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Thulium doped LaF; for nanothermometry
operating over 1000 nm+
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The use and applications of infrared emitting rare-earth luminescent nanoparticles as nanothermometers
have attracted a great deal of attention during the last few years. Researchers have regarded rare-earth
doped luminescent nanoparticles as appealing systems due to their reliability, sensitivity and versatility for
minimally invasive thermal sensing in nanomedicine. The challenge of developing nanothermometers
operating over 1000 nm with outstanding brightness and enhanced sensitivity is being constantly
addressed. In this sense, this work explores the potential of Tm>* emissions at around 1.23 and 1.47 pm,
under excitation at 690 nm, for ratiometric thermometry in Tm** doped LaFs nanoparticles. The tempera-
ture dependence of the 1.23 pm emission band, which cannot be observed in systems such as NaNbOs:
Tm, was demonstrated to be very effective and presented a relative thermal sensitivity as high as
1.9% °C™*. The physical mechanisms behind the strong thermal dependences were explained in terms of
multiphonon decays and cross-relaxations. As a proof of concept, the nanothermometers presented
were capable of accessing the basic properties of tissues in an ex vivo experiment using thermal relaxation

rsc.li/nanoscale dynamics.

Introduction

Temperature is a fundamental parameter and knowledge of it
is essential in industry, electronics, engineering, medicine and
many other scientific areas. Among the various existing
methods for determining temperature, the use of minimally
invasive thermometers stands out as one of the most pursued.
As a matter of fact, since contact thermometers (such as ther-
mocouples, pyrometers and thermistors) do not present any
suitability for temperature measurements at scales below
10 pm, a new class of thermometers with micrometric and
nanometric resolutions needs to be developed. As a particular
example of this new class of thermometers, one can mention
luminescent nanothermometers (LNThs). The use of LNThs
has provided novel methods to understand the thermal behav-
ior of a great variety of micro/nano sized systems and they have
received a great deal of attention in the last few years."*° They
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are, in essence, luminescent nanoparticles (LNPs) whose spec-
tral properties (such as emission intensity, spectral shape, life-
time, band peak position, bandwidth, etc.) experience signifi-
cant changes under temperature variations within a specific
temperature range [e.g., in the physiological range (36-42 °C)].
The motivation behind the growing interest in the use of
LNThs arises not only from a technical point of view (lumine-
scence detection is easy) but also from the promising bio-
applications they might have. In fact, LNThs have been already
demonstrated to be capable of accessing the basic properties

of living tissues and of detecting cardiovascular
malfunctions in small animal models among other
disfunctions.™* 13

For the past few years, a diverse set of nanomaterials has
been used as LNThs. Metallic NPs, quantum dots (QDs),
carbon nanotubes, and rare-earth based NPs are just a few of
the vast number of examples.'”'>'*" In particular, LNThs
based on rare-earth ions (hereafter RE:LNThs) have received
great attention due to their intrinsic outstanding optical pro-
perties (long fluorescence lifetimes, narrow absorption and
emission bands, high photo-stability, and large Stokes
shifts).’®™® In broad terms, they can be classified into two suc-
cessful groups: (i) UV/VIS-emitting RE:LNThs under infrared
(IR) excitation, i.e. NPs which are excited in the IR region but
emit outside of it. A good example would be upconversion NPs
which convert long wavelength radiation (e.g., IR light) into
short wavelength fluorescence (e.g., visible light) via a two-
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photon or multi-photon mechanism; and (ii) IR-IR RE:LNThs,
i.e. LNPs excited and emitting within the IR. The second cat-
egory (IR-IR RE:LNThs), however, presents greater potential
for deep tissue diagnosis due to the fact that both excitation
and emission bands of most IR-IR RE:LNThs are found within
spectral regions, known as biological windows (BWs), where
light penetration into biological tissues is maximized and
where tissue auto-fluorescence is minimized. As a result,
special attention has been paid to their development.
Traditionally, three BWs are defined in the literature: I-BW
covers the range of 650-950 nm, II-BW covers the range of
1000-1400 nm and MHI-BW covers the range of
1500-1750 nm."*! Many different types of RE:LNThs working
in these spectral ranges have already been successfully used
for fluorescence in vivo imaging and photothermal
therapy.>*>* Despite good results, most of the IR-IR RE:LNThs
have the main drawback of low thermal sensitivity. This is the
case for Nd/Yb:LaF;, Nd:NAYF,, Nd:YAG, and Nd:LaF; with
reported thermal sensitivities of up to 0.1% °C~".>*° Thus,
the development of highly sensitive IR-IR LNThs remains a
subject yet to be thoroughly explored.

