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lodinated polymer nanoparticles as contrast agent for Spectral
Photon Counting Computed Tomography

Joélle Balegamire,® Marc Vandamme,® Emmanuel Chereul,® Salim Si-Mohamed,*“ Samira Azzouz Maache,® Eyad Almouazen,?
Laurent Ettouati, Hatem Fessi,? Loic Boussel,? Philippe Douek, Yves Chevalier>*

Suspensions of iodinated polymer nanoparticles are evaluated as contrast agent for Computed Tomography (CT) and
Spectral Photon Counting Computed Tomography (SPCCT). lodine containing moieties are grafted to poly(vinyl alcohol) by
means of a covalent ester bond up to high degree of substitution of 0.77 providing high iodine content of 71 wt%. Polymer
nanoparticles of 150 nm diameter stabilized by the block copolymer poly(caprolactone)-b-poly(ethylene glycol) are highly
stable in water and human serum. High coverage of nanoparticles by PEG chains in a dense brush conformation
(0.30 molecules-nm~2) provides resistance against fast elimination by mononuclear phagocytes system. lodine concentration
is increased up to 100 mg(l)-mL™ by a centrifugation/redispersion step, which sets radiopacity of the contrast agent in the
right range for imaging cardiovascular system and biodistribution. SPCCT ‘Material Decomposition’ and ‘K-edge
reconstruction” methods allow accurate quantification of iodine, as well as specific discrimination of iodine and gadolinium
in mixed phantom samples. Intravenous injection of iodinated polymer nanoparticles to rats provides a clear visualization
of the cardiovascular system over several hours followed by progressive accumulation in liver and spleen. This material is a
‘blood pool’ contrast agent with very long residence time in the blood stream.

Introduction

Recent progresses in the technology of X-ray tomography allow
more elaborated investigations in the cardiovascular system, far
beyond classical angiography by first pass imaging with contrast
agents showing fast clearance. Spectral Photon Counting CT
(SPCCT)13 discriminating different
recording the X-ray energy spectrum of tissues attenuation at

allows elements by
each voxel, resulting in ‘multicolor’ images.'~® Measurement of
the K absorption line of the contrast agent provides a specific
image that is free of the background attenuation by the
surrounding tissues.2 Reduction of spectral data of mixed
contrast agents by ‘Material Decomposition’ and ‘K-edge
reconstruction’ methods provides specific images and
quantitative determination of the concentration of each specific
element.10-12 |maging over long periods or labelling specific
tissues requires that contrast agents circulate in the blood
stream for long enough duration. Too fast clearance, either by
renal elimination or by uptake through the immune system
should be avoided. To these ends, new contrast agents are
being developed, in particular concentrated suspensions of
nanoparticles.3
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So far, iodine-based materials are the most widely used contrast
agents for X-ray imaging. Contrast agents currently used in
clinical radiology are small iodinated molecules that have very
short circulation half-lives and might show renal toxicity.'4
Contrast agents in the form of nanoparticles may overcome
these drawbacks.415717 Expected benefits of such contrast
agents with respect to current solutions of small molecules are
a high iodine concentration while retaining a low viscosity, and
a specific measurement of biodistribution after injection. In
addition to providing a higher payload of radiopaque elements
in a single nanomaterial,? the latter may be given a tunable
surface with targeting biomarkers that can bind to specific sites.
Binding of nanoparticles obviously provides much higher
contrast than small molecules. Furthermore, organic iodinated
particles can be loaded with active ingredients (drugs) in the
framework of theranostic applications.

The specifications of nanoparticulate systems are a small size
and a suitable biocompatibility of the surface of nanoparticles.
A very small size (less than 5 nm) allows nanoparticles to pass
through ‘filters’ of the glomerular basement membrane,®
leading to fast clearance by renal elimination. Large particles
(larger than 500 nm) can cause embolization of the narrowest
capillaries. In the suitable window for long-time circulation,
nanoparticles are taken up in the liver and spleen by the
macrophages of the mononuclear phagocytes system (MPS). As
macrophages uptake is more efficient for large nanoparticles,?
it is advisable to consider small enough size of nanoparticles; a
size between 20 nm and 200 nm appears favorable. In addition,
a stealth agent is implemented at the surface of nanoparticles
in order to avoid detection by macrophages and increase



circulation time in the blood stream. This is achieved by coating
the nanoparticle surface with a dense layer of hydrophilic
polymer material; the most popular is poly(ethylene glycol)
(PEG). Finally, it is not possible to record attenuation of the
iodine element in the energy range of its low K-edge (33.2 keV)
because tissues absorption is too high. CT scanners do not work
at such low energies. lodine-based nanomaterials are widely
used and they are still considered useful as contrast agents for
the SPCCT technology. Quantification of iodine can be done by
the ‘Material Decomposition’ method. Elements having their K-
absorption in the right range are essentially heavy elements.2?
Various types of iodinated nanosystems for CT imaging have
been reported in the literature (i.e. dendrimers,2%22
liposomes,?* block copolymer micelles,?4-26 emulsions,?7-29
organic nanoparticles30-32) together with their preparation
processes.33735 Special focus is presently made on polymeric
nanoparticles that show much better stability and resistance to
various stimuli. Two main strategies are commonly used to
manufacture polymeric nanoparticles: polymerization of
monomers which is a two-step process that includes techniques
such as polymerization,36:37 dispersion
polymerization,3® micellar polymerization (also known as
inverse microemulsion polymerization),3® and interfacial
polymerization.?® The second fabrication route involves
dispersion of a preformed polymer using various processes:
emulsion-solvent evaporation, emulsification-solvent diffusion,
salting-out, and nanoprecipitation (or solvent displacement).4!
The aim of this study is to design an iodine-based contrast agent
for CT and SPCCT
nanoparticles of 20—-200 nm size range. Preformed polymers

emulsion

imaging, in the form of polymeric
can be made radiopaque by covalently grafting an iodine-
containing moiety onto the macromolecular structure, thus
preventing possible iodine leakage.*? The nanoprecipitation
process was chosen for nanoparticle fabrication as it is a one-
step process yielding nanoparticles and it does not require high
energy. Physicochemical characterizations of the iodinated
polymer (iodine crystallinity, etc.) and the
nanoparticles (size, morphology, stability) were performed. X-
ray radiopacity of
investigated in vitro on phantoms and in vivo by intravenous
injection to rats and CT imaging them. The potential of the
SPCCT technology in terms of in vitro element quantification
and discrimination of several contrasting elements within a
single scan was also assessed.

content,

iodinated polymer nanoparticles was

Results and discussion

Synthesis and characterization of iodinated polymer (TIB-PVAL)

