–46

image of Fig.�4


}

Fig. 4. (A) 2-D geometry and finite element mesh model of a blood vessel under a permanent (static) magnetic field for drug delivery. The (B) x and (C) y velocities of the ferrofluid
containing SPIONs with various sizes. Results are presented for the observation point shown in (A). Samples are herein referred to as S(x)M(x), where S is the stirring rate and M is
the NaOH molarity. For instance, S(3600)M(1.2) indicates a sample prepared with a stirring rate of 3600 rpm and a molarity of 1.2. (D) contour lines of magnetic flux density and
ferrofluid velocity surface contours in the blood vessel model (note: results are shown for t=1 s for S(12,600)M(1.1); at the observation point marked in (A), the value of magnetic
flux density is 27.7 mT. (Reproduced from reference [133] with permission.)
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cellular uptake efficiency into different cell lines. SPIONs with a pos-
itive charge showed higher internalization into human breast cancer
cells compared to negatively charged SPIONs; whereas there was no
difference in the degree of internalization into Human Umbilical Vein
Endothelian Cells (HUVECs). Thus, the uptake pattern of SPIONs
depends not only on their surface properties but also on the cell type.

Various authors have reported the protein adsorption on NPs either
in vitro or in vivo [143,144].Moghimi et al. [136] performed an extensive
study of the opsonisation process (adsorption of plasma protein) based
on theNP's surface charge, size andhydrophilicity/hydrophobicity. They
concluded that the smaller the size and the higher the hydrophilicity of
theNPs, the less efficient is the opsonisationprocess. In this context, PEG
and folic acid coating have been found to be efficient for inhibiting the
protein adsorption in vivo [145]. Recently, Lee et al. [146] reported the
use of polymer, Poly{3-(trimethoxy silyl propyl) methacrylate-r-polyeth-
ylene glycol methacrylate}, coating on magnetite to generate a stable,
protein-resistant magnetic resonance imaging probe. Their results
suggested that the polymer-coated SPIONs can possess long-circulating
properties in plasma by escaping their uptake by the RES, e.g. by
macrophages.

3.4. Toxicity of SPIONs

Biomedical applications such as drug delivery, cellular labelling/cell
separation, tissue repair, magnetic resonance imaging, magnetic
hyperthermia and magnetofection are well known examples of the
use of SPIONs and have been extensively reported. Since these
applications involve use of humans or other animals, it is important to
study their toxicity in appropriate animal models. Despite potential
applications of SPIONs, very few reports are available on their
toxicological effects. Some of them are discussed below.

3.4.1. Composition toxicity
The cytotoxicity of PVA-coated SPIONs with different shapes and

morphologies (e.g. nanospheres, nanorods, nanoworms, magnetite
colloidal nanocrystal clusters and nanobeads) has been comprehen-
sively explored by Mahmoudi et al. [133,147] in mouse fibroblast cells
and human leukaemia cells. According to their results, SPIONs showed
no or little toxicity. On the other hand, Karlsson et al. [148] studied the
toxicity of SPIONs (20 and 40 μg/ml) in human lung cancer cell lines.
Neither DNA damage nor intracellular ROS (i.e. production of reactive
oxygen species) toxic effects were observed; however, small oxidative
DNA lesions were detected. In another study, the effect of SPIONs on
the cell cycle confirmed the arrest in the G0G1 cell-life gap [149]. Very
recently, Mahmoudi et al. [150,151] observed the existence of gas
vesicles in SPIONs-treated cells (by staining with the crystal violet
dye) with increased granularity of the cells (Fig. 5). It was suggested
that autophagymay be the possible cause of the cytotoxicity. It should
be noted that the in vitro cytotoxicity studies can encounter a great
deal of error in the obtained results due to the large amount of protein
absorption on the surface of SPIONs (Section 3.4). In order to obtain
reliable and exact cytotoxicity results, a modified method has been
reported [152], in which the iron oxide NPs were introduced to the
cell medium and the solution was kept in contact for a period of 24 h
in order to create a stable protein corona on the surface of the SPIONs.
The medium was then replaced with a fresh one and the obtained



Fig. 5. Optical microscopy (800×) of dyed L929 cells for (A) control, (B) cells containing 800 mM uncoated SPIONs after a 72 h interaction with cells showing the existence of gas
vesicles. (C) TEM images of SPIONs-treated cells showing gas vesicles. (Reproduced from reference [151] with permission.)
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SPIONs were employed for toxicity assays. The conventional in vitro
examination methods (such as MTT) contained large errors as
compared to the modified method due to the fact that NPs can
cause significant changes in the cell medium, such as denaturation of
proteins, which in turn can cause cytotoxicity. Using this modified
approach, the toxicity of NPs is found to decrease significantly.
3.4.2. Protein–nanoparticle interactions
The use of NPs in medicine has been intensively developed in the

past decade. The understanding the interactions between these nano-
materials and proteins is very important. In a biological fluid, proteins
can be adsorbed or associated on NPs. This adsorption can have
significant impacts on biological, biochemical and cellular behaviour

image of Fig.�5
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[153,154]. More specifically, it is now well recognized that the
nanoparticle–protein interaction is a key issue for defining the toxicity
of NPs [153,154]. The unfavourable changes in the protein configura-
tions, due to the SPIONs-protein interactions, should be firmly probed
in order to predict biological injuries resulting from possible changes
such as fibrillation, exposure to new antigenic epitopes and loss of
function [153,155,156]. More specifically, the denaturation of the
proteins after interaction with SPIONs could cause the exposure of
new antigenic sites which may commence a new immune response
[156]. Cedervall et al. has studied the specific binding rates and
affinities of different plasma proteins to NPs [157]. Three methods
were proposed to study these interactions: size-exclusion chroma-
tography (SEC), surface plasmon resonance (SPR) and isothermal
titration calorimetry (ITC). ITC and SEC allow studying the affinity and
stoichiometry of protein bonded to particles, SPR gives the rates of
protein association and dissociation. Lynch et al. [158] also tried to
identify and quantify the proteins associated to different sized
nanosystems.
Fig. 6. (A) Schematic representationof thepossible exchange/interaction scenarios at the bionano
inbloodplasmaconfirmingtheexistenceof variousproteinbinding(e.g. anouterweakly interacti
(Reproduced from reference [159] with permission.)
What the biological cell, organ, or barrier actually “sees” when
interacting with a NPs is highly related to the protein corona (see
Fig. 6) [159]. Since there are numerous potential proteins for
interaction with SPIONs in the biological environment, the major
problem is finding a method that has the capability to measure such a
large number of interactions. To overcome this problem, Gerber et al.
[160] introduced an in vitro protein expression and interaction
analysis platform based on a highly parallel and sensitive micro-
fluidic affinity assay and used it for 14,792 on-chip experiments,
which exhaustively measured the protein–protein interactions of 43
Streptococcus pneumoniae proteins in quadruplicate.

3.5. Protein and peptide functionalized SPIONs

In order to increase the targeting capability of NPs, their surfaces
can be conjugated by targeting species including low-molecular
weight ligands (folic acid, thiamine, and sugars), peptides (RGD,
LHRD), proteins (transferrin, antibodies, and lectins), polysaccharides
interface at the cellular level. (B) Schematic drawingof the structure of protein–nanoparticle
ng layer ofprotein (full redarrows)andahard slowlyexchanging coronaofproteins (right)).
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(hyaluronic acid), polyunsaturated fatty acids, peptides, DNA, etc.
[161,162] It is notable that most of the current clinically approved
nanotechnology products relatively experience the passive targeting
approach (i.e. lack of active targeting) according to their biophysio-
chemical properties (see Fig. 7) [163]. Interestingly, variousmolecules
(e.g. peptides, peptidomimetics, proteins, and antibodies) have been
investigated for in vivo targeting of SPIONs [164,165]. Some antibodies
or fragments directed to several types of receptors (HER2/Neu,
myosine, lymphocyte, selectin, V-CAM1, etc.) have been coupled to
SPIONs and have been tested either in vitro or in vivo [166,167]. The
development of phage display technique allowed the selection of
peptides for targeting a specific target. A modified cellular ELISA
(enzyme-linked immunosorbent assay), has been developed as an
application of MRI for in vitro clinical diagnosis [168]. To validate the
method, three contrast agents targeted to integrins were synthesized
by grafting to ultrasmall particles of iron oxide (USPIO): (a) the CS1
(connecting segment-1) fragment of fibronectin (FN) (USPIO-g-FN);
(b) the peptide GRGD (USPIO-g-GRGD); and (c) a non-peptidic
RGD mimetic (USPIO-g-mimRGD). The apparent dissociation con-
stants (K(d)*) of the three contrast agents were estimated based on
the MRI measurement.

Targeting of the endothelial inflammatory adhesion molecule E-
selectin byMRIwas successfully performed in the context of in vitro and
in vivo models of inflammation [169]. The specific contrast agent was
obtained by grafting amimetic of sialyl Lewisx (sLex), a natural ligand of
E-selectin expressed in leukocytes, on the SPIONs. This new contrast
agent, SPIONs-g-sLex, was tested in vitro on culturedHUVECs stimulated
to express inflammatory adhesion molecules, and in vivo in a mouse
model of hepatitis.USPIO-g-sLex is thuswell suited for theMRI diagnosis
of inflammation and for the in vitro evaluation of endothelial cell
activation.

Quinti et al. conjugated synthetic phosphatidylserine binding
ligands in a multivalent fashion onto magnetofluorescent nanoparti-
cles [170]. Their results showed that the synthetic NPs bind to
apoptotic cells, that there is an excellent correlation with annexin V
staining by microscopy, and that FACS analysis with NPs allows the
Fig. 7. Passive vs active targeting. (Right) Nanoparticles tend to passively (by their biophy
nanoparticles have extravasated in the target tissue, the presence of targeting ligands (e.g.
receptors that are present on target cell or tissue resulting in enhanced accumulation and c
with permission.)
measurement of therapeutic apoptosis induction. Table 3 gives some
examples of vectorized SPIONs for targeted molecular or cellular
imaging.

4. SPIONs in drug delivery

The regularly employed SPIONs in drug delivery consist of NPs,
nanospheres, liposomes andmicrospheres. In these systems, the drugs
are bound to the SPIONs' surface (especially for NPs) or encapsulated
in magnetic liposomes and microspheres. The recent applications of
SPIONs in diagnosis and therapy are presented in Fig. 8. More
specifically, SPIONs-assisted drug delivery systems have been
designed to deliver peptides, DNA molecules, and chemotherapeutic,
radioactive and hyperthermic drugs. Themost recent delivery systems
are focused on anti-infective, blood clot dissolving, anti-inflammatory,
anti-arthritic, photodynamic therapy, and paralysis-inducing drugs as
well as on stem cell differentiating/tracking [208,209].

The surface engineered SPIONs (e.g. with targeting ligand/
molecules attached to their surfaces) used together with the aid of
an external magnetic field is recognized as a modern technology to
introduce particles to the desired site where the drug is released
locally. Such a systemhas the potential tominimise the side effects and
the required dosage of the drugs [161,210,211]. However, once the
surface-derivatized NPs are inside the cells, the coating is likely
digested leaving the bare particles exposed to other cellular compo-
nents and organelles thereby potentially influencing the overall
integrity of the cells [212,213]. It is hypothesized that rigid coatings
such as crosslinked PEGF could postpone this shortcoming [212].

4.1. Important considerations for SPIONs in drug delivery applications

For drug delivery applications, the surface engineered iron oxide
NPs are required to have superparamagnetic properties together with
a specific size, which should be suitable for its delivery place and
system, and a very narrow size distribution in order to have very
uniform biophysicochemical properties. A recent report showed that
siochemical properties) extravasate through the inflammated vasculature; (Left) Once
proteins) on the nanoparticle surface can result in active targeting of nanoparticles to
ell uptake through receptor-mediated endocytosis. (Reproduced from reference [163]
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Table 3
Targeted iron oxide nanoparticles for molecular and cellular imaging.

Targeted contrast media Biological Target Ref.

MION-Wheat Germ Agglutinin Axon terminals [171–174]
MION-mAb(L6) Surface Antigen on human carcinoma [175–177]
SPIONs-transferrin protein Transferrin receptors [178]
MION-mAb(antimyosin) Myocardial infarction [179]
MION-Aβ1-40 Aα-amyloid plaque [180]
Tf-MION Transferrin receptors [181]
MION-Ab(anti Her2/neu) Her2/neu receptor on tumour cells [182]
MION succinylated polylysine Lymph nodes [183]
SPIONs-antibody Neuroblastoma cancer [184]
SPIONs-PEG-antibody Human colon carcinoma [185]
MION-20 CKK Pancreatic cholecystokinin receptor [186]
SPIONs-mAb-610 Surface Antigen on colon carcinoma cell line [187]
SPIONs-mAb(antiEGFR) Epidermal Growth Factor Receptor (EGFR) in

esophageal squamous cell carcinoma
[188]

SPIONs-PEG-anti-CEA Carcino embryonic antigen [189]
SPIONs-αvβ3 Tumoral angiogenesis [190]
SPIONs-mAb(anti-lymphocyte) Lymphocyte [191,192]
Tf-SS-CLIO Transferrin Receptors [181,193]
CLIO-F(ab′)2 (anti E Selectin) Endothelial cells [194]
CLIO-Annexin V-Cy5.5 Apoptotic cells [195–197]
CLIO-Cy5.5-mAb(antiVCAM-1) Vascular cell adhesion molecule 1 VCAM-1 [198]
CLIO-Cy5.5-bombesin Pancreatic ductal adenocarcinoma [199]
CLIO-Cy5.5 Delineation of brain tumour [200]
SPIONs-fibronectin fragment Integrin [168]
Anti Her2 Neu-WSIO Her2/neu receptors on tumour cells [201,202]
SPIONs annexin V Apoptotic red blood cells [203–206]
SPIONs herceptin Her2neu positive cancer cells [207]
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the particle size distribution can have a considerable effect on the
hysteresis losses of themagnetic field amplitude [214]. Furthermore, a
wide particle size distribution would result in heterogeneous colloidal
properties due to the wide range of blocking temperatures [215].
Fig. 8. Recent diagnostic and thera
In addition to particle size and its distribution, the magnetic
properties are strongly related to impurity content or structural
imperfections of the particles, the polymer type and the length of
adsorbed/expressed polymeric shell. Furthermore, the concentrations
peutic applications of SPIONs.
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of SPIONs in colloids are being recognized as having crucial importance.
By increasing the concentration of magnetic NPs, a clustering of the
particles may occur, leading to magnetic interactions and having a
significant effect on the net magnetization.

