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Non-invasive precise thermometers working at the nanoscale with high spatial resolution, where the
conventional methods are ineffective, have emerged over the last couple of years as a very active field of
research. This has been strongly stimulated by the numerous challenging requests arising from
nanotechnology and biomedicine. This critical review offers a general overview of recent examples of
luminescent and non-luminescent thermometers working at nanometric scale. Luminescent
thermometers encompass organic dyes, QDs and Ln**ions as thermal probes, as well as more complex
thermometric systems formed by polymer and organic-inorganic hybrid matrices encapsulating these
emitting centres. Non-luminescent thermometers comprise of scanning thermal microscopy,
nanolithography thermometry, carbon nanotube thermometry and biomaterials thermometry.
Emphasis has been put on ratiometric examples reporting spatial resolution lower than 1 micron, as, for
instance, intracellular thermometers based on organic dyes, thermoresponsive polymers, mesoporous
silica NPs, QDs, and Ln**-based up-converting NPs and B-diketonate complexes. Finally, we discuss
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the challenges and opportunities in the development for highly sensitive ratiometric thermometers
operating at the physiological temperature range with submicron spatial resolution.

1. Introduction: thermometry at the micro- and
nanoscale

The combined effects of thermal information at lower length
scales and the unprecedented possibilities opened up by nano-
materials and nanotechnologies are paving the way for the
development of thermometry on a sub-micron scale with high
spatial resolution — defined as the minimum distance to move in
order to get a temperature change greater than the sensitivity of
the thermometer (eqn (1))."* Indeed, current technological
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demands in areas such as microelectronics, microoptics,
photonics, microfluidics, and nanomedicine have reached a point
such that the use of conventional thermometry is not able to
make measurements when spatial resolution decreases to the sub-
micron scale, as, for example, in intracellular temperature fluc-
tuations®**® and temperature mapping of microcircuits*** and
microfluids.'¢2!

For instance, solid-state thermometers based on the temper-
ature dependence of the electrical resistance must have a highly
accurate and precise design as effects like shot noise and tunnel
junctions can be very significant at the nanoscale.?* Also, the
thermometric property must remain stable over time and oper-
ating conditions to avoid frequent calibrations. Small changes in
synthetic conditions can induce major changes in the thermo-
metric property, thus affecting the reproducibility. Moreover, at
the nanoscale many physical properties change, while other new
ones arise: heat transfer and related thermodynamic phenomena,
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for instance, are drastically altered and materials behave differ-
ently than at larger scales. Sensing temperature in an accurate
way with sub-micron resolution is therefore critical in order to
understand the numerous features of micro- and nanoscale
electronic and photonic devices, such as thermal transport, heat
dissipation, and profiles of heat transfer and thermal
reactions.’?32*

Miniaturization of electronic and optoelectronic devices and
circuits and ever faster switching speeds have increased the
importance of localized heating problems and, thus, steady-state
and transient characterization of temperature distribution is
central for performance and reliability analysis.>>** Further-
more, the precise mapping of the temperature of living cells,
especially cancer cells that have higher temperatures than those
of normal tissues due to the increased metabolic activity,®**’
strongly improves the perception of their pathology and physi-
ology and, in turn, the optimization of premature diagnosis and
therapeutic processes (e.g. in hyperthermal tumour treatment
and photodynamic therapy).>®® Moreover, the temperature of
living cells is modified during every cellular activity, e.g. cell
division, gene expression, enzyme reaction and changes in
metabolic activity, etc.,* thus leading to acute variations of
intracellular temperatures from the normal state.!® There is
a high demand for the development of devices capable of accu-
rate temperature determination for such processes as well as the
investigation of heat production and dissipation arising from
most of them.*!°

Thermometry at the nanoscale requires, therefore, a new
paradigm in the use of both materials and thermometric prop-
erties. Moreover, new synthetic techniques are helping to reduce
materials limitation for sensing temperature at the nanoscale by
either improving qualitatively inherent materials properties, e.g.,
size dispersion, surface roughness, or by opening entirely new
possibilities based on new materials with new properties.
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The most popular approaches to nanothermometers have been
the miniaturization of the geometrical size of conventional
thermometers, although more radical alternatives have been
proposed, as, for instance, ex situ thermometers based on the
irreversible temperature-activated coalescence of silver NPs.?®
Examples of such miniaturization encompass:

e Luminescent thermometers based on temperature-dependent
emission intensity and/or lifetime of dye-sensitized Pdots,?*-3
semiconducting QDs,**'3% and Ln**-doped NPs;***!

e Nanoscale IR thermometers from metal NPs based on
blackbody radiation;*

e Scanning thermal microscopes based on Ln**-doped
NPS;12,43—45

e Nanoscale thermocouples fabricated from point contact
junctions;?346-47

e Liquid- and solid-in-tube nanothermometers fabricated from
nanotubes and based on temperature-dependent thermal
expansion of liquids (e.g. gallium inside CNTs***° or Pb-filled
ZnO nanotubes®);

e Coulomb blockade nanothermometers from nanosized
superconductor—insulator-metal tunnel junctions based on the
Coulomb blockade of tunneling;’!-2

e Complex structured nanothermometers from MEMS based
on temperature-dependent resonator quality factor® or Fermi-
level shift.>*
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Table 1 Summary of the advantages, disadvantages and general applications of high-resolution electrical, near- and far-field thermal techniques. The
typical spatial (3x), temporal (37) and temperature (37) resolutions of each method are also included. The table is adapted from those published by
Asheghi and Yang® and Christofferson et al.?

High-resolution thermal measurement techniques in micrometer—-nanometer range

Typical resolution

Method Principle dx (um) 3T (K) St (us) Advantages Disadvantages
Infrared Planck blackbody 10 10! 10 e Well implemented e Detector saturation at high
thermography emission commercial technique temperatures
o Difficulties on the precise
estimation of the emissivity of the
surface materials
e Provides temperature e Spatial resolution for the
image profile of the temperature detection, which is
surface Rayleigh limited (not all “hot
bodies” are perfect blackbodies, in
the physical meaning of the term)
Thermoreflectance Temperature 10! 102 10! e High thermal and e Requires the calibration of the
dependence of the temporal resolution reflectivity index
reflection e Spatial resolution limited by the
diffraction limit
e Quantitative and e Thermoreflectance coefficient is
qualitative measurement  not available for every material and
depends on excitation wavelength
and thickness of the optical layer
Raman Inelastic scattering of 1 107! 10¢ e No sample preparation e Highly time-consuming technique
monochromatic light needed implying image point analysis as
e Works in solids and slow as 0.5 point s~
liquids
e Small volumes (<1 pm o Low signal and crosstalk with
diameter) can be probed  fluorescent molecules
Micro-thermocouple Seebeck effect 102 107! 10 e Precise temperature e The thermometer is separated
calibration from the active region of the device
limiting, at very short timescales,
the access to it
o Additional fabrication effort
required
e Spatial resolution (at e Voltage reflections and capacitive
one dimension) of 25nm  coupling limit the timescale for
transient thermometry of the device
Fluorescence Temperature 10! 102 10 e Diverse experimental o Photobleaching limits the long-
thermography dependence of techniques to measure term intensity and lifetime
quantum efficiency/ temperature determination
lifetime/intensity e High temperature o High-expensive excitation sources
sensitivity and detectors to measure
e Ratiometric temperature using lifetime-based
algorithms are algorithms
independent of
illumination source
Near-field scanning Use near field to 102 10! 10 e Spatial resolution e Depends on the surface
optical microscopy improve optical below the Rayleigh limit ~ characteristics
resolution (100 nm) e Only access to surface
temperature
e Slow temperature acquisition
e Vacuum and/or cryogenic
temperatures required
Liquid crystal Crystal phase 10 107! 10% e Diverse materials e Yields a semi-quantitative
thermography transitions (change available commercially temperature map, unless a detailed
colour) for different temperature  calibration is performed
ranges e A layer of the probe must be
placed over the sample
e Fully integrated with e Not compatible with liquid
electronic devices systems
Scanning thermal AFM with 10! 10! 10% e Uses AFM tips to o Slow acquisition times

microscopy thermocouple or Pt

thermistor tip

simultaneously measure
temperature and
determine the surface
roughness

e Sub-micrometric
spatial resolution

e Limited to solid samples

o Requires fundamental knowledge
of tip-sample heat transfer

This journal is © The Royal Society of Chemistry 2012
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Table 1 (Contd.)

High-resolution thermal measurement techniques in micrometer—-nanometer range

Typical resolution

Method Principle dx (um) 3T (K) 31 (ps) Advantages Disadvantages

Transmission Thermal expansion 1072 107! e High spatial resolution e Vacuum required

electron microscopy o Difficult to transpose for practical

applications

e Compatible with e Temperature determination by
different CNTs image analysis

Optical Thermal expansion 10° 10°° 10-3 e Can be integrated in o Crosstalk with other stimulus as

interferometry or refractive index remote detection systems  strain/stress and bending

change o All optical temperature e Low spatial resolution in the

determination transverse direction

Thermometric systems can be classified as primary or
secondary. The first are characterized by well-established state
equations that directly relate measured values to absolute
temperature without the need of calibration, while the second
must be referred to a well-known temperature for their calibra-
tion. Secondary thermometers are sometimes difficult to cali-
brate at the nanoscale and can only act as sensors, providing
temperature changes. Finally, there is a type of temperature
sensing actuators (like some paraffins) that only reacts at a well-
defined threshold temperature at which a specific change occurs.
Although they can be accurate, these can only be considered as
one-temperature thermometers. Therefore, not all the conditions
expected for an ideal nanothermometer, namely, stability,
accuracy and reproducibility,® are fulfilled by the systems
described in this review, independent to their validity as
temperature sensors and actuators in the nanoscale.

As the size of systems where temperature has to be determined
enters into the nanoscale, the question of whether temperature
itself can be meaningful at such scale can become relevant. The
minimal length scales for the existence of temperature have been
carefully discussed by Hartmann et al. 367

High-resolution thermometry techniques have been cata-
logued in many different manners, as, for instance, depending on
whether they make use of electrical or optical signals or are based
on near- or far-field applications. With this very general outline,
it is common that the same technique is classified in different
ways, for instance scanning thermal microscopy can be catego-
rized as either an electrical or near-field thermometric
method.?** However, independently of the classification, what
really matters is a precise identification of the advantages and
drawbacks of each method, as well as a proper selection
according to the required spatial, temporal and temperature
resolution. A summary of popular methods for high-resolution
thermal measurements, highlighting the advantages and disad-
vantages of each, is presented in Table 1.

The present review aims to describe the latest progress of sub-
micron high-resolution thermometry adopting, however,
adifferent approach involving the distinction between luminescent
and non-luminescent thermometers. For the former thermometers
the review addresses essentially far-field optical thermometry
methods, whereas the non-luminescent examples involve near-field
optical and electrical-resistance thermometry. Although the
review does not intend to be comprehensive, illustrative examples
of the rich variety of systems designed and developed to sense

temperature at the nanoscale, such as luminescent thermometers
containing organic dyes, ruthenium complexes, QDs, Ln** ions
and temperature-responsive polymers, and non-luminescent
thermometers like SThM, CNTs, nanolithography thermometry
and biomolecules are described. The review covers essentially
examples reported over the last five years and, concerning the
luminescent thermometers, can be considered as being a follow up
of two reviews on luminescent nanothermometers published
recently based on Ln**-based materials, essentially upconverting
NPs* and B-diketonate complexes.® A more specific review cir-
cumscribing the development of modern thermometry in biologic
applications and stressing part of the historical path through which
thermometry has progressed into contemporary thermodynamics
was issued in 2010.2 A microreview on non-luminescent nano-
thermometers for use in TEM was published in 2010,>® whereas in
2008 various contact and contactless microscale and nanoscale
thermal characterization techniques that could be applied to active
and passive devices and interconnects were surveyed.’® Early
works on scanning microscopy-based thermometry employing
diagnostic techniques®***® and either electrical or scanning probe
microscopy (with a particular emphasis on microelectronics and
data storage devices)*® were available between 1999 and 2005.
Three other reviews partially covering the subject and dealing with
ceramic phosphors that can withstand extreme temperatures,®
multiple optical chemical sensors®® and temperature-stimuli poly-
mers® have been published in 2011.

2. Luminescent thermometers

The well-known limitations of contact thermometers to work at
submicron scale referred to in Table 1 lead to the development of
non-contact thermometry techniques, such as, IR thermography,
thermoreflectance, optical interferometry, Raman spectroscopy,
and luminescence.

IR thermography — a concept that found numerous industrial
applications in several variants of pyrometers or IR cameras —
infers the temperature distribution of a body according to the
blackbody radiation spectral distribution of the emitted radia-
tion and knowing the external surface emissivity of the material.
Near-field methods opened a possible increase of the spatial
resolution by two orders of magnitude® and in practice resolu-
tions of ~10 nm can be achieved.®**® Thermoreflectance and
optical interferometry use the reflected light that provides
information about the local heating state of the device or

4802 | Nanoscale, 2012, 4, 4799-4829

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2nr30663h

Downloaded by Unidad de Coordinacién de Bibliotecas on 14/05/2013 12:12:42.

Published on 01 May 2012 on http://pubs.rsc.org | doi:10.1039/C2NR30663H

View Article Online

Table2 Figures of merit of luminescent molecular thermometers displaying the maximum relative sensitivity values (Sy,, % K='), the temperature range
of operation (AT, K), the temperature at which S, is maximum (7,, K) and the thermometric property associated with each example. Self-referencing
(or ratiometric) examples are highlighted and, when reported, the spatial resolution is indicated

Phosphor S AT (Ty) Thermometric property Observations
Organic dyes
Ru-—phen complex”> 2.5 280-325 (320) Emission lifetime Oxygen sensor reported
Perylene and N-allyl-N- 1.3 327-357 (350) Monomer-to-exciplex Ratiometric
methylaniline in PS7* interconversion
1,3-Bis( 1—pyren7yl)pr0pane in 1.4 303-413 (359) Monomer—excimer emission Ratiometric
[C4mpy][TH,N]7 intensity ratio
Fluorescein D-Texas-Red A in 4.5 278-318 (295) FRET DNA molecular beacon labelled with
DNA® acceptor—donor pair, simultaneous oxygen
sensor, ratiometric
PtOEP’® 4.6 290-320 (305) Emission intensity ratio Ratiometric
Naphthalene fra%ment linked to 3.6 300-370 (300) Emission intensity Non-ratiometric
a Ni(1r) cyclam'®
RhB in PDMS"’ 23 293-373 (363) Emission intensity Non-ratiometric, temperature mapping
RhB in SUS8 (ref. 15) 1.3 293-353 (338) Emission intensity ratio Reference intensity corresponds to the room
temperature measurement, ratiometric,
temperature mapping
DPTB dissolved in MOE?! 0.1 323-373 (373) Maximum emission Non-ratiometric, spatial resolution of 40 pm
wavelength
Fe(NH,Trz)s(tos), (ref. 102) 1.9 305-325 (309) Emission intensity Non-ratiometric, spatial resolution at the
micrometer range
NBD-Laurdan® 1.5 300-340 (340) Emission lifetime Intracellular thermometer
Polymers and layered double hydroxides
Pristli;e fullerene and C;( in PS 1.3 293-363 (330) Emission intensity Non-ratiometric
NPs
Cyo in PtBMA™ 2.2 293-363 (363) Emission lifetime Only demonstrated in the absence of oxygen,
1.8 293-363 (330) Cyo—perylene emission perylene as internal standard for intensity
intensity ratio ratio, ratiometric
PNIPAM:DBDAAS 12.7 298-313 (308) Emission intensity Non-ratiometric (in a KClI buffer)
9.4 298-313 (304) Emission intensity Non-ratiometric, intracellular thermometer,
spatial resolution of 10 pm
PNIPAM-co-HC'® 18.9 288-313 (308) Emission intensity Non-ratiometric
PNIPAM-co-BODIPY 3! 11.5 288-308 (302) Emission intensity Non-ratiometric
PNIPAM containing 3HF-AM"® 6.7 293-325 (314) Emission intensity ratio pH insensitive, ratiometric
Pyrene-labeled poly(DEGMA-stat- 3.5 278-303 (294) Emission intensity ratio Ratiometric
PyMMA)"’
Magnetite NPs with 16.7 298-318 (314) Emission intensity Non-ratiometric
NIPAM:FMA'*
NNPAM-NIPAM-NIPMAM" 125 275-340 (300) Emission intensity Non-ratiometric
GFpP'¥ 4.1 283-323 (322) Relaxation time Maximum sensitivity at pH = 6
GFP'” 0.5 293-333 (333) Polarization anisotropy Ratiometric intracellular thermometer, spatial
resolution ~300 nm
PNIPAM'? 10.4 293-318 (308) Emission lifetime Average fluorescence lifetime computed from
two lifetimes
NIPAM labelled with 16.2 295-310 (307) Emission lifetime Describes the fluorescence lifetime imaging
benzofurazan® microscopy, spatial resolution ~50 um
Pdot-RhB NPs*° 2.6 313-343 (343) Polymer—RhB emission Intracellular thermometer, ratiometric
intensity ratio
MnFe,0,4 NPs coated with 1.5 300-315 (305) Emission intensity Cellular membrane temperature
streptavidin—DyLight549 (ref. 7) measurement; non-ratiometric
RhB and NBD'3® 13.3 298-318 (313) FRET Non-ratiometric, intracellular thermometer
PNIPAM-coated Au NPs'¥ 0.1 290-310 (295) Wavelength of maximum Non-ratiometric
emission
Fluorescent polymer’ 44 293-323 (311) Emission lifetime Intracellular thermometer, spatial resolution
of 200 nm
Mutant of lacl (Its265)'7> 19.6 308-318 (318) Emission intensity Non-ratiometric
Quantum dots
(CdSe)ZnS QDs* 2.2 278-313 (313) Emission intensity Non-ratiometric
714, 9oMng o;Se/ZnCdSe NPs® 1.0 173-273 (185) Excitonic intensity ratio ZnMnSe/ZnCdSe diameters are 4.5/1.0 nm,
ratiometric
1.3 293-373 (318) ZnMnSe/ZnCdSe diameters are 4.0/0.6 nm,
ratiometric
0.9 293-373 (383) ZnMnSe/ZnCdSe diameters are 3.7/0.4 nm,
ratiometric
CdSe and CdTe QD solutions®!”” 0.3 x 10" 315-330 (330) Wavelength of maximum QDs incorporated in HeLa cells, excited using
emission a 900 nm laser, non-ratiometric
CdSe/ZnS and CdTe/ZnS®! 0.9 287-320 (320) Normalized emission intensity ~ Simultaneous oxygen sensing using
a bifurcated fibre, ratiometric
Mn2*/Er** ZnS NPs!3 1.2 293-423 (423) Emission intensity ratio Ratiometric

This journal is © The Royal Society of Chemistry 2012
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Table 2 (Contd.)

