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Ultrasmall particles for Gd-MRI and 68Ga-PET
dual imaging
Charles Truilleta, Penelope Bouziotisb, Charalambos Tsoukalasb,
Jérémy Brugièrea, Matteo Martinia, Lucie Sanceya, Thomas Bricharta,
Franck Denatc, Frédéric Boschettid, Ulrich Darboste, Isabelle Bonnamoure,
Dimitris Stellasf, Constantinos D. Anagnostopoulosg, Vassilis Koutoulidish,
Lia A. Moulopoulosh, Pascal Perriati, François Luxa* and Olivier Tillementa

Nanoparticles made of a polysiloxane matrix and surrounded by 1,4,7,10-tetraazacyclododecane-1-glutaric
anhydride-4,7,10-triacetic acid (DOTAGA)[Gd3+] and 2,2’-(7-(1-carboxy-4-((2,5-dioxopyrrolidin-1-yl)oxy)-4-
oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic acid) NODAGA[68Ga3+] have been synthesized for positron emission
tomography/magnetic resonance (PET/MRI) dual imaging. Characterizations were carried out in order to deter-
mine the nature of the ligands available for radiolabelling and to quantify them. High radiolabelling purity
(>95%) after 68Ga labelling was obtained. The MR and PET images demonstrate the possibility of using the nano-
particles for a combined PET/MR imaging scanner. The images show fast renal elimination of the nanoparticles af-
ter intravenous injection. Copyright © 2014 John Wiley & Sons, Ltd.
Additional supporting information may be found in the online version of this article at the publisher’s web site.
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1. INTRODUCTION

Medical diagnostics has been getting more and more reliable by
the combination of data issued from multiple assays (1). Multi-
modal imaging is a powerful method that can provide accurate
detection of disease site (2), because the disadvantages of poor
temporal or spatial sensitivity of one particular technique can
be mutually overcome by the others, depending on the pathol-
ogy of interest. The injection of multimodal contrast agents,
which enhance all of the imaging features, could: (i) reduce the
scanning time of techniques; and (ii) reduce the dose of
chemicals for further safe diagnostics (3). Moreover, it has been
shown that multitasking diagnostics that combine techniques
such as PET (positron emission tomography) and MRI (magnetic

resonance imaging) could be really improved if effective multi-
modal contrast agents exist (4,5). The fact that PET images
provide functional information about the disease with high sen-
sitivity (6) speeds up the development of clinical PET and hybrid
PET/computed tomography (CT) cameras. Although PET imaging
provides information about physiological and pathophysiologi-
cal processes, such a technique is limited by the low anatomical
resolution (7). On the other hand, MRI offers high-resolution
images for anatomical information, especially when a specific
contrast agent is injected (8). Indeed the addition of a contrast
agent improves the quality of the MRI signal and allows
distinguishing different structures that depend principally on tis-
sue density and water content. Paramagnetic gadolinium com-
plexes have been commercialized as powerful contrast agents
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that are also able to highlight tumour tissue regardless of sur-
rounding healthy zones (9). These positive contrast agents have
the advantage of enhancing the local signal, which is more easily
detectable than the negative signal produced by negative con-
trast agents such as iron oxide nanoparticles. The PET technique
seems to be an exceptional complement to MRI diagnostics
thanks to its metabolic specificity and the ability of tumour
differentiation and mapping.

Multimodal nanoparticles have received considerable atten-
tion because of their favourable distribution and targeting
kinetics, supporting the imaging (10) and even the therapeutic
effect (2). On this point, our team has developed a multimodal
platform of agents (called AGuIX) constituted of a polysiloxane
matrix scaffold that incorporates chelating molecules such as
DOTAGA (1,4,7,10-tetraazacyclododecane-1-glutaric anhydride-
4,7,10-triacetic acid). Depending on the specific application
(diagnostic or therapy), these chelating sites could immobilize
a wide variety of contrast agents such as paramagnetic Gd3+ ions
for MRI and/or 111In for single-photon emission computerized
tomography (SPECT) imaging. The AGuIX particles showed
promising results in terms of biodistribution and theranostic
effects (radiosensitization guided by MRI) (11,12) Although the
commonly used radionuclides for PET are mainly 18 F (half-life
110min) and 11C (half-life 20min), 68Ga is increasingly (half-life
68minutes) gaining popularity because it can be obtained from
a commercially available 68Ge/68Ga generator system that de-
livers the 68Ga nuclide reliably for up to a year, without the need
of a cyclotron (13,14). Nevertheless molecules derived from
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA),
which appear as suitable for Gd3+ ions (log β =25.6), show
relatively poor affinity for 68Ga (log β =13.7), whereas derived
1,4,7-triazacyclononane-N,N’,N”-triacetic acid (NOTA) chelates
(such as NODAGA – 2,2’-(7-(1-carboxy-4-((2,5-dioxopyrrolidin-1-
yl)oxy)-4-oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic acid) offer a
strong complexation constant for 68Ga (log β =30.98) (15). In this
paper we describe the preparation and characterization of nano-
particle tracers that entrap both DOTAGA and NODAGA com-
plexes for PET and MRI multitasking techniques.

