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Many different iron oxide nanoparticles have been evaluated over the years, for a wide variety of biomedical
applications. We here summarize the synthesis, surface functionalization and characterization of iron oxide
nanoparticles, aswell as their (pre-) clinical use in diagnostic, therapeutic and theranostic settings. Diagnostic ap-
plications include liver, lymph node, inflammation and vascular imaging, employingmostly magnetic resonance
imaging but recently also magnetic particle imaging. Therapeutic applications encompass iron supplementation
in anemia and advanced cancer treatments, such as modulation of macrophage polarization, magnetic fluid hy-
perthermia and magnetic drug targeting. Because of their properties, iron oxide nanoparticles are particularly
useful for theranostic purposes. Examples of such setups, in which diagnosis and therapy are intimately com-
bined and in which iron oxide nanoparticles are used, are image-guided drug delivery, image-guided and
microbubble-mediated opening of the blood-brain barrier, and theranostic tissue engineering. Together, these di-
rections highlight the versatility and the broad applicability of iron oxide nanoparticles, and indicate the integra-
tion in future medical practice of multiple iron oxide nanoparticle-based materials.
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1. Introduction

Iron oxide nanoparticles, which belong to the ferrimagnetic class of
magneticmaterials, are used formanydifferent biomedical andbioengi-
neering applications [1,2]. Among the different types of iron oxide-
based nanoparticles are magnetite (Fe3O4), maghemite (γ-Fe2O3) and
mixed ferrites (MFe2O4 where M = Co, Mn, Ni or Zn) [3]. Upon
surface-modification, the resulting superparamagnetic iron oxide nano-
particles (SPION) can be employed for magnetic resonance imaging
(MRI) [4–8], magnetic particle imaging (MPI) [9–12], targeted delivery
of drugs, proteins, antibodies, and nucleic acids [6,7,13,14], hyperther-
mia [15–17], biosensing [18], tissue repair [19], and separation of bio-
molecules [20]. This widespread list of applications not only results
from the magnetic properties of SPION, but also from the fact that
they can be synthesized in different sizes and shapes. SPION have high
magnetic moments when exposed to an external magnetic field, and
.

no remaining magnetic moment when the magnetic field is turned off
[21]. Many iron oxide nanoparticles have been evaluated in preclinical
and clinical trials, and several of them have reached the market
(Table 1) [4,22–26]. However, some of the approved SPION have later
on been withdrawn, because of the availability of alternative diagnostic
probes and protocols [27].

In this manuscript, we summarize synthetic protocols and charac-
terization methods to obtain iron oxide nanoparticles with desired
features, and we outline their most prominent (pre-) clinical applica-
tions. In the first part, the most frequently used preparation techniques
are summarized.We focus on those synthesis routes which cover about
90% of all synthesis techniques andwhich have advantages such as sim-
plicity, low cost and high reproducibility.We also discuss themost com-
mon surface modification strategies, which are necessary to optimally
exploit their specific properties and causes usefulness for biomedical
applications [28]. The second part of our review provides an overview
of SPION formulations currently used in the clinic for diagnostic, thera-
peutic and theranostic purposes. We summarize selected preclinical
and clinical studies conducted in these areas of research, andwe discuss
strategies to expand the use and the usefulness of iron oxide nanoparti-
cles in future biomedical settings.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.addr.2019.01.005&domain=pdf
https://doi.org/10.1016/j.addr.2019.01.005
tlammers@ukaachen.de
https://doi.org/10.1016/j.addr.2019.01.005
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/addr


Table 1
Examples of iron oxide nanoparticles approved or in clinical trials.

Generic name Trade name Short
name

Coating Relaxivity a Dh
b DC

c Applications Clinical
trial

Clinically
approved

Ferumoxtran Combidex®
(USA)
Sinerem®
(EU)

AMI-227 Dextran r1 = 9.9 15–30 5.9 lymph node imaging, macrophage imaging,
blood pool agent, cell labeling, CNS imaging

✓

r2 = 65

Ferucarbotran
(Ferrixan)

Resovist®
(USA, Japan,
EU) Cliavist®
(France)

SHU-555A Carboxydextran r1 = 9.7 62 4 liver imaging, CNS imaging, cell labeling ✓d

r2 = 189

Ferumoxide Feridex I.V.
(USA)
Endorem™
(EU)

AMI-25 Dextran r1 = 10.1 120–180 5 liver imaging, CNS imaging, cell labeling ✓e

r2 = 120

Ferumoxytol Feraheme®
(USA) Rienso®
(EU)

Code
7228

Carboxymethyl-dextran r1 = 15 17–31 n.a. iron replacement therapy in patients with
chronic kidney failure, CNS imaging,
macrophage imaging, blood pool agent, cellular
labeling, lymph node imaging

✓f

r2 = 89

Feruglose Clariscan™ NC100150 PEGylated starch n.a. 20 n.a. blood pool agent ✓

Ferumoxsil Lumirem®
(USA)
GastroMARK®
(EU)

AMI-121 Siloxane r1 = 2 300 8.4 oral GI imaging ✓e

r2 = 47

– Abdoscan® – Sulfonated poly
(styrene-divinylbenzene)
copolymer

n.a. 3500 n.a. oral GI imaging ✓

CNS: central nervous system.
GI: gastrointestinal.
n.a.: not available.

a Relaxometric properties (mM-1.s-1) at 1.5 T, at 37 °C and in water or plasma.
b Dh: hydrodynamic diameter, in nm, determined by laser light scattering.
c Dc: core size diameter, in nm, determined by transmission electron microscopy.
d available in only limited countries.
e withdrawn from the market.
f withdrawn from EU market.
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2. Synthesis, surfacemodification, characterization and biocompati-
bility of iron oxide nanoparticles

2.1. Synthesis methods

Themagnetic properties of iron oxide nanoparticles depend on their
composition and morphology. Thus, the synthetic method needs to be
carefully selected, ensuring control over shape, size, size distribution
and crystallinity of the particles. SPION can be produced in several dif-
ferent ways, encompassing chemical, physical and biosynthetic meth-
odologies [3,25,28,29]. Chemical approaches are employed in the vast
majority of cases. Physical methods, which include powder ball milling,
electron beam lithography, aerosol and gas phase deposition suffer from
the lack of ability to control the size of particles in the nanometer size
range [29]. Biological methods rely on reduction-oxidation reactions,
in which microbial enzymes or plant phytochemicals are responsible
for the reduction of salts into SPION. Such biosynthetic routes are gener-
ally considered eco-friendly (green chemistry) and the products ob-
tained using such procedures tend to show good biocompatibility.
However, the yield of such methods is low and the size distribution is
broad. Together, physical and biosynthetic synthesis protocols make
up for less than 10% of all SPION synthesis methods [3]. In the following
paragraphs, we therefore only focus on commonly employed chemical
synthesis routes (see Fig. 1 and Table 2).
2.1.1. Co-precipitation
The co-precipitation technique,which is among themost simple and

efficient synthesis procedures, is based on simultaneous precipitation of
Fe2+ and Fe3+ aqueous salt solutions via the addition of a weak or
strong base. Most of commercially available SPION are synthesized via
this method. Many synthetic parameters influence the size, shape and
composition of the eventually obtained iron oxide nanoparticles, e.g.
Fe2+/Fe3+ ratio, temperature, pH, type of salt used (chloride, nitrate,
sulfate, perchlorate), and type of base used (NaOH, NH4OH, Na2CO3).
While the co-precipitation technique is one of the most cost-effective
routes for the high-yield synthesis of SPION with appropriate magnetic
properties, the nanoparticles generated via this method usually exhibit
a low degree of crystallinity and a relatively large polydispersity. To – at
least in part – overcome these drawbacks, several modified versions of
the co-precipitation technique have been developed [30–32]. These
for instance include preparation of Fe3O4 nanoparticles under a static
magnetic field [33], assistance of ultrasound [34], using alkanolamines
as base [35], in situ co-precipitation in a carboxyl-functionalized poly-
mermatrix [36], and finally co-precipitation of FeCl3.6H2O, FeSO4.7H2O,
and Gd(NO3)3 aqueous solutions by addition of NaOH [37].

2.1.2. Thermal decomposition
SPION with high control over size and shape, narrow size distribu-

tion and good crystallinity can be prepared via thermal decomposition
of organoiron precursors in high-boiling point organic solvents in the
presence of stabilizing surfactants [38,39]. Amphiphilic surfactants like
oleic acid, oleylamine, fatty acids and hexadecylamine allow adjustment
of the nucleation and growth kinetics of the nanoparticles. On the one
hand, the high reaction temperatures and the presence of the surfactant
in the reaction mixture result in high quality samples in terms of size
dispersion and crystallinity. On the other hand, however, this method
is not very environmentally friendly, due to the use of toxic chemicals,
such as chloroform, hexane and iron pentacarbonyl in the synthesis.
Furthermore, because of the presence of a hydrophobic coating on the
surface of the magnetic nanoparticles, an additional surface modifica-
tion step is needed to obtainwater-dispersible and biocompatible nano-
particles that are useful for biomedical applications. When employing
the thermal decomposition method to prepare SPION, control over



Fig. 1. Schematic depiction of commonly used chemical strategies to prepare iron oxide nanoparticles. A: Co-precipitation, B: Thermal decomposition, C:Micro-emulsion and D: Sol-gel. In
terms of simplicity, the co-precipitation technique is themost suitable. In terms of size andmorphology control, and for producing SPION smaller than 20 nm, thermal decomposition and
microemulsion are preferred. The sol-gel technique is useful to produce SPION with silica coatings and with a size larger than 20 nm.
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Table 2
Comparison of different SPION synthesis method.

Method Synthesis
procedure

Process
temperature

Process
time

Size
distribution

Shape
control

Morphology Degree of
crystallinity

Yield Scalable

Co-precipitation Very simple Low Minutes Broad Bad Irregular sphere Low High Yes
Thermal decomposition Very

complicated
High Hours-days Vary narrow Very

good
Cube- sphere High High Yes

Microemulsion Complicated Low Hours Relatively
narrow

Good Cube-sphere Low Low No

Sol-gel Relatively
simple

Low Hours Relatively
narrow

Good Porous or nonporous
sphere

Low Medium Yes

Hydrothermal Relatively
simple

High Hours Relatively broad Bad Irregular sphere High Medium Yes

Sonochemical
decomposition

Complicated Low (locally very
high)

Minutes Narrow Bad Bipyramid- rod-sphere low Medium No

Electrochemical
deposition

Relatively
simple

Low Hours Relatively
narrow

Bad Rod-sphere-hexagonal low Medium No
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morphology and nanoparticle size strongly depends on the reaction
time, the reaction temperature and the precursor-to-surfactant ratio
[40].

2.1.3. Microemulsion
Microemulsion systems are thermodynamically stable isotropic dis-

persion of two immiscible liquids. Microemulsions can essentially be
subdivided in two categories: oil-in-water (o/w; normal micelles) and
water-in-oil (w/o; reversed micelles). The dispersed phase typically
serves as a nano/micro-reactor, providing a confined environment for
the nucleation and controlled growth of nano- and microparticles.
Several kinds of amphiphilic surfactants, like dioctyl sodium dodecyl
sulfate (DSS), cetyltrimethylammoniumbromide (CTAB), sodiumdode-
cyl sulfate (SDS) and polyethoxylates (e.g. Tween-20 and -80) are used
for the formation of micellarmicroemulsion systems [30]. The nanopar-
ticle size can be controlled by varing the size of the micelles, the main
advantage of employing microemulsion methodology to prepare
SPION.Moreover, due to the relatively homogenous size of themicelles,
an improvement in the polydispersity of the particles is observed.
Drawbacks of microemulsion synthesis include the typically low and
thus limited reaction temperature which result in SPIONwith low crys-
tallinity and low yields. Maintenance of micelle structure at high reac-
tion temperature [41] or thermal annealing of synthesized iron oxide
[42] are ways to increase the crystallinity of the particles prepared by
this method. Difficulties related to scale-up and unfavorable effects of
residual surfactants on the properties of the iron oxide particles are ad-
ditional disadvantages of the microemulsion method [28].

