Downloaded viaUNIV DE SEVILLA on December 22, 2022 at 14:26:34 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

Dysprosium and Holmium Vanadate Nanoprobes as High-
Performance Contrast Agents for High-Field Magnetic Resonance
and Computed Tomography Imaging

Elisabet Gomez-Gonzalez, Nuria O. Nunez, Carlos Caro, Maria L. Garcia-Martin,
Yilian Fernandez-Afonso, Jesus M. de la Fuente, Marcin Balcerzyk, and Manuel Ocafia*

Cite This: Inorg. Chem. 2021, 60, 152—-160

I: I Read Online

ACCESS |

Ll Metrics & More

‘ Article Recommendations |

ABSTRACT: We describe a wet chemical method for the synthesis of uniform and well-
dispersed dysprosium vanadate (DyVO,) and holmium vanadate (HoVO,) nanoparticles
with an almost spherical shape and a mean size of ~60 nm and their functionalization with
poly(acrylic acid). The transverse magnetic relaxivity of both systems at 9.4 T is analyzed on
the basis of magnetic susceptibility and magnetization measurements in order to evaluate
their potential for application as high-field MRI contrast agents. In addition, the X-ray
attenuation properties of these systems are also studied to determine their capabilities as
computed tomography contrast agent. Finally, the colloidal stability under physiological pH
conditions and the cytotoxicity of the functionalized NPs are also addressed to assess their

suitability for bioimaging applications.

B INTRODUCTION

MRI is a noninvasive imaging technique having a high
penetration power that is commonly used for the visualization
of organs and tissues in the medical diagnosis field. The contrast
in MRIs is based on the differences in the density of protons
between different tissues and the differences in their longitudinal
(T,) and transverse (T,) relaxation times. The sensitivity of this
technique is relatively low because the difference in contrast
between normal and abnormal tissues is generally low. To
increase such contrast, external probes (contrast agents, CAs)
are frequently used, which are sorted in two types: T| CAs,
which are commonly called positive contrast agents due to the
signal enhancement they produce on T-weighted images, and
T,, or negative, CAs, which produce darkening on T,-weighted
images. The capacity of a substance to act as negative or positive
MRI contrast agent is given by their longitudinal (r;) and
transverse (r,) relaxivity values obtained from the 1/T) , versus
CA concentration plot. Thus, positive CAs are those having a
low r,/r, value (between 1 and 3), whereas high r,/r, values
(>10) are associated with negative CAs. Finally, when r,/r,
results in an intermediate value (between 3 and 10), the
substance may act as both positive and negative CA." Currently,
most medical tests are conducted with equipment working at
rather low magnetic fields (0.5—1 T), using superparamagnetic
iron oxide (SPIO) nanoparticles (NPs) as negative CAs” and
Gd** chelates as positive CAs,” respectively.
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One of the most novel research lines in this field is aimed at
increasing the sensitivity of images and reducing their
acquisition time by using magnets much more powerful (from
7 to 9 T) than those currently used in clinics (<3 T).*
Unfortunately, the efficiency of Gd** chelates is optimum for a
magnetic field strength <1 T, whereas the magnetization of
SPIO saturates at about 1.5 T, which limits their efficacy as an
MRI CA at higher fields.” Therefore, the development of new
CA:s suitable for this purpose is required. Among the possible
alternatives, Dy** and Ho®* compounds are considered as the
best candidates since both cations present the highest magnetic
moment among lanthanides, which favors their transverse
relaxivity.” Due to their novelty, the current research on these
high-field CAs is scarce. The few previous reports on this subject
deal with different Ho®* or Dy** complexes,6 whose main
drawbacks are their short circulation times and their scarce
ability for targeting. In order to minimize these inconveniences,
the use of CAs consisting of NPs (<100 nm) has been
proposed,” since by controlling their size it is possible to control
circulation time and elimination pathways.” In addition, NPs can
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be easily functionalized so that they can be concentrated into the
region of interest,” preventing their dissemination to other areas
of the organism. For these reasons, several CAs based on Ho**-
or Dy**-containing NPs””"'” have been also investigated, most
of which are based on different kinds of Dy** or Ho*
fluorides.”'” It must be mentioned that the chemical stability
of lanthanide fluorides in the aqueous medium, and therefore in
the physiological medium in which they have to be used, is
limited."" Therefore, the development of Dy**- and Ho*-
containing NPs based on matrices other than fluorides is
attractive. Interesting alternatives are Dy’* or Ho®" vanadates,
since different kinds of lanthanide-based vanadate NPs have
been shown to be excellent candidates for bioimaging,'>"’
including MRI at low field, as in the case of GAVO,."* In spite of
this, to the best of our knowledge, the performance of Dy or Ho
vanadate NPs as high-field MRI CAs has never been addressed.
It is worth mentioning that because of the high atomic number
of these lanthanide cations these probes are also expected to
show a high capability for X-ray attenuation, which confer on
them an additional functionality as CA for X-ray computed
tomography (CT)."”

