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ABSTRACT In this study, we investigated the role of the .

65 wt.% Iodine
chemical nature of the oil droplet core of nano-emulsions used as
contrast agents for X-ray imaging on their pharmacokinetics and
biodistribution. To this end, we formulated PEGylated nano-
emulsions with two iodinated oils (i.e., iodinated monoglyceride
and iodinated castor oil) and compared them with another iodinated
nano-emulsion based on iodinated vitamin E. By using dynamic light

scattering and transmission electron microscopy, the three iodinated

nano-emulsions were found to exhibit comparable morphologies,

40.2 wt.% Iodine

size, and surface composition. Furthermore, they were shown to be
endowed with very high iodine concentration, which leads to stronger X-ray attenuation properties as compared to the commercial iodinated nano-
emulsion Fenestra VC. The three nano-emulsions were i.v. administered in mice and monitored by microcomputed tomography (micro-CT). They showed
high contrast enhancement in blood with similar half-life around 6 h but very different accumulation sites. While iodinated monoglycerides exhibited low
accumulation in liver and spleen, high accumulation in spleen was observed for iodinated castor oil and in liver for vitamin E. These data clearly highlighted
the important role of the oil composition of the nano-emulsion core to obtain strong X-ray contrast enhancement in specific targets such as liver, spleen, or
only blood. These differences in biodistribution were partly attributed to differences in the uptake of the nanodroplets by the macrophages in vitro. Another
key feature of these nano-emulsions is their long half-elimination time (several weeks), which offers sufficient retention for micro-CT imaging. This work

paves the way for the design of nanoparticulate contrast agents for X-ray imaging of selected organs.
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uring the past decade, X-ray micro-
D computed tomography (micro-CT)

emerged as a key imaging modality
for biomedical research. Micro-CT provides
high-resolution, noninvasive, structural, and
functional imaging at low cost compared to
magnetic resonance imaging and without
tedious experimental protocols compared
to nuclear imaging."? However, in spite of
the strong progress recently achieved on
microscanners, with a notable reduction of
the voxel size down to 10 um or acquisition
times lower than 5 min, their use is still
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limited by the poor efficiency of the avail-
able contrast agents. Indeed, in the absence
of contrast agents, micro-CT only allows
differentiating bones (electron-dense) from
soft tissues including organs or fluids.>
Therefore, micro-CT is often used in associa-
tion with another imaging modality (like
single-photon emission computed tomo-
graphy, SPECT) in order to help locate the
SPECT signal within the whole animal body,
such as for tumor location. The possibilities
offered by X-ray scanners are largely im-
proved by using electron-dense contrast
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agents, which allow direct visualization of the biologi-
cal compartments in which they accumulate,>* provid-
ing thus structural and potentially functional, non-
invasive imaging with high resolution. As discussed
in previous reports."**® there are fundamental differ-
ences between contrast agents designed for clinical
X-ray scanners and those formulated for micro-CT.
Clinical contrast agents were designed as small hydro-
philic iodinated molecules, which are excreted by the
kidney only a few minutes after i.v. administration.
Since clinical agents were developed before modern
and fast scanners were available, considerable invest-
ments were made by industry to adapt the scanners to
the contrast agents and make them fast. However,
these contrast agents are less appropriate for micro-CT
since their renal clearance kinetics is comparable to the
image acquisition times of this modality. Therefore,
high doses or multiple administrations are needed to
improve the contrast, which results in significant side
effects, like nephropathy, acute kidney injury, or renal
failure. With the objective of using micro-CT for ima-
ging soft tissues and organs with pathologies like
tumors, new contrast agents were developed in the
past decade. To slow down or avoid their renal elim-
ination, the idea was to increase the size of the contrast
agents above the 50—100 nm diameter of the glomer-
ulus pores.>>~"" To this end, several nanoparticle sys-
tems were developed in the form of iodinated liposomes,
polymeric micelles, dendrimers, inorganic nanoparticles
(based on gold, bismuth, silver, tungsten),*'? and iodin-
ated nano-emulsions.>> The main constraint, directly
linked to the contrast enhancement, is the concentration
of heavy atoms, which has to be as high as possible.
Moreover, the toxicity of the nanoparticles should be as
low as possible, which depends on the chemical nature
of the nanoparticle components (lipid, polymer, inorgan-
ic compounds) and the loading dose required for obtain-
ing a good contrast. Finally, the last important aspect of
the formulation of nanoparticulate CT contrast agent
concerns their surface properties that can strongly influ-
ence their pharmacokinetics and/or biodistribution after
injection. As a rule, decorating the nanoparticle surface
with polyethylene glycol (PEG) increases their circu-
lation time in the bloodstream.'*~"* Actually, long circu-
lating systems (also called “blood pool contrast agents”)
not only allow performing angiography with micro-CT
but also are used for the formulation of targeted systems,
based on the fact that the longer the vascular circulation,
the longer the time in contact with the potential targets
in the whole body.? In general, innovation in CT contrast
agents is based on already well-known scaffolds®'®"”
such as gold and iodinated liposomes, through im-
proved formulation, chemical nature, and surface
functionalization.

An overview of the recent literature on micro-CT
nanoparticulate contrast agents shows that the major
difficulty encountered in designing these contrast
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agents comes from the need to concentrate the con-
trasting atoms within the nanoparticles,* so that
nontoxic doses of nanoparticles could be injected.
Only few families of nanoparticles allow formulating
contrast agents at high concentrations in heavy atoms,
representative examples being inorganic particles
based on elements like gold,'® ?* bismuth,> or
tantalum?®* and iodinated lipid-based nanoparticles
like liposomes and nano-emulsions. In our previous
studies,”* we have shown that iodinated nano-emul-
sions appear as one of the best compromises to
provide very high contrast without toxicity. Compared
to inorganic nanoparticles,* lipid nano-emulsions are
easier to synthesize and formulate, enable complete
clearance from the body, and offer the possibility to
use the oily core of the nanodroplets as a reservoir for
drugs. In addition, micro-CT allows monitoring with
time the biodistribution of the contrast agent in the
living animal. This is fundamental to understand the
influence of the physicochemical properties of the
formulations on their in vivo biodistribution and phar-
macokinetics, in order to optimize the processes and
adapt the contrast agents to the imaging targets.
Moreover, coencapsulating the active principle in the
oily core of the iodinated nano-emulsion droplets,
coupled with the possibility to follow up the in vivo
biodistribution, offers new therapeutic potentials like
“online” monitoring and quantification of the actual
dosage of active principles brought on various sites.
The objective of the present study was to investigate
how the composition of nano-emulsions (i.e., the che-
mical nature of the iodinated lipid core of droplets) can
control the biodistribution of the contrast agent and
thus the contrast enhancement. To this end, two new
iodinated lipids were synthesized, namely, iodinated
monoglycerides and iodinated castor oil (structures are
shown in Figure 1a), and formulated as nano-emul-
sions by the spontaneous emulsification method
(Figure 1b). Formulation processes were optimized,
and both new iodinated nano-emulsions were char-
acterized by dynamic light scattering (DLS), transmis-
sion electron microcopy (TEM), and by MTT cell viability
assays in vitro. Then, in vivo contrasting properties,
biodistribution, and pharmacokinetics were evaluated
in mice with micro-CT and followed up over 2 months.
The efficiency of the accumulation in liver, spleen, and
kidneys, as a function of the nature of iodinated oil, was
assessed and compared with that of nano-emulsions
prepared with iodinated vitamin E. While kinetics of
blood clearance appeared similar between the two
types of oils, the accumulations in organs (liver, spleen)
after blood clearance were found to significantly differ.

