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ABSTRACT

Purpose This study aimed to investigate the impact of the size
of X-ray iodinated contrast agent in nano-emulsions, on their
toxicity and fate in vivo.

Methods A new compound, triiodobenzoate cholecalciferol,
was synthetized, formulated as nano-emulsions, and followed
after 1.v. administration in mice by X-ray imaging (micro com-
puted tomography). Physicochemical characterization and
process optimization allowed identifying a good compromise
between X-ray contrasting properties, monodispersity and
stability. This also allowed selecting two formulations with
different sizes, hydrodynamic diameters of 55 and 100 nm,
but exactly the same composition. In vitro experiments were
performed on two cell lines, namely hepatocytes (BNL-CL2)
and macrophages (RAW264.7).

Results Cell viability studies, cell uptake observations by con-
focal microscopy, and uptake quantification by fluorimetry,
disclosed clear differences between two formulations, as well
as between two types of cell lines. After i.v. injection of the two
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iodinated nano-emulsions in mice, CT scans provided the
quantification of the pharmacokinetics and biodistributions.
We finally showed that the size in the nano-emulsions has
not a real impact on the pharmacokinetics and
biodistributions, but has a strong influence on their toxicity,
corroborating the in vitro results.

Conclusions This study shows that the size of the nanocarrier
significantly matters, likely due to highly different interactions
with cells and tissues.
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ABBREVIATIONS

CDCl Deuterated chloroform

CcT Computed tomography

DCC N,N'-dicyclohexylcarbodiimide

DLS Dynamic light scattering

DMAP 4-dimethylaminopyridine

DMEM  Dulbecco’s modified Eagle medium
DMSO  Dimethyl sulfoxide

EPR Enhanced permeation and retention
FBS Fetal bovine serum

HBSS Hank’s balanced salt solution
microCT ~ Micro computed tomography

MRI Magnetic resonance imaging

MTT 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide

NPs Nanoparticles

OR Oi1l ratio

PBS Phosphate buffered saline

PDI Polydispersity index

PEG Polyethyleneglycol

PET Positron emission tomography

RES Reticuloendothelial system

SOR Surfactant / (surfactant + oil) weight ratio

@ Springer


http://dx.doi.org/10.1007/s11095-015-1813-0
http://crossmark.crossref.org/dialog/?doi=10.1007/s11095-015-1813-0&domain=pdf

604

Attia et al.

SOWR  (surfactant + oil) / (surfactant + oil + water)
weight ratio

SPECT  Single photon emission computed tomography

TIBA 2,3,5-Triiodobenzoic acid

™S Tetramethylsilane

INTRODUCTION

Advanced diagnosis is becoming a prime and essential step for
ideal treatment by means of detecting pathogens and showing
the specific locations of unhealthy cells. In this context, non-
invasive and minimally invasive @ vwo imaging techniques
constitute a powerful arsenal for clinical diagnostics, and are
currently seeing an unprecedented development. Several im-
aging modalities such as X-ray computed tomography (X-
Ray CT), magnetic resonance imaging (MRI), positron emis-
sion tomography (PET) and single photon emission computed
tomography (SPECT) or combination among two or more
different modalities (multi-modals) are utilized for obtaining
high resolution and potential visibility of internal bodily struc-
tures. They are generally complementary with their specific
balance between advantage and drawbacks. Herein, we are
focusing on X-ray imaging, that can be considered as an in-
teresting compromise between cost, with a good spatial reso-
lution, and without managing radioactive wastes as it is the
case for nuclear imaging. On the other hand, extents X-ray
imaging is very limited without using contrast agents, can only
reveals bones structures and in any case soft tissues and bio-
logical compartment like blood vessels, tissues, organs. Con-
trast agents must be administrated along with the X-ray scan-
ning, in order to improve contrast enhancement. Relevance
and potency of “ideal” contrast agent are still largely depen-
dent on their  vivo behavior, biodistribution and pharmaco-
kinetics. More precisely, in this work, our interest concerns the
development of contrast agents for preclinical X-ray CT
(microCT), using scanners designed for small laboratory ani-
mals, and in this case the clinical contrast agents are not ap-
plicable since they undergo a fast blood clearance by kidneys
avoiding animal imaging, and a fortior: targeted imaging.
Strictly speaking, renal cut off size is 5.5 nm. However, when
we refer to a suspension of nanoparticles (NPs) the whole
distribution should be higher to this threshold to avoid renal
clearance. This is generally why we can consider that increas-
ing the size of the contrast agent in the form of NPs bigger
than 50 nm (diameter) prevents the early renal clearance. The
ideal NP contrast agent must fulfill a number of stringent
requirements, briefly enumerated in the following: (7) the con-
trast agent should be easily dispersible and highly stable in a
variety of local in vivo environments; (i) the contrast agent
should exhibit limited nonspecific binding and be resistant to
reticuloendothelial system (RES) uptake (1,2), generally done
with a specific surface coating with polyethyleneglycol (PEG)
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(3-5). As a result, the blood circulation time is prolonged,
increasing the chance for the nanoparticles to bind with spe-
cific targets. (1) Specifically for preclinical microC'T imaging,
the contrast agent must be big enough (average diameter>
50 nm) to avoid the fast renal clearance as discussed above (6).
(iv) Depending of the application, a control of the surface
composition can be necessary to promote the particle
targeting to specific sites (7,8); this can be achieved through
passive targeting, e.g., according to enhanced permeation and
retention effect (EPR), or mediated by ligand decoration of
the surface (e.g., antigen, cell, tissue). (») A very important
point that oriented the nature of the particle is the loading
rate of a radiopaque material. Indeed, X-ray imaging modal-
ity is related to a very high concentration of contrasting ma-
terials administrated along with a nontoxicity (9,10). (zz) The
facile synthesis resulting in high yield of purified compounds
make them promising candidates and thereby translated suc-
cessfully into clinical advances. Ideally, those kinds of mate-
rials will be efficient for long-term quantitative imaging at low
doses and be safely cleared from the body after the imaging is
completed. To gather all these points, iodine-based nano-
emulsions, have recently been developed showing huge stabil-
ity, high biocompatibility and great potential in medical ap-
plications, such as image-guided surgery, advanced diagnosis
(e.g., to recognize tumor regions), personalized medicine or
theragnostics.