Similarly, careful consideration should be given to SPIONs with
different sizes and shapes as they will experience different fluid
environments during their movement through the systemic circula-
tion and will behave differently due to the effect of viscous force
rather than inertial force [216]. More particularly, as they move
through narrow capillaries, the agglomeration of some particles may
occur leading to clogging (embolizations) of small blood vessels [217].

The stabilisation of SPIONs in biological suspension is a critical
matter in order to improve their function as drug carriers. The
isoelectric point of SPIONs is around pH 7 [218,219], which is same as
that for biological fluids; hence, the colloidal stability of SPIONs in
such surrounding environments is recognized as a major shortcoming
[220,221]. The coatings (Table 2) could change the isoelectric points,
and consequently the blood circulation half-life of SPIONs could
increase significantly. In addition to the isoelectric point, there are
many other crucial parameters that affect the colloidal stability and
magnetic field of drug-loaded SPIONs. The mentioned parameters are
particle size, size distribution, shape, surface characteristics of the
particle, concentration and volume of the SPIONs, reversibility and
strength of the drug/ferrofluid binding (desorption characteristics),
access to the organism (infusion route), duration/rate of the injection/
infusion, geometry and strength of the magnetic field and duration of
magnetic field application [222]. In addition, patient-related physio-
logical parameters such as size, weight, body surface, blood volume,
cardiac output and systemic vascular resistance, as well as tumour-
related parameters such as circulation time, tumour volume and
location, vascular content of tumour and blood flow in tumour are also
important [222] in anticancer therapy.

It has been recognized that the internalization of particles as well
as uptake by specific cells is necessary for their targeting. This de-
pends strongly on the size, shape and surface properties of the
magnetic NPs [45,137,213,223]. A multi-physics finite element model
(FEM) has been employed to study the effects of an applied external
magnetic field on PVA-coated SPIONs (with different purity, shapes
and sizes [85]) in a simulated large blood vessel (1 cm in diameter)
[133]. The FEMmodel iteratively solved coupledMaxwell and Navier–
Stokes equations to predict both the induced magnetic flux density
and the fluid velocity fields. The characteristics of SPIONs (i.e. size, size
distribution, purity and shape) showed some interactions in defining
the shape and amplitude of the velocity field. Furthermore, it was
hypothesized that increased external magnetic field gives rise to a
more turbulent flow. The results also confirmed that a velocity field
with less fluctuation and higher amplitude, especially in the direction
normal to tissue, could be recognized as a preferable vector to
facilitate drug delivery. By increasing the magnetic properties of the
drug carriers, the yield of the targeting could be significantly
increased.

Engineered fluorescent SPIONs have shown great potential for
drug delivery and imaging of brain-derived structures. Cengelli et al.
[224] synthesized fluorescent SPIONs coated with PVA functionalised
with a fluorescent reporter molecule and administered to a microglial
cell culture containing immune cells of the nervous system. The
results confirmed good biocompatibility and strong intracellular
uptake of the engineered SPIONs. Consequently, the mentioned
SPIONs have been envisaged as potential vector systems for drug
delivery to the brain, which may be combined with MRI detection of
active lesions in neurodegenerative diseases.

4.2. Drug release properties of SPIONs

Once accumulated inside the required tissue/cells, SPIONs, as a
drug delivery system, should be able to release their drug payload at
an optimal rate. However, it is observed that a majority of the drug
payload is quickly released upon injection into the in vivo environ-
ment (i.e. burst effect), since the drug is loaded on the surface of
SPIONs. Consequently, very small (inadequate) amounts of the drug
reach the specific site after, for example, magnetic drug targeting. In
order to reduce the burst effect, Mahmoudi et al. [212] prepared iron
oxide NPs with a crosslinked poly (ethylene glycol)-co-fumarate
(PEGF) coating. To investigate if the coating could reduce the burst
effect, tamoxifen (i.e. an anti-oestrogen drug used to treat breast
cancer) was loaded onto the surface of coated NPs (via hydrogel
properties of PEGF). The results confirmed that the cross-linked PEGF
coating reduced the burst release by 21% in comparison with the non
cross-linked tamoxifen loaded particles. In another study, monodis-
perse SPIONs with a mesoporous structure were prepared via simple
solvothermal method by Guo et al. [225]. A typical anticancer drug,
(Doxorubicin, Dox), was used for drug loading. The release behaviours
of Dox indicated that these SPIONs had a high drug loading capacity
and favourable release kinetics for this drug.

In another report, phospholipid vesicles incorporating magnetic
NPs (magnetic liposomes) were filled with drugs and used for
targeted delivery applications [226,227]. The magnetic microspheres,
which are formed from encapsulation of SPIONs (with core size of 5–
15 nm) in biocompatible, non-toxic (FDA approved) and biodegrad-
able polymeric microspheres, such as PLGA and poly(L- or DL-lactide)
(PLA), are recognized as another promising drug carrier. The major
advantage of magnetic microcarriers as compared with nanocarriers
is their lower burst effect. It is noteworthy that the first magnetic
microspheres were designed for localised radiation therapy [228] as
well as antiangiogenic therapy [229,230]. The homogeneity of SPIONs
throughout the particle matrix is a distinguished feature of the
application of microspheres for intravascular administration [123].
The achieved microspheres must be smaller than red blood cells and
delivered through blood vessels without clogging the smallest
capillaries of 7–8 μm in diameter. In order to increase the chance of
targeting, the microparticles should also have a very narrow size
distribution.

It is worth noting that the mentioned magnetic drug delivery
systems follow similar rules as other pharmaceutical drug delivery
strategies. More specifically, the NPs or magnetic microspheres,
magnetically driven to the desired site, not only should release a
chemotherapeuticdrug in order toeradicate the tumour, but should also
undergo the same firm rules with respect to sterility, non-immunoge-
nicity, and non-toxicity as any other enveloping drug delivery systems.

4.3. Examples of SPIONs for chemotherapy

The first application of magnetic drug delivery systems was
developed by Widder et al. [231]. According to their report,
doxorubicin (Dox) was used as drug and encapsulated in albumin
magnetic NPs. In another study, Dox was loaded to the magnetite NPs
which were embedded in PLGA through hydrophobic interaction
[232]. An antibody was conjugated to the drug and the obtained
SPIONswere used for simultaneous diagnosis and treatment of cancer.
Results showed that Dox encapsulated in polymeric NPs released
sustainably without any inhibition due to the presence of magnetic
nanocapsules. The SPIONs have been injected not only in mice and
rats, but also in 14 patients (through intravenous injection very close
to the tumour site) for targeting an anticancer drug to locally
advanced tumours [233,234]. Nine patients received two treatment
courses, three patients received one course, and the two received
three courses of drug-loaded magnetic NPs. It is noteworthy that the
second planned treatment was inhibited for one case; in contrast a
third treatment was used for two cases due to an episode of chills
130 min after infusion of the magnetic drug, in one case, and good
responses after the first two therapies, in the other. Epirubicin, which
was chemically attached to the surface of magnetic NPs, was used as
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drug with a dose of 5–100 mg/m2. The same dose of epirubicin, which
was not bonded to magnetic fluid, was injected systemically 3 weeks
after drug targeting for intra-individual comparisons. Results con-
firmed that epirubicin-loaded magnetic NPs were well tolerated.
According to the results obtained bymagnetic resonance tomographic
techniques, pharmacokinetics and the histological detection of
magnetites, the authors claimed that the ferrofluid could be
successfully directed to the tumours in about one-half of the patients.
Furthermore, organ toxicity did not increase with the treatment;
however, epirubicin-associated toxicity appeared at doses greater
than 50 mg/m2.

In order to increase the yield of magnetic targeting, Widder et al.
[235,236] employed an intra-arterial injection proximal to the tumour
site (Dox filledmagnetic particles). The results confirmed the 200 times
more targeting yield in comparisonwith an intravenous injection [237].
Since this study was published, success in cytotoxic drug delivery and
tumour remission has been reported by several groups using animal
models including swine [238,239], rabbits [7] and rats [240–242]. Kubo
et al. [243] recently offered a variation on these techniques. They
implanted permanent magnets at solid osteosarcoma sites in hamsters
and delivered the cytotoxic compounds via magnetic liposomes. This
method resulted in a four-fold increase in cytotoxic drug delivery to the
osteosarcoma sites when compared with normal intravenous (non-
magnetic) delivery [243]. Results also showed a significant increase in
anti-tumour activity and the elimination of weight-loss as a side effect
[226]. This technique has been employed also to target cytotoxic drugs
to brain tumours. These tumours are particularly difficult targets due to
the fact that thedrugmust cross theblood-brainbarrier. Pulfer andGallo
[242] demonstrated that particles as large as 1–2 μm could be
concentrated at the site of intracerebral rat glioma-2 (RG-2) tumours.
Though the concentration of the particles in the tumourwas low, it was
significantly higher than that of non-magnetic particles. In a later study,
the group demonstrated that 10–20 nm magnetic particles were even
more effective at targeting these tumours in rats [242]. Electron
microscopic analysis of brain tissue samples revealed the presence of
magnetic carriers in the interstitial space in tumours, but in normal
brain tissue they were only found in the vasculature. Mykhaylyk et al.
[175] recently had less success using magnetite-dextran NPs but were
able to target rat glial tumours by disrupting the blood-brain barrier
immediately prior to particle injection.

Preliminary successful animal trials, where for the first time
documented tolerance and efficacy was observed in mice and rats and
in which no LD50 could be found for the ferrofluids, has lead to human
trials. The treatment protocol consisted of an intravenous infusion of
the chemically bound drug and one course of conventional chemo-
therapy. During infusion, and for 45 min after, a magnetic field was
built up as close as possible to the advanced and unsuccessfully
pretreated tumour (distance assured to be less than 0.5 cm). It was
shown that the ferrofluid could be successfully directed to the
tumours in about half of the patients. However, it was also concluded,
based on MRI techniques, pharmacokinetics and clinical detection
that although the treatment seemed safe, improvements were needed
to make it more effective [210]. FeRx Inc. introduced magnetic NPs
(metallic Fe coated with activated carbon) which carried doxorubicin
as drug [239] and was later granted fast-track status to proceed with
multi-centre Phases I and II clinical trials of their magnetic targeting
system for hepatocellular carcinomas (a type of liver tumour).
However, in April 2004, FeRx halted its clinical trial, putting into
doubt its ability to continue as a going concern.

In order to probe the yield of a magnetically controlled drug
targeting mechanism on the tissue at microcirculatory level, the
biological effects, bioavailability and the in vivo desorption time of the
anticancer drug epirubicin were studied for starch derivates at the
surface of SPIONs [222]. It was found that microcirculatory techniques
can help in identifying the efficacy of magnetically controlled drug
targeting [222]. The technique allowed the precise quantification of the
SPIONs in the microcirculation of the target tissue upon intravenous
injection. Magnetic particles could be retained within the microvessels
of normal tissue (skeletal muscle), while there was extravasation of the
SPIONs into the tumour's interstitial space. Alexiou et al. [7] treated
squamous cell carcinoma in rabbitswith SPIONs bound tomitoxantrone
that was concentrated with a magnetic field. Experimental VX-2
squamous cell carcinoma was implanted in the median portion of the
hind limb of New ZealandWhite rabbits.When the tumour had reached
a volume of ∼3500 mm3, the SPIONs–mitoxantrone was injected intra-
arterially from the femoral artery or ear vein. Furthermore, an external
magnetic field was focused on the tumour. The intratumoural
accumulation of SPIONs was visualized both histologically and by
magnetic resonance imaging. The cross-section of the tumour was
prepared just after treatment with magnetic NPs. Results confirmed
that the intraluminal SPIONs were accumulated and deposited on the
endotheliumnearest to themagnetic field andwere separated from the
erythrocyte pool; however, SPIONs were also detected in the tumour
interstitium as well as in the adjacent surrounding tissues. The same
histological analyses were performed after 3 months. According to the
results, only fibrosis was seen at the tumour implantation site. No
metastases were found in the regional lymph nodes or in any other
organs. Traces of SPIONs were detected in the spleen of the animals, but
none were found in the liver, lungs, or brain or at the implantation site
and surrounding musculature and skin. Furthermore, investigations of
other organs confirmed that there were no histological or macroscopic
pathological changes. The authors proposed that the application of
SPIONs–mitoxantrone was successful in treating experimental squa-
mous cell carcinoma and offered a unique opportunity to treat
malignant tumours locally without systemic toxicity. In another study,
lactide-co-glycolide ethylene oxide fumaratewas used as a new coating
material for SPIONs in order to either decrease the side effects of
paclitaxel (a mitotic inhibitor used in cancer chemotherapy) and/or to
increase the circulation time of SPIONs and target the drug to tumour
vasculature [62]. Khurshid et al. [244] designed a potential drug delivery
system by combining low-molecular-weight heparin to poly-L-lysine-
coated iron oxidemagnetic NPs with an average size of 20 nm. The data
provided direct evidence that the heparin was immobilized on the
surface of poly-L-lysine-coated iron oxide NPs. However, this study did
not further investigate the effect of heparin coatings on drug release.

Butoescu et al. [245] synthesized magnetic biodegradable micro-
particles (10 μm in size) containing dexamethasone acetate (DXM)
for intra-articular administration. The SPIONs in the microparticles
had a homogeneous distribution, which is an important factor for
preserving superparamagnetic properties. The results showed that
DXM release profiles were quite similar in vitro (ca. 6 days) and in
vivo, using a mouse dorsal air pouchmodel (ca. 5 days). Moreover, the
anti-inflammatory effect of DXM-containing microparticles was more
important than that of blankmicroparticles or microparticles contain-
ing only SPIONs [245]. The presence of a magnet did not induce a
greater inflammatory reaction in comparison with a no-magnet
situation.

Since most of polymeric coatings in SPIONs are selected from
hydrogel categories, the drug release from these hydrogel shells could
be engineered by controlling their physical and chemical properties.
Permeability, temperature sensitivity, pH sensitivity, osmolarity
sensitivity, surface functionality, swelling, biodegradability, and
surface biorecognition sites are recognized as major mechanisms for
controlled drug release applications of hydrogels [246]. For instance,
by using the thermal sensitivity of hydrogels on the surface of
multifunctional SPIONs (e.g. for simultaneous imaging, hyperthermia
and drug delivery applications), the release of chemotherapeutic
drugs (examined in both in vitro and in vivo) can be controlled by local
heating using an alternating currentmagnetic or electromagnetic field
with an approximate frequency of 1 MHz [247,248]. Magnetolipo-
somes, which were made by magnetic oxide NPs with a diameter of
8 nm, released the drug upon magnetic field irradiation [247]. The
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Dox released were strongly dependent on the colloidal concentration
of NPs in the magnetoliposomes and the length of the exposure to the
alternating magnetic field. Since the magnetoliposomal membrane
has a phase transition temperature of 42 °C, the authors claimed that
the release of drug is related to the local heating of the liposomal
membrane.