It is important to note that for in vivo biomedical applications,
NPs must meet some important requirements such as (i)
homogeneous particle size and shape, since these characteristics
affect the interactions of the particles with the cells (internal-
ization, proliferation, adhesion, etc.), (ii) particle size between
about 20 and 100 nm to control circulation time, since smaller
particles are quickly eliminated through the kidney and the
larger ones are eliminated by the reticuloendothelial system, the
spleen, or the liver, (iii) aggregation in the physiological
environment should be avoided to meet the above size criteria,
and (iv) lack of toxicity. However, most of the few reported
procedures for the synthesis of Dy or Ho vanadate NPs yield
particles with at least one dimension much higher than 100
nm,"> ™" NPs with broad size distribution,® or with an
apparently high degree of aggregation,'®”" which precludes
their use as MRI CAs.

In this work, we have developed a wet chemical method for
the synthesis of uniform and well-dispersed dysprosium
vanadate (DyVO,) and holmium vanadate (HoVO,) NPs
with an almost spherical shape and a mean size of ~60 nm. A
method is also reported for their functionalization with
poly(acrylic acid) (PAA) molecules to render them colloidally
stable under physiological pH conditions. The magnetic
relaxivity of both systems at 9.4 T has been measured in order
to evaluate their potential applications as high-field MRI CAs. In
addition, the magnetic susceptibility and magnetization of these
of CAs has been analyzed in order to explain their differences in
magnetic relaxation behavior. An X-ray attenuation study was
also undertaken to determine the suitability of the probes as CT
CA. Finally, the cytotoxicity of the functionalized NPs is
evaluated to assess their suitability for bioimaging applications.

B EXPERIMENTAL SECTION

Reagents. Dysprosium acetate hydrate (Dy(OAc),,
(CH;CO0,);Dy-xH,0, 99.9%, Sigma-Aldrich), holmium acetate
hydrate (Ho(OAc);, (CH;CO,);Ho-xH,0, 99.99%, Sigma-Aldrich),
sodium orthovanadate (Na;VO,, Sigma-Aldrich, 99.98%), ethylene
glycol (EG, C,Hg0,, 99.8%, Sigma-Aldrich), poly(acrylic acid) (PAA,
average M,, ~ 1800, Sigma-Aldrich) 2-morpholinoethanesulfonic acid
(MES, Sigma-Aldrich, 99%), and iohexol (>95%, Sigma-Aldrich) were
used as received.

Nanoparticle Synthesis. For the synthesis of uniform dysprosium
vanadate NPs, we adapted a polyol-based method, previously

153

developed by us to fabricate gadolinium vanadate,'* which has to be
slightly modified in order to obtain the desired DyVO, NPs. Essentially,
this method involves the aging (at 120 °C for 20 h) of solutions
containing Dy(OAc); (0.02 M) and Na;VO, (0.1 M) using an EG/
H,0 mixture (4:1 by volume) as the solvent. The experimental
procedure was as follows. The Dy precursor was dissolved in the EG—
H,O mixture (1 mL of H,O + 1.5 mL of EG). In a separate vial, Na;VO,
was dissolved in EG (2.5 mL) at ~80 °C under magnetic stirring to
facilitate dissolution. After cooling down to room temperature, this
solution was added under magnetic stirring to the Dy-containing one.
The resulting mixture was finally aged in a conventional oven preheated
at the desired temperature under the conditions described above. The
obtained precipitate was cooled down to room temperature and washed
twice with ethanol and once with double-distilled water. The as-purified
NPs were finally dispersed in distilled water or dried at 50 °C for some
analyses.

