Toward an Image-Guided Microbeam
Radiation Therapy Using Gadolinium-
Based Nanoparticles

Géraldine Le Duc,’ Imen Miladi,* Christophe Alric,* Pierre Mowat,* Elke Bréuer-Krisch,” Audrey Bouchet,*
Enam Khalil,® Claire Billotey,* Marc Janier,* Francois Lux,* Thierry Epicier,” Pascal Perriat,*

Stéphane Roux,*'"*

and Olivier Tillement*

"ID17 Biomedical Beamline, European Synchrotron Radiation Facility, 6 Rue Jules Horowitz, 38000 Grenoble, France, *Laboratoire de Physico-Chimie des Matériaux
Luminescents, UMR 5620 CNRS—UCBL, Université de Lyon, 22 Avenue Gaston Berger, 69622 Villeurbanne Cedex, France, §Faculty of Pharmacy, University of Jordan,
Amman, Jordan, “Matériaux Ingénierie et Science, UMR 5510 CNRS—INSA de Lyon, 7 Avenue Jean Capelle, 69621 Villeurbanne Cedex, France, and Unstitut

UTINAM, UMR 6213 CNRS—UFC, Université de Franche-Comté, 16 Route de Gray, 25030 Besancon Cedex, France

radiotherapy constitutes a major mod-

ality of cancer therapy. This technique
consists in the deposition of a cytotoxic
dose in a tumor by irradiation from an
external X-ray source. Radiotherapy can be
applied in combination with surgery and/or
chemotherapy or alone. Despite the tre-
mendous efforts devoted to the improve-
ments of cancer therapy, some results
remain however disappointing. For in-
stance, the survival of patients suffering
from brain cancer unfortunately has not
increased. The incidence of central nervous
system tumors is around 10—20 cases/year
per 100 000 inhabitants. Glioblastoma is the
most aggressive and the most common
brain tumor (around 60% among glioma,
glioma being already 70% among malig-
nant brain tumors). The median survival is
around 1 year after diagnosis, and only
9.8% of patients survive beyond 5 years.'
Although radiotherapy is presently the most
efficient treatment against brain tumors, it
suffers from a lack of selectivity in the killing
effect, leading to numerous adverse effects
in normal tissues surrounding the lesion.??
A better selectivity can however be achieved
by microbeam radiation therapy (MRT), as
demonstrated by the studies performed at
ESRF.* What distinguishes MRT from conven-
tional radiotherapy (broad beam) is that nor-
mal tissue is more preserved despite the
delivery of high doses>® MRT uses arrays of
narrow (~25—100 um) microplanar beams
(peaks) separated by wider (100—400 um
center-to-center) microplanar spaces (valleys).
The height of these microbeams varies from 1
to 100 mm. This geometry implies that the

Besides surgery and chemotherapy,
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ABSTRACT Ultrasmall gadolinium-based nano-
particles (GBNs) induce both a positive contrast for
magnetic resonance imaging and a radiosentizing
effect. The exploitation of these characteristics leads
to a greater increase in lifespan of rats bearing brain
tumors since the radiosensitizing effect of GBNs can
be activated by X-ray microbeams when the gado-
linium content is, at the same time, sufficiently high
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in the tumor and low in the surrounding healthy tissue. GBNs exhibit therefore an interesting

potential for image-guided radiotherapy.
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microbeam array dose profile displays a suc-
cession of peaks (high dose) and valleys (low
dose). The ratio between the central peak and
valley doses (PVDR) is an important element
for the therapeutic effect of MRT. The normal-
tissue toxicity of the irradiation decreases
when PVDR increases. High damage of malig-
nant tumors indeed occurs for peak entrance
doses of several hundred grays (at least 1 order
of magnitude higher than for conventional
radiotherapy), whereas normal tissues are sur-
prisingly preserved.>® The application of MRT
to the treatment of rats bearing intracerebral
9 L gliosarcoma (9LGS) led for the same sparing
of normal tissue to a higher tumor control than
broad beam irradiation. As a result, the median
survival time increased (MeST) from 19 to 21
days (sham-irradiated control rats) to 40 and
47 days using cross fired, intersecting arrays
(10mm x 10 mm) of 25 xm wide microbeams,
spaced 200 m center-to-center, and skin en-
trance doses of 625 Gy.” MRT offers there-
fore a great potential for brain cancer therapy
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since inhibition of the growth of the tumor does not
induce alteration of healthy surrounding tissue.
Although previous studies provided encouraging re-
sults, further improvements are still required for in-
creasing the median survival time. In addition to the
modulation of irradiation parameters and/or geometry
and the use of chemotherapy, the dose enhancement
in the tumor by heavy elements (high Z-elements),
which are characterized by a high X-ray photon cap-
ture cross-section, constitutes an attractive strategy.
Provided that the biodistribution of high Z-elements is
well-controlled, it indeed makes possible the deposi-
tion of a higher uniform dose in the volume of tumor
and a lower dose in normal tissue.> *® This will be
accompanied by a larger production of harmful photo-
electrons and radical species. The higher energy ab-
sorption and the larger production of reactive species
should contribute to a more efficient destruction of the
tumor with, at the same time, a better preservation of
healthy tissues.