In this work, we report a systematic study on the infrared
luminescence properties of Tm:LaF; NPs and the effect of
Tm>" concentration on the ratiometric fluorescence thermal
sensing. The overall improvement in thermal sensing caused
by tailoring the optimal amount of Tm ions inside the NPs
was demonstrated. Also, the potential application of Tm:LaF;
NPs for high sensitivity nanothermometry in the biological
temperature range was analyzed.

Experiments

Synthesis of nanoparticles

The Tm®* doped LaF; (Tm®": 1, 3, and 5 mol%) NPs used in
this work were prepared by the wet-chemistry method, using
lanthanum(mr) chloride (LaCls;, 99.9%), thulium(ur) chloride
(TmCl;, 99.9%) and ammonium fluoride (NH4F, 99.9%)
reagents. These were purchased from Sigma-Aldrich to be used
directly as reagents, without additional purification. Typically,
X mol of LaCl; (X = 0.99, 0.97 and 0.95) and Y mol of TmCl;
(Y=0.01, 0.03 and 0.05) were added to 80 mL of distilled water
in a round bottom single neck flask under continuous stirring
for 15 min, and heated up to 75 °C. Then, 3 mol of NH,F was
diluted in 3 mL of distilled water and added dropwise to the
above mixed chemical solution. The mixture was kept at 75 °C
for 3 h at ambient pressure under continuous stirring. A white
suspension was formed gradually upon stirring. The nano-
particles obtained were collected by centrifugation at 9000
rpm for 10 min. The precipitate was washed with distilled
water several times, centrifuged at 11 000 rpm for 15 min and
dried at 60 °C under an ambient atmosphere for 48 h. Finally,
the nanoparticles were submitted to heat treatment at 500 °C
for 3 h.
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Fluorescence thermometry experiments

The fluorescence experiments were performed with Tm®"
doped LaF; NPs (Tm** = 1, 3, and 5 mol%) in powder form.
The samples were optically excited at 690 nm or 790 nm with a
femtosecond Ti:sapphire laser (Coherent, model Chameleon
Ultra IT) with a repetition rate of 80 MHz, i.e., practically in the
continuous wave regime. The generated fluorescence was col-
lected using an optical fiber coupled to a high-resolution
spectrometer (a 64 cm single-grated monochromator with
0.1 nm resolution - McPHERSON, model 207), which allows
for accurate spectral analysis in the 300-3000 nm spectral
range. The luminescence signal was detected using an InGaAs
photodiode of 3 mm area with spectral response in the
800-1700 nm range. This detector was coupled to an amplifier
lock-in (Stanford Research System, model SR530) and to a
computer for signal processing. Temperature induced modifi-
cations in the near-infrared (1150 nm-1600 nm) luminescence
of the Tm:LaF; NPs were investigated by placing the powder
inside a homemade temperature controller operating from
room temperature up to ~150 °C with an estimated tempera-
ture stability close to (or smaller than) 0.5 °C.

Transmission electron microscopy

The particle size and morphology were evaluated using a trans-
mission electron microscope (TEM, TECNAI G2 with a resolu-
tion of 0.2 nm) with an accelerating voltage of 200 kV. For TEM
investigations, powders were suspended in a water solution,
and a drop of this suspension was placed on a holey carbon-
coated film supported on a 300 mesh copper grid.

