
Biomedicine & Pharmacotherapy 93 (2017) 1098–1115
Review

Magnetic iron oxide nanoparticles as novel and efficient tools for
atherosclerosis diagnosis

María Gabriela Montiel Schneider, Verónica Leticia Lassalle*
INQUISUR, Departamento de Química, Universidad Nacional del Sur (UNS)-CONICET, Av. Alem 1253, 8000 Bahía Blanca, Argentina

A R T I C L E I N F O

Article history:
Received 6 March 2017
Received in revised form 14 June 2017
Accepted 5 July 2017

Keywords:
Magnetic nanoparticles
Iron oxide
Atherosclerosis
Diagnosis
MRI

A B S T R A C T

Cardiovascular complications derivate from atherosclerosis are the main cause of death in western world.
An early detection of vulnerable atherosclerotic plaques is primordial for a better care of patients
suffering the pathology. In this context nanotechnology has emerged as a promising tool to achieve this
goal. Nanoparticles based on magnetic iron oxide (MNPs) have been extensively studied in cardiovascular
diseases diagnosis, as well as in the treatment and diagnostic of other pathologies. The present review
aims to describe and analyze the most current literature regarding to this topic, offering the level of detail
required to reproduce the experimental tasks providing a critical input of the latest available reports. The
current diagnostic features are presented and compared, highlighting their advantages and
disadvantages. Information on novel technology intended to this purpose is also recompiled and in
deep analyzed. Special emphasis is placed in magnetic nanotechnology, remarking the possibility to
assess selective and multifunctional systems to the early detection of artherosclerotic pathologies.
Finally, in view of the state of the art, the future perspectives about the trends on MNPs in

artherosclerorsis diagnostic and treatment have also been addressed.
© 2017 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Atherosclerosis is a chronic inflammatory disease, character-
ized by the formation of a lipid-rich plaque inside the arteries. The
formation of atherosclerotic plaques occurs in curvatures and
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branch points of arteries. This situation causes arterial wall
thickness, limiting the flow blood to the organs. Despite the
advances in the prevention and therapy of cardiovascular
pathologies, they are still the first cause of death in the western
world.

In general terms; two types of atherosclerotic plaques may be
found: one known as stable plaque and other called vulnerable
plaque. The former is usually rich in extracellular matrix and
smooth muscle cells whereas the vulnerable plaques are rich in
macrophages, other inflammatory cells and exhibit a fibrous cap.
While stable plaques can be present without causing any damage
for years, vulnerable plaques are prone to rupture and release
thrombus into circulation causing myocardial infarction and stroke
[1,2]. For that reason, an early detection of unstable plaques is
primordial in the prevention of these dramatic cardiovascular
events.

Several dealings are involved in the initiation and progress of
the disease [3]. Initially, the excess of low density lipoprotein (LDL)
in the circulation starts to accumulate in the arterial lumen wall,
where the lipoproteins suffer modifications such as oxidation,
cleavage and aggregation. This process causes a chronic injury to
the endothelial cells, activating the inflammatory process through
the expression of surface adhesion molecules such as VCAM-1 and
ICAM-1, which may recognize monocytes and T lymphocytes.
Monocytes differentiate into macrophages and take up the ox-LDL
generating foam cells charged with cholesterol. When foam cells
died, they release their lipid content and tissue factors causing the
formation of a pro-thrombotic necrotic core, which is the key
component of unstable plaques [4–6]. Scheme 1 illustrates and
summarizes the major events involved in plaque destabilization.

Nowadays, the development of nanotechnology at the health
service has opened novel perspectives in relation to the treatment
and diagnosis of several diseases [7–9]. The possibility of designing
nanoparticles with specific ligands or functional groups, able to
preferentially bind and recognize one or more compounds in
unstable plaques, appears as an invaluable tool in the early
diagnosis of atherosclerosis. The current research trends cover
multiple nanosized systems intended as contrast agents for
cardiovascular imaging; such as fluorescent, radioactive, paramag-
netic, superparamagnetic and multimodal, among others [10].

In this context, the present review is focused on the use of
magnetic iron oxide nanoparticles as improved contrast agents for
the detection of unstable plaques by Magnetic Resonance Imaging
(MRI) as a way to attain the early diagnosis of atherosclerosis.

It is well known that the articles in open literature reporting
different aspects and applications of MNPs are abundant [11–13].
In spite of this, the published reports regarding to magnetic
nanoparticles for the detection and treatment of atherosclerosis
are significantly lower [14–16]. Besides, the present review
involves different approach in several points. In first place, the
Scheme 1. Principal events involved in the form
discussion will be restricted to the use of iron oxide magnetic
nanoparticles as contrast agents for the mentioned pathology. The
aim is to discuss on the most suitable modifications/functional-
ization for conferring specificity to the magnetic nanoparticles for
atherosclerotic plaque detection. Secondly, the importance and the
advances in the synthesis of dual modal magnetic nanoparticles
will also be addressed.

Hence, this contribution proposes a different view regarding to
a very actual topic that has not been addressed from this point of
view in the actual literature, at least to the best of these authors
knowledge.

2. General aspects of imaging diagnosis, differences between
them

In general terms, imaging techniques may be classified in
morphological, functional and molecular imaging [17]. While the
former shows the final effect of molecular alterations, functional
and molecular imaging provide biological information of a disease
in a non-invasive way [18–20]. These last techniques have been
analyzed in great detail in the context of this Review, because
MNPs may be suitable to improve the quality of the image acquired
by these techniques.

Molecular imaging is recognized as a powerful technique to
detect diseases in the early stages. It is also able to recognize the
pathway of a disease monitoring the response to therapy [21,22].
This technique requires two important elements: molecular
probes or imaging agents and a hardware to control the probes.
Molecular/functional imaging modalities include positron emis-
sion tomography (PET) [23], single-photon emission computed
tomography (SPECT) [24], computed tomography (CT) [25],
fluorescence molecular tomography (FMT) [26], photoacustic
tomography (PAT) [27,28] and magnetic resonance imaging
(MRI) [29].

Each imaging modality exhibits advantages and disadvantages.
A summary of those advantages and disadvantages as a function of
each technique is shown in Table 1. For example, PET and SPECT
have excellent sensitivity and elevated tissue penetration but low
resolution whereas MRI provides high resolution anatomical
images and satisfactory tissue contrast. However, it displays low
sensitivity and poor tissue penetration. On the other hand, the use
of CT may provide high resolution 3D but weak contrast soft-tissue
images. This fact justifies the need of designing multi-modal
imagining systems as an improved option to obtain molecular
images.

The advance of nanotechnology has generated novel kinds of
materials highly attractive in the area of molecular imaging. The
possibility to design nanomaterials with well-defined and
controlled physical and chemical properties represents a great
benefit over the traditional contrast agents. Besides, the most
ation of an atherosclerotic unstable plaque.



Table 1
Advantages and disadvantages of Molecular Imaging Modalities.

Imaging Modality Advantages Disadvantages References

MRI High spatial resolution Low sensitivity [29]
Good soft tissue contrast

CT Fast acquisition time Weak soft tissue contrast [25]
Provides 3D images

PET High sensitivity Exposure to irradiation [23]
Elevated tissue penetration Low spatial resolution

FMT Low cost Limited spatial resolution [26]
High sensitivity

PAT High resolution of biological structures, from organelles to organs. Several diseases manifest insufficient intrinsic PAT contrast. [27,28]
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promissory issue related to the implementation of these nano-
materials is associated to the feasibility to bind specific ligands to
their surface, improving their selectivity and, hence shortening the
detection times. Among the nanomaterials explored for these
purposes, it is possible mention quantum dots, metal nano-
particles, paramagnetic and superparamagnetic nanoparticles,
among others [17]. Quantum dots have been used in optical
fluorescence and photoluminescence [30]; gold nanoparticles in
CT [31] and magnetic nanoparticles almost exclusively in MRI [32].

They have been evaluated for the diagnosis of different
pathologies including atherosclerosis.

