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The development of selective and controlled photo-thermal therapies requires luminescent nanoparticles capable
of simultaneous heating and contactless thermal sensing. Until now, thermal therapies have suffered from a lack
of control over the absolute temperature of the treated tissue because the nanothermometers used for thermal
feedback, based on a spectral analysis of emitted radiation, were affected by the inhomogeneous extinction of the
tissues. This work shows how this deficiency can be overcome by using core-shell-shell nanostructures doped
with lanthanide ions (Nd3+ and Yb3+). Thermal reading was achieved from the analysis of the Yb®* luminescence
lifetime whereas simultaneous heating was achieved thanks to the non-radiative deexcitations of Nd>* ions.
Simple proof-of-concept experiments show the great potential of these lanthanide-doped nanostructures for the

development of in vivo photo-thermal treatments with absolute and reliable thermal feedback.

1. Introduction

Photothermal therapy (PTT) consists in the use of laser radiation to
cause an increase in the temperature of malignant tissues [1,2]. This
laser radiation is less energetic than the one used in other light-based
therapies (e.g. photodynamic therapy) and is, therefore, less harmful
to surrounding cells and tissues [3]. If the laser radiation raises the tissue
temperature above 42 °C, a series of processes involving protein
denaturalization occurs, which are often irreversible [4]. These pro-
cesses may induce transitory states in cells, characterized by a lower
defense capacity against the action of drugs or radiation, or directly
trigger cell apoptosis. In the case of cancer cells, this causes a greater
responsiveness to treatments such as chemotherapy or radiotherapy [5,
6]. Therefore, PTT can complement traditional treatments. In stark

contrast, if the induced temperature far exceeds 42 °C, the death of
irradiated cells can be directly induced. Consequently, laser radiation
could stop the development of tumors by selectively destroying the
cancer cells.

PTT has undergone a rapid development in recent years, largely due
to the use of heating nanoparticles [7]. These are nanoparticles with
high light-to-heat conversion efficiencies: they effectively absorb laser
radiation and transform a large fraction into heat [8]. The fundamental
advantage of using nanoheaters (NHs) is that they make specific and
local PTT possible [9]. For this, it is necessary for the NHs to preferen-
tially accumulate in the tissue to be treated (usually tumors), which can
be achieved with an adequate functionalization of their surface [10,11].
Once accumulated in the tissue to be treated, the irradiated NHs trans-
form the light that penetrates the tumor into heat, thus triggering PTT.

* Corresponding author. Nanomaterials for Bioimaging Group (NanoBIG), Departamento de Fisica de Materiales, Facultad de Ciencias, Universidad Autonoma de

Madrid, Madrid, 28049, Spain.
E-mail address: daniel.jaque@uam.es (D. Jaque).

https://doi.org/10.1016/j.physb.2021.413652

Received 8 November 2021; Received in revised form 28 December 2021; Accepted 30 December 2021

Available online 18 January 2022

0921-4526/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:daniel.jaque@uam.es
www.sciencedirect.com/science/journal/09214526
https://www.elsevier.com/locate/physb
https://doi.org/10.1016/j.physb.2021.413652
https://doi.org/10.1016/j.physb.2021.413652
https://doi.org/10.1016/j.physb.2021.413652
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physb.2021.413652&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G. Lopez-Pena et al.

The use of NHs in PTT has two main consequences: firstly, the intensity
of the laser radiation required to achieve therapeutic levels of temper-
ature is reduced [12], and secondly, only those tissues in which the NHs
are located will experience a significant temperature rise [13].

