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efficiency for X-ray based spectral photon-
counting scanner/luminescence imaging: from
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X-Ray imaging techniques are among the most widely used modalities in medical imaging and their con-
stant evolution has led to the emergence of new technologies. The new generation of computed tom-
ography (CT) systems — spectral photonic counting CT (SPCCT) and X-ray luminescence optical imaging
— are examples of such powerful techniques. With these new technologies the rising demand for new
contrast agents has led to extensive research in the field of nanoparticles and the possibility to merge the
modalities appears to be highly attractive. In this work, we propose the design of lanthanide-based nano-
crystals as a multimodal contrast agent with the two aforementioned technologies, allowing SPCCT and
optical imaging at the same time. We present a systematic study on the effect of the Tb** doping level
and surface modification on the generation of contrast with SPCCT and the luminescence properties of
GdF3:Tb®* nanocrystals (NCs), comparing different surface grafting with organic ligands and coatings with
silica to make these NCs bio-compatible. A comparison of the luminescence properties of these NCs
with UV revealed that the best results were obtained for the Gdg gTbg 1F3 composition. This property was
confirmed under X-ray excitation in microCT and with SPCCT. Moreover, we could demonstrate that the
intensity of the luminescence and the excited state lifetime are strongly affected by the surface modifi-
cation. Furthermore, whatever the chemical nature of the ligand, the contrast with SPCCT did not
change. Finally, the successful proof of concept of multimodal imaging was performed in vivo with nude
mice in the SPCCT taking advantage of the so-called color K-edge imaging method.

Introduction

The development of original and efficient nanoparticle-based
contrast agents represents a significant part of the ongoing
improvements in medical imaging. The constant advances in
the field of nanotechnology play a major role in offering new
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tools for enhanced and optimized imaging with great potential
for clinical applications." Among the existing modalities, X-ray
imaging techniques are most commonly used owing to their
fast acquisition, high spatial resolution and low cost, which
make them extremely relevant for use in clinics. A typical
example is computed tomography (CT), which has become a
widely used clinical X-ray imaging modality since its first
development fifty years ago. In addition, other techniques
such as X-ray micro-CT have received growing interest in life
science imaging and preclinical studies on small animals
thanks to their higher resolution.>® Constant developments of
these X-ray imaging modalities have led to many newly emer-
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ging technologies such as the recent color K-edge imaging
that have been deployed in spectral photon-counting CT
(SPCCT).*® This new generation of CT systems combines high
resolution (250 pm), element-specific imaging and in situ
quantification.”® One issue still remains to be addressed due
to the intrinsic X-ray absorption in normal tissues that leads to
relatively low imaging sensitivity. Recently, X-ray-activated
luminescence has been considered as a promising approach
for high sensitivity and deep-tissue imaging.”'° Indeed, the
combination of X-ray excitation and visible luminescence suc-
cessfully combines the strengths of both techniques: deep
tissue penetration, low X-ray scattering in tissue, and negli-
gible auto-fluorescence background."*

The improvement of these techniques (CT, SPCCT and X-ray
activated luminescence) is strongly related to the elaboration
of novel X-ray sensitive contrast agents.">"? Thus, intensive
research has been conducted on the development of inorganic
nanoparticles to improve contrast with the new SPCCT
imaging modality’* and the optimization of luminescent
nanoparticles for X-ray excited optical imaging.>"’
Unfortunately, very few studies propose the design of nano-
particles acting as innovative contrast agents for the effective
combination of both X-ray based modalities."®'® Indeed the
possibility to bring together CT, SPCCT and X-ray activated
optical imaging with the same nanoparticle-based contrast
agent offers great interest for the development of multimodal
imaging with strong impact on the future of diagnostics.

Within the toolbox of available nanoparticles, compositions
sometimes include elements with high toxicity such as tung-
sten or chromium which despite good luminescence pro-
perties have limitations for further use in vivo.'”"® Lanthanide-
based rare earth sodium fluoride nanoparticles NaREF, are
interesting systems featuring all the essential characteristics
that make them ideal candidates with heavy elements, attrac-
tive optical properties with narrow emission bands and excel-
lent photostability.>>*' The only weakness of these nano-
particles is their limited chemical stability in aqueous suspen-
sions (pure water and buffers at pH 7.7 and 8.0) or under
neutral physiological conditions.?*>*

In this context, the aim of our work was to design multi-
modal contrast agents suitable for X-ray based imaging
technologies with high colloidal stability and biocompatibility.
Recently, we demonstrated that GdF; nanocrystals (NCs) are
efficient systems for in vivo imaging with SPCCT due to their
X-ray attenuation properties.>® Indeed, gadolinium has a
K-edge value in a range of energy perfectly suited for K-edge
imaging with SPCCT technology (50.2 keV).>**” Furthermore,
this element is already used for MRI in clinics or in nano-
particle research development.*® Also, due to its very low solu-
bility in aqueous media (less than 3 x 107> mol L"), GdF; can
be considered as one of the most stable gadolinium deriva-
tives, making it the matrix of choice for this work.*®> The
rational design of the targeted nanoparticles for X-ray imaging
technologies requires a comprehensive understanding of the
parameters inducing optimized luminescence, contrast with
the scanner and biocompatibility. Hence, in order to impart
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luminescence X-ray activation properties, the GdF; matrix
was doped with various amounts of Tb*" (from 0.20 moles
to 0.05 moles). A systematic study using UV/Vis and X-ray
irradiation identified the most relevant composition in terms
of luminescence intensity and emission lifetime. For water dis-
persibility NCs were functionalized with various ligands and
coatings including polyacrylic acid, sodium tripolyphosphate,
polyethylene glycol bearing phosphonic acid function and a
silica layer. Nevertheless, it is known that surface-linked mole-
cules (e.g., C-H and O-H vibrational modes of ligands) or
hydroxyl groups in aqueous media can act as luminescence
quenchers.>**! This motivated us to study the luminescence
behavior of NC surfaces modified with the typical ligands and
coating, expanding the knowledge of water dispersible X-ray
activated nano-contrast agent properties. Finally, the interest
and feasibility to use optimal systems for multimodal imaging
in vivo were illustrated through a proof of concept with nude
mice, upon X-ray activation in the SPCCT using a clinical
sequence acquisition (Scheme 1).