Although many chemicals containing high Z-
elements (e.g., iodinated molecules initially conceived
as contrast agents for X-ray imaging) have been devel-
oped and employed, the results were not satisfying
because the amount of radiosensitizers in the tumors is
too insufficient and tumor-to-normal tissue high Z-
element ratio remains too low.® Because of their reduced
dimensions, molecules are indeed characterized by a
too rapid clearance and by an extravasation from
normal blood vessels, which impedes a preferential
accumulation in solid tumors, which is essentially
based on an enhanced permeability and retention
(EPR) effect.’®'® The intense research activity devoted
to nanomedicine that exploits the progress of na-
noscience and nanotechnology for medical applica-
tions showed that multifunctional nanoparticles
exhibit numerous assets for advantageously replacing
molecular drugs.'®2° On the basis of a physical and
chemical point of view, the multifunctional particles
appear very well suited for achieving image-guided
therapy for at least three reasons.?' ~2° The first one lies
in their size, which can be sufficiently large for avoiding
their extravasation from normal vessels and sufficiently
small for loading the tumor by passive accumulation
(EPR effect) since solid tumors are irrigated by porous
vessels.'®"'® The leakage from these abnormal vessels
is easily observed for nanoparticles, whose size ranges
between 1and 100 nm. The second reason rests on the
possibility to gather, despite the small volume of the
nanoparticles, a large range of properties that can be
accurately tuned by a convenient choice of compo-
nents. Nanoparticles can therefore be designed for
combining several medical imaging techniques
(magnetic resonance imaging (MRI), computed tomo-
graphy (CT), nuclear medicine imaging (single-photon
emission computed tomography (SPECT), positron emis-
sion tomography (PET), and/or near-infrared fluorescence
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(NIRF))*' 22 or for associating imaging and therapeutic
activity.>* ?° The latter can be realized either by drug
delivery®*?® or by an interaction between harmless nano-
particles and external physical stimuli.>® Finally the beha-
vior of the particles (for instance, colloidal stability in
biological fluids, biodistribution, and clearance) can be
adapted by the control of their size but also by a post-
functionalization of the nanoparticles. Choi et al. demon-
strated that quantum dots (QDs) are renally cleared
when their hydrodynamic diameter does not exceed
5—6 nm.>**" However renal clearance was also observed
for larger nanoparticles (8—10 nm) possessing a different
surface chemical composition.>2 Multifunctional nanopa-
rticles containing high Z-elements should therefore ap-
pear as an attractive alternative to molecular radiosensi-
tizers. Although many papers are devoted to the capacity
of gold and platinum nanoparticles to enhance the dose
effects of X-ray beams, no study has been yet performed
on gadolinium-based nanoparticles (GBNs).>> 3> Despite
a smaller value, the atomic number of gadolinium (Z=64)
is sufficiently high for inducing a dose enhancement of
X-rays.3¢~38 Moreover GBNs are attractive because they
can be easily followed up by MRI3?*° The possibility to
monitor the biodistribution by MRI is indeed crucial for
optimizing the effect of radiotherapy since the irradiation
can be triggered only when the gadolinium content
deduced from MR images is both high in the tumor
and low in the surrounding healthy tissue. In order to
exploit the attractive features of Gd element and of
multifunctional nanoparticles, we developed in this study
GBNs for image-guided microbeam radiation therapy
and evaluated their potential in the case of the gliosar-
coma mouse model (9 L gliosarcoma, 9LGS).

