Volume 10 | Number 11| 7 June 2023

ANNIVERSARY

INORGANIC
CHEMISTRY

FRONTIERS

CHINESE =L
RSN CHEMICAL # covaL sociETY e .
Y SOCIETY A OF CHEMISTRY rsc.li/frontiers-inorganic




Open Access Article. Published on 15 February 2023. Downloaded on 11/14/2025 10:20:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

INORGANIC CHEMISTRY

CHINESE
CHEMICAL
SOCIETY

FRONTIERS

RESEARCH ARTICLE

Cite this: /norg. Chem. Front., 2023,
10, 3202

Received 14th December 2022,
Accepted 15th February 2023

DOI: 10.1039/d2qi02664c

rsc.li/frontiers-inorganic

1. Introduction

View Article Online

View Journal | View Issue

Europium doped-double sodium bismuth
molybdate nanoparticles as contrast agents for
luminescence bioimaging and X-ray computed
tomography+

Roxana M. Calderon-Olvera, (222 Nuria O. Nufiez, (2 2 Daniel Gonzalez-Mancebo,?
Jose M. Monje-Moreno, (2 ® Manuel J. Murfioz-Rui,” Elisabet Gomez-Gonzélez,

Encarnacion Arroyo, (2 @ Beatriz Torres-Herrero, (2 € Jesus M. de la Fuente® and
Manuel Ocaria (2 *?

a

A one-pot method for the synthesis of uniform Eu®*-doped NaBi(MoQ.), nanoparticles with an ellipsoidal
shape and tetragonal crystal structure functionalized with polyacrylic acid is reported for the first time in
the literature. The method is based on a homogeneous precipitation reaction from solutions in an ethyl-
ene glycol/water medium containing appropriate bismuth, sodium, and molybdate precursors and poly-
acrylic acid. The luminescence properties (excitation and emission spectra and luminescence lifetime) of
such nanoparticles are evaluated for different Eu** doping levels, finding an intense red emission for all
synthesized samples. The X-ray attenuation properties of the nanoparticles have been also analyzed,
which were found to be better than those of a commercially computed tomography contrast agent
(iohexol). The dispersibility of the nanoparticles in a physiological medium was also analyzed, finding that
they could be well dispersed in a 2-N-morpholinoethanesulfonic acid monohydrate medium (pH = 6.5).
Finally, the cell viability of such a phosphor has been analyzed using MIA-PaCa-2 cells and its in vivo tox-
icity has been evaluated using the nematode Caenorhabditis elegans model finding no significant toxicity
in both cases up to a nanoparticle concentration of 100 pg mL~, which is within the range required for
most in vivo applications. The developed Eu®**-doped NaBi(MoQ,4), nanoparticles are, therefore, excellent
candidates for their use as bimodal probes for luminescence imaging and X-ray computed tomography.

X-ray attenuation.” Because of this characteristic, such
materials have been investigated as dual contrast agents (CAs)

Lanthanide (Ln)-doped double sodium rare-earth (RE) molyb-
dates (NaRE(Mo00,),) have been the subject of increasing inter-
est during the last few years due to their interesting lumine-
scence properties, which make them useful for many appli-
cations in different fields such as catalysis," lighting,>™* ther-
mometry,” ionic conductivity,’ and bioimaging.””® Focusing on
the latter application, the high atomic number (Z) of Ln
confers to the NaRE(MoO,), compounds a strong capacity for
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for both luminescence and computed tomography (CT)
imaging."® Since the X-ray adsorption coefficient increases
with Z*,° the higher the Z of the elements constituting the CA,
the better the performance of the latter for CT imaging.
Therefore, CAs based on double sodium bismuth molybdate
(NaBi(Mo00y,),), which shows a similar composition and struc-
ture to NaRE(M00,),, would be excellent probes for CT owing
to the much higher Z value for Bi (83) than for Ln (57-71). In
fact, the good performance of other bismuth-based nano-
materials (oxides, sulphides, fluorides), as CT contrast agents,
has been reported.'" Despite this perspective, the potentiality
of Ln-doped NaBi(MoO,), has never been reported to the best
of our knowledge. This might be due to the lack of synthesis
methods suitable to produce particles with the characteristics
required for in vivo bioapplications, which include a uniform
shape, narrow size distribution within the nanometer range,
dispersibility in physiological media, and biocompatibility. In
fact, most reported procedures for the preparation of NaBi

This journal is © the Partner Organisations 2023
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(MoO,),-based phosphors involve solid-state reactions,'>"?
coprecipitation,*™® or sol-combustion methods,'” yielding
particles with a heterogeneous size and shape and in most
cases, a high aggregation degree.

