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Abstract 
The importance of high-resolution intracellular thermal sensing and imaging in the field 
of modern biomedicine has boosted the development of novel nanosized fluorescent 
systems (fluorescent nanothermometers) as the next generation of probes for 
intracellular thermal sensing and imaging. This thermal mapping requires fluorescent 
nanothermometers with good biocompatibility and high thermal sensitivity in order to 
obtain submicrometric and subdegree spatial and thermal resolutions, respectively. This 
chapter revises the different nanometric systems that have been proposed to date for 
intracellular thermal sensing and imaging. We also include the later advances in 
molecular systems based on fluorescent proteins for thermal mapping. A critical 
overview of the state of the art and the future perspective is also included. 
 
Keywords: Optical hyperthermia, Magnetic hyperthermia, Intracellular 
heating, nanothermometry, luminescent thermometry. 
 
6.1 Introduction 
Hyperthermia therapy based on the use of nanoparticles has been an important issue in 
Nanobiomedicine since the beginning of this discipline [1]. The basic idea is to use 
nanoheaters that are selectively accumulated in the diseased tissue and then non-contact 
heated by an external power source. At a first sight, the potential of this approach is 
enormous because the small size and the use of appropriate coatings and targeting 
agents would allow the application of heat locally to specific cell organelles in selected 
cell types, in a non-invasive manner. Therefore, although the slow progress in the field 
is sometimes frustrating, the expected reward is worth the effort. One of the major 
issues to achieve non-secondary effects and enhanced effectiveness is reaching the 
targeted diseased cells [2]. But this goal has met a bottleneck: most types of nanoheaters 
are retained in non-targeted organs [3] such as liver and spleen by the 
reticuloendothelial system (RES), or even worst, in the lungs where they may cause 
serious toxicity problems. So one of the main challenges in the field is to avoid the 
RES. Other problems are intrinsic to the heating technique. Thus, in magnetic 
hyperthermia the achievable heating power is small and that leads to the need of a large 
amount of nanoparticles to destroy malignant tissues by a global temperature increment. 
In optical hyperthermia, that yields a high specific heating power, the restrictions come 
from a poor light penetration in tissues. Thus, although magnetic hyperthermia has 
already been used for the treatment of some types of cancer [4], these techniques are 
still far from being a competitive alternative to surgery. Actually, current magnetic 
hyperthermia involves the patient intervention with thermometric probes to control the 
heating and needles to inject the magnetic nanoparticles, and therefore it is not 
completely non-invasive [4]. Moreover, it causes problems derived from nanoparticle 
and cell detritus evacuation after the treatment. It is evident that this approach is not 
taking advantage of the capacity of nanoparticles to penetrate cell membranes, and to 
produce heat at specific temperature sensitive organelles inside the cells.  
The concept of local intracellular hyperthermia is to produce local damage in small 
regions within the cells that could trigger an apoptosis reaction in these cells (see 
Chapter 8 for an overview of mechanisms of cellular death induced by hyperthermia). 
At the present moment, this has not fairly proven, but there are evidences that cells can 
be killed by magnetic hyperthermia without raising the global cell temperature [5]. In 
order to evaluate the possibilities of this approach the first step is to check whether the 
heat generated by a nanoheater is high enough to overcome the heat conduction effect 
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through the cell medium in order to produce a high enough temperature gradient in the 
surroundings. For this task, an extra tool becomes necessary, a thermometer capable of 
measuring the local temperature in the nanoheathers. The scope of this chapter is 
precisely to explore the actual technologies available for temperature determination in 
the nanoscale, and their applicability to intracellular hyperthermia. 

 
6.2 High spatial resolution thermometry 
The design of nanothermometers addresses spatial resolution as the main goal, while 
keeping temporal and temperature resolution at convenient levels. These levels can be 
even more severe than those of macroscopic thermometry, since the temperature 
gradients of interest in nanothermometry are often of the order or smaller than 1ºC and 
the duration of the gradients (induced by hyperthermia or by chemical reactions, for 
instance) can be of the order or smaller than 1 sec. In most cases, spatial, temporal and 
temperature resolutions are entangled: the increase of spatial and temperature resolution 
is often made at the expenses of time resolution (by using larger integration times of the 
thermometric signals) and the increase of temporal and temperature resolution is often 
made at the expenses of spatial resolution (by using larger integration areas). 
When considered alone, spatial resolution in nanothermometry is the result of a 
convolution between three main sources of limitations: the contribution due to the size 
of the material, the contribution due to the instrumentation reading this response and the 
limitations of the fundamental principles involved. The wide range of present spatial 
resolutions and ultimate resolutions that are expected to be achieved is then due to the 
wide range of materials, methods and principles. 
Thermometers where resolutions are greatly constrained by fundamental principles 
include infrared thermography, optical interferometry and thermoreflectance, where 
typical spatial resolutions are 10, 1 and 0.1 mm, respectively, and constrains in spatial 
resolution are associated with the “size” of the wavelengths. Near-field methods, 
opened a possible increase of spatial resolutions of optical methods down to ~10 nm 
[6]; however this has not been widely explored in thermometry with high spatial 
resolution. Another way to overcome the wavelength constrain in thermometry 
techniques based on light is the use of local sources of light. In such techniques, 
although the signal output is light in the visible or near visible range with the associated 
wavelength limitation, the signal emerges from well defined “spots” with smaller sizes 
(luminescent nanoparticles, quantum dots and dyes, for instance) and thus temperature 
can be associated to those spots. 
The spatial resolution of nanothermometers based on luminescent nanoparticles or 
molecules is no longer constrained by fundamental limitations but by the 
instrumentation reading the optical response. In this family of nanothermometers, 
spatial resolution is presently on the order of 1 mm (constrained by optical imaging) 
see, for instance [7-9], while the ultimate resolution can in principle be associated with 
the size of the luminescent molecule or nanoparticle. This is also the case of 
nanothermometers based in nanodiamonds, where spatial resolution is presently on the 
order of 1 mm (constrained by confocal imaging) [10], while the ultimate resolution is 
the size of one nanodiamond (~ 5 nm). 
A family of nanothermometers where spatial resolution is constrained by the 
instrumentation and by the size of the material is that of scanning based systems. In this 
case, resolution is of the order of the probes or tips, between 1 and 0.02 mm. Such 
systems include (micro)Raman, fluorescence with detection by optical fibers [11] and 
fluorescence coupled to atomic force microscopy (AFM) tips [12]. As expected, this 
family of nanothermometers is probably closer to their ultimate resolution. 



