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articles as multimodal imaging
tools

Edouard Alphandéry abc

In medicine, obtaining simply a resolute and accurate image of an organ of interest is a real challenge. To

achieve this, it has recently been proposed to use combined methods in which standard imaging (MRI, PAI,

CT, PET/SPEC, USI, OI) is carried out in the presence of iron oxide nanoparticles, thus making it possible to

image certain tissues/cells through the specific targeting of these nanoparticles, hence resulting in

improved imaging contrast and resolution. Here, the advantages and drawbacks of these combined

methods are presented as well as some of their recent medical applications.
Introduction

Iron oxide nanoparticles (IONP) can be used to image organs/
cells, which capture or accumulate them, such as the liver,1

spleen,2 lymph nodes,3,4 bone marrow, and those of the mono-
nuclear phagocytic system, whether these organs/cells are
tumorigenic or not.5,6 Other examples of IONP imaging appli-
cations include the detection of apoptosis,7 inammation,8

angiography,9 ruptured atherosclerotic plaque,10 multiple scle-
rosis,5 integrity of the blood–brain barrier,11 and vasculature,
e.g. coronary arteries12 (Fig. 1). The development of IONP for
these applications stems from their advantages compared with
non-nanoparticle based systems such as: (i) their longer
residence/circulation time,13 (ii) their faculty to act as a contrast
agent for several imaging methods simultaneously,14 (iii) their
ability to specically target an organ/tissue of interest via
passive, active or magnetic targeting with an efficacy that varies
depending on studies and leads to a percentage of IONPs that
target the tumor relative to the quantity of injected IONP that is
between 4 � 10�4% and 7%,15 and (iv) their use as ‘theranostic’
probes, where IONP therapeutic activity comes from localized
ROS or heat production, exposure of IONP to various excitation
sources, or conjugation of drugs to IONP.16 Furthermore, since
IONP are already used on humans for therapeutic applications
either to treat iron anemia disease or to carry out magnetic
hyperthermia treatment of cancer,15 one could easily foresee
their clinical use for imaging applications.

Here, I review the use of IONP as imaging tools in various
imaging methods, i.e. magnetic resonance imaging (MRI),
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magnetic particle imaging (MPI), photo-acoustic imaging (PAI),
computing tomography (CT), positron emission tomography
(PET)/single photon emission computed tomography (SPECT),
ultrasound imaging (USI), and optical imaging (OI). IONP
appeal comes from the fact that they enable:

� Adjustment of IONP T1/T2 contrasting strength by tuning
the properties of these nanoparticles (size, charge, assembly,
surface) for MRI;17

� Use of a device generating a magnetic eld that can both
image and heat IONP through magnetic hyperthermia for
MPI;18

� Improved imaging resolution using common diagnostic
devices for most imaging methods;19

� Localized functional imaging for PET/SPECT;20

� A broad spectrum of different types of detections, e.g. drug
release and intracellular imaging, for optical imaging.21

The review presented here is broader in scope than previous
ones since it covers more imaging techniques and is not
restricted to IONP synthesized by a specic method.22–25

INOP advantages/drawbacks and parameters inuencing
IONP their imaging power in these various imaging methods
are summarized in Table 1 and Fig. 2.
Magnetic resonance imaging (MRI)

Since human body is mainly composed of water, specic water
properties could be measured to image all parts of the
organism. MRI was developed to measure proton relaxation
times of water molecules following a two-steps excitation
process in which a static magnetic eld (B0) rst produces
longitudinal magnetization, i.e. alignment of proton nuclear
spins parallel to B0, and then a radiofrequency pulse yields
transverse magnetization, i.e. alignment of proton nuclear spins
perpendicular to B0. Upon removal of the radiofrequency pulse,
the proton nuclear spins relax longitudinally and transversely
with relaxation times of T1 and T2, respectively. IONP can be
used as contrast agents to improve the quality of MRI images by
RSC Adv., 2019, 9, 40577–40587 | 40577
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Fig. 1 Various applications of IONP as imaging tools.
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decreasing the values of T1 and/or T2. IONP contrast agents (CA)
can be divided between T1 and T2 CA that lead to bright and
dark MRI images associated with the recovery of the longitu-
dinal magnetization (positive contrast, T1) or loss of transverse
magnetization (negative contrast, T2). The relaxivity of an
assembly of IONP and water molecules (Ri) can be expressed as
a function of the relaxivities of isolated water protons (Rwater)
and IONP magnetic moment (RIONP), using the relation: Ri ¼ 1/
Ti ¼ Rwater + CIONPRIONP (i ¼ 1 or 2). This relation indicates how
Ri can be maximized by using large values of RIONP and CIONP.
Furthermore, on the one hand, the Solomon–Bloemberger–
Morgan theory indicates that R1 can be maximized by
increasing IONP proton molecular thumbling time and
decreasing proton residence lifetime. On the other hand, the
outer-sphere diffusion model suggests that the effect of IONP
on T1 or T2 relaxivities essentially depends on the stability or
strength of IONP magnetic moment. According to this model,
IONP with less stable magnetic moments and smaller sizes
essentially increase T1 relaxivities while IONP with more stable
magnetic moments and larger sizes increase T2 relaxivities.
However, these theories are simplied. They don't take into
40578 | RSC Adv., 2019, 9, 40577–40587
account the whole stet of parameters that can inuence the
values of T1 and T2 relaxivities, which include:26,27

