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Abstract
Temperature is a critical parameter in biology, affecting the speed of reactions
that occur in living systems. Nevertheless, measuring temperature with sub-
cellular resolution (micrometric scale) and reliability remains a challenge to
overcome. In this perspective, luminescence nanothermometry is a non-contact
technique which aims to measure temperature with a sub-micrometric spatial
resolution through the use of nanomaterials whose luminescence is affected
solely by changes in temperature. Here, TiO2 nanoparticles doped with Eu+3

ions (Eu+3-TiO2) are used for sensing temperature differences within single
living cells. XRD, XPS, SEM, TEM and NEXAFS analysis allow the determi-
nation of the physicochemical characteristics of the Eu+3-TiO2 nanoparticles
and, the variation of the luminescence intensity of the Eu+3-TiO2 nanoparticles
with their temperature is investigated. The successful internalization of Eu+3-
TiO2 nanoparticles in different types of cells is observed. The luminescence
of nanoparticles internalized in L929 fibroblast cells is measured when the
system is heated in a biological relevant temperature range. Making use of
an appropriate calibration curve the temperature variation inside the cells is
determined with sensitivity of 0.5 K per 1% of luminosity change when heated.
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1 INTRODUCTION

The determination of temperature is crucial in multiple
scientific research fields. In the case of biological systems,
temperature plays a very important role as small vari-
ations in temperature influence properties and dynam-
ics of biomolecules, affecting the speed of reactions that
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occur in living systems. For example, proteins experi-
ence a structural change and may lose their native struc-
ture if the temperature varies a few degrees around 37◦C;
thus, possible changes in their function can occur.[1] Mul-
tiple cellular processes are also regulated by tempera-
ture, such as cell division, membrane lipid compositions
and gene expression.[2–4] Due to this strong influence of

1208 wileyonlinelibrary.com/journal/nano Nano Select 2021;2:1208–1217.

mailto:Selene.ACOSTAMORALES@umons.ac.be
mailto:Selene.ACOSTAMORALES@umons.ac.be
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/nano


GARVAS et al. 1209

temperature on biological systems it is important to mon-
itor the temperature while researching the dynamics and
properties of cellular systems. In addition to this basic con-
cern, monitoring cellular temperature is also relevant in
biomedicine. Cancerous cells were reported to be warmer
by few degrees than normal cells due to their higher
metabolic activity.[5–7] Following this discovery, tempera-
ture sensing in cells can become an important early cancer
detection technique. However, measuring the temperature
of living cells requires a subcellular spatial resolution as
well as a sub-degree thermal resolution which are impos-
sible to achieve with conventional thermometers, such as
thermocouples or infrared thermometers.[8,9] In this per-
spective, luminescence nanothermometry emerges as a
promising technique for measuring temperature of sys-
tems with a sub-micrometric size that might be capable of
achieving the spatial and temperature resolution expected.
Luminescence is the emission of light that occurs follow-

ing the excitation of electronic states. The properties of the
emitted photons depend on the electronic states involved
and in certain cases on the local temperature.[10] Lumi-
nescence nanothermometry uses the correlation between
temperature and luminescence for temperature sensing
through variation in the emission spectrum of a lumi-
nescent object.[10] Essentially, the temperature value is
obtained by evaluating changes in luminescent proper-
ties such as absolute and relative emission intensities,
excited state lifetime values, peak position and/or emission
bandwidth.[11] For systems that do not possess naturally
luminescence temperature dependence (such as live cells
or electrical devices) it is necessary to conjugate the sys-
tem of interest with probes whose luminescence is temper-
ature dependent.[12,13] Luminescent temperature probes
include organic dyes, polymers, semiconductor nanocrys-
tals, nanogels and trivalent lanthanide (Ln+3) ions as opti-
cal centres.[14–19] In this context, lanthanide (Ln+3) doped
materials are probes with high potential, due to their nar-
row and intense luminescent bands, stability in harsh
chemical environments, and because their luminescence
intensity and lifetime luminescence depends critically on
temperature.[20–22] Lanthanides ions also offer a wide
range of working temperatures depending on the type of
used lanthanide.[23] Transitionmetal oxides matrices, spe-
cially TiO2 and ZrO2, are reported to be optimal hosts for
lanthanides as a result of their lowphonon frequencies and
transparency in the visible-NIR region of the spectrum.[24]
Furthermore, TiO2 biocompatibility has been extensively
tested in multiple studies giving favorable results, mak-
ing TiO2 an optimal host matrix if biological applications
are aimed.[25–27] Besides, europium and europium-based
nanoparticles also show low cytotoxicity.[28–32] And, Eu3+-
doped TiO2 nanoparticles were tested in biomedical appli-
cations for two-phonon imaging of cancer cells (HeLa)

