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Sodium lanthanide tungstate-based nanoparticles
as bimodal probes for T;—T, magnetic resonance
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Magnetic resonance imaging (MRI) is one of the most commonly used imaging techniques for diagnosis
in clinics. Often, magnetically-active substances, called contrast agents (CAs), have to be used, which increase
contrast by shortening the longitudinal (T3) (resulting in signal enhancement in T;-weighted images) and/or
transverse (T>) (resulting in signal decay in T>-weighted images) relaxation times of the water protons present
in biological tissues. A further strategy to improve diagnostic accuracy is recording both kinds of images (T;-
weighted and T,-weighted) using dual T;—T, CAs, which facilitates the exclusion of false positives. The tra-
ditional T; or T, contrast agents are not suitable for such a purpose. This paper deals with the development of
double sodium lanthanide tungstate-based nanoparticles containing Gd** and Dyz’+ cations, which are disper-
sible in physiological media, do not show appreciable in vitro (for human fibroblast cells) and in vivo (for
C. elegans) toxicity and present appropriate relaxivity values for their use as a dual T;—T, contrast agent for
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magnetic resonance imaging. In addition, they show an excellent X-ray attenuation capacity, thanks mainly to
their tungsten content, which makes them also useful for X-ray computed tomography. Hence, the developed
nanoparticles are ideal multimodal probes to be used as a dual T;—T, contrast agent for magnetic resonance
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Introduction

Nowadays, magnetic resonance imaging (MRI) is one of the
most commonly used imaging techniques for diagnosis in
clinics, whose main advantages are its non-invasive character,
excellent spatial resolution and high imaging depth.! Often,
the contrast difference between the region of interest (ROI)
and its surroundings is not enough to get relevant infor-
mation. In these cases, the so-called contrast agents (CAs) are
used, which increase contrast by shortening the longitudinal
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imaging and as a contrast agent for X-ray computed tomography.

(T1) and/or transverse (7,) relaxation times of the water
protons present in biological tissues. In the first case, the ROI
appears brighter, for which the CAs are called positive,
whereas in the second case, the ROI becomes darker, and the
CAs are called negative. The efficacy of a CA is given by its
longitudinal (r;) and transverse (r,) magnetic relaxivity values,
which are defined as the increase in longitudinal or transverse
relaxation rates per unit concentration of the CA. The ideal
positive CAs should present an r,/r; ratio close to 1,>* while
for ideal negative CAs, this ratio should be >10.>* Currently,
the most relevant positive CAs are based on Gd** complexes,
which are the most commonly used in clinical settings,
whereas the most studied 7, CAs are based on superpara-
magnetic iron oxide-based NPs (SPIONs).’

Although the MRI technique using T; or T, CAs is well
established in clinical practice, several innovations are cur-
rently being proposed to further improve diagnostic accuracy.
Among them, recording T;-weighted and T,-weighted images
using dual T,-T, CAs has been reported to be a suitable strat-
egy to exclude false positives by cross-validation of both types
of images.® It has been reported that for such a purpose, the
MRI CAs should present r,/r; values between those that are
ideal for T; and T, CAs (in the 1-10 range).* Unfortunately, the
traditional CAs mentioned above do not fulfill such a require-
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ment, so it is essential to develop new CAs. Recently, it has
been shown that some CAs made of manganese ferrites’ or
Mn-Co spinels® and ultra-small SPIONs can shorten both T,
and T; and work as dual T;-T, agents,” although the capability
to shorten T, of the latter is much lower.'® Another class of
dual T,-T, CAs proposed combines a positive and a negative
CA within the same NP. Examples are those containing SPIONs
(T, component) loaded with Gd** complexes (T; component)
or those containing two types of lanthanide cations (Ln**),
with Gd*" working as a T, agent thanks to its high spin
angular momentum (7/2) and Dy*" or Ho*", which behave as
T, agents due to their high magnetic moments (10.65 uB for
Dy** and 10.0 uB for Ho**)."™ The latter are advantageous
from the synthesis point of view since the similar reactivity of
Ln*" ions towards precipitation would simplify the synthesis
processes. Most combinations of Gd** with either Dy** or Ho**
proposed in the literature are based on fluoride matrices,"”>°
which have a certain solubility in aqueous media*"**> and are
therefore potentially toxic.>® It is, therefore, of great interest to
develop new lanthanide-containing dual CAs based on other
types of compounds, among which oxide®! and vanadate have
already been reported.”

