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Current biomedical imaging techniques are vital for the diagnosis of various diseases. They are related to the
development of multimodal probes encompassing all the functionalities required for comprehensive
imaging. In this context, we applied a simple and reproducible wet synthesis route to produce such
probes. This method allowed us to prepare about 100 nm sized lanthanide-doped yttrium fluoride
nanoparticles B-NaYo gl[Ybo.18Ero.02lF4, coated with about 10 nm sized iron oxide y-Fe,Os nanocrystals.
By this the built combine desirable up-converting
photoluminescence (the core) and superparamagnetic properties (the satellites), enabling dual optical

way, granular hetero-nanostructures
and magnetic resonance imaging applications. Through citrate ligand grafting, the designed core—
satellite particles formed stable aqueous colloids, which are valuable for biomedical applications. Optical
spectroscopy and confocal microscopy revealed their capability for sustained visible light emission
(predominantly green) upon near-infrared excitation (980 nm). Additionally, based on XTT assays, when
incubated for 24 hours with mammalian healthy or cancer cells, even at doses as high as 0.1 mg mL™*

(milligrams of particles), they did not induce significant cytotoxicity. The measured body temperature
Received 4th February 2024

Accepted 27th July 2024 magnetization of the engineered nanoconstructs was found to be about 10 emu g™ (grams of particles)

at 1.5 T, which is high enough to use them as positive or negative contrast magnetic resonance agents in
DOI: 10.1039/d4ra00909f the clinic, as confirmed by relaxometry measurements in Milli-Q water. This result underscores their

rsc.li/rsc-advances promising biomedical utility as bimodal probes for optical and magnetic imaging.

with the body's transparent spectral window (600-1050 nm),
facilitates the propagation of excitation light up to the targeted
intravenously administered up-converting optical probes. The
sequential interaction of the incident light with the atomic

Introduction

Lanthanide (Ln) co-doped hexagonal sodium yttrium fluoride
(B-NaYF,:Ln) may exhibit up-conversion photoluminescence

properties that are particularly useful for in vivo biomedical
applications."™ To make such particles valuable for clinical
(human) or preclinical (animal) in vivo imaging, it is important
to reach their excitation in the near-infrared (NIR) region,
avoiding living tissue scattering. Typically, adjusting the
absorption wavelength towards higher values, in alignment
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lanthanide energy levels, inside the hosting NaYF, matrix,
involving non-radiative energy transfers, leads to the emission
of visible light, which can be typically detected by fluorescence
imaging devices using endoscopic pathways.

In practice, NaYF, co-doping consists of partially
substituting yttrium cations by two lanthanide cations, a sensi-
tizer for a high content (typically 18 at%) and an activator for
a low content (about 2 at%) to minimize cross-relaxation energy
loss.® The dopant selection criterion is based on characteristic
spaced energy levels that render photon absorption by the
sensitizer and subsequent energy transfer between the sensi-
tizer and activator in the up-conversion process. With a high
absorption coefficient and up-conversion efficiency, Yb*" is
usually selected as the sensitizer® while Er**, Tm®" and Ho>" are
used as activators, the former transferring the excitation energy
to the latter.”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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When these lanthanide co-doped fluoride crystals are deco-
rated with superparamagnetic iron oxide (mainly maghemite)
nanocrystals at their outer regions, augmenting their inherent
optical imaging capabilities with magnetic resonance imaging
functionalities, the resulting nanocomposites can be employed
as bimodal imaging agents. The resulting multi-stimuli-
responsive hetero-nanostructures are promising tools for
improved local tissue imaging. However, the control of the
stability and the biocompatibility of the resulting nano-
constructs is very challenging. On the one hand, it is imperative
that the two constituents of these nanoconstructs—the
lanthanide co-doped hexagonal sodium yttrium fluoride core
and the maghemite satellites—remain conjoined upon admin-
istration into the living body. This ensures that the combined
dual magnetic and optical signals precisely describe the same
body area. On the other hand, the overall engineered nano-
composites must retain their intended optical and magnetic
attributes even subsequent to the assembly of their distinct
elements. This signifies that the magnetic component should
not compromise the optical qualities, and vice versa. They also
must be sufficiently small in size and biocompatible, capable of
crossing biological barriers and accessing the specific areas for
imaging after administration. In other words, it is crucial that
they are processed with a hydrophilic coating, based on silica,?
polymers (polyethylene glycol, polyethyleneimine, poly-vinyl-
pyrrolidone...)>*® or small molecules bearing hydrophilic
groups like ammonium'™* or carboxylates,”>'* while main-
taining the total hydrodynamic diameter of the engineered
probes as small as possible.

It is preferable to utilize an accessible, cost-effective, and
scalable in wet solution synthesis route (chimie douce) to create
the desired systems. Building on our prior research, where we
demonstrated the feasibility of generating down-converting Eu
doped B-NaYF, calibrated particles,' and their B-NaY, g[Eug ]
F,@Y-Fe,O; superparamagnetic counterparts'® using the so-
called polyol process, our current work outlines the synthesis
of their up-converting equivalents. In this study, we substitute
Eu dopant with Yb and Er co-dopants for the up-conversion
phenomenon. The characterization of their optical and
magnetic properties is thus addressed with a special emphasis
on their low in cellulo toxicity, their up-converting fluorescence
in biological media and superparamagnetic feature for
magnetic resonance negative contrasting. Therefore, fluores-
cence spectroscopy, in vitro viability assays, in cellulo confocal
microscopy, magnetometry and NMR relaxometry experiments
were specifically performed. All the obtained results are dis-
cussed hereafter.

