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Abstract: Upconversion nanoparticles (UCNPs) are under consideration for their use as bioimag-
ing probes with enhanced optical performance for real time follow-up under non-invasive condi-
tions. Photostable and core-shell NaYF4:Yb%*, Er®*-Si0, UCNPs obtained by a novel and simple
co-precipitation method from lanthanide nitrates or oxides were herein synthesized for the first time.
The sol-gel Stober method followed by oven or supercritical gel drying was used to confer biocom-
patible surface properties to UCNPs by the formation of an ultrathin silica coating. Upconversion
(UC) spectra were studied to evaluate the fluorescence of UCNPs upon red/near infrared (NIR)
irradiation. (-potential measurements, TEM analyses, XRD patterns and long-term physicochemical
stability were also assessed and confirmed that the UCNPs co-precipitation synthesis is a shape- and
phase-controlling approach. The bio- and hemocompatibility of the UCNPs formulation with the
highest fluorescence intensity was evaluated with murine fibroblasts and human blood, respectively,
and provided excellent results that endorse the efficacy of the silica gel coating. The herein synthe-
sized UCNPs can be regarded as efficient fluorescent probes for bioimaging purposes with the high
luminescence, physicochemical stability and biocompatibility required for biomedical applications.

Keywords: upconversion luminescence; co-precipitation method; sol-gel Stober method; lanthanide
nitrates; lanthanide oxides

1. Introduction

Bioimaging enables the tracking of biological functions in real time by using tech-
nologies such as X-ray, magnetic resonance or fluorescence for detecting biological probes
employed for the monitoring and examination of anatomy and physiology [1]. Namely,
optical sensing is one of the most commonly used technologies for biodetection due to its
sensitivity and simplicity, but efficient labeling molecules are needed for these purposes [2].
Among them, fluorescent dyes and semiconductor quantum dots (QDs) are being used
as bioimaging tools, but the photobleaching of organic dyes, toxicity, poor photostability
and broad emission of QDs limit their performance [3]. Moreover, fluorescent probes
are generally excited by ultraviolet light, which induces DNA damage and cell death [4].
Thus, the development of materials with improved and highly efficient photochemical
performance using biologically tolerable exciting radiation sources is required for in vivo
bioimaging applications.
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Upconversion nanoparticles (UCNPs) are considered as the new generation of flu-
orophores due to their unique optical properties such as sharp emission bands, large
anti-Stokes shifts and low photobleaching and blinking [5]. These nanocomplexes also
present good signal-to-noise ratio and sensitivity due to the low scattering, autofluores-
cence and absorption from living tissues (background) in the red/near infrared (NIR)
region (therapeutic window or NIR window) while presenting high tissue penetration
depth (up to 2 mm) [2,5-7]. Upconversion (UC) luminescence is an “anti-Stokes emission”,
where the emitted fluorescence (visible light from 400 to 700 nm) has shorter wavelengths
and higher energy than the incident light, NIR (from 808 to 980 nm), which is a radiation
usually regarded as not biologically harmful [8,9] at short exposure levels and with good
transmittance through tissues [10-12]. The absorption of low-energy photons leads to the
emission of high-energy photons by a non-linear UC process that enables the photomedi-
ated biosensing and bioimaging in a non-invasive process [13]. Based on this principle,
UCNPs present long photoluminescence lifetimes, as well as low toxicity and photodamage
for living organisms [3,14]. Indeed, UCNPs allowed the transformation of fluorescence
imaging from microscopic to macroscopic levels with potential applications in bioimaging,
biodetection, and cell and tissue labeling [4,10]. Moreover, UCNPs are one of the most
promising luminescent probes for monitoring whole-body small animals, but in vivo UC
luminescence still has some limitations [15]. Among them, sensitivity and resolution are
affected by the absorption and scattering effects of organs with a rapid decrease in the sig-
nals detected from in vivo experiments involving UCNPs [16]. New luminescence imaging
tools based on UCNPs must be developed to address all these concerns.

UCNPs are composed of a host matrix doped with a sensitizer (light absorber) and
an activator (light-emitter) as guest molecules [17]. NaYF4 nanocrystals are the most
efficient UC host materials to date, being detected by confocal microscopy with a size
of 27 nm [18] due to the low phonon energy and good absorption [19,20]. The NaYF,
lattice forms two crystalline phases, the cubic (x phase) and the hexagonal (3 phase)
ones [8]. Thermodynamically stable hexagonal phase yields bright luminescence, but the
polymorphic change from the cubic to the hexagonal phase requires high energy, e.g.,
hydrothermal or solvothermal treatment [21]. A decrease in particle size may also cause
a decrease in emitter numbers and a high surface quenching [18]. Therefore, the process
parameter control in the UCNPs synthetic methods should allow the tuning of the particle
size and shape, nanocrystal phase, and doping concentration to ensure effective properties
for bioimaging [19]. Regarding the ideal sensitizers, they should have the same NIR excited
energy state as activators. Specifically, rare-earth doped UCNPs are photostable and have
low photoblinking and photobleaching [12,22]. Namely, ytterbium (Yb%*) is used as a
sensitizer due to its high absorption and broad excitation spectrum. Its single excited
state matches with activators like erbium (Er®*), so Yb%* is commonly employed as a
sensitizer of Er3*. These types of UCNPs contain thousands of emission center ions and
can be of interest for bioimaging as they can be excited with NIR, thus enabling the deep
penetration in tissues with non-invasive treatments and a low interference with the weak
autofluorescence from the biological background [12,23]. It is important to highlight that
luminescence intensity and efficiency are strongly dependent on the crystal phase and
morphology of the UCNDPs, so an environmentally friendly synthetic approach able to yield
non-toxic nanosystems with a controlled shape and phase is required [24,25].

