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Chelator-based nanoparticles have gained significant attention for theranostic applications due to their
tunable properties and biocompatibility. Among them, AGulX nanoparticles (NPs) are promising
ultrasmall nanoparticles composed of a polysiloxane core surrounded by DOTAGA chelates, derivatives
of DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid), enabling both radiosensitization and
medical imaging. 8°Zr is a particularly promising radioisotope and its radiolabeling on the AGuIX
nanoparticles is highly efficient, whereas Zr—-DOTA-complex formation requires heating. Understanding
the interaction between radionuclides and nanoparticles is crucial to achieve successful radiolabeling
strategies. In this regard, X-ray absorption spectroscopy (XAS) is one of the few experimental techniques
capable of providing structural information for such nanoparticles in solution. By combining EXAFS,
XANES and theoretical calculations, the coordination chemistry of zirconium in Zr—AGulX nanoparticles
is compared to Zr-DOTA, explaining the high 8Zr labeling yield of AGulX. In the Zr-DOTA complex, Zr

Received 17th December 2025, adopts an eight-coordinated structure and is inserted into the DOTA cage. In contrast, in Zr—-AGulX, zir-

Accepted 5th May 2026 conium is not bound within the DOTAGA cage but instead coordinates with six oxygen atoms at shorter
distances from deprotonated silanols groups and carboxylate groups from DOTAGA, increasing its stabi-

lity. These findings indicate that flexible carboxylate groups could effectively enhance the zirconium
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|. Introduction

In recent years, nanoparticle development has extended to a
wide range of medicinal applications, mainly in cancer diag-
nosis and treatment. They can be inorganic (silica, iron or gold
oxide nanoparticles) or organic (lipids, polymeric micelles,
carbon nanotubes). Amongst the various types of nanoparticles,
silica nanoparticles have attracted considerable attention for
nano-oncology applications. Their appeal is due to their ease of
preparation and the possibility of controlling their size, poros-
ity and shape. Furthermore, they are biocompatible and very
low in toxicity, which makes their use in oncology highly
attractive. They can also be designed to incorporate different
imaging and therapeutic agents into their pores or on their
surface. Their surface can be easily functionalized, and organic
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radiolabeling efficiency of such silica-based nanoparticles.

ligands can be grafted onto them to add or enhance properties
of interest in oncology. Recent works on the application of
nanomaterials in nuclear medicine are particularly interested
in hybrid (organic and inorganic) nanoparticles (NPs) with the
use of medical metal radionuclides (radiometals) such as *°Zr,
M, ®4Cu or **Ga.’™° Radiometals possess the most suitable
properties for single photon emission computed tomography
(SPECT) and positron emission tomography (PET) applications.
The strength of radiolabeled nanoparticles is that different
imaging and therapy techniques can be integrated into a single
nanoparticle to obtain synergetic advantages.’"'* For example,
the bimodal PET-MRI system incorporates the high sensitivity
of PET with the high resolution of MRL*? In this type of system,
the presence of a stable chelating agent is crucial to prevent the
radiometal release.

The novel radiosensitizing AGuIX (Activation and Guidance
of Irradiation by X-ray) are particularly promising ultrasmall
NPs.'*'® Currently, they are one of the few silica-based nano-
particles which have been approved for clinical use and recent
literature has shown how AGuIX NPs can be used to perform
image-guided radiation therapy and to enhance radiotherapy
efficacy (radioenhancer).’**® Their synthesis goes under a top
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Fig. 1 Schematic representation of AGulX nanoparticle.

down process well described by Mignot et al.*® A polysiloxane

shell is grown around gadolinium oxide cores using hydrolysis-
condensation of (3-aminopropyl)triethoxysilane (APTES) and tet-
raethoxysilane (TEOS). DOTAGA ligands (5-(2-aminoethylamino)-
5-0x0-2-[4,7,10-tris(carboxymethyl)-1,4,7,10-tetrazacyclododec-1-yl]
pentanoic acid) are then grafted onto the surface. The DOTAGA
ligand is similar to the well-known DOTA (1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid) ligand but includes an
additional arm with an amide functional group. This extra arm
enables the ligand to be attached to the nanoparticle through
peptide coupling. Finally, the resulting compound is transferred
to water, where the gadolinium oxide core dissolves, and Gd**
ions are chelated by some of the DOTAGA ligands. This transfer to
water results in ultrasmall nanoparticles (mean hydrodynamic
parameter < 5 nm) with a polysiloxane core with two types of
DOTAGA attached to the surface: Gd-DOTAGA complexes and
“free” DOTAGA (Fig. 1). The presence of these complexes allows
the NP to be used as a contrast agent in MRI and to improve the
effectiveness of radiotherapy (radiosensitizing effect).