We previously reported (11) the formulation of non-toxic
1odinated nano-emulsions based on natural compounds like
vitamin E, triglycerides, monoglycerides. The choice of the
system 1s driven by the hypothesis that molecules that natural-
ly occur in living organisms would exhibit a better compati-
bility and non-toxicity. In the present study, we propose to
evaluate a new molecule that has never been explored as a
contrast agent, namely cholecalciferol (or vitamin D) cova-
lently modified with a triiodobenzene functionality. Cholecal-
ciferol is an essential lipid soluble vitamin, one of the impor-
tant ingredients in a human daily diet. It is photosynthesized
in the human body from 7-dehydrocholesterol when exposed
to U.V. wavelengths of light (12,13), and it is metabolized in
the liver and kidney (14—17). Inspired by its biocompatibility,
biodegradability and structural similarity with cholesterol,
which is an important component of cellular membranes,
and due to its poor water-solubility and low bioavailability,
cholecalciferol is often encapsulated within lipid-based deliv-
ery systems for improving its bioaccessibility.

Herein, we focus on iodinated cholecalciferol as a non-
toxic model contrast agent, in order to follow the expected
blood pool imaging and then its passive accumulation in liver.
In previous reports, we showed that the nature of the iodinat-
ed oil constituting the droplet core has a drastic influence on
the biodistribution of the contrast agent (11). In the present
study, we propose to keep constant the formulation composi-
tion and to focus only on the effect of the size of the
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nanoparticulate contrast agent on its # viwo behavior and dis-
tribution. In fact, in literature, many studies showed that phys-
icochemical factors can affect biodistribution and toxicity of
nanoparticles (18-20). It is well approved that the particle size
and surface charge can affect the efficiency and pathway of
cellular uptake for liposomes (21), quantum dots (22), poly-
meric NPs (23,24), gold NPs (25), and silica NPs (26) by
influencing the adhesion of the particles and their interaction
with cells (27). However, this question has never been pointed
out for nano-emulsions, and, in the case of iodinated nano-
emulsions, can potentially serve in controlling the properties
of the contrast agents. Above the smallest sizes that induce the
renal clearance (1.e., below 50 nm), a legitimate question con-
cerns the potential impact of the nanoparticle size regarding
the immune system and organs cell uptake, and thus its
influence on the biodistribution. In this study, we
synthetized a new contrast agent, triiodobenzoate chole-
calciferol that was formulated as PEGylated nano-
emulsions through spontaneous emulsification with two
different and representative sizes (average diameters) of
55 and 100 nm. These formulations were studied i vitro
and their imaging properties, pharmacokinetics and
biodistribution were followed i vivo by micro-CT after
1.v. administration in mice.

EXPERIMENTAL SECTION
Materials

Cholecalciferol (Vitamin Ds), 2,3,5-Triiodobenzoic acid
(TIBA), 4-dimethylaminopyridine (DMAP), N,N'-
dicyclohexylcarbodiimide (DCC), dichloromethane, ethyl ac-
etate, cyclohexane, sodium hydrogen carbonate, sodium sul-
fate anhydrous, sodium chloride, Hoechst 33258, calcein AM,
deuterated chloroform (CDCls), dimethyl sulfoxide (DMSO)
and 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) solutions were purchased from Sigma Aldrich
(St. Louis, MO), Labrafac® WL1349 (Gattefossé¢ S.A.,
Saint-Priest, France) is a mixture of capric and caprylic acid
triglycerides. Non-ionic surfactant (Kolliphor ELP®) from
BASF (Ludwigshafen, Germany) is a parenteral grade non-
ionic surfactant made by reacting ethylene oxide with castor
seed oil at an ethylene oxide to oil molar ratio of 35 (28). The
product mainly consists of a PEG chain (35 cthylene glycol
units) grafted onto a molecule of castor oil, Phosphate buff-
ered saline (PBS), Dulbecco’s modified Eagle medium
(DMEM), Penicillin/Streptomycin solution (10.000 Units
Penicillin/ml and 10 mg Streptomycin/ml) and fetal bovine
serum (FBS) were obtained from PAN Biotech (Aidenbatch,
Germany), and 0.22 pm syringe filters were purchased from
Fisher (Germany).