An accurate quantification of available chelating sites per
particle is essential for further applications of AGuIX as contrast
agents in both PET and MR imaging. We propose two strategies
for the estimation of vacant DOTAGA and NODAGA molecules:
one strategy based on the absorption titration and the second
one based on an innovative luminescence method. Contrary to
current titration techniques that allow quantification of only
one family of chelating sites, we are able to estimate both the
contributions of NODAGA and DOTAGA.

2. MATERIALS AND METHODS

2.1. Chemicals

Sodium hydroxide (NaOH, 99.99%), tetraethyl orthosilicate (Si
(OC2H5)4, TEOS, 98%), aminopropyl triethoxysilane (H2N(CH2)3-
Si(OC2H5)3, APTES, 99%), triethylamine (TEA, 99.5%) and dimethyl
sulphoxide (DMSO, 99.5%) were purchased from Sigma-Aldrich
Chemicals. Cy5.5 mono-NHS-ester (CY5.5, 75.4%) was purchased
from Amersham Bioscience. Diethylene glycol (DEG, 99%) was
purchased from SDS Carlo Erba (France). Diethylene triamine
pentaacetic acid (DTPA), DOTAGA and NODAGA were furnished
by Chematech (France). Gadolinium chloride hexahydrate
([GdCl3, 6H2O], 99%) and gadolinium oxide cores were provided

by Nano-H S.A.S. (France). Acetone (reagent grade) was pur-
chased from Sodipro (France) and was used as received. Only
Elga Purelab Ultra water was used for the preparation of the
aqueous solutions.

2.2. Synthesis of gadolinium-based ultrasmall rigid
platforms

These particles were obtained by a top-down synthesis method.
First, gadolinium oxide cores were synthesized in DEG. The oxide
core was then coated with a polysiloxane shell induced by
hydrolysis-condensation of convenient silane precursors in the
presence of gadolinium oxide cores. Afterwards, NODAGA and
DOTAGA were covalently grafted on the nanoparticles via an
amide bond. All these steps were performed in DEG. The transfer
from DEG to water induces core dissolution, leading to a hollow
polysiloxane structure. This latter collapses and fragments into
small and rigid scaffolds of polysiloxane. The DOTAGA and
NODAGA ligands, on the surface of the particles, chelate the dis-
solved gadolinium cations.

2.2.1. Gd2O3 core synthesis

The preparation of nanostructured Gd2O3 cores follows the
well-known polyol method under argon atmosphere. An
amount of 55.8 g of [GdCl3, 6H2O] was first dissolved in 1L of
DEG. The 10 min progressive addition of sodium hydroxide
solution (14.85mL at 10mM) at 410 K followed by a thermal
annealing at 450 K for 5 h allows the formation of monodis-
perse Gd2O3 oxide nanoparticles (1.7 nm (±0.1 nm)). A transpar-
ent colloid was obtained and its stability in DEG was ensured
for several months.

2.2.2. Polysiloxane coating of Gd2O3 cores

A polysiloxane shell growth on the oxide cores was induced by
hydrolysis-condensation of silane precursors at 310 K. The addi-
tion of an APTES and tetraethyl orthosilicate (TEOS) precursors
mixture (60:40 molar ratio) in the presence of a basic catalyst
solution (DEG with 0.1mM of TEA and 10mM of water) induces
a progressive polysiloxane coating of the Gd2O3 cores. Namely,
2.80mL of APTES, 1.85mL of TEOS and 6.80mL of the catalyst
solution were added in the solution containing the nanoparticles
at each step. Between single additions, the solution was left under
stirring for 12 h. The number of single additions (in this case, 10)
determines the thickness of the final polysiloxane coating.

2.2.3. NODAGA and DOTAGA labelling

The covalent grafting of NODAGA and DOTAGA molecules onto
the Gd2O3 core–SiOx shell particles is ensured by an amide bond
between the activated NHS groups for the NODAGA and the
anhydride function for the DOTAGA and the amino groups
relative to APTES molecules. A ratio of 0.2 NODAGA ligands per
gadolinium atom was added to the solution. One hour later,
two DOTAGA ligands per gadolinium were added to the solution.
The NODAGA and DOTAGA ligands provide a large excess of
chelators in the solution. The addition of each chelating species
is delayed by 1 h. The mixture was stirred for 72 h at room
temperature to complete the reaction.
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2.2.4. Purification

The addition of 3.5 L of acetone leads to the solid-phase precip-
itation of the colloidal solution. The acetone was then removed
by filtration via a sintered glass funnel (16μm to 40μm of poros-
ity) and nanoparticles were dispersed in 500mL water. After the
pH adjustment of the solution to 4.5, the colloid was aged for
12 h at 300 K. Further purification steps of functionalized nano-
particles were made by ultrafiltration membranes (Sartorius
Stedim Vivaflow® membranes with 5 kDa cut-off threshold) at
pH 5. A DTPA solution (at 5mM) was added to the purified solu-
tion. The solution was stirred for 1 h, after which the pH was ad-
justed to 5.5. The solution was stirred for 12 h at room
temperature and then purified by tangential filtration until the
desired purification rate of higher than 103 was reached. The
largest impurities were removed by 0.2μm filtering. The sample
was then freeze-dried using a Christ Alpha 1-2 lyophilizer for
long-term storage.