In addition, primary amines (-NH,) derived from APTES are
present and can be used to attach additional chelators such as
DFO (deferoxamine) through peptide coupling.” Silanol groups
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(-Si-OH), which can be deprotonated (-Si-O~) at pH values
above 2-3,2%?! are also found on the surface. The freely
accessible DOTAGA (or additional chelators) can bind radio-
nuclides, allowing the combination of multiple techniques.
Amongst the radioisotopes, zirconium-89 is particularly pro-
mising as a positron emitter with a long half-life period to be
used in PET imaging. However, one difficulty is to bind the
radiometal inside the DOTAGA cavity within the tetraaza core.
This can be especially difficult for highly hydrated Zr(wv) ion.
The formation of Zr(iv)-DOTA complex has been reported in the
literature,>*** but in aqueous media, the reaction requires
heating at 90 °C for 45 min to form the %°Zr-DOTA
complex.”> Without heating, the Zr-DOTA complex can still
form, but with a significantly lower yield.>* However, Tran et al.
demonstrated that AGuIX NPs can be directly labeled with *°Zr,
thanks to the accessible DOTAGA moieties, with an unexpect-
edly high labelling yield (96.5 + 1.5%)." The authors initially
supposed that Zr was chelated by the accessible DOTAGA
ligands to form the Zr-DOTAGA complex. It was assumed that
Zr(wv) is encapsulated within the DOTAGA cavity but no infor-
mation was available on the coordination sphere of Zr in AGulX
NPs to confirm this hypothesis. They hypothesized that silanol
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groups (Si-OH and Si-O™) and primary amines (-NH,) on the
nanoparticle’s surface could facilitate the complexation of Zr
inside DOTAGA of the nanoparticle. Chen et al. showed that Zr
can bind to silica nanoparticles even without surface-grafted
ligands but that complexation with silanols in unfunctionalized
nanoparticles is weaker than in AGuIX."® Indeed, AGuIX radi-
olabeling with Zr is more efficient; at 37 °C after one hour and
at pH = 7-8. 96% of Zr is bound to the nanoparticle, whereas
only 27% of Zr is bound to the wunfunctionalized
nanoparticle.>® In the case of silica nanoparticles with DFO
ligands grafted to their surface, a Zr radiolabeling yield four
times higher was observed compared to unfunctionalized
nanoparticle.” Moreover, *°Zr release was detected in bones
with the ligand-free nanoparticle in in vivo tests on mice.®
These results indicate that the ligand (DOTA or DFO) plays a
role in the labeling of Zr on the nanoparticle. Understanding
how #9Zr can be complexed within a DOTA-polysiloxane struc-
ture is crucial for theranostic applications, particularly with
therapeutic radiometals such as lutetium-177 (*’"Lu), where
DOTA is commonly used as a chelator. Employing the same
chelate structure for both *Zr and "’’Lu would enable visuali-
zation of the complete kinetic biodistribution of the radioli-
gand using PET imaging (*°Zr) prior to administering the
therapeutic radiopharmaceutical with *”"Lu.

For these promising new nanoparticles labeled with radio-
nuclides, it is particularly challenging to characterize the
nanoparticle-radiometal interaction and to determine the role
of the different chemical groups present of the surface. X-ray
absorption spectroscopy (XAS) is one of the few experimental
techniques, which can provide structural information for such
nanoparticles in solution. Specifically, extended X-ray absorp-
tion fine structure (EXAFS) and X-ray absorption near-edge
structure (XANES) can unravel the coordination geometry of
metal ions at the particle surface. In the present work, we have
used EXAFS and XANES to characterize the interaction between
zirconium and AGuIX nanoparticles. Theoretical calculations
were also employed to extract better information from the
experimental spectra. Our first objective was to identify the
chemical groups involved in the Zr coordination sphere. We
began by investigating Zr-DOTA complex in solution as a
reference system. Here, we sought to specifically obtain refer-
ence EXAFS and XANES data for encapsulated Zr in DOTA.
Using these reference data, we further examined Zr coordina-
tion structure in AGuIX nanoparticles. DFT and ab initio multi-
ple scattering calculations were performed to complement the
XAS results.”>

[l. Materials and methods
Chemicals

DOTA in solid form was purchased from Chematech (Dijon,
France) with a confirmed purity exceeding 98% as verified by
HPLC. Solid zirconium(iv) acetylacetonate was obtained from
Sigma-Aldrich with a purity of 97%. Anhydride methanol from
Sigma-Aldrich (purity 99.8%) was employed. A biological buffer
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was used: HEPES (4-(2-hydroxyethyl)-1-piperazine ethane sulfo-
nic acid, CgH,gN,0,S, Sigma-Aldrich, purity > 99.5%). Finally,
the AGuIX nanoparticle was supplied by Service Hospitalier
Frédéric Joliot (CEA, Dr Charles Truillet). Regular AGuIX are
composed of DOTA ligand, and 97-99% of which are com-
plexed with Gd** ions. This has been demonstrated using Cu>*
and Eu®" titration method.*>*®?° In this work, we worked with
AGUIX@DOTA2%. It contains 2% of free DOTA used for zirco-
nium complexation, the rest being bound to gadolinium
cations. All commercial products were used as received without
further purification. It is important to note that in this work all
the chemicals used are non-radioactive. Zr always refers to
natural Zr whereas **Zr refers to the actual radioisotope species
(used in the literature as an element or complex with a chelate).