Phosphor S AT (Ty) Thermometric property Observations
Lr** phosphors
YAG:Ce NPs'!” 0.2 315-350 (350) Emission lifetime Non-ratiometric
Y,03:Eu®* (ref. 115) 2.6 473-973 (973) Rise time Non-ratiometric, relatively high uncertainty
ZnO:Er** NPs® 0.6 273-473 (273) Emission intensity Ratiometric
PbF,:Er**/Yb** NPs!># 1.0 315-415 (345) Hyyn — “Iis2/*S3 — *l1sp Ratiometric, spatial resolution below 500 nm
intensity ratio
Er**/Yb** co-doped fluoride 1.1 335-375(342) Hyin — “I1sp/*Ss — *l1sp Ratiometric, spatial resolution below 500 nm
amorphous glass particle** intensity ratio
Gd203:Yb"*/Er3* UCNPSS4 0.2 295-1000 (600) 2H1|/2 d 4115/2/4S3/2 i 4115/2 Ratiometric
intensity ratio
NaYF4Er*/Yb* UCNPs* 1.0 298-318 (298) Hy1p — *1i5p/*S3p — *l1sp Ratiometric intracellular thermometer
intensity ratio
Er**/Yb* and Tm*/Yb** UCI\IPS87 2.3 293-318 (318) 2H1 12 — 4115/2/453/2 g 4115/2 Ratiometric
intensity ratio
0.2 293-318 (315) Intensity ratio between two
sub-Stark energy levels of the
Tm?* 3H, excited state
Organic—inorganic hybrid NPs
Eu(tta)s;-3H,0 embedded into 44 293-333 (330) Emission intensity Non-ratiometric intracellular thermometer,
PMMA'7 uncertainty of 0.3 K, spatial resolution of 5.3
nm
Eu(tta);L complexes embedded 1.1 275-340 (333) Emission lifetime Using poly(vinyl methylketone) as support
into PTBS microbeads>® polymer
P(VDC-co-AN) NPs co-do;)ed with 7.2 273-323 (323) Dy — "F,/BBS intensity ratio Two dimensional thermo-imaging, ratiometric
an Eu** complex and BBS®
Eu-DT embedded into BTD— 6.8 283-323 (323) Dy — ’F, intensity Non-ratiometric
PMMA NPs*’ 3.2 283-323 (320) 5Dy lifetime
Eu-DT and OASN in silica NPs*> 7.2 283-323 (323) Dy — "F»/OSAN intensity ~ Ratiometric
ratio
Eu’* and Tb** embedded into 1.7 283-323 (310) Dy — ’F, intensity Non-ratiometric
PAA-OTES hydrogels'¢’ 2.1 283-323 (320) ‘D4 — ’Fs intensity
Eu**/Tb*" B-diketonate complex 4.9 10-330 (143) Dy — "F»/°'D4y — "F5 Ratiometric
embedded into silica-coated intensity ratio
magnetic NPs*® and di-ureasil 1.9 10-330 (202) Dy — 'F»/°Dy — Fs Ratiometric, spatial resolution up to 3.2 um

ﬁlm38,89

intensity ratio

(di-ureasil film)

structure. Thermoreflectance explores the temperature depen-
dence of the reflection coefficient of a material (its refractive
index is temperature dependent), resulting in a temperature
profile by analysis of the image produced by reflection with
a spatial resolution limited by the optical imaging system.'®
Developments in the past ten years also allowed micrometer/sub-
micrometer spatial resolution (Table 1), see, for instance, the
reviews by Cahill er al.,*” Christofferson and Shakouri®® and
Christofferson ez al.?® Optical interferometry (in both active and
passive modes) provides not only local temperature probing but
also accurate measurements of the thermal expansion or defor-
mation of a surface, with spatial and temperature resolutions in
passive mode of ~1 um and ~10 uK, respectively*® (Table 1).
Raman spectroscopy (as well as scanning microscopy) presents
a reading velocity and processing that is limited (at least) by the
probe movement and by the properties of the material and of the
surface. This technique is well suited for large temperature
changes, due to the low sensibility, and in spatial terms limited to
the laser spot size (~0.5 um).

Amongst non-invasive spectroscopic methods for determining
temperature, the thermal dependence of phosphor luminescence —
band shape, peak energy and intensity, and excited states life-
times — is an accurate technique (often referred to as thermo-
graphic phosphor thermometry). It works remotely with high
detection sensitivity and spatial resolution in short acquisition
times, even in biological fluids, strong electromagnetic fields and

fast-moving objects.*¢1%°73 The thermal probes encompass
organic dyes, ruthenium complexes, spin crossover NPs, poly-
mers, LDHs, semiconductor QDs, and Ln3'-based materials.
Apart from these simple systems, in which a single component acts
as a temperature-responsive emitting centre, there are complex
systems, in which the changes in the emission intensity and/or
lifetime of the emitting state of a particular component are
induced by a second one that is the real temperature responsive
material. In most of the cases, this temperature sensitive material
is a polymer or an organic-inorganic hybrid host.

This section describes the latest progress of non-invasive (or
semi-invasive) luminescent molecular thermometers based on the
thermal probes aforementioned, with particular emphasis on
examples (Sections 2.4 and 2.5) that effectively illustrate the
temperature sensing/mapping at micron and sub-micron scale.
The temperature sensing algorithms are briefly reviewed high-
lighting their advantages and drawbacks and the performances
of the different molecular thermometers are compared using the
thermometers’ relative sensitivity as a figure of merit (Table 2
and Fig. 1-4). This relative sensitivity is defined as:

(aQ)
aT

where Q corresponds to the quenching of luminescence with
temperature. The @ values were calculated fitting the
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Fig. 1 Temperature dependence of the maximum relative sensitivity
value S, for the series of thermometers reported in Tables 2 and 3. The
dye-, polymer-, QDs- and Ln’*-based luminescent thermometers are
displayed in red, green, black and blue, respectively. The non-luminescent
thermometers are shown in magenta. The physiological temperature
range area is shadowed.
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Fig. 2 Temperature dependence of the relative sensitivity values for the
series of luminescent ratiometric thermometers reported in Table 2. The
dye-, polymer-, QDs- and Ln**-based thermometers are displayed in red,
green, black and blue, respectively.

experimental data graphically reported in literature to poly-
nomial interpolations implemented with MatLab®. A cut-off on
the relative sensitivity values is assumed when the absolute
temperature resolution A7 is below 1 K. This is estimated by
AQ/S,, where AQ is the resolution of Q, calculated from the
standard deviation of the interpolation, and S, = dQ/dT is the
absolute sensitivity. S, and Ty, represent the maximum value of
the relative sensitivity and the temperature at which that value
occurs, respectively. In all the examples addressed here the
dependence on temperature of the relative sensitivity was
computed from published data using eqn (1).

The temperature dependence of the relative sensitivity for non-
ratiometric and ratiometric luminescent thermometers is dis-
played in Fig. 1 and 2, respectively, whereas Fig. 3 illustrates that
dependence estimated from lifetime or decay time measurements.
Examples of the relatively small number of thermometers
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Fig. 3 Temperature dependence of the relative sensitivity values esti-
mated from lifetime or rise time measurements of the examples reported
in Table 2.

(luminescent and non-luminescent) that effectively demonstrate
temperature sensing or mapping at micron and sub-micron scale
are depicted in Fig. 4.

The temperature determination by optical means (essentially
through luminescence) exploits several methods of examination
of the sensitive material. Intensity-based methods are applied
when the luminescence of the thermographic phosphors is photo-
excited continuously and the resulting intensity is measured in
a continuous way. On the other hand, if the time dependence of
the intensity of a particular transition (decay curve) is measured,
the thermometric information temperature is inferred through
the lifetime 7 of the phosphor emitting level.5*”* Decay time
methods use a pulsed excitation source and, in most cases, after
each excitation pulse the emitting level exhibits exponentially
decaying emission characterized by the following lifetime
temperature dependence:
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Fig. 4 Temperature dependence of the relative sensitivity values for the
series of thermometers reported in Tables 2 and 3 that display spatial
resolution on the micron and submicron scale (the non-ratiometric
luminescent thermometers are marked as dotted lines).
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where W, and W, are the radiative and non-radiative proba-
bility, respectively, t¢ is the radiative lifetime (at zero absolute
temperature 7), k is a pre-exponential factor, AE is the energy
gap between the emitting level and the higher excited state, and
kg is the Boltzmann constant.

Lifetime-based methods present the critical advantage of
virtually not being affected by light scattering or reflection, by the
intensity fluctuation of the excitation light field or inhomogeneous
distribution of the phosphor. Lifetimes are measured in the time-
domain or frequency-domain modes.®> In time-domain fluorom-
etry, a square-shaped light pulse excites the fluorophore and the
luminescence rises and drops with a typical characteristic that is
dependent on the luminescence decay time of the probe. In the
frequency-domain approach the luminophore is excited by sinu-
soidally modulated light and the luminescence follows the excita-
tion frequency with a lifetime-dependent delay. Two luminophore
species are sometimes employed, as in the dual-lifetime referencing
and dual-lifetime determination approaches. Whereas in the
former method, one luminophore species references the lifetime of
the other (both species must present similar photobleaching), in the
latter one both lifetimes are determined (the lifetimes can be only
separated if their ratio is greater than 10).5*

Lifetime determination, however, may be, in certain condi-
tions laborious and time-consuming, disadvantages that can be
easily overcome by intensity-based methods. These algorithms
use directly the intensity of one or more transitions to detect
temperature. The intensity of each transition is proportional to
the total number of atoms (population) in a given excited state at
temperature 7

TocgAhy exp(—%) 3)
B

where g is the degeneracy of the state, 4 is the spontaneous
emission rate, / is the Planck constant, » is the frequency, and Eis
the energy of the level.

Frequently two transitions assigned to the same phosphor are
used and the ratio between their fluorescent intensities (1, and 1)
named fluorescence intensity ratio, FIR (or two-colour
response), is taken as a measurement of absolute temperature,

since:
I, g4y AE, AE),
—=— — =B — 4

12 g2A2hV2 exp kBT X exp kBT ( )

where B is a constant.

The main advantage of this FIR numerical technique is the
fact that one single emission spectrum contains all the informa-
tion needed to compute the absolute temperature. The FIR
employs a Boltzmann distribution in electrons between adjacent
emitting energy levels that is a function of temperature and is
manifested as a temperature-dependent intensity ratio between
emissions from two distinct lines in the spectrum.

Intensity measurements based on one transition depend
crucially on variations of the sensor concentration, small mate-
rial inhomogeneities (particularly in imaging non-planar
surfaces, such as biological tissues) and optoelectronic drifts of

the excitation source and detectors, making them, thus, inap-
propriate for precise temperature sensing. Lifetime data and
ratiometric (or self-referencing) FIR measurements, in contrast,
are not compromised by those disadvantages and, thus, are much
more reliable. 732394158 Nevertheless, real-time temperature
mapping through decay time measurements requires more
sophisticated equipment, when compared to the faster, easier and
cheaper ratiometric luminescence intensity readout. Moreover,
for complicated distributions of emitting centres and/or strong
interactions between them (for instance energy transfer) lifetime
determination may be laborious and time-consuming, as it
involves a fit procedure (that could be rather complicated) to the
decay curves. Therefore, it is unquestionable that an optimal
luminescent nanothermometer should produce a ratiometric
intensity response to temperature changes. Ratiometric tech-
niques can be easily implemented typically with a UV excitation
lamp and a handheld spectrometer or even a simple apparatus
combining a dichroic filter set to the isosbestic point and two
photodetector diodes, each set to detect the excitonic or the
dopant emission.

Examples of ratiometric (or self-referencing) luminescent
thermometers (Table 2 and Fig. 2) include:

e Perylene—N-allyl- N-methylaniline exciplex interconversion;”

e Monomer—excimer interconversion of 1,3-bis(1-pyrenyl)
propane dissolved in the [Cympy][Tf,N], IL;”

e Aqueous solution of Fluorescein D-Texas-Red A anchored
to a DNA chain;"

e Platinum octaethyl porphyrin dye;’®

e Pyrene-labeled poly(DEGMA-stat-PyMMA);””

¢ PNIPAM containing 3HF-AM;"®

e Fullerene C; and perylene (internal standard) dispersed in
PtBMA;”

e Semiconducting Pdots embedded RhB;*®

e Thin layer of the epoxy-based negative photoresist SU8
incorporated RhB;*

e 7Zn;_ Mn.Se-ZnCdSe (x =
structures;3!:32:8¢

e CdSe-ZnS and CdTe-ZnS QDs embedded in a sol-gel
derived organic-inorganic hybrid;®

e P(VDC-co-AN), NPs embedded the (tris(benzoylacetonato)
mono(phenanthroline)) Eu** complex and the BBS organic dye;*

e Er’**-based nanocrystals;?*83

o Er**/Yb* (ref. 12, 40, 41, 43, 44 and 84-86) and Tm**/Yb**-
based®” UCNPs;

e Magnetic hybrid NPs co-doped with Eu®** and Tb**
tris(B-diketonate) chelates;3%58

e Di-ureasil®® layer embedding superparamagnetic maghemite
NPs and Eu** and Tb** tris(B-diketonate) complexes;®

e Siloxane hybrid NPs formed by a BTD-PMMA core covered
with a silica outer layer incorporating (in the core) the Eu-DT
complex and a OASN reference.*

0.01) core-shell QD

2.1 Thermometers based on organic dyes

Since the organic dyes were patented in 1941 as “temperature
indicators”, many advances have been made. RhB,* fluorescein
isothiocyanates,”* and cyanine dyes®® have become very popular
in fluorescence imaging or temperature determination in a
biological context. A large set of organic complexes are
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commercially available and can be picked up a la carte from an
extensive list, attending to the excitation/emission wavelength
range required, solubility, facility of vectorization, etc. The
design of all kinds of sensors is virtually possible, setting up the
analyte and defining the experimental conditions to be used.
Many examples can be found in the literature describing
assemblies with organic dyes for labelling antibodies and anti-
gens,”®** or hosting organic dyes in a polymeric matrix,”* for
improving their mechanical and chemical stability.

An illustrative example is NPs of Ruphen and PtTFPP
embedded in polyacrylonitrile.®>* In order to produce pressure
sensitive paints knowledge of the temperature is fundamental.
Ruphen allows the measuring of the temperature that is used to
calibrate the PtTFPP pressure response. The polyacrylonitrile is
employed as a support medium that shields both Ruphen and
PtTFPP from oxygen quenching. Ruphen presents a maximum
temperature relative sensitivity of 2.5% K~' at 320 K (ref. 95 and
96) (Table 2 and Fig. 1).

