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Abstract

We studied the temperature dependent luminescence of GdVOs nanoparticles co-doped with Er**
(1 mol%) and Yb*" (20 mol%) and determined their thermal sensing properties through the
fluorescence intensity ratio (FIR) technique. We also analyzed how a silica coating, in a core-
shell structure, affects the temperature sensing properties of this material. Spectra were recorded
in the range of biological temperatures (298-343 K). The absolute sensitivity for temperature
determination calculated for the core-shell nanoparticles is double than the one calculated for
bare nanoparticles, achieving a thermal resolution of 0.4 K. Moreover, silica-coated
nanoparticles show good dispersibility in different solvents, such as water, DMSO and methanol.
Also, they show good luminescence stability without interactions with solvent molecules.
Furthermore, we also observed that the silica coating shell prevents from a progressive heating of
the nanoparticles during prolonged excitations periods with the 980 nm laser, preventing effects

on their thermometric applications.
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1. Introduction

Temperature is the most frequently measured physical property in science, industries and life.
Many properties of matter depend on temperature, thus, it is important to monitor it during
material processing for controlling the quality of the final products as well as in biomedical
areas, where temperature provides basic diagnostic criteria.!*?

To overcome the problems evidenced in conventional contact thermometry methods
(invasiveness and big sizes), non-contact thermometry methods have been developed.>* Among
these methods, luminescence nanothermometry, and particularly luminescence nanothermometry
based on measurements of the fluorescence intensity ratio (FIR) is particularly interesting, since

it can prevent errors in measurements arising from power fluctuations of the excitation source,



variations on the concentration of luminescent nanoparticles and inhomogenities of the material >
The FIR method is based in the Boltzmann distribution of electrons between two adjacent
emitting energy levels, that depends on temperature, and is manifested as a temperature-
dependent intensity ratio between the emissions arising from two distinct lines in the spectrum.
Furthermore, the FIR technique constitutes a self-referencing method to compute the absolute
temperature, since one spectrum contains all the information needed, avoiding the use of an
internal reference.’

Trivalent lanthanide (Ln)-doped nanoparticles (NPs) are among the most promising candidates
for temperature determination through luminescence thermometry. Optically active Ln cations
show several narrow absorption and emission lines, some of them from excited states lying very
close in energy that can be considered to be thermally coupled. They also show relatively long
emission lifetimes, and good chemical and physical stability.5*

Most of the work developed up to now on ratiometric luminescence nanothermometry by the
FIR technique was performed using Er** doped®!!' and Er**/Yb*" co-doped materials.®!!"!® Er**
shows an efficient green up-conversion emission from two thermally coupled excited states,
Hi12 and *S32, upon NIR excitation at 980 nm. Yb*" is used as a sensitizer since it shows a
higher absorption cross-section at this wavelength. Furthermore, the energy transfer between
Yb** and Er** is very efficient. This allows generating a bright emission in the visible, especially
in the green. Er**/Yb*" co-doped NPs have been used, for instance, to show the temperature
evolution of cancer HeLa cells up to its thermally induced death’ or to determine the temperature
in human embryo kidney cells.'

Despite the significant progress achieved in recent years on luminescence thermometry using

Ln-doped NPs, there are still several aspects that need to be improved, such as sensitivity to



determine smaller temperature changes. For instance, it was demonstrated that the combination
of Ln-doped NPs with a thermosensitive polymer can enhance this thermal sensitivity.?’ Also,
the sensitivity and the temperature sensing range can be tuned in organic-inorganic complexes
based on Ln ions just by changing the chelate ligands on the Ln-complexes or the host in which
the luminescent centers were embedded.?!

The benefits of core-shell structures to enhance the emission properties of up-conversion
nanoparticles has already been reported.?> Here, we report the enhancement of the luminescence
temperature sensitivity in Er,Yb:GdVO4 nanoparticles coated with a silica shell that allowed to
get a thermal resolution of 0.4 K. Furthermore, we probed that the as-synthesized
Er,Yb:GdVO4@SiO: core-shell nanoparticles are dispersible in biological compatible fluids that
facilitate their potential biological applications. Finally, we also observed that the silica shell
prevents the heating of the luminescent nanoparticles when excited for prolonged periods at 980

nm.