Another suggested strategy to obtain a more reliable
medical diagnosis is to combine MRI with other complemen-
tary imaging techniques, such as X-ray computed tomography
(CT), which is commonly used for hard tissue imaging, while
MRI is more suitable for soft tissue imaging.>® To obtain both
kinds of images, a multimodal CA would be advantageous to
minimize possible adverse effects on the patient. In this sense,
the above-mentioned lanthanide-based MRI CAs would also be
ideal for CT imaging since the high atomic number (Z) of
lanthanides confers a high X-ray absorption attenuation capa-
bility to such compounds.?”*® In fact, multimodal NPs based
on fluoride'® and oxide** matrices containing Gd** and Dy**
ions suitable as dual T;-T, MRI and CT CAs have already been
reported. Nevertheless, it can be assumed that the incorpor-
ation of such Ln*" cations into matrices containing elements
with much higher Z values than fluorine (Z = 9) or oxygen (Z =
8) such as tungsten (Z = 74) would greatly improve the CT per-
formance of such multimodal CAs. However, to the best of our
knowledge, no report regarding this kind of multimodal CA
based on tungsten-containing phases can be found in the
literature.

It is important to mention that nanoparticulated CAs for
bioimaging must present a homogeneous size and shape, be
non-toxic, and be dispersible in physiological media.>® The
latter property is usually achieved by coating the NPs with
different polymers, among which polyacrylic acid (PAA) has
been shown to be very efficient for such a purpose for many
nanoparticulated bioprobes, including T;-T, CAs.®

This work aimed to develop a tungstate-based nanoparticu-
late bimodal probe surface modified with PAA, suitable as a
CT CA and as a dual T;-T, MRI CA using Gd*" and Dy*" as T,
and T, components, respectively. For such a purpose, the
pursued NPs containing both Ln*" cations in solid solution
were synthesized by a wet chemical method based on a homo-
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geneous precipitation process in ethylene glycol (EG)/water
media. To assess the suitability of such NPs for the intended
bioimaging applications, their r; and r, relaxivities at different
magnetic fields and the X-ray attenuation properties were first
measured, and then their dispersibility in several physiological
media and their biocompatibility were evaluated. The latter
assays were performed both in vitro using the human foreskin
fibroblast cell line (HFF-1) and in vivo using the nematode
Caenorhabditis elegans (C. elegans). Although rodent models
are physiologically closer to humans, making them highly rele-
vant for biomedical translation, C. elegans is a very useful
animal model to evaluate the interactions between biological
systems and NPs*°7? due to its advantages, which include a
rapid life cycle, a short lifespan, transparency, and facile and
inexpensive growth in Petri dishes.

Experimental

Reagents
Dysprosium nitrate pentahydrate (Dy(NO3);-5H,0, Sigma
Aldrich, 99.99%), gadolinium nitrate hexahydrate (Gd

(NO3)3-6H,0, Sigma Aldrich, 99.9%) and sodium tungstate
dihydrate (Na,WO,-2H,0, Sigma Aldrich, >99%) were used as
precursors. Ethylene glycol (EG, Sigma Aldrich, 99.8%) was
used as a solvent. Polyacrylic acid (PAA, Sigma Aldrich, M,,
1800) was used for NP functionalization. These chemicals were
used as received.