Results and discussion

Phase analysis of all the produced core-satellites particles

The X-ray diffraction (XRD) patterns obtained from the
lanthanide-doped fluoride powders (see Fig. S1 in the ESIf}
section) closely correspond to the hexagonal B-NaYF, structure
(ICDD n° 98-005-1916), showcasing a chemical composition
that aligns well with the intended stoichiometries (see Fig. S27).
This composition involves substituting 20 at% of yttrium with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 XRF chemical analysis of the as-produced B-NaYq glErg olF4@y-
FeZO3, B-NaYo 8[Yb0 2]F4@"{'F€203 and ﬁ-NaYo 8[Yb0 13EI’0 02] F4@’Y'
Fe,Os powders. Data accuracy (relative precision) was estimated to be
less than 0.02 at%.*8

Er, Yb, or a combination of both in ratios of 2 and 18 at%,
respectively. Rietveld refinements using MAUD software
confirmed the doping. A net decrease of the unit cell parameter
of the hexagonal phase, according to the well-known lanthanide
contraction rule was measured (Table S1t). Scanning electron
microscopy (SEM) images acquired from the powders confirm
their nanoscale size, exhibiting diameters ranging from around
100 nm (see Fig. S3 and Table S17). All these particles were then
successfully coated by maghemite nanocrystals as confirmed by
X-ray fluorescence spectroscopy (XRF) and XRD. Indeed, the
recorded XRF spectra evidenced iron element presence within
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Flg 2 XRD patterns of B-NaYo_B[Ybo_igEro_oz]F4@‘Y-Fezo3, B—
NaYo 8[Yb0 2]F4@"{‘F€203 and B—NaYO B[Ero 2]F4@y—Fe203 Compared
to those tabulated for y-Fe,Oz (ICDD n°® 98-008-7119) and B-NaYF,4
(ICDD n°® 98-005-1916) references. A zoom at 26 = 40-45° is given in
the inset to highlight the (311) iron oxide spinel diffraction line, which is
particularly evident for the iron richest system, namely B-NaY glYbg 2l
F4@‘Y-Fezo3.
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a final content of less than 5 at% (the sum of all the metal cation
contents was fixed to 100 at%), except for the Yb-based
composite. In this particular case, the iron content reached
about 30 at%, making it much more valuable for MRI applica-
tion (Fig. 1). XRD showed an additional diffraction peak at 24 =
41 °C attributed to the (311) reflection of the spinel iron oxide
phase for the iron richest sample (Fig. 2). Unfortunately, this
peak was not easy to detect in the iron-poorest samples, since it
corresponded to a low maghemite weight content (close to the
XRD detection limit i.e. 2-3 wt%").

Rietveld refinements were also performed on the composite
powders. The fitting allows a better characterization of the
constituting up-converting and magnetic phases, confirming
the production of maghemite, its low weight content and the
non-alteration of the up-converting phases. Table 1 summarizes
the unit cell parameters (a and c), the average crystal size (Lxgp),
the average lattice deformation due to micro-strains () and the
weight content of each phase for the related samples. The fit
quality was confirmed through the perfect superposition of the
experimental patterns and the calculated ones for all the
analyzed samples as illustrated in Fig. 3.

Transmission electron microscopy (TEM) observation
confirmed the discrete coating of the preformed lanthanide
doped B-NaYF, particles by ultrafine iron oxide nanocrystals
forming a kind of core@satellites object, the amount of these
magnetic nanocrystals being significantly larger in the Yb-based
nanocomposite particles (Fig. 4, 5), which explains their higher
iron content (Fig. 1).

When dispersed in water, aided by their citrate-coating, all
the manufactured composite powders create almost stable
colloidal solutions in Milli-Q water. The measured hydrody-
namic diameter on the three citrate-coated hetero-
nanostructures ranged between 200 and 300 nm (see
Fig. S671), the largest in size being the thickly iron oxide nano-
particle coated ones, namely [B-NaY,g[Ybo,|Fis@Y-Fe,O3
composites. The zeta potential was also examined and found to
be negative, primarily due to the negatively charged citrate
molecules on the nanoparticle surfaces, and once again the
most negative zeta potential value was obtained for the surface
the B-NaY, g[Yby ,]JF.@v-Fe,O3 sample. It is of —25 and —27 mV
for B-NaYy g[Ybo 1sEro.02]Fa@Y-Fe O3 and B-NaY, g[Er,|F,@-
Fe,0; particles, and reaches —40 mV for B-NaY, g[Ybo,]F.@Y-
Fe,O; particles, certainly due to their higher iron oxide content.
Citrate anions are known as good Fe*" ligands. They are often
used to cap iron oxide nanoparticles to stabilize their
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Fig. 3 Experimental (black scatter) and calculated (red line) XRD
patterns of the B-NaYg glYbg 2lF4@y-Fe,O3 (upper graphs) and the B-
NaYq glYbo.18Erg.02lF4@Y-Fe,Os (lower graphs) powders. The residue,
defined as the difference between the experimental and calculated
diffractograms, is given separately, on the bottom of each graph. A
pseudo-Voigt function was used for modelling the peak profile. A set
of about 15 parameters was then refined, including the scale factor, the
zero shift, the background polynomial coefficients, the peak profile
parameters, and for each constituting phase, the cell parameter, the
average crystallographic coherence length, assuming isotropic crys-
tals, the average lattice micro-deformation and its weight ratio. The
fitting was achieved with reliability Bragg factor Rg values close to 2.