� Size of IONP, with small IONP acting as a positive contrast
agent, e.g. r1 increases from 3–30 mM�1 s�1 for IONP of �20–
65 nm to 66 mM�1 s�1 for IONP of �5 nm,28 and large IONP
behaving as negative contrast agents, e.g. r2 increases from 35–
130 mM�1 s�1 for IONP of 4–5 nm to 218–385 mM�1 s�1 for
IONP of 12–14 nm,28

� Shape of IONP, which affects the stability of IONPmagnetic
moment and magnetization, leading “theoretically” to well-
distributed magnetization for ellipsoids and to localization of
magnetization in specic locations of IONP for other geome-
tries, e.g. in the corners of IONP cubes, a parameter that seems
to inuence IONP contrasting power if water molecules are
unable to reside where IONP magnetization is located.

� Crystallinity of IONP, which determines whether IONP
affects T1 and/or T2 through: (i) IONP crystal phase, e.g. spinel/
inverse spinel crystal phases of Fe2O3/Fe3O4 with ferrimagnetic
behaviors enhance T2 contrast while IONP with antiferromag-
netic behaviors, lowmagnetic moments, and small sizes such as
a-FeOOH mainly impact T1 contrast, (ii) the presence of doping
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra08612a


Table 1 Advantages and drawbacks of the various imaging techniques (PA, OI, CT, USI, PET/SPEC, MRI, MPI) used in combination with IONP

Imaging
methods Advantages Drawbacks

MRI Widely used (available clinically) Negative contrast
High penetration depth Artifacts preventing detailed anatomical imaging
Rapid signal acquisition No direct measurement of concentration
Functional information using fMRI Not so good resolution (25–100 mM)
Large area covered with one scan (>2500 cm2)

MPI No penetration depth limit Slow signal acquisition
Direct measurement of concentration No widely used (not available clinically)
No radiation No functional information
Good resolution (�1 mm)
Can combine imaging/therapeutic activity (MPH)
Large area covered with one scan (can be adjusted
by varying coil size)

PAI No radiation Low penetration depth (�5 cm)
Rapid signal acquisition Not widely used (only prototypes available in clinic)
Good resolution (�0.5 nm) No direct measurement of IONP concentration
Large area covered with one scan (�15 cm2)
Functional information

CT Large area covered with one scan (>2500 cm2,
similar to MRI)
Rapid signal acquisition Not so good resolution (5–200 mm)
No penetration depth limit Radiation
Widely used (available clinically) No functional information
Large area covered with one scan? No direct measurement of low IONP concentration

Limited so tissue resolution
PET/SPECT Widely used (available clinically) Radiation

Simultaneous anatomical/functional imaging Not so good good resolution (2-10 mm)
Can combine imaging/therapeutic activity Not straightforward to bind a radiotreacer to IONP

andmaintain the complex IONP-radiotrace active in
vivo without its destruction

No penetration depth limit Not straightforward to acquire signal
Can cover the whole body
No radiation
Direct measurement of concentration in some cases

Sonography Widely used (available clinically) No direct detection (use of magneto-motive
mechanism or additional contrast agent such as
micro-bubble)

No radiation Not so good resolution (50–500 mM)
Rapid signal acquisition Limited penetration depth (�5–20 cm)
Large area covered with one scan (�200 cm2) No functional information

No direct measurement of IONP concentration
Optical method No radiation Limited penetration depth (�1–5 cm)

Area covered depends on diameter/number of
optical bers used

Not so good resolution (1–5 mm)

Can combine therapeutic/imaging activity Not widely used clinically
Functional information in some cases Not straightforward to bind a uorophore to IONP

and maintain the complex IONP-uorophore
luminescent in vivo

Measurement of IONP concentration in some cases Not straightforward to acquire signal
All techniques Can be combined with eachother One technique does not gather all advantages

