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Resumo

Ibes de Lantanideos Trivalentes, Termdmetros Luminescentes Primarios,
Regressao Linear Multiparamétrica, Microscopia Hiperespectrais.

Os avangos recentes tornaram a dete¢do remota através da termometria de luminescéncia
raciométrica, especialmente baseada em ides lantanideos trivalentes (Ln(IIl)), uma
técnica promissora com uma infinidade de aplicagdes. No entanto, a maioria dos
termometros luminescentes baseados em Ln(IIl) existentes requer um processo de
calibragdo com um termdémetro externo de referéncia (termémetros secundarios), o que
exige calibrag¢des recorrentes, especialmente quando usados em diferentes meios. Esse
processo de calibragdo pode ser impraticavel, levando a postular uma relagdo de
calibracao independente do meio potencialmente imprecisa. Assim, o uso de
termometros primarios baseados em principios fisicos bem estabelecidos torna-se
imperativo para superar esses desafios. Apesar de sua importdncia reconhecida na
termometria de luminescéncia, os termdmetros luminescentes primarios sdo atualmente
raros. Neste estudo, propusemos, implementamos e validamos termémetros primarios
que requerem calibragdo em uma temperatura conhecida (primarios-T), que também sdo
autorreferenciaveis, utilizando dados raciométricos dos espectros de excitagdo. Além
disso, combinando com o espectro de emissdo, concebemos termdémetros que nao
requerem calibragdo (primarios-S). Embora demonstremos a viabilidade desse método
usando um complexo de Eu(III)-B-dicetonato, o Eu(hfa)sbpyO-, como prova de conceito,
a abordagem ¢ universal, e outros materiais baseados em Ln(III) podem ser explorados.
Notavelmente, a utilizagdo de varios parametros termométricos permite obter uma
precisdo sem precedentes neste tipo de dispositivos de 0,2% na faixa de temperatura
fisiologica. Também exploramos a aplicacdo da microscopia hiperespectral, uma técnica
que combina espectroscopia com microscopia Otica, para obter simultancamente
informagoes espectrais e espaciais. Avangos recentes na reconstrugao otica aumentaram
a relevancia da imagem hiperespectral em aplicagdes biomédicas, como monitorizagdo
de agentes de bioimagem, identificagdo de patogénicos e células cancerigenas, e
avaliagdo da internalizacdo de nanoparticulas em células. Neste contexto, foram
sintetizadas nanoparticulas de Gd203 codopadas com Yb(IIT)/Er(II), e foi realizada a sua
caracterizagdo estrutural e luminescente, bem como a avaliagdo de viabilidade celular em
linhagens celulares de melanoma humano (MNT-1 ¢ A375). Usando a imagem
hiperespectral 2D, abordamos a internalizagdo das nanoparticulas pelas células MNT-1
¢ a sua localizag¢do 3D em células fixas em diferentes planos e profundidades da cultura
celular. Os resultados demonstram a distribuigdo das particulas em planos distintos
dentro do volume celular, particularmente nas regides citoplasmaticas e¢ perinucleares.
Além disso, usando a emissdo das nanoparticulas foi determinada a temperatura
intracelular obtendo-se um valor compativel com a temperatura ambiente.
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Recent advancements have made remote sensing through ratiometric
luminescence thermometry, particularly based on trivalent lanthanide ions
(Ln(Il)), a promising technique with myriad applications. However, most existing
Ln(lll)-based luminescent thermometers requires a calibration process with a
reference thermal probe (secondary thermometers), which needs recurrent
calibrations, especially when used in diverse media. This calibration process can
be impractical, leading to the postulation of a potentially inaccurate medium-
independent calibration relation. Thus, the use of primary thermometers, based
on well-established physical principles, becomes imperative to overcome these
challenges. Despite their recognized importance in luminescence thermometry,
primary luminescent thermometers are currently rare. In this study, we proposed,
implemented, and validated primary thermometers requiring calibration at one
known temperature (primary-T), which are also self-referencing, utilizing
ratiometric data from the excitation spectra. Additionally, by combining with the
emission spectra, we devised thermometers not requiring calibration (primary-
S). While we demonstrated the feasibility of this approach using a Eu(lll)-f-
diketonate complex, the Eu(hfa)sbpyOs, as a proof-of-concept, the approach is
universal, and other Ln(lll)-based materials can be explored. Notably, the
utilization of various thermometric parameters enabled unprecedented high
accuracy of 0.2% in the physiological temperature range. We also explored the
application of hyperspectral microscopy, an intriguing technique that combines
spectroscopy with optical microscopy, to obtain simultaneous spectral and
spatial information. Recent advances in optical reconstruction have enhanced
the relevance of hyperspectral imaging in biomedical applications, such as
monitoring bioimaging agents, identifying pathogens and cancerous cells, and
assessing the cellular uptake of nanoparticles. In this context, we reported the
synthesis of Yb(lll)Er(lll)-codoped Gd-Os nanoparticles, their structural and
luminescence characterization, and their cell viability assessments in Human
melanoma (MNT-1 and A375) cell lines. Using 2D hyperspectral imaging, we
addressed the internalization of the particles by MNT-1 cells and their 3D
localization in a fixed configuration across different planes and cell culture
depths. The results demonstrated the distribution of particles in distinct planes
deep within the cell volume, particularly in the cytoplasmic and perinuclear
regions. Furthermore, using the emission of Yb(Ill)/Er(lll)-codoped Gd2O3
nanoparticles the intracellular temperature was predicted with a value compatible
with the room temperature.
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1. STATE OF THE ART.

Temperature is a fundamental quantity in many chemical, physical and biological
processes, and hence adequate thermometers are crucial for the study and control of these
processes. The development of thermometric systems with such a level of spatial resolution is
mandatory to understand the thermally dependent processes occurring at the nanoscale.
Temperature can be regarded as a relative perception of hot or cold [, However, a more
accurate definition is stated as: the temperature of a body is the rate of change of its internal
energy U with respect to the entropy S at constant volume, namely T = (aU/dS), ..
Although there are a handful of thermometers adequate for macroscopic systems, the
measurement of temperature at the nanoscale continues to be a challenge [*!. Measuring
temperature on a micro/submicro scale is an important tool in studies involving nanomedicine
(especially intracellular thermometry), microelectronics and micro/nanofluidics, where the size
of the sensor and how invasive the method is, are important parameters *3l. This is particularly
relevant in biological microsystems, that demand extra-requirements such as non-contact, high
thermal sensitivity in the physiological temperature range (e.g., 293-330 K), high stability,
biocompatibility, cell compatibility and versatility to bind to specific intracellular targets 4],
These measurements are essential for understanding various phenomena and processes that
occur at submicron scales that are associated with heat transfer or dissipation 381,

Measurement techniques such as Raman spectroscopy, infrared thermography, and
thermal scanning microscopy can be considered to work remotely at the microscale 2], Remote
temperature measurement and control, that can be made by hyperspectral microscopy, are in
demand due to the numerous challenging requests arising from nanotechnology and

biomedicine, such as monitoring the intracellular temperature in hyperthermia therapy, where
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it is crucial to ensure that the temperature increase is confined to the tumor, preventing damage
at the surrounding healthy tissue.

Thermometry has been intensely investigated in the last years because of its relevance
to industry and metrology [*> ¢, and for its biomedical applications and engineering [71. At the
micro- and nanoscale, thermometry has been regarded as fundamental to develop underlying
laws of heat transfer ], to design and/or improve new circuits [®l, to comprehend quantitatively

heat exchange within cells and tissues [’¢ %1, and to harmlessly apply hyperthermia therapy 3

10]

Luminescent nanothermometry is a method of measuring temperature that uses the
relationship between temperature and the photophysical properties of the nanothermometer,
e.g. emission intensity, lifetimes of excited states, among others [°]. Luminescent thermometry
is a promising method due to their high relative thermal sensitivity (>1%/K) and spatial
resolution (<10 um), short acquisition times (<1 ms), and are non-invasive B3*!, In this context,
ratiometric approaches for molecular (or nano) thermometry are widely employed because of
their precision, easiness, and high relative sensitivity [''l. Usually, ratios of emission
(integrated) intensities are used as thermometric parameters due to the high sensitivity of
emission-based techniques allowing, for instance, single particle spectroscopy [''® 121, Indeed,
photoluminescence of lanthanide trivalent ions, Ln(IIl), is especially suitable for these
measurements *! because of the high emission intensities, narrow excitation and emission
bands, long emission lifetimes, and spectral ranges from UV-vis to near-infrared [*3. Another
interesting feature of Ln(Ill) is the nearly independence of the energies of 4f-
intraconfigurational transition with the surroundings (e. g., ligands, host crystal, solvent, etc.)
of the lanthanide ion ['3]. This allows for prompt assignments of excitation and emission spectra
[12] and predictable energy differences. These features have contributed to an accelerated

development of lanthanide-based thermometers in recent years 3. As a result, many systems
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such as (molecular) complexes with a wide range of solubility, micro- and nanocrystals and

3b. 14] a5 well as

nanoparticles, metal-organic frameworks (MOFs), organic-inorganic hybrids |
their bioconjugates based on lanthanide ions have been designed and developed 74, Despite
these numerous developments, there are still a lack of primary thermometers (with known or
predictable calibration) based on lanthanide ions, by the time this work started, only a few
primary thermometers have been developed to date [, all based on the temperature
dependence of emission features such as the peak energy of semiconductor nanoparticles ['],
or the intensity emissions of Ln(IIT) states in thermal equilibrium [''& 171 In fact, several
lanthanide ions present states that are separated by hundreds of wavenumbers and are thus
thermally coupled. Because the 4f-4ftransitions are narrow, the intensities of thermally coupled
states can be measured and used as thermometric parameters. The ratio of these intensities can
be expressed as Ae ~2E/(8T) where AE is the energy difference between the thermally coupled
states, kg is the Boltzmann constant, T is the temperature, and A is a constant that depends on
the properties of these states and may depend on the experimental setup. Thus, if the energy
difference AE and the pre-exponential factor A are known, the temperature can be determined
without previous calibration and a primary thermometer is obtained. Usually, AE can be
obtained from an emission spectrum or assuming it is not dependent upon the environment
from a table with free ion energy levels. On the other hand, despite assuming the factor A being
independent of temperature, it has not been determined from additional experimental data and
it is quite difficult to calculate for macroscopic systems. As a result, this factor is determined
from measurements at a known temperature and the thermometer is calibrated. These primary
thermometers have a known thermometric equation that relates A quantitatively to the
temperature, 7, and involves known physical constants [!7% 17¢ In contrast, secondary
thermometers require recurrent calibrations when used in different media or conditions B°!,

Recently, a ratiometric thermometer with predictable calibration based on the emissions in
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nano and microcrystals of Y2Os3:Eu(IlI) was developed [!7*]. This thermometer is based on the
ratio between the emission intensities of the D, — ’F, Eu(Ill) transitions when the °Dj, level
is excited from the thermally coupled “F, and “F; or ’F, levels. The pre-exponential factor in
the thermometric parameters can be determined from the ratios of the areas of the

corresponding °D, = “F,, D, — “F;, and °D, = ’F, bands in the emission spectrum.

Ratiometric luminescent primary thermometers can be classified as primary-T or
primary-S, depending on whether the thermometric parameter A¢ is determined at a known
temperature Tp [!18 173 17¢¢] or involves a pre-exponential factor A4 determined from additional
spectral measurements,! 7" respectively. Established primary-T thermometers employ the ratio
of the integrated emission intensities of the 2Hi12 — *I152 and *S3/2 — #1152 transitions in Er(IIT)
as the A parameter,[!!® 15 178 17¢-¢l while primary-S thermometers use the ratio of the emission
intensities of the Eu(Ill) Dy — ’F4 transitions when the Dy level is populated from the
thermally coupled "Fo, ’Fi, and ’F, levels. This type of primary-S thermometer was
implemented in Y203:Eu®" nanocrystals using the Lorentz local-field correction, which

1781, The pre-exponential

depends on the refraction index, for the integrated intensities (areas) !
factor 4 in A was determined from the ratios of the areas of the Dy — F; or Do — "Fo
transitions in the emission spectrum [7°1. This approach most likely motivated investigations
on ratiometric thermometric parameters based on the excitation spectra of Ln(IIl) ions.
Examples as the transitions from the ground and excited states of Eu(III) in LiSro.ossVO4 [18],
YVO4 1 LuVOy4 291 and LiLaP4O1, nanoparticles 12!, of Nd(III) in LaPO4 nanoparticles 122,
of Tb(III) in CaWO4 nanocrystals %], of Pr(IIT) in the StMoO4 nanophosphor 24, and of Er(I1T)
in YVO4 231, Various ratiometric thermometric parameters have been proposed based on the

excitation spectra of Ln(III) ions, but they have not yet been employed to predict temperature

or proposed as primary thermometers [1°¢1,
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1.1. LUMINESCENT THERMOMETERS.

Luminescence is the radiative emission from a given material and occurs from
transitions between electronic excited states. The external excitation of electronic states is made
by different sources of energy [261. The first observation of the luminescence phenomenon dates
to the Middle Ages when materials glowed in the dark after sunlight exposure — then named
phosphors. These materials were named after phosphorus, the ancient Greek name given to
planet Venus (morning star that announces the sunrise) [261.

Among the luminescent materials, it is important to highlight quantum dots (QD) 271,
polymers 281 organic dyes ), and lanthanide-doped systems (including nanoparticles), the
later ones work as thermometers being one of the focus of the current nanothermometry
research, due to their unique properties. For instance, the trivalent lanthanide Ln(IIl)-doped
materials have specific properties such as narrow emission bands covering the entire spectral
range from ultraviolet (UV), e.g., Gd(III), to the visible, e.g., Eu(Ill) and Tb(III), and near-
infrared, e.g., Er(Il) and Nd(III) (%] long-lived lifetimes (ms) and no photoblinking (in
contrast to QDs). Lanthanides are the chemical elements whose atomic numbers range from 57
to 71. Unlike most elements, whose valence electrons are placed at the outermost electron shell,
lanthanides valence electrons occupy the 4f orbitals that are closer to the nucleus than the
already filled orbitals 5s, 5p, and 6s. This unique electronic configuration provided valence 4f
electrons a shielding effect, therefore, they can be accurately described by the approximation
of the free ion [,

The most relevant sensing parameters among lanthanide-based thermometers are based
on intensity changes, lifetime change, and ratiometric properties (the ratiometric scheme taking
into account the ratio between two thermally coupled states that is affected by temperature to

calculate the thermometric parameters) 32, The intensity of a single transition in luminescent
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thermometers is affected by the intersystem crossings for complexes and nanoparticles, and
specially by the experimental conditions under which the emission spectrum was recorded [,
In addition, excitation intensity is critically affected by local changes of the phosphors
concentrations, power density laser fluctuations, signal-to-noise detection, compromising the
thermometer temperature accurate reading > 321,

Temperature sensing by the relative change between two emission intensities (ratio),
instead of a single emission, overcomes the problems associated with excitation (e.g.,
fluctuations of the excitation source) and local concentration variation of the emitting centers.
A second emission in this ratiometric scheme can be employed as a reference [?1. The excitation
using near-infrared (NIR) radiation as a source of excitation of UCNPs are amongst the more

[331 A photon upconversion is a process

popular Ln(IIT)-based single-center thermometers
where the absorption of two (or more) lower energy photons leads to the emission of one higher
energy photon. A photon upconversion process involving Ln(II)-based nanomaterials usually
involves three steps: photon absorption, energy transfer, and the emission of photons [34],

Taking the example of Er(III)-Yb(III) pair, Figure 1, represents its simplified energy diagram

and its upconversion process when excited with 980 nm wavelength light.
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Figure 1. Partial energy-level diagram of Er(l11)-Yb(lll) ions highlighting the Yb(Ill) absorption at 980 nm.
The diagram depicts Yb(llI)-to-Er(lll) energy transfer pathways and the *Hi1/2 > *lis/2, *S3/2 = *l1s/2, and
4Fg9/2 = Hiss2 Er(Ill) emissions. The expansion depicts the thermally coupled 2Hi1/2 and #Ss;, levels of
Er(11l) adapted from 279,

The Yb(III) is labeled as sensitizer and Er(IIl) as activator because Yb(III) ions are
responsible to sensitize the emitting Er(IIl) levels upon NIR irradiation. Balabhadra et al.
reported in 2017 17 a primary thermometer based on Er(III)/Yb(IIT):SrF> NPs which is
characterized by a well-established thermometric equation that is used to determine the
absolute temperature, without the need of prior external calibration process. In single-center
ratiometric thermometers as this, A (or luminescent intensity ratio - LIR), the thermometric

parameter is defined using the emission intensities from two separate levels. If the energy
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separation (AE), where AE is the energy difference between the barycenter of the two levels,
e.g., *Hii2 and *Ssp, of Er(IID), is small (i.e., 200 < AE < 2000 cm ™' comparable to the thermal
energy kgT, where kg is the Boltzmann constant, and 7 is the temperature), it is common to
say they are “thermally coupled”. In this case, both levels are populated according to the
Boltzmann statistics and the A is written as:

A = Ae~2E/(ksT) Equation 1
where kg is the Boltzmann constant and A = g,A,hv,/(g,A,hv,) where h is the Planck
constant, g; is the degeneracy of level i, A; the spontaneous emission rate, and v; the frequency
of level i %3, Up to now, in most of the examples involving the temperature determination in
single-center thermometers based on the thermally coupled levels, it is required an external
thermal calibration of the thermometric parameter with a reference thermometer — secondary
thermometers, because the constant A cannot be calculated with sufficient accuracy.
Balabhadra ef al. proved that AE and A can be measured independently of any experimental
calibration and the temperature is directly calculated using A, demonstrating this system is a
primary thermometer. In this regard, a mathematical manipulation of the equation leads to the

equation (1) was used to determine the temperature:
1 1 kg A .
T =———In (—) Equation 2

where A, corresponds to the value A in the limit of zero pump power at a known temperature
Ty. Because this thermometer requires determining A, at a known temperature T, it is
classified as primary-T.

The uncertainty in the thermometric parameter, 84, is calculated as:[*3]

2 2
SA = A (%) + (%) Equation 3
Iy Is
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where 81y s/l s is estimated using the signal-to-noise ratio values, typically calculated
dividing the readout fluctuations of the baseline by the maximum intensity value of the

Hi1p—>isn (/n) and 4S30—sn (1s) transitions.

Comparison between different thermal probes is an important aspect, particularly, to
access the performance of the thermometer for a specific application. Thus, the thermometer’s
performance can be evaluated based on its relative thermal sensitivity (S,), temperature
uncertainty (6T), repeatability, reproducibility, and spatio-temporal resolution.*

The absolute thermal sensitivity is the rate of change of the thermometric parameter A
by temperature unit. However, it is meaningless to compare absolute thermal sensitivity among
thermometers operating by different physical principles or materials. Thus, in order to compare

the performance of distinct thermometers, it is used the relative thermal sensitivity (S,) [*31:

S. = 1 |6A| 100% Equation 4
v =7lar| 00 a

usually expressed in units of % change per degree of temperature change (% K™!).

The temperature uncertainty (or temperature resolution) describes the smallest
temperature resolvable by the thermometer. The uncertainty in the temperature arises from
several factors, such as the experimental detection setup, the acquisition conditions, and the
signal-to-noise ratio and, of course, it depends on the material employed. 6T can be estimated
by the time-dependent output fluctuations of the thermometer calculated temperature or by the

estimation B3I

5T—16A Equation 5
=3TA quation

where §A/A is the relative uncertainty in the determination of the thermometric parameter
(depending on the acquisition setup and estimated from the errors in A).
The spatial (8x) and temporal (&t) resolutions of a measurement are defined as the

minimum distance or time interval between measurements, respectively, presenting a
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temperature change larger than 8T % 331, The thermometer’s reproducibility refers to the
change of the same measurement carried out under different conditions (e.g., different
equipment or observer). The repeatability, R, characterizes the thermometer capacity to provide
repeatedly the same result, under the same circumstances, and is calculated as 33!:

max|A, — Al

R=1
A

Equation 6

c

where Ac and A; represent, respectively, the mean value and the measured values at each

temperature of thermometric parameter.

Over the past decade, luminescent thermometers have seen remarkable and continuous
advancement, following a few pioneering works published in the last quarter of the 20th
century. Various types of phosphors have been explored, including polymers, DNA or protein
conjugates, organic dyes, quantum dots (QDs), as well as transition metal and Ln(IIT)-doped
materials. These materials offer remote thermal detection through their light emission
properties, contrary to the common misconception of being contactless. While many examples
are based on individual thermal probes, more intricate structures such as core@shell
nanoarchitectures, heater-thermometer nanoplatforms, and mixtures of thermographic
phosphors encapsulated into polymers and organic-inorganic hybrids have also been

demonstrated.

