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1. Introduction

Sodium lanthanide tungstate-based nanoparticles
as bimodal contrast agents for in vivo high-field
MRI and CT imagingf

Elisabet Gomez-Gonzalez, (%) $*2 Carlos Caro, (2 £°¢ Nuria O. Nufez, (22
Daniel Gonzalez-Mancebo,? Jesus D. Urbano-Gamez,°©
Maria L. Garcia-Martin 2 *“9 and Manuel Ocafia () *?

Research on high-field magnetic resonance imaging (HF-MRI) has been increased in recent years,
aiming to improve diagnosis accuracy by increasing the signal-to-noise ratio and hence image quality.
Conventional contrast agents (CAs) have important limitations for HF-MRI, with the consequent need for
the development of new CAs. Among them, the most promising alternatives are those based on Dy** or
Ho®* compounds. Notably, the high atomic number of lanthanide cations would bestow a high
capability for X-ray attenuation to such Dy or Ho-based compounds, which would also allow them to
be employed as CAs for X-ray computed tomography (CT). In this work, we have prepared uniform
NaDy(WQ,), and NaHo(WO,), nanoparticles (NPs), which were dispersible under conditions that mimic
the physiological media and were nontoxic for cells, meeting the main requirements for their use
in vivo. Both NPs exhibited satisfactory magnetic relaxivities at 9.4 T, thus making them a promising
alternative to clinical CAs for HF-MRI. Furthermore, after their intravenous administration in tumor-
bearing mice, both NPs exhibited significant accumulation inside the tumor at 24 h, attributable to
passive targeting by the enhanced permeability and retention (EPR) effect. Therefore, our NPs are
suitable for the detection of tumors through HF-MRI. Finally, NaDy(WOQO,), NPs showed a superior X-ray
attenuation capability than iohexol (commercial CT CA), which, along with their high r, value, makes
them suitable as the dual-probe for both HF-MRI and CT imaging, as demonstrated by in vivo
experiments conducted using healthy mice.

particularly relevant to their role in the battle against cancer
through early diagnosis.>

Imaging-based clinical diagnosis is pivotal in patient care.’
Among the various imaging modalities available, magnetic
resonance imaging (MRI) and computed tomography (CT)
stand out for their ability to provide high-quality 3D anatomical
and functional images, serving as invaluable tools for the non-
invasive diagnosis of a large variety of diseases, being
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The contrast in MRI images is due to the differences in the
longitudinal (7;) and transverse (7,) relaxation times of the
protons present in different tissues as well as in the proton
content. Ty shortening typically produces bright regions, while
T, shortening typically produces dark regions. In some cases,
contrast agents (CAs) that shorten the longitudinal (7;) and
transverse (T5) relaxation times of the protons®* are required to
increase the contrast. The capability of a CA to shorten T; and
T, is known as longitudinal (r;) and transverse (r,) relaxivities,
respectively, which can be obtained as the slope of the line
resulting from the plot of 1/T; , vs. CA concentration.

Although the conventional MRI technique is very well estab-
lished in clinics, high-field MRI (HF-MRI) is being increasingly
used in the field of preclinical imaging to improve the quality of
the images since, as the magnetic field becomes stronger, the
signal-to-noise ratio increases, leading to a higher resolution
required to image small animals with sufficient details.’
Additionally, high-field MRI systems are already a reality in
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clinical practice, with the approval of the first 7 T system by the
Food and Drug Administration (FDA) in 2017.° Thus, while
clinical scanners using 1.5 and 3 T magnets may achieve image
resolutions of up to 1 mm, those using 7 T magnets have been
shown to achieve resolutions as fine as 0.5 mm.”” Another
important advantage of using high fields is the decrease in
image acquisition times.*’