2.1.4. Sol-gel
The sol-gel technique, which is commonly employed for production

of silica-coated SPION, is based on the formation of colloidal sols using
hydrolysis and condensation of tetraethyl orthosilicate (TEOS) in etha-
nol and 30% aqueous H2O2 with Fe3+ solutions. The sol is then gelled
by chemical reaction or solvent removal, to obtain a 3D iron oxide net-
work. To get iron oxide nanoparticles, the formed gel requires an addi-
tional crushing step after drying and solvent removal. Adding surfactant
prior to gelation results in a decrease in the free energy of the system
and consequently leads to the formation of nano-sized iron oxideswith-
out the formation of a 3D network. The sol-gel synthesis technique pro-
vides a straightforward method to synthesize relatively monodisperse
and relatively larged-sized nanoparticles, in good yields, at ambient
conditions. However, since the sol-gel technique is performed at room
temperature, further heat treatment is needed to obtain the desired
crystalline structures. Themethod also comes with by-product contam-
inations, and thus requires post-treatment purification. Temperature,
pH, the used solvent and the concentration of salt precursors are param-
eters that influence the structure and the properties of the SPION gel.
The thickness of the silica shell is typically tuned by controlling the
amount of TEOS and ammonia [43–45].
2.1.5. Additional chemical methods
Besides the abovementioned synthetic strategies, there are several

other chemical routes for synthesizing SPION, including hydrothermal,
sonochemical and electrochemical deposition methodologies. Advan-
tages of the hydrothermal method are its low cost and the relatively
large-scale production of highly crystalline iron oxide nanoparticles. In
this method, a mixture of iron salts dissolved in aqueous solution is
placed into a sealed teflon-lined stainless-steel autoclave, in which the
temperature can be raised above 200 °C. As a result of this, the reaction
pressure is raised beyond atmospheric pressure. The synergistic effect of
high temperature and high pressure leads to an improvement in the
quality of the nanocrystals and their magnetic properties. Control over
nanoparticle formation, size and size distribution can be achieved by
varying process parameters such as temperature, pressure, precursor
concentration and reaction time. However, it is difficult to control the
final size of particles andmost of the times polydisperse samples are ob-
tained under hydrothermal conditions [3,28,46].

Progress in the synthesis of bare or functionalized SPION has re-
cently been made via the use of sonochemical decomposition of
organoironprecursors. In this process, thehigh energy of ultrasonic irra-
diation creates acoustic cavitations in the aqueous solution which pro-
vides local heat with a temperature of around 5000 °C. This method
provides monodisperse SPION with a variety of shapes under ambient
conditions (usually in the presence of air) and without the need of
high bulk temperatures or long reaction times. In general, thermally-
induced processes result in crystalline nanoparticles. However, in the
ultrasonic-driven method, the huge cooling rate of cavitations during
quenching prevents the crystallization of SPION. Thus, the obtained
amorphous SPION need to be further processed by heat-treatment
after they have been synthesized [3,28,46–48].

Electrochemical deposition has also been used to synthesize
maghemite and magnetite SPION. In electrochemical synthesis, an elec-
tric current is passed between two electrodes (i.e. the anode and the
cathode) located in an electrolyte. In this technique, the anode isfirst ox-
idized to createmetal ion species in solution, and then themetal ions are
reduced tometal by the cathode. This has to be done in the presence of a
stabilizer, which acts as a coating. The product is obtained with high pu-
rity and the control of particle size is achieved by tuning the voltage or
the current applied to the system. Thedistance betweenelectrodes is im-
portant in the successful synthesis of SPION. This method does not re-
quire high temperatures. This technique has some disadvantages,
including e.g. the fact that it is not yet useful for large-scale synthesis.
Also, since reactions are usually performed at room temperature, the
synthesized products often show some amorphous parts [3,49].

2.2. Surface modification of iron oxide nanoparticles

The surface of iron oxide nanoparticles is, either during or after prep-
aration, typically modifiedwith a biocompatible coating. This is done to
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stabilize the SPION in biological media, to prevent them from possible
oxidation, to improve their biocompatibility, and/or to attach functional
molecules such as targeting ligands or drugs.

Prototypic examples of materials used to coat iron oxide nanoparti-
cles are polymers [28,47,50], fatty acids (like oleic acid, stearic acid,
lauric acid and dodecylphosphonic acid) [51–55], amino acids (like phe-
nyl alanine, tyrosine, arginine, lysine and cysteine) [56–58], metals (like
gold, gadolinium and silver) [59–61] and oxides (like silica and TiO2)
[62–64]. Among these materials, polymers are arguably the most
popular coating materials. Over the recent years several natural and
synthetic polymers, such as dextran [31,65,66], gelatin [67], alginate
[68,69], chitosan [69,70], starch [71], albumin [72,73], casein [74], poly
(ethylene glycol) (PEG) [75–78], poly (vinyl pyrrolidone) (PVP) [79],
poly (vinyl alcohol) (PVA) [80], polydopamine [81,82], poly (lactic-co-
glycolic acid) (PLGA) [83] and dendrimers [84] have been used to coat
different forms of SPION. Some examples of polymeric coatings are pre-
sented in Fig. 2.
Fig. 2. Examples of polymers used as surface coatings of iron oxide nanoparticles. Conventional
listed in Table 1. For certain applications, iron oxide nanoparticles are surface-functionalized w
Among the different polymer coatings, PEG and dextran are the
most extensively employed ones, likely because they are generally
regarded as safe (GRAS), and also because they are not very rapidly
recognized by macrophages in liver and spleen when administered in-
travenously [85,86]. PEG (C2H4O)n and PEGylated coatings like
PEGylated starch (coating agent in feruglose) are highly biocompatible
and often used to prolong vascular circulation of nanoparticles like
SPION. Molecular weight and surface density of PEG coatings are
two critical parameters that influence the dispersion stability, cytotox-
icity and blood circulation time of iron oxide nanoparticles [71,87].
Similarly, dextran (C6H10O5)n (coating agent in ferumoxtran and
ferumoxides) and its derivatives carboxydextran (coating agent in
ferucarbotran) and carboxymethyl-dextran (coating agent in
ferumoxytol) are also known to be highly biocompatible. It has to be
kept in mind that while dextran has no direct cytotoxic effects, the
degradation of the dextran shell may influence certain cellular pro-
cesses [30,65,86,87].
polymers (A) are used as coatings in the commercial iron oxide nanoparticle formulations
ith temperature (B) or pH (C) -responsive polymeric coating.



307S.M. Dadfar et al. / Advanced Drug Delivery Reviews 138 (2019) 302–325
In addition to these standard polymers, many efforts have been
invested in recent years in developing stimuli-responsive polymeric
coatings. Stimuli-responsive polymers typically alter their swelling be-
havior and undergo a reversible phase transition in response to changes
in environmental stimuli, such as temperature, pH, light, enzymes, ionic
strength, electric field andmagnetic field. Among these stimuli, temper-
ature and pH have been employed most widely. Temperature-sensitive
polymers exhibit lower critical solution temperature (LCST) and their
physical and chemical properties are altered by changes in the
surrounding temperature. They are swollen in aqueous media when
the temperature is below the LCST, and they undergo a phase transition
when the temperature is increased above the LCST. For pH-sensitive
polymeric coatings, their shapes and volumes changewith the variation
of external pH. Polymers having weakly acidic pendant groups for in-
stance display pH responsiveness because of altered protonation of car-
boxyl groups. Fig. 2 presents several prototypic examples of
temperature- and pH-responsive polymers that are used to coat iron
oxide nanoparticles [88–93].

Iron oxide nanoparticles can be entrapped inside of vesicles like lipo-
somes [94–97] or polymericmicelles [98–101].While the encapsulation
of SPION in vesicles differs from the surface functionalization methods
described, this method provides similar advantages, such as improve-
ment of biocompatibility, improvement of in vivo performance and abil-
ity to attach functional molecules. Liposomes are amphiphilic
phospholipids assembled in a bilayered hollow sphere structure. Hydro-
philic SPION are located in the inner core of liposomes. Hydrophobic
SPION are typically entrapped in the liposome bilayer. Liposomes en-
capsulating magnetic nanoparticles are known as magnetoliposomes
(MLs) [94–97]. Polymeric micelles, i.e., self-assembled nanoparticles
based on amphiphilic block copolymers, are core-shell materials in
which the hydrophobic compartment is a suitable environment for
the entrapment of hydrophobic SPION, while the hydrophilic shell
helps to stabilize the nanoparticles in aqueous solution or biological
media [98–102].

2.3. Characterization of iron oxide nanoparticles

Many different analytical techniques are employed to assess the
physicochemical properties of iron oxide nanoparticles. Iron concentra-
tions are typically determined by inductively coupled plasma mass
spectroscopy (ICP-MS) or via the 1,10-phenanthroline assay. The
flame atomic-absorption spectrometry (FAAS) technique is also used.
Transmission electron microscopy (TEM) and atomic force microscopy
(AFM) are powerful techniques to provide information on the core
size, core size distribution and morphology of iron oxide nanoparticles
[103,104].

Selected area electron diffraction (SAED) pattern obtained from
high-resolution TEM (HRTEM) is used to obtain information on the
composition and crystallographic phase of crystalline SPION. As high-
energy electrons pass through TEM specimens which are typically
about 100 nm thick, they are treated as wave-like, rather than
particle-like. The wavelength of high-energy electrons is a few thou-
sandths nanometer, while the distance between atoms in the sample
is about a hundred times higher. So, the atoms act as a diffraction
grating to the electrons and some fraction of them will be scattered to
particular angles, while another fraction continues to pass from the
sample without deflection. Consequently, the image on the screen will
be a series of spotswhere each spot corresponds to a satisfied diffraction
condition for the crystal structure of sample [105]. X-ray diffraction
(XRD) is also frequently used to determine crystalline structure, and
to calculate the crystalline size of SPION via the use of the Scherrer’s
equation. This equation relates the size of crystallites in a solid to the
broadening of a peak in a diffraction pattern [106].

For determining the hydrodynamic diameter and the hydrodynamic
size distribution of iron oxide nanoparticles, dynamic light scattering
(DLS) and nanoparticle tracking analysis (NTA) are employed. Both
techniques also allow monitoring of colloidal stability and aggregation
behavior of nanoparticles in suspension. Although, DLS is a powerful
and readily accessible tool, it has several drawbacks. It for instance is
very sensitive to the presence of large particles. NTA does not have
this limitation and can be used for sizing particles from 30 nm to
1000 nm. In addition, NTA has a lower detection limit as compared to
DLS [107].

Nuclearmagnetic resonance (NMR) spectroscopy, Fourier transform
infrared (FT-IR) spectroscopy and X-ray photoelectron spectroscopy
(XPS) analysis are performed to determine the surface characteristics
of iron oxide nanoparticles and to verify the presence of certain desired
functional groups. Size, size distribution and surface-to-volume ratio of
iron oxide nanoparticles can be estimated based on the scattering inten-
sity data obtained from small angle X-ray scattering (SAXS) or ultra-
small angle X-ray scattering (USAXS). When employing these method-
ologies, nanoscale density differences are quantified via recording the
elastic scattering behavior of X-rays when travelling through the mate-
rial at small angles (depending on the angular range in which a clear
scattering signal can be recorded, typically 0.1–10°) [108]. Themagnetic
properties of nanoparticles are typically studied by superconducting
quantum interference measurement device (SQUID) measurements
[103].