RESULTS AND DISCUSSION

The potential of hybrid nanoparticles composed of a
gadolinium oxide core and a fluorescent and hydro-
philic polysiloxane shell for medical imaging (MR,
fluorescence imaging) and neutron capture therapy
was previously revealed.”’ In order to limit the pre-
sence of inactive matter for radio-enhancement, the
thickness of the polysiloxane shell was reduced by
decreasing the amount of polysiloxane precursors
(tetraethyl orthosilicate (TEOS), aminopropyltriethoxy-
silane (APTES)). In contrast to previous studies, the
molar Si to Gd ratio was fixed to 4 instead of over
10.32394142 |nitially the encapsulation of each gadoli-
nium oxide core aims at both conferring additional
characteristics (fluorescence, high colloidal stability)
and ensuring the preservation of the core.** In order
to anticipate a less efficient protective effect of the
polysiloxane shell owing to the reduction of its thick-
ness, DTPA derivatives were grafted onto the polysi-
loxane shell for capturing gadolinium ions, which
could be eventually released. DTPA is indeed well
known for its ability to form gadolinium chelates,
which are widely used as contrast agents for clinical
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diagnosis in MRI.** Elemental analysis performed by
ICP-MS after a thorough purification of the nanoparti-
cles revealed that the encapsulation of the oxide core
and the postfunctionalization of the shell by DTPA
were carried out with relatively high yields since Si to
Gd and DTPA to Gd molar ratios are close to the initial
ratios (3.5 vs 4 and 0.87 vs 1.2, respectively). The
reduction of the amount of polysiloxane shell precur-
sors led, as expected, to a decrease of the hydrody-
namic diameter (Dy, = 2 nm, while D;, > 8 nm when Si/
Gd > 10) (Figure 1a). Despite the difficulty in observing
these ultrasmall nanoparticles, HR-TEM experiments
confirmed that the diameter of gadolinium oxide
nanoparticles embedded in a polysiloxane shell does
not exceed 2 nm (Figure 2a and b). The cores have a
size distribution with an average size of 1.1 nm and a
mean standard deviation of 0.6 nm (Figure 2a).
Although the contrast of particles is blurred by that
of the supporting carbon film, a gray halo is visible
around Gd,03 cores due to the presence of the poly-
siloxane shell (Figure 2b).

The presence of polysiloxane is confirmed by nanop-
robe EELS spectra comparing the Si-L, 3—Gd-N, s ioni-
zation edges from GBN before and after synthesis of
the polysiloxane network (Figure 2c). After usual back-
ground subtraction, the spectrum of the nanoparticles
after hydrolysis condensation of polysiloxane precur-
sors exhibits a Si-L, 3 edge with a shape similar to that
of a SiO; reference (Figure 2d). However the visualiza-
tion of the core shell structure is very difficult to
observe and requires calculation from TEM phase-
contrast imaging at low spatial resolution (Figure 2e).

Arrows in Figure 2e point out isolated particles
where the dense Gd,O5 core appears darker than the
lighter surrounding polysiloxane shell. Projected poten-
tial calculations based on the atomic structure of crystal-
line, cubic Gd,05 and vitreous silica provide an image of a
core (diameter: 1 nm) embedded in a polysiloxane shell
(thickness: 0.5 nm) (Figure 2e, upper part of the inset).
This result is in accordance with the diameter obtained by
photon correlation spectroscopy (PCS). For comparison
the lower part of the inset of Figure 2e displays the
projected potential calculations applied to TEM phase-
contrast imaging at low spatial resolution of gadolinium
oxide cores before encapsulation.

The grafting of DTPA confers to the nanoparticles a high
colloidal stability at pH 7.4, although the zeta potential is
close to 0 mV (3.0 mV). It must be pointed out that the
colloidal stability is preserved in aqueous solution contain-
ing a high concentration of sodium chloride since no large
agglomerate was detected by PCS. After NaCl addition to a
GBN colloid, the hydrodynamic diameter, which was equal
to 2 nm in water, increased to 4.2 nm (Figure 1b). These
results indicate that the high colloidal stability of the
aqueous GBN solution is ensured by a process that does
not rest on the electrostatic repulsion; otherwise, precipita-
tion would be observed in saline solution.
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Figure 1. (a) Size distribution of GBN after functionalization
determined by photon correlation spectroscopy. (b) Hydro-
dynamic diameter of GBNs in aqueous solution containing
Nacl.

The in vitro MRI and synchrotron radiation com-
puted tomography (SRCT) experiments showed that
the presence of GBNs in aqueous solutions induces an
enhancement of the contrast, which increases with the
gadolinium concentration (Figure 3).

The ability of GBNs to behave as efficient positive
contrast agents for MRI was assigned both to the high
longitudinal relaxivity ry (r; =9.4 s ' mM ™" at 60 MHz)
and to the value of the transverse to longitudinal
relaxivities ratio (ro/r; = 1.13). These features can be
exploited for monitoring the behavior of GBNs in 9LGS-
bearing rats after an intravenous injection of an aqu-
eous GBN colloid ([Gd>"] = 40 mM, V = 1.4 mL).

MRI clearly shows that the nanoparticles are present
in the tumor since a strong positive contrast appears in
the right hemisphere of the brain a few minutes after the
injection. The delineation of the tumor is clearly visible
and can be observed for 45 min at least (Figure 4).