Table 4 gives some examples of various SPIONs containing drug
delivery systems that are currently being investigated.

4.4. Radio-labelled magnetic drug delivery systems

The attachment of radiotracers to SPIONs has been recognized as a
promising approach to probe the fate of SPIONs in vivo. Another
advantage of this method is its high local dose to enhance tumour cell
eradication, in contrast to external radiotherapy covering the general
body, and thus an exposure limited to a low dosage requiring a longer
treatment with duration of six weeks. Gallium-67 labelled SPIONs
were prepared in order to track the biodistribution (1 and 24h after
injection) of NPs with a size of 5 nm in normal rats [18]. Results
confirmed that the labelled uncoated SPIONs were accumulated
mostly in the RES, especially in liver, lung and spleen. There are other
reports on nanoradiotracers used in order to track the fate of SPIONs
in the body and for treatment purposes, such as 64Cu-radiolabelled
folate-NPs [259], 99mTc-nanoliposomes [260] and 99mTc-SPIONs [260].
Hafeli [261] employed various radioisotopes to study different
treatment ranges. According to their results, the β emitter 90Y has
the ability to irradiate up to a range of 12 mm in tissue whereas 131I
can irradiate only up to 2.4 mm.

To track the labelling efficiency, microspheres can be conjugated
with radiotracers. PLA microspheres (coated magnetites that are
hemocompatible and produce no hemolysis [123]) tailored with a
tridentate chelating group were radiolabelled with [99mTc(H2O)3
(CO)3]+ [262]. Labelling efficiencies over 95% were achieved in a
5 min reaction using 100% of the ligand–polymer or within 15 min
using a 5% ligand–polymer blend. The addition of 1.5% of PEGylated
co-polymer to the blend did not affect the labelling efficiency;
however, a significant change in its in vivo behaviour was detected.
MicroSPECT/CT imaging proved the uptake of non-PEGylated micro-
spheres by the murine lung, but only the liver and spleen took up
Table 4
Various SPIONs-assisted drug delivery systems.

Coating Delivery system

Carbon Aqueous media

Anhydroglucose Aqueous media

Phosphated starch Aqueous media

Poly(lactic-co-glycolic acid) Microspheres and microcapsules
Amphiphilic block copolymers of maleimide-
terminated poly(ethyleneglycol)-block-
poly(D,L-lactide) and methoxy-terminated
poly-(ethylene glycol)-block-poly(D,L-lactide)

Multifunctional polymeric micelles

Albumin Microspheres
Polyethylene glycol fumarate Aqueous media
Oleic acid Aqueous media
Oleic acid–Pluronic Aqueous media
Poly(acrylic acid) Aqueous media
None Porous hollow nps
Chitosan, O-carboxymethylchitosan and
(N-succinyl-O-carboxymethylchitosan

Aqueous media

Poly(lactic acid) and poly(lactic-co-glycolic acid) Microspheres
Silica Hollow mesoporous sphere
Cross-linked chitosan Microspheres
PEGylated microspheres. The authors proposed that 99mTc radiola-
belled biodegradablemicrospheres could be useful diagnostic imaging
agents for visualisation of the functioning RES system. Furthermore,
other sizes of the same microspheres can allow imaging of lung
perfusion and bone marrow, as well as lymph and inflammation
scintigraphy and radioembolization therapy.

4.5. Limitations of SPIONs for drug delivery

4.5.1. Restriction and progress in magnets
Themajor limitation of SPIONs for drug delivery applications is the

inadequate magnetic gradient (due to the distance between magnet
and targeted site) in order to control the residency time of NPs at the
targeted site. Preliminary investigations of the hydrodynamics of drug
targeting suggest that for most magnetite-based carriers, flux
densities at the target site must be of the order of 0.2 T with field
gradients of approximately 8 T m−1 for femoral arteries and greater
than 100 T m−1 for carotid arteries [263]. This suggests that targeting
is likely to be most effective in regions of slower blood flow,
particularly if the target site is closer to themagnet source. Richardson
et al. [264] have recently developed mathematical models to
determine particle trajectories for a variety of field/particle config-
urations in two dimensions, including consideration of theirmotion as
they approach the vessel wall. It should be indicated that the particle's
motion is no longer governed by Stoke's law for the drag force when it
comes near the blood wall, and the hydrodynamic parameters are
modified. Using a simple network model which can describe the
deposition of magnetic particles in a hierarchy of vessels, it was
observed that the orientation of the vessels with respect to the
magnetic force crucially affects particle deposition rates leading to
heterogeneous particle distributions. Two-dimensional computation-
al simulations of magnetic particle motion in the carotid artery
bifurcation have previously been performed [265,266]. They showed
that it was not possible to obtain a maximum magnetic force (on a
magnetic particle) inside the body using an externally applied
magnetic field. Since drug targeting is effected by pulling magnetic
particles to the edge of vessels, this suggests that it will not be possible
to target interior regions of the body without targeting some of the
surrounding regions of the body more strongly. This leads to
Drug tested Examination route Ref.

Carminomycin and rubomycin In vivo (Rat) [161]
Injected into the tail vein

Epirubicin In vivo (Human) [234]
Intravenous injection

Mitoxantrone In vivo (Mice) [245]
The magnetic NPs were injected either
into the femoral artery close to the
tumour or intravenously

Dexamethasone acetate In vitro and In vivo (intra-articular) [249]
Doxorubicin In vitro [250]

Doxorubicin In vitro [231]
Tammoxifen In vitro [212]
Doxorubicin and paclitaxel In vitro [251]
Doxorubicin In vitro [252]
Taxol In vitro [253]
Cisplatin In vitro [254]
Camptothecin In vitro [255]

Interferon alpha-2b – [256]
Ibuprofen In vitro [257]
Aspirin In vitro [258]
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conjecture that the use of magnetically targeted drug delivery with an
externally applied field is appropriate only for targets close to the
surface of the body [267].

Recently, the use of superconductingmagnets has been considered for
magnetic drug targeting [268–271]. A novel navigation system has been
made by applying a strong external (magnetic) field through SmBaCuO
and YBaCuO bulk superconductors. The results demonstrated that with
this system ferromagnetic particles can accumulate inside a flow system
up to at least 20 mm from the magnet [271]. Some investigations have
used permanent Nd–Fe–B (neodymium–iron–boron) magnets in combi-
nation with SPIONs and found excellent magnetic properties and
increased depth of the magnetic field up to 10–15 cm [161,162].

With the aim of increasing the yield of magnetic drug delivery, the
use of the magnetic implants has also been considered in both
computational [272,273] and experimental approaches [274,275]. In
order to target locations further below the skin, the use of magnetic
stents [276,277] and magnetic implants [278–280] have been
investigated. This implant-based drug delivery system functions by
placement of a weakly magnetisable stent or implant at precise
locations in the cardiovascular system, followed by the delivery of
magnetically susceptible drug carriers. The stents are capable of
applying high local magnetic field gradients within the body, while
only exposing the body to a modest external field. The local gradients
created within the blood vessel create the forces needed to attract and
hold drug-containing magnetic NPs at the implant site [277].
Theoretical simulations and experimental results support the as-
sumption that using magnetic implants in combination with an
externally applied magnetic field will optimize the delivery of a
magnetic drug to selected sites [274].
Fig. 9. TEM images of HeLa cells; (A) control and exposed to (B) positively, (C) negativ
mitochondria (Unpublished work by M. Mahmoudi).
4.5.2. Brain delivery
Results have confirmed the low efficacy of SPIONs for brain targeted

imaging and drug delivery applications, due to their restrictions in
crossing the blood-brain barrier (BBB) [213]. The BBB, which has as a
role isolating the brain tissue with special endothelial cells, has the
potential to prohibit the entrance of therapeutic compounds (e.g. for
treatment of neurological or psychiatric disorders) to the brain [281].
One alternative is thedirect injection of SPIONs to the desired part of the
brain tissue by disruption of the BBB; however, this method may suffer
from unpredictable and high risks for patients [175–177]. In one study,
SPIONs with a size of 10–20 nmwere taken up by blood tumour barrier
and their ability to target rat glioma tumours was analysed [242]. It is
worth noting that amagnetic field of 6000 Gwas applied to the brain in
order to increase the targetingefficacy. Afterdesired times, the ratswere
sacrificedand thebrain tissuewasanalysed for iron contents. The results
confirmed significant differences between the SPIONs-targeted tumour
tissues and normal ones (i.e. a 2–21 fold increase in concentration 0.5
and 6h after injection of SPIONs, respectively). It is interesting to note
that the total concentration of SPIONs in normal brain tissue was low.

5. Conclusions and future perspective

The major focus of current research on SPIONs' synthesis is finding
new methods or improving the conventional ones in order to obtain
reliable/reproducible SPIONs with optimum surface charge, shape,
size, colloidal stability in a biological environment, biocompatibility
and saturation magnetization. An important issue needs to be
considered when selecting SPIONs for drug delivery: the fate of the
SPIONs after the drug delivery, i.e. elimination route or retention time
ely charged SPIONs and (D) the internalization of magnetite nanoparticles inside of

image of Fig.�9
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in the body system if they are biodegradable and the relevant
side effects. For example, silica-coated SPIONs could be biocompat-
ible; however, if the iron oxide core is exposed, it can cause an
oxidative stress which could be associated with neurological
disorders. Similarly poly(methyl methacrylate) is biocompatible but
its biodegradable products, such as methaacrylate monomer, could be
reactive and toxic. The selection of SPIONs for specific drug loading
should be carefully judged based on how the drug and shell materials
complement each other; otherwise a burst effect could produce toxic
chemicals by combination of drug and shell materials.

A comprehensive understanding of the various interactions of
SPIONs with biomolecules in the body system (i.e. protein–nanopar-
ticle interactions) would lead to novel SPIONs with optimum surface
properties that could overcome the problem of “rejection of magnetic
NPs by the human body”, “biocompatibility” and “toxicity” in the near
future. For example, the efficacy of magnetic NPs as well as their
biomedical fate within cells is highly dependent on their surface
charges. In this review, we have shown that positively charged SPIONs
(e.g. with PVA-NH2

+ coating) are capable of acting as drug carriers to
the nucleus by escaping from lysosomes (see Fig. 9). In contrast,
negatively charged SPIONs (e.g. with PVA-COO− coating) can be at-
tached to cell membranes and, consequently, cell membrane
disorders can be targeted for delivery of drugs. Hence, the use of
SPIONs with a tuneable surface charge will be of great interest for
applications in the human body. For instance, in order to increase the
efficacy of magneto-transfections and nuclear drug delivery, the net
charge of injected primary NPs should be negative (to facilitate escape
from the RES). After reaching the targeted cell membrane, the charge
of particles is changed to positive via interactions with the membrane
and its local environment, so the nucleus can be easily targeted.

An ultimate goal of using SPIONs in biomedicine is to reduce patient
suffering by applying selective treatments where efficiency is increased
through local concentrations, while general side effects are avoided; in
addition, the metastasis of cancer cells will be limited. Although, for the
most part, SPIONs are currently researched in an experimental scale
(except for FDA-approvedproducts for human injections asMRI contrast
agents such as Endorem™, Feridex®, and Resovist®), there are a number
of sophisticated technologies developed for synthesis, coating and
functionalisation of multifunctional SPIONs. The finding of a trace of
SPIONs inmitochondria (Fig. 9D) leads to great hope among researchers
in the field for the possibility to treat in the near future mitochondrial
disorders and cardiac dysfunctions by using drug-loaded particles.
Finally, given their mitochondrial role, it is possible that one day some
“intelligent SPIONs” could be designed to control the aging process. In
addition to drug delivery, the use of multifunctional SPIONs with the
potential for simultaneous imaging, hyperthermia, stem cell tracking
and gene delivery is going to dramatically enhance the coincident
diagnosis and local therapeutic applications.

In order to increase the targeting efficacy of SPIONs to the brain
tissue, it may be useful to examine the use of the promising polymers
(e.g. n-hexadecylcyanoacrylate and polyethylene glycol), which
showed very good potential for crossing the BBB, as coating materials.
This enhancement in efficiency would be very useful for transferring
drugs (e.g. anti-depressants) into the deep areas of the brain, such as
the striatum, hippocampus, and hypothalamus.

The burst effect is the main problem of employing SPIONs for drug
delivery purposes. The use of highly sophisticated surface engineering
on stable SPIONs in the physiological environment is needed in order
to control this burst effect. Cross-linkable polymers are very promising
candidates for these purposes and should be considered for future
research.

Acknowledgement

Morteza Mahmoudi thanks Professor Urs O. Häfeli from UBC and
Professor Ali Khademhosseini fromMIT for the invaluable advices that
significantly helped the author. These advices have given the author
the unique opportunity to conduct research considering SPIONs in the
past 3 years.
References

[1] P. Poizot, S. Laruelle, S. Grugeon, L. Dupont, J.M. Tarascon, Nano-sized transition-
metaloxides as negative-electrode materials for lithium-ion batteries, Nature
407 (6803) (2000) 496–499.

[2] A. Tari, R.W. Chantrell, S.W. Charles, J. Popplewell, Magnetic-properties and
stability of a ferrofluid containing Fe3O4 particles, Physica B & C 97 (1) (1979)
57–64.

[3] M. Mahmoudi, A. Simchi, M. Imani, P. Stroeve, A. Sohrabi, Templated growth
of superparamagnetic iron oxide nanoparticles by temperature programming
in the presence of poly(vinyl alcohol), Thin Solid Films 518 (15) (2010)
4281–4289.

[4] R. Langer, Drug delivery and targeting, Nature 392 (6679) (1998) 5–10.
[5] R.H. Kodama, Magnetic nanoparticles, Journal of Magnetism and Magnetic

Materials 200 (1–3) (1999) 359–372.
[6] M.W. Freeman, A. Arrott, J.H.L. Watson, Magnetism in medicine, Journal of

Applied Physics 31 (5) (1960) S404–S405.
[7] C. Alexiou, W. Arnold, R.J. Klein, F.G. Parak, P. Hulin, C. Bergemann, W. Erhardt, S.

Wagenpfeil, A.S. Lubbe, Locoregional cancer treatment with magnetic drug
targeting, Cancer Research 60 (23) (2000) 6641–6648.

[8] A. Senyei, K. Widder, G. Czerlinski, Magnetic guidance of drug-carrying
microspheres, Journal of Applied Physics 49 (6) (1978) 3578–3583.

[9] K. Mosbach, U. Schroder, Preparation and application of magnetic polymers for
targeting of drugs, FEBS Letters 102 (1) (1979) 112–116.