A 2-(N-morpholino)ethanesulfonic acid buffer (pH 6.5) solu-
tion (50 mM) was prepared by dissolving the needed amount
of MES (Sigma-Aldrich) in Milli-Q water. Saline solution
(Sigma-Aldrich) was utilized in its original form. Iohexol
(>95%) was acquired from Sigma-Aldrich.

Human foreskin fibroblasts (HFF-1; ATCC SCRC-1041) were
purchased from the American Type Culture Collection (ATCC).

C. elegans Bristol strain N2 and Escherichia coli OP50 used
for in wvivo toxicity studies were acquired from the
Caenorhabditis Genetics Center (CGC) stock collection
(University of Minnesota, St Paul, MN, USA). The nematode
growth medium (NGM) and M9 buffer (M9) were prepared as
previously described.*® Glutaraldehyde (Grade 1, 25% in H,0,
Sigma-Aldrich), sodium cacodylate buffer (Sigma-Aldrich),
osmium tetroxide (Sigma-Aldrich), and a Spurr low-viscosity
hydrophobic resin (Sigma-Aldrich) were used to prepare the
nematode samples for TEM observations.

Nanoparticle synthesis

The Gd**-Dy** tungstate-based NPs were synthesized through
a homogeneous precipitation process in a mixed EG/H,O
media, by adapting a procedure previously reported by us for
the synthesis of single NaDy(WO,), NPs,** which was modified
to account for the different NP compositions. The detailed syn-
thesis protocol was as follows. Dysprosium nitrate pentahy-
drate and gadolinium nitrate hexahydrate were dissolved in
8 mL of EG under magnetic stirring at 80 °C to achieve a solu-
tion with a concentration of 0.02 M for each of the Ln**
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cations so that the Gd/Dy mol ratio was equal to 1, following a
previous report on Gd-Dy mixed oxide NPs.>* The solution was
cooled to room temperature and mixed with 2 mL of a 0.1 M
Na,WO, aqueous solution containing 2 mg mL™" of PAA. The
mixture was stirred with a magnet for 1 minute at room temp-
erature for homogenization, after which it was introduced in
sealed test tubes and aged at 220 °C for 1 hour in a microwave-
assisted oven (Monowave 300, Anton Paar). The obtained pre-
cipitate was cooled down to room temperature and washed by
centrifugation, twice with ethanol and once with double dis-
tilled water. After purification, the NPs were either dispersed
in distilled water or dried at 50 °C for further analysis.

Characterization techniques

A JEOL 2100Plus transmission electron microscope (TEM) was
used to assess the morphology of particles. The images were
obtained by placing a droplet of NPs suspended in water on a
copper grid coated with a transparent polymer. Particle size
histograms were obtained from the TEM images by counting
about one hundred particles and using Image] open-access
software.

Dynamic Light Scattering (DLS) was used to assess the dis-
persibility and colloidal stability of the NPs in the selected
media (water, MES, and saline) by using a Malvern Zetasizer
Nano-ZS90. The NP content in such dispersions was 0.5 mg
mL™%.

X-ray diffraction (XRD) patterns were obtained using a
PANalytical X'Pert Pro diffractometer (Cu Ko) with an
X’Celerator detector. The measurement conditions were:
angular range (260) between 10° and 90°, counting time = 10 s,
and 260 step width = 0.03°.

A Jasco FT/IR-6200 Fourier transform spectrometer was
employed to record the Fourier-transform infrared (FTIR)
spectra of the NPs embedded in KBr pellets.

Thermogravimetric analyses (TGAs) were conducted at a
heating rate of 10 °C min~" in an air atmosphere using a TA
Instruments SDT Q600.

Inductively coupled plasma (ICP) was used to analyze the
NP composition and the NP concentration in aqueous disper-
sions. For that, the NPs were dissolved in concentrated hydro-
chloric acid (overnight at room temperature) and the obtained
solutions were analyzed in a Thermo Fisher Scientific iCAP
7200 ICP-OES Duo instrument.