3. Magnetic iron oxide nanoparticles

Magnetic iron oxide nanoparticles are composed of an inner
core of magnetite (Fe3O4) or maghemite (g-Fe2O3) and a suitable
coating of varied nature depending on the planed applications.
When MNPs are exposed to an external magnetic field, their
magnetic moments immediately rotate into the direction of this
field enhancing the magnetic flux. After the removal of the
magnetic field, Brownian motion is sufficient to cause the magnetic
moments to randomize; hence their magnetic properties are
absent. This behavior is known as superparamagnetism and is only
manifested when some magnetic materials are reduced to the
nanosizes. Hence, it is a size dependent property.

Because of their high magnetic susceptibility and tailored
surface properties, superparamagnetic iron oxide nanoparticles
have been extensively investigated for biomedical purposes, for
instance, as drug delivery systems [33,34], in bioanalysis [35],
hyperthermia [36,37] and as contrast agents for MRI. In order to
improve the biocompatibility and avoid particle agglomerations,
nanoparticles are commonly coated with polymers, small mole-
cules and surfactants, among others.

Some characteristics such as hydrodynamic diameter, surface
charge and the nature and density of the coating are key in
determining the viability of nanoparticles in biomedical applica-
tions [38]. These parameters strongly affect the possibility of
interaction as well as their feasibility to maintain the super-
paramagnetic behavior [39].

3.1. General aspects of MNPs in diagnosis

MRI technique has evolved as a powerful noninvasive modality
for diagnosis. It is based on the application of a magnetic field
which produces the alignment of the magnetic moments of
protons in the direction of this field. The direction of magnetization
changes after the application of a radio frequency. The time until
the magnetic moments align to their original position is called
relaxation time. Relaxation can be divided into two processes:
longitudinal relaxation (known as T1), transversal relaxation (or
T2). Even when relaxation is tissue dependent and MRI may allow
the discrimination of a pathological tissue, the contrast between
tissues may not be enough for the diagnosis of diseases. In order to
get amplified contrast, exogenous contrast agents, which alter the
relaxation times, are used. Although most contrast agents may
affect the T1 and T2 relaxation, they usually affect preferentially
one relaxation time more than the other, so they may be classified
as T1 or T2 contrast agent [40].

In practice, gadolinium based contrast agents (GBCAs) are the
most commonly used ones. They are employed as T1 contrast
agents, providing positive contrast, which is observed as a bright
image. Gd is a cytotoxic ion, hence it must be administrated as a
chelate combined with large organic molecules. According to their
structure, GBCAs may be classified as linear or macrocyclic
complexes. The administration of linear Gd complexes in patients
with renal deficiency generally leads to a disorder known as
nephrogenic systemic fibrosis (NSF) [41]. In such patients the
elimination of the contrast agent may take more than 30 h. when in
patients with normal renal function the Gd complex is eliminated
between 2 h after administration [42]. The persistence of Gd-
complexes in the body increased the risk of dechelation. The
thermodynamic stability of the chelate would determine the
facility of the dechelation process. Clinical approved GBCAs are
thermodynamically stable. Macrocylic ligands based on 1,4,7,10
tetraazacyclododecane-1,4,7,10-teraacetic acid (DOTA) exhibit
similar thermodynamic stabilities compared to those of the linear
diethylenetriamine penta-acetic acid (DTPA) ligands but are more
kinetically stable, and are thus a more favourable chelate for Gd
(III)-based agents [43].

Recent publications have reported the accumulation of Gd in
tissues like brain and bone using both linear and macrocyclic
complexes in subjects with normal renal function [44,45]. It is
worth noting the these articles do not provide enough information
regarding to the nature of Gd accumulated (i.e chelate or to
gadolinium ions). However, these observations should be seriously
considered when determining the impact of Gd accumulation on
the patient‘s health. Details and more specific information about
this topic may be found in a current review [46].

From a comparative point of view, Chen and co-workers have
analysed the toxicity of three different T1MRI contrast agents in pre-
clinical assays using mouse models. They examined the effect of
gadopentatate dimeglumine (a linear complex), manganese oxide
and an extremely small iron oxide. Accumulation and lesions in
different tissues (liver, spleen, hearth, kidney and lung) were
evaluated. The authors concluded that the iron oxide showed a
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better safely profile compared with Gd and Mn contrast agents
using similar simulated clinical doses for MRI purposes [47].

Even when the risk for NSF is lower using macrocyclic Gd
complexes [48], it seems that iron oxide nanoparticles may be a
reliable alternative for MRI in patients with different renal failures.

Iron oxide magnetic nanoparticles have been traditionally
employed as T2 contrast agents, giving a negative (dark) contrast
image. It was found that superparamagnetic iron oxide nano-
particles may provide a positive contrast in T1-weighted images, as
a function of their sizes [40].

Own recent data further reinforce these findings in demon-
strating the efficiency of MNPs as contrast agents of both
relaxativity times. We have evaluated the performance of
magnetite nanoparticles coated with ascorbic acid (MNPs-AA) as
contrast for MRI using a Philips Achieva 1,5T clinical equipment.
We have achieved the experiences using a Phantom containing
aqueous dispersions of MNPs-AA of known concentrations. Our
results in fact coincide with the above described in the sense in that
MNPs-AA dispersions resulted efficient to generate contrast in
both modalities (T1 and T2) employing different measurement
sequences. The Fig. 1 shows the MR images generated by MNPs-AA
(iron concentration 0,4 mM) using the sequences: TR 700 ms, TE
10 ms, echo 1, NSA 1, thickness 5 mm for bright T1 contrast; and TR
DE 2000 ms, TE 110 ms, echo 1, NSA 1, thickness 5 mm for dark T2
contrast.

In last years some efforts have been done to produce dual-MRI
contrast agents. Some materials composed of Gd-labeled MNPs
were reported to be adequate for this purpose. Szpak et al. reported
the synthesis of a dual MRI contrast agents consisting of MNPs and
gadolinium ions associated to an ionic chitosan layer. The authors
studied three synthetic pathways, obtaining two suspensions with
adequate characteristics to performed relaxivity measurements.
These suspensions showed very good r1 and r2 values, which were
higher than some commercially available contrast agents [49]. In
Fig. 1. (a) Laeft, T1-weighted images of MNPs-AA (iron concentration 0,4 mM) compare
physiological solution. (b) Images of Ascorbic acid coated magnetic nanoparticles (MNP
images of MNPs-AA and PS. Right, T2-weithed images of MNPs-AA and PS.
other work, the synthesis of a core/shell/shell Fe3O4/SiO2/Gd2O
(CO3)2 was proposed. The diameter of the magnetite core was
12 nm and the thickness of the Gd2O(CO3)2 was about 1,5 nm.
Different thickness of silica shell (8–20 nm) was studied to
determine their impact in the magnetic properties of both contrast
agents. The higher the size of the silica shell, the better
performance in the T1 effect was achieved. The major distance
from the T2 contrast agents reduce the perturbation of it over the
T1 effect. The evaluation of the dual-MRI contrast agent was
achieved under T1 and T2-weighted images and through the
calculation of r1 and r2 relaxation time [50]. Another study has
investigated the potential of the dual T1- and T2 mode MRI
acquisition using MNPs through longitudinal comparison and
optimization of two contrast sequences such as Fast Low-Angle
Shot (FLASH) and ultrashort echo-time (UTE). The authors
informed that the precise control on the magnetic particle size
(whose magnetic core was estimated in aprox. 7 nm) was the key
factor for the efficiency as dual-contrast agent [51]. In such study
the authors informed that SPION they used were not yet clinically
approved. On the other hand, chemically equivalent iron oxide
nanoparticle (Feraheme, AMAG Pharmaceuticals, Lexington, MA,
USA) has been clinically approved for the treatment of iron-
deficiency anemia and also applied in MRI. Further similar
characterization of dose dependent MR contrast properties of
these nanoparticles may facilitate the clinical applications of dual-
contrast acquisition method described in this study [52].

3.1.1. MNPs in the market
Several commercial products based on MNPs have been in the

market, mainly as contrast agent for MRI. The most important are
listed in Table 2.