[10] M.L. Hans, A.M. Lowman, Biodegradable nanoparticles for drug delivery and
targeting, Current Opinion in Solid State & Materials Science 6 (4) (2002)
319–327.

[11] M. Koneracka, P. Kopcansky, M. Antalik, M. Timko, C.N. Ramchand, D. Lobo, R.V.
Mehta, R.V. Upadhyay, Immobilization of proteins and enzymes to fine magnetic
particles, Journal of Magnetism and Magnetic Materials 201 (1999) 427–430.

[12] R.V. Mehta, R.V. Upadhyay, S.W. Charles, C.N. Ramchand, Direct binding of
protein to magnetic particles, Biotechnology Techniques 11 (7) (1997) 493–496.

[13] M. Koneracka, P. Kopcansky, M. Timko, C.N. Ramchand, A. de Sequeira, M. Trevan,
Direct binding procedure of proteins and enzymes to fine magnetic particles,
Journal of Molecular Catalysis. B, Enzymatic 18 (1–3) (2002) 13–18.

[14] K.J. Widder, A.E. Senyei, D.G. Scarpelli, Magnetic microspheres — model system
for site specific drug delivery invivo, Proceedings of the Society for Experimental
Biology and Medicine 158 (2) (1978) 141–146.

[15] C.H. Cunningham, T. Arai, P.C. Yang, M.V. McConnell, J.M. Pauly, S.M. Conolly,
Positive contrast magnetic resonance imaging of cells labeled with magnetic
nanoparticles, Magnetic Resonance in Medicine 53 (5) (2005) 999–1005.

[16] S.A. Anderson, R.K. Rader, W.F. Westlin, C. Null, D. Jackson, C.M. Lanza, S.A.
Wickline, J.J. Kotyk, Magnetic resonance contrast enhancement of neovascu-
lature with alpha(v)beta(3)-targeted nanoparticles, Magnetic Resonance in
Medicine 44 (3) (2000) 433–439.

[17] B. Polyak, G. Friedman, Magnetic targeting for site-specific drug delivery:
applications and clinical potential, Expert Opinion on Drug Delivery 6 (1) (2009)
53–70.

[18] A.R. Jalilian, A. Panahifar, M. Mahmoudi, M. Akhlaghi, A. Simchi, Preparation and
biological evaluation of [67 Ga]-labeled- superparamagnetic nanoparticles in
normal rats, Radiochimica Acta 97 (1) (2009) 51–56.

[19] M. Talelli, C.J.F. Rijcken, T. Lammers, P.R. Seevinck, G. Storm, C.F. van Nostrum,W.E.
Hennink, Superparamagnetic iron oxide nanoparticles encapsulated in biodegrad-
able thermosensitive polymericmicelles: toward a targeted nanomedicine suitable
for image-guided drug delivery, Langmuir 25 (4) (2009) 2060–2067.

[20] C. Bartolozzi, R. Lencioni, F. Donati, D. Cioni, Abdominal MR: liver and pancreas,
European Radiology 9 (8) (1999) 1496–1512.

[21] J.Meng, J. Fan, G. Galiana, R.T. Branca, P.L. Clasen, S.Ma, J. Zhou, C. Leuschner, C.S.S.R.
Kumar, J. Hormes, T. Otiti, A.C. Beye, M.P. Harmer, C.J. Kiely, W. Warren, M.P.
Haataja, W.O. Soboyejo, LHRH-functionalized superparamagnetic iron oxide
nanoparticles for breast cancer targeting and contrast enhancement in MRI,
Materials Science and Engineering C 29 (4) (2009) 1467–1479.

[22] V.I. Shubayev, T.R. Pisanic Ii, S. Jin, Magnetic nanoparticles for theragnostics,
Advanced Drug Delivery Reviews 61 (6) (2009) 467–477.

[23] A.S. Arbab, B. Janic, J. Haller, E. Pawelczyk, W. Liu, J.A. Frank, In vivo cellular
imaging for translational medical research, Current Medical Imaging Reviews
5 (1) (2009) 19–38.

[24] P. Tartaj, C.J. Serna, Synthesis of monodisperse superparamagnetic Fe/silica
nanospherical composites, Journal of the American Chemical Society 125 (51)
(2003) 15754–15755.

[25] Y. Zhang, N. Kohler, M. Zhang, Surface modification of superparamagnetic
magnetite nanoparticles and their interacellular uptake, Biomaterials 23 (7)
(2002) 9.

[26] A.S. Teja, P.Y. Koh, Synthesis, properties, and applications of magnetic iron oxide
nanoparticles, Progress in Crystal Growth and Characterization of Materials
55 (1–2) (2009) 22–45.

[27] M.M. Lin, D.K. Kim, A.J. El Haj, J. Dobson, Development of superparamagnetic iron
oxide nanoparticles (SPIONS) for translation to clinical applications, IEEE
Transactions on Nanobioscience 7 (4) (2008) 298–305.



42 M. Mahmoudi et al. / Advanced Drug Delivery Reviews 63 (2011) 24–46
[28] J. Kim, Y. Piao, T. Hyeon, Multifunctional nanostructured materials for
multimodal imaging, and simultaneous imaging and therapy, Chemical Society
Reviews 38 (2) (2009) 372–390.

[29] N. Spaldin, Magnetic Materials: Fundamentals and Device Applications, Cam-
bridge University Press, Cambridge, UK, 2003.

[30] R.C. O'Handley, Modern magnetic materials: Principles and Applications, Wiley,
New York, 2000.

[31] R. Kaiser, G. Miskolcz, Some applications of ferrofluid magnetic colloids, IEEE
Transactions on Magnetics MAG6 (3) (1970) 694.

[32] T. Sugimoto, E. Matijevic, Formation of uniform spherical magnetite particles by
crystallization from ferrous hydroxide gels, Journal of Colloid and Interface
Science 74 (1) (1980) 227–243.

[33] H. Itoh, T. Sugimoto, Systematic control of size, shape, structure, and magnetic
properties of uniformmagnetite and maghemite particles, Journal of Colloid and
Interface Science 265 (2) (2003) 283–295.

[34] T. Sugimoto, Fine Particles: Synthesis, Characterisation and Mechanism of
Growth, Marcel Dekker, New York, 2000.

[35] N.E. Nielsen, Kinetics of Precipitation, Pergamon Press, New York, 1964.
[36] A.G. Walton, The Formation and Properties of Precipitates, Robert Krieger, New

York, 1979 (reprint).
[37] C.J.J. Denouden, R.W. Thompson, Analysis of the formation of monodisperse

populations by homogeneous nucleation, Journal of Colloid and Interface Science
143 (1) (1991) 77–84.

[38] M. Ocana, R. Rodriguezclemente, C.J. Serna, Uniform colloidal particles in
solution — formation mechanisms, Advanced Materials 7 (2) (1995) 212–216.

[39] M.P. Morales, T. Gonzalezcarreno, C.J. Serna, The formation of alpha-Fe2O3

monodispersed particles in solution, Journal of Materials Research 7 (9) (1992)
2538–2545.

[40] D. Turnbull, Acta Metallurgica 32 (1953) 1493.
[41] R. Massart, Preparation of aqueous magnetic liquids in alkaline and acidic media,

IEEE Transactions on Magnetics 17 (2) (1981) 1247–1248.
[42] T. Sen, S. Magdassi, G. Nizri, I.J. Bruce, Dispersion of magnetic nanoparticles in

suspension, Micro & Nano Letters 1 (1) (2006) 39–42.
[43] K. Inouye, R. Endo, Y. Otsuka, K. Miyashiro, K. Kaneko, T. Ishikawa, Oxygenation

of ferrous-ions in reversed micelle and reversed micro-emulsion, The Journal of
Physical Chemistry 86 (8) (1982) 1465–1469.

[44] B.W. Muller, R.H. Muller, Particle-size distributions and particle-size alterations
in microemulsions, Journal of Pharmaceutical Sciences 73 (7) (1984) 919–922.

[45] A.K. Gupta, S. Wells, Surface-modified superparamagnetic nanoparticles for drug
delivery: preparation, characterization, and cytotoxicity studies, IEEE Transac-
tions on Nanobioscience 3 (1) (2004) 66–73.

[46] D.E. Zhang, Z.W. Tong, S.Z. Li, X.B. Zhang, A.L. Ying, Fabrication and
characterization of hollow Fe3O4 nanospheres in a microemulsion, Materials
Letters 62 (24) (2008) 4053–4055.

[47] Y. Lee, J. Lee, C.J. Bae, J.G. Park, H.J. Noh, J.H. Park, T. Hyeon, Large-scale synthesis
of uniform and crystalline magnetite nanoparticles using reverse micelles as
nanoreactors under reflux conditions, Advanced Functional Materials 15 (3)
(2005) 503–509.

[48] S.H. Sun, H. Zeng, Size-controlled synthesis of magnetite nanoparticies, Journal
of the American Chemical Society 124 (28) (2002) 8204–8205.

[49] R.V. Kumar, Y. Koltypin, X.N. Xu, Y. Yeshurun, A. Gedanken, I. Felner, Fabrication
of magnetite nanorods by ultrasound irradiation, Journal of Applied Physics
89 (11) (2001) 6324–6328.

[50] R. Vijayakumar, Y. Koltypin, I. Felner, A. Gedanken, Sonochemical synthesis and
characterization of pure nanometer-sized Fe3O4 particles, Materials Science and
Engineering A—Structural Materials Properties Microstructure and Processing
286 (1) (2000) 101–105.

[51] F. Dang, N. Enomoto, J. Hojo, K. Enpuku, A novel method to synthesize
monodispersed magnetite nanoparticles, Chemistry Letters 37 (5) (2008)
530–531.

[52] C. Pascal, J.L. Pascal, F. Favier,M.L.E.Moubtassim,C.Payen,Electrochemical synthesis
for the control of gamma-Fe2O3 nanoparticle size.Morphology,microstructure, and
magnetic behavior, Chemistry of Materials 11 (1) (1999) 141–147.

[53] Y.B. Khollam, S.R. Dhage, H.S. Potdar, S.B. Deshpande, P.P. Bakare, S.D. Kulkarni, S.K.
Date, Microwave hydrothermal preparation of submicron-sized spherical magne-
tite (Fe3O4)powders, Materials Letters 56 (4) (2002) 571–577.

[54] B. Grzeta, M. Ristic, I. Nowik, S. Music, Formation of nanocrystalline magnetite by
thermal decomposition of iron choline citrate, Journal of Alloys and Compounds
334 (2002) 304–312.

[55] B.R.V. Narasimhan, S. Prabhakar, P. Manohar, F.D. Gnanam, Synthesis of gamma
ferric oxide by direct thermal decomposition of ferrous carbonate, Materials
Letters 52 (4–5) (2002) 295–300.

[56] W.W. Yu, J.C. Falkner, C.T. Yavuz, V.L. Colvin, Synthesis of monodisperse iron
oxide nanocrystals by thermal decomposition of iron carboxylate salts, Chemical
Communications (20) (2004) 2306–2307.

[57] X.M. Liu, J.K. Kim, Solvothermal synthesis and magnetic properties of magnetite
nanoplatelets, Materials Letters 63 (3–4) (2009) 428–430.

[58] D. Maity, S.G. Choo, J.B. Yi, J. Ding, J.M. Xue, Synthesis of magnetite nanoparticles
via a solvent-free thermal decomposition route, Journal of Magnetism and
Magnetic Materials 321 (9) (2009) 1256–1259.

[59] Y. Amemiya, A. Arakaki, S.S. Staniland, T. Tanaka, T. Matsunaga, Controlled
formation of magnetite crystal by partial oxidation of ferrous hydroxide in the
presence of recombinant magnetotactic bacterial protein Mms6, Biomaterials
28 (35) (2007) 5381–5389.

[60] A.P. Philipse, D. Maas, Magnetic colloids from magnetotactic bacteria: chain
formation and colloidal stability, Langmuir 18 (25) (2002) 9977–9984.
[61] T. Prozorov, S.K. Mallapragada, B. Narasimhan, L.J. Wang, P. Palo, M. Nilsen-
Hamilton, T.J. Williams, D.A. Bazylinski, R. Prozorov, P.C. Canfield, Protein-
mediated synthesis of uniform superparamagnetic magnetite nanocrystals,
Advanced Functional Materials 17 (6) (2007) 951–957.

[62] A.A. Bharde, R.Y. Parikh, M. Baidakova, S. Jouen, B. Hannoyer, T. Enoki, B.L.V.
Prasad, Y.S. Shouche, S. Ogale,M. Sastry, Bacteria-mediated precursor-dependent
biosynthesis of superparamagnetic iron oxide and iron sulfide nanoparticles,
Langmuir 24 (11) (2008) 5787–5794.

[63] A.Bharde,D.Rautaray, V. Bansal, A.Ahmad, I. Sarkar, S.M.Yusuf,M. Sanyal,M. Sastry,
Extracellular biosynthesis of magnetite using fungi, Small 2 (1) (2006) 135–141.

[64] V.S. Coker, N.D. Telling, G. van der Laan, R.A.D. Pattrick, C.I. Pearce, E. Arenholz, F.
Tuna, R.E.P. Winpenny, J.R. Lloyd, Harnessing the extracellular bacterial
production of nanoscale cobalt ferrite with exploitable magnetic properties,
ACS Nano 3 (7) (2009) 1922–1928.

[65] D. Kim, N. Lee, M. Park, B.H. Kim, K. An, T. Hyeon, Synthesis of uniform
ferrimagnetic magnetite nanocubes, Journal of the American Chemical Society
131 (2) (2009) 454-+.

[66] Z.M. Peng, M.Z. Wu, Y. Xiong, J. Wang, Q.W. Chen, Synthesis of magnetite nanorods
through reduction of beta-FeOOH, Chemistry Letters 34 (5) (2005) 636–637.

[67] C.J. Jia, L.D. Sun, F. Luo, X.D. Han, L.J. Heyderman, Z.G. Yan, C.H. Yan, K. Zheng, Z.
Zhang, M. Takano, N. Hayashi, M. Eltschka, M. Klaui, U. Rudiger, T. Kasama, L.
Cervera-Gontard, R.E. Dunin-Borkowski, G. Tzvetkov, J. Raabe, Large-scale
synthesis of single-crystalline iron oxide magnetic nanorings, Journal of the
American Chemical Society 130 (50) (2008) 16968–16977.

[68] I.W. Hamley, Nanotechnology with soft materials, Angewandte Chemie.
International Edition 42 (15) (2003) 1692–1712.

[69] A. Sebastianelli, T. Sen, I.J. Bruce, Extraction of DNA from soil using nanoparticles
by magnetic bioseparation, Letters in Applied Microbiology 46 (4) (2008)
488–491.