This visual observation is corroborated by the intensity
variation of the MR signal in the right hemisphere (i.e., the
hemisphere containing the tumor) compared to that in
the left hemisphere. In other words, the contrast en-
hancement (EHC), which reflects the gadolinium content
in the imaged tissue, is higher in the right hemisphere
(RH) than in the left one (LH) after intravenous injection of
GBN (EHC(RH)/EHC(LH) > 1, Table 1). Moreover this ratio
significantly increases by a factor of 1.68 when the delay
between the image acquisition and the injection varies
from 5 to 20 min ([(EHC(RH)/EHC(LH)],0/[(EHC(RH)/EHC-
(LH)1s = 1.68, Table 1). As expected, the differences are
more pronounced when the comparison is performed
between the contrast enhancement of smaller regions of
interest located in tumor (GS) and in normal tissue (NT)
(Figure 5 and Table 1).
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Figure 2. HR-TEM of gadolinium oxide nanoparticles (a) before and (b) after encapsulation in a polysiloxane shell. (c)
Nanoprobe EELS spectra of gadolinium oxide cores before (blue curve) and after (green curve) encapsulation in a polysiloxane
shell. (d) Comparison of EELS spectra (after background subtraction) of polysiloxane-coated gadolinium oxide nanoparticles
(green curve) and silica (purple curve). (e) TEM phase-contrast imaging at low spatial resolution of gadolinium oxide cores
after encapsulation in a polysiloxane shell (insets show projected potential calculations of gadolinium oxide after and before
polysiloxane formation (top and bottom, respectively)).

Figure 3. T;-weighted (a) and SRCT (b) images of phantoms
containing various GBN concentrations.

Figure 5 depicts the temporal evolution of the MRI
signal. It clearly shows that the gadolinium content in
the normal tissue (left hemisphere) increases until 5
min and decreases afterward, while the content in the
tumor reaches a plateau. Consequently these results
suggest that the amount of nanoparticles is more and
more important in the right hemisphere (and peculiarly
in the tumor) than in the left hemisphere, between 5 and
30 min after injection. To determine the particle distribu-
tion in the brain, ex vivo elemental analyses by ICP-MS

LE DUC ET AL.

were performed separately on the right and left hemi-
spheres for different delays between injection and eu-
thanasia (Figure 6). The amount of gadolinium in the right
hemisphere (i.e, containing the tumor) is larger than in
the left hemisphere even 5 min after the intravenous
injection (Figure 6 and Table 1). The difference in gado-
linium content between the hemispheres is assigned to
the presence of a denser vasculature around the tumor
and a disrupted blood brain barrier, which are respon-
sible for a greater blood volume and an enhanced
permeability and retention effect, respectively.'®'>181°

Figure 6 shows the decrease of the gadolinium
concentration when the delay between injection and
euthanasia increases. This decrease is more striking in
the left hemisphere, as confirmed by the increase of the
ratio of gadolinium content in the right and left hemi-
spheres between 5 and 20 min after the intravenous
injection of GBN ([7g4(RH)/764(LH)]20/[Tca(RH)/Taq(LH)]5 =
1.74, Table 1). It must be pointed out that the value of
this ratio, which is determined by ICP, is, as expected,
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Figure 4. T,-weighted images of the brain of a 9LGS-bearing rat before and 5, 20, and 45 min after intravenous injection of

GBNs.

TABLE 1. Comparison of the Contrast Enhancement
(deduced from MR images) and Gadolinium Content
(measured by ICP-MS) in Various Regions of the Brain, 5
and 20 Minutes after Intravenous Injection of GBN

delay between the image EHC(RH)/ rcd(RH)/r“(LH)" EHC(GS)/
acquisition and the injection  EHC(LH)” (MRI) ~ (ICP-MS)  EHC(NT) (MRI)
5 min (A) 123 1.17 16.12
20 min (B) 1215 2.04 60.40
B/AY 168 174 375

“EHC = contrast enhancement, RH = right hemisphere; LH = left hemisphere.
% 764(RH) = gadolinium content in the right hemisphere; 7¢4(LH) = gadolinium
content in the left hemisphere.  GS = gliosarcoma (brain tumor located in the right
hemisphere); NT = normal tissue (in the left hemisphere). IB/A = [EHC(RH)/
EHC(LH)]oo/[EHC(RH)/EHC(LH)]s,  [76q(RH)/Toq(LH) ]2/ [Tca(RH)/Teq(LH)]s,  or
[EHC(GS)/EHC(NT)],¢/[EHC(GS)/EHC(NT)]s.
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Figure 5. Temporal evolution of the MRI signal in tumor
(purple squares) and in an equivalent surface in normal
tissue in the left hemisphere (blue diamonds).

very similar to that determined from MR images
([EHC(RH)/EHC(LH)]5,o/[EHC(RH)/EHC(LH)]Is = 1.68,
Table 1). This similarity indicates that MRl is very well
suited for guiding radiotherapy since a rapid, precise, and
reliable localization of GBN can be established by this
noninvasive medical imaging technique. The decrease in
the left hemisphere reflects the removal of the nanopar-
ticles from the blood system. The clearance seems to be

