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Lanthanide-based nanomaterials for temperature
sensing in the near-infrared spectral region:
illuminating progress and challenges

Abigale Puccini, “& Nan Liu“® and Eva Hemmer = *

Being first proposed as a method to overcome limitations associated with conventional contact thermo-
meters, luminescence thermometry has been extensively studied over the past two decades as a sensitive
and fast approach to remote and minimally invasive thermal sensing. Herein, lanthanide (Ln)-doped nano-
particles (Ln-NPs) have been identified as particularly promising candidates, given their outstanding
optical properties. Known primarily for their upconversion emission, Ln-NPs have also been recog-
nized for their ability to be excited with and emit in the near-infrared (NIR) regions matching the NIR
transparency windows. This sparked the emergence of the development of NIR-NIR Ln-NPs for a
wide range of temperature-sensing applications. The shift to longer excitation and emission wave-
lengths resulted in increased efforts being put into developing nanothermometers for biomedical
applications, however most research is still preclinical. This mini-review outlines and addresses the
challenges that limit the reliability and implementation of luminescent nanothermometers to real-life
applications. Through a critical look into the recent developments from the past 4 years, we highlight
attempts to overcome some of the limitations associated with excitation wavelength, thermal sensi-
tivity, calibration, as well as light-matter interactions. Strategies range from use of longer excitation
wavelengths, brighter emitters through strategic core/multi-shell architectures, exploitation of host
phonons, and a shift from double- to single-band ratiometric as well as lifetime-based approaches to
innovative methods based on computation and machine learning. To conclude, we offer a perspective
on remaining gaps and where efforts should be focused towards more robust nanothermometers
allowing a shift to real-life, e.g., in vivo, applications.

nanothermometry, temperature can be sensed in applications
where conventional contact thermometers are ineffective, such

Detection of temperature with high thermal and spatial resolu-
tion is necessary for a wide range of industrial and research
applications, including microelectronics, nanofluidics, and
biomedicine.'™ Conventional contact thermometers, which
are considered an invasive thermal sensing technique, are not
suitable when temperature is measured at scales below
10 pm.” To overcome this limitation, remote, minimally inva-
sive luminescence nanothermometers have been developed to
allow for local temperature sensing at the nanoscale.®
Luminescence nanothermometry refers to a spectroscopic
technique in which temperature-dependent changes in the
spectral features of an optical nanoprobe, e.g., emission inten-
sity, lifetime, spectral shape, or peak position, can be used to
provide a remote thermal readout.®® Using luminescence
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as in harsh environmental conditions, in fast moving objects,
and in the presence of strong electromagnetic fields.’ It has
also proven to be promising for remote in vitro or even in vivo
thermal sensing.* The possibility for remote and minimally
invasive temperature sensing has resulted in growing explora-
tion of different materials and molecules capable of acting as
luminescence thermometers at the nanoscale in recent years.
Seminal work on the field of luminescence thermometry
began in the early 1930s,'® however breakthroughs in the field
appeared in the early 2000s, with a significant boom in publi-
cations between 2007 and 2012.>%” The first review papers
were generated during this time, with seminal work by Brites
et al. outlining guidelines for luminescence nanothermometry
towards standardizing the field.”

To date, organic dyes, quantum dots, polymers, and lantha-
nide(Ln)-based molecules, molecular cluster-aggregates, and
nanoparticles (NPs) have been examined as candidates for
luminescence nanothermometry.>’® Among these, Ln*'-
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based molecules and NPs are the most explored candidates for
luminescence nanothermometry. In lanthanide-based NPs
(Ln-NPs), the optically active Ln*" ions are doped into an in-
organic crystalline host lattice, such as oxides, chlorides, bro-
mides, vanadates, oxysulphides, oxychlorides, and fluorides,
with the latter being most popular owing to its low phonon
energy, accessible synthesis routes, and good thermal and
chemical stability.'”'® Characterized by an incomplete 4f shell
shielded by the outer 55> and 5p° shells, the influence of the
host lattice and surrounding environment on the optical pro-
perties of Ln*" ions is minimized. This results in long excited
state lifetimes and narrow absorption and emission bands that
favour the use of excitation wavelengths in the near-infrared
(NIR) and leads to emission of light in the ultraviolet (UV),
visible, and NIR spectral regions.'® Nonetheless, temperature
has been found to influence the spectral features of the Ln**
ions due to phonon-assisted changes in the population of the
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emitting energy levels, energy transfer, non-radiative relax-
ation, or cross-relaxation, ultimately allowing for an optical
readout of temperature.”® By tailoring the choice of Ln**
dopants, NIR-to-visible upconversion (UC) and NIR-to-NIR
wavelength conversion become possible, allowing for exci-
tation and emission in the so-called optical transparency
windows (also referred to as biological windows, BWs). While
there is no clear consensus about the definition of these NIR
transparency windows, the spectral region from 700-950 nm is
commonly defined as NIR-I, that from 1000-1350 nm as
NIR-II, and NIR-III spans the 1550-1870 nm spectral range
(Fig. 1A and B). The recently added 4™ window, NIR-IV, covers
the 2050-2400 nm spectral region.***> The tunability of both
excitation and emission wavelength from shorter to longer
renders Ln’*"-doped materials excellent candidates for thermal
sensing at the nanoscale - though, challenges remain. For
example, the overlap of Ln** emission bands residing in the
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Fig. 1 (A) Optical transparency windows (biological windows, BWs) and normalized emissions of Yb®* (black), Nd** (purple), Yb3*/Er®* (green) and
Yb**/Tm** (red) doped in SrF, host material. Wavelength-specific artefacts that can affect the reliability of thermal sensing are also indicated, i.e.,
emissions with excitation power dependent spectral shape (indicated by the red ‘P’ circle) and emission bands susceptible to undergoing self-
absorption (grilled filling of the curve). Grey backgrounds denote the spectral ranges out of the BWs of transparency. The absorption of skin (in
cm™) is shown by the dashed blue line. Reproduced from ref. 20 with permission from Royal Society of Chemistry, copyright 2022. The NIR spectral
regions corresponding to the definition of the biological windows used in this review are added to the top of the figure. (B) The absorption of main
biological molecules spanning from the visible to NIR spectral region. Reproduced from ref. 21 with permission from MDPI, copyright 2021. (C)
Schematic representation of the energy levels and f-f transitions in NIR-NIR thermometers based on Nd**, Tm**, Ho®*, Pr**, Er**, and Yb>*.
Redrawn based on ref. 22-28.
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BWs with the absorption of human skin (Fig. 1A) shows the
susceptibility of these emission bands to be altered by the
medium and environment, including water, as well as bio-
logical components present (Fig. 1B).>° This can result in dis-
tortion or modification of the spectra, which can limit the
reliability of a nanothermometer, ultimately leading to false
temperature readouts. Therefore, care must be taken to select
Ln**-dopants for nanothermometry applications that avoid or
minimize the influence of environmental or experimental
effects on the emission spectra. Nonetheless, some reports
demonstrated excellent imaging capabilities in the NIR spec-
tral regions that overlap with tissue and water absorption
bands. In particular, the Ln*" emissions residing in the gaps
between the BWs, ie., the emissions of Yb*", Ho*', Tm?",
and Er*" that overlap with the water absorption bands
present around 980, 1200, 1450, and 1930 nm (Fig. 1B),
showed excellent bioimaging quality due to absorption-
induced resolution and contrast enhancements,**™* which
would also benefit spatial resolution when aiming for
thermal mapping.

Many research efforts focus on harnessing the NIR-to-
visible UC ability of Ln** ions for nanothermometry
approaches, with summarizing achievements
made.>®”3%%® However, with growing interest in using Ln-NPs
as nanothermometers for biomedical applications, there has
been a need for luminescence nanothermometers that
undergo NIR-to-NIR wavelength conversion, which is the
subject of this mini-review. Herein, we summarize the recent
developments of Ln*-based NIR-NIR nanothermometers,
focusing on achievements made over the past 4 years. First,
the most important thermometric parameters will be briefly
introduced. We will then showcase recent advances in
nanothermometry based on the widely explored ratiometric
luminescence approach, followed by lifetime-based and other,
unconventional strategies that recently emerged, highlighting
how challenges and limitations encountered in the past have
been addressed towards more sensitive and more reliable
thermal sensors, while also critically assessing remaining
challenges.

reviews

Fundamental aspects of
nanothermometry
Figures of merit

While excellent review papers and book chapters have been
published to which the interested reader is referred to for an
in-depth discussion, the basic parameters used to describe the
thermometric performance are briefly introduced in the
following.>°7~39

Relative thermal sensitivity, S,. Ratiometric approaches are
widely applied as they are less affected by emitter concen-
tration when compared to thermal sensing based on absolute
emission intensity.’” Herein, the thermometric parameter is
the luminescence intensity ratio, LIR, commonly used to quan-
tify a nanothermometer’s thermometric performance. The LIR

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Schematic overview of luminescence nanothermometry
approaches discussed in this review. (A) Double-band and (B) single-
band nanothermometry based on thermally coupled levels (TCLs). (C)
Double-band nanothermometry based on non-thermally coupled levels
(NTCLs). (D) Lifetime-based nanothermometry. (E) A recently proposed
LIR? approach based on TCLs.?’

can be quantified as the ratio between the integrated intensi-
ties of two emission bands that originate from two different
and distant energy levels (double-band approach, also referred
to as dual-band) or two Stark sublevels (single-band approach)
(Fig. 2A-C). A key figure of merit is the relative thermal sensi-
tivity (S;), which correlates the change in LIR with change in
temperature. This quantitative parameter is used to assess and
compare the performance of different thermometers. It is
defined as:

1 OLIR
“UR or W

For Ln-NP-based NIR double-band nanothermometers, S,
values greater than 1% K" are currently considered as indica-
tive of a sensitive nanothermometer.?> While the S, values of
single-band nanothermometers are intrinsically lower than
those of double-band nanothermometers (typically <1% K™ %),
being restricted by the value of AE (Fig. 2B). Following a life-
time-based approach (Fig. 2D), 7, the luminescence lifetime,
can replace LIR in eqn (1) to calculate S,.