More complete approaches can be achieved either by means of
a ratio of intensities coming from the monomer and excimer/
exciplex or decay of emission lifetimes. An excimer is an excited
dimer whereas an exciplex is a combination of two different
atoms that exists only in an excited state, e.g. excited electron
donor-acceptor complex. In order to rationalize the temperature
dependence of the emission intensity (or lifetime) a two-state
equilibrium model is used. These two states are assigned to
conformational changes (or protonation) of one of the emitting
species and are responsible due to the temperature driven change
of the fluorescence emission intensity. The existence of an iso-
emissive point in the emission spectra is strong evidence that
corroborates this simple two-state model for temperature
dependence. This simple and rational model conjugated with the
fact that organic dyes present severe photobleaching and low
quantum yields caused great research interest in the monomer-
to-exciplex interconversion and monomer-to-excimer emission
intensity ratio.

An important example reports the temperature-dependent
change of a perylene monomer—exciplex, as an organic dye
molecular thermometer.” The ratiometric variation of the
emission intensities of monomer—exciplex species was studied
using a two-state equilibrium model in the temperature range
290-360 K with S, = 1.3% K" at 350 K (ref. 74) (Table 2 and
Fig. 1). The authors anticipated that the strategy could be easily
extended to other aromatic hydrocarbon acceptor—aniline donor
systems, such as benzene—aniline or anthracene—aniline, showing
two colour emissions as a function of temperature. Further
studies addressing photobleaching, solvent properties and bio-
logical compatibility would be desirable.

In contrast to monomer—exciplex molecular thermometers,
IL-based thermometers” are not limited to the boiling point of
common organic solvents, instead, they are critically dependent
on the thermal stability of the fluorophore itself. The operating
temperature range of IL-based thermometers extends to that of
monomer—exciplex molecular thermometers with reduced pho-
tobleaching. One of the most relevant examples uses [Cympy]
[Tf,N] as matrix and 3-bis(1-pyrenyl)propane as phosphor,
exhibiting an error in temperature lower than 0.35 K and an UV
photobleaching of 15% (at 333 K during 24 h, 10 mW).
Reversibility and robustness are demonstrated in 303-413 K

heating—cooling cycles during 8§ h with a maximum of 0.3 K
deviation from the operating calibration curve. A maximum
temperature relative sensitivity of 1.4% K~' at 355 K can be
estimated from published data” (Table 2 and Fig. 2). Interest-
ingly enough, some IL gels have been reported to be biocom-
patible with enzymes, proteins and even living cells.”’
Nevertheless, as far as we know, IL-gels presenting a ratiometric
temperature response have not been reported yet.

An example of a ratiometric highly sensitive molecular ther-
mometer based on a platinum octaethyl porphyrin was described
by Lupton.” The intensity ratio uses two transitions of the
PtOEP: the first excited triplet level, at 650 nm, and one band, at
540 nm, the origin of which is not entirely clear. PtOEP is able to
monitor temperature changes in the range 290-320 K with
a maximum relative sensitivity of 4.6% K" at 305 K (Table 2 and
Fig. 2). Reportedly, the heating does not contribute to the
material cleavage, which is governed by photo-oxidation.”

A different methodology explores the determination of
temperature by monitoring the luminescence change induced by
molecular spin crossover. The process involves the switching
between two molecular spin states (the so-called HS and LS
configurations) in (pseudo)octahedral 3d*-3d’ transition metal
complexes by the action of an external stimulus, e.g. tempera-
ture, pressure, light irradiation and others.”®** In the case of
temperature-induced crossover, the change in the spin state is
accompanied by a change in the optical properties of the
compound. One of the first examples reported the temperature
dependence of the luminescent intensity of a naphthalene frag-
ment covalently linked to a Ni(i) tetraazamacrocyclic complex,
cyclam.'® The intensity of the cyclam emission is partially
quenched by an energy transfer mechanism whose efficiency
decreases with temperatures between 300 and 338 K, resulting in
a temperature dependent emission with a maximum relative
sensitivity of 3.6% K~' at 300 K (Table 2 and Fig. 1). More
recently, Quintero e al.'® and Salmon et al.'* reported two-
component luminescent thermometers also based on the
combination of spin-crossover and luminescence in Rh-110
doped ultra-small [Fe(NH,Triazole);](X), NPs (where X stands
for tosylate or NO;").'°%%2 The absorption changes of the
transition metal complex during the thermal crossover process
modulate the Rh-110 luminescence intensity. When deposited on
top of nickel nanowires (5 wires, 500 nm wide, 40 pm long,
separated by 4 um), where temperature changes were induced by
resistive heating, spatial resolution at the micrometer scale was
estimated.'®® The thermometer operates in the range 305-325 K
with S, = 1.9% K" at 309 K (Table 2 and Fig. 4).

The temperature mapping on microfluidic devices using dyes
as fluorescent thermometers was also considered by Samy et al.'”
and, more recently, by Jung er al.'®* RhB was incorporated in
PDMS and SU8 polymer matrices and the temperature was
determined from the optically active thin layer covering the
microfluidic device. Samy et al.'” used an intermediate substrate
between the fluid and the sensing layer, while Jung ez al.'s fol-
lowed a new approach rendering the intermediate layer unnec-
essary; both examples showed spatial resolutions in the order of
hundreds of microns. The correspondent maximum relative
temperature sensitivities are Sy, = 2.3% K~ at 363 K (ref. 17)
(Table 2 and Fig. 1) and S,, = 1.3% K~' at 338 K (ref. 15)
(Table 2 and Fig. 2).
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A quite different dye-based luminescent molecular thermom-
eter able to map the temperature gradient on a fluid was recently
developed by Feng et al?' It consisted of a pyrene-containing
triarylboron molecule, DPTB, showing temperature-dependent
green to blue luminescence with quantum yield greater than 0.64
over the temperature range 223-373 K, that was dissolved in
MOE. The temperature can be determined by the blueshift of the
broad emission spectra, ascribed to the thermal equilibrium
between twisted intramolecular charge transfer and local excited
state of the DPTB molecule. The maximum relative temperature
sensitivity is 0.1% K~! at 373 K (Table 2 and Fig. 4) and the
spatial resolution is below 40 pum (ref. 21).

Photobleaching is the main limitation of the dye-based ther-
mometers, precluding continuous long-term temperature
measurement, which is essential to follow temperature changes at
different time scales.

2.2 Thermometers based on quantum dots

Semiconductor QDs have been proposed for small-scale ther-
mometry, since they present temperature dependent photo-
luminescence (intensity changes or emission peak shifts). Their
size-tuneable absorption and emission frequencies, high
quantum yield and photostability have made QDs an active field
of research and development for imaging, labelling and sensing
in many areas. Besides optoelectronics, biology and medicine
stand out as the most appealing areas, since bioconjugation of
QDs can make them target selective.

Standard colloidal synthesis methods provide nanocrystalline
semiconductor particles of various sizes (1-10 nm range), with
tuneable emission, from UV to infra-red, depending on compo-
sition. Common materials are Cd-based binary or ternary
semiconductors (e.g. CdSe, CdS and CdSeTe). For many
purposes, a core-shell structure is preferred, in order to isolate
and protect the toxic Cd-based core by a ZnS shell capsule
(1-6 monolayer) resulting in an advantageous increase in the
photoluminescence yield.'*®

In earlier reports,®® ZnS coated CdS QDs (5 nm size) were
shown to present a considerable change (by a factor of 5) in the
photoluminescence intensity in the temperature range 100 to
315 K, accompanied by a 20 nm blueshift of the 600 nm range
emission band. Those properties were demonstrated with the QD
dispersed in a variety of matrices (e.g. poly(lauryl methacrylate)
and TiO, sol-gel derived films) and were obtained in a broad
excitation frequency range. A linear and reversible change in the
integrated emission intensity near room temperature with S, =
2.2% K=" at 313 K (ref. 33) (Table 2 and Fig. 1) was achieved as
the main thermometric feature of the composites.

The interest in analysing thermal phenomena at small scales
fostered studies of single QDs as local thermal sensors. Li et al.**
demonstrated that the time-averaged emission spectra from
individual ZnS-coated CdSe QDs, observed through a micro-
scope, are capable of sensing temperature changes with charac-
teristics similar to the ones reported in composite assemblies of
QDs. However, the size and shape distribution of QDs leads to
differences in the individual characteristics, precluding their use
as an absolute thermometer, although relative spectra changes
are more reliable. With their technique, a minimum of 1200 QDs
(size area with 200-300 nm diameter) were needed to obtain

a precision of one degree. The spectral shift (0.105 nm K~') was
reported as the most accurate thermometric property.3*

To avoid well-known problems associated with the instability
and uncertainty of excitation sources or photobleaching and/or
photoblinking, the use of dual emission materials is actively
being explored. Such dual processes from two excited states in
the same QD enable self-calibration of the system and increase
the robustness and reliability of intensity-based spectroscopy
thermometry allowing ratiometric methods as mentioned in
Section 2. This was first reported by Vlaskin et al in
Zn;_,Mn,Se-ZnCdSe core-shell QD structures.®’ The solubility
of such Mn-doped colloidal semiconductor QDs in water was
recently achieved, enabling their use in biophysical applica-
tions.?!? These Mn-doped QD nanocrystals exhibit dual emis-
sion processes: the direct excitonic and the Mn?*" dopant ion
emissions, represented schematically in Fig. SA and B. The
thermally assisted population transferred between the dopant
and the excitonic states determines the dynamics of the processes
between the levels involved and therefore the intensity ratio of
those two emissions. The development of these QDs required the
compositional tuning of sufficiently large semiconductor gaps, to
leave the Mn?* levels inside the gap. The use of core-shell
structure facilitated the optimization of the properties in a dual
step: core doping and energy-gap tuning on the shell. It has been
found that the relative intensity of excitonic emission increases
with temperature. A discussion of the thermal population
mechanisms and its effect on photoluminescence was presented
by Beaulac et al.’** and Vlaskin ez al® The maximum relative
sensitivity values reported near room temperature for these QDs
are 1.3% K" at 318 K (ref. 80) (Table 2 and Fig. 1) and detection
responds to 0.2 K variations (Fig. 5SC-E).

Jorge et al® reported the simultaneous temperature and
oxygen sensing using a sophisticated optical fibre setup. A fibre
taper doped with an oxygen sensitive sol-gel derived glass was
connected to one arm end of a bifurcated fibre, whereas core—
shell CdSe-ZnS and CdTe-ZnS QDs embedded in a sol-gel
derived hybrid were placed at the end of the other arm to
determine temperature. The temperature behaviour of different
samples was tested using an optical fibre bundle to excite and
collect the QDs’ nanocrystals emission (with peak emission
wavelengths ranging from 520 to 680 nm). The temperature was
determined either by the shift of the peak maximum or the
normalized intensity. Using the intensity-based algorithm, the
QDs demonstrate ratiometric and linear temperature response
(287-320 K) with relative maximum sensitivity of 0.9% K~' at
320 K (Table 2 and Fig. 2).

Several factors still preclude the use of commercially available
QDs in nanoscale thermometry, particularly the bluing, the
bleaching, and the blinking under continuous illumination,**5-'%7
and the size distribution of the QDs that leads to a non-homo-
geneous luminescence individual response. The poor solubility,
the agglutination, the instability in different environments, and
the toxicity to biological systems can also be drawbacks. For
example, under acidic (pH < 5) or isotonic conditions, QDs
aggregate easily and lose luminescence in an intracellular envi-
ronment and the degradation of QDs has been shown to release
toxic heavy metal ions such as Cd.'*® To overcome these disad-
vantages, the surfaces of QDs need to be coated with inert
materials.’®” Furthermore, the intense activity in the use of QDs
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for biomedical applications, e.g. imaging,'* should pave the way

to their use in thermometry. However toxicity and cellular
uptake raise problems that still require much research to achieve
reproducible  and  safe = methodologies in  clinical
applications. %11

2.3 Thermometers based on Ln** phosphors

There are a lot of examples illustrating the temperature depen-
dence of the intensity of the intra-4f transitions and of the life-
time of a particular 4f excited state. For a comprehensive review
of the subject see, for instance, the works on high-temperature
thermographic phosphors,*”® and temperature-sensitive paints
(the Ln** indicator probe is incorporated into a polymer binder
and the resulting paint sprayed onto a surface to map tempera-
ture distribution).®*!'? In an interesting and seminal example
Wang et al. explored the Mn?* and Eu** emissions in the range
293 to 423 K using co-doped Mn**/Eu’** ZnS NPs.'"* The ratio-
metric thermometer displays a maximum relative sensitivity of
1.2% K" at 423 K (Table 2 and Fig. 2). In this review, however,
we put emphasis on the few examples of Ln**-based thermo-
graphic phosphors that effectively illustrate the temperature
sensing/mapping at micron and sub-micron scale (Mitsuishi ef al.
reported millimetre resolution in a polymer optode thin film
embedded a Eu®* tris(B-diketonate) complex'!*):

e A metal stripe covered with a thin film of perdeutero-PMMA
heavily doped with a Eu(tta); complex;!

e 2D distribution maps using *D rise time temporal response
in Y,03:Eu";!s

e A scanning thermal microscope with Er**/Yb** co-doped
fluoride glass (ref. 44) or PbF, UCNPs>* glued at the tip
extremity;

e Magnetic hybrid NPs co-doped with Eu** and Tb**
tris(B-diketonate) chelates;*®8

e Di-ureasil® hybrid films (thickness of ~10 um) embedding
Eu*/Tb** tris(B-diketonate) complexes?8 and

superparamagnetic maghemite NPs and Eu**/Tb*" tris(B-diket-
onate) complexes.®

The intracellular thermometers based on UCNPs and
B-diketonate complexes will be deeply discussed in Section 2.5.

The first report demonstrating high-resolution thermal
imaging with potential application to integrated circuit diag-
nostics was presented by Kolodner and Tyson using a metal
stripe covered with a thin film of perdeutero-PMMA heavily
doped with a Eu(tta); complex (concentration of ~40 wt%).
Thermal images of the luminescent film were obtained with
0.7 um spatial resolution and temperature resolution of 0.08 K.
Temperature mappings of integrated circuits with better spatial
resolutions (up to 0.35 pm) were more recently reported
combining thermoreflectance measurements under non-coherent
UV, visible and NIR illumination.'*¢

The rise time response of the *Dy excited state in Y,05:Eu*
(3-4% mole concentration) phosphor was calibrated against
a temperature range of 473-973 K demonstrating 2D rise time
thermal imaging over an area of ~500 mm? (diameter of the laser
beam on the target).!’® A state-of-the-art high-speed imaging
camera (acquisition rate of 1 million frames per second) was used
to capture the Eu** temporal response (rise and decay times) that
was subsequently post-processed in Matlab® to disclose the
thermal map. The uncertainty in the temperature measurements
is relatively high, ~20% at 673 K, although a decrease of the Eu**
activator concentration could significantly lengthen the rise time
and then the accuracy of the thermometer. A maximum relative
sensitivity of 2.6% K~' at 973 K (ref. 115) is computed (Table 2
and Fig. 3), while the spatial resolution was not reported and the
temperature determination algorithm is rather complicated,
relative to those of decay time and intensity-based measure-
ments, requiring more sophisticated equipment and post-pro-
cessing computational analysis.'”®* Another example that
illustrates the sensing of temperature through a decay time
algorithm was reported by Allison er al. for YAG:Ce NPs
(average size ~30 nm).""” The decay lifetimes for the NPs varied
from 18 (280 K) to 27 ns (350 K) with S, = 0.2% K" at 350 K
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Fig. 6 (A) Schematic SThM-based thermometer developed by Aigouy and collaborators illustrating the excitation laser, the metal strip and the
PbF,:Er**/Yb** or Er**/Yb** co-doped fluoride amorphous glass NPs at the end of an AFM tip. The heating of the metal stripe leads to a temperature
fluctuation monitored by the fluorescence signal. (B) Emission spectra of Er**/Yb** co-doped fluoride amorphous glass NPs at the different indicated
temperatures. (C) The evolution of the logarithm of the fluorescence intensity ratio as a function of the inverse of the temperature (temperature cali-
bration curve). Reproduced with permission from refs. 43, 44. Copyright American Institute of Physics and Institute of Physics, respectively, 2009.

(Table 2 and Fig. 3) and this significant variation, coupled with
the high signal strength that was observed, suggested the uti-
lisation of YAG:Ce NPs as useful thermographic
nanophosphors.