Lanthanide-doped UCNPs are usually obtained by a thermal decomposition, hy-
drothermal or solvothermal method, sol-gel processing or a co-precipitation approach [17].
Thermal decomposition consists of pyrolyzing the organometallic precursors with an or-
ganic solvent in an oxygen-free environment [26]. Hydrothermal synthesis is carried out
with lanthanide nitrates or chlorides as precursors and under a high pressure and tem-
perature environment, often above the critical point of the solvent [19,21,26]. The sol-gel
method starts with a solution of precursors that forms a gel by hydrolysis and polyconden-
sation [4]. After calcination at high temperatures, highly crystalline UCNPs are synthesized,
but this strategy is not used for biomedical applications because of the lack of control of
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particle size [19]. In contrast, the co-precipitation method consists of the simultaneous
and rapid precipitation of multiple species under supersaturation conditions in a short
time [27]. This UCNPs processing method is regarded as advantageous since, in contrast
to the previously mentioned techniques, it does not require complex procedures or harsh
conditions (such as high temperatures or the use of solvents), while the obtained UCNPs
are chemically homogeneous, and easily obtained with high yields after short reaction
times [16,21].

UCNPs with biocompatible surface properties and uniform morphologies are prone
to be employed as bio-labels, so ligands like polyethylene glycol, oleic acid or silica are
used to functionalize UCNPs, to increase water solubilization and stability and to modulate
cellular interactions [4,14,17,28]. Silica modification is a well-established and commonly
employed technique, easy to obtain, effective and able to improve the biocompatibility
and stability of the resulting structures [7]. By the sol-gel Stober method [29], proposed in
1968 by Werner Stober and coworkers, TEOS (alkoxide precursor) is hydrolyzed to produce
silicic acid, which undergoes a condensation reaction in mild basic conditions to form
an amorphous silica coating around the previously synthesized lanthanide core, in the
presence of ammonia as a catalyst [30,31]. This eco-friendly alternative sol-gel method
avoids the use of potentially cytotoxic surfactants and organic solvents that would require
several washing steps prior to be employed as biological labels. Moreover, the ultrathin
silica shell synthesized is non-toxic, chemically inert, and optically transparent, which are
important advantages to render photoluminescent UCNPs for bioimaging applications [32].

In this work, core-shell NaYF,:Yb%*, Er3+-Si0, UCNPs obtained from lanthanide ni-
trates and, alternatively, from lanthanide oxides, were synthesized. A novel and simple
co-precipitation method was applied, followed by a silica coating step based on TEOS
hydrolysis by the sol-gel Stober process. The obtained UCNPs formulations were character-
ized regarding their crystalline structure and photophysical properties by XRD, SEM-EDS
and UC fluorescence spectroscopy. TEM and confocal microscopy were performed to
unveil the morphological and luminescent properties of UCNDPs just after synthesis and,
comparatively, after a 2-year mid-term storage. Cell viability tests with murine fibroblasts
and hemolytic activity tests with human blood were also performed for biocompatibility
evaluation. Lanthanide-derived core-shell NaYF;:Yb?*, Er3*-SiO, UCNPs yielded biocom-
patible nanocomplexes with high crystallinity, a controllable transition from cubic x-NaYF,
to hexagonal 3-NaYF,; and long-term UC fluorescence emission and physicochemical sta-
bility. To the best of our knowledge, it is the first time that silica gel-coated UCNPs were
synthesized using a procedure involving lanthanide nitrates or oxides as precursors, in a
room-temperature (RT) facile, versatile, and non-hazardous co-precipitation method. Also,
precursors were dissolved in aqueous solutions, thus avoiding the use of solvents or surfac-
tants that could render toxic by-products. Overall, the novel technological combination
of co-precipitation and sol-gel methods herein studied is regarded as environmentally
benign and very convenient for obtaining highly photoluminescent UCNPs in a shape- and
phase-controlling approach.

2. Results and Discussion
2.1. Physicochemical Properties of UCNPs

Different formulations of nanoparticles (NPs)were obtained (Table 1) and denoted
differently depending on the lanthanide precursors (lanthanide nitrates—N or lanthanides
oxides—O), drying procedure (supercritical drying—SCD, or oven drying—OD) and when
the drying was performed (before or after the silica coating—BC or AC, respectively). A
formulation without coating (O, OD) was also obtained for the sake of particle size and
morphology comparison.
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Table 1. Different UCNPs formulations studied.