Magnetic relaxivities

Longitudinal, r;, and transverse, r,, relaxivities were estimated
from the slope of the line obtained by plotting the relaxation
rate (R; = 1/T;, i = 1, 2) versus total Ln*" concentration, using

aqueous dispersions with different NP concentrations.
Relaxation times were measured at 1.44 T using a Bruker
Minispec Time Domain Nuclear Magnetic Resonance

(TD-NMR) instrument, and at 3 T using a MR Solutions
scanner (MR Solutions Ltd, Guildford, UK) equipped with a
gradient insert of 560 mT m™" and a 40 mm bore radiofre-
quency coil. T; maps were generated from T;-weighted images
acquired with a saturation-recovery spin-echo sequence with 7
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TR values (from 100 to 8000 ms), TE = 11 ms, and a total
acquisition time of 30 min. T, maps were obtained by using a
CPMG spin-echo sequence with TR = 5000 ms, 64 TE values
(from 10 to 640 ms), and a total acquisition time of 10 min 40
s. The corresponding relaxation maps were generated employ-
ing in-house scripts developed in Python.

X-ray computed tomography (CT)

The x-ray absorption attenuation properties of NP suspensions
or iohexol solutions, with different CA contents and intro-
duced in Eppendorf tubes, were evaluated using a ZEISS
Xradia 610 Versa 3D X-ray microscope (XRM) with a 0.4x objec-
tive lens, resulting in a pixel size of 213 pm (no filter was
used). The acquisition conditions included a current of
123 pA, a voltage of 70 kvp, and an exposure time of 0.1 s. The
software Reconstructor Scout and Scan 16.1.13.038 was used to
reconstruct the images from 801 projections. Such images
were analysed using Image] software, using a spherical volume
with a radius of 0.5 cm. To calibrate images, the water X-ray
attenuation intensity was set at 0 Hounsfield units (HU), while
air attenuation was set at —1000 HU.

Cytotoxicity evaluation

The NP biocompatibility was evaluated by analyzing mitochon-
drial activity, cell morphology, and the quantity of necrotic/late
apoptotic cells through MTT and live-dead tests performed
using human foreskin fibroblasts (HFF-1) and following
methods previously described by members of our team.*’

Statistical analysis of the cell culture experiments was per-
formed using Jamovi software (version 2.3.21). The Mann-
Whitney U test was selected for non-parametric assessment.
Data are presented as mean + standard deviation (SD).

In vivo toxicity

For C. elegans exposure to NPs, young larvae at the first stage
(L1) were collected 24 hours after being placed in M9 under
agitated conditions at 20 °C, following a bleaching treatment
of pregnant hermaphrodite adults. Approximately 300 young
larvae were seeded in multiple plates. The worms were culti-
vated until they reached the young adult stage, typically after
52 hours at a temperature of 20 °C. The samples were then
recovered using fresh Milli-Q water and washed three times.
The worms were subjected to NPs diluted in Milli-Q water at
various final concentrations and left to incubate for 24 hours
under agitation at 20 °C.

Two toxicological tests were conducted, one measuring sur-
vival (lethal endpoint) and the other assessing brood size (sub-
lethal endpoint). In the survival assay, young adults were
exposed to either Milli-Q water alone (untreated worms used
as a control) or varying concentrations of NPs dispersed in
Milli-Q water (treated worms) in 96-well plates for 24 hours,
with 48 wells per condition and 100 pL per well. The test was
conducted four times. The plates were tapped, and the worms
that showed movement were considered alive. In the event of
uncertainty, the worms were probed using a picking needle.
Each well held between 10 and 30 adult worms. Worm survival

This journal is © The Royal Society of Chemistry 2025
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is presented as the proportion of live worms compared to the
untreated group. In the brood size test, treated adult worms,
as mentioned before, were transferred to NGM plates seeded
with an OP50 lawn at 20 °C to examine brood size (one per
plate). Progeny was assessed 48 hours after the resumption of
feeding and left overnight at 16 °C to enable egg hatching. The
results are presented as the proportion of brood size compared
to worms that did not receive any treatment. The reproductive
toxicity assay was conducted three times with at least 20
worms per condition.