Thermal resolution or temperature uncertainty, 67. Besides
S, thermal resolution (also referred to as temperature uncer-
tainty), 6T, representing the smallest temperature change that
can be resolved in a given measurement, is another important
figure of merit. Depending on the experimental detection
setup used, the acquisition conditions applied, and the signal-
to-noise ratio in the experiment, §T might change. While there
is still no full consensus within the nanothermometry commu-

r
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nity on how to standardize the determination of 87, it is often
calculated by:

1 JLIR
= @

Sy LIR

Herein, SLIR/LIR is the relative uncertainty over the thermo-
metric parameter. For LIR-based thermometry, SLIR/LIR is

obtained as:
SLIR SL\*  (oL\?
R R
LIR L I
In general, the value of 6T of a nanothermometer should be
smaller than 1 K to achieve the sensitivity requirement.’
However, methods to obtain 6T are diverse and thus must be
considered with care when using them to compare different
nanothermometer systems."*

Repeatability, R. The repeatability, R, describes the thermo-
meter’s ability to provide repeatedly the same result, under the
same circumstances. This value generally should be higher
than 90% for good repeatability.

max(|LIR; — LIRmean|)
LIRmean

R=1

(4)

where LIR; is the luminescence intensity ratio at a given temp-
erature measured for the i-th round of measurement, and
LIRhean 1S the average obtained from ¢ independent
measurements.

The aforementioned thermometric parameters can be
affected by numerous environmental and experimental
factors.>® For instance, solvent (non-aqueous solvents, water,
or dry powder) has a significant impact on the performance of
nanothermometers,'"?® hence, it is important to be aware of
the environment in which the thermal performance of a
thermometer is reported.

Ratiometric approaches: thermally coupled versus non-
coupled levels

When the energy gap (AE) between the two electronic tran-
sitions is between 200 and 2000 cm™, they are considered
thermally coupled levels (TCLs), and their dependence on
temperature can be used to quantify a thermal readout based
on a ratiometric Boltzmann governed approach (Fig. 2A and
B). Probably the most popular example are the two green-emit-
ting energy levels of Er*" (*S;;, and *Hy;,). Though originating
from two distinct f-f transitions, they are in close proximity to
be thermally coupled and the resultant LIR follows Boltzmann
distribution.® When the thermally coupled emissions arise
from the Stark sublevels of a single Ln*" emission band, its
temperature can be quantified following a single-band ratio-
metric approach. For instance, this is the case for some Nd**
nanothermometers that use thermalized energy states originat-
ing from the same emission band between Stark sublevels
(Fig. 1C).>*> When following a Boltzmann governed approach,
the thermal sensitivity of a nanothermometer system is
directly proportional to the AE between the TCLs, implying

10978 | Nanoscale, 2024, 16, 10975-10993
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that higher S, values can be achieved when using TCLs with
larger energy gaps (eqn (5)).>°

_AE
T kpT?

: (5)
where AE is the energy gap separating the thermally coupled
electronic levels, kg is Boltzmann’s constant (0.69503476 cm™!
K™, and T is temperature in Kelvin. Consequently, TCLs with
AE less than 200 cm™" suffer from low S, values, as is the case
for the two Nd** NIR Stark emissions stemming from the *Fs,
manifold, but also for single-band nanothermometers based
on Tm*" or Er*".?*2¢ Therefore, over the past decade, several
strategies have been employed to increase S, of nanotherm-
ometers based on TCLs by optimizing AE. Notably, recent
work by Suta et al. addressed the common pitfalls of single
emitting Nd*"-based nanothermometers for in vivo appli-
cations.”” They observed that the thermally coupled Stark sub-
levels of the Nd** *F;,, manifold have a very small AE and con-
sequently resulted in S, values too low for in vivo thermal
sensing. They noted that when previous works used co-doped
sensitizing Yb** or Er’’, alongside Nd**, as a strategy to
improve S, by facilitating phonon-assisted energy transfer, the
Boltzmann relationship of the TCLs was lost and overlap
between temperature-dependent emissions was observed, ulti-
mately resulting in inaccurate thermal resolution. Therefore,
the authors proposed a Boltzmann governed nanotherm-
ometer that uses the thermal coupling between the “F;, and
“Fs;, Nd** levels. A larger AE was realized for these TCLs
(~1000 cm™) and in turn produced S, values above 1% K™ in
the physiological regime (Fig. 3A, top). The authors took care
to select a host lattice (LaPO,) with phonon energy similar to
the AE of the TCLs (~1050 cm™") to allow for resonant ther-
malization of the TCLs. The authors also concluded that a low
Nd** dopant concentration (< 0.02 mol%) was necessary to
maintain a Boltzmann equilibrium between the TCLs over the
physiological temperature range, since the investigated TCLs
demonstrated efficient cross-relaxation quenching at higher
dopant concentrations that competes with the non-radiative
decay that governs thermalizations (Fig. 3A bottom).

From double-band to single-band nanothermometry.
Regardless of thermal sensitivity limitations resulting from
smaller AE, nanothermometers based on the single-band
emission of Ln*" ions (i.e., Stark sublevels) offer advantages
over double-band nanothermometers when considering appli-
cation in the life sciences. When the thermometric perform-
ance is quantified based on temperature-dependent changes
stemming from the TCLs of a single NIR emission, there is
equal heterogenous attenuation of the levels from biological
media and tissue.’®** This allows for the calibration to be
maintained, despite optical inhomogeneity of the tissues. This
contrasts with a double-band ratiometric approach, where the
temperature-dependent emissions often reside in different
NIR regions, and thus the two NIR emissions used to quantify
a thermal readout are attenuated differently, resulting in an
inaccurate and falsely calibrated temperature readout.
Therefore, when considering thermal sensing for biological

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Improving the thermometric performance of Nd**-based NIR-I thermometers focusing on TCLs and alternate excitation sources — (A) (top)
relative thermal sensitivity (S,) for the Boltzmann governed nanothermometer based on the TCLs of the Nd** *Fs/, and “Fs/, manifolds (solid black
dots) compared to the maximum S, based on the thermally coupled Stark sublevels of the Nd*>* *Fs,, manifold (dashed blue line), which shows
insufficient S, values in the physiological range for in vivo nanothermometry. (bottom) Boltzmann equilibrium is maintained when using low Nd**
dopant concentrations. Host material: LaPO,4. Reproduced from ref. 42 with permission from MDPI, copyright 2023. (B) (top) Relative thermal sensi-
tivity (S,) obtained when using 730 nm LED (red lines) versus 532 nm laser excitation (green lines) of Nd** doped into three different host materials,
i.e., lithium-boron aluminium (LBA) glass, LiBaPO,, and Y,Os. (bottom) Irrespective of the chosen host material, superior thermal resolution (5T) was
obtained when using 730 nm LED (red lines) versus 532 nm laser excitation (green lines). Reproduced from ref. 43 with permission from MDPI, copy-
right 2020.

applications, research has shifted to developing single-band 980 nm light by water and biological species, resulting in the
nanothermometers, particularly to those that operate at wave- risk of localized heating effects and limited penetration depth,
lengths longer than 1000 nm. Some notable examples are ultimately rendering Yb*" sensitized emitters less favourable
highlighted further below. when targeting biological applications.”® Therefore, the
980 nm emission of Yb*" is often excluded from definitions of