[70] X.L. Zhao, Y.L. Shi, T. Wang, Y.Q. Cai, G.B. Jiang, Preparation of silica-magnetite
nanoparticle mixed hemimicelle sorbents for extraction of several typical
phenolic compounds from environmental water samples, Journal of Chroma-
tography. A 1188 (2) (2008) 140–147.

[71] C.L. Chiang, C.S. Sung, C.Y. Chen, Application of silica-magnetite nanocomposites
to the isolation of ultrapure plasmid DNA from bacterial cells, Journal of
Magnetism and Magnetic Materials 305 (2) (2006) 483–490.

[72] A. del Campo, T. Sen, J.P. Lellouche, I.J. Bruce, Multifunctional magnetite and silica-
magnetite nanoparticles: Synthesis, surface activation and applications in life
sciences, Journal of Magnetism and Magnetic Materials 293 (1) (2005) 33–40.

[73] S.J. Son, J. Reichel, B. He, M. Schuchman, X. Bai, S.B. Lee, Magnetic-field-assisted
bioseparation and drug delivery by magnetic silica/magnetite composite
nanotubes, Abstracts of Papers of the American Chemical Society 230 (2005)
152-ANYL.

[74] I.J. Bruce, J. Taylor, M. Todd, M.J. Davies, E. Borioni, C. Sangregorio, T. Sen,
Synthesis, characterisation and application of silica-magnetite nanocomposites,
Journal of Magnetism and Magnetic Materials 284 (2004) 145–160.

[75] J.I. Taylor, C.D. Hurst, M.J. Davies, N. Sachsinger, I.J. Bruce, Application of
magnetite and silica-magnetite composites to the isolation of genomic DNA,
Journal of Chromatography. A 890 (1) (2000) 159–166.

[76] K.C. Souza, J.D. Ardisson, E.M.B. Sousa, Study of mesoporous silica/magnetite
systems in drug controlled release, Journal of Materials Science: Materials in
Medicine 20 (2) (2009) 507–512.

[77] L.L. Qu, S.L. Tie, Mesoporous silica-coated superparamagnetic magnetite
functionalized with CuO and its application as a desulfurizer, Microporous and
Mesoporous Materials 117 (1–2) (2009) 402–405.

[78] T. Sen, I.J. Bruce, Mesoporous silica–magnetite nanocomposites: fabrication,
characterisation and applications in biosciences, Microporous and Mesoporous
Materials 120 (3) (2009) 246–251.

[79] P.P. Yang, Z.W. Quan, Z.Y. Hou, C.X. Li, X.J. Kang, Z.Y. Cheng, J. Lin, A magnetic,
luminescent and mesoporous core–shell structured composite material as drug
carrier, Biomaterials 30 (27) (2009) 4786–4795.

[80] J. Kim, H.S. Kim, N. Lee, T. Kim, H. Kim, T. Yu, I.C. Song, W.K. Moon, T. Hyeon,
Multifunctional uniform nanoparticles composed of a magnetite nanocrystal
core and a mesoporous silica shell for magnetic resonance and fluorescence
imaging and for drug delivery, Angewandte Chemie. International Edition
47 (44) (2008) 8438–8441.

[81] T. Sen, A. Sebastianelli, I.J. Bruce, Mesoporous silica–magnetite nanocomposite:
fabrication and applications in magnetic bioseparations, Journal of the American
Chemical Society 128 (22) (2006) 7130–7131.

[82] C. Sun, O. Veiseh, J. Gunn, C. Fang, S. Hansen, D. Lee, R. Sze, R.G. Ellenbogen, J.
Olson, M. Zhang, In vivo MRI detection of gliomas by chlorotoxin-conjugated
superparamagnetic nanoprobes, Small 4 (3) (2008) 372–379.

[83] H. Lee, M.K. Yu, S. Park, S. Moon, J.J. Min, Y.Y. Jeong, H.W. Kang, S. Jon, Thermally
cross-linked superparamagnetic iron oxide nanoparticles: synthesis and
application as a dual imaging probe for cancer in vivo, Journal of the American
Chemical Society 129 (2007) 12739–12745.

[84] M. Suzuki, W. Shimizu, Y. Kosugi, H. Honda, T. Kobayashi, Magnetic character-
ization of magnetite particles for MR contrast agents, Bulletin. Chemical Society
of Japan 69 (4) (1996) 1143–1148.

[85] M. Mahmoudi, A. Simchi, M. Imani, A.S. Milani, P. Stroeve, Optimal design and
characterization of superparamagnetic iron oxide nanoparticles coated with
polyvinyl alcohol for targeted delivery and imaging, The Journal of Physical
Chemistry. B 112 (46) (2008) 14470–14481.

[86] M. Chastellain, A. Petri, H. Hofmann, Superparamagnetic iron oxide nanoarticles
for biomedical applications: a focus on PVA as a coating, Quantum Dots,
Nanoparticles and Nanowires 789 (2004) 269–272.



43M. Mahmoudi et al. / Advanced Drug Delivery Reviews 63 (2011) 24–46
[87] H.L. Liu, S.P. Ko, J.H. Wu, M.H. Jung, J.H. Min, J.H. Lee, B.H. An, Y.K. Kim, One-pot
polyol synthesis of monosize PVP-coated sub-5 nm Fe3O4 nanoparticles for
biomedical applications, Journal of Magnetism and Magnetic Materials 310 (2)
(2007) E815–E817.

[88] H.Y. Lee, N.H. Lim, J.A. Seo, G. Khang, J. Kim, H.B. Lee, S.H. Cho, Preparation of poly
(vinylpyrrolidone) coated iron oxide nanoparticles for contrast agent, Polymer-
Korea 29 (3) (2005) 266–270.

[89] Y.H. Ma, S.Y. Wu, T. Wu, Y.J. Chang, M.Y. Hua, J.P. Chen, Magnetically targeted
thrombolysis with recombinant tissue plasminogen activator bound to poly-
acrylic acid-coated nanoparticles, Biomaterials 30 (19) (2009) 3343–3351.

[90] F.H. Xu, C.M. Cheng, F.J. Xu, C.F. Zhang, H. Xu, X. Xie, D.Z. Yin, H.C. Gu,
Superparamagnetic magnetite nanocrystal clusters: a sensitive tool for MR
cellular imaging, Nanotechnology 20 (40) (2009).

[91] J.P. Lellouche, G. Senthil, A. Joseph, L. Buzhansky, I. Bruce, E.R. Bauminger, J.
Schlesinger, Magnetically responsive carboxylated magnetite-polydipyrrole/
polydicarbazole nanocomposites of core–shell morphology. Preparation, char-
acterization, and use in DNA hybridization, Journal of the American Chemical
Society 127 (34) (2005) 11998–12006.

[92] N. He, Z. Wang, S. Li, DNA separation and amplification application of (Fe3O4/
PMMA)/SiO2 nanoparticles with core–shell structure, Abstracts of Papers
American Chemical Society 231 (2006) 162-ANYL.

[93] D.C. Ma, W.R. Wasylaschuk, C. Beasley, Z.X. Zhao, P.A. Harmon, J.M. Ballard, S.M.
Pitzenberger, S.L. Varga, R.A. Reed, Identification and quantitation of extractables
fromcelluloseacetatebutyrate (CAB) andestimationof their invivoexposure levels,
Journal of Pharmaceutical and Biomedical Analysis 35 (4) (2004) 779–788.

[94] T. Kato, R. Nemoto, H. Mori, Magnetic microcapsules for targeted delivery of
anticancer drugs, Applied Biochemistry and Biotechnology 10 (1984) 199–211.

[95] J.H. Juang, C.R. Shen, J.J. Wang, C.H. Kuo, Y.W. Chien, H.Y. Kuo, Z.T. Tsai, T.C. Yen,
Magnetic resonance imaging of transplanted mouse islets labeled with chitosan-
coated superparamagnetic iron oxide nanoparticles, Diabetes 58 (2009) A501-A501.

[96] I. Bravo-Osuna, G. Ponchel, C. Vauthier, Tuning of shell and core characteristics of
chitosan-decorated acrylic nanoparticles, European Journal of Pharmaceutical
Sciences 30 (2) (2007) 143–154.

[97] L.M.Y. Yu, K. Kazazian, M.S. Shoichet, Peptide surface modification of methacry-
lamide chitosan for neural tissue engineering applications, Journal of Biomedical
Materials Research. Part A 82A (1) (2007) 243–255.

[98] Y.C. Chang, D.H. Chen, Recovery of gold(III) ions by a chitosan-coated magnetic
nano-adsorbent, Gold Bulletin 39 (3) (2006) 98–102.

[99] Q. Zhuang, X. Sun, S. Zhou, W. Guan, Z. Ye, Application of dextran coated
magnetic iron oxide nanoparticles in delivering target gene into cells in vitro,
Wuhan Daxue Xuebao (Yixue Ban) 28 (3) (2007) 270–273 286.

[100] B.R. Jarrett, M. Frendo, J. Vogan, A.Y. Louie, Size-controlled synthesis of dextran
sulfate coated iron oxide nanoparticles for magnetic resonance imaging,
Nanotechnology 18 (3) (2007) 35603.

[101] L.M. Lacava, Z.G.M. Lacava, M.F. Da Silva, O. Silva, S.B. Chaves, R.B. Azevedo, F.
Pelegrini, C. Gansau, N. Buske, D. Sabolovic, P.C. Morais, Magnetic resonance of a
dextran-coated magnetic fluid intravenously administered in mice, Biophysical
Journal 80 (5) (2001) 2483–2486.

[102] M.R. Saboktakin, A. Maharramov, M.A. Ramazanov, Synthesis and characteriza-
tion of superparamagnetic nanoparticles coated with carboxymethyl starch
(CMS) for magnetic resonance imaging technique, Carbohydrate Polymers 78 (2)
(2009) 292–295.

[103] D.K. Kim, M. Mikhaylova, F.H. Wang, J. Kehr, B. Bjelke, Y. Zhang, T. Tsakalakos, M.
Muhammed, Starch-coated superparamagnetic nanoparticles as MR contrast
agents, Chemistry of Materials 15 (23) (2003) 4343–4351.

[104] M. Meincke, T. Schlorf, E. Kossel, O. Jansen, C.C. Glueer, R. Mentlein, Iron oxide -
loaded liposomes for MR imaging, Frontiers in Bioscience 13 (2008) 4002–4008.

[105] P. Pradhan, J. Giri, R. Banerjee, J. Bellare, D. Bahadur, Preparation and
characterization of manganese ferrite-based magnetic liposomes for hyperther-
mia treatment of cancer, Journal of Magnetism and Magnetic Materials 311 (1)
(2007) 208–215.

[106] S. Pauser, R. Reszka, S. Wagner, K.J. Wolf, H.J. Buhr, G. Berger, Liposome-
encapsulated superparamagnetic iron oxide particles as markers in an MRI-
guided search for tumor-specific drug carriers, Anti-Cancer Drug Design 12 (2)
(1997) 125–135.

[107] V.P. Torchilin, V.S. Trubetskoy, In vivo visualizing of organs and tissues with
liposomes, Journal of Liposome Research 5 (4) (1995) 795–812.

[108] T. Sato, J. Sunamoto, Recent aspects in the use of liposomes in biotechnology and
medicine, Progress in Lipid Research 31 (4) (1992) 345–372.

[109] J. Kandzia, M.J.D. Anderson, W. Mullerruchholtz, Antibody-coated magnetic
albumin microspheres — preparation conditions and analysis of their efficiency
in cell-separation, Immunobiology 165 (3–4) (1983) 289–290.

[110] S. Miltenyi, W. Muller, W. Weichel, A. Radbruch, High gradient magnetic cell
separation with MACS, Cytometry 11 (2) (1990) 231–238.

[111] A. Antonelli, C. Sfara, L. Mosca, E. Manuali, M. Magnani, New biomimetic
constructs for improved in vivo circulation of superparamagnetic nanoparticles,
Journal of Nanoscience and Nanotechnology 8 (5) (2008) 2270–2278.

[112] M. Brahler, R. Georgieva, N. Buske, A.Muller, S.Muller, J. Pinkernelle, U. Teichgraber,
A. Voigt, H. Baumler, Magnetite-loaded carrier erythrocytes as contrast agents for
magnetic resonance imaging, Nano Letters 6 (11) (2006) 2505–2509.

[113] B. Gaihre, M.S. Khil, D.R. Lee, H.Y. Kim, Gelatin-coated magnetic iron oxide
nanoparticles as carrier system: drug loading and in vitro drug release study,
International Journal of Pharmaceutics 365 (1–2) (2009) 180–189.

[114] S. Intorasoot, R. Srirung, A. Intorasoot, S. Ngamratanapaiboon, Application of
gelatin-coated magnetic particles for isolation of genomic DNA from bacterial
cells, Analytical Biochemistry 386 (2) (2009) 291–292.
[115] Y. Sahoo, H. Pizem, T. Fried, D. Golodnitsky, L. Burstein, C.N. Sukenik, G.
Markovich, Alkyl phosphonate/phosphate coating on magnetite nanoparticles: a
comparison with fatty acids, Langmuir 17 (25) (2001) 7907–7911.

[116] Y. Wang, J.F. Wong, X.W. Teng, X.Z. Lin, H. Yang, “Pulling” nanoparticles into
water: phase transfer of oleic acid stabilized monodisperse nanoparticles into
aqueous solutions of alpha-cyclodextrin, Nano Letters 3 (11) (2003) 1555–1559.

[117] T. Pellegrino, L. Manna, S. Kudera, T. Liedl, D. Koktysh, A.L. Rogach, S. Keller, J.
Radler, G. Natile, W.J. Parak, Hydrophobic nanocrystals coated with an
amphiphilic polymer shell: a general route to water soluble nanocrystals,
Nano Letters 4 (4) (2004) 703–707.

[118] X. Zhao, J.M. Harris, Novel degradable poly(ethylene glycol) hydrogels for
controlled release of protein, Journal of Pharmaceutical Sciences 87 (11) (1998)
1450–1458.

[119] L.E. Euliss, S.G. Grancharov, S. O'Brien, T.J. Deming, G.D. Stucky, C.B. Murray, G.A.
Held, Cooperative assembly of magnetic nanoparticles and block copolypeptides
in aqueous media, Nano Letters 3 (11) (2003) 1489–1493.

[120] K.C. Park, F. Wang, S. Morimoto, M. Fujishige, A. Morisako, X.X. Liu, Y.J. Kim, Y.C.
Jung, I.Y. Jang, M. Endo, One-pot synthesis of iron oxide-carbon core–shell
particles in supercritical water, Materials Research Bulletin 44 (7) (2009)
1443–1450.