	 4	

Nanothermometers constrained by the size of the materials are typically those based on 
the miniaturization of concepts and principles often used at the macroscopic scale. This 
includes micro-sized thermocouples and nanovessels. The thermocouples explore the 
thermoelectric effect in the limits of production of a two-metals junction. The 
nanovessels explore the liquid expansion inside a container, such as nanotubes filled 
with a liquid metal, being the size as small as a few nanometers. In this case the 
detection method is the observation by electron microscopy, which does not constrain 
the spatial resolution but clearly limits their practical use. 
In the following we will concentrate on luminescent thermometry as the method 
gathering the best conditions for non-contact high-resolution thermometry and best 
perspectives in terms of ultimate resolutions. We will also give more details on the 
quantification of spatial resolution in section 6.3.4. (“Quantifying the thermometer’s 
performance”). 
 
6.3 Luminescence thermometry 
The main approaches to determine the temperature through luminescence thermometry 
can be gathered as time-integrated or time-resolved methodologies (Figure 6.1). In the 
first, the emitted intensity is integrated during a certain time interval and the 
temperature is calculated from the intensity of one transition or from the intensity ratio 
of two transitions. On the other hand, in time-resolved methodologies after an initial 
excitation the emitting excited state decay curve is followed with respect to the time. In 
time-integrated methods the spectral shift, width or simply the integrated intensity of a 
given transition is analyzed with respect to the temperature, or, alternatively, the 
integrated intensity of a pair of transitions, can be used to define a ratio of intensities. 
 

 
Figure 6.1. Time integrated and time resolved methods to infer the temperature using 
the luminescence of a phosphor. 
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Luminescent thermometers based on the emission intensity of a single transition depend 
critically on the illumination fluctuations and the local changes of the phosphor 
concentration. Proof-of-concept luminescent thermometers were reported using a single 
transition of Ln3+ ions [13,14] quantum dots [15-18] and organic molecules [19-24]. 
Although the methodology is not incorrect recursive calibration procedures are required, 
thus becoming impractical. The limitations of a single transition integration can, 
however, be mitigated using a second emission line (or band) that is an internal standard 
to calibrate the response of the luminescent probe [25,26]. Works reporting ZnCdS 
quantum dots (QDs) [27] and CdS:Eu3+ phosphors [28] motivate the development of 
luminescent probes based on a pair of transitions of two distinct emitting centers or 
from a single emitting center, as reviewed in several papers [29-31], books [32], and 
book chapters [33]. With the increasing interest in nanoparticles, particularly using 
upconverting emission, a popular approach infers the absolute temperature from the 
intensities of two energy levels (or two Stark components of an excited state) in thermal 
equilibrium 
The temperature scale is based exclusively upon the validity of the Boltzmann 
distribution between the adjacent energetic levels: 
 

 (6. 1 ) 

 
where kB is the Boltzmann constant and B is a pre-exponential constant depending on 
the spontaneous emission coefficients, energy and degenerescencies of levels |1> and 
|2>, ΔE is the energetic separation between the excited levels |1> and |2> in thermal 
equilibrium and T is the absolute temperature (Figure 6.2A). It is based on the thermally 
driven redistribution of the excited levels (notice that kBT∼200 cm−1 at room 
temperature). To validate the use of Eq. 6.1 it is common to fit the dependence of ln(Δ) 
with the inverse of the temperature and compare the fitted slope with the value expected 
for ΔE/kB (Figure 6.2B). If, within the experimental errors, both values are consistent, 
the emitting levels are assumed to be in thermal equilibrium, following the Boltzmann 
law. This is a non-empirical procedure that interrogates the intensity ration of intensities 
from two excited levels that are energetically close (the energy gap between 200 and 
2000 cm−1), allowing to estimate the temperature overcoming the need of tedious and 
time-consuming calibration procedures. 
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Figure 6.2. (A) Scheme of the typical energy diagram of an emitting center with two 
thermally-coupled levels. (B) The plot of ln(Δ) against 1/T validates the use of 
Boltzmann law. 
 
Lifetime-based sensing methods do not suffer from the above-mentioned disadvantages 
of the single-transition intensity technique. However, comparing with the ratiometric 
intensity response to temperature changes, they require longer acquisition times, post-
processing techniques and the complexity and demands on the component 
instrumentation increase with the decreasing decay times [29,34,35]. Moreover, 
lifetime-based sensing methods are less appropriate for large-area gradient temperature 
measurements and very inappropriate to study dynamic measurements in which 
temperature variations occur at time intervals shorter than or equal to the lifetime of the 
probe (e.g., 10−3 s for Ln3+ ions). 
 
6.3.1. Advantages and challenges of luminescent nanoprobes 
Liquid-filled and bimetallic thermometers, thermocouples, pyrometers, and thermistors, 
are classified as contact thermometers and are generally not appropriate for temperature 
determination at scales below 10 µm [29,31-36]. As the contact measurements require 
conductive heat transfer from the object to the probe, the thermal equilibrium between 
them is needed to provide a reliable estimative of the object’s temperature. This thermal 
connection disturbs the temperature of the sample during the measurement, especially 
for systems with a small size when compared to that of the probe’s sensor head [31]. 
The limitations of contact thermometers to disclose thermal processes, especially in 
small systems where submicron spatial resolution is desirable scale have spurred the 
development of new non-contact (semi-invasive and noninvasive, Figure 6.3) accurate 
thermometers using the changes in the light emitted or absorbed by a thermal probe. It 
is now well spread in the literature that the temperature measurements based on 
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intensity changes require ratiometric readout. The intensity ratio between two 
transitions is not compromised by the well-known disadvantages of experiments based 
on the intensity of only one transition, such as the critical dependence on variations of 
the sensor concentration, eventual material inhomogeneities and optoelectronic drifts of 
the excitation source and detectors [30,31,37]. 
 

 
Figure 6.3. Comparing the typical temperature uncertainty and probe size of distinct 
methods to measure the temperature. 
 