To investigate the usefulness of SPION for MR imaging, longitudinal
(T1), transverse (T2), and effective transverse (T2*) relaxation times
and their corresponding relaxation rates R1, R2, and R2* (which are
the inverses of T1, T2, and T2*, respectively), are analyzed using MR
scanners and NMR spectroscopy. Via plotting the changes in R1 and
R2 ofMRI contrast agents as a function of their concentration, the corre-
sponding relaxivities (r1 and r2) are determined, typically expressed in
mM−1s−1. Different parameters like core size of SPION, shape, hydrody-
namic diameter, size distribution, nanoparticles coating and aggrega-
tion influence the longitudinal and transverse relaxivities of iron oxide
nanoparticles.While r2 typically shows a linear increasewith increasing
the particle core size from 5 to 18 nm, r1 remains rather invariant for
particles larger than approximately 8 nm. Regarding the effect of hydro-
dynamic diameter and aggregation on relaxivities, r2 gradually in-
creases with the hydrodynamic diameter (up until approximately
80 nm) for small clusters, because SPION are consistently dispersed in
water and protons diffuse between the magnetic cores. In the case of
large clusters, if the size exceeds 90 nm, r2 decreases with increasing
size due to a reduction in the proton exchange rate arising from the re-
duction in surface accessibility. In addition to specifications of the con-
trast agent itself, relaxivity values depend on the applied magnetic
field strength, temperature, and the substance in which the contrast
agent is dispersed. ForMRI contrast agents in clinical uses, it is common
practice to refer to r1 and r2 values at 1.5 T, in serum or blood and at 37
°C (body temperature) [109–112].

On the basis ofMPImeasurements, the signal-to-noise ratio (SNR) as
well as the full width at half maximum (FWHM) of the point spread
function (PSF) in water, serum and whole blood are assessed. The SNR
parameter expresses the ability of SPION to provide decent imaging ca-
pabilities in MPI. SNR is defined as the ratio of the power of sample sig-
nal to the power of background noise. Since different MPI tracers
contain different amounts of iron, the SNR measured for a tracer needs
to be normalized to the iron concentration. The PSF of SPION is a mea-
sure for the magnetization change as a function of the applied drive
field. PSF is determined from spectroscopic MPI measurements using
the method presented by Schmale et al. Based on the FWHM of the
PSF, the spatial resolution (Δx) that is achievable in anMPI device is ob-
tained. Spatial resolution depends linearly on the FWHM. Lower FWHM
values refer to a higher achievable resolution in MPI. As an important
note, contrast generation in MPI critically depends on the parameters
that affect themagnetization response like SPION size and size distribu-
tion [113,114].

In order to evaluate hyperthermia performance, SPION can be ex-
posed to radiofrequency, ultrasound, microwave or alternating
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magnetic field, as well as the specific absorption rate (SAR), which is a
measure for the magnetic power absorbed per unit mass of magnetic
material, is determined. The SAR depends on SPION size,
monodispersity, structural and magnetic properties, and frequency
and amplitude of the magnetic field. For commercially available SPION
dispersions, SAR values are usually in the range between 4 and
100 W/g. Besides the structure and composition of the SPION, the fre-
quency and the amplitude of themagnetic field applied during themea-
surements play important roles in heat generation and SAR. SAR
increases by increasing either the amplitude or the frequency. Interest-
ingly, Guardia et al. observed a linear SAR dependence as a function of
frequency (at a fixed amplitude) and a quadratic SAR dependence as a
function of amplitude (at a fixed frequency) for water-soluble iron
oxide nanocubes [15,115].

2.4. Analysis of the biocompatibility of SPION

The potential clinical applications of SPION call for careful assess-
ment of their toxicological properties, especially if they are used for di-
agnostic purposes (which includes their use in healthy individuals).
Therefore, every agent used in diagnostics needs to be extensively eval-
uated with regard to potential side effects. In general, enhanced iron
levels are known to cause an increase of reactive oxygen species
(ROS) via the Fenton reaction. Furthermore, if at the cellular level ROS
production exceeds the cell’s scavenging ability, lipid peroxidation and
DNA damage can lead to cell death, via a process known as ferroptosis
[116]. Besides the direct toxicity, ROS are also known to be involved in
redox regulation and in cellular signaling. In macrophages, ROS regu-
lates cell death, proliferation, motility and phagocytic ability, and it is
linked to anM1-like polarisation,which help to defend the body against
bacteria and other pathogens [117,118].

To assess the biocompatibility of SPION, several in vitro and in vivo
setups have been employed. In vitro, upon prolonged incubation,
surface-coated SPION are typically nontoxic at iron concentration up
to 10 μg/ml, while slight cytotoxicity is seen at 100 μg/ml. In general,
SPION toxicity depends on a variety of factors, including - besides dosing
and exposure time - also the nature of the coating material, the hydro-
dynamic diameter of the particle and SPION-protein interactions
[119–122]. Certain coatings, such as polyethylenimine (PEI), have
been claimed to show an activation of immunological pathways
in vitro, as exemplified e.g. an M1-like activation of macrophages
induced by PEI-coated SPION [123,124]. Additionally, activation of den-
dritic cells has been observed upon exposure to poly(vinyl alcohol)-
coated SPION [125].

When loading cells with SPION for cell tracking purposes, care
should be taken that labeling does not affect the proliferation, motility
and function of the cells. Studies investigating the biological effects of
(typically sugar-coated) SPION on dendritic cells [126], mesenchymal
stem cells [127,128], endothelial cells [129,130] and tumor cells [131]
have reported no impact on phenotype and cellular function. It is
clear, however, that this strongly depends on loading dose, and that
for each individual case, a compromise needs to be found, ensuring no
effect of loaded SPION on cellular function on the one hand, and good
in vivo detectability on the other hand.

Commonly used techniques to determine the in vitro cytotoxicity of
SPION include themonitoring ofmitochondrial redox activity via XTT or
MTT assays, measuring lactate dehydrogenase (LDH) in the supernatant
to assess cell membrane integrity, staining of immunochemistry
markers characteristic for apoptosis and/or necrosis, and gene expres-
sion analysis. Such simple and straightforward in vitro toxicity assays
provide a decentfirst impression of the biocompatibility of nanoparticle
formulations. In vivo, aspects such as particle distribution, organ depo-
sition and cellular accumulation also have to be considered. When ad-
ministered intravenously, SPION typically accumulate in the liver and
in the spleen, as these tissues have high vacularization, fenestrated
blood vessels and high phagocytic capacity. These organs typically
cope relatively well with high SPION accumulation, which can be ex-
plained – at least in part – by the fact that the liver is main storage
organ for iron in the body [132]. As an intermediate model system, the
zebrafish (Danio rerio) embryo assay has recently emerged as an inter-
esting method for in vivo toxicity testing, enabling relatively high-
throughput analyses in a system considerably more complex than cul-
tured cells, but less expensive, less invasive and ethically less problem-
atic than large-scale biocompatibility studies in mice or rats [133].

Several studies in patients have shown no (or only minor) adverse
events upon the intravenous administration of SPION. A clinical study
assessing the toxicity of ferucarbotran reported adverse effects such as
irritation at the site of injection, pain and headache, which were all
only observed in a small subset of individuals [134]. Studies investigat-
ing the toxicity profile of ferumoxytol and ferumoxtran reported less
than 1% of serious side effects (including anaphylatic shock, chest
pain, dyspnea and hypotension) and 10–20% of moderate adverse
events (such as back pain, headache and urticaria) [135,136]. The ad-
ministration rate of SPION impacts the occurrence of side effects: they
are observed more often when SPION are injected in bolus and they
can be reduced when extending the infusion time. Overall, SPION with
established coatings such as dextran are generally regarded a safe,
while more exotic coatings such as PEI are typically handled with
much more caution.

3. Diagnostic application of iron oxide nanoparticles

SPION have been extensively used for diagnostic purposes, for visu-
alizing tumors and metastases in liver, spleen and lymph nodes
[137,138], for angiography as a blood pool agent [139] and for visualiz-
ing inflammatory lesions like atherosclerotic plaques [140]. Due to their
superparamagnetic behavior, SPION shorten the relaxation time of sur-
rounding protons. On the basis of this, they can be employed as contrast
media in MRI. MR contrast agents can be divided into two major types:
positive T1-weighted and negative T2/T2*-weighted. The first class
mainly shortens the T1 and at the same time provides moderate effect
on the T2, generating an overall bright image. Conversely, negative con-
trast agents shorten T2 and lead to a dark image. Negative contrast
agents show high r2/r1 ratios of at least 10. SPIONmainly show a short-
ening effect on T2/T2* relaxation which consequently shows a de-
creased signal intensity on T2/T2*-weighted images. The use of iron
oxide particles in T1-weighted imaging is limited, due to the large r2/
r1 ratio. SPION with a core size smaller than 4 nm are known as ultra-
small superparamagnetic iron oxide (USPIO) nanoparticles. For USPIO
a shortening of T1 relaxation times can be visualized via T1-weighted
MR imaging. T1 contrast agents based on USPIO nanoparticles provide
low long-term toxicity, an advantage over Gd-based T1 contrast agents.
For the formation of a suitable iron oxide based on T1 contrast agents,
the size of the crystal core must be suitably designed for T1 shortening,
while the effect on T2 should only be marginal. In addition, the organic
shell surrounding the core needs to be stable under physiological condi-
tions and it needs to prevent the aggregation of individual nanoparti-
cles, as this would result in an undesired T2 contrast enhancement
[141,142]. Based on these principles, multiple iron oxide nanoparticle
formulations have been employed for disease diagnosis and staging.
Below, selected examples are described for the most/prevalent
applications.

3.1. Liver imaging

Like almost all other nanoparticles, intravenously administered
SPION are eventually cleared by macrophages in liver, spleen, lymph
nodes and bone marrow, the also called mononuclear phagocytic sys-
tem (MPS) [143]. Due to their high liver uptake, iron oxide nanoparti-
cles have been employed relatively extensively for visualizing primary
lesions in the liver, e.g. in case of hepatocellular carcinoma (HCC)
(Fig. 3 A, B) as well as liver metastases (Fig. 3 C, D) [144,145]. Compared



Fig. 3. SPION for liver imaging and lymph node imaging. A-B: T2-weightedMR image of a liver with a large hepatocellular carcinoma before (A) and after (B) the administration of SPION.
The lesion is demarcated with arrows [167]. C-D: Standard (C) and SPION-based contrast-enhanced (D) MR imaging of liver metastasis in a patient with colorectal cancer. After
administration of ferumoxide (SPION), a second metastasis becomes visible on T2-weighted MR image [137]. E-H: Lymph node in left iliac region (arrow), with and without metastatic
infiltration. T2-weighted images before (E, G) and 24 h after (F, H) administration of ferumoxtran (USPIO). Lymph node (arrow) appears bright before injection of USPIO (E, G). One
day after injection, a signal loss in the lymph node (arrow) due to high USPIO macrophage uptake can be observed, thus indicating functionality and no metastasis (F). Conversely, in
the lower panel, the lymph node (arrow) stays bright, indicating no trafficking of USPIO and thus metastatic colonization (H) [160].
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to healthy liver tissue, tumor lesions are characterized by lower SPION
macrophage uptake as compared to healthy liver parenchyma. This re-
duced SPION uptake can be explained by the lower number of macro-
phages present in neoplastic lesions as compared to healthy liver
tissue. Similar pathophysiological phenomena are also observed in
other liver diseases, such as fibrosis or cirrhosis.