In this paper, a method for the synthesis of uniform Eu**-
doped NaBi(MoO,), nanoparticles (NPs) functionalized with
polyacrylic acid (PAA) is reported for the first time in the litera-
ture. Here, Eu®* cations were selected as dopants as a proof of
concept and also because they can be efficiently excited by visible
radiation,"* thus enabling bioimaging using a confocal micro-
scope. PAA was chosen for functionalization since it has been
widely shown that its carboxylate groups can be strongly co-
ordinated to the surface of many NP-based bioprobes, which
confer to them a high dispersibility in aqueous media and bio-
compatibility."® To assess the suitability of such NPs as dual
probes for luminescence and CT imaging, the luminescence pro-
perties of such NPs are first evaluated and optimized by varying
the Eu*" doping level. Then, the X-ray attenuation properties and
dispersibility in a physiological pH simulator medium (2-N-mor-
pholinoethanesulfonic acid monohydrate) of the optimum nano-
phosphor are analyzed. Finally, the cell viability of such a phos-
phor is analyzed and its in vivo toxicity is evaluated using the
nematode Caenorhabditis elegans (C. elegans), which has been
known to be an adequate animal model for the evaluation of
interactions between NPs and biological systems.'**

2. Experimental

2.1. Reagents
Bismuth(m) nitrate pentahydrate (Bi(NOj);:5H,0, Sigma-
Aldrich, 99.99%) and europium(m) nitrate pentahydrate

(Eu(NO3)3-5H,0, Sigma-Aldrich, 99.9%) were selected as cation
precursors and sodium molybdate (Na,MoO,, Sigma-Aldrich,
>98%) as the sodium and molybdate source. A mixture of
ethylene glycol (EG, Sigma-Aldrich, >99.5%) with water (Milli-
Q) was used as the solvent, and poly(acrylic acid) (PAA, Sigma-
Aldrich, average My, ~ 1800) was employed for the functionali-
zation of the nanoparticles. The colloidal stability study was
conducted using 2-N-morpholinoethanesulfonic acid monohy-
drate (MES, Sigma-Aldrich, >99%) as a simulator of physiologi-
cal pH. Iohexol (>95%, Sigma-Aldrich), a commercial CT con-
trast agent, was used for comparative purposes.

For cytotoxicity evaluation, MIA PaCa-2 cells (ATCC),

Advanced Dulbecco’s Modified Eagle Medium (DMEM;
Gibco®, Fisher Scientific), fetal bovine serum (FBS,
BioWhittaker™), glutaMAX™, penicillin/streptomycin

(Gibco®, Fisher Scientific), Triton X-100 (Sigma-Aldrich),
(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT; Molecular Probes) and dimethyl sulfoxide (DMSO;
Sigma-Aldrich) were used.

2.2. Caenorhabditis elegans strains and maintenance
conditions

Caenorhabditis elegans Bristol strain N2 and Escherichia coli
OP50 were obtained from the Caenorhabditis Genetic Canter
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(CGC) stock collection, University of Minnesota, St Paul, MN,
USA. Nematode growth medium (NGM) and M9 Buffer (M9)
were prepared as previously described.”® NGM plates were
seeded with OP50 as a food source and the experimental temp-
erature was set at 20 °C.

2.3. Synthesis of undoped NaBi(Mo0O,),@PAA nanoparticles

NaBi(Mo00,), nanoparticles functionalized with PAA were syn-
thesized according to a procedure previously developed by us
for the preparation of NaLa(MoO,), nanoparticles,'® which
was adapted to produce uniform nanoparticles of the desired
compound by introducing slight modifications. Essentially, it
consisted of a homogenous precipitation process from solu-
tions containing appropriate precursors using a mixture of
EG/water as the solvent. The selected composition for this
mixture was 4/1 (volumetric ratio) since, as it was shown in our
previous work on NaLa(MoO,),, in pure EG, irregular and
aggregated particles were obtained, whereas NPs with a mean
size above the nanometer range resulted when using a higher
water content.'® This behavior was attributed to the differences
in the viscosity and dielectric constant of the solvent when
varying the amount of EG in the mixture, and this has a strong
influence on the precipitation kinetics and consequently on
the particle size and shape.'® The experimental procedure was
as follows. The required amount (0.04 M) of the bismuth pre-
cursor was dissolved in EG (2.5 mL), whereas the molybdate
precursor (0.1 M) was dissolved in an EG/water mixture
(1.5 mL EG + 1 mL water). The PAA polymer (2 mg mL™") was
added to the latter solution. After the homogenization of the
reagents, both solutions were admixed and the resulting
mixture (total volume = 5 mL) was aged for 20 h in an oven at
120 °C. The obtained dispersion was cooled down to room
temperature, centrifuged to remove the supernatant, and
washed twice with ethanol and three times with distilled
water. The so-prepared nanoparticles were stored in Milli-Q
water dispersions. When required they were dried at room
temperature.