From the materials point-of-view, luminescent thermal probes are derived from organic 
dyes, ruthenium complexes, spin crossover nanoparticles, polymers, layered double 
hydroxides (LDHs), QDs and Ln3+-based materials. Molecular thermometers based on 
light-absorbing aromatic compounds [29], Rh101 [39], RhB [40], Rh 101/Rh B [41], 
fluorescein isothiocyanates [42], and cyanine dyes [8] are used for temperature 
determination, essentially in biological context [22]. QDs have been proposed for 
submicron thermometry, since they present temperature dependent luminescence 
(intensity changes or emission peak shifts) [15, 43] and are well suited to operate in the 
spectral region of low absorption of the biological tissues. Nanomedicine stands out as 
the most appealing area, since bioconjugation of QDs can make them target selective. 
Although QDs are often composed of highly cytotoxic elements (e.g. Cd) which makes 
difficult their future use in clinical trials [44,45], many intriguing results are being 
reported using QDs for in vivo biologic deep imaging in laboratory mouse models. 
Despite the promising features of luminescent thermometers, the market of non-contact 
temperature sensors is clearly dominated by the infrared pyrometry that is used in 
pyrometers and infrared thermal cameras. The relatively low accuracy of this technique, 
typically 2-5 K, combined with the difficulty to set the correct emissivity of an 
unknown surface is balanced with the fully non-contact nature of the technique. On the 
other hand, in luminescent thermometry a minimally invasive molecular probe needs to 
be in contact with the object, and as a revenue, the thermal uncertainty can be dropped 
by one order of magnitude, to 0.2-0.5 K, using portable spectrometers. Moreover, 
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contrary to the infrared pyrometry or contact thermometers, the luminescent probes 
present the critical advantage of can be designed to be excited inside of the biological 
tissues, permitting to recover the emitted signal (and thus the temperature) from the 
outside of the biological tissue. 

 
6.3.2. The peculiar example of trivalent lanthanide ions (Ln3+) 
The uniqueness of Ln3+ ions (the most prevalent oxidation state in which lanthanide 
elements are present in nature) lies on their electronic configuration corresponding to 
4fN (where N=1–14). The shielding of the 4f electrons from interactions with their 
surroundings (ligand–field interaction) by the filled 5s and 5p orbitals is responsible for 
the interesting chemical and photophysical properties of the Ln3+ ions [46,47]. Ln3+-
based materials are versatile, stable and narrow band emitters, presenting typically 
emission quantum yields values higher than 50% [48-51]. As different Ln3+ centers 
cover the electromagnetic spectrum from the UV (e.g. Gd3+) to the IR (e.g. Er3+, Yb3+, 
Nd3+), it is virtually possible to design luminescent probes for a large variety of 
applications [47,49-54], namely for pH [55], oxygen [56] and temperature sensing. 
Numerous Ln3+-based molecular thermometers have been reported, covering 
temperature ranges including the cryogenic (T<100 K), physiological (298–323 K) and 
high-temperature (400<T<1500 K) intervals. The probes involve chelate complexes 
[13,36,37], metal-organic frameworks [57-59], upconverting NPs (UCNPs) [60-62], or 
downshifting nanomaterials [63-65].  
Wang et al. were the first authors suggesting the use of the changes on the luminescent 
properties of nanoparticles for thermometry [66]. Using ZnS:Mn2+, Eu3+ nanoparticles, 
the ratio of the emission intensities of the two dopants was used for temperature 
determination, the so-called fluorescence intensity ratio, FIR. A few years later, this 
same FIR concept was generalized to NPs doped only with Ln3+ ions, BaTiO3:Er3+ 
UCNPs [67]. In Er3+-based systems, the FIR method involves measurements of the 
fluorescence intensities from two closely spaced electronic energy levels (2H11/2 and 
4S3/2) that are thermally coupled (e.g., in a thermodynamically quasi equilibrium state) 
[68,69]. Later, the development of siloxane-based hybrid magnetic nanoclusters doped 
with Eu3+ and Tb3+ chelates opened the possibility of using emission from two emitting 
centers [37]. In this example, the rational design of the hybrid host to have an excited 
state with energy slightly above that of the Tb3+ 5D4 emitting state, guarantees the 
occurrence of thermally-driven 5D4→host energy transfer and, consequently, the 
determination of the temperature dependence of the 5D4 emission. As the energy 
difference between that triplet state and the Eu3+ 5D0 emitting level is too large to permit 
its thermally driven depopulation, the 5D4→7F5/5D0→7F2 relative intensity ratio 
guarantees the absolute measurement of temperature. Similar energy resonance schemes 
may be obtained using other hybrid or polymer hosts or β-diketone chelates with 
different ligands [70,71]. This mechanism involving the host excited state is different 
than that usually observed in Tb3+/Eu3+-doped materials in which the temperature 
dependence of the 5D4→7F5/5D0→7F2 intensity ratio is determined by the Tb3+-to-Eu3+ 
energy transfer [72], that occurs essentially through the dipole-quadrupole and 
quadrupole-quadrupole mechanisms [73]. The use of Tb3+-to-Eu3+ energy transfer as a 
tool to temperature sensing was firstly proposed by Sato et al. in 1989 [74] and revisited 
by Liu et al. in 2005 [75]. 
 
6.3.3. Downshifting versus upconversion in Ln3+: benefits and challenges 
In the time-integrated methodology there are two main physical mechanisms that can 
generate the luminescent signal after a photon of a certain energy being absorbed. When 
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the energy of the absorbed photon is higher than that of the emitted one, generally the 
process involves non-radiative deactivation processes and as outcome a lower energy 
photon (higher wavelength) is emitted. This linear process, called Stokes emission or 
downshifting, is operative even for low power values. Typical Ln3+ downshifting probes 
(e.g. Eu3+, Tb3+, Tm3+, Sm3+) absorb ultraviolet radiation and emits in the visible 
spectral range. On the other hand, the absorption of several photons of lower energy to 
generate a single photon of higher energy is a non-linear process (called anti-Stokes 
emission or upconversion) that is also possible to be used for temperature probing. The 
most studied Ln3+ ion for luminescence thermometry by upconversion is the Er3+ that 
combines the 4I11/2 level almost resonant with the 2F5/2 level of Yb3+ and two closely 
energy levels (2H11/2 and 4S3/2) that are used to infer the temperature through the 
Boltzmann law. The Yb3+ ion takes the role of sensitizer due to the high absorption 
cross section at 980 nm (2F7/2→

