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ABSTRACT: Bimodal medical imaging based on magnetic

resonance imaging (MRI) and computed tomography (CT) is a at different voltages

well-known strategy to increase the diagnostic accuracy. The most oo Dyconcentiation mm)
recent advances in MRI and CT instrumentation are related to the :,,? TR 200
use of ultra-high magnetic fields (UHF-MRI) and different " . L [l P
working voltages (spectral CT), respectively. Such advances ' «% H ) I - _
require the paralle]l development of bimodal contrast agents 323 ¥ gm ° 1007
(CAs) that are efficient under new instrumental conditions. In this %,‘ 2 N o =
work, we have synthesized, through a precipitation reaction from a e , 5l @m . *

glycerol solution of the precursors, uniform barium dysprosium ..‘Zrnm >'<525 X @ o
fluoride nanospheres with a cubic fluorite structure, whose size was s S0 10 1o w0 1 a0
found to depend on the Ba/(Ba + Dy) ratio of the starting Voltage (kVp)

solution. Moreover, irrespective of the starting Ba/(Ba + Dy) ratio,

the experimental Ba/(Ba + Dy) values were always lower than those used in the starting solutions. This result was assigned to lower
precipitation kinetics of barium fluoride compared to dysprosium fluoride, as inferred from the detailed analysis of the effect of
reaction time on the chemical composition of the precipitates. A sample composed of 34 nm nanospheres with a Bajs; Dy 40F; 49
stoichiometry showed a transversal relaxivity (r,) value of 147.11 mM "s™" at 9.4 T and gave a high negative contrast in the
phantom image. Likewise, it produced high X-ray attenuation in a large range of working voltages (from 80 to 140 kVp), which can
be attributed to the presence of different K-edge values and high Z elements (Ba and Dy) in the nanospheres. Finally, these
nanospheres showed negligible cytotoxicity for different biocompatibility tests. Taken together, these results show that the reported
nanoparticles are excellent candidates for UHF-MRI/spectral CT bimodal imaging CAs.

1. INTRODUCTION Contrast on MRI is mostly based on the different relaxation
rates of protons in the water molecules of the body after the
application of a radiofrequency current under the effect of a

(CT), are among the most extensively utilized clinical imaging strong .magnet. Clinical MRI is curreflt?y conducted with
modalities due to the advantages of availability, facile image m'agnet1c fields of 1.5-3 T, and gadolln}um Compl§xes are
processing, no tissue damage, and painlessness to patients."” widely used as 'CAS‘ The use f)f ultra-hlgh magnetlc fields
They allow one to examine a living organism to help diagnose .(UHF’ > 7 T)' increases 7the 81gn.al-t0—n01s.e ratio arlld tl‘1us
diseases at preclinical and clinical stages. MRI provides IMproves imaging quahty. Afioptlon of high-field imaging
extremely detailed images of soft tissues, while CT is constitutes the main trend in future MRI development.
particularly effective for imaging bones and lungs. Their Implementation of UHF-MRI requires, however, advances on
combination has been proposed as a promising strategy to many fronts, from the technological side®® to the scientific
provide maximum information using complementary morpho- one. The latter implies the design of new CAs that are more

logic and/or functional evidence.”* However, because of the

Noninvasive diagnostic imaging techniques, such as magnetic
resonance imaging (MRI) and X-ray computed tomography

low specificity of both imaging techniques in certain cases, Received: March 18, 2024
such as solid tumors, the use of CAs becomes necessary to Revised: ~ May 16, 2024
improve diagnosis accuracy. In this context, the development Accepted:  May 17, 2024
of efficacious bimodal CAs will enable sequential MRI/CT Published: May 29, 2024

imaging with just one administration, thereby enhancing
patient safety.”°
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Figure 1. TEM micrographs (a, d), size histograms (b, e), and EDX spectra (¢, f) of barium dysprosium fluoride NPs synthesized using nominal
Ba/(Ba + Dy) ratios = 0.50 (top, Ba40Dy60 NPs) and 0.75 (bottom, BaS1Dy49 NPs).

effective at UHF than the gadolinium complexes.'” Among
them, Dy’*-based inorganic NPs are shown as good
alternatives due to the high magnetic moment of Dy,
which directly influences the relaxation capacity of the
CA."""* In addition, the use of inorganic NPs is advantageous
over gadolinium complexes because, by controlling their size
and surface, it is possible to modify their circulation times in
the organism and deliver them specifically to the organs of
interest, thus reducing the dose required."