Methods

Synthesis and Characterization of Cholecalciferoyl
2,3,5-Triiodobenzoate

The incorporation of iodine into the oily molecule was per-
formed via a simple esterification reaction. Thus 2,3,5-
trilodobenzoic acid (5 g, 0.01 mol), 4-dimethylaminopyridine
(0.183 g, 0.0015 mol) and N,N'-dicyclohexylcarbodiimide
(2.26 g, 0.011 mol) were sequentially added to a solution of
cholecalciferol (3.08 g, 0.008 mol) in dicholoromethane
(250 mL) at room temperature. The reaction mixture was kept
under stirring overnight at room temperature, and then
dicyclohexylurea and other precipitates were removed by filtra-
tion. The organic phase was further washed twice with aqueous
NaHCOg (5%), once with saturated NaCl solution and dried
over anhydrous NaySO,. The solvent was removed in vacuum
and the obtained precipitate was then purified by gradient elu-
tion chromatography on silica gel using cyclohexane and ethyl
acetate as eluents. The reaction yield was 43% and the final
product obtained as a yellow needle-like crystals revealed a high
iodine content (approximately 44% of the molecular weight).
The synthesis scheme of cholecalciferoyl 2,3,5-triiodobenzoate
1s shown in Fig. 1 (top).

'H-NMR Analysis

"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 (8) were expressed in parts per
million (ppm), taking tetramethylsilane (TMS) as internal ref-
erence. The resulting 'H-NMR data appear coherent with the
iodine-grafted cholecalciferol structure by revealing another
two new signals that correspond to the two CH aromatic
groups at 8.21 and 7.58 ppm of benzene ring (see
Supplementary information).

Cholecalciferoyl 2,3,5-triiodobenzoate: 'H NMR (CDCl,,
8/ppm): 8.21 (s, 1H, H®), 7.58 (s, IH, H"), 6.18 (dd, 1H, H'®),
5.95 (dd, 1H, H' ), 5.15 (m, 1H, H®), 4.80, 5.08 (s, 2H, H'?),
2.76 (1, 2H, H'®), 2.64 (1, 2H, H'?), 2.43 (d, 2H, H"), 2.22 (t,
1H, H*%), 1.86 (q, 2H, H'", 1.62-1.29 (m, 9H, H'?, H*", H**,
H*, H?!), 1.26 (m, 1H, H*®), 1.06 (m, 6H, H*®, H*’, H*),
0.86 (q, 1H, H*), 0.85 (d, 3H, H*"), 0.80 (d, 6H, H**, H*),
and 0.47 (s, SH, H**).

Formulation of Triiodinated Cholecalciferol Nano-Emulsions

Iodinated cholecalciferol nanoparticle emulsions were formu-
lated using a modified method based on spontaneous nano-
emulsification as previously described (29,30). Briefly, the
principle, illustrated in Fig. 1 (bottom), consisted in mixing
the oil phase with non-ionic surfactant and heating this mix-
ture to ensure its homogenization. Then, this phase was
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Fig. 1 Synthesis of cholecalciferoyl 2,3,5-triiodobenzoate (top). Schematic
illustration of the nano-emulsions formulation (bottom).

suddenly mixed with warm water, generating the stable nano-
emulsions within seconds. In the case of iodinated cholecalcif-
erol, the protocol had been adapted due to the crystalline
nature of this compound. Iodinated cholecalciferol was solu-
bilized in another oil (medium chain triglyceride, Labrafac®
WL), and this mixture then was added to the non-ionic
surfactant.

The nano-emulsion properties, size and size distribution
were investigated in function of the formulation parameters:
(1) todinated cholecalciferol / (iodinated cholecalciferol + triglyceride)
weight ratio (oil ratio, OR), (i) surfactant / (surfactant + oil)
weight ratio (SOR) and () (surfactant + o0il) / (surfactant + o1l
+ water) weight ratio (SOWR). The two representative formu-
lations exhibiting different sizes can be described as follows.
The first one, NE;, is formulated with SOR =40 wt.%,