Synthesis and characterization of Zr-DOTA and Zr-DOTAGA

Synthesis of Zr-DOTA has been performed according to a
previous work.”* The presence of the complex has been con-
firmed by NMR and ESI-MS experiments. Zr-DOTAGA has also
been synthesized according to the same protocol by replacing
DOTA ligand by NH,-DOTAGA. The presence of the complex
has been confirmed by ESI-MS (m/z = 605).

Sample preparation

Four samples were prepared for the XAS analysis, their compo-
sitions are given in Table 1. The detection limit of the XAS
instrument is approximatively 10~* mol L™". Consequently, the
radiolabeling protocol of AGuIX with ®°Zr described in the
literature for *°Zr concentration about 1.2 x 1077 mol L™*
was adapted to increase the zirconium concentration.

The modified protocol is as follows: to a solution of Zr(AcAc),
in water, an excess of carbonates (7 x 102 mol L™ * of Na,CO3) is
added. HEPES solution in water (0.5 mol L") is then added to
adjust the pH to approximately 7 (sample Zr-A in Table 1).
HEPES is a biological buffer that does not complex metals, thus
preventing cation-nanoparticle interactions.’® Next, the AGuIX
nanoparticle, dissolved in a 0.5 mol L HEPES solution in water,
is added to the Zr solution. The mixture is then shaked and
heated at 37 °C for 1 h (sample Zr-AGuIX in Table 1).

Two additional samples were prepared with DOTA ligand
instead of AGulIX nanoparticles. The Zr-DOTA sample was
prepared following the protocol previously described.>* It cor-
responds to Zr-DOTA complex in aqueous solution (sample Zr-
DOTA in Table 1). A last sample was prepared using the same

Table 1 Compositions of the samples, concentrations are in mol L™*

Zr-DOTA  Zr-AGuIX Zr-A Zr-B
[DOTA] 5x 107 14 x 103 — 4.2 x10°°
[AGuIX] — 7 x 1072 — —

[2r] 5x 107 7x10°* 7 x 107" 7 x107*
[Na,COj;] — 7 x 1072 7 x 1072 7 x 107
[HEPES)] 4.3 x 107" 43 x107" 43 x 107"
pH 5.7 7 7.2 7

“ The [DOTA] in the Zr-AGuIX sample is evaluated considering that free
DOTA accounts for 2% of the total AGuIX content.
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protocol as for Zr-AGulIX but replacing AGuIX by a DOTA ligand
(zr-B sample in Table 1).

The comparison between samples Zr-A (Zr in HEPES and
carbonate medium) and Zr-AGuIX aims to confirm whether the
nanoparticle influences the coordination mode of Zr. Addition-
ally, comparing Zr-B sample with Zr-DOTA and Zr-AGulX
samples will help determine whether zirconium enters the
DOTA ligand cage under these conditions (comparison of Zr-
B and Zr-DOTA) and to check if DOTA in solution and acces-
sible DOTAGA moieties grafted onto the nanoparticle exhibit
the same behavior (comparison of Zr-B and Zr-AGulIX).

X-ray absorption data acquisition and treatment

The samples were analyzed on the MARS beamline (2.75 GeV at
450 mA) at the SOLEIL synchrotron (Saint-Aubin, France). The
beamline is equipped with a double Si(220) crystal monochro-
mator (DCM). Two Pt-coated mirrors, placed before and after
the DCM, were employed to reject higher-order harmonics and
to achieve collimation and focusing of the beam. A metallic
zirconium foil was regularly used for energy calibration. A 13-
element HPGe solid-state detector was used for data collection
in fluorescence mode. All measurements were performed at
room temperature in 200 mL double-layered cells. Three to four
spectra per sample were recorded at the Zr K edge (17 998 eV),
then normalized and merged using the ATHENA software.*’
After energy calibration, the E, energy was set at the maximum
of the derivative of the absorption. Fourier transforms (FTs)
were performed on the k*>-weighted EXAFS spectra between 2.5
and 12 A™'. All fitting operations were performed in R-space
between 1 and 3 or 6 A using ARTEMIS software with the
IFEFFIT code.’’ The amplitude factor S,> was set at 1.05, in
line with previous work on X-ray absorption spectroscopy
studies of zirconium-based compounds.’”> Back-scattering
amplitude and phase-shift functions were obtained from FEFF
8.4 calculations.®” The R-factor (%) is provided by the ARTHE-
MIS software.