Especially SPION with a hydrodynamic diameter in the range of
50–150 nm show fast accumulation in the MPS, explaining why espe-
cially these iron oxide nanoparticles have been used for liver imaging
purposes [146]. Available on themarket and under clinical investigation
have been ferucarbotran (Resovist®) and ferumoxide (Feridex® (USA),
Endorem® (EU); see Table 1 [146,147]. When compared with each
other, Chen et al. found no significant difference in signal intensity in
livers on T2-weighted images for both compounds. In contrast, the de-
termined signal intensity for ferucarbotran in the spleen was lower
than for ferumoxide, due to an overall lower uptake in this organ,
resulting from the smaller size and lower dose administered for
ferucarbotran. In patients with liver metastasis originating from colo-
rectal cancer, the change in contrast-to-noise was also compared for
both SPION, showing a slightly less favorable contrast-to-noise ratio
for ferucarbotran [137]. SPION-enhanced MRI is useful to discriminate
betweenmalignant neoplastic liver lesions (e.g. HCC ormetastasis), be-
nign neoplastic liver lesions (e.g. adenoma or hemangioma) or hyper-
plastic liver lesions (e.g. focal nodular hyperplasia) [148].

Apart from ferucarbotran in Japan, these agents have now been
withdrawn from the market, for multiple reasons. First of all, alterna-
tives like Primovist®, a small molecule gadolinium chelate, have be-
come available. Gadolinium-based contrast agents show positive
contrast enhancement on T1-weighted images, which is clinically gen-
erally preferred over negative T2 contrast enhancement mediated for
instance by SPION [149]. Furthermore, in case of high amounts of mac-
rophages present in the lesion, a condition often observed in well-
differentiated HCC, SPIONwill not allow for accurate discrimination be-
tween malignant and benign liver lesions. Conversely, in such situa-
tions, Primovist® shows superiority in HCC detection, due to specific
uptake by hepatocytes instead of macrophages [150]. In addition,
smallmolecule gadoliniumchelates show less body retention compared
to nanoparticle-based formulations like SPION [151]. At present,
ferumoxsil (Lumirem (USA), GastroMARK (EU)) is the only iron oxide
nanoparticle approved by the FDA for imaging purposes. Ferumoxsil,
with a hydrodynamic diameter around 300 nm, is given as an oral con-
trast enhancement agent for gastrointestinal imaging and examination
of the bowel [152].
3.2. Lymph node imaging

SPION with a hydrodynamic diameter of 20–30 nm, which are re-
ferred to as ultra-small superparamagnetic iron oxide (USPIO) [153],
show a prolonged circulation time and therefore are favorable for lym-
phography [154], for imaging inflammation [140] and for blood pool
imaging [155]. When injected intravenously, USPIO circulate in the
bloodstream and to some extent extravasate into tissues over time,
from where they are cleared by lymphatic vessels, eventually ending
up inmacrophages inside lymph nodes. This results in a decrease in sig-
nal intensity in T2 and T2*-weightedMR imaging (and/or in an increase
in T1-weighted imaging). Metastatic manifestation in lymph nodes
compromises their function and leads to a decrease in nodal macro-
phage content. In addition,metastasis may lead to reducedmacrophage
functionality with less phagocytic activity. This results in lower USPIO
uptake and makes malignant lymph nodes appear brighter on T2/T2*-
weighted images (Fig. 3 E–H).

Staging of lymph nodes is crucial in cancer classification and for
choosing appropriate therapeutic regimens. Gaining knowledge on
metastatic colonization of lymph nodes and on the number of affected
lymph nodes helps to predict patient survival time. Lymph node staging
is often performed by sentinel lymph node imaging or surgical dissec-
tion followed by histological evaluation of a few local lymph nodes
draining the site of the primary tumor. Surgical dissection is invasive
and not unoften associated with complications. It is applied solely to a
certain area around the primary tumor and may thus lead to an under-
estimation of lymph node metastases manifestation by missing distant
ones, mostly in the pararectal and internal iliac area. Moreover, very
small lymph nodes are typically not detectable [156]. Non-invasive
means for lymph node status evaluation include ultrasound (US), com-
puted tomography (CT) and non-contrast-enhanced MRI. These tech-
niques are clinically extensively used to stage lymph nodes according
to changes in size and morphology, but they have drawbacks in terms
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of accuracy, specificity and sensitivity in comparison to USPIO-
enhanced MR imaging [154].

Ferumoxtran (Combidex® (USA), Sinerem® (EU)) and ferumoxytol
(Feraheme® (USA), Rienso® (EU)) have been in clinical trials for lymph
node imaging to examine metastatic colonization [157,158]. Recently,
ferumoxtran has been re-evaluated for contrast-enhanced MRI for
lymph node staging in The Netherlands, especially in the context of
prostate cancer [156]. Significantly higher sensitivity for lymph node
characterization in patients with prostate cancer, in which metastases
detection with positron emission tomography (PET) is problematic,
could be achieved by using ferumoxtran compared to non-contrast-
enhanced MR imaging [159,160]. Standard non-invasive lymph node
staging according to size has limitations, such as low detection rate for
very small metastases and false positive evaluation of swollen inflamed
lymph nodes as metastases. By using USPIO and contrast-enhanced
MRI, micro-metastatic lymph nodes can be distinguished much more
efficiently from healthy and inflammatory nodes [160]. Even though
ferumoxtran-enhanced MR lymphography showed high sensitivity in
detection of lymph node metastases, it has not yet been implemented
into clinical practice. In a multicenter clinical trial, the clinical effective-
ness of contrast-enhancedMR lymphographywas evaluated, producing
mixed results, arguably originating from differences in the experience
and expertise of the radiologists involved [161]. Ongoing research will
learn whether a solid case can be made for using iron oxide nanoparti-
cles for prostate cancer metastasis detection. In case of positive results,
USPIO-based contrast-enhanced MRImay also become valuable for dis-
ease staging and therapy selection also for other cancer types in which
lymph node colonization takes place, such as breast, head and neck,
esophageal and pelvic cancer [157,162–166].
3.3. Imaging inflammation

Macrophage infiltration can be used as a biomarker in several path-
ological conditions. It can for instance provide information on the stage
and progression of cardiovascular disorders, such as atherosclerosis
[168,169]. To visualize and stage such inflammatory lesions, macro-
phages can be targeted with iron oxide nanoparticles and visualized
with MRI. Several groups have shown an increase in USPIO/SPION up-
take in vulnerable or ruptured atherosclerotic plaques in rabbits [170]
and humans [171,172] (Fig. 4 A). A ruptured atherosclerotic plaque
can lead to obstruction of arteries and induce a myocardial infarction,
stroke or renal artery stenosis; therefore such events have to be accu-
rately and carefully monitored [173].

In the diagnosis and staging of multiple sclerosis (MS),MRI has been
used relatively extensively to evaluate the integrity of the blood-brain
barrier (BBB) and to localize inflammatory lesions in the brain. In this
context, a key advantage of using iron oxide nanoparticles over
gadolinium-based contrast agents is the visualization ofmonocyte/mac-
rophage infiltration by the former, which correlates with ongoing de-
myelination and is a hallmark of disease progression in MS [174–176].
Gadolinium-based agents represent relatively non-specific and indirect
imaging information on inflammation, visualizing an increase in BBB-
permeability. In addition to this, USPIO nanoparticles are taken up by
macrophages in the CNS and thus also provide information on macro-
phage content and colonization. Thus, the use of USPIO in combination
with gadolinium chelates in patients withMS enables detection of addi-
tional active lesions compared to gadolinium alone (Fig. 4 B). By com-
bining both agents, higher precision in lesion detection has been
achieved, which improves the identification of patients with active
MS. It has been shown that lesions which appear on both gadolinium-
and USPIO-enhanced images are larger and more aggressive in terms
of tissue damage than lesions which only show enhancement of one
of the two agents. In the future, this dual imaging agent MRI strategy
may find its way into clinical application as a marker for MS disease ac-
tivity [174].
Ferumoxtran-based USPIO have also been used in imaging insulitis,
an autoimmune disease accompanied by leukocyte infiltration and in-
flammatory tissue damage of pancreatic islet cells. These islets contain
insulin-producing β-cells which after damage lead to type 1 diabetes
mellitus (T1D) in humans. Therefore, monitoring insulitis by imaging
inflammation in the pancreas is a way for early detection of T1D. Pa-
tients suffering from insulitis showed a typical alteration in their pan-
creatic microvasculature due to inflammation, recognized as enhanced
vascular leakiness. Circulating USPIO extravasate into the inflamed tis-
sue and are taken upbymacrophages,which leads toUSPIO enrichment
detectable with MRI (Fig. 4C). This allows for early discrimination be-
tween diabetic and healthy individuals [177].

3.4. Vascular imaging

Magnetic resonance angiography is an MRI-basedmodality for visu-
alizing the vasculature, especially arteries. It enables the diagnosis of
vascular diseases, detecting abnormalities such as stenosis or occlusion.
Compared to non-enhanced MR angiography, contrast-enhanced MR
angiography has several advantages, including higher reproducibility
and blood flow independency [155]. Very small superparamagnetic
iron oxide particles (VSOP), with a hydrodynamic diameter around
7 nm and a short blood half-life, have been used for T1-weigthed
contrast-enhanced MR angiography. Their performance was evaluated
in preclinical [178] and clinical studies [179]. Even though the formula-
tionwaswell-tolerated and showed favorable pharmacokinetic proper-
ties for vascular imaging, it was not further investigated in clinical trials.
Small-molecule gadolinium chelates, such as gadofosveset trisodium
(Ablavar® formerly Vasovist®) tend to be preferred for this purpose.
Upon injection, gadofosveset trisodium binds reversibly to human
serum albumin, promoting intravascular retention and making it useful
for contrast-enhanced MR angiography [180].

Due to their ability to circulate in the vascular compartment for sev-
eral hours upon intravenous injection, SPION and USPIO formulation
can be used as blood pool agents for the detection of endoleaks, as
well as for the quantification of the relative blood volume in e.g. the
brain. In comparison to small molecules, such as gadolinium chelates,
they show less and less rapid extravasation into the extracellular
space, resulting in higher concentrations and higher signal intensities
in the vasculature. In an exemplary clinical study, Ersoy and colleagues
employed ferumoxytol for the detection of aortic endoleaks after stent-
graft placement [181]. They showed that iron oxide nanoparticle-
enhanced MRA is superior to CT angiography for the detection of
endoleaks. An added advantage usingMRA instead of CT is that patients
are not exposed to ionizing radiation,which is beneficial to perform lon-
gitudinal monitoring [182]. Besides ferumoxytol, also ferumoxtran and
feruglose (Clariscan) have been evaluated in clinical trials for vascular
imaging. Feruglose was employed for coronary angiography, contribut-
ing to the detection of coronary artery stenosis and of coronary artery
bypass performance [183]. Together with thin slab 3D breath hold
scans, feruglose has been proven to be suitable for the visualization of
proximal coronary arteries [184]. Additionally, feruglose has been eval-
uated in clinical trials for contrast-enhancedMRvenography, in patients
with deep vein thrombosis. In this setup, it did not show superiority
compared to CT-based radiographic venography [185].