2.2.5. 68Ga nanoparticle labelling

For a typical preparation of 68Ga-labelled AGuIX nanoparticles,
the AGuIX nanoparticles at 10mm per gadolinium were mixed
with sodium acetate buffer (pH 5.6) and 200μL of 68Ga eluate
(10MBq per labelling) were consequently added. The mixture
was then incubated for 20min at 40 °C.

2.3. Materials and instruments

2.3.1. Dynamic light-scattering measurements

Direct measurement of the particles-size distribution (i.e. the
average size and the mean standard deviation) was performed
using a Zetasizer Nano ZS fromMalvern Instruments (He–Ne laser
633 nm, 5mW, with 173° Non-Invasive Back Scatter (NIBS) detector
and narrow band filter).

2.3.2. ζ -Potential measurements

The ζ-potential of the nanoparticle surface was measured by a
Zetasizer Nano ZS from Malvern Instruments. The colloidal solu-
tion was first diluted in an aqueous solution containing 0.01mM
of NaCl and then titrated by autotitrator unit MPT2.

2.3.3. Inductively coupled plasma mass spectrometry analysis

Determination of the gadolinium content in a sample was
performed by inductively coupled plasma mass spectrometry
(ICP-MS) analysis. Before measuring gadolinium concentration,
samples of colloidal solution were dissolved in concentrated ni-
tric acid for 24 h. The samples were then diluted with water, until
the nitric acid concentration in water reached 5%. Chemical anal-
yses were also performed on the as-prepared samples at the
‘Service Central d’Analyses du CNRS’ (Solaize, France) by ICP-
MS, and enabled determination of the C, N and Si contents to
a precision of 0.55%.

2.3.4. Fluorescence measurements

The time-resolved emission spectra as well as the lifetime decays
were collected at room temperature using a Cary Eclipse spectro-
photometer developed by Agilent Technologies (75 kW Xenon
flash lamp, Czerny-Turner monochromators, Δpulse =2μs,
800 V PM detector). Samples were diluted in deionized water

(nanoparticle concentration equal to 100μm) to obtain an opti-
cal density <0.10 (at the excitation wavelength of 395 nm), in or-
der to prevent reabsorption.

2.3.5. Relaxometry

Relaxation time measurements were performed using a Bruker
Minispec MQ60 nuclear magnetic resonance analyser, operating
under a 1.4 T magnetic field.

2.3.6. Mass spectrometry

Full-scan mass experiments were performed using a linear quad-
rupole ion trap mass spectrometer (LTQ, Thermo Fisher Scien-
tific, San Jose, CA) with enlargement for the high 2000–4000
Th range. The nanoparticle solution was electrosprayed at a flow
rate of 20μL/min in positive ion mode.

2.3.7. Magnetic resonance imaging

The MRI was performed on a 1.5 T MR unit (Intera; Philips Medical
Systems, Best, The Netherlands). Coronal T1-Weighted images
(Turbo Spin Echo and 3D Fast Field Echo) with fat saturation
were acquired using a surface multichannel coil.

2.3.8. The PET computed tomography imaging

Imaging was performed with a clinical PET/computed tomogra-
phy (CT) system (Biograph 6, Siemens Healthcare, Erlangen,
Germany). The CT scans were acquired using a tube voltage of
80 kV, current of 50mA, slice thickness 1.25mm, pitch 0.8 and
kernel B10s for reconstruction. A high-resolution PET examina-
tion was performed using an acquisition time of 40min/bed
position. The PET images were reconstructed using an iterative
mode (OSEM Iterative reconstruction algorithm, six iterations
and 16 subsets) and a matrix size of 256 × 256.

2.4. In vitro studies

2.4.1. Cell lines

Two line cells were used for evaluating the cytotoxicity of nano-
particles, one from a tumour and the other from healthy cells:
U87MG and HEKβ3. The cell line U87MG is a human primary glio-
blastoma cell line derived from human malignant gliomas,
whereas HEKβ3 is a cell line derived from human embryonic kid-
ney (very easy to transfect), transfected with the integrin subunit
Bêta 3.

2.4.1. Toxicity of AGuIX

To evaluate the cytotoxicity of the nanoparticles AGuIX, a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as-
say was conducted on the two different cell lines. Cells were
plated at a density of 3 × 103 cells per well in 96-well plates
and subsequently incubated for 24 h with AGuIX at a wide con-
centration range: from 0.1mM per gadolinium to 20mM per
gadolinium. One day after incubation, the cells were washed
with a phosphate buffer solution and then Dulbecco’s modified
Eagle’s medium and MTT solutions were added. After incubation
for another 6 h, the medium containing MTT was removed and a
solubilization solution made of 10% Triton-X 100 in acid
isopropanol was added into each well. The plates were gently
shaken for 10min at room temperature. Then, the absorbance
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at 570 nm subtracted from 650 nm to act as control was mea-
sured. It was possible to determine the cell viability as the ratio
of the absorbance of tests cells subtracted from the medium
control wells over the absorbance of the untreated wells
subtracted from the medium control wells.