RESULTS AND DISCUSSION

After synthesis and purification, the iodinated oils
were formulated into nano-emulsions following the
same protocol. Process optimizations were carried out
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Figure 1. (a) Chemical structures of iodinated monoglycer-
ide and castor oil. (b) Schematic representation of an
iodinated nano-emulsion droplet.

PEGylated
nonionic surfactant

by following the impact of the surfactant amount (SOR)
on the droplet sizes (hydrodynamic diameter). This
point is illustrated in Figure 2a,,b;, both comparing
emulsification process before (open symbols) and after
(filled symbols) oil iodination for (a) monoglyceride
and (b) castor oil.

The trend generally observed in such diagrams, and
globally confirmed here, is a decrease in the droplet
size with increasing surfactant amounts. We have
previously shown?® that spontaneous nanoemulsifica-
tion is induced by the sudden solubilization of the
surfactant by the aqueous phase, which breaks up
the oil/surfactant phase into oil droplets dispersed
in water. The process is governed by the surfactant
affinities (i.e., solubility) for the oil and water phases.
Surfactants have to be first soluble in oil to ensure a
perfect homogeneity (helped by temperature since
non-ionic PEGylated surfactants are thermosensi-
tive) and then even more soluble in water to ensure
fast water penetration and droplet breaking up. In
Figure 2a;b;, emulsification appears less efficient
for non-iodinated oils, probably due to their higher
hydrophobicity as compared to non-iodinated oils
that decrease the solubility of surfactants and thus
slow down the water breaking-up step. Moreover, the
viscosity appears much higher for iodinated than for
non-iodinated oils, which may further contribute to
slow the water fractionation process and increase the
droplet size. As a result, in the conditions indicated in
gray in Figure 2a,,b;, emulsification of iodinated oils is
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impeded and nano-emulsions do not form. In contrast,
iodinated nanoformulations with droplets of small size
and narrow PDI were obtained for high SOR values.
However, as SOR increases, the iodine content of the
droplets decreases as a result of their decreased size.
As a consequence, formulations selected for contrast
agent applications should be a compromise to ensure
that droplet size and PDI are compatible with i.v.
administration and sufficient iodine content for get-
ting optimal contrast in imaging. The selected formula-
tions are indicated by arrows in Figure 2a;,b;; they
correspond to SOR values of 60 and 65%, respectively,
for iodinated monoglyceride and iodinated castor oil.
The size distributions of the two formulations are
reported in Figure 2a,,b,, while their TEM images are
given in Figure 2a3,bs. For iodinated monoglycerides, a
narrow log-normal size distribution of the nanoparti-
cles, centered at 130 nm, is observed. This narrow size
distribution is confirmed by TEM, showing homoge-
neous droplets. For iodinated castor oil, the log-normal
size distribution is also narrow, being centered at
200 nm and largely overlapping the size distribution
of the former nanoparticles. Thus, both formulations
provide particles of similar size. The TEM pictures
of iodinated castor oil nanodroplets confirmed the
homogeneity of the spherical dispersion of droplets
(Figure 2bs). However, at the highest magnification, in
contrast with Figure 2as3, a core/shell segregation indi-
cated by arrows was observed. This separation be-
tween the oily dense core and the non-ionic surfactant
at the interface likely arises from a loss of miscibility
between these compounds after the temperature drop
during emulsification. This difference in physicochem-
ical properties could also explain the somewhat differ-
ent dependence of their diameter as a function of the
SOR (Figure 2a;,b;). However, it is interesting to note
that, in spite of the dramatic changes in the oil pro-
perties due to iodination, the spontaneous emulsi-
fication process still leads to droplets with good
monodispersity.

The strong interest of lipid nano-emulsions comes
from their potential to provide nontoxic aqueous dis-
persions with very high concentrations in iodine. In-
deed, the selected nano-emulsions present outstand-
ing amounts in weight of iodine versus oils of 64.5 and
40.2% for iodinated monoglyceride and castor oil,
respectively. When it is assumed that the amount of
surfactant at the nanodroplet interface is negligible
compared to the amount of oil in the nanodroplet,
similar percentages could be deduced for the iodine
content of the nanodroplets. Moreover, an iodine con-
tent of 10.3 and 5.6% could be calculated for the whole
nano-emulsions (respectively, for monoglyceride and
castor oil).

The actual amount of iodine in the formulations
was further assessed in vitro through their contrasting
properties in the micro-CT scanner, by comparison to a
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Figure 2. DLS and TEM characterization of nano-emulsions of (a) hexa-iodinated monoglyceride and (b) hexa-iodinated
castor oil. (a;,b;) Present the impact of the surfactant concentration (SOR = surfactant/(surfactant + oil) weight ratio) on the
hydrodynamic size and polydispersity index (PDI, labeled for each point in the graph) measured by DLS. The gray areas show
the regions in which nano-emulsions do not form (either size or PDI are too high). The arrows indicate the optimized
formulations selected for the in vivo studies: SOR = 60% for iodinated monoglycerides, and SOR = 65% for iodinated castor oil.
(az,b,) Size distributions of the optimized formulations (corresponding to the arrows in (a;) and (b,)). (as,bz) TEM micrographs
of nano-emulsions with optimized formulations (corresponding to the arrows in (a;) and (b,)).

calibration curve made with iobitridol (XenetiX 300).
The results are reported in Figure 3, together with the
commercial iodinated nano-emulsion Fenestra VC, and
another formulation based on tri-iodinated vitamin
E (a-tocopheryl 2,3,5-triiodobenzoate) from our pre-
vious work.’