Ever more evidence is accumulating that gadolinium-based contrast
enhancement agents induce nephrogenic systemic fibrosis (NSF) in pa-
tients with underlying kidney disease. As a consequence, gadolinium-
based contrast agents are contraindicated in patients with impaired
renal function [186]. Especially for these patients, alternative MRI con-
trast agents like SPIONmay be useful. As an example, patients with kid-
ney failure typically rely on hemodialysis for clearing their blood. This is
done via an arteriovenous fistula. To assess the integrity of the fistula,
ferumoxytol-enhanced MRA has been successfully employed and has
shown superior image quality as compared to non-enhanced time-of-
flight (TOF) MRA [187]. Within the same category of diseases, renal



Fig. 4. Imaging inflammation with USPIO nanoparticles. A: MR images of external and internal carotid artery in a patient with atherosclerosis. T2*-weighted MR images before (middle)
and 24 h after (right) the intravenous administration of USPIO nanoparticles. Around the vessel wall (circle) a decrease in signal intensity can be observed [171] B: Differences in
enhancement pattern between USPIO nanoparticles and gadolinium-based MRI contrast agents in a patient suffering from multiple sclerosis (MS). Left, multiple hyperintense lesions
can be detected on the non-contrast-enhanced T2-weighted image. Middle, gadolinium-based T1-weighted image showing three contrast-enhanced MS lesions (arrows). USPIO with
core diameter smaller than 4 nm show shortening of T1 relaxation and therefore have been used for T1-weighted images. Right, T1-weighted image obtained after USPIO
administration, showing the same three lesions and three additional lesions (arrows), exemplifying the added value of iron oxide-based diagnostic assessment in MS [174]. C: T2-
based pseudocolor MR images showing enhanced SPION accumulation in a T1D diabetic patient as compared to a healthy individual [177].
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graft functionality after kidney transplantation is commonly evaluated
by non-enhanced ultrasound. This, however, may give an incomplete
picture and alternatives as contrast-enhanced MRA are considered to
be useful to help resolve inconclusive results. In line with this, and
with the abovementioned notion that gadolinium-based agents are
contra-indicated in patients with compromised kidney function,
ferumoxytol has been evaluated for imaging the renal vasculature in pa-
tients upon kidney transplantation, to determine potential renal artery
stenosis and assess the overall functionality of the transplant. In this
context, a study conducted by Corwin et al. investigated two different
modes of ferumoxytol-enhanced MRA, and showed a clear improve-
ment in vessel delineation for steady-state MRA compared to first-
pass MRA in patients with kidney transplants [188].

Contrast-enhancedMRI is employed for brain tumor visualization
and for assessing the integrity of the BBB. In general, ferumoxytol did
not show superiority over gadolinium-based agents for detecting
brain cancer lesions with contrast-enhanced MRI [189]. As already
mentioned, the advantage of SPION and USPIO over small molecule
gadolinium chelates is their lower extravasation rate into the extra-
vascular extracellular space. This allows a more precise determina-
tion of the relative cerebral blood volume (rCBV) and helps
improving the visualization and quantification of tumor vasculariza-
tion, which is an indication for brain tumor viability and progression.
The standard treatment for glioblastoma multiforme (GBM) is a
combination of external beam radiotherapy with temozolomide-
based chemotherapy. For evaluation of treatment success (and/or
monitoring of tumor progression), contrast-enhanced MRI is exten-
sively employed. To be able to discriminate between real tumor
progression and pseudoprogression (i.e. a treatment-induced in-
flammation which comes along with integrity loss of the BBB), the
relative cerebral blood volume (rCBV) is determined after chemora-
diotherapy. Low-molecular-weight gadolinium-based contrast
agents show fast extravasation and thereby compromise the intra-
vascular localization of contrast agent, which results in inaccurate
assessment of tumor rCBV. In contrast, ferumoxytol does not extrav-
asate into the surrounding tissue and hence allows more reliable
rCBV measurements depicting treatment success of GBM more pre-
cisely [190] (Fig. 5A). In addition to this, there are increasing safety
concerns related to the long-term retention of gadolinium in the
brain [191]. This provides an additional rationale for the use of
SPION and USPIO formulations.

In the last decade,magnetic particle imaging (MPI) has emerged as a
novel and promising imaging technique.Magnetic particle imaging pro-
vides 3D information on the distribution of iron oxide nanoparticles,
and has several advantages over MRI. These include the absence of po-
tentially disturbing background signals, high temporal and spatial



Fig. 5. Iron oxide nanoparticles for vascular imaging. [184]. A:Non-contrast-enhanced and gadolinium-enhanced T1-weightedMR images before and after chemoradiotherapy (CRT) show
an increase in hyperintensity in the lesion, indicative of (pseudo-) progression. Relative cerebral blood volume (rCBV) evaluated with ferumoxytol (Fe-rCBV), gadoteridol (Gd-rCBV) and
gadoteridol with leakage correction (Gd-rCBV LC) all show low rCBV, which identifies this situation as pseudoprogression. The leakage map shows contrast agent accumulation for
gadoteridol (arrow), while no leakage is observed for ferumoxytol [190]. B: Images combining magnetic particle imaging (MPI) with MRI. Circulating ferucarbotran-based SPION are
visualized by MPI, while MRI provides anatomical information. Bottom left images show SPION circulating through the heart. The top images and bottom right images show SPION in
the inferior vena cava (sagittal, coronal and transverse orientation, respectively) [193]. C: In vivo measurement from a beating mouse heart by MRI and overlaid with traveling wave
MPI data. At 2150 m after the i.v. injection ferucarbotran-based SPION, no signal can be detected in the heart (yellow box), only the signal of the marker points for co-registration
(grey circle) is detectable. At 3700 ms, the SPION can be seen in the artery that is leading to the heart (grey arrow), and after 4400 ms, the SPION eventually reaches the heart (grey
arrow). [194].
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resolution with good quantification features, high sensitivity and fast
imaging acquisition [192]. A key disadvantage as compared to MRI is
that MPI does not provide anatomical information. To overcome this
shortcoming, hybrid imaging approaches such as MPI/MRI and MPI/CT
have been established. In vivo studies have been conducted by Kaul
et al. in which measurements with preclinical 7 T MRI have been per-
formed before and after MPI scans, to obtain the first co-registered
MRI-MPI images. They successfully established the workflow and dur-
ing and shortly after injection of ferucarbotran, they visualized SPION
in the inferior vena cava and the heart of mice via MRI-MPI co-
registration (Fig. 5B). These first proof-of-principle experiments in ani-
mal models exemplify the suitability of iron oxide nanoparticle-
enhanced MRI-MPI for vascular imaging [193].

MPI with iron oxide nanoparticles holds promise for cardiology ap-
plications, enabling real-time imaging without background noise. MPI
is suitable for imaging vascular and cardiac perfusion as well as inter-
vention monitoring in cardiac procedures [194,195]. For instance, the
visualization of a beatingmouse heart in real-time for evaluation of car-
diac functionality has been achieved with MPI with very high temporal
and spatial resolution (Fig. 5C). Furthermore, MPI has been shown to be
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able to visualize SPION-labeled catheters, providing good temporal
(upon balloon filling) and spatial resolution upon the incorporation of
ferucarbotran [196]. So far, MPI is not implemented in clinical routine.
It may eventually find application in tracing (stem) cells, image-
guided therapy and/or in combination with magnetic fluid hyperther-
mia (MFH) [196–199].

3.5. Magnetic activated cell sorting

SPION are not just employed for imaging-based diagnostic protocols.
Because of their magnetic behavior, they can also be used for magnetic
activated cell sorting (MACS), a standard separation method for isolat-
ing certain cell populations from biological suspensions. In MACS, mag-
netic nanoparticles are conjugated to antibodies which bind to specific
antigens expressed on the membranes of target cells. Via this means,
cells in suspension like blood samples can be specifically targeted, and
upon applying a low magnetic field gradient, the target cell population
can be separated from all other cells, i.e. the unbound fraction. MACS
is extensively used in preclinical and clinical cancer research, as well
as for sorting white blood cell populations and stem cells [200]. As
such, it is an important SPION-enabled tool in biomedical research.

An important and clinically highly relevant example highlighting the
relevance ofMACS in clinical diagnostic protocols is its use for capturing
and analyzing circulating tumor cells (CTC). Sorting and detecting CTC is
becoming increasingly relevant in cancer staging, therapy selection and
treatment monitoring. Moreover, it has been shown that CTC can al-
ready be found in peripheral blood during early stages of malignancy,
when no primary tumor can be detected using conventional methodol-
ogies [201]. In principle, several standard techniques are available for
cell isolation and sorting and counting. Most of them, however, like fil-
tration, sedimentation and centrifugation, are purely based on physical
properties such as cell size. In situations where physical differences are
not really noticeable – such as analysis of CTC –more specific separation
methods are needed, making MACS (pre-) clinically very useful. An-
other key advantage of MACS is its high sensitivity. As an example,
less than 50 CTC can be accurately detected in up to 10 billion total
blood cells [202]. MACS is increasingly being proven to be an effective
and robust diagnostic tool for detecting, sorting and analyzing specific
cell populations with high sensitivity. As such, it may become useful
for early cancer diagnosis, for staging and for treatment monitoring.

3.6. Magnetic nanoparticle-based biosensors

Magnetic nanoparticles can also be used as sensors in devices, for
sensitively measuring molecular interactions. In this context,
Weissleder and colleagues developed a chip-based diagnostic magnetic
resonance (DMR) system for the detection of nucleic acids [203], pro-
teins and pathogens in unpurified biological samples [204,205]. The
magnetic nanoparticles are conjugated to ligands such as antibodies or
oligonucleotides, which upon binding to the target side begin to cluster.
The assembly of the magnetic nanoparticles induces a decrease in T2 of
the surroundingwatermolecules which is detectable by NMR or byMRI
[206]. This DMR system has been tested for the detection of cancer bio-
markers in serumsamples [204]. A study conducted byWildgruber et al.
investigated small volumes of human blood for alterations in monocyte
subtype populations, which can serve as a biomarker for cardiovascular
diseases or inflammatory processes. The chip-based DMR system was
used for the quantification of shifts in monocyte subtype distribution
in inflammatory atherosclerosis in humans, thereby potentially contrib-
uting to the identification of patients at risk for atherosclerotic plaque
rupture [207]. Advantages of these particular chip-based devices and
detection methods include the straightforward and easily scalable pro-
duction of the device, the relatively low costs of the diagnostic assess-
ment, the high sensitivity, and the possibility to perform
measurements in very small sample volumes, together rendering the
DMR system suitable for future clinical application [204].
4. Therapeutic application of iron oxide nanoparticles

4.1. Anemia

Besides for diagnostic purposes, iron oxide nanoparticles have also
been used for therapeutic application, for instance to supplement iron
in individuals with iron deficiency. Ferumoxytol is clinically used to
treat anemia in patients with chronic kidney disease (CKD). This
SPION formulation was initially developed for sentinel lymph node
and atherosclerotic plaque imaging, but did not manage to outperform
alternative diagnostic probes and protocols. In 2009, it received FDA ap-
proval for the treatment of iron deficiency in CKD patients [208]. In this
group of diseases, the renal function of the patient is impaired and the
production of erythropoietin, a hormone that promotes the synthesis
of erythrocytes, can be dramatically decreased, leading to anemia. By
administering ferumoxytol intravenously (IV), the iron levels in the
blood and in macrophages in the liver, the spleen and elsewhere be-
come elevated, and over time the total pool of iron in the body is nor-
malized. This in turn promotes erythrocyte production, relieves
anemia and contributes to an improved well-being of the patient.

4.2. Modulating macrophage polarization

Iron oxide nanoparticles have recently been shown to possess phar-
macological properties, altering the polarization of the macrophages in
which they accumulate. Macrophages are historically divided into two
subtypes, based on their functionality: M1 macrophages which display
pro-inflammatory and anti-tumor activity; and M2 macrophages
which display an anti-inflammatory and pro-tumor phenotype. We
nowadays know that these two classifications do not really reflect real-
istic in vivo conditions, and that they are the extremeopposing ends of a
whole spectrum of possible macrophage polarization states. Macro-
phages, as part of the innate immune system, play an important role
in cancer progression. It has been shown that cancer cells are able to
modulate the immune system, and by secreting certain chemo- and cy-
tokines, like the C-C motif chemokine ligand 2 (CCL2), they are able to
recruit monocytes. In the tumor microenvironment, the attracted
monocytes are exposed to cytokines like the macrophage colony-
stimulating factor (M-CSF), which push macrophage differentiation to-
wards a tumor growth supporting phenotype. These so-called tumor-
associated macrophages (TAM) produce and release e.g. interleukin-1
(IL-1) and vascular endothelial growth factor (VEGF), which support
tumor growth and progression and which induce angiogenesis [209].
Recently, after exposing TAM to iron oxide nanoparticles, a shift in po-
larization towards a more M1-like phenotype and an increase in the
production of reactive oxygen species (ROS) could be observed. These
features can either be used directly against cancer cells (e.g. via ROS;
Fig. 6A) or indirectly, via inducing changes in the tumor microenviron-
ment (TME), such as normalization of the vasculature [210].