Grafting reaction and 'H NMR analysis

Attachment of triiodobenzoyl graft to the PVAL backbone
(Figure 1) was performed by reacting the corresponding acid
chloride with the alcohol groups of PVAL in dry NMP solvent,
thus creating strong covalent ester bonds. Acid chloride was
used in large excess with respect to the hydroxyl groups of
PVAL. Several purification steps by dissolution in THF and
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recrystallization in ethanol were necessary in order to remove
unreacted trilodobenzoyl chloride. These steps were repeated
until all the corresponding peaks no longer appeared on the H
NMR spectra. Considering the slow molecular motions of
polymers, the grafted iodinated aromatic moieties appeared as
broad peaks at 6§ = 7.61 ppm and 6 = 8.23 ppm (Figure 1).
Conversely, unreacted iodinated reagents mixed with the
grafted polymer appeared as sharp peaks at 6 = 7.76 ppm and
8.34 ppm. The absence of sharp peaks in the NMR spectrum
showed that the concentration of residual small molecular
impurities was lower that the detection limit of 1H NMR.

Degree of substitution and iodine content

The degree of substitution (DS) or grafting rate (Equation 1),
was calculated from the integrals of the 2 phenyl protons
specific to the grafted PVAL (CH between 7.5 and 8.5 ppm) with
respect to integrals of protons of the PVAL backbone (CH
between 1.3 and 2.5 ppm or CHOH between 3.5 and 5.5 ppm)
(Figure 1).

I(CH)7.5-85ppm

DS = == = ——_reospem 1

x+y I1(CHz)13-25ppm (1)
DS was calculated with better accuracy from the integrals of the
backbone CH, between 1.3 and 2.5 ppm. The substitution
degree of TIB-PVAL 13 kDa was DS = 0.77. The specific iodine
content (mass fraction of iodine) was calculated from the
degree of substitution according to Equation 2,

DS XM po)(Iodine)xn

Mmo1(PVAL)X(1—DS)+ Myy01(TIB—PVAL)XDS

wt% () = (2

where Mno(lodine) = 127 g-mol™ is the molar mass of iodine
atom, n = 3 is the number of iodine atoms per benzoyl group,
Mmol(PVAL) = 44 g-mol-! is the molar mass of non-grafted PVAL
repeat unit, and Mmq(TIB-PVAL) = 526 g-mol-is the molar mass
of the grafted repeat unit. DS = 77% determined by 'H NMR
analysis gave 71 wt% of iodine. This experimental value was
very close to the theoretical iodine concentration that would
have been reached, i.e. 72 wt%, for 100% conversion of the
grafting reaction (DS = 1). The very high iodine content
determined by 'H NMR was confirmed by ICP-OES analysis for
iodine which gave an iodine content of 69 wt%. This high iodine
content is found each time the trilodobenzoyl moiety is densely

w s, .0 3
+CH,7CH7‘—ch77?H+
0 7.0 % OH Y

10 9 8 7 [ 5 4 3 2 1 4]
S(ppm)

Figure 1. 'H NMR spectrum of TIB-PVAL, the modified PVAL with a radiopaque
triiodobenzoyl moiety in DMSO-d6.
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attached to a polymer backbone. As example the iodine content
is 62.3 wt% for an ester of TIB and
poly(hydroxyethylmethacrylate) referred to as poly(MAOTIB),32
of the same order of magnitude though slightly less than in our
case. High iodine content is mandatory for application to CT
contrast agents because of the need for high iodine
concentration of aqueous nanoparticle suspensions together
with low viscosity that ensures syringeability. High iodine
contents of 55.5 to 60.4 wt% could also be reached in block
copolymers bearing aliphatic iodine on their hydrophobic
polycarbonate block.25:26

Thermal analysis and X-ray diffraction

Thermogravimetric analysis (TGA) showed that onset of thermal
degradation the iodinated polymer was at around 230 °C.
Differential Scanning Calorimetry (Figure 2A) revealed one
transition of small amplitude better corresponding to a glass
transition than a melting. The glass transition temperature was
determined at Ty = 153 °C. Note that T of the non-grafted PVAL
is around 85 °C. No other phase transition was observed in the
temperature range studied (i.e. below temperature of thermal
degradation).

X-ray crystallography (Figure 2B) did not show crystalline peaks;
a broad scattering peak was observed between 29 = 20-30 °,
which was typical of an amorphous material. Therefore, the
polymer was considered fully glassy below Tg. This is a favorable
property, should any encapsulation of active molecules be
considered in future studies.

lodinated polymer nanoparticles: physicochemical
characterization

Nanoparticles size, morphology and stability

Aqueous dispersions of iodinated polymer nanoparticles were
prepared using the nanoprecipitation process. A solution of TIB-
PVAL iodinated polymer and PCL-b-PEG dispersing agent in THF
was poured into water under magnetic stirring, causing the
precipitation and dispersing agent as
nanoparticles. THF was subsequently evaporated. This was
followed by a concentration step by means of centrifugation/
redispersion. Dynamic Light Scattering (DLS) and Transmission
Electron Microscopy (TEM) allowed measurements of particle
sizes and morphology assessments at each preparation step.
The main parameters that control the nanoprecipitation
process are: the dispersing agent/iodinated polymer ratio (PCL-
b-PEG/TIB-PVAL), the THF/water ratio and the polymer

of the polymer

-0.25

A B
__ 030 - 10 s
< ; 5
_‘({p 035 153 °C 8 08 H
g 040 z 0.6 I
= g U s
g -0.45 g 0.4
T 050 0.2
-0.55+ T T T T T 1 0.0+ T T T T T
80 100 120 140 160 180 200 '] 10 20 30 40 50

Temperature (°C) 20 (deg)

Figure 2. DSC scan (A) and X-ray diffraction (B) of TIB-PVAL.
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concentration in THF. As outcome of preliminary experiments,
the PCL-b-PEG/TIB-PVAL weight ratio was set as 1/1. This ratio
was considered as optimum because the size distribution of
nanoparticles The
concentration of PCL-b-PEG allowing formation of nearly

was broad for lower ratio. lowest
monodisperse nanoparticles corresponded to a 1/1 mass ratio.
Excess block copolymer was present as shown later in this
paper; but excess block copolymer micelles could not be
detected by DLS as they were mixed with iodinated
nanoparticles of larger size and refractive index. In case of a
higher ratio, an excess of free block copolymer micelles was
detected by DLS as a supplementary population of 30 nm size.
According to Foncesca et al.*3, doubling the aqueous phase
volume significantly decreases the size of nanoparticles. Indeed,
larger amount of water in the water/THF mixture decreases the
solubility of the polymer. Thus, the THF/water volume ratio was
set to 1/2 based on literature reports.