Computational details

All calculations were conducted using density functional theory
(DFT) with Gaussian 16.>* The PBEO functional was
employed.>® The optimized geometries were verified as true
minima through frequency calculations, as no imaginary fre-
quencies were detected. The 6-31G+(d,p) basis set was used for
H, C, N, and O atoms. For zirconium, core electrons were
represented by the MWB28 Stuttgart-Cologne quasi-relativistic
effective core potential (ECP), along with the corresponding
basis set for valence electrons.?® Water was modeled using the
self-consistent reaction field (SCRF) method with the polariz-
able continuum model (IEFPCM).*®

The XANES and EXAFS calculations were done using FEFF
9.05 code using the real-space Green’s function approach. For
the EXAFS calculations, all multiple-scattering paths were
calculated up to an R-path of 6 A. The Debye-Waller factors
for each scattering path were calculated from the DFT calcula-
tions of vibrational frequencies with Gaussian 16 and using the
DMDW module included in FEFF (at 300 K).*’
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Ill. Results and discussion
Zr-DOTA complexes

The synthesis and characterization of Zr-DOTA complexes have
beenwell described in solution from NMR spectroscopy and in the
solid state from crystal structure determination using single
crystal X-ray diffraction analysis.*>** The chelation by the four
macrocycle nitrogen atoms and four oxygen atoms of the pendant
arms was demonstrated in solution by NMR spectroscopy. Here,
we want to obtain EXAFS spectra for the Zr-DOTA complexes in
aqueous solution, which have not been reported so far in order to
further confirm the chelation and to obtain EXAFS reference data.
For lanthanides(u) and actinides(m), two coordination structures
have been found in solution. The first one corresponds to an out-
of-cage complexation (C1)with the chelation by four oxygen atoms
of the pendant arms of DOTA and by water molecules. The second
structure (C2) corresponds to the chelation by the four macrocycle
nitrogen atoms and four oxygen atoms of the pendant arms.*®
The out-of-cage complexation (C1) has been observed with
lanthanides(u)-DOTA and actinide(m)-DOTA as an intermediate
complex in solution, which is formed before the final C2
complex.**™*' The presence of these complexes for lanthanides
has been confirmed by EXAFS experiments.*’

Prior to the EXAFS experiments, theoretical calculations were
conducted for these two coordination environments for Zr in order
to simulate the EXAFS spectra and to determine whether there is a
difference between the spectra of the two structural models. The
geometries of the two C1 and C2 structural models were first
optimized from DFT calculations for (i) Zr bonded only to the
carboxylic functions and 4 water molecules that complete its
coordination sphere, [Zr(DOTA)(H,0),] (C1-type complex) (ii) Zr
“encapsulated” into the macrocyclic cage, bonded to the carboxylic
functions and tetraaza nitrogen atoms, Zr-DOTA (C2-type complex).

The EXAFS spectra were simulated; Debye-Waller factors
and atomic positions were obtained from the DFT calculations
using vibrational frequencies and geometry optimized struc-
tures. The structural parameters of the DFT-optimized geome-
tries are given in supporting information. The results are
reported in Fig. 2. A comparison of the EXAFS oscillation signal
reveals a significant difference. Specifically, a signal splitting
between 4 and 5 A~ is observed only for Zr-DOTA. This
splitting is due to the presence of two diffusion paths of
different lengths within the first coordination sphere of Zr;
Zr-O and Zr-N (2.14 and 2.49 A respectively). Therefore, the
signal splitting around 4-5 A~" serves as a reliable indicator of
zirconium encapsulation within the DOTA cage.

The EXAFS spectrum of the Zr-DOTA complex was recorded
at the zirconium K-edge (E, = 17998 eV). The k*-weighted EXAFS
spectrum and its corresponding Fourier transform (FT) are
shown in Fig. 3. The signal splitting between 4 and 5 A,
characteristic of encapsulation according to the previous simu-
lations, is observed, indicating the formation of the final C2
complex. This signal splitting is reflected on the FT by a
broadening and shouldering of the main contribution (1 A <
R-¢ < 2 A), indicating the presence of two types of bonds in the
first coordination sphere, Zr-O and Zr-N. The contributions of

This journal is © the Owner Societies 2026
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Fig. 2 Simulated EXAFS signal for the DFT-optimized structures [Zr(DOTA)(H,0),] (C1-type complex) (red) and Zr—-DOTA (C2-type complex) (blue).
Carbon atoms are shown in gray, oxygen in red, nitrogen in blue, hydrogen in white and zirconium in light blue.
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Fig. 3 Fourier transform of the Zr K edge k*-weighted EXAFS spectrum
(2.5 < k < 12 A7) of Zr-DOTA in water, experimental data (blue line) and
best fit results (empty black circle). [Zr-DOTA] = 5 x 10> mol L™, pH = 6.

the carbon atoms are observed between R-¢ = 2.2 A and 3.8 A.
Zirconium is therefore well encapsulated within the DOTA
cage. This finding is in agreement with '"H NMR spectra
previously reported.**

The possible presence of Zr clusters in solution was then
investigated as Zr(v) ions are easily hydrolyzed and polymerize
to form polynuclear species. Hennig et al isolated the

Table 2 EXAFS best fit parameters for Zr-DOTA

Best-fit parameters for Zr-DOTA

(So® = 1.05, AEy = 2.7 + 2, Zr-DOTA
. R-factor = 11%) from XRD**
Scattering
path N a* (A% R(A) N R(A)
Zr-0 4 0.004(1) 2.17(1) 4 2.133
Zr-N 4 0.012(5) 2.51(4) 4 2.415
Zr-C 4 0.016(5) 3.09(5) 4 3.039

Amplitude reduction factor S,> and coordination number N were fixed.
AE,: threshold energy shift in eV; ¢*: Debye-Waller factor; R: intera-
tomic distance. Uncertainties of the last digit are given in brackets.