On the other hand, CT is based on the different capacities of
living tissues to attenuate an X-ray beam. In contrast to
conventional X-ray images, CT provides cross-sectional
imaging that, as for MRI, can be digitally “stacked” together
to form a three-dimensional (3D) image of the region of
interest.'® In spite of this advantage, it is still difficult to
distinguish subtle changes in soft tissues because most of them
have similar CT numbers, ranging from 0 to 50 Hounsfield
units (HU). Consequently, exogenous CT CAs are required
for better delineation of regions of interest.'”'® CT CAs used
in clinics nowadays are barium salts and iodine complexes, with
high Z- and K-edge values, which contributes to a high X-ray
attenuation and therefore to a good image contrast. Recent
studies have proposed the use of barium and lanthanide-based
inorganic nanoparticles (NPs) as CT CAs due to the high Z
and high K-edge values of these elements'”*® as well as the
above-described advantages of inorganic NPs versus salts and
complexes. Advances in CT instrumentation can further
improve material differentiation by using polychromatic
(different voltages) X-ray beams.”’ The technique, known as
spectral CT, has proven utility in providing additional
information regarding tissue composition in the musculoske-
letal setting, artifact reduction, and image optin1ization.22’23 If
different voltages are used in the CT examination, then it is
important that the CT CA operates efficiently at any of those
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voltages. For this purpose, it is necessary to combine, in the
same material, elements with high Z values and with values of
their absorption K-edge close to the energy maxima of the
incident X-rays. For example, barium and ytterbium combined
in a single nanoparticle were recently shown to maintain high
X-ray attenuation at different operating voltages thanks to the
great difference in K-edge values between both high-Z
elements.”* Following this approach, we hypothesize that
Ba,Dy-based fluoride NPs must also be useful CAs for spectral
CT given the still significant difference in K-edge values
between both high-Z elements. In addition, the presence of
Dy** should confer the nanoprobe with contrast capacity for
UHF-MRI due to the high magnetic moment of this ion, as
commented on above. The chemical combination will
therefore produce a bimodal CA for spectral CT and UHF-
MRI, which will help to increase diagnostic accuracy through
the use of bimodal imaging with the use of a single CA.

Herein, we reported on the synthesis of Ba,Dy-based
fluoride nanospheres by homogeneous precipitation in the
polyol medium and their characterization by transmission
electron microscopy (TEM), energy-dispersive X-ray analysis
(EDX), X-ray diffraction, and Fourier transform infrared
spectroscopy (FTIR). A detailed analysis of the effects of the
Ba/Dy ratio in the starting solutions and of the reaction time
on the NPs composition and morphology is also shown.
Dispersibility and cytotoxicity were analyzed to evaluate the
potential application of such NPs in nanomedicine. Finally, the
magnetic relaxivity of the NPs at UHF and their attenuation of
multienergy X-rays, generated at different working voltages,
were measured and analyzed in order to assess their suitability
as bimodal CAs for UHF-MRI and spectral CT.
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Figure 2. (a) XRD patterns of Ba40Dy60 and BaS1Dy49 samples.
Powder diffraction files of cubic BaF, and orthorhombic DyF; are
shown at the bottom. (b, c) EDX mappings and HRTEM image of a
single Ba51Dy49 NP.