2.4. Synthesis of Eu-doped NaBi(MoO,),@PAA nanoparticles

Eu*"-doped NaBi(M0O,),@PAA nanoparticles having different
Eu®" contents (5, 10, 20, and 30%, expressed as the Eu/Eu + Bi
molar ratio) were synthesized according to a procedure pre-
viously described, adding the desired amount of europium
nitrate to the initial bismuth nitrate solution. In all cases, the
other experimental parameters were kept constant, including
the total concentration of cations (0.04 M).

2.5. Characterization

Transmission electron micrographs (TEM) were recorded
using a JEOL 2100Plus, 200 kV microscope. Particle size distri-
butions were estimated from the TEM micrographs by count-
ing hundreds of particles using the free Image] software.

The dispersibility of the nanoparticles (0.5 mg mL™") in
water and MES solution (50 mM at pH = 6.5) was evaluated by
estimating their hydrodynamic diameter (HD) from dynamic
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light scattering (DLS) measurements conducted in a Zetasizer
NanoZS90, Malvern instrument.

X-ray diffraction (XRD) patterns were recorded on a
Panalytical X'Pert Pro diffractometer using a step of 0.02° (26)
and 1000 s of accumulation time. Unit cell parameters were
calculated by Rietveld refinement of the XRD data using the
X’Pert High Score Plus software. The starting structural para-
meters were taken from the work of Waskowska et al.?* for
undoped NaBi(M00,),.

Fourier transform infrared spectra (FTIR) were recorded on
a JASCO FT/IR-6200 apparatus using the samples diluted in
KBr pellets and thermogravimetric analyses (TGA) were con-
ducted using a Q600 TA instrument, at a heating rate of 10 °C
min~" in air.

Excitation and emission spectra of the samples dispersed
in Milli-Q water (5 mg mL™") were recorded using a spectro-
fluorometer (Fluorolog FL3-11) equipped with a Xenon CW
lamp of 450 W operating in the front face mode. The same
equipment was used for lifetime measurements by exciting the
dried samples at 465 nm and recording the luminescence
decay at an emission wavelength of 614 nm.

A Zeiss Xradia 610 Versa 3D X-ray microscope (XRM) was
used to measure the capability for X-ray attenuation of
aqueous dispersions of the nanoparticles as well as of an
iohexol solution (commercial CT CA). Different concentrations
of each sample were placed in 2.0 mL Eppendorf tubes to
obtain the X-ray absorption values. Acquisition parameters
were 123 pA current, 70 kVp voltage, and 0.1 s of exposure
time. The objective used was 0.4%, without any filter, obtaining
a pixel size of 213 pm. Image reconstruction was done using
Reconstructor Scout and Scan 16.1.13.038 software using 801
projections. The final images were analyzed using open source
software (Image]), using a spherical volume of 0.5 cm radius,
to calculate the X-ray attenuation in Hounsfield units (HU). Air
(=1000 HU) and water (0 HU) were employed to calibrate the
final images.