For the functionalization of the DyVO, NPs, we used the
experimental procedure just described but introducing a certain
amount (2 mg mL™', referred to the total volume of the final solution)
of PAA into the starting Dy*"-containing solution. This procedure was
also used for the synthesis of the HoVO, NPs functionalized with PAA,
obviously replacing Dy(OAc); by Ho(OAc);.

Characterization Techniques. Transmission electron microscopy
(TEM, Phillips 200CM) was used to assess particle shapes. For the
TEM analyses, a droplet of an aqueous suspension of the samples on a
copper grid coated with a transparent polymer. Particle size
distributions were evaluated by counting about one hundred of
particles on the TEM micrographs, using the free software Image].

To obtain information on colloidal stability of the NPs in aqueous
suspension (0.5 mg-mL™"), dynamic light scattering (DLS) measure-
ments were performed using a Malvern Zetasizer Nano-ZS90
equipment.

X-ray powder diffraction (XRD) was used for phase identification.
The patterns were obtained using a Panalytical, X'Pert Pro
diffractometer (Cu Ka) with an X-Celerator detector with a 20 step
width of 0.02°, and 10 s counting time.

The infrared spectra (FTIR) of powdered samples diluted in KBr
pellets were recorded in a Jasco FT/IR-6200 Fourier transform
spectrometer. Thermogravimetric analyses (TGA) were conducted in
air atmosphere, at a heating rate of 10 °C min™', using a Q600TA
Instrument.

X-ray attenuation properties of our NPs and iohexol, a commercial
iodine-based CT contrast agent used for comparative purposes, were
evaluated for aqueous suspensions having different CAs contents. For
this purpose, 200 uL of each suspension were placed in a multiwell
microplate with a Milli-Q water sample for calibration. CT images were
acquired with a NanoSPECT/CT (Bioscan, USA; currently Mediso,
Hungary). Acquisition parameters were as follows: 65 kVp operation
potential, 106 mA current, 1500 ms of exposure time per projection,
and 240 projections per rotation. The image length was 12 cm with
pitch of 1, and the acquisition time was 21 min. The image was
reconstructed with VivoQuant image processing software (Invicro,
USA) with the Exact Cone Beam Filtered Back Projection algorithm
and Shepp Logan 98% filter. The resulting image pixel size was uniform
in three dimensions at 0.2 mm. Images were analyzed with PMOD 4.1
software (PMOD Technologies LLC, Switzerland) in a gray scale (or
cold scale). Spherical volumes of interest (VOIs) of 2 mm radius were
made within each sample to calculate the X-ray attenuation (HU) for
each suspension. Average values of Milli-Q water and solutions were
used to calculate Hounsfield units in the images, with attenuations
being 0 and —1000 HU for water and air, respectively.

Transverse 'H relaxation times (T,) were determined for different
concentrations of Dy*" or Ho*" at 298 K using a Bruker Biospec
operating at 9.4 T. T, was obtained using the Carl—Purcell—
Meiboom—Gill (CPMG) sequence. The transverse relaxivity (r,) was
obtained from the slopes of the linear fits of 1/T, versus the
concentration of Dy** or Ho*".

Sample preparation for magnetic measurements was performed by
placing a known volume (100 uL) of the aqueous suspensions into a
piece of cotton wool and allowing it to dry at room temperature. The
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dried wool was then placed inside a gelatin capsule for the magnetic
characterization. Magnetic measurements were performed in a
Quantum Design (USA) MPMS-XL SQUID magnetometer. Temper-
ature dependence of the alternating current (ac) magnetic susceptibility
was recorded from 2 to 300 K, at a frequency of 11 Hz and a magnetic
field amplitude of 4.1 Oe. Field-dependent magnetization was recorded
at 5 and 300 K in the field ranges between —20 and 20 kOe, on both
samples.