2. EXPERIMENTAL SECTION

2.1. Materials. Dysprosium acetylacetonate (Dy(acac);, Sigma-
Aldrich, 99.9%), barium nitrate (Ba(NOj;),, Sigma-Aldrich, >99%),
and 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM]BE,,
Sigma-Aldrich, >97%) were used as NP precursors, while glycerol
(Sigma-Aldrich) was used as the solvent for the synthesis reaction.

2.2. Synthesis of the NPs. Barium dysprosium NPs were
synthesized according to the following reaction: Dy(acac); and
Ba(NO;),, with nominal Ba/(Ba + Dy) ratios of 0.50 and 0.75,
respectively, were dispersed in glycerol (6.0 mL) with magnetic
stirring at 80 °C for 3 h. Total cations concentrations were kept at
0.067 M. After cooling down, 205.5 uL of [BMIM]BF, (0.55 M) was
added with magnetic stirring for 3 min at room temperature to favor
homogenization. The resulting dispersion was transferred to a tightly
closed Teflon test tube and heated for 20 h in an oven preheated at
120 °C. Different reaction times were also tested. After cooling, the
dispersion was washed twice with ethanol and once with distilled
water using a centrifuge and left in distilled water. A portion of the
suspensions was dried at 60 °C for further characterization of the
resulting powder.

2.3. Morphological, Compositional, and Structural Charac-
terization Techniques. The samples were studied under TEM
(JEOL2100Plus, 200 kV) to analyze their shape and size. Their size
distribution and mean particle size were obtained from the histogram
plotted with the diameters of about 100 particles measured using the
free Image] software. The experimental Ba/(Ba + Dy) ratio was
obtained from the quantification of EDX spectra as well as from ion

coupling plasma (ICP) measurements (iCAP 7200 ICP-OES Duo
equipment). EDX mappings were recorded to determine the
distributions of Ba and Dy elements throughout the nanoparticle.
The crystal phase of the precipitates was analyzed by X-ray diffraction
using a Panalytical XPERT PRO equipped with an X-Celerator
detector using 300 s of counting time. Fourier transform infrared
spectroscopy (FTIR, JASCO FT/IR) was used to analyze the
presence of adsorbed molecules on the surface of the NPs. FTIR
spectra were recorded in pellets of NPs diluted in KBr. The colloidal
stability of the NPs suspended in water (0.5 mg-mL™") was studied via
dynamic light scattering (DLS) measurements (Zetasizer Nano-ZS90
Malvern). The DLS curves of the suspension were recorded at
different times without removing the suspension from the equipment.
Photographs of a § mg'mL™" suspension were taken with the CCD
camera of a mobile phone (ISO 800, 1/50 s).

2.4. Magnetic Relaxivity. The transversal relaxation times (T,)
of aqueous suspensions of the NPs containing different Dy**
concentrations (from 0.0 up to 1.2 mM) were evaluated at
conventional (1.44 T) and ultra-high (9.4 T) magnetic fields using
the Carl—Purcell-Meiboom—Gill (CPMG) pulse sequence. Measure-
ments at 1.44 T were carried out in a Bruker Minispec (TD-NMR) at
37 °C, while a Bruker Biospec MRI system was used for
measurements at 9.4 T at 25 °C. The transversal relaxivity values
(r,) were obtained from the slope of the linear fit of 1/T), versus Dy
concentration (in mM units).

2.5. X-ray Attenuation. X-ray attenuation was measured in
aqueous suspensions containing different concentrations of the
contrast agent (from 0.0 up to 20.0 mg:-mL™") using a Zeiss Xradia
610 Versa 3D X-ray microscope (XRM) equipped with a tungsten
anode. Solutions of Iohexol (a commercial iodinated CT CA) were
also tested at the same concentrations for comparison. The recording
procedure was as follows: 1.0 mL of the CA suspension and 1.0 mL of
Milli-Q water, the latter for calibration, were placed in separate
Eppendorf tubes. They were then irradiated with 123 yA current and
different voltages between 80 and 140 kVp for 0.1 s. The images were
collected with a 0.4X objective using no filter (pixel size of 213 ym).
The images were reconstructed with the Reconstructor Scout and
Scan 16.1.13.038 software using 801 projections. The resulting images
were analyzed with free Image] software using a 0.5 cm radius for the
spherical volume. The final images were calibrated using the average
intensity value of water and air to calculate the X-ray attenuation
values in Hounsfield units (HU), considering that water attenuation is
0 HU and air attenuation is —1000 HU.