Unfortunately, most of the T;-CAs, based on Gd*" complexes
or Gd-containing nanoparticles (NPs), and T,-CAs, consisting of
or superparamagnetic iron oxides (SPIONS), used for conven-
tional MRI are less suitable for HF-MRI. In the first case, this is
due to the decrease of the value of r, of Gd**-based CAs with the
increasing applied magnetic field as a result of increasing
electron spin longitudinal relaxation times with increasing field
strength."®" In the case of T,-CAs, in agreement with the
quantum mechanical theory of the outer sphere,">™* the value
of r, should increase as increasing magnetization, and, hence, as
the increasing magnetic field. For SPIONS, a saturation of their
magnetization takes place at a low field (1 T), which is an
important drawback for the use of these CAs in HF-MRL'>®
Therefore, the development of new CAs for HF-MRI is required;
the best candidates being those based on lanthanide (Ln*") ions
other than Gd*', such as Dy** and Ho**. These cations have short
electronic relaxation times and the highest magnetic moments
among all Ln*" cations that prevent their magnetization from
saturating as the magnetic field increases.'” It is noteworthy
that, because of the high atomic number of Ln** cations, the Dy
or Ho-based MRI CAs should show a high capability for X-ray
attenuation,'® which would also allow them to be employed as
CAs for X-ray computed tomography (CT).'° The interest in such
multifunctional probes has increased during the last few years
because the combined use of more than one imaging technique
is very convenient to obtain a more reliable diagnosis.°

Several reports can be found in the literature regarding Dy’
or Ho*" containing NPs for bimodal HF-MRI and CT imaging,
most of them based on fluoride matrices,>">* which tend to
dissolve in aqueous media,”>*® leading to the release of fluoride
ions that are potentially toxic,”” although this drawback can be
mitigated by surface functionalization.”® As an alternative to
fluorides, Dy*" NPs based on other matrices, such as oxide,**"*°
phosphate,®** vanadate,*® or molybdate,** have been proposed.
However, the potentiality of double sodium-dysprosium or hol-
mium tungstate (NaDy(WO,), and NaHo(WO,),) NPs as CAs for
HF-MRI has not yet been addressed, despite the high atomic
number of tungsten when compared with fluorine, vanadium, or
phosphor, which would confer a higher X-ray attenuation cap-
ability to these probes.

Finally, it is widely accepted that, for in vivo applications, the
NPs must be uniform with a size of <100 nm.** In addition,
they must be colloidally stable in physiological media®® and,
obviously, must be biocompatible.>” The later requirements are
affected by several factors, such as the size, shape, and compo-
sition of the NPs,*® which must be adjusted to optimize the
performance of CAs.

It should also be noticed that intravenously administered
nanoparticles preferentially accumulate in tumors due to their
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intrinsic physiology,*® a phenomenon known as the enhanced
permeability and retention (EPR) effect.® Extensively studied in
nanotechnology, the EPR effect is widely regarded as the most
efficient mechanism for targeting nanoparticles to solid
tumors,”"** despite some existing controversies.****

In this work, we have developed a procedure for the synth-
esis of uniform and well-dispersed sodium dysprosium tung-
state (NaDy(WO,),) NPs with a quasi-spherical shape and more
anisometric sodium holmium tungstate (NaHo(WO,),) NPs,
and both of them functionalized with polyacrylic acid (PAA).
The colloidal behavior in several physiological media and the
in vitro cytotoxicity of such NPs have been evaluated to assess
their suitability for in vivo applications. Finally, the magnetic
relaxivity at high field (9.4 T) and the X-ray attenuation proper-
ties of the developed CAs were comparatively analyzed, and
their in vivo behavior (pharmacokinetic and biodistribution)
after intravenous injection in tumor-bearing mice was evalu-
ated by using HF-MRI and CT to explore their potentiality as
dual contrast agents for both bioimaging techniques.

2. Experimental section

2.1. Reagents

Dysprosium nitrate pentahydrate (Dy(NO3);-5H,0, Sigma
Aldrich, 99.99%), holmium nitrate pentahydrate (Ho(NO;)s-
5H,0, Sigma Aldrich, 99.99%), sodium tungstate dihydrate
(Na,WO,, Sigma Aldrich, >99%), ethylene glycol (EG, Sigma
Aldrich, 99.8%), and polyacrylic acid (PAA, Sigma Aldrich, Mw
1800) were used as received. A phosphate-buffered saline (PBS)
solution (137 mM NaCl, 2.7 mM KCl and 10 mM phosphate, with
pH = 7.4) was prepared by dissolving a PBS tablet (Sigma-Aldrich)
in 200 mL of Milli-Q water. 2-(N-Morpholino)ethanesulfonic acid
(MES) solution was prepared following the next protocol: 1.06 g
of MES were dissolved in Milli-Q water, to obtain a 50 mM buffer,
PH 6.5. Saline solution was used as received.