2.5. In vivo studies

The in vivo behaviour of the radiolabelled compound was initially
evaluated in normal Swiss mice. Intravenous administration was
performed at 20 kBq/100μL per mouse, via the tail vein. The
ex vivo biodistribution study was performed at 30, 60 and
120min post-injection. All animal experiments were performed
in compliance with EC Directive 86/609 and its implementation
in national legislation (updated version EL 56/2013).

3. RESULTS

3.1. Synthesis and purification

The synthesis of AGuIX contrast agents follows an original top-
down method used for the DOTAGA-based particles reported
elsewhere (11,12). Briefly, a gadolinium oxide core of 1.7 nm is
obtained by addition of caustic soda on gadolinium trichloride
previously dissolved in diethylene glycol (DEG). Gadolinium
oxide cores are then coated with a polysiloxane shell after addi-
tion of APTES and TEOS precursors (16), and NODAGA (0.2 per
gadolinium atom) and DOTAGA (two per gadolinium atom) were
grafted on the amine functions of the core–shell particles. The
NODAGA ligands were chosen because of their high affinity with

68Ga3+, whereas the DOTAGA ligands were specifically selected
for their efficient chelation of Gd3+ ions (17–19). Moreover,
thanks to their carboxylic acid groups, they make the core–shell
particles hydrophilic, conferring to them good colloidal stability
in biological buffers. The particles were then transferred in water
and purified. At that moment, the oxide core was dissolved and
the DOTAGA and the NODAGA moieties chelated the gadolin-
ium ions that were issued from the dissolution of the oxide core
(see Scheme 1) (11,12).
The further addition of DTPA ligands induces the

transmetallation of gadolinium ions from the NODAGA to the
DTPA, making the NODAGA ligands free to be radiolabelled.
The phenomenon is directly due to the higher complexation
constant towards gadolinium of DTPA compared with that of
NODAGA (log β =22.5 for DTPA vs 13.7 for the NODA) and to
the slow kinetics of demetallation for the DOTAGA (20). The final
solution was purified by ultrafiltration with 5 kDa cut-off
polyethersulphone membrane for the total elimination of resid-
ual DTPA and DTPA[Gd3+] (see Scheme 1).
The final colloidal solution has been characterized by dynamic

light scattering and a hydrodynamic diameter equal to 2.5 nm
(±0.1 nm) has been found (see Scheme 1d). Moreover, potential
assays confirm a slight positive charge of +4.5mV at physiologi-
cal pH (see Supporting Information). Finally, the particles were
freeze-dried for storage and are stable for months.

3.2. Mass of AGuIX obtained by MS

Mass spectroscopy allows the calculation of the average compo-
sition of AGuIX nanoparticles. The nanoparticles were subjected

Scheme 1. Final steps in the synthesis of AGuIX nanoparticles: (a) nanoparticles after transfer in water; (b) addition of DTPA ligands; (c) chelation of Gd3
+ previously trapped in NODAGA ligands; (d) possibility of radiolabelling with 68Ga on accessible NODAGA ligands. On the left, the dynamic light scat-
tering distribution of AGuIX and on the right their mass distribution determined by deconvolution with a multiplicative correlation algorithm.
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to electrospray ionization (ESI) that generates gas-phase ions
that provide mass-to-charge information. The results obtained
have been exploited because the ‘envelope’ of peaks was stable
and the relative abundance of the different peaks was found to
be dependent only on the ESI/MS experimental conditions. A
multiplicative correlation algorithm (MCA) was then used to esti-
mate the mass of the nanoparticles (see Scheme 1d (inset), the
mass distribution generated).
The results reveal an average mass value of 8.7 ± 0.2 kDa per

particle in coherence with the dynamic light-scattering measure-
ments. The fragmentation mass spectrometry analysis also con-
firmed the presence of free NODAGA and DOTAGA[Gd3+] upon
the nanoparticles (see Supporting Information). Some fragments
in the positive mode of the ESI spectrum directly highlight the
covalent conjugation of the NODAGA to the APTES of the
polysiloxane matrix via the primary amine side-chain group. In
the low m/z range of the MS spectrum in positive mode (be-
tween m/z 250 and m/z 2000), the m/z 461 peak was found to
be characteristic of NODAGA-functionalized AGuIX (Supporting
Information – Figure SI 3). Some specific fragments of DOTAGA
issued from the AGuIX have been observed, such as the m/z
720 peak that is specific to the [Si(OH)3� DOTA[Gd3+]]�

(Supporting Information – Figure SI 3).

3.3. Relaxivity studies

The efficiency of AGuIX particles as a MRI contrast agent was
evaluated by the measurements of the longitudinal and the
transversal relaxivity (respectively r1 and r2). One of the common
approaches to increase relaxivity is to slow down the molecular
tumbling by attaching gadolinium complexes to a macromole-
cule through rigid linkages (21,22). Longitudinal and transversal
relaxivities are reported in Table 1 and have been compared with
a commercial contrast agent called DOTAREM®.
Relaxivity measurements gave a longitudinal relaxivity r1 of

10.3mM-1s-1 per gadolinium at 60MHz, almost three times supe-

rior to the clinically used gadolinium agent DOTAREM and a low
r2/r1 ratio of 1.3 in agreement with values of the literature for T1
contrast agents.