Generally, UCNPs consist of Ln** ions embedded in crystal-
line host matrices (e.g. fluorides, oxides, phosphates or
sulphides).!"®!'* When excited in the UV-visible range these NPs
display down-conversion emission, although they are capable of
emitting visible luminescence when excited with NIR light (UC
mechanism). The advantage of using Ln**-based UCNPs
depends on the fact that weighty and expensive ultrafast lasers
are not necessary, since the NPs can be stimulated using low
power and commercial NIR lasers (working on the biological
window of tissues, 700-1000 nm). Such features makes UCNPs
promising as bioimaging probes with attractive features, such as
no auto-fluorescence from biological samples and a large pene-
tration depth, and UCNPs have emerged as novel imaging agents
for small animals, including tumour-targeted imaging, lymphatic
imaging, vascular imaging and cell tracking.'*> The most studied
UCNP-based thermometer uses the Yb*/Er'* ion
pair,12:4041.43:44.82.8486 The Yh3* jons were excited by a 975 nm
NIR laser, through an NIR-to-visible UC process in which two
low energy photons are “added up” to give one high energy
photon.'™ This NIR excitation is very efficient because, at this
wavelength, the Yb** ions have a large absorption cross-section.
Once excited, they transfer their energy to adjacent Er** ions that
will glOW in the green (2H11/2 - 4115/2 and 4S3/2 - 4115/2, ~525
and 550 nm, respectively) and red (*Fo, — *Iy5/5, ~660 nm)
spectral regions. These Er** transitions are temperature depen-
dent and their intensities were used to determine the temperature
using the ratiometric FIR algorithm. One example reporting
temperature-dependent FIR between the green and the red UC
Er*" emissions was demonstrated by Wang et al. in ZnO:Er**
nanocrystals.®? The intensity boost of the green and the red UC
emissions, as the annealing temperature increases, with the

concomitant increase of the energy gap between the *Hy, and
the *S3» levels, are ascribed to the decrease of the non-radiative
relaxation and the enhancement of the crystal field effect around
the Er** ions, respectively. The relative sensitivity was computed
and the result was S, = 0.6% K" at 273 K (ref. 82) (Table 2
and Fig. 2).

The UC mechanism still presents some drawbacks that need
further improvements, both in the materials (e.g. relative
concentration, ratio of the dopants, host material, size control)
and in the optical point of view (the quantum yields are low and
the maximum relative sensitivity values are around ~0.5% K" at
the physiological temperature range, Table 2). Moreover,
resolving temperature with a precision lower than 0.1 degree is
still to be demonstrated by this approach.*!

The scanning thermal microscope developed by Aigouy and
collaborators'>*+** is able to measure the heating of electrically
excited stripes, micro- and nanowires, by gluing Er**/Yb** co-
doped fluoride amorphous glass particles or PbF,:Er**/Yb**
nanocrystals at the end of a sharp AFM tip (Fig. 6). By adjusting
the electrical current that flows in the structure, the resulting
temperature variations modulate the Er** particle emission,
giving rise to the thermal contrast. Although the luminescence is
affected both by the near-field optical distribution and by
temperature variations, this thermal contribution can be treated
separately by comparing the obtained images with reference ones
recorded when the device is not driven by a current. The
temperature is determined analysing the thermal quenching of
the Er** emission. Since the fluorescent probe is not in direct
contact with the wire’s surface, the experimental values actually
correspond to an average temperature. The results obtained are
in good agreement with numerical simulations of the heat dissi-
pation of the micro- and nanowires.**

For the scanning thermal microscope using PbF,:Er**/Yb**
NPs as fluorescence probes Sy, = 1.0% K" at 345 K (ref. 12 and
43) (Table 2 and Fig. 2) and the thermometer presents a spatial
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resolution in the range of the fluorescent particle size (<500 nm).
For the SThM with the Er**/Yb** co-doped fluoride amorphous
glass particles, S, = 1.1% K" at 342 K.** Tikhomirov ez al.®* and
Singh and Rai®* used an analogous UC mechanism to fabricate
optical nanoheaters of fluoride Yb**/Er** and Gd,03:Yb**/Er**
co-doped UCNPs, respectively. The NPs were excited by NIR
radiation (diode laser at ~975 nm) that is dissipated via phonon
relaxation, resulting in a temperature increase, measured by FIR
of the °’Hy,» — *I;5» and *S3;», — *I5/, transitions until 1173 K.
While for fluoride Yb**/Er** co-doped NPs the sensitivity is not
reported (and cannot be computed due to the absence of data),?
Singh and Rai estimate S, = 0.2% K~' at 600 K (Table 2
and Fig. 2).3

The last two examples listed above that effectively illustrate the
temperature sensing/mapping at micron and sub-micron scale
encompass organic-inorganic hybrids and will be discussed in
the next section.

2.4 Complex thermometric systems

The use of polymers in luminescence thermometers exploits their
extraordinary structural properties. They can play a passive role,
simply as a physical support conferring their unique mechanical
properties, or they can be an active component in complex
thermometric structures thanks to their sensitivity to tempera-
ture changes. Actually, the sensing capacity of polymers has been
extensively explored, in general (see the reviews of Hu and Liu'?®
and Guo er al.™'), and in particular for temperature measure-
ments (see the recent review by Pietsch et al%%). This is also the
case for organic-inorganic hybrids, including LDH mate-
rials.’?*12* Here we focus on the specific characteristics dealing
with the nanoscale and on the comparative performances of these
thermometers.

2.4.1 Polymer based systems. Polymers have first been used in
optical temperature-responsive materials as supporting media to
optically active molecules due to their well-known good
processibility and mechanical properties.®® An example is the use
of PS and polyacylonitrile to increase the solubility of Cs,
avoiding simultaneously the luminescence crosstalk with
oxygen.'** Pristine fullerene C;, encapsulated in polymer pres-
ents delayed fluorescence/prompt fluorescence intensity ratio
that is temperature dependent. The thermally activated delayed
fluorescence of the C;y-based thermometer was shown to follow
temperature changes in a ratiometric algorithm (perylene was
incorporated as an internal standard) in the range 293-363 K
(ref. 124) with S, = 1.3% K' at 330 K (Table 2 and Fig. 1).
Dispersion of C7y in PtBMA enabled a wider temperature range
(293-363 K), to be covered.” Both delayed fluorescence lifetime
and intensity based thermometers were proposed to measure
temperature in the absence of oxygen. The maximum relative
sensitivities are 1.8% K~' at 330 K, for intensity ratio, and
2.2% K~! at 363 K, for delayed fluorescence lifetime.” Another
example is the use of PVA films to embed thermofluorescent
PDA supramolecules and cast the composite on resistance
random access memory devices in order to determine imprinted
temperature gradients associated to filamentary defects.'®® This is
implemented based on the irreversible fluorescence intensity

increase of PDAs when temperature increases from room
temperature to ~350 K.

The optical principles in complex thermometric systems are
similar to those already explained for simple systems, and include
temperature induced fluorescence enhancement, quenching or
lifetime change, temperature emission shifts, FRET, absorbance
enhancement or quenching, absorbance shifts, plasmon reso-
nance, exciton-plasmon interaction, ezc.®®* The temperature
sensing mechanism is typically based on a polymer transition
from  hydrophilic-swollen-globule-state  to  hydrophobic-
collapsed-coil-state.'® These two processes are interconnected in
such a way that the polymer conformation affects the optical
emitter environment, such as polarity, microviscosity and donor—
acceptor average distances in the case of FRET. Optical emitters
representing all the types described in previous sections (organic
dyes, QDs and Ln** phosphors) have been used in these polymer
structures. An illustration of polymer—phosphor configurations
is shown in Scheme 1. The simplest system of this kind is that
containing a thermo-responsive polymer and an organic dye,
which is grafted to the polymer’s backbone or simply
encapsulated.®

The most explored polymers are PNIPAM, which has a lower
critical solution transition at 305 K,%2¢78127139 tooether with
others polymers of the same family, such as NNPAM or NIP-
MAM.3* Other examples include PEG-based polymers,’”-140-144
PMMA™ and helix-forming polysaccharides (schizophyllan).'#¢
In the great majority of these examples, the optically active
component is an organic dye and the polymer’s main role is to
change the polarity of the dye  surrounding
media.6-20-77-78:127-129:132,134.135 Mgt of these systems are based on
changes in the emission intensity and lifetime2®128:12%:131 (¢ g
Gota et al. reported a Sy, value of 10.4% K" at 308 K,'*® Table 2
and Fig. 1). Lee et al.** have reported an interesting example of
a thermometer based on a change in intensity (non-ratiometric).
The thermometer was designed for biological applications since
it is composed of a FDA-approved biocompatible PEG-based
copolymer and a fluorescent dye emitting in the NIR region
allowing intra-tissue sensing in the 274-353 K temperature
range. PNIPAM can, for example incorporate hemicyanine
(PNIPAM-co-HC™®), boron-dipyrromethene (PNIPAM-co-
BODIPY™?) or fluorescent modified acrylamide
(PNIPAM:FMA'#).

Another example based on NIR emission designed for
biomedical applications is composed of indocyanine green dye
encapsulated in a micelle of PEO-PPO copolymer.’** The

blended grafted spring brush (micelle)
S <
Swollen < ‘i:i’ < &
Hydrophilic Lo <
Coil e 47 &

o5

L+ 7 L7 57
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Scheme 1 Polymer-phosphor thermometer structures.
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micelle’s volume reduces almost 5-fold when the temperature
increases from 290 to 310 K, producing an enhancement of the
luminescence emission (non-ratiometric) by ~6 times.

Other thermometers are based on the temperature dependence
of an intensity ratio (the ratiometric thermometers listed above),
and on the change of the wavelength at which absorption'**'46 or
fluorescence’®® is maximum. The ratiometric thermometer
reported by Pietsch er al”” uses the excimers-to-monomers
emission intensity ratio of pyrene. Below the polymer phase
transition, pyrene molecules are exposed to the polar environ-
ment leading to the formation of excimers, with the corre-
sponding increase of their fluorescence. The ratiometric
thermometer reported by Chen and Chen™ is based on a dual-
band dye (3-hydroxyflavone) associated to normal excited state
intramolecular charge transfer and tautomer excited state
intramolecular proton transfer. The latter is suppressed in highly
polar environments, as that provided by PNIPAM in the low
temperature swollen state, leading to a change in the relative
normal and tautomer fluorescence intensities. Another approach
has been proposed to improve reproducibility problems based on
the fluorescence resonance energy transfer between a fluorescent
donor, NBD, and an acceptor, RhB."® In this case, the donor is
also sensitive to pH. This thermometer works between 293 and
323 K with S, = 13.3% K" at 313 K (Table 2). The PNIPAM—
porphyrin system reported by Yan et al.'3* displays a blue-shift in
the absorption maximum upon heating, possibly associated with
the change in local polarity. An extended operation range is
elegantly achieved by using porphyrins coordinated to different
metal ions.

Normally, the operation range is restricted to the phase tran-
sition region (typically 300-310 K, in the case of PNIPAM), with
some hysteresis being observed. The range can be extended as
described in the preceding example by Yan et al.'** using poly-
mers with an upper critical solution transition, such as PMMA45
or by using other members of the NIPAM monomer family and
their copolymers.’*” However, the possible integration of these
polymers in an “all-in-one” responsive thermometer is still to be
shown. A typical limitation of the thermometers based on
polymers is the hysteresis, i.e., differences in the output, for the
same temperature value, depending on if the temperature is
increasing or decreasing.'** This translates to an error in the
temperature determination that may extend into a relevant
fraction of the operation range. In such conditions the sensitivity
depends also on the optical active component as fluorescent dyes
whose response is connected to the polarity of the surrounding
media, a widely used choice. Alternatively, hysteresis can be
reduced by using PEG-based methacrylates.””'43

Concerning both the hysteresis and limited operation range
issues, a significant improvement was presented by Gota et al.'**
using a smart combination of polymeric thermometers to cover
different temperature ranges with higher sensitivity. Using an
ionic component to prevent intermolecular aggregation of
N-alkylacrylamide and fluorescent components, it has reported
four fluorescent polymeric thermometers that offer good
temperature resolution (e.g. <0.2 K). The temperature depen-
dence was rationalized by a temperature-induced structural
change in aqueous solution that generates a large fluorescence
enhancement with a small increase in temperature. In fact, this
clever phosphor blend results in a fluorescent polymeric

thermometer, covering the temperature range 277-340 K, with
Sm = 12.5% K~' at 300 K (ref. 134) (Table 2 and Fig. 1).

An interesting strategy, followed by Wong et al.,**” uses the
relaxation time of fluctuations in the fluorescence of a protein
(associated with reversible protonation). This depends on pH
and temperature and a bifunctional sensor was demonstrated
working in the 283-323 K temperature range with S, =4.1% K™
at 322 K (ref. 147) (Table 2 and Fig. 1).

Most of the preceding examples are named micro-, nano- or
molecular thermometers, although the name represents only the
size of the responsive unit and not the spatial resolution achieved
in a temperature measurement. The exceptions are the intercel-
lular thermometers reported by Gota et al® and Ye et al*®
(Section 2.5) and the micro-fluidics thermometer reported by
Graham et al. displaying a resolution of ~50 um around 305 K.?°
This latter example is a PNIPAM water-soluble thermometer
based on the temperature dependence of the fluorescence lifetime
of a benzofurazan copolymer. The temperature was determined
using a microscope-coupled CCD camera, by pixel-by-pixel
emission intensity decay analysis, resulting in a maximum
relative sensitivity of 16.2% K~' at 307 K (ref. 20) (Table 2
and Fig. 4).

The optical limitations of organic dyes, which have already
been explained in detail (Section 2.1), can be overcome by using
metal nanoparticles or QDs as the optical emitter component. A
convenient choice is gold nanoparticles. In a typical case, such as
presented by Mitsuishi er al,'*® gold NPs are assembled to
PNIMAN copolymers that show folded to extended conforma-
tional changes in the 293 to 313 K temperature range inducing
a shift in the UV-visible absorption peak of the assembly from
540 nm to 546 nm, corresponding to Sy, = 0.1% K~' at 295 K.
Another example of a thermometer based on the temperature
dependent position of the absorption maximum is that reported
by Honda et al.**" In this case, PNIPAM coats Au NPs and acts
as a dielectric with a temperature dependent refractive index that
changes the Au surface plasmon peak wavelength. When the
optical component is a QD, the polymer transition produces
a change on the average inter-QDs that is reflected on the
emission properties.’***!*¥ For instance, CdTe QDs show
increased quantum yields when incorporated into a temperature-
sensitive PNIPAM hydrogel and both the fluorescence intensity
and the maximum emission wavelengths were sensitive (in
a completely reversible way) to external temperature stimuli that
induce the typical coil-globule transition of PNIPAM.4®

A further improvement has been the introduction of plasmonic
metaresonance sensors.'® A reversible nanothermometer is built
from two different NPs connected by a polymer acting as
a molecular spring. This type of complex system was introduced
by Kotov et al.*** The underlying optical mechanism involves
plasmon resonance and exciton—plasmon interaction. A typical
structure consists of Au nanoparticles (~20 nm large) sur-
rounded by CdTe NPs with a smaller size (~4 nm large) linked to
the Au surface by a linear polymer (e.g. PEG). The variation
of the length of the linker polymer in the temperature range of
293-333 K changes the inter-Au—CdTe distance-dependent
resonance conditions of the CdTe emission. The relative sensi-
tivity cannot be computed due to the absence of published
data.'® The CdTe-PEG-Au system is, therefore, an intriguing
example of a nanoscale superstructure that undergoes
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a reversible structural change in response to the environmental
conditions. The combination of this property with plasmon—
exciton interactions that display a high sensitivity of the optical
output on the distance modulations represents the foundation of
a new family of sensing and optoelectronic devices.'*

Ln*" phosphors are also used as optical emitters in complex
polymer systems. Most of the examples are comprised of Ln*
B-diketonate complexes as temperature sensors through a ther-
mally driven energy back transfer mechanism between the intra-
4f levels that are resonant with the lowest ligand triplet excited
state.”>!>° Luminescent molecular thermometers based on Eu*
tris(B-diketonate) coordination compounds were proposed in the
past decades involving isolated complexes®>’>'** or complexes
embedded into polymers!??*:36:11415L152 and organic-inorganic
hybrid materials (see below).3"3%%8% A serious drawback of Ln**
B-diketonate complexes relates to their photodecomposition
under UV irradiation,'* which decreases luminescence intensity
and, thus, makes molecular thermometers based on these
complexes not suitable for long-term monitoring. The incorpo-
ration of the complexes into polymers'** and organic-inorganic
hybrid hosts,***'*> however, considerably improves the UV
photostability, overcoming, therefore, the main drawback of the
use of such complexes as long-term monitoring luminescent
thermometers.