2.2. Nanoparticle synthesis

2.2.1. Sodium dysprosium tungstate. NaDy(WO,), NPs
were prepared by employing a polyol-based method through
homogeneous precipitation reactions. Essentially, the method
involves the aging, in a microwave-assisted oven at 220 °C for
1 h, of a dysprosium nitrate and sodium tungstate solution in a
mixture of EG and water (volume ratio = 4/1). For this, sodium
tungstate was first dissolved under magnetic stirring in 5 mL of
EG at ~80 °C and then, it was cooled down to room tempera-
ture. In another vial, dysprosium nitrate was dissolved along
with 2 mg mL~" PAA in 2 mL of Milli-Q water. After this, 3 mL of
EG were added. These two precursor solutions were admixed to
obtain a solution with final concentrations 0.04 M Dy(NO;);
and 0.1 M Na,WO,. Finally, the mixture was homogenized and
aged for 1 hour in a microwave-assisted oven at 220 °C.

2.2.2. Sodium holmium tungstate. NaHo(WO,), NPs were
synthesized by using the protocol described above, introducing
slight modifications to obtain uniform NPs. Specifically, 0.02 M

This journal is © The Royal Society of Chemistry 2024
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holmium nitrate was employed instead of 0.04 M dysprosium
nitrate as Ln*" precursor.

For purification, the resulting dispersions were cooled down
and centrifuged to remove the supernatants. The NPs were then
washed twice with ethanol and once with double distilled water.

Finally, the particles were stored dispersed in double-
distilled water or dried at 50 °C, when required.

2.3. Characterization techniques

A JEOL 2100 Plus (200 kV) transmission electron microscope
(TEM) was employed to obtain micrographs of the NPs, from
which size distribution histograms were obtained by counting
about one hundred of particles on the TEM micrographs, using
the free software ImageJ.

A Panalytical, X'Pert Pro diffractometer (CuKa) with an
X-Celerator detector was used to record the X-ray diffraction
(XRD) patterns (10° < 20 < 90°, a 20 step width of 0.03°, and
10 s counting time).

The infrared spectra (FTIR) of the NPs dispersed in KBr
pellets were recorded with a Jasco FT/IR-6200 Fourier transform
spectrometer. A TA Instruments-TGA apparatus (SDT Q600) was
employed to conduct the thermogravimetric analysis (TGA) in
an air atmosphere at a heating rate of 10 °C min™".

The hydrodynamic diameter of the NPs in water, MES, PBS
or saline solution dispersions (NPs content = 0.5 mg mL ') was
evaluated by dynamic light scattering (DLS) using a Malvern
Zetasizer Nano-ZS90 apparatus.

The transverse relaxation rate (R, = 1/T,) was measured for
aqueous suspensions of NPs with different concentrations of
Ln** (0.062 to 0.5 mM) using a Bruker Biospec MRI system at
9.4 T, employing a Carl-Purcell-Meiboom-Gill (CPMG) ima-
ging sequence. The transverse relaxivity, r,, values were deter-
mined from the slope of the linear fit of the transverse
relaxation rate (R, = 1/T,) vs. Ln*" concentration (mM).

The measurements of the magnetization behavior were
performed at 300 K using a vibrating sample magnetometer
(8600 Series VSM, Lake Shore Cryotronics, USA) and magnetic
fields ranging from —19000 to 19000 Oe, with a sample
concentration of 1 mg mL ™" of Ln*",

X-ray attenuation of aqueous NP dispersions or iohexol
solutions having different CA concentrations (0, 5, 10, 15, and
20 mg mL ", total volume = 1.0 mL) were measured with a Zeiss
Xradia 610 Versa 3D X-ray microscope (XRM) with 0.4x objec-
tive lens without any filter, achieving a pixel size of 213 um. The
fixed acquisition parameters were 123 pA current, 70 kvp
voltage and 0.1 s of exposure time. The software called Recon-
structor Scout and Scan 16.1.13.038 was utilized to reconstruct
the final images from 801 projections. Finally, the resulting
images were analyzed with Image] (a free-license software)
using a spherical volume of 0.5 cm in radius. For image
calibration, the intensity value of water X-ray attenuation was
considered to be 0 Hounsfield units (HU), and the air attenua-
tion was —1000 HU.

The NP concentration in all prepared dispersions was deter-
mined by ICP analyses performed using an iCAP 7200 ICP-OES
Duo (ThermoFisher Scientific) equipment. The NPs were

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

previously digested in concentrated hydrochloric acid at room
temperature overnight.