24 . . . the BWs, as this wavelength falls between two windows, with
Ln>" ion choice based on excitation the NIR-I region ending at 950 nm and the NIR-II region begin-
Wavelength ning at 1000 nm (Fig. 1A). To overcome this limitation,
researchers sought to explore alternative Ln** sensitizing ions
allowing for less damaging and deeper penetrating excitation
Activator ions such as Nd**, Tm?**, Ho?", and Er** are known wavelengths. For instance, seminal work demonstrated the
for their NIR emission bands that are suitable for NIR-NIR sensitizing ability of Nd** under 808 nm excitation, which is
nanothermometry (Fig. 1C), whereas Yb**, which is excitable at less absorbed by water.>** Since then, Nd*" gained signifi-
980 nm, is often chosen as a co-doped sensitizer ion due to its cant popularity and has been doped or co-doped into various
relatively large absorption cross-section.” The Yb** ion also has nanomaterials, whereas its thermal sensing abilities have been
a NIR emission at ca. 980 nm and is often explored as a co- extensively explored.”"*>>® In addition to excitation at 808 nm,
dopant with other Ln*" activators to undergo a double-band Nd*' ions conveniently emit in the NIR-I region around
ratiometric approach.*>*® Moreover, the single Yb®>" emission 880 nm (*F;, — “Io),) as well as in the NIR-II region around
has been used for nanothermometry following bandshift and 1050 nm (*Fs, — “Ii15,) and 1320 nm (*F3, — “I;3,,). What
lifetime-based approaches, the latter being described more in makes Nd*" so versatile for nanothermometry is that the
depth later.**° Despite the popularity of Yb®" as sensitizer different emissions allow for different thermometric
ion, a major drawback is the relatively strong absorbance of approaches to temperature sensing. Importantly, by using

From Yb*" to Nd**-excited nanothermometers
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808 nm excitation over 980 nm excitation sources, it has been
demonstrated that minimizing overheating effects from water
absorption led to improved thermometric performance of
these nanothermometers.”® Alternatively, Laia et al. proposed
the use of 730 nm LED light as an excitation source to foster
the Nd** NIR-I emission (Fig. 3B, top).*> Nd** excitation using
750 nm laser sources was previously reported by other
groups,®”*® but the authors noted the limited availability of
this laser on the market and its associated increased cost com-
pared to a 730 nm LED. Even when using 730 nm LED exci-
tation, higher maximum S, values (1.94% K ') were achieved
using the proposed Nd**-doped nanothermometer compared
to other studies reporting the use of 750 nm laser excitation
(1.32 and 1.7% K ').>”°® Even though LED excitation provided
limited stability of the emission intensities, the LIR method
could still be applied as one luminescence band was used as a
reference for the other. Through their proof-of-concept study,
the authors successfully demonstrated how alternate excitation
sources can be used to obtain high thermal sensitivities follow-
ing a Nd**-based ratiometric approach. Notably, they achieved
slightly better S, values (Fig. 3B, top) and significantly better
thermal resolution (6T) when using 730 nm LED light com-
pared to using 532 nm laser excitation (Fig. 3B, bottom).
Regardless, LED excitation often results in low power density
compared to laser excitation sources and triggering bright and
efficient Ln®*" jon excitation is therefore difficult to achieve.
Nonetheless, with the development of more powerful LED
sources and more efficient Ln-NPs, there is potential for a shift
toward simpler, more cost-efficient setups that allow for easier
implementation of nanothermometry to real-life applications.

Beyond Yb** and Nd**: Tm**-based nanothermometers excited
with longer wavelengths

Tm®* stands out given the multiple excitation wavelengths suit-
able to generate NIR emission bands, ie., 808, 1210, and
1319 nm (Fig. 1C).>*>*>% The benefits of 808 nm as exci-
tation source have been outlined above, however, compared to
Nd*", the absorption cross section of Tm*" at 808 nm is rela-
tively low.>® Consequently, Tm>*-sensitized NIR emissions
often suffer from low signal-to-noise ratios, which hampers
thermometric performance.® Therefore, the use of excitation
wavelengths longer than 980 nm, such as 1210 and 1319 nm,
are of interest, particularly for - but not limited to - bio-
medical applications as they permit greater penetration depth
into and less scattering by tissues and other environments.*%*!
A potential drawback of these longer wavelength is the increas-
ing water absorption, with an absorption coefficient of water at
1208 nm approximately equal to that at 980 nm (Fig. 1B).
Nonetheless, the reduced scattering and absorbance of light
by biological components that comes with the use of longer
wavelengths may outbalance this disadvantage. In fact, there
are a few successful examples that demonstrate the thermal
sensing capability of Tm**-doped NPs for NIR-NIR nanother-
mometry under aforementioned longer excitation.**?%3%%°
Herein, under 1210 nm excitation, a higher maximum S, was
achieved compared to 1319 nm excitation (2.64% K™ versus

10980 | Nanoscale, 2024, 16, 10975-10993
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0.80% K ").>** While taking advantage of the longer exci-
tation wavelengths, the upconverted NIR-I emission bands
associated with the Tm®" °F,; — *H, and *H, — *Hj tran-
sitions (centred at 700 and 800 nm, respectively), were used to
determine the thermometric parameters based on a LIR
approach. The Stark sublevels of the *H, — *Hg manifold fol-
lowing the Boltzmann distribution law were also investigated.
However, matching the NIR-I spectral region, a rather low
signal-to-noise ratio and limited penetration through biologi-
cal samples were reported for the emitted light. The research-
ers further explored the effect of excitation power density on
the thermometric performance under 1319 nm Tm’"-sensi-
tized excitation. Due to the non-resonant match of the pump
photon energy with the energy of the NIR-I emitting levels of
Tm?", the 1319 nm excitation source was only weakly absorbed
by the Tm®" ions. In the investigated laser power density
regime (~14-40 kW cm™?), no emission intensity saturation
effects were observed, allowing for the use of higher laser
power to achieve good signal-to-noise ratios and in turn
enhanced thermal sensing performance. This contrasts
980 nm excitation, in particular when considering the Yb*'-
sensitized emission of Er®", where excitation light is more
efficiently absorbed, and saturation effects are more
prominent.”>®* In such case, saturation could be avoided
under pulsed excitation at reduced power density, which led to
higher S, values compared to those obtained under continuous
higher power excitation.®® An additional advantage of reduced
excitation power density is the lower risk of photo-induced
damage to the sample under investigation.

In 2022, Yuan et al. capitalized on the 1210 nm excitation
ability of Tm**.”° They suggested co-doping with Er*" ions and
using the NIR-III emissions of Tm*" at 1460 nm and Er’* at
1525 nm, following a double-band ratiometric approach, to
overcome the limitations encountered by use of the Tm*" NIR-I
emission. Higher resolution imaging at deeper penetration
depths were demonstrated when using 1208 nm excitation
versus 808 nm (Fig. 4A), in agreement with previous reports on
the effect of excitation wavelength.*>®* While a moderate
maximum S, value was obtained (0.36% K™ at 293 K), the
authors demonstrated the suitability of the developed NIR-II-
NIR-III emitter for deep tissue thermal sensing in mice. It is
important to note that even though the obtained S, value can
be considered relatively low for a double-band ratiometric
approach, the proposed nanothermometer system was success-
fully applied in aqueous media, where surface and thermal
quenching effects are heightened and can negatively impact
thermal sensitivity. This work is in line with other studies that
manifested the advantages of longer NIR wavelengths for bio-
medical applications.®® Recent outstanding examples of
nanothermometers operating in spectral region longer than
1000 nm will be showcased below, after providing some
additional insight into recent achievements regarding Tm®*-
based nanothermometers of improved performance and for
applications at temperatures beyond the physiological regime.

With respect to the latter, work by Runowski et al. is worth
mentioning.”> While well-known thermal quenching of the
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Fig. 4 Tuning the excitation and emission wavelengths of Tm**-doped
nanothermometers towards biomedical and high-temperature appli-
cations — (A) in vitro assessment of the penetration depth of light
emitted from NaYF,:Tm3* Er¥*@NaYF,@SiO, under 1208 nm Tm>*-exci-
tation versus light emitted from NaYF,:Ho®*,Yb**@NaYF,:Nd**@SiO,
under 808 nm Nd**-excitation (tissue: pork muscle). Overall stronger
penetrability and lower tissue attenuation were observed under 1208 nm
excitation. Reproduced from ref. 59 with permission from Elsevier, copy-
right 2022. (B) S, and 4T plots as a function of a wide temperature range
spanning from 300-1000 K using the TCLs of the Tm** *F5; — *Hg and
3H, — 3Hg transitions (700/800 nm) as well as the non-TCLs of the Yb**
2Fs5/» — 2F7 and Tm>* 3H, — ®Hg transitions (940/800 nm) following a
LIR approach. Reproduced from ref. 45 with permission from American
Chemical Society, copyright 2020.

