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ABSTRACT: Noninvasive diagnostic by imaging combined
with a contrast agent (CA) is by now the most used technique
to get insight into human bodies. X-ray and magnetic
resonance imaging (MRI) are widely used technologies
providing complementary results. Nowadays, it seems clear
that bimodal CAs could be an emerging approach to increase
the patient compliance, accessing different imaging modalities
with a single CA injection. Owing to versatile designs,
targeting properties, and high payload capacity, nanocarriers
are considered as a viable solution to reach this goal. In this
study, we investigated efficient superparamagnetic iron oxide
nanoparticle (SPION)-loaded iodinated nano-emulsions
(NEs) as dual modal injectable CAs for X-ray imaging and MRI. The strength of this new CA lies not only in its dual
modal contrasting properties and biocompatibility, but also in the simplicity of the nanoparticulate assembling: iodinated oily
core was synthesized by the triiodo-benzene group grafting on vitamin E (41.7% of iodine) via esterification, and SPIONs were
produced by thermal decomposition during 2, 4, and 6 h to generate SPIONs with different morphologies and magnetic
properties. SPIONs with most anisotropic shape and characterized by the highest r2/r1 ratio once encapsulated into iodinated
NE were used for animal experimentation. The in vivo investigation showed an excellent contrast modification because of the
presence of the selected NEs, for both imaging techniques explored, that is, MRI and X-ray imaging. This work provides the
description and in vivo application of a simple and efficient nanoparticulate system capable of enhancing contrast for both
preclinical imaging modalities, MRI, and computed tomography.

KEYWORDS: bimodal nano-emulsion, SPIONs, iodinated oil, in vivo imaging, MRI, micro-CT

■ INTRODUCTION

Nowadays, at the clinical stage, X-ray computed tomography
(X-ray CT) and magnetic resonance imaging (MRI) are the
common imaging techniques for disease diagnostic and for
inside observation of human body in conjecture with
pharmaceuticals for contrast enhancement. They both aim at
exploring and checking up the morphology, anatomy, and
physiologic functions via reconstructed 2D or 3D images
without invasive gesture to patient.1−4

An X-ray CT scanner is one of the oldest modalities and
uses the ability of electron-dense body tissues to absorb X-rays.
X-ray CT images can provide details about abdominal region,
cardiorespiratory system, head, tumors, and skeleton because
of their different opacifications.5−9 Early diagnosis of soft tissue
pathology has remained quite challenging so far because of a
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lack of clear delineation between healthy and altered tissue due
to very close X-ray attenuation properties. Contrast enhancer
pharmaceutics, or contrast agents (CAs), based on small
hydrosoluble iodinated compounds are used in clinics.
However, owing to their small size, they undergo a fast renal
clearance once in the bloodstream, requiring the use of large
doses of CAs causing serious adverse effects and poor image
quality.9−13

Initially inspired by nuclear MR,14 MRI provides images
from water molecules hydrogens using magnetic field and
radiofrequency pulses with a contrast influenced by tissue
relaxation properties (longitudinal T1 and transversal T2
relaxation time).15 Typical CAs for MRI are based on
gadolinium chelates for T1-weighted MRI and superparamag-
netic iron oxide nanoparticles (SPIONs) for T2-weighted
MRI.16 It is noteworthy that MRI can also use T2*-weighted
MRI more sensitive to magnetic field inhomogeneites than T2-
weighted MRI and therefore more sensitive to SPION-induced
susceptibility effects.17−19

As all advanced techniques, MRI and X-ray CT both suffer
from inherent drawbacks. For instance, X-ray CT is cost-
effective and has a short processing time but has very low
sensitivity and exposes tissue to ionizing radiation. MRI is
much more sensitive and provides detailed images without
ionizing radiation, but it has a lower resolution and remains
expensive to use. Consequently, MRI can complete X-ray CT
information to deliver accurate diagnostics. In order to limit
the discomfort to the patient, a single multimodal CA should
be the best alternative in the case of multimodal imaging
needs. To perform the multiple incorporation of several
imaging components into a single formulation, nanoparticles
(NPs) and nanocarriers (NCs) seem to be the perfect match as
shown by many research studies (if no interaction between
imaging components occurs).1,2,20−26

MRI CAs already involved NPs based on inorganic material
as aforementioned, but literature also showed the scope of NP-
based CA for X-ray CT. Typically, studies on NPs dedicated to
X-ray imaging used inorganic elements5,27 like heavy metal
(thorium, bismuth, tantalum, etc.), noble metal (gold, silver,
and platinum), or lanthanide (gadolinium, ytterbium, etc.) and
soft iodinated NPs6,11,28,29 made of lipids [nano-emulsion
(NE), micelle, liposome, and emulsion] or polymeric materials
(nanosphere, nanocapsule, and dendrimer) in which active
compounds can be encapsulated or embedded.
Soft NPs, namely, lipid NPs and NEs, have emerged as

multivalency nanovehicle platforms. Besides their biocompat-
ibility coming from the use of nontoxic and biodegradable
materials, the main advantage of soft NPs is their high loading
capability, being an important reservoir of contrasting
elements. Increasing the CA concentration per particle, along
with the specificity of the particle accumulation in the desired
site (i.e., passive or active targeting) has a direct consequence
on reducing the administrated dosage, therefore decreasing
potential side effects and toxicity. A condition enhancing the
NP targeting is the time in contact with the targeted tissue,
which increases the chance of potential interactions. This
contact time is generally increased with the circulation time in
the blood pool and enhanced by specific NP surface
properties; this result is obtained, in general, thanks to a
neutral, stealth, and hydrophilic PEGylated surface. As a result,
premature recognition by an immune system is decreased
through a hindrance PEG shell (“chameleon effect”), thus
preventing opsonin adsorption and increasing their colloidal

stability and residence time in the bloodstream.8,30,31 It is
noteworthy that PEG is not the only family of macromolecules
that can be used for improving the stealth properties of NPs,
but other types of hydrophilic polymers, like polyglycerols and
polysaccharides,32 can be used for that purpose. Nevertheless,
PEG remains the most reported component to minimize
interactions with plasma proteins or antibodies. In vivo fate of
NPs including their pharmacokinetic profile, biodistribution,
and colloidal stability in a physiological environment and their
retention time33 can be controlled by their composition,
surface decoration, and also by their size.1,4,6,8,11,26,34−39

Because of all the aforementioned advantages, multimodality
imaging NPs are nowadays a target in research as an alternative
to clinical CAs, balanced by the human health concerns
because of their nanoparticulate constitution.40 Preclinical
studies in rodents prior to translation to the clinic presents two
main advantages: (i) mice have small blood volume providing
a good contrast even for a small administered volumes because
of the high payload in contrasting materials8,41 and (ii) the
multimodality will provide enough details of mice anatomic
and physiologic functions and consequently details of NP
effects on animal health and model pathologies.
Herein, we describe a novel and simple strategy of

formulation of bimodal NP CA relying on the spontaneous
nanoemulsification of iodinated oil (triiodobenzene-grafted
vitamin E) and SPIONs based on lipophilic magnetite Fe3O4,
respectively, for X-ray CT and T2-weighted MRI contrast
enhancement. Recent studies proved that iodinated oil trapped
within the NE core exhibited strong contrast enhancement for
X-ray CT during in vivo assays.42,43 The same observations
have been made about Fe3−xO4 encapsulation in nanodroplets
for T2-weighted MRI contrast.44,45 This work covers all the
aspects of the development of new nanoparticulate CAs for
soft tissue imaging by X-ray CT/MRI, from syntheses to
formulation of the bimodal NEs, physicochemical character-
ization, and in vivo applications. A particular attention was paid
to the SPIONs and the impact of their design on their
relaxivity properties. A selection of the optimum formulation
was done based on properties like the contrasting material
content, the biocompatibility, and the physicochemical
characteristics. Evaluation of bimodal properties, biodistribu-
tion, and CA elimination was carried out in vivo on mice
through micro-CT and MR imaging technique micro-CT and
MRI, performed on the same animal after a single injection.