Experimental
Synthesis of NCs of various compositions

The typical procedure for the Gd goTby »0F3z composition is as
follows (quantities are then adapted for other compositions):
to a solution of GdClz, 6H,0 (3.87 g, 9.8 mmol) and TbCl;,
6H,0 (0.21 g, 1.1 mmol) dissolved in ethylene glycol, a solu-
tion of hydrofluoric acid (875 pL, aqueous solution 50% by
mass) with 2-pyrrolidinone is added. The transparent mixture
is placed in a Teflon insert and then heated in an autoclave at
170° C for 1 hour. The resulting light brown product is treated
with acetone to precipitate the nanoparticles. After purification
steps by centrifugation-redispersion cycles in methanol the
particles are finally dispersed in ultrapure water to give a trans-
parent suspension.

Surface modification of NPs with various ligands

Gdg.00Tbo 10F;@PEG. A solution of 7.7 g (7.7 x 10~% mol,
0.3 eq.) of PEG phosphonic acid in water is added to 50 g of a
colloidal suspension of NPs (10% w/w). The mixture is heated
at 80 °C overnight under stirring and purified by dialysis. The
final product is freeze dried and kept in the solid state.

Gdg.00Tbg 10F;@PAA. A solution of 0.99 g (4.95 x 10~* mol,
0.04 eq.) of PAA in NaOH (0.1 M) is added to 30 g of a colloidal
suspension of NPs (10% w/w). The mixture is heated at 80 °C
under vigorous stirring. After purification by dialysis, the final
product is freeze-dried.

Gdy.00Thy10F;@TPP. A solution of 0.38 g (8.16 x 10~* mol,
0.59 eq.) of TPP in water is added to 0.3 g of NPs in water. The
mixture is heated at 80 °C under stirring. After purification by
dialysis, the final product is freeze-dried.

Gdy 99Tbg 10F:@Si0,@PEG. The preparation of the surface-
modified nanoparticles follows 3 main steps: 1/(Gdg ¢oTbg.10F:@
silicate) 20.8 mL of a solution of sodium silicate (3% w/w) are
added to 50 g of a suspension of nanoparticles (10% w/w)

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Conceptual advance of this work with (A). Demonstration of the spectral photon-counting scanner (conventional and color gadolinium
K-edge)/luminescence imaging of optimized contrast agents, and (B). In vivo proof of concept for multimodal imaging.

under stirring. The mixture is heated for 1 hour at 80 °C and
purified by dialysis. 2/(Gdg.00Tbg10F3@Si0,) 1 g of the pre-
viously prepared nanoparticle is suspended in water (92 mg
mL™") and added to a solution consisting of 11.7 mL water,
3150 pL ethanol and 114 pL ammoniac. A solution of tetraethyl-
orthosilicate (TEOS) in ethanol (841.6 uL, 3.80 x 10~ mol, in
1245 pL EtOH) is partially added in 4 steps every hour. After the
last addition the mixture is stirred for 45 min at room tempera-
ture and purified by dialysis. 3/A suspension of the previously
prepared Gd.ooThy10Fs@SiO, in water (500 mg, 20 mL) is
mixed with a solution of 1.52 mL ethanol, 154 pL. ammonia and
750 mg of PEG silane (M, 2000) over 24 hours under vigorous
stirring. The final colloidal suspension is purified by dialysis
and the particles are freeze-dried.

Analysis of particle morphology and composition

DLS and zeta potential measurements were performed on
liquid suspensions of the nanoparticles, using a Malvern
Instruments Nano ZS. TEM images were acquired using a
JEOL 2100F and operated at 120 kV. TGA analysis was per-
formed on a Setaram LABSYS1600. FTIR spectra were recorded
on a PerkinElmer Spectrum 65 equipped with an ATR module.

Luminescence and lifetime measurements

The emission spectra of the NCs were measured with a
Horiba-Jobin-Yvon Fluorolog-3 fluorimeter using a system of
three monochromatic double-grid slits. The luminescence

This journal is © The Royal Society of Chemistry 2024

ground state was excited by unpolarized light emitted by a 450
W continuous xenon lamp. The spectra were plotted by correct-
ing the spectrum of the lamp and that of the detector. For the
terbium(m) doped samples the entrance and exit slits were set
to a 2 nm width. In all cases, the integration time used was 0.1
s. The decay in luminescence was obtained using an FL-1040P
pulsed xenon lamp and half-life times were calculated by expo-
nential fit using Origin® software.