3.4. Quantification of available chelate sites for
radiolabelling

3.4.1. Absorbance assays

The most popular and intuitive technique for the quantification
of binding sites is represented by the absorption titration. The
Lambert Beer’s law states that the absorbance is directly propor-
tional to the concentration of species in the sample, each one
weighted by the molar extinction coefficient ε. The Cu2+ ions
are added as tracers for absorption titration because their com-
plexation with DOTA and NODA molecules causes an intense sig-
nal in the visible region that is specific of chelating molecules
(23,24). The signal collected is then the sum of the AGuIX nano-
particle, DOTAGA[Cu2+], NODAGA[Cu2+] and [Cu2+] ions contri-
butions (eqn (1)):

A λð Þ ¼ Σ iAi ελ;i;l; ci
� �

¼ ελ;DOTA Cu½ �cDOTA Cu½ �l þ ελ;NODA Cu½ �cNODA Cu½ �l
þελ;AGuIXcAGuIX l þ ελ;CucCul

(1)

The molar extinction coefficients have been determined from
standard references. The mathematical deconvolution of the
absorbance curve provides the base vector for each species in
the solution and then the number of available sites for
complexation.

Figure 1 summarizes the absorption curves of reference solu-
tions with their maximum centred at 741 nm for DOTAGA [Cu2+],
at 672 nm for NODAGA[Cu2+] and at 820 nm for free [Cu2+] ions.
The AGuIX nanoparticles show a continuous exponential de-
crease till the red-edge wavelengths. For the titration we chose
the range of wavelengths between 450 nm and 575 nm, where
only AGuIX, DOTAGA[Cu2+] and NODAGA[Cu2+] absorb.

The progressive addition of Cu2+ ions (i) increases the absorp-
tion peak and (ii) red-shifts the maximum from 720 nm to
770 nm for concentrations higher than 8% (0.5mm) (Fig. 1b).
The unmodified peak position for low concentrations of Cu2+

ions is due to the progressive complexation of metal ions by
the chelating agents at the nanoparticle surface, whereas the ab-
sorbance maximum shift (for concentrations higher than 8%)
depends on the presence of free Cu2+ ions in solution. Consider-
ing the critical concentration of 8%, which corresponds to the

Figure 1. (a) Absorption spectra with different standard solutions (DOTAGA[Cu2+], NODAGA[Cu2+] and Cu2+) for a concentration of 1mM of copper at
pH 3. (b) Absorption spectra of the nanoparticles AGuIX as a function of the copper per gadolinium atom (in %).

Table 1. Relaxivities comparison between AGuIX® and clini-
cal product DOTAREM® at 60MHz

Relaxivity AGuIX® (mM-1.s-1) DOTAREM® (mM-1s-1)

r1 10.3 3.4
r2 13.4 4.8
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maximum number of available sites for Cu2+ chelation, the esti-
mation of available NODAGA and NODAGA ligands is equal to
6.5% (0.325mm) and 1.5% (0.075mm) respectively.

3.4.2. Luminescence assays

The quantification of available chelating sites by absorbance
titration is undoubtedly critical, because of the close overlap
between each contribution (NODAGA, DOTAGA and the AGuIX).
Faced with such systematic error, luminescence titration seems
to be the best way to bypass the resolution limits of the absorp-
tion technique. The concept of this innovative tool for accurate
chelates quantification arises from (i) the specific signature of
lanthanide luminescent centres with the chelating agent, (ii)
the high sensitivity at low sample concentrations and (iii) the ex-
clusion of parasitic signals due to the environmental back-
ground. As seen for the case of absorbance titration, the
fluorescence signal also can be a linear combination of single
contributions only for highly diluted samples.

Although the fluorescence signal is usually not proportional to
the emitter concentration because of the inner filter effect, at
very high dilutions the deviation from linearity is acceptable (25).

Based on these considerations, the fluorescent signal is then
the sum of three components due to the environment of the
tracer (in this case Eu3+ ions have been preferred to the Cu2+

for their specific luminescence signature): DOTAGA[Eu3+],
NODAGA[Eu3+] and free [Eu3+] (eqn (2)):

I ¼ KDOTA Eu½ ��cDOTA Eu½ � þ KNODA Eu½ ��cNODA Eu½ � þ KEu3þ�cEu3þ (2)

Indeed, the europium ion was chosen because of (i) its chem-
ical reactivity very close to the gadolinium ions, (ii) the stability
constants for chelation (DOTAGA, NODAGA) are similar to gado-
linium, (iii) the luminescence spectrum that is really sensitive to
the ion environment helps the separation of each component
and (iv) the long lifetime allows time-resolved assays that bypass
the fluorescence background of residual organic impurities.
Once the K constants have been estimated by standard refer-
ence assays (See Supporting Information), the mathematical
iteration of luminescence curve fittings provide the number of
available sites for complexation.