■ RESULTS AND DISCUSSIONS
Lipid-based NEs are used more and more as pharmaceutics
because of their potential to improve active pharmaceutical
ingredient bioavailability and efficiency once administrated to
living organisms. A simple method of NE formulation relying
on the low-energy nanoemulsification technique allows
preparing monodisperse, stable, and nontoxic colloidal
suspension, perfectly suitable to intravenous injection. In our
study, we choose a biocompatible and parenteral grade
PEGylated surfactant (Kolliphor ELP) in order to strongly
stabilize the oil/water interface, along with providing efficient
anti-fouling properties toward the immune system in order to
increase the circulation time in the blood pool. As the bimodal
contrasting materials involve several technologies in a single
particle, each one has been prepared beforehand and then
combined. Indeed, the oily phase is made of iodinated α-
tocopherol offering radiopaque property to our formulations,
taken as a dispersion material for Fe3−xO4 SPIONs insuring the
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MRI contrast. In this study, the dual modal NCs were thus
formulated with iodinated α-tocopherol NEs encapsulating
SPIONs. Optimal NE formulation was selected as a
compromise between size distribution, polydispersity, and
concentration of contrasting materials.
Iodinated α-tocopherol has already been shown as an

excellent nontoxic liver contrast enhancer product once
formulated with a surfactant-to-oil weight ratio (SOR) of
40%.43 A simple esterification process in organic medium
allowed grafting triiodobenzene carboxylic acid on α-
tocopherol with a iodine content in oil around 41.7 wt %.
On the other hand, the synthesis of SPIONs can be worked

out according to numerous pathways (coprecipitation, thermal
decomposition, microemulsion, sonochemical method, hydro-
thermal technique, etc.). However, owing to our specifications
involving their use as efficient T2- and T2*-weighted MRI CA,
these SPIONs must exhibit very specific physicochemical and
magnetic properties.16,46−48 As a consequence, we developed a
modified thermal decomposition for the SPION synthesis to
produce monodisperse and highly magnetic nanocrystals of
iron oxide coated with aliphatic C18 carbon chains as lipophilic
ligands in order to insure their stable dispersion within lipid
media. As a preliminary characterization, and because this
synthesis of SPIONs intended to be soluble in biocompatible
oils is novel, we performed a global solubility study of their
dispersion in a range of solvents from polar protic and aprotic
solvents to apolar and aprotic solvent. This fast and concise
assessment was conducted to qualitatively confirm the lipid
solubility of SPIONs supposed to be conferred by their
aliphatic coating. In addition, in order to optimize the
formulation of bimodal nanocarriers, SPIONs should not
only be perfectly dispersed in the oily NE core, but also present
a poor affinity for aqueous mediain order to prevent leakage
from the nanodroplets. The results are reported in the
Supporting Information section, Figure S1, showing trials of
dispersion of dried SPIONs 2 h, SPIONs 4 h, and SPIONs 6 h,
in a panel of hydrophilic and lipophobic solvents, to
hydrophobic and lipophilic ones, that is, Milli-Q water
(H2O), methanol (MeOH), ethanol (EtOH), dimethyl
sulfoxide (DMSO), acetone, pyridine, tetrahydrofurane
(THF), dichloromethane (DCM), cyclohexane, and hexane.
For all batch of SPIONs (2, 4, or 6 h), no different behaviors
were observed once in contact with the abovementioned
solvents. As expected, SPIONs were all well-dispersed in
solvent closer to lipophilic media regarding their nonproticity
and low and nonpolarity (from THF to hexane), while it is
undoubtedly not the case in protic or polar solvents (from
H2O to pyridine)where SPIONs remained mostly stuck on
the vial wall, with a very low solubility in EtOH, acetone, or
pyridine, however still unrivaled compared to organic media.
The next step was the SPION characterization to get

optimized contrasting properties through understanding the
relationship between physicochemical properties and magnetic
behavior. In general, the magnetic NP size and morphology are
both key parameters drastically impacting their magnetism,
and, at nanoscaleour casethe superparamagnetism.49,50 In
order to impact the size and morphology of the SPION, three
different times of reaction were used for the synthesis (2, 4,
and 6 h) and impacts on their magnetic properties as well as on
the ones of bimodal NEs were explored.
Morphology and size distribution estimation of SPIONs

were investigated by transmission electron microscopy (TEM).
As depicted on Figure 1, shape and size of SPIONs were

influenced by the time of reaction owing to a subtle change of
their morphology. After 2 h of the thermal decomposition
process, SPIONs 2 h exhibited spherical shape and a narrow
size distribution estimated at (5.0 ± 0.7) nm. Increasing
reaction time to 4 h leads to an increase in particles (6.9 ± 0.9)
nm and their shape was more anisotropic, indicating that
thermal decomposition is further pursued between 2 and 4 h.
Finally, after 6 h at 200 °C, SPIONs 6 h did not increase in size
(6 ± 1) nm but looked smoother on their boundaries and
consequently more spherical and uniform. As a result, keeping
heating SPIONs did not yield to particles bigger and bigger
after 4 h, but maintaining the reaction conditions after 4 h up
to 6 h impacted on the general shape of the SPIONs. This
phenomenon shows a probable rearrangement of the SPIONs
structure. In the pioneer works of Sun et al.,51 the authors
showed that SPIONs can be assimilated to seeds which can be
fed during the thermal process and grow as long as reactants
are present in enough quantity to make the nucleation process
continue. In comparison, herein SPIONs 4 h clearly appeared
to be an intermediary step in the SPIONs growth because
SPIONs 2 and 6 h possess both spherical shapes. In the time
range of reactions from 4 to 6 h, the SPIONs seem to be fed by
the reactant media with iron oxide nuclei, explaining the
modification of the morphology and not a further SPION
growth because the thermal decomposition is finished.
On the one hand, storage in hexane was an excellent choice

to protect SPIONs from air oxidation and aggregation by
keeping them in colloidal ferrofluid dispersion. On the other
hand, the high stability in hexane shows that the lipophilic
ligands (oleylamine and oleic acid) play their coating agent
role at the SPION interface, making them fully soluble in such
nonpolar solvent (Figure S1). Fourier transform infrared
spectroscopy (FTIR) investigation was conducted to prove the
presence of lipophilic and aliphatic ligands onto the SPION

Figure 1. (A) TEM pictures of SPIONs 2 h, SPIONs 4 h, and
SPIONs 6 h (from left to right) at different magnifications. (B) Visual
aspect near the magnet of ferrofluids formed by dispersion of SPIONs
2 h, SPIONs 4 h, and SPIONs 6 h in hexane.
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surface, as well as to estimate the SPION phase. Indeed, at the
nanoscale, surface Fe2+ ions on the magnetite phase are very
sensitive to oxidation and the oxidation state of SPIONs is very
sensitive to the NP size. The full oxidation of magnetite (a
spinel iron oxide containing ferric Fe3+ and ferrous Fe2+ ions),
gives rise to maghemite iron oxide (γ-Fe2O3), but depending
on the SPION size, their composition may be intermediate.
Indeed, Baaziz et al. demonstrated using different character-
ization techniques that the composition of NPs evolves from
the maghemite for small sizes (typically <8 nm) up to a core of
rather stoichiometric magnetite surrounded by an oxidized
shell for larger sizes.55 Figure 2 presents FTIR spectra of