Finally, the iodinated polymer concentration in the organic
phase was optimized, keeping in mind that high iodine
concentrations up to 100 mg(l)-mL™1 must be reached in the
final injectable product. Particle size increased with respect to
the concentration of iodinated polymer in THF (Figure 3). This
trend is correlated to other reports of the literature.?46 The
highest concentration of iodinated polymer in THF yielding
nanoparticles was 40 mg(l)mL (17 mg(l)-mL?  final
concentration in water). At this concentration, the particle size
was below 200 nm using DLS. Above this concentration of PCL-
b-PEG/TIB-PVAL mixture is not soluble in THF, so that the large
particles already present in THF formed a cloudy coarse
dispersion that underwent fast sedimentation.

In order to concentrate the sample and reach suitable iodine
content for in vivo studies without increasing particle size, or
the particle size distribution, a
centrifugation/redispersion step was implemented.
Centrifugation rate of 7,830 rpm for 20 min was the minimum
speed allowing full sedimentation of the particles (clear

broadening
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Figure 3. Variation of nanoparticles z-average diameter (from DLS) against
iodinated polymer concentration in the organic solvent (THF). The top scale
of iodine concentration in the final suspension is calculated from the
materials balance of the process. The actual concentration was slightly lower
because of materials loss during sample handling.
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supernatant). Under this condition, nanoparticles could easily
be redispersed in water using simple ultrasonic bath. The
optimized experimental conditions are given in Table 1.

The iodine content was increased by a factor of 5.5 without
altering nanoparticle size, so as to reach high enough
concentration for jnvivo tests. TEM pictures in Figure 4A,B
show monodisperse and spherical nanoparticles before and
after the concentration step. The narrow particle size
distribution observed by DLS supports these results (Figure 4C).
A slight increase of mean diameter was observed which came
from the size distribution broadening at its large particle size
side. This is characteristic of an aggregation process where
larger particles appeared but the smallest particles are still
present. Note that the particle sizes measured from TEM
pictures are smaller than those measured by DLS. Indeed, TEM
operates an observation of the sample in its dry state whereas
DLS measurements are performed with aqueous suspensions.
Water molecules are associated with the particles and the PEG
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Figure 4. TEM pictures of TIB-PVAL nanoparticles before (A), after (B)
centrifugation/redispersion and (C) particle size distribution from CONTIN
analysis of DLS.

Table 1. Optimized parameters of centrifugation and redispersion for the preparation of
concentrated suspensions of iodinated polymer nanoparticles in water.

Centrifugation Redispersion

parameters parameters
Volume 10 mL of suspension 1 mLH20
E dorf centrif
Instrument ppendort centrituge Ultrasonic bath
5430

Experimental conditions 90 min at 40 °C

Mean particle diameter

20 min at 7,830 rpm

d=118 d=122
(TEM) nm nm
A i
z-Average particle d=147 nm d =169 nm
diameter (DLS)
c tration of iodi
oncentration or iodine 17 mg(l)mL‘l 98.8 mg(l)mL—l

(1CP-OES)

4| J. Name., 2012, 00, 1-3

Journal Name

m4°C m37°C

50

2-Average diameter (nm)
"
g8

z-Average diameter (nm)

74 254 o 30 74 257

30
Time (days) Time (days)

Figure 5. Stability of iodinated polymer nanoparticles in water at 4, 20
and 37 °C (A) and in human serum at 4 °C and 37 °C (B).

layer is swollen, so that the hydrodynamic size is retrieved. The
hydrodynamic diameter is in excess with respect to the dry
diameter by twice the thickness of the PEG layer.

Stability of the suspensions was assessed by monitoring
nanoparticles size by DLS with respect to storage time. The
mean diameter of nanoparticles was kept constant for the
whole measurement period (Figure 5). Nanoparticles were
stable and remained well-separated for over 8 months in water
at4,20and 37 °C and in human serum at 4 and 37 °C.

Quantification of PEG on nanoparticles surface

lodinated polymer nanoparticles were stabilized by the diblock
poly(caprolactone)-block-poly(ethylene glycol) (PClgs-b-
PEGi13). A core/shell structure is expected with a core made of
iodinated polymer, the hydrophobic part of the dispersing
agent (poly(caprolactone)) adsorbed onto the core, and the
hydrophilic PEG part forming a water-swollen PEGylated shell.
It is known that the presence of a PEG layer, not only increases
stability by steric repulsion, but also enables particle furtivity
in vivo by avoiding opsonization (absorption of recognition
proteins from the immune system) or/and by preventing rapid
recognition by macrophages from Kupffer cells.4748 Another
advantage of using polymers as stabilizing agents is enabling
high surface coverage, leading to even
dispersions.4?

Although PEG has been widely used as stabilizing agent of
nanoparticles in life sciences for over 20 years and is approved

more stable

by FDA for invivo applications, there is no straightforward
method to detect its presence on the particles surface and
determine surface coverage. PEG chain coverage, conformation
of the PEG layer, type of incorporation (either grafted or
adsorbed) are important parameters that have been presently
evaluated.

Here, dry extract and 'H NMR spectroscopy measurements
were combined to quantify the density of PEG at the surface of
nanoparticles. The concentrations were determined by
measuring a dry extract of a 10 mL part of the dispersion before
centrifugation. As a reminder, in the initial sample 1g of
iodinated polymer and 1 g of dispersing agent were dissolved in
25 mL of THF, dispersed by mixing with 50 mL of water, and THF
was subsequently removed. Therefore, the concentration of all
initial compounds was 20 g-L™t. 0.41g of dry product was
obtained upon drying 10 mL of dispersion, which closely
corresponded to the expected sum of the dry extracts of TIB-
PVAL and PCL-b-PEG.

After a centrifugation/redispersion step under the operating
conditions given in Table 1, most of unbound PEG was removed

This journal is © The Royal Society of Chemistry 20xx
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with the supernatant. DLS measurements showed that non-
adsorbed PCL-b-PEG was in the form of block copolymer
micelles of size 30 nm dispersed in the aqueous phase.
Therefore, after centrifugation dry extracts of the supernatant
and the wet sediment were also separately performed. One
step of centrifugation was enough for removing the whole non-
adsorbed materials since after redispersion in 10 mL pure water
and a second centrifugation, no product was recovered in the
dry extract of the supernatant. Such measurement meant that
water remaining in the wet sediment was hydration water of
the PEG shell only. There was no free PCL-b-PEG trapped in
between the TIB-PVAL nanoparticles in the sediment.
According to Table 2, only 0.02 g of the dispersing agent was
adsorbed to iodinated polymer nanoparticles. The rest has been
removed with the supernatant in the form of block copolymer
micelles. One might consider that since less than 10% of
dispersing agent was adsorbed, this amount should be enough
to stabilize the system both upon long term storage and during
the preparation of the nanoparticles. This was actually not the
case as preliminary tests made with dispersing agent/iodinated
polymer mass ratios lower than 1/1, vyielded unstable
suspensions and/or dispersions of polydisperse particles. So, a
large excess of free PCL-b-PEG was required in order to stabilize
nanoparticles in the mixed THF-water medium during the
preparation process. Indeed, dynamics of block copolymers
involved in micelles are slow;3° therefore, their adsorption to
newly precipitated nanoparticles in slow during the preparation
process. Since the formation of small and non-aggregated
particle requires a fast stabilization during the preparation, a
large concentration of block copolymer was used to
compensate for the slow dynamics of adsorption.