and for time resolved fluoroinmuno-assay in human
PSA.[33.34]
In this study, we evaluated TiO2 nanoparticles doped

with Eu+3 ions as nanothermometers for single cell tem-
perature measurement. This work was performed mon-
itoring the variation of luminescence intensity of the
5D0 → 7Fj (j = 0, . . . 6) emissions for increasing sam-
ple temperature.[11] The luminescence of Eu+3-TiO2 was
acquired in the biological relevant temperature range of 20-
40◦C.Before thermal sensing, theEu+3-TiO2 nanoparticles
were characterized by X-ray Photoelectron Spectroscopy
(XPS), X-ray Diffraction (XRD), Nanoscale Near Edge X-
Ray Absorption Fine Structure (NEXAFS-TXM), Scanning
Electron (SEM) and Transmission Electron (TEM) Micro-
scopies. The internalization of Eu+3-TiO2 nanoparticles in
cells was evaluated in a mouse lung epithelial cells (LA–
4), andmouse fibroblast cells (L929). The evaluation of the
temperature of cells through luminescence nanothermom-
etry was performed in the L929 fibroblast cells.

2 RESULTS AND DISCUSSION

2.1 Characterization of the Eu+3 -TiO2
nanoparticles

TiO2 nanoparticles doped with 1, 3 and 5 wt. % of Eu+3
were synthesized by the sol-gel method. The synthe-
sized samples were firstly characterized to determine their
phase composition, morphology, nanoparticle size, dop-
ing level, surface chemical composition and their lumines-
cence yield. The X-ray powder diffraction (XRD) spectra
of all three synthesized samples (1, 3 and 5 wt. % of Eu+3)
match up with anatase phase (ICDD card no. 78–2486).
[35] Figure 1A shows the XRD pattern of 5%Eu+3-TiO2.
No diffraction peaks belonging to Eu2O3 were observed
in the XRD patterns of all three samples. The XPS mea-
surements show that sample surfaces are composed of tita-
nium, oxygen, europium and carbon atoms (Figure 1B).
The presence of carbon in the spectrum can be associ-
ated with adventitious carbon contamination from ambi-
ent exposure. Results of SEM and TEM characterization
of the 5%Eu3+-doped TiO2 sample are presented in Fig-
ure 2. SEM image (Figure 2A) reveals that the as prepared
material is strongly agglomerated (ultrasound sonication
was not used for sample preparation); the agglomerates
do no exceed 500 nm. Before TEM imaging (Figure 2B)
the sample was sonicated which significantly reduced the
size of the agglomerates, the smallest aggregates are com-
posed of two to five crystallites with diameters between 15
and 20 nm (see the white arrows at Figure 2B) and thus
have the right size to be internalized by different types of
cells. The europium content (wt. %) determined with EDX
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F IGURE 1 A, X-ray powder diffraction (XRD) spectrum of 5%Eu+3-TiO2. All peaks are indexed to anatase TiO2 structure (ICDD card no.
01-78-2486). B, X-ray photoelectron spectrum (XPS) of 5%Eu+3-TiO2

F IGURE 2 SEM (A) and TEM (B) microscopy images of 5%Eu+3-TiO2 sample. TiO2 nanoparticles are crystalline (inset to figure (B)) with
diameters between 15 and 20 nm. They form agglomerates and their size does not exceed 500 nm. Small agglomerates (white arrows) composed
of two to five nanoparticles are also observed

was 0.8± 0.2 (1%Eu+3-TiO2), 3.0± 0.4, (3%Eu+3-TiO2) and
4.1 ± 0.8, (5%Eu+3-TiO2).
The NEXAFS spectra of the Ti L-edge, and O K-edge

recorded on the samples (Figure S1), show the fingerprint
of the anatase phase in agreement with the XRD results
(Figure 1A).[36] The NEXAFS measurements recorded on
the Eu M-edge indicate that europium ions in all three
samples have essentially the oxidation state Eu+3 (Figure
S2). All three samples show luminescence properties; how-
ever, for the temperature measurements only the sample
5%Eu+3-TiO2, which has the highest luminescence yield,
was used. The luminescence spectra of 5%Eu+3-TiO2 mea-
sured as a function of temperature (15-50◦C) are shown in
Figure S3. The emission of the Eu+3 dopant ions, at the
low energy spectral region, is composed of characteristic
bands that arise from transitions of the first excited level
of Eu+3 (5D0) to the ground state multiplets (7F0, 7F1, 7F2,
and 7F3). We observed that the luminescence intensity of

the Eu+3 emission is very sensitive to temperature varia-
tion, decreasing for increasing temperatures, this behavior
is associated to an increase in non-radiative relaxation pro-
cesses, due to thermal population of the ground state (7F0,
7F1, 7F2, and 7F3).[11]