Cytotoxicity was evaluated in PC3 (human prostate adenocarcino-
ma) cells using the MTT assay.”” Briefly, cells were plated at a density of
1 X 10* cells/well in a 96-well plate at 37 °C in 5% CO, atmosphere
(100 uL per well, number of repetitions = §). After 24 h of culture, the
medium in the wells was replaced with fresh medium containing NPs in
varying concentrations from 9 to 300 ug/mL. After 24 h, the
supernatant of each well was replaced by 100 uL of fresh medium
with 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT) (0.5 mg/mL). After 2 h of incubation at 37 °C and 5% CO,,
the medium was removed and the formazan crystals were solubilized
with 200 uL of DMSO, and the solution was vigorously mixed to
dissolve the reacted dye. The absorbance of each well was read on a
microplate reader (Dynatech MR7000 instruments) at S50 nm. The
relative cell viability (%) and its error related to control wells containing
cell culture medium without NPs were calculated by the equations:

RCV (%) =
[Abs]test — [Abs]Pos. Ctrl ) 100
[Abs]Neg. Ctrl — [Abs][Abs]test — [Abs]Pos. Ctrl
(1)
Error (%) = RCV test X \/( Lo]test ) [ Lo]control )2
[Abs]test [Abs]control
2)

where ¢ is the standard deviation. Triton X-100 was added to the
positive control wells. Statistical analysis was performed using the SPSS
package (v20, SPSS Inc., Chicago, Illinois). Cell viability values are
shown as mean =+ standard deviation (SD). Student’s t-test or one-way
analysis of variance (ANOVA) were used to determine significant
differences. The level of significance was set at p < 0.0S.

B RESULTS AND DISCUSSION

Nanoparticle Synthesis and Characterization. The
particles obtained as described in the Experimental Section in
the absence of PAA for the dysprosium system, consisted of
DyVO, with tetragonal crystalline structure (Figure 1).

As observed in the TEM micrograph shown in Figure 2a, they
showed an almost spherical shape having a mean size of 60 nm
(standard deviation, ¢ = 8; Figure 2b). This value was very
similar to the mean hydrodynamic diameter (Dj,) value (81 nm)
obtained for these particles in water suspensions (pH 6.9; Figure
2c) indicating that the NPs were free of aggregation.
Nevertheless, we also measured the DLS curve for these NPs
suspended in a physiological pH simulator (50 mM MES, pH
6.5) in order to assess the colloidal stability criterion required for
in vivo bioapplications, finding that the Dyvalue exhibited an
substantial increase (609 nm) under these conditions (Figure
2c), which make these NPs not appropriate for such
applications.

Aiming to improve the colloidal stability, we decided to
functionalize the NPs surface with PAA molecules, which have
been shown to be efficient dispersing agents for other LnVO,
(Ln = La, Lu, and Gd) systems.”~"* For that purpose, we
performed the synthesis under similar conditions to those
involved in the case of the NPs shown in Figure 2a, but adding a
certain amount (2 mg mL™") to the Dy precursor solution. In
this way, NPs with the same tetragonal structure as DyVO,
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Figure 1. X-ray diffraction patterns of the particles synthesized by the
aging (at 120 °C for 20 h in the absence or the presence of 2 mg mL ™" of
PAA) of solutions containing DyAc; (0.02 M) and Na;VO, (0.1 M) in
EG/H,0 mixtures (volumetric ratio = 4/1). Reference pattern:
International Centre for Diffraction Data (ICDD) File 01-076-2476.