One interesting example of polymer-containing Eu** chelates
for simultaneous luminescent sensing of temperature and oxygen
was reported by Borisov and Wolfbeis using Eu(tta); L complexes
(L = dipyrazolytriazine derivative) and a palladium porphyrin
oxygen indicator embedded into PTBS microbeads.*® Both indi-
cators of the dual sensor can be excited by a 405 nm LED and their
luminescence is easily separated using appropriate filters. Based
on the temperature dependence of the Dy lifetime of the Eu(tta); L
complex a luminescent thermometer working in the range 273—
333 K with S, = 1.1% K" at 333 K was demonstrated® (Table 2
and Fig. 3). An illustrative example of a ratiometric polymer-
containing Eu** thermometer is the encapsulation of two colour
luminescent dyes (tris(benzoylacetonato)mono(phenanthroline)
europium(in) and BBS) in gas-impermeable P(VDC-co-AN)
NPs.?* The polymer NPs shows full reversible temperature
response enabling rapid colorimetric temperature estimation in
the range 273-323 K. A photographic readout produces a quan-
titative two-dimensional thermo-imaging. The relative sensitivity
is Sy = 7.2% K" at 323 K (Table 2 and Fig. 2).

Polymer-based thermometers have some drawbacks, such as
hysteretic phase transitions, already mentioned, and a possible
non-uniform response across the polymer-bead in the case where
the optical response depends on the local chemical environment.
The multi-optical response of the system to temperature, pH,
oxygen content and saline conditions may constitute a drawback
since the temperature response may be hindered by the change in
other parameters but it is also an opportunity to design multi-
responsive logic devices.'****” Polymer-based thermometers have
the advantage of having higher sensitivities if only a narrow
range (typically around room temperature) is requested. Also,
these polymers can be designed as biocompatible beads, which is
of fundamental importance for in vivo applications.

A special case of complex thermometric systems based on
polymer conformation transitions is the one using DNA that will
be presented in Section 2.5 due to its implication in biological

systems. The unique 7-sack structure of double-helical DNA can
be used to develop novel DNA-based nanodevices, as the elec-
tronic properties depend strongly on the orientation of the
m-staking.'*81%®  Thus, transitions between double-stranded
DNA structures from B- to Z-DNA conformations can be
induced by changes in temperature. Differences in the electronic
properties of each 7-stacking and in the charge transfer process
from a fluorescent probe, like, for instance, 2-aminopurine, result
in marked changes in emission that can be readily monitored.
Based on these results, Tashiro and Sugiyama have proposed
a molecular nanothermometer and shown that fluorescence
intensity correlates reproducibly with temperature in the range
between 275 and 305 K.*¢!

Barilero et al.*® proposed a different approach using organic
dyes as unimolecular fluorescent temperature probes for dual-
emission-wavelength measurements in aqueous solutions. The
basic concept relies on a non-thermal chemical reaction (either
a conformational transition or a protonation) inducing a modi-
fication of the dye emission spectra as the temperature changes.
A sophisticated temperature sensing method using a DNA
molecular beacon that spontaneously exchanges its configuration
from a closed state (displaying a stem and a loop) to an open
form was recently proposed (Fig. 7). The optical signal
comes from the labelling of the beacon extremities by a pair
of fluorophores engaged in FRET conferring appropriate
photophysical properties for a ratiometric analysis. The
authors describe a Fluorescein—Texas-Red donor—acceptor pair
thermometer for the temperature interval 278-318 K with S, =
4.5% K~' at 295 K (Table 2 and Fig. 2). Using 130 pm thick
microfluidic chamber locally heated by a thin film resistor,
temperature measurements were illustrated by ratiometric fluo-
rescence imaging, exciting at 480 nm and monitoring the ratio of
the intensities at 535 and 620 nm. Microfluidics minimizes
undesired photobleaching and the experimental conditions were
setup in order to avoid crosstalk with pH and ionic strength
changes in the fluid induced by temperature changes. The
temperature profiles were compared with simulated results
showing a concordance of 0.15 K within the experimental error
of the reference thermocouple used.’ The approach might have
limitations to measure temperature in biological tissues or even
in moving fluids.

2.4.2 Organic—inorganic hybrids based systems. The synergy
of the intrinsic characteristics of organic-inorganic hosts with the
luminescence features of emitting centres (e.g. organic dyes, QDs
and Ln*" ions) offer excellent prospects for designing new lumi-
nescent organic-inorganic hybrids with enhanced desired char-
acteristics, therefore opening exciting new directions in materials
science and related technologies, with noteworthy results in the
ecofriendly  integration,  miniaturization, and  multi-
functionalization of devices.'s*162-166

Progress in nano and biotechnology craves the miniaturization
of luminescent thermometers down to the micro- and nanoscale
regimes with high spatial resolution; the intracellular tempera-
ture mapping is, for instance, an example. Organic—inorganic
hybrids embedded organic dyes, QDs or Ln*" ions — particularly
processed in the form of NPs — have emerged as an interesting
class of materials to develop new micro- and nanothermometers,
mostly due to:
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Fig.7 (A) The molecular beacon platform: in the closed state (A;), stable at the lowest temperatures, the two fluorophores engaged in energy transfer
(i.e., the Fluorescein D and Texas-Red A) are in close proximity. Hence, upon exciting the donor, one essentially collects fluorescence emission from the
acceptor. In contrast, at the largest temperatures the open state (A,) is favored, the two fluorophores are distant, and the donor excitation essentially
results in the donor; (B) normalized ratiometric image (x,y) from which the temperature field can be retrieved using the temperature calibration curve
emission. (C) FEM simulations (dashed line) and experimental (solid line) temperature profiles along the y-axis for two different values for the current
(i = 2.83 mA on top and 2.00 mA at bottom). Reproduced with permission from ref. 19. Copyright American Chemical Society 2009.

e Flexibility, relative facile chemistry, and highly controlled
purity, since they are synthesized from pure precursors;

e Low processing temperature, a key factor for devices’
miniaturization and for reduction of the processing cost;

e Encapsulation of large amounts of emitting centres, isolated
from each other and protected by the organic-inorganic host,
enabling the control of nonradiative decay pathways;

e Amelioration of the thermal and optical stability and
mechanical properties, relative to those of the isolated emitting
centres, overcoming, therefore, some of the main drawbacks of
the use of isolate dyes, QDs and Ln’*" chelates as long-term
monitoring luminescent thermometers.

Non-ratiometric®”'*” and ratiometric*>****# thermometers
acting at the sub-micron scale were fabricated using Ln**-based
organic—inorganic hybrids. There are few examples reported in
the last 2-3 years of thermometers encompassing mixtures of
organic dyes with Ln** B-diketonate complexes®*”* and Eu**/
Tb** B-diketonate complexes®®*88%167 embedded into siloxane
matrices These examples, as mentioned above, are among the few
involving Ln** ions that effectively illustrate the temperature
sensing/mapping at micron and sub-micron scale.

Peng et al.*” reported the incorporation of the Eu-DT complex
into siloxane hybrid NPs (formed by a BTD-PMMA hybrid
matrix with a silica outer layer). The NPs display strong
temperature dependence, in both luminescence intensity and *Dy,
lifetime, over the physiological range. In fact, the intensity of the
Dy — 'F, transition decreases by 3.07% K~! on increasing the
temperature from 298 to 318 K, corresponding to Sy, = 6.8% K!
at 323 K (Table 2 and Fig. 1). The temperature resolution is
~0.3 K, assuming a precision of 1% in emission intensity. The
Dy lifetime drops rapidly with the increase of temperature in

that range displaying a maximum relative sensitivity of S, =
3.2% K~' at 320 K (ref. 37) (Table 2 and Fig. 3). Another
example of a non-ratiometric thermometer was presented by Tan
and Wang'® involving a dual luminophore probe based on
a mixture of several Eu** and Tb** complexes (Eu(dbm);-2H,0,
Eu(acac);-2H,0, Tb(acac);-2H,O and Tb(ca)). The hydrogels
(based on PAA and OTES) are able to measure the temperature
in the range 283-323 K with S, = 2.1% K=" at 320 K (ref. 167)
(Table 2 and Fig. 1).

Ratiometric thermometers were demonstrated by Peng et al.*®
using siloxane hybrid NPs formed by a BTD-PMMA core —
incorporating the Eu-DT complex and a OASN reference —
covered with a silica outer layer (S, = 7.2% K~! at 323 K,
Table 2 and Fig. 2)* and by Brites et al. using magnetic hybrid
NPs co-doped with Eu** and Tb** chelates. 385887

In these latter examples, siloxane-based hybrid magnetic
nanoclusters (size ranging from 100 to 400 nm) formed by
a y-Fe,O; maghemite core (hydrodynamic size of 21.0 4+ 4.0 nm)
coated with a TEOS-APTES organosilica shell and co-doped
with [Eu(btfa);(MeOH)(bpeta)] and [Tb(btfa);(MeOH)(bpeta)]
B-diketonate chelates were prepared by combining (i) self-refer-
encing allowing absolute measurements; (ii) Sy, = 4.9% K™ at
143 K, Table 2 and Fig. 2 (better than 0.5% K~' in the physio-
logical temperature range); (iii) high photostability for long-term
use; (iv) ability to fine-tune emission colour as a function of
temperature, Eu*/Tb** proportion and hybrid host; (v)
a temperature uncertainty of 0.5 K; and (vi) multifunctionality,
as it can be hosted in silica-coated magnetic NPs.?® Self-refer-
enced luminescent thermometers were also demonstrated using
di-ureasil hybrid films embedding the superparamagnetic
maghemite NPs and the Eu**/Tb*" chelates.®* The temperature
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operation range with S, up to 1.0% K~' (Table 2 and Fig. 2) was
extended to 300-350 K, relative to that of the maghemite covered
TEOS-APTES NPs incorporating the same complexes. A spatial
resolution of ~3.4 um (0.146 K pm~') was achieved demon-
strating that the combination of the molecular thermometer with
a nanometric magnetic/luminescent host matrix provides multi-
functionality at the submicron scale.®

Layer double hydroxides (LDHs) are another class of organic—
inorganic hybrids also used in complex thermometric systems.
LDH layers promote temperature changes in alignment, packing
and or conformational constraints of an optically responsive
part, which is sensitive to those changes.'?*'** While Itoh et al.'*
use changes in intensity to monitor the temperature, Yan et al.'??
use the ratio between two fluorescence intensities. Nevertheless,
in both examples, rather than a thermometer the material is
presented as an on—off sensor working between 293 and 373 K.

2.5 Intracellular thermometers

Temperature biological sensors are an integral part of cell
membranes and their role is essential for the cell’s survival. The
understanding of how these biological sensors process thermal
information and how thermal processes develop at cellular level
is of utmost importance in cell physiology. Apart from biological
and structural approaches based on the conformation changes of
DNA, RNA, proteins and lipids and their catalytic influence on
subsequent biological processes,'*®'*® there has been strong
interest in the direct measuring and mapping of intracellular
temperature.®*!° Temperature influences both the cell equilib-
rium constants and its biochemical reaction kinetics governing,
for instance, the creation and maintenance of concentration
gradients, the metabolism and a large variety of other cellular
activities.>*®3° Moreover, the cellular pathogenesis of diseases
(e.g. cancer) is characterized by extraordinary heat production
(pathological cells are warmer than normal ones because of their
enhanced metabolic activity, as mentioned in the introduc-
tion)®3*17* and temperature fluctuations of a few degrees are
significant, for instance, in biomedical and cancer diagnosis and
during hypothermia therapy or surgery.”® Direct observation of
intracellular temperature distribution and of its time evolution
open new possibilities for understanding endogenous energy
management in the cell, whether by performing work or by
producing heat (thermogenesis), and how heat is released and to
determine exogenous heat impact (thermal shocks).'”* Further-
more, the direct observation of inhomogeneous intracellular
temperature progression raises interesting new possibilities,
including further innovations in nanomaterials for sensing local
responses, as well as the concept of subcellular temperature
gradient for signalling and regulation in cells.® Intracellular
temperature mapping will result in a better understanding of
cellular events and the establishment of novel diagnoses and
therapies. This section describes developments oriented to
measured temperature inside the cell. Complementary descrip-
tions of thermometry developments based on biological entities,
particularly mRNA can be found in Section 3.4.

Looking ahead to cellular temperature measurements, the
introduction of fluorescent probes (NBD and LAURDAN)
within the cells’ membranes was reported by Chapman et al.®> A
considerable temperature-dependent Stokes shift was reported,

as the membranes undergo a gel-to-liquid-crystalline phase
transition. LAURDANSs microenvironmental sensitivity permits
a good temperature resolution (0.1-1.0 K) on a short dynamic
range determined by the bilayer properties of the membrane. On
the other hand, NBD is responsible for rapid, heat-induced
electronic changes resulting in good sensitivity on fluorescence
lifetime, which can provide temperature resolution of ~2 K and
Sm = 1.5% K" at 340 K (ref. 3) (Table 2 and Fig. 3).

The work of Zohar et al.* was a pioneering example on thermal
imaging of metabolic heat signals in single cells. Combining
diffraction-limited spatial (30 nm) and sampling-rate-limited
time resolution and using the temperature dependent lumines-
cence intensity of the Eu(tta)s;-3H,O complex, intracellular heat
waves generated by ligand-receptor interactions in single
Chinese hamster ovary cells were imaged.* A decade after,
Suzuki et al. reported a technique for detection and measurement
of the temperature changes in a single HeLa cervical cancer cell
using a devised microthermometer comprising a glass micropi-
pette filled with the same thermosensitive Eu(tta);-3H,O
complex.’ The micrometer size of the tip of this pipette was able
to measure the local temperature with 0.1 K precision and
micrometer spatial resolution (upon 365 nm excitation).'”* The
heat production in a single HeLa cell occurred with some time
delay after the ionomycin-induced Ca** influx from the extra-
cellular space. The time delay inversely depended on extracellular
[Ca®] and the increase in temperature was suppressed when
Ca?>*-ATPases were blocked by thapsigargin. These observations
strongly suggest that the enzymatic activity of Ca?*-ATPases in
endoplasmic reticulum leads to the heat production.’

More recently, Gota et al..® reported the first polymer-based
intracellular thermometer, where cell-to-cell resolution (~10 pm)
was achieved (Fig. 8). The system is composed of the thermor-
esponsive PNIPAM combined with the water-sensitive fluo-
rophore, DBD-AA. It was designed to be biocompatible, to
avoid cell-induced fluorescence quench and intra-cell precipita-
tion, and to be pH insensitive. A practical use of this thermom-
eter was verified by measuring cell-by-cell temperature increases
after exposing them to an external chemical stimuli which causes
heat production.® The internalised thermometer works in the
300-306 K range with a temperature resolution of ~0.3 to 0.5
degrees and Sy, = 9.4% K" at 304 K (Table 2 and Fig. 1); outside
the cell S, is larger, 12.7% K" at 308 K (Table 2 and Fig. 1). The
thermometer could not reveal, however, intracellular tempera-
ture distribution, as the relative large size (>62 nm in hydrody-
namic diameter) and low hydrophilicity of the fluorescent
nanogel hindered its spreading throughout the cell.

McCabe et al.'™ reported the first demonstration of a biomo-
lecular intracellular thermometer through temperature-sensitive
mutants of lacl controlling LacZ expression which is sensitive to
the intracellular heat content of Escherichia coli in near-real
time."”® Lacl is a DNA-binding protein which inhibits the
expression of genes coding for proteins involved in the metabo-
lism of lactose in bacteria. Calibrated fluorometric (and colori-
metric) measurements showed that both whole E. coli cells and
lysates expressed significant repeatable changes in B-galactosi-
dase activity in the physiologically relevant temperature func-
tional range (298 to 318 K) with at least 0.7 degree sensitivity
(between 308 and 318 K), S;,, = 19.6% K" at 318 K (Table 2 and
Fig. 1). This model system suggests that changes in cellular heat
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Fig. 8 (A) Phase contrast and fluorescence images of living COS7 cells (scale bar corresponds to 20 pm); (B) temperature evolution of three different
cells after the addition of camptothecin. Reproduced with permission from ref. 6. Copyright American Chemical Society 2009.

content can be detected independently of the medium in which
cells are kept, a feature of particular importance when the
medium is heterogeneous or nonaqueous, or otherwise has a low
heat transfer capacity.'”®

The use of mesoporous materials as vehicles for the storage
and controlled release of entrapped specific chemicals includes
examples which respond to temperature changes as external
stimuli.'”*175 Based on this possibility, Aznar er al'’® have
developed a temperature sensor that can be internalised in a cell.
The sensor consists of mesoporous silica NPs loaded with
Safranin O and functionalised with paraffin, as a capping
molecule that can melt at a defined temperature. The paraffin
forms a hydrophobic layer that can block the pores and inhibit
guest release at a temperature below the paraffin melting point.
Above this temperature the paraffin melts uncapping the pores.
The NPs were endocited by HeLa cells and the stain was released
above 312 K, the specific melting temperature of the paraffin
used in the experiments. As paraffins have a well-defined melting
point, varying the paraffin type permits us to develop tempera-
ture sensors at correspondingly different temperatures.