@ Springer

SOWR =40 wt.% and OR=66 wt.%. Triiodinated cholecal-
ciferol (0.065 g) was firstly mixed with triglycerides (Labrafac®
WL) (0.033 g), maintained at 95°C: with vortex mixing follow-
ed by sonication until clear and homogenized solution was
obtained. Then nonionic hydrophilic surfactant (Kolliphor
ELP®) (0.065 g) was added to the previous solution, and
maintained under gentle magnetic stirring alternatively with
heating periodically several times. Finally, warm PBS (0.244 g)
as an aqueous phase was then poured into the hot solution
followed by vortex for 5 min giving rise to formation of the
desired nano-emulsion with the average size of 55 nm. The
second representative example, NE,, briefly, is prepared fol-
lowing the same protocol with SOR=27 wt.%, SOWR=
40 wt.% and OR=66 wt.% (iodinated cholecalciferol:
0.0986 g, Labratac® WL: 0.0493 g, Kolliphor ELP®:
0.055 g, PBS: 0.304 g) to give rise to the average diameter
around 100 nm. In addition, owing to the fact that the nano-
emulsion size is controlled by the surfactant to oil ratio, a slight
excess of PBS (0.130 g) and Kolliphor ELP® (0.046 g) were
added, in order to provide exactly the same concentrations in
all species like for NE;. In both cases, the value of the SOWR
was kept constant at 40% throughout this study, since its in-
fluence on the nano-emulsion formation was negligible (it only
influenced the droplet concentration) (31). In addition, pH
and osmolality of the suspension emulsions were measured
and strictly adjusted to obtain a compatibility with parenteral
administration. All formulations were repeated three times.
Finally, all samples were sterilized by filtration through a
0.22 um PVDF membrane.

Characterization of Nano-Emulsions by Dynamic Light Scattering
(DLS)

The hydrodynamic sizes and polydispersity indices (PDI) of
the particles were measured using a dynamic light scattering
(DLS) device from Malvern Instruments (Malvern, Orsay, 752
France). The helium/neon laser, 4 mW, was operated at
633 nm with the scatter angle fixed at 173° and the temper-
ature maintained at 25°C.. The sizes of the nano-emulsions
were determined directly after their formulation. Three dif-
ferent dilutions were prepared 1/1000, 1071000, and 100/
1000 before the measurement. All experiments were per-
formed in triplicate.

In Vitro Studies

Cell Culture. Two different cell lines, namely BNL-CL2 mu-
rine hepatocytes and RAW264.7 murine macrophages were
grown as monolayer cultures in DMEM medium supplement-
ed with 10% fetal bovine serum (FBS), 100 Unit Penicillin /
ml, 100 pg Streptomycin /mL and 2 mM l-glutamine. The
culture was maintained in a humidified atmosphere with 5%

CO,.
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Stability of Nano-Emulsion Droplets in Serum. Longitudinal size
measurements were performed in serum, in order to invest-
gate a potential degradation of the nano-emulsion droplets
that may lead to increase or decrease of the droplet size, and
potentially influence the pharmacokinetics. Nano-emulsions
were incubated in serum for different periods of time.

In Vitro Cytotoxicity (MTT-Assay). The cytotoxicity of the iodin-
ated cholecalciferol nano-emulsion was examined by MTT-
test, which has been carried out for two cell lines (BNL-CL2
and RAW264.7 cells). The cells were seeded in 96-well plates
(10" cells per well) in 100 pL of DMEM and then incubated
overnight at 37°C under a controlled atmosphere (5% COq
and 80% HyO). Dilutions of nano-emulsions were made with
sterile DMEM to get required concentrations, and then ster-
ilized using 0.22 um filter. Next, the cell culture medium was
replaced by the same medium containing variable concentra-
tions of iodine encapsulated nano-emulsions (corresponding
to 0.93, 0.28, 0.093, 0.028, 0.0093, 0.0028, 0.00093,
0.00028 mg 1/10* cells). After 24 h incubation, the medium
was removed and the cells were washed with PBS. Then, the
wells were filled with 100 pL of cell culture medium contain-
ing MTT (0.5 mg/ml) and incubated for 4 h at 37°C. The
obtained formazan crystals were dissolved by adding 100 pL
DMSO and the UV absorbance was measured at 570 nm
with a microplate reader (Varioskan Flash, Thermo Scientific,
USA). Experiments were carried out in triplicate and
expressed as a percentage of viable cells compared to the
control group.

Cellular Uptake Experiment. Confocal Microscopy. The cellular
uptake and intracellular localization were determined in
RAW264.7 cells (mouse macrophages) and BNL-CL2 (hepa-
tocytes), using a Leica TCS SP confocal scanning system
(Leica, Germany). To follow the nano-emulsion droplets, we
used a modified lipophilic Nile Red dye (NR668) that was
solubilized (0.1 wt.%) in the iodinated oil before formulating
the nano-emulsions. NR668 synthesis was previously reported
(32). The cells were cultured overnight in cell culture glass
chamber slides (5% 10* cells per well) before their exposition
to the dye-loaded nano-emulsions in DMEM supplemented
with 10% FBS at a concentration corresponding to 0.1 mg/
mlL, in a 5% COy humidified atmosphere at 37°C for 30 min,
2 h, and 24 h. After incubation, the cells were stained with
Calcein AM (10 uM, 15 min of incubation in Hank’s balanced
salt solution, HBSS) and with Hoechst 33342 (50 uM, 10 min
of incubation in HBSS). After washing for 6 times in HBBS, in
order to remove all non-penetrated nano-emulsion droplets,
the cells were mounted in the fluorophore protector CC/
mount and observed with a Leica confocal microscope
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 AM, 543 nm for NR668

and the fluorescence signals were collected in the 380—-460 nm
range for Hoechst, 500-530 nm range for Calcein AM, and
560-650 nm range for Nile Red 668. The images were proc-
essed with Fiji software.