. Lanthanide . .

Formulation Precursors Drying Method Drying Moment
O, OD-AC Lanthanide oxides Oven drying After silica coating
O, OD-BC Lanthanide oxides Oven drying Before silica coating

O,0D Lanthanide oxides Oven drying -
N, OD-AC Lanthanide nitrates Oven drying After silica coating
N, OD-BC Lanthanide nitrates Oven drying Before silica coating
N, SCD-AC Lanthanide nitrates SCD After silica coating
N, SCD-BC Lanthanide nitrates SCD Before silica coating

All the tested synthetic procedures led to the production of UCNPs formulations in
the form of a whitish and fine powder. Similar yields were observed for all the studied
methods, with a slightly lower amount of UCNPs obtained after procedures involving
supercritical drying (SCD) due to some mass losses during the drying step. Synthesis was
simpler in the case of the use of nitrates of the lanthanides than in the case of oxides of the
lanthanides due to the pH adjustment needed in the latter case. Near-zero and negative
zeta potential (C-potential) values were obtained for all the formulations studied (Table 2).
These values are good since highly negative charged NPs could be passively delivered to
certain tissues [33] while highly positive charged NPs induce cell electrostatic interactions
that increase endocytic uptake and are thus more toxic [4,34].

Table 2. -potential measurements of different UCNPs formulations. For notation of the formulations,
please refer to Table 1.

UCNPs Formulation (-Potential (mV)

O, OD-AC —7.28 £1.99
O, OD-BC —17.72 £ 0.12

O,0D —6.39 + 2.03
N, OD-AC —9.64 +1.03
N, OD-BC —7.07 £1.32
N, SCD-AC —9.04 +1.09
N, SCD-BC —8.78 = 0.52

The formation of UCNPs with uniformity in shape was observed by TEM imaging
(Figure 1) in all cases, regardless of the gel drying method used (SCD or oven drying)
or the silica coating (presence or absence). This is a very good result since all the formu-
lations are highly spherical (Figure 1), thus demonstrating the shape-controlling ability
of the co-precipitation approach herein employed. The two formulations dried by SCD
(Figure 1 N, SCD-AC; N, SCD-BC) had an aspect and size close to that of the oven-dried
UCNPs (Figure 1 N, OD-AC; O, OD-AC; O, OD; O, OD-BC; N, OD-BC), suggesting the
absence of an impact of the drying procedure employed during synthesis in the mor-
phology of UCNPs. It should also be noted that the formulation without a silica coating
(Figure 1 O, OD) had a similar aspect and size to the same formulation with the coating
(Figure 1 O, OD-AC; O, OD-BC), suggesting the very low thickness of the silica coating
(2.75 = 0.49 nm). This ultrathin silica coating is beneficial to the energy transfer between
UCNPs [35]. The mid-term storage (2 years) of UCNPs under controlled conditions had
no effect on particle morphology (Figure 1 O, OD-BC just after synthesis vs. 2 years after
synthesis, and N, OD-BC just after synthesis vs. 2 years after synthesis). Regarding UCNPs
sizes, the major population of the O, OD-BC formulation obtained just after synthesis was
lost after 2-years of mid-term storage, in contrast to the N, OD-BC formulation, where
the UCNP size was preserved after mid-term storage. Therefore, results suggest that the
UCNPs obtained from the lanthanide nitrates are more stable in terms of size than the ones
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obtained from the lanthanide oxides. This morphological stability is adequate and essential
to satisfy the requirements of biological applications [35].

N, OD-AC O OD-AC

0.2 um ; 0.2 um
N, SCD-
0.2 um 0.2 um

O, OD-BC
(]ust after synthesis)
e
0.2 um 0.2 um
O, OD-BC N, OD-BC
(2 years after synthesxs 'ust after

0.2 um

N, OD-BC
. (2 years after synthesis)

ﬂ&

Figure 1. TEM images of different UCNPs formulations. For notation of the formulations, please
refer to Table 1.
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Aggregates were detected for some UCNPs formulations (Figure 1 N, OD-AC; O,
OD-AC; O, OD and N, SCD-AC) with a decrease in their formation after mid-term storage
(O, OD-BC just after synthesis vs. O, OD-BC 2 years after synthesis and N, OD-BC just after
synthesis vs. N, OD-BC 2 years after synthesis). UCNPs tended to aggregate after annealing
at higher temperatures and also due to the carbonization of the capping reagent EDTA
after annealing, thus reducing UCNPs hydrophilicity, in agreement with observations by
Wang and coworkers [21]. The aggregation may also be a consequence of the interparticle
chemical bonding between the silica shells of the UCNPs [31]. It was previously described
that there is an optimal size for efficient uptake of each type of nanomaterials into cells [36].
UCNPs of a very low size (<45 nm) were reported with the same sensitizers (Yb®>* and
Er®*) [20,37,38], which could be easily internalized by cells and induce high toxicity af-
terwards. In contrast, this particle size range just represents a very minor population in
all UCNPs formulations (Figure 1) and adequate sizes for biomedical applications were
obtained with this novel co-precipitation approach herein developed. Furthermore, an
increase in the size of the nanocrystals obtained with the same trivalent lanthanide ions
was reported to increase the luminescence emission [39].