However, nowadays only a cup of them remain available in the
market. The reasons exposed in the published articles are varied.
For instance, in the case of Feridex, its developer (AMAG
d with physiological solution. Right, T2-weithed images MNPs-AA compared with
s-AA; iron concentration 0,4 mM) and physiological solution (PS). Left, T1-weighted



Table 2
MNPs approved to their commercialization in the health field.

Commercial name Country and year of approbation Size
(nm)

Biomedical interest-others Refs.

Ferumoxytol (Feraheme), (2009-6-30)FDA 30 Treatment of iron deficiency anemia [53]
Ferumoxytol contrasted MRI is used in primary tumor, cancer
lymph node metastasis.

Ferumoxides (Feridex) Augusta 30th, 1996 by FDA 120–
180

Initially as MRI contrast medium for the detection of liver lesions. [54]

Ferucarbotran (Resovist) Approved for the
Europeanbmarket in 2001

60 Organ-specific MRI contrast agent, for the detection of especially
small focal liver lesions.

[55]

Ferristene (Abdoscan) and ferumoxsil (Lumirem
or Gastromark)c

Gastromark approved by FDA in
1996

300 Used for gastrointestinal as a magnetic ironparticle solution. [56]

Ferumoxtran-10 (Combidex
or Sinerem)

Approved in USA and Europe 20–50 Used to detect metastatic disease in lymph nodes. [57]

a Discontinued.
b Production of Resovist has been discontinued in 2009.
c Actually unavailable.
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Pharmaceuticals,Inc.) decided to discontinue it. Although it is less
competitive in intravenous contrast agent markets, their applica-
tion in active cell tracking by MRI is recognized. On the other hand,
the production of Resosvist, has been discontinued in 2009 due the
successful market introduction of Primovist (Gd-DTPA), another
liver imaging agent of Bayer Schering Pharma AG. Ferristene and
Ferumoxsil were gradually eliminated by the market because of
negative profit though they demonstrated to be effective and safe.

In spite of this apparently negative panorama regarding to the
commercial availability of MNPs, it was found that the registration
process of Combidex in Europe was withdrawn by the manufac-
tured, but, in 2013 the Radboud University Medical Center
obtained the rights and documents of Combidex. In 2015 the
rights were transferred to SPL medical B.V. in The Netherlands and
Combidex is manufacturing again. It is currently using in that
country to detect small metastatic lymph nodes in patients with
prostate cancer [57].

Furthermore, several similar nanosystems are actually FDA
approved clinical trials (visit www.clinicaltrials.gov). For instance,
there are four approved clinical trials using Endorem to track
monocyte or inflammation cell (mainly indicated one kind of
monocyte—macrophage) and a phase 2 study using Feridex to track
adult bone marrow derived stromal cells (MSC) for severe cases of
Multiple Sclerosis therapy. Besides, another ferucarbotran (Suprav-
ist) with smaller size than Resosvist is nowadays under clinical
phase 3 study by Bayer Schering, as a positive enhancing blood
pool agent. Furthermore, a derivative of Ferumoxtran is being
tested in a new application involving imaging of brain tumors
especially with reactive inflammatory cells, taking advantage of its
long plasma half-life and imaging ability of blood–brain barrier’s
abnormal site. (www.clinicaltrials.gov).

In this scenario it is clear that Gd based formulations are still
dominating the contrast agent market. However, judging by the
available literature and recent clinical trials proofs, the future of
MNPs is highly promissory for both diagnosis and imaging guided
therapy with the suitable incorporation of specific ligands to well
defined pathologies [58–60].

3.2. Principal techniques to prepare MNPs for biomedical applications

Available methods to synthesize iron oxide-based nanoparticles
are abundant in view of the published scientific articles [61,62].
Here, only the most relevant and suitable from the biomedical
applications are recompiled, since a detailed description of them is
out of the scope of this article. For more in deep information in this
regard recent contributions devoted to the synthesis and proper-
ties of MNPs may be revised [63–65].
The co-precipitation method is one of the most widely used
because of its simplicity, easy handling procedure, low cost and
low time consuming. It involves the addition of a base (usually
NaOH or NH4OH) to an aqueous solution of Fe3+ and Fe2+ in a molar
ratio 2:1. The precipitation of magnetite occurs at pH between 9
and 14 as long as the molar ratio between the iron salts is
maintained. To ensure this condition, the procedure is commonly
carried out under inert atmosphere. Magnetite formation is
evidenced by the appearance of a black solid. In order to avoid
particles aggregation, the reaction is normally heated in presence
of adequate surfactants/and/or stabilizers such as oleic acid,
sodium dodecyl sulphate, among others. The overall reaction is the
following:

Fe2þ þ 2Fe3þ þ 8OH� ! Fe3O4 þ 4H2O

In spite of its simplicity, this methodology presents limitations
associated to the lack of control regarding to size dispersions. Our
own researches as well as other groups’s work demonstrated that it
is possible to reach greater control over the interest properties,
including size, by conveniently adjusting experimental param-
eters. The stirring velocity, the kind of base, the addition order of
the chemicals reactants, the type of atmosphere (inert or air) and
the temperature have an impact on the size, shape and dispersion
ability of the MNPs [66–70].

Hydrothermal method is another well-known technique to
prepare iron oxide-based nanoparticles. This synthesis is per-
formed in aqueous media in autoclave or reactors at high
temperature and pressure. These conditions enable a rapid
nucleation step and the growth of the formed nanoparticles is
also faster. This mechanism favors the formation of MNPs with low
sizes. Although the main factor regulating the size appears to be
the reaction times; other factors, such as temperature, nature of
solvent, the addition of seeding and the precursors seem to have an
impact on size [71–73].

Nanoparticles with suitable characteristics such as narrow size
distribution, highly crystalline and monodisperse could be
obtained by thermal decomposition of the iron precursor in a
hot reaction mixture [74]. Thermal decomposition takes place in
two phases: the formation of the nuclei, at around 200 �C and its
grown at the boiling temperature of the solvent [75]. Size and
shape may be controlled adjusting parameters like iron precursor,
the stabilizer and its concentration and the used solvent [76–78].
The nanoparticles obtained by this method are usually hydropho-
bic, being necessary an additional step to re-dissolve them in
aqueous solutions.

The sol-gel method is also commonly used to synthesize MNPs.
It is based on the hydroxylation and condensation of precursors in
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solution originating a “sol” of nanometric particles. After the
removal of the solvent a three dimensional metal oxide network is
obtained. Polyols such as ethylene glycol or propylene glycol are
usually used to control particle growth, preventing the aggregation
[79,80]. These materials are either toxic or expensive, so that
modified sol-gel methods avoiding the use of them, have been
recently investigated [81].

Fundaments of sonochemical methods lie on the chemical
effects produced by acoustic cavitation. Acoustic waves create
oscillating bubbles which accumulate ultrasonic energy. Once the
bubbles reach a certain size, they collapse realizing the accumu-
lated energy. As a result, high temperature (about 5000 K),
pressure (1000 bar) and a high cooling rate are generated; creating
extreme reaction conditions and making the sonolysis an attractive
alternative to synthesize magnetic nanoparticles [82]. Enomoto
and co-workers prepared magnetite nanoparticles in a solution of
ethanol-water from Fe(OH)2 precipitate under ultrasonic irradia-
tion [83]. They found that this methodology renders monodisperse
MNPs that may be obtained in shorter times compared with
mechanical stirring. The MNPs obtained by ultrasound showed
better magnetic properties than the nanoparticles obtained by
mechanical stirring. The alcoholic solvent as well as the proportion
water/alcohol are the factors determining the achieved particle
size [84].

A recently reported method to prepare MNPs is microwave-
assisted synthesis. This technique involves low reaction times,
allowing satisfactory control over the MNPs size. Early reports on
this regard were mainly focused on the achievement of the
nanoparticles rather than in the study of its properties such as the
colloidal stability [85–88]. Nonetheless, currently research is
considering the preparation of MNPs by microwave synthesis
for biomedical applications. The coating of the nanoparticles with
biocompatible materials as well as size distribution were well
evaluated in such articles [89–91].