SPIONs 2, 4, and 6 h, oleylamine and oleic acid. Spectra of the
different SPIONs appear very similar and reveal Fe−O bands
in the range of 800−400 cm−1. The magnetite displays
generally a single band located at 580−590 cm−1, while the
maghemite phase displays several bands between 800 and 400
cm−1 the number and resolutions of which depend on the
structural order of vacancies in maghemite. The Fe−O band is
centered at 590 cm−1 but is broad and exhibits a shoulder up to
700−800 cm−1 the number and resolutions which depend on
the structural order of vacancies in maghemite. That suggests
the formation of a slightly-oxidized magnetite Fe3−xO4 phase as
expected for such SPION sizes.49 As to the detection of
aliphatic C18 carbon chain ligands on SPIONs, a double broad
band at 2920 and 2851 cm−1 was also observed and assimilated
to −CH2 bond stretching, and a small peak around 2990 cm−1

was considered a −CH3 stretching bond (owing to the length
of the carbon chains of ligands, it seems normal that −CH2
bands are much more intense than the −CH3 one). In addition
to C18 carbon chains, just seen above, oleylamine and oleic acid
ligands also have a double bond on C9 position visible on FTIR
as several small peaks, from 1670 to 1640 cm−1. The double
broad band and single one from 3000 to 2800 cm−1 were both
observed on FTIR spectra of pure ligands (Figure 2). The
absence of a peak with high intensity corresponding to CO
stretching from oleic acid at 1708 cm−1 on SPION spectra was
mainly attributed to the absorption of the oleic acid onto the
SPION surface through metal−ligand interactions between the
carboxylic acid function of oleic acid and the magnetic core of
SPIONs. It could also have been assumed that the
aforementioned peak was misled with double bond peaks

from 1670 to 1640 cm−1 because of potential shifting of peaks
because of coordination.
To complete the information extracted from FTIR

investigation, X-ray diffraction (XRD) analyses were carried
out to disclose the diffraction peaks specific to iron oxide
crystals on the XRD patterns. Basically, crystalline structures of
iron oxides and lattice planes based on the Bravais system are
described with Miller indices h, k, and l. The position and
relative intensity of all diffraction peaks from the diffraction
patterns of SPIONs 2, 4, and 6 h recorded (Figure 3), were
attributed to lattice planes (220), (311), (400), (422), (511),
and (440), that matches well with the structure of an iron
oxide spinel phase.51

The lattice parameters (a) and crystallite sizes were also
determined using the Bragg law and Scherrer formula by XRD
investigation (Table 1). Lattices parameters are 8.378, 8.372,
and 8.363, respectively, for SPIONs 2, 4, and 6 h and showed,
in agreement with Fe−O IR bands, lattice parameters which
are intermediate between those of the maghemite γ-Fe2O3
(0.8346 nm, JCPDS file 39-1346) and of magnetite (JCPDS
39-1346). This suggests that SPIONs were composed of both
iron oxides such as an oxidized outer layer of maghemite and
an inner core of magnetite.49 The crystallite sizes were on the
contrary quite different from the diameters estimated by TEM.
DRX investigations showed that crystallite sizes of SPIONs 2,
4, and 6 h are 5.3, 5.9, and 4.5 nm, respectively. Such
differences between crystallite size and TEM size have already
been observed in SPIONS and attributed to the presence of
defects induced by the oxidation of the iron oxide phases.50

The presence of stable lipophilic coating of the SPIONs is
required to ensure their stable encapsulation into the oil
droplets. However, because MRI is highly sensitive to the
SPION concentration, and more precisely to the iron
concentration, this aspect of the characterization is mandatory
before investigating further the magnetic or imaging properties
of the complex bimodal NE CAs.
The SPIONs possess an organic outer layer resulting in their

stability against aggregation in oil. In order to quantify the
respective proportion of iron and ligands, SPIONs were
digested in a mixture of nitric acidic and hydrogen peroxide at
80 °C, leading a mixture of ferrous and ferric ions upon
oxidation of Fe2+ ferrous ions into Fe3+ ferric ions. The as-
digested solution was subjected to relaxometry measurement at

Figure 2. FTIR spectra of SPIONs 2 h, SPIONs 4 h, SPIONs 6 h and
lipophilic ligands oleylamine and oleic acid.

Figure 3. XRD patterns of SPIONs 2 h, SPIONs 4 h, and SPIONs 6 h
[λ(Cu Kα) = 1.5406 Å].
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2% nitric acid. The weight ratio between iron and ligands was
thus elucidated for each batch of SPIONs as summarized in
Table 2. Briefly, all SPIONs 2, 4, and 6 h have their own iron

oxide and ligand content ranging from 57 wt % Fe3−xO4 to 46
wt % Fe3−xO4 and from 54 wt % ligands to 43 wt % ligands,
which indicated that SPIONs were based on around half
magnetic core and half lipophilic shell.
The first point to highlight here is that in addition to its

impact on the morphology and the size of SPIONs (as shown
above Figure 1), the time of reaction during the SPION
synthesis increases the accumulation of ligands onto their
surface. It appears that the highest iron oxide content is in
SPIONs 4 h formulation, while the lowest (difference
estimated around 18%) is for the SPIONs 6 h; SPIONs 2 h
are closer to SPIONs 4 h (difference estimated to 4%) and
present a difference of ca. 15% SPIONs 6 h. It appears quite
logical to assume that after 2 h of reaction, some of the iron
precursor compound remained to be consumed; meaning that
after 4 h, SPIONs have a higher iron oxide content than
SPIONs 2 h. As to SPIONs 6 h, we assumed that Ostwald
ripening occurred, causing the dissolution of small SPIONs
and redeposition on larger SPIONs and made the SPION
shape more rounded. Consequently, considering an iron
content in magnetite (73.6 wt %), the iron contents for
SPIONs 2, 4, and 6 h were 39.5 wt % Fe, 41.3 wt % Fe, and
33.6 wt % Fe, respectively.
In the following, we will focus on the formulation of the

bimodal, magnetic, and radiopaque NEs. The NE formulation
described in the experimental section was selected as a
compromise between size distribution, polydispersity, and
concentration in oil. All NEs were subjected to physicochem-
ical characterizations to determine the size distribution by
dynamic light scattering (DLS) and observed by TEM. The
results are reported in Figure 4, showing a narrow size
distribution profile and monodispersity (Figure 4A), with very
similar mean sizes of 61 nm [polydispersity index (PDI)
0.145], 58 nm (PDI 0.148), and 62 nm (PDI 0.154) for NE-
SPIONs 2, 4, and 6 h, respectively. Size ranges and
distributions confirm, as discussed above, that the physico-
chemical properties of these bimodal NEs were all compatible
with the parenteral administration route. The TEM micro-
graphs (Figure 4B) shows the global aspect of the nano-
droplets containing SPIONs 2 h dispersed in medium chain
triglycerides. The global view clearly discloses rounded shapes

corresponding to oil droplets, along with free SPIONs that
seemed to have escaped during the drastic deposition and
drying technique in the sample preparation for TEM.
Interestingly, the oil droplets are totally filled with SPIONs,
visible as dark points touching each other and separated by a
lighter film (more visible in the highest magnifications) that
can be attributed to their own organic coating (almost half of
their composition). An oil droplet likely stretched during the
sample drying is indicated by the white arrow in Figure 4B and
reveals the location of the oil slightly darker compared to the
background. These results simply confirm the morphology we
supposed up to now regarding these bimodal NEs, along with
the lipophilicity of the SPIONs (see Figure S1) that ensures
their stable encapsulation in the oil NE droplets.
Regarding the droplet size, the difference observed between

the DLS and TEM can be explained by the full droplet
spreading on the carbon support during sample preparation
and drying. All the more so because that on the TEM, the
SPION appears arranged as a well-organized monolayer,
compatible with a thin layer, that increases the apparent
diameter of the oil “puddles”. Interestingly, the TEM picture of
iodinated NE droplets encapsulating SPIONs does not allow to