2.2 Eu+3-TiO2 nanoparticles incubation
in cells

To verify the applicability of the 5%Eu+3-TiO2 nanopar-
ticles to evaluate the temperature variation in living
cells, mouse fibroblasts L929 were used as a test organ-
ism and several in vitro experiments were done. The
internalization of the nanoparticles in mouse fibroblasts
was evaluated with combination of different optical
microscopy techniques: microscope operating in bright-
field mode, fluorescence imaging mode, and fluorescence
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F IGURE 3 A, Brightfield and (B) widefield autofluorescence images of L929 fibroblasts cells. C, Fluorescence microspectroscopy image
of (B). D, Typical autofluorescence emission spectrum from control cells. E, Brightfield image of L929 cells incubated with 5 wt.% Eu+3-TiO2

nanostructures for 2 days. F, Widefield fluorescence microscopy image of the same area shown in (E). G, Fluorescence microspectroscopy
image − color coded by autofluorescence component from cells. H, fluorescence microspectroscopy image − luminescence of the europium
component. Images (C), (G) and (H) are color coded by fluorescence and luminescence intensity (purple – low; red – high intensity), respec-
tively. I, Emission spectrum obtained from incubated cells: autofluorescence (left region – linear) and europium luminescence (right region –
Gaussian-Loretzian) are present. 430-460 nm excitation, 495 nm dichroic and 523-643 nm emission filter setup was used with 5 nm scan step.
All images have the same scale bar

microspectroscopy mode. First, we obtained a set of
images of control cells (no nanoparticles incubated) with
the aim to determine cell autofluorescence (Figure 3A –
brightfield image, B – fluorescence). Indeed, the autofluo-
rescence signal of the L929 cells is very intense (Figure 3B
– fluorescence) rendering detection of the Eu+3-TiO2
nanoparticles emission impossible. However, since the
Eu+3-TiO2 nanoparticles have a very sharp emission peak
at 615 nm (Figure S3) it is possible to distinguish the
nanoparticles’ emission from the cell autofluorescence
signal employing optical microscopy inmicrospectroscopy
mode. We, therefore, also recorded fluorescence emission
spectrum in each pixel of the fluorescence image. An
example of fluorescence emission spectrum is shown in
Figure 3D, the emission spectrum was fitted as described
previously in Arzov et al. 2011 and its intensity is plotted in
Figure 3C (Figure 3C – autofluorescence component).[37]
Brightfield images of cells after 2 days of incubation with
Eu+3-TiO2 nanoparticles reveal several dark areas located
at same places as cells (Figure 3E – brightfield), suggesting
that Eu+3-TiO2 nanoparticles are either located inside the
cells or adsorbed at their surface. Although several bright
areas appear in the fluorescence image one cannot be
sure that they originate from the Eu+3-TiO2 nanoparticles
(Figure 3F – fluorescence). However, in the fluorescence
microspectroscopy mode, the fluorescence emission spec-
trum can be decomposed in each pixel of the fluorescence

image in two components: one corresponding to cell aut-
ofluorescence (Figure 3G – autofluorescence component)
and a second component corresponding to emission from
the Eu+3-TiO2 nanoparticles (Figure 3H – Eu+3-TiO2
nanoparticles component). In this way we can clearly
locate the nanoparticles, and show that luminescence of
Eu+3-TiO2 nanoparticles occurs at the same position as
cells autofluorescence signal; therefore, indicating that
the nanoparticles are co-localized or are in close proximity
to the cells. An emission spectrum showing the character-
istic Eu+3 emission peak at 615 nm is detected in different
cell areas when cells are incubated with nanoparticles
(Figure 3I). The broad spectral component of the emission
spectrum corresponds to cell autofluorescence (Figure 3D
– autofluorescence emission spectrum) whereas the
narrow component of the spectrum shows the europium
luminescence band centered at 615 nm (Figure 3I –
Eu+3-TiO2 emission spectrum superimposed with aut-
ofluorescence spectrum). The luminescence band is not
observed in the spectrum recorded on the sample where
cells were not incubated with nanoparticles (Figure 3D).
Additional experiments were done to verify the suc-