2. Experimental Section

2.1 Synthesis of luminescent nanoparticles.

Crystalline NPs of GdVO4 codoped with Er** (1 mol%) and Yb*" (20 mol%) were prepared by
a hydrothermal process. Details of the synthesis can be found elsewere.?® Shortly, NH4sVO3 and
lanthanide nitrates (Gd(NO3)3-6H20, Yb(NO3)3-:6H20, Er(NO3)3-6H20 (Strem Chemicals
99.99%) were used as reactants. The first step involved the preparation of a solution with the
required amounts of lanthanide nitrates and NH4V O3 in distilled water (40 ml), in which the pH

was adjusted to 7 by adding diluted NH4OH under stirring during 1 h. The yellow dispersion was



afterwards hydrothermally treated at 458 K during 24 h in a sealed Teflon-lined autoclave with a
capacity of 75 ml. The product obtained was separated by centrifugation, washed several times
with distilled water and overnight dried at 393 K in open air.

To improve their emission efficiency, the samples were then annealed to 873 K for 5 h. Further
coating of the NPs surface with a layer of silica (SiO2) (Er,Yb:GdVOs@SiO2) was carried out
through the base-catalyzed hydrolysis of tetraetoxysilane (Si(OC2Hs)s, TEOS, Alfa Aesar 99%)
and the subsequent condensation of silanol (Si-OH) groups onto the surface of the Er,Yb:GdVO4
NPs. To do that, a half of the prepared amount of NPs was dispersed in an ethanolic solution (40
ml ethanol absolute 99.5% Emplura Merck + 4 ml distilled water) in which the pH was adjusted
to 9 with diluted NH4OH, and then 2 ml of TEOS were added and kept under stirring for 4 h. The

product was finally washed with ethanol, centrifuged and dried to 393 K.

2.2 Structural characterization and particle size determination.

1 mol% Er, 20 mol% Yb:GdVO4 and 1 mol% Er, 20 mol% Yb:GdVOs@SiO2 NPs were
characterized by powder X-ray diffraction (XRD) using a Bruker AXS D-8 Advance
diffractometer with Cu Ko radiation. Transmission electron microscopy (TEM) images were
obtained with a JEOL 2000FXII microscope with an accelerating voltage of 200 kV. High
resolution TEM (HRTEM) and selected area electron diffraction (SAED) images were obtained
with a JEOL model JEM-4000EX microscope, with an accelerating voltage of 400 kV.
Hydrodynamic particle size distributions were measured by dynamic light scattering (DLS) using

a Vasco 2-Cordouan equipment, with samples dispersed in distilled water. Fourier transform



infrared absorption (FT-IR) data were collected on a Nicolet 20SXC spectrophotometer in the

range 4000 — 400 cm!, using KBr to prepare pellets of the analyzed materials.

2.3 Spectroscopic characterization

For the analysis of the temperature dependent up-conversion emission, Er,Yb:GdVO4 and
Er,Yb:GdVO4@SiO2 NPs were introduced in a heating stage Linkam THMS 600 that was placed
in a homemade microscope setup. An Apollo Instruments Inc diode laser with emission at 980
nm and a power of 100 mW was used as the excitation source. The laser beam was focused on
the sample using a microscope objective with 40X magnification and N.A. of 0.6 that produced a
laser spot of around 10 pm on the sample. The emission was collected by the same microscope
objective, and after passing a dichroic filter to eliminate the excitation radiation, was collected by
an AVANTES AVS-USB2000 fiberoptic spectrometer connected to a computer to record the
spectra.

Spectra were also collected using a Labsphere 4GPS-020-SL integrating sphere to compare the
intensity of the spectra generated by the different samples, using the same fiberoptic

spectrometer described above to record the spectra.



3. Results and Discussion

3.1 Structural characterization

The XRD pattern of the raw 1% Er, 20% Yb:GdVOs4 nanoparticles corresponds to the pure
tetragonal /41/amd zircon-type phase (see Figure 1). By using the Scherrer’s equation, the mean
individual crystalline domains (also called ‘crystallites’) calculated from the full width at half
maximum (FWHM) of the Bragg peak located at ~25 ° 26 is ~25 nm, see Figure 1(b). No
additional reflections were detected for 1% Er, 20% Yb:GdVO4@SiO: core-shell nanoparticles,
see Figure 1(c), although the somewhat rougher background reflects the presence of amorphous
SiO2. The XRD pattern of NPs coated with thicker silica shells (not included in the current
study) revealed that the roughness of the background at 18-32° 20 was, as expected, considerably
accentuated, see Figures S1(a-c) included in the Supplementary Information.

