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Opver the past two decades, nanoparticles have been devel-
oped in the field of theranostic*? with the objective of
meeting three requirements: 1) to exhibit long circulation in
body fluids with major accumulation in tumour tissues due to
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their active or passive targeting properties (enhanced perme-
ability and retention (EPR) effect);® 2)to be rapidly
eliminated through the renal route to ensure a sufficient
difference in concentration between healthy and diseased
zones; 3) to display therapeutic potential and contrast proper-
ties.* This latter requirement was reinforced by the
simultaneous development of devices combining imaging
techniques, such as 1) high-sensitive X-ray tomography,
positron emission tomography, or single-photon emission
computed tomography and 2) magnetic resonance imaging
(MRI) with high spatial resolution.®”!

However, it is still a great challenge to ensure both
appropriate renal elimination (necessarily achieved using
particles <5.5nm in size)®® and multimodality (requiring
molecules that systematically enlarge the particle size to a
non-adequate extent). For instance, quantum dots® or gold
clusters'” do not exhibit both features as they require
coatings that are too prohibitive in size to ensure multi-
modality. After reviewing the solutions proposed in scientific
literature,''" the most promising strategies rely on the
elaboration of silica- or polymeric-based structures that
incorporate different functional entities, such as dyes for
fluorescence imaging, magnetic complexes for MRI, radio-
active elements for scintigraphy or curie-therapy, heavy
elements for interacting with X- or y-rays, neutron absorbers
for neutron-therapy or sensitizers for photodynamic therapy.
Concerning multifunctional silica-based particles, even the
most investigated technologies (i.e., Stober or reverse emul-
sion methods) failed to yield objects smaller than 10 nm in
size.

Here we propose an original top-down method consisting
in the fragmentation of sub-10 nm structures already possess-
ing all the desired functions (see Supporting Information).
Briefly, these starting structures consist of core (gadolinium
oxide)-shell (polysiloxane) particles developed by our group
which offer several features and functionalities, but are too
large in size to escape hepatic clearance.'¥! Gadolinium was
selected as contrast agent on account of its paramagnetic
properties and because of its commercial use in approxi-
mately 45% of all MRI analyses."”) The starting structures
displayed an average core size of 3.5 nm and a shell thickness
of 0.5 nm. The fluorophore-encapsulated shell was rendered
functionally active by modified 1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetic acid (DOTA) ligands which are able
to chelate core gadolinium ions. In aqueous solutions, the
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ligands strongly accelerate the core dissolution leading to a
hollow polysiloxane sphere. This latter collapses and frag-
ments into small and rigid platforms (SRPs) of polysiloxane.
These SRPs possess all the properties of the initial structure,
bearing on their surface DOTA molecules that are partly
chelated to dissolved gadolinium cations. DOTA was given
preference over acyclic chelates, due to its higher complex-
ation constant,!'% its lower kinetics that limit transmetallation
with endogen cations such as Ca*" and reduced toxicity for
patients with severe renal dysfunction.''® Our study aims to
confirm the relevance of this strategy 1) by reporting the
chemical and size characterization of the SRPs obtained as
described above and 2) by demonstrating that they can be
detected in vivo by four different techniques, namely fluores-
cence imaging, MRI, scintigraphy, and X-ray computed
tomography.

Although the starting core—shell particles have an average
size of only 4.5+ 0.1 nm, owing to a mean standard deviation
of 2 £0.2 nm, a significant number of these particles exhibit a
size > 5.5 nm, resulting in undesirable hepatic clearance. In
order to obtain SRPs without any residual Gd-oxide core, a
sufficient amount of DOTA (at least two DOTA per Gd
atom) had to be added. Moreover, the hydrodynamic size
distribution of the SRPs obtained was entirely below 5.5 nm,
with an average size of 3 +0.1 nm (see Supporting Informa-
tion). Expectedly, the average size using fluorescence corre-
lation spectroscopy was slightly larger (about 4 nm), as the
particles measured by this technique are those that encapsu-
late the bulky organic Cy5.5 fluorophores. The molecular
weight was estimated based on electrospray-mass spectrom-
etry (Figure 1c¢) using a multiplicative correlation algorithm
(see Supporting Information).’ A mass of approximately
8.5+ 1 kDa was obtained which resulted, after correlation
with inductively coupled plasma mass spectrometry (ICP-

Polysiloxane

core

DOTA(Gd)

Figure 1. a) Representation of a typical SRP with a polysiloxane bone and DOTA(Gd) species grafted through amide
functions (Si yellow, O red, C light blue, N blue, Gd green, H white). b) Proton NMRD data of SRPs (blue triangle),
DOTA(Gd) (black squares), and DTPA(Gd) (red circles; DTPA =diethylenetriaminepentaacetic acid). Longitudinal
relaxivities, r;, are given per gadolinium. c) Mass spectrum calculated with a multiplicate correlation algorithm.
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MS) data, in a chemical formula of 10 DOTA, 7 Gd and 27 Si
per particle. The scheme of a typical particle displaying this
chemistry (Figure 1a) shows that it has effectively a size of
around 3 nm (see Supporting Information for details). In
addition, the respective proportions of free and metal
chelating ligands were verified by means of luminescence
dosages. ICP-MS analysis revealed that 30% of DOTA are
free whereas luminescence experiments yielded a value of
about 40%. This non-negligible proportion of free ligands
(30-40 %) appears to be useful for scintigraphic applications,
as it enables the immobilization of numerous radioactive
isotopes onto SRPs. It increases also the relaxation properties
of SRPs through chelation of supplementary paramagnetic
atom or provides them with therapeutic properties through
binding to heavy elements.