Scintillation studies on micro-CT

Irradiation and imaging were performed using an X-RAD225Cx
device (Precision X-Ray, North Brandford, CT) equipped with a
copper X-ray tube and a tungsten anode with an aluminum
filter. The irradiated samples are placed in quartz tanks.
Scintillation was detected by a camera positioned vertically to
the tank at an angle of 90° to the source in order to acquire
maximum luminescence.

Scintillation studies on SPCCT

SPCCT-induced luminescence measurements were performed
using an experimental setup composed of an immersed
optical fiber connected to a spectrometer. In addition, a home-
made electronic circuit triggers the spectrometer with the
X-ray emission. The cleaved end of the optical fiber
(FG550UEC Thorlabs Inc.) was immersed in the nanoparticle
solution and the SMA connector end was connected to the
spectrometer via a round-to-linear bundle of fiber (PL200-2-

Nanoscale, 2024, 16, 2931-2944 | 2933
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VIS-NIR, Ocean Insight). The bundle maximizes the light signal
entering the spectrometer (Ocean Insight MayaPro2000). The
spectrometer has previously been calibrated in order to give
absolute spectral irradiance measurements. The luminescence
measurements were triggered by a dedicated electronic circuit
that detects the excitation X-ray signal emitted from the SPCCT
using a stand-alone X-ray detector (Philips). The detector is
composed of a basic scintillation detector attached to a photo-
diode encapsulated in epoxy to protect the assembly. The
trigger circuit is composed of 4 electronic stages for amplifying
the signal from the detector which is wired to an input pin of
the Arduino Board, which is required to generate a TTL signal.
The TTL signal is then fed to the triggering pin of the spectro-
meter. The trigger circuit allowed us to measure the light
spectra both during excitation (X-ray on) and background (X-ray
off). The luminescence spectrum is obtained by subtracting the
background spectrum from the excitation spectrum. This sup-
presses any background parasitic light that could impair the
luminescence emission. Finally, we applied a sliding average fil-
tering with a window of 3 pixels to reduce the noise.

Clonogenic cell survival assay

MDA-MB-231 cells were seeded in 6 cm dishes and allowed to
attach overnight. Then cells were incubated with either
Gdy.99Tbg.10F;@Si0O,@PEG or GdgooTbg 10F;@PEG of various
concentrations between 62.5 and 1000 pM for 24 h. Then, the
cells were seeded in triplicate to allow colony (>50 cells) for-
mation for 12 days. The number of colonies was manually
counted and the surviving fraction was calculated as the
number of colonies divided by the number of seeded cells nor-
malized to the plating efficiency of the untreated controls.

in vivo experiments

A nude Swiss female mouse used for the in vivo studies was
purchased from Charles River Laboratories (7 weeks old)
weighing about 30-35 g. The animal was provided with stan-
dard mouse food and water ad libitum and maintained under
conventional housing conditions in a temperature-controlled
room with a 12-hour dark-light cycle. All experiments were
carried out in accordance with the European Directive 2010/63/
UE, approved by the Ethics Committee (CELYNE CEEA42) and
authorized by the Ministry of Higher Education, Research and
Innovation (APAFIS#19829).

Results and discussion
Design and characterization of the NCs

NCs with four compositions were prepared under solvothermal
conditions, following a previously described process with
some modifications.** Briefly, the desired amounts of rare
earth salts of Gd*" and of Tb*" (with respective molar ratios
0.95/0.5; 0.90/0.10; 0.85/0.15 and 0.80/0.20) in ethylene glycol
were reacted with a charge transfer complex involving F~
anions and protonated pyrrolidinone. The mixture was heated
in an autoclave for 1 hour and purified by centrifugation/redis-
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persion steps to finally give a clear, colorless suspension of
nanoparticles in water.

Powder X-ray Diffraction (PXRD) confirmed that all samples
have a highly crystalline structure with a GdF; orthorhombic
phase (Pnma space group, lattice parameters: a = 6.5710 A, b =
6.9850 A, ¢ = 4.3930 A and a = = y = 90°) when compared to
the ICDD 00-049-1804 theoretical pattern (Fig. 1A and
Fig. S1%). The composition of the prepared systems was deter-
mined by elemental analysis (Inductively Coupled Plasma -
ICP) confirming that for all four compositions, the ratio
between Gd** and Tb*" in the inorganic core was consistent
with what was expected for the synthesis (Table S21).

The size and morphology of the nanoparticles were charac-
terized by transmission electron microscopy (TEM) and
dynamic light scattering (DLS). Whatever the composition, the
NCs show slightly elongated morphologies (“bean-like”) with a
9.8 + 0.8 nm average gyration diameter (Fig. 1B).

DLS measurements in water showed a low polydispersity of
NCs and hydrodynamic diameters in the 13-18 + 3 nm range
(Table S37). These results confirm that the amount of terbium
added did not affect the size, the morphology or the crystalli-
nity of the desired nanocrystals. Zeta potential measurements
in water (pH 6) gave positive values of 48 + 2 mV, whatever the
composition, confirming the high colloidal stability of these
systems. The positive charge can be explained by the excess of
lanthanide ions on the surface in accordance with energy dis-
persive X-ray spectroscopy analysis (Fig. S47).

Fourier-transform infrared spectroscopy (ATR-FTIR) analysis
shows specific bands of remaining 2-pyrolidinone molecules
on the surface of the particles as previously observed.*® Upon
coordination through the oxygen atom of the carbonyl bond,
the C=O stretching vibration frequency of 2-pyrrolidinone
shifts from 1679 cm™" to 1648 cm™". The bands of the mole-
cule in the range 1463-1424 cm™" can be attributed to C-H
deformations and they are shifted to 1448 cm™" once on the
NPs. Finally, the C-N vibration of the 2-pyrrolidinone cycle,
initially observed at 1284 cm ™", shifts to 1313 cm™" suggesting
interactions between the nitrogen atoms and lanthanides on
the surface of the particles.