This journal is © the Owner Societies 2026
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tetranuclear hydrolyzed zirconium species, [Zr,(OH)s(OH,) 6],
as well as a hexanuclear zirconium cluster surrounded by
acetate, Zrs(0)4(OH)4(CH;C0O0);,.*> The EXAFS spectra were
reported for these species. On the Fourier transform, both
species show a Zr-O-Zr contribution at R-p = 3.2 A with high
intensity and another at 4.7 A with low intensity. No contribu-
tion at these R-¢ values is observed in the Fourier transform of
the Zr-DOTA sample, indicating that, if these species exist, they
are present in very low quantities. Furthermore, as demon-
strated in a similar study with Pu(wv), the metal must be outside
the DOTA cage to form clusters (due to steric constraint).*?
Therefore, the presence of Zr clusters can been ruled out.

Finally, the experimental EXAFS spectrum of the Zr-DOTA
complex was fitted using the crystallographic structure from the
study by Pandya et al>® For the fit, 48 diffusion paths were
considered. Coordination numbers were fixed at four oxygens and
four nitrogen atoms to be consistent with crystallographic data.

The best-fit results are in correct agreement with the experi-
mental data for Zr-DOTA as shown in Fig. 3. The best-fit
parameters are provided in Table 2. According to the XRD
crystal structure, the first coordination sphere can be split into
two groups of degenerated diffusion paths. The first paths
correspond to the four oxygen atoms, at a fitted distance of
2.17 A. The second path, at a longer distance, corresponds to
the four nitrogen atoms at a fitted distance of 2.51 A. The
longer distances obtained from the fit compared to the XRD
model may result from differences between the solid state and
the solution. The high Debye-Waller factor obtained for Zr-N
(0.012 A% may be due to the presence of additional minor
species in solution (conformers, hydrolyzed species, etc.). This
disordered Zr-N bonds also translate in the bond length that
differs from the XRD crystal structure by 0.1 A.

Zr-AGuIX

The experimental EXAFS spectra of the Zr-DOTA complex and
Zr-AGuIX sample are compared on Fig. 4. The spectra show
significant differences, indicating a variation in the zirconium
coordination sphere between the two compounds. The primary
difference between the spectra is observed at 4 A™*, where a
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Fig. 4 Zr K-edge EXAFS spectra (left) and its Fourier transform (right) of Zr—-DOTA (blue) and Zr-AGulX (red).

signal splitting appears only for Zr-DOTA. This signal splitting,
as described in the first part, is due to the presence of atoms at
multiple distances in the first coordination sphere and
indicates that zirconium is located within the DOTA cage. It
is reflected in the Fourier transform by a broadening and
shouldering of the first peak (Fig. 4). The broadening of this
peak suggests a large distribution of distances in the first
coordination sphere, likely corresponding to the presence of
both short (Zr-O) and long (Zr-N) bonds. In the case of Zr-
AGuIX sample, the peak is thinner and more intense. This
indicates the presence of only one oxygen shell in the first
coordination sphere, that appears to be at a shorter distance
than the broad peak of Zr-DOTA on the Fourier Transform, and
the absence of nitrogen atoms at longer distances. Additionally,
the frequency of EXAFS oscillations is lower for the Zr-AGuIX
sample compared to the Zr-DOTA complex, confirming the
presence of shorter bonds in Zr-AGuIX.

In conclusion, for Zr-DOTA complex, zirconium is inside the
DOTA cage, bonded to the four oxygen atoms of the carboxylate
arms and the four nitrogen atoms of the cyclene (C2 complex).
In contrast, for Zr-AGuIX sample, zirconium is not bonded to
the four nitrogen atoms (it is not inside the DOTAGA cage) and
is only bonded to oxygen atoms at shorter distances. In addi-
tion, it seems that no polynuclear Zr cluster is formed in the Zr-

AGuIX sample, given the absence of Zr-O-Zr contribution on
the Fourier transform (Fig. 4).

To determine whether the nanoparticle is involved in Zr
coordination, the EXAFS spectrum of Zr-AGuIX sample is com-
pared with two other experimental spectra (Fig. 5), recorded for
Zr-A sample (Zr in aqueous solution in the presence of Na,CO;
and HEPES, pH = 7.2) and for Zr-B sample (Zr in solution in the
presence of Na,CO;, HEPES and DOTA, pH = 7) (see Table 1).
Here, the aim is to compare the coordination sphere of Zr in the
presence and absence of DOTA or AGuIX in solution to deter-
mine whether the structural change for Zr-AGulIX originates
from the synthesis medium or from the presence of the nano-
particle. First, the signal splitting at 4 A~* is not observed for Zr-
B sample indicating that zirconium is not inside the DOTA cage.
This is consistent with the known difficulty of forming the Zr-
DOTA complex in aqueous phase without heating." In addition
to the partial hydrolysis of zirconium in the aqueous phase that
can occur at pH = 7, carbonate ions may favor the formation of
zirconium carbonate complexes over DOTA complexation
(PK.(CO,/HCO; ") = 6.35, pK,(HCO; /CO3>") = 10.33). Moreover,
the spectra of Zr-B and Zr-A samples are very similar, suggesting
that the environment around Zr is the same in these two
samples. However, it is important to highlight that the EXAFS
spectrum of Zr-AGuIX sample differs considerably from those of