Samples before and after centrifugation and both supernatant
and pellet, were analyzed on 'H NMR spectroscopy for their free
PCL-b-PEG/TIB-PVAL ratio (Figure 6). Both compounds were

Table 2. Dry extracts of supernatant and sediment after centrifugation of suspensions of
iodinated polymer nanoparticles.

Reference Before drying (g)  After drying (g)  Dry extract (%)
Supernatant  9.15 0.18 2.0
Sediment 1.51 0.22 14.6

10 9 8 7 6 5 4 3 2 1 o
J(ppm)

Figure 6. Reference *H NMR spectrum of 1/1 PCL-b-PEG/TIB-PVAL mixture in

DMSO-d6. Red lines are those of TIB-PVAL and blue lines are those of PCL-b-
PEG.

This journal is © The Royal Society of Chemistry 20xx

soluble in the DMSO-d6 solvent used.

The PCL-b-PEG/TIB-PVAL mass ratio was calculated from the
ratio /(CH2)a ppm/I/(CH)s ppm Of the peak integrals of CH, protons
at 4 ppm belonging to PCL-b-PEG and aromatic CH protons at
8 ppm belonging to TIB-PVAL as:

dp(PEG)
dp(PCL)
Mol (TIB-PVAL)+ E229 5 a5 (VAL)

(3)

where Mmoi(CL) = 114 g:-mol=1, Mno(EG) = 44 g:mol=1, Mma(TIB-
VAL) = 526 g-mol~tand Mmo(VAL) = 44 g-mol-! are the molar
masses of caprolactone, ethylene oxide, triiodobenzoyl vinyl
and vinyl alcohol repeat units respectively, dp(PCL) = 65 and
dp(PEG) = 113 are the degrees of polymerization of the PCL and
PEG blocks respectively and DS is the degree of substitution of
TIB-PVAL.

Calculated PCL-b-PEG/TIB-PVAL mass ratios are given in Table 3.
The mass ratio of 1 was correctly found from NMR analysis of
the sample before centrifugation. No significant signal of the 2
aromatic protons specific of the iodinated polymer was found
in spectra of supernatants, showing that the full TIB-PVAL was
present inside nanoparticles. Finally, the chemical composition
of the iodinated particles present in the sediment was obtained.
In order to assess the coverage and the configuration of PEG
chain at the surface, the PEG surface density expressed as the
number of PEG molecules per unit area was calculated from the
PCL-b-PEG/TIB-PVAL mass ratio. The PEG chain coverage is:

__ m(PCL-b-PEG)
~ m(TIB-PVAL)

I(CH2)4ppm
m(PCL-b-PEG) _ —— 5

m(TIB-PVAL) ~ I(CH)gppm

Mmol(CL)+

><1\/[mol(EG)

p(TIB-PVAL) d
X Nay ¥ My, (TIB—PVAL) s 4)

with Na, = Avogadro constant, p(TIB-PVAL) = 1.31 g-cm™3 the
density of TIB-PVAL, M,(TIB-PVAL) = 12,400 g:-mol! the
number-average molar mass of TIB-PVAL, and d = 150 nm the
diameter of TIB-PVAL nanoparticles. Accordingly, the PEG chain
surface density was 0.30 PEG chains per nm2 area.

The projected area of a single PEG chain end-grafted on a
nanoparticle surface, also known as the PEG chain footprint was
deduced: FP = 1/0 = 3.36 nm2-molecule™.

This result was compared to the cross-area of an unperturbed
PEG coil
hydrodynamic radius (Rn). Based on a series of experimental
measurements, Devanand and Selser3! related R, to the PEG
molar mass as a power-law relationship:

in bulk water solution as calculated from the

Ry = 0.0145 (nm) x M, °%>7! (5)

The hydrodynamic radius of an unperturbed chain of the
present PEG (Mw = 5000 g-mol-!) was 1.875 nm, giving a
footprint FP = mRy2 = 11 nm2.

Table 3. PCL-b-PEG/TIB-PVAL mass ratio before and after centrifugation, in
supernatant and sediment of suspensions of iodinated polymer nanoparticles
in water, using *H NMR spectra integrals.

Reference I(CH)4ppm  m(PCL-b—PEG)
1(CH)gppm m(IP)
Before centrifugation 5.56 0.98
Supernatant >200 >35
Sediment 1.06 0.19

J. Name., 2013, 00, 1-3 | 5
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Mushroom* regime

Figure 7. Various configurations of PEG chains according to the surface
density. Rn: hydrodynamic radius of an unperturbed chain (minimum
distance required between grafted molecules to achieve a mushroom
configuration); D: mean distance between anchoring points.

Journal Name

[24h @48h

Cell Viability (%)

0 0.033 0.1

0.33 1 2 5 10

Concentration (mg(l)-mL™?)

Fifgiure_ 8. Cell viability by the MTS assay after 5 h exposure to aqueous suspensions
of iodinated nanoparticles of various concentrations. Viability was assessed 24 h
and 48 h after the end of exposure to nanoparticles.

The experimental area (FP = 3.36 nm2-molecule ) was much
lower than that of an unperturbed coil (11 nm?). PEG chains
were extended radially from the nanoparticles surface, which
corresponded to a brush configuration52 (Figure 7). Such
configuration is known to provide the best colloidal stability.
There are many reports in the literature showing the benefits of
surface-tethered PEG chains in their brush regime to prevent
clearance by the immune system. A rather comprehensive
account is given by Perry et al.53 who investigated the successive
steps of resistance against protein (opsonins) adsorption,
uptake by macrophages, blood clearance, and accumulation in
the liver and spleen. The surface density of crossover from
mushroom to brush regime is usually estimated using the Flory
radius of an unperturbed PEG chain that the exact calculation is
not clear. The theoretical power-law relationship Ry = a N3/5
corresponding to a polymer coil in good solvent condition34
together with an estimate of the size of the PEG repeat unit a =
0.35 nm that a clear bibliographic reference is never given. It
looks better to rely on experimental values of hydrodynamic
radius as it has been presently done. The exponent in
Equation 5 is indeed close to the theoretical value of 3/5; but
the prefactor is smaller by a factor of ~3.