Optical properties of the NCs

The luminescence properties of the NCs were first studied
upon excitation at 273 nm in water (0.30 M in lanthanides).
This wavelength corresponds to the transition between the
energy levels ®S;/, and °I; of Gd** (Fig. 2).*

For all cases, the emission spectra observed are character-
istic of Tb®" and the bands centered at 488 nm, 543 nm,
582 nm and 619 nm correspond to the energy transition from
°D, to “F, (J = 6, 5, 4, 3).>® The maximum luminescence inten-
sity is observed for the Gdgo0Tbg.10F3 composition and other
systems show lower intensities independent of Tb*" amount.
Furthermore, when the molar ratio of Tb*" increases above
0.10 the luminescence decreases. This result can be explained
by the interactions between Tb*" ions in excited states. When
the ions are in close vicinity within the NP matrix, phenomena
such as reabsorption and non-radiative deexcitations lead to

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A) PXRD of Gdg.95Tbg osF3 (red line) compared with the ICDD 00-049-1804 theoretical pattern (blue lines). (B) TEM image of NCs. HRTEM of
the same sample in the inset. (C) Results of the PXRD and TEM results for all compositions.
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Fig. 2 (A) Luminescence spectra of the various NC compositions after excitation at 273 nm. (B) Lifetime decay measurements after excitation at
273 nm.

the quenching of luminescence. To further confirm the band of Tb*" (i.e. 488 nm, 543 nm, 582 nm, 619 nm). Whatever
optimum wavelength of excitation, spectra of the the Tb®" band considered, the excitation spectra show an
Gdy.90Tbg 19Fs composition were recorded at each emission intense signal centered at 273 nm (Fig. S5t). This corresponds

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 2931-2944 | 2935
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to the transition of the energy level of the Gd** present in the
crystalline matrix (*S;/, to °I), proving that the emission of the
NCs results from an energy transfer from Gd** to Tb*".

Measurements of the luminescence decay of each compo-
sition were conducted at 543 nm with an excitation wavelength
of 273 nm. The decays fit well with a monoexponential rate
and the respective fluorescence lifetimes were evaluated for
the different ratios of Gd**/Tb*" (Table 1).

Table 1 Luminescence lifetime of each composition at 543 nm with an
excitation wavelength at 273 nm and a concentration of 0.3 M in water

Composition Lifetime (ms) Correlation coefficient

Gdy.05Tbo 05F3 4.30 £ 0.04 0.998

Gdo.00Tbo.10F3 4.84 + 0.04 0.998

Gdy.5Tbo 15F3 4.04 £0.03 0.998

Gdy goThg.20F3 3.57 £ 0.03 0.998
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All lifetime values are in the 4.04-4.84 ms range except for
the Gdg.goTbg.»0F; composition with a lifetime of 3.57 ms. The
lifetime results follow the trend observed with luminescence
intensity and a maximum is measured for an optimal molar
amount of Th*". Indeed, the Gdg 4oTbg 1oF3; composition shows
both the highest luminescence lifetime (4.84 ms) and the
highest intensity. As lifetime can be directly linked to photo-
luminescence quantum yield,*® the Gdy 0oTby.1oF; NPs seem to
present the most interesting optical properties, and this com-
position will be the candidate of choice for further studies
with X-rays. To evaluate the ability of the NCs to emit light
upon excitation with X-rays, a specific setup in a Micro-CT
device was first used (Fig. S61). This setup allows the
irradiation of the sample with various X-ray energies and
recording of the emitted light with an optical camera. For com-
parison, two compositions Gdg ooTbg 10F3 and Gdg goTbg 20F3
were studied in suspension in water (0.5 M of lanthanides).
The intensity of luminescence produced under X-ray
irradiation at different energies is detailed in Fig. 3A and B.
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(A) Images of the tube containing the colloidal suspension of Gdg 9Tbo 1F3 at various energies of X-ray excitation (2.5 mA, Cu filter). Red areas

correspond to the ROI (luminescence and background — BKG) to determine the final intensity. (B) Evolution of luminescence intensity as a function
of the X-ray energy of excitation. (C) Emission spectra of the colloidal suspension of Gdo 9Tbg 1F3 in the spectral photocount scanner at an energy of
120 kV and 300 mAs. (D) Image of a tube containing an aqueous suspension of Gdg 9 Tbg 1F3 in water (0.5 M) subjected to X-rays in the SPCCT.
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Below 40 kV, no emission from the NCs is detected. For
energies between 40 kV and 120 kV, the luminescence inten-
sity increases with X-ray energy following a linear behavior
until reaching a plateau after 120 kv. At that point, the in-
organic matrix of GdF; absorbed the maximum energy it
could. The two compositions follow the same profile with a
slightly higher intensity observed for Gdg.ooTbo.10F; in the
90-120 kV energy range. These results seem to agree with the
experiments performed with UV excitation, although intensi-
ties measured with X-rays are in the same margin of error.