suspension in water. The negatively charged carboxylate (and
hydroxyl) groups of the citrates are thus strongly anchored on
the surface of the particle by direct addition providing to the
grafted particles a negative surface charge.”*** Since the Yb-
based nanocomposite is richer in iron oxide, its surface
charge is negative. Citrate presence was indicated through
Fourier transformed infrared spectroscopy (FTIR). The spectra
obtained from all synthesized powders were found to be iden-
tical (Fig. S71). They displayed characteristic peaks, including

Table1 Main structural parameters of B—NaYo_B[YboAlsErolozlF4@"{—Fezo3, B—NaYo_B[YboA2]F4@‘Y-Fezo3 and [3—NaYo_B[Ero_z]F4(dy—Fe203 pOWdeI’S,

as inferred from MAUD analysis of their XRD patterns

Phase a (A) £ 0.004 ¢ (A) £ 0.004 (Lxrp) (nm) £ 1 () % Wt% + 2
y-Fe,0, 8.376 — 9 <0.1 3
B-NaYo,s[Ybo.15Er0.02]F4 5.973 3.508 99 <0.1 97
y-Fe,0, 8.374 — 8 <0.1 27
B-NaYy.s[Ybo.»]Fs 5.969 3.510 91 0.1 73
y-Fe,0; 8.374 — 9 <0.1 3
B-NaYo s[Ero»]Fs 5.975 3.513 95 <0.1 97
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Fig. 4 TEM micrograph of an assembly of (a) B-NaYo glErg2lF4@y-Fe;Os, (b) B-NaYog[Ybo 2lFs@y-Fe,O3 and (c) B-NaYo g[Ybo 18Ero.02lFa@y-

Fe, O3 particles.

one at ~3440 cm ™' associated with intermolecularly bonded

alcohol O-H stretching, a doublet at ~1620 and ~1410 cm ™"
assigned to asymmetric and symmetric stretching vibrations of
COO™ groups, and a peak at ~430 cm ™" attributed to the Fe-O
skeleton vibration. These observations are consistent with the
existence of both iron oxide and carboxylate species on the
surface of our particles, with at the end a total negative charge
on the surface of the designed core@satellites particles. It is

commonly assumed that such a negative surface charge would
hamper the taking up by cells, since cell membranes also have
a negative charge, thus inducing repulsive electrostatic inter-
actions.”® However, there have been several evidence of uptake
of negatively charged particles.”**® The internalization of such
particles is believed to occur through nonspecific binding and
clustering of the particles on cationic sites on the plasma
membrane and their subsequent endocytosis. So, in this way,

Fig.5

(a—c) TEM micrographs of representative B-NaY glYbo 18Er0.02]F4@Y-Fe,O3 core@satellite particles. (d) An HRTEM image of the border of

a core@satellite particle is given to highlight (see white arrows) the attachment of the y-Fe,Os nanocrystals at the surface of the B-NaYqgl-
Ybo.1gEro.02lF4 core. For these composite particles, a whole diameter ranging mainly between 110 and 160 nm was measured.
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despite the unfavorable electrostatic interactions between
negatively charged particles and the negatively charged cell
membrane, we remain quite confident about the ability of our
designed particles to serve as in cellulo imaging probes.

The emission spectra of the three doped cores were
measured when excited by a 980 nm laser beam, before their
coating with maghemite nanocrystals (Fig. S81). They clearly
show that co-doping with both Er and Yb enhances visible
emission. Specifically, at this wavelength, Yb cation undergoes
excitation. The resulting excited electron is subsequently
transferred to the *F, excited level of Er cation. From this level,
energy loss through non-radiative processes occurs, leading to
the occurrence of 4 primary visible emissions: 406, 522, 540 and
657 nm. In this particular system, ytterbium fulfills the role of
the sensitizer, while erbium functions as the activator,* leading
to the highest visible photoluminescence intensity and making
thus the co-doped system the best for the desired application.

Moreover, varying the incident laser power, evidenced an
increase on the emission intensity (Fig. S9t) allowing us to fix

b
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(a) Emission spectra of citrate coated B-NaYg glYbg 18Erg.02]F4 recorded at r.t. on their aqueous colloidal dispersion in water Milli-Q (1 ng

mL~Y) under a laser irradiation of 980 nm at the day of preparation (wine line) and at 16 days later (cyan line). (b) The comparison of the citrate
coated B-NaYq slYbo 18Ero.021F4 spectrum (grey line) with that of citrate coated B-NaYg glYbo 18Er0.02]F4@Y-Fe O3 (wine line). (c) The 4f lanthanide
energy levels involved in the up-conversion phenomenon at the origin of the green and red emission (adapted from ref. 28). (d) Emission spectra
of citrate coated B-NaYg g[Ybg 15Ero 02l F4@y-Fe,Os recorded (the day of preparation) at r.t. on their colloidal dispersion (1 pg mL™Y) in Milli-Q
water, PBS, DMEM and DMEM + FBS, after a laser irradiation of 980 nm.
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till an optimum for a current alimentation of 1.00 mA. This
value was chosen for the further investigations.

After coating with maghemite nanocrystals, the emission
spectra of these three cores do not change significantly (Fig. 6).
Selecting the Yb-Er co-doped system, consistent emission
outcomes were observed in the case of the core@satellites
particles, indicating that the iron oxide coating does not
dampen or suppress the emission interestingly, the emission
spectra of these particles measured in various biological media,
including phosphate buffered saline (PBS) solution, Dulbecco’s
modified Eagle medium (DMEM), and a mixture of DMEM with
fetal bovine serum (FBS), which are commonly utilized at
different stages of cell culture, did not evidence significant
changes. A notable efficiency in visible emission was consis-
tently observed whatever the medium in which the citrated
hetero-nanostructures were dispersed (Fig. 7).