Intracellular thermal measurements are one of the great
challenges for the application of photoluminescent QDs, which
would complement their present use in chemically selective
imaging.'”® In the past 2-3 years the general thermal sensitivity
properties of QDs (e.g. streptavidin-coated CdSe—ZnS core—shell
QDs, QD655) have been used to measure intracellular temper-
atures in a single living cell (upon external chemical and physical
stimuli).”®3% For instance, the photoluminescence spectral shifts
from endocytosed QD655 QDs were used to map intracellular
heat generation in NIH/3T3 cells following Ca** stress and cold
shock, showing that individual cells (like drosophila embryos, for
instance) may use transient thermal gradients for signalling.?

The imaging of living tissues up to a high depth requires NIR
excitation in the biological window through multiphoton
processes. The technique of two-photon fluorescent microscopy
has been recently developed using femtosecond lasers and it has
been shown that QDs present a large NIR two-photon excitation
cross-section. Maestro et al.*>'%'77 demonstrated the potential
use of CdSe and CdTe QDs as thermal mapping probes, as the
emission peak and intensity depend on the environment
temperature and can be imaged by means of a high-resolution
two-photon fluorescence microscope. The authors performed
studies with QDs in phosphate buffered saline solutions and in

HeLa cervical cancer cells. The NIR two-photon excitation leads
to a temperature sensitivity of the QDs emission and intensity
changes much higher than those achieved under visible one-
photon excitation. Reported relative maximum sensitivity is
0.3 x 107'% K~! at 330 K (Table 2 and Fig. 1), for 2 nm sized
QD, emitting near 525 nm at room temperature, when excited
with a 900 nm laser.

Another very interesting example has been reported by Huang
et al. involving local heating of superparamagnetic streptavidin-
coated MnFe,O4 NPs conjugated with DyLight549 to convert
a rf magnetic signal into cell stimuli.” The NPs were targeted to
specific proteins on the plasma membrane of HEK 293 cells and
heated by a rf'magnetic field (40 MHz, 8.4 G) between 303 and
319 K. The temperature profile was studied through the
temperature dependence of the fluorescence intensity of
DyLight549 (exclusively localized on the plasma membrane of
the expressing cells) and Golgi-targeted GFP (co-expressed
within the cell) as nanoscale thermometers. After applying the rf’
magnetic field, the local temperature increased at the plasma
membrane with the corresponding decrease in the DyLight549
fluorescence intensity (S, = 1.5% K~ at ~305 K, Table 2 and
Fig. 1), while the Golgi-targeted GFP fluorescence intensity
remained essentially unchanged (Fig. 9), clearly demonstrating
that the heat is generated locally at the plasma membrane
without cytoplasmic heating.” The rf magnetic field-induced NPs
heating is sufficient to trigger the opening of TRPV1 ion channels
within seconds, as established by measuring the calcium influx
into HEK 293 cells. The potential of this approach to study
neuronal signalling was demonstrated triggering behavioural
responses in C. elegans worms.

Fluorescent NPs of Eu(tta);-3H,O and fluorescein 5(6)-iso-
thiocyanate (to allow the observation of the particles in confocal
laser microscopy) doped PMMA have been designed by Oyama
et al.'™® to monitor temperature changes without pH (4-10) and
ionic strength (0-500 mM) sensitivity. The NPs, decorated with
poly(allylamine hydrochloride) to facilitate binding to the
anionic cell membrane, spontaneously enter living HeLa cells via
endocytosis and then are transported along microtubules in
a temperature-dependent manner, working as “walking nano-
thermometers”. The non-ratiometric nanothermometer (average
hydrodynamic diameter of 211 + 85 nm) works with S, =
4.4% K™', at 330 K (Table 2 and Fig. 4). A temperature uncer-
tainly of 0.3 degree, in the 293-333 K range, and a spatial
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Fig. 9 (A) Differential interference contrast (DIC) image displaying cells’ green fluorescence image indicating the Golgi localized GFP cyan fluores-
cence marking the membrane protein AP-CFP-TM red fluorescence of the DyLight549 on the NPs, which are exclusively localized on the plasma
membrane of the AP-CFP-TM expressing cells. The scale bar corresponds to 20 um. (B) The application of the 13G rf magnetic field (hatched box), leads
to the local temperature increase at the plasma membrane (red, measured by DyLight549 fluorescence). In the same time period, the temperature
remained constant at the Golgi apparatus (green, measured by of Golgi-targeted GFP). Reproduced with permission from ref. 7. Copyright Nature

2010.

resolution of 5.3 nm were estimated using the standard error of
the mean of the centroid position of single nanothermometers in
optical microscope images (taken at 30.68 Hz with a high-power
stable light source).

The cellular thermometers discussed so far are non-ratiometric
and rely on measuring changes in the luminescence signal at
a single wavelength. Highly efficient and reliable cellular
require, however, luminescent temperature
sensors that besides being nontoxic and having a bright optical
signal to prevail over the background cell autofluorescence
should also display ratiometric (or self-referencing) readout.
Vetrone et al.,*® Fischer et al.,*' Ye et al.3° and Donner et al.'”
showed a major step forward towards the development of
ratiometric cellular thermometers.

Vetrone et al. devised a nanothermometer based on the
temperature-sensitive UC green emission of NaYF4Er,Yb
NPs.* The UCNPs are excited through low power and inex-
pensive NIR lasers with wavelengths in the optical penetration
window of cells and tissues. The internalization of the NPs by
HeLa cervical cancer cells exploits the thermal sensitivity of the
ratiometric intensity ratio between the Er** 2H;,, — “I;5,, (green
emission) and *Sz, — *Iys, (yellow-green emission) transitions
to create a nanothermometer capable of measuring the internal
temperature of a living cancer cell, from 298 K to its thermally
induced death at 318 K.** The cells were placed in a confocal
fluorescence microscope and excited at 920 nm so that the UC
Er** fluorescence permitted the measurement of the inner HeLa
cell temperature with S;,, = 1.0% K~' at 298 K (Table 2 and
Fig. 4). Temperature-dependent confocal fluorescence micros-
copy images of HEK 293 cells transfected with similar NaY-
F4:Er,Yb NPs with sub-micrometer resolution were obtained by
Fischer ef al.*' based on the ratiometric sensing of the green and
red (*Fo;», — *Iy5/2) Er** lines. The NPs are able to detect (without
using an exterior reference) the cellular changes occurring
between 298 and 318 K, as a result of the external heating.
However, the thermometer sensitivity is not reported and no data
are published to estimate it. These NPs are one of the few

measurements

examples reported so far of cellular thermometers based on Ln**
ions, the other four examples involve the Eu(tta)s;-3H,O
complex.**!"%1"8 Two-photon excited NIR-to-visible UCNPs
(NaYF,:Yb**/Ln**, Ln = Er, Ho, Tm, and CaF,:Yb**/Ln**, Ln
= Er, Tm) were also used for high-contrast intracellular fluo-
rescence images of HeLa cells®***2* and in vivo whole body nude
mouse.”® A cost-effective 915 nm laser is employed as a new
promising excitation approach for better NIR-to-NIR UC
photoluminescence in vitro or in vivo imaging providing drasti-
cally less heating of the biological specimen and larger imaging
depth, due to quite low water absorption.'®® Tissue penetration
depths in the biological window as large as 2 mm were also
demonstrated using the CaF,:Tm*/Yb’" UCNPs (due to the
Tm?*" NIR emission at ~800 nm), which are more than 4 times
those achievable based on the visible emissions of the particles
with Er**.*” Furthermore, as the Tm** H,; — 3Hj transition is
sensitive to temperature changes, the authors also demonstrated
the ability of CaF,:Tm*"/Yb** UCNPs as nanothermometers®”
(Table 2 and Fig. 4).

Pdots formed by RhB attached to amphiphilic amino-termi-
nated PS blended with semiconducting polymers (Pdot-RhB
NPs) showed ratiometric temperature sensing under ~450 nm
excitation that matches well the physiologically relevant
temperature range.>® After internalization into live HeLa cells
(via endocytosis) the Pdot-RhB NPs (size-tuned between 20 and
160 nm) can measure intracellular temperatures in a live-cell
confocal fluorescence imaging mode with S, = 2.6% K™' at
343 K (Table 2 and Fig. 4). The average cell temperatures
reported are in very good agreement with those measured with
conventional thermocouples.?

Donner et al'™ used GFP as an efficient temperature
nanoprobe by monitoring its FPA. The method is tested on GFP
transfected human HeLa and U-87 (primary glioblastoma) cell
cancer lines measuring the heat delivery by photothermal heating
of gold nanorods that surround the cells. The FPA temperature
dependence is rationalized using population of fluorophores
illuminated by a linearly polarized light that re-emits partially
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Fig. 10 Temperature mapping in living COS7 cells. Confocal fluorescence image (A) and fluorescence lifetime image (B) of a fluorescent polymer®
internalized in the COS7 cells, demonstrating higher temperature in the nucleus than in the cytoplasm of the cell. (C) Histograms of the fluorescence
lifetime (and correspondent temperature) in the nucleus and in the cytoplasm in a representative cell (the leftmost cell in A) demonstrating a mean
temperature gradient of 1.9 K. The room temperature was maintained constant at 293 K during the measurement. The scale bar corresponds to 20 um.

Reproduced with permission from ref. 9. Copyright Nature 2012.

polarized fluorescence due to the random orientation of the
molecular dipoles. The ratio of the intensities of the fluorescence
polarized parallel and perpendicular to the incident polarization
gives a ratiometric output in the temperature range 293-333 K
with S, = 0.5% K" at 333 K and a spatial resolution of ~300 nm
(Table 2 and Fig. 4). The temperature accuracy is about
0.4 degrees.

Although rare, there are also some reports on non-luminescent
cellular thermometers,'®'#-182 (non-luminescent thermometers
are discussed in general in the next section). Wang et al. have
designed a thermocouple device for detecting intracellular
temperature accurately.'® The thermocouple consists of a sand-
wich structure formed by a tungsten substrate, an insulating layer
made of polyurethane and a platinum tip. Calibration experi-
ments using different Pt thicknesses showed that a 100 nm one
matched almost perfectly the temperature-tension curves
produced by standard thermocouples of macro scale. The device
showed a temperature resolution better than 0.1 degrees and
a time response of ~400 ns. Insertion of the thermocouple in
a single U251 cell allowed the observation of intracellular
temperature fluctuations induced by the addition of campto-
thecin, a DNA topoisomerase I inhibitor that can promote
tumour cell death. Other examples of the use of non-luminescent
temperature sensors in biological systems with subcellular reso-
lution include complex RNA structures that change their
conformation in response to temperature'® and MWCNTs filled
with cuprous iodide, which displays strong temperature-depen-
dent NMR characteristics.’®? In addition, an AFM cantilever
with a heating resistor above a sharp silicon tip of 5-10 nm has
been used to investigate heat conductance on biological materials
with nanometric spatial resolution.'®

Very recently Okabe et al. claimed the development of the first
effective intracellular temperature mapping. It is based on the
temperature-dependent fluorescence lifetime of a polymeric
thermometer using time-correlated single photon counting
coupled with fluorescence lifetime imaging microscopy.® The
polymer chains encompass thermosensitive, hydrophilic and
fluorescent units and can effectively diffuse throughout the cells.
With a spatial resolution at the diffraction limit level (200 nm)
and S, =4.4% K" at 311 K (Table 2 and Fig. 1) — at 307 K for

S calculated based on the lifetime (Table 2 and Fig. 3) — the
intracellular temperature mapping reported indicates that (i) the
nucleus and centrosome of a COS7 cell displayed a significantly
higher temperature than the cytoplasm and (ii) the temperature
gap between the nucleus and the cytoplasm depends on the cell
cycle (Fig. 10). The heat production from mitochondria was also
observed as a nearby local temperature increase.’

3. Non-luminescent thermometers

This section covers a large variety of thermometric systems of
nano-size and molecular dimensions, in which thermometric
property is not directly related to luminescence. Some of them
cannot be considered thermometers or even sensors in a strict
sense, as they only respond to a given temperature threshold.
Driving forces for the development of this kind of thermometry
have been the endless demands in nanolithography and micro-
electronics, developments in the use of nanotubes, whether
carbon or metal oxides, in addition to the many application
possibilities offered by these systems as well as strong clinical
needs to monitor temperature at the cellular level and to map
temperature distributions in tissues with high spatial resolution.

3.1 Scanning thermal microscopy

Soon after the invention of the STM*#* the interest in measuring
temperatures with very high spatial resolution became an obvious
step forward. The technique, known as scanning thermal
microscopy, was developed in 1986 by Williams and Wickrama-
singhe employing a STM probe with a thermocouple junction of
~100 nm fabricated at the probe tip.**® Monitoring the two metals
that constitute the thermocouple performs the temperature
measurement. Temperature differences as small as 1 mK between
the thermocouple junctions could be detected. The main purpose,
however, of this first SThM was not for mapping the temperature
distribution on a surface but to provide a means for material-
independent profiling of surfaces. Combined STM/SThM devices,
where a thermal sensor is employed as a tunnelling source and as
a temperature detector, have also been used.'®>'¥” The use of such
instruments is limited to conducting surfaces.
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Fig. 11 Schematic view of an AFM/SThM device based on ac heating of
the resistive probe and monitoring ac current. Temperature at the tip is
related to the third harmonic of the voltage. Reproduced with permission
from ref. 191. Copyright American Institute of Physics 2005.

A wider variety of samples can be imaged using the AFM for
SThM, as the specimens do not need to be conductors. Two main
types of scanning probes have been developed. The first one is
a thermocouple junction situated at the extremity of the tip as
described in the previous paragraph for the STM-based
devices.'® 18 The second probe is a resistive wire bent at its
extremity to form a sharp tip. The sample temperature is deter-
mined by measuring the variation of the electrical resistance of the
wire. 87190191 Registive tips were initially used in de mode, the
measurements being relevant only for low thermal conductivity
materials. However, quantitative thermal conductivity measure-
ments can be performed with uncertainty several orders of
magnitude smaller using the tip in the ac mode. Contrary to dc
data, the dependence of ac measurements on the ambient
temperature is negligible. One example is the so-called 3-w method
based on that under ac heating and given the linear dependence of
the probe electrical resistance to temperature, the third harmonic
of the tip voltage is also linear to the temperature.*®* A schematic
description of the experimental setup is depicted in Fig. 11. A large
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number of SThM probes have been developed, either as individ-
ually crafted cantilevers and sensors,'®19271% or as batch fabri-
cated thermocouples.'®197-1% Cretin et al give an updated
description of the working principles of various near-field
microscopes, recent developments and the kind of information
that can be obtained.?®® A number of developments based on new
cantilevers and new AFM-based temperature measuring tech-
niques have been stated in recent years,*3-45-201-210

Sadat et al® have reported a thermometric AFM-based
technique which does not require integrated temperature sensors
in AFM probes. The technique allows direct mapping of
topography and temperature fields of metal surfaces with ~0.01
degree temperature resolution and <100 nm spatial resolution. It
uses point contact junctions that consist of the measurement of
the thermoelectric voltage of a platinum—gold point contact that
is a function of the local temperature. The authors prepared a Si
AFM cantilever with a tip radius of ~20 nm, depositing a double
Ti/Pt (5/40 nm) layer on both sides of the cantilever. On a gold
surface a temperature distribution was scanned using the AFM
tip in soft contact (~10 nN). The Ti/Pt-coated AFM cantilever
(estimated to have a contact diameter of ~10 nm) was anchored
to a thermal reservoir at room temperature and produces a well-
defined and reproducible electrical conductance that depends
only on the local temperature of the point contact. Fig. 12 shows
a topographical image of the test device with a varying area of
cross-section, the temperature distribution along a measuring
line and a three-dimensional representation of the temperature
field in a section of the test device. The technique is intrinsically
limited to metals and is not applicable to biological systems.?