2.6. Cytotoxicity. Mitochondrial activity, cell morphology, and
necrotic/late apoptotic cells were analyzed using HFF-1 human
foreskin fibroblasts by means of MTT and life-dead assays as
described elsewhere."

3. RESULTS

3.1. Synthesis and Characterization of NPs. It is well-
known that uniform particles can be obtained by precipitation
through a slow and controlled release of the precipitating
anions or cations in the reaction medium.”® In this work,
fluoride-based NPs containing barium and dysprosium were
synthesized using homogeneous precipitation in glycerol
through a controlled release of fluoride anions provided by
the use of [BMIM](BF,) ionic liquid."* Glycerol was selected
as the solvent because polyols may act not only as solvents but
also as capping agents, thus limiting particle growth, which
helps to control particle size.® This experimental approach
results in hydrophilic NPs, which is an interesting advantage
with respect to synthesis methods of fluoride-based NPs based
on the use of oleic acid,””*® which need a second synthesis
step to make the NPs water-dispersible and useful for
bioapplications. Given that Ba and Dy are expected to
attenuate X-ray beams of different energies due to their
different K-edge values, as described in the Introduction of this
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Figure 3. (a) TEM micrographs of the precipitates obtained in the conditions used for the synthesis of BaS1Dy49 NPs but using different aging
times (labeled). (b) XRD patterns of the corresponding precipitates. (c) Unit cell parameters and Ba/(Ba + Dy) ratio of the precipitates versus

aging time.

work, our goal was to synthesize NPs with the same molar
content of both cations. With this aim in mind, we prepared a
glycerol solution of [BMIM](BF,), Ba(NO;),, and Dy(acac)s,,
with a 0.50 Ba/(Ba + Dy) molar ratio. Figure la shows the
TEM micrograph of the precipitate obtained after aging such a
solution at 120 °C for 20 h. Spherical NPs with 53 (6) nm
mean diameter, as inferred from the histogram of Figure Ib,
were observed. The EDX spectrum of the sample (Figure 1c)
showed exclusively bands corresponding to Ba, Dy, and F,
which demonstrated the purity of the precipitate. Quantifica-
tion of Ba and Dy by ICP gave a Ba/(Ba + Dy) ratio of 0.40
(Bag 4Dy, ¢F, ¢ stoichiometry), which is lower than the pursued
composition likely due to a lower precipitation rate of Ba
fluoride compared to that of Dy fluoride. This sample will be
called Ba40Dy60 from now on. We then increased the nominal
Ba/(Ba + Dy) ratio up to 0.75 and obtained uniform, spherical
NPs (Figure 1d) with 34 (4) nm mean diameter (Figure le)
and high purity (Figure 1f). The experimental Ba/(Ba + Dy)
ratio obtained from ICP was 0.51 (Bags;Dyy49F, 49 stoichiom-
etry), which is very close to the pursued composition. This
sample will be called Ba51Dy49 from now on.
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The XRD patterns of the Ba40Dy60 and BaS1Dy49 samples
(Figure 2a) showed exclusively reflections compatible with the
fluorite-type crystal structure of BaF, (cubic, Fm3m, PDF 00-
004-0452), while no reflection corresponding to DyF,
(orthorhombic, Pnma, PDF 00-032-0352) was observed in
the patterns. Compared with the BaF, pattern, the reflections
of both samples were shifted toward higher 20 values, the shift
increasing with decreasing the Ba/(Ba + Dy) ratio.
Accordingly, the cubic unit cell parameters obtained from
the LeBail analysis of the Ba51Dy49 and Ba40Dy60 patterns
using space group Fm3m were lower (5.8961 (6) and 5.8782
(6) A, respectively) than that reported for BaF, (6.2001 A)
(PDF 00-004-0452). This finding suggests the formation of a
solid solution by replacement of Ba®* ions (ionic radius in VIII
coordination of 1.420 A) with smaller Dy** ions (ionic radius
in VIII coordination of 1.027 A) in the BaF, crystal structure,
in good agreement with the observations for BaLuF;-based
nanoparticles.”” The homogeneous distribution of Ba and Dy
in the crystal structure, with the absence of element
segregation, observed in the EDX mappings recorded on the
NPs with the pursued composition (sample BaS1Dy49), also
agreed with the formation of a solid solution (Figure 2b).