[121] A.P. Philipse, M.P.B. Vanbruggen, C. Pathmamanoharan, Magnetic silica disper-
sions — preparation and stability of surface-modified silica particles with a
magnetic core, Langmuir 10 (1) (1994) 92–99.

[122] I.J. Bruce, T. Sen, Surface modification of magnetic nanoparticles with
alkoxysilanes and their application in magnetic bioseparations, Langmuir 21
(15) (2005) 7029–7035.

[123] Y.H. Deng, C.H. Deng, D.W. Qi, C. Liu, J. Liu, X.M. Zhang, D.Y. Zhao, Synthesis of
core/shell colloidal magnetic zeolite microspheres for the immobilization of
trypsin, Advanced Materials 21 (13) (2009) 1377–1382.

[124] Y. Wang, X.W. Teng, J.S. Wang, H. Yang, Solvent-free atom transfer radical
polymerization in the synthesis of Fe2O3 @ polystyrene core–shell nanoparticles,
Nano Letters 3 (6) (2003) 789–793.

[125] G.F. Li, J.D. Fan, R. Jiang, Y. Gao, Cross-linking the linear polymeric chains in the
ATRP synthesis of iron oxide/polystyrene core/shell nanoparticles, Chemistry of
Materials 16 (10) (2004) 1835–1837.

[126] S.R. Wan, Y. Zheng, Y.Q. Liu, H.S. Yan, K.L. Liu, Fe3O4 nanoparticles coated with
homopolymers of glycerol mono(meth) acrylate and their block copolymers,
Journal of Materials Chemistry 15 (33) (2005) 3424–3430.

[127] L.A. Harris, J.D. Goff, A.Y. Carmichael, J.S. Riffle, J.J. Harburn, T.G. St Pierre, M.
Saunders, Magnetite nanoparticle dispersions stabilized with triblock copoly-
mers, Chemistry of Materials 15 (6) (2003) 1367–1377.

[128] S.A. Gomez-Lopera, R.C. Plaza, A.V. Delgado, Synthesis and characterization of
spherical magnetite/biodegradable polymer composite particles, Journal of
Colloid and Interface Science 240 (1) (2001) 40–47.

[129] W. Voit, D.K. Kim, W. Zapka, M. Muhammed, K.V. Rao, Magnetic behaviour of
coated superparamagnetic iron oxide nanoparticles in ferrofluids, Mater Res Soc
Symp Proc, , 2001, pp. Y7.8.1–Y7.8.6.

[130] D.K. Kim, M. Mikhailova, M. Toprak, Y. Zhang, B. Bjelke, J. Kehr, M. Muhammed,
In-situ gold coating of superparamagnetic nanoparticles by microemulsion
method, Nanoparticulate Materials 704 (2002) 137–142.

[131] I.Y. Goon, L.M.H. Lai, M. Lim, P. Munroe, J.J. Gooding, R. Amal, Fabrication and
dispersion of gold-shell-protected magnetite nanoparticles: systematic control
using polyethyleneimine, Chemistry of Materials 21 (4) (2009) 673–681.

[132] D. Nagao, M. Yokoyama, S. Saeki, Y. Kobayashi, M. Konno, Preparation of
composite particles with magnetic silica core and fluorescent polymer shell,
Colloid and Polymer Science 286 (8–9) (2008) 959–964.

[133] M. Mahmoudi, M.A. Shokrgozar, A. Simchi, M. Imani, A.S. Milani, P. Stroeve, H.
Vali, U.O. Hafeli, S. Bonakdar, Multiphysics flow modeling and in vitro toxicity of
iron oxide nanoparticles coated with poly(vinyl alcohol), Journal of Physical
Chemistry C 113 (6) (2009) 2322–2331.

[134] L.C. Varanda, M. Jafelicci, P. Tartaj, K. O' Grady, T. Gonzalez-Carreno, M.P. Morales,
T. Munoz, C.J. Serna, Structural and magnetic transformation of monodispersed
iron oxide particles in a reducing atmosphere, Journal of Applied Physics 92 (4)
(2002) 2079–2085.

[135] G. Barratt, G. Courraze, P. Couvreur, Polymeric Biomaterials, in: S. Dumitriu (Ed.),
2nd ed., Headquarters, Marcel Dekker, Inc., New York, 2002, p. 753.

[136] S.M. Moghimi, A.C. Hunter, J.C. Murray, Long-circulating and target-specific
nanoparticles: theory to practice, Pharmacological Reviews 53 (2) (2001)
283–318.

[137] A.K. Gupta,M. Gupta, Synthesis and surface engineering of iron oxide nanoparticles
for biomedical applications, Biomaterials 26 (18) (2005) 3995–4021.

[138] Z.X. Sun, F.W. Su, W. Forsling, P.O. Samskog, Surface characteristics of magnetite
in aqueous suspension, Journal of Colloid and Interface Science 197 (1) (1998)
151–159.

[139] M.E. Fleet, The structure of magnetite, Acta Crystallographica Section B-
Structural Science 37 (APR 1981) 917–920.

[140] J.M.D. Coey, I.V. Shvets, R. Wiesendanger, H.J. Guntherodt, Charge freezing and
surface anisotropy onmagnetite(100), Journal of Applied Physics 73 (10) (1993)
6742–6744.

[141] C. Chouly, D. Pouliquen, I. Lucet, J.J. Jeune, P. Jallet, Development of super-
paramagnetic nanoparticles for MRI: effect of particle size, charge and surface
nature on biodistribution, Journal of Microencapsulation 13 (3) (1996) 245–255.

[142] T. Osaka, T. Nakanishi, S. Shanmugam, S. Takahama, H. Zhang, Effect of surface
charge of magnetite nanoparticles on their internalization into breast cancer and
umbilical vein endothelial cells, Colloids and Surfaces. B: Biointerfaces 71 (2)
(2009) 325–330.



44 M. Mahmoudi et al. / Advanced Drug Delivery Reviews 63 (2011) 24–46
[143] T.I. Armstrong, M.C. Davies, L. Illum, Human serum albumin as a probe for
protein adsorption to nanoparticles: relevance to biodistribution, Journal of Drug
Targeting 4 (6) (1997) 389–398.

[144] M.E. Norman, P. Williams, L. Illum, Influence of block copolymers on the
adsorption of plasma-proteins to microspheres, Biomaterials 14 (3) (1993)
193–202.

[145] Y. Zhang, N. Kohler, M.Q. Zhang, Surface modification of superparamagnetic
magnetite nanoparticles and their intracellular uptake, Biomaterials 23 (7)
(2002) 1553–1561.

[146] H. Lee, E. Lee, D.K. Kim, N.K. Jang, Y.Y. Jeong, S. Jon, Antibiofouling polymer-
coated superparamagnetic iron oxide nanoparticles as potential magnetic
resonance contrast agents for in vivo cancer imaging, Journal of the American
Chemical Society 128 (22) (2006) 7383–7389.

[147] M. Mahmoudi, A. Simchi, A.S. Milani, P. Stroeve, Cell toxicity of super-
paramagnetic iron oxide nanoparticles, Journal of Colloidal and Interface Science
336 (2) (2009) 510–518.

[148] H.L. Karlsson, P. Cronholm, J. Gustafsson, L. Muller, Copper oxide nanoparticles
are highly toxic: a comparison between metal oxide nanoparticles and carbon
nanotubes, Chemical Research in Toxicology 21 (9) (2008) 1726–1732.

[149] M. Mahmoudi, A. Simchi, M. Imani, Cytotoxicity of uncoated and polyvinyl
alcohol coated superparamagnetic iron oxide nanoparticles, The Journal of
Physical Chemistry C 113 (22) (2009) 9573–9580.

[150] M. Mahmoudi, A. Simchi, M. Imani, M.A. Shokrgozar, K. Azadmanesh, F. Azari,
Cytotoxicity and cell cycle effects of bare and polyvinyl alcohol coated iron oxide
nanoparticles in mouse fibroblasts, Advanced Engineering Materials 11 (12)
(2009) B243–B250.

[151] M. Mahmoudi, A. Simchi, M. Imani, M.A. Shokrgozar, A.S. Milani, U. Hafeli, P.
Stroeve, A new approach for the in vitro identification of the cytotoxicity of
superparamagnetic iron oxide nanoparticles, Colloids and Surfaces. B: Biointer-
faces 75 (2010) 300–309.

[152] M. Mahmoudi, A. Simchi, M. Imani, A.S. Milani, P. Stroeve, An in vitro study of
bare and poly(ethylene glycol)-co-fumarate-coated superparamagnetic iron
oxide nanoparticles: a new toxicity identification procedure, Nanotechnology
20 (22) (2009).

[153] I. Lynch, Are there generic mechanisms governing interactions between
nanoparticles and cells? Epitope mapping the outer layer of the protein–
material interface, Physica A 373 (2007) 511–520.

[154] I. Lynch, K.A. Dawson, Protein–nanoparticle interactions, Nano Today 3 (1–2)
(2008) 40–47.

[155] A. Nel, T. Xia, L. Madler, N. Li, Toxic potential of materials at the nanolevel,
Science 311 (2006) 622–627.

[156] A.E. Nel, I. Madler, D. Velegol, T. Xia, E.M.V. Hoek, P. Somasundaran, F. Klaessig, V.
Castranova, M. Thompson, Understanding biophysicochemical interactions at
the nano-bio interface, Nature Materials 8 (2009) 543–557.

[157] T. Cedervall, I. Lynch, S. Lindman, H. Nilsson, E. Thulin, S. Linse, K.A. Dawson,
Understanding the nanoparticle protein corona using methods to quantify exchange
rates and affinities of proteins for nanoparticles, Proceedings of theNational Academy
of Sciences of the United States of America 104 (2007) 2050–2055.

[158] I. Lynch, T. Cedervall, M. Lundqvist, C. Cabaleiro-Lago, S. Linse, K.A. Dawson, The
nanoparticle-protein complex as a biological entity; a complex fluids and surface
science challenge for the 21st century, Advances in Colloid and Interface Science
134–135 (2007) 167–174.

[159] D. Walczyk, F.B. Bombelli, M.P. Monopoli, I. Lynch, K.A. Dawson, What the cell
“sees” in bionanoscience, Journal of the American Chemical Society 132 (16)
(2010) 5761–5768.

[160] D. Gerber, S.J. Maerkl, S.R. Quake, An in vitro microfluidic approach to generating
protein-interaction networks, Nature Methods 6 (2009) 71–74.

[161] T. Neuberger, B. Schopf, H. Hofmann, M. Hofmann, B. Von Rechenberg,
Superparamagnetic nanoparticles for biomedical applications: possibilities and
limitations of a new drug delivery system, Journal of Magnetism and Magnetic
Materials 293 (1) (2005) 483–496.

[162] M. Arruebo, R. Fernández-Pacheco, M.R. Ibarra, J. Santamariá, Magnetic
nanoparticles for drug delivery, Nano Today 2 (3) (2007) 22–32.

[163] O.C. Farokhzad, R. Langer, Impact of nanotechnology on drug delivery, ACS Nano
3 (1) (2009) 16–20.

[164] J.R. McCarthy, W. R., Multifonctional magnetic nanoparticles for targeted
imaging and therapy, Advanced Drug Delivery Reviews 60 (2008) 1241–1251.

[165] J.R. McCarthy, K.A. Kelly, E.Y. Sun, W. R., Targeted delivery of multifunctional
magnetic nanoparticles, Nanomedicine 2 (2) (2007) 153–167.

[166] S. Laurent, D. Forge, M. Port, A. Roch, C. Robic, L. Vander Elst, R.N. Muller,
Magnetic iron oxide nanoparticles: synthesis, stabilization, vectorization,
physico-chemical characterizations and biological applications, Chemical
Reviews 108 (6) (2008) 2064–2110.

[167] M. Mahmoudi, A. Simchi, M. Imani, Recent advances in surface engineering of
superparamagnetic iron oxide nanoparticles for biomedical applications, Journal
of Iranian Chemical Society 7 (3) (2010) S1–S27.

[168] C. Burtea, S. Laurent, A. Roch, L. Vander Elst, R.N. Muller, C-MALISA (cellular
magnetic-linked immunosorbent assay), a new application of cellular ELISA for
MRI, Journal of Inorganic Biochemistry 99 (5) (2005) 1135–1144.

[169] S. Boutry, S. Laurent, L. Vander Elst, R.N. Muller, Specific E-selectin targeting with
a superparamagnetic MRI contrast agent, Contrast Media & Molecular Imaging
1 (1) (2006) 15–22.

[170] L. Quinti, R. Weissleder, C.H. Tung, A fluorescent nanosensor for apoptotic cells,
Nano Letters 6 (3) (2006) 488–490.

[171] E. W.S., S. B., B. P.G., N. N., P. M., B. A., B. T.J., W. R., MR imaging of slow axonal
transport in vivo, Experimental Neurology 123 (1993) 235–242.
[172] W.S. Enochs, W. R., MR imaging of the peripheral nervous system, Journal of
Magnetic Resonance Imaging 4 (1994) 251–257.

[173] A.E. Petropoulos, B.K. Schaffer, M.L. Cheney, S. Enochs, C. Zimmer, R. Weissleder,
MR imaging of neuronal transport in the guinea pig facial nerve: initial findings,
Acta Otolaryngologica 115 (1995) 512–516.

[174] K.J. Van Everdingen, W.S. Enochs, P.G. Bhide, N. Nossiff, M. Papisov, A. Bogdanov,
T.J. Brady, R. Weissleder, Determinants of in vivo MR imaging of slow axonal
transport, Radiology 193 (1994) 485–491.

[175] O. Mykhaylyk, A. Cherchenko, A. Ilkin, N. Dudchenko, V. Ruditsa, M. Novoseletz,
Y. Zozulya, In Glial brain tumor targeting of magnetite nanoparticles in rats,
Journal of Magnetism and Magnetic Materials 225 (2001) 241–247.

[176] L.G. Remsen, C.I. McCormick, S. Roman-Goldstein, G. Nilaver, R. Weissleder, A.
Bogdanov, K.E. Hellström, I. Hellström, R.A. Kroll, E.A. Neuwelt, MR of carcinoma-
specific monoclonal antibody conjugated to monocrystalline iron oxide
nanoparticles: the potential for noninvasive diagnosis, American Journal of
Neuroradiology 17 (3) (1996) 411–418.

[177] E. Sykova, P. Jendelova, L. Urdzikova, P. Lesny, A. Hejcl, Bone marrow stem cells
and polymer hydrogels — two strategies for spinal cord injury repair, Cellular
and Molecular Neurobiology 26 (7–8) (2006) 1113–1129.