All the synthesized UCNPs emitted visible radiation when excited at 980 nm, showing
three different bands at 520, 540 and 657 nm in the UC luminescence spectra (Figure 2a,b),
except for the oxide-derivative O, OD-AC formulation where no meaningful UC emission
was detected (Figure 2b). The lower efficiency of the UC process for the O, OD-AC
formulation can be attributed to the type of host matrix phase (cubic x-NaYF, or hexagonal
-NaYF,) [18,19,21], which will be discussed later. The peaks at 520, 540 and 657 nm
correspond to 2Hy; /2= 5 /2 4g, /2 — 445 /2 4F, /2= 5 /2 optical radiative transitions
of Er®* ions, respectively, as previously reported for UCNPs composed of the same trivalent
lanthanide ions [39,40] and in a study of Er** and Yb3* UC photoluminescence on films [41].
It must be noted that an enhancement of the photoluminescence was observed when
structures where co-doped with both ions, with a photoluminescence intensity more than
one order-of-magnitude higher with respect to materials doped only with Er3* [41].

Some formulations (N, OD-AC; N, SCD-AC and N, SCD-BC) exhibited structured
green and red bands maybe due to the saturation of the detector and not to the emission
from different excited states [42]. Similar structured bands were also reported for different
NaYF4:Yb**, Er® formulations [38,39,43]. In the comparative UC spectra performed under
constant experimental conditions (laser intensity), the N, OD-BC and O, OD-BC formula-
tions exhibited a higher fluorescence intensity in each peak, achieving the highest values
for N, OD-BC. It has been recently published that with a very low Er®* concentration (close
to 1%) UC photoluminescence was not detected, so the conversion of NIR into visible light
comes from the interaction between neighboring Er®* ions [44]. This reaction was associ-
ated with the energy transfer from one excited Er®* to another Er** and with the upgrade of
the latter Er** into a higher-energy level. In this cooperative UC, Er3* luminescence comes
from two centers, one related to the Er®* UC luminescence (520 and 540 nm peaks) and
the other one related to the Er>*-Yb3* ion-ion interaction and its UC luminescence (657 nm
peak). It is also important to note that the green band/red band UC emission intensity
ratio could be related to different “excitation environments” in terms of ion size, ionic
dependence of site distortions and ion concentration due to a concentration-quenching
effect between Er>* and Yb®* ions [40,44].
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Figure 2. UC spectra for the (a) lanthanide-nitrates-based UCNPs and (b) lanthanide-oxides-based
UCNPs in the solid state, collected with Aexe = 980 nm. For notation of the formulations, please refer
to Table 1.

The crystalline nature of UCNPs was confirmed by the corresponding XRD pattern
(Figure 3a,b), with similar diffractograms to those previously reported for UCNPs with
the same sensitizer-activator system (Yb>*-Er®*) [45]. The UC process is improved with a
highly crystalline host lattice holding a low-energy environment that enables the energy
transfer from the sensitizer to the activator. The essential requirements for an efficient
energy transfer are the distance between the sensitizer and the activator, the spectral overlap
and the achievement of a high absorbance by the activator at the emission wavelength
of the sensitizer [46]. Both types of crystalloid phases, cubic and hexagonal, exist at the
ambient pressure being the cubic phase the dominant one, i.e., the thermodynamically
metastable. However, the green emission of the crystalline hexagonal phase is 10 times
stronger than that of the crystalline cubic phase and the overall emission is ca. 5-fold
higher in the thermodynamically stable B-NaYF,;:Yb3", Er®*. Nevertheless, there is a
high-energy barrier between «- and 3-phases, so the phase transition needs temperatures
higher than 280 °C [37]. It has also been reported that both phases coexist from 290 to
300 °C and that very long reaction times are needed for the complete « — 3 transition
at 300 °C, so 400 °C was herein selected as the reaction temperature. Consistently, the
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formation of 3-phased UCNPs did not involve a direct phase transformation process but
a dissolution/recrystallization process. As expected, the fluorescence intensity increased
according to the UCNP conversion from the host matrix cubic to the hexagonal phase after
annealing at 400 °C. Nevertheless, for N, SCD-AC, N, OD-AC and O, OD-AC formulations,
no peaks related to the hexagonal phase were observed (Figure 3a,b). The hexagonal phase
peaks were detected for N, OD-BC, O, OD-BC and O, OD formulations, thus suggesting
that the oven drying is a more appropriate method for the synthesis of UCNPs with respect
to the SCD. Finally, the highest fluorescence intensity appeared when drying and annealing
steps were performed before the silica coating step, so the best formulations in terms
of fluorescence intensity (O, OD; O, OD-BC; N, OD-BC) were selected for further EDS
characterization. The full accomplishment of the crystalline hexagonal phase under certain
experimental conditions unveils the phase-controlling ability of the co-precipitation method
herein employed.