https://doi.org/10.1021/acs.inorgchem.4c01114
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Figure 4. (a) DLS intensity curves of the BaS1Dy49 NPs suspended
in water after different periods at rest. The inset is the z-average
obtained from the corresponding DLS curves. (b) FTIR spectrum of
the BaS1Dy49 NPs. Asterisks indicate bands corresponding to the
organic groups.

Finally, the HRTEM micrograph of a single Ba51Dy49 NP
(Figure 2c), showed lattice fringes running all through the NP,
which suggests a single crystal character. The corresponding
lattice spacing was 2.9 A, which is compatible with the (200)
interplanar distance of the Bay Dy 49F, 49 cubic structure.

In order to shed light on the reasons for the mismatch
between the nominal and experimental Ba/(Ba + Dy) ratios
observed in the synthesis experiments described at the
beginning of this section, we carried out the synthesis of the
Ba51Dy49 NPs using reaction times shorter and longer than
20 h and keeping the rest of the experimental parameters fixed.
The TEM micrographs of the corresponding precipitates are
shown in Figure 3a. The micrograph of the sample obtained
after 15 min showed an amorphous precipitate constituted by
aggregated particles with an undefined shape. After 1 h of
reaction, the precipitate showed poorly defined, porous
particles, which still appeared aggregated to each other.
When the reaction was left to go for 5 and 10 h, the products

looked very similar to each other and to that of the Ba5S1Dy49
sample (20 h reaction), showing well-defined spherical NPs of
around 35 nm diameter (Figure S1). No significant changes
were observed after 40 h of reaction either. The XRD patterns
of all samples are displayed in Figure 3b. The pattern of the 15
min sample showed poorly defined reflections with very low
intensity, while increasing the reaction time gave rise to higher
intensity reflections corresponding, in all cases, to the cubic
fluorite-type phase. It is also to be noticed that increasing
reaction time from 1 to S h resulted in narrower reflections,
while their width remained constant for longer times. This
result suggests that the maximum crystallinity of the samples
was reached after 5 h of reaction, when the NPs got their final
shape. Finally, it can be observed that increasing reaction time
gave rise to the shift of the reflections toward lower angles,
which indicated an increase in the unit cell size. This effect can
be better visualized in Figure 3c (blue spheres), which shows
the cubic unit cell parameter, obtained from the LeBail analysis
of the XRD patterns shown in Figure 3b, versus reaction time.
The values showed a sharp increase with increasing reaction
time up to 5 h, while a much smoother increase was observed
for longer reaction times. The increase in unit cell size with
increasing reaction time could be related to the progressive
incorporation of Ba®* substituting Dy*" in the cubic fluorite
structure (Ba®* ionic radius in VIII coordination = 1.420 A to
be compared to 1.027 A for Dy’*). To check this hypothesis,
we plotted the Ba/(Ba + Dy) ratio of the precipitates in the
same graph (Figure 3c, red stars), observing a parallel trend
that confirms our hypothesis. We can therefore conclude that
the precipitation rate of barium fluoride is lower than that of
dysprosium fluoride, and this must be the reason for the
mismatch between the nominal and experimental Ba/(Ba +
Dy) ratio observed in the synthesis experiments.