cessful internalization of Eu+3-TiO2 nanoparticles in L929
fibroblast, they are shown in the supplementary data
(Figures S4 and S5). To determine whether the nanopar-
ticles are internalized within the cells or adsorbed to
their surface the confocal fluorescence mode with better
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F IGURE 4 Fluorescence widefield microscopy image of
5%Eu+3-TiO2 nanoparticles internalized in L929 fibroblasts cells.
Red rectangle indicates an area that was heated with infrared heating
laser (1064 nm, 200 mW, focal point less than 1 µm). The images
were recorded when the sample was at room temperature or was
heated (shown in zoom). The magnified image above corresponds
to the heated sample (heating laser turned on for 5 seconds), and
the magnified image bellow correspond to the sample at room
temperature (heating laser turned off for 10 seconds). It can be
observed that when the heating laser is turned on the intensity of
luminescence decreases, this effect is associated to an increase in
non-radiative relaxation processes. 430-460 nm excitation, 495 nm
dichroic and 523-643 nm filter setup was used. Magnified images
have the same scale bar

spatial resolution was used. The internalization of Eu+3-
TiO2 nanoparticles (Figure S6A) with different morpholo-
gies (spherical and tubes) in lung mouse epithelial LA–4
cells was confirmed (Figure S6B). Note the vertical cross
section in Figure S6A, C andD clearly shows that the inter-
nalization of the Eu+3-TiO2 nanoparticles depends neither
on the nanoparticlemorphology nor on the cell type. These
results support the suggestion that Eu+3-TiO2 nanoparti-
cleswith differentmorphologies have potential to internal-
ize into different cell lines.

2.3 Variation with temperature of
Eu+3-TiO2 luminescence in mouse
fibroblast cells

Fluorescence/Luminescence images of Eu+3-TiO2 inter-
nalized in L929 fibroblast cells were recorded using a set
of filters (430-460 nm excitation, 495 nm dichroic and
523-643 nm emission) (Figure 4). The bright spot inside the
area limited by the red rectangle are Eu+3-TiO2 nanoparti-
cles. When the particles are heated using an infrared laser
(1064 nm, 200 mW, focal point less than 1 µm), their lumi-
nescence intensity drops. Based on the obtained data we

can ascertain that the decrease in the luminescence inten-
sity corresponds to the increase in the local temperature.
In order to use the Eu+3-TiO2 nanoparticles as nanoth-

ermometers for detection of temperature variation inside
living cells, we calibrated the variation of the fluorescence
intensity of the 5%Eu+3-TiO2 nanoparticles with varia-
tion of the temperature. Considering that water is the
main abundant molecule in cells, accounting for 70% of
total cell mass, we used dispersed Eu+3-TiO2 particles in
distilled water simulating cell internalized particles and
we obtained the luminescence spectra at different tem-
peratures in the biological relevant range with an exci-
tation of 430-460 nm; the emission transitions 5D0 – 4Fj
(j= 0,1,2,3,4) are observed (Figure 5A), an energy level dia-
gram with the transitions involved is showed in Figure S7.
The temperature calibration was performed using the flu-
orescence microscope by heating the whole replicate sam-
ple using an objective-ring, placed on a water immersion
objective, which can heat up the sample precisely enough
without severe vertical gradients. We used 430-460 nm
excitation, 495 nm dichroic and 580-643 nm emission fil-
ters. The temperature calibration curve was obtained inte-
grating the luminescence intensity in each pixel of the
image recorded at a chosen temperature. To verify the
calibration curve we also measure the luminescence at
three different temperatures using a spectrofluorometer,
(Figure 5A) and the intensity at the peak maximum on
615 nm was used. The calibration curve (Figure 5B) was
used for transformation of the fluorescence intensity in
temperature difference (ΔT). When temperature increased
the luminescence intensity decreased through the whole
spectral range. The temperature calibration curve of the
heated Eu+3-TiO2 nanoparticles revealed the sensitivity of
the Eu+3 doped nanoparticles as nanothermometers, that
is, when the luminescence intensity of the nanoparticle
decreases by 1 percent () the nanothermometer can detect
temperature difference of (Figures S9 and S10).
Using the obtained calibration curve, we evaluated

the temperature changes in cells using the internal-
ized 5%Eu+3-TiO2 nanoparticles luminesce intensity vari-
ation when the sample (L929 fibroblasts incubated with
nanoparticles) was heated (Figure 6). The luminescence
intensity variation of internalized nanoparticles in L929
fibroblasts was analyzed at three different areas of cells:
light blue and blue rectangles limit a non-heated area of the
sample while the green rectangle limits the heated inter-
nalized nanoparticle (Figure 6A,B). Using the calibration
curve in Figure 5B,we can determine the local temperature
variation of the internalized nanoparticle when the sample
was heated using an infrared laser. The temperature varia-
tion curve is described by Equation 1.