2.4. Cell experiments

2.4.1. Cell culture. HFF-1 human fibroblast cells were used
for the cytotoxicity assessment. They were cultured in the
DMEM supplemented with i-glutamine (2 mM), FBS (10%),
and penicillin/streptomycin (1%). 4T1, a triple-negative breast
cancer cell line used to develop mice tumor models, was cultured
in the RPMI growth medium supplemented with r-glutamine
(2 mM), FBS (10%), and penicillin/streptomycin (1%). Both cell
lines were maintained at 37 °C in a 5% CO, incubator.

2.4.2. Cytotoxicity assays. HFF-1 cells were cultured in the
presence of NPs (<100 ug mL ™" of Ln*") to evaluate the cell
viability through MTT and live-dead assays, following the
protocols described elsewhere.*!

2.5. In vivo experiments

2.5.1. Animal handling. In vivo assays were performed
following the ethical guidelines of both national and European
regulations for the care and use of laboratory animals (R.D. 53/
2013 and 2010/62/UE) and approved by our local Animal
Research Ethics Committee (Comité de Etica de Experimenta-
cion Animal (CEEA) IBIMA-Plataforma BIONAND) and the
Highest Institutional Ethical Committee (Andalusian Govern-
ment, accreditation number 14/09/2021/130). Before MRI and
CT experiments, animals were anesthetized with isoflurane 3%
(1-1.5 mL min~"), and the tail vein was cannulated for the
intravenous injection of NP suspensions. Then, the animals
were positioned in the imaging system, where they remained
anesthetized by receiving a 1% isoflurane flow of 1 mL min ™,
and their respiration rate and temperature were monitored.

2.5.2. Tumor implantation. Orthotopic breast tumors were
induced by 4T1 cell implantation into the mammary tissue, as
previously described.*

2.5.3. Pharmacokinetics and biodistribution. HF-MRI was
employed to determine the pharmacokinetics and biodistribution
of the developed NPs. For this, an aliquot of NPs suspended in
PBS corresponding to 5 mg of Ln*" (~20 mg NPs) per kg animal
was administered to tumor-bearing mice (n = 3, 22-25 g of
weight), provided by Charles River, and the HF-MRI images were
obtained using a 9.4 T Bruker Biospec system mentioned above
and following the protocols described elsewhere.*® Details on the
acquisition scheme are provided in the ESL¥

2.5.4. In vivo bimodal HF-MRI and CT imaging. For these
experiments, we followed a procedure similar to that described
above for the biodistribution assays, except that we used
healthy mice to which a higher concentration of the CA
(10 mg Ln** (~40 mg NPs) per kg animal) was administrated
to reach concentrations detectable by CT scanning. Notably,
while the concentration of CA was higher than that used in MRI
experiments, it still remained significantly lower than the
concentrations of iohexol typically used in clinical studies.””
For CT imaging, we followed the protocols outlined in
our previous publications,*® using a Bruker Albira system
(Bruker Biospec, Bruker BioSpin, Ettlingen, Germany), and
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the following parameters: 35 um X-ray focal spot size (nominal),
45 kvp energy, working at 400 pA. Attenuation values were
expressed in Hounsfield units, with the scale adjusted to better
visualize soft tissues, overexposing the bones.

2.6. Statistical analysis

The statistical analysis was performed using the Jamovi soft-
ware 2.3.21. The Mann-Whitney U test was selected for cell
viability, in vivo T,, and ICP values, which are displayed as
mean =+ standard deviation (SD).

2.7. Histology

After in vivo experiments, animals were euthanized, and tissue
samples from the liver and tumor were harvested. These
samples were processed and stained with hematoxylin and
eosin (H&E) before their histological examination by light
microscopy. Detailed protocols can be found in the ESL

3. Results and discussion

3.1. Nanoparticle synthesis and characterization

The NPs obtained for the Dy*"-based system showed an almost
equiaxed shape (Fig. 1a) and a mean size of 17 nm with a rather
narrow size distribution (standard deviation, ¢ = 4) (Fig. 1b),
whereas those corresponding to the Ho-based system were
more anisometric (Fig. 1c) and slightly smaller (19 nm (¢ = 4) X
8 nm (¢ = 1)) (Fig. 1d). These morphological differences may be
explained based on the differences in the precursor concen-
tration used for the synthesis of both systems and by the
probable small different reactivity of both lanthanide cations,
since, according to the well-known LaMer and Dinegar
model,*® these factors determine the precipitation kinetics

and hence the particle size and shape.

s}kb "':‘ "‘o\o Mean=17 (c=4) b

N
o

20 40 60 80
Size (nm)