Table 1. Calculated Lattice Spacing (dhkl) from Bragg Law along with Indexes hkl Obtained from XRD Measurement in Figure
5 (n = 1, λ(Cu Kα) = 1.5406 Å), Lattice Parameter (a), and Average Crystallite Size Calculated Using Debye−Scherrer’s Formula

lattice spacing dhkl (Å)

d220 d311 d400 d422 d511 d440 lattice parameter a (Å) crystallite size (nm)

SPIONs 2 h 2.99 2.53 2.10 1.71 1.60 1.48 8.378 5.3
SPIONs 4 h 2.97 2.56 2.09 1.71 1.60 1.48 8.372 5.9
SPIONs 6 h 2.95 2.52 2.11 1.72 1.61 1.49 8.363 4.5

Table 2. Quantification of the Magnetite Fe3O4, Iron and
Ligands Contents in SPIONs 2 h, SPIONs 4 h, and SPIONs
6 h via Iron Titration by Relaxometry Measurement

SPIONs 2 h (wt %) SPIONs 4 h (wt %) SPIONs 6 h (wt %)

Fe3O4 54.4 56.9 46.3
iron 39.5 41.3 33.6
ligands 45.6 43.1 53.7

Figure 4. (A) Size distribution of the bimodal NE containing different
types of SPIONs and (B) TEM micrographs on a representative
SPIONs 2 h-containing NE at different magnifications. White arrows
show the location of the oil location (as a darker region) on a
stretched NE droplet.
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visualize the inner magnetic NPs because the oil contrast is
enhanced by the iodine. These pictures are reported in the
Supporting Information section Figure S2, for the different
types of SPIONs, and effectively show that the contrast
difference between iron oxide NPs and iodinated oil is not
observable.
The next part will aim at evaluating the magnetic properties

and the potential of NEs-SPIONs to be efficient CAs for T2-
weighted MRI. To this end, longitudinal and transverse
relaxivity parameters, r1 and r2 respectively, and their ratio
r2/r1, were determined. A range of dilution of NEs-SPIONs
was performed from 0.8 to 3.5 mmol Fe/L with Milli-Q water.
Figure 5 shows results of relaxometry measurement of NE-
SPIONs 2 h (Figure 5A), NE-SPIONs 4 h, (Figure 5B) and
NE-SPIONs 6 h (Figure 5C).
Several points can be extracted from such graphs: r1, r2, and

their ratios. Relaxivity parameters, r1 and r2, correspond to the
slope of 1/T1 and 1/T2 versus [Fe], respectively. Because this
study lies on the preparation of T2- and T2*-weighted MRI
CAs, it is important to remember that transverse relaxation will
be impacted by the introduction of this type of CA. Although
T2 and r2 are important parameters relevant to estimate for
MRI, r1 also remains important because it must be small
enough to induce a high value of the ratio r2/r1. Typical CA
values for T2- and T2*-weighted MRI have a r2/r1 higher than
10 because r2 is high but mainly because r1 is very low. The

results disclosed in Figure 5 give thus all r2/r1 above 10, that is,
r2/r1 = 12.5 for NE-SPIONs 2 h, r2/r1 = 16 for NE-SPIONs 4
h, and r2/r1 = 14.3 for NE-SPIONs 6 h. SPIONs 4 h give the
highest value for the as-evaluated parameter even when they
are encapsulated into NEs. On the other hand, NE-SPIONs 2
h exhibited a lower ratio than NE-SPIONs 6 h. Similar trends
were observed for r1 and r2: NE-SPIONs 4 h has r1 = 0.68
mM−1·s−1, whereas NE-SPIONs 2 h and NE-SPIONs 6 h
showed r1 = 0.59 mM−1·s−1 and r1 = 0.39 mM−1·s−1,
respectively. These very small values are explained by a very
limited accessibility of the water molecules to the magnetic
cores, given their confinement in the NE droplet. Although
NE-SPIONs 4 h has the highest r1, it also exhibits the highest
r2 (r2 = 10.80 mM−1·s−1), leading to the highest r2/r1 ratio.
Transverse relaxivity parameters r2 were for NE-SPIONs 2 h
and NE-SPIONs 6 h, r2 = 7.39 and r2 = 5.59 mM−1·s−1,
respectively. The moderate values of r2 can be attributed to the
small size of the magnetic NPs which nevertheless allow
suitable formulation in the NE suspensions. NE-SPIONs 2 h
finally seem more suitable than NE-SPIONs 6 h than T2- and
T2*-weighted MRI CA because its r2 is higher than the one of
NE-SPIONs 6 h one; however, its r1 is higher too, resulting in
a lower r2/r1 compared to NE-SPIONs 6 h. This summarizes
how r1 and r2 are both important parameters to discriminate
the best formulation for MRI CAs based on their relaxivities. In
conclusion, r1/r2, r1, and r2 did not change significantly

Figure 5. R1 and R2 relaxation rates of (A) NE-SPIONs 2 h, (B) NE-SPIONs 4 h, and (C) NE-SPIONs 6 h at different iron concentrations,
measured at 37 °C and 1.41 T by a low field strength relaxometer. Longitudinal and transversal relaxivity parameters r1 and r2, respectively, were
obtained by calculating the slope of each plot.
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between the three bimodal NEs, despite a slight advantage for
the NE-SPION 4 h. It can be assumed that the anisotropic
shape of SPIONs 4 h could be at the origin of their improved
magnetic property regarding T2- and T2*-weighted MRI. It has
been reported in the literature52 that the shape could influence
the crystalline structure at nanocrystal’s boundaries and
enhance when their radius increases. Consequently, regarding
magnetic properties, SPIONs with anisotropic shape would
display a higher magnetic anisotropy suitable for providing
MRI properties. We have thus selected NE-SPIONs 4 h as
optimum candidate for in vivo assay with bimodal NEs as CA
for MRI and X-ray imaging.
In addition, before transposing the experiments on mice, the

similar in vitro determination of r1, r2, and r2/r1, on the NE-
SPIONs 4 h was done on the MRI instrument operating at 7
T, in exactly the same operating conditions as performed for
Figure 5. Results were reported in Figure S3 (in the Supporting
Information section). We found that r1 decreases from 0.68 to
0.12 mM−1·s−1 from magnetic field equal to 1.41−7 T. In
contrast, a significant increase was noticed for r2, given at 10.80
mM−1·s−1 with the 1.41 T apparatus, and rising up to 17.61
mM−1·s−1 with the 7 T scanner. As a result, r2/r1 drastically
increased about 10-fold, to 147 at 7 T (compared to 16.00 at
1.41 T). We could thus expect much higher imaging properties
when we pass to in vivo evaluation.
Next, the characterization of the bimodal NE was continued

with their in vitro stability study in the physiological
environment, that is, fetal bovine serum (FBS) at 37 °C over
24 h. This typical in vitro experiment aims at assaying behavior
of NEs once exposed to simulated in vivo conditions, that is to
say close to the blood pool at body temperature, after
intravenous administration. This stability assay was conducted
through the size distribution measurement over the incubation
period. The results are displayed in Figure 6 and revealed using

DLS that NEs were perfectly stable when exposed to plasma
proteins from FBS. Change in size distribution for NE-SPIONs
2 h, NE-SPIONs 4 h, and NE-SPIONs 6 h was so subtle that it
can be considered as nonsignificant. Along with the fact that no
aggregates or flocculates were visible by macroscopic
observation, one can conclude that plasma proteins were
consequently not adsorbed onto nanodroplets assuming that
extended circulation time within the bloodstream could be

expected in in vivo conditions. This is coherent with the in
vivo behavior observed with NEs stabilized by nonionic
surfactants.
Owing to similar characteristics regarding size distribution,

stability, and composition, the conclusion of these first set of
experiments shows that only their magnetic properties
discriminate their choice as MRI CAs. Regarding their
radiopaque properties, as all NEs contain the same iodine
concentration (same iodinated vitamin E amount), they will
exhibit similar X-ray attenuation properties (actually similar to
our previous study42,43).
In vitro toxicity of bimodal NE-SPIONs 4 h was assessed by