(Figure 1) and similar shape (Figure 2d) and size (66 nm, 6 =
10) (Figure 2e) were obtained. More interestingly, the
hydrodynamic diameter of the nanospheres in MES (pH 6.5)
medium was very similar (Dy, = 94 nm) to that in water (pH 5.7,
Dy, = 87 nm; Figure 2f), in both cases being only slightly higher
than the mean particle size obtained from TEM observations.
This finding manifests the pursued beneficial effect of PAA on
the colloidal stability of the NPs dispersion in physiological
buffer, which might be ascribed to the adsorption of PAA
molecules on the NPs surface."” In agreement with this
suggestion are the Z potential measurements carried out for
aqueous suspensions (pH 5.7) of the NPs. Thus, it was found
that Z potential varied from —37 mV for the NPs obtained in the
absence of PAA to 49 mV for those obtained in the presence of
this additive. Such an increase of surface charge should be a
consequence of the presence of the PAA molecules on the NPs
surface. The incorporation of PAA to the NPs was confirmed by
comparison of the FTIR spectra of the NPs synthesized in the
absence or presence of PAA (Figure 3, top).

Thus, in the last case (DyVO,@PAA), the spectrum clearly
displayed the absorptions due to vibrational modes of DyVO,
(<1000 cm™) and adsorbed water (around 3400 and 1600
cm™'), along with bands between 1400 and 1550 cm™!, which
are not detected in the spectrum of the particles obtained in the
absence of PAA. Such features can be attributed to the
symmetric and asymmetric stretching vibrational modes of the
PAA carboxylate anions, respectively.”> For quantification of the
amount of adsorbed PAA, TGA analyses were performed. As
observed in Figure 3 (bottom), the TGA curve obtained in the
absence of PAA only showed a weight loss, mainly taking place in
the 25—300 °C (~4.5%) temperature range, due to the release of
adsorbed water. For the sample obtained in the presence of PAA
(DyVO,@PAA), such water release was also detected (~7%, in
this case) followed by an additional weight loss (~9%) in the
300—800 °C range, which can be attributed to the
decomposition of the PAA species. An additional advantage of
the presence of such species on the DyVO, NPs surface is that
they provide them with carboxylate functional groups suitable
for a further bioconjugation, which is eventually needed for
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Figure 2. TEM images (a, d), particle size histograms (b, e), and DLS curves in water and MES solutions (¢, f) of the particles synthesized by the aging
(at 120 °C for 20 h) of solutions containing DyAc; (0.02 M) and Na;VO,, (0.1 M) in EG/H,0O mixtures (volumetric ratio = 4/1) in the absence (a—c)

or the presence (d—f) of 2 mg mL™" of PAA.

many processes involved in their potential bioapplications, such
as targeting.24

Because of the success of the latter procedure for the synthesis
of colloidally stable DyVO, NPs, it was extended for the
synthesis and PAA functionalization of HoVO, by replacing the
Dy’* precursor by Ho(OAc). Spherical NPs were also obtained
in this case (Figure 4a), which consisted of tetragonal HoVO,
(Figure 4b). The mean diameter of these NPs (Figure 4c) was
similar (65 nm, 6 = 6) to that of the DyVO, system and close to
their Dy, values, both in water (pH 6.2, 74 nm) and MES (pH 6.5,
80 nm) suspensions (Figure 4d), revealing their colloidal
stability in such media. As in the DyVO, case, the presence of
PAA on the NPs surface was confirmed by carboxylate bands
(from 1400 to 1500 cm™") in the FTIR spectrum (Figure S, top)
of the functionalized HoVO, sample (HoVO,@PAA) and by a
weight loss of ~9.5% in the 300—800 °C range of its TGA curve
(Figure S, bottom) corresponding to the release of PAA.

X-ray Attenuation Properties. For the evaluation of the X-
ray attenuation capability of the DyVO, and HoVO, NPs
functionalized with PAA, several aqueous suspensions contain-
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ing different CAs content were prepared. The X-ray attenuation
phantom images obtained for these systems along with those
obtained for iohexol, a commercial iodine-based CT contrast
agents used for comparative purposes, are shown in Figure 6
(top).