Mean width=8 (c=1) d

\Mean length=19 (c=4)

40 60 80
Size (nm)

Fig.1 TEM micrographs and particle size histograms of the dysprosium
(a) and (b) and holmium (c) and (d) tungstate-based systems.
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According to XRD, both types of NPs (Fig. 2a) crystallized
into the tetragonal structure since their corresponding pattern
was very similar, exhibiting a set of reflections compatible with
the PDF file for tetragonal NaDy(WO,), (PDF: 96-222-4801). The
FTIR spectra of these samples (Fig. 2b) were also very similar
and displayed the lattice vibrations modes (<1000 c¢cm™ )
expected for the tetragonal NaLn(WO,), phases,’® along with
two bands at 3400 and 1625 cm ™', respectively, due to adsorbed
water. More interestingly, some absorptions between 1400 and
1550 cm™ " were also observed, which correspond to the sym-
metric and asymmetric stretching vibrational modes of the PAA
carboxylate anions, respectively,” indicating the incorporation
of PAA molecules onto the NP surface. The amount of such
molecules was quantified from the TG curve (Fig. 2c) obtained
for these NPs, which showed a first weight loss (3.5% for
NaDy(WO,), and 2.5% for NaHo(WO,),) below 300 °C, due to
the release of adsorbed water, and a second one from 300 to
600 °C of ~4.5% for both samples that can be related to the
PAA decomposition.

3.2. Dispersibility in physiological media

The hydrodynamic diameter (HD) in aqueous suspensions
obtained by DLS for both systems (Fig. 3) was similar and
was kept within the nanometer size range (60 nm for
NaDy(WO,), NPs and 57 nm for NaHo(WO,), NPs). This finding
indicates that the NPs were not significantly aggregated in
water. More interestingly, also in both cases, the HDs for the
NPs dispersed in different media simulating physiological
conditions, such as MES, PBS, and saline solution, were below
100 nm with PDI values of <0.2 in all cases, which correspond
to moderately monodispersed particles. This finding indicates
that our NPs meet the dispersibility requirement for their
in vivo applications. It should be noticed that the HD in PBS
of NPs synthesized using a similar procedure but in the absence
of PAA was much higher (>700 nm) (Fig. S1, ESIt), which
revealed the important role of PAA functionalization on the
colloidal stability of our NPs required for in vivo applications.

3.3. Cell viability

The cell viability analyses were performed using the HFF-1 cell
line as a working model, aiming to evaluate the potential
cytotoxicity of the NaDy(WO,), and NaHo(WO,), NPs. This
study relied on two procedures: (i) the live-dead assay, which
provides information about changes in the cell morphology
and the induction of necrotic and apoptotic processes, and (ii)
the MTT assay, which assesses the mitochondrial activity of
the cells.

By merging bright field microscopy images with fluores-
cence images of DAPI (blue, live cells) and TO-PRO-3 (red, dead
cells) staining (Fig. 4a-d), it was observed that when the cells
were exposed to NP concentrations of up to 100 pg mL ’,
referred to Dy*" (Fig. 4c) or Ho>" cations (Fig. 4d), no remark-
able morphological changes with respect to death negative
control were detected (Fig. 4a). We also found that there was
no statistically significant (p < 0.05) decrease for any of the
assayed concentrations (<100 pg mL ') when counting the

This journal is © The Royal Society of Chemistry 2024
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Dy-based NPs

Intensity (a. u.)
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Tetragonal NaDy(WO,),
(PDF: 96-222-4801)
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Fig. 2 XRD patterns (a), FTIR spectra (b), and TGA curves (c) of the NaDy(WQO,), and NaHo(WO,4), NPs.
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Fig. 3 DLS curves obtained for the NaDy(WOy,), (a) and NaHo(WO,),
(b) NPs dispersed in water, MES, PBS and saline solution.

total number of cells per well for both the NaDy(WO,), (Fig. 5a)
and the NaHo(WO,), samples (Fig. 5d). This behavior is indi-
cative of the absence of cell necrosis. On the other hand, no
statistically significant differences (p < 0.05) were observed
between the percentage of dead cells when exposed to the Ln
concentrations up to <100 pg mL ™" and that corresponding to
the negative control, indicating the absence of apoptosis for
both samples (Fig. 5b and e).