To assess cellular uptake capability and visible light emis-
sion under near-infrared excitation of our engineered probes,
mammalian cell lines were treated with particles followed by
examination through confocal microscopy. This advanced
technique provides enhanced resolution and contrast
compared to conventional microscopy, achieved by capturing
two-dimensional images. Specifically, human breast cancer
cells (MDA-MB-231) were cultivated and exposed to citrate
coated B-NaY, g[Ybo 15Ero.02]F4a@Y-Fe,O3 core@satellites parti-
cles at a concentration of 0.1 mg mL ™" for a duration of 24 h.
After this incubation period, the culture medium was replaced,
and multiple washes with PBS solution were performed to
eliminate any particles that did not enter the cells.

As outlined in the Experimental section, staining of cell
nuclei and the cytoskeleton facilitated their visualization
through confocal imaging and can be seen in Fig. 7 as blue and
green colors, respectively.

Staining also eased the observation of intracellular uptake of
particles, which, after 24 h of incubation, accumulated in MDA-
MB-231 cells, appearing as red dots within the cell margins after
their excitation at 980 nm (Fig. 8). However, due to their size, the
particles were unable to penetrate the cell nuclei and mostly
concentrated within the cytoplasm of the cells. These conclu-
sions were additionally supported by the observed green (pre-
sented as red color in Fig. 8) emission detected from the up-
converting particles. Emission spectra were registered in the
highlighted regions of interest (marked 1, 2, and 3) of the
collected images and were measured under 980 nm laser exci-
tation. The emission spectra displayed the distinctive bands at
522 nm, 540 nm, and 653 nm, characteristic of our nano-
particles’ emission in solutions (graph in Fig. 8). These results
were also supported by bright-field microscopy applied to the
same cell line stained with Prussian blue pigment. This staining
was used after a 24 h incubation period with our particles, at the
same dosage of 0.1 mg mL™"' (milligrams of particles). This
staining technique is capable of detecting only iron oxide due to
its specific interaction with Fe** ions. Considering that the vy-
Fe,O; nanocrystals are attached to the surface of the B-
NaY, g[Ybg.1sEro.02]F4 cores, the blue color observed within the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Confocal microscopy images of MDA-MB-231 cells incu-
bated for 24 h with citrate coated B-NaYo glYbg 18Erg 02lF4@Y-Fe,O3
particles (0.1 mg mL™Y), recorded in typical RGB: red for the particles,
blue for cell's nuclei and green for cell's cytoskeleton. In the merged
image of transmission view + emission, red dots associated to the
particles can be seen only in the cell, supporting their accumulation
inside the cells. (b) The 980 laser induced emission spectra recorded
on positions 1, 2, and 3 pointed out in the merged image are given for
information. Scale bars for all the images — 50 um.
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Fig. 9 Bright-field microscopy images recorded at different scales on
MDA-MB-231 cells incubated for 24 h with citrate coated B-NaYq gl-
Ybo.18Ero 02l F4@y-Fe,O3 particles (0.1 mg mL™Y), using Prussian blue
staining to detected y-Fe,Os3 part of the composites inside the studied
cells.

cells likely corresponds to the accumulation of our engineered
citrated core@satellites particles (Fig. 9). Finally, the toxicity of
our particles was assessed for doses ranging around those used
for our previous experiments on two distinct mammal cell lines:
healthy mouse fibroblast cells (NIH-3T3) and human breast
cancer cells (MDA-MB-231). Specifically, their viability was
checked for a particle contacting time of 24 h and a dose
ranging between 0.05 and 0.1 mg mL . XTT test was applied for
such a purpose (see Experiment section) and the obtained
results were plotted hereafter (Fig. 10). Interestingly, a cell
viability rate close to 80% was measured for a dose of 0.1 mg
mL . It is higher for smaller doses. A viability cell rate of 80% is
generally considered as satisfactory. So, this concentration is
able to produce strong light emission, suitable for imaging,
without resulting in significant cell damage. The fact that these
B-NaYy g[Ybo.15Er0.02JF4@7-Fe,0; particles exhibit low toxicity is
a valuable advantage, rendering them suitable as biomedical
imaging probes. This is indicative of their potential utility in
imaging applications within biological systems.

It would be interesting to go further in these toxicity inves-
tigations particularly for longer cell contacting time. Recent
research discusses that the dissolution of B-NaYF, core might
proceed, releasing fluoride and lanthanide ions, which might
induce cytotoxicity.* As, it would be important, to check what is
the long-term becoming of the administrated particles, and how
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the body adapted its metabolism to eliminate them. This
requires a survey of the degradation kinetics of the engineered
particles at least in biomimetic media®*® as well as their bio-
distribution in living small animals.**