Quantification of macrophage uptake. Cellular uptake was quan-
tified by fluorescence spectroscopy. Mouse macrophage
RAW264.7 and hepatocyte BNL-CL2 cells were cultured as
described above, except that the cells were lysed with DMSO
and not mounted for microscopy analysis. The efficacy of
washing and lysing was checked with fluorescence microscopy
observations. The concentration of the encapsulated NR668
dye 1n the cell lysate was quantified by fluorimetry with an
excitation wavelength 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 the cells versus the fluorescence in
a feed solution.

Micro-CT Imaging

The experiments were performed in agreement with the
Committee of Animal Research and Ethics of the University
of Lyon-1.

In Vitro Experiments. The X-ray attenuation properties of the
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 puA; 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 commercial hydrophilic contrast agent
(XenetiX 300, namely iobitridol), correlating iodine concen-
tration and radiopacity.

In Vivo Experiments. In vivo imaging experiments were per-
formed with a micro-C'T' scanner (INVEON, Siemens, Mu-
nich, Germany). The experimental X-ray parameters were as
follows: X-ray, 50 keV, 500 pA; resolution, 111.25 pm; pitch,
2°; aluminum filters, 0.5 and 900 ms. The acquisitions were
performed on Swiss mice, =3, for each type of nano-emul-
sion. Before the acquisition, mice were anesthetized with
isoflurane. Then, the iodinated nano-emulsions were injected
using a catheter in the tail vein, with an injection volume
corresponding to 10% of the blood volume (i.e., 7.6 pL of
nano-emulsions per g of mouse weight). Scans were per-
formed before administration, immediately after injection,
and after 30 min, 1, 2, 3,4, 6 h; 1, 2, 3, 7, 14, 21, 28 and
50 days. The micro-C'T raw data were treated with OsiriX
viewer to establish 2D maximum projection slices and 3D
volume rendering images, and then to quantify a signal by
placing a region of interest in the heart, liver, spleen, and
kidney.
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RESULTS AND DISCUSSION

Spontaneous emulsification is an efficient method for gener-
ating stable aqueous suspension of oil nano-droplets. The ef-
ficiency of the process is closely dependent on the oil nature,
surfactants and their own interactions, solubility in each other
(31). When with classical surfactant / oil couples like non-ionic
surfactant (Kolliphor ELP®) / triglycerides (Labrafac® WL)
the emulsification is very efficient and allows to easily get small
stable droplets, this becomes more challenging with more ex-
otic molecules like tri-iodinated cholecalciferol. We have pre-
viously reported (11) that in the case of iodinated castor oil, or
iodinated monoglycerides, grafting of the triiodobenzoic
group affects the process efficiency and leads to the size in-
crease. This phenomenon is likely due to changes in surfactant
/ oll interactions that may decrease with the tri-iodination.
Here, we also observed a change in the emulsification efficien-
cy before and after tri-iodination, namely an enhancement of
the efficiency after tri-iodination. Figure 2 shows the effect of
the surfactant amount (SOR) for different oil ratios (OR). The
values of OR represent the relative percent of cholecalciferol
(Fig. 2a) or tri-iodinated cholecalciferol (Fig. 2b) in the oil
phase while OR=0% means that oil phase is pure triglycer-
ides. The corresponding polydispersity indexes are reported in
Table S1 (see Supplementary information section). These re-
sults clearly demonstrate that the droplet size decreased for
the tri-lodinated molecules compared to the native ones. As
for the non-iodinated molecules in Fig. 2a, the effect of cho-
lecalciferol in the oil phase appears unfavorable for the lower
SOR values. Even if droplet sizes decrease slightly between
OR=0% and OR=50%, it dramatically grows for a further
OR increase up to several orders of magnitudes for OR=
75%. On the other hand, the formulations with tri-lodinated
cholecalciferol, in Fig. 2b, is clearly better with smaller droplet
size and good monodispersity, and actually, three cases for
OR =50, 66 and 75% appear relatively similar compared to
the curve without tri-iodinated cholecalciferol (OR=0%).
PDI values (Table S1) are much better in this latter case,
corroborating this observation.

It is noteworthy to understand that the formulations are
better when increasing the surfactant concentration (through
SOR), but it is to the detriment of the oil amount. In the
context of the formulation of X-ray contrast agents, our inter-
est lies in increasing the iodine amount in the droplet. It means
that the best formulation should be a compromise between
quality of the dispersion and 1odine concentration. That is to
say, the optimized formulation has the lower SOR with the
best dispersion, that could be defined, for example in Fig. 2b,
with SOR <40% and OR =75%. This figure also allows un-
derstanding how a fine control of the nano-emulsion size is
performed, in function of the formulation parameters. More-
over, the two different sizes chosen for  vitro studies and 2 vivo
imaging are indicated with arrows in the graph as NE; and
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Fig. 2 Effect of the surfactant amount (SOR = surfactant/(surfactant + oil)
weight ratio) on the size of the dispersion, function of the relative proportions
of cholecalciferol (a) and tri-iodinated cholecalciferol (b). Grey parts indicate
globally the regions where nano-emulsions do not form (either size or PDl are
too high). NE; and NE; correspond to the formulations selected for the in vitro
and in vivo studies.