The diverse range of reported examples, particularly those operating at the nanoscale,
underscores the growing interest in luminescence thermometry across various fields including
microelectronics, microoptics, photonics, micro and nanofluidics, nanomedicine, theranostics,
and numerous other potential applications such as thermally-induced drug release, phonon-,
plasmonic-, and magnetic-induced hyperthermia, and in scenarios where exothermal chemical

or enzymatic reactions occur at submicron scales.
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While many luminescent thermometers currently available require calibration with a
reference thermal probe (termed secondary thermometers) and necessitate recurrent
calibrations, especially when used in different environments, this process can be impractical.
In some cases, a medium-independent calibration relation is proposed, which may introduce
inaccuracies. To address this limitation, primary thermometers, which determine temperature
based on well-established physical principles, are essential. However, despite being recognized
as a significant advancement in luminescence thermometry, primary luminescent thermometers

remain scarce.

The first review regarding luminescent primary thermometers and their applications
was published by Martins et al. 3%, The text will delve into their thermometric attributes,
assess their performance in comparison to non-luminescent primary examples, and outline
several challenges that need to be addressed to foster the further development of primary

thermometers.

1.2.HYPERSPECTRAL MICROSCOPY.

Hyperspectral microscopy is a technique that can be used to obtain both spatial and
spectral information simultaneously 7). Hyperspectral images are images in which a spectrum
is measured for each pixel. A pixel is the spatial subdivision of images. They are small sets of
information that are spatially correlated [3]. A hyperspectral image can be visualized as a
hypercube of data (Figure 2) and it has three dimensions: two spatial (X and Y) and one spectral

(A, wavelength).
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Figure 2. (a) hyperspectral image of a thyroid and salivary gland tumour detection. Courtesy of
CleanPNG. (b) Schematic representation of a hypercube which is a 3D-dataset of spatial and spectral
information. Source: Author.

Hyperspectral images have applications in remote sensing of the Earth [*], food quality
control %1 material phase identification in micro- and nanoscale 7%, and safety. In this last
example the variations of blood oxygenation of hands and face are detected, which are used to
ascertain signs of emotional stress in potential criminals 4!,

The relevance of hyperspectral imaging in sub-micrometer scale mapping has been
described in studies focused on biomedical applications, such as the monitoring of the cellular
uptake of nanoparticles 2], and the identification of pathogens and cancer cells [4}]. In these
examples, the spectral profile results from light scattering measures. The combination of
hyperspectral microscopy and emission properties is even less explored and only three
examples have been reported so far. The first refers to down-shifting energy conversion of
silicon nanoparticles, where emission in the red spectral region combined with hyperspectral
analysis was used to discuss the homogeneity of the film obtained in resolution at the
submicrometric scale ['®?]. The second example explores hyperspectral microscopy of the MG-

63 cell line, where emission comes from nanoparticles, which allowed monitoring of cell

assimilation of lanthanide nanoparticles (4. The third one explores the of Er(III)/Yb(III)-co-
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doped GeO,—Ta>Os composite dispersed in PMMA with a concentration of 9.0 wt % for real-
time temperature sensing and photothermal conversion [+,

Recently, hyperspectral microscopy was also successfully used to study the anisotropy
of lanthanide-based crystals ], Rodrigues ef al. described a protocol for a novel application
of hyperspectral images to study the properties of Eu-Tb single crystals. According to the
authors this protocol can be extended to other types of materials such as organic-inorganic
hybrids inorganic microparticles 471, micron-sized molecular crystals 81, and nanoparticles in

biological tissues (1.

1.3. INTRACELLULAR THERMOMETRY.

In cellular studies, such as the cellular division and death, temperature plays a key role
(59, Thermosensing in living cell requires precise thermometers working at the micro/nanoscale
with high spatial resolution. Brites et al. have offered a general overview on many kinds of
nanothermometers 1. Most of the systems used for intracellular thermometry are noncontact
and use optical properties for detection, such as intensity changes, lifetime change, and band-
shape 1],

There are several types of materials that can be used for intracellular thermometry such
as organic molecular dyes, polymers, inorganic nanoparticles, organic-inorganic hybrids,
amongst others P!, For instance, Pifiol et al!l’® have described a real-time intracellular
temperature measurement using luminescent Ln(IIl)-bearing polymeric micellar probes
(Ln(Ill) = Sm(IIl) and Eu(Ill)) incubated in breast cancer MDA-MB468 cells. The 2D
temperature mapping recorded an increasing in the temperature of the cells in the physiologic
range showing inhomogeneous intracellular temperature progressions up to ~20 degrees and

subcellular gradients of ~5 degrees between the nucleolus and the remaining of the cell,
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illustrating how temperature can be different in each organelle highlighting the potential of this
tool to study intracellular processes.

High-resolution thermal sensing is not only interesting at the cellular level, but also in
animal models, which are more useful in diagnosis and controlled hyperthermia treatment. As
mentioned above, temperature plays an important role in intracellular mechanisms and its
measurement and control is the next step on intracellular thermometry.

Debasu et al.!*?! prepared a nanoplatform where nanoheaters and nanothermometers
could be used to measure and control the temperature, using thermometric
(Gdo.97Ybo.02Er0.01)203 nanorods as the central core and gold nanoheaters as surface decoration.
However, the system was over-sized, and it was not possible to test this nanoplatform as a
nanoheater.

Herein will be shown how the hyperspectral microscopy can be used to monitoring the
intracellular temperature using primary thermometers based on lanthanide upconverting

nanoparticles.

1.3.1. Hyperspectral microscope and intracellular temperature sensing.

As mentioned above, the temperature can be measured using the emission spectra of
luminescent materials. Having the properties of hyperspectral microscope, it is possible to
record the emission spectra of lanthanide upconversion nanoparticles. The hyperspectral image
is mainly defined as a collection of spectra, i.e., each pixel has an associated spectrum. Each
pixel field-of-view on the Cytoviva hyperspectral images system, available at Phantom-g,
Aveiro, corresponds to 129x129 nm? on the sample's plane, using an objective of 100x
magnification. The hyperspectral scanning is vertical and each image results from 696 lines,

using an exposure time, which will choose depending on the sample, per line.
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Debasu et al. discussed the incorporation of gadolinium oxide nanoparticles co-doped
with Er(IIT) and Yb(III), which works as a primary thermometer, into breast cancer cells MG-
63 44, Using the hyperspectral microscope, it is possible to locate and obtain the emission
spectra from the upconverting nanoparticles.

It was possible to observe cells with the nanoplatform-treated showing dark and bright
spots (Figure 3.B) larger than approximately 2 mm, not visible in the images of control cells
(Figure 3.A), and this is associated with the nanoparticle clusters located outside the cancer

cells.

Figure 3. Bright-field optical images of (A) control MG-63 cells and (B) MG-63 cells treated with
NRs-AuNRs. The red and yellow arrows in (B) depict black and white points, respectively, not
visible in (A), ascribed to nanoplatform clusters. Adapted from!*.,

Debasu et al. obtained the hyperspectral images from cancer cells with an imaging
microscope. The image obtained with laser excitation has the advantage of locating the
nanoplatforms via the Er(Ill) emission spectrum (Figure 4D). A reference spectral library was
created from the white-light scattering of the region from where the Er(Ill) emission is

collected (Figure 4C). This spectral library was subsequently used for mapping the

nanoplatforms within MG-63 cells.
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Figure 4. Hyperspectral images of NRs-AuNRs under (A) white-light and (B) 980 nm excitation. The
spectral profile from the regions marked by blue, green, and red are shown in (C) and (D),
respectively. Adapted from 41,
Using the spectral collection from the hyperspectral image acquired, and having a well-
designed calibration curve, it is possible to estimate the temperature. Hyperspectral imaging
mapped the nanoplatforms within cells, based on a reference spectral library generated from a

white-light scattering spectral profile, opened a new avenue to monitor the cellular uptake of

Ln(III)-bearing nanoplatforms.
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2. GOALS.

2.1.GENERAL GOALS AND PROCEDURES.

The main goal of this thesis is to develop new approaches and methods to measure
temperature at the submicron-scale, or even at the nanoscale, based on luminescent
thermometers. A novel approach to luminescent thermometry based on the excitation spectra
was developed and tested for its generality, that included the extension of the previous
proposal, where it was applied to the Eu(Ill)-diketonate-coordination compound and to
nanoparticles of yttrium oxide doped with trivalent europium >3], In addition, it was developed
a temperature mapping protocol at submicron-scale using the well-stablished upconversion

luminescence protocol and hyperspectral microscopy.

Following the proposal of Dr. Keyla de Souza 54, primary thermometers based on the
excitation and emission spectra of Eu(IIl) ions in nanoparticles of yttrium oxide doped with
trivalent europium were investigated and validated. The choice of this type of system is
justified by the fact that they do not have chromophores, transitions at lower wavelengths,
minimizing uncertainties, and the possibility of presenting emission from 3D, and °D; levels,
because non-radiative processes are minimized. For this part of the PhD research, the following

specific goals can be identified:

1- synthesis of Eu(Ill)-doped NPs, namely BiF:Eul and Y.0s3:Eu®*, systems that
present emissions from Dy and 3D levels, and possibly *D»;
2- characterization of these NPs, specially their luminescent and thermal properties;

3- determination of the excitation and emission spectra at temperatures ranging from

12 to 340 K; and
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4- analysis and validation of the excitation spectra of these systems to develop new

primary nanothermometers.

More specifically, the temperature mapping by hyperspectral microscopy employs
UCNPs because of the NIR radiation excitation lies in the biological window and measurement
within the visible region. This excitation source has a greater depth of penetration on biological
tissues, being an advantage for this kind of applications. Among UCNPs, the ones doped with
Er(IIT), such as (Gdo.97Ybo.02Er0.01)203, (with emission in the first biological window with the
wavelength range from 700 nm to 950 nm (NIR-I)) co-doped with Yb(III) (with excellent

absorption at 980 nm) [° can function as primary nanothermometer [!7¢ 6],

Thus, three specific goals may be identified for this part of the research:

1- the synthesis of UCNPs that will work as primary nanothermometers;
2- incorporate these primary nanothermometers into the cells; and

3- developing a temperature mapping protocol.
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3. EXPERIMENTAL.

3.1.MATERIALS AND METHODS.

The Figure 5 shows the schematic setup of the hyperspectral microscope. Using this

setup, both optical and hyperspectral images were acquired as described below.
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Figure 5. (a) Schematics of the hyperspectral microscope. (b) Optical section of the cell culture, the
corresponding hyperspectral image, and the spectral profile. (¢) Construction of the 3D image by
the composition of the optical sections in distinct z planes, separated by Az. Source: Author.

Optical Images: The optical microscopy images were recorded using an Olympus BX51

microscope (10%, 50%, and 100x objectives), equipped with a color digital CCD camera (Retiga
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4000R, QImaging) and a monochrome digital CCD camera (01-QI825-M-16-C, QImaging).
The samples were irradiated using white light of an illuminator (Lumen 200, Prior) that was
filtered using a Dual Mode Fluorescence Module from CytoViva, resulting in an emission band
between 552 and 592 nm with peak at ca. 580 nm, or using a CW NIR laser diode (PSU-H-
LED, CNI Lasers) at 980 nm.

Hyperspectral images: The hyperspectral microscope images were obtained with a
digital camera (IPX-2M30, Imperx) coupled to a spectrograph (V10E 2/3", Specim, 30 pum slit,
nominal spectral range of 400-1000 nm, and nominal spectral resolution of 2.73 nm). The
variation of the plans in which the hyperspectral images were obtained was performed by
moving in the z-axis the piezo-driven platform to the position that corresponds to the selected
plan. The hyperspectral images were recorded in bright field reflection mode, under irradiation
from a 980 nm CW NIR laser excitation.

The hyperspectral images were acquired using CW NIR laser diode (PSU-H-LED, CNI
Lasers) at 980 nm. To calculate the laser power density, the optical power and the beam profile
were measured by placing a powermeter (FieldMaxII-TOP OP-2 Vis, Coherent) and a CCD
camera (BC106N-VIS/M, Thorlabs), respectively, in the position where the sample will be

positioned to take hyperspectral microscope images.

3.2.SYNTHESIS OF THE NANOPARTICLES.

3.2.1. Synthesis of the (Gdo.97Ybo.02Er0.01)203 UCNPs
(Gdo.97Ybo.02Er0.01)203 nanoparticles: Spherical (Gdo.97Ybo.02Er0.01)203 nanoparticles were
synthesized following a procedure [*4 modified from a previously established methodology [°71.
In a typical procedure, aqueous solutions of GA(NO3)3 (2.94 mL, 0.4 mol/L), Yb(NO3); (0.030
mL, 0.4 mol/L), and Er(NO3)3 (0.120 mL, 0.1 mol/L) were mixed in distilled water (200 mL).

Urea (2.7 g) and hexadecyltrimethylammonium bromide (CTAB) (0.6 g) were dissolved in this
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solution under ultrasonication and magnetic stirring. The mixture was heated up at 358 K and
the reaction was refluxed for 3 h. The final product was washed with distilled water and ethanol
several times, collected via centrifugation (600 rpm, 25 minutes), and dried at 348 K for 24 h.
To obtain crystalline (Gdo.97Ybo.02Er0.01)203 nanoparticles (where the concentrations are the

nominal molar concentrations) the dried powder was calcined at 1073 K for 3 h.

3.3. Synthesis of the BiF3:Eu nanoparticles

The Eu(IlI)-doped bismuth oxyfluoride nanoparticles (e.g., BiFz:Eul as 1% Eu(IIl) doping
BiF3:EuS5 as 5% Eu(Ill) doping) were prepared by Zanella et al. [53] from the Department of

Molecular Sciences and Nanosystems from Ca’ Foscari University of Venice.

3.4. Synthesis of the Y>O3:Eu*" nanoparticles

The Y20s3:Eu** nanoparticles were synthesized following the procedure described by Debasu

(581 and it was fully characterized according to the work developed by Debasu and collaborators.

3.5. SYNTHESIS AND CHARACTERIZATION OF Eu(hfa)sbpyOs.

Equimolar quantities of (2,2 -bipyridine-1,1"-dioxide) bpyO- and complex Eu(hfa);(H>0)s,
using hexafluoroacetylacetate (hfa) (synthesized according to the method described in ref. %)
were stirred under reflux in methanol for 12 hours (Scheme 1). A white precipitate of the
Eu(hfa);bpyO: complex (1) was isolated by solvent evaporation. It was then washed with water
(3 — 10 mL) and dried at 50 °C under vacuum for 12 hours (yield 92 %). Elemental analysis:
Calcd. for CasHi11F1sN>OgEu (961.30): C, 31.24; H, 1.15; N, 2.91. Found: C, 31.18, H 1.19, N
2.85. Fourier transform infrared spectroscopy — attenuated total reflectance (FTIR-ATR): 3131

w, 2901 w, 1655 s, 1555 m, 1530 s, 1500 s, 1481 s, 1430 m, 1256 s, 1210 s, 1145 s, 1098 m,
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1035 w, 950 w, 854 w, 838 m, 798 m, 771 m, 741 w, 721 m, 660 s, 585 s cm’!. m/z = 943

[Eu(hfa)s(bpyO2)-F".
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Scheme 1. Synthesis of the Eu(hfa);bpyO. complex (1).

3.6. CHARACTERIZATION.

Powder X-ray diffraction: Diffraction patterns were collected on a powder X-ray diffractometer
(PANalytical Empyrean), using Cu-Kq1 radiation (0.1540 nm, 45 kV, 40 mA) in the reflection

spinning scan mode in the range 15.00 — 50.00° (26) with a 0.04 degrees step and 1.8 s

acquisition time per step.

Electronic microscopy: The morphology of the samples was analyzed on a Hitachi H9000

transmission electron microscope (TEM) operated at 200 kV.

Photoluminescence: The upconversion emission spectra were recorded at room temperature on
a Fluorolog®-3 Horiba Scientific (Model FL3-2T) spectroscopy, with a TRIAX 320 single-
emission monochromator (fitted with a 1200 grooves mm™' grating blazed at 500 nm,
reciprocal linear density of 2.6 nm mm™'), coupled to an R928 Hamamatsu photomultiplier,

using the front-face acquisition mode. The excitation source was a continuous wave laser diode
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at 980 nm (Thorlabs LDM21 mount, LDC220 laser diode controller, and TED200 temperature
controller) focused using a C230TM-B aspheric lens (Thorlabs). The emission spectra were
corrected for the detection and optical spectral response of the spectrofluorometer using a
photodiode reference. The laser power on the sample was measured using a FieldMaxII-TOP
Laser Power and Energy Meter (Coherent Inc.) coupled with a neutral density filter (NE10B-
B, Thorlabs) to avoid saturation of the power meter at high laser power. The average diameter

of the spot area on the sample is 406 pm.

DLS and Zeta potential: The measurements were recorded at 298 K using a Malvern
Zetasizer Nano series instrument, Nano-ZS (Red badge operating with a 632.8 nm laser, Model
ZEN3600, UK). A folded capillary cell (Malvern instruments, DTS1070) was used for both

measurements. The average of three measurements with ten scans was reported.

The log-normal fitting function of OriginLab® is:

y = Jz_:wx expl— (Inx/x.))?/ 2w?)] Equation 7

where A4 is the area under the curve, w is the log standard deviation and x. the position of the
center of the distribution. The log-normal function was used to fit the histogram of DLS

diameter values.

The Gaussian fitting function of OriginLab® is:

Ao

Y= wy/m/(41n2)

where A, is the area under the curve, w is the standard deviation and x. the position of the

exp(—41n2 (x — x.)%/w?), Equation 8

center of the distribution. The Gaussian function was used to fit the histogram of zeta potential

values.
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Optical Microscopy. The optical microscopy images were recorded using an Olympus BX51
microscope (50x and 100x objectives), equipped with a color (Retiga 4000R, QImaging) and
a monochrome (01-QI825-M-16-C, QImaging) digital CCD cameras. The bright-field images
(in transmission and reflection modes) were acquired under white light (DC regulated
illuminator, DC-950, Fiber-Lite), UV (LED light, LLS-365, Ocean Optics, emission at 365 +
25 nm), or NIR (CW laser diode at 980 nm, PSU-H-LED, CNI Lasers) irradiations. A scheme

of the setup is presented in Figure 5a.

The laser beam homogeneity was measured using a procedure described elsewhere [*] Figure
6. The power density of each pixel (Pp) was obtained by the ratio between the measured power,
using a power meter (FieldMaxII-TOP OP-2 Vis, Coherent), and the area of a single-pixel
(6.45%6.45 um?) of the CCD camera (BC106NVIS/M, Thorlabs). In the region of the inset of
Figure 6, the mean value + standard deviation of Pp, considering only values higher than 36.8%

of the maximum intensity (i.e., 1/¢), is 0.25+0.02 W cm 2,

Figure 6. Power density profile of the 980 nm laser beam. The inset presents the beam region used to
irradiate the samples in the hyperspectral images. Adapted from reference.[”)

Hyperspectral Microscopy: The hyperspectral microscope images were performed with a
digital camera (IPX-2M30, Imperx) coupled to a spectrograph (V10E 2/3", Specim, 30 pum slit,

nominal spectral range of 400—1000 nm, and nominal spectral resolution of 2.73 nm). Each
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pixel field-of-view of the hyperspectral images recording with the 100x objective corresponds
to 129x129 nm?, on the plane of the samples. The hyperspectral scanning is performed line-
by-line, with a total of 696 lines using an exposure time of 3.0 s per line. All the hyperspectral

data were acquired and analyzed using the ® ENVI 4.8 software.

3D imaging system. The 3D images were created using the custom CytoViva Acquisition
Software by acquiring 320 optical microscopy images (2D optical sections), with the
monochrome digital CCD camera, at different surface depths using an automatic piezo-driven
z-axis platform (Nano-Z Series, Mad City Labs) and a distance between optical sections (Az)
of 200 nm (Figure 5b,c). For the nuclei of the cells, the 2D optical sections were recorded in
bright field reflection mode under UV irradiation. The images were obtained by deconvolution
assuming that the optical path through the instrument is optically perfect and convoluted with
a point spread function (PSF), i.e., a mathematical function describing the distortion of the
optical path by a point source of light through the instrument. The used PSF is based on the
numerical aperture and index of refraction of the objective, the refraction index of the medium,
and the 4,6’ -diamidino-2-phenylindole (DAPI) emission wavelength. For the nanoparticles, the
2D optical sections were recorded in dark-field transmission mode using the CytoViva
enhanced dark-field illumination system (CytoViva, Auburn, AL, USA), under red light
illumination. The irradiation band (552-592 nm, peak at ca. 580 nm) was achieved by filtering
the white light from the illuminator (Lumen 200, Prior) by a dual-mode fluorescence module.
The location of the nanoparticles uses their scattering intensity since the regions where the
nanoparticles are located are those presenting higher scattering intensity (Figure 26). The
positions of the particles are detected searching along each column of pixels - that result from
the stacking of the images acquired along the z-axis - the localization of the object with the

highest scattering intensity. The pixel with the highest intensity is considered as the location of
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the center of the nanoparticle and is represented in the 3D image by a sphere. Only the pixels
with intensity above a certain threshold were considered to eliminate the contribution of the

background signal.