2F5/2 transition). 
As recently reported by some of us, there is a straightforward method to predict the 
temperature calibration curve of any upconverting thermometer based on two thermally 
coupled electronic levels independently of the medium. Thermometric systems that 
must be referred to a well-known temperature for their calibration are classified as 
secondary thermometers, while primary thermometers are characterized by a well-
established equation of state that directly relate a measured value to the absolute 
temperature without the need of calibration [33,76,77]. On the other hand, secondary 
thermometers are quite inexpensive and accessible making them ideal probes for routine 
temperature measurements. Generally, in secondary thermometers the calibration 
procedure requires an independent measurement of the temperature to convert the 
thermometric parameter to temperature. A new calibration procedure is necessary 
whenever the thermometer operates in a different medium. However, recording multiple 
calibrations is a time-consuming task, and not always possible to perform, e.g., in living 
cells and in electronic devices. Primary luminescent thermometers can have 
overwhelmed the limitation of secondary thermometers as the intrinsic calibration 
parameter is dependent on well-known quantities and, then, it is computable from other 
measurements not requiring the material calibration. This is a breakthrough, as tedious 
and time-consuming calibration procedures become entirely unnecessary if the emission 
spectra can be measured at a given known temperature. For the illustrative example of 
SrF2: Yb3+/Er3+ doped nanoparticles of distinct sizes and operating in distinct media, 
Balabhadra et al. [78] defined the thermometric parameter by the usual 
2H11/2→

4I15/2/4S3/2→
4I15/2 ratio and compared the temperature measured by an external 

thermocouple probe (Figure 6.4) with that calculated trough: 
 

	 (6.	2	)	

	
where Δ0 is the intensity ratio at a given temperature T0. Notice that the energetic 
separation between the barycenter’s of the levels in thermal equilibrium (ΔE) is 
calculated applying a deconvolution procedure to the emission spectra. Both calculated 
and measured temperatures are in excellent agreement as can be attested in ¡Error! No 
se encuentra el origen de la referencia., opening the possibility to predict the 
temperature in each situation different of the usual media in which the nanoparticles 
operate. An obvious application is the use of luminescent upconverting thermometers in 
biological specimens that generate heat, presents complex biological fluids (pH, ionic 
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strength, etc.), thus making this methodology a promising open route to extend the 
operation range of these materials to several applications. 
 

 
Figure 6.4. Comparison between the temperature values calculated using Eq. 6.2.¡Error! 
No se encuentra el origen de la referencia. (ordinate) and measured using a 
thermocouple (abscissa) for SrF2: Yb3+/Er3+ nanoparticles in powder and suspended in a 
water solution. The interrupted line is a guide to the eyes corresponding to a perfect 
match between the measured and calculated temperatures. Adapted with permission 
from reference [78]. 
 
6.3.4. Quantifying the thermometer’s performance 
It is well accepted that the performance of any thermometer should be quantified to 
permit the comparison between distinct techniques and among different materials using 
the same experimental method. The comparison of the performance of distinct 
luminescence thermometers is made using: 

• Relative thermal sensitivity 
• Temperature uncertainty (or temperature resolution) 
• Spatial and temporal resolution 
• Repeatability (or test-retest reliability) 

 
Relative thermal sensitivity  
The relative thermal sensitivity Sr indicates the relative change of Δ per degree of 
temperature change and is defined as: 
 

 (6. 3 ) 

 
T

Sr ∂
Δ∂

Δ
=
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being usually expressed in units of % change per Kelvin of temperature change 
(%·K−1). This parameter was introduced in 2003 in the context of optical fiber point 
temperature sensing [79] and since our initial purpose in 2012 [29] has been commonly 
used as a figure of merit to compare different thermometers, independently of their 
nature [57,58,64,80-83]. The maximum value of Sr is denoted as Sm. Compared to the 
absolute sensitivity Sa [84], 
 

 (6. 4 ) 

 
Sr presents the critical advantage of being independent of the nature of the thermometer 
(i.e. mechanical, electrical, optical) allowing a direct and quantitative comparison 
between different samples, a powerful tool when different techniques are considered. 
Although frequently seen in the literature, Sa cannot be used to compare the 
performance of distinct luminescent thermometers as it depends on the sample 
characteristics (e.g., absorption and lifetimes) and on the experimental setup. 

	
Temperature uncertainty 
The temperature uncertainty (or temperature resolution) δT is the smallest temperature 
change that can be detected in each measurement: 
	

	 (6.	5	)	

	
being dependent on the thermometer performance (quantified by the relative sensitivity) 
and experimental setup (that limits δΔ/Δ). 
	
Spatial and temporal resolution 
The spatial resolution of a thermometer (δx) represents the ability of a given system to 
resolve temperature changes occurring in two points separated by a certain distance and 
is defined as the minimum distance between points presenting a temperature difference 
higher than δT [85]:  
	

 (6. 6 ) 

 
where denotes the maximum temperature gradient of the mapping. For a one-

dimensional temperature profile, the temperature gradient is given by  
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In analogy to the spatial resolution, the temporal resolution of the measurement (δt) is 
the minimum time interval between measurements presenting a temperature difference 
higher than δT:  

 

 (6. 8 ) 

	
where |dT/dt|max is the maximum temperature change per unit of time. Both temporal 
and spatial resolutions are important to evaluate the applicability of a thermometer for 
dynamic temperature measurements. 
 
Repeatability 
The repeatability of a thermometer’s readout upon temperature cycling is quantified 
using the expression:  
	

 (6. 9 ) 

	
where Δc is the mean thermometric parameter (extracted from the calibration curve) and 
Δi is the value of each measurement of the thermometric parameter. Usually, 10 
consecutive measurements are enough to have a minimal statistical significance of the 
computed results. 
 
6.3.5. Trends in luminescence thermometry 
In the last couple of years, the focus of luminescence thermometry has gradually shifted 
from the fabrication of more sensitive nanoarchitectures towards the use of the 
technique as a tool for thermal bioimaging and for the unveiling of properties of the 
thermometers themselves and of their local surroundings. Examples in bioimaging are 
the acquisition of in vivo thermal images [86-88] and ischemia detection in small 
animals [79]). Concerning thermometers’ features, examples are the heat transfer in 
heater-thermometer nanoplatforms [90], the absorption coefficient and thermal 
diffusivity of tissues [91], the instantaneous ballistic velocity of Brownian nanocrystals 
suspended in both aqueous and organic solvents [92], and the thermal conductivity of 
porous silica and titania nanostructures [93]. 
Thermal heating of nanoparticles (nanoheaters), induced either by the application of an 
alternating magnetic field or by irradiation with a near infrared (NIR) laser, has found 
significant applications in nanomedicine, as, for instance, magnetic hyperthermia (or 
magnetothermal therapy) [94,95] and photothermal therapy [96-97]. Regarding the last 
two examples, the accurate measurement of the nanoheaters surface-temperature by a 
nanothermometer is crucial for regulating the heat released to the surroundings, 
allowing the adjustment of the irradiation parameters, thus assisting the therapy. 
Although distinct nanomaterials have been designed and fabricated as nanoheaters for 
magnetothermal and photothermal therapies [94,95,97,99], single heater-thermometer 
nanoplatforms operating in the biological spectral windows of the tissues where the 
absorption of water and biological specimens are minimal, and combining i) efficient 
light-to-heat or magnetic field-to-heat energy conversion (>50%); ii) high relative 
thermal sensitivity (>1 %·K−1), and iii) low temperature uncertainty (<0.1 K), have not 
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yet been realized, despite the numerous attempts reported in the last five years [90,100-
103]. 
To evaluate the heating performance of a suspension of nanoheaters, it is common to 
use the photothermal conversion efficiency, η, that is the fraction of the absorbed light 
converted into heat. The η parameter depends only on the particle’s properties and can 
be computed using the time constant method, or using the power ratio method. In the 
time constant method, a suspension of particles is heated up until reach a constant 
temperature by absorption of light. Then, the light source is turned off and the 
temperature decay until the room temperature is followed by a thermocouple. The 
temperature decay follows an exponential decay to the room temperature with time 
constant τ. The same experiment is repeated for the solvent used to disperse the 
nanoheather. Finally, η is estimated trough [104]: 
	