Figures 1(d) and 1(f) display typical TEM images of Er,Yb:GdVOs and Er,Yb:GdVO4@SiO2
NPs, respectively, mainly with square and rounded sections, and Figures 1(e) and 1(g) display
HRTEM images of these samples. Darker interiors and surrounding lighter shells in the TEM
and HRTEM images of NPs in Figures 1 (f) and 1(g) correspond to Er,Yb:GdVOs cores and their
amorphous silica coating, respectively. It is observed that the coating layer has a thickness of ~7
nm around the NPs, which mostly retain their initial polygonal or rounded shape. A characteristic
TEM image of a sample in which the vanadate NPs were coated with a thicker silica shell can be
seen in the Supplementary Information, Figure S2. HRTEM images of discrete NPs reveal in all
cases a well-defined single crystal structure, characteristic of the tetragonal /41/amd symmetry of

GdVOs4 (see further images in Figures S3a-d). From the lattice fringes in Figure S3(a), as well as



the corresponding selected area electron diffraction (SAED) pattern in Figure S3(b), the resolved
interplanar spacings are found to be about 0.359 nm, consistent with the d-spacing between (200)
planes of GdVO4 (JCPDS File 86-0996).

FT-IR spectra for the raw hydrothermal, 873 K annealed, and annealed and further silica
coated 1%Er, 20% Yb:GdVOs samples, whose XRD patters are shown in Figures 1(a-c), are
provided in Figures S4(a-c) of the Supplementary Information, along with the discussion for
vibronic assignments accounting for the formation of the Ln:GdVO4@SiO: entity, which further
probe the silica shell formation on the nanoparticles.

Figures S5(a),(b) included in the Supplementary Information show characteristic results from
DLS measurements on the particle size (hydrodynamic size) distribution for both 873 K annealed

and ~ 7nm silica-coated Er, Yb:GdVO4 samples.
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Figure 1. X ray diffraction patterns of (a) raw hydrothermal 1 % Er, 20 %Yb:GdVOsa, (b) 1 % Er, 20
%Yb:GdVO, after 873 K thermal annealing during 5 h, and (c) the annealed sample in (b) with further SiO; coating,
1 % Er, 20 %Yb:GdVO4@SiO-. For comparison, the XRD pattern scheme of tetragonal /4,/amd YVOs, JCPDS File

82-1968 has been also included. TEM images of (d) Er,Yb:GdVOsand (f) Er,Yb:GdVO4@SiO; nanoparticles.

HRTEM images of (e) Er, Yb:GdVO4 and (g) Er, Yb:GdVO4@SiO: nanoparticles.
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3.2 Spectroscopic characterization

Nanoparticles were placed in a borosilicate bottom flat vial and compacted to ensure that they
fill the bottom of the vial. This vial was introduced in a sample holder that was placed inside a
Labsphere 4GPS-020-SL integrating sphere. Then, the samples were excited with a 200 pm core
diameter fiber-coupled laser diode from Apollo Instruments, Inc. emitting at 980 nm. The laser
was collimated to a spot size of 3 mm on the sample, and a power of 100 mW. The emission
arising from the NPs was collected using an AVANTES AVS-USB2000 fiberoptic spectrometer.
The inner part of the integrating sphere is made from a diffusive material that facilitates the
luminescence generated by the NPs to spread evenly by multiple reflections over the entire
sphere surface before being collected by the detectors. In this way, all the light emitted by the
sample is collected by the detector, allowing us to compare the intensity of the emission
generated by the different samples.

Figure 2 shows the up-conversion photoluminescence emission spectra of Er,Yb:GdVOs and
Er,Yb:GdVO4@SiO: core-shell NPs after excitation at NIR 980 nm collected in the integrating
sphere. The up-conversion emission spectra of these samples consist on two main bands centered
at 520 and 550 nm, which correspond to the *Hii2 — *I152 and *S32 — “lis,2 transitions of the
Er** ion, respectively. Also a weak red band was observed at 640-670 nm, assigned to the “Fo
— 1152 transition of Er*". Splittings of all optical transitions in the Figure 2 are similar to those
reported for Er-doped single crystal, indicating that the crystal site for Er** is kept in the
prepared nanoparticles.?? In Figure 2, however, the emission bands presented are broad, due to
the conditions of detection we had to use because of the low intensity of the emissions in the

integrating sphere. Since the concentration of doping ions in both cases was identical, Figure 2
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represents the comparison of the corresponding fluorescence efficiencies. It can be seen that the
emission intensity is higher for Er,Yb:GdVOs@SiO2 core-shell NPs. This enhancement might be
due to the reduction of surface defects on the core-shell NPs due to the presence of the inert SiO2
coating.?*