Focusing only on the magnetic dipole of europium (595 nm),
an excellent linearity of emission signal with the concentration
in the range of 0.1–2.5mM was evident. The K factors of eqn
(2) were then easily estimated: I595nm =273.04; CDOTAGA[Eu3+]
=136.25 and CNODAGA[Eu3+] =18.13 CEu3+. The progressive addi-
tion of europium tracers from 1% (0.025mM) up to 50 %

(1.25mM) reveals a change in fluorescence intensity increase
around 8% (Fig. 2). In the first portion of the curve (Eu3+ amounts
<8% per gadolinium), the intensity measured increased dramat-
ically with the amount of tracers added due to the complete
chelation of Eu3+ ions by both DOTAGA and NODAGA molecules.
The subsequent change in slope for higher concentrations
proves the presence of additional free europium ions in the
solution. From the fluorescence titration, the 8% threshold ob-
tained was directly correlated to the number of available com-
plexation sites upon AGuIX nanoparticles and the value
confirms previous absorption titration results.

3.4.3. Lifetime titration assays

A third method for the quantification of chelates is based on the
lifetime of titration. The fact that europium ions display a long
lifetime and the intensity decay rates is independent of sample
concentration seems to be interesting for the evaluation of the
number of binding sites. The luminescence process, as a sponta-
neous phenomenon, is simply described by the equation:

I tð Þ ¼ I0 e
�t

τ= (3)

where I0 represents the intensity immediately following the exci-
tation pulse and τ is the time spent by the tracer at the excited
state before its relaxation decay (26). The linear combination
previously mentioned for both absorption and luminescence ti-
tration also can be used for lifetimes. Considering a specific life-
time value τi for each environment of tracer used, we obtained:

I tð Þ ¼ ∑
i
αiexp �t=τið Þ (4)

The fitting of decay curves allows the estimation of pre-
exponential factors αi that are proportional to the percentage
of each species. The further integral calculus of decay curves
leads to the intensity contribution of each species Ii (termed
decay-associated spectra, DAS) and finally to the relative concen-
trations [ci] in the sample:

Ii λð Þ ¼ f i�I λð Þ (5)

with

f i ¼ αiτi
Σ jαjτj

(6)

The coefficient f is defined as the fractional contribution of the
component. The concentration of each component is then di-
rectly proportional to fi

Figure 2. (a) Comparison of the absorption experimental curve of nanoparticles with copper, with the fitting curve obtained thanks to the cali-
bration curve of NODAGA[Cu2+] and DOTAGA[Cu2+] and the nanoparticles alone. (b) Titration of available chelating sites by europium emission and
copper absorption.
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% Ci½ �∝ f i�Σαi
αi

(7)

with αi
Σ iαi

the normalized factor.

Reference assays showed specific lifetime values that depend
on the chelating molecule: τDOTAGA =625ms, τNODAGA =390ms
and τfree =120ms. The decrease in the lifetime is directly corre-
lated to the higher number of water molecules coordinated to
europium. The mathematical iteration of curve fitting allows es-
timation of the coefficients (αI,τi) and then, following the formula
mentioned above, the fractional contributions fi. As seen in
previous titration techniques, the concentration of 8% separates
the samples where complete chelation has occurred and the
samples that also present free tracers (Fig. 3). Moreover, the frac-
tional intensities show the major contribution of NODAGA[Eu3+]
instead of DOTAGA[Eu3+] and confirm that AGuIX® particles con-
tain 6.5% of available NODAGA sites and only 1.5% of DOTAGA.

3.5. Determination of the AGuIX molecular structure

Taking into account the information provided by MS, elemental
analysis and optical titration we were able to suggest the proba-
ble average composition of the AGuIX tracers. Indeed, the optical
assays coupled with the information obtained by elemental anal-
ysis (absolute error ranging below 0.5% of the weight percent-
ages) produce the ratio: Gd1:APTES2.43:TEOS2.31:DOTAGA1.015:
NODAGA0.065. On the other hand, considering the global mass

of about 8.7 ± 0.2 kDa, we can propose the following average
composition Gd8.2:APTES20.0:TEOS19.0:DOTAGA8.3:NODAGA0.5 for
one individual AGuIX, which is in total agreement with the com-
position produced by ICP-MS (Table 2).

3.6. Evaluation of AGuIX labelling potential and stability

Radiochemical purity after 68Ga labelling was determined by
ITLC (instant thin-layer chromatography), using KCL 0.2M as
the mobile phase (Fig. 4c). In vitro stability of 68Ga-AGuIX was
assessed in saline and serum for up to 3 h. For the serum stability
studies, 50μL 68Ga-AGuIX® conjugate was added to 450μL se-
rum, and the mixture was incubated at 37 °C. Samples were
taken at 10, 60 and 180min and assessed by ITLC silica gel, with
0.2M KCl (pH 3) as the mobile phase.

As reported in Fig. 4c, the AGuIX nanoparticles were suc-
cessfully labelled with 68Ga with high radiochemical purity

Figure 3. (a) Luminescence decay of the solution with different percentages of europium per gadolinium. A multiplicative correlation algorithm fits
the experimental curve according to the equation I(t) = Σi αi exp (�t⁄τi). (b) Recapitulative table with different parameters in order to analyse the decay
curve. The lifetime of each compound was determined as: 1 = [Eu3+], 2 = NODAGA[Eu3+] and 3 = DOTAGA[Eu3+].

Table 2. Chemical composition of the nanoparticles de-
duced from ICP-MS

Element mass fraction (%)

Gd Si N C

Elementary analysis 12.42 10.48 7.39 24.34
Calculated 12.71 10.72 7.48 25.49
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(>97%). The 68Ga-AGuIX nanoparticles were stable at retention
times up to 3 h.