[178] M. Zhao, D.A. Beauregard, L. Loizou, B. Davletov, K.M. Brindle, Non-invasive
detection of apoptosis using magnetic resonance imaging and a targeted
contrast agent, Natural Medicines 7 (2001) 1241–1244.

[179] I. Pirko, A. Johnson, B. Ciric, J. Gamez, S.I. Macura, L. Pease, M. Rodriguez, In vivo
magnetic resonance imaging of immune cells in the central nervous systemwith
superparamagnetic antibodies, FASEB 18 (2004) 179–182.

[180] Y.Z. Wadghiri, E.M. Sigurdsson, M. Sadowski, J.I. Elliott, Y. Li, H. Scholtzova, C.Y.
Tang, G. Aguinaldo, M. Pappolla, K. Duff, T. Wisniewski, D.H. Turnbull, Detection
of Alzheimer's amyloid in transgenic mice using magnetic resonance microima-
ging, Magnetic Resonance in Medicine 50 (2003) 293–302.

[181] D. Hogemann, L. Josephson, R. Weissleder, J.P. Basilion, Improvement of MRI
probes to allow efficient detection of gene expression, Bioconjugate Chemistry
11 (6) (2000) 941–946.

[182] M.A. Funovics, B. Kapeller, C. Hoeller, H.S. Su, R. Kunstfeld, S. Puig, K. Macfelda,
MR imaging of the her2/neu and 9.2.27 tumor antigens using immunospecific
contrast agents, Magnetic Resonance Imaging 22 (2004) 843–850.

[183] M.I. Papisov, A. Bogdanov, B. Schaffer, N. Nossiff, T. Shen, R.Weissleder, T.J. Brady,
Colloidal magnetic resonance contrast agents: effect of particle surface on
biodistribution, Journal of Magnetism and Magnetic Materials 122 (1993)
383–386.

[184] P.F. Renshaw, C.S. Owen, A.E. Evans, J.S. Leigh, Immunospecific NMR contrast
agents, Magnetic Resonance Imaging 4 (1986) 351–357.

[185] M. Suzuki, M. Shinkai, M. Kamihira, T. Kobayashi, Antibody-conjugated
magnetoliposomes for targeting cancer cells and their application in hyperther-
mia, Biotechnology and Applied Biochemistry 21 (1995) 125–137.

[186] P. Reimer, R. Weissleder, T. Shen, W.T. Knoefel, T.J. Brady, Pancreatic receptors:
initial feasibility studies with a targeted contrast agent for MR imaging,
Radiology 193 (1994) 527–531.

[187] S. Cerdan, H.R. Lotscher, B. Kunnecke, J. Seelig, Monoclonal antibody-coated
magnetite particles as contrast agents in magnetic resonance imaging of tumors,
Magnetic Resonance in Medicine 12 (2) (1989) 151–163.

[188] T. Suwa, S. Ozawa, M. Ueda, N. Ando, M. Kitajima, Magnetic resonance imaging of
esophageal squamous cell carcinoma using magnetite particles coated with anti-
epidermal growth factor receptor antibody, International Journal of Cancer 75
(1998) 626–634.

[189] Z. Li, L. Wei, M. Gao, H. Lei, One-pot reaction to synthesize biocompatible
magnetite nanoparticles, Advanced Materials 8 (2005) 1001–1005.

[190] C. Zhang, M. Jugold, E.C. Woenne, T. Lammers, B. Morgenstern, M.M. Mueller, H.
Zentgraf, M. Bock, M. Eisenhut, W. Semmler, F. Kiessling, Specific targeting of
tumor angiogenesis by RGD-conjugated ultrasmall superparamagnetic iron
oxide particles using a clinical 1.5-T magnetic resonance scanner, Cancer
Research 67 (4) (2007) 148–157.

[191] J.W. Bulte, Y. Hoekstra, R.L. Kamman, R.L. Magin, A.G. Webb, R.W. Briggs, K.G. Go,
C.E. Hulstaert, S. Miltenyi, T.H. The, L. De Leij, Specific MR imaging of human
lymphocytes by monoclonal antibody-guided dextran–magnetite particles,
Magnetic Resonance in Medicine 25 (1) (1992) 148–157.

[192] K.G. Go, J.W. Bulte, L. de Ley, T.H. The, R.L. Kamman, C.E. Hulstaert, E.H. Blaauw, L.
D.Ma, Our approach towards developing a specific tumour-targetedMRI contrast
agent for the brain, European Journal of Radiology 16 (3) (1993) 171–175.

[193] D.Hogemann-Savellano, E. Bos, C. Blondet, F. Sato, T. Abe, L. Josephson,R.Weissleder,
J. Gaudet, D. Sgroi, P. P.J., J.P. Basilion, The transferrin receptor: a potential molecular
imaging marker for human cancer, Neoplasia 5 (6) (2003) 495–506.

[194] H.W. Kang, L. Josephson, A. Petrovsky, R. Weissleder, A.J. Bogdanov, Magnetic
resonance imaging of inducible E-selectin expression in human endothelial cell
culture, Bioconjugate Chemistry 13 (2002) 122–127.

[195] E.A. Schellenberger, A.J. Bogdanov, D. Hogemann, J. Tait, R. Weissleder, L.
Josephson, Annexin V-CLIO: a nanoparticle for detecting apoptosis by MRI,
Molecular Imaging 1 (2002) 102–107.

[196] E.A. Schellenberger, D.E. Sosnovik, R. Weissleder, L. Josephson, Magneto/optical
annexin V, a multimodal protein, Bioconjugate Chemistry 15 (2004) 1062–1067.

[197] D.E. Sosnovik, E.A. Schellenberger, M. Nahrendorf, M.S. Novikov, T. Matsui, G. Dai,
F. Reynolds, L. Grazette, A. Rosenzweig, R. Weissleder, L. Josephson, Magnetic
resonance imaging of cardiomyocyte apoptosis with a novel magneto-optical
nanoparticle, Magnetic Resonance in Medicine 54 (2005) 718-724.

[198] A. Tsourkas, V.R. Shinde-Patil, K.A. Kelly, P. Patel, A. Wolley, J.R. Allport, R.
Weissleder, In vivo imaging of activated endothelium using an anti-VCAM-1
magnetooptical probe, Bioconjugate Chemistry 16 (2005) 576–581.



45M. Mahmoudi et al. / Advanced Drug Delivery Reviews 63 (2011) 24–46
[199] X. Montet, R. Weissleder, L. Josephson, Imaging pancreatic cancer with a
peptide–nanoparticle conjugate targeted to normal pancreas, Bioconjugate
Chemistry 17 (4) (2006) 905–911.

[200] M.F. Kircher, U. Mahmood, R.S. King, R. Weissleder, L. Josephson, A multimodal
nanoparticle for preoperative magnetic resonance imaging and intraoperative
optical brain tumor delineation, Cancer Research 63 (23) (2003) 8122–8125.

[201] Y.W. Jun, Y.M. Huh, J.S. Choi, J.H. Lee, H.T. Song, S. Kim, S. Yoon, K.S. Kim, J.S. Shin,
J.S. Suh, J. Cheon, Nanoscale size effect of magnetic nanocrystals and their
utilization for cancer diagnosis via magnetic resonance imaging, Journal of the
American Chemical Society 127 (16) (2005) 5732–5733.

[202] Y.M. Huh, Y.W. Jun, H.T. Song, S. Kim, J.S. Choi, J.H. Lee, S. Yoon, J.S. Kim, J.S. Shin, J.S.
Suh, J. Cheon, In vivo magnetic resonance detection of cancer by using
multifunctional magnetic nanocrystals, Journal of the American Chemical Society
7 (2005) 12387–12391.

[203] A. Halbreich, D. Sabolovic, C. Sestier, A. Amri, J.N. Pons, J. Roger, D. Geldwerth,
Annexin V binding to mouse erythrocytes following infection with Plasmodium
parasites, Parasitology Today 12 (7) (1996) 292–293.

[204] N. Fauconnier, J.N. Pons, J. Roger, A. Bee, Thiolation of maghemite nanoparticles
by dimercaptosuccinic acid, Journal of Colloid and Interface Science 194 (1997)
427–433.

[205] C. Sestier, D. Sabolovic, D. Geldwerth, M. Moumaris, J. Roger, J.N. Pons, A.
Halbreich, Use of annexin V-ferrofluid to enumerate erythrocytes damaged in
various pathologies or during storage in vitro, Comptes rendus de l'Académie des
sciences. Série 3, Sciences de la vie 318 (11) (1995) 1141–1146.

[206] R. J., P. J.N., R. Massart, A. Halbreich, J.C. Bacri, Some biomedical applications of
ferrofluids, European Physical Journal. Applied physics 5 (1999) 321–325.

[207] J.H. Lee, Y.M. Huh, Y.W. Jun, J.W. Seo, J.T. Jang, H.T. Song, S. Kim, E.J. Cho, H.G.
Yoon, J.S. Suh, J. Cheon, Artificially engineered magnetic nanoparticles for ultra-
sensitive molecular imaging, Natural Medicines 13 (1) (2007) 95–99.

[208] T. Neuberger, B. Schopf, H. Hofmann, M. Hofmann, B. Rechenberg, Super-
paramagnetic nanoparticles for biomedical applications: possibilities and
limitations of a new drug delivery system, Journal of Magnetism and Magnetic
Materials 293 (2005) 483–496.

[209] E. Sykova, P. Jendelova, Migration, fate and in vivo imaging of adult stem cells in
the CNS, Cell Death and Differentiation 14 (2007) 1336–1342.

[210] A.S. Lubbe, C. Alexiou, C. Bergemann, Clinical applications of magnetic drug
targeting, The Journal of Surgical Research 95 (2) (2001) 200–206.

[211] S. Rudge, C. Peterson, C. Vessely, J. Koda, S. Stevens, L. Catterall, Adsorption and
desorption of chemotherapeutic drugs from a magnetically targeted carrier
(MTC), Journal of Controlled Release 74 (1–3) (2001) 335–340.

[212] M. Mahmoudi, A. Simchi, M. Imani, U.O. Hafeli, Superparamagnetic iron oxide
nanoparticles with rigid cross-linked polyethylene glycol fumarate coating
for application in imaging and drug delivery, Journal of Physical Chemistry C
113 (19) (2009) 8124–8131.

[213] A.K. Gupta, R.R. Naregalkar, V.D. Vaidya, M. Gupta, Recent advances on surface
engineering of magnetic iron oxide nanoparticles and their biomedical
applications, Nanomedicine 2 (1) (2007) 23–39.

[214] R. Hergt, S. Dutz, M. Röder, Effects of size distribution on hysteresis losses of
magnetic nanoparticles for hyperthermia, Journal of Physics Condensed Matter
20 (38) (2008).

[215] T.N. Narayanan, A.P. Reena Mary, M.M. Shaijumon, L. Ci, P.M. Ajayan, M.R.
Anantharaman, On the synthesis and magnetic properties of multiwall carbon
nanotube-superparamagnetic iron oxide nanoparticle nanocomposites, Nano-
technology 20 (5) (2009).

[216] R.A.L. Jones, Soft Mashines: Nanotechnology and Life, Oxford University Press,
2004.

[217] R. Hong, H.H. Li, H. Wang, H.Z. Li, China Particuology 5 (2007) 6.
[218] J.C. Bacri, R. Perzynski, D. Salin, Journal of Magnetism and Magnetic Materials 85

(1990).
[219] L. Douziech-Eyrolles, H. Marchais, K. Herve, E. Munnier, M. Souce, C. Linassier, P.

Dubois, I. Chourpa, Nanovectors for anticancer agents based on superparamag-
netic iron oxide nanoparticles, International Journal of Nanomedicine 2 (4)
(2007) 541–550.

[220] M.E. Akerman, W.C.W. Chan, P. Laakkonen, S.N. Bhatia, E. Ruoslahti, Nanocrystal
targeting in vivo, Proceedings of the National Academy of Sciences of the United
States of America 99 (20) (2002) 12617–12621.

[221] D.A. LaVan, T. McGuire, R. Langer, Small-scale systems for in vivo drug delivery,
Nature Biotechnology 21 (10) (2003) 1184–1191.

[222] A.S. Lubbe, C. Bergemann, J. Brock, D.G. McClure, Physiological aspects in
magnetic drug-targeting, Journal of Magnetism and Magnetic Materials 194
(1999) 7.

[223] P. Gupta, K. Vermani, S. Garg, Hydrogels: from controlled release to pH-
responsive drug delivery, Drug Discovery Today 7 (10) (2002) 569–579.

[224] F. Cengelli, D. Maysinger, F. Tschudi-Monnet, X. Montet, C. Corot, A. Petri-Fink, H.
Hofmann, L. Juillerat-Jeanneret, Interaction of functionalized superparamagnetic
iron oxide nanoparticles with brain structures, The Journal of Pharmacology and
Experimental Therapeutics 318 (1) (2006) 108–116.

[225] S. Guo, D. Li, L. Zhang, J. Li, E. Wang, Monodisperse mesoporous super-
paramagnetic single-crystal magnetite nanoparticles for drug delivery, Bioma-
terials 30 (2009) 9.

[226] T. Kubo, T. Sugita, S. Shimose, Y. Nitta, Y. Ikuta, T. Murakami, Targeted systemic
chemotherapy using magnetic liposomes with incorporated adriamycin for
osteosarcoma inhamsters, International JournalofOncology18 (1)(2001)121–125.

[227] M. Gonzales, K.M. Krishnan, Synthesis of magnetoliposomes with monodisperse
iron oxide nanocrystal cores for hyperthermia, Journal of Magnetism and
Magnetic Materials 293 (2005) 265–270.
[228] P.H. Meyers, F. Cronic, C.M. Nice, Experimental approach in the use andmagnetic
control of metallic iron particles in the lymphatic and vascular system of dogs as
a contrast and isotopic agent, The American Journal of Roentgenology, Radium
Therapy, and Nuclear Medicine 90 (1963) 1068–1077.

[229] J.F. Alksne, A.G. Fingerhut, Magnetically controlled metallic thrombosis of
intracranial aneurysms. A preliminary report, Bulletin of the Los Angeles
Neurological Societies 30 (3) (1965) 153–155.

[230] R.D. Turner, R.W. Rand, J.R. Bentson, J.A. Mosso, Ferromagnetic silicone necrosis
of hypernephromas by selective vascular occlusion to the tumor: a new
technique, Journal d'Urologie 113 (4) (1975) 455–459.

[231] K.J. Widder, A.E. Senyei, D.F. Ranney, Magnetically responsive microspheres and
other carriers for the biophysical targeting of antitumor agents, Advances in
Pharmacology and Chemotherapy 16 (1979) 213–271.