3.2. Colloidal Stability and Cytotoxicity. It is well-
known that nanoparticles to be used in biomedical applications
should fulfill several requisites among which colloidal stability
in aqueous media and absence of toxicity are essential.’Figure
S2 shows the photographs of the Ba51Dy49 NPs suspended in
water taken at different times at rest. The suspensions did not
show any signs of aggregation or sedimentation under the
naked eye. To further evaluate the colloidal stability of the
suspension, DLS curves were recorded with time, while the
suspension was kept at rest inside the DLS equipment (Figure
4a). The curves were similar to each other, with no significant
changes in position or width up to 6 days, with the seventh day
being unstable for DLS measurement. The sizes (z-average)
obtained from the curves were close to 100 nm in all cases
(inset of Figure 4a). The DLS results confirm the colloidal
stability of the NP suspension for 6 days. The FTIR spectrum
(Figure 4b) showed a set of narrow bands located at <500
cm™}, characteristic of fluoride matrices,”’ and two bands at
3440 and 1650 cm™' that indicate the presence of adsorbed
water molecules on the surface of the NP. In addition, the
lower intensity bands, marked with asterisks in the figure,
correspond to organic groups of glycerol’” and suggest the
presence of adsorbed solvent molecules on the surface of the
NPs. Such molecules could be responsible for the good
dispersibility shown by the NPs.

The analysis of cytotoxicity of BaS1Dy49 NPs to evaluate
their potential application in biomedicine was carried out
through different studies, namely, cell morphology, induction
of necrotic/late apoptotic cells, and mitochondrial activity of
HFF-1 human foreskin fibroblasts incubated with the NPs
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Inorg. Chem. 2024, 63, 10648—10656


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c01114/suppl_file/ic4c01114_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c01114/suppl_file/ic4c01114_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c01114/suppl_file/ic4c01114_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01114?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01114?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01114?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01114?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c01114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

i |

1000

N
=)

N
=]

800

600

Total number of cells
Dead Cells (%)
s O ® O

o O o

o

0

[ controls ZBNPs h

~ .. 0.38 8 8 16 8 ¢ o U- , 3
V\*’%°f= Dy concentration (ug/mL) \ke'%"a Dy concentration (ug/mL) WO

[ controls NPs

.38 8 160 8
Dy concentration (ug/mL)

Figure S. Bright field optical microscopy images of HFF-1 fibroblasts (top) and images resulting from the merge (bottom) of bright field, Hoechst
33342 (blue), and TO-PRO-3 iodine (red) images: (a, b) negative control, (c, d) positive control, and (e, f) cells exposed to 380 ug-mL™" for
BaS1Dy49 NPs. (g) Total number of cells per well after exposure to increasing concentration of NPs. (h) Percentage of dead cells after exposure to
increasing concentration of BaS1Dy49 NPs. (i) MTT assay of cells exposed to increasing concentration of BaS1Dy49 NPs.

180 r T T r r T .
° 94T a -
1504 | o 1.44T / -
1201 // ]
‘Tw /
= 90+ S 1
= y=147.11x-1.05 °
~  60{ R’=0998 ]
y=11.34x+0.16
301 R?=0.998 1
04 ,,77/0/*—/0 ]

00 02 04 06 08 10 12
Dy Concentration (mM)

"Be00000)

Figure 6. (a) 1/T, values obtained in aqueous suspensions of
BaS1Dy49 NPs at 9.4 and 1.44 T versus Dy concentration of the
suspensions. The slopes of the linear fits provide the transversal
relaxivity. (b) T,-weighted MR images of the BaS1Dy49 NPs in water
at 9.4 T with increasing concentrations.

(Figure S). The microscopy images of the cells incubated with
up to 380 ug Dy-mL™' (Figure Sa—f), more than 3 times
higher than those typically used in cell culture assess-
ments,”> > showed no notable change in their morphology.
Likewise, the total number of cells did not vary significantly,
even at the highest concentration of NPs studied (Figure Sg),
indicating the absence of necrosis. Moreover, this NP
concentration did not generate a relevant increase in cell
death by apoptosis (Figure Sh) nor did it decrease the
mitochondrial activity below 75% relative to that of the
negative control (Figure S5i). These results clearly indicate
negligible cytotoxicity under the conditions tested and,
therefore, the suitability of the Ba51Dy49 NPs for use in
nanomedicine.