𝜂 =
𝑚𝑐Δ𝑇𝑚𝑎𝑥/𝜏 − 𝑄𝑠
𝑃(1 − 10−𝐴)

	 (6. 10 ) 

 
where m and c are the mass and the thermal capacity of the suspension, respectively, 
ΔTmax the maximum temperature increase and τ the time constant of the temperature 
decay. Qs is the heat absorbed by the solvent, P is the light source power, and A is the 
optical density of the suspension (determined by absorbance measurements). Other 
approach is based on a power ratio, and the η is calculated using [105]:  
 

𝜂 =
𝑃𝑏 − 𝑃𝑠
𝑃𝑒 − 𝑃𝑠

	 (6. 11 ) 

	
where Pb, Ps and Pe are the power values measured in an integrating sphere for the 
solvent, sample and empty sample holder, respectively. 
Wawrzynczyk et al., Debasu et al. and Piñol et al. were pioneers in the combination of 
heat generation and noncontact optical temperature sensing in single nanoplatforms. 
Whereas heavily Nd3+-doped was used by the first group, the second combines as heater 
and thermometer (part of the absorbed energy returns to the ground state via non-
radiative decays), the second example focus on gold-decorated NaYF4: Er3+ nanorods in 
which the system presents plasmonic heating and temperature monitoring using the 
green emission of the Er3+. Finally, Piñol et al. used a magnetic-luminescent 
nanoplatform that heats up by means of alternated magnetic field and probes the 
temperature using the Eu3+/Tb3+ emissions in the visible range. In the last two examples 
the thermometer operates out of the first biological window (I-BW, 700–980 nm [88]). 
Contrarily, Nd3+-based nanostructures can simultaneously generate heating through 
photothermal conversion and reading temperature using intra-4f 3 emissions with 
energies within the first, second and third biological spectral windows [96,100,106]. 
However, the relative thermal sensitivity of the Nd3+-based nanostructures (typ. 0.1 
%·K−1) is generally one order of magnitude lower than the typical values reported for 
Yb3+/Er3+ (typ. 1.0 %·K−1) and Eu3+/Tb3+ (typ. 5%·K−1) luminescent thermometers 
[24,99]. 
The comparison between the performances of these nanoplatforms is difficult due to 
temperature uncertainties and photothermal conversion values scarcely evaluated. For 
instance, there are only two Ln3+-based examples reporting photothermal conversion 
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values: 72.1% in NdVO4 nanoparticles [107] and 72.7% in 
NaNdF4@NaYF4@1%Nd3+:NaYF4 multishell nanostructures [108]. 
Recently, Savchuk et al. [109] reported the KLu(WO4)2: Ho3+/Tm3+ nanoparticles as 
new multifunctional heather-thermometer nanoplatforms operating in the I-BW with 
Sr=2.8 % K−1, δT=0.2 K (both at 300 K) and photothermal efficiency of 34±2% [102].  
 

	
Figure 6.1. (A) Dependence of the temperature increase (ΔT) with the 808 nm laser 
power density (PD) for the KLu(WO4)2: Ho3+/Tm3+ nanoparticles. (B) Experimental 
setup used to estimate the thermal resistance of the nanoparticles. (C) Photothermal 
conversion efficiency of the nanoparticles upon distinct 808 nm laser power values. 
Adapted with permission from reference [109]. 
 
The authors used upconversion thermometry to calculate the thermal resistance of the 
nanoparticles through a full non-contact heating and temperature reading. The thermal 
resistance of a nanostructured material is a key parameter to understand thermal 
transport in a large variety of technologies, such as, micro- and nanoelectronics, thin-
film thermoelectric, and nanoparticle-based thermal interface materials [110]. The value 
obtained by upconversion thermometry for KLu(WO4)2: Ho3+/Tm3+ nanoparticles, 
9.84×107 K·W−

1, is similar than those reported for Si nanorods and Si-based hetero-
structured nanowires using conventional techniques.  
 
6.4 Intracellular thermometry 
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We have revised in previous sections the state of the art in high-resolution thermometry 
emphasizing the latest advances in lanthanide luminescent thermometry, which seems 
especially suitable for nanothermometry in general and cell thermometry in particular. 
Apart from this feature, high sensitivity in the biological temperature range and fast 
response are also essential requirements for intracellular thermometry. Moreover, 
cellular working conditions must also be taken into account such as wide range of pHs 
and ionic strengths, low probe concentrations, and local chemical environments. All this 
features are narrowing the options for intracellular thermometry within the broad scope 
of nanothermometers available.  
In this section, we will revise the systems that have already been tested in cell 
thermometry. The state of the art is reflected in several recent reviews [29,33,111-113]. 
From the early work of Chapman et al. in 1995 [114] to 2008 the development of this 
field has been scarce, however, from then on, the number of publications is increasing 
exponentially. Being a field with such a young development, it is not strange that most 
of the proposed cell thermometry systems have been used in proof of concept 
experiments, and only in a few cases they have been already applied to the study of cell 
biology processes such as endogenous thermal effects and hyperthermia. 
Most of the thermometric systems proposed for intracellular thermometry are non-
contact and use optical properties for detection, including: emission intensity, band-
shape, bandwidth, lifetime or polarization anisotropy. In many of them the temperature 
sensing property is directly optical, but in some complex thermometers there is a 
temperature-sensing property of non-optical character, for instance conformation 
transition of a thermosensitive polymer, that modifies the emission properties of the 
optical part [29]. It is important to distinguish between single emission systems that can 
measure temperature gradients, and multiple emission ratiometric systems that measure 
absolute temperatures. In the following, we will revise different types of optical 
materials that are useful for cell thermometry.  
 