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays after incubation of NE for 24 h with HeLa
cells at different concentrations. Viability results are disclosed
in Figure 7, and the results show a typical exponential decay

with a LD50 around a dilution factor 0.01 indicating a
moderate cell toxicity. LD50 around dilution factor 0.01 can be
correlated to an iodine concentration and iron concentration,
respectively, close to 0.965 mg I/mL and 0.0116 mg Fe/mL.
Mice were injected with a 9% dose corresponding to 6.831 μL
of NE/g of the mouse which means 0.66 mg I/g of the mouse
and 0.008 mg Fe/g of the mouse. Even if values are close to
LD50, it has to be kept in mind that the condition followed in
the in vitro assays cannot be directly compared to in vivo
experiments owing to the extended time of exposure in the
case of the in vitro assays.
In vivo experiments were conducted on six Swiss mice (five

injected with the CAs and one control noninjected). Bimodal
imaging was performed on healthy mice, with the objective to
investigate the in vivo biodistribution and accumulation of the
CAs, after administration in the tail vein of NE-SPIONs 4 h, at
9% (of blood volume). MRI acquisitions were performed: (i)
before injection of the NEs and (ii) 5 h and (iii) 24 h after
injection. On the other hand, micro-CT scans were done 24 h
after injection because of technical reasons related to the
animal anesthesia pharmaceutics. A control specimen (non-
injected) was used as a reference for both modalities.
Once administrated intravenously, no clinical signs of

toxicity and health disorders were observed on mice, and
same observations were done throughout the experiment
duration. According to our experience in the field, we observed

Figure 6. In vitro evaluation of NE-SPION stability in FBS incubated
at 37 °C for 24 h. “C” is the control sample without serum.

Figure 7. Viability of HeLa cells after 24 h incubation with different
concentrations of NE-SPIONs 4 h.
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again here that repetitive anesthesia and imaging protocols did
not impact animals’ health. Intravenous injection of bimodal
NEs did not cause any reaction on animals, which indicates the
compatibility of the physicochemical properties (pH, viscosity,
and osmolality) of the formulations with the parenteral
administration.
MR in vivo imaging is reported in Figure 8, and the

quantification of the CA accumulation is followed thanks to

hypointense regions where were placed the regions of interest
(ROIs). After administration of the product in the blood pool,
it was spread in the whole animal vasculature. The muscle was
chosen as the ROI to detect and quantify the hyposignal
caused by the CA circulation in the blood. Other ROIs were
chosen (see Figure 8A) in the liver, spleen, and kidneys (cortex
region), and the corresponding signal drop was quantified by
T2- and T2*-weighted MRI, reported in Figure 8B,C,
respectively. Visually, it clearly appears that 5 h after injection,
the signal significantly drops in the liver, spleen, and kidneys
(even if the signal from the spleen remained debatable because
of its heterogeneity due to its composition of white and red
pulps). The accumulation in the liver and spleen indicated that
the blood clearance mechanism was performed through
hepatic and splenic routes. The slight darkening of the kidney
cortexes may also suggest that a fraction of the administrated
dose could have been cleaned out from vasculature by renal

clearance (urine titration would have confirmed such
hypothesis), while the major remaining amount of SPIONs
was distributed between the liver and spleen. The signal in the
muscle (image of blood), in Figure 8B,C, appears as well
decreased compared to the previous injection. This behavior
was actually expected for long circulating nanocarriers, but can
also indicate that the signal drop observed in liver, spleen, and
kidneys can also be due to their own irrigation. In addition, the
muscle has recovered its initial value after 24 h, indicating that
blood clearance is over. Regarding the reconstructed images on
liver, spleen, and kidneys, the signal drops appear even more
pronounced 5 h after injection. It could be noted that T2* is
much more sensitive than T2 because T2* shows higher
variations than T2. As for the spleen, T2 and T2* variations at 24
h were, as expected, not drastically different. X-ray imaging will
consequently be really useful to evaluate accumulation of the
bimodal probe in the splenic compartment. In contrast, the
liver exhibited really low values of T2 and T2* compared to the
data collected before administration, with values relatively
close at 5 and 24 h after injection. Initially measured at 26 and
11 ms for T2 and T2*, respectively, relaxation times both
decreased drastically to reach 17 ms (T2) and 4 ms (T2*) 5 h
after injection (see Figure 8B,C). At 24 h postinjection, there
was a further decrease of T2 and T2* up to 16 and 3 ms,
respectively. The liver seems to accumulate the highest fraction
of the injected dose, certainly because of its bigger volume
compared to the spleen and kidneys. Finally, as observed on
histograms with T2 and T2* values, kidneys also accumulated
contrasting agent, as it is the case for the liver. These results
showed that NE-SPIONs 4 h are effective as MRI CA and
allow observing and quantifying the biodistribution of the
SPIONs. The signal in the blood is confirmed after 5 h and is
cleared after 24 h. CAs are present in the liver right from 5 h
after administration, and the signal drop is persistent even after
blood clearance, meaning that they are accumulated in the
liver, spleen, and kidneys.
The next idea is to confirm that the location of the SPIONs

could also correspond to the location of the lipid nano-carrier
itself and to prove that the X-ray imaging pattern and kinetics
correspond to the one herein disclosed for MRI. To this end,
the same mice that were imaged using MRI were then analyzed
using X-ray micro-CT imaging 24 h after injection. The results
were reported in Figure 9, showing the transverse section of
the mice showing the kidneys [yellow arrows, Figure 9A
(top)], the spleen [green arrow, Figure 9A (middle)], and liver
[red arrows, Figure 9A (middle) and Figure 9A (bottom)].
The contrast enhancement obtained with vitamin E-based NE
has been reported,43 and, as expected showed excellent
contrasting properties in vivo, increasing the brightness of
tissues that contains the iodine.
As for MRI above, ROIs were chosen in the liver, spleen,

and kidneys, and the signal quantification (Figure 9B) was
expressed in ΔHU, which corresponds to the difference
between the X-ray attenuation (expressed in Hounsfield Units)
at time t, compared to the one before injection (Control in
Figure 9A). The muscle nor blood were checked after 24 h, as
we have previously reported a complete blood clearance at this
time,41,42 herein confirmed by the pictures. Similarly, to the
MRI results, the liver appeared to have accumulated the major
part of iodine, with a contrast enhancement equal to ΔHU =
(350 ± 30) HU. This value is in a relatively high range, taking
into account that soft tissues have a HU between −100 and
+100. This results in clear delineation of soft tissue among