LE DUC ET AL.
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Figure 6. Post-mortem ICP-MS analyses of right (black) and
left (light gray) hemispheres of 9LGS-bearing rats that were
euthanized 5 min (5 pi), 20 min (20’ pi), and 24 h (24 h pi)
after the intravenous injection of GBN. The tumor was
implanted in the right hemisphere.

performed via renal excretion since the presence of GBN is
attested only in the kidneys, bladder, and urine by the
techniques (MRl and SRCT) permitted by the imaging
multimodality of the GBN (Figure 7).

The ICP-MS analysis of the urine indicates that up to
30% of gadolinium can be removed by urine during the
first hour after intravenous injection. The renal clear-
ance of GBN, which is favored by their small hydro-
dynamic diameter, leads to the elimination of particles
in excess and should avoid any long-term toxicity.>° 32
The slower decrease of the gadolinium content in the
right hemisphere confirms that a significant part of the
nanoparticles are trapped in the tumor, this accumula-
tion being probably driven by the EPR effect. The
accumulation of GBN in the tumor volume attested
by MRI and ICP appears favorable for radiotherapy.

For evaluating the dose enhancement effect of the
GBN, 9LGS-bearing rats were exposed to MRT 5 and
20 min after intravenous injection. The survival of these
rats was compared to the survival of untreated rats and
of MRT-only treated rats. The irradiated-only animals
had a median survival time (MeST) of 47 days, which
corresponds to an increase in lifespan (ILS) of 147%
when compared to untreated controls of the present
study (MeST for untreated rats = 19 days) (Figure 8).

The MeST was extended to 90 days by performing
MRT 20 min after intravenous injection of GBNs (ILS =
373%), while it was shortened to 34 days by reducing
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Figure 7. (a) T;-weighted images of a slice including a kidney
(K) and the bladder (B) of a rat before and 6, 14, and 32 min
after intravenous injection of GBN. (b) 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
9LGS-bearing rat. The images were recorded before and 5 and
20 min after the intravenous injection of GBN.

the delay between nanoparticle injection and MRT to
5 min (ILS = 78%). Remarkably, 4 rats in 8 were still alive
100 days after the tumor implantation in the group of
animals that were irradiated 20 min after injection of
GBNs. The lifespan of these survivors has been multi-
plied by a factor 5 (ILS = 373%). This experiment
obviously evidences a high radiosensitizing effect of
gadolinium-based nanoparticles. The efficiency of MRT
can be therefore improved by a GBN delivery by
intravenous injection prior to the irradiation. However
it appears that the delay between the administration of
the nanoparticles and the irradiation is a key parameter
since a beneficial effect on the survival is observed
when the MRT is performed 20 min after injection,
while the irradiation performed 5 min after injection is,
on the contrary, detrimental for the survival (Figure 8).
The MeST shortening observed when MRT was per-
formed 5 min after the intravenous injection is not due to
an intrinsic toxic effect of the nanoparticles or of the X-ray
microbeams since the lifespan of the rats treated only by
MRT or by MRT 20 min after intravenous injection
increased. The difference observed between these three
treatments has then to be interpreted on the basis of the
radiosensitizing effect of GBNs only. In this context,
the contrasted observations are certainly related to the
difference in the distribution of GBNs within the brain, as
highlighted by MRI and ICP-MS experiments. Precisely,
even if the amount in the right hemisphere (tumor
bearing) is slightly lower 20 min than 5 min after the
intravenous injection, the survival of rats irradiated 20 min

MATERIALS AND METHODS
Chemicals. Gadolinium chloride hexahydrate (99%, Nano-H,

France), sodium hydroxide (99%, Sigma Aldrich), diethylene
glycol (>99%, SDS), tetraethyl orthosilicate (Si(OC,;Hs),, TEOS,

LE DUC ET AL.
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Figure 8. Survival curve comparison obtained on 9LGS-
bearing rats without treatment (black dashed curve, n = 4
rats), only treated by MRT (blue curve, n = 7), and treated by
MRT 5 min (red curve, n = 8) and 20 min (green curve, n = 8)
after GBN intravenous injection during 103 days after tumor
implantation. The MRT irradiation was done in cross-fired
mode, using 50 um wide microbeams, with a spacing of
211 um between the beams. The skin entrance dose was set
at 400 Gy for the peak and 20 Gy for the valley.

after injection is longer. This is due to a greater difference
in the gadolinium content between the hemispheres that
results from a greater particle elimination in the same left
hemisphere (Figure 6). Therefore, although the amount
of nanoparticles in the tumor is an important parameter,
the amount of nanoparticles in healthy tissue is probably
still more crucial because healthy tissue can be seriously
altered by the dose enhancement of X-rays induced by
the presence of particles. This clearly indicates the benefit
that can be derived from the monitoring of therapeutic
agents by medical imaging.