Finally, the MTT assay showed no statistically significant
effect on mitochondrial activity for both NaDy(WO,), and
NaHo(WO,), samples (Fig. 5¢ and f), as the cell survival was
above the limit below which (70%) NPs are considered to be

This journal is © The Royal Society of Chemistry 2024

Fig. 4 Representative optical microscopy images of HFF-1 fibroblasts
resulting from the merge of bright field (grey), DAPI (blue) and TO-PRO-3
iodine (red) images: (a) negative control, (b) positive control, (c) cells
exposed to 100 pg mL™* Dy of NaDy(WO,),, and (d) cells exposed to
100 pg mL~ Ho of NaHo(WQ,),. The scale bar corresponds to 50 um.

potentially cytotoxic (UNE-EN ISO 10993-5:2009 standard).’?
Therefore, it can be concluded that the cell viability of the
developed NaDy(WO,), and NaHo(WO,), NPs functionalized
with PAA was very high and, therefore, they would be suitable
for use as probes in bioimaging applications.

3.4. High-field magnetic resonance imaging

3.4.1. Relaxivity properties. The relaxivity values of the
developed bioprobes were estimated in vitro, before the evalua-
tion of their in vivo performance. The T,-weighted MRI phan-
tom images obtained at 9.4 T for the NaDy(WO,), and
NaHo(WO,), NPs functionalized with PAA (Fig. 6, top) darkened
as the increasing concentration of both kinds of NPs in the
aqueous suspensions, which indicates that they behave as
negative CAs. This was confirmed by measuring the r; (Fig. S2,
ESIt) and r, (Fig. 6, down) values from the slope of the line
resulting when plotting 1/T; ., versus lanthanide concentra-
tions. As shown in these figures, for both systems, the r, value
was much higher (105.6 and 58.6 mM " s, for NaDy(WO,),

J. Mater. Chem. B, 2024, 12, M23-11133 | 11127
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Fig. 6 T,-weighted phantom images (top) and relaxation rates (1/T>) vs.
Ln concentrations (down) obtained at 9.4 T for aqueous suspensions of
NaDy(WQy,), (blue) and NaHo(WO,), (red) NPs.

and NaHo(WO,),, respectively) than the r; value (0.29 and
0.27 mM ' s, for NaDy(WO,), and NaHo(WO,),, respectively),

1M28 | J Mater. Chem. B, 2024, 12, 11123-11133

NaHo(WQO,), (e) NPs. The MTT assay for cells exposed for 24 h to increase

which results in r,/r; ratios (364 and 217, respectively) exceedingly
above the lower limit (~10) for a system to be considered as T,
CA. It is also outstanding that the r, value was higher for the Dy-
based NPs (105.6 mM " s~ ') than that for the Ho-based ones
(58.6 mM " s'), which manifests the better performance of
the former as a CA for HF-MRI. To explain this behavior, it must
be considered that the value of the transverse relaxivity, r,, of
paramagnetic NPs is mainly due to the contribution of the Curie
effect to the transverse relaxivity in the outer-sphere regime
according to the quantum-mechanical theory."? Different factors
influence the magnetization of paramagnetic Dy’*- and Ho*'-
containing samples, such as the magnetic moment of such
cations. Specifically, the r, value increases with the magnetization
of the paramagnetic ion, which is related to the magnetic
susceptibility and thus to the magnetic moment of the ion
according to Curie’s law, which predicts that the magnetization
increases quadratically with the magnetic moment.** Therefore,
since the value of the magnetic moment is higher for Dy**
(10.63up) than for Ho®" (10.6up),>® the magnetization of the
Dy-based system is also higher than that of the Ho-based one
(Fig. S3, ESIt), thus explaining the higher 7, value of the former.
Another factor contributing to such a higher r, value is the
higher particle size of the Dy-based sample since the quantum-
mechanical theory'* also predicts that r, increases with the
particle size. Finally, it is important to mention that, as observed
in in Table S1 (ESIt), the r, values of our samples are within the
range reported for most of the other Dy or Ho based
systems, > 2429345455 Oply those based on LnF;,** LnVO,,* and

This journal is © The Royal Society of Chemistry 2024
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LnPO,,*"** (Ln = Ho or Dy) previously reported by us showed
clearly higher r, values due to their higher particle size. However,
in these cases, the suitability of developed NPs as CAs for in vivo
dual MRI-CT imaging was not investigated.