IONP can be eliminated in blood (capture by
macrophages/opsonization)
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material in the crystal, e.g. doping XFe2O4 with X ¼ Mn2+, Fe2+,
Co2+, or Ni2+ leads to the largest magnetic moment for X¼Mn2+

and a very signicant effect on T2 with r2 ¼ 358 mM�1 s�1 (1.5
T), and most interestingly (iii) the formation of mixed crystal-
line structures such as GdxFeyOz, possibly enabling dual-mode
T1–T2 contrast agents.
This journal is © The Royal Society of Chemistry 2019
� Surface of IONP, which can lead to an enhanced IONP
contrasting ability when: (i) surface defects are minimized, (ii)
the number of metallic atoms at IONP surface that are close to
water molecules is maximized, (iii) a specic binding material
covers the surface, (iv) oxygen atoms occupy surface vacancies
in a well-adjusted manner, (iv) coating material and coating
RSC Adv., 2019, 9, 40577–40587 | 40579
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Fig. 2 Parameters that need to be optimized for using IONP as imaging tools in PA, OI, CT, USI, PET/SPEC, MRI, MPI.
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thickness are chosen to optimize the interactions between IONP
magnetic moments and protons of water molecules.

� Assembly of IONP, which can change IONP contrasting
power by modifying the diffusion properties of either IONP or
water molecules surrounding IONP or both, e.g. a decrease in
diffusion of water molecules surrounding IONP assemblies was
associated with an increase in T2.

While some of these parameters favor one type of contrast to
the detriment of the other one, e.g. a large nanoparticle size
could enhance negative contrast and decrease positive contrast,
other ones such as a mixed nanoparticle structure containing
both metallic (Iron) and Gd atoms can promote simultaneously
T1 and T2 contrasting ability.

In addition, since IONP contrasting ability depends on IONP
interaction with the excitation sources, i.e. a combination of
magnetic eld and radiofrequency, the parameters of the exci-
tation sources, in particular the strength or homogeneity/
inhomogeneity of the magnetic eld applied or the tempera-
ture of measurement, are other important parameters that
inuence the values of T1 and T2.

IONP, commercialized as negative or positive contrast
agents, are listed in Table 2. They have been used for imaging:
(i) liver/spleen using Ferumoxides/AMI-24/AMI-25/Endorem/
Feridex or Ferucarbotran/SHU555A/Resovist/Cliavist,29 (ii)
lymph node/bone marrow imaging using Ferumoxtran-10/AMI-
227/Sinerem/Combidex or Ferucarbotran/SHU555C/Supravist,30

(iii) angiography using Feruglose/NC100250/Clariscan or
Ferumoxytol/AMI-7228/Feraheme (231), (iv) delineation of the
bowel from adjacent organs and tissues, using AMI-121/Lumi-
rem/Gastromark,32
40580 | RSC Adv., 2019, 9, 40577–40587
The commercialization of most IONP mentioned in Table 2
has stopped for the following reasons.33 First, IONP are oen
eliminated in blood where they are captured by macrophages,
making the targeting of specic organs by IONP a difficult task.
Second, IONP can result in the formation of artifacts/black
holes, which can prevent the realization of a detailed image of
anatomical/tissular structures. Third, a quantity/concentration
of IONP can't be deduced from an MRI image since IONP only
indirectly affect an MRI image. Fourth, most IONP are T2
contrast agents, which are not favored by clinicians due to their
darkening contrasting effect on an MRI image.
MPI (magnetic particle imaging)

Magnetic particle imaging (MPI)34,35 is a new appealing imaging
technique, which relies on the application of two types
magnetic elds. A rst magnetic eld gradient results in the
formation of a rst region where the strength of the magnetic
eld is sufficiently high to saturate IONP magnetic moments
and align them parallel to the applied magnetic eld, and
a second region, also called eld free point (FFP), where the
magnetic eld strength is zero, and IONP magnetic moments
are randomly oriented. When IONP located in the FFP are
exposed to a second oscillating magnetic eld of strength 10–
100 mT and frequency 10–100 KHz,36 their magnetization
oscillates with time, leading to an electromagnetic signal, which
is detected and further converted into an MPI image. As for
MRI, the quality of MPI imaging depends on IONP properties,
such as IONP size, leading to an increase in spatial resolution by
a factor 4 using IONP of 20 nm compared with Resovist of 45–
60 nm. Several applications of IONP inMPI have been suggested
such as:
This journal is © The Royal Society of Chemistry 2019
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� Cell concentration measurement, i.e. it is possible to
obtain a relation between the MPI signal and the cellular
concentration,37 with a high resolution, down to �250 cells and
7.8 ng of Fe. It however necessitates knowing on the one hand
the quantity of IONP internalized in each cell and on the other
hand how IONP internalization affects MPI signal. Whereas the
quantity of IONP nanoparticles internalized in each cell can
easily be determined in vitro, it seems more difficult to evaluate
it in vivo without extracting a tissue sample from the organism
for analysis, restricting the use of this method. In addition,
whereas the MPI signal of some IONP is relatively independent
of their environment and of the fact that they are internalized or
not, due to a minor Brownian contribution to their MPI signal,
other IONP display a MPI signal that strongly depends on IONP
environment,38 making the judicious choice of IONP crucial for
accurate MPI measurement.