Δ𝑇 = 𝑎 ⋅ Δ𝐼 (1)
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F IGURE 5 A, Luminescence spectra of 5%Eu+3-TiO2 nanoparticles taken at different temperatures obtained with spectrofluorometer.
B, Calibration curve of variation of temperature versus normalized luminescence intensity obtained in awater dispersion of Eu+3-TiO2 nanopar-
ticles. The nanoparticles dispersionwas heated to reach different temperatures. Luminescence intensity of the emitted lightwasmeasured using
either a fluorescencemicroscope (heated to reach different temperatures with an objective-ring) or a spectrofluorometer (both data represented
with black circles), since both data were overlapping they were fitted together with a linear function (black solid line). We used 430-460 nm
excitation, 495 nm dichroic and 580-643 nm emission filters

where a = (–0.45 ± 0.12)◦C %−1. Equation 1 is used for
the transformation of the luminescence intensity variation
(Δ𝐼) (Figure S8) in temperature difference (Δ𝑇). This equa-
tion shows the sensitivity of the Eu+3 doped nanoparticles
as nanothermometers, namely, when luminescence inten-
sity of the nanoparticle decreases by 1 percent (Δ𝐼 = 1%)
the nanothermometer can detect temperature difference as
indicated in Equation 2.

Δ𝑇 = 𝑎 ⋅ Δ𝐼 = (−0.45 ± 0.12)
◦
𝐶 ⋅ %−1 ⋅ (−1%)

= 0.45◦𝐶 ± 0.12◦𝐶 (2)

In Figure 6C we can see that for the nanoparticle in the
heated region of the cell there is an evident luminescence
intensity change while no changes are observed for the
non-heated area of the sample. Using the calibration curve
it is possible to translate the luminescence intensity varia-
tion (Figure S8) in temperature variation (Figure 6C), we
can observe that an increment of up to 6◦C degrees in the
cells through the analysis of the luminescence intensity of
5%Eu+3-TiO2 was observed. Note that only the nanoparti-
cles inside the green area change the intensity of the emit-
ted light when the area is heated with an infrared laser.

3 CONCLUSION

We observed that Eu+3-TiO2 nanoparticles are read-
ily internalized in different types of cells and their
luminescence as well as their luminescence dependence
with temperature variation in the physiological tempera-
ture range can be measured even after they are internal-
ized.We demonstrated that TiO2 nanoparticles dopedwith
Eu+3 can be used as highly sensitive nanothermometers to

probe temperature variation in living cells. By measuring
the luminescence intensity variation of internalized
5%Eu+3-TiO2 nanoparticles we obtained information
about cells temperature variation with sensitivity off
0.45◦𝐶 ± 0.12◦𝐶 per 1% change in luminosity. This result
opens the possibility of the use of Eu+3-TiO2 nanoparticles
in biomedical technologies as nanothermometers for
single cell temperature evaluation. In this perspective,
they could potentially be used as thermometers for various
cellular organelles, since they can be functionalized with
different biomolecules, which might localize them at spe-
cific organelles.[27,38] However, specific assays of toxicity
and maximum tolerated dose need to be done to evaluate
the use of Eu-TiO2 nanoparticles in more complex living
organisms. Although the Eu+3-TiO2 nanoparticles showed
to be a very reliable nanothermometer, as expected for
such a stable material in different harsh chemical environ-
ment, further studies are needed as cells present a complex
cytosolic environment with different properties, such as
viscosity, pH as well as ion concentration, that might affect
luminescence properties of Eu+3-TiO2 nanoparticles.