3.4.2. Pharmacokinetic and biodistribution
bearing mice. The in vivo behavior of the developed CAs was
evaluated by HF-MRI following their intravenous administra-
tion (5 mg Ln®" per kg animal) in tumor-bearing mice using 4T1
breast cancer as the tumor model. The aim was to determine
the tumor-targeting capabilities of these new NPs via the EPR
effect. Short-term and long-term pharmacokinetics were eval-
uated by dynamic T,-weighted MRI quantitative T, mapping,
respectively. It was observed that NaDy(WO,), NPs were rapidly
removed from the bloodstream by the liver, leading to ~80%
absolute relative enhancement (RE) increase within a few
seconds (Fig. 7a). In contrast, NaHo(WO,), NPs exhibited a
slower uptake, with RE variations ranging from ~60% at the
beginning of the experiment to ~80% after 30 min (Fig. 7a).
The lower uptake of the latter is probably due to their smaller
HD since the nature of the coating is similar in both cases. On
the other hand, the spleen displayed a gradual uptake over
time, with this effect being more prominent for NaDy(WO,),
NPs (Fig. 7b). The mild discrepancies noted for the liver and
spleen can be explained (partially or fully) by the differing
affinities for nanomaterials of Kupffer cells and splenic
macrophages.®® It should be noticed that there were no
observed changes in either the tumor or the muscle during
these first 30 minutes (Fig. S4, ESIf). Regarding long-term
pharmacokinetics, high-resolution 7,-weighted images and
parametric T, images were acquired at 1 and 24 hours following
the administration of either NaDy(WO,), or NaHo(WO,), NPs.
T,-weighted images evidenced a sharp darkening in both the
liver and the spleen at 1 hour, which was still evident at
24 hours (Fig. 7c). Although no changes were observed in the
tumor for either of the NPs at 1 hour post-administration, at
24 hours, a noticeable darkening could be clearly observed,
forming a ring around the necrotic zone (Fig. 7c). These
findings are in agreement with previous reports that identified
24 hours as the optimal timeframe for passive tumor targeting
by the EPR effect.**”® Interestingly, the accumulation behavior
described in this work resembles the findings reported recently by
some of us, where we identified the accumulation zone as distinct
from the extravasation pattern delineated by Gd complexones.*®
Finally, as expected, no changes were detected in the muscle.*® In
addition, the quantitative T, mapping evaluation of the tumor
revealed a statistically significant (p < 0.05) AR, in the accumula-
tion zone for both NPs (approximately 2 s~ * for NaDy(WO,), and 7
s~ ! for NaHo(WO,),) (Fig. 7d). The accurate T, quantification of
the liver and spleen was hindered by the remarkably high
transverse relaxivity of our NPs, which led to extremely low T,
values. However, the accurate estimation of NP accumulation
could be obtained post-mortem by ICP analysis of the main
organs (Fig. 7e). The majority of NPs were taken up by the liver
and spleen, approximately 50% for NaDy(WO,), NPs and 25% for
NaHo(WO,), NPs, with these differences showing a trend towards
significance (p < 0.1) in both organs. Regarding tumor targeting,

in tumor-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

the percentage relative to the injected dose was below 1%,
indicating a poor EPR effect, yet similar to those reported in the
literature for most NPs.*® However, this low amount proved
sufficient for clear detection by MRI using both kinds NPs, in
spite of their different values of r,.

3.4.3. Ex vivo histological evaluation of tumor-bearing
mice after intravenous administration. Histological evaluation
of the liver and tumor was conducted at the end of the
experiments, i.e., 24 h after the intravenous administration of
NaDy(WO,), and NaHo(WO,), NPs. For this purpose, sections
of both tissues were stained with H&E. It was found (Fig. 8) that
the tumor sections exhibited a heterogeneous cytoarchitecture
and the characteristic high cell density of solid tumors. Further-
more, metastatic tumor granulocytes were clearly observed in
the liver of tumor-bearing mice, as expected for this well-known
metastatic tumor model, and consistent with previous studies
conducted by some of us.®® Notably, no acute tissue damage
attributable to NP exposure was observed in any of the organs
evaluated by histopathological analysis, further supporting the
suitability of the herein-reported NPs for in vivo applications.

3.5. Dual HF-MRI-CT bioimaging

To explore the dual character of the developed NPs for HF-MRI
and CT bioimaging, the NaDy(WO,), system was chosen, as a
proof of concept, owing to their superior r, values when
compared with the Ho-based system. For such a purpose, the
X-ray attenuation properties of the selected sample were first
evaluated.