6.4.1. Molecular cell thermometers 
The simplest materials for cell thermometry are organic molecular dyes. They were also 
the first to be used in cell thermometry [114]. In that early study by Chapman et al. the 
fluorescent dyes were NBD (7-nitrobenz-2-oxa-1,3-diazo1-4-y1) and laurdan (6-
dodeca-noy1-2-dimethylamino-naphthalene), the detection parameter was fluorescence 
lifetime and the sensitivity was just 2oC. A few years later, Coppeta et al. [115] made a 
comparative study on the thermometric performance of a series of different dyes (see 
Figure 6.6. This report shows also a comparison of dual and single fluorophore systems. 
While dual systems are not affected by variations of excitation light intensity due to 
absorption, single systems are sensitive to these variations that induce errors in 
temperature determination (Figure 6.7). The most popular dyes in fluorescence 
thermometry are fluorescein and rhodamine [116]; however, other dyes such as 
rosamines can yield higher temperature sensitivities. A rosamine dye, so-called mito 
thermo yellow, has been tested in several cell lines to determine temperature gradients 
within the cell when being heated externally with an IR laser beam [117]. Later, it has 
been used in optical hyperthermia experiments as explained in the next section, whereas 
other molecular dyes have been used in magnetic hyperthermia [118]. Molecular 
organic dyes can also be used to fabricate ratiometric thermometers as demonstrated by 
Homma et al. [119], who attached two different dyes (rhodamine 101 and rhodamine B) 
by a linker for this purpose, and use it to measure the elevation of temperature in 
mitochondria. Other types of molecular dyes that have been used in intracellular 
thermometry are lanthanide coordination compounds [120]. 
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The thermometric performance of free dyes can be greatly affected by the cell chemical 
environment. Therefore it is preferable to use them in encapsulated form, i.e. embedded 
in a polymer matrix.  
 

 
Figure 6.6. Variation of the emission intensity of typical organic dyes with the 
temperature. Reprinted by permission from Springer Nature, ref [115], Copyright 1998. 
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Figure 6.7. Variation of the fluorescence ratio versus position along a line with 
increasing light absorption for single and dual systems. The dual system is immune to 
light intensity variation. Reprinted by permission from Springer Nature, ref [115], 
Copyright 1998. 
 
6.4.2. Polymer cell thermometers 
A recent review on polymer cell thermometry can be found in ref [121]. In the plainest 
case of polymer thermometers the role of the polymer is just to act as a protective 
matrix for molecular thermometric fluorophores. In this system, the preparation of 
ratiometric thermometers is straightforward and consists on embedding two dyes with 
different temperature dependence. For instance, a ratiometric nanothermometer has 
been built by embedding Eu-TTA complex and rhodamine in an amphiphilic copolymer 
of PMMA (poly(methyl methacrylate)) and PAH (poly- (allylamine) hydrochloride) 
[122]. This thermometer was used to find the correlation between heat production and 
Ca2+ dynamics after stimulation with ionomycin. 
In a most sophisticated version of polymer intracellular thermometry, the polymer is 
thermoresponsive and the thermometric sensitivity of the dye is highly potentiated in 
this way. Moreover, the dye is covalently attached to the backbone of the polymer, 
directly or within a second polymer that is covalently attached to the first one by block 
copolymerization. Often, the polymer is also enriched with hydrophilic groups to ensure 
its stability in water, and may also be crosslinked to form a nanogel [123]. 
Thermosensitive polymers, undergo swollen to shrinking transitions with increasing 
temperature that are accompanied with the lost of water, which in turn produce a strong 
enhancement of the fluorescence of the dye. Thermometric nanogels composed of 
pNIPAM (poly(N-isopropylacrylamide) thermosensitive polymer and a water sensitive 
dye (DBD, [1,3]dioxolo[4,5-f][1,3]benzodioxole) have been introduced in the 
cytoplasm of COS7 cells by microinjection and their thermometric response was tested. 
In this experiments the cell average temperature was obtained by summation of the total 
intensity collected in all the pixels corresponding to an individual cell. Cell temperature 
increments of 0.45oC were detected after addition of a promoter of mitochondria 
activity (carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)). A drawback 
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of polymer thermosensitive systems is their narrow working range (from 27 to 33oC) 
associated to the polymer conformation transition. Based on a block copolymer 
architecture, Okabe et al. [22] prepared an intracellular thermometer with luminescence 
lifetime detection. This system yielded temperature maps instead of average 
temperatures of cells under normal state. The experiments revealed temperature 
differences of about 1oC between nucleus and cytoplasm in COS7 cells, and local 
temperature gradients associated to mitochondria activity. The thermometric sensitivity 
was 0.18-0.58oC, but the working temperature range was also limited to 29-39ºC. This 
system was further improved by changing the negatively charged hydrophilic block by 
another with a positive charge that allowed easy cell internalization through cell 
membrane in HeLa and other mammalian cell lines [124]. The architecture of the 
copolymer was later modified to include a fourth polymer block containing a dye with a 
constant intensity of emission independently of the polymer conformation (Figure 6.8), 
thus obtaining a ratiometric thermometer [125]. Elevating the degree of complexity, Hu 
et al. [126] built a block copolymer thermometer formed by a thermosensitive block 
(NIPAM) and a block containing three monomers each of them holding a different 
fluorophore: blue-emitting coumarin CM, green-emitting 7-nitro-2,1,3-benzoxadiazole 
(NBD), and red-emitting rhodamine B. A fluorescence resonance energy transfer 
(FRET) cascade is established between the three fluorophores, yielding a ratiometric 
thermometric signal with an improved sensitivity of 0.4oC in 20-44°C temperature 
range. Using this thermometer they detected a temperature increment of 0.6oC in live 
HepG2 cells upon glucose treatment. 
Another type of intracellular thermometers uses DNA (deoxyribonucleic acid) as the 
temperature sensitive material and FRET fluorescence as signaling material [127]. DNA 
strand changes gradually from folded to unfolded conformation and that induce a 
change in the FRET effect between organic fluorophores (fluorescein and rhodamine) 
attached to the ends of the strand. The DNA strands are encapsulated in micelles (made 
with several surfactants). This has been used for preliminary studies in microwaves 
hyperthermia in cells and mice.  
 