(a) 5
N, SCD-AC b <3
°
5 o
p N, OD-BC bt o
> = °
[ Ll
= A
c
[]
-
c -
— 1| N,OD-AC bt 9
<
s
§ 3§ 8§
o oo o
}Ll An T JLI
0 70 80 90
0 NaYF; cubic
20/de 4
/deg + NaYF; hexagonal

(b)

=
O, OD-BC ~
<

0220
1

Intensity (a.u.)

0, OD-AC =
<

0220

0 10 20 30 40 50 60 70 80 90
29/deg 0 NaYF, cubic
+ NaYF, hexagonal

Figure 3. XRD diffractograms of (a) lanthanide nitrates-based UCNPs and (b) lanthanide oxides-
based UCNPs. For notation of the formulations, please refer to Table 1.

FTIR spectroscopy was used to trace the coating step with silica of the different UCNPs
formulations. The presence of the silica was confirmed in all formulations where the coating
step was performed by the detection of two broad bands at 1080 cm ! (Figure 4, red circles)
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and 1175 cm~! (green circles) corresponding to vSi-O-Si vibrations. Moreover, bands at
970 cm~! (blue circles) and 800 cm ™! (purple circles), corresponding to a v5i-O vibration of
the =Si-O-Si= bond, were detected and associated with the silica functionalization [47,48].
FTIR spectra of all samples are almost completely smooth in the 1400-4000 cm ! region,
without exhibiting characteristic peaks that could indicate the presence of functional groups
not related to silica. Results confirmed that the functionalization of UCNPs with silica was
successfully achieved regardless of the drying procedure used (SCD or oven drying) or the
moment when the coating was performed (before or after the drying step).

N, SCD-BC

N, OD-BC

0, OD-BC

N, SCD-AC

0,0D

0, OD-AC \'\

N, OD-AC

Transmittance (a.u.)

v Si—-0-Si

v Si-O-Si
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber (cm™)

Figure 4. FTIR spectra of different formulations of UCNPs. For notation of the formulations, please
refer to Table 1.

The elemental mapping obtained by the EDS technique (Figure 5a) confirmed the
presence of all the employed chemical elements, including the peaks related to ions present
at low concentrations (Na and F). UCNPs showed the peaks related to the host material
constituents and lanthanides homogeneously distributed throughout the analyzed sample,
thus confirming their expected composition and that they were congruent with the obtained
UC fluorescence results. EDS results also unveiled the decoration of UCNPs with similar
intensity for the elements from the host matrix (Na, F) and for the rare-earth elements (Y, Yb,
Er). This elemental mapping suggests their simultaneous and homogeneous distribution
throughout the sample, which is attributed to the successful connection between the rare-
earth elements and the host matrix. Similar elemental mapping was previously found for
UCNPs doped with the same rare-earth elements [35]. The background material with lower
fluorescence is mainly silica. The more homogeneous formulations in terms of fluorescence
are the lanthanide nitrate-based UCNPs. This is a very beneficial result since the nitrate-
derived UCNPs are much easier to synthesize than their oxide-derived counterparts and
only involve non-hazardous steps. Since high crystallinity and the presence of chemical
elements were confirmed for all formulations studied, the best formulation in terms of
fluorescence intensity (i.e., the formulation with the highest intensity in each peak, N,
OD-BC) was selected for biological characterization (cf. Section 2.2). This formulation also
exhibited physicochemical stability in terms of particle shape and fluorescence properties
after a 2-year mid-term storage.
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Figure 5. (a) EDS mapping and (b) confocal microscopy images of different UCNPs formulations.
For notation of the formulations, please refer to Table 1.

Confocal microscopy is the main approach used for localizing UCNPs by in vitro cell-
based tests and by in vivo bioimaging experiments. For this reason, the best formulations
of UCNPs were also analyzed by this technique (Figure 5b), with a good fluorescence
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signal obtained just after synthesis (for both formulations studied) and after 2-year storage,
thus endorsing the possibility of their mid-to-long-term storage without detrimental in
fluorescence properties. Long-term photostability was previously studied for UCNPs [32]
with good results in terms of UC spectra but after shorter time periods (5 months) than
those herein evaluated.