There are a large number of nanosized materials that can act as
photothermal agents including non-luminescent NHs (such as gold
nanoparticles [14]) and luminescent NHs (LNHs such as quantum dots
[15] or nanoparticles doped with lanthanide ions [16]). The use of LNHs
has advanced PTT as their luminescence can be used not only to locate
the treated tissue [17,18] but also in certain cases, to determine
remotely and in real-time the magnitude of the induced heating [19,20].
In turn, the latter makes it possible to adjust the parameters of the
therapy (such as the laser intensity or the treatment time) so that the
temperatures do not reach harmful levels for the adjacent healthy tis-
sues. In these cases, thermal control is achieved thanks to luminescent
thermometry, which works by obtaining a temperature reading based on
the analysis of the generated luminescence [21]. For this, it is necessary
for the employed particles to show not only a high heat-generation ef-
ficiency but also highly temperature-dependent luminescence proper-
ties. In most cases, the temperature readout is obtained from the analysis
of the emission spectra based on the temperature dependence of the
emitted intensity or, alternatively, on the temperature-induced changes
in the shape of the emission spectra (ratiometric approach) [22,23].
Based on these strategies, LNHs have already been used for controlled
PTT of tumors in small-animal models [24].

Despite the great advances made possible by the LNHs used till now,
they present a major drawback: their thermal feedback is based on the
analysis of emission spectra which are subject to tissue-induced spectral
distortions, making the thermal readout unreliable. Even in the best-case
scenario, where tissue-induced spectral distortions are previously
characterized and the original spectral shape may be reconstructed,
spectrum-based LNHs are only capable of providing information about
the temperature increase caused by laser radiation. They, thus, fail to
provide an absolute and reliable temperature readout [25].

Recent works have shown how these limitations can be overcome by
using the luminescence lifetime as temperature indicator as it is not
affected by tissue extinction. In particular, it has been demonstrated that
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Nd3* and Yb3" doped dielectric nanoparticles show a luminescence
lifetime strongly dependent on the temperature, which has allowed ac-
curate, reliable and absolute temperature reading at small animal level
[26]. Nevertheless, their ability for heat generation under laser excita-
tion while providing a thermal feedback based on their luminescence
lifetime (schematically represented in Fig. 1) is still not demonstrated.

In this work, we have synthesized Nd>* and Yb®" co-doped multi-
layered B-NaYF4@p-NaYF4: 60% Nd>*, 20% Yb>"@CaF, nanoparticles
that efficiently convert infrared laser radiation into heat thanks to their
high Nd3" content. Such structures also show a strong temperature-
dependent lifetime so the absolute magnitude of the laser-induced
heating can be measured. Straightforward experiments demonstrate
the potential of these structures for safe and efficient PTT. Limitations
and future improvement directions are also discussed.

2. Results and discussion

The Nd3* and Yb®" doped nanoparticles used in this work were
synthesized following the work of M. Tan and co-workers [26]. The
nanoparticles are constituted by an inert §-NaYF4 core covered by an
active Pp-NaYF, shell doped with Yb®" and Nd®' ions. This
inactive-core/active-shell structure was ultimately shielded by an inert
shell of CaFs,. These nanostructures have recently demonstrated an
excellent performance as lifetime-based luminescent nanothermometers
capable, for example, of monitoring the thermal impact of inflammatory
processes at the small animal level. In this work, we set the Nd3* and
Yb3* concentrations to 60 and 20 mol % respectively. These concen-
trations allow to reach high light-to-heat conversion efficiency, as the
high Nd®* content ensures dominant non-radiative transitions based on
high cross-relaxation probabilities and efficient energy-migration from
Nd3* ions to quenching centers. The use of CaF; as the outer layer is
motivated by the intrinsic properties of CaF5 such as cost-effective, large
transparency in a wide spectral range, good lattice match with the core
material (8-NaYF,4) and, finally, good chemical stability [27].

Fig. 2A includes a series of transmission electron microscopy (TEM)
images corresponding to the three stages of the synthesis procedure. As
can be observed the inner §-NaYF4 core has a spherical geometry with an
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Fig. 1. Schematic representation of a nanoparticle capable of simultaneous local heating and temperature reading when using an excitation beam composed of a
continuous and a pulsed laser component, the first one being responsible for the heating and the second one for the temperature readings by means of the life-

time analysis.
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Fig. 2. Transmission electron microscopy (TEM) images of the core (A), core-shell (B) and core-shell-shell (C) nanoparticles used in this work. The inset A1, B1 and
C1 depict a detailed HAADF-STEM image of each nanostructure whereas the insets A2, B2 and C2 represent the elemental mapping analysis of the nanoparticles. D)
Absorption spectrum of the Nd** and Yb®* co-doped core-shell-shell nanoparticles. The Nd** and Yb®* content were set to 60% and 20%, respectively. E) Room
temperature emission spectra of Nd®>* and Yb*" co-doped core-shell-shell nanoparticles obtained under 800 nm optical excitation. The electronic transitions cor-
responding to the different bands observed are labeled.