TEM analyses were also conducted to assess the nematode’s
capacity for consuming NPs. For that, the treated worms were
rinsed three times with Milli-Q water and then preserved in
2.5% glutaraldehyde for 2 hours. Then, three washing steps
were conducted using a 0.2 M sodium cacodylate buffer solu-
tion, each lasting 20 minutes, and the samples were stored at a
temperature of 4 °C. Afterwards, double fixation with 1%
osmium tetroxide was performed, followed by three washing
steps with distilled water, a treatment with 2% uranyl, and an
increasing dehydration process in up to 100% acetone. The
fixed samples were placed in Spurr resin and polymerized at
70 °C for 7 h. Once the blocks were obtained, they were cut
using a Leica UC7 ultramicrotome, and 70 nm cuts were made
using Cu200 hexagonal grids. Previously, 350 nm cuts were
made to check the correct area. Finally, the slices were
observed using a Zeiss Libra 120 transmission electron micro-
scope operated at 80 kV.

For pictures of the adult animals, we used a Zeiss Axio
Imager M2 fluorescence microscope. Worms exposed to NPs
were placed in a 2% agarose pad with 10 mM levamisole as an
anaesthetic and placed under the microscope with a 5x
objective.

Results and discussion
Synthesis and characterization of single-phase NPs

The particles obtained as described in the Experimental
section showed a quasi-equiaxial shape (Fig. 1a) with a mean

Number of NPs (%)
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diameter of 30 nm and a narrow size distribution (standard
deviation, ¢ = 6) (Fig. 1b).

The XRD pattern of these NPs (Fig. 2a) showed a set of
reflections that matched well with the PDF file for tetragonal
NaGd(WO,), (PDF: 25-829). No obvious shift of reflections as a
consequence of the Dy*" incorporation into the NaGd(WOy,),
lattice was detected, probably due to the similarity between the
ionic radii of both lanthanide cations (1.027 A for Dy** and
1.053 A for Gd**, both octacoordinated). Nevertheless, the suc-
cessful coprecipitation of the Gd*>" and Dy** cations was con-
firmed by ICP analysis, which indicated a Gd/(Dy + Gd) molar
ratio of 0.56, which is close to the nominal value (0.5). The
absorbance FTIR spectrum (Fig. 2b) of the synthesized NPs
showed two bands at 3400 and 1625 cm™!, attributed to
adsorbed water, together with lattice vibration bands at
<1000 cm™', characteristic of the tetragonal NaLn(WO,),
phase.*® Additionally, some absorptions were detected in the
range of 1400 to 1550 cm™ ", which are due to the symmetric
and asymmetric stretching vibrational modes of the PAA car-
boxylate anions.>” This suggests that PAA molecules were
adsorbed onto the surface of the NPs during the synthesis
process. The amount of such molecules was determined from
TG analysis (Fig. 2c), which showed an initial weight loss of
2.8% below 300 °C attributed to water desorption, followed by
a second weight loss of 3.4% from 300 to 600 °C related to PAA
decomposition. From now on, this sample will be labelled as
NaDy(.44Gdo.56(WO4),@PAA.

Dispersibility and colloidal stability in physiological media

To  investigate  the  colloidal  stability of our
NaDy, 44Gdg 56(WO,),@PAA NPs under physiological con-
ditions, they were dispersed in water as well as in various
simulated physiological media like MES and saline solution,
and such dispersions were kept undisturbed at physiological
temperature (37 °C) for different periods of time. We found
that the hydrodynamic diameter (HD) values obtained by DLS
for all as-prepared suspensions (¢ = 0) were only slightly higher
(around 60 nm) than the NP size (Fig. 1b), and that such
values did not change in a significant manner with an aging

35
Mean=30

30+ c=6

Diameter (nm)