The biological assessments for the cell lines were conducted in collaboration with Dr.

Helena Oliveira’s group, in the Deparment of Biology at University of Aveiro, as follows:

Cell lines and culture conditions. Human melanoma MNT-1 cells were kindly provided by
Manuela Gaspar (iMed.ULisboa, Portugal). A375 cell line was purchased from the European
Collection of Authenticated Cell Cultures (ECACC) and supplied by Sigma-Aldrich (Spain).
MNT-1 and A375 cells were aseptically grown in Dulbecco’s modified Eagle’s medium

DMEM), supplemented with 10% FBS, 2 mM I-glutamine, 100 U/mL penicillin-100 ug mL!
p He

streptomycin, and 2.5 pg mL™! fungizone in a humidified incubator at 310 K and 5% CO..

Viability assessment. The effect of the nanoparticles on cell viability was determined by the
colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay,
which measures the formation of purple formazan in viable cells [¢!! following the norm ISO
10993-5:20099(en) 1921, MNT-1 and A375 cells were seeded in 96 wells plates. MNT-1 were
seeded at 3500 and 2000 cells per well for 24 and 48 h exposure, respectively, while A375
were seeded at 3500 and 2500 cells per well for 24 and 48 h exposure, respectively. After
adhesion, cells were incubated for 24 and 48 h with (Gdo.97Ybo.02Er0.01)203 nanoparticles at 0,
12.5, 25, 50, 100, and 200 pg mL™!. Control cells were incubated with a culture medium. At
the end of the incubation time, the wells were emptied, washed with the phosphate-buffered
saline (PBS) solution to remove the remaining particles, and a fresh medium (100 pL) was
placed in each well. After that, 50 uL of MTT (1 mg. mL™! in PBS) was added to each well

and incubated for 4 h at 310 K in a 5% CO; humidified atmosphere. Thereafter, the culture
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medium with MTT was removed and replaced by 150 uL. of DMSO to dissolve the formazan
crystals. The absorbance was measured with a plate reader (Synergy HT Multi-Mode, BioTeK,
Winooski, VT) at 570 nm with blank corrections. The cell viability (V) was calculated, with

respect to the control cells, using:

A;— A
V(%) =—— DMS9 « 100% Equation 9
Ac — Apmso
where A, Apmso, and A, are the values of the absorbance of the sample, DMSO, and control,

respectively.

Statistical analysis of cellular viability. The statistical significance of disparities between
control and exposed cells was evaluated by one-way ANOVA, followed by Dunnett’s test using
the Sigma Plot 12.5 software (Systat Software Inc.). A value of p < 0.05 was considered

statistically significant.

Microscopy sample preparation. MNT-1 cells were grown on glass coverslips and cultured in
the presence of the (Gdo.97Ybo.02Er0.01)203 nanoparticles at 25 and 100 ug-mL™! dispersed in
culture medium, for 24 h. After that, cells were fixed with 4% paraformaldehyde in PBS for 10
min. Following washes with PBS and deionized water, coverslips were mounted onto glass
slides with 4°,6-diamidino-2-phenylindole (DAPI)-containing Vectashield mounting medium

(Vector Labs).
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3.7. THERMOMETRY BASED ON EXCITATION SPECTRA.

3.8. THERMOMETRIC PARAMETERS BASED ON EXCITATION

SPECTRA OF LANTHANIDE IONS: THEORY.

Consider a system with a manifold of low-lying states a, b, c, ..., (in increasing order of
energy) denoted collectively as «, and a set of high-lying excited states e, f, g, ... (in increasing
order of energy), named 5. Some of these low-lying states e.g., a, b, c, are thermally coupled.
Thus, an excitation spectrum monitored at a given emission wavelength related to the emission
from state e will have bands corresponding to transitions from the thermally coupled states
(e.g., a, b, and c) to some of the high-lying excited states (e.g., i, and j). In addition, the energy
separations between adjacent levels in @ and 8 are larger than 10000 cm™1. With these energy
separations, the transitions within the manifold ¢ and within the set § are dominated by

nonradiative decay rates, W,., which can be expressed as [©31:

Ce—aAE

VVnr(T) - [1 — e_vmax/(kBT)]AE/Vmax Equation 10

where C and a are positive-definite constants characteristic of a given material at low
temperatures, AE (in cm™1) is the energy separation between the states, ¥, (in cm™?1) is the
maximum phonon wavenumber, and kg (= 0.695035 cm™! K™1) is Boltzmann constant.
Adjusted values of V., C, and a for some matrices (crystals) are available [*4], for instance,
they are, respectively, 175 cm™1, 1.2 x 101° s71 and 1.9 x 10~2 cm for LaBr; and 400 cm™1,
3.5x 107 st and 3.8 X 1073 cm for LiYF4. As a result, transitions between states within «
and f will be dominated by nonradiative rates between adjacent levels, whereas transitions
from B to @ will be dominated by radiative rates and will be much smaller than those within «

and B. An energy level diagram with the most relevant transitions is depicted in Figure 7.
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Figure 7. Simplified energy level scheme used to describe the excitation spectrum from a manifold of
low-lying, denoted collectively as a, where o = a, b, c, ... (in increasing order of energy), to a set of
high-lying excited states, denoted collectively as 3, where B = e, f, g, ... (in increasing order of energy).
The low-lying levels a, b, and c are thermally coupled. Dashed arrows represent nonradiative transitions
and solid arrows correspond to radiative transitions. Source: Author.

The low-lying states a, b, and c are thermally coupled because the energy separations
between them are small (usually < 1500 cm™1), thus, the decaying rates are very large and
thermal excitations (backward transitions) are also necessary and should have large rates to
ensure thermal equilibrium. Thus, only these states should contribute to the excitation spectrum
because their sizable thermal populations ensure that enough ions can be excited, whereas their
thermal couplings ensure they are repopulated fast enough so that steady-state emission can be

reached.

In addition, the bands in the excitation and emission spectra should be narrow so that,
despite the energy separation between the states being small, they do not overlap. All these
requirements are fulfilled by some lanthanide ions, for instance, Eu(III). Indeed, spectral bands
of Eu(Ill) based compounds and materials are narrow and almost no-overlaps are observed.

This ion presents a manifold of low-lying levels with the following energies: “F, 0.0, ’F, 372,
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’F, 1026, "F5 1666, "F, 2823, "Fs 3849, and "F¢ 4907 cm~! as well as a set of high-lying
excited levels: °D, 17293, °D; 19027, 5D, 21483, 5D 24355, °Lg 25325 cm™1, ... obtained
for the free ion in LaFs crystal [%°], Due to the special features of the lanthanide ions, these
energy levels remain practically with same energies in different environments, including
complexes with organic ligands, crystals, nanoparticles, coordination polymers, etc. in fact,
these values differ less than 2% (except for “F3) compared to those of the free ion [°® for the
manifold 7F; and less than 0.5% for the manifold 5D ; and other high-lying excited states. It
can be observed that the energy separations between the adjacent levels vary from ca. 370 to
2900 cm™! and that that “F,, “F;, and “F, levels are thermally coupled at temperatures up to
400 K, and above this temperature, the “F5 level may be considered thermally coupled. Thus,
it is usual to observe excitations from ’F, and ”F; levels, as well as from ’F, level in favorable
cases. These excitations can be monitored at ca. 615 nm corresponding to the °Dy, — ’F,
transition, because it is most intense. However, for reasons of spectral window or specific
applications, it can be monitored at ca. 700 nm corresponding to the °D, — ’F, transition. For
some matrices with small nonradiative decays within the set of excited states, emissions from
D, and possibly °D, can also be observed, which will be relevant for a calibration free

thermometer.

The intensity, I,z, of an emission from an excited state e within set 8 to a given state
within manifold «, is proportional to the product of the radiative emission rate from e level,
A,, and the number of the emitters in e state, N,(a — ), when the excitation occurs from a
state in manifold a to a state in set §, i.e., Ioz X A.Ne(a — ().I¢7] The intensities of the
transitions in the excitation spectrum are proportional to the areas of the respective bands in
the spectrum, where the proportionality constant depends on the experimental setup (e. g., slits,

geometry, detector, excitation source, etc.). If all experimental parameters are maintained fixed
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while the excitation spectrum is recorded, then the ratio of the excitation intensities becomes

ap

the ratio of the respective areas. So, taking the thermometric parameter A 8

» as the ratio of Ip

and /5 integrated intensities in the excitation spectrum yields,

A = Lap avp _ Ne(a—pB)

Ul’ﬁ’ = Ia,B, = Scei(_)ﬁ, - Ne(a/ N 'BI)

Equation 11

where Sg% 5 and S57 g are the areas under the bands associated with @ — f and a' - p

transitions, respectively, in the excitation spectrum. Because the Iog and I,/ intensities are

monitored at the same wavelength with the same experimental parameters, the proportionality

constant and the radiative emission rate A, cancel in the ratio and justifies the last equality in
Equation 11. It is noteworthy that the thermometric parameter Agf 5/ in Equation 11 is independent

of the mode of acquisition (rate of energy or of photons) of spectra. Under continuous
excitation, N,(a¢ = B) and N,(a’ = '), appearing in the Equation 11, become the number of
the emitters in the emitting e level at steady-state when the excitation leads to the @ — £ and

a' = B’ transitions, respectively.

The number of ions at each state is governed by a set of rate equations, which relates
the rate of change of the number of ions with the net pathways that populate and depopulate
that level. These rate equations can be setup for the energy levels and transitions depicted in

figure 2, which yield (see Annexes 9.1. page 106)

e.f.g,.-ab,c,..
dN,(t) B dNﬁ (®) B z
dt dt

kBIIaIINBH (t) — ka’ﬁ'Na'(t) Equation 12

where N, (t) and Ng(t) are the sum of the number of ions in the @ manifold of low-lying states

and in the [ set of high-lying excited states, respectively, i.e.
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ab,c,.. e.f.g,.

N,(t) = N (1), Ng(t) = N (t) Equation 13
B
a/l BII

Notice that the rates of change of the total number of ions in @ and § depend only on

the decaying rates from the f set to the @ manifold, kgr,, and on the excitation rate kg7 p.

This is valid, despite the complexity of the energy level diagram and transitions in Figure 7,

including the forward and backward transitions amongst the thermally coupled levels.

At the steady-state regime, the rates of change become null, that is, dN,/dt = dNg/dt = 0,

and the following expression can be obtained for the number of ions in the emitting level, N,,

f.g, abc,..
! ! . b
keaNe(a' — B') = ka'ﬁ'Na’ - Z Z kﬂ”a’lNﬁu = k?{liﬁlNau
,3” all
Equation 14
ab,c
kea = kea//

where the number of ions in each state are constant or no longer dependent on time.

Considering that the excitation source is not too powerful, the number of ions in the
high-lying excited states f, g, ... are then vanishing small, because the transition rates from

high-lying excited states kg, are much smaller than the decay rates within the set of excited

states kgpr, which justifies the approximation in Eq. 11, where the rate associated with the
a' = B’ excitation, kf{tf’i g has been made explicit. Under these assumptions, the thermometric

parameter defined in Eq. 8 becomes,

AT s Ne(@a-p)  ki2pNg
“B Saig Ne(@ > B') kS Ny

Equation 15

where N, and N, are the number of ions at steady-state regime upon continuous excitation

from a and a' states, respectively. It is important to realize that « and a’ states are thermally
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coupled and considering that the continuous excitation at each wavelength is turned-on long
enough to stablish thermal equilibrium at temperature 7 and the steady-state regime, then the
fraction of ions (or population) in the thermally coupled states follows the Boltzmann

distribution,

N_ = gae_Ea/(kBT), Nt.C. = Z Na,r/ Equation 16
t.c.

where N, . is the total number of ions in the sample that are in thermally coupled (t.c.) states,
Ja and E, is the degeneracy (2] + 1) and energy of a specific state of « set, labeled as a, kg
is the Boltzmann constant. Notice that because the populations of the thermally coupled states

depend only on the temperature, then N, . is the same for any excitation.

In addition, this derivation of the thermometric parameter considered the ions (or
optical centers) to be independent and isolated. However, for real samples, the ions are placed
in a material medium matrix with a refractive index, n, which alters the speed of light and

affects the transition rates and measured quantities by a dielectric correction y,_,z(n). This

correction depends on the process or quantity such as absorption, spontaneous emission, cross
section, or oscillator strength as well as dipole character, namely, electric dipole (ED) and
magnetic dipole (MD) [%8], This is the reason to introduce an explicit dependence on the process

(e.g., abs) and on the transition mechanism in the dielectric factor, for instance, y23%(n) or

X388 (n), as well as on the transition rates, e.g., kgtlfﬁ in Eq. 11. The k;tl,sﬁ transition rate should

be replaced by k355 /x3%% (n), namely,

abs

k
k2abs —>Lﬁ, Equation 17
P xEs ()

where the dielectric correction )(29,5[; (n) corresponds y3B5(n) or yabS(n) when the a - f8

transition has an electric dipole (ED) or magnetic dipole (MD) character, respectively. This
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dielectric correction takes into consideration the changes of the speed of light in the medium
as well as the effects of the local field on the electric dipole. For absorption, these dielectric

factors are [08!

2

2
n + 2 '
X (n) = ndxy,(n) = n® ( 3 ) and y2b(n) = n® Equation 18

where y;, is the local field effects on the electric dipole and the approximation is related to the
Lorentz model %%, Expression of these dielectric factors for emission, cross section, and

oscillator strength [°8] can be found in the Annexes.

Thus, the thermometric parameter in Eq. 12 becomes,

aB 53113 aB _—AE_ _r1/(kgT)
Aalﬁl = Zex =A ﬁ'e aa B,
a'—p’

Equation 19

where AE,,» = E, — E is the energy difference between the low-lying a and a' states, and

the pre-exponential factor, Az,ﬁ ry 18

abs abs

—)ﬁga Xa —>ﬁ (n) .
, y=fn)—— ka , f(n) = Equation 20
«k 3bi3'g ;Esﬁ( )

where f(n) is the dielectric factor, which is 1 when both @ — 8 and @’ — B’ transitions have
the same character, whereas transitions with distinct electromagnetic character it becomes
dependent on the refractive index varies with temperature, in principle, f(n) would be
temperature dependent. It is noteworthy that f(n) has a weak dependence on n, for instance, a
variation of ca. 6.5% in the refractive index around a typical value of 1.55 causes a variation
of only 1.2% in the dielectric factor. In addition, the variation of the refractive index with
temperature is very small, which can be estimated by the thermo-optic coefficient [* of the

material. At constant pressure, the thermo-optic coefficient is the derivative of the refractive

index with respect to the temperature, 3—, which varies from ca. 10™* to 107¢ K~ [, For
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typical oxides, the thermo-optic coefficient is ca. 10™> K1 that yields a variation of ca. 0.2%
in a refractive index of 2.0 when the temperature increases from 0 to 400 K. As a result, the
expected change of the refractive index with the temperature varying from cryogenic values to
400 K is less than 1%, which causes a negligible variation of the dielectric factor. Thus, f(n)
in the pre-exponential factor of the thermometric parameter can be considered independent of

the temperature.

It can then be predicted from the thermometric parameter in Figure 15 that, for a # a',
a plot of the logarithm of AZF g1 Versus the inverse of temperature, 1/T, should be linear with

slope proportional to AE,,, as long as the energy difference AE,/, remains constant in the

temperature range. The proposed thermometric parameter becomes predictable or primary if

abs

the absorption transitions rates, k.5, in the pre-exponential factor can be determined. This

abs

can be obtained by relating kg”; with the corresponding stimulated, kSHm

p—q-> and spontaneous,

Ap_.q, emission rates, which could then be determined from the emission spectrum. So, the

thermometric parameter becomes,

ex

Aaﬁ — Saﬁﬁ — Aaﬁ

a'B T gex 5 - a'ﬁe_AE““'/(kBT) Equation 21
a —
where
Al = fm) Sgoa(power) Vap Spoq(photon counting)
“f Spoer (power) B Va'g Spog (Photon counting)’

Equation 22

f£(n) = th’)iﬁ( )

ZES/; (n)

which has calibration completely predictable from the emission spectrum that provides the ratio

em

S d . . . v ! .
Sfm“, from tabulated values and from the excitation spectrum that gives v“ £ in the case of
B_’a’ (ZB

50



photon counting measurements, and from the refractive index n in the expression of the

dielectric factor f(n). Detailed derivation can be accessed from Annexes.

Thus, the accuracy of the predicted temperature can also be estimated from the pre-

exponential factor A and energy difference AE, namely

AE

T = e ma/n

Equation 23

This shows that the uncertainty in the predicted temperature depends linearly on the
energy difference AE and has a logarithmic dependence on the pre-exponential factor A and
the measured thermometric parameter A. As a result, the accuracy of the temperature is also

fully predictable, and less prompted to errors from the measured quantities A and A.

To evaluate the performance of a thermometer based on a thermometric parameter A,
the following quantities or parameters must be used: relative thermal sensitivity, spatial and
temporal resolution, repeatability, and reproducibility [*3. One of the most used parameters is
the relative thermal sensitivity (S;) of the thermometer, that for the proposed thermometer is

also predictable. The relative thermal sensitivity, Sy, is given by 32,

1dA
= _|—= Equation 24
St =12 |dT k
Assuming that A is independent of the temperature, leads to
, 1 AE
50¢ = ap |dAZF31/dT| = kB(’;f; Equation 25
aI‘BI

which is fully predictable by knowing AE , . and it is independent of the pre-exponential factor
of the thermometric parameter. This prediction can be tested by measuring the excitation

spectra of Eu(III) based compound or material at different temperatures. Taking the (numerical)
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derivative of the thermometric parameter at each temperature, the experimental relative thermal

sensitivity can be obtained and compared to that predicted by the thermometric equation.

For the proposed thermometer, the self-referencing can be considered, for the general

case, as for @ = a', which implies E,,» = 0, and it can be predicted that the thermometric

aB
parameter A 5’ becomes

Equation 26

which should be constant or independent of temperature and thus could be employed for self-
referencing. This prediction can also be tested by measuring the excitation spectra of Eu(III)

based compound or material at different temperatures.

Another feature of these thermometric parameters based on the excitation spectrum is
the cross-validation. For instance, choosing an appropriate Eu(IIl) based compound or material,
where the emission from the D,y and °D; excited states (e.g. Dy — “Fg 1, and °D; —
"Fo12) are observed and quantifiable as well as the excitation transitions Fy; — °D, and
"Fo1 — °Dy, then the thermometric parameters A) and A§} can be promptly obtained, which
would predict the same temperature and thus providing cross-validation. In fact, the "Fo; —
®D, and “Fy; — °Dj transitions are commonly observed in the excitation spectra of several
Eu(Ill) compounds and materials and the emissions *Dy — Fy; and ®*D; — 7F,; can be

observed in compounds with low phonon frequencies, which decreased the nonradiative decay

D, — °D,.

As a result, the excitation spectrum of Eu(Ill)-compounds and materials is robust,
simple, and versatile approach to thermometry at nanoscale with complete predictable

calibration, relative sensitivity, and accuracy.
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Despite significant advancements, only a limited number of primary thermometers have
been developed thus farl'S], relying on the temperature-dependent characteristics of emission
features, such as the peak energy of semiconductor nanoparticles(!®! or the intensity emissions
of Ln(III) states in thermal equilibrium!!'® 7], These primary thermometers are equipped with
a known thermometric equation that establishes a quantitative relationship between A and
temperature (T), incorporating well-defined physical constants!!'’> 7¢I This capability
addresses the primary limitation of secondary thermometers, namely the need for recurrent
calibrations when used in different medial®, exemplified by the ideal gas thermometer's
equation linking temperature to measurable quantities such as pressure, volume, and amount

of substance, alongside the molar gas constant(’!].