Since the targeted application is the use of these systems as
dual contrast agents with SPCCT, luminescence measurements
were performed on Gdg ooTby 1oF3 suspension in water with the
spectral scanner (Fig. 3C and D). When subjected to X-rays
(120 kv, 300 mAs) a green light, specific to Tb**, is observed
and imaged (Fig. 3D). The dedicated setup using an optical
fiber (Fig. S7t) allows the measurement of the spectra of
Gdy.09Thg 10F; during excitation. These spectra present the
four characteristic bands of Tb®>" luminescence centered at
488 nm, 543 nm, 582 nm and 619 nm (Fig. 3C). This result
proves the ability of the NCs to generate visible light upon exci-
tation with X-rays from a clinical scanner.

Medical imaging with the NCs

After confirming the luminescence properties of these systems
with X-rays, their efficiency as contrast agents for CT imaging
has been evaluated. Previous studies have shown that there is
interest in using GdF; nanoparticles as a contrast agent for
conventional CT imaging and K-edge imaging.>>** The compo-
sition with optimal luminescence properties Gdg.ooTbo.10F3
was therefore studied to evaluate its ability to generate con-
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trast. A range of suspensions with increasing concentrations of
rare earth elements (0.015 M, 0.035 M, 0.1 M, 0.17 M, 0.25 M,
and 0.300 M) was placed in a dedicated phantom. The acqui-
sition sequence was the same as generally used in convention-
al imaging for a patient (120 kVp and 200 mAs). Conventional
and color K-edge CT imaging of the suspensions was per-
formed in parallel to the quantification of the contrast agent
concentration (Fig. 4).

With SPCCT, it is possible to conduct conventional CT
imaging and gadolinium-specific color K-edge imaging of the
suspensions. Both imaging techniques show an increase of
the contrast with the concentration of lanthanides. The
Gd(.9oTbg.10F; NCs are well suited for further use with this
technology. Finally, the color K-edge imaging technique also
allows us to quantify the element inducing the contrast,
through a direct correlation between the measured attenuation
and the gadolinium concentration. Fig. 4B shows the linear
correlation existing between the gadolinium concentration
measured by SPCCT and the one measured by ICP. It then
becomes possible to accurately dose the quantity of the con-
trast agent injected in vivo.

Surface functionalization of the Gdg ¢,Tbg 10F3; NCs

Surface functionalization of NCs was performed mainly follow-
ing two approaches: (i) direct grafting of a ligand on the
surface or (ii) the design of a core-shell system using a layer of
silica (Scheme 2).

The first strategy (ligand-based) is based on the stable
anchoring of organic molecules (or macromolecules) through
reactive functions (phosphonates, phosphates, and carboxylic
acids) on the nanoparticle surface. The nature of the chemical
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Fig. 4 Imaging and quantification studies on six suspensions of Gdg goTbg 10F3 With concentrations: 3.82 mg mL™%, 7.50 mg mL™%, 22.6 mg mL™%,
36.8 mg mL™, 50.9 mg mL™%, and 70.8 mg mL™™. (A) Conventional CT imaging of a phantom containing the suspensions (up). Color K-edge imaging
of the same phantom (down). The Gd concentration in the suspensions increases clockwise. (B) Correlation between the gadolinium concentrations

measured by ICP and by SPCCT.
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Scheme 2 General strategies for the design of surface-modified NCs and corresponding ligands.

bond formed between the nanoparticle and the molecule is
coordinative, ionic or iono-covalent, conferring stability to the
final system. Numerous works related to nanoparticle appli-
cations for in vivo studies have shown that high biocompatibil-
ity is achieved with polyethylene glycol (PEG) ligands.
Following this general idea and based on previous work,>
studies have been focused on the use of phosphonic acid
derived PEG (PPEG1000), which is known to have strong
interactions with the rare earth fluoride nanoparticle surface.
The choice of TPP (sodium tripolyphosphate) was motivated
by the presence of multiple P—O and P-OH functions
leading to strong anchoring on the nanoparticle surface and
creating highly stable systems. Polyacrylic acid (PAA) is a
polymer bearing carboxylic functional groups
along its structure which is expected to increase grafting
stability.?”*® As opposed to direct grafting, the core-shell
design is indeed a two-step approach where the nanoparticles
are first covered by a layer of silica followed by the covalent
linking of a Si-PEG functionalized with a silane function (C-
Si-O-Si bonding).

Efficient grafting of the various ligands on Gdg.9oTbg.10F3
NCs was evidenced by FTIR (Fig. S81). For TPP and PEG modi-
fications, the intense signal around 1060 cm™" is attributed to
P-O stretching.?® In the case of PAA modified NPs, the strong
peak at 1680 cm™" is attributed to C=0 stretching of the car-
boxylic acid function. Core shell systems SiO,@PEG show the
characteristic signal of Si-O-Si stretching overlapped with C-
0-C stretching in the 1100 em™" region.*®*" For all surface
modifications involving organic moieties (SiO,@PEG, PEG,
and PAA) the presence of a signal in the 2850-2900 cm™" area
(C-H stretching) is observed.