Other less explored methods to obtain MNPs may be found in
open literature, i.e: aerosol/vapor � phase methods, electrochem-
ical methods, microemulsion and biosynthesis [62]. Table 3
summarizes the advantages and disadvantages of the main
techniques used to prepare MNPs.
Table 3
Comparison between most common methods to prepare MNPs.

Method Advantage 

Co-precipitation Simplicity 

Low cost

Hydrothemal Control of the geometry and size after optimization of the 

parameters
Thermal decomposition Size and morphology control. Uniform size distribution 

Sol-gel Good control of particle size and shape 

Sonolysis Acceleration of reaction rates 

Reduction of crystal growth

Microwave Control of size and shape 

Fast and energy efficient

Aerosol/vapor Small nanoparticles with narrow size distribution are achie

Electroquemical
methods

Control on nanoparticle size 

Microemulsion MNPs with uniform size distribution are achieved 

Biosynthesis Green method 

High product yield
Good reproducibility
3.3. Different coating and strategies to assess stable MNPs in
dispersion

MNPs have to meet a number of requirements in order to be
suitable for biomedical applications, including diagnosis. Among
them, the most important are size distribution (that must be
almost monodisperse), superparamagnetism and a specific surface
functionality provided by a coating (Scheme 2).

In terms of the size, it determines the transport of nanoparticles
into the tissues. If nanoparticles are too large, they will be taken by
liver and spleen, shortening blood circulation time. If the nano-
particles are too small (less than 8 nm) they will be more likely
filtrated out through the kidneys. Therefore, for clinical proposes
nanoparticles between 10 and 300 nm are commonly accepted as
efficient [100].

MNPs may be classified in super-paramagnetic iron oxide
nanoparticles (SPIONs), when the diameter ranged from 50 to
100 nm, and ultra-small super-paramagnetic iron oxide nano-
particles (USPIONs), when the average size is less than 50 nm,
including coating. After intravenous injection, SPIONs are removed
from the blood by the mononuclear phagocytic system (MPS). The
uptake of the nanoparticles is mainly observed in liver, spleen,
bone marrow and lymph nodes. Because of this, MNPs have been
firstly studied as contrast agents to imagining liver and spleen
[101]. On the other hand, USPIONs, generally avoid the massive
uptake by macrophages of the MPS, due to their very small size,
enhancing their circulation time [102]. Hence, USPIONs can reach
macrophages in deeper compartments.

Three kinds of interactions may be distinguished among
magnetic nanoparticles: London-Van der Waals interactions,
magnetic forces and interactions of the electrical double layer.
In order to obtain stable nanoparticles, the first two attractive
forces must be counteracted by the repulsive forces. Since these
last are less intense, nanoparticles are treated to modify their
surface in order to increase their stability in dispersion in the
media of interest (aqueous or organic) by strengthen the repulsive
forces. The modification/functionalization of MNPs is a widespread
topic that besides, has been extensively reviewed in recent
Disadvantage Refs.

Lack of size control [66,92]

experimental Slow reaction kinetic [71,73]

Hydrophobic NPs are obtained [74,75]
Expensive and sometimes toxic reagents are
needed.

[79]

Lack of control of the shape and dispersability [84,93]

Equipment availability [94]

ved Expensive equipment [95]
Low product yield

Low purity MNPs [96]

Difficult to scale-up [97]

Slow rate of synthesis [98,99]



Scheme 2. Requirements for MNPs intended for biomedical applications.
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literature [39,103,104]. Hence only a brief description is here
provided according to the main focus of this Review.

The coating may be achieved by incorporating the additives
(stabilizer and/or functionalizer) during (in situ) or after (post-
coating) the synthesis of magnetic nanoparticles. Another different
strategy is promoting the additive exchange. The latest method is
based on the high affinity of hydrophilic additives for the iron oxide
surface. In a mixture with a high concentration of a hydrophilic
functionalizer and/or stabilizer, a hydrophobic additive would be
displaced from the MNPs surface.

Most common coatings used to stabilize MNPs may be classified
in three groups: polymers, monomers and inorganic compounds.
In general, polymeric moieties induce nanoparticles stabilization
through steric repulsion. On the other hand, organic monomers
present functional groups like carboxylates, sulfates and phos-
phates providing electrostatic surface stabilization. Both stabiliza-
tion mechanisms are illustrated in Fig. 2(a).

Fig. 2(b) depicts a photograph of synthesis of MNPs coated with
ascorbic acid (MNPs-AA), as example of a monomeric stabilizer. In
this case the AA was added in situ during the co-precipitation
Fig. 2. (a) Representation of different stabilization mechanisms conferred to the coatings
of AA-MNPs and TEM image of the same formulation. (c) Scheme of MNPs coated silic
procedure in our labs. Besides, a TEM micrography of an aqueous
dispersion of MNPs-AA is included.

The stabilization with inorganic materials such as gold or silica
results in a core-shell like structure with magnetic nuclei as it is
represented in Fig. 2(c). The surface modification of nanoparticles
has a dual purpose: by one side, to achieve colloidal stabilization;
and on the other hand, to improve biocompatibility and blood
circulation half time. For example, the functionalization with PEG
reduces the non-specific uptake by macrophages enhancing the
time of nanoparticles in blood stream [105]. In addition, surface
modification may allow the conjugation of MNPs with proteins or
antibodies, which is very important to achieve an active targeting.
Table 4 shows the substrates commonly employed as coating of
MNPs intended for biomedical applications.

4. Magnetic nanoparticles to the detection of atherosclerosis

Nowadays, it is known that the composition of the plaque is the
main factor determining its stability, even more than the stenosis
degree [123]. Morphological imaging techniques such as Magnetic
. (b) Images of synthesis of AA-MNPs by co-precipitation,a stable aqueous dispersion
a.



Table 4
Atherosclerotic targets as a function of the ligands to conjugate on MNPs.

Type of coating Specific coating Application Refs.

Polymers Dextran MRI contras agent [106]
Carboxymethyl dextran MRI contrast agent [107]
Chitosan Hyperthermia [108,109]

Drug delivery [110–112]
Polyethylene glycol Pharmacokinetic studies [113]

Monomers Citric acid MRI contrast agents [114,115]
Hyperthermia [116,117]

Ascorbic acid MRI contrast agents [118,119]
Oleic acid Hyperthermia and MRI contrast agents [120]

Inorganic materials Gold Several biomedical applications [121]
Silica General biomedical applications [122]
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Resonance Angiography (MRA) and Computed Tomography
Angiogram (CTA) give information about intraluminal stenosis
generated by plaque growing, but fail in detecting the presence of
unstable plaques. On the other hand, molecular imaging, in a non-
invasive way, allows a biological understanding of atherosclerotic
plaque [20,124]. Thus, this technique would be able to supply early
detection of a vulnerable plaque, and thus would provide a better
care of patients suffering this pathology.

Nanosystems for molecular imaging of atherosclerotic plaques
have been developed taking into account the different molecular
markers involved in the progression of the pathology. Fig. 3
illustrates the main components of a vulnerable atherosclerotic
plaque. Among the molecular markers, endothelial molecules such
as VCM-1, ICAM, E- and P-selectins are attractive targets. Macro-
phages are also considered suitable targets since they constitute a
major component of such plaques. As the deposition of fibrin is one
of the earliest signs of plaque disruption, the detection of this
component is very important. In an advanced plaque, a process of
angiogenesis takes place due to the growing metabolic needs. This
process of neovascularization is associated with the expression of
integrin avb3, which is another interesting target [14].