Initial evidence linking iron metabolism to macrophage polarization
was provided by Sindrilaru and colleagues [211]. They investigated
human chronic venous leg ulcers (CVU) by using a mouse model for
mimicking the pathology of the disease. They administered iron dextran
intravenously to induce iron overload in mice with acute wounds, and
monitoredwound healing andmacrophage polarization. They observed
impaired wound healing compared to the non-iron-treated control
group. To explain their findings, they correlated the delay in wound
healing with the increase in M1-like pro-inflammatory macrophages
induced by the administration of iron dextran. The macrophage
phenotype was persistent pro-inflammatory and intermediate anti-
inflammatory with high expression levels of TNFα, interleukin-12
(IL-12), chemokine receptor type 2 (CCR2) and lymphocyte antigen 6
complex (Ly6C), and medium expression levels of Dectin-1,
interleukin-4 receptor alpha (IL-4Rα) and CD204. This supports the hy-
pothesis, that iron dextran affects macrophage polarization by inducing
a phenotypical shift towards an inflammatory state. In vitro studies



Fig. 6. Iron oxide nanoparticles altermacrophage polarization towards an anti-tumoral phenotype. A. SPION or hemoglobin induce a shift in activation of tumor growth supporting TAM to
a moreM1-like anti-tumoral phenotype. I. Tumor cells support M2-like polarization by inducing a variety of growth factors and receptors like CCL2, VEGF or cluster of differentiation 206
(CD206). II. TAM exposed to SPION or hemoglobin change their polarization towards a pro-inflammatory phenotype with high generation of TNFα, IL-6 and ROS. III. Iron-loaded TAM
show an anti-tumoral activity and decrease the viability of cancer cells [210]. B. Polarization of macrophages induced by ferumoxytol. PCR results show a significant increase in the
expression of typical M1 markers like TNFα for the iron oxide nanoparticle-treated group compared to untreated. C. Co-injection of SPION (ferumoxtran or ferumoxytol) with MMTV-
PyMT derived cancer cells into the mammary fat pad of mice showed a significant inhibition of tumor growth in comparison to the non-SPION containing controls. T2*-weighted MR
images on day 2 shows SPION-related darkening (red arrow) which is absent on the side which was only injected with cancer cells. On day 14 after tumor cell inoculation, MRI shows
a growth inhibitory effect for ferumoxytol co-injection (red arrow) as compared to controls (black arrow) [213].
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conducted by Laskar et al. support these findings, showing a similar
behavior when human macrophages were treated with SPION.
During their investigations, they pre-polarized THP-1 monocytes to-
wards an M2-like activation state and exposed them to SPION to see if
and how the treatment influences macrophage activity. As in the
abovementioned study, they observed a shift in phenotype towards
M1, which comes along with an increased expression of CD86, TNFα
and intracellular ferritin [212]. These studies exemplify the immuno-
modulatory properties of iron oxide nanoparticles in vitro and in vivo,
and provide a basis for further investigation of their tumor growth in-
hibitory effects via modulating macrophages.

In the last 5 years, many studies have shown that SPION can influ-
encemacrophage polarization. A key paper in this regard has been pub-
lished by Zanganeh and colleagues, showing that the tumor growth
inhibition caused by ferumoxytol is mediated by a shift in macrophage
polarization towards a M1-like phenotype and to a concomitant in-
crease in ROS production [213] (see Fig. 6 B–C). These results have
been confirmed by Costa de Silva et al., who investigated the effect of
red blood cells (RBC) and cross-linked iron oxide nanoparticles onmac-
rophage polarization and tumor growth in a small cell lung cancer
model. Vinchi and colleagues showed that the iron species used and
the route of uptake is not crucial for the outcome of macrophage polar-
ization, as evidenced by the fact that also even heme and simple iron
chelates can induce a phenotypical shift in macrophages [214]. Besides
their direct effects on macrophage polarization and tumor growth, the
use of SPION is also interesting in a (neo-) adjuvant setting, e.g. in com-
bination with immunotherapy. In this context, future studies will un-
doubtedly explore if, when and how iron oxide nanoparticles can be
employed to prime the tumor immune microenvironment (TME), for
better outcome of e.g. checkpoint blockade treatments.

4.3. Magnetic fluid hyperthermia

In magnetic fluid hyperthermia (MFH), iron oxide nanoparticles are
exposed to an alternating externalmagneticfield that triggersmotion of
the particles and local heating. This hyperthermic effect can lead to tis-
sue damage in the nanoparticles’ surrounding area and has been applied
in tumor therapy [215]. The main effect is based on the increase of the
temperature above 42 °C and to the resulting denaturation of proteins,
together leading to cell death [216] (Fig. 7A). The temperature increase
induced by magnetic fluid hyperthermia resulting from intravenously
administered SPION is generally not sufficiently high to be employed
curatively in cancer therapy, due to a too low accumulation of the nano-
particles locally at the tumor site. TomaximizeMFHperformance, in the
clinic, they are therefore typically injected directly into the tumor via a
catheter (Fig. 7 B–D).

One of the formulations now available on the market for MFH is a
SPION formulation referred to as Nanotherm®. It has a hydrodynamic
diameter of 15 nmand an amino-silane coating. So far, it has been tested
as an anticancer treatment for glioblastoma [219], prostate [220] and



Fig. 7. Magnetic drug targeting and magnetic fluid hyperthermia. A. Schematic depiction of magnetic fluid hyperthermia mechanism of action. The upper image shows the specific
accumulation of magnetic nanoparticles (MNP) in tumor tissue due to leaky vasculature (EPR). The lower image exemplifies that after the application of an alternating current (AC)
magnetic field, the SPION which have accumulated in the tumor heat up and lead to tissue damage [217]. B–C. MR images of patients with recurrent GBM before treatment. D. Fusion
of MRI and CT (3D-reconstruction) shows the thermometry catheter in green, magnetic fluid in blue and glioblastoma tumor mass in brown. E. Overall survival of 59 glioblastoma
patients after diagnosis of first tumor recurrence and treatment with combination of magnetic fluid hyperthermia and radiotherapy [218].
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pancreatic cancer in preclinical settings, and for glioblastoma [218] and
prostate cancer [221] in clinical trials. A clinical phase II single-arm
studywas conducted byMaier-Hauff et al., inwhichMFHwas combined
with radiotherapy in patients with recurrent glioblastoma. As reference,
they chose historical controls from former studies where the patients
obtained chemotherapy (temozolomide) following glioblastoma recur-
rence [222,223]. An increase of median survival of 13.4 months for pa-
tients treated with a combination of MFH and radiotherapy after
glioblastoma recurrence was obtained (Fig. 7E). As compared to the
abovementioned historical control group, where the median survival
after recurrence was 6.2 months, this increase is substantial.

Disadvantages of MFH modality include the necessity of removing
all metals in the head area, including tooth fillings. In addition, MRI for
evaluation of tumor progression cannot be properly performed after
MFH, because of the artifacts caused by the very high amounts of
SPION that accumulate in the lesion [218]. Therefore, other imaging
techniques, like CT, positron emission tomography (PET) or single-
photon emission computed tomography (SPECT), have to be employed
to faithfully monitor therapy response and tumor growth.

4.4. Magnetic drug targeting

Magnetic drug targeting has been extensively explored to enhance
the accumulation of intravenously injected SPION at pathological sites.
Inmagnetic drug targeting, SPION are guided by a strong, external mag-
netic field gradient to a specific target side, e.g. a tumor, where an alter-
nating magnetic field can then induce hyperthermia or inducible drug
release [68].

Magnetic drug targeting has produced mixed results, sometimes
with substantial increase in the amount of iron oxide nanoparticles ac-
cumulating in tumors upon exposure to a magnetic field, and some-
times with minimal effects when administering SPION intravenously.
The latter casemight be explainable by theminimalmagnetic force gen-
erated from small magnetic cores of commonly used SPION. In an ele-
gant study, Al-Jamal and colleagues mathematically modeled and
systematically studied magnetic drug targeting for the evaluation of
targeting efficacy in terms of SPION loading. They developed PEGylated
oil-cored magnetic nanocapsules (NC), all with a hydrodynamic
diameter around 200 nm, loaded with increasing amounts of SPION.
The in vivo results showed that magnetic targeting in CT26 tumor bear-
ing mice was directly proportional to SPION loading and magnetic field
strength. Compared to other SPION, with smaller magnetic cores, they
showed improved magnetic targeting properties, even though the
nanocapsulesmay not be in the ideal size range for tumor accumulation
mediated by the enhanced permeability and retention effect (EPR; the
pathophysiological phenomenon leading to enhanced nanoparticle ac-
cumulation in neoplastic and inflammatory lesions via leaky vasculature
and lacking lymphatic drainage). Furthermore, they used their experi-
mentally obtained data on the magnetic forces acting on nanocapsules
in vivo to develop a mathematical model, and they extrapolated this
to humans. They concluded that theirmagnetic drug targeting approach
would be feasible in human, if particles of the right size and the right
SPION content can be employed. This is an important first step to over-
come the gap between preclinical and clinical experiences in the area of
magnetic drug targeting [224].

Magnetic drug targeting is typically employed with the aim of en-
hancing the accumulation and the efficacy of iron oxide nanoparticles
loaded with chemotherapeutic drugs. Besides chemotherapeutics, also
more advanced agents such as DNA, siRNA and radionuclides
[225–227] have been combined with SPION and magnetic drug
targeting [228]. Specifically for nucleic acid delivery, a technique termed
magnetofection has been established [229,230]. From a translational
point of view, only one magnetically targeted nanocarrier (which was
loaded with doxorubicin; MTC-DOX) has been evaluated in patients,
but did not produce convincing results, leading to termination of clinical
development in phase II/III [231,232]. Amajor limitation of this method
is the precise application of themagnetic fieldwhen targets deepwithin
the body need to be addressed. Furthermore, magnetic drug targeting
needs very strong magnetic fields for successful application in humans,
which increases the cost of the hardware setup, andwhichmakes it less
attractive for clinical implementation [198].

5. Theranostic applications of iron oxide nanoparticles

The term theranostics refers to the combination of diagnosis and
therapy. From a clinical and translational point of view, it relates to an
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intimate combination of diagnostic and therapeutic interventions, as
e.g. for staging and treatment of patients with thyroid cancer with ra-
dioactive iodine, or to perform patient selection and treatment of so-
matostatin receptor-expressing neuroendocrine neoplasias with
DOTATOC/TATE-based theranostic pairs (e.g. gallium and yttrium). In
the nanomedicine field, the term theranostics is often used when imag-
ing agents and drug molecules are co-loaded in one nanoparticle. Iron
oxide nanoparticles are intrinsically very suitable for theranostic pur-
poses, because of their ability to be visualized by MRI or MPI, while
their shell can be physically or chemically loaded with therapeutic
agents. Iron oxide nanoparticles can also be easily integrated in
microbubbles and in macroscale materials for tissue engineering, con-
tributing to the range of theranostic applications for which they can
be used.

5.1. Companion diagnostics

Nanoparticles accumulate in tumors (and also at sites of inflamma-
tion) via the enhanced permeability and retention (EPR) effect. In the
last couple of years, it has become increasingly recognized that the
EPR effect is a highly heterogeneous phenomenon, especially in cancer.
Variability is high between different tumor types, between different pa-
tientswith the same tumor type, and between different tumors andme-
tastasis in the same patient. This variability is considered to be one of
the key reasons for the heterogeneous outcomes of clinical trials in
which chemotherapy-loaded nanomedicine formulations have been
tested in patients.