< <
™) =
= &
% =
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Fig. 5 Zr K-edge EXAFS spectra (left) and its Fourier transform (right) of Zr—A (green line), Zr-B (purple line) and Zr-AGulX (red line).
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Table 3 Best-fit parameters for the Zr K-edge EXAFS spectra of Zr—A and
Zr—AGulX using a one-shell model. Fitting was performed for k ranging
from 2.5 to 12 A~* and over the 1-3 A range

Fitting parameters”

Sample AE, N o* (A% R (A) R-factor (%)
Zr-A 0(2) 7.0(13)  0.010(2) 2.19(2) 6
Zr-AGuIX  —3(2)  5.1(8) 0.005(1)  2.10(1) 4

¢ Amplitude reduction factor S,> set at 1.05. AEy: threshold energy shift;
N: coordination number; ¢®: Debye-Waller factor; R: interatomic dis-
tance. Uncertainties of the last digit are shown in brackets.

Zr-A and Zr-B samples. This indicates that the addition of the
AGuIX nanoparticles in a solution of Zr in buffered aqueous
media changes the coordination sphere of zirconium.

These results indicate that zirconium bound to AGulIX is not
present inside the DOTA cage (it is not bound to the 4 nitrogen
atoms) and that the nanoparticle plays a role in zirconium
complexation.

To further analyze the EXAFS spectra, a fit was performed for
Zr-AGulX and Zr-A using a simple one-shell model of oxygen
atoms located at an equal distance from Zr. A fit was also
performed using Zr-DOTA from Pandya et al. study but was not
conclusive.”” The number of oxygen atoms N, the Zr-O dis-
tance, the Debye-Waller factor ¢> and the energy threshold
phase shift AE, were adjusted. The aim was to determine the
coordination number and interatomic distances of Zr in Zr-
AGuIX. Best-fit parameters are collected in Table 3 for Zr-A and
Zr-AGulX samples. Zr-A sample corresponds to a solution of Zr
in HEPES and carbonate media (see Table 1) without AGulX. It
corresponds to the solution just before the addition of the
nanoparticle and aims to confirm whether the nanoparticle
influences the coordination mode of Zr.

For the Zr-A and Zr-AGulIX samples, best-fit results accu-
rately reproduce the experimental EXAFS data (R-factor = 6 and
4%) and best-fit parameters are plausible. The best-fit results
for Zr-AGuIX is shown in Fig. 6. Interestingly, both the

(R)| (A4

*Reg (A)°

Fig. 6 Fourier transform of the Zr K-edge k*-weighted EXAFS spectrum
(25 < k < 12 A™Y of a Zr-AGuIX solution. Experimental data are in red
lines and fit data in black circles. The data fitted using a one shell oxygen
model over the range from 1to 3 A.
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coordination number and the fitted Zr-O distances decrease
for Zr-AGulIX compared to Zr-A. It has been shown that when
Zr is complexed with carbonate ions, the Zr-O bond is longer
(2.21 A) than when Zr is bound to hydroxyl groups (2.10 A).** A
decrease in the Zr-O bond length from 2.19 to 2.10 A (upon
adding AGuIX to the Zr solution containing carbonates) is
consistent with the exchange of carbonate ligand with another
ligand. Additionally, another study has shown that upon add-
ing a carboxylic acid ligand to a solution with [Zr(CO;),]*", a
ligand exchange reaction was observed.*” These findings con-
firm that the addition of the AGuIX nanoparticle to the Zr
solution affects the coordination geometry of Zr. As the EXAFS
part of the spectra cannot be investigated any further, the
choice was made to study the XANES part.

XANES study

The XANES part of the XAS spectrum, spanning a region of 50-
200 eV above the absorption edge, contains information about
the local atomic and electronic structure around the absorbing
atom. Previous studies on Zr have shown that its XANES
threshold shape at the K-edge is highly dependent on its
coordination number and symmetry.*®*” To illustrate the dif-
ferences which can be observed on the K-edge XANES spectra of
Zr compounds, XANES spectra measured for three solid state
compounds, baddeleyite (ZrO,), zircon (ZrSiO,4) and perovskite
(zrBaOj;) are reproduced from the literature in Fig. 7. The
XANES spectrum of baddeleyite (ZrO,), has a rounded thresh-
old shape with a single broad peak. For zircon (ZrSiO,), the
threshold is narrower, and the peak splits into two, with the
first peak being more intense than the second. For the per-
ovskite (ZrBaOj;), the peaks are more separated, with the second
peak being more intense. These differences in XANES thresh-
olds are attributed to differences in bond lengths and coordi-
nation numbers in the first coordination sphere of Zr. The
rounded shape of the threshold is characteristic of a coordina-
tion number of 7 or 8 for zirconium and longer average Zr-O
distances, such as baddeleyite (7 oxygen atoms at 2.166 A),