2.6. Cytotoxicity evaluation

2.6.1 MTT assay. In vitro cell viability was assessed by the
MTT assay”® using the human pancreatic ductal adeno-
carcinoma cell line MIA-PaCa-2, as described in our previous
paper.>! Cells were cultured at 37 °C under a 5% CO, atmo-
sphere in DMEM supplemented with 10% FBS, 2 mM
glutaMAXTM, and 100 U mL™' of penicillin/streptomycin.
Essentially, the procedure was as follows. MIA-PaCa-2 cells
were seeded at a density of 10000 cells per well in 96 well
plates and incubated for 24 h under cell culture standard
conditions. Afterward, NPs at different concentrations, from
125 to 8 pg mL™", were added to the cells and further incu-
bated for 24 h. Each procedure was performed in triplicate.
After exposure, the cells were washed with PBS. Then, 100 pL
of a 0.5 mg mL™" MTT solution was added and incubated
light-protected under culture conditions for 45 min. As death
control (positive control), a 0.5% solution of Triton X-100
was added prior to MTT addition. Well plates were centri-
fuged for 20 min (1250 rpm) and 100 pL DMSO was added
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to dissolve formazan crystals. After homogenization for
15 min at 37 °C under constant agitation, the absorbance
intensity at 540 nm was recorded using a Multiskan™ FC
Microplate photometer. Untreated cells were used as the
negative control. Viability was determined with respect to the
untreated cells.

2.6.2 Cell morphology. Changes in cell morphology were
evaluated by optical microscopy. Similarly to the MTT assay,
MIA PaCa-2 cells were seeded at a density of 10 000 cells per
well in a 96-well plate and incubated for 24 h. The cells were
exposed to NPs in varying concentrations ranging from 125 to
8 ug mL™". After 24 h of incubation, the cells were washed with
PBS. Cell morphology images were acquired using a Nikon
Eclipse TE2000-S. Three well replicas for each condition were
analyzed by capturing brightfield images in random fields per
well.

2.7. In vivo toxicity

2.7.1. Exposure of C. elegans to Eu-doped NaBi
(M00,),@PAA. Age-synchronized young larvae (L1) were
obtained through the bleaching treatment of gravid adults for
24 h on M9 at 20 °C in agitation. Around 300 L1s were seeded
per plate in several plates. They were grown until reaching the
young adult state (approximately 52 h at 20 °C). Then, they
were recovered with fresh Milli-Q water and washed three
times. The worms were exposed to NPs diluted in Milli-Q water
to different final concentrations and left for 24 h under agita-
tion at 20 °C.

2.7.2. Biodistribution assay. The treated worms were
washed three times with Milli-Q water and anesthetized with
Levamisol 10 pM, mounted on a glass slide with aqueous
mounting medium, and observed under a confocal microscope
(Leica Stellaris 8 STED with an HC PL APO CS2 63%/1.40 oil
objective), using white laser light to excite at 465 nm and a
HyD detector (600-625 nm).

2.7.3. Toxicological assays. For the survival assay, the
animals were treated with Milli-Q water (untreated worms/
control) or with different concentrations of Eu-doped NaBi
(MoO,4),@PAA in Milli-Q water (treated worms) in 96-well
plates for 24 h, 48 wells per condition, and 100 pL per well.
The assay was performed, at least, in triplicate. The plates were
tapped and the worms that moved were counted as alive. In
case of doubt, the worms were touched with a picking needle.
Each well contained between 10 to 20 adult worms. The results
are expressed as a percentage of alive worms with respect to
the untreated (control) worms.

3. Results and discussion

3.1. NP synthesis and characterization

To establish the experimental conditions required for the syn-
thesis of Eu*"-doped NaBi(MoO,), NPs, we first addressed the
undoped system for simplicity. The NPs obtained by homo-
geneous precipitation from Bi(NO;); and Na,MoO, in an EG/
water mixture, as described in the Experimental section, are

This journal is © the Partner Organisations 2023
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Tetragonal, NaBi(MoO4),
PDF file: 00-051- 1508
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Fig. 1 (a) TEM image, (b) particle size (length and width) histogram, (c)

DLS curves in Milli-Q water, (d) X-ray diffraction patterns, (e) FTIR spec-
trum, and (f) TGA curve of the particles synthesized by aging at 120 °C
for 20 h; solutions containing 0.04 M Bi(NOg3)3, 0.1 M Na,MoOQ,, and a
2 mg mL™* EG/water (4/1 by vol.) mixed solvent.

illustrated in the TEM micrograph as shown in Fig. 1a. As
observed, they presented an ellipsoidal shape having a mean
length of 218 nm (standard deviation, ¢ = 33) and a width of
75 nm (¢ = 11) (Fig. 1b). The hydrodynamic diameter (HD)
value (190 nm, polydispersity index, PDI = 0.1) obtained from
DLS measurements (Fig. 1c) for aqueous suspensions (native
pH = 6) of such NPs was in between those corresponding to
their length and width, indicating that the NPs were well dis-
persed. They consisted of tetragonal (space group I41/a) NaBi
(M00,), (PDF file: 00-051-1508) according to XRD (Fig. 1d) and
contained PAA molecules most probably adsorbed on their
surface, as revealed by the presence of absorption bands in the
12501500 cm ™" region of their FTIR spectrum (Fig. 1€), which
are attributed to the PAA carboxylate anions.>® The amount of
such organic species was quantified by TGA. Thus, the TG
curve obtained for this sample showed a weight loss of 0.9% in
the 25-250 °C range due to the release of adsorbed water mole-
cules, followed by a more pronounced loss (3.1%) which took
place between 250 and 350 °C, associated with the decompo-
sition of PAA molecules (Fig. 1f).