These ratiometric luminescent primary thermometers can be categorized into primary-
T and primary-S types (Figure 8). Primary-T thermometers rely on a thermometric parameter
A, determined at a known temperature T,l!''® 172 17¢-€l " often utilizing the ratio of integrated
emission intensities of specific transitions of Ln(III) ions. In contrast, primary-S thermometers
involve a pre-exponential factor (A) calculated from additional spectral measurements!! 7%,
Notably, established primary-T thermometers employ the ratio of integrated emission
intensities of specific transitions of Er(IIl) as the A parameter, determined by observing
decreasing laser power density at a known temperature T, until heating effects become
negligible. On the other hand, primary-S thermometers, exemplified by the first likely example

employing the ratio of emission intensities of Eu(IIl) transitions, determine A from spectral

ratios in the emission spectrum!!’¢],

Regarding primary-S thermometers, the initial probable instance utilized the ratio of the
emission intensities of the Eu(IIT) >Do—’F4 transitions when the Dy level is populated from
the thermally coupled "Fo, 'F1, and "F levels. It was applied in Y2Os:Eu(IIl) nanocrystals using

the Lorentz local-field correction, which relies on the refractive index, for the areas(!’?!. The
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pre-exponential factor A in A was derived from the ratios of the areas of the >Do—’F; or
SDo—"Fy transitions in the emission spectrum[!’®l. This approach most likely prompted
investigations into ratiometric thermometric parameters based on the excitation spectra of

Ln(III) ions.

Following the approach, it was proposed two new primary thermometers. The so called
primary-T which requires a known temperature to be calibrated. The other one primary-S is
calibrated using the combination of emission/excitation spectra and, therefore, does not require
a known temperature for its calibration. The thermometric equations are shown in the Figure 8
which also illustrate the proposed concept of these primary ratiometric luminescence

thermometry.
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Figure 8. The proposed concept of primary ratiometric luminescence thermometry. Room-temperature
(300 K) (a) excitation and (b) emission spectra of the Eu(hfa);bpyO, complex 1 monitored at 700 nm
and excited at 338 nm, respectively. The thermometric parameters A; are obtained as ratios of the
integrated areas in the excitation spectrum, corresponding to upwards transitions presented in the
simplified energy scheme (exemplified for A;). (c) Proper choices of these ratios yield constant
(temperature-independent) A; that are employed as self-reference. For primary-T thermometers, A;q are
the thermometric parameters at a known temperature T,. For primary-S thermometers, the pre-
exponential factors A; are obtained from the emission spectrum, represented by the downwards arrows
in the energy diagram presented in (d). For all thermometers, AE; is the energy difference between the
initial levels. Source: Author.
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3.9. THERMOMETRY BASED ON EXCITATION SPECTRA:

EUT) COMPLEXES AND NANOPARTICLES.

Before testing these predictions and the proposed primary thermometers, it is important to
analyze some properties of complexes and inorganic nanoparticles suitable as thermometers.
The most relevant feature of the Eu(Ill) based compounds is the presence of bands in the
excitation spectrum associated with ’F ; , — °Dy ; , transitions, which span the spectral range
of ca. 450 to 630 nm. For instance, the ’F, — 5D, (460-470 nm), ’F; — °D; (530-540 nm),
and ’F, — °D, (610-625 nm) transitions have forced electric dipole character and are
hypersensitive, whereas ’F; — 5D, (585-600 nm) and ’F, — °D; (520-530 nm) are pure
magnetic dipole transitions and have intensities that are practically independent of the
environment 7?1, For the free ion, the energy differences are AE,; = 379 cm™!, AE,, =
1043 cm™1, and AE;, = 664 cm™! between “F, “F;, and “F, levels.l%! Thus, it is expected
that excitations from ’F, of Eu(IIl) would be observed only at near or higher than room
temperature. For complexes, the ligands usually have intense and broad excitation bands that
could overlap or even completely mask several 4f-4fbands. For instance, the excitation spectra

of Eu(hfa);bpyO> complex at temperatures ranging from 12 to 340 K are illustrated in Figure 9.

In this work it was analyzed three systems. The first one was Eu(hfa)sbpyO. a B-
diketone complex with the synthesis described in the experimental session. This complex was
fully characterized. The other one was a oxyfluoride bismuth nanoparticle doped with Eu(III),
the synthesis and structural and optical characterization was described in details by Zanella and
collaborators [*31. The Table 1 below summarize these two systems as well as the type of
spectrum (excitation or emission), spectral range used to obtain the thermometers, and the

temperature range used to acquire the spectra (excitation or emission). A third system that will
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be presented and discussed in detail in the following section is yttrium oxide, Y203,

nanoparticle doped with Eu(III).

Table 1. List of systems, spectrum type, spectral range, and temperature range from the
samples analyzed based on Eu(III).

System Spectrum type Spectral range (nm)  Temperature range (K)
Eu(hfa);bpyO, complex Excitation/emission 450-600 12-350
BiF; nanoparticles Excitation/emission 450-570 12-340
— 12K
L TFo == SD: 25 K
50 K
0.8 — 100 [\’
- 150 K
Z . 200 K
S 06 & 250 K
= T 275 K
g ) ) —— 300K
= 04 3 T 8 o —— 310K
= o e i
& L I 1% & 2 —— 30K
— Ex. £x, - w T »
7z o . S 1 .'5.3() [\’
- T T f-'.':l —— 30K
ey IS
50 500 550 600 650

Wavelength { nm)

Figure 9. Excitation spectra of the Eu(hfa);bpyO. complex 1 monitored at 700 nm at several
temperatures from 12 to 340 K, from 450 to 650 nm spectral region. Source: Author.

For the Eu(hfa);bpyO. complex, the excitation bands of the ligands (obtained from
excitation spectra monitored at 700 nm) do not interfere into the bands associated with 4f-4f
transitions (Figure 9) with wavelengths longer than 450 nm. Therefore, by monitoring the
excitation spectra at ca. 700 nm (°D, — ’F,), the transitions to the 5D, level can be observed

as shown in Figure 9 for the Eu(hfa);bpyO> complex.
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Despite being the least intense bands, the “Fy 1 , — °Dj, transitions are observed when
monitoring the excitation spectra at ca. 700 nm, which could be used to predict the temperature
because the corresponding transitions *Dy — ”Fg; , in the emission spectrum are observed
(primary-S thermometers). Indeed, these three thermometric parameters: A} =
S7r,—5py/ S7hysp,s D30 = S7p, sp,/S7h, sp,» and Azp=S7E s /S7E sp, should
predict the same temperature, denoted as T,,, which can be determined from the areas of the
corresponding emission bands (see Annexes). As a result, it could be used to determine the pre-
exponential factor of other more accurate or sensitive thermometric parameters such as AJZ =

578, 5D, /75, _sp, Of Agi=S7E _sp /S7F _sp, or even the hypersensitive transitions
A = S7F 5D, / S7F _,sp, - For instance, the pre-exponential factor of the latter thermometer
is
A} = A3 (T, ) For/ (keTo) Equation 27
where T, is the predicted temperature by primary-S thermometric parameters, e.g., A}S, A3S or
A%, and A9? is the thermometric parameter (ratio of the areas Sy~ 7Fo—5D, /S 5;‘1_)5131) determined

at Ty. This is valid for transitions from the Dy level in the emission spectra to “F ; , levels.

On the other hand, if the emissions from the °D; and °D, Eu(IIl) excited states can be
observed, then the thermometric parameters Aj: or A%3 mentioned above could be employed
to predict the temperature (primary-S). Indeed, inorganic matrices are quite suitable for this
application because the presence of high energy phonons could be avoided, thus allowing
emission from °D; and °D, levels to be observed. For instance, bismuth oxyfluoride
nanoparticles, 0-BiOyF3 2y, doped with [731 Eu(IIl) ions present typical excitation band 4/-4f
bands in addition to an intense broad band centered at 275 nm assigned to a ligand-to-metal

charge-transfer band associated with O>~ and Eu(III) ions, monitored at 591 nm (°D, — ’F,
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transition). The emission spectrum, upon excitation at 393 nm (’F, — SLg¢ transition), in the
570-700 nm region, presents bands assigned to typical D, — 7F] with J = 0 to 4 transitions
as well as bands associated with °D; — 7Fg 1, and °D, — 7F; transitions ["*\. Eu(III)-doped
bismuth oxyfluoride nanoparticles (e.g., BiF3:Eul as 1% Eu(IlI) doping BiF3:Eu5 as 5% Eu(III)
doping) were prepared by Zanella et al. 1331 from the Department of Molecular Sciences and
Nanosystems from Ca’ Foscari University of Venice and were chosen to test and validate this
new excitation thermometer because in addition to their photophysical properties, they are
simple, fast, and reproducible to synthesize with quantitative doping with Eu(IIl) and average
crystallite values of 80 and 81 nm, which agree with the average sizes of 81 £ 5 and 87 + 8§ nm
determined from SEM micrographs. Excitation spectra of BiF3:Eul (1% Eu(IIl) doped)
nanoparticles monitored at 612 nm at several temperatures ranging from 50 to 340 K are

illustrated in Figure 10. Notice that emissions from the >D; Eu(III) level are observed [*3],
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Figure 10. Excitation spectra of BiF3:Eul nanoparticles monitored at 612 nm at several
temperatures from 50 to 340 K. Source: Author.
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3.10. THERMOMETRY BASED ON RATIOMETRIC INTENSITY IN

EXCITATION SPECTRA OF LANTHANIDE IONS: VALIDATION.

The predicted linearity of the logarithm of the thermometric parameter and the inverse of
temperature according to Equation 15 has been observed for several transitions from excitation

spectrum in different complexes and nanoparticles (Figure 11).

0 Eu(hfa);(bpyO,)
mer . . m A =7F>%D,/'F;—>°D,
3.0 . f = A="F—>%D,/'F—>°D,
o A = TFg=>5D,/"F D,
2,0 ]
' C = A=7F,—-°D,/F,—>°D,
104 A = "F,—>°Dy/'F—>°D,
- ;?ﬁ ig . . . = A=T"F—>°D,/'F,—>°D,
0,0 1 ] . A ="F,—>°D,/"F—>°D,
i . = A="F,—>%Dy"Fy—>°D,
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[ |
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Figure 11. Arrhenius plot of the thermometric parameter A for the Eu(hfa);bpyO, complex between 100
and 330 K (excitation spectrum monitored at 700 nm) (a) and BiF3:Eul nanoparticles between 50 to
340 K (b). Source: Author.
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For the Eu(hfa)sbpyO> complex the excitation spectrum (see Figure 9) monitored at 700
nm at several temperatures from 12 to 340 K show well defined bands at 525 and 534 nm
assigned to the ’Fo — °D; and "F; — 3D transitions 6] respectively. These bands do not
overlap with the ligands and their integration (522 and 527.5 nm, and from 527.5 to 544 nm)
can be performed directly to provide the thermometric parameter A}]. A plot of In A}l vs. 1/T
for the temperature range from 200 to 320 K yields a straight line with slope —AEy, /kg =
—553 +37.3K and correlation coefficient R? = 0.965. The estimated value of AEy; =
(553 K) x (0.695cm™1 K™1) =384 cm™! coincides almost perfectly with the energy
difference of 379 cm™? of the free-ion levels ’Fy and 7Fo for Eu(III).1] The intercept is In A} =
4.48 4+ 0.14, then A} = 88.2. Also, the predicted relative sensitivity is obtained from Equation
24as, S, = (AEy; /kg)/T? = (55200/T?)% K1, that yields S, = (5.1 — 0.8)% K~ ! forT =
100 to 330 K. However, because the emissions from the °D; level could not be observed, this

pre-exponential factor could not be determined (Figure 12a).

As mentioned, this linear behavior of In A versus T~ is predicted as long as AE is
constant (independent of the temperature). However, the thermal expansion/contraction can
affect the energy difference and cause deviation from linearity "4, Indeed, if the behavior of
InA versus T~ is analyzed in a greater temperature interval (12 to 330 K), the correlation
coefficient R? = 0.99252 and the slope yields estimated value of AEy; = 340.4 cm™2, in poor
agreement with the free ion value (Figure 12b). Other parameters, experimental setup and/or

selected systems can provide better results.
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Figure 12. Linear fit of the logarithm of the thermometric parameter A}l obtained from excitation
intensities of the 'Fi — °D; (S$¥) and 'Fo — °D; (S$¥) transitions monitored at 700 nm in the
Eu(hfa);bpyO, complex as a function of the inverse of temperature at several temperatures from (a) 200
to 320 K (estimated value of AEy; = 384.5 cm™! and correlation coefficient R? = 0.965) and (b) 12
to 330 K (estimated value of AEy; = 340.4 cm™?! and correlation coefficient R? = 0.9925). Source:
Author.

Assuming that A is independent of the temperature (Eq. 16), S, is fully predictable by
knowing AE . (Eq. 22) and it is independent of the pre-exponential factor of the thermometric
parameter. As a result, for example, the thermometric parameters A3} and A% must have the
same relative sensitivity (e.g. AEy;/kg = 545.3 K [l whereas A1 and A% must be almost
three times more sensitive, AEy,/kg = 1500.6 K) [%¢]. This prediction was tested by measuring
the excitation spectra of Eu(IIl) based compound or material at different temperatures. Taking
the (numerical) derivative of the thermometric parameter at each temperature, the experimental
relative thermal sensitivity can be obtained and compared to that predicted by the thermometric
equation, as shown, for example, for thermometric parameter A}] obtained from ’F; — °D; and

"Fo — 3D; transitions monitored at 700 nm for the Eu(hfa);bpyO, complex as a function of the

inverse of square temperature at several temperatures (Figure 13 and Figure 14).
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Figure 13. Relative thermal sensitivity (S;) obtained for the thermometric parameter Ayl ('Fi — °D;
and 'Fo — °D; transitions monitored at 700 nm) for the temperature interval from 100 to 330 K,
considering the adjusted value of AE = 358.5 cm™? for the Eu(hfa);bpyO, complex as a function of the
inverse of square temperature. Source: Author.
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Figure 14. Relative thermal sensitivity (S;) obtained for the thermometric parameter (a) A} ("F1 — *Dy
and 'Fo — °Dy transitions monitored at 700 nm) for the temperature interval from 200 to 340 K, and
considering AE = 232.5 cm™?; and (b) A} ("Fi1 = Dy and "Fo — °Dj transitions monitored at 700 nm,
excluding the temperature of 50 K) for the temperature interval from 100 to 330 K, and considering the
adjusted value of AE = 325 cm™1, for the Eu(hfa);bpyO, complex as a function of the inverse of square
temperature. Source: Author.
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It is noteworthy that the pre-exponential factor A ; 8

can be obtained independently

from the emission spectrum at the same temperature, whereas the exponent AE ,,//kg can be
obtained directly from the excitation spectrum or from known values for the free ion (e.g.,
AEy, /kg = 545.3 K, [9] for A19). Note that the dielectric correction is practically independent
on the temperature because the thermo-optic coefficients (dn/dT) are very small for these
solid samples. Thus, for example, the thermometric parameter A9 has a fully predictable
calibration, as long as the °D; — ”F, and °D; — ’F; transitions are quantified in the emission
spectrum. In addition, this thermometric parameter has predictable relative thermal sensitivity

and calculable accuracy.

In fact, other excitation transitions such as ’F, — °D, (S7F _,sp.) (FED, 570-585 nm)

0
and ’F; — 5D, (S7p _5p,) (MD, 585-600 nm) or "Fy — Dy (S7g,_sp,) and "F, — D,
(S7g ,—sp,) (FED, 605-625 nm) can provide thermometric parameters Ay =
S7F 5D, /S7F _,5p, Of A = S7F 5D, /S7F _,sp,» respectively, that have predictable

calibrations, relative sensitivities, and accuracies, if the reverse transitions are observed in the
emission spectrum. Therefore, the excitation spectrum can provide several thermometric

parameters with known and general expressions A = Ae ~2E/(ksT),

Thus, the temperature predictions were obtained from Equation 23 for all selected systems
from different thermometric parameter. For example, for the A}d obtained from excitation

spectrum monitored at 700 nm for the Eu(hfa)sbpyO, complex at 300 K (Figure 9),

ex

S7F1—>5D0 0.11680
S7F —>5D 005723

AL = = 2.041.
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The areas were obtained by integrating the bands between 576 and 580.5 nm (maximum
at 578 nm) for the ’F, — °D,, transition and between 589.5—597.5 nm (maximum at 589 nm)

for the ’F; — °D,, transition.

The wavenumber of these transitions, obtained from gaussian fit, are: Vs, _7p = 17247 cm™*

and ¥isp, _7p, = 16880 cm™', yielding

V5D0_7F

, 16880

= = 0.97872.
vp, e, 17247 0078

The following ratio was determined from the emission spectra (at 300 K):

em
SDO—)7F1
em
*Do—7Fy

= 9.3414;

for excitation at 338 nm. Because the thermometric parameters involve f-f transitions, the
emission spectrum should have been obtained by exciting at some intra-4f transition, e.g.,

"Fo1 — °Lg¢ (390405, 400410 nm). Thus, it is better to choose the closest excitation

wavelength to the intra-4f transition, namely, 338 nm.
Considering a refractive index of n = 1.60, the dielectric correction factor becomes

(n? + 2)?

Thus, the pre-exponential factor is

(n? + 2)? Ssp, _,7g, (power)

= 0.902 3414 = 8.4
oz Sse]I)nO_)7F0(power) 0.9025 x 9.3 8.4306

10 _—
AOO -

or
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410 VDo-TF, (n? + 2)? Ssp, 7, (photon counting)
00 —

= 0.97872 x 0.9025 x 9.3414

Vsp,—7F, IN? Sse]r)‘:)_ﬂpo (photon counting)

= 8.2512

where Sg7, (power) and SgZ, (photon counting) is the area of the band in the emission

acquired as energy per unit of time (power) and as number of photons per unit of time (photon

counting), respectively.

Using the adjusted free-ion value AE;, = 294.1 cm™! gives AE,,/kg = 423.1K, and

the predicted temperature is

_AEy, 1 _4231K oo
kg In(all/AY)) 14185 7
or
AEy, 1 423.1K
= =302.1K

ks In(all/Al0) ~ 1.3978

where both values agree very well with the expected temperature 300 K, and for this particular
case, the measurements of the emission intensity (photon counting versus power) do not greatly
affect the predicted temperature. This same procedure was used to obtain others predicted
temperatures for this system, from different thermometric parameter for a refractive index n =

1.55 and different selected system.

As mentioned, a self-referencing thermometer is characterized by a thermometric
parameter that does not vary with the temperature. In fact, employing the ratio of excitation
intensities corresponding to transitions from the same initial state (e.g. ’F, or “F;) to distinct
excited states (e.g. °D, and °D; or °D; and °D,) provides a thermometric parameter that

remains constant with changes in the temperature. For instance, the Eu(III) transitions from the
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ground state such as ’F, — °D; (MD, 520—530 nm) and ’F, — °D, (FED, 460—470 nm) are

fairly intense and commonly observed in the excitation spectrum. Thus,

ex em
2
"Fo—>°D, 15n 5D,-7F,

S op, (M2+2)2SE

02 _
A01

provides a thermometric parameter that is constant with the temperature and larger than 1,
because the transition ’F, — °D, is hypersensitive. However, it is very difficult to predict
because emissions from the °D, level is rarely observed. On the other hand, the "F, — °D,
and ’F, — °D, (FED, 570—585 nm) transitions can also be observed in the excitation spectrum

and

S$§0—>5D1 (n + 2)2 SSD1—> 0

Ago =
2
S7F0—>5D0 3n SsDo—ﬂFo

is also a constant thermometric parameter that can be predicted for compounds with observable
emissions from °D; and °D, levels. Note, however, that the ’F, — °D, (FED, 570—585 nm)
transition is at the limit of the spectral corrections of the most common excitation sources (ca.

580 nm).
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Figure 15. Dependence of different thermometric parameters in Eq. 23 obtained from the ratio of
excitation intensities corresponding to transitions from the same initial state to distinct excited states
for Eu(hfa)s;bpyO, complex monitored at 700 nm and for BiF3:Eul nanoparticles monitored at 612 nm.
Source: Author.

In addition, two or more selected transitions provide ratios that must give the same
temperature, thus quantifying the accuracy of a measured temperature. For the Eu(hfa);bpyO»
complex, this feature of the predicted temperatures was validated for the A}J and A3)
thermometers obtained from the excitation spectra monitored at 700 nm for a temperature range
of 200 to 300 K. The best values of the predicted temperature (compared to the observed
temperature) were, for A3J parameter, 97 K (100 K), 143 K (150 K), 201 K (200 K), 246 K
(250 K), 274 K (275 K), and 304 K (300 K), with standard deviation of 2.1, 4.9, 0.7, 2.8, 0.7,
2.8, 6.4 and 6.4, respectively; and for A2) parameter, the best predicted values were 196 and
201 K (200 K), 251 and 254 (250 K), 283 and 287 K (275 K), with standard deviation of 2.6,

2.1 and 5.3, respectively.
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3.11. TEMPERATURE PREDICTION USING SINGLE THERMOMETERS

APPROACH: Y>03:Eu*" NANOPARTICLES.