Zircon (ZrSi0,)

Baddeleyite (ZrO,)

Perovskite (Z1BaOs)

normalized xu(E)

17960 18010 18060
Energy (eV)

Fig. 7 K-edge XANES spectra of Zr of several zirconium reference com-
pounds. The spectra have been traced using data from a previous study.*®
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zirconolite, CaZrTi,O- (7 oxygen at 2.171 A) and Zr(SO,),-4H,0
(8 oxygen at 2.180 A). The double peak of zircon (8 oxygens at an
average distance of 2.198 A), with the first peak more intense
than the second, is characteristic of zirconium in an octahedral
coordination site. For the perovskite, the presence of two peaks
with the second one more intense than the first is due to
weaker coordination around zirconium and shorter Zr-O dis-
tances (6 oxygen atoms at approximately 2.10 A).

The XANES spectra of the Zr-DOTA and Zr-AGuIX samples
are reproduced in Fig. 8. The threshold shape of the Zr-DOTA
complex is highly similar to that of ZrSiO,, with zirconium
being bound to four nitrogen and four oxygen inside the cage
resulting in a coordination of 8, like zircon. In contrast, the
threshold shape of Zr-AGuIX more closely resembles that of
perovskite, which has a coordination number of 6. The coordi-
nation number would be lower for Zr-AGulIX than for Zr-DOTA.
This result is in agreement with the EXAFS fit, which indicated
a lower coordination number for Zr-AGulX. Furthermore,
beyond the threshold (>18 050 eV), the first oscillation, which
corresponds to the first wave in the EXAFS signal, occurs at
higher energy for Zr-AGulX than for Zr-DOTA, indicating
shorter distances for Zr-AGulIX.

The XANES spectra of Zr-DOTA, Zr-DOTAGA, both synthe-
sized with the same protocol (via an organic route), and Zr-
AGuIX have been compared (see supporting information). The
XANES spectrum of Zr-DOTAGA solution is very similar to the
Zr-DOTA one. It seems that the chemical environment around
Zr is similar in both structures. Moreover, as for Zr-DOTA, the
XANES spectrum of Zr-DOTAGA is similar to that of zircon. The
coordination number of Zr in the Zr-DOTAGA complex is
therefore the same as for the Zr-DOTA complex (8). Thus, the
supplementary arm of DOTAGA does not play a role in the
complexation of Zr.

As for the EXAFS part, the XANES spectrum of Zr-AGulX is
compared with those of the Zr-A sample (Zr + carbonate in
HEPES media before addition of the nanoparticle) and Zr-B
solution (Zr + carbonate + DOTA in HEPES media). The spectra

=
0]
N
Té
o
=
&)
=
<
17950 18000 18050 18100
Energy (eV)

Fig. 8 K-edge XANES spectra of Zr—-DOTA complex (blue), Zr—-AGulX
solution (red), Zr—B sample (purple) and Zr—A sample (green).
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are shown in Fig. 8. Firstly, the XANES spectra of Zr-A and Zr-B
samples are very similar, which is consistent with the EXAFS
results shown previously. The XANES spectra of Zr-A sample
and Zr-AGulX solution (addition of NP AGuIX to the Zr-A
solution) are very different, with a change in the absorption
threshold maximum. The threshold of Zr-A is similar to that of
baddeleyite indicating that Zr has a coordination number of 7
or 8. Moreover, Zr-A can correspond to a zirconium carbonate
complex, such as (Zr(CO3),* "), in view of the synthesis medium.
One study demonstrated that this monomeric species was
predominant in solutions containing excess carbonate
([(CO3)* V[Zr*] = 6) at pH < 9.5,** with the carbonate ligands
bidentate-bonded to Zr to form an 8-coordination complex.

In conclusion, the XANES results confirm the decrease in Zr
coordination number when the AGuIX nanoparticle solution is
added to the Zr-A solution. This shows that the coordination of
6 is due to the addition of the nanoparticle and not to other
reagents in solution.

To better understand the effect of the ratio Zr: DOTA and the
role of the carbonates in the coordination sphere of Zr, two
additional samples were prepared and characterized. EXAFS
and XANES spectra of Zr-AGulX B (Zr:DOTA ratio of 1:6
instead of 1:2 in Zr-AGuIX sample) and Zr-AGulIX C (without
carbonates) are presented in the supporting information. They
are comparable to Zr-AGuIX sample. The Zr: DOTA ratio and
the absence of carbonates appear to have little influence on the
coordination mode of zirconium at the nanoparticle.