� Imaging of several different types of IONP, since IONP with
different sizes yield different MPI signals. This can enable the
detection of various biological entities if each IONP of different
size targets a different entity.39

� Measurement of blood ux, which can on the one hand
enable evaluating the displacement speed of IONP in blood by
MPI and on the other hand certain specic blood trajectory
such as that resulting from bleeding, i.e. IONP leakage outside
of blood vessels.40

� Imaging of some organs or tissues (tumors), which are
either targeted by IONP following different targeting methods,
i.e. passive through the EPR effect, magnetic via the application
of a magnetic eld gradient, or active using an antibody bound
to IONP that targets a specic cell receptor, or directly injected
with IONP, yielding imaging of organ, e.g. lung41 or brain,42 or
vasculature,37 imaging without facing the same hurdle as in
MRI in which IONP can leads to a hypo-intense signal that is
similar to that of air inside lung.

� MPI combined with MHT, which can be foreseen since the
properties of the applied oscillating magnetic eld (strength
and frequency) are similar in MPI and MHT (magnetic hyper-
thermia), possibly enabling combining imaging and thera-
peutic methods with IONP.18

MPI present a series of advantages such as: (i) a high
penetration depth due to a theoretical unlimited propagation
of the magnetic eld, (ii) a direct measurement of IONP
concentration, (iii) a positive contrast, (iv) an operating
mechanism that does not rely on the use of toxic radiations,
(v) a signal that should not be strongly affected by back-
ground tissue, (vi) a signal that can be acquired quickly in
a spatially selective manner, (vii) a high resolution (sub-mm).
However, MPI also suffers from a series of drawbacks such as:
(i) the absence of anatomic imaging (MPI only images IONP),
(ii) possible formation of eddy currents that can yield over-
heating if the strength/frequency of the oscillating magnetic
eld is too high, (iii) the necessity to use IONP whose
magnetic moment couples with the external oscillating
magnetic eld without depending on IONP environment, (iv)
the absence of a MPI equipment that can be used in the
clinic.
40582 | RSC Adv., 2019, 9, 40577–40587
Photo-acoustic imaging (PAI)

The mechanism of photo-acoustic imaging relies on the exci-
tation of a tissue with a nanosecond pulsed laser of 680–970 nm
emission wavelength, 10 Hz frequency, and 10–100 mJ cm�2

power, resulting in a slight temperature increase and thermo-
elastic expansion of the tissue, which further generates an
acoustic wave that provides an image of tissue following
detection and processing of the signal by an echograph of
typical ultrasound frequency 5–50 MHz.43–45 Chromophores
such as melanin and hemoglobin that are strong optical
absorbers can act as intrinsic PAI contrast agents. However, in
some cases they are not available, e.g. in some cancer cells, then
requiring the use of other extrinsic PAI contrast agents such as
IONP. IONP can behave as PAI contrast agents without the
presence of another substance. In this case, the coupling
mechanism between the incident laser light and IONP can
involve surface plasmon waves.46 IONP can also be conjugated
to a uorophore such as Indocyanine Green,21 which enhance
laser light absorption. An important number of applications of
PAI has been described,45 such as the imaging of certain cancers
(breast, prostate, bladder, melanoma, ovarian), lymph nodes
possibly containing metastasis, circulating tumor cells, as well
as neonatal brain, gastrointestinal, thyroid, or intra-operative
imaging. PAI displays a number of advantages such as: (i) an
operating mechanism that does not use radiation, (ii) fast
imaging acquisition, i.e. typically less than 1 minute,47 (iii)
a relatively good resolution, e.g.�0.5 mmwas reached for breast
imaging,48 which can be increased by increasing the ultrasound
frequency, (iv) the relatively large area that can be covered with
one scan, e.g. a surface of 10–50 cm2 of a breast tumor can be
imaged,48 (v) the possibility to obtain functional information
derived from a variation in hemoglobin or melanin concentra-
tion, (vi) the ability to combine PAI with other imaging tech-
niques such as MRI or CT. However, this technique also suffers
from a relatively low penetration depth (typically of the order of
a few cm), which is due to the use of laser light and to the
ultrasound frequency when it is too high, and to a too small
number of PAI equipment that can be used in the clinic. As an
example, the Twente Photoacoustic Mammoscope (PAM) was
built at the University of Twente (Enschede, the Netherlands) to
image breast tumor cells in the clinic, but this type of equip-
ment remains a prototype.49 It needs to be more widely devel-
oped andmade available in different hospitals to spread out the
use of the PAI imaging technique.
Scanner, computing tomography (CT)