HRTEM observations of the different surface-modified
systems show no modification in terms of morphology or crys-
tallinity of the NC cores (Fig. S91) with an average gyration dia-
meter of 9.8 + 0.8 nm. The NCs in suspension at pH = 7 were
analyzed by DLS and zeta potential measurements (Table 2).

several
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Table 2 Hydrodynamic diameter (Dh), zeta potential (ZP) and polydis-
persity index (PDI) of the various surface-modified NCs measured in
water at pH = 6

Dh (nm) ZP (mV) PDI
Gdo.90Tby.10F3 13+3 +48 £ 5 0.11
Gdy.90Tbyg.10F;@TPP 13+3 —45+5 0.10
Gdg.90Tbg.10Fs@PEG 24 +3 +27 £5 0.15
Gdy.90Thg.10F: @PAA 24 +3 —51+5 0.14
Gdg.00Thg.10F;@SiO,@PEG 32+3 —25+5 0.15

For all the systems considered, a clear increase of the Dh is
observed after surface modification which is in agreement
with the presence of the ligands on the NC surface. The small
Dh (13 nm) observed for GdygoTbg1oFs@TPP is consistent
with the grafting of small molecules as opposed to polymers
such as PEG, PAA or SiO,-PEG. The low polydispersity indexes
indicate that the systems are homogeneous, without the pres-
ence of aggregates at a macroscopic scale. For all cases, the
high absolute value of ZP (above 25 mV) confirms the high col-
loidal stability. The negative values measured for TPP, PAA,
and SiO,-PEG modifications, respectively, indicate the pres-
ence of negatively charged phosphonate, carboxylate and sila-
nolate groups.

Finally, the quantification of the ligands was assessed
using Thermogravimetric Analysis (TGA). All samples show
mass loss in the 250 °C-400 °C range attributed to decompo-
sition of the organic moieties. As expected, in the case of the
inorganic ligand TPP, no loss was observed. The results
obtained for the various systems are summarized in Table 3.

The analysis performed on unmodified NCs shows a mass
loss of 6.4%. This result agrees with FTIR analysis (Fig. S8t)
and the presence of organic molecules (2-pyrrolidinone) on
the surface. In the case of Gdg ¢oTbg 10F;@TPP no mass loss
except the one corresponding to water was observed which is

This journal is © The Royal Society of Chemistry 2024
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Table 3 Mass loss determined from TGA analysis and corresponding
calculated amount of ligand on each NC

Total organic Calculated numbers of

Composition mass loss (%) ligands per NCs
Gdo.90Tbg.10F3 —6.4 2.58 x 10°
Gdg.99Tby.10F;@TPP None None

Gdy.00Tbg 10F;@PEG —40.3 2.61 x 10°
Gdg.09Tbg 10F;@PAA -21.8 5.44 x 10°
Gdy.00Tbg 10F;@Si0,@PEG —12.8 2.68 x 10>

expected since no organic molecules are attached to the
surface of the NCs. For the other systems the calculated
number of ligands per nanoparticles is on the same order
of magnitude. In the case of Gdg.9oTbg 10F;@Si0O,@PEG, the
number of organic ligands per nanoparticles is lower. Indeed,
the reactivity of the surface of the NPs is driven by the inter-
actions between the alkoxysilane-derived PEG and the active
sites (silanols) on the silica layer. Since the number of silanols
is limited, the total amount of grafted ligands is lower than
that in the case of direct grafting on Gdg ¢oTb 10F; with other
macromolecules.
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Effect of the ligands on the optical properties of the NCs

The influence of the various ligands or layers on the emission
properties of the NCs has been studied. For a more detailed
comparison, the Gd, ¢Tb, ;F; nanoparticles were subjected to
a surface cleaning procedure in order to remove the pyrrolidi-
none molecules from the surface. The efficiency of this clean-
ing step was controlled with TEM and XRD to make sure no
evolution of the size nor the crystallinity of the NCs was
observed and with FTIR to verify that no organic moieties
remained on the surface of the nanoparticles (Fig. S10t). The
luminescence properties were recorded for all samples with
the same concentration (0.06 M in lanthanides) in water and
in D,0, under UV excitation at 273 nm (Fig. 5).

For all cases, the typical luminescence spectra of Tb*" are
observed with °D, to “F; (J = 6, 5, 4, 3) transitions. The lumine-
scence intensities measured in water show the impact of
the surface modification from clean (GdgoTbyF3) to
functionalized NCs (Gd¢TbyF3;, GdgoTbyF;@PEG and
Gdg.oTby 1 F3@SiO,@PEG) with a decrease of the emission pro-
perties. This result can be explained by the presence of
vibrators (O-H and N-H) in the molecules on the surface,
acting as quenchers of the luminescence.*” Interestingly in the

B 350E+08
3,00E+08 -
GdO,QOTbO,10F3
_ 2S0En08T ——— Gdg.e0Tbg,1oF 5 Cleaned
2 —— Gdy 4o Tby 1oF;@PEG
S 2,00E+08 - 0,90 TP0,10F 3@
> Gdg g9 Thg 10F;@PAA
2 1,50E+08 4 Gdg g9 Thy 1oF ;@ TPP
g — GdoygoTbOJOF:;@SiOZ@PEG
1,00E+08 -
5,00E+07 -
0,00E+00 -
450 500 550 600 650

Wavelength (nm)

D 14
E)
&
> 014
‘@
8 * GdggoThy 10F5 .
= * GdggoThy 1oF cleaned
§ Gdy 90Ty 10F s @PEG T,
k4 .
S 0,014 v Gdg goThy 10F;@PAA -i;:
g ¢ GdygoThg 1oF;@TPP "5
=4 < GdggoThyg 4oF;@SiO,@PEG M
0,001 : . . . .
0 2 4 6 8 10
Time (ms)