Building on the aforementioned methodology, a distinct system was employed to
validate the temperature and relative thermal sensitivity predictions. The excitation spectra of
Y>03:Eu’** nanoparticles, was obtained in a narrow range of excitation, but the limited number
of excitation bands, as illustrated in Figure 16, can be used to derive six thermometers, denoted

01 A0l A1l A1l A21 21
as Ay1, Aj1, Agi, A1, Afy, and Ag;.
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Figure 16. Excitation spectra of Y,03:Eu*" (5% Eu’") excited at 396 nm and monitored at 614 nm
recorded from 12 to 350 K. Source: Author.

After the selection of thermometers, the following step involves predicting the
temperature and determining the relative thermal sensitivity using a single thermometer,

employing the primary thermometer equation proposed above. Figure 17 illustrates the
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temperature prediction and the estimation of relative thermal sensitivity utilizing the

designated single thermometer, denoted as A}}.
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Figure 17. (a) Temperature prediction and (b) relative thermal sensitivity using the thermometer A3} in
the temperature range from 200 to 350 K. Source: Author.

Figure 17a shows a remarkable agreement between the predicted and the measured
temperatures. In addition, a substantial relative thermal sensitivity of 2.98% was observed for
temperatures ranging from 12 to 350 K. To refine both the temperature prediction and enhance
the thermal sensitivity, a multiparametric linear regression was employed. Building on recent
advancements [7°] that explore alternatives for improving such estimations, this approach was
adopted to optimize the accuracy of temperature predictions and enhance the precision of

relative thermal sensitivity estimates with respect to those using a single thermometer.
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3.12. ON THE MULTIPARAMETRIC LINEAR REGRESSION (MLR) TO
PREDICT THE TEMPERATURE AND IMPROVE THE RELATIVE THERMAL

SENSITIVITY.

Recent advances in the field of luminescence nanothermometry have approached the
limits of precision achievable by nanothermometers [7°). Consequently, there is a pressing need
to explore novel methodologies for obtaining luminescent thermal probes with reduced
uncertainty, especially for applications in both in vitro and in vivo thermal sensing "7l Two
potential approaches are being considered to minimize 8T. The first approach involves
enhancing the sensitivity of light detectors and the use of brighter materials to increase the
signal-to-noise ratio, thereby leading to a reduction in §A/A. The second approach focuses on
enhancing S;, which can be achieved through either the development of new materials or
developing new strategies to define the thermometric parameter. From now on, it is shown how
the use of multiparametric linear regression was used to predict the temperature and to calculate

the relative thermal sensitivity.

Multiparametric linear regression, also known as multiple linear regression, is a
statistical method used for analyzing the relationship between a dependent variable (or
response variable) and two or more independent variables (or predictor variables). It extends
the principles of simple linear regression, where only one predictor variable is considered, to
situations where multiple variables may influence the outcome. This technique is widely
employed in various fields, including economics, social sciences, epidemiology, and natural

sciences, to model complex relationships and make predictions based on multiple factors.
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In a multiparametric linear regression model, the goal is to find the best-fitting linear
equation that describes how changes in the predictor variables relate to changes in the

dependent variable. The equation takes the form:

Y =00+ [ X1 +BXy + -+ BpX, + € Equation 28
where Y represents the dependent variable to be predicted, X;, X5, ..., X,, are the independent
variables or predictors, 3, is the intercept, which represents the value of Y when all predictor
variables are zero, i, f,, ..., Bn are the regression coefficients, indicating the change in Y
associated with a one-unit change in the corresponding predictor variable, while holding all
other predictors constant, and € represents the error term, which accounts for the variability in

Y that cannot be explained by the predictor variables.

The coefficients S, By, B2, -, Bn are estimated from the available data using various
statistical techniques, with the primary aim of minimizing the sum of squared errors (the
differences between the predicted and actual values of Y). This process is typically performed

using software tools like statistical packages or programming languages.

Multiparametric linear regression provides valuable insights into how multiple factors
jointly affect the dependent variable. Researchers can assess the significance of each predictor,
quantify their individual contributions, and assess the overall goodness of fit of the model.
Additionally, it allows for making predictions and understanding the strength and direction of
relationships between variables. However, it assumes that the relationships are linear and that

the error terms are normally distributed and independent.

In summary, multiparametric linear regression is a powerful statistical tool employed to
model and comprehend intricate relationships among multiple independent variables and a
dependent variable. This technique plays a pivotal role in data analysis and predictive

modelling across diverse fields.
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Broadly speaking, the method for predicting temperature and the relative thermal
sensitivity hinges on the statistical manipulations discussed in Section 9.1.4. regarding
thermometry based on excitation spectra. The same equations and assumptions, as detailed
earlier, were applied. These spectra were recorded utilizing the same setup, and the spectral

areas were derived post-deconvolution using Gaussian fits.

Emphasizing the benefits of obtaining excitation spectra for temperature prediction is
crucial, particularly when dealing with shorter spectral ranges that expedite the acquisition
process. While it is true that employing more sophisticated equipment and longer acquisition
times can be perceived as potential drawbacks in excitation spectrum-based thermometers,
there are strategies available to mitigate these challenges. One effective approach is to limit the
number of excitation bands recorded within a narrower spectral range or, alternatively, to
utilize excitation intensities at specific wavelengths instead of scanning the entire spectral
range. These wavelengths should be carefully selected from the peaks of bands with similar

widths, thereby optimizing the efficiency of the temperature prediction process.

The equation for temperature prediction and the calculation of the relative thermal
sensitivity as well as their uncertainty for the multiparametric linear regression was described
in the literature [”3! and they were applied here to estimate the temperature and the relative
thermal sensitivity. Equation 23 becomes the temperature prediction using the multiparametric

linear regression with up to six thermometers yields,

n
T=p+ Z pil; + € Equation 29
i=1

where T represents the temperature, A; are the thermometric parameters obtained from the

excitation spectra (AZ{g B)’ B, is the intercept, B; are the regression coefficients used to predict
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the temperature (i # 0), € represents the error term from the multiparametric regression, and n

was varied from 2 to 6.

The temperature uncertainty is obtained considering the uncertainty associated with each

thermometer, as follows, [73!]

and

Equation 30

Equation 31

where I; and I, are the intensities (determined by the areas of the transitions in the spectrum)

used to define thermometer A;, and ;. is the relative thermal sensitivity. For the multiparametric

linear regression the following expression has been postulated for the relative thermal

sensitivity [

n

203

i=1 i=1

T

Equation 32

Considering the model is a linear multiparametric one, the partial derivatives 0T /0A;

can be promptly obtained and S, becomes

Equation 33
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The chosen system for applying multiparametric linear regression to enhance
temperature and relative thermal sensitivity predictions was the Y20s3:Eu*" nanoparticles, as

depicted in Figure 16 above.

Upon examining the excitation spectra of Y»O3:Eu®" nanoparticles, certain Eu(III)

transitions became evident, namely ’F, — °D;, ’F, — °D,, and ’F, — °D,. With these

transitions identified, it was possible to compute different thermometric parameters AZF 5 by
combining these Eu(Ill) transitions. A combination of up to six thermometers was utilized,
including A9}, A%, All, All, A%}, and A3l, to predict temperature and relative thermal
sensitivity. The selection and combination of these thermometers were made randomly, and a
method for choosing and performing multiparametric linear regression is currently in
development. It is worth noting that these thermometric parameters, now referred to as
thermometers, exhibit temperature dependence consistent with the europium complex
described earlier. Emphasizing the significance of uniform conditions, it is relevant to note that
these thermometric parameters can be readily compared. This is attributed to their acquisition

under identical energy conditions. Notably, these parameters lack specific units, as they are

derived as ratios of areas (proportional to the intensities).

Once the thermometers were chosen, multiparametric linear regression could be applied
to predict temperature and relative thermal sensitivity as shown in Table 2. Figure 18 illustrates
the temperature and relative thermal sensitivity within a temperature range of 12 to 350 K using
2, 4, and 6 thermometers. It is evident that increasing the number of thermometers leads to
improved predictions of temperature and relative thermal sensitivity. Notably, the relative
thermal sensitivity demonstrates a substantial performance improvement, ranging from 10 to
1000-fold when compared to single thermometer predictions for both temperature and relative

thermal sensitivity (Figure 17).
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Table 2. Temperature prediction (K) and the relative thermal sensitivity (K™ and % K™)

using the combination of 2, 4, and 6 thermometers ranging from 12 to 350 K.
2 thermometers

T (K)
12
25
50
75
100
125
150
175
200
225
250
275
300
310
320
330
340
350

Teate
1.22
18,62
72,05
105,76
123,02
139,51
140,02
163,71
166,72
187,69
249,24
270,23
306,82
318,66
325,26
333,11
341,95
348,38

S
0,01
0,01
0,02
0,03
0,06
0,09
0,12
0,15
0,19
0,26
0,30
0,36
0,41
0,43
0,45
0,48
0,50
0,53

%oS:
0,81
0,98
1,93
3,45
5,57
8,62
11,80
15,26
19,48
25,94
30,29
35,56
40,98
43,11
45,00
47,54
50,43
53,30

4 thermometers

Teate
9,05
24,60
58,22
79,66
99,21
122,39
145,57
167,48
195,82
235,45
250,85
277,80
299,45
307,93
316,42
327,87
340,55
353,67

S
0,82
0,62
0,30
0,18
0,16
0,20
0,26
0,33
0,42
0,55
0,65
0,76
0,87
0,92
0,96
1,01
1,07
1,14

%oS:
82,42
62,01
29,70
18,33
15,89
19,67
25,66
32,78
41,63
55,32
64,60
75,83
87,38
91,91
95,94
101,35
107,50
113,61

6 thermometers

Teate
12,63
21,71
53,71
79,52
100,41
125,41
144,35
170,92
194,54

231,09
255,74
276,92
299,13
308,60
316,23
326,77
340,45
353,86

S
1,48
1,24
1,30
2,09
3,27
4,86
6,73
7,94
10,07
12,25
10,10
10,21
8,40
7,69
7,36
6,95
6,38
5,99

%oS:
147,70
124,37
129,99
208,53
326,89
485,95
672,84
794,15
1006,92
1224,86
1010,34
1020,82
839,61
768,78
736,40
695,02
638,17
598,84
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Figure 18. Correlation between the temperature measured with the temperature calculated using the
multilinear regression with (a) 2-, (c) 4-, and (e) 6-thermometers; the corresponding relative thermal

sensibility of (b) 2-, (d) 4-, and (f) 6-thermometers in the temperature range from 12 to 350 K. Source:
Author.
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The temperature predictions derived from this combination of thermometers were

averaged and compared to temperature measurements obtained using a silicon diode, as

illustrated in Figure 18.
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The Table 3 provides information about the percentage contribution of each
thermometer to temperature predictions using multiparametric linear regression models with 2,
4, and 6 thermometers. The percentages in the table represent the importance of each
thermometer in predicting temperature at different temperature levels (12, 25, 50, 75, 100, 125,
150, 175, 200, 225, 250, 275, 300, 310, 320, 330, 340, and 350 K) for the different model

configurations (2-, 4-, and 6-thermometer).
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Table 3. Percentage contribution of each thermometer in the temperature prediction using 2-, 4-, and 6-
thermometers in the multiparametric linear regression.

2 4 6

Tooag s a9 e A Ay a4 s &

12 22.73% 77.27% 0.12% 0.04% 19.87% 79.97% 0.00% 0.01% 88.05% 3.72% 8.07% 0.14%
25 14.13% 85.87% 0.19% 0.11% 21.42% 78.28% 0.00% 0.02% 76.46% 2.93% 20.36% 0.22%
50 3.56% 96.44% 0.79% 2.09% 21.30% 75.82% 0.00% 0.08% 16.15% 0.60% 82.95% 0.21%
75 1.20% 98.80% 2.17% 17.46% 16.61% 63.76% 0.00% 0.11% 1.92% 0.08% 97.82% 0.08%
100 0.48% 99.52% 2.84% 57.30% 7.94% 31.92% 0.00% 0.11% 0.30% 0.01% 99.55% 0.03%
125 0.22% 99.78% 1.95% 86.87% 2.09% 9.10% 0.00% 0.12% 0.06% 0.00% 99.80% 0.01%
150 0.11% 99.89% 1.12% 95.46% 0.65% 2.78% 0.00% 0.12% 0.02% 0.00% 99.86% 0.01%
175 0.08% 99.92% 0.82% 97.72% 0.24% 1.22% 0.00% 0.15% 0.01% 0.00% 99.84% 0.00%
200 0.05% 99.95% 0.52% 98.92% 0.09% 0.47% 0.00% 0.15% 0.00% 0.00% 99.85% 0.00%
225 0.03% 99.97% 0.35% 99.44% 0.03% 0.18% 0.00% 0.18% 0.00% 0.00% 99.82% 0.00%
250 0.05% 99.95% 0.52% 99.27% 0.02% 0.19% 0.00% 0.36% 0.00% 0.00% 99.64% 0.00%
275 0.05% 99.95% 0.51% 99.35% 0.01% 0.14% 0.00% 0.48% 0.00% 0.00% 99.52% 0.00%
300 0.07% 99.93% 0.75% 99.09% 0.00% 0.15% 0.00% 0.94% 0.00% 0.00% 99.05% 0.00%
310 0.09% 99.91% 0.90% 98.93% 0.00% 0.17% 0.00% 1.24% 0.00% 0.00% 98.75% 0.00%
320 0.10% 99.90% 0.98% 98.85% 0.00% 0.17% 0.00% 1.48% 0.00% 0.00% 98.52% 0.00%
330 0.11% 99.89% 1.10% 98.73% 0.00% 0.17% 0.00% 1.85% 0.00% 0.00% 98.14% 0.00%
340 0.13% 99.87% 1.31% 98.51% 0.00% 0.18% 0.00% 2.47% 0.00% 0.00% 97.52% 0.00%

350 0.15% 99.85% 1.49% 98.32% 0.00% 0.18% 0.01% 3.13% 0.00% 0.00% 96.86% 0.00%
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By analyzing Table 3 it is possible to address some correlations and implications:

Thermometer Count: it was evaluated three different models with 2-, 4-, and 6-
thermometers. As the number of thermometers increases, the contribution of each

thermometer to the prediction changes.

Temperature: several temperatures, ranging from 12 to 350 K, were considered. It is

essential to note that the contribution of each thermometer varies with temperature.

Percentage Contribution: the percentage values in Table 3 quantify the contribution
of each thermometer to the temperature prediction. These values are calculated based
on the coefficients, 3;, associated with each thermometer in the multiparametric linear

regression models.

Let us now present and discuss some key observations:

Higher Thermometer Counts: moving from the 2-thermometer model to the 6-
thermometer model, it can be observed a shift in the distribution of percentage
contributions. In the 2-thermometer model, one thermometer tends to dominate the
prediction (77.27%), but in the 6-thermometer model, the distribution is more evenly

spread.

Varying Contributions with Temperature: the contribution of each thermometer to
the prediction varies significantly with the temperature. For example, at 12 K, the first
thermometer has a contribution of 22.73% in the 2-thermometer model, while in the 4-
thermometer model, it contributes only 0.12%. This demonstrates that the importance

of thermometers can change based on the temperature being predicted.

Redundancy: in some cases, thermometers have negligible contributions (close to 0%)

to the prediction. This suggests that certain thermometers may not be providing
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meaningful information for temperature prediction at specific temperature levels in a

given model.

e Cumulative Contributions: the cumulative contribution of the thermometers can also
be calculated. For instance, in the 2-thermometer model, the cumulative contribution of
the first thermometer reaches 100% at 12 K. This means that, for this specific

temperature, the first thermometer is the sole predictor in the 2-thermometer model.

e Diminishing Contributions: as the number of thermometers increases, the individual
contributions decrease. In the 6-thermometer model, the contributions are more evenly

spread among the thermometers.

In summary, this table provides valuable insights into how different thermometers
contribute to temperature predictions in multiparametric linear regression models. It highlights
the dynamic nature of these contributions, which depend on both the number of thermometers
used and the temperature ranges being predicted. This information can be used to optimize the
selection and configuration of the thermometers for accurate temperature predictions in various
scenarios. It was selected three different model configurations to illustrate the scenario depict
on Table 3. Figure 19 provides a visual representation of the thermometer contributions to
temperature prediction using different configurations of thermometers. Specifically, it shows
the influence of 2 thermometers in (a), 4 thermometers in (b), and 6 thermometers in (c) on the
accuracy of temperature predictions. This figure is instrumental in visually conveying the
varying degrees of importance associated with each thermometer, shedding light on the

dynamic nature of their contributions in different modeling scenarios.
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Figure 19. Contributions of each thermometer for the temperature prediction using (a) 2-thermometer,
(b) 4-thermometer, and (c) 6-thermometer in multiparametric linear models. Source: Author.

This comparison revealed a significant gain in accuracy and precision, a twofold

improvement compared to the regression obtained using the combination of six thermometers
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employed in the europium nanoparticles mentioned earlier. Table 4 presents the mean signed
deviation (MSD) and the mean unsigned deviation (MUD) with respect to the temperature

obtained from multiparametric thermometers.

Table 4. Mean signed deviation (MSD) and mean unsigned deviation (MUD) from temperature
prediction using 2 to 6 thermometers model for temperatures from 12 to 350 K.

Thermometers 6 5 4 3 2
MSD -0.0008 -0.0016 0.0048 0.0154 0.0201
MSD (%) -0.0847 -0.1592 0.4811 1.5414 2.0106
MUD 0.0284 0.0430 0.0368 0.0806 0.1623
MUD (%) 2.8484 4.3000 3.6812 8.0550 16.2302

The table presents statistical measures, Mean Signed Deviation (MSD) and Mean
Unsigned Deviation (MUD), along with their percentage counterparts, with respect to the
average multiparametric thermometers, for temperatures ranging from 12 to 350 K. These
measures provide insights into the accuracy and precision of the temperature predictions

obtained using different numbers of thermometers.

1. MSD (Mean Signed Deviation):

e MSD represents the average difference between the predicted temperature and

the actual temperature, considering the sign (positive or negative).

e For 6 thermometers, the MSD is -0.0008, which indicates a very slight negative

bias (underestimation) in the predictions.

e As the number of thermometers decreases, the MSD increases, suggesting a

gradual overestimation of the temperature as fewer thermometers are used.
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2. MSD (%):

MSD as a percentage reflects the relative deviation as a proportion of the actual

temperature.

The percentage values for MSD are small and negative for 6 and 5

thermometers, indicating a slight underestimation.

However, as the number of thermometers decreases, the MSD percentage

increases, implying a larger relative underestimation.

3. MUD (Mean Unsigned Deviation):

MUD represents the average absolute difference between the predicted
temperature and the actual temperature. It measures the magnitude of the
prediction errors without considering their direction (overestimation or

underestimation).

MUD values are generally higher than MSD values because they do not account

for the direction of the errors.

MUD increases as the number of thermometers decreases, indicating that the
prediction errors become larger in magnitude when fewer thermometers are

used.

4. MUD (%):

MUD as a percentage reflects the relative magnitude of the absolute deviation

as a proportion of the actual temperature.
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e Similar to MUD, the MUD percentage increases as the number of thermometers
decreases, showing that the relative magnitude of the prediction errors becomes

more substantial with fewer thermometers.

Overall, the statistical analysis of this table suggests that using more thermometers leads
to more accurate and precise temperature predictions. With 6 thermometers, the errors are
small, and the predictions closely match the actual temperatures. As the number of
thermometers decreases, the errors, both in terms of magnitude and direction, tend to increase.
This demonstrates the importance of using a greater number of thermometers in the

multiparametric linear regression to achieve more reliable temperature predictions.
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4. CONCLUSIONS OF EXCITATION THERMOMETRY.

Nanothermometry has become relevant in academia and industries, which has
attracted intense research. Due to their photophysical properties, materials containing
lanthanide ions are widely studied and employed for the development of nanothermometers,
particularly those with a well-stablished thermometric equation (known calibration, or primary
thermometers) that relates the temperature to a thermometric parameter, self-calibration, high
relative sensitivity, high spatial and temporal resolutions. For the first time, it was proposed,
tested, and validated the application of excitation spectra to obtain thermometric parameters
with those properties. In fact, it was shown that ratios between intensities of bands in the
excitation spectra provide thermometric parameters, A;, as A;e ~2Ei/(8T) where AE; is the
energy difference between thermally coupled states, e.g., “Fg 1 » of Eu(Ill), kg is the Boltzmann
constant, T is the temperature, and A; is a constant (independent of the temperature) involving
the properties of the states. Thus, its relative sensitivity S, becomes S,; = AE;/(kgT?). It is
noteworthy that some transitions have ratios that are independent of the temperature, thus
yielding self-calibrated thermometers. In addition, two or more selected transitions provide
ratios that must give the same temperature, which can quantify and improve the accuracy of a
measured temperature. When the selected transitions in the excitation spectra can be associated
to the emission ones, then the pre-exponential factor A; can be determined from the emission

spectrum and, therefore, the thermometers have known calibrations (primary-S thermometers).