CONCLUSION

In conclusion, the combination of GBNs and MRT
improves the survival of rats bearing aggressive brain
tumors. The efficacy of this binary therapeutic system
mainly rests on the difference of gadolinium content
between tumor and healthy tissue. Since the latter de-
pends on the delay between irradiation and injection, the
possibility to follow up GBNs by MRI constitutes an
interesting asset for determining the most suitable mo-
ment for irradiation. Gadolinium-based nanoparticles ob-
viously exhibit the properties required for the theranostic
agents: contrast enhancement of medical imaging (MR,
CT), therapeutic activity (dose enhancement of X-ray
microbeams), and a safe behavior after intravenous injec-
tion (passive accumulation in the tumor, renal clearance).
Their use for image-guided radiotherapy, the first step
toward personalized therapy, can be therefore envisaged.

98%, Aldrich), (3-aminopropyl)triethoxysilane (H,N(CH,)s-Si-
(OC3Hs)s, APTES, 99%, Aldrich), diethylenetriaminepentaacetic
dianhydride (DTPADA, 98%, Aldrich), triethylamine (TEA, 99%,
Aldrich), anhydrous dimethylsulfoxyde (DMSO, Aldrich), and
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anhydrous N,N-dimethylformamide (DMF, Sigma) were used for
the synthesis and the functionalization of GBN.

Preparation of Gadolinium Oxide Cores. Gadolinium chloride salt
(5.576 g, GACl5 - 6H,0) was placed in 100 mL of diethylene glycol
(DEG) at room temperature under vigorous stirring. The suspen-
sion was heated at 140 °C until the total dissolution of gadoli-
nium chloride salt (about 1 h). When the solution was clear,
sodium hydroxide solution (4 mL, 3.38 M) was added dropwise
under vigorous stirring. Afterward, the solution was heated and
stirred at 180 °C for 3 h. A transparent colloid of gadolinium
oxide nanoparticles was obtained and can be stored at room
temperature for weeks without alteration.

Coating of Gadolinium Oxide Cores by a Polysiloxane Shell. The silane
precursors (APTES (10.1 mL) and TEOS (6.4 mL)) and hydrolysis
solution (aqueous EtsN in DEG (0.1 M of TEA, 10 M of water))
were sequentially and alternatively added to a 400 mL DEG
solution containing Gd,03 nanoparticles ([Gd] = 45 mM) under
stirring at 40 °C. The Si to Gd molar ratio is fixed to 4, and the
proportion of the polysiloxane shell precursors is 60% APTES/
40% TEOS. The whole addition of silane precursors and hydro-
lysis solution is performed in six steps. Each step consists in the
addition to the colloid of a portion of the silane precursors
mixture (for the first step, 5%; for the second step, 15%; and for
the other ones, 20%) followed by the addition of the hydrolysis
solution mixture (for the first step, 5%; for the second step, 15%;
and for the other ones, 20%). The delay between both additions
is one hour. After the last addition, the final mixture was stirred
for 48 h at 40 °C.

Functionalization of the Polysiloxane Shell by DTPADA. To stabilize
the particles in a biological environment and to capture re-
leased Gd** ions, nanoparticles were functionalized by highly
hydrophilic and chelating molecules, DTPADA. The grafting of
DTPADA onto the polysiloxane shell of the nanoparticles is
rendered possible by the presence of amine groups since APTES
was used for the synthesis of the shell. A 100 mL amount of
crude GBN colloid (vide supra) was mixed with anhydrous DMSO
(20 mL) containing DTPADA (DTPADA/APTES molar ratio 1.1, i.e.,
4.25 g of DTPADA) and stirred for 1 h.

Purification of GBNs. To transfer nanoparticles from DEG to
water, nanoparticles were precipitated in 500 mL of acetone.
After centrifugation, the supernatant was removed. The white
powder was washed with an ethanol/acetone mixture (v/v 85/
15) by three cycles of dispersion—centrifugation (10 min at
3500 rpm). The supernatant was removed after each centrifuga-
tion. Then the white powder was dispersed in water. The purifica-
tion of nanoparticles was performed by tangential centrifugation
in Vivaspin (5 kDa). A typical procedure consists in centrifugation of
20 mL of aqueous colloid until the volume was 10 mL. Afterward
the GBN aqueous suspension, which is retained by the membrane,
was diluted by the addition of deionized water (10 mL), while the
filtrate containing the impurities was removed. The cycle “tangen-
tial centrifugation—dilution” was repeated 10 times.