To further confirm this enhancement of the emission intensity generated by the silica coating,
Figures S6(a),(b) in the Supporting Information display the evolution of the integrated intensity
of the visible upconverted emissions for Ln, Yb:GdVO4 NPs as a function of the surface
treatment (annealing and silica coating) after the hydrothermal synthesis. As can be seen in the
figure, 1% Er, 20%Yb:GdVO4 NPs coated with a ~7 nm silica shell show the highest

upconversion efficiency.
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Figure 2.Up-conversion emission spectra of the 1%Er, 20%Yb:GdVO, nanoparticles and 1%Er,

20%Yb:GdVO4@SiO; core-shell nanoparticles after excitation at 980 nm.
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3.3 Luminescence thermometry

In order to find out the effect of the silica coating on the temperature sensing capabilities of
our NPs, we measured the dependence of the up-conversion emission spectra with temperature
for both samples in the biological range. This thermal characterization was made using the FIR

technique, using the following equation:’

I
FIR:L:%:B@XP(_EJ (1)
I, g,v,o,

where gi, vi, and oi, are the level degeneracy, the spontaneous emission, and the absorption rates,
respectively, ks is the Boltzmann constant, 7" is the absolute temperature, and AE is the energy
difference between the two energy states considered.

Figure 3(a) shows the changes in the normalized intensity of the spectra in the green region
recorded for the Er,Yb:GdVO4@SiO:2 core-shell NPs at room temperature and at the maximum
temperature analyzed in this work (343 K). As can be seen, while the intensity of the emission
arising from the 2Hi12 level increases substantially when the temperature increased. Figure 3(b)
shows the evolution of the FIR with temperature of both kinds of NPs. In the two cases they
follow a linear tendency with regression coefficients of 0.992 and 0.987 for Er,Yb:GdVOs4 and
Er,Yb:GdVO4@SiO: core-shell NPs, respectively. The slope is higher for core-shell NPs. This
results in a higher absolute sensitivity, calculated as the first derivative of the FIR to respect
temperature, as shown in Figure 3(c). The maximum absolute sensitivity of Er,Yb:GdVO4@SiO:
core-shell NPs was found to be 1.01 % K!, almost double than the one obtained for the bare
nanoparticles (0.69 % K™). In order to compare the sensitivity of the Er,Yb:GdVO4@SiO2 core-

shell NPs with other Er-doped materials for which the FIR technique was applied to determine
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temperature using the same electronic transitions we used in this work, we calculated the relative
sensitivity, as the first derivative of the FIR to respect temperature divided by the FIR. The

comparison is presented in Table 1.

Table 1. Comparison of Er-doped materials used for luminescence nanothermometry using the FIR technique in

the green region of the electromagnetic spectrum.

Excitation Relative Thermal
. Temperature Wavelength . ; .
Material wavelength . sensitivity %K resolution | Ref.
range (K) ratio
(nm) (temperature, K) (K)
Er,Yb:CaF, 298-323 920 538/522 2.3 - 25
Er,Yb:Gd,03/Au NPs 300-1050 980 510-565 1.51 1 12
Er,Yb:PbF, 290-325 975 523/548 1.1(310) - 13
Er,Yb:Fluoride glass 335-375 975 523/548 1.1(342) 0.8 14
Er/Er,Yb:Chalcogenide
293-498 1540/1060 530/555 1.05/0.52 0.3/0.5 11
glass

Er,Yb:NaYF, 299-336 920 525/545 1.0 - 6
. hi

Er,Yb:GdVO,@SiO, 297-343 980 520/550 0.94 (343) 0.4 ‘:Io':k
Er:ZnO 273-573 978 536/553 0.62 (443) - 9
Er:BaTiO3 322-466 980 547/526 0.52(333) - 10
Er,Yb:Al,O; 295-973 978 534/549 0.52(476) 0.3 15
Er,Mo:Yb3Al;04, 395-973 976 522/546 0.48(467) 03 25
Er,Yb:Fluoride glass 296-448 1480 522/543 0.4 1 16
Er,Yb:Gd,0; 300-900 980 523/548 0.39(300) 17
Er,Yb:silica glass 296-723 978 526/549 0.33(296) 0.2 18