Ln*" emissions can hamper the application of Ln*'-based
nanothermometers at high temperatures,®® the authors
demonstrated how the NIR-I emission of Yb*" and UC emis-
sion of Tm>" can be used to provide a highly sensitive thermal
readout at temperatures up to 1000 K. For the Yb**/Tm**-co-
doped system, reduced thermal quenching effects were
observed for Yb®>" when compared to the NIR-I upconverted
emissions of Tm*". Due to the phonon-assisted thermalization
of Yb*", higher thermal sensitivities were achieved at higher
temperatures when using the LIR of the Yb*" *F5/, — °F5/, and
Tm?** *H, — H, transitions (being non-TCLs). This contrasts
with the TCLs of Tm** at 700 and 800 nm which were also
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explored, where thermal sensing capability was still main-
tained at higher temperatures, but temperature resolution
decreased due to a poor signal-to-noise ratio resulting from
emission intensity lost to thermal quenching of the Tm** UC
emissions (Fig. 4B). The authors ensured thermal sensing at
higher temperatures by choosing a heat-resistant host lattice,
namely YVO,, and by removing black body radiation generated
from the thermalization of the emission bands through back-
ground corrections. Such nanothermometers are of particular
interest for industrial applications, such as catalysis, high-
temperature synthesis, and metallurgy, which require fast and
reliable remote thermal monitoring at more extreme con-
ditions.*> Worth mentioning, the operational temperature
regime of the developed nanothermometer was not limited to
high temperatures, but when using the non-TCLs of Tm>* and
Yb**, also exhibited strong thermal sensitivity in the physio-
logical temperature regime, allowing for potential use for a
wide range of thermal sensing applications.

Towards deeper penetration depth
and higher spatial resolution —
nanothermometry in the NIR-1l and -IlI
windows

Seeking biomedical applications, such as deep-tissue optical
imaging and thermal sensing at high spatial resolution, the
ability of the applied light to penetrate the biological tissue is
a key parameter. Challenges include absorption and scattering
of light by water and biological tissues and components, e.g.,
blood, haemoglobin, melanin, and lipids,*® limiting pene-
tration depth. Tissue auto-fluorescence can lead to the pres-
ence of unwanted background signals that reduce the bright-
ness and contrast of the desired signals.®®®” When scattering
and autofluorescence of light occurs, tissue-induced light
extinction can significantly compromise the spatial resolution
of a nanothermometer, and parameters such as the signal-to-
noise ratio and 6T can be negatively impacted.'’?”**%® By
shifting to longer wavelength in the NIR-II and -III regions (ca.
1000-1900 nm), the signal-to-noise ratio can be improved
100-fold due to reduced scattering of light and autofluores-
cence by biological tissues.’” Notably, it has been observed
that the contribution of NIR autofluorescence on in vivo bio-
imaging becomes almost negligible when using wavelengths
longer than 1100 nm.>>*® The use of longer wavelengths is
also favourable as it can reach greater penetration depths into
tissues, opening up the potential for better resolved deep
optical imaging and in vivo applications.*® In particular, the
reduced scattering coefficient of wavelengths residing in the
NIR-II region allow for deeper penetration depths to be
achieved.”® This has resulted in an increase of publications
exploring Ln-NPs operating in the NIR-II and -III regions.*®
The development of more efficient and cheaper InGaAs detec-
tors suitable for the wavelength region above 1000 nm likely
contributed to this paradigm shift, demonstrating how the
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availability of new analytical devices goes hand in hand with
probe development.*® The most commonly explored Ln** ions
with emissions at wavelengths longer than 1000 nm are Nd**,
Ho*", Er*", and Tm**.**"" By co-doping with Yb*" or Nd** as
the sensitizer, the longer wavelength emissions generated can
be used to quantify temperature following a double-band ratio-
metric approach. In recent years, research efforts have been
dedicated to further improving the excellent thermal sensi-
tivity of double-band nanothermometers by optimizing para-
meters such as host lattice phonon energy and NP architec-
ture. Some of these examples will be outlined below.

Recent progress with double-band nanothermometers
operating in the NIR-II/III

Er*" is one of the most explored Ln** ions for thermal sensing
in the NIR-III range based on its emission at 1550 nm ascribed
to the ion’s I3, — “I;5, transition. Since the first opening of
the NIR-III window by Skripka et al. in 2017,”? several lumines-
cent nanothermometers have been reported using the
1550 nm emission of Er** together with the emissions of other
Ln*" ions, including Yb**, Ho*', Nd**, and Tm?".'"7*7¢
Herein, the focus is often set on the optimization of S,. For
example, the combination of positive and negative thermal
quenching effects has been verified as an effective strategy in
that regard. In 2022, Wang et al. proposed a Nd*'/yb*'/Er*"
system with high S, (3.1% K" at 293 K) by mixing two types of
Ln-NPs, namely NaNdF,:Yb@NaYF, (average size: 18 nm) and
NaErF,@NaYF, (average size: 34 nm) core/shell NPs.”®> Under
808 nm excitation of Nd**, with the rising of temperature, the
Yb*" emission intensity decreased (positive thermal quenching
effect), while that of the Er’* emission increased (negative
thermal quenching effect). The opposite temperature-depen-
dent emission intensity variation contributed the high S, value
of 3.1% K. An even higher S; value of 4.2% K ! was obtained
following a similar approach using Sc,Mo0304,:Yb/Er and ZrO,:
Yb/Ho sub-micron sized powders.”” While these studies
demonstrated excellent thermal performance, the heterogen-
eity of the systems based on a physical mixture of two types of
particles of different sizes and compositions may limit their
practical application, e.g., in biological environments due to
the size-dependence of nano-bio interactions.”®

Following seminal work that took advantage of host lattice
phonons,”® Jia et al. capitalized on this strategy and proposed
a new type of phonon-based LIR thermometry.”* The authors
co-doped Yb*", Ho**, and Er*' into various oxide NPs, ie.,
Gd,03, Y,03, Y;Al;0;5, (YAG), BaTiO; (BTO), and YVO,, to
investigate the effect of the phonon energy on the thermo-
metric performance. They illustrated that multi-phonon relax-
ation (MPR) in Er’" ions and phonon-assisted transfer pro-
cesses (PAP) in Ho®" ions played a significant role in LIR deter-
mination through channelling the harvested excitation energy
to the corresponding emitting states (Fig. 5A). Herein, the
dominant phonon energy of the host lattice, corresponding to
the strongest peak in Raman and FT-IR spectra, contributed
most to the MPR and PAT processes, and the S, decreased with
an increase of the dominant phonon energy. Despite of the
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highest S, value (1.01% K" at 338 K) obtained in this work did
not offer improvement of thermal sensitivity compared to the
previously published work by Wortmann et al. on Ho/Er-doped
NaYF, (2.15% K™ at 310 K),*" this approach provides a route
to tune the sensing performance exploiting host phonons.

In 2024, Puccini et al. investigated the combination of Ho*"
with underexplored Pr** doped into core/multi-shell NaGdF,
NPs for NIR-II double-band nanothermometry.”® A maximum
S, value of 2.4% K™' at 313 K was obtained for NPs dispersed
in toluene. Quenching of the Ho** emission around 1180 nm
when dispersing the Ln-NPs in water prevented their use as
double-band  thermometers in aqueous dispersions.
Nonetheless, excellent single-band thermometric performance,
using the Pr** emission at 1300 nm, was retained (vide infra).

An outstanding study among recent works demonstrating
the promising temperature detection capability of NIR-II/III
nanothermometers for biomedical applications was reported
by Hu et al. in 2022.%° Through the mindful design of a core/
multi-shell architecture, the cross-relaxation processes of the
host lattice (NaGdF,) and Ln** dopants (Tm*" and Nd**) were
used to enhance the NIR emission intensities and in turn ther-
mometric performance. Due to cross-relaxation processes
between emitting Tm** ions and Gd** ions from the host
material of the core, the quantum yield of the Tm*" NIR-III
emission (centred at 1470 nm) had a ~25-fold increase com-
pared to doping Tm*" ions into a NaYF, host lattice. By design-
ing a core/multi-shell structure, comprising of a Yb**/Tm®'-
doped core, a first Yb**-doped shell, a second Yb**/Nd**-doped
shell, and a third undoped shell, the intensity of the 1470 nm
Tm?** emission exhibited a 3.1-fold enhancement (Fig. 5B). By
using this Tm®" NIR-III emission alongside the Tm*" NIR-II
emission (centred at 1215 nm), under 808 nm excitation of
Nd**, the authors successfully demonstrated in vivo tempera-
ture imaging in a mouse inflammation model following a
double-band ratiometric approach. It should be noted that the
1470 nm Tm>*" emission is often defined as residing in the
NIR-III region. However strictly speaking, due to water absorp-
tion (Fig. 1A/B), this emission falls between the BWs of the
NIR-II and NIR-III region. Nonetheless, as already mentioned
above, there is demonstrated relevance and suitability of this
wavelength region for in vivo applications.