Results and discussion
Tm:LaF; as a nanothermometer operating over 1000 nm

The room-temperature normalized photoluminescence spectra
in the near-infrared (NIR) region (1100 nm-1575 nm) emanat-
ing from the Tm:LaF; NPs doped with 1, 3, and 5 mol% of
Tm?*" (hereafter LaF;:1Tm, LaF;:3Tm, and LaF;:5Tm NPs,
respectively), under 690 nm (top) and 790 nm (bottom) exci-
tation (100 mW of pump power) are shown in Fig. 1a. As one
can see, the luminescence spectra consisted of two major
bands in the NIR with peaks centered at around 1230 nm and
1470 nm. These two bands did not present any overlap and
their peaks were well-separated (A1 ~230 nm). They were the
result of the *H; — *H, (1230 nm) and *H, — *F, (1470 nm)
electronic transitions between characteristic energy levels of
Tm*" ions,*" as shown in the simplified energy level diagram
depicted in Fig. 1b.

Fig. 1a reveals an increment in the relative contribution of
the 1230 nm to the overall emission spectra with increasing
Tm>" concentration. The overall emission, on the other hand,
decreases as a result of concentration quenching (cross-relax-
ation (CR) between Tm®' ions) and multiphonon decays
(Fig. S1 and S3 of the ESI{).>> The mechanism behind this is
illustrated in Fig. 1b. The CR2 represented as ycr, efficiently
favors the population of the *H; level. At room temperature,
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Fig. 1 (a) Normalized emission spectra for the three LaFs samples doped with 1, 3, and 5 mol% of Tm** under excitation at 690 nm (top) and
790 nm (bottom), both with 100 mW of pump power. The inset shows a size histogram as obtained from the statistical analysis of the TEM images
corresponding to the LaFs sample doped with 5 mol% of Tm**. (b) Simplified energy level diagram for the Tm:LaF3z system under excitation at 790 or
690 nm. (c) Excitation spectra for the emission at (top) 1470 nm and (bottom) 1230 nm for the 1 mol% Tm doped LaFz sample.

the multiphonon decay rate relative to the *H,~>Hj; transition
is three orders of magnitude smaller than that of the *Hs—"F,
transition (Fig. S3 of the ESIt). This, in turn, causes the overall
emission intensity to decrease with an increase in the number
of interacting Tm>" ions. The bottom of Fig. 1a shows a con-
siderably lower fluorescence intensity at 1230 nm than at
1470 nm when using a 790 nm excitation. This, in turn, is
explained by the inefficient population of the *Hs level due to
the small branching ratio of the *H,; — *Hj transition and the
low phonon energy of the LaF; host (<400 em™')** that pre-
vents multiphonon decay in this energy gap. On the other
hand, under 690 nm excitation, the relative contribution of the
1230 nm emission increases, reaching a value close to the one
at 1470 nm for samples doped with 5 mol% of Tm>". In this
case, the *H; level is more efficiently populated by means of
the CR °F;, *Hy — °F,, *Hs. In fact, this is observed in the
higher 1230 nm signal for samples with higher Tm’" concen-
trations. The necessity and efficiency of using 690 nm as the
excitation wavelength is demonstrated from the excitation
spectra, as shown in Fig. 1c. Both bands (1230 and 1470 nm)
demonstrated to have been much more efficiently excited at
690 nm than at 790 nm. In order to demonstrate the nano-
metric size of the particles proposed herein, a size histogram
obtained from the statistical analysis of TEM images is
included as an inset in Fig. 1a. This analysis, in turn, provided
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an average size of 25 + 9 nm for the LaF; samples doped with
5 mol% of Tm*'. More information on the nanomaterial’s
characterization, such as XRD and FTIR spectra, can be found
in the ESL.{