Given the success of the synthesis process for undoped
NPs, we proceeded to synthesize several samples containing
different Eu®* contents (5, 10, 20, and 30%, expressed as the

This journal is © the Partner Organisations 2023
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Eu/Eu + Bi molar ratio) to further investigate the effect of this
parameter on the luminescence of NPs. For such a purpose,
we used the same procedure as for the undoped system but
added the desired amounts of the Eu®" precursor (Eu(NO;);) to
the starting solutions. TEM pictures corresponding to the
doped samples are shown in Fig. 2. They revealed that whereas
the doping process did not affect the particle shape, a pro-
gressive decrease of their size from 218 x 75 nm (Fig. 1c) to 39
x 19 nm (Fig. S11) and their HD values (Fig. S2) from 190 to
55 nm were observed on increasing the Eu*" doping level from
0 to 30% (Table 1). In agreement, we also detected (Table 1) a
progressive decrease in the crystallite size obtained for the
doped samples using the Scherrer formula and in the width of
the most intense peak of their XRD patterns, which only
showed the reflections corresponding to the tetragonal NaBi
(Mo0O,), phase (Fig. S31). This kind of effect of Ln*" doping on
the particle size has been previously observed and attributed
to the differences between the precipitation kinetics of the
doping and matrix cations, Eu** and Bi*" in this case, and/or
the variations of the unit cell volume induced by the incorpor-
ation of the doping cations to the host matrix.® Such incorpor-
ation was confirmed through the evaluation of the unit cell
parameters of our doped samples obtained by Rietveld refine-
ment of their XRD pattern (Fig. S47). As observed in Table 1, a
contraction of the unit cell (from 325.39 to 322.83 A®) was
detected on increasing the doping level (from 0 to 30%), con-
firming the successful incorporation of the Eu** cations to the
NaBi(MoO,), lattice, in agreement with the smaller size of the
former cations (1.066 A) as compared with that of Bi** (1.17 A).
A uniform Eu*" distribution within the lattice was also revealed
by an EDX elemental mapping analysis conducted for a single
particle of the sample doped with 20% Eu®" (Fig. S51) chosen
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Fig. 2 TEM micrographs corresponding to the NaBi(MoO,),@PAA
samples with different Eu®* contents.
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Table 1 Mean length and mean width (obtained from the histograms shown in Fig. 1b and S1t), hydrodynamic diameter (HD), crystallite size, unit
cell parameters (a, b, and c), and unit cell volume (V) obtained for the NaBi(MoO,),@PAA samples doped with different amounts of Eu®*. The stan-
dard deviation of the NP dimensions and the error associated with the unit cell magnitudes are included in parentheses

Eu/(Eu + Bi) (% nominal) Length (nm) Width (nm) HD (nm) Crystallite size (nm) a=h(A) c(A) V(&%)

0 218 (33) 75 (11) 190 57 5.2963 (3) 11.600 (1) 325.39
5 166 (28) 55 (16) 164 55 5.2950 (3) 11.596 (1) 325.12
10 149 (79) 55 (16) 127 48 5.2935 (2) 11.5826 (8) 324.56
20 68 (45) 25 (12) 68 27 5.2916 (3) 11.567 (1) 323.89
30 39 (20) 19 (18) 55 18 5.2871 (4) 11.549 (1) 322.83

as a representative example. Finally, the europium-doped NPs
were also coated with PAA as illustrated in Fig. S6 and S7.}

3.2. Luminescence properties

The excitation spectra recorded for all Eu**-doped NaBi
(MoO,), samples functionalized with PAA (Eu’*:NaBi
(M00,),@PAA) and dispersed in water, fixing the emission at
the wavelength of the most intense Eu®" emission band
(612 nm), are shown in Fig. 3 (top). As observed, irrespective of
the Eu content, they consisted of a weak and broad excitation
band at 4 < 300 nm along with several narrow emission bands
in the 370-550 nm region, the most intense one appearing at
464 nm. The former has been ascribed to the combination of
Eu*"-0%" and Mo®"-0" charge transfer transitions along with

Excitation 5% Eu
= ——10% Eu
hem =612 nm — 20% Eu
— 0
CT band 30% Eu

Intensity (a.u.)