average radius of 7 nm. The active shell also adopts a spherical shape,
and the analysis of the TEM images reveals an average thickness of this
active shell around 10 nm. Finally, the CaF, protective shell shows a
cubic shape with a side length close to 12 nm. Fig. 2B includes the
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absorption spectrum of the p-NaYF;@p-NaYFs: 60% Nd>*, 20%
Yb3*@CaF, NPs revealing the presence of the characteristic absorption
bands corresponding to transitions between the electronic levels of Nd>*
and Yb>" ions. Of special importance is the intense absorption band of
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Fig. 3. A) Lifetime decay curves at different temperatures from 20 °C to 60 °C. B) Lifetime values calculated from the previous curves versus temperature. C)
Temperature dependence of the relative thermal sensitivity as calculated from data included in B. D) Lifetime values from ten consecutive measurements at a fixed
temperature of 20 °C. The blue bar indicates the mean lifetime value (117 ps) and the standard deviation calculated from the consecutive acquisitions (+£0.3 ps). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Nd3* ions at around 800 nm corresponding to the *Iy/» — “Fs /5 transi-
tion of ions. This enables the optical excitation of the nanostructure by
using the cost-effective laser diodes operating at around 800 nm as well
as operation in the first biological window, located between 700 and
950 nm [28]. This, in turn, makes it possible to maximize the penetra-
tion depth into tissues, which is essential for both in vivo imaging and
therapy. Fig. 2C shows the emission spectrum corresponding to
B-NaYF4@p-NaYF4: 60% Nd3*, 20% Yb®T@CaF, NPs under 808 nm
continuous wave (CW) optical excitation. The emission spectrum is
mainly constituted by the broadband emission of Yb>* ions expanding
from 950 up to 1100 nm. Although 800 nm radiation promotes the
excitation of Nd** ions, their contribution to the emission is marginal
(see the weak emission band at around 1350 nm). This emission spec-
trum can be explained considering two different phenomena: i) The
existence of an efficient Nd3*—Yb®' energy transfer in
B-NaYF4@p-NaYF4: 60% Nd3*, 20% Yb* @CaF; nanocrystals [29], and
i) The high Nd>* content used in this work causes a relevant quenching
of neodymium luminescence due to a high cross-relaxation and energy
migration between neodymium ions at a close distance that favors final
energy transfer to a quenching center (defect). Both cross-relaxation and
energy migration to a quenching center favor the light to heat conver-
sion [16].

Fig. 3A shows the time-dependence of the infrared luminescence
generated by a colloidal dispersion of p-NaYF4@p-NaYF4: 60% Nd>*,
20% Yb>*@CaF, obtained at different temperatures. The intensity
curves were obtained after excitation with 10 ns pulses at a wavelength
of 800 nm and by collecting the emitted intensity at 980 nm. In all the
cases, the 980 nm emitted intensity shows a fast initial rise that is fol-
lowed by a slower decay. According to previous works the initial in-
tensity rise corresponds to the population of the Yb®* excited state due
to energy transfer from the donor ions (Nd** ions) whereas the long
decay is originated by the gradual de-excitation of acceptor (Yb>*) ions.
The rise time, corresponding to the luminescence lifetime of Nd** ions
has been found to be roughly independent of temperature, presenting a
mean value of Tyse = 0.25 £+ 0.02 ps. On the other hand, the experi-
mental data reveals that the Yb®" decay time suffers from a strong
shortening when increasing temperature. This behavior has also been
observed in previous works [26]. Although it has not been explained in
detail, we state that the observed reduction in the Yb3" luminescence
lifetime is very likely correlated with the thermal activation of the
yYb3*—> Nd*' back energy transfer that emerges as an additional
de-excitation path for Yb>" ions. The decay curve of ytterbium ions
deviates from a single exponential decay. This is probably caused by the
existence of cross-relaxation and energy migration between ytterbium
ions together with surface-related non-radiative decays. In this case
(non-exponential decays) the best criterion to determine the lumines-
cence lifetime is to use the average lifetime as calculated by integrating
the decay curve. In this case, the average luminescence lifetime ((ry3)) is
defined as:

J1()-t-dt

<TYh>:W m

where I(t) is the luminescence intensity at time t after pulsed excitation.
This definition is usually applied to pure decay curves (i.e., in absence of
any initial intensity rise). In our case, as mentioned above, the decay
curves do show an initial rise due to the population of the metastable
state of neodymium (donor) ions. Despite this fact, we have adopted this
definition for the sake of simplicity in the analysis of experimental data.
This approximation is supported by the fact that the rise time (<1 ps) is
much shorter than the decay time of ytterbium ions (close to 100 ps) so
that the integrals in expression (1) are dominated by the ytterbium
decay [30]. Fig. 3b shows the temperature dependence of the Yb*
lifetime as obtained by fitting the experimental data included in
Fig. 3A-D only for times longer than the rise time to a single exponential
decay. As can be observed, the Yb®" luminescence decay time reduces
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with temperature. We can now calculate the relative thermal sensitivity

1 dry(T)
(M) dT

ions at temperature T. Fig. 3C includes the temperature dependence of
the relative thermal sensitivity of p-NaYF,@B-NaYF,: 60% Nd>*, 20%
Yb3*@CaF,. The relative thermal sensitivity increases pseudo-linearly
with temperature in the investigated range of temperatures
(20-60 °C). At 37 °C, the relative thermal sensitivity has been found to
be close to 1.3% °C™, a value that is comparable to the thermal sensi-
tivities previously reported for other lifetime-based luminescent nano-
thermometers such as Ag»S nanoparticles (3% oc 1 [31], CdTe
quantum dots (1.7% °C’1) [32] or upconverting nanoparticles (1.5%
°c™1) [33,34]. Although our B-NaYF,@B-NaYFs 60% Nd3*, 20%
Yb3+@CaF2 NPs showed similar relative thermal sensitivities than other
lifetime-based thermal sensors they show clear advantages such as their
operation in the second biological window (essential for in vivo appli-
cations) and their lifetimes in the 100 ps range (that make lifetime
thermal imaging possible employing conventional laser diodes, infrared
cameras, and time-gating protocols). Fig. 3D shows the luminescence
decay time of Yb>" ions obtained from consecutive measurements at a
fixed temperature (20 °C). From these data, we have estimated our
uncertainty in the determination of the luminescence lifetime. The
standard deviation calculated from these consecutive measurements has
been estimated to be close to 0.3 ps (i.e., close to a relative error of
0.25%). This systematic/experimental error in the determination of the
luminescence decay time yields to a temperature uncertainty close to
0.4 °C. This is, indeed, more than enough for monitoring hyperthermia
treatments in which the temperature changes are expected to be of
several degrees, i.e. well above our thermal resolution. Note that data
displayed in Fig. 3D were obtained by continuously illuminating the
colloidal dispersion of p-NaYF4@p-NaYF4: 60% Nd>*, 20% Yb®T@CaF,
NPs. Experimental data did not reveal any trend indicating that the
irradiation with the pulsed probe beam does not cause any significant
heating. This was, indeed, expected since the probe pulsed beam (1.5 mJ
pulse energy and 10 Hz repetition rate) has a low average laser power
(<15 mW).