It can be clearly observed that for both DyVO, and HoVO,
the contrast produced at any NPs concentration is higher than
that corresponding to iohexol, suggesting the superior perform-
ance of our NPs as a CT contrast agent. A quantification of this
behavior is given in Figure 6 (bottom), where the X-ray
attenuation values have been plotted in Hounsfield units (HU)
as a function of the CA concentration. As expected, when
increasing the CA concentration, a linear increase of the HU
values was detected. More interestingly, the slope of the
obtained straight line for our systems was very similar (29.6 HU/
mg cm ™ for DyVO, and 29.1 HU/mg cm ™ for HoVO,) and
much higher than that for iohexol (12.7 HU/mg cm™), an
iodine-based probe, indicating that a lower dose of our Dy- or
Ho-based CA is required to obtain a similar contrast, which
should be favorable for the patient. The higher X-ray attenuation

https://dx.doi.org/10.1021/acs.inorgchem.0c02601
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Figure 3. FTIR spectra (top) and TGA curves (bottom) obtained for
the particles synthesized by the aging (at 120 °C for 20 h in the absence
or the presence of 2 mg mL™" of PAA) of solutions containing DyAc,
(0.02 M) and Na;VO, (0.1 M) in EG/H,O mixtures (volumetric ratio
=4/1).

capacity of our CAs when compared with iohexol can be
attributed to the higher atomic number of Dy (Z = 66) and Ho
(Z = 67), as compared with that of I (Z = 53), since it is well-
known that the X-ray attenuation coefficient increases with the
fourth power of Z.”® The similar Z value for Dy and Ho therefore
justifies the similar X-ray attenuation properties of the Dy- and
Ho-based samples.

Magnetic properties. The T,-weighted MRI phantom
images obtained at 9.4 T for the PAA-functionalized DyVO, and
HoVO, NPs are shown in Figure 7 (top). In this figure, a
darkening of the MRI images can be clearly observed as
increasing concentration of both kind of NPs in the aqueous
suspensions, manifesting that they behave as effective negative
CAs. The r, values obtained from the 1/T, plot versus
lanthanide concentration (Figure 7, bottom) were slightly
higher (460 mM ™" s!) for DyVO, than those for HoVO, (424
mM™" s7"), indicating a better performance of the former as a
CA for high-field MRI.

To explain such behavior, the temperature dependence of the
magnetic susceptibility, ¥(T), and the field-dependent magnet-
ization, M(H), at both S and 300 K were recorded for both
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Figure 4. (a) TEM image, (b) particle size histogram, (c) DLS curve,
and (d) X-ray diffraction pattern of the particles synthesized by the
aging (at 120 °C for 20 h) of solutions containing HoAc; (0.02 M),
Na;VO, (0.1 M), and PAA (2 mg/mL) in EG/H,0O mixtures
(volumetric ratio = 4/1).
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Figure S. FTIR spectra (top) and TGA curves (bottom) obtained for
the particles synthesized by the aging (at 120 °C for 20 h in the absence
or the presence of 2 mg mL™" of PAA) of solutions containing HoAc,
(0.02 M) and Na;VO, (0.1 M) in EG/H,O mixtures (volumetric ratio
=4/1).

systems. As shown in Figure 8a,b, a Curie law behavior in y'(T)
with negligible y” in the whole temperature range was observed
for both samples, which is typical of paramagnetic materials, as
expected for Dy** and Ho** MRI CAs. Such behavior was
confirmed by the magnetization curves measured at 5 K (Figure
8c) since no hysteresis (both coercivity and remanence were
negligible) was detected. More interestingly, M values were
higher for the DyVO, sample (39 emu/g at 20 kOe) than that
for HovO, (32.5 emu/g at 20 kOe, Figure 8c), which explains
the higher r, value for the former because this magnitude is
proportional to magnetization'® for Ln-based NPs, in a
quadratic way for the outer sphere regime or in a linear one
for the static dephasing regime. It is known that several factors
affect the magnetization of paramagnetic Dy’*- and Ho>'-
containing samples such as the magnetic moment of such
cations and the NPs morphology and size. Thus, the
magnetization of these cations increases with the square of
their magnetic moment,”® whereas it has been shown that
magnetization is higher for NPs with high shape anisotropy.””
Finally, lower magnetization is expected for very small NPs due
to “spin-canting effects”. In this phenomenon, spins located near
the surface tend to be slightly tilted (i.e., canted spins) resulting
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Figure 6. X-ray attenuation phantom images (top) and Hounsfield
units (HU) values (bottom) obtained for iohexol and the DyVO, and
HoVO, NPs functionalized with PAA at different concentrations in
water.
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Figure 7. T,-weighted phantom images (top) and relaxivities (bottom)
obtained for the DyVO, and HoVO, NPs functionalized with PAA.
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Figure 8. Temperature dependence of the ac magnetic susceptibility
recorded for the DyVO4 (a) and HoVO, (b) NPs functionalized with
PAA. Field-dependent magnetization recorded at 5 K (c) for the same
samples.