(A) Luminescence spectra of the various surface-modified Gdg 9Tbg 1F3 systems in H,O, with excitation at 273 nm. (B) Luminescence spectra

of the various surface-modified Gdg 9Tbg 1F3 systems in D,O, with excitation at 273 nm. (C) Lifetime decay of the colloidal suspension of Gdg gTbo 1F3
systems in H,O. (D) Lifetime decay of the colloidal suspension of Gdg ¢Tbg 1F3 systems in D;O.
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case of GdyoTby F;@TPP the measured intensity is the
highest. The same experiments were conducted in D,O and
the luminescence intensity is higher than that in the case of
experiments performed in H,O. This result confirms the
luminescence quenching of excited Tb>" by high-energy O-H
vibrational modes.** The general trend remains the same with
higher intensities in the case of unmodified NCs. The lowest
variation is observed with Gd, ¢Tb, F;@TPP, suggesting that
the TPP acts as a protective layer from the surroundings
of the nanoparticles. Therefore, almost no variations are
observed between H,O or D,O environments. In contrast,
Gdy oThy 1F;@PAA shows a much higher luminescence inten-
sity in D,O than in water. In that case, the carboxylic functions
are deprotonated (confirmed by negative ZP measurements
shown in Table 3) meaning that the quenching of lumine-
scence could only come from water entrapped in the grafted
polymer layer (H-bonding) near the surface of the NCs. This
study was completed by measurements of the luminescence
lifetime at 543 nm after excitation at 273 nm in water and in
D,O (Table 4).

Whatever the solvent, the fluorescence lifetime measured is
higher for cleaned Gdg ¢Tb, 1F;, confirming the effect of water
and also the impact of the O-H and N-H oscillators from the
ligands. In the cases of GdyoTby 1Fz@PEG, GdyoTby 1 Fz@
SiO,@PEG and Gd, ¢Tby F3, lifetimes are in the same range
with an increase by roughly 0.6 ms for all the systems
when shifting from water to D,0. Whatever the solvent,
the lowest fluorescence lifetime is measured with
Gdg oThy 1 F3;@PAA but with the highest variation from
water to D,O (0.85 ms). This confirms the previous
measurements with the presence of water entrapped in the
polymer layer. All the obtained results show that quenching
of the luminescence has two origins: on one side, the pres-
ence of the ligands or layers on the surface of the NCs with
O-H or N-H vibrators, and on the other side, the presence
of water more or less attracted/adsorbed at the surface of
the NCs.

Finally, the low variation measured for Gd,¢Tb, F;@TPP
(0.05 ms) agrees with the observations of luminescence spectra
and the protective activity of the inorganic TPP layer at the
surface of the NPs. Unfortunately, despite many efforts, the
stability of Gdy ¢Tby 1 Fz:@TPP decreased strongly when trying
to increase the concentration in water or physiological serum.
Being unable to reach values above 0.1 M the composition was
not evaluated further with X-ray activation.
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Effect of ligands on the X-ray activated luminescence
properties of the functionalized NCs

In the previous part the results showed that the various
ligands grafted on the surface of the Gd, ¢Tb, F; NCs played
an essential role in the final optical properties of the systems
when excited by UV light. The same approach was considered
with the two different types of X-ray activations, microCT and
SPCCT, on colloidal suspensions in water (0.5 M) (Fig. 6).

Fig. 6 shows that the luminescence intensity of the nano-
particles is lower with the presence of the ligands on their
surface independent of the X-ray excitation values considered
(2.5 mAs and 300 mAs) and as observed in the case of
photoexcitation.

In the case of experiments conducted in micro-CT, the inte-
grated intensity of the functionalized NCs follows the same
trend as observed with UV excitation ie. the intensity
decreases as follows: Gdg.goTbg.10F3@PEG > Gdg.¢oTbg.10F;@
PAA > Gd99Tbg 1oF:@SiO,@PEG. This last system seems to
show properties well below the other two. Interestingly slight
differences are observed when measurements are conducted
with SPCCT, and in that case the integrated intensities follow
the order: Gdg ogThy 1oFs@Si0,@PEG > Gdy 0oTbg 10Fs@PEG >
Gd.99Tbg 1oF;:@PAA with low differences. These discrepancies
observed between microCT and SPCCT can be explained by the
type of setup used for the measurements. Indeed, microCT
experiments are very sensitive to the scattering of the nano-
particles and since Gdg 9oTbg 10F:@SiO,@PEG has the highest
Dh (Table 3) with a surrounding silica shell, it has the stron-
gest scattering. Therefore, the overall measured luminescence
intensity is impaired by this phenomenon. In the case of
SPCCT experiments, the optical fiber is directly immersed
within the colloidal suspensions; therefore the scattering
effect is limited and the signals are less perturbed
during detection. Thus, the two PEGylated systems
Gdg.99Tbg.10F;@PEG and Gdg ¢oTbg.10F;@SiO,@PEG seem to
be the most promising for X-ray triggered luminescence with
SPCCT.

Functionalized NCs as contrast agents with the CT scanner
and SPCCT

To prove that functionalized NCs can be used as a contrast
agent for scanner imaging, a conventional CT scanner and
color K-edge imaging have been used with SPCCT. A phantom

containing suspensions of functionalized NCs in an

Table 4 Luminescence lifetime of each composition at 543 nm with an excitation wavelength of 273 nm and a concentration of 0.06 M in water

and in D,O

Composition Lifetime (ms) Lifetime (ms) Correlation coefficient
Gdy.00Tbg.10F3 4.84 £ 0.03 5.56 £ 0.03 0.997

Gdp.00Tby 10F; cleaned 5.16 + 0.03 5.82 + 0.03 0.997
Gdy.90Tbyg.10F:@TPP 5.05 +0.04 5.10 £ 0.04 0.997
Gd.00Tbg.10F3@PEG 4.81 £0.03 5.47 £ 0.03 0.997
Gd.90Thg.10F3@PAA 3.65+0.03 4.50 +0.03 0.997

Gdy.00Thy. 10F;:@Si0,@PEG 4.59 £ 0.03 5.11 £ 0.03 0.997
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Fig. 6 (A) Integrated luminescence intensities of various systems studied under X-ray excitation with microCT (2.5 mAs, 120 kV). (B) Integrated

luminescence intensities of the same systems under X-ray excitation of SPCCT (300 mAs, 120 kV).