2.2. Biocompatibility and Hemocompatibility Evaluation

The biocompatibility of UCNPs was confirmed by the high viability of mouse embryo
fibroblasts in the presence of the N, OD-BC UCNP formulation for 24 and 48 h, without
significant differences with respect to the positive controls (Figure 6a). These results are
better than those previously reported for silica-coated NaYF,:Yb3*, Er¥* UCNPs with a
low size (21 £ 5 nm) after contact with bone marrow-derived stem cells (79.5% after 24 h
and 66.8% after 48 h) or skeletal myoblasts (87.8% after 24 h and 68.2% after 48 h) at
100 pg/mL [49]. Concentrations (0-5 mg/mL) close to those herein reported (5 mg/mL)
were previously tested for KGdF,:Yb%*, Er** UCNPs with cell viabilities higher than 60%
after 20 h [50]. Moreover, lower concentrations of UCNPs (100 pg/mL) showed lower
levels of biocompatibility than those herein reported (close to 75% of cell viability) and
were reported as safe to be used in subcellular imaging applications [51]. A reduction in the
viability after 72 h of rat glioma cells and of rat mesenchymal stem cells was observed for
lower concentrations than those herein studied (1000 png/mL) of polymer-coated UCNPs
composed of the same trivalent lanthanide ions [39]. Furthermore, the relevance of the
protective coating to the safety of NPs was assessed by evaluating the cell viability in
NaYF,:Yb?*, Er’UCNPs with different polymeric coatings [38]. Very low cell viabilities
were obtained with neat UCNPs while the different polymer coatings studied increased rat
mesenchymal stem cell viabilities, evaluated in the concentration range 0-1000 ug/ mL. It
is important to note that much lower concentrations than those herein tested (100 pg/mL)
showed a bright fluorescence signal on HeLa cells, with a high cell viability (90%) after
24 h [32]. These findings emphasized the safety of use of the herein synthesized N, OD-BC
UCNPs.
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Figure 6. (a) Cell viability of BALB/c3T3 cells in contact with N, OD-BC UCNPs at 5 mg/mL
determined by WST-1 test. Positive control: BALB/c3T3 cells. No statistically significant differences
among groups were detected (post hoc Tukey HSD multiple comparison-test; p < 0.05). (b) Hemolytic
activity (expressed in %) for N, OD-BC UCNPs (5 and 10 mg/mL). Positive and negative controls
were 4% (v/v) Triton X-100 solution and PBS pH 7.4 solution, respectively. Statistically significant
differences among groups were represented as *** (post hoc Tukey HSD multiple comparison test;
p < 0.001). For notation of the formulation, please refer to Table 1.

No hemolysis was observed on human red blood cells after contact with N, OD-BC
UCNPs (Figure 6b), with no significant differences with respect to the negative controls
for the two studied concentrations (5 and 10 mg/mL). No influence of UCNPs on rat red
blood cells was previously reported for NaYF,:Yb%*, Er’*,Gd** UCNPs at lower UCNPs
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concentrations (25-500 pg/mL) [35]. Excellent human blood compatibility was also found
for NaGdF,:Yb**, Er®* UCNPs at a Gd content of 500 ppm [45]. These results suggest the
absence of a negative impact of the N, OD-BC UCNPs, even at very high concentrations
(10 mg/mL), on human red blood cells. Therefore, silica coating by sol-gel Stéber process
seems to create a structurally stable nanocomplex in biological fluids that effectively protect
the lanthanide core from inducing any cytotoxic event.

3. Conclusions

NaYF4:Yb%*, Er®* core-shell nanocomplexes with a highly photostable luminescent
core and a non-porous silica gel shell were successfully fabricated by a facile and environ-
mentally friendly combination of co-precipitation (core) and sol-gel (shell) approaches. The
synthetic strategy was able to control the morphology and crystalline phase of the UCNPs
as well as their biocompatibility. The size and (-potential values achieved suggest the
absence of induction of negative cell interactions. Similar morphology and luminescence of
silica gel-coated UCNPs were observed after 2-year mid-term storage, thus indicating their
preliminary physicochemical stability. An optimum formulation with the highest values of
fluorescence intensity and coherent presence of all elements in the UCNPs was selected.
Excellent bio- and hemocompatibility were obtained for these UCNPs, after assays with
murine fibroblast and human blood, respectively. The protective silica coating synthesized
by the sol-gel Stober process seems to preserve over time the lanthanide core UC emission
while promoting the bio- and hemocompatibility of the nanosystem. Consistently, these
UCNPs represent a promising alternative to be tested as in vivo biolabels, as the concentra-
tion range could be increased until 5 mg/mL to get a detectable signal without losing bio-
or hemocompatibility. These results encourage further research into potential applications
of the herein synthesized silica gel-coated UCNPs as biomarkers for biological detections,
in cellular and animal imaging systems by their incorporation into biomedical devices for
further evaluation of these UCNPs as in vivo bioimaging probes.