4 EXPERIMENTAL SECTION

Material synthesis: TiO2 nanoparticles doped with 1, 3 and
5 wt. % of Eu+3 were synthesized according to the sol–gel
method reported by Antić et al.[39] In short, a solution of
3.4 mL of deionized water, 350 µL of 65% HNO3, 20 mL
of EtOH and 142.3 mg (1 wt. %) or 435.6 mg (3 wt. %) or
741.3 mg (5 wt. %) of Eu(NO3)3 • 5H2O was added slowly
to a solution of 19.2 mL of titanium(IV) isopropoxide and
73mLofEtOH.Transparent gelswere obtained in fewmin-
utes and dried first at 70◦C for 5 hours. The samples were
further heated to 100◦C and held at this temperature for
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F IGURE 6 A, Brightfield and (B) overlay of three fluorescence
widefield microscopy images of L929 fibroblasts incubated with
5%Eu+3-TiO2 nanoparticles for 3 days (nanoparticles are presented
in red, cell nuclei in blue, and plasma membrane in green). Green
rectangle indicates an area heated with an infrared laser, whereas
blue rectangles indicate nanoparticles also located inside the cells but
not heated with the laser (1064 nm, 200 mW, focal point less than
1 µm). Radial distribution of the temperature, that increase due to
heating with the IR laser, was measured in a thin layer of ethanol
solution and fluorophore (SPP268). Maximal temperature difference
was 6◦C at the laser beam position, which decreased radially, achiev-
ing half of the maximum value at about 20 micrometers from the
center and reaches 0 (equal to non-heated background) about 40
micrometers from the center. This agrees with the experimental data
and with calculations from the literature, which show that lumines-
cence intensity of nanoparticles in neighboring cells away by more
than 50 micrometers does not change (Figure 6B, blue line). [30] C,
Local temperature response of the heated nanoparticles (green) and
no response of non-heated nanoparticles (blue). Magnified images
from an area with heated nanoparticles with evident luminescence
intensity variation are shown above the time traces of temperature
variation. The filters used in experiments were the following: for the
nuclei imaging 352-402 nm excitation, 409 nm dichroic, and 420-
520 nm emission filters, for 5%Eu+3-TiO2 nanoparticles imaging 430-
460 nm excitation, 495 nm dichroic and 580-643 nm emission filters
were used, and for the membrane imaging 430-460 nm excitation,
495 nm dichroic and 506-594 nm emission filters were used

12 hours, and finally calcined at 450◦C for 10 hours. The
best luminescence results were observed for the sample
synthesized with 5 wt. % of Eu+3 (5% Eu-TiO2); therefore,
only the results related to this sample are presented.
Material characterization: The phase composition of the

samples was determined with X-ray powder diffraction
(XRD), using a D4 Endeavor, Bruker AXS diffractometer
with Cu-Kα radiation (λ = 1.5406 Å) and a Sol-X energy-
dispersive detector. Diffractograms were measured in the
2θ angular range between 20◦ and 80◦ with the step size
of 0.02 seconds−1 and the collection time of 3 seconds.
The morphology of the samples was investigated with
scanning (FE-SEM, Jeol 7600F) and transmission electron
microscopes (TEM Jeol 2100, 200 keV). Specimens for
SEM characterization were prepared as a water dispersion
of the sample; a small amount of the sample was placed in
an agate mortar where it was gringed with a small amount
of deionized water with a pestle. One drop of the prepared
dispersion was placed on a polished Al sample holder.
The holder with the dried product was coated with a 3 nm
thick carbon layer prior to the SEM investigation. For
TEM analyses, the sample was dispersed in methanol and
ultrasonicated for 20 minutes. One drop of the dispersion
was then deposited on a lacy carbon film supported by
a copper grid (300 mesh). The europium content in the
samples was determined with FE-SEM equipped with an
energy-dispersive X-ray spectrometer (EDXS) elemental
analysis system. Specimens for the EDXS analysis were
prepared by pressing the samples into pellets, and placing
them on a double sided carbon tape on an Al sample
holder. The holder with the specimens was coated with a
thin carbon layer prior to the EDXS analyses. The chemical
composition on the surface of Eu+3-TiO2 nanoparticles
were collected by X-ray photoelectron spectroscopy (XPS)
using a VERSAPROBEPHI 5000 from Physical Electron-
ics, equipped with a Monochromatic Al Kα X-ray source.
The energy resolution was 0.7 eV. The specimens for XPS
measurements were prepared by pressing the sample
powders into pellets. A conductive double face tape UHV
compatible was used to attach the pellet to a sample
holder. The oxidation state of europium in the TiO2
nanoparticles as well as the confirmation of the crystal-
lization phase of TiO2 was investigated by Nanoscale Near
Edge X-Ray Absorption Fine Structure (NEXAFS). The
NEXAFS spectra were collected in the Transmission X-ray
Microscope (TXM) installed at the undulator beamline
U41-PGM1-XM at the electron storage ring BESSY II,
Helmholtz-Zentrum Berlin (HZB).[40–42] The setup of
the TXM end station used for this measurement allows
analyzing selected regions of the sample with a spatial
resolution of 25 nm. The calculated spectral resolution was
E/ΔE= 10,000. The signal intensity in the proximity of the
sample was used to correct variations of the photon flux
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with photon energy (hv) and acquisition time. The data
analysis was performed using axis2000 (A.P.Hitchock,
http://unicorn.mcmaster.ca/aXis2000.html).
Cell culturing: A mouse fibroblast cell line L929 was