In comparison with other Er-doped materials our results lye in the upper relative sensitive
range, with values around 1 % K! or higher. Er,Yb:CaF»?* and Er,Yb:Gd203/Au'? NPs show
higher relative sensitivities, with values of 2.3 and 1.51 % K'!, respectively, while Er,Yb:PbF2,!3
Er,Yb:fluoride!* and Er:chalcogenide!' glasses, and Er,Yb:NaYF4® nanoparticles show similar
values than Er,Yb:GdVO4@SiO:2 core-shell nanoparticles. In the case of Er,Yb:PbF2, despite its
high sensitivity, its spatial resolution is limited by the size of the NPs (<500 nm). Thus, the main

application proposed for this material is the thermal characterizations of devices.'? For the rest of
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the materials listed in the table, the reported relative sensitivities are lower than that of
Er,Yb:GdVO4@SiO2 core-shell NPs. In terms of thermal resolution, the 0.4 K that can be
achieved with our NPs are only surpassed by the values reported for Er,Yb:silica glass'®,
Er,Mo:Yb3Al5012,2° Er,Yb:AL203'> and Er/Er,Yb:chalcogenide glass.!' However, in all these
cases the thermal resolution was estimated from the sensitivity values, and not measured
experimentally. Thus, our results are the first ones to confirm the thermal resolution that can be
achieved with Er**-based up-conversion nanoparticles.

Apart from the data included in the table, it is also worthy to note that Sedlmeier et al.
analyzed the luminescent thermometric properties of Er,Yb:NaYFs@NaYFs core-shell
nanoparticles, capped with citric acid (CA), and compared them with those of bare Er,Yb:NaYF4
nanoparticles capped with ethylene diamine tetraacetic acid (EDTA) and CA.2" The slope of the
FIR ratio in the three cases was similar, being a little smaller for Er,Yb:NaYF4 NPs capped with
CA, but no difference was found between Er,Yb:NaYF4@NaYF4 core-shell CA-capped NPs and
Er,Yb:NaYF4 EDTA-capped NPs. Only the thermal resolution was improved by 5 times when
the NaYFs shell was used, although again, the thermal resolution was estimated form the FIR

adjusted curves.
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Figure 3. (a) Evolution of the intensity of the emission spectra of Er** in the green region obtained from
Er,Yb:GdVO4@SiO, NPs; (b) I[2H;12]/1[*S3,2] FIR as the function of temperature for Er,Yb:GdVO, and
Er,Yb:GdVO4@SiO; NPs; (c) Comparison of absolute sensitivity values for both kind of NPs; (d) Thermal
resolution measured for Er,Yb:GdVO4@SiO, NPs; (¢) Time evolution of the intensity ratio for Er,Yb:GdVO, and

Er,Yb:GdVOs;@SiO> NPs.
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To know the minimum temperature change that Er,Yb:GdVOs@SiO2 NPs can discriminate,
we collected 60 consecutive emission spectra at a fixed temperature (313 K) in the Linkam 600
heating stage, controlled with its embedded thermocouple. In this way we were able to determine

the range of variability in the measurements.?®

Then, we calculated the temperature
corresponding to each spectra using the calibration curve shown in Figure 3(b). This results in a
Gaussian distribution of temperatures centered at 313.5 K with a FWHM of 0.4 K, as can be seen

in Figure 3(d). This gives an estimation of the thermal resolution that can be achieved in a

measurement with these NPs.

We also analysed the effect of the illumination during a prolonged time with the 980 nm laser.
For this, we introduced the NPs in the Linkam 6000 heating stage, although we kept the
nanoparticles at room temperature, and recorded the luminescent spectra at intervals of 10 s
during 40 min. By calculating the FIR for each spectra and comparing it with the calibration
curve displayed in Figure 3(b), we could plot the temporal evolution of the FIR, as can be seen in
Figure 3(e). It can be seen in this graph that the FIR corresponding to the core-shell NPs remains
constant under the pumping laser at 980 nm over an extended illumination period, while for the
bare NPs the FIR increases, slightly but continuously, with time. This would indicate that the
population of the 2Hi1/2 electronic level would increase when the exposure to the excitation laser
is prolonged, and thus that the Er,Yb:GdVO4 NPs increase their own temperature, introducing an
incorrect temperature determination. In the graph it can also be observed that these effects are
evident after 7 min of continuous excitation. We repeated this experiment several times to
confirm this effect, observing always similar results. Also, since the NPs were located in the