Highly noteworthy, Tm>" recently attracted growing atten-
tion as an alternative NIR-III emitter because of its emission at
1800 nm ascribed to the ion’s *F, — >*H, transition. It has
been shown that wavelengths longer than 1500 nm not only
provide deeper tissue penetration, but also exhibit better
imaging contrast owing to extremely reduced light scattering.*°
In that regard, Ho>" is another candidate of interest, given its
1960 nm emission stemming from the °I, — °I; transition.
Interestingly, Nexha et al. reported Tm>*/Ho>" co-doped KLu
(WO,), NPs as NIR-III thermometers, taking advantage of the
1800 nm Tm** and the 1960 nm Ho** emission bands under
808 nm excitation of Tm** (Fig. 5C).>* The temperature-depen-
dent performance of the probes was governed by energy trans-
fer and back-energy transfer processes between the °F, level of
Tm®" and the °I, level of Ho®". The highest S; value (0.9% K
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Fig. 5 Recent trends in nanothermometry in the NIR-II/Ill spectral region — (A) phonon-based LIR mechanism (left) and the calculated S, values at
573 K versus dominant phonon bands of various oxide host lattices (right) in Ho/Er based double-band nanothermometers. Reproduced from ref. 74
with permission from Wiley, copyright 2020. (B) Example of a Nd/Tm-based double-band nanothermometer for in vivo applications: (top) Schematic
of the NaGdF,4:Yb,Tm@NaYF,:Yb@NaGdF,:Yb,Nd@NaGdF, core/multi-shell architecture (DRLNT) and its corresponding energy diagram; (bottom)
NIR luminescent spectra of the Ln-NPs of different compositions, and the demonstration of in vivo thermal imaging using DRLNT NPs in a mouse
inflammation model. The right hind paw was injected with carrageenan to induce inflammation. The left paw was injected with saline as a control.
Reproduced from ref. 80 with permission from Royal Society of Chemistry, copyright 2022. (C) Towards longer emission wavelengths: temperature-
dependent emission of a Tm/Ho-based double-band nanothermometer (host: KLu(WQO,),). Reproduced from ref. 23 with permission from Royal
Society of Chemistry, copyright 2020. (D) Er-based single-band nanothermometry: Temperature-dependent emission spectra of Er** and the
corresponding S, values for LiErF4/LiYF4 NPs in aqueous suspension. Reproduced from ref. 26 with permission from Wiley, copyright 2020. (E) Four
temperature readout approaches (Er single-band, Yb/Er double-band, full width half maximum (FWHM), and lifetime of Yb) reported in Yb/Er doped
YAG NPs. Reproduced from ref. 46 with permission from Royal Society of Chemistry, copyright 2021.

at 293 K) was obtained based on the ratio of I 500/l1960- This
work constitutes the first report exploring nanothermometry
in the wavelength range from 1800 to 2000 nm, opening the
path to nanothermometry at very longer NIR wavelength
regions.

Overcoming limitations to in vivo
temperature sensing

Regardless of the clear advantages of longer wavelengths, there
are still several limitations regarding the implementation of
nanothermometers in biomedical applications that the com-

This journal is © The Royal Society of Chemistry 2024

munity has been working on to address. Factors such as the
aforementioned tissue penetration depth can influence how
much light reaches the nanothermometer and how accurately
the emission can be recorded with sufficient enough signal-to-
noise ratios required to produce a reliable thermal readout.
Shifting to longer wavelengths allows for greater penetration
depths into tissues as well as reduced tissue autofluorescence,
however, soluble components present in intra- and extra-cellu-
lar environments can produce light scattering that can com-
promise the accuracy of a nanothermometer. Therefore, care
must be taken when considering a nanothermometer for
in vivo studies as different tissues will have different attenu-
ation to light and in turn can alter the spectral shape of the
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emissions, causing error in thermal readout. The reader is
guided to the recent work of Shen et al., where this effect is
demonstrated in detail.** As briefly introduced in previous sec-
tions, a popular solution to this is the development of single-
band nanothermometers, where the LIR between bands stem-
ming from the emission of a single NIR region is less affected
by heterogeneous attenuation. Another common limitation
identified when considering in vivo application is the need to
recalibrate the nanothermometer systems. In many studies,
the calibration of the intensity ratio (LIR versus T plot) is per-
formed in colloidal dispersions in a cuvette and not in situ.
Therefore, the performance of the nanothermometer is not
calibrated to the true experimental environment and the
resulting thermal readout cannot be trusted. Again, it has
been seen that single-band nanothermometers based on TCLs
that follow a Boltzmann distribution result in more consistent
calibration curves in different solvents and environments.®>
Recent reports of single-band nanothermometers operating at
longer emission wavelengths will be highlighted below. The
use of lifetime-based approaches to thermal sensing have also
proven useful in minimizing calibration curve inconsistencies
and will be described in the following section. For a more com-
prehensive overview of the limitations and challenges often
encountered when proposing nanothermometers for bio-
medical applications, the reader is guided to the critical work
by Labrador-Paez et al.,>>® as well as reviews by Quintanilla
et al.™* and Bednarkiewicz et al.’”

Establishing single-band nanothermometry in the NIR-II/III

While the Stark sublevels of the NIR-I and -II emissions of
Nd*" and the NIR-I emission of Tm** have been widely investi-
gated as single-band NIR-NIR nanothermometers,?*>*2>42 the
first report of Er’" single-band nanothermometry operating at
longer wavelengths was published in 2020 by Hazra et al.®
The authors demonstrated the suitability of Er** in LiErF,/
LiYF, NPs for single-band thermometry based on the Stark
splitting of the Er’* 1,3, and *I;5, manifolds (centered at
1550 nm) into Boltzmann-coupled sublevels. As shown in
Fig. 5D, under 793 nm excitation, elevating the temperature in
the physiological temperature range (20-45 °C), an isothermal
point around 1580 nm could be discerned in the intensity nor-
malized downshifting spectra. The LIR thermometric para-
meter Aps = Ipsi/Ips; was defined between two integration
ranges, Ips; (1450-1580 nm) and Ipg, (1580-1650 nm), result-
ing in a maximum S, value of 0.4% K" at 293 K in aqueous
suspension. Considering its performance in aqueous suspen-
sion, this stands as the best performing Er’" NIR-III single-
band nanothermometer operating in the physiological regime
reported to date.

Following  previous work on Er’*  single-band
nanothermometers,”®®* in 2021, Perisa et al. investigated the
thermal dependence of the Er’* NIR-IIl emission in a Yb**/
Er**-doped YAG NP system following four different thermo-
metric approaches (Fig. 5E).*° They observed that thermal sen-
sitivity is highly dependent on the explored temperature range.
When following a Boltzmann governed approach using the
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Stark sublevels of the Er** 15, and 1,5, manifolds as well as
the LIR approach using the distinct Er*" and Yb®*" NIR emis-
sions, maximum §S; values can be obtained when sensing at
lower temperature regimes (1% K ' at 163 K and 0.8% K™ at
83 K, respectively), compared to physiological temperatures
(0.3% K" and 0.5% K" at 310 K, respectively). Considering a
bandwidth change approach to thermal sensing based on the
Yb** 2F;), — F,, transition, S, values remained fairly consist-
ent over the investigated temperature range (80-600 K), with S,
values in the physiological range being comparable to reports
of other Er*/Yb*'-doped nanothermometers that follow a
bandshift approach.®® Finally, they employed a lifetime-based
approach using the Yb** emission, where thermal performance
was observed better at temperatures below the physiological
range. The good thermal sensitivities realized at low tempera-
tures open up possibilities for reliable thermal sensing in
environments compromised by visible background absorption
and scattering as well as extend the application of nanother-
mometry outside the field of life sciences.

Recently, Puccini et al. suggested for the first time the use
of the Pr’* emission centred at ca. 1300 nm (ascribed to the
'G, — *Hj; transition) for NIR-NIR thermal sensing in aqueous
dispersions following a single-band ratiometric approach.?®
Through core/shell architectural design and excitation power
optimization the authors achieved an unprecedently high S,
value of 0.8% K" at 283 K. Despite the use of 980 nm for exci-
tation, laser-induced heating effects were minimized at power
densities as low as 2.47 W cm™>. Of interest with respect to
real-life application, such low laser power density fostered
higher thermal sensitivity, as also observed by Marciniak
et al.®" This work also constitutes an example for thermal
sensing optimization through architectural design. While
additional co-doping with Ho®>" added capability for double-
band nanothermometry (vide supra), the spatial separation of
the Pr** ions from the Ho*" ions by core/multi-shell design
was strictly necessary for the single-band approach based on
pr’’,

Beyond ratiometric thermal sensing: lifetime-based
nanothermometry

When designing nanothermometers for life science appli-
cations, consideration must be placed on how the biological
media, such as the tissue of an organism, affect the optical
properties of Ln** dopants. The emission intensity approach
(based on the LIR) to thermal sensing is most commonly
employed, however, emission intensities used to quantify the
thermometric performance can be highly dependent on the
physical and chemical environment.’” For instance, para-
meters such as the presence of ligands and molecules, as well
as viscosity and pH of the surrounding media may affect emis-
sion intensity and lead to inaccurate thermal readouts. To
overcome these limitations, a lifetime-based approach to
thermal sensing has been proposed. Lifetime-based
nanothermometers are advantageous in that their optical pro-
perties are less affected by the surrounding environment, con-
centration of the probe, and excitation intensity.®® Despite the
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widely established knowledge about the advantages of lifetime
over intensity, for instance in bioimaging,®” there appears to
be a gap in research concerning the development and appli-
cation of lifetime-based nanothermometers operating in the
NIR region. This may be due to the higher complexity of the
experimental setup needed for time-resolved spectroscopy. It
has been observed that the multi-phonon relaxations of Ln**
ions are enhanced at higher temperatures, thus, resulting in
shorter lifetime. This relationship between temperature and
lifetime allows for thermometric performance to be quanti-
fied. First proposed in the 1980s as a “decay time temperature
sensor”®® and with seminal advancements arising in the early
2000s on UC lifetime-based nanothermometers,®>°° there have
been several reports of Ln**-doped lifetime-based nanotherm-
ometers comprised of a wide variety of host materials operat-
ing across all regions of light. For instance, lifetime-based
nanothermometers using the NIR-I emission of Tm*" and
Yb*", the NIR-I and -II emissions of Nd**, and the NIR-II emis-
sion of Ho®* have been reported.*’">>°'"%* Owing to the ability
to use excitation and emission wavelengths matching the
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optical transparency windows, lifetime-based nanotherm-
ometers are often multimodal, and have been successfully
employed as probes for in vitro and in vivo bioimaging in
addition to thermal sensing.