cultured in a cell medium (DMEM, Sigma-Aldrich)
containing 10% of fetal calf serum (FCS, Gibco, Ther-
moFisher Scientific) and 1% mixture of antibiotics
(Penicillin-Streptomycin from Sigma-Aldrich). The cells
were cultured at 37◦C in a humidified 5% CO2 atmosphere.
For the fluorescence microscopy observation, cells were
plated on an 8 well glass-bottom cell culture dish (Lab-Tek
Chambred Coverglass) for an additional day.
In order to evaluate the study in different cell types,

experiments were also performed using LA-4 murine lung
epithelial cells. The LA-4 murine lung epithelial cells
were cultured in the complete culturing medium (F12K
medium, 15% FCS, 1% Penicillin-Streptomycin (antibi-
otics), 1% NEAA (nonessential amino acids)). For the
fluorescence confocal microscopy observation, cells were
plated on an 8 well glass-bottom cell culture dish (iBidi
GMBH) for an additional day.
Cells Incubation with Eu+3-TiO2 nanoparticles: Eu+3-

TiO2 powder was dispersed in two ways: (i) in a com-
plete cell medium with serum and sonicated with a tip
sonicator (MISONIX Ultrasound liquid Processor with 419
Microtip TM), with the amplitude set to 70% (power 20-
30 W) for trun = 15 minutes, ton = 5 seconds, toff = 5 sec-
onds. Afterwards dispersed nanoparticles were placed for
20 minutes under UV light for sterilization. Final con-
centration of Eu+3-TiO2 nanoparticles in the cell medium
was 10 mg mL−1, (ii) the powder was dispersed in 1 mM
KOH and low ionic straight, sonicated for 20 minutes on
a water bath sonicator (BRANSON 2510) and then diluted
with complete cell medium to final concentration 100 or
500 µg mL−1.
The cell medium was replaced with the nanoparti-

cles medium dispersion and incubated for additional
2 or 3 days. After the incubation, cells were stained
with Hoechst 33342 stain (ThermoFisher Scientific) at
nmol concentration for nucleus observation. Membrane
fluorophore ((2R,3S,4R,5R,6R)-2-(hydroxymethyl)-5-
((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)-6-((1-
tetradecyl-1H-1,2.3-tiazol-4-yl)methoxy)tetrahydro-2H-
pyran-3,4-diol) at nmol concentration was added to the
cell samples just before imaging.[43] LA-4 cells plasma
membrane was labelled with the CellMaskOrange mem-
brane stain (5 µg mL-1, Invitrogen), incubated at room
temperature for additional 5 minutes and washed.
Co-localization imaging of lysosomes with 5%Eu+3-

TiO2 nanoparticles (400 or 500 µg mL−1) was performed
using a 50 nM Lyzotracker Blue fluorophore (Invitrogen),
30 minutes of incubation. Before imaging, cells were thor-
oughly washed with a warm phosphate buffer (Gibco,

ThermoFisher Scientific) to remove an excess of fluo-
rophore and non-internalized nanoparticles or with Live
Cell Imaging solution (Gibco, ThermoFisher Scientific)
and observed under a fluorescentmicroscope at room tem-
perature, without CO2 control.
Fluorescence microscopy and microspectroscopy (FMS)

in cells: Eu+3-TiO2 treated cell samples were excited
by nonpolarized light from a Xe-Hg source (Sutter
Lambda LS, Novato, CA) through broad-band filters
(all band-pass filters and dichroic were BrightLine from
Semrock, Rochester, NY). Fluorescence was detected
through matching broadband filters as well. For spectral
detection a narrow-band liquid-crystal tunable filter
(LCTF; Varispec VIS-10-20 from CRi, Woburn, MA) was
placed in front of an EMCCD camera (iXon3 897 from
Andor, Belfast, UK), allowing sequential acquisition of
images at different wavelengths within the transmission
range of the emission filter. For each λ-stack of images,
spectra from every volume-element of the field-of-view
were extracted. An objective with 60x (water immersion)
magnification was used with a high numerical aperture
(NA = 1.27, working distance 0.17 mm). [36] The filters
used in experiments were the following: for the nuclei
or the lysosomes imaging 352-402 nm excitation, 409 nm
dichroic, and 420-520 nm emission filters, for Eu+3-TiO2
nanoparticles imaging 430-460 nm excitation, 495 nm
dichroic and 523-643 nm emission filters were used, and
for the membrane imaging 430-460 nm excitation, 495 nm
dichroic and 506-594 nm emission filters were used.
Emission spectra were recorded with 5 nm scan step.
The local thermal heating of nanoparticles inside the