X-ray scanners, also designated as computing tomography (CT),
expose patients to an X-ray beam, resulting in a non-uniform
absorption of X-rays by the patients, i.e. the absorption is
different parts for various parts of the organism depending on
their consistency (Z-number). Then the transmitted (non-
absorbed) X-rays are detected, providing an image of these
different parts with various contrasts. In fact, the interaction
between X-rays and the organism is due to the photo-electric effect,
whose strength is mainly proportional to Z3 (Z: atomic number),
and Compton scattering, which is enhanced at high electron and
This journal is © The Royal Society of Chemistry 2019
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mass density.50 The unit of attenuation measurement obtained in
CT is Hounseld unit (HU), leading to low CT number (HU value)
for weakly absorbing material (�1000 HU for air and 0 HU for
water), to intermediate HU values for slightly absorbing material
(40 to 80 HU for tissue), and to larger HU values for stronger
absorbing material (400 to 1000 HU for bone).51 Substances with
high HU values (strongly attenuating X-ray) appear white or light
gray, while those with low HU values (weakly attenuating X-ray)
appear dark gray or black. The photoelectric and Compton
effects suggest that material with high Z and large mass density
would be the best contrast agent. Although the Z value of iron, i.e.
26, and the density of maghemite comprised in most IONP for
medical application, i.e. 5 g cm�3, are not the largest values that
can be reached with nanomaterials, and are larger than those of
water (Z ¼ 1 for hydrogen, and Z ¼ 8 for oxygen, r ¼ 1 g cm�3 for
water) that constitutes the majority of organic living material, they
seem sufficient to provide. They seem are sufficient to provide
a contrast with CT. Indeed, IONP were shown to act as CT contrast
agent, leading to CT number that increases with increasing IONP
concentration, i.e. from 27 HU at 2.5 mg mL�1 of IONP to 113 HU
at 25 mg mL�1 of IONP.52 However, compared with iodine, IONP
were shown to absorb �5–6 times less X-ray.52 The advantages of
CT lie in: (i) the acquisition of large scans (typically 10–20 cm)
quickly (under 5 seconds) with image reconstruction within less
than one minute, (ii) its non-invasiveness, (iii) high contrast
resolution, (iv) no depth penetration limit, (v) a relatively low cost,
(vi) quantitative information on contrast agents can be obtained,
(vii) its wide availability in hospitals. Disadvantages of CT come
from: (i) its low sensitivity compared with other imaging tech-
niques, i.e.CT detection limit is�10�3M,51 compared with 10�5M
for Gd chelates in MRI and 10�9 M for nuclear techniques about,51

(ii) the exposure of patient to relatively high dose of ionizing
radiation, (iii) limited so tissue resolution.
Positron emission tomography (PET)/single photon emission
computed tomography (SPECT)

The mechanism of PET and SPECT relies on the use of a radio-
tracer, which targets a specic part of the organism such as
a tumor, then emits a signal made of positrons (PET) or gamma
rays (SPECT) that is measured, hence enabling the detection of
this part of the organism. PET and SPECT are functional
imaging methods mimicking a substance of interest such as
glucose for 18F-FDG, which gets xed on a specic tissue, e.g.
a tumor in case of 18F-FDG that consumes more glucose than
a healthy tissue.53 Using IONP, it was possible to bring several
improvement to the standard PET/SPECT imaging method by:
(i) binding different radio-tracers to IONP [18F]uorodeox-
yglucose (FDG), copper-61/64, gallium-66/68, zirconium-89, and
iodine-124 for PET,54 and 99mTc, 125I, 111I, 125I and 131I for
SPECT,54–56 that increase radio-tracer lifetime and targeting
efficacy,55 (ii) enabling simultaneous anatomical and functional
imaging by combining PET/SPEC with MRI, taking advantage of
the MRI contrasting ability of IONP, (iii) enlarging the SPECT/
PET imaging capacity to a therapeutic activity through the use
of a theranostic IONP probe that can trigger drugs delivery,
immunotherapy, hyperthermia, or photodynamic therapy.19,57
This journal is © The Royal Society of Chemistry 2019
In addition, PET/SPECT lead to high detection sensitivity, e.g.
PET was shown to be 200 times more sensitive than MRI using
nanoparticles, the possibility to image the whole organism
without limitation in depth of penetration, and the acquisition
of quantitative information since in optimal operating condi-
tions PET/SPECT signal should be proportional to the number/
concentration of radiotracer in the targeted region.54 For these
reasons, the development of PET/SPECT can be foreseen in
various medical elds such as disease detection or the assess-
ment of the efficacy of a medical treatment.