Fig. 1 TEM micrograph (a) and particle size histogram (b) of the synthesized NPs.
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Fig. 2 XRD pattern (a), FTIR spectra (b), and thermogravimetry curve (c) of the synthesized NPs. The bottom ticks in (a) correspond to tetragonal
NaDy(WOy,), (25-829 PDF file). COO™ in (b) indicates the bands attributed to carboxylate ions.

time of at least up to 72 h (Fig. 3). This finding indicates high
colloidal stability of our NPs under physiological conditions,
as required for their use in vivo. Such behaviour is probably
due to the presence of PAA molecules on the NP surface, pre-
venting their aggregation through electrostatic and/or steric

interactions.
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= —— 48h 45
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Fig. 3 DLS curves obtained for the NaDyg 44Gdg56(WO4),@PAA NPs

dispersed in water, MES, and saline solution and aged undisturbed at
37 °C for different periods of time.
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Cytotoxicity

The potential cytotoxicity of the NaDy, 44Gd 56(WO,),@PAA NPs
was assessed using HFF-1 human foreskin fibroblasts as a model
system, through a live-dead test, which shows cell morphology
changes and necrotic and apoptotic processes, and the well-
known MTT assay, which measures cell mitochondrial activity.
For these analyses, the cells were incubated in the absence and
the presence of different amounts of NPs dispersed in water with
lanthanide (Gd + Dy) concentrations up to 100 pg mL™".

Fig. 4 shows the brightfield microscopy images obtained
for cells incubated in the absence (Fig. 4a) and in the presence
(Fig. 4b) of NPs with the highest assayed concentration corres-
ponding to a total Ln*" content of 100 pg mL™". No significant
alterations of the cell morphology were detected, suggesting
the biocompatibility of the NPs.

Regarding the live-dead test, Fig. 5a and b show the
merging of brightfield microscopy images with fluorescence
images obtained by staining the cells with Hoechst 33342 and
TO-PRO-3, so that live cells appear in blue and dead cells in red.
As observed, most cells show a blue colour. Consequently, there
were no statistically significant differences (p < 0.05) detected in
the percentage of deceased cells when subjected to Ln*" concen-
trations up to 100 pg mL™" compared to the negative control
(Fig. 5c), suggesting the absence of late apoptosis. Finally, the
analysis of the total cell counts per well for any of the tested Ln**
concentrations (<100 pg mL™") shows no significant decrease,
with a p-value of <0.05 (Fig. 5d). This behaviour suggests that no
cell necrosis took place after incubation with the studied NPs.

Finally, the MTT assay indicated that cell survival was
clearly above 80% for NP concentrations up to 100 pug mL ™"
(total Ln*" content) (Fig. 6), indicating negligible cytotoxicity
effects under the assayed conditions.

In vivo toxicity

The N2 C. elegans strain (wild-type) was incubated in the pres-
ence of NaDyy4,Gdy56(WO,),@PAA NPs to evaluate their
in vivo biocompatibility. C. elegans employs rhythmic pharyn-
geal contractions to transport liquids into the intestinal lumen
during feeding, so the worm ingests anything suspended in
the medium. To visually assess the nematode’s capacity for

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Representative bright-field optical microscopy images of cells exposed to the NaDyg 44Gdo 56(WO4),@PAA NPs at a concentration of 100 pg

mL~ of (Dy + Gd) (b) and negative control (a). The scale bar is 100 pm.
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Fig. 5 Optical microscopy images of HFF-1 fibroblasts resulting from the merge of brightfield (grey), Hoechst 33342 (blue), and TO-PRO-3 iodine
(red) images: negative control (a) and cells exposed to the NaDyg 44Gdo s6(WO4).@PAA NPs at a concentration of 100 pg mL™* of (Dy + Gd) (b). The
scale bar is 100 mm. Percentage of dead cells (c) and total number of cells per well obtained from live—dead analysis (d). Error bars represent stan-

dard deviation.

consuming NPs, the worms that were exposed to a concen-
tration of 1000 pg mL™" of NPs were observed by TEM. The
obtained images revealed the presence of NPs inside the
nematode’s intestine after treatment (Fig. 7), as supported by
EDX analyses, confirming that the nematode ingested them.