These investigations go beyond the scope of the current
research. Both are long time studies. They will be performed
further. Here, only short time cell uptake and cell cytotoxicity
studies were carried out as a first stage. To check the ability of
the produced up-converting hetero-nanostructures to be
employed as bimodal imaging probes, DC magnetic measure-
ments were performed on the dried B-NaY, g[Ybg 15ET¢ 02 |Fa@7-
Fe,0; particles. In our experimental approach, we conducted
two sets of measurements: one focusing on the magnetization
variation with respect to the magnetic field, denoted as M(H), at
the body temperature (b.t.), and another dealing with the
thermal variation of the magnetization, represented as M(T),
under a low magnetic field of 500 Oe, in both zero field cooling
(ZFC) and field cooling (FC) conditions. The former is important
to determine the total magnetization of the engineered particles
at a field close to that used in clinic for magnetic resonance
imaging (MRI), namely 1.5 T. This parameter plays an impor-
tant role in the magnetic dipolar interaction between the water
proton nuclear magnetic moment and the probe magnetic
moment. As high is as short is the proton magnetic relaxation
time. More precisely, the transverse relaxivity of an MRI contrast
agent is expected to vary like the square of the magnetization at
the field used.*” The latter is important to establish the
predominance of a superparamagnetic behaviour in the whole
magnetic response of the produced core-satellites particles. To
be as exhaustive as possible, all these measurements were
performed in parallel on the B-NaY, g[Yb¢ 15Er¢.2]F4 cores and
the y-Fe,O; satellites prepared separately. The M(T) curves of -
Fe,O; particles exhibit superparamagnetic behavior, as indi-
cated by the observed irreversibility between the ZFC- and FC-
M(T) branches, with an average blocking temperature (Tg) of 55
K (Fig. 11a and c). The same feature was observed for pB-
NaY, g[Ybg 18Er¢.02JFs@Y-Fe,0; particles with a (Tg) of 17 K,
while for B-NaY, g[Ybo.1sEro.02]F4 particles only a paramagnetic
feature was detected. An alignment of the two FC and ZFC M(T)
branches and their hyperbolic rise as temperature decreases are

b) NIH-3T3
120

100

*
*

%Cell viability
B ()] [e<]
o o o

N
o

Control 0.05 mg.mL"" 0.1 mg.mL""

Fig. 10 The cell viability measured on (a) MDA-MB-231 and (b) NIH-3T3 cell lines incubated for 24 h with citrate coated B-NaYg g[Ybg 18Er0.02]
Fs@y-Fe,Os3 particles at two different concentrations, 0.05 and 0.1 mg mL~?, as inferred from XTT toxicity assays.
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Fig. 11 Magnetization variation with temperature measured under the influence of a constant magnetic field of 500 Oe, following both field
cooling (FC) and zero field cooling (ZFC) conditions for citrate coated (a) B-NaYq g[Ybo 18Ero.02]F 4. (b) Y-Fe,Os and (c) B-NaYo g[Ybo 18Ero 02l F4@Y-

Fe,Os particles.

observed due to the Zeeman interaction of the three unpaired
electrons of Er** cations in sodium yttrium fluoride matrix with
the applied magnetic field. Clearly, the plotted M(T) curves for B-
NaY, g[Ybg 15Er0.02]JFs@Y-Fe,0; particles are the superposition
of those of y-Fe,0; particles and B-NaY, g[Yby.15Er.02|F4 parti-
cles, with an additional effect, that of the decrease of the mutual
dipolar interaction between the y-Fe,O; satellites onto the -
NaY, g[Ybg.1sEro.02]F4 cores. As suggested by TEM observations,
maghemite nanocrystals are less in contact with each other in
the powdered heterostructures than in their own powder (see
Fig. 5 vs. S57). Indeed, Tj is influenced by dipolar interactions
between magnetic moments, and it increases as the strength of
these interactions increases.*® This is particularly evident when
magnetic nanoparticles come into closer proximity with each
other.

The magnetization M(H) curve obtained on the <y-Fe,O;
nanocrystals demonstrates the distinct characteristics of
a superparamagnet with zero remanence and coercivity at b.t.
Note that due to their ultrasmall size, the magnetization of
these particles does not saturate at high field.** The M(H) plot of
the B-NaY, g[Ybo.1sEro.02]F, particles displays the typical attri-
butes of a paramagnet, featuring an S-shaped curve of Langevin
type. The M(H) behaviour of the B-NaY,g[YDbg.15Er¢.02]Fs@7Y-
Fe,O; particles falls in between these two previous patterns

80
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Fig. 12 310 K-isothermal variation of the magnetization as a function
of the magnetic field of citrate coated (a) B-NaYq g[Ybo 18Ero.02lF4@7Y-
Fe,Oz and (b) y-Fe,Os3 particles.
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(Fig. 12). In terms of magnetization, the core@satellites parti-
cles naturally exhibit lower magnetization compared to pure
iron oxide nanocrystals. Nevertheless, this magnetization
remains sufficiently strong for a potential utilization as positive
or negative magnetic resonance contrast agents. It is close to 10
emu g~ (grams of particles) at 15 kOe, the field usually applied
in clinical MRI scanner.

Relaxometry measurements were performed at 1.41 T and
b.t. on aqueous suspensions of B-NaYg[Ybo 15Er¢ 02]Fs@-
Fe,0;. In Milli-Q water. Examples of the relaxation curves of
respectively M, and M, nuclear magnetization are provided in
the ESI (Fig. S8t). The longitudinal and transversal relaxivity
values were then deduced from the slope of the linear variation
of the longitudinal (respectively transverse) decay rate of water
proton spins with [Er + Fe], according to:

1/Ti:l or 2 = Fi=1 or 2-[Er + Fe] + (1/Ti:1 or 2)Waler (1)

The relaxation times of a pure water, 7; = 3740 + 10 ms and
T, =2126.8 £+ 0.6 ms as-measured experimentally, were used to
set the intercepts of the regression lines. The obtained curves
were plotted in Fig. 13. These first tests showed a moderate T