Among recent achievements, in 2020, Tan et al. reported a
NaYF,:Yb®>",Nd*" lifetime-based nanothermometer operating
in the NIR-I region.*® By using the lifetime of the *F5/, — *F,
transition of Yb®>" (980 nm), the emission of which was facili-
tated by energy transfer from sensitizing Nd*", S, values up to
1.4% K were achieved over the physiological temperature
range in aqueous dispersions. Through a considerate multi-
shell architecture design, the authors were able to resolve
temperature changes in tissue depths up to 4 mm. To pose
their nanothermometer system for in vivo applications,
minimal laser heating effects and no dependence on Ln-NP
concentration or environmental pH were reported. By injecting
the nanothermometers into mice, thermographic lumine-
scence lifetime-hued imaging was performed to accurately
map the temperature distribution of inflammation within the
mice (Fig. 6A). Following these findings, Kong et al. applied a
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similar system for vascular temperature mapping of living
mice.”® This report stands as the first endeavour of minimally
invasive thermal mapping of vessels with NIR emitting
nanothermometer, and alongside the work from Tan et al,
prove to be a large step in in vivo applications of NIR-to-NIR
nanothermometry. As an alternative to Nd**, Raab et al. pro-
posed a single-band lifetime-based nanothermometer using
976 nm excited Yb**/Tm*" co-doped NaYF, NPs, also operating
in the NIR-I region.*” No in vitro or in vivo studies were
included, but the thermometric performance in aqueous dis-
persion over the physiological temperature range was evaluated
with a maximum S, of 0.92% K. However, prior to this, in
2020, Qiu et al. proposed a way to avoid use of 980 nm exci-
tation sources by adding a sensitizing Nd**-doped shell onto
their Tm**/Yb**-doped core-shell NPs.”* With an attempt to
improve the thermal sensitivity, a hybrid structure combing
Tm®**/Yb**-doped NPs with PbS quantum dots was designed
(Fig. 6B). When excited with 865 nm light, both the PbS QD
and Tm>*'-doped NPs exhibited emission at the same NIR-I
wavelength, however, their temperature-dependent lifetimes
were different. This allowed for a dual ratiometric approach to
thermal sensing via time-resolved decoding. Moreover, the
error associated with using emissions of different wavelengths
in different NIR regions was minimized. Following an in vitro
study to evaluate the effect of tissue thickness on thermal
sensing abilities, a S, value of 5.6% K™ ' at 318 K was main-
tained at tissue depths up to 3 mm. Qiu et al. also tested their
hybrid nanothermometer in an in vivo experiment, in which
temperature feedback photothermal therapy was successfully
performed on tumour bearing mice. Reports of lifetime-based
nanothermometers taking advantage of the NIR-III emission
of Er’” are scarce, but this phenomenon was recently explored
in the work by Balabhadra et al.°® The authors reported an
unprecedently high S, value of 1.32% K™, however, this was at
low temperatures (150 K), and thermal performance was seen
to decrease with an increase in temperature. Moreover, visible
excitation at 523 nm was performed to generate emission from
the Er*" “I,3,, manifold, instead of commonly used NIR exci-
tation, limiting the application of this system as a NIR-NIR
nanothermometer. Nonetheless, to the best of our knowledge,
this study stands as the only report of Er’**-doped lifetime-
based nanothermometry and opens the field for further
exploration. Regardless, co-doping with Er** has shown poten-
tial when creating multimodal probes for simultaneous bio-
imaging and temperature mapping. In 2023, Sun et al
designed a multilayer nanoprobe capable of simultaneously
detecting temperature in the NIR-I region and providing high-
resolution imaging in the NIR-III region.>® The Nd** sensitized
NIR-I emission of Yb** was used to undergo a lifetime-based
thermal sensing approach demonstrated through in vitro temp-
erature detection. The authors concluded that the external
solvent environment does not influence thermometric per-
formance when a lifetime-based approach was used and
obtained a maximum S, value of 1.94% K™ at 298 K. By co-
doping with the NIR-III emitter Er**, through a multilayer
design, in vivo frequency-domain lifetime-based imaging with
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simultaneous temperature mapping of mice blood vessels was
successfully performed (Fig. 6C). This serves as strong step
forward towards the design and practical application of dual-
function NIR-NIR Ln-doped nanoprobes capable of simul-
taneous temperature detection and bioimaging.

Temporal resolution is a key parameter for dynamic real-life
applications such as in vivo thermal imaging. For optical
probes with rather long lifetimes, as it is often the case for
NIR-emitting Ln*", thermal imaging can be achieved using a
time-gated camera that is correlated with a modulated pulse
excitation source. However, this can lead to relatively long
acquisition times, preventing real-time thermal sensing.’®
Addressing this drawback, Avram et al. developed a single-
pulse time-gated detection method (Fig. 6D).”® Processing
times in the range of 1-10 ms were achieved, enabling real-
time lifetime-based thermal imaging.”® In addition, using the
NIR-II emission of Ho®*' in two different host materials, ie.,
Y,0; and p-NaYF,, a maximum S, value of 0.93% K ™' at 330 K
for the Y,0; NP system was achieved in aqueous media. By
comparing the performance of their lifetime-based
nanothermometer following the single-pulse method with the
average lifetime method used by other groups, they observed
an increase in thermal sensitivity, with the S, value at 330 K
increasing to 0.93% K™ from 0.2% K~'. Of promise regarding
real-life implementation is the demonstrated single-pulse
time-gated thermal imaging using an accurate lifetime-based
temperature readout method enabling shorter processing time
(<10 ms) for real-time temperature measurements and reduced
equipment costs due to the use of a lower frame rate (<100 Hz)
for biological applications. This work clearly stands out as in-
depth optimization of parameters such as time delay, gate,
and acquisition time are not regularly considered. Likewise,
temporal resolution is another parameter that future research
must address in more detail to bring lifetime-based thermal
sensing and imaging into real-life in vivo applications.

The role of the host material

The effect of host material, particularly regarding host phonon
energy and crystal coordination environment, on the thermo-
metric performance of a nanothermometer system has been
widely studied. The bulk of reports focuses on how tailoring
the choice of inorganic host material enhances the thermal
sensing abilities of UC-based nanothermometers.*>?” Using
the same design principles, recent efforts have outlined
similar effects for NIR-emitting nanoprobes.®®°*'% Generally,
host materials with low phonon energy reduce non-radiative
losses, in turn boosting optical properties, primarily the UC
quantum yield. Moreover, host materials with stronger crystal
fields enhance the absorption and emission of Ln** ions.'*
However, the choice of host material has been observed to
influence the thermal sensitivity following mechanisms and
relationships different to those used to enhance emission
intensity, brightness, and quantum yield. For example, host
materials with low phonon energy, such as fluorides, are
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useful in extending the temperature sensing range. Herein, the
probability of non-radiative depopulation is reduced, allowing
for sufficient population of the emitting level even at lower
temperatures.'®’ As well, as mentioned above with reference to
work by Jia et al., the S; value can increase with a decrease in
dominant phonon energy of the host material.”* In contrast, in
host materials with higher phonon energy, such as oxides and
oxyfluorides, the probability of non-radiative relaxation pro-
cesses increases. Though this can have a negative effect on the
overall emission intensity, it has also been proven advan-
tageous for thermal sensing.’®>™'* In particular, the work by
Savchuk et al. demonstrated the influence of host material on
the brightness and thermometric performance of the NIR-III
emission of Er** following a single-band approach.'®® The host
material with the lowest phonon energy, NaYF,, produced the
brightest emission, yet resulted in the lowest S, value among
the investigated host materials. A host material with higher
phonon energy, ie., oxyfluoride NaY,FsO, exhibited a three
times greater S, value than NaYF,. This effect was also demon-
strated by Suo et al.'® This study established a correlation
between host material phonon energy, bond covalency, and
absolute thermal sensitivity for nanothermometers based on
the UC emissions of Er*" and Yb*". The increase in both host
phonon energy and bond covalency when using oxides over
fluorides led to a 4-fold increase in thermal sensitivity. The
authors also investigated the effect of local symmetry of the
host lattice on the absolute thermal sensitivity, concluding
that the strong local site symmetric distortion induced by the
ionic radius mismatch between dopants and host cations led
to enhanced thermal sensitivity and signal-to-noise ratio.'®®
Direct excitation of the host material is an alternative approach
to enhance S,. Herein, host-to-dopant phonon-assisted energy
transfer allows for the excitation of the emitting Ln*" ions, as
demonstrated for Ln**-doped YVO,.°® However, this strategy
requires UV excitation.