3.7. Toxicity of the nanoparticles

Nanoparticle toxicity was investigated on two cell lines, one tu-
mour cell line (U87) and one normal cell line (HEKβ3; Fig. 4).
The MTT assay was used to evaluate the toxicity of the nanopar-
ticles without labelling and indicated that the AGuIX nanoparti-
cles displayed at least 80% cell viability for both cell lines, even
at the highest feed concentration.

On healthy cells and on tumour cells, the nanoparticles do not

show any toxicity. The absence of unchelated Gd3+ was con-
firmed by titrations with xylenol orange, which is an indicator
specific for complexometric metal titrations. Thanks to the low
complexation constant of Gd3+ by xylenol orange (log K =5.8),
there is no risk of extracting any Gd3+ from highly stable com-
plexes such as DOTAGA[Gd3+].

3.8. Dynamic distribution of AGuIX in normal nude mice

Healthy nude mice (n = 3) were used to investigate the
biodistribution of the probes in vivo. After injection, no animals
showed any symptom such as pain, illness or abnormal

Figure 4. (a) Evaluation of the toxicity of the nanoparticle AGuIX by MTT assay on two different cell lines (U87 and HEKβ3). (b) Biodistribution study
performed at 30, 60 and 120min post injection on healthy mouse. (c) Stability studies in serum of the nanoparticles at different ageing times. The con-
centration of the nanoparticles is 10mM per gadolinium.

Figure 5. The MRI/PET images on the same mouse with AGuIX. (a–c) The MR images of a male mouse that was injected with 20 μmol labelled AGuIX
solution, 60min prior to the MRI examination. We note a definite enhancement of the kidneys (arrows in b and c). Compare with corresponding slices of
the kidneys (arrows in a) of a non-injected male mouse, acquired with the same imaging parameters. (d) A PET/CT image with 0.925MBq of 68Ga-AGuIX
(injected volume: 150 μl) and placed on a warm polystyrene pad for 30min.

C. TRUILLET ET AL.

wileyonlinelibrary.com/journal/cmmi Copyright © 2014 John Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2015, 10 309–319

316



behaviour. After the PET/MRI experiment, the animals were eu-
thanized and then the major organs were isolated (the ex vivo
measurements are summarized in the Fig. 4b). Biodistribution
studies in normal Swiss mice showed that 68Ga-AGuIX cleared
rapidly from the blood via the kidneys to the urine, resulting in
extremely low background activity in all other analysed tissues
(<2% injected dose (ID)/g at 120min intraperitoneally (p.i.)).

3.9. The PET/MRI of 68Ga-AGuIX

The PET images and MRI images (Fig. 5) were successfully
gathered after nanoparticle injection. Mice were anaesthetized
with an intraperitoneal injection of a mixture of ketamine
(100mg/kg) and xylazine (15mg/kg). They then received by
retro-orbital injection 0.925MBq of 68Ga-AGuIX (injected volume:
150μl) and were placed on a warm polystyrene pad for 2 h. The
PET CT examination was then performed using a clinical PET/CT
system. The MR imaging of the same male mouse was per-
formed on a 1.5 T unit, 60min post-injection of 20μmol AGuIX®.
The MR images of treated mice exhibited significant contrast

enhancement compared with the untreated mice. As the mice
were healthy, the nanoparticles were excreted quickly by the
kidneys, as previously shown in classic AGuIX nanoparticles
assays (11,12). This way of elimination induces a significant
contrast enhancement due to the presence of the particles in
the kidneys and in the urinary bladder.
On PET/CT images, radioactivity due to AGuIX was observed in

the bladder and the kidneys. Any trace of radioactivity in critical
organs such as liver, lungs and bone was detected, and this
confirms that MRI and PET/CT interpretations were totally coher-
ent in the two imaging techniques.

4. DISCUSSION

Due to the synthesis process of the nanoparticles, all the ligands
chelate a gadolinium after the passage of the nanoparticle from
the DEG to the water. The addition of DTPA presenting a com-
plexation constant towards gadolinium between DOTAGA and
NODAGA permits the specific demetallation of NODAGA during
the purification process. To validate this strategy, an accurate
quantification of available chelating sites per particle is essential.
We propose two strategies for the estimation of vacant DOTAGA
and NODAGA molecules: one strategy based on absorption titra-
tion and the second one based on innovative luminescence
methods. Contrary to current titration techniques that allow
quantification of only one family of chelating sites, we were able
to estimate both contributions of NODAGA and DOTAGA.
The most popular and intuitive technique for the quantifica-

tion of binding sites is performed by absorption titration.
Absorption assays, thanks to the Lambert Beer’s law, provide a
signal that is directly proportional to the concentration of spe-
cies in the sample. The addition of Cu2+ ions – that immobilize
spontaneously within chelates – shifts the absorption peak as a
function of its binding site. The different absorption features
allow the quantification of available chelating sites in the sample.
The titration was managed by progressive addition of copper
with different ratios of Cu2+/Gd from 1% to 50%. As shown in
Fig. 2(b), the maximum absorption value of the copper increases
drastically from 1% to 8% and shows a clear break in slope after
8%. The steep slope before 8% is due to the progressive com-
plexation of metal ions by the available chelating sites at the
nanoparticle surface. Beyond this value, the further addition of

Cu2+ ions has only a smaller impact on the total absorption be-
cause they remain free in solution.