Ultrasound imaging/sonography

It was reported that IONP could be used in ultrasound (sonography)
imaging. On the one hand, IONP could be inserted within a mate-
rial that is already an ultrasound contrast agent such as a micro-
bubble or liposomes, then enabling a combination between USI
and another imaging modality such as MRI that is made possible
by the presence of IONP.58 On the other hand, although a direct
detection of IONP by ultrasound was not reported to the author
knowledge, IONP presence could be detected indirectly by
measuring tissue resistance resulting from IONP motion/vibration
under the application of a high intensity pulsed magnetic eld
through a technique cold magneto-motive ultrasound whose effi-
cacy essentially depends on IONP susceptibility and could be
combined with ultrasound imaging to provide both anatomical
tissue information and estimate the quantity of IONP or photo-
acoustic imaging to improve the resolution of PAI imaging.
Magneto-motive approaches could be used to carry out dynamic
imaging, i.e. imaging of moving biological systems, such as circu-
lating tumor cells, metastases diffusing in/out of lymph nodes or
stem cells, to determine viscoelastic property of so tissues, and
could easily be combined with other imaging modalities.59

Optical imaging methods

Optical imaging can be carried out with IONP-uorophore
complexes, essentially using NIR uorophores such as organic
uorochromes, e.g. cyanine dyes such as Cy5.5. Such complexes
are either made of IONP surrounded by various coatings such as
silica shell, spacer, lipid bilayer, polymer, which contain or are
labeled with uorophores or of IONP directly coated with
a uorescent semiconducting material. Such methods present
the advantages of being relatively easy to implement, of yielding
under optimized conditions a high spatial/temporal resolution,
and of being complementary to other imaging techniques such
as MRI. In order for this method to be efficient, absorption by
the organism/tissue/water/hemoglobin/melanin/proteins that
occurs between 200 and 650 nm shall be avoided by choosing
uorescent probes with absorption/emission within the range
of 650–1450 nm. Furthermore, uorophores should not be
prone to photo-bleaching, not be quenched by iron oxide, be
stable in biological media, i.e. have a long life-time in such
environment, and display well-separated emission and
absorption spectra to be to distinguishable them. The use of
this method is facilitated by the existence of numerous systems
that can excite/detect uorescence in different conditions, i.e. in
real time, in vitro, in vivo, such as: optical scanners, e.g.
RSC Adv., 2019, 9, 40577–40587 | 40583
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uorescence mediated tomography, uorescence reectance
tomography, optical coherence tomography, a large number of
uorescence microscopies, ow cytometry, spectrophotometry,
intra-vital microscopy, intravascular non-invasive near-infrared
(NIRF) imaging, clinical endoscopy, and equipment for uo-
rescence detection during surgery. Suchmethod can be used for
monitoring magnetofection efficacy,60 for multi-modal imaging
with MPI, MRI and PAI,61,62 for detecting various biological
entities such as tumors,16,56 apoptotic cells,7 and sentinel lymph
nodes,4 and for delineating inltrating tumors such as
glioblastoma.63

Multimodal imaging

Since IONP can be used with various imaging methods, they
could be considered for multimodal imaging. The latter pres-
ents the advantage of enabling the combination of information
coming from different imaging methods.64 For example, in PET/
MRI, MRI is used for anatomical imaging while PET offers
molecular information.

Conclusion/perspectives

From the author's point of view, the challenges ahead lie in:
� Improving both IONP (better targeting, size control,

fabrication process) and imaging methods (better resolution,
miniaturization, lower cost, more limited use of hospital
infrastructure);

� Yielding a sufficiently large percentage of IONP in the
organ of interest so that IONP can act as contrast agents;

� Developing a single imaging method that brings together
the maximum benet of the different imaging techniques with
the minimum of their drawbacks;

� Building a device/platform that gathers all the different
imaging techniques in one unit;

� Identifying the specic medical need upstream and then
providing the imaging method best suited to this need, an
approach that seems appropriate when medical needs remain
globally unchanged, which may be the case within a limited
time period in specialized hospital units.

� IONP present the advantage of being compatible and even
improving a large series of different imaging techniques,
making them appealing for multimodal imaging.64
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R. Knüchel, F. Kiessling and T. Lammers, Iron oxide
nanoparticles: Diagnostic, therapeutic and theranostic
applications, Adv. Drug Delivery Rev., 2019, 138, 302–325.