As it has been previously described, several molecular imaging
techniques may be found for clinical applications. Nanosystems
devoted to MRI as contrast agents have been the most widely
explored regarding to atherosclerosis detection. However, the
development of nanoparticles for other imaging modalities has
been increased. Gold nanoparticles have been designed for
enhanced CT imaging in macrophages accumulated in unstable
atherosclerotic plaques [125,126]. Atherosclerosis has been evalu-
ated through PET using different tracers like 18F-fluoro-D-glucose,
radiolabeled choline, among others [127]. Radiolabeled nano-
particles intended for atherosclerosis diagnosis have been
Fig. 3. Representation of a vulnerable atherosclerotic pla
developed as multimodal imaging. That means they provide
imagining not only by PET but also by CT [128,129] or MRI facilities.
There are some challenges in the design of radiolabeled nano-
particles for biomedical applications since the nanoparticle
structure and the radiolabeling must be stable in the physiological
medium. Moreover, the half-life of the radionucleotide needs to be
long enough to reach the target [130]. The design of nanoparticles
for imaging atherosclerosis through more than one imaging
modality is a growing area of study because of multiple reasons.
Among them, the most important ones rely in the possibility to
overcome the disadvantages of each technique; as well as in
increase the functionality of the contrast agents.

The next sections will consider the studies involving the
synthesis and modifications of MNPs to specifically target one
component of unstable atherosclerotic plaques.

4.1. Macrophages

Macrophages are one of the most utilized targets in molecular
imaging. These cells are able of internalizing foreign bodies and
play an important role not only in the development of the
atherosclerotic plaque but also in many other diseases like obesity,
rheumatoid arthritis and diabetes [131].

Macrophages are the major contributors to the inflammatory
response through the secretion of pro-inflammatory mediators.
Hence, a high concentration of them in atherosclerotic plaques is
an indicative of plaque destabilization. According to the type of
activation (classical or alternative), macrophages may be distin-
guished in M1 macrophage, which produce pro-inflammatory
cytokines and reactive oxygen and nitrogen species; and M2
macrophage, which contribute to tissue repair and secrete anti-
inflammatory factors.
que including the possible targets for its detection.
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Macrophages may uptake nanoparticles and other foreign
bodies through different process: pinocytosis, receptor-mediated
endocytosis (for example scavenger receptors) and phagocytosis.
The latter is a common process to engulf large particles. Raynal
et al. have concluded that the uptake of Ferumoxides (MNPs-
coated with dextran) occurs through a scavenger receptor SR-A
[132]. This is one of the six subgroup of scavengers receptors (the
group included also the CD36, lectin-like oxidized LDL, SR-B1, CD68
and MARCO receptors). The subtype SR-A and CD36 are both
involved in the process of atherogenesis and atheroinflammation
[133]. Although, the accumulation of MNPs in macrophages has
been observed, the mechanism of uptake remains not clear enough
[134]. The uptake procedure is variable regarding the size and
nature of the coating.

Plaque macrophages highly express the scavenger receptor type
A (SR-A). This receptor (which is not found in normal vessel walls)
mediated the uptake of oxidized lipoproteins and is greatly
expressed in a lipid rich environment. SR-A receptor, has specificity
for polyanionic macromolecules such as maleylated bovine serum
albumin (mal-BSA), malondialdehyde modified LDL and poly-
inosinic acid. The coating of MNP with dextran sulfate (SDIO) has
been reported as a suitable strategy to favor the target of this
receptor. Dextran coated USPIONs and SPIONs are known to
undergo spontaneous uptake by macrophages through phagocy-
tosis. This mechanism of accumulation is quite inefficient and
requires high doses and time from injection to achieve a suitable
contrast between the plaque and the surrounding tissues.
However, coating the magnetic nanoparticles with dextran sulfate
instead dextran, leads to nanoparticles that may be recognized by
the SR-A receptor [135]. SDIO was achieved by treated dextran-
coated nanoparticles with SO3-pyridine complex under argon
atmosphere, in presence of 2-methyl-2-butene which acts as an
acid scavenger. The obtained monodispersed nanoparticles pre-
sented an average hydrodynamic size of 62,4 nm. In order to
confirm that the uptake of dextran sulfate coated magnetic
nanoparticles occurs though the SR-A receptor, a competitive
study in P388D1 murine macrophage cells was performed. This
experiment showed that increasing the concentration of dextran
sulfate (ligand of SR-A), the uptake of SDIO decreases, whereas in
presence of increasing concentrations of dextran (no ligand of SR-
A) the uptake of SDIO remained unchanged. These situations
proved that macrophages take up SDIO through the scavenger
receptor. The study on Apo E�/� mice revealed a considerable
decrease in MRI signal of the ligand carotid 4 h after the injection of
the nanoparticles for SDIO. At this time, SDIO provided an
increment of 4-fold in the contrast ratio, in comparison with
DIO. The last one needed 24 h after the injection to produce a
sizeable signal lost. The in vivo study confirmed the preferential
accumulation of SDIO in atherosclerotic plaque because they are
taken up by macrophages through a receptor-mediated process
[135].

You and co-workers also prepared dextran sulfate-coated iron
oxide nanoparticles, with modifications in order to ensure a
complete decoration of MNPs with dextran sulfate. They designed
a copolymer with a dextran sulfate segment for its recognition by
Scheme 3. Schematic representation of the receptors overexpressed on activ
the SR-A receptor on the activated macrophage (DS-b-poly
(glycerol methacrylate)) and a PGMA (poly(glycidyl methacrylate)
to anchor in the MNP unit. This allowed the synthesis of SDIO in
one step using the co-precipitation method. The obtained nano-
particles exhibited a hydrodynamic size of 64 nm; whereas cellular
uptake evaluation in vitro was assessed using RAW264.7 murine
macrophages cells. In this study, the ability to take up the
nanoparticles of activated and inactivated murine macrophages
was compared with bovine aortic endothelial cells (BAEC) which
do not express SR-A receptor. Prussian blue staining assay showed
that MNPs were present in activated and inactivated murine
macrophages but blue spots were higher in the activated ones. The
greater uptake of SDIO in activated macrophages was confirmed in
in vitro MRI images, since the highest contrast effect was observed
using these conditions [136].

Activated macrophages in atherosclerotic plaques also highly
express hyaluronic acid (HA) receptors stabilin-2 and CD44 [137].
In this concern, HA has been recently reported as a coating of
magnetic nanoparticles. The nanoparticles were prepared by
precipitating iron precursors in the presence of dextran and, in
a second step, coated with HA [138]. They exhibited hydrodynamic
size of about 205 nm and retained the native biological recognition
of HA by CD44; allowing the uptake of macrophages. This was
confirmed by means of in vitro studies. The same authors reported
later the synthesis of HA coated MNPs with smaller hydrodynamic
size (about 45 nm). They achieved these results by controlling the
amount of dextran used as coating. The dextran-coated-iron oxide
nanoparticles were functionalized with amines. Then the HA was
attached through amide bond. Thirty minutes after the adminis-
tration of the HA-coated nanoparticles, (dose: 0,21 mg Fe/kg body)
to New Zealand white rabbit, a decrease of the signal in the aorta
wall in T2* weighted-images was observed. The signal in the lumen
also decreased but in less magnitude than in the aorta wall,
suggesting that nanoparticles were concentrated in vessel walls
[139].

Tsuchiya et al. have prepared USPION and SPION coated with
mannan (M-USPION or M-SPION) in view that the mannose
receptors of M2 macrophages are more intensely expressed in
atherosclerotic plaques than in the adjacent zone. This polysac-
charide consists of units of mannose which are recognized by the
receptor. The nanoparticles were prepared using the co-precipita-
tion method, adding the mixture of iron salts to an aqueous
solution of mannan. Internalization of M-SPION and M-USPION
was tested using a rabbit model demonstrating that these MNPs
were more internalized by macrophages than dextran coated
nanoparticles. Interestingly, there was almost no difference in the
uptake of M-USPION and M-SPION. Although the doses used in this
work were too high for clinical applications, this study may be
considered as a starting point to future investigations regarding to
the use of mannose receptor in macrophages for imagining
atherosclerosis [140].