Eppendorf tube (0.5 M in water) was irradiated under
100 mAs, 120 keV using X-rays of SPCCT (Fig. 7).

Comparison with a water sample confirms that functiona-
lized NCs exhibit properties generating high contrast in con-
ventional SPCCT imaging. Color K-edge observations only
show the signal of gadolinium and confirm that these samples
are suitable for this technique of imaging (high contrast). The
contrast being the same for all samples with K-edge imaging,
we can also confirm that the concentration in gadolinium in
the different suspensions is the same. Finally, whatever the
ligand or coating, the contrast was the same proving that the
surface modification did not impair the NCs.

Cytotoxicity of the NCs

Prior to in vivo studies, clonogenic cell survival assay was per-
formed to assess the cytotoxicity of Gd.9oTbo.10F;@SiO,@PEG
and Gd ¢9Thg 1oF:@PEG in three independent experiments

GdysThoF
GdgsThy,F,@PEG

L R
GdyeThy ,Fs@PAA

GdysTh, ,F,@Si0,@PEG

Fig. 7

(Fig. S111). The results indicated that the investigated NCs did
not induce a significant decrease in clonogenic cell survival up
to 1 mM.

Proof of concept of in vivo dual imaging with SPCCT

To assess the ability of the NCs to be used as X-ray based
multimodal contrast agents in vivo, a study was carried out on
a nude and healthy mouse with an acquisition sequence in the
SPCCT. A suspension of GdggoTbg1oF:@PEG (50 pL, 1 M
in physiological serum) was injected subcutaneously near
the caudal thigh muscles of the anesthetized animal.
Conventional CT and color gadolinium specific K-edge as well
as luminescence imaging were then achieved with the SPCCT
(Fig. 8).

While conventional CT imaging provides a nonspecific
imaging of the contrast agent (Fig. 8A), color K-edge imaging
enables a specific and quantitative imaging of its biodistribu-

GdO,QOTbO,IO F3

F.@PEG

0,10 3

F.@PAA
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Gd, ., Th
Gd, .. Th

Gdo,goTb F,@Si0O,@PEG
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(A) Conventional SPCCT imaging of a phantom containing colloidal suspensions of normal, PEG modified, PAA modified and SiO,@PEG

modified NCs in water (0.5 M). (B) Same phantom with color gadolinium K-edge imaging using SPCCT.
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Fig. 8 Multimodal in vivo SPCCT imaging of the mouse 20 min after
injection of GdggoTbo 10F3 at different sub-cutaneous sites at different
volumes and concentrations. The area of interest (injection of the 1 M
suspension) is delimited by the red box. (A) Conventional CT imaging of
the whole animal. (B) Color gadolinium specific K-edge imaging. (C)
Fusion of conventional and color K-edge imaging. (D) Luminescence
imaging during acquisition with SPCCT.

tion (Fig. 8B). Fusion of conventional and color K-edge
imaging enables a comprehensive imaging of the contrast
agent biodistribution (Fig. 8C). Monitoring was carried out
over a period of 1 hour in order to follow the distribution of
the nanoparticles. The systems remain localized and no
diffusion in the surrounding tissues was observed. Finally,
24 hours after injection, the mouse showed no sign of infec-
tion. The detection of the luminescence of NCs in vivo was con-
ducted during a new acquisition sequence of the SPCCT, on
the same animal, using the previously used parameters
(120 KeV - 300 mAs). Observations were made with a camera
during the X-ray irradiation (Fig. 8D). A clear and intense
green luminescence at the injection site of the 1 M suspension
is observed. The signal is strong enough to be detected
through the skin of the animal with the naked eye. The impact
of the X-ray dose delivered for optimized imaging and
the influence of the concentration of the particles are
currently being studied and will be the subject of an upcoming

paper.
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Conclusions

In summary, we have successfully developed highly efficient
X-ray activated nanoprobes for multimodal imaging. The nano-
crystals consist of a GdF; matrix doped with various ratios of
Th*". After finding the optimal composition of the original
NCs with a systematic luminescence study, we were able to
effectively evaluate the contrast capability in CT and SPCCT
with gadolinium specific color K-edge imaging. The influence
of surface modification on the luminescence properties was
evaluated. Various strategies were considered using encapsula-
tion with a silica layer and direct grafting of molecules such as
PEG, PAA or TPP derivatives. As the contrast with conventional
CT and color K-edge imaging using SPCCT did not change, the
luminescence intensity of these NCs in water was reduced
compared to that of the original NCs. This was attributed to
the quenching caused by surface ligands and water molecules.
Our results suggest that the surface modified NCs are promis-
ing contrast agents for multimodal medical imaging with X-ray
optical imaging, as well as for CT and SPCCT. The proof of
concept performed on a nude mouse with SPCCT confirmed
that the luminescence could be observed though the skin of
the animal, together with strong contrast in CT and SPCCT.
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