Size Measurement and Structural Characterization. Direct measure-
ment of the size distribution of the nanoparticles was performed
with the size analyzer NanoS PCS from Malvern Instruments.
Measurements were directly taken on the colloid after surface
modification of the nanoparticles.

Confirmation of sizes was obtained from high-resolution
transmission electron microscopy (HRTEM) performed at CLYM
(Centre Lyonnais de Microscopie) with a JEOL 2010F micro-
scope equipped with a Gatan Digi-PEELS energy filter in order to
analyze the Si-L,3 and Gd-N, 5 ionization edges with electron
energy-loss spectroscopy (EELS). Drops of colloidal solutions
were deposited on dedicated TEM carbon grids and observed
after natural drying.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Analysis. De-
termination of gadolinium content in colloids, in the right and
left hemispheres of the brain and in urine, was performed by
ICP-MS analysis (Agilent 7500ce). Before measuring Gd concen-
tration, samples of colloidal solution were diluted in 0.5 M HNOs
(1:2500, v/v) and in HNOs; (2%, 2 ppb In; 1:50, v/v). The
determination of gadolinium content in right and left hemi-
spheres of the brain and in urine required their dissolution in
aqua regia. The resulting solutions were diluted in HNO3 (2%,
2 ppb In, 1:300 v/v for brain and 1:3000 v/v for urine).
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Imaging and MRT Experiments. All operative procedures related
to animal care strictly conformed to the Guidelines of the French
Government with licenses 380325 and A3818510002. All experi-
ments were performed under anesthesia with the following para-
meters: 5% isoflurane for induction and intraperitoneal injection of
xylazine/ketamine (64.5/5.4 mg kg~ for maintenance.

Brain Tumor Inoculation. The 9 L gliosarcoma (9LGS) cells were
implanted in the brain of male Fisher 344 rats (Charles River, France).
Anesthetized animals were placed on a stereotactic frame, and 10*
9LGS cells suspended in 1 uL of culture medium with antibiotics
were injected through a burr hole in the right caudate nucleus (3.5
mm lateral to the bregma, 6 mm below the skull surface).

Preparation of Injectable Solution. After tangential filtration, a
concentrated colloid (GBNs in water, [Gd] = 100 mM) was
diluted by aqueous solution containing NaCl and HEPES in
order to obtain an intravenous use solution ([Gd] = 40 mM,
[NaCl] = 145 mM, [HEPES] = 10 mM). pH was adjusted to 7.4.
Before use, this solution was filtered onto a syringe filter with a
nylon membrane (pore diameter 0.22 um).

Drug Injection. The aqueous GBN (IGd**] = 40 mM, [NaCl] =
145 mM, [HEPES] = 10 mM) colloid was manually injected in the
saphenaveinata 1.4 mL volume using a2 mL syringe and a 26 G
needle.

MR Imaging. Images were acquired before and after injection
using a 7 T Bruker imaging system (Biospec; Briiker, Erlangen,
Germany) equipped with a 400 mT/m gradient. Anaesthesia
was induced with 3—4% isoflurane and maintained with
1.5—2% isoflurane in a mixture of O,/N, (25%/75%).

The imaging protocol consisted of a T,-weighted TurboR-
ARE SE sequence (TE = 36 ms, TR = 4200 ms, field of view =
2.56 cm, matrix = 256 x 256, slice thickness = 0.65 mm), T;-
weighted FLASH images (TE = 3.6 ms, TR = 86.07 ms, field of
view = 2.56 cm, matrix = 256 x 256, slice thickness = 0.65 mm),
and a dynamic series of transverse slices centered on the rat
brain, obtained with a T;-weighted MSME sequence (TR/TE =
113.4/10.6 ms, slice thickness = 1.5 mm, field of view = 5 cm,
matrix = 256 x 256).

The intravenous injection of GBN ([Gd] = 40 mM) was
performed during the fourth repetition of the dynamic acquisi-
tion. The duration of each repetition was about 60 s.