Instead, cantilever-based AFM has been specifically designed
to investigate heat conductivity in biological materials.'®® The
AFM cantilevers were a modification of those developed in the
millipede project.?’* Tt was made entirely of silicon and to
improve the resolution of heat-conductivity measurements
a resistor for Joule heating was placed above a sharp silicon tip
etched to a tip radius of 5-10 nm. Thermal conductivity in
proteoliposomes, human hair and collagen samples was
measured with a spatial resolution of ~10 nm and thermal
resolution of 50 nW as depicted in Fig. 13.
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Fig. 12 (A) Topographical image of a test device with varying cross-sections. The device features a bottom electrode (100 nm thick) that is electrically
isolated from the top electrode (30 nm thick) by a 10 nm thick Al,O3 layer. An electric current injected into the bottom electrode leads to temperature
gradients in both electrodes. (B) The temperature distribution along a line from point 1 to 2 (shown in inset) is measured with 50 nm spatial resolution for
three different bottom electrode heating currents. (C) Three-dimensional representation of the temperature field in a section of the test device indicated in
the inset. Reproduced with permission from ref. 23. Copyright American Chemical Society 2010.
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Optical techniques, particularly luminescent ones, can be very
useful to measure temperatures and to map temperature distri-
bution on a surface as described in detail in previous sections.
The combination of AFM and a luminescent probe allows
overcoming the so-called Rayleigh diffraction limit which fixes
the minimum dimensions of a focusing spot to about half the size
of the wavelength used. The use of this technique, known as
NSOM, for thermometric purposes has been reviewed by Cahill
et al.*” and Christofferson et al.

An interesting technique based on the tunnelling of the free
electron gas has been demonstrated by Pavlov.>* The relative
shift in the Fermi levels between two metallic electrodes, e.g.
a copper substrate coated with copper oxide and a STM plat-
inum tip in the demonstrator, should correlate with absolute
temperature according to the Fermi—Dirac equation. Measuring
the tunnelling current at zero voltage between the tip and the
substrate, Pavlov has shown that the Fermi-level shift provides
a measure of the substrate from room temperature up to 1250 K,
with S;,, = 0.5% K" at 500 K (Table 3) and nanometer spatial
resolution (~20 nm).>* The temperature measuring technique is
limited to metallic substrates and tips.

Fig. 13 (A) 2.2 pm scan on a human hair that was bleached and pre-
treated with strong detergents. The colour texture corresponds to varia-
tions in the heat flux of about 100 nW from dark blue to violet, with
decreasing heat conductance towards violet. (B) 2.2 pm scan of a vesicle
preparation with reconstituted membrane proteins prepared on a silica
wafer surface with highly resolved differences in thermal conductivity
within the vesicles. (C) 8.8 um scan of a preparation of collagen fibres on
a glass substrate with a colour texture corresponding to a high thermal
conductance for dark blue and lower thermal conductance from red to
yellow. Reproduced with permission from ref. 183. Copyright Elsevier
2006.

3.2 Nanolithography thermometry

A number of temperature sensors and thermocouples fabricated
using vapour deposition or lithography techniques and suitable
for the temperature observation at the nanoscale have been
described. As an example, a focused Ga* beam has been used to
deposit a Pt nano-strip by decomposition of an organometallic
precursor like (CH;3);Pt on a tungsten nano-strip previously
deposited on an electrical insulator substrate by decomposition
of W(CO)s molecules.?’? The resulting Pt(Ga)-W(Ga) nanoscale
junction has a temperature coefficient of approximately 5.4 mV
per degree, a value more than 100 times larger than conventional
k-type thermocouples. Another temperature sensor consists in
a parallel array of nanoscale thermocouples formed by two
p- and n-type nanowire electrodes deposited in a substrate. The
number of electrodes can be very large, those resulting in an
array of thermocouples connected to each other in parallel banks
of series-connected thermocouples.*®* Unfortunately, no data
regarding temperature sensitivity are provided and so compar-
ison with other nanosensors is difficult. Nanolithography tech-
niques have also been used to deposit metal strips and
thermocouples in AFM tips, some of which have been described
in the previous section, 83189214

Microfabricated metallic structures have also been used to
develop temperature sensors and thermometers.*¢:195-215216 Chy
et al.*’ have developed thin-film gold-nickel thermocouples with
junction areas as small as 100 nm? on silicon and 500 nm? on
quartz to measure temperature increases in transient resist
heating processes at the microsecond scale. Irradiation by
a 15 keV, 150 nA electron beam of 1.7 um radius for 100 ps
yielded an increase of temperature at the resist bottom surface of
approximately 62 K on quartz substrates and of 18 K on silicon
substrates. An example of the design of a sub-micrometer ther-
mometer by miniaturizing microscopic traditional thermometers
was presented by Shapira ef al.* The rationale was to miniaturize
a Au-Ni thermocouple and to measure its thermovoltage. The
thermometer presents S, = 0.4% K~' at 300 K (Table 3) with
a temporal resolution of 12 ps (to detect a decrease in the
measured signal of 5% of its initial value) and a spatial resolution
of ~5 um.

Table 3 Figure of merit of non-luminescent molecular thermometers including the thermometric property associated with each example. When

reported, the spatial resolution is indicated

Sm AT (Ty)

Thermometric property

Observations

Non-luminescent thermometers

B-Ga,0s, filled with an Au(Si) alloy®®® 0.3 573-1073 (940)

Pb filled ZnO nanotubes™ 1.1 293-573 (573)
In filled silica nanotubes®>’ 0.4 293-773 (530)
Silicon micromechanical resonators™ 1.2 295-370 (320)
Tunnelling current> 0.5 300-1250 (500)
n-doped Si nanowires>> 5.4 15-30 (27)

Ag NPs?® 0.4 600-1000 (800)

0.2 600-1000 (790)
Au-Ni nanowires*® 0.4 295-300 (300)

Thermal expansion
Thermal expansion

Thermal expansion
Resonator quality factor (Q)

Fermi-level shift
Peak width of the conductance dip

NP diameter
NPs areal density
Thermovoltage

For temperatures above 1073 K the
Ga,03 becomes unstable

Expansion thermometer working

in the solid state

Working in high temperature ranges
Temperature resolution of better
than 2 mK in a 1 Hz bandwidth
Demonstrated in a MEMS device
Coulomb blockade behaviour at
temperatures up to 20 K

Maximum spatial resolution of 16 nm

Spatial resolution ~1 pm and
temporal resolution of 12 pus
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3.3 Carbon nanotube thermometry

The use of a CNT as a thermometer was first suggested by Gao
and Bando*® by measuring the thermal expansion of liquid
gallium inside a CNT. The thermometer resembles a common
mercury thermometer in the nanosize. As the authors observed,
the thermal expansion coefficient of Ga varies linearly and
reproducibly in the temperature range between 323 and 773 K
with values close to those corresponding to macroscopic
volumes. Thermodynamic analysis shows that the surface
tension in a one-dimensional nanoscale liquid Ga column inside
a CNT affects the column’s inner pressure, the effect increasing
as the column’s diameter decreases. The analysis provides
a quantitative explanation of why a 75 nm diameter column of
liquid Ga has the same expansion coefficient as that of Ga in
a macroscopic state in the temperature range of 323 to 773 K.2!7
In a first experiment, a CNT was filled with Ga and placed in
a Gatan holder equipped with a twin heating system inside
a scanning electron microscope. The meniscus of the gallium
column was rising and falling as the temperature was increased
and reduced in the range 323-773 K, as shown in Fig. 14. In later
experiments it was shown that Ga remains liquid inside the
encapsulating CNT at temperatures as low as 203 or 193 K,
depending on the Ga phase formed during solidification.?'® These
are temperatures significantly lower than solidification temper-
ature of bulk Ga (237.6 K) and extend the operative range of this
kind of thermometer to as low as 204 K. Similar CNT ther-
mometers were also developed using In as low melting metal
filling, operated in the temperature range between 443 K and
650 K,*** and with Ge.?* The possibility to use the thermometer
outside the microscope camera in a standard air environment
was later reported based on the observation that the surface of
a gallium column inside a one-side open CNT oxidizes at high
temperature in the presence of oxygen with partial pressure
=6.66 x 10-° Pa. Consequently, the meniscus leaves a tiny mark
around the CNT wall corresponding to the Ga oxide layer which
is clearly observed by TEM.****! The temperature accuracy is
estimated within 5-10%.

CNTs have, however, a limited stability at high temperature in
air, suffering fast degradation above 873 K.**>?** Consequently,
other nanothermometers based on the same idea of nanotubes
filled with metals of low-melting point have been developed. The
same group of Bando et al has developed Ga-filled single-
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Fig. 14 Expansion of gallium inside a CNT. With temperature increase
the level of the gallium meniscus increases (A). The height of the gallium
meniscus plotted against temperature, measured in steps of 30-50 °C in
the range 50-500 °C produces a calibration curve for temperature
determination (B); the average (dotted line) mimics the measurements
obtained during heating (red circles) and cooling (blue triangles) stages.
Reproduced with permission from ref. 48. Copyright Nature 2002.

crystalline MgO nanotubes which can serve as nano-
thermometers over a wider temperature range than CNTs.?** A
MgO nanotube was filled with two fragments of Ga, one at each
end of the nanotube, and the nanotube sealed. The distance
between the tips of each Ga fragment was taken as the thermo-
metric variable and found to have a linear dependence with the
temperature in the range between 303 and 967 K (ref. 224) which
was also reversible, e.g., the distance decreased as the tempera-
ture was increased and vice versa. The working range depends on
the total length of the Ga segments and on the distance between
their respective tips and in principle its limits are given by the
high stability of the single-crystalline MgO nanotube with
a melting point of 3073 K and the wide temperature range of
303-2478 K for the Ga in liquid state.?** Such a wide temperature
range together with the low vapour pressure of liquid Ga makes
these types of thermometers quite promising to measure high
temperatures with nanospatial resolution. This will be particu-
larly so if the use of microscopies, whether TEM or AFM, for the
thermometer calibration and reading out of the temperature can
be overcome.

Indium has also been used as filling metal of low melting point
in single crystalline In,O3; nanotubes®?¢ and in silica ones.?*” The
as-prepared silica nanotubes consist of an array of nanotubes
that can easily be dispersed into individual nanothermometers by
an ultrasonic vibration process. The thermal expansion of the
liquid In has a linear dependence with the temperature in the
range around 425 K, the melting point temperature of In, and
773 K, the highest temperature in the experiments. Although it
is not reported, the thermometer maximum sensitivity can be
estimated from the linear dependence of the column expansion
with the temperature (Fig. 4b of ref. 227) as 0.4% K~' at 530 K
(Table 3).

Gallium oxide nanotubes, B-Ga,03, filled with an Au(Si) alloy
have also been used to develop nanothermometers for high
temperature measurements as shown in Fig. 15.2® The Au(Si)
filling alloy, where ~6% is Si, has a rather large coefficient of
thermal expansion of 1.5 x 10~* K™, ten times larger than that of
bulk Au and more than twice that of Ga. The coefficient of
thermal expansion of the B-Ga,0O3 nanotube is more than two
orders of magnitude smaller, so the influence of the expansion of
the nanotube on the filling alloy can be neglected. The filling
starts to be fluid-like at ~623 K and it becomes fluid at ~673 K,
however, the Au(Si) shows linear expansion already at 573 K and
all the way up to 1173 K, where Ga,0O3 becomes unstable.
The reported safe range for temperature measurements is 573—
1073 K. The maximum relative sensitivity is 0.3% K~! at 940 K
(Table 3). Nanotube-based thermometers have been further
developed to include a solid filling instead of liquid-like or liquid
ones. Such is the case of the Pb filled ZnO nanotube with
a working temperature region between 293 and 573 K and
a maximum relative sensitivity of 1.1% K" at 573 K (Table 3).%°
The solid filling makes the structural integrity of the outer shell
much less demanding than in the case of the liquid-filled ther-
mometers. The drawback of this thermometric design is the high
temperature limitation due to some leaking of Pb as it starts
melting at above 573 K. The use of single crystalline nanotubes
stable at higher temperatures could extend the applicability of Pb
as filling material in nanotube thermometry to a second region
with Pb in liquid state.

This journal is © The Royal Society of Chemistry 2012
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Fig. 15 (A) TEM image of a Ga,03 nanotube before heating. (B) Distance of the Au filling to the top of the cavity during heating as a function of
temperature. (C) TEM images of an Au-filled Ga,O3; nanotube during heating at different temperatures. Reproduced with permission from ref. 228.

Copyright American Institute of Physics 2008.

Dorozhkin et al. observed that electrical conductivity through
an empty CNT is diffusive with a resistance per unit of length of
10 kQ mm~!, whereas a Ga-filled CNT shows metallic behaviour
with a low resistance per unit of length of 100 Q mm™!, two
orders of magnitude smaller.??® Based on this observation, these
authors developed an electrically controlled temperature sensor
that can also act as a switch, using electrical conductivity as the
thermometric property. The thermometer can work in a wide
temperature range from 353 up to 773 K. However, the ther-
mometer calibration and resistivity reading must be measured
using an AFM, thus rendering its use as rather complicated.

Bichoutskaia et al?* have proposed an electromechanical
nanothermometer based on the conductivity changes induced by
the thermal interaction and relative motion of the components of
double-walled CNT. The nanothermometer can be calibrated as
a thermocouple.

In thin films of MWCNTs the turn-on field and emission
current at a fixed applied electric field are temperature indepen-
dent above 373 K, the higher the temperature the larger the
emission current.®! Consequently, a film of ~7 nm can form
a simple thermometer in the temperature range 373 to 600 K under
vacuum. The sensitivity of the thermometer can be modified by the
applied electric field and by the area of the MWCNTs.

When the number of charge carriers, e.g. electrons, moving
across a potential barrier is sufficiently small, the uncertainties due
to independent random events become significant. This effect,
known as shot noise, e.g., each electron that tunnels through the
barrier can be considered as a discrete “shot”, is independent of
frequency up to several hundred GHz. When shot noise is
measured in combination with Johnson noise, Spietz et al.?*>*
showed recently that shot noise can be exploited to achieve
accurate temperature measurements from the mK range to many
hundreds of Kelvin. More recently, Sayer et al.?** have reported
on a CNT thermometer that operates on these principles. The
thermal resistance of SWCNT is determined from Johnson and
shot electrical noise measurements of the SWCNT in a porous
anodic alumina template. As the magnitude of the shot noise does
not follow the expected curve for an isothermal device due to
significant self-heating of the CNT device, measurements are
fitted to a self-heating shot noise model that assumes constant
device resistance. The resulting thermal resistance of the SWCNT
device is found to be (1.5 +0.1) x 10 K W~

A thermometer based on MWCNTs developed for a contact-
less temperature control in biological systems has already been
mentioned in Section 2.5. The result shows that functionalized

CNTs can make valid thermometric systems in biomedical
applications.'®?

3.4 Biomolecular-based thermometry

Among the many techniques developed to determine tempera-
ture at the nanoscale, the use of temperature-dependent mole-
cules and biological components is probably one of the most
fascinating ones. Some of these techniques, like those based on
the thermo-conformation changes of DNA, RNA, proteins and
lipids and their catalytic influence on subsequent biological
processes,'®®1 or on differences on the electronic properties of
fluorescent probes associated with temperature-dependent
structural or conformational changes,*® have been used to sense
temperature inside cells and have been described in Section 2.5.
This section describes thermometry developments based on
biological entities, like DNA, mRNA and others.

Living cells are able to sense harmful temperature changes and
induce either heat-shock or cold-shock proteins. The sensing of
temperature is made by proteins, nucleic acids and mRNAs that
either act as true thermometers, responding directly to temper-
ature changes by modifying their conformation structure, or
indirectly undergoing complex reactions.?** In particular, Nar-
berhaus et al #3536 and Shah and Gilchrist**’ have described
that certain mRNAs respond to temperature changes by three-
dimensional conformational changes. RNA thermometers are
located in some specific areas of the RNA structure, particularly
in the 5-end untranslated region that shields the ribosome-
binding sites at physiological temperatures. With the onset of
heat shock, destabilisation of the RNA starts and favours the
release of the ribosome-binding sites and translation initiation.
In the case of a temperature downshift, on the other hand, cell
growth comes to an almost complete stop, bulk gene expression
is drastically reduced and cold-shock proteins are expressed.
Some of these mRNA proteins undergo a structural rearrange-
ment to a conformation thermodynamically more stable at low
temperature and less susceptible to degradation.'6®23%240 The
conformational change of RNA thermometers can be followed
by NMR and UV spectroscopy.

While naturally occurring thermometers are complex systems,
considerably simpler RNA thermometers that can be used to
induce or repress gene expression by a simple temperature shift
have been developed as depicted in Fig. 16.>*"2** The ther-
mometers, which are fully operational in vivo as translational
regulators at physiological temperatures, are built from a single
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small RNA stem-loop structure containing the ribosome binding
site. The thermometers were optimised to work at 310 K,
however, following the same principles should be possible to
design a thermometer optimised to work at any temperature by
selecting different loop sizes.?*?