Based on the co-localization of nanoparticles applied for imaging
(such as SPION) and therapeutic nanoparticles, iron oxide-based com-
panion diagnostics can be applied to visualize and quantify EPR effect
in individual patients, and to thereby predict therapy responses. This
Fig. 8. Iron oxide-based companion diagnostics. A: T2-weigthed MR images (overlaid with pseu
ferumoxytol-based iron oxide nanoparticles in HT1080 tumors inmice. Low and highmagnetic
Correlation between the tumor accumulation of iron oxide-based companion diagnostics and t
[234]. C: Ferumoxytol concentration in different tumor lesions at 24 h after i.v. injection, show
change after treatment with irinotecan-loaded liposomes determined by CT measurements o
and 24 h after injection on the other hand. For every time point, the median tumor accumula
above the median, and this was correlated with irinotecan-loaded liposome treatment efficacy
[235].
personalized approach may help to discriminate between responders
and non-responders of nanodrug therapy in a straightforward, cost-
efficient way [233]. In this context, Miller et al. studied the intratumoral
distribution of ferumoxytol and PLGA-PEG nanoparticles, both fluores-
cently labeled, in subcutaneous HT1080 human fibrosarcoma xeno-
grafts in nude mice and showed co-localization of both particles. They
used the same tumor model to investigate the accumulation rate of
ferumoxytol with MRI. Based on that, they were able to predict the
treatment efficacy of paclitaxel-loaded PGLA-PEG nanoparticles [234]
(Fig. 8 A–B). This study exemplifies how imagingmay be used in patient
selection for nanoparticle treatment.

Recently, Ramanathan et al. tested this concept in the clinic. They
evaluated the accumulation of ferumoxytol with MRI in patients with
metastatic solid tumors, and they correlated iron oxide nanoparticle ac-
cumulation with therapy response induced by irinotecan-loaded lipo-
somes (Onivyde®). They first showed a highly heterogeneous uptake
of ferumoxytol in different cancer lesions within patients, as well as
across the whole patient population (Fig. 8C). Next, they monitored in-
dividual lesion response upon Onivyde® treatment in terms of tumor
size reduction via CT scans, and they then correlated treatment re-
sponsewith ferumoxytol accumulation for each of the individual lesions
and patients. They found a statistically significant correlation between
changes in lesion size and lesion uptake of ferumoxytol (Fig. 8D). This
suggests that ferumoxtol uptake may serve as a suitable and clinically
very useful imaging biomarker for monitoring the EPR effect and
predicting nanotherapy treatment responses [235].

5.2. Theranostic iron oxide-based nanoformulations

Instead of using a companion diagnostic nanoparticle to monitor
target site accumulation and predict therapy response, imaging
docolor images indicating ΔT2 in the tumor area) show varying levels of accumulation of
nanoparticle (MNP) corresponds to tumorswith low and high levels of tumor targeting. B:
he antitumor response progression induced by paclitaxel-loaded PLGA-PEG nanoparticles
ing highly heterogeneous uptake in individual lesions. D: Correlation between lesion size
n the one hand, and ferumoxytol uptake in the different lesions detected by MRI at 1 h
tion of ferumoxytol was calculated. Based on this, the lesions were classified in below vs.
. A decent correlation between ferumoxytol uptake and lesion size change was observed
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capabilities and therapeutic properties can also be combined in a
theranostic nanoparticle. In this context, the shell of ironoxidenanopar-
ticles can for instance be modified with pharmacologically active com-
pounds. This can either be done via chemical conjugation and a
cleavable linker, or via physical intermolecular interactions, such as π-
π stacking. SPION have been loaded with many different therapeutics
drugs. Especially anticancer agents have been employed, ranging from
standard low molecular weight chemotherapeutics, such as doxorubi-
cin, tomore advanced therapeutic compounds, such as siRNA [236,237].

In such setups, iron oxide nanoparticle-association prevents fast ex-
cretion or degradation, and it thereby increases the circulation time and
the target site accumulation of the drugs. Medarova and colleagues con-
jugated siRNA to SPION, additionally modified them with a membrane
translocation peptide and with a near-infrared dye, for multimodal
image-guided siRNA delivery. After evaluation of tumor accumulation
withMRI andnear-infrared in vivo optical imaging, they evaluated the si-
lencing efficacy of this theranostic nanomaterial in 9L or LS174T tumor-
bearing mice. They achieved substantial silencing (of both GFP and
survivin) in tumors, which was comparable or superior to previous pub-
lished studies. This study thereby provided pioneering proof-of-concept
for a SPION-based theranostic nanoplatform for siRNA delivery [238].

To enhance the accumulation and/or the uptake of nanomedicine
formulations, various active targeting strategies have been explored.
In such setups, targeting ligands like antibodies, peptides or aptamers
are attached to the shell of iron oxide nanoparticles [239–241]. One
has to keep in mind in this regard that active targeting strategies do
not necessarily result in increasing the target site accumulation of nano-
particle formulations. More rapid recognition of ligand-modified parti-
cles by phagocytic cells in liver, spleen and other organs of the MPS
often results in reduced circulation times, and thus in less strong
tumor accumulation via the EPR effect. In addition to this, nanoparticles
often do not penetrate deeply into the extravascular space in target tis-
sues. This is especially problematic in highly stromal tumors. As a result
of this, depending on the therapeutic direction chosen, intravascular
targets which are highly expressed on the surface of endothelial cells
may be preferred for active targeting. Easily accessible targets for
theranostic SPION for instance are integrins, especially the αvβ3-
integrin, which is overexpressed on angiogenic endothelium. In a
study conducted by Schleich et al., a head-to-head comparison of differ-
ent targeting strategies for SPION has been performed [242]. The study
investigated the accumulation rate and treatment success of standard
passively targeted paclitaxel (PTX) -loaded SPION, of actively vessel-
targeted RGD-peptide-modified PTX-SPION, and of the combination of
bothwithmagnetic targeting. The studywas performed inmice bearing
CT26 colon carcinomas. In this setup, the longest overall survival was
achieved upon the combination of active and magnetic targeting
[242]. These findings are consistent with the expected outcome, but
they also need to interpretedwith care. In terms of both active targeting
andmagnetic targeting, whichmay both not be easily reproducible and
easily translatable to the clinic.

The real-life situation in cancer patients is much more diverse than
that in animal models. Even though a variety of promising preclinical
data exists and has shown somewhat promising results, none of the de-
signed and evaluated actively targeted and magnetic SPION have thus
far been translated to the clinic. However, the importance of personal-
ized therapy and theranostics is rising, and scientists and companies
have realized that patient stratification has to be integrated in transla-
tional nanomedicine research, to maximize the chances of successful
therapy outcome. Theranostic nanoparticles provide a useful tool to
gain knowledge about biodistribution and target site accumulation,
and thus help to preselect patients and predict therapy responses [243].

5.3. Theranostic iron oxide nanoparticle-loaded microbubbles

Microbubbles (MB) are gas- or air-filled microvesicles surrounded
by a lipidic, polymeric or protein-based shell. MB are extensively used
for diverse biomedical applications. Besides their routine use as intra-
vascular contrast agents for contrast-enhanced ultrasound (US) imag-
ing, they are also used for direct and indirect drug delivery purposes
[244,245]. In case of indirect drug delivery, the use of US and MB in-
creases the permeability of vascular endothelium and cellular mem-
branes, through a process called sonoporation, thereby promoting the
uptake of therapeutic compounds at target sites and in target cells
[246,247]. Examples ofMB formulations that have or had been clinically
approved are Lumason® or SonoVue® (sulphur hexafluoride as core
gas; phospholipid shell; mean diameter of 2–8 μm), Luminity® or
Definity® (perfluoropropane as core gas; phospholipid shell; mean di-
ameter of 1.1–2.5 μm), Optison™ (perfluoropropane as core gas;
human albumin shell; mean diameter of 3–4.5 μm), Sonazoid™
(perfluorobutane as core gas; phospholipid shell; mean diameter of
2.6 μm), Albunex® (air-filled; human serum albumin shell; mean diam-
eter of 4 μm), and Levovist® (air-filled; galactose (99.9%) and palmitic
acid (0.1%) shell; mean diameter of 2–5 m) [248–252].

The shell of MB can be loaded with iron oxide nanoparticles, for
image-guided drug delivery purposes. This seems especially useful
when performing sonoporation of the blood-brain barrier (BBB). Disor-
ders of the central nervous system, such as Alzheimer and Parkinson’s
diseases, as well as brain tumors, require systemic treatment with
drugs that are able to cross the BBB. Theranostic MB with iron oxide
nanoparticles within their shell have been employed to enable efficient
and safe drug delivery across the BBB, via monitoring of BBB perme-
ation. In this setup, upon exposure to US pulses, USPIO-loaded MB are
destroyed promoting BBB opening. During this process, the iron oxide
nanoparticles are released from the MB shell and they extravasate
across the permeabilized BBB, accumulating in extravascular brain tis-
sue and providing MRI information on the kinetics and the extent of
BBB opening (Fig. 9A). BBB openingwas verified using i.v. administered
fluorophore-labeled dextran, which only accumulates in the brain in
case of sonoporation. A good correlation between dextran accumulation
in the brain and iron oxide nanoparticle-basedMR imaging information
was observed, exemplifying that such theranostic MB hold potential for
image-guided drug delivery to the brain. Especially important in this
context is the use of imaging guidance to lower toxicity. Since the BBB
is of vital importance for proper brain function, opening of the BBB
should only be done very carefully, uponminimal ultrasound exposure,
and for a period of time as short as possible, allowing for efficient drug
delivery, but not causing side effects. To achieve this, theranostic sys-
tems and strategies are considered to be of crucial importance. To ex-
tend this concept towards clinical translation, multiple aspects have to
be further studied and refined, including e.g. MB concentration, MB
size, MB composition, iron oxide nanoparticle content, and ultrasound
power and frequency [246,253,254].

5.4. Theranostic iron oxide nanoparticle-containing materials in regenera-
tive medicine

Iron oxide nanoparticles can be used for several aspects of regener-
ative medicine, for instance as a tracer to track cells. The application of
cells for therapeutic purposes offers novel approaches to combat dis-
eases like cancer, neurodegenerative disorders or immunological pa-
thologies. In this context, stem cells as well as immune cells such as T
cells [258] and dendritic cells [126] have been labeled with SPION to
allow for noninvasive tracking via MR imaging and to monitor in vivo
delivery to the site of action [259]. The labeling of such cells, as well as
of progenitor cells andmonocytes/macrophages can be readily achieved
in vitro, by incubating them with SPION in the presence or absence of a
transfection agent. Depending on the phagocytic activity of the cell type
studied, transfection may be necessary to promote SPION uptake. In
case of phagocytes, like macrophages, this is not needed, but for non-
phagocytic cells, like stem cells, cationic materials such as poly-L-
lysine or protamine are typically employed to increase the otherwise
very low SPION uptake [253].