These features were demonstrated for molecular complexes and doped nanoparticles
for a wide range of temperature. The predicted temperatures were in good agreement with the
observed (or reference) temperature. However, especially for ’Fo — Dy and 'F1 — Do

transitions, the prediction of temperature requires a better treatment, due to the lack of spectral
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correction for these transitions when monitored at ca. 615 nm. Other lanthanide ions, other than
Eu(Ill), such as Tb(Ill) and Sm(III), may also be interesting for this new methodology,
expanding the scope of applications for these thermometers. Our findings are also relevant
because the thermometers are self-calibrated (e.g., primary-S from spectral data or primary-T
from a known temperature), self-referenced (temperature independent), and the temperature
can be determined from excitation spectroscopy, which does not employ powerful sources and
do not interfere with the measurement. Thus, intra-4f transitions in lanthanide ions, especially
Eu(Ill), are ideal for these determinations because AE;, as well as the pre-exponential factor,
are highly insensitive to the ion environment so its calibrations should be remaining valid for
any situation if the compound or material containing the lanthanide ions does not degrade. It is
noteworthy that this is a quite simple approach and experimental setup for the measurements,
which makes it very general. The peculiar photophysical properties of the lanthanide ions
makes these thermometers quite robust, accurate and fully predictable in the sense that
practically any materials (nanocrystals, nanoparticles, complexes, MOFs etc.) can be employed
as long as the excitation bands due to the ligands do not overlap with those related to the infra-
4ftransitions. In addition, the sensitivity and accuracy can be tuned by choosing the excitations
or a lanthanide ion with an appropriate energy of the first excited state with respect to the

ground state.

Regarding the multiparametric linear regression (MLR), this study highlights the
efficacy of MLR as a powerful statistical tool for modelling complex relationships between
multiple independent variables and a predicted variable. It has broad applications in data

analysis and predictive modelling across diverse fields.

The research centered on predicting temperature and relative thermal sensitivity based
on statistical analyses using the Y>O3:Eu®* nanoparticles as the selected thermometric system.

This involved analysing excitation spectra and identifying specific Eu(IIl) transitions,
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ultimately leading to the derivation of thermometric parameters. The combination of up to six
thermometers was employed in MLR to make predictions, with the selection process remaining

random, while a method for optimizing this choice is being developed.

One significant finding was that these thermometric parameters demonstrated
temperature-independent behavior, mirroring the characteristics of the europium complex
described earlier. The results showed that as the number of thermometers increased, the
accuracy and precision of temperature predictions improved significantly. This improvement
was most notable in the case of relative thermal sensitivity, where the performance gain ranged
from 10 to 1000-fold compared to single thermometer predictions for both temperature and

relative thermal sensitivity.

The statistical analysis emphasized the importance of using multiple thermometers. As
the number of thermometers decreased, both the mean signed deviation (MSD) and the mean
unsigned deviation (MUD) increased, signifying larger prediction errors, both in magnitude
and direction. These findings underscored the critical role of employing a greater number of
thermometers in the multiparametric linear regression, leading to more reliable and precise

temperature predictions, even across a wide temperature range.

In summary, this study showcases the potential of multiparametric linear regression in
advancing our understanding and predictive capabilities within the field of thermometry,
offering a valuable tool for enhancing temperature predictions and relative thermal sensitivity
assessments. The findings emphasize the importance of employing a sufficient number of
thermometers to achieve the most accurate and reliable results, which can have significant

implications in various scientific and practical applications.
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4.1. INTRACELLULAR  TEMPERATURE  MEASUREMENTS

USING PRIMARY-T THERMOMETERS.

The Gd203 UCNPs doped with 2% molar of Yb(III) ions and 1% molar of Er(IIl) was
synthesized by the co-precipitation method. Spherical Gd,O3:Yb(III)/Er(IIl) nanoparticles
were characterized using transmission electron microscopy, X-ray diffraction, zeta potential
and dynamic light scattering. Figure 20a,b shows TEM micrographs of the
(Gdo.97Ybo.02Er0.01)203 nanoparticles after calcination, which display an uniform spherical
morphology with a particle size of 60 + 4 nm and a typical rougher surface. The nanoparticles
presented a diffraction pattern compatible with that of the undoped Gd»O; cubic phase
reference (Figure 20c). Moreover, in Figure 20b the distance between adjacent lattice fringes,
0.312 £ 0.002 nm, matches the respective d222 value (0.31 nm) of the cubic Gd2O; structure
(JCPDS No. 04-003-4699). The uncertainty of the lattice fringes was obtained using the

standard deviation from the lattice fringes distance distribution.

The (Gdo.97Ybo.02E10.01)203 nanoparticles are moderately dispersible in water presenting
a zeta-potential of 10 £ 4 mV and a hydrodynamic size distribution centered at 156 £ 52 nm
(Figure 22). When nanoparticles are incorporated into cell culture media, their colloidal and
chemical properties are altered due to the presence of proteins and the high ionic content. For
instance, serum proteins at a typical concentration of 10% can improve the colloidal stability
due to extra electrostatic repulsion provided by proteins adsorbed on the particle surface 78],
Therefore, we expect that serum proteins present in the culture medium may have increased
the stability of (Gdo.o7Ybo.02Er0.01)203 nanoparticles relatively to the water suspension, resulting

in the formation of smaller aggregates.
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Figure 20. Representative TEM images of (Gdo.o7Ybo.02Er0.01)203 at (a) low and (b) high magnification.
In (b) the interplanar spacing between adjacent (222) planes of cubic Gd»O; is depicted. (¢c) Powder
XRD patterns of the nanoparticles showing reflections of the reference cubic Gd>O; (PDF-4+ code: 04-
003-4699). (d) Size distribution calculated from the TEM images using 100 representative
nanoparticles. The solid line is the best fit to the experimental data using a log-normal distribution (1*
>0.95). Adapted from!™.

The emission spectra of the (Gdo.97Ybo.02Er0.01)203 nanoparticles display the usual
2Hi12—*1s»2 and *S3—>*1s52 transitions (in the green spectral region, Figure 21a), and the
4F9—*152 line (in the red spectral region, not shown). The dependence of the emission spectra

with the laser power density (Pp) shows a relative decrease of the *S3»—>*1;5/, transition as Pp
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increases, a clear sign of temperature augmentation induced by the 980 nm laser irradiation 13>
801, This is evident in Figure 21b that displays the Pp dependence of the ratio between the
integrated intensities of the *Hy1,—>*Tis2 (In) and *S3p—*is2 (Is) transitions, define as the

thermometric parameter A = In/Is.
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Figure 21. (a) Upconversion partial emission spectra of powdered (Gdo.o7Ybo.02Er0.01).03 at room
temperature upon excitation at 980 nm with different excitation power densities. (b) Dependence
of the thermometric parameter with the laser power density. Adapted from!"!.

The (Gdo.97Ybo.02Er0.01)203 nanoparticles were also characterized by Dynamic light

scattering (DLS) and zeta potential.
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Figure 22. (a) DLS and (b) Zeta potential of an aqueous suspension of the (Gdoo7Ybo.02Er0.01)203
nanoparticles (1 mg mL™"). The zeta potential histogram was fitted using a Gaussian function (Equation

92



3), while the DLS histogram was fitted using a log-normal function (Equation 8). The solid lines are
the best fits to the experimental data (Table 5 and Table 6). Source: Author.

Table 5. Fitting parameters of the DLS size histogram presented in Figure 22a.

Parameter Value Units
Xc 156 + 52 nm
w 0.312 £ 0.008
A (2.16 £ 0.05)x10* nm
r 0.972

Table 6. Fitting parameters of the Zeta Potential histogram presented in Figure 22b to a
Gaussian function.

Parameter Value Units
Xc 10.02 +4.00 mV
w 9.26 + 0.05
Ao (3.86 + 0.01)x106 mvV
r? 0.99

Then, these UCNPs were incorporated into skin cancer cells (MNT-1) by Dr. Helena
Oliveira’ research group at the Department of Biology at University of Aveiro. Figure 23 shows
the in vitro cell viability of MNT-1 and A375 melanoma cells treated with
(Gdo.97Ybo.02Er0.01)203 nanoparticles for 24 and 48 h. The nanoparticles decreased the viability
of MNT-1 cells only at the concentration of 200 ug mL™!. For exposure periods of 24 and 48 h
the cell viability is similar, 82.4+1.2% and 86.6+11.2%, respectively. Regarding the effects on

A375 cells, the nanoparticles did not affect the cell viability at 24 h but induced a decrease in
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cell viability for the highest concentrations (87.7% for 100 pg mL™! and 82.5% for 200 ug
mL ") after 48 h. Nevertheless, the viability of both cell lines is above the 70% threshold, and,
therefore, according to the norm ISO 10993-5:20099(en) (21 the (Gdo.97Ybo.02Er0.01)203
nanoparticles can be considered non-cytotoxic at the range of tested concentrations. These
results corroborate our previous study with the exposure of (Gdo.9sNdo.02)203 nanoparticles to
MNT-1 cells, which did not induce toxicity by 24 h exposure for concentrations up to 400

pg.mL ! 58],
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Figure 23. Cell viability of (a) MNT-1 and (b) A375 cell lines exposed to (Gdo.o7Ybo.02Er0.01)203
nanoparticles for 24 and 48 h. Results are expressed as mean + SD (standard deviation); the
symbols * and # indicate a significant difference (p<0.05) between control, respectively at 24 and
48 h exposures. Adapted from!"!.

Once the skin cancer cells were fixed, it was possible to obtain optical images. The

Figure 24 shows the optical images acquired.
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Figure 24. Bright-field optical images of DAPI-marked MNT-1 cells incubated with
(Gdo.97Ybo.02Er0.01)203 nanoparticles at a fixed configuration acquired with the monochrome
camera under (a) white-light illumination (transmission mode) and (b) UV irradiation (365 nm,
reflection mode). The dashed lines delimitate the cell nucleus and the arrows mark nanoparticle
clusters of different dimensions, visible as dark spots. The blue rectangle indicates the region
analyzed in Figure 25. Adapted from!"..

Observing the images, DAPI allows to identify the nucleus of the cells, and
unequivocally localize the cells. Using the combination of excitation sources allowed us to
observe the UCNPs aggregates as well. Figure 24a displays a bright-field optical image of
DAPI-marked MNT-1 cells exposed to (Gdo.97Ybo.02Er0.01)203 nanoparticles at a fixed cell
preparation. Clusters of nanoparticles of different sizes and degrees of aggregation are visible
as dark spots and the nuclei delimitations were detected under UV light illumination by the
DAPI staining (fluorescence in the blue spectral range, peaking at 460 nm), Figure 24b,

showing overlaid cells due to the density used during the culturing process.

The blue rectangle shown in Figure 24 is magnified in Figure 25a corresponding to the
selected area to study the internalization and localization of the Yb(III)/Er(IlI)-codoped Gd;O>
nanoparticles combining 2D optical and hyperspectral images. Under 980 nm irradiation, the

optical images of the DAPI-marked MNT-1 cells treated with (Gdo.97Yb0.02Er0.01)203
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nanoparticles reveal bright spots with distinct intensities displaying red (clusters II and IV) and
yellow (clusters I and III) colors, Figure 25b. Because the biological medium has very low
absorption at 980 nm, cell autofluorescence is negligible, thus, improving the detection of the
upconverting emission. The emission spectra recorded in the hyperspectral image of Figure
25d, (that corresponds to the same region depicted in Figure 25a,b), display the 2Hji2—>*1is
and *S3»—*1s,, transitions, Figure 25¢, demonstrating unequivocally that the bright spots

correspond to clusters of (Gdo.o7Ybo.02Er0.01)203 nanoparticles.
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Figure 25. Bright-field 2D optical images of the region delimited by the blue rectangle in Figure
24 recorded at the z =0 plane under (a) white-light illumination (transmission mode,
monochrome camera) and (b) irradiation at 980 nm (reflection mode, color camera). (c)
Hyperspectral image of the same region shown in (a) and (b). The color scale is based on the
emission intensity at 662 nm (d) Emission spectra recorded in the selected regions (10x10 pixels?)
of the hyperspectral image shown in (c). (e) False-color 3D images showing the localization of the
MNT-1 cancer cells nuclei (in blue) and (Gdo.97Ybo.02Er0.01)203 clusters in regions II, III, and IV
(in red) within the cell culture volume. Adapted from %,
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4.2. ADDITIONAL HYPERSPECTRAL DATA.

The creation of the 3D image with the representation of the location of nanoparticles
requires the ability to collect a signature signal 24, Here, we used the scattering of the
(Gdo.97Ybo.02Er0.01)203 nanoparticles as the signature signal because is a well-established
method for the detection and location of nanoparticles, especially when using the CytoViva
enhanced dark-field illumination system 4> 311 as it is the case here. Moreover, although the
upconversion emission signal can also be used as an alternative signature signal, as, for
example, reported in reference!®?!] the hyperspectral images of Figure 26 show that the pixels
where the emission of the nanoparticles is detected correspond exactly to those pixels where

the scattering intensity is higher.

Intensity
High
Medium
Low

Figure 26. Hyperspectral images in the z = 0 plane recorded under (a) 980 nm irradiation (reflection

mode) and (b) with CytoViva enhanced dark-field illumination system. The yellow dash lines delimited
the cell’s nucleus. The color scales are based on (a) the emission intensity at 662 nm and (b) the

scattering intensity of the irradiation band used (peak at ~580 nm). Source: Author.

The emission spectra shown in Figure 25d also pointed out that the distinct colors of the bright
spots in Figure 24b are due to distinct intensity ratios between the emissions in the green
(*Hi12—T152/*S32—>*152) and red (*Fop—>*1152) spectral regions. The spatial variation of the
red-to-green (R/G) intensity ratio has already been reported for confocal 33! and hyperspectral
(2] microscopy imaging of single Yb(III)/Er(Ill)-codoped LiYF4 microparticles. In the first
example, the R/G intensity ratio varies twofold depending on if the collected emission arises

from the apex, an arris, or a face of the single microcrystals,!®3! while in the other work the
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variation (also twofold) is linked to the spatial microparticle orientation (difference in the
probed emission direction relative to the optic axes of the particles) 821, Furthermore, the R/G
intensity ratio is also dependent on the collection area in the hyperspectral images, as shown in
Figure 27 for region IV. This was also reported for B-NaYF4:Yb(III)/Er(IIl) nanoparticles
dispersed in polydimethylsiloxane-based organic-inorganic hybridst®®*! and Yb(III)/Er(III)-
codoped GeO,-TayOs particles dispersed in poly(methyl methacrylate) 437,

l 15/2
15/2
15/2

o) 7T
— a =y 5
L1 r°¥ 3 .
c Intensity
:f ’ 20x20 High
2o |
[
8| Medium
> 10x10
= L
7]
c Low
[
whd
E 1x1

500 550 600. 6I50I 700
Wavelength (nm)

Figure 27. (a) Emission spectra recorded of distinct areas centered at the same pixel of the hyperspectral
image of region IV under 980 nm irradiation shown in (b). The color scale is based on the emitted

intensity at 662 nm. Source: Author.

Several effects have been suggested to explain the observed R/G intensity ratio
variation such as inhomogeneous Yb(III)/Er(Ill) dopant distribution, different crystal field
strengths experienced by doping ions occupying different crystallographic sites within the
lattice of the particle, uneven surface-ligand coverage #%], and distinct surface/volume ratios of
the particles (or corresponding clusters) % 84 Although for the uniaxially birefringent
crystalline LiYF4 host, single-particle polarized emission spectroscopy confirmed that the
spatial emission intensity variation exhibited during hyperspectral imaging is due to direction-
dependent polarized emission 821 for other examples (as the one reported here) a

comprehensive explanation is still needed.
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The creation of the 3D image with the representation of the location of nanoparticles
requires the ability to collect a signature signal 24, Here, we used the scattering of the
(Gdo.97Ybo.02Er0.01)203 nanoparticles as the signature signal because is a well-established
method for the detection and location of nanoparticles, especially when using the CytoViva
enhanced dark-field illumination system [4>4: 311 as it is the case here. Moreover, although the
upconversion emission signal can also be used as an alternative signature signal, as, for
example, reported in reference [#?], the hyperspectral images of Figure 26 in the Annexes show
that the pixels where the emission of the nanoparticles is detected correspond exactly to those

pixels where the scattering intensity is higher.

Figure 25¢ shows a 3D image with the colocalization of the nuclei of the cells and
nanoparticles. The image was created by overlaying one 3D image of the cell nuclei and one
3D image representing the localization of the nanoparticles. Each 3D image was obtained by
processing sets of optical microscopy images recorded along the spatial z-axis. The image of
the nuclei of the cells was obtained from the deconvoluted images recorded under UV
irradiation. Deconvolution is the process of reversing the optical distortion that takes place in
an optical microscope to create clear images %%l The image with the representation of the
position of the nanoparticles was obtained by analyzing the scattering signal observed in the
optical images in dark field mode. 3D images show clearly that the (Gdo.97Ybo.02Er0.01)203
nanoparticles are distributed in a distinct plane deep in the cell volume in the cytoplasmic and
perinuclear regions. This result proves the cell internalization of the nanoparticles. The fact
that the clusters of the nanoparticles are in different planes along the z-axis (Figure 25¢)
explains the differences in the brightness of the distinct clusters observed in Figure 25b. It is
the case of clusters II and III that are located at a plane closer to the top surface of the cell

culture, at z ® 9 um, their emissions are brighter than that of cluster IV that corresponds to

particles located much deeper within the analyzed cell culture volume at z ~ —8 pum.
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By using the concept of primary thermometers applied to the thermally-coupled 2H1/2

and *S3» Er(1II) electronic levels, introduced in 2017, the temperature (7) can be determined

as 7¢I

=———In (—) Equation 34

where A, is the value A at a known temperature T, (room temperature), AE is the energy
separation between the barycenters of the *Hii2 and “S32 levels, and kg is the Boltzmann
constant. This innovative concept to predict the temperature does not require a conventional
calibration procedure and is used in what follows to determine the temperature of the culture
medium imaged in Figure 25. Considering Ay= 0.28 + 0.01 (Figure 25), AE = 762 ¢cm™!,[44]
Ty, = 298 £ 1 K (the temperature at the microscope room), and the A values determined from
the emission spectra recorded by the hyperspectral system in regions I (0.28 + 0.01) and III
(0.28 £ 0.02), Figure 25, the absolute temperature calculated from Equation 2 is 298 £+ 1 and 298
+ 2 K, for regions I and II, respectively. Whereas the uncertainty in the A values are calculated
accordingly to Equation 3, error propagation in Equation 5 yields the temperature uncertainty.

As expected, these values match the registered room temperature because the cells
under observation are in a fixed configuration. Moreover, the agreement between the
temperature values determined for the two regions confirms this assessment, despite their
distinct R/G intensity ratios there are no temperature gradients within the cell culture, as it is

expected for fixed cells [72 361,
4.3, ADDITIONAL 3D IMAGES.

Once the 2D temperature was obtained, it is important to understand if this temperature

is the same in different cell directions. To assess the temperature in those different directions,
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locating the nanoparticles throughout the cellular medium is extremely important. The 3D
analysis was performed using a custom CytoViva 3D software. The 3D images were created
using the procedure mentioned above, in the Characterization section. Figure 28 shows the 3D

image created following the previous procedure using the MNT-1 cells treated with Gd203

(UCNPs) co-doped with Er(IIT)/Yb(III).
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Figure 28. 3D image of MNT-1 cells treated with Gd>O3; (UCNPs) co-doped with Er(II1)/Yb(III).
Source: Author.

Combining the hyperspectral image in 2D and the 3D optical images it is possible to
locate the nanoparticles incorporated into the cells. After analyzing the 3D images, it is possible
to check that the nanoparticles are located around the nucleus region as well as the perinuclear
region. Suggesting that the nanoparticles were incorporated into the MNT-1 cells showing a

good agreement with the 2D images (Figure 25)

4.4. CONCLUSION FOR INTRACELLULAR TEMPERATURE

MEASUREMENTS USING PRIMARY-T THERMOMETERS.