Folate receptor b (FR-b) is another interesting target for the
detection of vulnerable plaques because it is expressed on
activated macrophages but it is not expressed in non-activated
macrophages or other immune cells. Jager and co-workers
ated macrophages and the possible ligands for atherosclerosis diagnosis.
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incubated human carotids samples with folate-FICT (fluorescein
isothiocyanate). Ex vivo fluorescent imaging showed that folate-
FICT accumulated in areas of high number of activated macro-
phages [141]. The overexpression of this receptor in activated
macrophages has recently led to the development of iron oxide
nanoparticles conjugated with folic acid for the diagnosis of
rheumatoid arthritis [142]. Although intended for arthritis
diagnosis, these nanoparticles could be used for other inflamma-
tory diseases like atherosclerosis. Scheme 3 represents the
receptor overexpressed in activated macrophages and their
possible ligands for atherosclerosis diagnosis.

4.2. Endothelial cells

Cellular adhesion molecules are key mediators in the develop-
ment of atherosclerosis since they are involved in the recruitment
of inflammatory cells from circulation [143]. The adhesion
molecules involved in the atherosclerotic process are: selectins
(P, E and L), intercellular adhesion molecules (ICAM), vascular cell
adhesion molecules (VCAM-1) and integrins.

The VCAM-1 molecule is expressed on endothelial cells,
macrophages and smooth muscle cells in atherosclerotic plaques.
They represent an interesting target to identify early stages of the
pathological process because they are involved in the inflamma-
tory initiation and progression of atherosclerosis. Kelly et al.
modified magnetofluorescent nanoparticles with the peptide
VHSPNKK, which has a high binding ability to VCAM-1. Intravenous
administration of the fluorescent labeled peptide results in its
quick leakage. On the other hand, MNPS modified with the peptide
showed better pharmacokinetics, without affecting the specificity
for VCAM-1. MNPs which were not modified with VHSPNKK did
not show affinity for VCAM-1 molecule. This was the first report
regarding to endothelial molecules targeted without the use of
antibodies [144].

In a more recent work, USPION have been coated with PEG and a
VCAM-1–binding peptide. Conjugation of MNPs with the VCAM-1
cyclic peptide was achieved through a gem-bisphophonate
compound. These nanoparticles (with a hydrodynamic size of
26 nm) accumulated in early and advanced atherosclerotic plaques
on ApoE�/�mice (determined by Prussian blue staining). However,
nanoparticles accumulation was not observed in control mice.
When PEG- USPION without the binding peptide was used in the
ApoE�/� mice studies, iron depositions were not detected. MRI
measurements were performed 24 h after the administration of
the USPION-VCAM-1 and USPION-PEG. The ApoE�/� mice treated
with the former showed a significant signal intensity in the aortic
root, while no significant results were observed in mice treated
with USPION-PEG [145]. These studies position the VCAM-1
molecule as a possible target for the detection of a vulnerable
atherosclerotic plaque.
Table 5
Atherosclerotic targets and the ligands conjugated to MNPs.

Ligand Target Incorporation of the
Ligand

Dextran sulfate Macrophage receptor SR-A Modification of SDIO wit
Dextran sulfate Macrophage receptor SR-A Through a polymer synth
Hyaluronic acid Macrophage receptor CD44 Through amide bond 

Mannan Macrophage mannose receptor Mixing mannan with iron
Peptide VHSPNKK VCAM-1 Derivatization with disuc
VCAM-1 peptide VCAM-1 Conjugation through ami
VH10-antibody P-selectin Using Sulfo-SMCC as cou
rIgG4 TEG4-antibody P-selectin Using SM(PEG)24 as coup
Fucoidan P-selectin Through amide bond 

Citric acid Calcifying microvessels – 

*The size corresponded to the magnetic core.
Another interesting target is P-selectin, an adhesion molecule
which is overexpressed on the surface of activated platelets and
endothelium. Magnetofluorescent nanoparticles covalent coupled
to VH10 antibody (VH10-VUSPIO) were developed to target P-
selectin [146]. The overall synthetic pathway involved the
modification of maghemite core with PEG and dextran (hydrody-
namic radios: 80 nm). The next steps comprised the label with
rhodamine and the conjugation with the antibody. Data arising
from microscopic images and T2 and T1 relaxation rates revealed
that these nanoparticles showed specificity for activated platelets
while accumulation was not almost observed in the normal ones.
The authors demonstrated that 1000 VH10-USPION per platelet
was enough to induce a reduction value of T2 of 50%. Studies on
ApoE�/� mice also revealed a reduction on T2-weighted Images
24 h post-injection due to the accumulation of the targeted
magnetic nanoparticles on the activated platelets. In another study
by Jacobin-Valat, magnetic nanoparticles were coupled with a
recombinant human antibody rIgG4 TEG4 [147]. In this case,
maghemite core was functionalized by an aminated polysiloxane
film imbibed in a dextran corona and then conjugated with the
antibody using SM(PEG)24 as coupling agent. These nanoparticles
also accumulated selectively around activated platelets [147].

Other strategies to develop contrast agents images for P-
selectin consist in covering magnetic nanoparticles with mimics of
sialyl Lewis X (SLex), the natural ligand of P-selectin. Several
mimics are also natural compounds such as fucoidan, a sulfated
polysaccharide. To obtain a suitable contrast agent, maghemite
was covered with carboxymethyldextran and then coupled with
aminated fucoidan. The resulted USPION exhibited a hydrody-
namic diameter of about 50 nm and acted as a competitor of the
anti-P-selectin antibody. Moreover, magnetophoresis experiment
confirmed that fucoidan covered USPION were attached to
platelets. Although in vivo experiments were not included in this
contribution, the obtained results situate fucoidan-USPION as a
promising tool for imagining vulnerable plaques [148].

Fucoidan-USPIONs have been evaluated to visualize intravas-
cular thrombi in rat aneurysm, requiring only 30 min visualizing
them by MRI. Based on these results, the use of natural ligands, like
fucoidan, seems to be a more convenient way to imaging P-selectin
than the use of antibodys, which greatly elevate the cost of the
nanoparticles synthesis [149].

4.3. Calcifying microvesicles

Calcifying microvesicles are indicators of plaque instability.
Wagner et al. demonstrated that the accumulation of citrated
coated superparamagnetic iron oxide in atherosclerotic plaques
correlates with the presence of calcifying microvesicles. The
nanoparticles produced a signal lost intensity in atherosclerotic
lesion on vessel wall of WHHL rabbits only 1 h after intravenous
Hydrodinamic radius (nm) In vivo test Refs.

h SO3 62,4 On ApoE�/� mice [135]
esis 64 – [136]

45 On rabbits [139]
 salts 55 On rabbits [140]
cinimidyl suberate 32 On ApoE�/� mice [144]
no-PEG 26 On ApoE�/� mice [145]
pling agent 80 On ApoE�/� mice [146]
ling agent 7,5* On ApoE�/� mice [147]

50 – [148]
7 On rabbits [150]
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administration. The authors proposed that MNPs coated citric acid
target the microvesicles due to the chelating capacity of
glycosaminoglycns (GAGs), which are negatively charged carbo-
hydrates based on amino sugar dimers and are linked to
atherosclerotic calcifications. In vivo, the citrate coating could
be replaced because of the interaction of iron oxide with GAGs
[150].

In order to explore the capability of other acids to the same
purpose, dimercaptosuccinic, etidrionic, tartaric and malic acid
were employed as coating of magnetic nanoparticles. The data
reveal that MNPs-dimercaptosuccinic acid did not accumulate in
atherosclerotic plaques but mainly in heart muscle. As a difference,
magnetic nanoparticles coated with the other three acids
accumulated in aortic walls in an apoE�/� mice model. The
authors explained that the nanoparticles used could enter in the
plaque via diffusion through the dysfunctional endothelium.
However, the accumulation of these last nanoparticles was lower
than the accumulation of citrated-iron oxide nanoparticles. The
presence of tartaric, malic and ethidrionic acid-coated magnetic
nanoparticles was detected in macrophages and endothelial cells
by TEM. In spite of the major T2-relaxivity obtained with malic
acid, the contrast effect achieved in the plaque was not improved
with respect to the NPs coated with other acids. Therefore, the use
of alternative acids did not enhance the performance achieved
when citrate was employed as coating. In this study citric acid
coated-MNPs showed high accumulation in atherosclerotic
plaques of Apo E�/� mice 3 h after the intravenous injection [151].