heating stage during the experiment, we could also use the screen of the controller of this device
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to monitor the temperature evolution, measured in that case by the internal thermocouple of the
heating stage, observing the same tendency. So, an additional benefit of the silica shell with
which we coated our Er,Yb:GdVOs nanoparticles is that it dissipates more effectively the heat
generated in the body of NPs by the excitation laser, avoiding their heating, and providing a

more stable thermal probe.

3.4 Dispersibility in different solvents

An additional advantage of the SiO2 coating in our nanoparticles is that it allows stablishing H
bridge bonds with protic polar solvents, like H2O or methanol (CH30H), or van der Walls weak
interactions with aprotic polar solvents, like dimethyl sulfoxide (DMSO, CH3SOCHs3). This
would allow the dispersion of the Er,Yb:GdVO4@SiOz2 core-shell NPs in these kinds of solvents.
We tested the possibility of dispersing our core-shell nanoparticles in these three solvents. For
that, 10 mg of Er,Yb:GdVO4@SiO2 nanoparticles were dispersed in 10 ml of H2O, methanol and
DMSO, respectively, with the aid of an ultrasonic bath, and observed their sedimentation as a
function of time. The results are shown in Figure 4(a). In general, the nanoparticles show a good
stability in the three solvents analyzed, although after 24 h, it was reduced significantly in
DMSO. These results indicate that Er,Yb:GdVO4@SiO2 NPs might be dispersed, if required in
biological compatible fluids for temperature determination in biomedical applications.

We also analyzed how the different solvents affected to the up-conversion emission properties
of Er,Yb:GdVO4@SiO2 NPs, and thus, to the FIR calculated from their spectra. Figure 4(b)
shows the emission spectra corresponding to the NPs dispersed in water, methanol and DMSO,

normalized to the intensity of the *Sz2 — *I152 band. The emission spectrum corresponding to
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the dry NPs, measured under the same experimental conditions, is also included for comparison.
As can be seen in this graph, the emission intensity of the band located at 520 nm decreases
when the NPs are dispersed in a solvent. This might be attributed to more efficient non-radiative
relaxation processes in that case that depopulate the *Ss» level of Er*" towards lower energy
emitting levels because of the interactions stablished with the solvation molecules. This also
affects to the Is2o / Isso FIR, as can be seen in Figure 4(c), which is reduced by 20 % when
compared to that of the powder not dispersed in any solvent. This reduction seems to be similar
for NPs dispersed in any of the three solvents analysed in this study, with the smallest values

attained in water and DMSO that have a higher dipolar moment.
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Figure 4.(a) Time evolution of the sedimentation of Er,Yb:GdVO4@SiO, nanoparticles dispersed in water,
methanol and DMSO; (b) Up-conversion emission spectra of Er,Yb:GdVO4@SiO, nanoparticles in different
solvents normalized in intensity to the Sz, — “I;52 band; (¢) Green-to-green (*Han— 1512 to *S3 — *I152) emission

intensity ratios calculated for the core-shell nanoparticles dispersed in the different solvents.
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3.5 Ex-vivo experiment to monitor temperature evolution

To probe the potentiality of the use of Er,Yb:GdVO4@SiO:2 core-shell nanoparticles for
temperature changes investigation in biological systems, we injected an aqueous dispersion of
the nanoparticles (1 wt %) in fresh chicken breast at the depth of around 1-2 mm. A heating gun
was used to heat the chicken breast. We monitored the temperature change induced in the
chicken breast by observing the luminescence emitted by the injected nanoparticles after
excitation with an Apollo Instruments Inc diode laser with emission at 980 nm and a power of
100 mW. The laser was focused on the chicken breast by means of a microscope objective with
40X magnification and N.A. of 0.6. The emission arising from the nanoparticles was collected by
the same objective, and after passing a dichroic filter for elimination of the excitation
wavelength, was sent to an AVANTES AVS-USB2000 fiberoptic spectrometer connected to a
computer to record the spectra. The analysis of the emission spectra and their comparison with
the calibration line (see Figure 3b), the temperature was deduced. Moreover, in order to verify
the data, the temperature evolution of the chicken breast was also recorded by a digital
multimeter connected to the small thermo-resistor Pt-100 located inside the chicken breast, close
to the injected nanoparticles. The scheme of the setup is shown in Figure Sa.