Figure 8. (A) In vivo MRI T2 maps before administration of a 9%
dose of CA (NE-SPIONs 4 h) and 5 and 24 h after injection. Each
image shows axial sections through the abdominal region of mice.
Kidneys, spleen, and liver are, respectively, indicated by yellow, green,
and red arrows. (B,C) Quantification of contrast enhancement via the
measurement of relaxation times (B) T2 and (C) T2* signal at each
representative time after administration of NE-SPIONs 4 h for liver,
spleen, muscle, and kidney, chosen as ROIs for MRI signal
quantification. Statistical significance was determined by the 2-tailed
Student-t test. p < 0.05 was considered significant, p < 0.01 and p <
0.001 are denoted as *, **, and ***, respectively.
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others, mainly because of their respective ΔHU from 50 to 200
HU. Regarding the spleen, it appears that an accumulation of
CA occurred, as a consequence, with a significant contrast
enhancement equal to ΔHU = (110 ± 30) HU. Finally, the
kidneys do not appear as contrasted as liver and spleen, with
ΔHU = (70 ± 10) HU, suggesting that a small fraction NE-
SPIONs 4 h was accumulated in the kidney cortex but not
cleared from the body. In summary, the blood clearance results
in the strong accumulation of the iodinated product in the
liver, and a small part in spleen and some residues of iodine
remained in kidneys.
The comparison of the imaging modalities is very interesting

at this point. Liver appears contrasted whatever the modality,
meaning that it accumulated both MRI and X-ray CAs. The
same effect was observed in the spleen, but to a lower extent.
The MRI signal in the muscle is attributed to the location of
the nanocarrier in the blood pool because its clearance after 24
h exactly coincides with the ones observed in the literature for
X-ray.48 Finally, regarding kidneys, a significant difference
appears between the two modalities, when a quite low contrast
is measured and visualized with X-ray imaging, a strong
hyposignal is obtained with MRI. The main explanation of this
difference would be the premature release of a part of the
SPIONs 4 h in blood, which, because of their size, are excreted
or blocked by the glomerular pores, inducing their local
accumulation and signal. Furthermore, the liver and spleen
were collected ex vivo for five mice, and the iodine and iron
concentrations were quantified by inductively coupled plasma
mass spectrometry (ICP-MS), and compared to a control
animal not injected. The results, showing ΔC, and the
deviation toward the control, were reported in Table 3.

Interestingly, the quantification of iron does not appear
significantly higher than the control, even if a strong signal is
observed, while the quantification of iodine is much more in
the line of the imaging results. In the case of iron, this may
probably be due to the fact that the iron naturally present in
the tissues is much more concentrated than the amount of
SPIONs brought for the experiments, and thus is coherent
with the safety of MRI CA because of the sensitivity of the
method. On the other hand, iodine concentration is much
higher than the one of iron to get a similar contrast, which is
due to the X-ray modality less sensitive. Nevertheless, the
results are coherent with the ones disclosed in Figure 9.
To conclude this work, compared to the literature, it appears

that our SPION-loaded nanodroplets are very simple and
efficient NCs to passively drive and distribute API for imaging.
For examples, recent works based on NPs as CAs for bimodal
X-ray CT/MR and trimodal X-ray CT/MR/optical imaging
involved complex and multistep syntheses and/or heavy
elements like bismuth53 and tantalum25 to lead to NCs and
NPs with a more complex pattern. An example of the core−
shell nanoplatform used as NCs is the work of Xue et al.21 on
trimodal core−shell with SPIONs and a porous silica shell
which depicted large biodistribution in lungs, liver, spleen, and
tumor. It is noteworthy that such an example of trimodal
imaging appears limited in terms of localized accumulation of
the probe. Coated-NPs based on gadolinium and gold54 were
also studied for that purpose, but involve a multistep functional
chemistry, and/or keeping gadolinium in the chelated form,
eventually much more complex compared to the simple and
easy NE approach. Liposomes loaded with iodinated CAs55

also exhibited good potential as NCs for monomodal or
bimodal imaging, gathering our formulation objectives,
considering that lipid-based nanoprobes are a very safe and
excellent candidate for active cargo delivery. Compared to
liposome CA formulations, the main advantage of the bimodal
NEs is the simple and minimalist fabrication or formulation
process and being biocompatible and biodegradable, with high
potential in encapsulation efficiency enabling the efficient co-
encapsulation of therapeutic agents. Along with these
important properties, the results as contrasting properties are
shown to be satisfactory, leading to strong contrast enhance-
ment in soft tissues, liver, and spleen.

■ CONCLUSIONS
In the present study, we developed a bimodal lipid-based
nanoparticulate probe for X-rays and MRI. The formulation
consists in oil-in-water NE, formulated by the spontaneous
emulsification method, with a PEGylated brushed shell
surrounding an oily core composed of iodinated vitamin E
(41.7% of iodine) and SPIONs which were synthetized for 2,
4, or 6 h (SPIONs 2 h, SPIONs 4 h, and SPIONs 6 h) to
generate iron oxide NPs with different morphologies and
magnetic properties. Discrimination of bimodal NEs was done
based on relaxivity parameters (r2, r1) and r2/r1, related to their
efficiency as MRI CAs. In vivo imaging disclosed a strong and
persistent hypointense signals on T2- and T2*-weighted MRI,
predominantly detected in the liver and in the spleen despite at
a lower extent. The kidneys reveal as well, a significant signal
change, indicating that a fraction of the injected dose was
retained or eliminated by renal filtration. X-ray imaging only
shows a strong accumulation of the iodinated molecules in the
liver, and also in the spleen despite at a lower extent but no
signal in kidneys. To summarize, the X-ray/MRI bimodal CAs

Figure 9. (A) In vivo X-rays micro-CT 2D images of noninjected and
injected mice (24 h after injection). Each picture shows axial sections
through the abdominal region of mice. Kidneys, spleen, and liver are,
respectively, indicated by yellow, green, and red arrows. (B) X-ray
attenuation of liver, spleen, and kidneys 24 h after injection. ΔHU
values were provided with a Hounsfield unit using control animal as
reference. Statistical significance was determined by the 2-tailed
Student-t test. p < 0.05 was considered significant and p < 0.01 and p
< 0.001 are denoted as *, **, and ***, respectively.

Table 3. Elemental Analysis of Iron and Iodine in the Liver
and Spleen (Collected ex Vivo) and Compared to the
Noninjected Controls

iron ΔC (mg/g) iodine ΔC (mg/g)

liver 0.02 ± 0.10 0.34 ± 0.04
spleen 0.065 ± 0.006 0.30 ± 0.02
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were formulated, optimized, and showed efficient imaging
properties. Demonstrating their powerful interest as polyvalent
imaging probes, this study also disclosed information regarding
their stability in vivo, proving (i) a strong accumulation in
liver, (ii) accumulation in spleen but lower than liver, and (iii)
a leakage of the SPIONs that are blocked or visible in kidneys,
while the presence in iodine is not significantly detected. We
can consider this study as a first step in the development as
novel and efficient and lipid-based and nontoxic dual modal
preclinical CA for soft tissue imaging opening a route for a
better understanding of pharmacokinetic of NEs-based CAs.

■ EXPERIMENTAL SECTION
Materials. The synthesis was carried out using commercially

available agents. Absolute ethanol, cyclohexane, DCM, diphenyl ether,
ethyl acetate, and hexane were used as received. 2,3,5-Triiodobenzoic
acid (TIB), 4-dimethylaminopyridine, 1,2-dodecanediol, α-tocopher-

ol, iron(III)acetylacetonate (Fe(acac)3), oleylamine, oleic acid,
triethylamine, thionyl chloride, and nonionic surfactant (Kolliphor
ELP castor oil PEG-35) were purchased from Sigma-Aldrich
(France). Kolliphor ELP is a parenteral grade nonionic hydrophilic
surfactant made by reacting ethylene oxide to castor seed oil at an
ethylene oxide to oil molar ratio of 35.56 Phosphate buffered saline
(PBS) and Dulbecco’s modified Eagle medium were obtained from
PAN Biotech (Aidenbach, Germany).

Syntheses and Formulations. Synthesis of Magnetite Iron
Oxide NPs by Thermal Decomposition. A modified procedure of
thermal decomposition from approaches of both Sun et al.51 and
Wang et al.57 was applied here to form lipophilic Fe3−xO4 SPIONs
(Figure 10): Fe(acac)3 (2 mmol or 0.71 g), 1,2-dodecandiol (10
mmol or 2.02 g), oleic acid (6 mmol or 2 mL), oleylamine (6 mmol
or 2 mL), and diphenyl ether (20 mL) were mixed and magnetically
stirred in a 100 mL round-bottom flask. The mixture was heated to
reflux (200 °C) in an oil bath where the SPIONs were synthetized,
and the reaction time was set as a parameter, as discussed below.
Then, the black-brown oily mixture was cooled to room temperature

Figure 10. Schematic representation of SPION synthesis by thermal decomposition.