A test of the end-point lethality of NaDy 44Gdg 56(WO4),@PAA
was carried out at concentrations between 20 and 1000 pg mL™,
without noting any toxic effects, even at the highest concentration
of 1000 ug mL™", as shown in Fig. 8 (left). We also conducted a
sub-lethal toxicity test (fertility), finding no harmful effects as
indicated in Fig. 8 (right). Therefore, experiments conducted in
C. elegans demonstrated the excellent in vivo biocompatibility of
the NaDy 44Gdo,56(WO,),@PAA NPs.

This journal is © The Royal Society of Chemistry 2025

Relaxivity properties

It is well known that magnetic relaxivity values are affected by
the magnetic field strength.?®?° In this work, we evaluated the
r; and r, values of our NaDy, 44,Gd 56(WO,),@PAA NPs at 1.44
and 3 T, which are the working conditions for most scanners
commonly used in clinical practice.*® As observed in Fig. 9,
when increasing the applied magnetic field from 1.44 to 3 T, ry
values decreased from 4.39 mM™' s' to 3.43 mM " s7!
(Fig. 9a), while r, values increased from 6.76 to 12.56 mM ™"
s~' (Fig. 9b). The r; decrease agrees with the behavior pre-
dicted using the Solomon-Bloembergen-Morgan equations,
which indicate that as a result of the increase of the electron
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longitudinal spin relaxation time (7}.) with increasing applied
magnetic field, r; decreases.*** On the other hand, the 7,
increase is explained by quantum-mechanical theory, accord-
ing to which r, increases with increasing NP magnetization
and therefore with increasing magnetic field.>*

Importantly, the relaxivity values measured at both mag-
netic fields gave an r,/ry ratio (1.54 at 1.44 T, and 3.6 at 3 T)
within the range required for dual T;-T, CAs (from 1 to 10).*
In agreement, the T;-weighted phantom images obtained at 3
T for aqueous dispersions of our NPs became brighter with
increasing NP concentration, whereas the T,-weighted ones
became darker (Fig. 10). The relaxivities of our sample can be
compared with those of Gd-DOTA, a commonly used commer-
cial CA, which have been previously reported at different mag-
netic field strengths, including 3 T. For example, So et al
reported values of 7.07 mM ™' s' and 8.71 mM " s7*, for ry
and r,, respectively.*® Therefore, our NPs exhibited, as

C
C
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o
& 55 6.0 65 70
0
NaDY W Dy DyCu
d Gd Gd w
0 2 4 6 8 10

Energy (keV)

Fig. 7 Detailed TEM image (a) of the worm section (b) showing the intestine after NP exposition, and EDX spectrum (c) taken from the region

marked with a white square in (a).
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Fig. 8 Viability (left) and brood size (right) of N2 worms incubated at 20 °C with different NaDyg 44Gdo 56(WQO,4),@PAA nanoparticle concentrations
(ug mL™Y) for 24 h. Data were normalised to the mean of the control (worms not exposed to NPs). The mean + standard deviation is presented.
Values for n = 4 independent experiments are given with 48 replicates per experiment at viability and n = 3 and 20 replicates for brood size.
Statistical analysis was performed using nested ANOVA following Dunnett’'s multiple comparison test. No significant differences were observed
between the treatment and control groups. Error bars represent standard deviation.
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Fig. 9 Relaxation rates 1/T; (a) and 1/T, (b) measured at 1.44 and 3 T for aqueous dispersions of the NaDyg 44Gdo 56(WO4),@PAA NPs at different

concentrations.

expected, lower 7, (3.43 mM™" s71), but significantly higher r,
(12.56 mM " s™') under comparable conditions. It must be
finally noticed that the relaxivity values measured at 3 T for
our NaDy, 44Gd 56(WO,),@PAA NPs were superior to the ones
reported for mixed Gd/Dy fluoride-based NPs measured under
the same magnetic field (r;, < 1.82 mM ™ s' and r, <
5.24 mM~" s7"),'” which manifests the superior performance
of our NPs as a dual T,-T, MRI CA.