Longitudinal relaxivities per gadolinium were measured
at 310 K, ranging between 0.1 and 60 MHz, following SRPs
dispersion in aqueous solutions of NaCl (0.9%). These
features were found to be significantly higher compared to
those related to DOTA(Gd) and DTPA(Gd), regardless of
the frequency used (Figure 1b). At higher field strengths
(7'T), the r; value was equal to 6.0 mm~'s, that is, about
twice the value of DOTA(Gd), one of the most frequently
used MRI contrast agent. This increase may certainly be
accounted for by the greater inertia of the rigid structure
supporting the gadolinium cations. Indeed, these structures
have been shown to significantly slow down the rotation rate
of the relaxing species, leading to similar 7, increases at high
frequency (e.g., heavy polymers or dendrimers containing Gd
complexes).[ 222

Imaging experiments have been performed in vivo on
mice and rats using fluorescence imaging, MRI, X-ray
computed tomography (CT) and single photon emission CT
(SPECT) in order to validate the efficiency of SRPs as
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diluted in an aqueous solution composed of 145 mm NaCl and
10 mm HEPES at pH 7.4. SRPs used for fluorescence studies
were doped by Cy5.5 during the sol-gel process (see
Supporting Information for details). To better evaluate their
contrast properties for fluorescence, injections (injected
volume: 200 pL) were performed for three different particle
concentrations given in mmol of gadolinium per liter of
solution: 10 mM, 20 mM, and 40 mMm. Fluorescence imaging
was monitored over 24 h using three female swiss nude mice
for various positions. In these experiments, SRPs were shown
to only accumulate in kidneys and bladder (Figure 2). For all
concentrations, no undesirable accumulation in lung and liver
was detected, meaning that the particles are not recognized by
the mononuclear phagocytic system and thus could undergo a
prolonged vascular retention. Twenty-four hours after the
injection, the mice were sacrificed, with fluorescence imaging
of their organs confirming previous invivo observations
(Figure 2d). When performing MRI examinations at 7 T on
8-weeks-old male ¢57B1/6] mice, the same conclusions were
drawn confirming the rapid clearance of SRPs by the renal
route (Figure 3). Kidney visualization was evident 5 min after
injection (injected volume: 80 puL at 40 mm in Gd) and that of
bladder 25 min thereafter. On angiography images, brain
blood vessels were highlighted, revealing rapid clearance
from the blood stream. In comparison with DOTAREM
(80pL at 40mMm in Gd) administered under the same
conditions or with the absence of a contrast agent, an
undoubtedly better contrast was achieved. This may be
accounted for by 1) the higher relaxivity of SRPs (twice that
of DOTAREM) and 2) the greater residence time of particles
compared to molecular compounds (see below for estimation
of residence times). SPECT/CT imaging was performed on 8-
weeks-old male ¢57B1/6J mice following injection through
the tail vein (100 uL; 2.5 mm of gadolinium; 19.3 £2.2 MBq;
colloidal stability over several days) (Figure 4). The counts
were corrected for background and decay and expressed as a
percentage of the injected dose (%ID). When mice were
sacrificed 3 h following the injection, SRPs were, again,
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Figure 3. a) T,-weighted images of a slice including one kidney (K) and
the bladder (B) of a mouse before and after intravenous injection of
SRPs. b—d) T;-weighted images of the brain of a male c57BI/6] mouse
b) without contrast agent, c) with SRPs and d) with commercial
DOTAREM at the same concentration of 40 mm.

detected in the kidneys and bladder (29.8+6.8%ID and
57.9£27.4%ID, respectively). For the other analyzed tissues,
the uptake was lower than 0.2 % ID (or 1 %ID per gram), with
no hepatic clearance being observed. In contrast, renal
elimination occurred relatively fast since 12 min after injec-
tion, 25% of the injected dose was detected in the bladder,
with 50 % of the injected dose being detected at 74 min. Renal
elimination was also highlighted by synchrotron radiation CT
(SRCT) experiments performed at the biomedical beamline
of the European Synchroton Radiation Facility (ESRF). In
fact, 20 min after SRP injection in Fisher 344 rats (1.4 mL
injected in saphena vein), the white coloration of both
bladder and kidneys confirmed that the particles were present
in these organs (Figure 5). Although the three other tech-
niques were known to be more sensitive, we felt it important
to verify that SRPs could be imaged by the same radiation
used for therapy (indeed, SRPs are parts of the starting core—

brain

muscle kidney suprarenal  bladder

spleen pancreas

liver

stomach Uterus-ovary

Figure 2. a—c) Fluorescence reflectance imaging of female swiss nude mice a) before, b) 90 min, and c) 3 h after SRP injection (concentration of
10 mm in Gd) (K: kidneys, S: stomach, U: urine). d) Fluorescence reflectance imaging of some organs after dissection of the nude mouse.