Figure 11. Syntheses of (A) TIB-Cl synthon and (B) iodinated oil, the α-tocopheryl 2,3,5-triiodobenzoate.
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by removing the heating source and purified by dialysis against
ethanol (about 5 dialysis cycles). The synthetized material was
obtained as a black precipitate within the dialysis membrane and was
displaced in a round-bottom flask. Ethanol was then removed from
the product under reduced pressure. The final black powder was lastly
dispersed in hexane (10 mL) to form the stock solution of black
ferrofluid containing SPIONs. The aforementioned reflux process was
carried out over 2, 4, or 6 h to produce three batches of SPIONs
(SPIONs 2 h, SPIONs 4 h, and SPIONs 6 h) with different
morphological and magnetic properties. Final suspensions in hexane
of SPIONs were consequently and respectively based on SPIONs 2 h,
SPIONs 4 h, and SPIONs 6 h.
Synthesis of Iodinated Vitamin E or α-Tocopherol by

Esterification. Thionyl chloride (103 mmol, 20 mL) was added
dropwise to a magnetically stirred solution of TIB (20.0 mmol, 10.0
g) in 400 mL of DCM cooled by an ice bath. After completion of the
addition and solubilization, the reaction mixture was heated to reflux
at 75 °C for 3 h. The excess of thionyl chloride was removed under
reduced pressure. The as-prepared triiodobenzoyl chloride (TIB-Cl)
(11.6 mmol, 6.00 g) and 4-dimethylaminopyridine (2.10 mmol, 0.26
g) were sequentially added to a magnetically stirred solution of α-
tocopherol (11.6 mmol, 5.00 g) in DCM (400 mL). Triethylamine
(23.2 mmol, 3.23 mL) was added dropwise to the previous mixture
cooled by an ice bath and covered by a blanket of nitrogen. The
esterification reaction was performed over 24 h at room temperature
and kept under a blanket of nitrogen. The organic phase was then
washed with 1 N HCl solution, saturated NaHCO3 solution, saturated
NaCl solution, and dried with anhydrous Na2SO4. DCM was removed
under reduced pressure and the product was purified by a gradient
elution method on a silica gel column using cyclohexane and ethyl
acetate as eluents. The purified reaction product was obtained as a
yellow oily product with 76% yield and iodine content of 41.7%. The
two steps of these syntheses are reported in Figure 11.

1H NMR spectra was obtained with a Bruker Top Spin 3.0
operating at 400 MHz using deuterated chloroform (CDCl3) as
solvent. Chemical shifts (δ) were expressed in ppm from
tetramethylsilane as internal reference: 1H NMR (CDCl3, δ/ppm):
8.34 (s, 1H, H6), 8.05 (s, 1H, H4), 2.63 (t, 2H, H14), 2.15 (s, 6H, H31,
H32), 2.10 (s, 3H, H30), 1.83 (m, 2H, H15), 1.59 (m, 3H, H20, H,24

H28), 1.28 (s, 3H, H33), 1.27 (m, 18H, all CH2), 0.89 (d, 9H, 3CH3)
and 0.88 (d, 3H, 1CH3).
Formulation of NEs. NEs were formulated by a spontaneous nano-

emulsification process as previously reported.58−60 Formulation
parameters were selected to provide NE with optimum nanodroplet
size, size distribution, and iodine content. They were defined by
weight ratios such as SOR 40 wt % and surfactant-oil-to-water weight
ratio 40 wt % (formula details are given below). More precisely, NEs
were composed of 0.28 wt % SPIONs (ligands attached onto the
Fe3O4 SPION core were neglected for calculations), 23.72 wt %
iodinated oil (9.89 wt % of iodine), 16 wt % surfactant, and 60 wt %
PBS.

= ×
+ +

W
W W W

SOR 100 surfactant

surfactant iodinated oil SPIONs

= ×
+ +

+ + +
W W W

W W W W
SOWR 100 surfactant oil SPIONs

surfactant iodinated oil SPIONs PBS

Briefly, the oil phase (0.2372 g) was mixed to an aliquot of SPIONs
in hexane (0.0028 g of SPIONs 2, 4 or 6 h) by vigorous vortexing.
Kolliphor ELP (0.16 g) was then added to the resulting oily and
magnetic mixture (0.24 g). Hexane was then allowed to evaporate by
heating. Homogenization was carried out by Eppendorf Thermomixer
C (70 °C, 2000 rpm, 10 min). PBS (0.6 g) was finally quickly poured
to the hot mixture, initiating the emulsification. The mixture was then
vortexed to lead to “NE-SPIONs 2 h”, “NE-SPIONs 4 h”, and “NE-
SPIONs 6 h”, that correspond to the NEs encapsulating SPIONs into
their iodinated core, synthetized during 2, 4, and 6 h, respectively.
Finally, NEs were sterilized by filtration through a 0.22 μm
polyethersulfone membrane.

Characterizations. Fourier Transform Infrared Spectroscopy.
The chemical structure was determined by FTIR analysis. FTIR
spectra were recorded at room temperature with a Nicolet 380 routine
FTIR spectrometer apparatus, Thermo Electron Corporation, on
dried samples pressed between the internal reflection element crystal
and the gripper plate. Scanning was done in the range of 4000 to 400
cm−1. Resolution of 4 cm−1 at 32 scans was used.

X-ray Diffraction. Determination of the crystalline phase of
SPIONs was performed by an XRD study. XRD patterns of powdered
SPIONs were recorded and taken from the SmartLab Rigaku
instrument equipped with the Cu Kα (λ = 1.5406 Å) tube as a
radiation source of the X-ray beam. Samples were scanned over the 2σ
range from 20° to 70° with a step size of 0.02° at room temperature
(25 °C). Generator voltage and tube current were, respectively, 40 kV
and 40 mA.

Transmission Electron Microscopy. X-ray attenuation properties
of the iodinated oily core of NEs and the inorganic nature of SPIONs
also result in good contrast by TEM without using a negative staining
agent. TEM pictures of SPIONs were taken using a JEOL 2100F
electron microscope operating at 200 kV. TEM was performed on a
drop of SPION suspension (3.5 mg/mL in hexane) deposited on a
carbon-coated mesh (carbon type-A, 300 mesh, copper, Ted Pella Inc.
Redding, PA) and air-dried for 5 min. NEs were subjected to TEM
using Philips Morgagni 268D operating at 70 kV (lower voltage was
applied in order to avoid any oil vaporization due to electron beam in
TEM chamber). They were diluted with Milli-Q water (1/2000),
deposited on grid, and rested for 15 min at 60 °C before observation
by an electron microscope. The mean size of SPIONs was determined
from the TEM pictures, using ImageJ.

Dynamic Light Scattering. Size distribution, polydispersity indices,
and zeta potential (ξ) were measured by DLS with a Malvern
apparatus (NanoZS, Malvern, Orsay, France). The mean particle size
was assimilated to a Z-average hydrodynamic diameter and the width
of size distribution to PDI. DLS measurements were run by the use of
the helium/neon laser, 4 mW, operated at 633 nm, with the scatter
angle fixed at 173° and temperature maintained at 25 °C on the
diluted sample. DLS data were analyzed using a cumulants-based
method assuming spherical shape. All experiments were performed in
triplicate.