3.3. Magnetic Resonance Relaxivity at Low and Ultra-
High Magnetic Fields. The high magnetic moment (~10.6
uB) and short electronic relaxation time of Dy*" ions (~107>
s) are expected to confer the BaS1Dy49 NPs with a high
transversal magnetic relaxivity (r,).*® The transverse proton
relaxation times (T,) of aqueous suspensions containing
different concentrations of NPs were measured under a
conventional (1.44 T) and an ultra-high (9.4 T) magnetic
field. The values were plotted as 1/T, versus Dy’*
concentration in Figure 6a, and the data were successfully
fitted to a line in both cases, indicating the absence of
aggregation in the concentration range tested and in agreement
with the stability observed by DLS. The slopes of the linear fits
gave relaxivity values (r,) of 11.34 and 147.11 for the
conventional and ultra-high magnetic fields, respectively. The
r, value observed at an ultra-high magnetic field (147.11
mM ™ "s7") was larger than that reported in the literature for
other Dy**-based NPs measured at the same field of 9.4 T
(91.4 and 101 mM~1s7!),">*” which would result in a higher
contrast of the MRI images. The observed increase in relaxivity
with increasing magnetic field strength can be explained on the
basis of the paramagnetic relaxation enhancement (PRE),
which is the interaction of lanthanides with the proton spins.*®
The PRE can be expressed as the sum of three components,
namely, contact, dipolar, and Curie terms, the latter being
predominant for lanthanides other than Gd**. The Curie
component depends, among other factors, on the square of the
applied magnetic field strength, and it would be responsible for
the observed increment of r, at ultra-high field compared with
the value observed under a conventional field.*® Finally, Figure
6b shows the magnetic resonance phantom images obtained at
9.4 T in aqueous suspensions with different concentrations of
BaS51Dy49 NPs. It can be seen that the image darkens with
increasing NP concentration, confirming the suitability of such
NPs as negative (or T,) MRI CAs.
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Figure 7. (a) CT phantom images, recorded at 80 kVp, of aqueous
suspensions containing increasing amounts of BaS1Dy49 NPs (top)
and Iohexol (bottom). (b) X-ray attenuation at 80 kVp, in Hounsfield
Units (HU), of aqueous suspensions containing Ba51Dy49 NPs and
Iohexol, versus suspension concentration. (c) X-ray attenuation, in
HU, of aqueous suspensions containing 20.0 mg-mL™" for Ba51Dy49
and DyF; NPs, versus working voltage.

3.4. X-ray Attenuation Properties. The X-ray attenu-
ation capacity of the BaSIDy49 NPs dispersed in water was
first measured at 80 kVp as a function of the suspension
concentration. The phantom images in Figure 7a show a
higher contrast for Ba51Dy49 NPs than for Iohexol, a
commercial iodinated CT contrast agent, at any concentration.
The higher X-ray attenuation can be better inferred from the
plot of X-ray attenuation in Hounsfield units obtained from the
phantom images versus the concentration of the CAs in the
aqueous suspension (Figure 7b). For both suspensions, a linear
increase in attenuation is observed with increasing suspension
concentration. The slope of the linear fits was 31 for Ba51Dy49
NPs and 18 for Iohexol, which demonstrates the higher X-ray
attenuation capacity of the NPs compared with the commercial
agent, which results in the need of a lower dosis to get the
same contrast. Thus, to get a change in X-ray attenuation of
100 HU, we would need 4.9 mg of Iohexol'mL ™" while only
2.9 mg of NPss-mL™" (equivalent to 7.3 mM Dy) would be
necessary. The observed behavior agrees well with the higher Z
value of Ba (Z = 56) and Dy (Z = 66) compared with I (Z =
53) as the X-ray attenuation coefficient of a given material
depends on Z%.'” Likewise, the X-ray attenuation capacity of