6 Y. Hu, S. Mignani, J.-P. Majoral, M. Shen and W. Shi,
Construction of iron oxide nanoparticle-based hybrid
platforms for tumor imaging and therapy, Chem. Soc. Rev.,
2018, 47, 1874–1900.

7 M. M. Mekawya, A. Saito, A. Sumiyoshic, J. J. Riera,
H. Shimizud, R. Kawashima and T. Tominagaa, Hybrid
magneto-uorescent nano-probe for live apoptotic cells
monitoring at brain cerebral ischemia, Mater. Sci. Eng., C,
2019, 100, 485–492.

8 S. Hedgire, C. Krebill, G. R. Wojtkiewicz, I. Oliveira,
B. B. Ghoshhajra, U. Hoffmann and M. G. Harisinghani,
Ultrasmall superparamagnetic iron oxide nanoparticle
his journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra08612a


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 5

/9
/2

02
5 

2:
28

:4
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
uptake as noninvasive marker of aortic wall inammation on
MRI: proof of concept study, Br. J. Radiol., 2018, 1092,
20180461.

9 Y. Cai, Y. Wang, H. Xu, C. Cao, R. Zhu, X. Tang, T. Zhang and
Y. Pan, Positive magnetic resonance angiography using
ultrane ferritin-based iron oxide nanoparticles, Nanoscale,
2019, 11, 2644–2654.

10 J. M. S. Chan, C. Monaco, M. Wylezinska-Arridge,
J. L. Tremoleda, J. E. Cole, M. Goddard, M. S. H. Cheung,
K. K. Bhakoo and R. G. J. Gibbs, Imaging vulnerable
plaques by targeting inammation in atherosclerosis using
uorescent-labeled dual-ligand microparticles of iron oxide
and magnetic resonance imaging, J. Vasc. Surg., 2018, 67,
1571–1548e3.

11 A. Ivask, E. H. Pilkington, T. Blin, A. Käkinen, H. Vija,
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RSC Adv., 2019, 9, 40577–40587 | 40585

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra08612a


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 5

/9
/2

02
5 

2:
28

:4
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
H. Medimagh, J. Stelzner, T. M. Buzug, J. Barkhausen,
F. M. Vogt and J. Haegele, Magnetic particle imaging:
current developments and future directions, Int. J.
Nanomed., 2015, 10, 3097–3114.

36 A. Meola, J. Rao, N. Chaudhary, G. Song, X. Zheng and
S. D. Chang, Magnetic Particle Imaging in Neurosurgery,
2019, 125, 261–270.

37 X. Y. Zhou, Z. W. Tay, P. Chandrasekharan, E. Y. Yu,
D. W. Hensley, R. Orendorff, K. E. Jeffris, D. Mai, B. Zheng,
P. W. Goodwill and S. M. Conolly, Magnetic particle
imaging for radiation-free, sensitive and high-contrast
vascular imaging and cell tracking, Curr. Opin. Chem. Biol.,
2018, 45, 131–138.

38 H. Arami, R. M. Ferguson, A. P. Khandhar and
K. M. Krishnan, Size-dependent ferrohydrodynamic
relaxometry of magnetic particle imaging tracers in
different environments, Med. Phys., 2013, 40, 071904.

39 H. Kratz, M. Taupitz, A. A. de Schellenberger, O. Kosch,
D. Eberbeck, S. Wagner, L. Trahms, B. Hamm and
J. Schnorr, Novel magnetic multicore nanoparticles
designed for MPI and other biomedical applications: from
synthesis to rst in vivo studies, PLoS One, 2018, 13,
e0190214.

40 M. G. Kaul, J. Salamon, T. Knopp, H. Ittrich, G. Adam,
H. Weller and C. J. Wegner, Magnetic particle imaging for
in vivo blood ow velocity measurements in mice, Phys.
Med. Biol., 2018, 63, 064001.

41 F. Wegner, T. M. Buzug and J. Barkhausen, Take a Deep
Breath–Monitoring of Inhaled Nanoparticles with Magnetic
Particle Imaging, Theranostics, 2018, 8, 3691–3692.

42 L. C. Wu, Y. Zhang, G. Steinberg, H. Qu, S. Huang, M. Cheng,
T. Bliss, F. Du, J. Rao, G. Song, L. Pisani, T. Doyle, S. Conolly,
K. Krishnan, G. Grant and M. Wintermark, A Review of
Magnetic Particle Imaging and Perspectives on
Neuroimaging, Am. J. Neuroradiol., 2019, 40, 206–212.

43 P. Armanetti, A. Flori, C. Avigoa, L. Conti, B. Valtancoli,
D. Petroni, S. Doumett, L. Cappiello, C. Ravagli, G. Baldi,
A. Bencini and L. Menichetti, Spectroscopic and
photoacoustic characterization of encapsulated iron oxide
super-paramagnetic nanoparticles as a new multiplatform
contrast agent, Spectrochim. Acta, Part A, 2018, 199, 248–253.