Once the sensing capabilities of p-NaYF4@p-NaYF4: 60% Nd>*, 20%
Yb3*@CaF, NPs have been demonstrated, we evaluated their heating
capacities. Fig. 4a includes a series of infrared thermal images of a so-
lution of p-NaYF4@p-NaYF,: 60% Nd3*, 20% Yb3* @CaF, under optical
excitation with an 808 nm continuous-wave laser providing different
laser intensities. For comparison, the thermal images obtained under the
same experimental conditions (i.e., solution volume and laser irradia-
tion intensities) when the p-NaYF4@p-NaYF4 60% Nd**, 20%
Yb3*@CaF, solution is replaced by water are included. It is evidenced
how the presence of these nanoparticles leads to a clear temperature
increase in the solution. This reveals the light-to-heat conversion capa-
bility of p-NaYF4@p-NaYF4: 60% Nd3*, 20% Yb®*@CaF,. Although the
study of the mechanisms leading to this light-to-heat conversion is out of
the scope of this work we postulate that it is related to the non-radiative
de-excitation of Nd** ions that is favored by their high concentration.
This makes cross-relaxation and energy migration to quenching defects
possible, enlarging the fraction of absorbed power that is finally con-
verted into heat. Fig. 4B includes the temperature of the p-NaYF4@p-
NaYF4: 60% Nd>*, 20% Yb**@CaF, solution obtained with infrared
thermal camera for the different laser power densities. The temperature
of the dispersion is found to increase linearly with laser power density,
as expected. It can be noted that this temperature corresponds to the
temperature increase caused in the tube containing the p-NaYF4@p-
NaYF4: 60% Nd3*, 20% Yb®*@CaF, dispersion as the thermal camera is
only capable of surface temperature sensing. Thermal cameras, in fact,
fail to provide a reading of the internal solution temperature. In any
case, data included in Fig. 4 evidence the heating capacity of our
B-NaYF4@p-NaYF4: 60% Nd>*, 20% Yb3*@CaF,.

Fig. 5A shows a schematic representation of the experimental setup
used in this work to demonstrate the potential use of our p-NaYF4@p-

as S, =

, where 7y, (T) is the luminescence decay time of Yb®*
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Fig. 4. Thermal images of two microtubes filled with a 20 pL aqueous suspension of p-NaYF,@B-NaYF,: 60% Nd>", 20% Yb>* @CaF, NPs at a concentration of 2 mg/
mL or 20 pL of water, respectively. In both cases, the microtube was illuminated with a continuous wave 808 nm laser of different power densities. Error bars were
substituted with bigger data points in order to cover more than the small and less accurate digital error of the thermal camera used in this experiment.

NaYF,: 60% Nd>*, 20% Yb3*@CaF, NPs for simultaneous heating and
lifetime-based thermal sensing. The aqueous solution of p-NaYF4@p-
NaYF,: 60% Nd3*, 20% Yb3*@CaF, NPs were placed inside a micro-
tube. Heating was induced by irradiating the dispersion with a fiber-
coupled 808 nm diode. Simultaneously, a second laser (800 nm wave-
length and 10 ns pulse width) was used for transient excitation of the
B-NaYF4@p-NaYF,: 60% Nd3*, 20% Yb>* @CaF, NPs. The luminescence
generated by the nanoparticles in the microtube was collected by a set of
lenses, spectrally filtered by a compact monochromator and finally
detected by an infrared photomultiplier tube connected to a digital
oscilloscope. The compact monochromator was set to 980 nm so only the
luminescence emitted by Yb®' ions was registered. In our experimental
conditions, the acquisition of a high signal-to-noise ratio decay curve
requires an average of 500 curves. With the 10 Hz repetition rate of the
excitation laser, each measurement requires 50 s. Substantial reduction
of these long acquisition times is one of the main challenges to be faced
in the near future. Fig. 5B shows the Yb®" luminescence decay curves
obtained in absence of CW 800 nm laser excitation and under CW 800
nm laser excitation with a laser power density of 14 W/cm?. Note that in
presence of the CW laser irradiation, the luminescence decay becomes
faster, indicating a relevant heating of the p-NaYF4@ p-NaYF4: 60%
Nd3*, 20% Yb3*@CaF; NPs. The reduction in the Yb®* luminescence