As expected, the X-ray attenuation was found to
linearly grow with iodine concentration. Quantification
from the iobitridol standard gives iodine concentra-
tions of the selected formulations (arrows in Figure 2)
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of 93.1 mg/mL of iodine for iodinated monoglyceride
nano-emulsions and of 76.0 mg/mL of iodine for iodin-
ated castor oil nano-emulsions, in full line with the
concentration expected theoretically as calculated
from the chemical structure. This high theoretical
concentration is thought to play a major role in the
signal/noise ratio and the imaging resolution in X-ray
scanners. This point has been illustrated recently by
the imaging of tumor microvascularization,® which is
especially challenging. Indeed, the blood pool is the
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Figure 3. In vitro evaluation of the X-ray attenuation prop-
erties of hexa-iodinated monoglyceride and hexa-iodinated
castor oil nano-emulsions using a calibration curve made
with iobitridol (filled circles). The values of radiopacity of
two other iodinated nano-emulsions, namely, iodinated
a-tocopherol and Fenestra VC (reproduced with permission
from ref 5; copyright 2013 Elsevier), are also reported for
comparison.

biological compartment with the largest volume, so
that dilution of the contrasting atoms will be high,
leading to a strong decrease of the signal/noise ratio.
An additional difficulty is related to the small size of the
capillaries or microvessels, which requires high-resolution
imaging. To obtain the required signal-to-noise ratio
and resolution, the X-ray attenuation signal was in-
creased by increasing the contrasting properties of the
contrast agent, using a liposomal suspension highly
concentrated in iodine (around 110 mg/mL of iodine).

Then, in vitro toxicity of iodinated nano-emulsion
suspensions was assessed by MTT assays after incuba-
tion of the nano-emulsions for 24 h with cells at
different concentrations (Figure 4). The toxicity was
globally similar for iodinated monoglycerides and
iodinated castor oil, with LDs, values of 0.4 mg/mL of
iodine for human cervix epithelial HeLa and mouse
hepatocyte BNL-CL2 cells. Toxicity was slightly less for
the mouse macrophage cell line RAW264.7 with a LDsq
around 2 mg/mL of iodine. Considering that the iodi-
nated nano-emulsion suspensions are administered
at 7.59 ul/g of mouse for imaging experiments, the
corresponding iodine concentration in the animal
body (obtained from Figure 3) is 0.67 and 0.57 mg/g
of mouse for the iodinated monoglycerides and iodin-
ated castor oil, respectively. Both values are close to
the LDs values for HeLa and BNL-CL2 cells, but it has to
be kept in mind that the conditions in the MTT assays
are more drastic than those in vivo because, during the
24 hincubation, the cells are in prolonged contact with
the droplets as well as with free surfactants. In contrast,
these surfactants are generally rapidly cleared from
blood in vivo.®®

Once administered in mice by iv., the nano-
emulsions were immediately spread in the whole

ATTIA ET AL.
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Figure 4. Cytotoxicity MTT experiments. Cells were incu-
bated for 24 h with various concentrations of iodinated
nano-emulsions. The nano-emulsion concentrations were
expressed in iodine concentrations per mL. Open symbols
correspond to iodinated monoglyceride nano-emulsions,
and filled symbols correspond to iodinated castor oil nano-
emulsions. Blue: HelLa cells. Green: BNL-CL2 hepatocytes.
Red: RAW264.7 murine macrophages.

animal vasculature. No clinical sign of disorder or
toxicity was observed in any mice, during and after
injection and through all the experiment duration.
The weight of mice was measured and followed all
along the micro-CT acquisitions period, that is, 50 days
(see Supporting Information), showing fully normal
evolution. In vivo contrast enhancement induced by
these contrast agents is illustrated at different repre-
sentative acquisition times in Figure 5. Immediately
after injection (5 min), a strong contrast enhancement
arises in the whole vasculature system, showing a
clear delineation of the blood pool. In this early stage
after administration, the distribution and contrast en-
hancements induced by both iodinated formulations
appear very similar, as expected from the identical
surface composition of both nano-emulsions and their
similar iodine concentrations. However, the in vivo
behaviors of the two nano-emulsions differ when
blood clearance mechanisms and elimination begin.
This is illustrated at 24 h postinjection, where both
nano-emulsions are totally eliminated from the blood
pool but accumulate in different organs. The most
pronounced difference between the two formulations
is observable in the spleen, which shows a strong
contrast with liver for the iodinated castor oil but not
for the iodinated monoglycerides. Finally, 50 days after
injection, the contrast between spleen and liver was
dramatically reduced, indicating that iodinated oils are
gradually eliminated from the body.
Three-dimensional volume rendering of the blood
vessels provided by iodinated monoglyceride nano-
emulsions, 5 min after injection, is presented in
Figure 6a. The blood compartment in the heart as well
as vessels, aortic arch (aar) and thoracic aorta (ta), is
clearly visible. Liver irrigation is nicely visible, as well.
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Iodinated monoglyceride nano-emulsions

24 hours Post-injection Before injection

50 days

Iodinated castor oil nano-emulsions

Figure 5. In vivo micro-CT imaging (maximum projection intensity) of iodinated monoglycerides (left column) and iodinated
castor oil (right column) nano-emulsions, at different representative times after i.v. injection. Each picture shows sagittal and
coronal sections of the mice, as well as transverse slices through the heart, lung, and vertebra and transverse slices through
the liver and spleen. Heart is indicated by red arrowheads, liver by orange arrows, and spleen by blue arrows.