3.5.1. X-ray attenuation properties. The X-ray attenuation
properties of the NaDy(WO,), sample were measured for aqu-
eous suspensions containing different NP concentrations. The
X-ray attenuation phantom images obtained for these NP sus-
pensions compared with those of iohexol (a commercial iodine-
based CT contrast agent) are shown in Fig. 9 (top). From these
images, it follows that for each concentration, the NaDy(WO,),
NPs gave rise to a higher contrast than iohexol. This behavior
can be quantified by plotting the X-ray attenuation values in
Hounsfield units (HU) vs. the NP concentration (Fig. 9, bottom).
As expected, the HU values increased linearly with the CA
concentration. More interestingly, the slope of the best-fit line
corresponding to the NaDy(WO,), NPs (31.6 HU per mg mL )
was much elevated than that obtained for iohexol (18.8 HU per
mg mL ") evidencing that a lower dose of the NaDy(WO,),-based
CA is needed to produce a similar contrast, which would be
advantageous for the patients. The better X-ray attenuation
capacity of our CA is explained by the higher atomic number
of dysprosium (Z = 66) and mainly tungsten (Z = 74), in
comparison with that of iodine (Z = 53), since the X-ray attenua-
tion coefficient increases with the fourth power of Z.°*

3.5.2. Invivo dual HF-MRI-CT bioimaging. The NaDy(WO,),
NPs were intravenously administrated in healthy mice using a
higher dose (10 mg Dy per kg animal) than the one used for
pharmacokinetic and biodistribution studies since CT is less
sensitive than HF-MRI. The HF-MRI and CT images recorded for
the same injected mouse (Fig. 10) showed a clear contrast in the
liver and spleen 1 h after administration, which did not change
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Fig. 8 Representative histological sections of H&E staining of the liver (top) and tumor (bottom) of 4T1 tumor-bearing mice at 24 hours post-
intravenous administration of NPs. The liver of non-tumor-bearing mice was used as controls (Ctrl). Arrows indicate metastatic lesions. The scale bar

corresponds to 200 um.
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Fig. 9 X-ray attenuation phantom images (top) and X-ray attenuation
values in Hounsfield units (HU) (bottom) obtained for agueous suspensions
having different concentrations of NaDy(WO4), NPs and iohexol.

appreciably after 24 h. This behavior agrees with the hepatic and
splenic clearance pathways detected by HF-MRI, which is typical
for nano-sized particles.®®®> Such images also demonstrate the
potential utility of NaDy(WO,), NPs as dual contrast agents for
HF-MRI and CT bioimaging.

4. Conclusions

NaDy(WO,), and NaHo(WO,), NPs functionalized with PAA
have been synthesized using a homogeneous precipitation

This journal is © The Royal Society of Chemistry 2024

Fig. 10 Representative T>-weighted MR images (top) and CT imaging
(down) at different time points after the intravenous injection of
NaDy(WOy), (10 mg Dy per kg animal).

method in polyol media at 220 °C from lanthanide nitrate and
sodium tungstate precursors in a microwave oven. The NPs
showed good dispersibility in water, MES, PBS and saline solution
suspensions. Cell viability studies revealed that such NPs exhib-
ited negligible toxicity effects for the human fibroblast HFF-1 cell
line. Transversal relaxivity values (r,) measured at 9.4 T were
found to be higher for the NaDy(WO,), NPs (105.6 mM " s~ )
than for the NaHo(WO,), ones (58.6 mM " s~ '), which is mainly
ascribed to the higher size of the former and to the higher
magnetic moment of Dy** when compared with that of Ho>".
Furthermore, pharmacokinetic assays carried out using tumor-
bearing mice indicated that for both kinds of NPs a fast uptake by
the liver and spleen took place. More importantly, certain NP
accumulation in the tumor was observed 24 h after administra-
tion, indicating NPs uptake by the EPR effect, which manifests the
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suitability of both kinds of NPs for tumor detection through
HF-MRI. On the other hand, no tissue damage was detected in
the analyzed organs, which provides further support to the
biocompatibility of NaDy(WO,), and NaHo(WO,), NPs. Finally,
the NaDy(WO,), NPs, selected as a proof of concept, showed a
superior X-ray attenuation capability than that of a commercial CT
contrast agent (iohexol), which along with their high r, value
make them suitable as the dual-probe for dual HF-MRI and CT
imaging, as demonstrated by in vivo experiments conducted using
healthy mice.
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