4. Materials and Methods
4.1. Materials

Ytterbium (III) oxide (YbyO3, 99.9% purity), erbium (III) oxide (Er; O3, 99.9%), ytter-
bium (III) nitrate pentahydrate (Yb(NOs3)3-:5H,0, 99.9%), yttrium(IlI) nitrate hexahydrate
(Y(NO3)3-6H,0, 99.8%), sodium fluoride (NaF, >99%) and ethylenediaminetetraacetic acid
(EDTA) were provided by Sigma Aldrich (Merck Group, Darmstadt, Germany). Yttrium
(III) oxide (Y203, 99.99%), erbium (III) nitrate pentahydrate (Er(NO3)3-5H,0, 99.9%), and
tetraethyl orthosilicate (TEOS, Si(OC,;Hs)s, 98%), were obtained from Acros Organics
(Thermo-Fisher Scientific, Geel, Belgium). Hydrochloric acid (HCl, 37%) was supplied by
Fisher (Madrid, Spain) and ammonium hydroxide (25% NHj3 in H,O) by Fluka Analyti-
cal (Honeywell International, Charlotte, NC, USA). CO, (purity > 99.9%) was obtained
from Nippon Gases (Madrid, Spain) and absolute ethanol (EtOH) from VWR (Radnor, PA,
USA). All reagents were used as purchased and deionized water was employed in all the
procedures.

4.2. Synthesis of UCNPs by Co-Precipitation and Sol-Gel Methods

0.2 M stock solutions of Y,03, Yb,Os3, and Er,O3 solutions were prepared and adjusted
at pH 2 by using hydrochloric acid to dissolve the oxide precursors and liberate the metal
ions to the solution [52]. A total of 16 mL of 0.2 M Y»,0O3, 3.4 mL of 0.2 M Yb,O3 and
0.6 mL of 0.2 M Er,O3 was mixed with 20 mL of 0.2 M EDTA. Alternatively, another
solution was prepared by mixing 16 mL of 0.2 M Y(NO3)3, 3.4 mL of 0.2 M Yb(NOs3)3,
0.6 mL of 0.2 M Er(NO3)3 and 20 mL of 0.2 M EDTA. EDTA was firstly employed in the
synthesis of UCNPs by Yi and coworkers [52]. It is employed as a stabilizing and chelating
agent able to minimize UCNPs aggregation [53]. EDTA has been described as an efficient
complexing agent for trivalent lanthanide ions because it improves the dispersibility of
crystals. Complexes formed are adsorbed on the surface of NPs, limiting the growth in size
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of the resulting UCNPs. In fact, smaller NPs size is generally achieved by increasing the
concentration of different chelators [54]. Moreover, EDTA is used to prevent precipitation
before proceeding with the synthesis procedure [55].

Rare earth solution was injected into 0.05 mol of NaF dissolved in 60 mL of water and
the mixture was stirred for 1 h at RT. Obtained dispersions were centrifuged and washed
three times with water and once with ethanol. NPs were dried in an oven at 60 °C or,
alternatively, under SCD with EtOH. For the SCD, NPs dispersed in EtOH were placed
inside an autoclave filled with EtOH, sealed, and flushed with gaseous Nj. Pressure was
maintained at 80 bar until reaching 260 °C with a heating rate of 80 °C/h. The reactor
valve outlet was opened for EtOH release under supercritical conditions, thus dropping
the pressure gradually. The system was cooled down to RT before opening the autoclave.
NPs annealing was carried out under a N, atmosphere, for 5 h and 400 °C with a heating
rate of 20 °C/min. NPs were cooled down until RT under the same atmosphere.

To obtain the silica shell, 30 mL of NPs dispersed in ethanol (3 mg/mL) were placed
in a bath at 0 °C under stirring [47]. TEOS (0.2 mL) was firstly added and, 5 min later,
ammonium hydroxide (3 mL) was then incorporated. The reaction took place for 2 h, under
stirring and at 0 °C. The thus obtained NPs were washed three times with EtOH.

Synthesis of the lanthanide core-shell UCNPs was thus performed according to the
scheme depicted in Figure 7a,b.

(a)

Co-precipitation Drying and

and growth annealing
RT, acid

aNaYF, NPs BNaYF:Yb* Er3*
B v XN [OF doped with Er®*and Yb**
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Figure 7. Experimental procedure used to obtain silica gel-coated UCNPs: (a) Synthesis of UCNPs by
co-precipitation, and (b) production of core-shell NaYF,:Yb%*, Er3*-SiO, UCNPs by sol-gel Stober
method. The simplified chemical reactions of the sol-gel method, hydrolysis, and condensation
of TEOS, are also included. Silica gel coating method was performed either before or after the
drying step.

4.3. Physicochemical Evaluation of UCNPs

(-potential measurements of UCNPs were performed with a (-potential analyzer
(Malvern Panalytical, Malvern, UK). The morphology of UCNPs was evaluated by trans-
mission electron microscopy (TEM, JEOL JEM-2010, Tokyo, Japan) operating at 200 kV.
Confocal microscopy (Leica TCS-SP2 spectral confocal microscope, Leica Microsystems
Heidelberg GmbH, Mannheim, Germany) was also used to qualitatively evaluate the flu-
orescence emission of the UCNPs powder. A 2-year physicochemical stability of UCNPs
was evaluated for the most promising formulations in terms of luminescent properties by
comparative TEM and confocal microscopy analysis, performed just after synthesis and
after a 2-year mid-term storage of the UCNPs at RT, protected from light and stored in
closed glass vials during this time.

