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The design of multi-modal contrast agents has become one of
the thrust areas of research in molecular imaging science.™*
Combination of two imaging modalities can be really advanta-
geous if they complement each other in revealing the correct
biological information for preclinical and clinical use. This
approach has given rise to hybrid imaging modalities like PET/
MRI, SPECT or PET/CT, or PET/OI. Hybrid imaging helps in
retrieving the information that otherwise would not be available
with individual modality. For instance, the combination of
functional information (from PET) and anatomic/spatial infor-
mation (obtained by CT or MRI) into a single image provides
a more accurate diagnostic.>»* Combining nuclear and optical
imaging also represents a valuable approach.®>” Indeed, PET or
SPECT whole-body scan may allow diagnosis and staging of
patients, whereas optical imaging can be used for intra-
operative surgical assistance. To successfully leverage such
symbiosis, it is necessary to develop tracers that can have dual/
multiple functionality. Nanoparticles represent a class of
materials that are well suited to such purpose as they exhibit
intrinsic imaging and/or therapeutic properties and they can be
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with 8*Cu, and evaluated in a mice TSA tumor model using multimodal (PET/MRI/optical) imaging.

easily functionalized to add other modalities.*"'® Among
promising nanomaterials, AGuIX® are particularly attractive.
These sub-5 nm nanoparticles, firstly described in 2011, are
composed of a polysiloxane matrix on which DOTAGA-Gd
complexes are covalently bound. AGuIX® nanoparticles have
already shown their therapeutic efficiency as radiosensitizers on
different in vivo preclinical models of cancer: glioblastoma,
brain metastases, melanoma, pancreatic cancer, liver cancer,
head and neck cancer and lung cancer.”” They have been
recently translated to the clinic, for the treatment of multiple
brain metastases and for cervix cancer in association with
radiation therapy.'” New generations of AGuIX® nanoparticles
have been developed by functionalization of their surface, for
example by addition of ®*Ga® or **Zr** chelators for PET/MRI
imaging.

Here we report a method for the dual functionalization of
AGuIX® nanoparticles with both a macrocyclic chelator opti-
mized for the complexation of a PET radioisotope (**Cu or ®*Ga)
and a NIR heptamethine cyanine dye. Owing to the intrinsic
properties of the pristine AGuIX® nanoparticles, the resulting
nano-object is a theranostic nanoparticle that can be tracked in
vivo using three different imaging modalities, i.e., PET, MR and
optical imaging. Our strategy relies on the use of a mono-
molecular multimodal imaging probe (MOMIP) which contains
within one single molecule: (i) a chelating agent (in this case
a NODAGA moiety which has become in the last years a chelator
of choice for ®*Cu and ®*Ga),**** (ii) a Cy-7 derivative (known as
IR-783, and bearing a reactive meso-chlorine atom),”*® (iii)
a reactive handle for grafting the MOMIP to the surface of the
nanoparticles (here a maleimide group). The use of such
MOMIP for appending different imaging reporters to the
nanoparticle is highly beneficial when compared to the
sequential grafting of the two different probes, which can
present many process and characterization related challenges.
Indeed, our approach allows a better control of the chemical
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composition of the resulting nano-objects, in particular the
ratio of the two probes, and enables a better reproducibility of
the synthesis. Several MOMIP containing BODIPY and DOTA
derivatives have been developed by our group and conjugated to
various biomolecules such as peptides,” monoclonal anti-
bodies,* or lipopolysaccharides,* providing proofs of concept
of such strategy for dual SPECT/optical imaging.

The development of the desired MOMIP entails a multistep
chemical synthesis with series of coupling and deprotection
steps. In a typical MOMIP synthesis, the bioconjugatable handle
is introduced at the last step, because of its sensitivity and
reactivity. In the synthetic strategy described herein, we also
wanted to consider if it was possible to introduce more stable
functions such as maleimide earlier, and in particular in the
first step of the synthesis. This strategy is particularly valuable
when working with sensitive fluorophores such as polymethine
cyanine dyes which could then be introduced in the very last
step. This approach was successful, and the MOMIP IR-783-
Lys(Mal)NODAGA (6) could be obtained as depicted in Fig. 1A.
The lysine derivative 1, obtained almost quantitatively by
coupling 6-maleimidohexanoic acid to the commercially avail-
able Boc-Lys-OH was linked to the bifunctional chelating agent
2 via the intermediate N-hydroxysuccinimidyl (NHS) ester
formation, yielding compound 3 in 55% yield. Compound 4 was
then obtained by single step deprotection of both the ter¢-butyl
ester and Boc protecting groups of chelator and lysine units,
using TFA. The final MOMIP IR-783-Lys(Mal)NODAGA (6) could
be synthesized via the amide coupling of 4 and dye 5, easily
obtained through nucleophilic substitution of the chlorine
atom at the meso position of IR-783 by 6-mercaptohexanoic acid.