 
Figure 6.8. A complex construction of ratiometric high sensitivity polymer 
thermometer. Adapted from ref. 125 with permission from the Royal Society of 
Chemistry.. 
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6.4.3 Inorganic nanoparticle cell thermometers 
Due to their high brightness, emission stability, temperature dependence emission 
shifts, and small size, quantum dots are ideal candidates for high spatial resolution 
temperature imaging. Thus, although there is a strong concern about their toxicity, they 
have also been proposed as intracellular thermometers. For instance CdSe QDs have 
been used to map intracellular heat generation in NIH/3T3 cells following Ca2+ stress 
and cold shock. In this case the thermometric parameter was the spectral shift detected 
by means of a spectrometer coupled to the microscope [7]. It should be noted that 
providing the necessary experimental conditions the temperature spatial resolution with 
these methods could go beyond the diffraction limit to the size of a single QD. A simple 
way of detection in QDs thermometry based on intensity ratios rather than spectral 
shifts has been described [8]. The method collects the intensity in two regions at each 
side of the intensity maximum (650 to 670, and 630 to 650 nm). The ratio of these 
intensities varies with the temperature as a consequence of the spectral shift. This 
method can determine the temperature in a single QD, and it has been applied to the 
study of endogenous heat production of mitochondria (Figure 6.9). Temperature 
increments of 1oC were found after addition of the thermogenesis accelerator, carbonyl 
cyanide 3-chlorophenylhydrazone (CCCP). It was also used in studies of the 
temperature distribution in neurons that showed temperature inhomogeneities of 1.7oC 
between neurites and the body of the cell. QD thermometers can also be excited by two-
photon-excitation. This method is not only more convenient for using infrared light, 
which is more penetrating in tissues than visible light, but, it is also more sensitive to 
temperature and offers a higher spatial resolution than one-photon-excitation in 
intracellular thermometry [9]. 
 

 
Figure 6.9. Single-QD thermometry in mitochondria. (A) Confocal fluorescence images 
of living SHSY5Y cells labeling nuclei by Hoechst 33342 (blue) and mitochondria by 
MitoTracker Green FM (green) and incorporating quantum dots (red). Scale bar 
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represents 20 µm. (B) Representative temperature change of a single quantum dot after 
carbonyl cyanide 3-chlorophenylhydrazone (CCCP). (C) Summary of temperature 
change for each measurement. Red lines mark the temperature resolution. Reproduced 
from ref [8]. 
 
Another type of materials that has shown a good capacity for intracellular thermometry 
is represented by carbon-based NPs such as nanodiamond (ND) [128] and carbon dots 
(CDs) [129, 130]. Nanothermometers based on these materials have employed both 
fluorescence intensity [131] and fluorescence lifetime for detection [130]. CDs have 
also been combined with gold nanoclusters (NCs) to produce dual-emitting ratiometric 
thermometers for intracellular thermometry [129]. In its turn, nanothermometry based 
on nitrogen–vacancy color centers in NDs (which are produced by irradiating diamond 
with high-energy particle beams), yields an extraordinary sensitivity (1.8 mK) that have 
been used to evaluate the intracellular temperature gradients produced by optical 
hyperthermia with AuNPs, as described in section 6.5. 
Realizing the importance of local temperature on the functioning of cell organelles, Wei 
et al. [132] proposed a dual emission combination of carbon dots (CDs) and a 
fluorescence dye (rhodamine) as intracellular thermometer and showed its response in 
cells submitted to temperature changes from 5 to 50oC degrees. The ratiometric 
temperature sensing was based on a different temperature dependence of CDs (480 nm, 
low) and Dye (580 nm, high) emissions. 
Another nanothermometer with a very small size that has been proposed for 
intracellular thermometry is based on Au nanoclusters (NCs) that show a lifetime 
emission dependence with temperature in the 710 nm emission band under 580 nm 
excitation [133]. 
Especially suitable for deep tissue thermometry [11], upconverting nanoparticles 
(UCNPs) are also useful for cell thermometry. As explained in previous section the 
differential feature in these luminescent NPs is that they can be excited with a lower 
energy radiation (IR) than the emission energy (VIS or IR), and thus they can work in 
biologically transparent window [33,11]. They consist on different types of inorganic 
crystals hosting a sensitizer ion (usually Yb3+) that transfers the energy in a double or 
triple photon process to a sensitizer ion (also a lanthanide) that release this energy by 
luminescence radiation at a shorter wavelength. Based on this system, Vetrone et al. 
[60] measured the intracellular temperature of HeLa cervical cancer cells from 25°C to 
its thermally induced death at 45°C. The UCNPs ratiometric thermometer was made of 
NaYF4 nanoparticles doped with Er3+ and Yb3+, and it worked with 980 nm excitation 
wavelength and 525 nm and 545 nm emission wavelengths. 
 
6.4.4. Organic-inorganic hybrids cell thermometry 
Nanothermometers can also be built with Hybrid-Organic-Inorganic (HIO) materials 
[134] and they have demonstrated their utility for cell thermometry. There are several 
types of HIO nanothermometers including molecular hybrids (discrete metal-organic 
molecular compounds, layered double hydroxides, and metal-organic frameworks), 
polymer nanocomposites, and core-shell nanoparticles. As remarked above for 
molecule-based thermometry, a simple case is that in which the organic phase is just 
acting as protective matrix. For example, ultrabright nanothermometers have been built 
by embedding CdSe/ZnS QDs in a PMMA-co-MAA (polymethylmethacrylate-co-
methacrylic acid) copolymer matrix [135]. This thermometer was applied to follow 
temperature increments in different regions in cells under IR laser heating. This is also 
the case of hybrid nanostructures formed by neodymium (III)-doped NaGdF4 dielectric 
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nanoparticles (NPs) and semiconductor PbS/CdS/ZnS quantum dots (QDs) encapsulated 
in poly(lactic-co-glycolic acid) (PLGA) nanobeads [135]. Both Nd-doped-NPs and QDs 
emit in the IR biological window so they have a high penetration in tissue. Their 
responses to temperature changes are different being more pronounced in the second 
case, so their combination makes a ratiometric thermometer. This system and similar 
ones have demonstrated to be effective for temperature mapping in cells [83] and tissues 
[136]. The polymer can also play a role in temperature sensing (see Figure 6.10), an 
example is that of a ratiometric hybrid thermometer in which Au NCs were embedded 
in a temperature responsive copolymer [137]. This strategy is similar to that of Okabe et 
al. [22] using molecular fluorophores, but this time, one of the emitters is inorganic 
(AuNC) an the polymer is an alternating (instead of block) copolymer (P(NIPAM-
NBD-NSVB)) comprising 3 different monomers: one with the temperature responsive 
property (NIPAM), another carrying a fluorophore dye (NBDAA, 4-(2-
acryloylaminoethylamino)-7-nitro- 2,1,3-benzoxadiazole), and a third one holding a 
protein linkage group (NSVB, N-Succinimide p-Vinylbenzoate). This system was used 
to investigate the cell temperature after ionomycin calcium complex solution treatment. 
Average cell temperature increments of 4-5oC were recorded after the treatment. 
	