Three-dimensional volume rendering of liver and
spleen induced by iodinated castor oil nano-emulsions
24 h after injection is given in Figure 6b. The strong
contrast enhancement in spleen results in a very clear
image that provides distinct details of the organ
surface. In contrast, the liver appears less clearly,
suggesting that the contrast agent is not homoge-
neously distributed and less concentrated than in the
spleen. However, since the liver “compartment” di-
lutes more the contrast agent than the spleen, due to
its much larger volume, it results in a difference in
contrast enhancement that may not reflect the real
amounts of contrast agent accumulated in the organs.
This point was explored below with the quantification
of the contrast agent in the different organs, by
expressing the percent of injected dose as a function
of the acquisition time. This approach shows that,
though the contrast is higher in spleen than in liver,
the total amount of contrast agent is higher in the
liver. Since 3D image reconstructions were easily
obtained due to the pronounced contrast induced
by these iodinated systems, the latter appear thus as

ATTIA ET AL.

potent contrast agents for global structural imaging
in micro-CT.

Quantification of contrast enhancement was fol-
lowed up in blood (ROI in heart), liver, spleen, and
kidneys over the 50 days of acquisition. Contrast en-
hancement is expressed as AHU(t), which is equal to
the value of X-ray attenuation (normalized in Houns-
field units, HU) at acquisition time t subtracted by
the one of the same region, before contrast agent
administration. Pharmacokinetics and biodistribution
in each organ of the two iodinated nano-emulsions
are reported in Figure 7, in comparison with a previ-
ously described nano-emulsion of iodinated vitamin E
(a-tocopherol).® Interestingly, these three formulations
are identical in their surfactant and bulk composition
and only differ by the nature of their oily core.

The contrast enhancement and kinetics in the blood
pool appeared very similar for the three formulations.
This can be easily understood considering that blood
clearance is mediated by mechanisms involving recog-
nition of particles through their surface properties.
Since all iodinated nano-emulsions tested have the
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(a) Iodinated monoglycerides post-injection

Figure 6. In vivo micro-CT 3D volume rendering, (a) 5 min
after injection of iodinated monoglycerides and (b) 24 h
after injection of iodinated castor oil. Annotations: (aar)
aortic arch, (rv) right ventricle, (lv) left ventricle, (li) location
of liver, (vc) vena cava, (hpv) hepatic portal vein, (ta)
thoracic aorta. Two movies corresponding to these volume
rendering (a) and (b) are available as Supporting Informa-
tion (moviel.mov and movie2.mov).

same surface composition, this readily explains their
very close blood clearance kinetics, giving half-life
values of 6.1, 6.7, and 9.0 h for iodinated monoglycer-
ide, castor oil, and vitamin E nano-emulsions, respec-
tively. All three contrast agents can thus be used as
blood pool contrast agents and have actually longer
circulation half-lives than the majority of contrast
agents reported in the literature. It is, however, worth
noting that some liposomal iodinated formulations’
can reach iodine concentrations as high as 150 mg/mL
of iodine with half-lives around 24 h. Here, after 24 h,
the value of AHU in the blood was observed to go
back to zero. The performances of iodinated nano-
emulsions can be further compared with those of other
commercially available contrast agents such as, for
instance, gold-based nanoparticles (AuroVist)?” and

ATTIA ET AL.

rare earth-based nanoparticles (ExiTron nano 12000)%®
on the same animal model. In the present study, we
obtained an initial contrast enhancement AHU =
200—240 HU that corresponds to an increase of the
contrast of 300—330%, which is significantly higher
than the 260 and 170% values reported in the litera-
ture?” for AuroVist 15 nm and ExiTron Nano 12000,
respectively. To allow the comparison of the data of
Figure 7 (expressed in AHU) with values expressed
in percentage of contrast enhancement (as both can
be found in literature), we reported in Figure S2
(Supporting Information) that the pharmacokinetics
data expressed in percentage of contrast enhancement
with the reference before injection can be fixed at
100%. On the other hand, the half-life around 6 or 9 h
is optimal for CT scans and comparable or better than
that reported for the two commercial contrast agents.

The AHU values of our iodinated nano-emulsions in
the liver and the spleen increased progressively with
time, reaching a maximum 24 h postinjection. To verify
whether the potential aggregation of nanodroplets in
blood circulation could explain the differences in these
pharmacokinetics, the size of nano-emulsions incu-
bated in fetal bovine serum (FBS) for different times
and at different dilutions was studied by DLS. The
results reported in Figure S3 (Supporting Information)
show almost invariant size for all experimental con-
ditions, thus confirming the high stability of these
jodinated nano-emulsions in FBS. After this maximum,
the AHU values slowly decreased. Finally, the highest
AHU values in the kidneys were observed within the
first hour and then progressively decreased with
time. Thus, these data suggest that the nanodroplets
gradually eliminated from the blood circulation accu-
mulate mainly in liver and spleen. After 24 h, once
nano-emulsions are cleared from the bloodstream,
the contrast enhancement also starts decreasing in
liver and spleen, indicating that they are progressively
eliminated from these organs.

In contrast to vitamin E nano-emulsions for which
the elimination is governed by hepatocyte-selective
uptake,’ the accumulation of the iodinated monogly-
ceride and castor oil nano-emulsions in the spleen
suggests an elimination by the reticulo-endothelial
system.’ Interestingly, iodinated castor oil nano-
emulsions show an outstanding contrast for the
spleen, with a maximum AHU value of 530 4+ 50 HU.
The maximum AHU values obtained with iodinated
monoglyceride nano-emulsions for the same organ
were somewhat lower, being 220 4 30 HU. In compar-
ison, much lower contrast was seen in the liver with
these two formulations since their maximum AHU
values were 130 £ 15 and 76 £ 6 HU, respectively.

To get further information on their pharmacoki-
netics, the elimination and accumulation kinetics of
all three iodinated formulations were fitted with clas-
sical monocompartmental exponential eqs 1 and 2,
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Figure 7. Dependence of the X-ray attenuation with time after i.v. administration of iodinated nano-emulsions. lodinated
monoglycerides and iodinated castor oil nano-emulsions are compared to each other in heart, liver, spleen, and kidneys and
also compared with iodinated vitamin E (a-tocopherol) nano-emulsions from literature (data for iodinated vitamin E
reproduced with permission from ref 5; copyright 2013 Elsevier); n = 3 for each nano-emulsion. Curves were fitted with
eq 1 for the heart and eqs 2 and 3 for the liver and spleen (eq 2 for accumulation and eq 3 for elimination). To illustrate the
differences in contrast at 24 h postinjection, transverse slices through the liver and spleen are presented. Liver is indicated by

orange arrows and spleen by blue arrows.
respectively:

AHU(t) = AHUq x exp( —k;t) (1)