Table 5 summarizes the different targets that have been
considered to synthesize MNPs for atherosclerotic vulnerable
plaque detection.

4.4. Clinical advances in MNPs for atherosclerosis diagnostic

Existent clinical trials involve the use of MNPs as contrast
agents to detect and characterize atherosclerotic plaques; relying
on the base of the specific incorporation of magnetic particles by
activated macrophages [152]. A study by Kooi et al. [153]
performed on 11 symptomatic patients scheduled for carotid
endarterectomy, demonstrated that MNPs accumulated predomi-
nantly in macrophages in ruptured and rupture-prone atheroscle-
rotic lesions, whereas hardly any particle was taken up in stable
plaques [153].

Other clinical assays developed by J.H. Gillard and col.
confirmed the capability of MNPs – enhanced MRI to recognize
plaque inflammation by accumulation of nanoparticles within
macrophages in stenotic carotid plaques [154]. In that study, areas
of signal intensity reduction, corresponding to MNPs- and
Fig. 4. Sequence of obtention IONP-64Cu na
macrophage-positive histological sections, were observed in 7 of
8 patients administrated with similar doses of ferumoxtran. These
data were later validated on 30 symptomatic patients scheduled
for carotid endarterectomy, showing MNPs enhancement in 90%
patients with severe stenosis [155].

More recently, ferumoxytol (Feraheme) based on MNPs of
around 20–40 nm coated with poly- glucose sorbital carboxyme-
thylether emerged as other viable option. In the recent NIMINI-2
clinical trial ferumoxytol injection combined with mutiparameter-
MRI successfully delimited infarction area, as well as the peri-
infarct zone in patients suffering from acute myocardial infarction
[156]. This should be confirmed with the results of another clinical
trial [157].

The main limitation associated to these nanosystems is related
to the accumulation times. In such cases the times ranged 24–72hs.
after injection. Therefore, the incorporation of suitable ligands to
induce an active targeting is still a challenge between medical/
scientific communities devoted to this field research (source:
http://www.mr-tip.com/ and http://www.clinicaltrials.gov/).

5. Future perspectives for diagnosis

Despite MRI offers satisfactory images of soft tissues with high
spatial resolutions, its sensitivity is quite low. The lack of
sensitivity represents a problem since atherosclerotic disease
may occur anywhere in the vascular system. In this context, the
development of nanoparticles combining MRI and others more
sensitive techniques, such as PET, is becoming a more suitable and
efficient alternative for atherosclerosis diagnosis.

Jarrett et al., developed a multimodal nanoparticle (for MRI and
PET) to non-invasively map the distribution of macrophages in vivo
[158]. Dextran coated iron oxide nanoparticles were cross-linked
with epichlorohydrin and then aminated to generate a stronger
nucleophile. Afterwards, the nanoparticles were conjugated with
the 64Cu chelator p-SCN-Bz-DOTA (p-benzyl isothiocyanate-
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid. The resul-
tant product was dextran-coated iron oxide nanoparticles label
with 64Cu. A representation of IONP-64Cu nanoparticles for MRI
and PET diagnosis is shown in Fig. 4. This nanosystem was
nonspecifically taken up by macrophages. The study was carried
out on Apo E-/- mice and the data suggested that the MR intensity
signal decreased around the aortic valve due to the accumulation
of iron oxide nanoparticles in the region. This effect was observed
twenty-four hours after the injection of the nanoparticles.

Co-registration with PET signal confirms the accumulation in
the region. Atherosclerotic human plaques have a few millimeters
thick and length. PET, with its low resolution is unable to detect
noparticles for MRI and PET diagnosis.

http://www.mr-tip.com/
http://www.clinicaltrials.gov/


M.G. Montiel Schneider, V.L. Lassalle / Biomedicine & Pharmacotherapy 93 (2017) 1098–1115 1109
plaque structure. MRI has the resolution to map macrophages
distribution in the plaques but lacks the sensitivity for screening.
The combination of both techniques may complement to maximize
the diagnostic potential of each one individually. Dextran-coated
iron oxide nanoparticles were labeled with 64Cu and treated with
maleic anhydride to increase the negative surface charge to target
the macrophage scavenger receptor (SR-A) [159]. The incorpo-
ration of 64Cu was similar as described above. The acylation with
maleic anhydride was performed using a borate buffer solution to
keep the pH at 8,5 while the anhydride was slowly added. The
radiolabeling of the final product, MDIO-64Cu-DOTA, was 68%.
Although maleate is not a specific ligand of the macrophage SR-A
receptor, its suitable arrangement on the nanoparticle could result
in a probe recognized and internalized by the SR-A receptor.

Nanoparticles for MRI and SPECT detection have also been
recently addressed [160]. In this study USPIONs were synthesized
by thermal decomposition of iron (III) acetylacetonate in
diethylene glycol. In subsequent steps they were covered with
aminated and carboxilated PEG and functionalized with DTPA for
99mTc coordination. The resulting nanoparticles were treated with
Annexin V to target apoptotic macrophages in vulnerable plaques.
This molecule recognizes the membrane lipid phosphatidylserine
(PS), which is exposed on the surface cell when it dies. The contrast
achieved in atherosclerotic plaques of Apo E-/- mice was adequate
to identify them from normal tissues. A significant signal was
detected after 5 h post-injection.

MRI-fluorescence systems have also been synthesized to
evaluate vulnerable atherosclerotic plaques. Jaffer et al. added
the near infrared fluorescent cyanine 5.5 to dextran-coated iron
oxide nanoparticles. As described above, dextran was cross-linked
with epichlorohydrin and aminated before the addition of the dye
[161]. The final formulation presented 2.5 NIR fluorochromes per
nanoparticle. Using a near infrared dye the autofluorescence from
collagen, elastin and lipids components was minimized. Data
arising from flow cytometry on activated macrophages, endothelial
cells and smooth muscle cells incubated with the nanoparticles,
revealed that the greatest uptake of the particles was registered on
macrophages. In vivo studies were performed on Apo E-/- mice. A
significant signal loss was observed in the aortic root and in the
aortic arch after 24 h of 15 mg/kg of iron oxide injection. Evaluation
under macroscopic light and near-infrared fluorescence (NIRF)
confirmed the accumulation in aortic root and aortic arch. In a
recent work, iron oxide nanoparticles were coated with meso-2,3-
dimercaptasuccinic acid (DMSA) and conjugated with the fluores-
cent dye NHS-Cy5.5 and with the polyclonal profiling-1 antibody,
through the use of EDC and sulfo-NHS [162]. The overexpression of
the protein profiling-1 is related to the development of cardiovas-
cular diseases, including atherosclerosis, through the regulation of
Table 6
Different iron oxide based nanoparticles specifically modified to attain multimodal ath

Formulation Coating Incorporation of PET/NIRF label Target 

MNP-64Cu Dextran With Cu chelator p-SCN-Bz-DOTA Macropha
MNP-64Cu Dextran With Cu chelator p-SCN-Bz-DOTA Macropha

MNP-99mTc PEG With DTPA Macropha
MNP-Cy5.5 Dextran Through amination of dextran – 

MNP-Cy5.5-PF1 DMSA Through conjugation reaction Vascular s
muscle ce

MNP-CREKA-
IR783

Dextran Conjugation with the amine groups Fibrin 

MNP-64Cu-
Vivotag-680

Dextran 64Cu with DTPA Vivotag-680 binding to the
amines groups.

Macropha

MNP-DMSA-
Cy5.5-OPN

DMS Amidation of carboxylic groups with EDC/
sulfo-NHS

Foamy ma
vascular smooth muscle cells (VSMCs) proliferation and migration.
In vivo fluorescence images revealed fluorescence signal in the
carotid artery. This result was consistent with the MRI signal
attenuation observed in a 9.4T MR imagining. These data were
recovered after 36 h of the nanoparticles injection in Apo E-/- mice.