NE; (for 55 and 100 nm, respectively). The corresponding size
distributions obtained by DLS are presented in Fig. 3. It
should be noted that they are rather well differentiated to
consider them as different sized samples.

In the following we will focus on the i vitro evaluations of
these samples, divided in two steps: (2) toxicity and stability in
the serum, and (&) cell uptake, visualization and quantifica-
tion. First results have been obtained from viability studies.
For this purpose, MTT-tests were performed for two cell lines,
in particular macrophages and hepatocytes, and comparing as
well NE; and NE,. Results are reported in Fig. 4, and show a
clear increase in the toxicity for the bigger nano-emulsions
NE, compared to NE;. Even if the toxicity 1s more marked
with macrophages, this trend is conserved whatever the cell
line. In the case of macrophages, LDs increases of ALDsy=
0.35 mg I/mL (from LD50=0.21 to 0.56 mg I/mL for NE to
NE; respectively), and it appears much important in the case
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Fig. 3 Size distribution of two nano-emulsions selected for in vitro and in vivo
studies.

of hepatocytes with ALD50=1.04 mg I/mL (from LD;y,=
0.75 to 1.79 mg I/mL for NE, to NE; respectively). These first
in vitro results disclose a distinct increase of the nano-emulsion
toxicity in function of their size: bigger emulsions are slightly more
toxic. The second aspect is that macrophages appear more sen-
sitive to the tri-iodinated cholecalciferol than hepatocytes, possibly
due to a difference in their interactions with, or uptake of the
nano-emulsion droplets compared to hepatocytes.

Another important point to study before performing i vivo
evaluation is the stability of the suspension in serum. These

+NEI (55 nm) - Macrophages
+NEI (55 nm) - Hepatocytes
--8- 'NE2 (100 nm) - Macrophages
--8--NE_ (100 nm) - Hepatocytes

100

80

60

40

Cell viability (%)

20

0_

0.001 0.01 0.1 1 10
Iodine concentration (mg I/mL)

Fig. 4 Viability of the RAW264.7 murine macrophages (blue curves) and
BNL-CL2 hepatocytes (red curves) after 24 h incubation with the iodinated
nano-emulsions. The nano-emulsion concentrations were expressed in io-
dine concentrations per mL. Filled symbols and open symbols correspond to
the iodinated nano-emulsions NE; and NE,, respectively.

longitudinal experiments were aimed to simply show physico-
chemical stability of the formulation, in order to insure that
once injected, the droplets remain stable. As seen in Fig. 5, the
relative stability with time whatever the dilutions, which can
suggest a compatibility of the stability with the parenteral ad-
ministration route. This is in the same line with those observed
in case of other types of iodinated nano-emulsions (11,33).
Observations of cellular uptake of the iodinated nano-
emulsions were performed by confocal microscopy, using a
fluorescent probe encapsulated in the oil droplets to reveal
their location. The fluorescent dye was a Nile Red lipophilic
derivative, namely NR668. This particular dye was chosen
owing to the absence of its leakage from the nano-emulsion
droplets, ensuring their tracing even in biological media (32).
The nano-emulsions were incubated with hepatocytes and
macrophages for 30 min and 24 h, then washed and observed.
The results are shown in Fig. 6 and disclose that: (z) 100 nm
droplets are better internalized than 55 nm ones, and () the
uptake of macrophages was bigger than that of hepatocytes, as
expected. For 55 nm droplets, we did not observe any NR688
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Fig. 5 Stability of nano-emulsions in serum. Average droplet sizes were
measured by DLS at different dilutions, for (@) NE, and (b) NE,.
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Hepatocytes

Macrophages

30 minutes 24 hours

24 hours

30 minutes

Fig. 6 Monitoring of the uptake of NR668-loaded iodinated nano-emulsions by mouse hepatocytes (BNLCL2) and murine macrophages (RAW264.7 cells) by
confocal microscopy. Nuclei were stained with Hoechst (cyan) and cells with Calcein AM (green). A lipophilic fluorescent dye NR668 was encapsulated in the
nano-emulsions, which allowed observing the location of the droplets once engulfed by the cells. The cells were incubated with the nano-emulsions for 30 min
and 24 h. Top left insets show the cells and nuclei. Bottom left insets show the signal and the larger right picture shows both merged.