AHU(t) = AHUp 4+ AHU.. x (1 —exp( —kat))  (2)

where AHU, is the initial value of the contrast en-
hancement in blood (after injection), AHU.. is the
contrast enhancement at the end of the accumulation
process (i.e.,increment above the AHU, value), k; is the
blood elimination rate constant, and k, is the accumu-
lation rate constant. Afterward, once blood clearance
is over at 24 h, the clearance from liver and spleen

ATTIA ET AL.

becomes visible, following a monoexponential de-
crease given by eq 3:

AHU(t) = AHUq x exp( —ks(t — 24)) (3)

where ks is the liver or spleen elimination rate. The
values of the different parameters (Table 1) were
obtained from the fits shown in Figure 7 for the
elimination of the iodinated compounds from blood
(kq and ty,), their accumulation in liver and spleen (k5),
and their elimination from liver and spleen (ks and t; ,).
For the blood clearance, the values of the elimination
rate k; are comparable for the three formulations,
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TABLE 1. Pharmacokinetics Parameters for the lodinated Nano-Emulsions®

iodinated castor oil

iodinated monoglyceride

iodinated vitamin E

blood liver spleen blood liver spleen blood liver spleen
AHU, (HU) 202 62 72 228 54 116 245 88 58
k() 0113 0.103 0.077
tiz (h) 6.1 6.7 9.0
k, (h71) 0.224 0.345 0.037 0.164 0.054
AHUpax (HU) 132 534 76 216 349 m
ks (hq) 0.0039 0.0014 0.0051 0.0012 0.00054
t., (days) 74 211 56 %9 53
? AHUpax = AHUp 4+ AHU...
being only slightly higher for the iodinated castor oil (@) » 120f —_——
—— Bloo:

and monoglycerides (0.113 and 0.103 h™') than for
vitamin E (0.077 h™"). This difference is probably due to
the major role of the spleen in the clearance process for
the iodinated castor oils and monoglycerides nano-
emulsions. Indeed, the values of the accumulation rate
k, (0.345 and 0.164 h™', for the iodinated castor oil and
monoglyceride, respectively) in the spleen are at least
3-fold higher than the corresponding rate in the liver
for vitamin E (0.054 h~") for which the role of spleen is
negligible. It is also interesting to note that the kinetics
of accumulation in liver and spleen are comparable for
jodinated castor oil (k,™¢" = 0.224 h™" and k,*P'e" =
0345 h™") but not for monoglycerides (k""" =
0.037 h™" and k,*®**" = 0.164 h™").

Once the blood is cleared from the contrast agent,
the metabolism and elimination of iodinated oils from
the liver or spleen remain the only observable kinetics.
These elimination kinetics are much slower than the
accumulation kinetics (ks < k;, Table 1). Globally, the
iodinated castor oil and monoglycerides present simi-
lar elimination kinetics, with half-lifetimes of about
1 week in the liver and 3 weeks in the spleen. It follows
that these contrast agents are largely removed from
the body within 50 days. Finally, contrast enhancement
in kidneys begins in the range of 50 to 90 HU and
decreases along with the blood clearance. This signal
likely corresponds to the renal filtration of a part of
the nanodroplets, that is, the smaller population of the
log-normal distribution, but can also be induced by
elimination of metabolites after their passage in liver or
spleen.

The raw contrast enhancement given by the value of
AHU is fundamental for imaging applications but does
not give a direct idea of the biodistribution of the
contrast agent in organs or biological compartments
since their volumes are different. To determine the real
biodistribution of the contrast agents, we expressed
the percentages of injected dose for each compart-
ment or organ of interest: blood pool, liver, and spleen.
Taking into account that the liver of a Swiss mouse
represents 437 + 0.19% of its body weight and the
spleen represents 0.48 + 0.13%,%° we recalculated
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Figure 8. Accumulation and elimination of iodinated mono-
glycerides (a), castor oil (b), and vitamin E (c) in different
organs. The contrast agents were expressed as the percen-
tage of injected dose, using the images from Figure 7 and
placing the ROIs in the blood pool (red), liver (orange), and
spleen (blue). The summed percentages (black) are also
shown.

the amount of contrast agent (as % of injected dose)
in the different organs at different acquisition times
(Figure 8). Using this representation, monoglycerides

VOL.8 = NO.10 = 10537-10550 = 2014 K@N&NJK)\

WL

WWwWW.acsnano.org

10545



Figure 9. Micro-CT imaging and maximum intensity projec-
tions. Magnified representations of the spleen, 24 h after
injection of iodinated castor oil: sagittal (top left), coronal
(top right), and transverse (bottom) section.

(Figure 8a) show a moderate accumulation in liver
(around 17% at the maximum, 24 h) and negligible
accumulation in spleen (~5% at 24 h). In contrast,
castor oil (Figure 8b) accumulates much stronger in
the liver (40% at 24 h) but less in the spleen (20% at
24 h). Its global elimination kinetics is close to that of
monoglycerides, with a gradual clearance after 24 h
(compare black curves in Figure 8a,b). In the case of
vitamin E (Figure 8c), the accumulation is much higher
in the liver (reaching 80% of the injected dose at 48 h)
with nearly nothing in the spleen. Its elimination
kinetics is also quite different, showing a longer reten-
tion time in the liver. Thus, a different mechanism may
be involved in the accumulation and elimination of
vitamin E as compared to monoglycerides and castor
oil. Noticeably, the initial presence of the contrast
agent in liver comes from the blood irrigating the liver
that contains contrast agents, explaining the apparent
sum values (overall blood + liver) higher than 100%.
The main results from these data are (i) the similar
kinetics of the blood clearance that is likely due to the
similar surface composition of the nano-emulsion dro-
plets, inducing a similar behavior from the blood clear-
ance system; and (ii) the clear differences in their
elimination pathway. Spleen accumulation could be
linked to recognition by immune cells. In Figure 9,
which focuses on the spleen at the maximum contrast
enhancement (24 h after injection of iodinated castor
oil nano-emulsion), one can observe a heterogeneity in
the distribution of the contrast agent within the spleen.
The less contrasted domains correspond to the
white pulp, consisting of lymphoid tissues mainly
composed of leucocytes from different lineages, such
as lymphocytes. In contrast, the more contrasted part
corresponds to the red pulp in which the blood is
filtered and which is composed of venous cavities filled

ATTIA ET AL.