The surface of the AGuIX® nanoparticles possesses primary
amino groups that stem from the APTES (3-amino-
propyltriethoxysilane) reagent that is used in the synthetic
process. In order to generate thiol groups at the surface of the
nanoparticles, able to react with the maleimide moiety of the
MOMIP 6, nanoparticles were thiolated with Traut's reagent at
pH 8 for 1 h (Fig. 1B). After purification by ultrafiltration cycles,
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characterized by Ellman's assay to determine the number of
thiol groups appended, which was found to be around 2.5 per
nanoparticle. This degree of thiolation was considered optimal
for further conjugation as excessive thiolation might potentially
cause nanoparticles to clump by inter-particulate disulfide
bridging. The purified thiolated nanoparticles were immedi-
ately treated with the MOMIP 6 at pH 7, at room temperature
and protected from light. In these conditions, the thiol-mal-
eimide coupling proceeded quickly to form a stable thioether
linkage.

The functionalized AGuIX-NODAGA-IR783 nanoparticles
were characterized using various analytical techniques (Table
1). Their hydrodynamic diameter D;, was measured using
Dynamic Light Scattering (DLS). The size of the pristine AGUIX®
nanoparticles was found to be 4.6 = 0.9 nm whereas the thio-
lated nanoparticles exhibited a similar size. Upon grafting of
the macromolecular probe, the Dy, of nanoparticles increased to
12.1 £ 3.0 nm due to the bulky nature of the bimodal probe but
the nanoparticles remain small enough to be eliminated mainly
through the kidneys. Relaxometric measurements revealed that
r; and r, increased significantly upon functionalization due to
an increase of the rotational correlation time resulting from the
grafting of the MOMIP. The ratio r,/r; is consistent with the use
of these nanoparticles as a positive MRI contrast agent. The
relative content of Gd reduces considerably and this is reason-
able given the high molecular weight of the MOMIP.

The functionalized nanoparticles were very readily dispers-
ible in PBS and photophysical measurements were performed
(Fig. S271). The absorption and emission maxima are centered at
792 nm and 815 nm respectively. Molar extinction coefficient of
bound Cy-7 chromophore could not be calculated as the func-
tionalized nanoparticles represent a complex macromolecular
structure without any assignable molecular weight. The dual
absorption, the breadth of the absorption bands and the hyp-
sochromic shift of one band to 725 nm is consistent with the
formation of non-emissive aggregates (H-type aggregates)
promoted by inter-nanoparticles interactions. Consequently,
the relative fluorescence quantum yield @ = 0.4% (determined
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(A) Synthesis of MOMIP IR-783-Lys(Mal)lNODAGA 6. (B) Functionalization of AGUIX® with MOMIP 6.
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Table 1 Physico-chemical characteristics of the nanoparticles

View Article Online

RSC Advances

Feature Method AGuIX AGuIX-SH AGUIX-NODAGA-IR783
Dy, (nm) DLS 4.6 £0.9 4.5+ 0.9 12.1 £+ 3.0

Relative SH content Ellman's assay — Gd:SH~10:2 —

r(mM s Relaxometry 13.5 16.8 16.9

ralry 1.35 1.39 1.83

Retention time (min) HPLC 13.4 — 18

Purity (%) 80 95

Gd content (umol mg™") ICP-OES 0.89 — 0.32

using ICG as standard, @ = 10.6% in DMSO*) is modest.
Nonetheless, these functionalized nanoparticles have photo-
physical similarities to ICG, their overall functional properties
were not affected after functionalization, making them valuable
candidates for imaging.

The next step was to study the feasibility of the radiolabelling
of AGuIX-NODAGA-IR783 with ®*Cu. This radioisotope has been
chosen because its decay characteristics (¢, = 12.7 hours; B,
0.653 MeV [17.8%]) are well suited for PET imaging studies.”
The functionalized nanoparticles were dispersed in NH,OAc
buffer (pH 5.5) and incubated with ®*CuCl, at 37 °C for 45 min.
The radiochemical purity of the radiolabelled nanoparticles was
found to be >95% as determined by ITLC using 0.1 M EDTA as
the mobile phase (Fig. S31). Furthermore, stability investiga-
tions at 37 °C in human plasma and EDTA (EDTA challenge)
revealed that the radiolabelled nanoparticles are stable over
a period of 48 h as can be seen in Fig. 2. This evaluation at in
vitro stage is very important to assess the ability of the nano-
particles to retain the radioisotope incorporated into it. More-
over, it is also reflective of the stability of radiolabelled
nanoparticles in physiological conditions before proceeding to
in vivo experiments.