XANES simulation spectra

The XANES spectra have been simulated using FEFF code,
which is largely used in the literature to simulate XANES
spectra.’"*®*® Thanks to the multiple scattering approach
implemented in the code, previous studies have found that it
is possible to reproduce correctly the XANES spectra of systems
containing transition metals®* > and especially the K-edge of
zirconium in the solid state and in solution.>*>’

The previous results have demonstrated that the extra arm
of DOTAGA compared with DOTA does not alter the Zr environ-
ment, and that Zr would be of coordinate 6 and not inside the
DOTA cage in the Zr-AGulIX system. Tran et al. have proposed
that Si-O ™, Si-OH and NH, groups are involved in Zr coordina-
tion. Silanol groups (Si-OH or Si-O~) are the most likely to
interact with zirconium. Previous studies have shown that silica
nanoparticles without surface-grafted ligands can complex
zirconium.>**® Chen et al. observed that deprotonated silanols
played a key role in ®Zr radiolabeling as a hard oxygen base to
stabilize Zr(v).® A literature search has been conducted to
identify a crystallographic structure containing 6-fold zirco-
nium bonded to Si-O~ groups that could be used as a model
structure for simulating the XANES spectrum. Catapleiite
(Na,Zr(Si;04)-H,0) proved to be the ideal candidate.®® This
structure contains several zirconium atoms in 6-coordination
and has Zr-O-Si bonds. The simulated K-edge spectrum of Zr
from this structure is shown in Fig. 9. The shape and position
of the simulated XANES spectrum is characteristic of Zr(wv)
structures in alkalizirconosilicate systems (Na/Li/K, Si, Zr) such
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Fig. 9 K-edge XANES spectra of a Zr-AGulX solution (red line) and
simulated from the crystallographic structure of catapleiite (black dashed
line). For normalization purposes, a multiplier of 1.07 has been applied to
the simulated spectrum.
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as vlasovite (NaZrSisO;5) or eudyalite (Na,(Ca, Ce, Fe, Mn, Y, La,
ST, K)3Z1Sis0,,(OH, Cl),).°°** The simulated XANES spectrum
of catapleiite reproduces the experimental spectrum of Zr
AGuIX quite well (Fig. 9). This is consistent with a coordination
number of 6 for Zr with silanol groups in the coordination
sphere. However, the two spectra differ in the intensity of the
first peak indicating that the first coordination sphere is not
identical. Several hypotheses can explain this difference such as
the presence of hydroxide, water or carbonate ligand in the
coordination sphere of zirconium. Nevertheless, since Chen
et al. observed that the complexation of Zr in unfunctionalized
nanoparticles is weaker than in AGuIX (27% vs. 96%), this
suggests that the ligand grafted onto the nanoparticle plays a
role on the Zr-AGulIX interactions and that the carboxylate arms
of free DOTAGA participate in the Zr coordination.

V. Conclusion

This study has demonstrated the utility of X-ray absorption
spectroscopy in characterizing the interaction between radio-
metal and hybrid silica-based nanoparticles which are devel-
oped in the context of nuclear medicine. **Zr is a particularly
promising radioisotope, and its radiolabeling on the AGuIX
nanoparticles is highly efficient. By combining EXAFS, XANES
and theoretical calculation, we were able to obtain structural
details on Zr complexation within the AGuIX nanoparticle.
From previous work it was speculated that zirconium was
complexed by DOTAGA and the presence of Si-O, Si-OH or
NH, groups on the surface of the particle might facilitate the
complexation of zirconium by DOTAGA by creating a micro-
environment. The strategy applied in this work was to rule out
the possible coordination mode one by one through EXAFS/
XANES analysis in order to propose the coordination model
most consistent with the experimental observations. EXAFS
analysis shows that zirconium is not inserted into the DOTAGA
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cage in Zr-AGulX despite what was originally expected. The XANES
analysis also confirms that Zr in not within the DOTAGA tetraaza
core, but that zirconium goes from a coordination of 8 to a
coordination of 6 when it binds to the nanoparticle. The simula-
tion of XANES spectra shows that deprotonated silanols are
involved in the first coordination sphere of zirconium in Zr-
AGuIX. If the tetraaza cavity is not involved in the binding, the
strong carboxylate groups from free DOTAGA should complete the
Zr coordination sphere and explain the high ®Zr labelling yield of
AGuIX compared to unfunctionalized silica nanoparticles.

These results indicate that flexible carboxylate functions may
be sufficient to improve the zirconium radiolabeling efficiency
on silica-based nanoparticles. Such information are important
to improve radiolabeling strategies for nanoparticles.

Limitation of this work and applicability to reality

The purpose of this work was to provide a better understanding
of the interactions between Zr and AGuIX nanoparticles. While
clinical applications employ the radionuclide **Zr (at 107" mol L™ %),
this study uses natural zirconium (at 7 x 10~* mol L"), which
introduces some limitations due to differing sources and experi-
mental conditions. The main difference would be that, in radi-
olabeling conditions, no polymeric species is expected due to the
very low concentrations. However, our experimental conditions
similarly showed no evidence of zirconium clusters or polymeric
species. Additionally, although radiolysis (radiation-induced degra-
dation) does not occur in our system, a previous work has demon-
strated that Zr-DOTA exhibit high resistance to radiolytic
degradation and would therefore have minimal impact in the real
system.*

This study did not involve any animal or human subjects. All
experimental work was conducted in accordance with the
relevant national and institutional guidelines of the University
of Montpellier and in compliance with The French Charter of
Ethics for Research Professions.
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