Fig. 9. Theranostic applications of iron oxide nanoparticles in brain drug delivery and in regenerativemedicine. A: Permeation of the blood-brain barrier (BBB), induced and imaged using
microbubbles of which the shell was loaded with iron oxide nanoparticles (USPIO-MB). Upper panel: T2*-weighted images overlaid with color-coded R*-maps, showing ultrasound-
induced destruction of USPIO-MB, BBB opening and the subsequent deposition of iron oxide nanoparticles in the brain. Lower panel: Quantification of R2* values shows gradual
enhancement of BBB opening when increasing the time of ultrasound exposure [246]. B: Tracing of ferucarbotran-labeled human neuronal progenitor cells with MPI in the forebrain
cortex of rats [198]. C: SPION-labeled mesenchymal stem cells (MSC) in collagen-based hydrogels 19 days after implantation, visualized using MRI. T2*-weighted image shows
hypointense region on right side compared to the unlabeled control implanted on left side. [255]. D: Unlabeled (upper) and USPIO-labeled (lower) collagen scaffolds implanted in
mice, showing clear dark areas in T2-weighted MRI in case of iron oxide nanoparticle labeling [256]. E: Tissue-engineered vascular grafts implanted as a shunt between the carotid
artery and the jugular vein in sheep can be clearly visualized using proton density-weighted MRI when iron oxide nanoparticles are integrated (compare lower vs. upper panel) [257].
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In cancer immunotherapy, dendritic cells are explored for immune
system activation to promote eradiation of tumor cells. In such setups,
dendritic cell vaccines are loaded with tumor antigens, which after
successful injection into lymph nodes, will display the antigens to T-
cells. To ensure the successful injection and delivery of autologous den-
dritic cells, De Vries et al. labeled them with SPION and with 111In-
oxine and, upon injection into lymph nodes, followed their biological
fate in melanoma patients by MRI and scintigraphy. The delivery of
the dendritic cell vaccines could be more accurately visualized and ver-
ified by MRI as compared to scintigraphy. Both methods showed sim-
ilar sensitivity but misadministration (next to rather than into the
lymph node) could only be detected byMRI [126]. Besides in such den-
dritic cell-based cancer immunotherapies [260], SPION have been also
employed in other immune system activation strategies such as
ex vivo T cell stimulation or thermal ablation induced immunity
[261,262].

Stem cells are under investigation for the treatment of many differ-
ent pathologies, including e.g. neurodegenerative, musculoskeletal and
cardiovascular diseases. To improve understanding and ensure success-
ful treatment, monitoring the in vivo fate of implanted or injected stem
cells is very valuable. SPION-labeling in combination with MRI (and re-
cently also MPI) has been the method of choice for cell tracking
[192,254]. In an exemplary recent in vivo study, ferucarbotran-labeled
neuronal progenitor cells (NPC) have been implanted in the forebrain
of rats with forebrain ischemia, and investigated longitudinally with
MPI [197] (Fig. 9B). After injection, the cells could be sensitively and
specifically detectedwithMPI for up to 87 days. As controls, the authors
either injected only ferucarbotran into the forebrain, or they injected
ferucarbotran-labeled NPC near the lateral ventricle. In case of the for-
mer, the MPI signal was not detectable for a prolonged period of time,
indicating low retention of ferucarbotran itself in the brain. For the
other control group, an additional signal caudal/posterior to the injec-
tion site appeared, indicating gradual clearance of the labeled cells
through the ventricle. The study therefore nicely exemplifies the feasi-
bility of long-term cell tracking with MPI. Neuronal progenitor and
stem cells have been implicated in the treatment of multiple severe
neurodegenerative disorders, such Parkinson’s Disease, Alzheimer’s
Disease and Huntington’s disease, and brain ischemia [255]. Also for pa-
thologies, SPION-labeled stem cells have been explored. Several clinical
studies have been performed with SPION-loaded cells, including e.g. la-
beled neuronal stem cells for traumatic brain injury and labeled pancre-
atic islet cells for diabetes [256,257]. Thus far, however, none of these
theranostic concepts for regenerative medicine are employed in clinical
practice.

Besides for cell labeling, iron oxide nanoparticles can also be used to
visualize scaffold materials in regenerative medicine applications. This
provides the possibility to get information on and obtain control over
the proper positioning of these materials, and to ensure their proper
functionality over time. Furthermore, noninvasive imaging can be
employed tomonitor scaffold degradation. Together, this enables the vi-
sualization and quantification of multiple important processes in tissue
engineering. When combining cells with scaffolds, as is routinely done
in tissue engineering applications, both components can thus be labeled
via simple and straightforward means with iron oxide nanoparticles,
depending on what type of information is needed to maximize thera-
peutic performance.



Table 3
Key studies applying SPION in diagnosis, therapy and theranostics.

Field of
application

Application Indication Product Phase Ref

Diagnosis Lymph node staging, detection of small metastatic lymph nodes Prostate cancer Ferumoxtran Phase II [156]
Magnetic nanoparticle-based biosensors (DMR - diagnostic
magnetic resonance) for detection of biomarkers

Cancer, inflammation Surface-modified cross-linked
iron oxide nanoparticles (CLIO)

Market [204]

Therapy Iron supplement for anemic patients Chronic kidney disease Ferumoxytol Market [208]
Magnetic fluid hyperthermia Recurrent glioblastoma multiforme NanoTherm® Market [219]

Theranostics Companion diagnostics, evaluate accumulation and predict
treatment efficacy of nanomedical cancer therapy

Cancer Ferumoxytol Pilot study [235]

Tagging of dendritic cell, injected intranodally and
employed for immune system stimulation

Melanoma Ferumoxide Phase I [126]
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In study published by Liu et al, mesenchymal stem cells (MSC) were
embedded in a collagen-based hydrogel and injected subcutaneously.
Before administration, the cells were loaded with amphiphilic
polyethylenimine/iron oxide nanocomposites for in vivo tracking of
the biohybrid implant. The fate of the construct was monitored for up
to 19 days on a clinical 3 T MRI device. If compared with the scaffold
containing non-labeled cells, a clear hypointense area was visible, indi-
cating the presence of the labeled cells in the implant (Fig. 9C). After 19
days, the implanted collagen hydrogels were isolated and analyzed by
H&E and Prussian blue staining. This identified numerous viable MSC
with a high amount of ingested iron, responsible for the high T2
relaxivity [263]. Since MSC are capable of differentiating into a variety
of other cells, including adipocytes, osteoblasts, chondrocytes, myo-
blasts and neuron-like cells, they are highly useful and often employed
in regenerative medicine applications [263,264].

Collagen is frequently used as a scaffold material, especially for bone
tissue engineering. Mertens et al. labeled collagen scaffolds with iron
oxide nanoparticles for image-guided tissue engineering. They tested
different ways of USPIO incorporation into the collagen scaffold, either
via chemical conjugation, or via physical means, i.e. passive incorpora-
tion during collagen crosslinking. They extensively characterized the
different scaffolds and visualized them longitudinally in mice for up to
22 days. They were able to precisely localize the implants and sensi-
tively image thembyMRI (Fig. 9D). In addition, they provided initial ex-
perimental evidence showing that scaffold labeling may allow for the
visualization and quantification of scaffold degradation [265].

The same team of authors also prepared iron oxide nanoparticle-
labeled scaffold materials for visualizing tissue-engineered vascular
grafts. To this end, polyvinylidene fluoride-based textile fibers were
loaded with USPIO, and they were employed as the starting material
to construct a biohybrid blood vessel for vessel replacement therapy.
The scaffold was initially functionalized with fibrin, fibroblasts and
smooth muscle cells, after which it was bioreactor-cultivated for two
weeks. Afterwards, autologous endothelial cells were introduced into
the lumen of the vessel and allowed to adhere. Subsequently, the
endothelialized vascular graft was cultivated in a bioreactor for another
8 days under physiological flow and pressure conditions. The graft was
then implanted as an arteriovenous shunt in sheep. As shown in Fig. 9E,
they were able to visualize and localize the USPIO-labeled graft with
high precision, whichwas not the case for an unlabeled control vascular
graft [266]. They also showed good biocompatibility and functionality
(via time-of-flight angiography) of the graft, and proper in vivo integra-
tion into surrounding tissue, with even endogenous blood vessels hav-
ing formed within the graft. Such theranostic tissue engineering
approaches hold significant potential, and iron oxide nanoparticles un-
doubtedly are among themost attractive imaging agents for implemen-
tation in theranostic tissue engineering.

6. Conclusions

Iron oxidenanoparticles possessmany unique and attractive proper-
ties, explaining their extensive use in biomedical research. In this
review, we summarize recent advances in the development of iron
oxide nanoparticles for in vitro and in vivo biomedical applications, fo-
cusing primarily on diagnosis, therapy and theranostics. An overview
of the key studies applying SPION in the field of biomedicine is given
in Table 3.

Iron oxide nanoparticles can be synthesized by multiple different
techniques, which all have their own advantages and disadvantages.
Co-precipitation, thermal decomposition, microemulsion and sol-gel
are the most commonly employed synthetic techniques. Core size, size
distribution, crystallinity, shape and saturation magnetization are key
parameters that have to be controlled to tailor nanoparticle properties
for biomedical applications. The surface modification of iron oxide
nanoparticles, typically done with polymers, helps to improve biocom-
patibility, colloidal stability in complex biological environments and
in vivo performance.

Iron oxide nanoparticles are extensively used for diagnostic pur-
poses. Depending on their core size, iron oxide nanoparticles can be ei-
ther used as T1-weighted or T2/T2*-weighted MR contrast agents.
Ferucarbotran and ferumoxide have been employed for visualizing
liver tumors and metastases. Ferumoxsil is approved by the FDA as an
orally administered contrast agent for gastrointestinal imaging.
Ferumoxtran and ferumoxytol are in clinical trials for imaging lymph
node metastais, especially in prostate cancer. Ferumoxtran-based
USPIO have been tested for imaging insulitis, and ferumoxytol,
ferumoxtran and feruglose have been evaluated as blood pool agent
for vascular imaging.

Iron oxide nanoparticles have also been used for therapeutic pur-
poses. Ferumoxytol has received FDA approval for the treatment of ane-
mia in CKD patients. It has also been shown to influence macrophage
polarization, which may find future application in multimodal cancer
therapy, for instance to prime the tumor microenvironment for better
immunotherapy outcomes.Magnetic drug targeting andmagnetic guid-
ance of devices are extensively explored preclinically, and theymay one
day find application in a specified sub-set of pathologies. NanoTherm™
is an iron oxide nanoparticle formulation that is now available on the
market for magnetic fluid hyperthermia.

Because of their nanosize and their intrinsic imaging capabilities,
iron oxide nanoparticles are exquisitely suitable for theranostic applica-
tions. Several initial clinical proof-of-concept studies in this regard have
already been performed. These include the use of ferumoxytol as a com-
panion diagnostic in tumor-targeted nanotherapy settings. Numerous
theranostic iron oxide-based nanoparticles have been designed and
tested for drug delivery applications, especially for cancer, and often-
times combined with magnetic drug targeting or magnetic fluid hyper-
thermia. Iron oxide nanoparticles in microbubbles can help to obtain
valuable information on the efficacy of sonoporation, which holds po-
tential to enhance drug delivery to tumors and to the brain. Finally,
also in regenerative medicine, iron oxide nanoparticles are often
employed in theranostic setups. Besides (stem) cell tracking, which
has already been done in the clinic, also scaffoldmaterials are nowadays
routinely labeledwith iron oxide nanoparticles. This allows for the visu-
alization of the tissue-engineered implants during and after
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implantation, for assessing their engraftment and degradation, and for
longitudinally monitoring their functionality and performance.

Taking everything together, there seems to be a bright and broad fu-
ture ahead for the use of iron oxide nanoparticles for biomedical appli-
cations. After several initial setbacks, in which ferucarbotran and
ferumoxide were initially marketed and later on again withdrawn (be-
cause of the availability of better alternatives for the diagnostic applica-
tions in question), there are now numerous different preclinical
directions that are being explored, and also more and more clinical ap-
plications that involve the use of iron oxide nanoparticles. In the future,
advanced imaging techniques (such as MPI) and advanced therapeutic
concepts (such as stem cell therapy and tissue engineering)will become
more and more established. Since iron oxide nanoparticles play a key
role in eventually making these technologies and therapies useful and
successful, research and development in this area of research will defi-
nitely continue to flourish. As a result of this, it is foreseen that in the
next 1-2 decades, multiple iron oxide nanoparticle-based diagnostics,
drugs and devices will become routinely used in clinical practice.
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