Ultrasmall nanoparticles like AGuIX® are well suited for
imaging applications owing to their fast tumor accumulation
and renal clearance.**** We report for the first time the devel-
opment of such nanoparticles for simultaneous PET-MRI and
optical trimodal imaging, which has been investigated in a TSA
tumor model.{ This can be of high value for intra-operative
surgical guidance. PET-MRI images yielded information about
the global distribution of these nanoparticles as can be seen
from the improved MRI contrast and bright PET signals
(Fig. 3A-C). The substantial decrease of the bright signals from
the kidneys and the bladder from 1 h to 24 h, signifies potential
renal excretion of the AGUIX-NODAGA-IR783 (°*'Cu) nano-
particles. These observations were in line with the bio-
distribution data (Fig. 3D). Tumor to non tumor ratios (Fig. 3E)
highlight a low but significant tumor uptake.

Unlike the pristine AGuIX® nanoparticles that are almost
exclusively eliminated by renal way,>® AGuIX-NODAGA-IR783
(**Cu) nanoparticles accumulate to certain extent in liver and

1 The animal study was conducted in accordance with the legislation on the use of
laboratory animals (directive 2010/63/EU) and was approved by accredited Ethical
committee (C2ea Grand Campus no.105) and the French Ministries of Research
(project #9617) and Agriculture (A 21 231 016 EA).

This journal is © The Royal Society of Chemistry 2019

this can be ascribed to the hepatic uptake owing to the presence
of IR-783 dye (ICG like dye show higher hepatic uptake and
clearance)?” and the increase of hydrodynamic diameter that is
usually associated with accumulation in spleen and liver.>®
Hepatic clearance could be the additional mode of excretion
along with renal pathway.

Accumulation of the nanoparticles in tumor appears to be
moderate based on the biodistribution data, as against the stark
signals with the optical imaging, which can be explained by
higher sensitivity of the fluorescence at the tissue surface.*
Indeed, owing to the sensitivity of the NIR fluorescent probes,
the localization of the AGUIX-NODAGA-IR783 (**Cu) into tumors
could be easily traced (Fig. 4 left). After dissection, it appeared
that the biodistribution observed is very different from PET-MRI
images and gamma counting biodistribution, with a strong
fluorescence signal in stomach and intestines (Fig. 4, right).
Considering the large amount of AGUIX-NODAGA-IR783 (**Cu)
injected, it appears that the low signal in liver and kidneys is
attributed to IR783 self-quenching due to the high concentra-
tion of the fluorescent dye in those organs. This has been
confirmed by comparing the radiant efficiency of the nano-
particles at different concentrations (Fig. S41). Consequently,
organs with poor uptake give the highest radiant efficiency and
a bright signal.

Nonetheless, these imaging studies clearly highlight the
potential of such probes in multi-modal imaging along with
their favorable clearance.

In summary, the synthesis of a trifunctional imaging probe
was achieved through appropriate selection of linker/
conjugation system, chelator for PET imaging and NIR fluo-
rophore, and strategic synthetic schemes. This MOMIP has
been successfully used for functionalization of AGuIX® nano-
particles. The functionalized nanoparticles have been thor-
oughly characterized for their physico-chemical attributes

85 M Plasma

8 W EDTA

% %4Cu Incorporated

1h 24h 48h
Time (h)

Fig. 2 Stability of AGuIX-NODAGA-IR783 (®*Cu) in plasma (blue) and
upon EDTA challenge (red).
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Fig. 3 (A) T1 MRl images in TSA tumor model. Coronal slice centered

on kidneys (K) and liver (L) prior, 1 h and 24 h post-injection. (B) Kidney
to muscle ratio prior, 1 h and 24 h post-injection. (C) PET-MRI images
1 h (top) and 24 h (bottom) post injection (T = tumor, K = kidneys, B =
bladder and L = liver). MIP stands for Maximum Intensity Projection. (D)
Biodistribution of AGuIX-NODAGA-IR783 (®*Cu) 24 h post injection.
(E) Tumor to non-tumor ratio 24 h post injection.
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Fig. 4 Optical imaging in TSA tumor model 24 h (left) post-injection
and after dissection (right).

relevant for imaging. These nanoparticles were radiolabelled
with ®/Cu and were found to be stable under physiological
conditions. These multifunctional nanoparticles were evaluated
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in TSA tumor model using PET-MRI-optical imaging, high-
lighting their favorable in vivo behavior. Above findings clearly
demonstrate the usefulness of such approach for the develop-
ment of sophisticated multimodal theranostic nanoparticles.
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