300 350 400 450

500
Wavelength (nm)
Emission ‘5D0 . 7F2 =
; Aex = 464 nm g
8 |——5% Eu £
2 |——10% Eu =
2 |——20%Eu Wavelenath (nm)
o)
+< |[——30% Eu
= 5D 7F4
T T T T -
560 600 640 680 720

Wavelength (nm)

Fig. 3 Excitation (top) and emission (bottom) spectra of the NaBi
(MoO,4),@PAA samples with different Eu contents. The inset shows an
enlargement of the emission spectra in the 605-625 nm wavelength
range.
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the s—p transition of the Bi*" ion, whereas the latter result
from the f-f electronic transitions characteristic of Eu®*" as
shown in the figure.™

The emission spectra of such samples recorded by exciting
at the wavelength corresponding to the most intense excitation
band (464 nm) are shown in Fig. 3 (bottom). All spectra are
similar and show the expected emissions of Eu®’ cations,
corresponding to the °Dy-"F; (j = 1, 2, 3 4) transitions."*
Moreover, the D, — ’F, transition, whose intensity was hyper-
sensitive to the symmetry of the Eu®" ion in the crystal lattice,
showed a relative intensity much higher than that corres-
ponding to the >D, — ’F, transition, which is independent of
the local environment of the Eu®* cations. This behavior is as
expected when such cations are located at a crystallographic
site without an inversion center as is the case of that occupied
by Bi** in the NaBi(Mo00,), lattice (S,),>” thus confirming the
formation of the Eu-NaBi(MoOy,), solid solution. Fig. 3 (bottom)
also reveals that the emission intensity is enhanced when the
Eu®" doping level is increased from 5 to 10%, whereas on a
further increase of this magnitude, a decrease of the emission
intensity occurred. The first effect must be associated with the
increase of the emission centers. To explain the second effect, it
must be considered that for high Ln*" concentrations, the well-
known concentration quenching process involving a decrease of
the emission intensity also takes place, which, in our case,
seems to be predominant at an Eu®" content >20%. The pres-
ence of such quenching effects was confirmed by measuring the
luminescence lifetimes from the decay curves recorded for the
most intense emission of Eu** (614 nm), upon excitation at
465 nm (Fig. 4). These curves could be fitted to a biexponential
function given by eqn (1):

I(t) =1, exp(—t/71) + I, exp(—t/z,) (1)

where I(¢) is the intensity of luminescence, ¢ is the time after
excitation, and 7; (i = 1, 2) is the decay time of the i com-
ponent, with initial intensity I;. Such biexponential behavior
has been observed very often for other Ln-based nanopho-
sphors and it has been associated with the presence of two
different emission centers, namely the Eu* cations located in
the bulk and those near the surface of NPs. The latter suffer
from luminescence quenching by the surface impurities and
structural imperfection for which their associated lifetime is
shorter, whereas the former are well protected against such
quenching sources and their lifetimes are longer. The para-
meters corresponding to each of these components obtained
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Fig. 4 Decay curves for the NaBi(MoQO,4),@PAA samples with different
Eu®* contents (dex = 465 Nm and lem, = 614 nm).

Table 2 Lifetime values of the I, (r)) and I, () components and
average lifetimes values, (r), obtained for the NaBi(MoO,),@PAA
samples doped with different amounts of Eu®*

Eu/(Eu + Bi)(% nominal) zy(ps) I (%) 7w(ps) I (%) (z) (ps)
5 240 34.3 700 65.7 630
10 250 52.9 590 47.1 480
20 180 38.5 510 61.5 450
30 140 39.2 380 60.8 334

mg/mL  Water
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Fig. 5 X-ray attenuation phantom images (top), and X-ray attenuation
values in Hounsfield unit (HU) plotted vs. the contrast agent concen-
tration (bottom), obtained for iohexol solutions and Eu(20%):NaBi
(MoO,4),@PAA NP suspensions having different contrast agent
concentrations.
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Fig. 6 DLS curve (top) and the evolution of the mean hydrodynamic
diameter vs. time (bottom) for Eu(20%):NaBi(MoO4),@PAA NPs sus-
pended in MES medium (pH = 6.5). PDI values were < 0.1 in all cases.