500 50
4001 140
.m
—~ 3004 {30 =
® = o — |
= - y=1595x+0.27| @,
= 2004 L R2=0.9991 120 <
100 o {10
i
0 T T T T 0
0.0 05 1,0 15 20 25

[Er+Fe] (mM)

Fig. 13 Determination of the longitudinal (r;) and transverse (r,)
relaxivities of citrate-coated B-NaYo gl[Ybg 18Ero.02]F4@Y-Fe,O3 parti-
cles in Milli-Q water at 37 °C for an applied static field of 1.41 T, by
plotting the relaxation rates (inverse of the relaxation times) for T, (blue
squares) and T, (orange squares) versus the total paramagnetic cation
concentration.
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effect with a stronger T, effect on B-NaY g[Ybo.15Ero.02|Fa@-
Fe,0; colloids, related to the paramagnetism of Er** ions. These
cations are not directly accessible to water molecules, since they
are located inside the B-NaYF, crystal matrix, which is itself
surrounded by a surfactant double layer (oleic acid*®). As a point
of reference a longitudinal relaxivity of r; = 0.69 mM " s was
measured on the B-NaY,g[Ybg1sEro02]F4 cores alone. The
introduction of maghemite nanocrystals around the up-
converting cores provides real contrasting capabilities, due to
their superparamagnetic properties. The measured longitu-
dinal and transverse relaxivity values of about 16 and 198 mM *
s~ ' agree with a typical negative contrast agent feature. These
values are close to those already measured on similarly-sized
(about 10 nm) polyol made maghemite particles,"'®* meaning
that the magnetic relaxometry properties of the designed cor-
e@satellites particles are mainly driven by their maghemite
component, yet with addition of contribution to the magneti-
zation brought by the paramagnetic Er’* cations in the core.

Experimental

Synthesis of water-soluble B-NaY, s[YDbo 15Er¢.02]F1@7Y-Fe,03
nanoprobes

The synthesis of water-soluble B-NaY, g[Ybg 15Ero.02]@Y-Fe,0;3
particles involved a three-step process. The process began with
the generation of B-NaY,g[Ybg.15Ero.02]F4 seeds in a polyol
solution. Subsequently, y-Fe,O; nanocrystals were grown
around these seeds in a fresh polyol medium. Finally, the
resulting nanocomposites were functionalized by hydrophilic
citrate ligands, making them water-dispersible.

In practice, 25.0 or 28.9 M of yttrium(m) acetate (99.9%,
Sigma-Aldrich) and an appropriate amount of ytterbium(ur) and
erbium(m) acetate salts (99.9%, Sigma-Aldrich) were dissolved
in a mixture of 125.0 mL of 20 : 80 v/v ethylene glycol-diethylene
glycol in volume mixture (=99%, Sigma-Aldrich) and 62.5 mL of
oleic acid (Fisher scientific, 70%). Ammonium fluoride (98%,
Sigma-Aldrich) and sodium hydroxide (98%, Sigma-Aldrich)
were added at the nominal Y:F:Na or (Y + Ln): F: Na atomic
ratios of 1:32:2.5. The mixture was then heated under reflux
for 30 min (6 °C min~"). After cooling down to r.t., the formed
precipitate was recovered, by adding an excess of ethanol,
through several cycles of centrifugation and distilled water
washing. The same protocol was carried out in order to prepare
B-NaYy g[Ybo»|F, and B-NaY, g[Er, »]F4 nanoparticles to serve as
references.

300 mg of the dried seeds were dispersed in 31 mL of
diethylene glycol (99%, Across Organics), in which 3 mmol of
iron acetate (95%, Sigma-Aldrich) and 0.125 mL of deionized
H,O were added. The resulting mixture was then heated up to
reflux for 3 h. The obtained precipitate was then separated from
the supernatant, at r.t., by centrifugation and washing with
ethanol and water, and finally dried in air.

Freely dispersed y-Fe,O; nanoparticles were also prepared
within the same operating conditions, removing the B-NaY, g[-
Yby.15Erg.02]F4 seeds from the starting reaction solution.

At the end, citrate-grafting was achieved through a simple
ligand exchange method, replacing the residual organic moieties
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at the surface of the fluoride and/or oxide particles by the freshly
introduced multivalent citrate species, taking advantage from the
complexing ability of their carboxylate and hydroxyl groups.™
Typically, 1 g of B-NaY, g[Ln,,]F,@y-Fe,0; (Ln = Yb, Er or Yb-
Er), nanoparticles were dispersed in 200 mL of an aqueous tri-
sodium citrate (50 mM) solution. The resulting suspension was
mechanically stirred and heated up to 100 °C for 30 min. The
resulting precipitate was collected using a strong magnet, then
washed with an excess of ethanol, to remove the non-grafted
organic species, and finally dried in air at 60 °C. The same
protocol was applied to the seed and the deposit alone.

Structural and microstructural characterization

XRD was performed on all the produced powders using an
X'pertPro diffractometer (PANALYTICAL, Almelo, Netherlands),
equipped with a Co-Ka tube (40 kV, 40 mA) and configured for
a 6-6 Bragg-Brentano reflection geometry. XRF was also carried
out with a Minipal4 spectrometer (PANALYTICAL, Almelo,
Netherlands), equipped with a Rh-Ka tube (30 kV, 87 pA).
Quantification was achieved via pre-plotted calibration curves
using Na*, Y**, Yb®* Er’" and Fe®" standard solutions. SEM was
carried out on a Supra40 ZEISS FEG microscope, operating at
5.0 kv and equipped with a high-efficiency In-lens detector and
an Everhart-Thornley secondary electron detector. TEM was
also conducted, using a JEM 2010 UHR microscope (JEOL,
Tokyo, Japan), operating at 200 kv and micrographs were
collected thanks to a Gatan Orius SC1000 4008 x 2672 pixel
charge-coupled device CCD camera (AMETEK, Berwyn, US).
Image treatment was performed using Image] 1.46 software.