[232] Y. Cheng, O. Zak, P. Alsen, S.C. Harrison, T. Walz, Structure of the human
transferrin receptor–transferrin complex, Cell 116 (4) (2004) 565–576.

[233] A.S. Lubbe, C. Bergemann, W. Huhnt, T. Fricke, H. Riess, J.W. Brock, D. Huhn,
Preclinical experiences with magnetic drug targeting: tolerance and efficacy,
Cancer Research 56 (20) (1996) 4694–4701.

[234] A.S. Lubbe, C. Bergemann, H. Riess, F. Schriever, P. Reichardt, K. Possinger, M.
Matthias, B. Dorken, F. Herrmann, R. Gurtler, P. Hohenberger, N. Haas, R. Sohr, B.
Sander, A.J. Lemke, D. Ohlendorf, W. Huhnt, D. Huhn, Clinical experiences with
magnetic drug targeting: a phase I study with 4′-epidoxorubicin in 14 patients
with advanced solid tumors, Cancer Research 56 (20) (1996) 4686–4693.

[235] K.J. Widder, R.M. Morris, D.P. Howard, A.E. Senyei, Tumor remission in Yoshida
sarcoma-bearing rats by selective targeting of magnetic albumin microspheres
containing doxorubicin, Proceedings of the National Academy of Sciences of the
United States of America 78 (1981) 579–581.

[236] K.J. Widder, R.M. Morris, G.A. Poore, et al., Selective targeting of magnetic
albumin microspheres containing lowdose doxorubicin: total remission in
Yoshida sarcoma-bearing rats, European Journal of Cancer & Clinical Oncology
19 (1983) 135–139.

[237] A.E. Senyei, S.D. Reich, C. Gonczy, K.J. Widder, In vivo kinetics of magnetically
targeted low-dose doxorubicin, Journal of Pharmaceutical Sciences 70 (1981)
39–41.

[238] S. Goodwin, C. Peterson, C. Hoh, C. Bittner. In Targeting and retention of magnetic
targeted carriers (MTCs) enhancing intra-arterial chemotherapy, 1999, pp 132–
139.

[239] S.C. Goodwin, C.A. Bittner, C.L. Peterson, G. Wong, Single-dose toxicity study of
hepatic intra-arterial infusion of doxorubicin coupled to a novel magnetically
targeted drug carrier, Toxicological Sciences 60 (1) (2001) 177–183.

[240] A.S. Lubbe, C. Bergemann, J. Brock, D.G. McClure. In Physiological aspects in
magnetic drug-targeting, 1999, pp 149–155.

[241] S.K. Pulfer, J.M. Gallo, Enhanced brain tumor selectivity of cationic magnetic
polysaccharide microspheres, Journal of Drug Targeting 6 (3) (1998) 215–227.

[242] S.K. Pulfer, S.L. Ciccotto, J.M. Gallo, Distribution of small magnetic particles in
brain tumor-bearing rats, Journal of Neuro-Oncology 41 (2) (1999) 99–105.

[243] T. Kubo, T. Sugita, S. Shimose, Y. Nitta, Y. Ikuta, T. Murakami, Targeted delivery of
anticancer drugs with intravenously administered magnetic liposomes in osteo-
sarcoma-bearing hamsters, International Journal of Oncology 17 (2) (2000)
309–315.

[244] H. Khurshid, S.H. Kim, M.J. Bonder, L. Colak, B. Ali, S.I. Shah, K.L. Kiick, G.C.
Hadjipanayis, Development of heparin-coated magnetic nanoparticles for
targeted drug delivery applications, Journal of Applied Physics 105 (7) (2009).

[245] N. Butoescu, C.A. Seemayer, G. Palmer, P.-A. Guerne, C. Gabay, E. Doelker, O.
Jordan, Magnetically retainable microparticles for drug delivery to the joint:
efficacy studies in an antigen-induced arthritis model in mice, Arthritis Research
& Therapy 11 (3) (2009).

[246] N.A. Peppas, J.Z. Hilt, A. Khademhosseini, R. Langer, Hydrogels in biology and
medicine: from molecular principles to bionanotechnology, Advanced Materials
18 (2006) 1345–1360.

[247] M. Babincova, P. Cicmanec, V. Altanerova, et al., AC magnetic field controlled
drug release from magnetoliposomes: design of a method for site-specific
chemotherapy, Bioelectrochemistry 55 (2002) 17–19.

[248] E. Viroonchatapan,H. Sato,M.Ueno, et al.,Microdialysis assessmentof5-fluorouracil
release from thermosensitive magnetoliposomes induced by an electromagnetic
field in tumor-bearing mice, Journal of Drug Targeting 5 (1998) 379–390.

[249] N. Butoescu, O. Jordan, P. Burdet, P. Stadelmann, A. Petri-Fink, H. Hofmann, E.
Doelker, Dexamethasone-containing biodegradable superparamagnetic micro-
particles for intra-articular administration: physicochemical and magnetic
properties, in vitro and in vivo drug release, European Journal of Pharmaceutics
and Biopharmaceutics 72 (2009) 529–538.

[250] N. Nasongkla, E. Bey, J. Ren, H. Ai, C. Khemtong, J.S. Guthi, S.-F. Chin, A.D. Sherry,
D.A. Boothman, J. Gao, Multifunctional polymeric micelles as cancer-targeted,
MRI-ultrasensitive drug delivery systems, Nano Letters 6 (11) (2006) 2427–2430.

[251] T.K. Jain, J. Richey, M. Strand, D.L. Leslie-Pelecky, C.A. Flask, V. Labhasetwar,
Magnetic nanoparticles with dual functional properties: drug delivery and
magnetic resonance imaging, Biomaterials 29 (2008) 4012–4021.

[252] T.K. Jain, M.A. Morales, S.K. Sahoo, D.L. Leslie-Pelecky, V. Labhasetwar, Iron oxide
nanoparticles for sustained delivery of anticancer agents, Molecular Pharma-
ceutics 2 (3) (2005) 194–205.

[253] S. Santra, C. Kaittanis, J. Grimm, J.M. Perez, Drug/dye-loaded, multifunctional iron
oxide nanoparticles for combined targeted cancer therapy and dual optical/
magnetic resonance imaging, Small 5 (16) (2009) 1862–1868.

[254] K. Cheng, S. Peng, C. Xu, S. Sun, Porous hollow Fe3O4 nanoparticles for targeted
delivery and controlled release of cisplatin, Journal of the American Chemical
Society 131 (30) (2009) 10637–10644.



46 M. Mahmoudi et al. / Advanced Drug Delivery Reviews 63 (2011) 24–46
[255] A. Zhu, L. Yuan, W. Jin, S. Dai, Q. Wang, Z. Xue, A. Qin, Polysaccharide surface
modified Fe3O4 nanoparticles for camptothecin loading and release, Acta
Biomaterialia 5 (5) (2009) 1489–1498.

[256] S. Zhou, J. Sun, L. Sun, Y. Dai, L. Liu, X. Li, J. Wang, J. Weng, W. Jia, Z. Zhang,
Preparation and characterization of interferon-loaded magnetic biodegradable
microspheres, Journal of Biomedical Materials Research. Part B: Applied
Biomaterials 87B (2008) 189–196.

[257] W. Zhao, H. Chen, Y. Li, L. Li, M. Lang, J. Shi, Uniform rattle-type hollow magnetic
mesoporous spheres as drug delivery carriers and their sustained-release
property, Advanced Functional Materials 18 (2008) 2780–2788.

[258] X. Gong, S. Peng, W. Wen, P. Sheng, W. Li, Design and fabrication of magnetically
functionalized core/shell microspheres for smart drug delivery, Advanced
Functional Materials 19 (2009) 292–297.

[259] R. Rossin, D. Pan, K. Qi, J.L. Turner, X. Sun, K.L. Wooley, M.J. Welch, 64Cu-labeled
folate-conjugated shell cross-linked nanoparticles for tumor imaging and
radiotherapy: synthesis, radiolabeling, and biologic evaluation, Journal of
Nuclear Medicine 46 (7) (2005) 1210–1218.

[260] A. Bao, W.T. Phillips, B. Goins, X. Zheng, S. Sabour, M. Natarajan, F. Ross Woolley,
C. Zavaleta, R.A. Otto, Potential use of drug carried-liposomes for cancer therapy
via direct intratumoral injection, International Journal of Pharmaceutics 316 (1–2)
(2006) 162–169.

[261] U.O. Hafeli, Radioactive microspheres for medical applications, in: J. Bulte, M. de
Kuyper (Eds.), Physics and Chemistry Basis of Biotechnology, Kluwer Academic
Publishers, Dordrecht, Holland, 2001, pp. 213–248.

[262] K. Saatchi, U.O. Häfeli, Radiolabeling of biodegradable polymeric microspheres
with [ 99mTc(CO)3]+ and in vivo biodistribution evaluation using microSPECT/CT
imaging, Bioconjugate Chemistry 20 (6) (2009) 1209–1217.

[263] P.A. Voltairas, D.I. Fotiadis, L.K. Michalis, Hydrodynamics of magnetic drug
targeting, Journal of Biomechanics 35 (6) (2002) 813–821.

[264] T.P. Richardson, M.C. Peters, A.B. Ennett, D.J. Mooney, Polymeric system for dual
growth factor delivery, Nature Biotechnology 19 (11) (2001) 1029–1034.

[265] M.O. Aviles, A.D. Ebner, H.T. Chen, A.J. Rosengart, M.D. Kaminski, J.A. Ritter,
Theoretical analysis of a transdermal ferromagnetic implant for retention of
magnetic drug carrier particles, Journal of Magnetism and Magnetic Materials
293 (1) (2005) 605–615.

[266] J.A. Ritter, A.D. Ebner, K.D. Daniel, K.L. Stewart, Application of high gradient
magnetic separation principles to magnetic drug targeting, Journal of Magnetism
and Magnetic Materials 280 (2–3) (2004) 184–201.

[267] A.D. Grief, G. Richardson, Mathematical modelling of magnetically targeted drug
delivery, Journal of Magnetism and Magnetic Materials 293 (1) (2005) 455–463.

[268] S. Nishijima, F. Mishima, Y. Tabata, H. Iseki, Y. Muragaki, A. Sasaki, N. Saho,
Research and development of magnetic drug delivery system using bulk high
temperature superconducting magnet, IEEE Transactions on Applied Supercon-
ductivity 19 (3) (2009) 2257–2260.
[269] S. Nishijima, S.I. Takeda, F. Mishima, Y. Tabata, M. Yamamoto, J.I. Joh, H. Iseki, Y.
Muragaki, A. Sasaki, K. Jun, N. Saho, A study of magnetic drug delivery system
using bulk high temperature superconducting magnet, IEEE Transactions on
Applied Superconductivity 18 (2) (2008) 874–877.

[270] F. Mishima, S. Takeda, Y. Izumi, S. Nishijima, Development of magnetic field
control for magnetically targeted drug delivery system using a superconducting
magnet, IEEE Transactions on Applied Superconductivity 17 (2) (2007)
2303–2306.

[271] S. Takeda, F. Mishima, S. Fujimoto, Y. Izumi, S. Nishijima, Development of
magnetically targeted drug delivery system using superconducting magnet,
Journal of Magnetism and Magnetic Materials 311 (1) (2007) 367–371.

[272] O. Rotariu, N.J.C. Strachan, Modelling magnetic carrier particle targeting in the
tumor microvasculature for cancer treatment, Journal of Magnetism and
Magnetic Materials 293 (1) (2005) 639–646.

[273] G. Iacob, O. Rotariu, N.J.C. Strachan, U.O. Häfeli, Magnetizable needles andwires—
modeling an efficient way to target magnetic microspheres in vivo, Biorheology
41 (5) (2004) 599–612.

[274] B.B. Yellen, Z.G. Forbes, D.S. Halverson,G. Fridman,K.A. Barbee,M. Chorny,R. Levy,G.
Friedman, Targeted drug delivery tomagnetic implants for therapeutic applications,
Journal of Magnetism and Magnetic Materials 293 (1) (2005) 647–654.

[275] A.J. Rosengart, M.D. Kaminski, H. Chen, P.L. Caviness, A.D. Ebner, J.A. Ritter,
Magnetizable implants and functionalized magnetic carriers: a novel approach
for noninvasive yet targeted drug delivery, Journal of Magnetism and Magnetic
Materials 293 (1) (2005) 633–638.

[276] M.O. Aviles, H.T. Chen, A.D. Ebner, A.J. Rosengart, M.D. Kaminski, J.A. Ritter, In
vitro study of ferromagnetic stents for implant assisted-magnetic drug targeting,
Journal of Magnetism and Magnetic Materials 311 (1) (2007) 306–311.

[277] Z.G. Forbes, B.B. Yellen, D.S. Halverson, G. Fridman, K.A. Barbee, G. Friedman,
Validation of high gradient magnetic field based drug delivery to magnetizable
implants under flow, IEEE Transactions on Biomedical Engineering 55 (2) (2008)
643–649.

[278] H.T. Chen, A.D. Ebner, M.D. Kaminski, A.J. Rosengart, J.A. Ritter, Analysis of
magnetic drug carrier particle capture by a magnetizable intravascular stent-2:
parametric study with multi-wire two-dimensional model, Journal of Magne-
tism and Magnetic Materials 293 (1) (2005) 616–632.

[279] H.T. Chen, A.D. Ebner, A.J. Rosengart, M.D. Kaminski, J.A. Ritter, Analysis of
magnetic drug carrier particle capture by a magnetizable intravascular stent: 1.
Parametric study with single wire correlation, Journal of Magnetism and
Magnetic Materials 284 (2004) 181–194.

[280] E.P. Furlani, K.C. Ng, Analytical model of magnetic nanoparticle transport and
capture in the microvasculature, Physical Review E 73 (6) (2006).

[281] J. Milton Harris, R.B. Chess, Effect of pegylation on pharmaceuticals, Nature
Reviews. Drug Discovery 2 (3) (2003) 214–221.


	Superparamagnetic iron oxide nanoparticles (SPIONs): Development, surface modification and applications in chemotherapy
	Introduction
	SPIONs synthesis
	Characteristics of SPIONs
	Colloidal stability of SPIONs
	Shape, size and size distribution
	Surface charge
	Toxicity of SPIONs
	Composition toxicity
	Protein–nanoparticle interactions

	Protein and peptide functionalized SPIONs

	SPIONs in drug delivery
	Important considerations for SPIONs in drug delivery applications
	Drug release properties of SPIONs
	Examples of SPIONs for chemotherapy
	Radio-labelled magnetic drug delivery systems
	Limitations of SPIONs for drug delivery
	Restriction and progress in magnets
	Brain delivery


	Conclusions and future perspective
	Acknowledgement
	References