Optimization of the host material also plays a significant
role for single-band nanothermometry. As mentioned above,
the S; value is directly proportional to the AE of the thermally
coupled emitting levels. Depending on the host material that
the Ln®" ions are doped into, the AE of the emitting level can
increase or decrease following phonon-assisted energy trans-
fer. In principle, employing host lattices with greater phonon
energy can be beneficial in increasing the AE of the emitting
level, and in turn the S, value. As well, by modifying the local
crystal field around the emitting ion, a larger degree of Stark
splitting can be induced for the TCLs, in turn enhancing the
S; value.*>** Choosing a host lattice that permits for well-
resolved Stark splitting is ideal for clear identification of the
sub-levels and emission wavelengths to be used for thermal
sensing.”® This was demonstrated in the work by Hazra et al.,
in which a LiYF, host lattice was chosen for better resolution
of the Stark sublevels of the Er** NIR-III emission for single-
band ratiometric nanothermometry.

Still, the optimization of the host material is but one of the
methods commonly used to enhance thermometric perform-
ance of NIR-NIR Ln*'-based nanothermometers. Overall, the
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spectral features of the Ln®" ions themselves endow Ln-NPs
with thermal sensing abilities due to temperature-governed
population or repopulation of the emitting energy levels,
whose temperature-dependent changes are used to quantify a
thermal readout. As discussed throughout this review, thermal
sensitivity is affected by ion dopant concentration,”> NP size
and architecture,?®”?778%  excitation source and power
density,>?>%3°139 and of course Ln®* ion type. Therefore,
thoughtful, and strategic experimental methodology must be
employed when considering the development of highly sensi-
tive NIR nanothermometers.

Future directions

Recent advances of Ln*'-doped NIR-NIR nanothermometers
strongly focus on the optimization of conventional approaches,
such as the double- and single-band LIR approaches.
Regardless, there are still limitations and challenges that need
to be addressed to allow for successful real-life implemen-
tation of nanothermometry into all potential applications. By
combining alternative disciplines with the existing knowledge
of nanothermometry, new approaches to luminescence
thermal sensing can be developed with hopes of overcoming
the remaining challenges while maintaining high thermal sen-
sitivity and resolution. In light of this, some unconventional
approaches are showcased that hopefully can help advance the
field to new heights.

Luminescence intensity ratio squared (LIR?)

While significant efforts were made over the last decade to
increase the thermal performance, the relative low S, values
obtained from LIR-based nanothermometers operating in the
NIR regions still limit their applications. Addressing this chal-
lenge, Ciri¢ et al. proposed a novel approach called lumine-
scence intensity ratio squared (LIR?) to enhance the S, value.?”
This approach combines dual-excitation single-emission band
ratiometric and conventional (Boltzmann) LIR techniques. As
schematically shown in Fig. 2D, this approach involves two
sets of TCLs, coming from a sensitizer and an activator ion,
respectively. Due to the TCLs in the sensitizer ion, two exci-
tation wavelengths can be used to trigger the emission from
the activator ion. Hence, LIR” is determined by the ratio of
emission intensities, which are excited under different wave-
lengths. The LIR* approach was first applied to NIR nanother-
mometry using Y;Al;04,:Er’",Yb?" NPs as a model system. As
the Stark sublevels of the ®F,, ground state of Yb®>" were found
to be thermally coupled, the two excitation wavelengths were
determined at 916 nm and 1031 nm by measuring the temp-
erature-dependent excitation spectra of Yb®". On the other
hand, the Stark sublevels of I3, of Er’" were also thermally
coupled. LIR” was determined using the ratio between the inte-
grated emission intensities of Er** (I; = 1350-1500 nm as well
as I, = 1500-1550 nm) under excitation at 916 and 1031 nm.
The S, value obtained based on LIR* was two-fold (0.9% K )
compared to that obtained by the LIR approach (0.4% K%),
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showing great promise for future applications. A limitation of
the novel LIR® approach might, though, be the necessity of
using two excitation wavelengths, thus, practical implemen-
tation requires a slightly more complex spectroscopic setup.
An alternative double-excitation based nanothermometry was
reported in Yb*/Nd*" doped NaYF, particles under 980 nm
and 808 nm excitations.'” Xu et al. demonstrated that this
self-reference thermometer had a very high S, value (2.2% K )
and exhibited good immunity to the influences arising from
the fluctuation and loss of pumping sources as well as the
luminescence attenuation in media.

Improving thermal resolution

ST estimates the statistical uncertainty (precision) of the ther-
mometric approach of interest. Since it may perform differ-
ently for different setups and acquisition conditions, a trial-
and-error approach is usually used to identify the parameter
that is most sensitive towards temperature. Moreover, it
becomes more complicated when more than one thermo-
metric approach based on the temperature-dependent spectro-
scopic features of the nanothermometer are used to quantify a
thermal readout. Since 67 is heavily dependent on experi-
mental setup, the precision acquired following a lifetime-
based approach may be different than the precision acquired
following a LIR or bandshift approach. To address these chal-
lenges, in 2023, Ximendes et al. introduced a computational
approach called dimensionality reduction (DR) technique to
optimize the 6T value.®® LiErF,@LiYF4;:Yb@LiYF:Yb@LiYF,
NPs were chosen as a modal system for NIR-III nanothermo-
metry, using the 1550 nm Er’* emission. As a key finding, this
unconventional approach led to improved thermal resolution
(0.09 K) compared to the more classical intensity-based and
ratiometric approaches (0.3 K). The authors further extended
this data treatment to datasets gathered for the temperature-
dependent NIR emission of Ag,S semiconductor nanocrystals,
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confirming the general applicability of the proposed methods.
Following this first demonstration, other researchers followed
a similar strategy. As such, Soares et al. utilized this technique
to determine the 6T value (below 1 K) for a Tm**/Er**-based
nanothermometer operating in the wavelength range from
1500 to 1800 nm."®® The authors also illustrated that lumine-
scence spectra acquired in the third biological window were
minimally distorted by the presence of tissue, paving the way
to more reliable luminescence thermometry.

Into the future: combining nanothermometry with machine
learning

With the advent of computational and machine learning
approaches for light matter interactions,'®® also nanothermo-
metry is expected to undergo significant changes on how we
approach it. First examples have demonstrated that machine
learning can be applied in nanothermometry.'**™*** In early
2023, Stone et al. reported how the use of machine learning
can address limitations with respect to calibration of a thermal
sensor based on fluorescent nanodiamonds."'® With the goal
to determine the best combination of observable features and,
simultaneously, the smallest number of calibration tempera-
tures, one can rely on to determine the temperature, the
authors trained a machine learning, multi-feature regression
algorithm to produce a model that can predict the temperature
of any other diamond nanosensor with 1.5 K accuracy. Shortly
after this seminal example exploiting nanodiamonds, progress
was also made in the field of Ln-based nanothermometers.
Liang et al demonstrated a self-optimization procedure to
automatically identify the best LIR for temperature sensing
based on a single Er-chloride-silicate nanowire operating in
the 1500-1800 nm spectral range.''* The authors reported
record-breaking S, values higher than 100% K ' and a very
large operations range from 4-500 K. Little later, Santos et al.
developed an automated machine learning tool to select best

Double-Band Single-Band Lifetime
3.24 Q
1.4
. * Iy | I / O .* O A *
.0 1 N ‘,“\
O ]J\ - / ™ O N A Tm %
H‘:u- LR=1,/1, A ’ LR=1,/1, DR} % o Nd ©@ Ho A Ho *
254
X 50] O k
= 2 O 1.0-* Yo @ P A E %
w LIR? €3
€ 4 * 204 . * inaqueous suspension
5 16 O O i .*
£ *Ay 0.8 A O NIR-IV  approaching the 4th BW
= 1.2 Aexc: blue light
s * X 1.5 *
NG . alternate ratiometric
= LIR?
084 % 0.6 O* method
044 ] * .FWHM A’: 1.04 A* O* DR dimensionality reduction
044 * FWHM  bandwidth-based
0.0 0.5

T f T T
75 90 270 285 300 315 330 345 1005
Temperature of S, max [K]

160 180 200 220 240 260 280 300
Temperature of S, max [K]

H T T T T T T T T T
320 140 150 160 280 290 300 310 320 330 340 350

Temperature of S, max [K]

Fig. 7 Overview of reported maximum S, values and the temperature [in K] that they were obtained at for the discussed NIR-NIR Ln-based
nanothermometers following a double-band ratiometric approach (based on data from ref. 18, 23, 24, 28, 42, 43, 45, 46, 59, 72, 80 and 81), a single-
band ratiometric approach (based on data from ref. 22, 24-28, 46 and 68), and a lifetime-based approach (based on data from ref. 46-48, 50,
94-96 and 113) to thermal sensing. Unconventional approaches such as LIR?, dimensionality reduction as well as FWHM-based methods are also
included and labelled accordingly. The green shaded region represents the physiological temperature range.