signal of whatever the incubation time, while for 100 nm ones
it was revealed already after 30 min and was clearly visible
after 24 h. In the case of macrophages, a similar trend between
nano-emulsions of both sizes can be noted but the signal was
more pronounced. The quantification of this cell uptake is
shown in Fig. 7, which confirmed these observations, and even
revealed that after 24 h incubation the quantity of the droplets
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Fig. 7 Quantification of nano-emulsion uptake by hepatocytes and macro-
phages as a function of the incubation time and droplet size. After incubation
with the nano-emulsions loaded with NR668, the hepatocytes or macro-
phages were washed, lysed with DMSO, and studied by fluorometry. The
uptake was expressed as a percentage of fluorescence associated with the cells
versus fluorescence in a feed solution.
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that were engulfed by the cells doubled in both cases hepato-
cytes and macrophages. The better accumulation in macro-
phages of 100 nm PEGylated lipid nano-emulsions compared
to the 55 nm one, was demonstrated earlier (34) and could be
explained by receptor-mediated phagocytosis (35). Contrary,
for the BNL-CL2 cells, which are considered as non-
phagocytosis cells, smaller particles are generally better in
terms of intracellular accumulation (36). However, the surface
properties influence on the uptake significantly: e.g., 100 nm
polymeric nanoparticles are able to take up into the non-
phagocytic cells more efficiently than those with sizes of 55
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Fig. 8 In vitro evaluation of the X-ray attenuation properties of NE; and NE;
using a calibration curve made with iobitridol (filled circles). Inset reports the
phantom of the tubes (for example one shown for NE,), with various iodine
concentrations as references (expressed in mg/mL), plus water and air for
normalization. The table summarizes the values obtained for the nano-
emulsions.
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Fig. 9 Left: in vivo micro-CT
imaging (maximum projection
intensity) of the iodinated
cholecalciferol nano-emulsions with
two different sizes (55 and 100 nm)
but with exactly the same
composition, before, after and at
24 h after injection (representative
times). Pictures show 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 yellow
arrows, and spleen by blue arrows.
3D volume rendering is reported as
Fig. S1 in Supplementary Information,
along with two movies
corresponding to this volume
(moviel.mov and movie2.mov).

55 nm

100 nm

or higher than 200 nm (23,37). So the role of surface proper-
ties should also be mentioned, however it is not the case in the
current study since the surface composition should be similar,
only the size effect is studied.

This behavior arises in the same line that the results on cell
viability: globally macrophages have a better interactions with
the nano-emulsions and they show the highest toxicity, like-
wise 100 nm droplets also show highest uptake into cells, he-
patocytes and macrophages, and also they show the highest
toxicity compared to 55 nm ones. All these results corroborate
the idea that, the uptake is linked to the toxicity, which should
be enhanced with the bigger droplets. Actually, this behavior
seems specific to the iodinated cholecalciferol, since with other
types of iodinated oils we previously studied like iodinated
castor oil or 1odinated monoglyceride, droplet internalization
were not related to toxicity (uptake were better macrophage
and toxicity lower). Eventually, in comparison, iodinated cho-
lecalciferol appears to present a specific toxic activity that can
be more pronounced for the bigger droplets.

Let us focus now on the imaging properties and & vivo im-
aging of these contrast agents. The first characterization per-
formed on the samples was the quantification of the iodine
content using the X-ray scanner, compared to a commercial
hydrophilic contrast agent (XenetiX®). The results, shown in
Fig. 8, confirm the similar iodine concentration in both sam-
ples, which is around 60 mg/mL and is comparable with the
concentrations of the best contrast agents earlier reported

Before injection

After injection 24h after injection

(11,33). Based on these w vitro observations, we expect a sim-
ilar contrast in blood pool once injected in mice, which is
confirmed visually with the maximum intensity projections
in Fig. 9 as well as quantitatively in Fig. 10.

After intravenous administration, we could clearly see the
contrast agent spread over the blood compartment emphasiz-
ing the heart ventricles main venous and aorta, and even the
liver irrigation. After 1 day, the contrast agent was not visible
anymore in blood or heart, but has been accumulated in liver
and spleen. The 3D volume rendering (see Supplementary
Information) done on the 55 nm nano-emulsion clearly illus-
trates the regions containing the contrast agent after injection
in blood (red), and in liver at 24 h post-injection (yellow). At
first sight, all these images, presented in similar brightness/
contrast conditions, seem to show similar properties for the
nano-emulsions of two different sizes. However, there is a
surprising and heavy difference, which is lethal in case of
NE after 48 h post injection. When NE; allows a follow-up
of the mice during 50 days, NE, induces systematically the
mice death on the third day post-injection (with 2=6 in each
case). The quantifications of the biodistribution and pharma-
cokinetics (Fig. 10) show two behaviors almost similar whether
it is in blood, liver, spleen or kidney.

First observations, in line with the i vitro measurements of
X-ray attenuation properties (Iig. 8), confirm the important
contrasting properties of this product. The contrast enhance-
ment is significant and allows a clear visualization of the
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Fig. 10 Quantitative
measurements in heart, liver; spleen
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regions and tissues where the contrast agent is accumulated,
either in blood, liver or spleen. 3D volume rendering gives a
more precise idea of the distribution of the contrast agent over
the blood compartment, overall, right and left ventricles, liver
irrigation, vena cava, hepatic portal vein, and thoracic aorta.
One day after injection, arise the location of liver and spleen,
indicating that most of the iodinated cholecalciferol has been
accumulated in these regions. As for the quantification of the
biodistribution of NE; and NE, over time, the contrast en-
hancement and kinetics appear almost superimposable for
all graphs. In addition, the kinetics of blood clearance and
liver accumulation can be fitted with classical mono-
compartmental exponential Egs. (1) and (2), respectively:

AHU(2) AHUy X exp(—k.t) (1)
AHU(¢) = AHUg+ AHU, x (| —exp(—ky.1)) (2)

where AHUj, is the initial value of the contrast enhance-
ment after injection, AHU,, is the contrast enhancement at
the end of the accumulation process, £; is the blood elimina-
tion rate constant and ks i1s the accumulation rate constant.
The obtained pharmacokinetics parameters (reported in
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Time (hours)

Table I) show a close similarity for the blood clearance be-
tween both nano-emulsions, with a similar t; 5 around 9 h.
Moreover, a very similar behavior is observed in the following
steps of accumulation / elimination of the contrast agent in
liver and spleen up to 24 h post-injection. These observations
are confirmed by the similar values of the accumulation rate
constant for NE; and NE», 0.047 and 0.036 h™ ", respectively.
However, the values of AHU,, appear a little bit more differ-
ent, in particular 174 HU and 122 HU, respectively. As

Table |  Pharmacokinetics Parameters for the lodinated Nano-emulsions®
NE; (55 nm) NE; (100 nm)
Blood Liver Blood Liver
AHU, (HU) 208 44 189 49
k(™" 0.077 - 0.08I -
tip 9.0 h - 8.5h -
ko (h™ 1 - 0.047 - 0.036
AHU, ., (HU) - 90 - 100

2 AHU e = AHUg + AHU.,
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regards the accumulation in spleen, the two curves follow each
other up to 24 h, and a dramatic drop of the signal arises at
48 h for NE, before the mice death.

It 1s interesting to compare our product with the main
commercial examples like Fenestra® (lipid nano-emulsions),
AuroVist® (gold nanoparticle), e XIA 160® (aqueous colloidal
1odined dispersion) and ExiTron Nano (rare earth-based
nanoparticles) which were studied on the same animal model
(mice). In the present contrast agent (iodinated cholecalcifer-
ol), the initial contrast enhancement AHU = 180-200 HU cor-
responds to an increase of the contrast of 280-300% (sce
Supplementary Information), which is significantly higher than
the 30% of Fenestra® and eXIA 160® in (38), 260% of
AuroVist®) in (39) and 240% of ExiTron Nano 12000® in
(40). In addition, the half-life of our contrast agent is optimal
for C'T scans (around 9 h), much longer than eXIA 160® and
Fenestra LC® (38), but comparable to the ones reported for
Fenestra VC® (38), AuroVist® (39) and ExiTron Nano
12000® (40).

Therefore, we can consider that the size of the nano-
emulsions has not a real impact on the whole pharmacokinet-
ics, with a significant difference that arise in the last points
before mice death for NE,, is likely linked to their lethality.
On the one hand, we can conclude that the size of the nano-
emulsions only slightly affects their fate i viwo, but on the other
hand, the increase of the size has an irreversible consequence
that is the lethal effect on the mice. Actually, the lethality of the
iodinated nano-emulsions has never been observed, neither in
all the 1odinated nano-emulsions we previously synthetized
and studied (10,11,33,41,42), nor in literature. This lethality
1s probably specific and is related to cholecalciferol. Indeed, as
seen in Figs. 6 and 7, NE, induces cellular uptake which was
double higher compared to that in case of NE;, as well as a
higher toxicity (Fig. 4). These two points could orientate the
explanation of the size-dependence lethality of the nano-emul-
sions: although accumulations in liver and spleen appear quite
similar in both cases, the total toxicity of NE, is probably
increased due to a higher cellular uptake. The maximum dos-
age, which can be supported by the cell, 1s more rapidly
reached with use of the nano-emulsions of the bigger size. This
can induce the organ dysfunction and can be considered as an
explanation of the loss of the contrast agent concentration
before the death, at 48 h.

CONCLUSION

In this study, the question of the influence of the size of the
micro-C'T nanoparticulate contrast agent on the fate in vwo is
addressed. The chosen system naturally occurs in living organ-
isms, namely cholecalciferol (or vitamin Ds). We grafted a
triiodobenzene motif with radiopaque properties. This new
iodinated compound was formulated as nano-emulsions with

two different diameters, namely 55 and 100 nm, with exactly
the same composition, and then studied i vitro and in vwo as X-
ray contrast agent. The 100 nm nano-emulsions were found to
be more toxic than 55 nm ones whatever the cell line (hepa-
tocyte or macrophages). This was likely due to a higher cell
uptake, observed by confocal microscopy, and confirmed by
fluorimetric quantification. As regard the i vwo imaging, the
total pharmacokinetics and biodistribution curves in blood,
liver, spleen and kidney were quite similar. These results indi-
cate that the nano-emulsion size has no real influence on the
i vivo fate up to 48 h post-injection. After this time, NE,
induce the mice death, whereas with NE; imaging can be
followed up to 50 days without any trouble. This major dif-
ference could be attributed to the difference in toxicity and cell
uptake related to the droplet size.
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