Iron Titration by Relaxometry Measurement. To quantify the
amount of SPIONs encapsulated within the nanodroplets’ oily core,
determination of the weight ratio between the ligand-based capping
layer and the magnetic core was carried out by iron61,62 using a
Minispec MQ60 NMR Relaxometer. To this end, a complete
dissolution of iron oxide NPs is required by digestion via acidic and
oxidative solutions. An aliquot of SPIONs (3.2 mg) from their stock
organic solution was placed in a glass vial before being dried. After
complete removal of solvent, distilled water (100 μL), nitric acid 69%
(900 μL), and hydrogen peroxide (30%) (300 μL) were added. The
vial was then sealed and subjected to heating at 80 °C leading to a
limpid yellow ferric solution. Mineralization is carried out to solubilize
SPIONs and to oxidize ferrous Fe2+ ions into ferric Fe3+ ions. After
digestion completion, solution was diluted to reach a concentration of
nitric acid of 2% (in order to fit with the conditions under which is
established the calibration curve). The relaxation rate R1 or 1/T1 value
of mineralized magnetite NPs was recorded at 37 °C and 1.41 T. Iron
concentration was then estimated from the calibration curve (Figure
S4 in Supporting Information) built by measuring the R1 relaxation
rate of various Fe3+ standard solutions in 2% nitric acid.

Relaxometry Measurement. Relaxometry properties of all NEs
were performed to evaluate their potential properties as T2-weighted
MRI CA. A series of dilution of the NE was done with Milli-Q water
to obtain the iron oxide concentration ranging from 0.8 to 3.5 mmol
Fe/L. Relaxometry properties were then investigated on aliquots (200
μL) of each diluted samples by measuring T1 and T2 relaxations times
using a Minispec MQ60 NMR relaxometer operating at 37 °C and
1.41 T. Representation of 1/T1 and 1/T2 versus iron concentration
provided longitudinal and transversal relaxivity parameters of the NEs,
r1 and r2, respectively, which correspond to fitted slopes. The sample
exhibiting the highest transversal relaxometry parameters and the r2/r1
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ratio was selected for in vivo dual modal X-ray CT/MRI. Relaxivity
measurement by MRI (7 T) was also performed (on the same iron
oxide concentration range) on the selected bimodal NE to evaluate in
vitro r2, r1 and r2/r1 under similar magnetic field than the one used
during the in vivo imaging procedure.
Stability of NEs in Serum. Evaluation of colloidal stability of

nanodroplets once exposed to the biological environment was carried
out by incubation of NE (0.1 mL) in FBS (0.9 mL) at 37 °C. The
concentration of NE in FBS was chosen to correspond to the one
after administration in blood. Size distribution was monitored up to
24 h, that is, the residence time in blood, and at different time points
(1, 2, 3, 6, 18, and 24 h) in order to investigate the potential NE
degradation and/or protein adsorption that could destabilize the
nanodroplets once administrated in vivo.
Study of Cellular Viability. HeLa cells were cultured in Dulbecco’s

modified 322 Eagle medium without phenol red, supplemented with
10% FBS (Invitrogen Corporation France) at 37 °C in a 5% CO2
atmosphere. MTT assays were conducted as follows: HeLa cells were
seeded in a 96-well plate at 104 cells per well and incubated overnight.
The next day, the medium was replaced by a different dilution of NE-
SPIONs 4 h and the cells were allowed to grow during 24 h. After the
cells were washed twice with the PBS and incubated during 3 h in
complete medium containing 0.55 mg/mL of MTT. The media was
discarded, and the formazan (MTT metabolic product) was
resuspended in 200 μL of DMSO. After the complete dissolution,
the optical density at 560 nm was read and the background (670 nm)
was subtracted. The optical density of wells that followed the whole
procedure but without cells was used as a blank sample.
In Vivo Experiment. Animal care and use were in strict

accordance with the regulations of the French Ministry of Agriculture
and approved by the Pays de la Loire Ethics in Animal
Experimentation Committee under project number 01858.03.
MRI. Abdominal exploration by MRI was performed with a 7T

Biospec 70/20 AVANCE III scanner (Bruker Wissembourg, France)
equipped with a horizontal bore magnet, 120 mm diameter gradient
system (675 mT/m), and transmitter/receiver 35 mm volume coil.
Data were collected using ParaVision 6.0.1 software (Bruker
Wissembourg, France). Swiss mice (34 g) were placed in the mice
bed, the respiration rate (30−40 resp/min) was monitored for
acquisition triggering, and body temperature was regulated at 38 °C.
Acquisitions were performed prior to and after administration of a 9%
of blood volume (250 μL of selected NE) through the vein tail once
mice were anesthetized with 5% isoflurane. Anesthesia was maintained
with 0.5−1% isoflurane (0.5 L O2/min) during the MR protocol.
Anatomical exploration was performed to confirm the position of the
animal for abdominal investigation. A fast spin echo sequence was
applied with following parameters to this end: TE = 24 ms, TR min =
730 ms (respiratory triggering), 8 averages, echo train length= 8, 30 ×
25 mm field of view, 256 × 256 matrix, 9 axial slices thickness of 1
mm. T2-weighted MR images were acquired using a multi spin echo
sequence with the following parameters: 25 TEs (TE spacing= 4.5
ms), TRmin = 2000 ms, 30 × 25 mm field of view, 128 × 128 matrix,
and 9 axial slices thickness of 1 mm. T2*-weighted MR images were
recorded with a multi-gradient echo sequence with following
operating conditions: 10 TE (first TE = 1.7 ms, TE spacing = 1.35
ms), TRmin 800 ms, flip angle 50°, 30 × 25 mm field of view, 64 × 64
matrix, and 9 axial slices thickness of 1 mm. T2 and T2* maps were
calculated using nonlinear least squares curve fitting on a pixel-by-
pixel basis. For T2 mapping, the signal intensity, S, as a function of
time (t) can be expressed as follows: S(t) = So·exp(−t/T2), where So
is the pixel intensity at t = 0. Similar processes were performed for T2*
mapping. Signal quantification was then performed over the ROI in
abdominal muscle, liver, spleen, and kidneys. Scans were performed
before administration, immediately after injection, and after 1, 5, and
24 h.
X-ray Micro-CT. In vivo X-ray micro-CT analyses of the abdominal

region of injected mice were performed using a SkyScan 1076 X-ray
computed micrograph (Bruker, Aartselaar, Belgium) dedicated to
preclinical research equipped with an X-ray tube working at 49 kV/
200 μA. The rotation step was fixed at 0.5° and exposure, which was

done with a 0.5 mm aluminum filter, at 70 ms. Specimen were imaged
at 37.92 μm per pixel resolution. Acquisitions were performed on
Swiss mice 24 h after injection of the selected NE, and the mice were
anesthetized with xylazine/ketamine injection. For each specimen,
900 axial 2D sections were obtained for the abdominal region to
image the liver, spleen, and kidney after 2D reconstruction using
SkyScan NRecon software. The micro-CT images were treated with
an OsiriX viewer to quantify the signal by placing the ROIs in the
liver, the spleen, and the kidneys. At the end of the imaging protocols,
the animals were sacrificed and tissues of interest were collected for ex
vivo quantification.

Ex Vivo Quantifications. Ex vivo quantitation of iron and iodine
was performed using an inductively coupled plasma mass
spectrometer (Agilent ICP MS 7800). Briefly, after weighting the
tissues samples (100−200 mg), mineralization was induced by the
addition of 1 mL suprapur 65% HNO3 (Merck KGaA, Darmstadt,
Germany). Samples were then heated up to 70 °C for 1 h before
processing. Data are normalized to sample weights.
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CT, computed tomography
DLS, dynamic light scattering
FBS, fetal bovine serum
FTIR, Fourier transformed infrared spectroscopy
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NE, nano-emulsion
NP, nanoparticle
PBS, phosphate buffer saline
PDI, polydisperse index
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PEG, poly(ethylene glycol)
ROI, region of interest
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oil))
TEM, transmission electron microscopy
TIB, 2,3,3-triiodobenzoic acid
TIB-Cl, 2,3,5-triiodobenzoyl chloride
XRD, X-ray diffraction
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