with red blood cells, lymphocytes, and macrophages.>®
Therefore, the accumulation of the contrast agent in
the spleen is likely linked to the differential recognition
of the oil droplets or leaked oil by immune cells as a
function of their chemical structure. The slight shift in
the size distribution between both formulations (see
Figure 2) could also have been invoked to explain the
differences in the accumulation behaviors since the
smaller particles may be more excreted by kidneys
while the larger ones may be trapped by the spleen.
However, the difference in the values of the contrast is
s0 high (AHU,,x values are 220 + 30 and 530 + 30 HU)
that it can only be explained by alternative reasons,
such as differences in the affinities of the droplets or
their content for the spleen tissues or enhanced re-
cognition by immune cells, especially macrophages.
Interestingly, vitamin E nano-emulsions are not accu-
mulated in spleen but in liver through specific hepa-
tocyte uptake. The marginal accumulation of iodinated
vitamin E nanodroplets in the spleen may result from
their low ability in comparison to iodinated monogly-
cerides and castor oil to be taken up by macrophages.
To confirm this hypothesis, iodinated nano-emulsion
droplets were loaded with a lipophilic dye (NR668) and
incubated with mouse macrophages to follow their
uptake. NR668 is a Nile Red derivative bearing aliphatic
chains, ensuring the dye remains encapsulated within
the nano-emulsion lipid droplets, even in the presence
of a serum-containing medium or when injected in a
zebrafish model3' Nanodroplets with different iodi-
nated oils, formulated together with 1 wt % of NR668,
showed fluorescence maxima centered in the range
of 590—605 nm, indicating that the dye was success-
fully encapsulated inside the apolar core.?' lodinated
monoglyceride and castor oil nano-emulsion droplets
were observed to be gradually taken up by the macro-
phages (Figure 10). After 30 min incubation, macro-
phages only engulfed a few droplets near the plasma
membrane. Their number significantly increased after
2 h incubation, gradually highlighting the whole cell
periphery (see image with only red channel of NR668).
Finally, after 1 day of incubation, the whole cytoplasm
is filled with nano-emulsion droplets. In sharp contrast,
the fluorescence of NR668 was not detectable in mac-
rophages incubated with iodinated vitamin E nano-
emulsions, validating our hypothesis that this poor
uptake may be responsible for the low accumulation
of iodinated vitamin E droplets in the spleen. To check
whether this difference in the nanodroplet uptake
between monoglyceride, castor oil, and vitamin E is
specific to the macrophage cell type, we compared by
fluorescent microscopy the uptake of NR668-loaded
nano-emulsion droplets (made with the three different
iodinated oils) by murine hepatocytes BNL-CL2 and
macrophages RAW264.7, after 30 min and 24 h incuba-
tion (Figure S4, Supporting Information). In hepato-
cytes, no internalization of nano-emulsion droplets
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Monoglycerides

Castor oil

Vitamin E

24h

Figure 10. Monitoring of the uptake of NR668-loaded iodinated nano-emulsions by murine macrophages (RAW264.7 cells).
Nuclei were stained with Hoechst (cyan) and cells with calcein AM (green). NR668 (a lipophilic modified Nile Red) loaded in the
oil core of the nano-emulsion droplets allows following the location of the droplets once engulfed by the cells. lodinated
monoglycerides, iodinated castor oil, and iodinated vitamin E were formulated as nano-emulsions and incubated for different
times: 30 min, 2 h, and 24 h. Top left insets show the cell and nuclei. Bottom left insets show the signal of NR668, and the larger

right picture shows both merged.

was observed with all three iodinated oils, confirming
that the uptake by macrophages of nano-emulsions
made from castor oil and monoglycerides (Figure 10) is
selective.

These data clearly show that the oil nature has a
strong impact on macrophage uptake, even formu-
lated as nanodroplets with similar surface composition.
They allow understanding of the selective accumula-
tion in the spleen of iodinated monoglycerides and
castor oil. To confirm our microscopy observations,
a quantification of the internalized NR668 was per-
formed by fluorometry of the cellular lysate in DMSO
(Figure 11).

These data confirmed the uptake of nanodroplets
containing monoglycerides and castor oil. The mea-
sured values appear similar for the two oils, with some
difference arising only after 24 h, a condition that is
relatively far from the conditions used in vivo. Impor-
tantly, even at such long incubation time, the vitamin
E nanodroplets do not penetrate into cell cytoplasm.
This confirms that vitamin E droplets and/or the vita-
min E oil are not recognized by macrophages, and that
the blood clearance in this case occurs through the
gradual accumulation of the droplets in hepatocytes.
This difference in the clearance mechanism can
also explain the longer half-life (9.0 h) of vitamin E

O Monoglycerides
sk O castor oil
O vitamin E .I_
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Figure 11. Quantification of nano-emulsion uptake by mac-
rophages as a function of incubation time and oil nature.
After incubation with NR668-loaded nanodroplets, the
macrophages were washed, lysed with DMSO, and mea-
sured by fluorometry. Uptake was expressed as the percen-
tage of fluorescence associated with cells versus the amount
of fluorescence present in the feed solution.

nano-emulsions compared to castor oil (6.1 h) and
monoglycerides (6.7 h). The results of macrophage
uptake explains the difference in accumulation in liver
and spleen between vitamin E and the two other oils
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but does not permit one to conclude on the difference
of accumulation between iodinated monoglycerides
and iodinated castor oil, likely due to additional fac-
tors arising in vivo, as compared to in vitro cell
experiments.

CONCLUSION

This study shows that iodinated nano-emulsions
with comparable morphologies, sizes, surface compo-
sition, and only differing in the chemical nature of the
iodin-
ated oil droplet core display significantly different
pharmacokinetics and biodistributions. Herein we pro-
pose two novel formulations based on hexa-iodinated
monoglyceride and hexa-iodinated castor oil, formu-
lated by spontaneous emulsification and stabilized
by PEGylated non-ionic surfactant. Besides the very
high contrasting properties of these X-ray contrast

EXPERIMENTAL SECTION

2,3,5-Triiodobenzoic acid, castor oil, N,N'-dicyclohexylcarbo-
diimide, 4-dimethylaminopyridine, deuterated chloroform
(CDCls), ethyl acetate, cyclohexane, dichloromethane, sodium
bicarbonate, sodium sulfate anhydrous, sodium chloride
Hoechst 33258, calcein AM, dimethyl sulfoxide (DMSO), and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solutions were purchased from Sigma-Aldrich (St.
Louis, MO). Glyceryl monocaprylate (Capmul MCM C8) was
kindly gifted by Abitec (Columbus, OH). Non-ionic surfactant
(Kolliphor ELP) from BASF (Ludwigshafen, Germany) was kindly
donated by Laserson, Etampes, France. Kolliphor ELP (formerly
named “Cremophor ELP”) is a parenteral-grade non-ionic sur-
factant made by reacting ethylene oxide to castor seed oil at a
molar ratio of 35.32 Phosphate buffered saline, Dulbecco's
modified Eagle medium (DMEM), and fetal bovine serum were
from PAN Biotech (Aidenbach, Germany).