(Gdo.97Ybo.02Er0.01)203 nanoparticles were prepared with uniform spherical
morphology, displaying an average size of 60 + 4 nm, with a typical rougher surface, and
moderately dispersibility in water. Their emission spectra under excitation at 980 nm present

the usual 2Hi12—>*1512, *S320—*115/2, and *Fon—*1152 Er(I11) transitions whose intensity depends
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on the laser power density and temperature. In particular, the dependence of the ratio between
the integrated intensities of the former two bands on the temperature yields the thermometric

parameter A = Iy/Is.

The (Gdo.97Ybo.02Er0.01)203 nanoparticles showed no cytotoxicity (at the range of
concentrations tested) to the melanoma MNT-1 and A375 cell lines and were successfully
internalized by the former cells. The 3D sub-cellular localization of the nanoparticles in MNT-
1 cells in a fixed configuration was achieved by processing sets of optical microscopy images
obtained along the z-direction. The corresponding 2D hyperspectral images are used to
unequivocally identify the cell nuclei and the nanoparticles. The results pinpoint the
upconverting nanoparticles relatively to the nuclei of the cells distributed in distinct planes
deep inside the cell volume in the cytoplasmic and perinuclear regions. As a proof-of-concept
experiment, the intracellular temperature was determined using the emission spectra recorded
at fixed cells, recovering a temperature value that is compatible with the room temperature. As
far as we know, this is the first time that this strategy is applied to luminescent nanoparticles
and can be used in real-time providing new avenues in the spatial-temporal characterization

and detection of bio-analytes.

5. GENERAL PERSPECTIVES.

Hyperspectral images can be a useful tool in terms of detection and characterization of
bio-analytes. In this work we highlighted the successful internalization of Ln(III)-based
nanoparticles, so a future step would be to extend the domain of action in terms of different
materials incorporated into the cells such as bio-compatible complexes, micelles, or other

organic-inorganic hybrids. Considering the specific outcome from this work, new
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hyperspectral images using different objective magnifications to improve the signal-to-noise
ratio, employed the UC spectra to obtain a hyperspectral image spectral library, to develop a
hyperspectral image protocol for temperature determination as well as to improve the 3D image
acquisition protocol that combined with the hyperspectral image protocol will be used to

develop a 3D temperature mapping.

Regarding the excitation thermometry, the novel approach introduced in this work
encouraged us to apply primary thermometers to new materials, such as non-B-diketone
complex, e.g., [Eu(bpyO2)(Cl)2(H20)4](Cl)-H20, and other lanthanide-doped nanoparticles
like BiF:Eu(Ill) in different media (solid state and solutions/dispersions); as well as using a

multiparametric approach to estimate the temperature and the relative thermal sensitivity.
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6. ANNEXES.
6.1. EXCITATION THERMOMETRY — THEORY.

6.1.1. Historical background.

Other thermometers are based on the temperature dependence of the emission energy peak
of semiconductors (nanoparticles), which is related to the temperature by the
phenomenological equation ('] that depends on three parameters. One of these parameters is
determined at cryogenic temperatures (~13 K), whereas the remaining two parameters are fitted
to known temperatures within the range of interest ['®). On the other hand, thermometric
parameters based on ratios of (integrated) emission intensities of levels in thermal equilibrium
satisfy the A = B exp[— AE /(kT)], where B and AE are constants ! 15172l \ith AE being
the energy difference between the levels in thermal equilibrium, and k is the Boltzmann
constant. On the other hand, the pre-exponential factor A depends on several properties of
system (e.g., refraction index), particularly of these levels (e.g., degeneracies, branching ratios,
transition rates, frequencies, etc.). Thus, ab initio theories to calculate this constant B are not

accurate enough to provide adequate estimates for quantitative thermometry [170 17¢. 74, 871,

It is interesting to revisit the pioneer primary-S thermometer employed the integrated
intensities of the °D, — ’F, transition in Y>Oj3:Eu(IIl) nanocrystals upon excitations at 611
and 580 nm or at 593 and 580 nm U'7%!, The ratios provided two thermometric parameters: A’
suitable for cryogenic temperatures, in the 190—280 K range and A for the physiological range
,290-320 K. A comparison of calculated A and A’ with temperature was provided with relative
uncertainties of 3% and 2%, respectively ['7’]. However, the authors have not compared the

predicted temperature with that registered by the thermocouple nor provided the values of
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thermometric parameters at the measured temperatures. Thus, the accuracy and precision of

these thermometers could not be assessed.

6.1.2. Pros and cons of measuring temperature with the excitation

spectra.

Although more elaborated equipment and longer acquisition times can be a disadvantage
of thermometers based on the excitation spectrum, some strategies can be employed, however,
to minimize this drawback, such as using few excitation bands recorded in a narrower spectral
range or even using the excitation intensities at selected wavelengths instead of scanning a
given spectral range. These wavelengths should be selected from the maximum of bands with
similar widths. Alternatively, arrays of light-emitting diodes can provide tunable excitation
sources %8, thus avoiding monochromator and complex optical systems, which combined with
CCD detector would allow for fast measurements and possible miniaturization. Complex
samples, especially for biological applications, could be a real concern but the excitation-based
thermometers proposed here are quite flexible because at least 8 viable bands can be employed
yielding ca. 20 primary-T thermometers, which increases the chances of avoiding or
eliminating interferences from the medium. Detection is also flexible because for Eu(Ill) it can
be performed at the edge of the first biological window ca. 700 nm as demonstrated in the
present text, as well as at ca. 515 nm and, if the equipment allows, at ca. 815 nm (°D, — 7Fy),

which could minimize or even eliminate interferences from the medium.

The primary-T and primary-S thermometers here proposed are firmly grounded on reliable

photophysical principles and are truly non-invasive (in the detection). Moreover, they are quite
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sensitive, very simple to use, and do not require elaborated data treatment or sophisticated

instrumentations, which open many perspectives of improvements and applications.

6.1.3. General remarks.

It is relevant to emphasize that the thermometric equations governing these referenced
primary-T and primary-S thermometers were derived from first principles using the emission
intensity and rate equations. Because the excitation spectrum is monitored at a selected
emission transition, the thermometric parameter defined in Equation 1 can be expressed as the
ratio of the emitting level upon different excitations, Equation 2. A consistent and comprehensive
set of energy levels describing 4/-4f transitions in lanthanide ions was constructed Figure 7 and
a corresponding set of rate equations was derived. Employing the steady state condition, which
requires a continuous and low power density excitation source, the population of the emitting
level was determined in terms of the populations and transitions rates between the remaining
levels. Under the condition of low excitation power density, the populations of high-lying
excited levels are vanishing small and can be neglected compared to the populations of the
low-lying thermally coupled levels. As a result, the thermometric parameter becomes the ratio
of two thermally coupled levels and the thermometric equation, Equation 1, is derived. The
surrounding effects on the transitions of lanthanide ions were considered through its index of
refraction within the local field model. This leads to a known dielectric factor for transitions
with different mechanisms. In addition, by employing the usual procedure to derive the Einstein
coefficients of an absorption @ = f and the corresponding f — a emission, it is possible to

express the pre-exponential factor as ratio of integrated intensities in the emission spectrum,
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Equation 20. A detailed derivation is presented in what follows providing a consistent physical
basis for the thermometric equations, which is relevant for developing primary thermometers

with known applications and limitations.

6.1.4. Thermometric parameters based on excitation spectroscopy:

energy levels.

Consider an excitation spectrum monitored at a given emission wavelength, which has
several bands associated to transitions from a manifold of low-lying states (¢ = a, b, c, ...)to a

set of high-lying excited states (8 = e, f, g, ...), depicted in Figure 7.

The emitting level used in the monitoring of the excitation spectrum is the lowest energy
level e of the excited state set. Some of these low-lying levels, e.g., a, b, c, are thermally
coupled, hence the representation of the non-radiative transitions to and from these levels. The
thermally coupled levels will be employed in developing thermometric parameters based on

excitation spectrum.

6.1.5. Self-referencing and primary-T thermometers (excitation

spectrum).

The excitation intensities I,z are monitored at the same wavelength (e.g., ca. 615 nm for
>Dy — F, or ca. 700 nm for °D, — ’F,) for all transitions in the excitation spectrum of
Eu(hfa);bpyO.. These excitation intensities I,z are proportional to the number of the emitters
in level e, N, (a = ), which depends on the transition from the low-lying thermally coupled

states (@ = a, b, or ¢) to the high-lying state (8 = e, f, g, ...), namely [67-3°]
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lop ¢ hv A Ny (a = B), a=a,b,c, B=ef,g, .. Equation A35

when the emitted intensity is measured as energy per unit of time (power), or

Iyg ¢ AN (a = B), a=a,b,c, B=ef,g, .. Equation A36
when it is measured as the number of photons per unit of time (photon counts per second),
where hv, and A, is the energy of the monitored emission and the radiative emission rate from
level e, respectively, and N,(a — ) is the number of the emitters in level e, when the
excitation occurs from a low-lying state « to a high-lying state 8. Because the emitted radiation
is monitored at the same wavelength for all transitions in the excitation spectrum, the initial
and final levels are the same, so the radiative rate A, as well as the energy of the monitored

emission hv, are independent of the excitation wavelength.

Taking the thermometric parameter, A;, as the ratio of the integrated intensity I,z to that of

I, in the excitation spectrum and applying Equation A35 or Equation A36 yields,

ap Iaﬁ ;iﬁ _ hveAeNe(a _:’ﬁ) _ Ne(a - B)

B g Set.pr - h,AN,(a’' - ) N,(a' - ")

A=A Equation A37

where the proportionality constant in Eq. (S28) is the same for both transitions « -  and a’ —

B', because the intensities I, and I,/ are monitored at the same wavelength using the same
experimental parameters. In Equation A37, Sg’i,ﬁ and ST pr are the areas of the bands

associated with transitions « = # and a’ — ', respectively, in the excitation spectrum.

The number of ions or the population at each level is governed by a set of rate equations,
which relates the rate of change of the number of ions at each level with the net pathways that

populate and depopulate each level.

For the energy diagram and transitions depicted in Figure 7. Simplified energy level
scheme used to describe the excitation spectrum from a manifold of low-lying, denoted collectively as

a, where o = a, b, ¢, ... (in increasing order of energy), to a set of high-lying excited states, denoted
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collectively as 3, where f = e, f, g, ... (in increasing order of energy). The low-lying levels a, b, and ¢
are thermally coupled. Dashed arrows represent nonradiative transitions and solid arrows correspond to

radiative transitions., the rate equations for an excitation from level b in the thermally couple

manifold to a level i in the set of high-lying excited state, namely b — i, are:

dn,
dt“ = (keaNe + kpoNs + kgoNy + -+ + kigN; + kjgN;) + kpaNy — kapN,
dN,
W = (kebNe + kbef + kngg + + kibNi + k]b]V]) + kabNa + kchC - kbaNb
- kbCNb - kbiNb
dN,
dt = (keCNe + kaNf + kgCNg + -+ kiCNi + kJC]V]) + deNd + kbCNb - kaNC
dN,
F - (kedNe + kdef + kngg + -+ kidNi + k]dN]) - deNd

for the number of ions in the low-lying levels of the manifold @. Summation of these equations

describing the manifold a gives
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d(Na + Nb + NC + + Nd) _ dNa
de Todt

= (kegNe + kpoNe + kgqNg + -+ kigN; + kjgN;) + kpaNp — kgp N,

+ (kepNe + kppNe + kgpNg + -+ + ki N + kjpN;) + ko, Ny + kep N

— kpaNp — kpcNp — kpiNp + (kecNe + KN + kgcNg + -+ + ki Ni + kjcN;)
+ kacNg + kpcNp — kepNe + (kegNe + kpgNe + kggNg + -+ + kg N;

+ kjgN;) — kacNg

= (keq + kep + Kec + -+ keg)Ne + (Kpg + kpp + kpe + -+ keg)Np + (kgq
+ kgy + ke + -+ kga)Ny + -+ (kig + kip + kic + = + ki) N; + (kiq

+ kjb + k]C + + k]d)]V] - kbiNb

ab,c,... a,b,c,... a,b,c,... a,b,c,...
= Z koo No + Z kfa,rr Ny + Z kgarr Ny + -+ Z ki, N;
all all O.’” a,ll
a,b,c,...

+ Z kjqrr Nj = kpiNp

all

or,
ef.g,..-a,b,c
dN,
dt = (k’BIIaIIN‘BH) —_ kbiNb
ﬁll all
where
a,b,c,...
Na =Na+Nb+NC++Nd = Z Nall
all
For the levels in the set of high-lying excited states £, the rate equations are
ab,c,..
dN,
W = kfeNf — (Keq t kep + kee + -+ + keg) N, = kfeNf - Z kea”’ N,
all
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dN.
L =k Ny — (kpq + Ky + kg + -+ kpg)Np — kpo Ny

dt
a,b.c,...
= kgrNg = Z kpqr Ny — kyeNp
a/’
dn,
F = kigNi - (kga + kgb + kgC + -+ kgd)Ng - kngg
ab,.c,..
= kigNi — z Kga' Ng = kgrNg
a’/
dn;
dtl = kpiNp + kjiN; = (kig + kip + ki + -+ kig)N; = kigN;
a,b,c,...
= kpiNp + kjiNj — Z kigin Ni = kigN;
a”
dN a,b,c,...
2= ~(kia + ki + ki + -+ i)y = el = — Z Ky N; — ki,

all

Summation of these rate equations describing levels in the set of high-lying excited

states f yields

dt Todt
= kpiNp
ab,c,... ab,c,... ab,c,... ab,c,...
- Z koo No + Z kfau Nf + Z kga" Ng + 4 Z ko N;
all lX” all all
ab,c,...

+ Z k]-aHNj

n

or,
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ef.g,..a,b,c,..
dNg dN,
W= 3, 3 hat =S

dt dt
BII O.’”
where
e,f.g,..
B

Similarly, for a — j excitation:

dn,

dt“ = (keaNe + kpoN; + kgaNy + - + kigN; + kjgN;) + kpaNy — kgp Ny — kg i Ny
dN,
W = (kebNe + kbef + kngg + + kibNi + k]b]V]) + kabNa + kchC - kbaNb

- kchb

dN,

dt = (keCNe + kaNf + kgCNg + -+ kiCNi + kJC]V]) + deNd + kbCNb - kaNC
dN,

F - (kedNe + kdef + kngg + -+ kidNi + k]dN]) - deNd

whose summation gives,

d(Na + Nb + NC + + Nd) _ dNa
de Todt

= (kea + keb + kec + -+ ked)Ne + (kfa + kfb + kfc + -4+ kfd)Nf + (kga
+ kgb + kgc + + kgd)Ng + + (kia + kib + kic + + kid)Ni + (k]a

ab,c,... ab,c,... ab,c,... ab,c,...
= Z koo No + Z kfa,rr Ny + Z kgarr Ny + -+ Z ko N;
all all O.’” a,ll
a,b,c,...

+ Z kja”Nj_kajNa

all
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or,

ef.g,- ab.c,.

dNn,
dta — Z Z (kﬁ”a”N,B”) — ka]-Na
B al

And, for the set S3:

a,b,c,...
dn,
d_te = kfeNf - (kea + keb + kec + -+ ked)Ne = kfeNf - Z keaf” Ne
a”
dn.
d—tf = kg Ny — (kpa + kpp + kpe + = + k) Ny — kpo Ny
a,b.c,...
= kgrNg = Z kpqr Ny — kyeNp
a/’
dn,
d_tg = kigN; — (kga + kgp + kg + -+ kga)Ng — kgrNg
ab,.c,..
= kigNi — z Kga' Ng = kgrNg
a’/
AN ab,c,...
d_tl = kjiNj — (kig + kip + kic + -+ kig)N; — kygNy = kjiN; — Z Kiqn Ni — kigN;
a”
dN ab,c,...
2= KajNa = (Kig + iy + kic + -+ Ki)N; = el = eqjNg — Z Ko Ny — ki,
a”

whose summation gives,
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d(N, + Ny + Ny + N; + N;) _ dNp

dt Todt
= kajNa
ab,c,... ab,c,... ab,c,... ab,c,...
- Z koo No + Z kfau Nf + Z kga" Ng + 4 Z ko N;
all lX” all all
ab,c,...

+ Z kja”Nj

n

or,
ef.g,..a,b,c,..
dNﬁ dn,
W = kajNa - Z Z kﬁ”a”Nﬁ” = — dt
B” all
In general, for an @’ — B’ excitation
ef.g,..a,b,c,..
dN,(t) dN[g ® .
a dt Z kgriqnNgi(t) — korprNgr () Equation A38
BII a,ll
where
ab,c,...
Na, =Na+Nb +NC++Nd = Z Na,ll,
all
Equation A39
e.f.g,..
ﬁll

Applying the steady-state approximation, dN, /dt = dNg/dt = 0, yields

e.f.g,.ab,.c,..
0= Z Z kﬁuaHNﬁH - ka’B’Na’ Equation A40
ﬁ” a”

where N, and Ng are no longer time dependent. From the summation, the number of ions or

the population in the emitting level, N,, can be separated as
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ab,c,... f.9, ab,c,..
Z kea,n Ne(a’ - B’) = ka’ﬁ’Na’ — Z Z kﬁ”a’”Nﬁ” Equation A4l
!

n n
B a

or

f.9,ab.c,..
kea’Ne(a' - ﬁ’) = kaIBINaI — Z Z kB//a//NB//,
B al
Equation A42
a,b,c
kea, - keau

Considering that the excitation source is not very powerful, then the number of ions in
the high-lying excited states f, g, ... are vanishing small, because the transition rates from high-
lying excited states kg, are much smaller than the decay rates within the set of excited states
kgp', then Equation A42 can be approximated as

kegN.(a' = B") = k2 N, koo = Z k. Equation A43

a -f
where the absorption rate associated with the a’ — S’ excitation has been made explicit.

Notice that this derivation is general and involves a comprehensive and complete set of

energy levels describing 4f-4f transitions in lanthanide ions.

Employing Equation A39 as the population of the emitting level upon @ = S and a’ =

B’ excitations, the thermometric parameter defined in Equation 33 becomes

ex abs
A =28 _ Ne(a = f) = Ka-pNa Equation A44
Sy T N = B KN

where N, and N, are the number of ions (or population) at steady state upon continuous
excitation from a and a' levels, respectively. It is important to realize that @ and a’ levels are

thermally coupled, and that the continuous excitation is kept long enough to establish thermal
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equilibrium at temperature T and steady state. Then, the fraction of ions (or population) in the

a level follows the Boltzmann distribution

t.c.
N,
Na = goe Fa/ kD), Nie. = Z Ny Equation A45
t.c. a"—a,b,c

where N, . is the total number of ions in the sample that are in thermally coupled (t.c.) states,
Jq and E, is the degeneracy and energy of the a level, and k is the Boltzmann constant. Notice
that because the populations of the thermally coupled states depend only on the temperature,
then N, . is the same for any excitation. Thus, the thermometric parameter in Equation A40

becomes

—Ey/ (KT ab
;’iﬁ 3 ka_ﬂgg e ~Ea/( )/Nt.c. _ k —>ﬂ9a —AE,, 1/ (KT)

Ai=

ex e

—E_1/(KT) ab
aiopr K g gare B O N KRS g Equation A46
— Aie—AEi/(kT)
where AE; = AE,,» = E, — E, is the energy difference between the low-lying a and a' levels
and A; is a pre-exponential factor that depends only on the ratio of the absorption rates and of

the degeneracies.

This derivation of the thermometric parameter considers independent and isolated ions.
However, for real samples, the ions are placed in a material medium or matrix with a refractive
index, n, which alters the speed of light and affects the transition rates by a dielectric correction

Xa—p(n). The absorption & — B transition rate in a medium with refractive index n is replaced

by
abs[g
kabs, - —== Equation A47
@b 7 s ()

that is, the @ — B transition rate in vacuum is replaced by k;tf‘ﬁ / )(225[3 (n).
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So, the pre-exponential factor, 4;, in the thermometric parameter given by Equation

A42 becomes
b
4 - e/ ga X (M) KiZpga
LRSS () g XS () KRS g
or
ati)s Ga Xa'> ’(n)
A;=f(n) azs £22 0 fmy =22 Equation A48
ka _)ﬂ,ga Xa—)ﬁ(n)

where f(n) is the dielectric factor, which is 1 when both @ — 8 and @’ — B’ transitions have
the same mechanism, so 4; is independent of the temperature. Otherwise, f (n) depends on the
refractive index, which varies with the temperature. However, it is shown that f(n) is
practically constant in a wide range of temperature. Thus, the thermometers based on excitation

spectrum are described by the following thermometric equation

exﬁ absﬁg
a— _ . a— [e4
A= —m ; = Aje AE;/(kT) A =f(n)———— s p ,
a'-p’ a —>[3’ a’
Equation A49 = (19)
X ’—)ﬁ’(n)
fn) =="——=
Xa—»ﬁ(n)

where the pre-exponential factor A; can be considered as constant, which demonstrate Equation

19 in the main text.