Quantitative analysis of bound PEG chains showed that a dense
layer of adsorbed PEG was resisting washing of the full free PCL-
b-PEG. This is a definite benefit of block copolymers compared
to classical surfactants for which bound and free molecules are
in dynamic equilibrium. In this latter case removal of the free
molecules causes desorption of the bound part of them in order
to establish equilibrium again. The consequence s
destabilization revealed by poor resistance to washing.32

6 | J. Name., 2012, 00, 1-3

Cytotoxicity assessment

Cytotoxicity of the iodinated polymer nanoparticles was
determined by MTS assays performed 24 h and 48 h after
incubation of macrophages with nanoparticles of different
concentrations. Cell viability was the
absorbance values. A standard containing pure macrophages
(i.e.
nanoparticles), was taken as the control for 100% cell viability.

calculated from

cells that have not been incubated with iodinated
Full cell viability was retained after 5h exposure to all
suspensions of iodinated nanoparticles (Figure 8). The contrast
agent does not manifest cytotoxicity in cell culture within the
concentration range studied. The highest concentration was
10 mg(l)-mL™%, which was lower than the injected concentrated
suspension at 100 mg(l)-mL™t. This corresponds to a
concentration reached when the concentrated contrast agent is
injected in the body and subsequently diluted in the plasmatic
surrounding medium. A iodine concentration of 10 mg(l)-mL™
has a radiopacity of about 300 HU, well within the working
attenuation window used in radiology. The present good
biocompatibility is a definite improvement over nanoemulsions
with a liquid core of iodinated oil for which the LDso value was
0.4 mg-mL™1.29

All the rats stayed alive and kept in good health during the
whole experiments though the injected dose was rather high.

Radiopacity assessment
Radiopacity and quantification of contrast element

X-ray attenuation of the pure iodinated polymer was measured
by taking a CT image of the polymer pressed as a pellet placed
in a glass tube (Figure 9A). This picture highlights the excellent
radiopaque nature of TIB-PVAL, compared to the surrounding
material (wall of the glass container). The radiopacity of pure
TIB-PVAL was 12,916 HU.

Radiopacity was also assessed in vitro for phantoms made of
aqueous suspensions of iodinated polymer nanoparticles at
various concentrations (Figure 9B and C). Radiopacity increased
linearly with respect to the concentration of iodine

This journal is © The Royal Society of Chemistry 20xx
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Figure 9. (A) Pellet of pressed iodinated polymer recorded with the GE
BrightSpeed scanner. (B) Phantom with tubes containing the
suspensions of iodinated polymer nanoparticles in water recorded with
the Philips SPCCT. Ca = Calcium; PBS = phosphate buffer saline; numbers
are iodine concentrations in mg(l)-mL™. (C) Graph of iodinated polymer
nanoparticles attenuation in Hounsfield Units (HU) with respect to
iodine concentration. (D) Quantification of iodine using material
decomposition.

(v =34.4x — 10.4, R? = 0.9998) (Figure 9C). An attenuation larger
than 100 HU required 3.5 mg(l)-mL™l. The concentration
measured by SPCCT using the ‘Material Decomposition’ method
was compared to that determined by ICP-OES in the different
samples. As shown in Figure 9D, there is a good correlation
between them (y = 0.83x — 0.315, R2 = 0.9991). This establishes
a proof of concept of the capability of SPCCT for accurate
quantification of a radiopaque element invivo. There is a
systematic deviation however as the concentration inferred by
Material Decomposition was lower by 83% with respect to the
actual value.

Discrimination of two elements in a mixture with SPCCT

The ability of SPCCT technology to discriminate two different
elements (iodine and gadolinium) has been assessed using
phantoms images of mixtures of both elements. The solutions
containing various concentrations of iodine and gadolinium
were prepared in such way that all mixtures had the same
overall Hounsfield Units.855:56
decomposition calculation gives an iodine-specific image where

attenuation in Material
the intensity of each voxel gives the concentration of iodine; K-
edge reconstruction provides the same type of information for
gadolinium.1!

Conventional, iodine-specific, gadolinium-specific and overlay
images are shown in Figure 10. Mixed contrast agents cannot
be differentiated with conventional CT. All samples of mixed
contrast agents had similar attenuation of 250 HU. Contrast
agents were accurately differentiated in the iodine and
gadolinium specific images of SPCCT, with signal intensity
proportional to their absolute concentration. Moreover, the
signal of the phantom container could be subtracted, which
increased the signal to background ratio, providing a potentially
more accurate image for improved analysis.

This journal is © The Royal Society of Chemistry 20xx
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Figure 10. Top: SPCCT images of phantoms containing mixtures of
iodine and gadolinium at different relative concentrations.
Conventional, iodine material decomposition, gadolinium K-edge
images and overlay images. Bottom: Concentrations of iodine (in red)
and gadolinium (in blue) determined by Material Decomposition
(iodine) and K-edge reconstruction (gadolinium), and total attenuation
(HU in black) of gadolinium/iodine mixtures.

Owing to its capability to quantify and discriminate
simultaneously two different elements within a single scan, the
SPCCT technology is an interesting diagnostic tool for molecular
imaging. For instance, it provides the possibility to image the
vascular system using a blood pool agent, while targeting a
specific site (i.e. atherosclerosis plaque) using a bio-conjugated
contrast agent bearing another radiopaque element.
Furthermore, detection and quantification of contrast agents in
the region of interest within a single scan can also reduce
toxicity related to the radiation dose. The need for two
acquisitions in order to compare images before and post-
injection becomes unavailing.

The in vivo study of iodinated polymer nanoparticles
Biodistribution of the iodinated polymer nanoparticles of
150 nm diameter was studied in vivo by experiments on small
animals (intravenous injections to rats, according the
experimental section) performed on conventional CT and puCT.
No visible signs of toxicity were observed post-injection. The
animals remained alive and healthy during the entire study.

CT images show a radiopacity enhancement of the
cardiovascular system as well as the liver and spleen after 3 h
and up to 5 days post injection (Figure 11 left). Quantitative
information is given in the graph showing the attenuation in HU
as a function of time (Figure 11 right). Radiopacity in the
abdominal aorta and the heart were quite large (200—250 HU),
in the range for radiology practice. It remained at least 5 h
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Figure 11. CT images of rats before, and 3 h, 120 h after IV injection (1.5 mL) of iodinated polymer nanoparticles (left). Biodistribution of the

iodinated polymer nanoparticles over time (mean + sem, n = 3) (right).

above 150 HU (3 times the background) and went back to the
initial value (50 HU) 24 h post administration. It also showed a
slight radiopacity in the kidneys, meaning that few
nanoparticles could pass through renal filters and be eliminated
in urine. lodinated nanoparticles were still present in the liver
(200 HU) and the spleen (700-750 HU) 15 days later. This
indicates the potential clearance by phagocytic uptake and

hepatic filtration.5” The use of nanoparticles allows imaging liver
and spleen for a long time.