General Synthesis of Hexa-iodinated Monoglyceride and Hexa-iodi-
nated Castor Oil. 2,3,5-Triiodobenzoic acid (TIBA) (10 g, 0.02 mol),
4-dimethylaminopyridine (0.75 g, 0.007 mol), and N,N'-dicyclo-
hexylcarbodiimide (4.5 g, 0.022 mol) were sequentially added to
a solution containing either glyceryl monocaprylate (1.84 g,
0.0085 mol) or castor oil (7.92 g, 0.0085 mol), in dichloro-
methane at room temperature. The reaction mixture was stirred
overnight at room temperature. Then, dicyclohexylurea and
other precipitates were removed by filtration. The organic
phase was washed twice with saturated aqueous NaHCO; and
once with saturated NaCl solution and then dried over anhy-
drous Na,SO,. The solvent was removed by rotary evaporator,
and the resulting oil was purified by gradient elution silica gel
column chromatography using cyclohexane and ethyl acetate
as eluents. Both purified products were obtained as dense and
yellowish viscous oils. The reaction yields were 58% for hexa-
iodinated monoglyceride and 47% for hexa-iodinated castor oil.
The chemical structure of these two iodinated oils is presented
in Figure 1a. Hexa-iodinated monoglyceride and hexa-
iodinated castor oil have theoretical iodine content of 64.5
and 40.2 wt %, respectively. It should be noted that the
difference in molecular weights between these two molecules
can also play a role in their X-ray attenuation properties, which
are the highest for the heaviest one (i.e., iodinated castor oil).

Characterization of Hexa-iodinated Monoglyceride and Hexa-iodinated
Castor Oil. "H NMR spectra were recorded with a Bruker Top Spin
3.0 operating at 400 MHz using deuterated chloroform (CDCls)
as a solvent. Chemical shifts () were expressed in parts per
million, taking tetramethylsilane as internal reference. Hexa-
iodinated monoglycerides: "H NMR (CDCls, 6/ppm) 8.2 (s, 2H,
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agents, we show that, after i.v. administration, both
nano-emulsions present similar blood elimination
kinetics with t;,, around 6 h, followed then by different
in vivo behavior, with the iodinated castor oil showing a
much stronger accumulation in the spleen. Comparison
with another iodinated nano-emulsion based on iodi-
nated vitamin E that accumulates only in liver further
demonstrates that these nanoparticulate systems can
provide strong X-ray contrast enhancement in specific
targets such as liver, spleen, or only blood as a function of
the oil used in the nano-emulsion formulation. Our data
further revealed that the nature of the iodinated oil affects
the uptake of nanodroplets by the macrophages, thus
explaining in part the observed differences in biodistribu-
tion. The half-elimination time of these contrast agents
is on the scale of weeks, offering sufficient retention
for micro-CT imaging applications. Their potential use
for clinical imaging could be envisioned, as well.

ortho), 7.7 (s, 2H, para), 4.6 (d, 2H, phCOO—CH,—CH), 44 (m, 1H,
CH,—CH—CH,),4.3 (d, 2H, OCH,—CH), 2.3 (t, 2H, CO—CH,—CH,),
1.5 (m, 2H, COCH,—CH,—CH), 1.3 (m, 8H, CH,—CH,),—CH3), 0.8
(t, 3H, CH3). Hexa-iodinated castor oil: 'H NMR (CDCl, 8/ppm) 8.2
(s, 2H, ortho), 7.6 (s, 2H, para), 5.5 (dd, 6H, (CH=CH)s), 5 (m, TH,
OCH,—CH—CH,), 4.2 (d, 4H, (COO—CH,—CH),), 3.5(m, 3H,
CH,—CH—OCOPh), 2.4 (t, 6H, (OCO—CH,—CH,)3), 2.2 (t, 6H,
(CH—CH,—CH=CH);3), 2.1 (m, 6H, (CH,—CH,—CH=CH)3), 2
(s, TH, OH), 1.5 (m, 6H, (COCH,—CH,—CH,)3), 1.3 (g, 6H, (PhCOO—
CH—CHy)3), 12 (m, 48H, (CH—(CHy4—CHs)s, (CH=CHCH,-
(CHZ)4—CH3)3), 0.8 (t, 9H, (CH3)3).

Preparation of lodinated Nano-Emulsions. Nano-emulsions of iodi-
nated monoglyceride and iodinated castor oil were formulated
by the spontaneous nano-emulsification method as previously
reported.?®3373> Formulation parameters are defined as surfac-
tant/(surfactant + oil) weight ratio (SOR) and (surfactant + oil)/
(surfactant + oil + water) weight ratio (SOWR).? (i) lodinated
monoglyceride nano-emulsions are formulated with SOR = 60%
and SOWR = 40%. Hexa-iodinated monoglyceride (0.32 g) was
first mixed with the non-ionic hydrophilic surfactant (0.48 g),
maintained at 70 °C, and homogenized by help of several vortex
mixing and use of a sonication bath (around 10 min). Next, PBS,
used as an aqueous phase (1.20 g), was added to the surfactant/
oil mixture under gentle magnetic stirring, giving rise within
seconds to spontaneous formation of stable nano-emulsions.
A nano-emulsion droplet is schematically represented in
Figure 1b. (i) lodinated castor oil nano-emulsions are formu-
lated at SOR = 65% and SOWR = 40%. The formulation process,
similar to the one described above, uses hexa-iodinated castor
0il (0.28 g), non-ionic surfactant (0.52 g),and PBS (1.2 g). The SOR
values used for both formulations were selected to obtain nano-
emulsions with optimal nano-emulsion size, monodispersity,
and iodine content, as described in the Results and Discussion
section (Figure 2).