An immediate prediction from the thermometric equation Equation A42 consists in
selecting bands in the excitation spectrum that have the same initial level, i.e., @ = a’, which

yields AE; = 0 and self-referencing thermometers:

ex
a-p
ex

a-p’'

A; = = A; = constant Equation A50

That is, thermometric parameters that do not change with the temperature.
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On the other hand, when a # a’ = AE; # 0, the thermometric parameters, A;, have a
well-known and well-defined dependence with the temperature and can be employed as
primary-T thermometers. In this case, at a known (or reference) temperature, T,, the
thermometric parameter, 4;,, is determined from the excitation spectrum and allows to predict

the temperature as

ex

~B _AE: AE; 1 1 k
A= —=2B o pem B/ KD = In(A/A)) = —T‘? = —In(4;/A) = = - AE —In(4;/4,)

al_>ﬁl

At a known (or reference) temperature, T,

! k —1In(4;/A
TO AE n( lO)

where the subtraction yields

1k k k
7T EIH(A /A — AL, —1n(4;/4) = l[ln(A i/8) —In(4;/A;p)]

k L A;/A;
TAE \A;/Dy

or

1 1 k(A 1 k A, _
m=otgzn (A—) =———1In (—) Equation A51= (14)
i i

which demonstrate Equation 14 in the main text.

The thermometric equation Equation A47 or, Equation 14 in the main text, can promptly

provide the relative sensitivity, S, ;, of each thermometric parameter A; as*
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1dA 1d

i = dTA e—AE /(kT) —A | —AEi/(kT)
-1

I I v il B L g eor (_i)
AT Tk ar |~ A, Tk T?

= %llA e—AEi/(KT) — AR 11
k TZA, k TZA,

or
1 |dAi A 1 Equation A52 = (21)
S sl I Sl n =
T2 quatio

which demonstrate Equation 21 in the main text.

6.1.6. Refractive index and dielectric factor.

The dielectric correction y,_,z(n) employed to describe the process occurring in a medium
or matrix of refractive index n, depends on speed of light entering in the description of the
process of interest, such as absorption, spontaneous emission, cross section, or oscillator
strength, as well as on the mechanism of the transitions (electric dipole, FED, or magnetic
dipole, MD). That is the reason to introduce an explicit dependence on the process (e.g., abs)
and on the transition mechanism in the dielectric correction, for instance, ¥23%(n) or x5 (n)
for correcting the absorption rate via electric dipole (FED) or magnetic dipole (MD). The
dielectric correction takes into consideration the changes of the speed of light in the medium
as well as the effects of the local field on the electric dipole. These dielectric factors are

summarized in Table A7.
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Table A7. Dielectric corrections y(n) for a non-magnetic dielectric medium with refractive
index n and a local field correction ..l

Forced Electric

Quantity Magnetic Dipole (MD)
dipole (FED)
Absorption and stimulated emission rates  y(n) = n3y, x(m) =nd
Spontaneous emission rates x(n) =ny. x(m)=n3
. . 1
Cross sections and oscillator strengths x(n) =—x. x(n)=n
n

It is noteworthy that the ratio of ygp(n) to yymp(n), which is denoted as the dielectric

factor fprocess(1), is the same for absorption, stimulated, and spontaneous emission rates,

namely,

X385 (n) et iy x
=== f(n),

fabs (Tl) abS( ) fstlm( ) st1m (Tl) ns

Equation A53

spon
fvon 1) = S 2 =" =B = )

Of course, the ratio of yyp(n) to ygp(n) is the same for rate processes. Therefore, for
transition rates, the dielectric factors are the same for all processes and will be denoted simply
as f(n).

The local field correction yp, st

E 2
1= (giff) Equation A54
0

where Eq¢ is the actual or effective or local field at the optical center and & is the average field

in the medium. For tightly bound centers, it can be shown that®"]
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2

Eorp) 2 n? —1 g .
L= (EL“) = (1 Tt o((n*—-1)?%/9)+]+X+ K) Equation A55
0

where the first correction is known as the Lorentz local field ratio, and it is the only important
term for well-localized center in a tightly bound matrix. The next term is of the order of the
square of the Lorentz correction, whereas J, X, K represent corrections arising from overlap of
neighbouring atom wave functions, exchange effects, and higher multipole interactions,
respectively. Lanthanide ions do satisfy the condition of a well-localized center in a tightly

bound matrix, sol®!)

2 _ 1\? 2 2 2 2
)(L=<1+n 3 1) =<n ;2) =% Equation A56

As a result, the dielectric factor becomes

2 2
fn) = )% = (719;22) Equation A57
n n

which has a weak dependence on the refractive index n as illustrated in Figure A29 for n varying

from 1.0 to 2.5 and from 1.5 to 1.6.

o~ 1254 < 0.904-
= =
D o . 2
o~ 1204 /S 09024 /
~ ~
+ 1.15- /' + /'
e iy ~g 0.900- .

—_
—_
(=}

0.898 - /'/

0.896 !
0.894-| P

-
g

Dielectric factor, f{n)
[
o
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/.
Dielectric factor, f{n)
n

08924 =
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Refractive index, n Refractive index, n

Figure A29. Dependence of the dielectric factor f(n) = (n? + 2)?/9n? with the refractive index n in
the range of 1.0 to 2.5 (left panel) and of 1.5 to 1.6 (right panel). Source: Author.
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6.1.7. Temperature dependence of the refractive index.

The dielectric factor, f(n), has a weak dependence on n (Figure A29) and the refractive
index varies slowly with the temperature, which leads to a very weak dependence of f(n) on
the temperature (Figure A30). For typical values of the refractive index (e.g., 1.55), the dielectric
factor f(n) varies less than 0.05% in the temperature range 10—400 K for materials with

11701 Even for materials with large thermo-optic

thermo-optic coefficient”! of ca. 107> K~
coefficient of ca. 10™* K™1, the variation of f(n) in this temperature range is less than 0.5%
(Figure A30). As a result, the dielectric factor f(n) in the pre-exponential factor of the

thermometric parameter can be considered constant (independent of the temperature). The

refractive index of most materials varies with temperature as!®-70]

dn

= — Equation A58
dT

n(T) = ny + aT, a

where n, is the refractive index near 0 K and a is the thermo-optic coefficient of the material.

So, the dependence of the dielectric factor in Equation AS3 with the temperature becomes

[(ny + aT)? + 2]?
9(ny + aT)?

f((T)) = Equation A59

and its variation with temperature is depicted in Figure A30.
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Figure A30. Dependence of the dielectric factor f(n) = (n? + 2)2/9n? with the temperature (left panel)
and the relative (percentage) variation of f(n) with temperature (right panel) for a refractive index at 0
K of ny = 1.55 and thermo-optic coefficient a of 10~* K™* and 107> K~*. Source: Author.

Clearly, for typical thermo-optic coefficient a~1075 K™, the dielectric factor f(n) is
constant in a wide range of temperature, e.g., from 10 to 400 K the change in f(n) is ca. 0.05%,
whereas for atypically large thermo-optic coefficient a~107* K1, relative variation of the
dielectric factor is ca. 0.5% within [10—400 K]. As a result, f(n) in the pre-exponential factor

of the thermometric parameter can be considered independent on the temperature.

6.1.8. Primary-S thermometers (excitation and emission spectra).

The proposed thermometric parameter becomes also a primary-S thermometer if the

absorption transition rates, kgtfﬁ, in the pre-exponential factor can be determined. It is shown

that kf‘{tfﬁ can be related to the corresponding stimulated, k;tif;, and spontaneous, Ag_,q,
emission rates, which could be determined from the emission spectrum. Therefore, the pre-

exponential factor A; becomes known from another spectral measurement, hence a primary-S

thermometer.
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Consider the transition from the lower energy a level by absorption of photons to a

higher energy [ level, which can be transitioned back to the a level by stimulated and

spontaneous emissions. These two a and [ levels are characterized by the total angular

momentum quantum numbers J, and Jg, the crystal quantum numbers p, and pg, and

additional sets of numbers W, and Ws. Within the Fermi’s golden rule approximation,®! the

absorption rate can be expressed as,[7%’]

pabs _ 64T VagDayp pabs _ 64T VapDag
@B = 3hclg, vas  JatesB T T3pc3 vap
the stimulated emission as,
4,3 4.3
kstim — 64m vaﬁDa'ﬁ N > g kstim — 64m V“ﬁDa"ﬁ N
and spontaneous emission as
641*v55Dq 641*v55Dq
Aooe = gngsgy Il = T gpe e

Equation A60

Equation A6l

Equation A62

where D, p is the (electric and magnetic) dipole strength and N, p is the number of photons

with frequency v, in a volume V, which is given by!*!

A3V
vag = Jpc2 VB

with A, being the strength of the vector potential of the radiation field.

It thus follows that,

64m*v3,D .
b aprap _
gakg_;sﬁ = 3hc3 NVaB = gﬁkﬁs)t—lfg - g,BAB_’U‘NVaB

A3V
= 9pAp-a 55 7 Vap

Equation A63

Equation A64
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The integrated intensity I, (f = a), in energy per unit of time, of a § — « transition

is[89]

Iem (B = @) < hvapAp_oNpg Equation A65
where Np is the number of emitters in state 5. This expression is valid for emissions in the

optical region because the stimulated emission kEt_‘f; is negligible, so the total radiative rate

krad

5o 18 approximated by the spontaneous emission 4;_, 4.1

Then, the absorption rate becomes,

abs AOVg[g TA .
9aka’p = th—zNhVaﬁAﬁeaNﬁ 2Zh2CEN,) em(B = @) Equation A66

The integrated intensity le;, (8 = @) is proportional to the area S;5,, of the band in the
emission spectrum corresponding to the B — «a transition, namely!®’]

Iem(B = @) = kgSg%, = kg j I(v)dv Equation A67

B-a
where the proportionality constant k; depends on several experimental parameters such as slit

widths, geometry, solid angle, detector sensibility, etc.

This gives the following relation

abs ongﬁ I kgT[A%Vgﬁ em

Jakalp 212C2N, em(B - )—m o Equation A68

This relationship is valid for isolated and independent optical centers. However, the
right hand-side of Eq. (S61) is related to measurements on actual samples. In other words, the
area S5, takes into consideration that the optical centres are within a material medium. So, if
this medium is a non-magnetic dielectric one, described by a refractive index n, then the

measured area SETa becomes dependent on n, that is, S /3_)0[(11) and it should be corrected to
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the corresponding value for isolated centres. As discussed before, in the determination of the

absorption rate in this medium, the area Sg=,, should be

kabs Sem
kgllfﬁ abi_)ﬁ = Sp0e ™ “abs < Equation A69
Xa—) (n) Xaaﬁ(n)
abs

as presented in Equation A43, where y, s (n) is the dielectric correction.

a-p
As a result, the absorption rate expression in terms of the measured area should be

k,mAGVgs S
ZhZCZNﬁ X;tisﬁ (n)

Ao Vg
Gak3s o 0P (B > @) =

2h2C2N, Equation A70

with SgT, being the area of the band measured in the actual sample (optical centers in a

dielectric medium).

Considering two transitions with the same final state, namely, @ =  and a’ — f3, the

associated pre-exponential factor in the thermometric parameter becomes

kymAZV 95 Spoa

L gakay RNy g s, ~ R eauation ATL
L gukiy kgmARV gp Siha T X% (n) Sph Sgoar

2h2¢ ZNﬁ XaPsﬁ

In the case where the emission intensity l.,,(f = @) is measured as the number of

emitted photons per unit of time (photon counting per second), the integrated intensity is

em
ﬁ—)
lem (B = @) & ApoNp = kg —p =

Equation A72
Xa—)ﬁ (n)

So, the absorption rate in Equation A60 becomes
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abs A%Vgﬁ _ T[A(Z)Vgﬁvaﬁ

9akalp = anﬁAﬁ—)a = WA;;%N/;

TAGV 9pVap AV 9pVap Spoa
—I = .
ZhCZN em(B = @) ZhCZN,; X;ES/;( ) Equation A73

T[AZVgﬁk vaﬁSETa
- thzNB Xabs (Tl)

upon substitution of Eq. (S65). The pre-exponential factor is written as

k2S5 XS (M) vep SEM Vap Sgo
A = Ja be O;bsﬁ b B ud =f(n) ap Sfma Equation A74
ga’ka'ﬁ Xaeﬁ(n) Va'p /3_>a Va'B Ol
In summary,
— ) Sgoa(power) Vap Sioa(photon counting)
Sgoer (power) V' S§, (Photon counting)’
Equation A75
X '—)ﬁ’(n)
f(n) = fa-pP ~ 2
Xaaﬁ(n)

where Sﬂ_)a(power) and S B_w(photon counting) is the area of the band in the emission

acquired as energy per unit of time (power) and as number of photons per unit of time (photon

counting), respectively. As discussed before, the dielectric factor f(n) is 1 when both

transitions have the same dipole character, whereas it is practically constant (independent of

temperature) for transition with distinct dipole character. However, despite being constant, the

value of f(n) needs to be considered when determining the pre-exponential factor of the

thermometric parameter.

Primary-S thermometers can then predict the temperature as

AE; 1 o
T=——, A== Equation A76
k In(4;/A;) ' Sar-p auation

where



B—>a (power) ﬁ_,a (photon counting)

A =
=/ nga,(power) n) va,ﬁ SB_,a,(photon counting)’
Equation A77
Xa'—%"(n)
n)=———
f( ) Xa—)ﬂ (Tl)

which demonstrate Equation 4 in the main text.

So, the temperature can be predicted by determining the thermometric parameter A;
from the excitation spectrum and the pre-exponential factor A; from the integrated intensities
in the emission spectrum, corrected by the dielectric factor f(n), and by the ratio of the

wavenumbers in the case of acquiring the emission spectrum in the photon counting mode.

For instance, consider the thermometric parameter associated with ’F; — 5D, (MD)
and ’F, - 5D, (ED) transitions in the excitation spectrum and the corresponding °D, = ’F,

(MD) and °D, — ’F, (ED) transitions in the emission spectrum, which lead to:

K S
A = — Equation A78
Sa '>p S7F0—’5D0
and
_ Xa'—%"(n) ﬁaﬁ SEEO.’ X7F 0—°Dg (n) v Vo1 SSD -7F,
' Xa-p (n) ﬁa’ﬁ nga )(7F1—>5D(J (m)v Voo 55D0—>7F0
Equation A79
~ em Sem
)(ED(") V01 5Dy—7F; V1 °5Dy>7F,
et = f() S
XMD(") Voo 9sp 7, Voo 2sp - 7F,
where
2
fn) = ?& L @12 Equation A80

9n?
Therefore, knowing the refractive index n allows to estimate f(n), and measuring the

integrated intensities, nga, in the emission spectrum as well as the barycenter of the

transitions, Vg, the pre-exponential factor, 4;, of the thermometer becomes fully determined.
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6.2.

PUBLICATIONS

Physica B 626 (2022) 413470

Contents lists available at ScienceDirect

Physica B: Physics of Condensed Matter
ELSEVIER journal homepage: www.elsevier.com/locate/physb — =]
()}
3D sub-cellular localization of upconverting nanoparticles through =
hyperspectral microscopy
Rodolfo N. Silva™", Alexandre M.P. Botas °, David Brandao °, Verénica Bastos °,
Helena Oliveira °, Mengistie L. Debasu”, Rute A.S. Ferreira®, Carlos D.S. Brites™ ,
Luis D. Carlos ™
Phanmmg CICECO - Aveiro Institute of Materials, Department of Physics, University of Aveiro, 3810-193, Aveiro, Portugal
de Quimica Federal de Pernambuco, 50740-540, Recife, PE, Brazil
< CESAM - Centre for Environmental and Marine Studies, University of Aveiro, 3810-193, Aveiro, Portugal
https://doi.org/10.1016/j.physb.2021.413470
e
RESEARCH ARTICLE MATERIALS
Editor’s Choice www.advopticalmat.de

Novel and High-Sensitive Primary and Self-Referencing
Thermometers Based on the Excitation Spectra
of Lanthanide lons

Keyla M. N. de Souza, Rodolfo N. Silva, Juliana A. B. Silva, Carlos D. S. Brites,
Biju Francis, Rute A. S. Ferreira, Luis D. Carlos,* and Ricardo L. Longo*

https://doi.org/10.1002/adom.202200770

‘ lNS'ﬂ"UTO 28/10/2022 B70220099883
i e (i
INDUSTRIAL
29409161925855740

Pedido nacional de Inveng¢éo, Modelo de Utilidade, Certificado de
Adigéo de Invengéo e entrada na fase nacional do PCT

Namero do Processo: BR 10 2022 021979 6

Ricardo Luiz Longo, Keyla Mirelly Nunes de Souza, Rodolfo Rodrigues Nunes da
Silva, Luis Anténio Ferreira Martins Dias Carlos, Maria Rute de Amorim e Sa

Ferreira André, Carlos Antdnio Delgado Sousa Brites e Juliana Angeiras Batista
da Silva.

131



6.3. RESUMO SIMPLIFICADO

fons de Lantanideos: Revolucionando a Medicio de Temperatura

Um estudo recente introduziu dois termdmetros primarios: o primary-T, que necessita de
calibragdo em apenas uma temperatura conhecida e wutiliza dados ratiométricos
autorreferenciados dos espectros de excitagdo, e o primary-S, que supera o primary-T por ndao
precisar de nenhuma calibracdo e utiliza dados ratiométricos originarios tanto dos espectros de
excitagdo quanto de emissdo. Termdmetros primarios sdo desenvolvidos a partir de principios
fisicos e requerem uma calibragdo minima em temperaturas pré determinadas. Estes novos

termdmetros foram desenvolvidos na tese de doutorado em regime de cotutela
desenvolvida em colabora¢do entre o Programa de Poés-Graduagdo erm Quimica do
Departamento de Quimica Fundamental (DQF), da Universidade Federal de Pernambuco
(UFPE) e o CICECO - Instituto de Materiais de Aveiro, e Departamento de Fisica da
Universidade de Aveiro (UA). O estudante, Rodolfo Silva, teve a orientagdo cientifica dos
doutores Ricardo Longo e Ivani Malvestiti, Professor Titular e Professora Associada,
respectivamente, do DQF da UFPE, e Luis Anténio Ferreira Martins Dias Carlos e Maria Rute
de Amorim e S Ferreira André, Professores Catedraticos do Departamento de Fisica da
Universidade de Aveiro (Portugal). A tese foi financiada por fundos portugueses
(NanoHeatControl, The Shape of Water e LogicALL) e europeu (NanoTBTech) de fomento a
ciéncia e a tecnologia.

Prova de Conceito: O estudante utilizou um complexo Eu(III)-p-dicetonato para determinar a
temperatura e demonstraram a aplicabilidade universal do método para outros materiais a base
de Ln(III), alcangando uma precisao de 0,2% na faixa de temperatura fisiologica, superando as
tecnologias existentes.

Microscopia Hiperespectral: Unindo Informacdes Espectrais e Espaciais

A pesquisa se estendeu a microscopia hiperespectral, combinando espectroscopia com
microscopia Optica para obter informagdes espectrais e espaciais simultaneamente. Esta técnica
revolucionou as aplicagdes biomédicas, auxiliando no monitoramento de agentes de
bioimagem, deteccdo de patdgenos, identificagdo de células cancerigenas e avaliacdo da
absorcdo de nanoparticulas. Nanoparticulas sdo particulas que tém aproximadamente o
tamanho 1000 vezes menor que um fio de cabelo.

Uma Estratégia Potencial em Oncologia - Foram preparadas nanoparticulas de Gd>O3
dopadas com Yb(III)/Er(IIl), analisando suas propriedades estruturais e luminescentes. Eles
estudaram a viabilidade celular dessas particulas com linhagens de células de melanoma
humano (MNT-1 e A375). Usando imagem hiperespectral 2D, eles acompanharam o processo
de internaliza¢do e mapearam a distribuicdo 3D nas culturas celulares. As particulas estavam
localizadas principalmente nas regides citoplasmatica e ao redor do nucleo da célula. Foi
possivel determinar a temperatura intracelular utilizando esse método.

Implicacdes Futuras - Esses avancos abrem novas possibilidades na medi¢ao de temperatura
e imagem biomédica, tornando os termometros primarios € a microscopia hiperespectral
adequados para monitoramento preciso em diagnosticos médicos e ciéncia dos materiais. A
medida que esses métodos evoluem, provavelmente criardo novas oportunidades na pesquisa
cientifica e nas aplica¢des praticas.
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