in a lower magnetization value. As the surface-to-volume ratio
increases with decreasing NP size, the proportion of canted spins
increases, producing an overall lower magnetization.”® Since
particle shape and size are very similar for both systems, the
higher r, value of our DyVO, system when compared to that of
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the HoVO, one may be ascribed to the slightly higher magnetic
moment of Dy** (~10.63 yg) in comparison with that of Ho®"
(10.60 pp)."°

It should be noted that a strict comparison of transverse
relaxivity data for different systems is only possible if they have
been measured at the same magnetic field strength for particles
of the same size, owing to the dependence of such magnitude on
these parameters. Taking this into account, we have compared
the value or r, for our samples with those reported in literature
for Dy- and Ho-based CAs measured at the same field (9.4 T).
We found that our values are clearly higher (>400 mM™" s™")
than most of those previously reported (<200 mM~! s71),>**
which indicates the superior performance of the here developed
CA:s for high-field MRI imaging. The only found systems having
higher r, values were our already reported DyF; and HoF;
nanorhombuses (494—600 mM™' s7!), which have one
dimension above 100 nm'® and, therefore are less suitable for
in vivo applications than the DyVO, and HoVO, NPs here
studied.

Cell Viability. The potential cytotoxicity of the DyVO, and
HoVO, probes was finally evaluated using the MTT assay and
the PC3 cell line. As shown in Figure 9, cell survival was above
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Figure 9. MTT assay of PC3 cells exposed for 24 h to increasing
concentration of HoVO, (blue) and DyVO, (red) NPs functionalized
with PAA. Tested concentrations were from 9 to 300 ug/mL (¥, p-value
<0.05).

70% for NPs concentrations up to 150 g mL™" in the HoVO,
case and even higher concentrations (300 ug mL™") for the
DyVO, system, indicating negligible toxicity effects under these
conditions and therefore their suitability for bioimaging
applications.

B CONCLUSIONS

We have developed a wet chemical method based on
homogeneous precipitation reactions in polyol medium for the
synthesis of uniform and well-dispersed DyVO, and HoVO,
NPs with tetragonal structures, an almost spherical shape, and a
mean size of ~60 nm. The surface modification of these NPs
with poly(acrylic acid) (PAA) molecules during the synthesis
process is needed to render them colloidally stable under
physiological pH conditions. It has been found that the
transverse relaxivity (r,) values obtained for both systems at
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high field (9.4 T)) were very high and that the r, value of the Dy-
based CA was slightly higher (460 M~ s™") than that of the Ho-
based one (424 mM™' s7'), in agreement with the higher
magnetization measured for the former, which may be ascribed
to its higher magnetic moment. It is worth mentioning that such
relaxivity values are the highest so far reported for functionalized
Ho- or Dy-based NPs with dimensions below 100 nm, measured
at the same magnetic field strength. Both kinds of NPs also show
an X-ray attenuation capability superior to that of iohexol, a CT
contrast agent commonly used in the clinic. Because of these
properties and the rather high biocompatibility of the function-
alized NPs, they might be ideal dual probes for high-field MRI
and CT bioimaging applications.
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