At this point, it is worth noting that even though the
recently proposed Tm>" doped NCs of NaNbOj; constituted a
very efficient up-and down-converting system, no emission
centered at 1230 nm was observed when utilizing them under
the same experimental conditions (Fig. S2 of the ESI{). We
believe that the reason for this lies in the high phonon energy
of the NaNbO; host (around 650 cm™").>*%”

Once the emission bands of Tm:LaF; NPs were observed
under different excitation wavelengths, their potential for
luminescent thermometry was investigated. In this sense, their
emission spectra, as obtained under 690 nm laser excitation,
were analyzed as a function of temperature in the 24-88 °C
range. Fig. 2 depicts the normalized emission spectra, for all
the investigated samples, as obtained at 24 and 88 °C. As one
can see, the overall emission reduces with increasing tempera-
ture. The reduction in the emission around 1230 nm, however,
is much more emphatic. The effect becomes even more percep-
tible if one increases the ion concentration. This reduction in
the overall emission originates from the thermal dependence
of the cross-relaxation energy transfer and from multiphonon
relaxation. The clearer reduction of the 1230 nm emission, in

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Normalized emission spectra as obtained at 24 °C (blue) and
84 °C (red) for LaFs:1Tm, LaF3:3Tm and LaF3:5Tm NPs under 690 nm
excitation and 100 mW of pump power. (b) Ratio between the emission
intensities at 1470 and 1230 nm versus the temperature as normalized
by the initial value (corresponding to T = 24 °C). (c) Relative thermal sen-
sitivity [(S, = 1/4)|0A/dT]] versus temperature for LaFz:1Tm, LaF3:3Tm and
LaF3:5Tm NPs.

turn, takes place due to the fact that the *H; — °F, transition
presents a larger multiphonon decay rate than the *H, — *Hj
transition (the discussion in Fig. S3 of the ESIT includes a
more detailed description about this temperature behavior).
Thus, the variations observed in Fig. 2a open the avenue to use
the ratio between the emitted intensity of Tm®" ions at
1470 nm (*H4 — °F,, hereafter I147 nm) and at 1230 nm (*Hs —
3H,, hereafter I,z nm)- Fig. 2b shows the temperature vari-
ation of the intensity ratio A = I 1470 nm/l1230 nm as obtained for
all three samples in this work (I147¢ nm and Ijs30 nm represent-
ing the peak intensities). A linear calibration between A and T
was obtained which, in turn, allowed the estimation of the
relative thermal sensitivity Sr = (1/A)|0A/0T| of all three
samples. The results are summarized in Fig. 2c. We have
obtained relative thermal sensitivities of 1.90, 1.65 and
1.56% ©°C™' for LaF;:1Tm, LaF;:3Tm and LaF;:5Tm NPs,
respectively, at 24 °C.

Tm:LaF; nanothermometer for analyses via thermal relaxation
dynamics

Once the thermal sensing capability of Tm:LaF; NPs was
demonstrated, their potential use for real-time subcutaneous
thermometry was also evaluated. As previous studies have
stated, when a tissue is undergoing a thermal relaxation
process (cooling in the absence of any heating source), the
cooling dynamics strongly depends on the basic properties of
the tissue.''?387%% Thus, accurate measurements of the
cooling relaxation profiles provide information about the
“tissue status” and, hence, could, in principle, be used to
detect anomalies caused by incipient diseases.'” In this sense,
a simple ex vivo experiment, aiming to constitute a clear proof
of concept, was designed. We injected 0.2 mL of an aqueous
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solution of LaF;:1Tm NPs (10% in mass) into a chicken breast
(optical and fluorescence images of this solution are included
in Fig. S7 of the ESIf). The injection depth was estimated to be
around 1.0 mm. The choice of LaF;:1Tm NPs over LaF;:3Tm
and LaF;:5Tm NPs was motivated by the fact that this particu-
lar Tm>" concentration presented the higher relative thermal
sensitivity (Fig. 2c). A moderate temperature increment at the
injection site was induced by producing a hot airflow over the
surface of the tissue (Fig. 3a). In this experiment, a cw fiber
coupled diode laser was used as the excitation source operat-
ing at 690 nm. At this moment, it is important to point out
that the emission spectra do not present any difference to
those obtained using the chameleon laser as an excitation
source. Optical excitation and subsequent luminescence col-
lection were both performed by using a single long working
distance objective. Spectral analysis of the subcutaneous NP
fluorescence was used to estimate the injection’s temperature
by evaluating A. Data included in Fig. 3b present the thermal
relaxation dynamics as obtained after following these procedures.