10988 | Nanoscale, 2024, 16,10975-10993

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4nr00307a

Published on 05 aprel 2024. Downloaded on 26.12.2024 20:49:18.

Nanoscale

models capable to improve the accuracy of luminescent
nanothermometers.''”> Herein, the emission of Nd** doped
into YAG NPs was chosen as proof-of-concept, while the
authors highlight that the approach can be extended to any
photoluminescent material, also making an open-source code
available to the broader community.

Concluding remarks

In conclusion, undoubtedly, significant advancements were
made over the past years, resulting in more sensitive and
reliable Ln**-based nanothermometers that use both excitation
and emission wavelengths in the NIR region (Fig. 7). Seeking
more robust thermometers for real-life application, limitations
associated with excitation wavelength, the use of TCLs versus
NTCLs, the need to recalibrate, and potential heterogenous
attenuation from tissues were identified, and the benefits of
shifting from an established double-band to a more reliable
single-band ratiometric approach was successfully applied as a
strategy to overcome some of these limitations. A growing
number of studies demonstrates the benefits that arise from
thermometric approaches based on lifetime and bandshift as
alternative to LIR approaches, as well as novel unconventional
methods to thermal sensing, including the LIR> method, and
most recently, the combination of nanothermometry with
machine learning.

To place Ln-NPs into the context of the diverse landscape of
nanothermometers, also other material classes, including
semiconductor quantum dots (QDs), metal nanoclusters
(NCs), transition-metal (TM)-based NPs, polymers, and organic
fluorophores, must be considered. To date, Ln-NPs and QDs
(more specifically QDs based on Ag,S) have become the candi-
dates of choice when developing nanothermometers for in vivo
applications due to their ability to absorb and emit in the
BWSs.'" Most QDs possess excellent photostability allowing for
prolonged excitation, as well as produce high quantum yields
with bright emission intensities.*®''* However, they may
suffer from instability in intracellular environments, poten-
tially resulting in non-homogenous luminescence.*®'"?
Another drawback of traditional semiconductor QDs compris-
ing of heavy metals (e.g., Cd, Te, Se, and Pb) is their toxicity
and the requirement for UV excitation, limiting their use for
biological applications. Recent research efforts have been put
on developing a new generation of QDs composed of non-toxic
elements to permit the in vivo application of these materials.
These include, for example, Ag,S, CulnS,, carbon-based, and
Si QDs.''®!? yet, despite high promise, also QDs are poten-
tially prone to bias, as recently highlighted by Ogayar et al.**°
Metal nanoclusters, primarily based on gold (Au NCs), are
appealing for in vivo thermal sensing applications due to their
sub-2 nm sizes and good chemical stability and biocompatibil-
ity. Still, some drawbacks must be addressed such as concen-
tration and surface quenching effects that may affect their per-
formance.''* TM-based NPs (TM: Ni, Mn, Co, Fe, V, and Cr)
have gained much attention as being promising candidates for

This journal is © The Royal Society of Chemistry 2024

View Article Online

Minireview

thermal sensing due to their high resistance to photobleaching
and broad emission bands located in the visible to NIR-II
region, but their need, similar to Au NCs, for UV-visible exci-
tation renders them less attractive for biological appli-
cations.”! In that regard, the combination of TM ions with
Ln*" ions, co-doped into an inorganic host lattice constitutes
an interesting alternative, as demonstrated for, e.g., Mn>"/Er**
co-doped Bas(VO,), showing strong, near-infrared emission
and long, temperature-dependent photoluminescence life-
time."®* Last but not least, research has evolved over the years
yielding organic fluorophores and dyes with bright and stable
luminescence intensities that can be easily incorporated into
living cells. Still, their spectral properties are strongly environ-
ment-dependent, increasing the need for recalibration of the
thermometer when placed in different media.'**

Thus, particularly when aiming for in vivo thermal sensing
applications, Ln-NPs can be considered as highly promising
candidates. Their ability to generate deep-tissue penetrating
NIR light, using low-cost NIR excitation sources, along with
photostability, limited autofluorescence, and low toxicity,
according to current knowledge, result in high thermal sensi-
tivity and signal-to-noise ratios. In addition, the UC emission
that is often observed in parallel to NIR emission or the mag-
netic properties of Ln** ions such as Gd** and Dy** bring mul-
tifunctionality to the scene, allowing for theranostics or multi-
modal imaging in addition to thermal sensing.'**'?*

Despite all promise, Ln-NPs possess their own set of chal-
lenges, often not much different to those faced by other
materials classes, that dictate their performance and applica-
bility for thermal sensing across a wide range of applications.
Though efforts have been made to address several crucial chal-
lenges (e.g., wavelength choices matching the biological
windows for deeper penetration depth, higher resolution, and
minimized spectral distortion by biological tissues; use of life-
time-based approaches to reduce the effect of laser power
density; design of brighter core/(multi-)shell NPs leading to
enhanced S, and 6T), there are still key limitations that
impede the implementation of Ln*"-based NIR-NIR
nanothermometers to real-life applications:

+ Notably, issues regarding batch-to-batch reproducibility
and the overall reliability of nanothermometers over time
remain. When considering real-life applications in the life
sciences, surface functionalization needed to render NPs water
dispersible often hamper brightness through both photonic
and surface quenching effects, which in turn affects thermal
readout. Therefore, optimization of surface chemistry needs to
be addressed.

» There is also a need for the development of synthesis
techniques that produce more homogenous, monodispersed,
and colloidally stable Ln-NPs, as size and morphology can
influence thermometric performance. Particularly, while syn-
thesis methods towards alkali metal lanthanide tetrafluoride
NPs of controllable size and morphology have advanced over
the past two decades, there still is a need for control of size
and morphology at the nanoscale of other promising host
materials, such as oxides, phosphates, or tungstates.
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- With the recognition that longer wavelengths are more
suitable for application in biological environments, wave-
lengths matching the fourth near-infrared window (NIR-IV)
reaching into the spectral region beyond 2000 nm have shown
promising results for bioimaging applications.?* Hence, while
first nanothermometers that operate at 1800-1960 nm have
been demonstrated, the NIR-IV window remains to be fully
opened for the field of nanothermometry.

« The latter might be a challenge as even NIR-1II-based
nanothermometers that operate at the physiologically relevant
temperature range remain scarce. Summarizing recent achieve-
ment (Fig. 7), the majority of probes that exhibit relatively high
S; values are still based in the NIR-I spectral region, with only
a few exceptions. Noteworthy, lifetime-based nanotherm-
ometers have resulted in excellent S, values outperforming
those based on single- or double-band approaches. Still, a
shift towards longer wavelengths remains to be demonstrated,
in addition to addressing temporal resolution of lifetime-
based approaches.

 The primary drawback of Ln-NPs associated with the rela-
tively poor emission intensities of these materials stems from
the low absorption cross-section and the forbidden nature of
the Ln** 4f-4f electronic transitions. A promising strategy to
overcome this drawback might be the combination of Ln-NPs
with sensitizers, such as semiconductor QDs.'**2¢

+ Seeking self-calibrating nanothermometers, while some
promising examples exist,"*”**® future directions may include
a more in-depth exploration of hybrid materials that combine
Ln-NPs with non-Ln materials fully operating in the NIR spec-
tral region. By using the emission generated by the non-Ln
material as a calibration band for the temperature-dependent
emission of the Ln-NP, a so called ‘self-referencing’
nanothermometer can be developed and limitations often
encountered regarding recalibration can be minimized.

« Last but not least, while emerging, NIR-NIR nanothermo-
metry is still behind developments made with respect to
nanothermometry based on NIR-to-visible upconversion,
including fundamental studies that unveil challenges such as
the interplay between photonic effects and thermal perform-
ance.'® Thus, ideally, lessons learned from those investi-
gations would also be considered for the development of next-
generation NIR-NIR nanothermometers.

Despite remaining challenges, in light of the tremendous
advancement of the field from its first steps a little more than
two decades ago to major achievements made during the most
recent years, one may be confident that existing gaps in funda-
mental understanding can be closed to bring Ln*'-based
thermal sensors to real-life application. For this to be achieved
further efforts will have to be undertaken to address the now
well-identified challenges (and those unknown ones that will
most certainly arise in the future). If researchers in chemistry,
physics, and materials science collaborate effectively, signifi-
cant progress can be achieved, addressing the hurdles that lie
ahead. Overcoming barriers between the natural sciences and
medicine and extending collaboration with clinicians will be
required to integrate nanothermometry into clinical trials and
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discoveries into real-life applications. In addition, engaging
experts in artificial intelligence and machine learning may be
expected to play a pivotal role in the design of next-generation
NIR-NIR nanothermometers.
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