The biodistribution of iodinated polymer nanoparticles was
compared to that of a standard solution of soluble iodinated
compound (Omnipaque™). The CT images together with the
biodistribution graph showed that the full contrast agent can be
found in the kidneys 30 min post injection (Figure 12).
Moreover 4 days later, the full have been cleared, leaving no
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Figure 12. CT images of rats before, and 0.5 h, 120 h after IV injection (0.7 mL) of Omnipaque™ (left). CT imaging of the Omnipaque™ biodistribution over time

(mean £ sem, n = 3) (right).
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trace of contrast agent inside the body. This contrast agent is
suitable for a first pass angiography; it cannot be used for
imaging over long durations.

UCT images of iodinated polymer nanoparticles after IV
injection confirm the observation made previously with the CT
scanner. UCT allowed better visualization of smaller tissues and
vessels (Figure 13). In all cases, these images left no doubt as to
the “blood pool” imaging characteristics of the contrast agent
developed during this study.

Due to its accumulation in both the liver and spleen for
prolonged time, this product is not yet suited for clinical
applications. Nevertheless, it was seen that it can be used as an
excellent blood pool agent as it presents biodistribution
characteristics that can compete with commercially available
products for preclinical studies. The difference with respect to
previous similar systems is a quite long time window (several
hours) for observation of vascular system. Thus, the present
nanoparticles being densely coated by a PCL-b-PEG layer,
detection by the MPS and uptake by the macrophages is very
slow. Fast elimination and accumulation in the liver can be
achieved by using a water-soluble surfactant instead of the PCL-
b-PEG block copolymer as a stabilizer. This has been achieved
with MAOTIB nanoparticles stabilized by a nonionic
surfactant.32

Before injection

Figure 13. pCT images after intravenous injection into a rats’ tail vein of
1.5mL of aqueous dispersion of iodinated polymer nanoparticles (90—
100 mg(l)-mL™?). Images were acquired before and at different time points
after injection.

Experimental

Materials
Chemicals

The following analytical-grade chemicals were purchased and
used without further purification: 2,3,5-triiodobenzoic acid
(Changzhou llhang Fine Chemical Co. Ltd, China), thionyl

chloride (Acros Organics, 99.5%), sodium carbonate,
dichloromethane (Acros Organics, 99.9%). N-methyl-2-
pyrrolidone (NMP, 99.5%), pyridine (99.5%) and 4-

dimethylaminopyridine (DMAP, 99.5%) were purchased from
Acros Organics in anhydrous grade over molecular sieves in an
AcroSeal packaging. Poly(vinyl alcohol) (PVAL, Sigma-Aldrich,
98% hydrolyzed, average molar mass My = 13,000—23,000 Da)
was dried at 40 °Cin an oven for 24 h under vacuum before use.
Tetrahydrofuran (THF, Fisher Scientific), absolute anhydrous
ethanol (Carlo Erba) were used in purification processes. The
polycaprolactone-block-poly(ethylene glycol) (PCL-b-PEG block
copolymer) was synthesized by polymerization of caprolactone
initiated by poly(ethylene glycol) monomethyl ether catalyzed
by tin octanoate as reported in refs85° The degrees of
polymerization of the poly(caprolactone) and. poly(ethylene
glycol) blocks were 65 and 113 respectively (PCLgs-b-PEG113).
Deionized water of 18 Q-cm resistivity was used for all
preparations.

Cells

The BALB/c mice peritoneal macrophage cell line J774A.1 from
the European Collection of Cell Cultures (ECACC, 91051511) was
used to assess cytotoxicity. These cells were maintained at 37 °C
with 5% CO;, by successive passages in RPMI-1640 culture
medium (PAA Laboratories, GE Healthcare, Pasching, Austria)
containing 10% (v/v) fetal bovine serum (from Sigma, St-
Quentin Fallavier, France), 1% MycoKill AB and 1.5%
penicillin/streptomycin.

Animals

All experimental procedures involving animals and their care
were carried out in accordance with the European regulation for
animal use (APAFIS agreement number #00841.01). Wistar rats
(male, body weight 200—300 g) from Janvier Labs (Le Genest-
Saint-Isle, France) were used for the in vivo studies. The animals
were maintained in standard cages at 20—25 °C with humidity >
35 %. The lighting cycle was the following: 12 h of artificial
lighting/12 h of darkness. Water and standard laboratory food
were given ad libitum. The rats were sedated before imaging
using a mix of isoflurane (1-5 %) and oxygen as a carrier gas in
order to maintain general anesthesia throughout the duration

Please do not adjust margins




of the study. A catheter was placed in the tail vein for
administration of contrast agent.

Synthesis of the iodinated polymer (TIB-PVAL)

TIB-PVAL was prepared by an esterification reaction of 2,3,5-
trilodobenzoyl chloride (TIBCl) and the alcohol groups of PVAL
according to the reaction scheme shown in Figure 14.
Synthesis of 2,3,5-triiodobenzoyl chloride (TIBCl). 100.53 g
(0.20 mol) of 2,3,5-triiodobenzoic acid was suspended in
180 mL (1.56 mol, 7.8 eq) of thionyl chloride in a 500 mL round
bottomed flask fitted with a condenser. The suspension was
refluxed under stirring until hydrochloric acid release ceased.
After cooling, thionyl chloride was removed under reduced
pressure with Na,COs into the receptor flash to trap acidic
vapors (HCl, SOCI,). Recrystallization of the brown solid from
dichloromethane (80 mL, 3 days at room temperature for
crystal growth) yielded TIBCI as large light brown prisms (67.3 g,
yield = 65%).