Hydrophilic coating evaluation

Zeta potential of the citrated particles dispersed in water was
measured thanks to a Zetasizer NanoZS instrument (MALVERN
PANALYTICAL, Worcestershire, UK). FTIR analysis was also
performed at r.t. using an Equinox FTIR spectrometer (Bruker,
Baltimore, US) operating in a transmission scheme (KBr pellet)
to confirm citrate-grafting.

Routine magnetometry

The variation of the magnetization M as a function of temperature
T and as a function of magnetic field H was measured on solid
state, using a MPMS-5S SQUID magnetometer (Quantum Design,
San Diego, US). In practice, 20 mg of the dried powder were slightly
compacted in a plastic sampling tube to avoid their movement
during measurements. DC magnetization was recorded versus
temperature M(7), under a dc magnetic field of 500 Oe, operating
within ZFC and FC conditions, between 5 and 330 K. Also,
magnetization was recorded versus magnetic field M(H) at 310 K
(37 °C) by cycling the magnetic field between 70 and —70 kOe.

Magnetic relaxometry

Relaxometry was carried out on freshly prepared vortexed
aqueous colloids (Milli-Q water) of different [Fe] and/or [Er]
concentrations ranging between 25 uM and 2.5 mM, staring
from a 2 mL stock solution of B-NaY, g[YDbg.15ET¢.02]@7-Fe;03

© 2024 The Author(s). Published by the Royal Society of Chemistry
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particles (5.6 mg mL ') and of B-NaY, g[Ybo 15Er.¢] particles
(5.2 mg mL™"), both citrate-coated. In practice, 350 pL of each
solution (the stock and the diluted ones) was introduced in
a nuclear magnetic resonance (NMR) tube (7.5 mm outer
diameter). The tubes were then inserted in a Minispec mq60
relaxometer (Bruker, Rheinstetten, Germany) equipped with
a 60 MHz/1.41 T magnet. The T; and T, relaxation times were
recorded as a function of total metal concentrations [Er] + [Fe],
at 310 K, which was initially inferred from XRF without any acid
mineralization. T, was measured with a Carr-Purcell-Meiboom-
Gill (CPMG) sequence using an inter-echo time (TE) between
0.04 and 0.5 ms (typically 7,/50) and a mono-exponential decay
fit of 1500 or 3000 data points. The recycling delay (RD) was
adjusted around 5 times the initial 7; value, measured by an
inversion recovery (IR) sequence, whose relaxation was fitted by
a mono-exponential on 15 data points, the first delay (TE) being
around T7,/100 and the final duration at least around 3 times T}.
These parameters (TE, RD and amplifier gain) were adjusted
until the 7, and T, values were measured with low uncertainty,
typically 0.1%, for each iron concentration (four values in total).
Typical relaxation curves are given in the supporting section.

Photoluminescence

Photoluminescence of the produced particles dispersed in
aqueous-based solutions were recorded at r.t. using the Edin-
burgh Instruments FLS980 (Edinburgh Instruments, UK) spec-
trometer, equipped with a double emission monochromator,
a cooled (—20 °C) single-photon counting photomultiplier
(Hamamatsu R928), and a 720 mW continuous wavelength
980 nm laser diode. The emission slit was set to 0.5 nm, the step
size was 0.5 nm, and the integration time was 0.2 s with repeat
of 10 times. The emission spectra were corrected by a correction
file obtained from a tungsten incandescent lamp certified by
National Physics Laboratory, UK.

Cell culture and particle incubation

The embryonic mouse fibroblast cell line and the epithelial
human breast cancer cell line, respectively abbreviated as NIH-
3T3 and MDA-MB-231 (purchased from the European Collection
of Cell Cultures and American Type Culture Collection,
respectively), were chosen as models for in vitro experiments.
Cells were cultured in DMEM media, supplemented with 10%
(v/v) FBS, 100 U mL ™" penicillin and 0.1 mg mL~" streptomycin
(all from Gibco, Thermo Fisher Scientific, Waltham, MA, USA).
Cells were maintained at 37 °C in a humidified atmosphere
containing 5% of CO,. The cells were routinely subcultured 2-3
times a week in 25 cm? cells culture flasks, following NIH-3T3
and MDA-MB-231 cell culturing protocols.?*3¢