The measurement method of enhancement after injection
of gadolinium on MR imaging was performed as follows.
Regions of interest (ROIs) with the same area were drawn, and
the signal in this area on each image was measured. Positive
enhancement of the signal (EHC) in each area was calculated as
(St — So)/So, where S, was the signal intensity value measured at
each time after injection, and S, the signal value before injec-
tion. To compare the positive enhancement of the signal in
healthy tissue and tumor, the enhancement of a ROl in the right
hemisphere (containing the tumor) is divided by the enhance-
ment of a ROl with an identical area but located in the left
hemisphere (normal tissue) for a definite time ([EHC(RH)/EHC
(LH)1,, [EHC(GS)/EHC(NT)]; with t = 5 and 20 minutes, please see
Table 1). The ROIs of RH and LH have the same area. They cover
the right and the left hemispheres, respectively. The ROIs of GS
and NT have the same area, which is smaller than the area of the
ROIs of the RH and LH. They cover a small region of the tumor
(GS) and of the normal tissue in the left hemisphere (NT),
respectively. The temporal evolution of the EHC(RH)/EHC(LH)
ratio is obtained by dividing the EHC(RH)/EHC(LH) ratio calcu-
lated for the image recorded 20 min after the injection of GBN
by the one calculated 5 min after the injection (i.e.,, [EHC(RH)/
EHC(LH)],o/[EHC(RH)/EHC(LH)]5). The temporal evolution of the
EHC(GS)/EHC(NT) ratio was obtained in a similar way ([EHC(GS)/
EHC(NT)],o/[EHC(GS)/EHC(NT)]5).

SRCT Imaging. SRCT images of phantoms containing GBNs at
various gadolinium concentrations and in vivo imaging were
performed at the biomedical beamline ID17 of the European
Synchrotron Radiation Facility (Grenoble, France). The SRCT
images were obtained using a monochromatic X-ray beam
tuned slightly above the gadolinium K-edge energy (50.239
keV). The acquisition was performed during a rotation of the
sample of 360° around a vertical axis by means of a rotation
stage. The attenuation was measured with a cryogenically
cooled, high-purity germanium detector. The cross-sectional
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images obtained by SRCT experiments were calculated from the
numerous projections measured at small angular intervals. The
data processing was performed under IDL software called
SNARK code (University of Pennsylvania, Philadelphia).

In the case of in vivo imaging, the rats were anesthetized by
means of an intraperitoneal injection of a mixture of xylazine/
ketamine before placementin a vertical stereotatic holder screwed
on the rotation motor. GBN colloids were injected in the saphena
vein. The behavior of nanoparticles was followed up over 1 h.

Radiation Source and MRT Setup. MRT was performed at the ID17
biomedical beamline at the European Synchrotron Radiation Facil-
ity (Grenoble, France). MRT uses X-rays emitted tangentially to the
ring from relativistic electron bunches circulating in a storage ring.
The wiggler source produces a white spectrum of photons that
extends after filtration (Be (0.5 mm), C(1.5 mm), Al (1.5 mm), and Cu
(1.0 mm)) from 50 to 350 keV (mean energy of 90 keV). The quasi-
laminar beam is spatially fractionated into an array of microbeams
by using an adjustable multislit collimator positioned 41.7 m from
the photon source and 100 cm upstream from the head of the
animals. Upstream from the multislit collimator, the dose rate
within a homogeneous field of 10 mm x 10 mm was approxi-
mately 90 Gy s~' mA~". Downstream of the multislit collima-
tor, the peak entrance dose within the microbeam was
~72Gys 'mAT

In Vivo Irradiation Methods. Ten days after tumor inoculation,
the animals were positioned prone on a Kappa-type goni-
ometer (Huber,Germany) in front of the X-ray source, on a
homemade Plexiglas frame. Rats were first placed perpendicu-
larly to the beam and received a lateral irradiation, from their
anatomically right side to their left. Then, a 90° angle was
applied to the motorized goniometer, and the second irradia-
tion was performed in the anatomically anteroposterior direc-
tion. The field of irradiation was fixed at 10.5 mm height and 8
mm width and was centered at the theoretical center of the
tumor (i.e., 3.5 mm lateral to the bregma, 6 mm deep in the skull
in the right hemisphere). The microbeams were 50 um wide
with an on-center distance fixed at 211 um. The total irradiation
procedure lasted about 2 min. Animal immobility during ex-
posure was checked on three control video screens located in
the control hutch. A series of 27 rats was divided into untreated
rats (n = 4), MRT -treated rats without GBN injection (n = 7),
treated rats with a 5 min delay between GBN injection and MRT
(n = 8), and treated rats with a 20 min delay between GBN
injection and MRT (n = 8). These delays between drug injection
and MRT were chosen according to results obtained by MRI. The
spatial configuration of the microbeams was checked by radio-
chromic films (Gafchromic, HD-810).

Survival Analysis. The rats were followed up at the animal
facility after the irradiation. At a later tumor stage, rats were
euthanized by intracardiac injection of pentobarbital sodium
less than 1 day before their anticipated death as judged by
clinical signs. Some of them were found dead. The time between
implantation and death was recorded as survival time (one day
was added for euthanized rats). The median survival time (MeST)
postimplantation was calculated, and Kaplan—Meier survival data
were plotted versus time after tumor implantation. The increase in
lifespan in percent (ILS) characterizes the difference between
median survival time for treated and untreated rats divided by
the median survival time for untreated rats.
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