1H NMR (300 MHz, CDCls, 6 in ppm from TMS): 7.89 (d, 3/u-n =
1.9 Hz, 1H, arom-Hgara), 8.37 (d, 3Ju-n = 1.9 Hz, 1H, arom-Hortho)-

Synthesis of the iodinated polymer (TIB-PVAL). The radiopaque
polymer was prepared by binding the TIBCl iodinated molecule
to poly(vinyl alcohol) (Figure 14) as described in the
literature.#280 Solution A was prepared in a round-bottom flask
by dissolving 117.64 g (0.227 mol, 1 eq) of TIBCl in extra dry
NMP (60 mL). Solution B was prepared in a three-neck round-
bottom flask: PVAL (10 g, 1 eq), 3.33 g of DMAP (0.027 mol,
0.12 eq) and NMP (300 mL) were stirred for 20 min at 130 °C
under dry nitrogen gas flow until the polymer was dissolved to
completion. The solution was then cooled down to room
temperature, and 21.53 g of pyridine (0.272 mol, 1.2 eq) was
added. Solution A was poured dropwise into solution B and the

Thionyl chloride
_—
(SOCly)
I I : I I

2,3,5-triiodobenzoic acid

2,3,5-triiodobenzoyl chloride
(TIBA)

(TIBCI)

0. _.Cl

I [
+cH,- CH+ — J(CHZ CH—{CH,~CH—}-

TIBCI
(Tieeh O OH 'Y

Poly(vinyl alcohol) 1
PVAL

I |
2,3,5-triiodobenzoyl ester of poly(vinyl alcohol)

(TIB-PVAL)

Figure 14. Synthesis of iodinated polymer (TIB-PVAL): synthesis of 2,3,5-
trilodobenzoyl chloride (top), covalent linkage of 2,3,5-triiodobenzoyl
chloride to poly(vinyl alcohol) (bottom).
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Figure 15. 13C NMR assignment of TIB-PVAL.

mixture was heated at 60 °C under magnetic stirring overnight
under inert atmosphere. TIB-PVAL was recovered by
precipitation from the reaction medium in 1L of deionized
water, filtration and drying in a vacuum oven at 40 °C. The dry
product was purified by dissolution in a minimum amount of
THF and precipitation in a large volume of ethanol under strong
magnetic stirring. After filtration, TIB-PVAL was dried in an oven
at 40°C under vacuum. Such precipitation process was
repeated until the sharp lines of organic solvents (NMP and
ethanol) and TIBCl were no longer detected in the 'H NMR
spectrum. Finally, a beige powder was recovered (78 g, yield =
61 %).

1H NMR (300 MHz, DMSO-d6, 6 in ppm from TMS): 1.35—-2.0 (m,
CH2 PVAL chain, 2(x+y)), 3.78 (s, CH-OH PVAL chain, vy),
3.98-4.95 (m, OH), 5.30 (s, CH-OTIB PVAL chain, x), 7.63 (broad
unresolved doublet, arom-Hpara, X), 8.22 (broad unresolved
doublet, arom-Hgrtho, X).

BCNMR (126 MHz, DMSO-d6, 6 in ppm from TMS); assignments
are given in Figure 15: 165.18 C;, 148.24 C4, 139.60 C4, 136.22
Cs, 114.89 C3, 107.25 C;, 95.37 Cs, 69.85 Cg, 63.67 Co, 41.84 Cip.
IR (cm™1): 3360 (broad band of associated O—H), 2916.2 (C—H),
1721.6 (C=0 of ester), 1519.0 (C—H aromatic), 1362.1 (C—OH),
1259.3 (aromatic ester), 1175.9 (C—-H aromatic), 1097.0
(aromatic ester), 999.1 (C—H aromatic).

Preparation of nanoparticles

Nanoparticles (NPs) of iodinated polymer were prepared using
the nanoprecipitation process.4%6 TIB-PVAL (1 g) and the PCL-
b-PEG dispersing agent (1 g) were dissolved together in 25 mL
of THF. The weight ratio iodinated polymer/dispersing agent
was set to 1/1. The organic solution was added dropwise to
50 mL of water under magnetic stirring using a syringe fitted
with a needle 21G (0.8 mm internal diameter). Note that the
organic solvent/water volume ratio of 1/2 has been described
in the literature as optimum to obtain suitable particle size in
the nanoparticle range.43:62 Finally, THF was evaporated under
reduced pressure, yielding an aqueous suspension of
nanoparticles. The iodine concentration of the dispersion was
17 mg(l)-mL™1 (ICP-OES). A sketch of the full process is given in
Figure 16.

A concentration step has been implemented after the initial
nanoprecipitation step that yielded suspensions of too low
concentrations. An aliquot (10 mL) of the dispersion prepared
by nanoprecipitation was centrifuged (7,930 rpm, 20 min), the

This journal is © The Royal Society of Chemistry 20xx
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Figure 16. The nanoprecipitation process.

supernatant was removed, and the sediment was redispersed
in a minimum amount of water (1 mL), using an ultrasound bath
at 40 °C (2 h). The iodine concentration was 98.8 mg(l)-mL™
(ICP-OES) after the concentration step and the same particle
size was kept.

Methods

Characterization of the iodinated polymer

The grafting reaction of the TIBCl onto PVAL was monitored by
IH NMR. Spectra of the TIB-PVAL solutions in deuterated
dimethylsulfoxide (DMSO-d6) were recorded on Bruker ALS300
and DRX300 Fourier transform spectrometers (300 MHz). Data
processing was done using MestrecNova (Mnova) software. The
degree of substitution, DS = x/(x+1), was calculated by
comparing the area under the peaks corresponding to the
aromatic protons to the area under the peaks corresponding to
the CH, of the PVAL backbone at 1.3-2.0 ppm.

IR spectra were recorded in ATR mode using a Thermo Scientific
iS50 FTIR spectrometer equipped with an iS50 ATR module. A
small amount of fine powder of compound was deposited on
the diamond crystal of the ATR equipment, and the spectrum
was recorded between 400 and 4000 cm~! by accumulation of
32 scans at 2 cm™! resolution.

UV absorbance of solutions was measured in Hellma Quartz
cells of 1 mm thickness using a Varian Cary 50 spectrometer.
The absorbance of the solvent (THF) was subtracted as a
background.

The amount of determined by ICP-OES
measurements on the polymer in solution using a Vista-Pro CCD
simultaneous ICP-OES Varian instrument at the Institut des
Sciences Analytiques (University of Lyon 1). The iodinated
polymer was mineralized in HNOj3 for 24 h and the solution was
subsequently diluted with water down to 0.2 ppm such that the
concentration of iodine was in the working range of ICP-OES.
The mass fraction of iodine calculated from the DS determined
from H NMR analysis was compared to that measured by ICP-
OES.

A Thermogravimetric Analysis (TGA) instrument Netzsch TG 209
F1 was used for recording the mass loss of samples held in an
alumina crucible under dry nitrogen flow between 20 °C and
1000 °C at a heating rate of 10 °C-min~1.

iodine was

This journal is © The Royal Society of Chemistry 20xx

A Differential Scanning Calorimetry (DSC) Q200 TA instrument
was used for measurement of thermal transitions of the
iodinated polymer. The amorphous/crystalline character of the
polymer was evaluated by looking for characteristic thermal
events such as glass transition (Tg), melting, and crystallization
on cooling.