Stomach fluorescence is due to mice alimentation.
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Figure 4. a) In vivo SPECT/CT imaging from 15 to 60 min after intravenous injection of SRPs on a male c57BI/6] mouse. Left to right: Maximum
intensity projection (MIP), sagittal, coronal, and transversal views centered on the right kidney. b) ""'In-SRP biodistribution at 3 h and 24 h p.i.
(for the bladder, the uptake at 3 h corresponds to the bladder and the urine collected since the beginning of the experience, while at 24 h it
corresponds to the bladder only). c) Black squares: '"'In-SRP accumulation in the bladder from 15 min to 3 h p.i. (average uptake on 8 animals);
red circles: ""'In-SRP accumulation in the bladder and in the kidney from 15 min to 3 h p.i.; green triangles: remaining ID in the blood system

from 15 min to 3 h p.i.

shell particles which were previously shown to be excellent
in vitro®! and in vivo®! radiosensitizers on account of the
high atomic number Z (64 for Gd) of ca. 20 wt.% of their
components).

The performed experiments allow us to reasonably
estimate SRPs’ residence time, 7gzp Wwithin the blood
stream. This estimate is based on the assumption that the
amount of SRPs accumulated in an organ decreases according
to the exponential law e " where t is the time after injection
and 7 the residence time. According to MRI data (see fits in
the Supporting Information) zggp is equal to 13.2 min, being
slightly higher (18 min) when using SPECT data (Figure 4c¢).
This slight discrepancy can be explained by the fact that 7 does
not exactly reflect the same physical measurement when using
both techniques (when using MRI, 7 corresponds to particle
disappearance from the heart while, when using SPECT, it
refers to particle accumulation in the kidneys and bladder).
Another point to mention is that, unlike Gd-chelates,” SRPs
are cleared from the kidneys according to a multi-exponential
law presenting a slow clearing component (see Figure 4c and
similar figure in the Supporting Information). As a conse-
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Figure 5. SRCT images of a series of successive transverse slices
including the right and left kidneys (RK and LK, respectively) and the
bladder (B) of a Fisher 344 rat. The images were recorded before and
20 min after the intravenous injection of SRPs.

quence, a significant proportion of SRPs can still be detected
in the kidneys 24 h after their injection. Given this context,
renal clearance is likely to depend on particle size with the
larger particles circulating for a longer time than the smaller
ones. This observation may account for the anomalous
pharmacokinetic values found for the SRPs’ residence times
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compared to those of DOTAREM (rggp = 13.2 min versus
Tootarem = 0.8 min): due to their larger size, SRPs are
restricted to the vascular compartment, whereas molecules
may invade the extravascular space. The volume available
being lower for particles, these latter are likely to undergo
faster clearance than molecules. As the contrary is observed,
interpretation of the data is only possible assuming that
1) renal clearance is lower for particles than for molecules and
2) renal clearance is inversely dependent on the particle size.
This observation means that particles undergoing renal
filtration are cleared more slowly when they are larger in
size. This is an essential finding in the field of nanomedicine,
highlighting the existence of an intermediate size range too
large for efficient renal filtration but too small for hepatic
clearance. As a great proportion of SRPs exhibit a long
circulation time in the blood stream, these latter accumulate
significantly in tumor tissues (data not shown here). These
EPR effects® allow to achieve both a better contrast in
imaging and an increased efficiency in therapy.

In conclusion, SRPs are new nanoparticle types, smaller
than 5 nm in size, which are obtained by an original top-down
process starting from a polysiloxane based core—shell struc-
ture, this latter being excreted in a still significant proportion
by the hepatic route (feces). In contrast, the ultrasmall
multifunctional silica-based particles (SRPs) present an
unexpectedly long circulation in the blood stream and
completely evade uptake by the reticulo-endothelial system.
These SRPs can be additionally reinforced with rare-earth
cations or radionuclides by further chelation of surface
DOTA so as to enhance their contrast properties. Our results
highlight that this new particles type enables animals imaging
by using four different complementary techniques (MRI,
fluorescence imaging, SPECT, CT). Compared to molecular
compounds, SRPs’ rigid structure allows for a substantial
contrast enhancement in MRI studies and, more generally,
longer and more detailed observations regardless of the
imaging technique chosen. Lastly, as SRPs display a compo-
sition similar to that of the starting core-shells, they likely
exhibit the same sensitizing properties and may, therefore, be
considered as efficient therapeutic agents in different fields,
such as neutron therapy and radiotherapy.
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