The evolution of the temperature with time, during the induced heating process,
monitored by using the luminescent nanoparticles and the thermo-resistor Pt-100 are shown in
Figure 5b. A fast increase of temperature was clearly observed in both cases. Despite a time
delay can be observed in the monitoring process between the thermos-resistor and the
luminescent nanoparticles, it is smaller than 1 min, and when the thermal equilibrium is reached,

both systems show the same temperature (313 K, with an error of 0.03 K). This experiment
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demonstrates the potentiality of using Er,Yb:GdVOs@SiO2 core-shell nanoparticles for

temperature determination purposes in ex-vivo biomedical applications with a good thermal

resolution.
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Figure 5. (a) Scheme of the setup for the ex-vivo temperature determination experiment; (b) temporal evolution of
temperature during the induced heating process in the chicken breast monitored by the Er,Yb:GdVO4@SiO; core-
shell nanoparticles and a thermo-resistor Pt-100. Lines were plotted to help the reader to follow the temperature

evolution.

4. Conclusions

In conclusion, Er,Yb:GdVOs@SiO2 core-shell NPs can be used as an efficient luminescence
temperature sensor. To the best of our knowledge, we have demonstrated for the first time the
benefits of a SiO2 coating on the luminescent thermometric properties. By using a SiO2 coating,
we achieved a x2 enhancement of the thermal sensitivity. Moreover, the SiO2 shell protects the
NPs from overheating during the excitation process. Also, we demonstrated that a high thermal
resolution can be achieved using these core-shell NPs. The spatial resolution is estimated to be of
the order of the size of the core-shell NPs. Good stability in different solvents, like water,

methanol and DMSO, make possible to use them as a temperature sensor in biological
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applications, as the one we reported to monitor an induced heating process in an ex-vivo

experiment.

ASSOCIATED CONTENT
SUPPORTING INFORMATION:

Figure S1. X-ray powder diffraction patterns of 1%Tm, 15%Yb:GdVOs nanoparticles: a) raw
sample prepared by 24 h of hydrothermal synthesis at 185 °C; b) sample after thermal annealing
at 873 K during 5 h; c¢) annealed sample with further coating with a layer of 15-20 nm of silica.
For comparison, the X-ray pattern scheme of tetragonal /41/amd GdVOs4, JCPDS File 86-0996
has been also included in d).

Figure S2. TEM image of hydrothermal Tm, Yb:GdVOs sample prepared as for the title samples,
annealed at 873 K during 5 h and then coated with a thick shell of SiO2

Figure S3. a) HRTEM image of a polygonal nanoparticle prepared by hydrothermal treatment at
185°C during 24 h and then annealed at 873 K; b) The corresponding SAED pattern along the
[004] zone axis; ¢) and d) HRTEM images of nanoparticles annealed and coated with a silica
shell (light amorphous area around the polygonal nanoparticle).

Figure S4. Comparison of room temperature FT-IR spectra of nanocrystalline tetragonal
vanadate samples: a) bare hydrothermal (24h at 185 °C) prepared sample, b) hydrothermal
sample annealed at 873 K during 5 h, c) sample as in b) with further surface coating with a ~7
nm shell of SiOx.

Figure S5. Distribution by number of the hydrodynamic size of particles in hydrothermal Er,
Yb:GdVOsa: a) after annealing at 873 K for 5 h, and b) after annealing at 873 K for 5 h and
coating with a ~7 nm shell of SiO-.

Figure S6. Evolution of integrated upconverted luminescence in nanocrystalline 1%Ln,
x%Yb:GdVO4 with processing for surface treatments after the hydrothermal synthesis: a) green
bands corresponding to 2Hii2,*S32—*I1s2 Er’" transitions, b) blue band corresponding to
!G4—3Hs Tm*" transition. NA = bare non annealed hydrothermal sample, A = annealed at 873 K
during 5 h, A+@7 nm SiO2 = annealed and 7 nm-SiO2 coated sample, A+@15-20 nm SiO2 =
annealed and 15-20 nm-SiO2 coated sample.
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