The mimicking of natural thermometry for the development of
recording temperature devices has been proposed by Hofinger and
Zerbetto.*** The principal components of their temperature
sensor are short RNA sequences forming individual helical hair-
pins and each having a characteristic transition temperature to
a different conformation structure. The detection system is based
on the subsequent hybridization to specific RNA sequences and
the analysis is carried out with the help of a statistical mechanical
package specifically designed to study conformation changes in
RNA. A list of eight RNA sequences operational in the range
from 263 to 333 K at intervals of 10 degrees is proposed. The
device, still waiting for experimental validation, could be the basis
of a new ex situ thermometric technology of interest for the quality
control of perishable products.

3.5 Miscellaneous

In this section, we gather a few families and scattered examples of
micro- and nanoscale thermometry that do not fit in the families
outlined in the preceding sections.
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Fig. 16 Examples of a natural and two synthetic RNA thermometers.
(A) Proposed RNA secondary structure of the 5 UTR (untranslated
region) from the prfA gene of the pathogenic bacterium Listeria mono-
cytogenes, which functions as an RNA thermometer;*** (B) secondary
structure of the synthetic RNA thermometer U6;**! (C) structure of the
synthetic RNA thermometer U9.2*' Reproduced with permission from
ref. 243. Copyright Nature 2009.

Coulomb blockade thermometers exploit the differential
resistance of tunnel junctions as thermometric parameters at
cryogenic temperatures. The advanced design gathers super-
conductor-insulator-normal metal tunnel junctions embedded
in a rf resonant circuit with nanometric dimensions (typically
hundreds of nanometres).3-*>2*5 While conductance at zero bias
voltage is suppressed, the conductance at non-zero broadens as
temperature increases, resulting in a peak with a fwhm being
proportional to the number of junctions and to kg7. Moreover
the high temperature limit is determined by the electric charac-
teristics of the junction, which allows the tailoring of the ther-
mometer using an appropriate configuration. The sensitivity of
Coulomb blockade thermometers decreases when temperature
increases, resulting in hypothetical infinite maximum relative
sensitivity at the limit of T — 0 K. For temperatures of the order
of tens of Kelvin a monotonical decrease of S, towards 1 is
expected. This tendency is exactly what has been reported by
Schmidt er al,*® presenting meaningless maximum relative
sensitivity Sy, > 100% K-!, for T < 0.9 K.5! In line with these
results Tilke et al>* reported S, = 5.4% K=! at 27 K, using
n-doped silicon nanowires (Table 3).

An interesting microthermometer was proposed by Hopcroft
et al.*® The motivation for this thermometer was the need for
highly accurate temperature determination in high performance
resonators in order to account for the temperature dependence of
the resonant frequency. The proposed solution was to use the
resonator itself, by an indirect measure of the temperature
dependence of its quality factor. The thermometer works
between 295 and 370 K with S, = 1.2% K at 320 K (Table 3).

A completely different approach of nanothermometry based
on one-use ex situ thermometers, which can record the temper-
ature they were exposed to and be read later when the event is
over, was suggested by Lan et al*® and by Wang and Huang**®
based on the irreversible temperature-activated growth of NPs.
The nanothermometer proposed by Lan er al®® works by
measuring the diameter and areal density of silver NPs deposited
on a carbon supporting film coated with a TEM copper-grid. The
spatial resolution achieved between 570 and 1000 K, ~16 nm, is
controlled by the distance between neighbouring nanospheres,
related to the nanosphere size and areal density.® The maximum
relative sensitivity is 0.4% K~' at 800 K (Table 3). The ther-
mometer proposed by Wang and Huang®* is also based on the
growth of NPs exposed to a thermal event (characterized by
a given temperature and time). In this case, size is indirectly
determined by changes in the Raman scattering of semi-
conductor NPs due to boundary effects that induce asymmetric
broadening and a shift in Raman peaks. Two sets of NPs exposed
to the same thermal history are used in order to determine both
the maximum temperature and duration of the thermal event.
This concept was demonstrated using anatase and rutile TiO,
NPs, works between 673 and 973 K and 5-60 s.

Brintlinger er al**” have reported a method for mapping
temperature at the nanoscale using a transmission electron
microscope and the melting point of metal islands. The germa-
nium metal islands are deposited on the reverse side of
a commercial silicon nitride membrane whereas local tempera-
ture gradients are produced by Joule heating in a thin wire in the
front side of the membrane. As the solid-liquid transition in the
islands induces contrast changes, the absolute temperature
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(above or below the melting temperature) can be mapped over
the whole field of view with spatial resolution of the order of
100 nm. The technique is applicable to a variety of materials with
spatial resolution that can be scaled down to lengths approaching
characteristic scattering distances of thermal carriers of ~10
to 100 nm.

Another example consists of a miniaturized device based on
the Seebeck effect.*® The nanoscale thermocouple is composed
of Cu and Cu—Ni joined tips with a diameter of ~50 nm, having
an expected Seebeck coefficient of 39.45 uV K=, corresponding
to a minimum detectable temperature change of 28 K with the
used device. The joined tips can be then manipulated in a TEM in
order to sense local temperature that changes due to the electron
beam and due to an electric current passing through a MWCNT.
The thermometer was also used to study the relationship between
melting/deformation and the local temperature increase on
a metallic filler.

4. Conclusions and outlook

The diversity of luminescent and non-luminescent thermometers
operating at the sub-micron scale described in this review clearly
point out the emergent interest of nanothermometry in numerous
fields, such as electronic and optoelectronic machines and
devices, micro- and nanofluidic systems, living cells and tissues,
nanostructures, and in many other conceivable applications,
such as thermally induced drug release and wherever exothermal
chemical or enzymatic reactions occur at submicron scale.
Nanothermometry has indeed experienced a continuous and
unprecedented growth over the past five years following, in most
examples, the technological trends of sub-micron miniaturiza-
tion and it is foreseen that this trend will continue for the next
coming years. Innovation in the rational design of new thermo-
metric systems in the nanoscale will undoubtedly lead to quali-
tatively new progress in nanothermometry, with consequences in
nanotechnology we cannot yet foresee. However, despite actual
promising progress, the research can be considered as in its early
stages and more basic knowledge is still needed before nano-
thermometer prototypes become a commercial reality.

The examples addressed in this review comprehend non-
luminescent thermometers using scanning thermal microscopy,
nanolithography, CNTs and biomaterials and luminescent
thermometers based both on individual thermal probes (e.g.
organic dyes, QDs and Ln**-based UCNPs and B-diketonate
chelates) and more complex systems formed by those probes
embedded into polymer and organic—inorganic hybrid matrices.
Up to now, the performance of the different thermometers
reported in the literature has not been compared and this is
undoubtedly one of the major landmarks of this review. The
absence of a single parameter facilitating such comparison
encouraged us to use the definition of relative maximum sensi-
tivity, eqn (1), as a figure of merit for both luminescent (Table 2)
and non-luminescent (Table 3) thermometric systems. Sorting
nanothermometers in this way enables some interesting
comparative observations. In the interval between 280 and 350 K
all the scrutinised thermometers display maximum relative
sensitivities ranging from 0.1 to 10% K~' and only a few cases
present Sy, values practically constant in this temperature range.
The relative maximum sensitivity values of non-luminescent

thermometers seem to be slightly lower than those of the lumi-
nescent ones. The computed S, values of different thermometers
belonging to a particular family can now be assembled within the
same temperature and sensitivity regions (Fig. 1-4), which also
enables further comparative conclusions. For instance, organic
dyes embedded into polymers and LDHs display higher relative
sensitivity values but in a considerably narrower temperature
range than other luminescent thermometers. On the other hand,
although the Ln**-based thermometers present lower Sy, values,
relative to those of polymers- and organic dye-based ones, they
generally cover a wider temperature interval. For physiological
temperatures, for instance, it is quite difficult to use the
same polymer-based thermometer to cover the entire interval
(Fig. 1-4). In fact, these systems are typically usable in a range of
~10 K, meaning that they are not wide-range thermometers but
on—off temperature sensors.

Setting a reasonable limit of 0.5% K~' as a quality threshold
(meaning that the relative variation of the thermometric
parameter is 0.5% per degree of temperature change), the wide
variety of thermometers available is evident (Tables 2 and 3);
however, this number drastically decreases if self-referencing is
required, as shown in Fig. 2 for the luminescent thermometers.
The lifetime-based methodology to sense temperature is intrin-
sically limited by the long acquisition times required to collect
reliable data, as mentioned above, and does not present
improved relative sensitivity values, when compared to those of
the intensity-based ratiometric thermometers (Fig. 3).

Only a handful of luminescent (ratiometric and non-ratio-
metric) and non-luminescent thermometers report spatial reso-
lution below 50 um (Fig. 4), since temperature sensing in spatial
scales below 10 pum still remains a major challenge, demanding in
most cases the development of new methodologies, including
new materials and sensing schemes. Among the examples dis-
playing spatial resolution lower than 50 um (Tables 2 and 3 and
Fig. 4), the review emphasises the intracellular luminescent
thermometers based on organic dyes, thermoresponsive poly-
mers, biomolecular materials, mesoporous silica NPs, QDs, and
Ln**-based UCNPs and B-diketonate complexes and the intra-
cellular non-luminescent ones based on thermocouple devices,
complex RNA structures, and MWCNTs filled with cuprous
iodide (Section 2.5).

Despite the considerable amount of research on intracellular
thermometry carried out over the past 3-4 years, accurate
temperature distributions within living cells have not yet been
satisfactorily addressed. The major obstacle for progress has
been the unavailability of a single molecular thermometer with
the following requirements (that should be simultaneously
satisfied):

e High temperature resolution (<0.5 degree);

e Ratiometric temperature output;

e High spatial resolution (<3 pum);

e Functional independency of changes in pH, ionic strength
and surrounding biomacromolecules;

e Concentration-independent output.

A new generation of nanothermometers is intended to exploit
the synergetic integration of different functionalities in a nano-
metric platform, for instance assembling together heater and
thermometer elements in the same NPs (e.g. a Fe-based magnetic
core or an Au rod covered with luminescent centres). This idea
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applied to multiresponsive polymers was recently reviewed
highlighting current advances on polymer chemistry to design
multiresponsive polymeric materials that recognize indepen-
dently or synergistically more than one stimulus exhibiting
collective responses.?*® Concerning thermometry, an interesting
example is the thermoresponsive nonlinear PEG-based nanogel
three-dimensional scaffold developed by the Shuiqin Zhouw’
group, which integrates ZnO QDs and metallic Au into a single
hybrid nanogel particle (<100 nm)."*" The nanoplatform, inte-
grates three important applications: ratiometric fluorescent
sensing of temperature change in physiological fluid, fluorescent
cell imaging, and thermal/photothermal-regulated drug delivery
for synergistic chemo-photothermal treatment. A temperature
resolution better than 0.25 degrees over the 310-315 K physio-
logical range is reported, with a precision of +1.0% in the
determination of the emission intensity of the QDs (emission
quantum yield of 0.23). Moreover, the photoluminescence
response is nearly independent of the environmental pH over
5.0-7.4 (+£0.19%) and of ion strengths.'*!

Another example is the thermo and magnetic responsive beads
composed of magnetite NPs embedded in a functionalised sili-
ceous backbone coated by a fluorescent acrylamide-NIPAM co-
polymer.'** NIPAM based polymer beads are thermoresponsive
in the 298-318 K range with S;,, = 16.7% K" at 314 K. Under an
external alternate magnetic field, the magnetic moment of the
magnetite NPs relaxes by the rotation of the beads in water. In
a given frequency range, the beads cannot follow the field,
dissipating energy. This frequency range shifts with temperature
mostly due to the abrupt change of the hydrodynamic size of the
NPs with the PNIPAM transition. Dye-based thermometers may
also be included as a part of a multifunctional platform. Much
progress has been reported in the last 2-3 years, in a clear trend
for the total integration of the thermometric system within the
cellular medium. An interesting example was presented by
Huang et al.” reporting a device operating via a magnetic field to
control the temperature inside HEK 293 cells by means of fluo-
rometric measurement of DyLight549 and GFP fluorescence
intensity. The innovative aspect lies in the remote control of ion
channels in cells using rf magnetic-field heating of NPs, although
the detailed photophysics of the temperature dependence
remains to be investigated. For the first time, a device controlling
simultaneously the local heating and the temperature monitoring
has been described, as a clear step forward for hyperthermia
studies in cellular cultures.

In conclusion, the gate to the nanothermometry world has
only been slightly opened and there is still plenty of room at the
bottom for developing this stimulating new field of research. A
major challenge remains with the need to combine efforts from
a large number of quite different disciplines such as coordination
and supramolecular chemistry, thermodynamics, photophysics,
nanotechnology, microelectronics, distinct microscopy tech-

niques, materials design, assembly and integration, and
biomedicine.

Abbreviations

[C4mpy][TfL,N]  1-Butyl-1-methylpyrrolidinium

bis(trifluoromethylsulfonyl)imide

3HF-AM

AFM
APTES
BBS
bpeta
BTD
btfa~

ca

CNT
cyclam
DBD-AA

dbm~
DEGMA
DNA
DPTB
dipyren
DT

FDA
FEM
FIR

FPA
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LAURDAN
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LED
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MEMS
MeOH
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mRNA
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NBD
NIPMAM
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NNPAM
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PAA
P(VDC-co-AN)
PDA

PDMS
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PEG

2-[4-(3-Hydroxy-4-oxo0-4 H-chromen-2-yl)
phenoxylethylacrylamide

Atomic force microscope
3-Aminopropyltriethoxysilane
4,4'-Bis(2-benzoxazolyl)stilbene
1,2-Bis(4-pyridyl)ethane
2-Bis(trimethoxysilyl)decane
4,4,4-Trifluoro-1-phenyl-1,3-butanedionate
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1,4,8,11-Tetraazacyclotetradecane
N-[2-[(7-N,N-Dimethylaminosulfonyl)-2,1,3-
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Dibenzoylmethanide

Di(ethylene glycol) methyl ether methacrylate
Deoxyribonucleic acid

Pyrene-containing triarylboron molecule
Dipyren-1-yl(2,4,6-triisopropylphenyl)borane
Tris(dinaphthoylmethane)-bis-
(trioctylphosphine oxide)

Food and drug administration

Finite elements method

Fluorescence intensity ratio

Fluorescence polarization anisotropy
Fluorescence resonant energy transfer
Full-width-at-half-maximum

Green fluorescent protein
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Human embryonic kidney

Tonic liquid

Infrared
6-Dodeca-noyl-2-dimethylamino-naphthalene
Layer double hydroxides

Light emitting diode

Trivalent lanthanide

Low spin

Micro-electromechanical system

Methanol

2-Methoxyethyl ether

Messenger ribonucleic acid

Multiwalled carbon nanotube
7-Nitro-2,1,3-benzoxadiazole
N-Isopropylmethacrylamide

Near infrared

Nuclear magnetic resonance
N-n-Propylacrylamide

Nanoparticle

Near-field scanning optical microscopy
N-Octyl-4-(3-aminopropyltrimethoxysilane)-
1,8-naphthalimide

Octyltriethoxysilane

Poly acrylic acid

Poly(vinylidene chloride-co-acrylonitrile)
Polydiacetylene

Poly(dimethylsiloxane)

Polymer dot

Poly(ethyleneglycol)
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PEO Polyethylene oxide

PMMA Poly(methyl methacrylate)

PNIPAM-co-  Poly(N-isopropylacrylamide) incorporating
BODIPY boron-dipyrromethene

PNIPAM Poly(N-isopropylacrylamide)

PNIPAM:FMA Poly(N-isopropylacrylamide) incorporating
fluorescent modified acrylamide

PNIPAM-co-  Poly(N-isopropylacrylamide) incorporating

HC hemicyanine

PPO Poly(p-phenylene oxide)

PS Polystyrene

PtBMA Poly(tert-butyl methacrylate)

PTBS Poly-(zert-butyl styrene)

PtOEP 2,3,7,8,12,13,17,18-Octaethyl 21 H,23 H-
porphyrin platinum(ir)

PtTFPP 5,10,15,20-Tetrakis(pentafluorophenyl)
porphyrin platinum(ir)

PVA Poly(vinyl alcohol)

PyMMA Polymerizable pyrene dye methacrylate
monomer

QD Quantum dot

rf Radio-frequency

Rh-110 Rhodamine-110

RhB Rhodamine B

RNA Ribonucleic acid

Ruphen Tris-(1,10-phenanthroline)ruthenium(ir)

S Maximum relative sensitivity

SThM Scanning thermal microscope

STM Scanning tunnelling microscope

SWCNT Single-walled carbon nanotube

TEM Transmission electron microscopy

TEOS Tetraethyl orthosilicate

Tw Temperature of maximum relative sensitivity is
maximum

tta~ Thenoyltrifluoroacetonate

UC Up-conversion

UCNP Up-converting nanoparticle

uv Ultraviolet.
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