120 -

-
o
o
!
L

Cell viability (%)
5 8 8

N
o
!

o

WO © A0 2\ gl a0 9O
NPs concentration (ug/mL)

Fig. 7 Viability of MIA-PaCa-2 cells incubated with different concen-
trations of Eu(20%):NaBi(MoO,4),@PAA nanoparticles for 24 h. Data are
represented as mean + standard error of the mean. Values of n = 2 inde-
pendent experiments are given, with 3 replicates per experiment.
Statistical analysis was done by one-way ANOVA analysis followed by
Dunnet’s multiple comparison test (**p < 0.01) and compared with the
negative control (NC).
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from the fitting are shown in Table 2, which also includes the
average decay times, (z), obtained according to eqn (2):

Jyer(e)de
W= f; I(t)de
to

As observed, the values of 7 decreased on increasing the
Eu®" doping level indicating the presence of the concentration
quenching effect, and the phosphor with the most efficient
luminescence is that having the lowest Eu’" content.
Nevertheless, the NP size for this sample is above 100 nm and
therefore does not meet the size criteria for in vivo bioimaging.
For this reason, for the experiments shown in the next sec-
tions, we selected the sample doped with 20% Eu®", whose

= (T%Il + T%Iz)/(‘rlll + Tzlz) (2)
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mean size lies well within the nanometer range (Table 1) while
keeping a high luminescence intensity, close to that of the
most efficient phosphor (Fig. 3).

3.3. X-ray attenuation properties

The X-ray attenuation phantom images obtained for disper-
sions having different concentrations of Eu(20%):NaBi
(M00,),@PAA NPs in water as well as those corresponding to
iohexol, which is the iodine-containing commercial CT CA
selected for comparison, are presented in Fig. 5 (top). This
figure shows the change of the image contrast on varying the
amount of CA contained in the suspensions, which manifests
that our NPs behave as a CT CA. Additional information is

Fig. 8 Optical microscopy images to evaluate the morphology of Mia-PaCa-2 cells incubated with different concentrations of NaBi(MoO,4),@PAA

nanoparticles for 24 h. The right bottom scale applies to all micrographs.
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obtained by plotting the X-ray attenuation values (in
Hounsfield units, HU) vs. the CA content (Fig. 5, bottom). This
plot shows that in all cases, the X-ray attenuation produced by
our NPs is much higher than that corresponding to iohexol
solutions containing the same amount of CA. This finding
clearly indicates the superior capability of our Eu(20%):NaBi
(MoO,),@PAA NPs to act as a CA for CT imaging when com-
pared with the commercial agent, which must be ascribed to
the higher atomic number of Bi (83) cations as compared with
that of I (53).

3.4. Colloidal stability in physiological medium

The colloidal stability of our Eu(20%):NaBi(Mo0O,),@PAA NPs
in physiological media was analyzed using a NP suspension in
an MES solution (pH = 6.5), which is a physiological buffer
usually tested for this purpose.”” The HD value obtained from
DLS measurements for this suspension (Fig. 6, top) was very
similar (67 nm, PDI = 0.09) to the mean diameter measured
from the TEM micrographs (68 x 25 nm). Such behavior
demonstrates that the NPs are well dispersed in MES medium.
Moreover, no important changes in the HD values were
noticed after aging such a suspension for different periods of
time up to 2520 min (42 h) (Fig. 6, bottom) indicating a high
colloidal stability in MES medium and that, our NPs are suit-
able for in vivo applications.

3.5. Cytotoxicity

Cytotoxicity experiments were conducted using MIA-PaCa-2
cells as a model. Different parameters were evaluated includ-
ing mitochondrial activity (Fig. 7) and cell morphology (Fig. 8).
As shown in Fig. 7, no statistical difference in cell viability
between cells incubated with and without NPs was obtained.
Furthermore, a high cell viability (>90%) was observed for NP
concentrations as high as 125 pg mL™'. Additionally, no
appreciable changes in the morphology of the cells were
detected after they were exposed to NPs in a concentration of
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up to 125 pg mL™" (Fig. 8). These preliminary results indicate
the suitability of our Eu(20%):NaBi(MoO,),@PAA NPs as a
promising tool for bioimaging applications.