lifetime has been found to follow a monotonous trend with the 800 nm
laser irradiation density as can be observed in Fig. 5C. The actual local
temperature of p-NaYF4@B-NaYF4: 60% Nd>*, 20% Yb3* @CaF, NPs can
be, indeed, known by converting the luminescence lifetime into tem-
perature by using the calibration dataset of Fig. 3B. Results are included
in Fig. 5D revealing a linear increment of the temperature of
B-NaYF4@p-NaYF,: 60% Nd°*, 20% Yb>"@CaF, NPs with the 800 nm
CW laser power density, as it was expected. Note that for the maximum
laser power density used in this work (14 W/cm?) the analysis of the
decay curves revealed a nanoparticle temperature close to 80 °C. This is,
indeed, in excellent agreement with the data obtained by using the
infrared thermal camera also revealing a microtube temperature close to
80 °C for an 800 nm continuous wave laser power of 14 W/cm?2. Results
included in Fig. 5D were obtained by extrapolating the calibration data
of Fig. 3B up to temperatures of 80 °C. This good agreement reveals that
the extrapolation of the calibration data of Fig. 3B up to temperatures of
80 °C is reasonable. In addition, the good agreement with the data ob-
tained with the thermal camera reveals that -NaYF4@p-NaYF4: 60%
Nd3*, 20% Yb3*@CaF, NPs are reliable absolute temperature sensors
and that in our experimental conditions the temperature of individual
nanoparticles (local temperature) is basically the same than the solution
temperature (that measured by the thermal camera). A detailed analysis
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Fig. 5. A) Schematic representation of the experiments designed to demonstrate the capability of p-NaYF,@pB-NaYF,: 60% Nd>*, 20% Yb**@CaF, for simultaneous
heating and reliable and absolute thermal feedback. Note that f-NaYF4@p-NaYF4: 60% Nd3*, 20% Yb3*@CaF, NPs are excited with a CW + pulsed laser beam and
the thermal feedback is obtained by analyzing the AC component of luminescence. B) Intensity decay curves obtained in absence of CW excitation and when the CW
excitation power density was set to 14 W/cm?. Note the visible shortening of the luminescence lifetime indicating relevant local heating. C) Luminescence lifetime of
B-NaYF,@B-NaYF4: 60% Nd3*, 20% Yb®*@CaF, NPs as obtained for different CW laser power densities. D) Temperature of p-NaYF,@p-NaYF4: 60% Nd3*, 20%
Yb**@CaF, NPs for different CW laser power densities calculated from the data included in C) and by using the calibration curve of Fig. 2B.

of the data included in Fig. 5D also reveals that increasing local tem-
perature by 5 °C (as that required for hyperthermia treatments) requires
a laser power density slightly larger than 1 W/cm?. Although this laser
power density is adequate for in vivo experiments, it would be desirable
to reduce it by increasing the light-to-heat conversion efficiency of
B-NaYF4@p-NaYF4: 60% Nd3*, 20% Yb>*@CaF;, NPs. There are several
ways to increase the heating efficiency of our nanoparticles including
the increase of the Nd*' content to simultaneously increase the ab-
sorption efficiency and the non-radiative decay probabilities. In addi-
tion, the use of an Nd* doped core instead of an inert one would also
increase the heating efficiency of the nanoparticles. All these possibil-
ities will be explored in future works.

3. Conclusions

In summary, we have demonstrated how it is possible to design
lanthanide-doped core-shell-shell nanoparticles capable of simultaneous
heating and thermal sensing under infrared laser excitation. In partic-
ular, we have provided experimental evidence of how p-NaYF4@p-
NaYF4: 60% Nd3t, 20% Yb®"@CaF, NPs are capable of converting
continuous wave 800 nm laser radiation into heat thanks to the exis-
tence of non-radiative de-excitations of both Nd** and Yb®* ions. In
addition, we also demonstrated the strong temperature dependence of
the luminescence decay time of Yb3* ions that, can be used for absolute
and remote thermal sensing. Straightforward experiments have been
designed to demonstrate that both effects (heating and thermal sensing)
can be produced simultaneously. We have demonstrated how a simple
analysis of decay curves can provide an accurate and absolute readout of
local (nanoparticle) temperature.

The results included in this work open a new path towards the
development of in vivo photothermal treatments with real-time, fine and
absolute thermal control over treated tissues. Prior to their application

in small animal models, the B-NaYF4;@p-NaYF4s: 60% Nd3*, 20%
Yb3*@CaF,, NPs requires further optimization towards the improvement
in their heating efficiency and lifetime-based thermal sensitivity. Such
optimization will involve optimizing the lanthanide concentration as
well as the possibility of changing the lanthanide ion doping of the core.
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