The absorption titration method displays some limits due to
the overlap between the characteristic peaks of both NODAGA
and DOTAGA molecules in the visible range. Moreover the pres-
ence of free Cu2+ ions that contribute as chelating molecules de-
creases the accuracy of quantification of available sites (Fig. 2a).
Luminescence titration seems to be the best way to bypass the
resolution limits of the absorption technique. As seen for the
absorbance titration, the total fluorescence signal is the linear
combination of single contributions due to species diluted in
the sample (see Supplementary Information). In this case, Cu2+

ions have been replaced by Eu3+ ions, because they appear as
the best luminescent species for this titration (27). The long life-
time of europium ions allows time-resolved assays that bypass
the fluorescence background of residual organic impurities in
the sample. Luminescence spectra reveal a strong dependence
of 5D0–

7 F1 (peak centered at 592 nm) transition peak intensities
from the environment of europium ions (see Supporting Infor-
mation). The progressive addition of the europium amount from
1% to 50% reveals a break in fluorescence intensity (5D0–

7 F1
transition) increase around 8%. In the first portion of the curve
(Eu3+ amounts <8% per gadolinium), the intensity of the
595 nm peak increases dramatically with the amount of Eu3+

due to the complete chelation of Eu3+ by both DOTAGA and
NODAGA molecules. The subsequent decrease in slope with
drop in intensity shows the presence of free europium ions in
the solution (due to the quenching of fluorescence by water
for free europium). The 8% threshold is directly correlated to
the number of available complexation sites upon AGuIX nano-
particles, in agreement with the absorption titration result.

We demonstrated that further lifetime titration assays could
be adequate to quantify the number of available chelating mol-
ecules. The mathematical iteration fitting of decay curves (excita-
tion wavelength at 395 nm and emission wavelength at 595 nm)
allows the estimation of the coefficients (αi,τi) and hence the
fractional contributions fi for each i species. The lifetime value
of europium dramatically depends on the presence of the spe-
cific chelating molecule. The critical point of 8% separates the
condition for a complete chelation of europium and the pres-
ence of free europium ions in solution. Fractional intensities
show the major contribution of NODAGA[Eu3+] (6.5%) instead
of the small amount of DOTAGA[Eu3+] (1.5%).

Taking into account this number of free chelates and the
global mass of about 8.7 kDa and the elemental analysis, the av-
erage composition for one individual AGuIX is about Gd8.2:
APTES20.0:TEOS19.0:DOTAGA8.3:NODAGA0.5.

The presence of gadolinium ions on the nanoparticles allows
their monitoring by T1-weighted MRI. Relaxivity measurements
gave a longitudinal relaxivity r1 of 10.3mM-1s-1 per gadolinium
ions at 60MHz, more than two times higher than that of the
commercial agent DOTAREM® (3.4mM�1s�1) and a r2/r1 ratio of
1.3. The low r2/r1 ratio proves that the AGuIX can be an efficient
T1 contrast agent (28). Further labelling with the positron-emitter
68Ga via the remaining available chelates on the nanoparticle
surface was accomplished in sodium acetate buffer (concentra-
tion of nanoparticles: 25mM/50MBq 68Ga). Evaluation of chro-
matographic profiles showed the correct partition of patterns:
the presence of a single spot shifted from the 68Ga reference
proved the complete labelling of 68Ga on nanoparticles. Moreover,
the deviation from linearity for each chromatographic system was
not significant. Accuracy assessments, which showed percentages
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of radioactivity recovery over 97%, assured no further post-
purification steps were necessary. The nanoparticles are cleared
rapidly from the blood to the urine via the kidneys, as established
by the biodistribution analysis, due to the small size and the bio-
degradable properties of AGuIX (29,30). An extremely low residual
activity in all untargeted tissues, especially in the critical organs
such as the liver and lungs (<2% ID/g at 120min p.i.) and the
long-term stability of 68Ga-AGuIX, as well the high value of longi-
tudinal relaxivity, demonstrate the capabilities for a dual-modality
PET/MRI imaging system (31).

The PET/MRI imaging assays were managed on the same
healthy male Swiss mice, The MR imaging being performed on
a 1.5 T unit, 60min after the injection, and the PET assays com-
pleting the evaluation of the AGuIX contrast agent 60min after
the MR imaging, using a clinical PET/CT system (32).

5. CONCLUSION

Our results emphasize that the 68Ga-AGuIX tracer is a promising
tool to simultaneously perform PET and MR imaging. The
functionalization of AGuIX by DOTAGA and NODAGA chelates
leads to a specific ligand for each imaging functionality (chela-
tion of Gd3+ on DOTAGA and 68Ga3+ on NODAGA). The elimina-
tion of these nanoparticles by the kidneys has been confirmed
by the two imaging techniques, in good agreement with other
studies performed on under 5 nm nanoparticles (32) or
dendrimers (33,34). It is explained by the fast clearance through
the glomerulus and by consequence, non-specific re-uptake in
the proximal tubuli (35). In summary, these nanoprobes would
be available for a combined PET/MRI instrument.
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