X-ray crystallography was performed using a Bruker D8 Advance
diffractometer at the Centre de Diffractométrie Henri
Longchambon of the University Lyon 1 (http://cdalpha.univ-
lyonl.fr/). The purpose was to determine whether there were
crystalline parts in the polymer.

Characterization of iodinated polymer nanoparticles

The hydrodynamic diameter and size distribution of
nanoparticles dispersed in aqueous medium were determined
using Dynamic Light Scattering (DLS) using a Zetasizer Nano ZS
instrument from Malvern Panalytical. This technique is sensitive
to particles of size in a 10—2000 nm diameter range and for
diluted suspensions (ideal count rate 100-350 kHz). Two
approaches can be used: the cumulant fit provides a z-average
and a polydispersity index (Pdl), and the inverse Laplace
transform of the autocorrelation function by the CONTIN
method provides the nanoparticle size distribution in scattered
intensity, particle number or volume. Both calculation methods
gave very close results. For the sake of comparison with other
publications, the cumulant fit will be used to discuss on DLS
results. They will be compared with size distribution in number
measured by Transmission Electron Microscopy (TEM).
Nanoparticle stability in water and in human serum at 4 °C,
20 °C and 37 °C, was checked by measuring the hydrodynamic
diameter over time.

Transmission Electron Microscopy (TEM) pictures were
obtained with a Philips CM120 electron microscope under 80 kV
accelerating voltage, at the Centre Technologique des
(CTw), Lyon 1
(http://microscopies.univ-lyon1.fr/). Samples were prepared by
deposition of adrop (5 uL) of diluted formulation on a 400-mesh
carbon-coated copper grid and drying in open air. The size

Microstructures University of

distribution and average size of dry particles was determined
from diameters of more than 100 particles determined by
image analysis using the Image) software.

PEG density on the nanoparticle surface was calculated using
dry extract measurement (oven at 40 °C under vacuum) and 1H
NMR analysis. The projected area per PEG chain, also known as
PEG chain footprint was deduced and compared to that of
unperturbed PEG coil in bulk water.

For cytotoxicity assessment, J774A.1 cells were cultured in a 96
wells plate. Once cells had developed a monolayer, they were
incubated with iodinated polymer nanoparticles at
concentrations of iodine of 0 mg(l)-mL?, 5 mg(l)-mL7?,
2 mg(l)-mL1, 1 mg(l)-mL™, 0.33 mg(l)-mL™%, 0.1 mg(l)-mL™! and
0.033 mg(l)-mL? for 5h before the culture medium was
replaced by a new cell culture medium free of iodinated
nanoparticles. Cell viability was determined after 24 h and 48 h
using a MTS/PMS solution (CellTiter 96; Aqueous Non-
radioactive cell Proliferation Assay, Promega, Madison, WI,
USA). The absorbance of the formazan product was measured
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at 490 nm with a plate reader (Thermo Fisher Scientific
51118177 Multiskan EX Microplate Photometer, Villebon-sur-
Yvette, France).

CT imaging

Three types of CT instruments were used:

A General Electric (GE) BrightSpeed scanner equipped with an
X-ray tube operating at 120 kV voltage, 100 mA tube current
and the Avizo Fire reconstruction software provided multi-layer
pictures of 310 um spatial resolution.

A Bruker SkyScan 1278 micro CT (uCT) equipped with an X-ray
tube operating at 57 kV voltage, 753 pA tube current was used
for imaging animals at higher spatial resolution of 51.7 pum.

A modified clinical base small FOV prototype Spectral Photon
Counting Computed Tomography instrument (SPCCT, Philips
Healthcare, Haifa, Israel) was also used to assess radiopacity.
SPCCT acquisitions were performed at 100 mA tube current and
120 kVp tube voltage.

In vitro radiopacity of phantoms made of both the modified
polymer in pellet and the aqueous suspensions was measured
from CT scans. Pellets were prepared by pressing 20 mg of the
dry iodinated polymer powder using a 13 mm Die Kit Pike
technologies press at 7.4x108Pa pressure. Aqueous
suspensions at different concentrations were contained in
1.5 mL Eppendorf tubes. Phantoms of two contrast elements
imaged and compared: nanoparticles of iodinated
polymer and standard commercially available solution of

were

gadolinium (ProHance/Gadoteridol, Bracco). Appropriate
energy thresholds were chosen to provide optimal
discrimination of gadolinium and iodine. The attenuation was
measured in Hounsfield Units (HU) and elements

concentrations were determined using specific reconstruction
algorithms: Material Decomposition (MD) for iodine and K-edge
reconstruction for gadolinium.

In vivo CT imaging of rat models (male, 250-300 g) allowed to
evaluate radiopacity and assess biodistribution of the contrast
agent in vivo. A volume of 1.5 mL of aqueous suspensions of
iodinated polymer nanoparticles of concentration 90—
100 mg(l)-mL™! were intravenously administrated into the tail
vein. This corresponded to a dose per animal weight of
500-600 mg(l)-kg~1. Biodistribution of iodinated polymer
nanoparticles was compared to that of a commercial solution of
small iodinated molecules (0.7mL of Omnipaque™
350 mg(l)-mL™1, Bracco). Full body CT and uCT scans were
performed before injection, and from 5 min up to 15 days after
injection at different time points.

Conclusions

Concentrated dispersions of iodinated polymer nanoparticles
formed by nanoprecipitation of a triiodobenzoyl moiety
covalently grafted to poly(vinyl alcohol) have been prepared.
These nanoparticles are composed of a fully amorphous core
that might be used for encapsulation of hydrophobic drugs, thus
creating a theranostic compound. A PEGylated shell brought by
the PCL-b-PEG dispersing agent, in dense brush conformation,
provides steric stabilization up to 8 months in water and human
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serum and stealth properties against immune system when
circulating in blood. This caused a slow uptake into spleen and
liver. An optimal formulation, composed of monodisperse
nanoparticle core size of around 150 nm (TEM average
diameter) and concentrated up to 100 mg(l)-mL™1,
evaluated for radiopacity in vitro and in vivo. The high potential
of the SPCCT technology in multicolor molecular imaging for
improved diagnosis has been demonstrated in phantoms. The
iodinated polymer nanoparticles provided significant
radiopacity of the cardiovascular system for several hours, and
can be used for imaging the liver and the spleen. Therefore, the
present contrast agents are useful both as blood pool agent for
angiography over long durations without multiple injections
and as passive targeting agents in organs from the mononuclear
phagocyte system (liver and spleen) and more generally in
tissues/pathologies with damaged vasculature (i.e. cancer,
aneurysm, internal bleeding ...).
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