3.6. In vivo toxicity

In vivo toxicity was evaluated using the C. elegans wild-type
strain, N2. The worms were fed with different Eu(20%):NaBi

120 -
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. *kokok
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% Viability

NPs concentration (ug/ml)

Fig. 10 Viability of N2 worms incubated at 20 °C with different concen-
trations of Eu(20%):NaBi(MoO,4),@PAA NPs for 24 h. Data are normalized
according to the control (worms in Milli-Q water with no nanoparticle
exposure) considered as 100%. Data are represented as the mean +
standard error of the mean, values of n = 3 independent experiments
are given (for 1000 ug mL™%, n = 2), with 48 replicates per experiment.
Statistical analysis was done by Kruskal-Wallis analysis followed by
Dunn’s multiple comparison test (****p < 0.0001) and compared with

the control.

Fig. 9 Localization of Eu(20%):NaBi(MoO,4),@PAA NPs (in red) through the intestine of the worm after 24 h exposition. Composition of 4 pictures

merging white field and fluorescence microscopy.
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(Mo0O,4),@PAA concentrations in aqueous dispersion for 24 h
at 20 °C. It is well known that C. elegans, during feeding,
pumps liquids by rhythmic contractions of the pharynx into
the lumen of the intestine.”® To test whether the nematode
could ingest our NPs through this process, we used confocal
microscopy for worms treated with 500 ug mL™" Eu(20%):NaBi
(MoO,4),@PAA as an example. As observed in Fig. 9, red spots
corresponding to the luminescence of our NPs were detected
through the intestine of the nematode after treatment indicat-
ing the ingestion of NPs.

To analyse the potential toxicity after ingestion, an end-
point lethality test from 0 to 1000 pug mL ™" of Eu(20%):NaBi
(M0O,4),@PAA was done (Fig. 10), observing that no significant
lethality was present up to a NP concentration of 100 pg mL™".
A small but significant effect was, however, detected at a much
higher concentration (>500 pg mL™"), which has also been
observed for NPs of different compositions such as Au,'® Ag,>
or iron oxide.*® This kind of toxicity could be due to a mechan-
ical effect, considering that this concentration is quite high
and that the NPs seem to aggregate inside the intestine lumen
(Fig. 9), which could affect viability. This idea would be sup-
ported by the absence of cytotoxicity found for human cells at
a concentration of up to 125 pg mL™". Therefore, it can be con-
cluded that in this concentration range, which is the one
required for most in vivo applications, the Eu(20%):NaBi
(MoO,4),@PAA NPs are also safe for the here-considered
C. elegans model.

4. Conclusions

Uniform Eu**-doped NaBi(MoO,), nanoparticles functiona-
lized with polyacrylic acid (Eu:NaBi(M0O,),@PAA) have been
obtained using a one-pot procedure involving a homogenous
precipitation reaction at 120 °C for 20 h, from solutions in
ethylene glycol/water medium containing appropriate concen-
trations of bismuth nitrate, europium nitrate, sodium molyb-
date, and polyacrylic acid. The shape of these nanoparticles
was ellipsoidal and their size could be varied within the nano-
meter range by varying the Eu** doping level (in the 5-30% Eu/
(Eu + Bi) molar ratio). In all cases, the nanoparticles consisted
of tetragonal NaBi(MoO,),. The luminescence properties of
such nanoparticles have been comparatively evaluated as a
function of the Eu®" doping level, finding, in all cases, an
intense red emission when excited at 465 nm. The Eu(20%):
NaBi(Mo00O,),@PAA nanoparticles, selected as a case of study,
also showed better X-ray attenuation properties than iohexol (a
commercial CT contrast agent), which is associated with their
constituting Bi*" cation. Moreover, these nanoparticles could
be well dispersed in water and 2-N-morpholinoethanesulfonic
acid monohydrate medium (pH = 6.5), which is frequently
used as a physiological pH simulator, as revealed by their
hydrodynamic diameter Finally, cell viability
(MIA-PaCa-2 cells) and in vivo toxicity (nematode
Caenorhabditis elegans model) experiments demonstrated that
they were nontoxic up to a NP concentration of 100 pg mL™,

values.
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which is within the range required for most in vivo appli-
cations. Because of these properties, the developed Eu(20%):
NaBi(M00,), nanoparticles are excellent candidates for their
use as bimodal probes for luminescence imaging and X-ray
computed tomography.
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