As previous studies have stated, the subcutaneous thermal
relaxation of the tissue with a negligible perfusion rate is well
described by:

Tseut = Too + ATscuterf( T/t) (1)

where erf denotes the Gaussian error function, 7 is the charac-
teristic tissue relaxation time and ATy is the temperature
difference between the initial temperature and T,. We note
that 7 is determined by the tissue’s thermal properties, so that
it is given by:***"

T= L2/4atissue (2)

in which L is a parameter known as the characteristic length of
the tissue and aysgye i its thermal diffusivity.

After fitting the data in Fig. 3b to eqn (1) (red solid line), we
obtained the values of 27 °C, 11 °C and 22 s for T,,, ATy, and
7, respectively. In previous studies, we have explored the possi-
bility of evaluating the tissue thermal diffusivity by means of
eqn (2)."" There, we had set L, the characteristic length/dimen-
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Fig. 3 (a) Experimental setup of the thermal relaxation dynamics
experiment in the ex vivo tissue. (b) Thermal relaxation of the ex vivo
tissue as obtained via optical thermometry based on Tm:LaFz NPs.
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sion of the tissue undergoing the thermal relaxation, as equal
to the penetration depth of the laser radiation inducing the
surface temperature increment. In the experiment depicted in
Fig. 3a, however, we have a hot airflow as the main factor
responsible for surface temperature increment. Determining
the penetration depth of the heat being transported under
these experimental conditions, in turn, is not an easy task.
Thus, instead of using L to determine «, we will use 7 in order
to determine L. By using published data for thermal conduc-
tivity (kissue = 0.488 W m™" °C™), density (piissue = 10° kg m ™)
and specific heat (chssue = 3.3 % 10° J kg™* °C™) of chicken
breast tissues, one obtains @gssue = Kiissue/PtissueCtissue
0.147 mm?® s~ 1.**"** Therefore, L = /4tassue ~ 3.60 nm. Data
included in Fig. 3 demonstrate that our LaF;:1Tm NPs are
capable of accessing the basic parameters describing heat
transfer in biological tissues by means of time resolved
thermal reading over a subcutaneous thermal relaxation.

Conclusions

The potential application of Tm** doped lanthanum fluoride
nanoparticles (Tm:LaF;) with different doping concentrations
was thoroughly investigated in this work. The NP lumine-
scence spectra consisted of two major bands in the NIR, with
peaks centered at around 1230 nm and 1470 nm. It has been
shown that both bands were much more efficiently excited at
690 nm and that a significant thermally dependent reduction
in the emission around 1230 nm took place due to a larger
multiphonon decay presented by the *H; — °F, transition. As a
consequence, the thermal sensing capability of Tm:LaF; NPs
was demonstrated as they achieved relative thermal sensi-
tivities as high as 1.9% °C™" in the physiological temperature
range. Furthermore, since both emission bands were found
within the NIR, their potential use for real-time subcutaneous
thermometry was also evaluated. It was demonstrated that Tm:
LaF; NPs were capable of accessing the basic properties of
heat dissipation inside an ex vivo tissue. Thus, the results
reported here demonstrate the bright potential of NIR emitting
nanothermometers in the study of heat transfer inside biologi-
cal tissues.
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