More recently, DMSA-coated MNPs were conjugated with Cy5.5
labeled osteopontin (ONP) antibody to target foamy macrophages
[163]. The protein osteopontin is overexpressed in foamy macro-
phages in atherosclerotic lesions. The conjugation with the antibody
was achieved through the amidation of the carboxylic group. The
nanoparticles showed a hydrodynamic size of 92 nm and selectively
accumulated in foamy macrophages. Such nanoparticles allowed the
visualization of the atherosclerotic plaque by both MRI and a
fluorescence imaging approach in a Apo E-/- mice model.

Song et al. prepared nanoagents for multimodal imaging (MRI
and optical imaging) of microthrombous detection [164]. The
formation of microthrombus occurs on the surface of vulnerable
atherosclerotic plaques. Fibrin is a major component of thrombosis
site, which makes it an interesting target to imaging unstable
plaques. Aminated dextran-coated SPION were treated with the
near-infrared dye IR787 and rhodamine-NHS.They were then
modified with PEG and conjugated with the clot-binding peptide
cysteine-arginine-glutamic acid-lysine-alanine (CREKA) in order
to detect the formation of microthrombi by MRI. The CREKA-SPION
with a hydrodynamic radius of about 100 nm, were assessed in
terms of their ability to detect thrombus in vitro an in a rat model. It
was very important the high density of CREKA molecules (around
2000 molecules) on the surface of SPION to detect fibrin in
microthrombus.

Nahrendorf and co-workers developed a triple functional iron
oxide nanoparticle to evaluate macrophages in atherosclerotic
plaques. Dextran-coated iron oxide core was coupled with 64Cu
(using DTPA as chelator) and with the near-infrared fluorochrome
Vivotag-680 [128]. The administrated doses to Apo E-/- mice were
1,5 mg/kg body weight. The final formulation combined the avidity
of macrophages to take up dextran-iron oxide nanoparticles with
the high sensitivity provided by the radiocenter; and the
possibility of validation through fluorescence-based techniques.
The three techniques confirmed the accumulation of nanoparticles
in mouse atheroma.

Table 6 compares the different iron oxide based nanoparticles
specifically modified to attain multimodal atherosclerosis diag-
nostic tools.

The development of multimodal diagnostic agents based on
iron oxide nanoparticles is an emerging field and several nano-
particles have been designed to achieve this goal. Iron oxide
magnetic nanoparticles for dual MRI and CT imaging were
prepared although not intended for the detection of vulnerable
erosclerosis diagnostic tools.

Targeting molecule In vivo/In vitro assays Ref.

ges – In vivo, in Apo E-/- mice [158]
ges Maleate, to target SR-A

receptor
In vitro, using P388D1 murine
macrophages

[159]

ges Annexin V In vivo, in Apo E-/- mice [160]
– In vivo, in Apo E-/-� mice [161]

mooth
lls

Profilin-1 antibody In vivo, in Apo E-/- mice [162]

CREKA In vivo, in rat [164]

ges – In vivo, in Apo E-/- mice [128]

crophages Osteopontin In vivo, in Apo E-/- mice [163]



Fig. 5. Illustration of different MNPs modifiers to achieve multifunctional diagnostic tools.
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atherosclerosis plaques. Lee et al. synthesized multifunctional
Fe3O4/TaOx core/shell nanoparticles for tumor imaging [165].
Narayanan and co-workers synthesized magnetite/gold nano-
particles through a green chemistry procedure for MRI and CT
imaging. In this case any particular pathology was focusing on
[166].

Nanoparticles designed for MRI and PET represent a great
attraction regarding to their application in atherosclerosis
diagnosis, especially when a small molecule is used as targeting
to reach specificity. Antibodies are frequently used as targeting.
Besides their high cost, their use involves some drawbacks, such as
the immunogenicity and that exhibit variations according to their
source, affecting their efficiency as targeting ligands [167]. Fig. 5
shows all the possible modifications to active targeting athero-
sclerosis markers using MRI alone or in combination with other
techniques.

Currently, many studies are focusing in the use of nanoparticles
as theranostics agents, enabling the capabilities of diagnostic and
therapy in a unique nanocarrier. Oumzil and co-workers synthe-
sized solid lipid nanoparticles (SLN) charged with maghemite
nanoparticles and the prostacyclin PGI2, which inhibits platelet
aggregation. The nanoparticles showed excellent magnetic prop-
erties whereas the activity of PGI2 in the SLN was not affected
[168]. Magnetic HDL-like nanostructure has been designed as a
theranostic for atherosclerosis. Hydrophobic MNPs (coated with
oleic acid) and hydrophilic MNPs (coated with citric acid) were
charged into the HDL-like structure following different procedures.
As a diagnostic tool the nanostructures showed higher magnetic
resonance enhanced that the FDA-approved Ferumoxytol. The
therapeutic effect of the HDL-like is based on the capability of the
HDL to promote reverse cholesterol transport, leading to an
atheroprotective effect [169]. The authors reported that the HDL-
MNS induced higher cholesterol efflux than natural HDL [170].

6. Concluding remarks

Current knowledge of atherosclerosis reveals that the compo-
sition of the plaque appears as the main factor associated to the
risk to suffer dramatic cardiovascular complications. Molecular
imaging allows the detection of unstable plaques in a non-invasive
way. Different techniques may be used to achieve this goal. Among
them, MRI is one of the most extensively investigated. Among the
most employed contrast agents for MRI, gadolinium and iron
oxides are for far the most widely employed compounds. The use of
gadolinium exhibits certain disadvantages mainly in patients with
nephrotic diseases as well as in childs due to its nephrotoxicity.
Therefore, iron oxide nanoparticles may be considered a reliable
option.

Iron oxide nanoparticles are conveniently modified to target
macrophages aiming to the earlier detection of vulnerable plaques.
The reason is because macrophages are abundant in this kind of
plaque and are present during all stages of atherosclerosis
progression. Besides, more than one receptor overexpressed on
activated macrophages may be distinguished; increasing the
possibilities to functionalize nanoparticles with this purpose.

To overcome the limitations of MRI technique, iron oxide
nanoparticles have been modified for multimodal diagnosis.
Among the possible combinations, those nanoparticles for MRI/
PET diagnosis seems to be the most studied for atherosclerosis,
nowadays. This is associated to the synergic effect of this
combination. The studies have been carried out using separating
scanners for MRI and PET. The integration of these two techniques
in a hybrid system involved a hard procedure to overcome serious
difficulties [171].

Despite all the investigations about the use of iron oxide
nanoparticles as contrast agents only a few formulations are
currently available in the market and most of them are coated with
dextran. The information recompiled in this review opens novel
insight regarding to the specific target of MNP in order to obtain
nanosystems able to increase the efficiency of the current
diagnostic techniques. This contribution appears as a valuable
tool faced not only in the design of novel contrast agents but also in
the earlier and efficient detection of a wide gamma of chronical
diseases among atherosclerosis [172].
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Glossary

CT: Computed tomography
DMSA: Dimercaptosuccinic acid
DOTA: 1,4,7,10 tetraazacyclododecane-1,4,7,10-teraacetic acid
DTPA: Diethylenetriamine penta-acetic acid
FICT: Fluorescein isothiocyanate
FMT: Fluorescence molecular tomography
GAGs: Glycosaminoglycans
GBCAs: Gadolinium based contrast agents
HA: Hyaluronic acid
ICAM: Intercellular adhesion molecules
MRI: Magnetic resonance imaging
MNP: Nanoparticles based on magnetic iron oxide
MPS: Mononuclear phagocytic system.
NFS: Nephrogenic systemic fibrosis
PAT: Photoacoustic tomography
PEG: Polyethylene glycol
PET: Positron emission tomography
SDIO: Dextran sulfate coated-MNPs
SPET: Single-photon emission computed tomography
SPIONs: Super-paramagnetic iron oxide nanoparticles
SR-A: Scavenger receptor
USPIONs: Ultra-small super-paramagnetic iron oxide nanoparticles
VCAM-1: Vascular cell adhesion molecules
VSMCs: Vascular smooth muscle cells
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