these NPs is of the same order as that observed for other
lanthanide-based fluoride NPs described in the literature.'*”
It can be therefore concluded that the Ba51Dy49 NPs are good
candidates as CAs for conventional CT, improving the
performance of Iohexol, as they produce the same attenuation
with a lower dose, which would be beneficial for the patient.
However, it is important to remark that further investigations
on the biodistribution of the BaS1Dy49 NPs in the organism
are necessary for a suitable comparison with the molecular
contrast agent Iohexol.

Second, we measured the ability of BaS1Dy49 NPs to work
as a CA in spectral CT. As mentioned in the Introduction,
spectral CT refers to the use of energy information from
polychromatic X-rays. The capability of Ba51Dy49 NPs as a
CA in spectral CT was then tested by measuring the X-ray
attenuation of an aqueous suspension containing 20.0 mg:-
mL™" for BaS1Dy49 NPs at different voltages, from 80 up to
140 kVp, which are typically used in clinics. To demonstrate
the effect of the combination of Ba and Dy on the X-ray
attenuation at different voltages, DyF; NPs were synthesized
using the same conditions as for Ba51Dy49 NPs but in the
absence of barium (Figure S3). The attenuation values of
suspensions of BaS1Dy49 NPs and DyF; NPs (Figure 7c)
decreased in both cases when the potential was increased from
80 to 140 kVp. This is because the X-ray absorption coefficient
(u) is inversely proportional to the incident beam energy (4 =
(pZ*)/(AE?), where p is the material density, Z is the atomic
number, A is the atomic mass, and E is the X-ray energy).17 It
can also be observed that the X-ray attenuation values obtained
for both suspensions were practically the same at a high voltage
(140 kVp). Attenuation at this voltage is mainly due to the
effect of Dy present in both samples. The Dy absorption K-
edge (53.8 keV) is in close proximity to the maximum energy
of the characteristic radiation (56—63 keV) of the X-rays at
such voltage (tungsten anode), which maximizes the beam
attenuation.” As the voltage decreases, the energy of the
applied X-ray beam also decreases, and consequently, the
attenuation produced by the DyF; NPs and Ba5S1Dy49 NPs
increased, as observed in Figure 7c. However, a much more
pronounced increase in attenuation was observed for
Ba51Dy49 NPs than for DyF;. This different behavior is due
to Ba, whose absorption K-edge (37 keV) is close to the
maximum of the radiation emitted at low working voltages
(between 40 and 50 keV), which leads to an increase in the X-
ray attenuation value in the Ba5S1Dy49 NPs. In conclusion, the
coexistence of Ba and Dy confers the NPs with high X-ray
attenuation values at both high and low working voltages, thus
making them good candidates as contrast agents for spectral
CT.

4. CONCLUSIONS

Uniform nanospheres of barium dysprosium fluoride with a
Ba/(Ba + Dy) molar ratio close to 1 (Bagg;Dyg49F,49) Were
synthesized following a solvothermal method by homogeneous
precipitation from a glycerol solution of the precursor salts. It
was necessary to use a Ba/(Ba + Dy) molar ratio = 0.7S instead
of 0.50 in the starting solution in order to obtain particles with
the pursued Ba—Dy equimolar composition. A detailed study
of the reaction as a function of time indicated that the
mismatch between the starting and final Ba/(Ba + Dy) ratio
was likely due to a lower precipitation kinetics of barium
fluoride compared to dysprosium fluoride. The Bag 5Dy 40F; 49
nanospheres showed a high magnetic transversal relaxivity
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value under ultra-high magnetic field and excellent X-ray
absorption properties at any working voltage. These properties,
combined with their good dispersion in liquid media and
remarkable biocompatibility, make barium fluoride nano-
particles an outstanding platform as a novel, bimodal contrast
agent for UHF-MRI and spectral CT.
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