X-Ray attenuation properties

The X-ray attenuation phantom images of aqueous suspen-
sions of NaDy, 44Gd.56(WO,4),@PAA NPs, along with those of
iohexol solutions (a commercial iodine-based CT), are dis-

T-W

[Dy+Gd] (mM)

Fig. 10 Concentration-dependent T;- and T,-weighted phantom
images of the NaDy 44Gdo 56(WO4),@PAA NPs at 3 T.

This journal is © The Royal Society of Chemistry 2025

played in Fig. 11a. As observed, the contrast produced by our
NPs is significantly higher than that of iohexol at any concen-
tration, indicating the superior performance of our NPs as a
CT CA. This behaviour can be quantified by plotting the X-ray

25 5.0

HU scale

-1000 600

b)e00-— . 1 ]

* NPs

S @ lohexol y=327x-26 %
T 450+ R=0989 - T
= 300 yd .
g P % 3
2 .
o 150 % i
>I< 0- ,}' ~K .

0 5 10 15

[NPs] (mg-mL™")
Fig. 11 X-ray attenuation phantom images (a) and values (in Hounsfield

units, HU) (b) of NaDyg 44Gdo.56(WO4),@PAA NPs and iohexol dispersed
in water at different concentrations.
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attenuation values in Hounsfield units (HU) vs. CA concentration
(Fig. 11b). Such a plot results in straight lines, the slope of which,
corresponding to the here-developed CA (32.7), is almost two
times higher than that obtained for iohexol (18.8). This indicates
that a much smaller amount of our NPs is needed to obtain a
similar contrast, which is due to the higher atomic numbers of
Dy (Z = 66), Gd (Z = 64), and mainly W (Z = 74) compared to that
of I (Z = 53), as the X-ray attenuation coefficient increases with
the fourth power of Z.** It should also be mentioned that the per-
formance of our NPs was also higher than that reported for other
Dy-based MRI contrast agents such as DyVO, (slope = 21.5),*
which can also be explained by the higher Z value of W when
compared with V (23).

Conclusions

We have addressed, for the first time in the literature, the suit-
ability of sodium lanthanide tungstate (NaDyy 44Gd 56(WO,)s,)-
based nanoparticles as dual T;-T, MRI and CT contrast
agents, aiming to improve the chemical stability drawback of
previously reported lanthanide fluoride-based nanoparticles
and, mainly, to increase their X-ray attenuation capability
owing to the presence of tungsten. Such nanoparticles were
successfully synthesized and coated with polyacrylic acid mole-
cules by a wet chemistry method. They presented an almost
spherical shape with a mean size of 30 nm and they were col-
loidally stable under conditions that mimic the physiological
media, being noncytotoxic to the HFF-1 cell line. In addition,
they did not show significant in vivo toxicity or repro-toxicity
for C. elegans chosen as an animal model. The relaxivity
values, measured under different magnetic fields used in clini-
cal practice (1.44 and 3 T) for such nanoparticles, suggested
that they were suitable as dual T;-T, MRI CAs. Such relaxivity
values were superior to the ones reported for mixed Gd/Dy flu-
oride-based NPs measured under the same magnetic field,
which manifests the superior performance of our NPs as a
dual T;-T, MRI CA. Moreover, the nanoparticles displayed an
X-ray attenuation capability higher than that of iohexol, a con-
trast agent frequently employed in clinics. All these character-
istics make the here-developed sodium lanthanide (Dy**, Gd*")
tungstate-based nanoparticles ideal bimodal probes for MRI
and CT techniques.
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