Characterization of Nano-Emulsions. Dynamic Light Scattering.
Size distributions and polydispersity indices (PDI) were mea-
sured by DLS with a NanoZS Malvern apparatus (Malvern, Orsay,
France). The helium/neon laser, 4 mW, was operated at 633 nm,
with the scatter angle fixed at 173° and the temperature
maintained at 25 °C. DLS data were analyzed using a cumu-
lant-based method.

Transmission Electron Microscopy. The X-ray attenuation
properties of iodine nanodroplets also result in good contrast
in TEM. Therefore, samples were used without any staining
agent and were diluted (1/10) with Milli-Q water. A drop of the
suspension was placed on a carbon grid (carbon type-A, 300
mesh, copper, Ted Pella Inc. Redding, PA) and dried at 40 °C.
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Observations were carried out using a Philips Morgagni 268D
electron microscope.

Cytotoxicity Assays. Cytotoxicity assays were performed
using Hela human cervix epithelial adenocarcinoma cells,
BNL-CL2 mouse hepatocyte, and RAW264.7 murine leukemia
virus-transformed monocyte cells. HelLa cells were selected
because they are considered to be a standard cell line that
allows direct comparison of experimental data. RAW264.7 cells
were chosen because their properties are very similar to those
of normal macrophages3® RAW264.7 cells are a well-suited
model for macrophages,® —*° showing notably similar patterns
of uptake and cytotoxicity as primary macrophages.>® Cells
were seeded in 96-well plates at a concentration of 10* cells
per well in 100 uL of medium (DMEM) containing 10% FBS and
1 wt % of commercial solution of penicillin and streptomycin.
Cells were then incubated overnight at 37 °C under a controlled
atmosphere (5% CO, and 80% H,0). Next, the culture medium
was replaced by the same medium but containing variable
concentrations of iodine encapsulated nano-emulsions (see
details below). After incubation for 24 h, the medium was
removed and the cells were washed with PBS. Then, the wells
were filled with cell culture medium containing MTT, incubated
for 4 h at 37 °C, and the formazan crystals formed were
dissolved by adding 100 uL of DMSO. UV absorbance was
measured at 570 nm with a microplate reader (Varioskan Flash,
Thermo Scientific, USA). Experiments were carried out in tripli-
cate and expressed as a percentage of viable cells compared to
the control group.

In Vitro Mouse Macrophage Uptake. Confocal Microscopy. The
cellular uptake and intracellular localization were determined
in RAW264.7 cells (mouse macrophages) using a Leica TCS SP
confocal scanning system (Leica, Germany). To follow the
nano-emulsion droplets, we used a modified lipophilic Nile
Red (NR668) that was solubilized at 0.1% (wt/wt) in the iodin-
ated oils before formulation of nano-emulsions. NR668 synthe-
sis was previously reported.®’ Cells were cultured overnight in
cell culture glass chambers slides at a density of 5 x 10 cells per
well before their exposition to the dye-loaded nano-emulsions
in DMEM at a concentration corresponding to 0.1 mg/mL,
supplemented with 10% of FBS, for 30 min, 2 h, and 24 h at
37 °Cin a 5% CO, humidified atmosphere. After incubation, cells
were stained with calcein AM (10 uM, 15 min of incubation in
HBSS) and with Hoechst 33342 (50 M, 10 min of incubation in
HBSS). After six washes in HBBS to remove all nonpenetrated
nano-emulsion droplets, cells were mounted in the fluorophore
protector CC/mount and observed with a Leica confocal micro-
scope equipped with an argon/neon laser and a 63x oil
immersion objective. The excitation wavelengths used were
360 nm for Hoechst 33342, 488 nm for calcein, and 543 nm for
NR668, and the fluorescence signals were collected in the
380—460 nm range for Hoechst, 500—530 nm range for calcein,
and 560—650 nm range for Nile Red 668, respectively. The
images were processed with Fiji software.

Quantification of Macrophage Uptake. Cellular uptake was
quantified by fluorescence spectroscopy. Mouse macrophage
RAW264.7 cells were cultured as described in the paragraph
above, except that cells were lysed with DMSO and not
mounted for microscopy analysis. The effectiveness of washing
and lysing was checked with fluorescence microscopy observa-
tions. The concentration of encapsulated NR668 in the cell
lysate was quantified by fluorimetry with an excitation wave-
length of 550 nm and an emission wavelength of 630 nm (with
a microplate reader Varioskan Flash, Thermo Scientific, USA).
Uptake was expressed as the percentage of fluorescence
associated with cells versus the amount of fluorescence in the
feed solution.

Micro-CT Imaging. The experiments were performed in agree-
ment with the Committee of Animal Research and Ethics of the
University of Lyon-1.

In Vitro Experiments. The X-ray attenuation properties of
iodinated nano-emulsions were evaluated at various concen-
trations with a micro-CT scanner (1076 Skyscan, Kartuizersweg,
Belgium). Experimental parameters were as follows: X-ray,
49 keV, 129 uA; resolution, 35 mm; pitch, 0.4°; aluminum filters,
0.5 and 632 ms. lodine concentration of nano-emulsions was

determined using a calibration curve established with a com-
mercial hydrophilic contrast agent (XenetiX 300, i.e., iobitridol),
correlating iodine concentration and radiopacity.

In Vivo Experiments. In vivo imaging experiments were
performed with a micro-CT scanner (INVEON, Siemens, Munich,
Germany). The experimental X-ray parameters were as follows:
X-ray, 50 keV, 500 uA; resolution, 111.25 um; pitch, 2°; aluminum
filters, 0.5 and 900 ms. The acquisitions were performed on
Swiss mice, n = 3, for each type of nano-emulsion. Before
acquisition, mice were anesthetized with isoflurane. Then,
iodinated nano-emulsions were intravenously injected (using
a catheter) in the tail vein, with an injection volume correspond-
ing to 10% of the blood volume (i.e., 7.6 uL of nano-emulsions
per gram of mouse). Scans were performed before administra-
tion, immediately after injection, and after 30 min, 1 h, 2 h, 3 h,
4 h, 6 h, 1day, 2 days, 3 days, 7 days, 14 days, 21 days, 28 days,
and 50 days. The micro-CT raw data were treated with OsiriX
viewer to establish 2D maximum projection slices and 3D vol-
ume rendering images and then to quantify the signal by
placing the region of interests in the heart, liver, spleen, and
kidneys.
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