Confocal microscopy

For cellular imaging studies, MDA-MB-231 cells were seeded
into an 8-chambered cover glass plate (Thermo Fisher, USA)
with a density of 30 000 cells per chamber. For the evaluation of
particles uptake, cells were treated with 0.1 mg mL™" (milli-
grams of particles) of nanocomposite particles and incubated
for the next 24 h. Before imaging, cells were covered and fixed
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with sufficient amount of 4% paraformaldehyde (Sigma-
Aldrich, Germany) for 15 min. Nuclei of the cells were stained
with 10 pg mL~" of Hoechst 33 258 (Sigma-Aldrich, Germany)
while their cytoskeleton was stained with 165 mM Alexa Fluor
488 Phalloidin (ThermoFisher Scientific, USA). The accumula-
tion of particles was observed using a Nikon Eclipse TE-2000U
C1 Plus laser scanning confocal microscope (Nikon, Tokyo,
Japan) equipped with continuous wave lasers: 405 nm (Melles
Griot, USA), 488 nm (Melles Griot, USA) and 980 nm (Chang-
chun New Industries Optoelectronics Tech. Co., Ltd., China).
Imaging was performed using 60x/1.4 NA oil immersion
objective (Nikon, Japan). The three-channel RGB detector filters
(band-pass filters 450/17 nm, 545/45 nm and 688/67 nm for
blue, green, and red channels, respectively were used. Both
cellular dyes Hoechst 33 258, Alexa Fluor 488 Phalloidin, and
up-converting nanoparticles were excited with 405 nm, 488 nm,
and 980 nm lasers, respectively. Emission of nuclear dye was
registered in a blue channel (450/17 nm band pass filter) and
actin filaments dye of the cytoskeleton in a green 545/45 nm)
channel. Emission of particles was registered in the green (545/
45 nm) channel as well, during a separate scan. For better
visualization and to prevent overlapping with the fluorescence
of Alexa Fluor 488 Phalloidin, a red pseudo color was used for
representing emission of nanoparticles. Image processing was
performed using the Nikon EZ-C1 Bronze version 3.80.

In cellulo examination through the Prussian blue staining

For iron oxide visualization, a Prussian Blue Cell Staining
Reagent Pack (Sigma-Aldrich)*” was performed on 4%
glutaraldehyde-fixed cells. In practice, after 24 h of particle
incubation, MDA-MB-231 cells were incubated for 30 minutes
with 2% potassium ferrocyanide (Perl's reagent, Sigma) in 3.7%
hydrochloric acid. During the reaction, any ferric ion present in
the cells combines with the ferrocyanide and results in the
formation of a bright blue pigment called Prussian blue, or
ferric ferrocyanide. The working solution was aspirated and the
fixed cells were washed with PBS. The accumulation of iron-
based composite particles in cells was observed using Nikon
Eclipse TE2000-U (Nikon, Tokyo, Japan) bright-field microscope
equipped with a digital color camera Leica DFC290. To gain
a better insight on cell structure, we also used differential
interference contrast method (DIC).

XTT viability in cellulo assay

For in cellulo viability assays, NIH-3T3 or MDA-MB-231 cells
were seeded on a 96-wellplate at a density of 15000 cells per
well. After 24 h, the old medium was replaced with fresh
medium containing particles 0.1 mg mL~' or 0.05 mg mL "
(prepared from a stock solution of 1 mg mL ™" which was diluted
10 and 20 times, respectively) for 24 h. The old medium was
then removed, and the cells were washed three times with PBS
(pH = 7.0). To prepare a XTT reaction solution,*® 1 pL activation
solution (N-methyl dibenzopyrazine methyl sulfate) and 50 pL
XTT reagent (tetrazolium derivative) were mixed. 100 pL of fresh
media and 50 pL of the reaction solution were added to each
well and the plate was incubated for another 4 h in an incubator
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at 37 °C. After incubation, optical density values at 490 nm were
measured using the microplate reader. After obtaining values of
absorbance, they were recalculated as percentage values of
viability. A control was also performed in absence of particles.
Absorbance value of control group was equated to 100% and the
rest values were calculated proportionally to control. All the
experiments were replicated thrice. Data are expressed as mean
+ standard deviation (SD). The statistical significance of
differences between studied groups was assessed using a two-
tailed independent Student's t-test at the 95% confidence
level. The level of statistical significance was expressed as p-
values < 0.05.

Conclusions

In summary, we successfully synthesized pure hexagonal phase
NaYF, doped with various lanthanides, including erbium and
ytterbium, as well as co-doped with ytterbium and erbium,
utilizing the polyol process. By utilizing a mixture of ethylene
glycol and diethylene glycol as solvents, we achieved particle
size reduction. Furthermore, we effectively coated the lumi-
nescent core surfaces with about 10 nm sized Fe,O; maghemite
nanocrystals. Different arrangements of y-Fe,O; around the
cores were observed within the various systems, ranging from
a relatively dense layer (B-NaY, g[Yb, »]F4) to a notably discon-
tinuous one (B-NaYyg[Ery,]F,) and (B-NaYy s[Ybo.18Er¢.02]F4)-
Despite this variation in y-Fe,O; coverage, the resulting heter-
ostructures displayed relevant magnetization for their potential
use as MRI contrast agents. Longitudinal and transversal
reflexivity values of about 16 and 198 mM ™' s~ ' were measured,
respectively, on their aqueous colloids (Milli Q water) at 37 °C,
for an applied static magnetic field of 1.41 T, close to the field of
1.5 T applied in clinics. The optical characteristics of these
systems were extensively examined. The B-NaY g[Ybg 1sEro.02]F4
core-based systems exhibited exceptional visible emission
intensity upon near-infrared excitation compared to f-
NaY, g[Ybo,]F, and B-NaY, g[Er,,]F, core-based ones, making
them particularly valuable for optical imaging. This robust
emission allowed in vitro analysis through confocal imaging.
The presence of a discontinuous shell around the B-NaY o[-
Yby.15Er.02]F4 core potentially contributed to its heightened
emission, as a full thin layer could lead to emission quenching.
Importantly, the co-doped B-NaYg[Ybg. 15Er¢.02]Fa@7Y-Fe 03
system displayed low toxicity in both healthy and malignant
mammalian cells. This makes it a promising candidate as
bimodal probes for dual optical and magnetic resonance
imaging. The rapid and straightforward nature of our process is
a key advantage, particularly for industrial applications, setting
the stage for the potential use of these nanoparticles in practical
medical applications.
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