cells, was obtained using a 1064 nm laser (Tweez 200si,
Aresis) with a constant power of 200 mW. The center of
a laser beam was placed on the Eu+3-TiO2 nanostructure
inside the cell. Manual switching ton = 5 seconds, toff = 10
seconds approximately was used for manipulation of
the laser, repeatedly. Measured fluorescence intensity
data were normalized to initial intensity of 5%Eu+3-TiO2
nanostructure before heating. The temperature calibra-
tion curve (Equation 1), which presents the thermometer
sensitivity (see supplementary data for more details on
the calibration curve), was used for transformation of the
fluorescence intensity in temperature difference (ΔT).
Confocal imaging: For confocal fluorescencemicroscopy

imaging was used a custom made STED microscope
from Abberior instruments, Germany, equipped with a
UPLSAPO 60x/1.20 water immersion objective (Olympus
Corporation, Japan) and a continuous-wave (CW) 561 nm
and 640 nm laser with emission detected from 580-625 nm
in one channel and from 655-720 in second channel. Gat-
ing was between 468 ps and 1.32 ns. Confocal images were
taken with 100 nm pixel size scan resolution in a xy plane
and as well as in xz and yz planes.

http://unicorn.mcmaster.ca/aXis2000.html)
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4.1 Eu+3-TiO2 temperature dependent
luminescence calibration

In pellets of Eu+3-TiO2 nanoparticle powder: For lumi-
nescence experiments, pellets were prepared from Eu+3-
TiO2 powder. The luminescence spectra were obtained
at front face configuration using a SPEX Fluorolog spec-
trofluorometer (0.22 m, Spex/1680) equipped with a Xe-
lamp as the excitation source and a photomultiplier
(Hamamatsu/R928) for detection, the excitation wave-
length was 350 nm. The excitation spectra were corrected
for the spectral distribution of the lamp intensity using a
photodiode reference detector. The luminescence spectra
were taken at different temperatures using a Peltier cool-
ing/heating homemade system equipped with a tempera-
ture controller AUTONICS model TZN4S, with resolution
of 0.10K.[44]
In water dispersions of Eu+3-TiO2 nanoparticles with

a fluorescence microscope: The Eu+3-TiO2 nanoparticle
powder was dispersed in distilled water using a water bath
sonicator (Branson 2510), 10 µL of dispersion was placed
in an 8 well cell chamber (Nunc, Labtek) and waited until
dried to prevent particle movement duringmeasurements.
300 µL of additional distilledwater was added to thewell to
prevent temperature rise of the whole sample. The temper-
ature was varied by a heater in a form of an objective-ring,
which can heat up the sample precise enough without
severe vertical gradients when using a water immersion
objective needed for higher magnifications, which is
in a contact with a sample holder. Before recording the
fluorescence intensity at five different temperatures (20◦C,
26◦C, 30◦C, 36◦C, 37◦C, all points with ±0.5◦C) (Figure
S9), we waited at least for 5 minutes to achieve the target
temperature. For excitation 430-460 nm, 495 nm dichroic
and 523-643 nm filters were used for emission detection.
The measurement of the widefield fluorescence intensity
in each pixel of the whole image was used to obtain a
temperature calibration curve. The same fluorescence
microscope was used for the cell experiments.[36]
In water dispersions of Eu+3-TiO2 with spectrofluorom-

eter: Spectral measurements were performed on a spec-
trofluorometer Tecan Infinite M1000 (Tecan Group Ltd.,
Männedorf, Switzerland) using a black 96-well plate. 50mg
of Eu+3-TiO2 in 40 µL of a distilled water was placed in
a well and waited for a day to settle. Measurements were
done at three different temperatures (20◦C, 30◦C, 40◦C)
with thermal stabilization period of 30 minutes at each
temperature step. Emission spectra were detected from
400-750 nmwith excitation at 396 nm at each temperature,
with 1 nm scan. Fluorescence intensity of spectral maxi-
mum peak at 615 nm was used to obtain temperature cali-
bration curve.
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