To obtain the luminescence measurements and verify the UC process in the nanocom-
plexes, the UC emission spectra of the UCNPs in a 2 mm cuvette were collected in a sample
holder with a ~45° angle with respect to the excitation. The excitation source consisted
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of a Spectra Physics Solstice-Ace laser coupled to a TOPAS Prime Amplifier, with an ex-
citation wavelength of 980 nm (Aexc = 980 nm) while the emission was recorded using
an AvaSpec-ULS-TEC Avantes Senseline Fiber Optic Spectrometer System. A Newport
10SWE-800-B (BG059) short-bandpass filter was used in the emission optical path to cut the
laser-scattered light. The UC spectra were collected in the 450-725 nm emission range.
Crystalline phases of the nanocomplexes were identified by X-ray diffraction (XRD)
using a Bruker 8D advance diffractometer (Billerica, MA, USA). Diffractograms were
obtained using Cu K« radiation (A = 0.154184 nm) in the 5-120° (20) range. The step was
set at 0.03°, the recording time at 7 s per step, and the applied voltage and current at 40 kV
and 40 mA, respectively. Energy-dispersive X-ray spectroscopy (EDS) was performed with
a TESCAN VEGA3 SBH (Brno, Czech Republic) microscope with an EDS detector Burker
XFlagh 410 M (Billerica, MA, USA) operating at 20 kV. Attenuated total reflectance /Fourier-
transform infrared spectroscopy (ATR/FT-IR) was obtained with a Gladi-ATR accessory.
A diamond crystal (Pike, Madison, WI, USA) was employed to analyze the chemical
structure of the nanocomplexes in the mid-IR spectrum (400-4000 cm~!) with 32 scans and

a resolution of 2 cm™!.

4.4. Viability of Mouse Embryo Fibroblasts

Cytocompatibility of the most promising UCNPs formulation (N, OD-BC) was evalu-
ated by assessing the degradation of WST-1 into formazan, which directly correlates with
the number of cells that are metabolically active. BALB/c3T3 cells (6500 cells/cm?) were
seeded in 24-well plates with 1000 uL of DMEM supplemented with 15% fetal bovine
serum, penicillin 100 U/mL and streptomycin 100 g/mL. After incubation at 37 °C in a
humidified atmosphere enriched with 5% CO; for 24 h, UCNPs (N, OD-BC) in powder
form (5 mg) were UV-sterilized for 30 min and placed in a culture insert in contact with cells
by triplicate. The previous literature does not evaluate concentrations above 5 mg/mL for
bioimaging applications, including in vivo experiments, since lower amounts must provide
a detectable fluorescence signal without compromising biocompatibility [21,28,32]. Cells
alone were also tested under the same conditions as the positive controls. After 24 and 48 h
of culture, inserts were removed, 25 uL. of WST-1 was pipetted and plates were incubated
for 2 h. Some 110 pL were then pipetted to a 96-well plate and absorbance was measured
at A = 450 nm (Infinite® M200, Tecan Group Ltd., Mdnnedorf, Switzerland).

4.5. Hemolytic Activity of Human Red Blood Cells

The hemolytic activity of 5 and 10 mg of the most promising formulation of UCNPs
(N, OD-BC) was tested by contact with human blood. Fresh human whole blood was
obtained from the Galician Transfusion Center (Spain) in accordance with the Declaration
of Helsinki. Firstly, blood was diluted to 3% (v/v) in 0.9% (w/v) NaCl. Then, 1000 puL of the
diluted blood was poured into conical tubes containing different amounts of UCNPs (5 or
10 mg). Furthermore, 900 uL of the diluted blood was mixed with 100 uL of 4% (v/v) Triton
X-100 (positive control) or 100 puL of 0.9% (w/v) PBS pH 7.4 (negative control). Samples
were tested by triplicate and incubated at 37 °C and 100 rpm in an orbital shaker for 60 min.
After centrifugation at 10.000g for 10 min (Sigma 2-16P, Sigma Laboratory Centrifuges,
Osterode am Harz, Germany), 150 uL of the supernatant were pipetted into a 96-well plate
to measure the hemoglobin absorbance at A = 540 nm (FLUOStar Optima, BMG Labtech,
Ortenberg, Germany). Hemolysis was determined by Equation (1):

Hemolysis (%) = (Abss — Absp)/(Absp — Absp) x 100 €))

where Abs; is the absorbance of the samples, Abs, is the absorbance of the negative control
(0% of hemolysis), and Abs,, is the absorbance of the positive control (100% of hemolysis).
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4.6. Statistical Analysis

Results of in vitro assays (n = 3) were reported as the mean value £ standard deviation
and post hoc Tukey HSD multiple comparison tests were performed to assess the statistical
significance of the differences between groups and regarding controls. Values of p < 0.05
were considered statistically significant.
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