44 J. P. Thawani, A. Amirshaghaghi, L. Yan, J. M. Stein, J. Liu
and A. Tsourkas, Photoacoustic-Guided Surgery with
Indocyanine Green-Coated Superparamagnetic Iron Oxide
Nanoparticle Clusters, Small, 2017, 13, 1701300.

45 S. Zackrisson, S. M. W. Y. van de Ven and S. S. Gambhir,
Light In and Sound Out: Emerging Translational Strategies
for Photoacoustic Imaging, Cancer Res., 2014, 74, 979–1004.

46 H. Chen, Z. Yuan and C. Wu, Nanoparticle Probes for
Structural and Functional Photoacoustic Molecular
Tomography, BioMed Res. Int., 2015, 2015, 757101.

47 P. Beard, Biomedical photoacoustic imaging, Interface Focus,
2011, 1, 602–631.

48 S. Manohar and M. Dantuma, Current and Future Trends in
Photoacoustic Breast Imaging, Photoacoustics, 2019, DOI:
10.1016/j.pacs.2019.04.004.
40586 | RSC Adv., 2019, 9, 40577–40587
49 K. S. Valluru, K. E. Wilson and J. K. Willmann, Photoacoustic
Imaging in Oncology: Translational Preclinical and Early
Clinical Experience, Radiology, 2016, 280, 332–349.

50 J. Kim, P. Chhour, J. Hsu, H. I. Litt, V. A. Ferrari, R. Popovtzer
and D. P. Cormode, Use of Nanoparticle Contrast Agents for
Cell Tracking with Computed Tomography, Bioconjugate
Chem., 2017, 28, 1581–1597.

51 D. P. Cormode, P. C. Naha and Z. A. Fayad, Nanoparticle
Contrast Agents for Computed Tomography: A Focus on
Micelles, Contrast Media Mol. Imaging, 2014, 9, 37–52.

52 S. Goel, C. G. England, F. Chen and W. Cai, Positron
Emission Tomography and Nanotechnology: A Dynamic
Duo for Cancer Theranostics, Adv. Drug Delivery Rev., 2017,
113, 157–176.

53 A. L. Dias, R. Kunzel, R. S. Levenhagen and E. Okuno,
Application of computed tomography images in the
evaluation of magnetic nanoparticles biodistribution, J.
Magn. Magn. Mater., 2010, 322, 2405–2407.

54 F. Ai, A. Ferreira, F. Chen and W. Cai, Engineering of
Radiolabeled Iron Oxide Nanoparticles for Dual-Modality
Imaging, Wiley Interdiscip. Rev.: Nanomed. Nanobiotechnol.,
2016, 8, 619–630.

55 J. Pellico, J. Llop, I. Fernández-Barahona, R. Bhavesh, J. Ruiz-
Cabello and F. Herranz, Iron Oxide Nanoradiomaterials:
Combining Nanoscale Properties with Radioisotopes for
Enhanced Molecular Imaging, Contrast Media Mol.
Imaging, 2017, 2017, 1549580.

56 M. De Simone, D. Panetta, E. Bramanti, C. Giordano,
M. C. Salvatici, L. Gherardinia, A. Menciassie,
S. Burchiellif, C. Cintia and P. A. Salvadoria, Magnetically
driven nanoparticles: 18FDGradiolabelling and positron
emission tomography biodistribution study, Contrast
Media Mol. Imaging, 2016, 11, 561–571.

57 R. A. Revia and M. Zhang, Magnetite nanoparticles for
cancer diagnosis, treatment, and treatment monitoring:
recent advances, Mater. Today, 2016, 19, 157–158.

58 X. Qian, X. Han and Y. Chen, Insights into the unique
functionality of inorganic micro/nanoparticles for versatile
ultrasound theranostics, Biomaterials, 2017, 142, 13–30.

59 M. Evertsson, P. Kjellman, M. Cinthio, R. Andersson,
T. A. Tran, R. Zandt, G. Grafström, H. Toevall,
S. Fredriksson, C. Ingvar, S. E. Strand and T. Jansson,
Combined Magnetomotive ultrasound, PET/CT, and MR
imaging of 68Ga-labelled superparamagnetic iron oxide
nanoparticles in rat sentinel lymph nodes in vivo, Sci. Rep.,
2017, 7, 4824.

60 M. Zuvin, E. Kuruoglu, V. O. Kaya, O. Unal, O. Kutlu,
H. Y. Acar, D. Gozuacik and A. Koşar, Magnetofection of
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