 
Figure 6.10. Different arrangements of chromophors in polymer nanocomposite 
nanothermometers. Reproduced from ref. 29 with permission from The Royal Society 
of Chemistry. 
 
6.4.5 Endogenous fluorescence cell thermometers 
A class apart of non-invasive intracellular thermometers is that of endogenous 
genetically encoded fluorescent proteins. Enhanced Green Fluorescent Protein (EGFP) 
shows a variation of the fluorescence emission intensity at 515-520 nm when excited at 
473 nm, in the region from 20oC to 60oC [138]. The expression of EGP can be induced 
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by a careful application of IR-LEGO (Infrared Laser-Evoked Gene Operator) laser to 
avoid cell death. This system has tested in vitro (bacteria) and in vivo (Caenorhabditis 
elegans). Other authors [20] using GFP (Green Fluorescent Protein) proposed 
fluorescence polarization anisotropy instead of intensity as a more robust thermometric 
parameter, thus reaching 0.4oC accuracy in a confocal microscope. However, the 
measuring time for a single cell monitoring was in the range of minutes. Kiyonaka et al. 
[139] built a fluorescence intensity ratiometric thermometer by tandem formations of 
GFPs and TlpA protein, which undergoes conformational changes with temperature that 
are transmitted to GFP, thus enhancing the thermometric response of this protein. The 
working mechanism is based on changes in the excitation peaks at 400 nm and 480 nm 
for a 510 nm emission wavelength. In this way, they could visualize thermogenesis 
phenomena in the cell membrane, the mitochondria and the endoplasmic reticulum. 
Recently another genetically encoded ratiometric fluorescent thermometer has been 
reported [140] based on two fluorescent proteins, mT-Sapphire and Sirius, with 
different temperature sensitivities. mT-Sapphire has a little temperature dependence of 
emission at 425 nm, whereas Sirius shows a strong temperature variation of emission at 
509 nm. The detection system uses a beam splitter to capture the dual luminescence 
from the two-protein complex. This method has been employed to measure temperature 
heterogeneities among cell organelles (Figure 6.11). Temperature increments of 6-9oC 
were found in the interior of mitochondria under chemical stimulation with carbonyl 
cyanide 4(trifluoromethoxy)phenylhydrazone. Notice that previous measurements of the 
outside temperature yielded 1oC, suggesting a relatively high temperature gradient 
inside the mitochondria. They also found a 2.9oC temperature gradient between nucleus 
and cytoplasm in live HeLa cells. 
Within this kind of endogenous thermometers, we can also mention the case of 
temperature-sensitive mutations [141]. The mutants show a temperature-dependent 
transcription of enzymes that, after a cascade of reactions provoke the apparition of 
colored or fluorescent molecules. A system of this type based on LacI(Ts) (lactose-
induced(thermosensitive)) regulated expression was tested in E. coli cells yielding a 
sensitivity of 0.7oC in a 35 to 45oC temperature range. 
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Figure 6.11. Monitoring temperature change in mitochondria. (A) Pseudo-colored ratio 
image of gTEMP (genetically encoded ratiometric fluorescent temperature indicator) 
expressed in mitochondria of a HeLa cell upon FCCP (carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone) stimulation. At time = 0 min, 10 µM FCCP was 
added to the cell. (B) Time course of the ratio in mitochondria with FCCP and without 
FCCP. Reproduced from ref [140]. 
 
6.4.6. Cellular contact thermometry 
Finally, contact thermometry has also been proposed as an alternative for cell 
thermometry. For instance, the surface temperature of fixed cells has been mapped with 
thermocouple microarrays [142]. Obviously, these methods do not give the real 
intracellular temperature that should be estimated after considering heat conduction 
effects at the nanoscale that are not well known and can be quite relevant in cellular 
systems. Using this microarray system, adherent human hepatoblastoma (HepG2) cells 
were screened for periods of several days showing frequent fluctuations within 60 mK 
and a maximum increment by 285 mK. Another contact thermometer proposed for 
intracellular thermometry is based in the use of a micropipette filled with a lanthanide 
coordination compound (Eu3+-TTA) that was placed in contact with the cell [143]. The 
authors observed the thermogenesis generated by ionomycin-induced Ca2+ influx in 
HeLa with this system. 
	
6.5 Intracellular thermometry for hyperthermia studies 
In general, intracellular thermometry for hyperthermia studies has followed two 
strategies: 1) dual-particle approach, in which heating and thermometry are carried out 
using two independent nanoparticles, and 2) single-particle approach, in which the 
temperature sensing elements are incorporated into the heating nanoparticle structure. 
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The dual-particle approach offers a wide scope of choices for temperature screening in 
hyperthermia studies. In principle, all the systems described in the previous section 
could be applied. However, this approach does not yield a direct value of the nanoheater 
temperature, and this has to be estimated from heat transfer models. Actual models have 
a contrasted precision in macroscopic systems, but they might not be so accurate at the 
nanoscale [90].	Moreover, the distances between nanoheaters and nanothermometers 
within the cell cannot be controlled in these systems [144,128]. These problems may be 
partially alleviated by incorporation of the heating and sensing nanoparticles in a 
common nanoparticle matrix [101]. Nevertheless, local temperatures can be very 
important as they may induce thermal degradation of biomolecules in the vicinities of 
the nanoheaters leading to cell apoptosis processes, without significant temperature 
changes in the cytoplasm, as pointed out in the introduction section. Therefore, it is 
desirable to have thermometry data at the precise localization of the nanoheathers, 
which can only be attainable with the single-particle approach. To this respect, the ideal 
situation would be to have a single system for heating and thermometry. There are 
systems in optical hyperthermia that are close to this ideal situation [96,103]. On the 
other hand, optical hyperthermia and magnetic hyperthermia present peculiarities that 
make the application of cell thermometry a distinct challenge for each case, so they will 
be treated in two different subsections. 
 
6.5.1 Intracellular thermometry in optical hyperthermia 
Heat power of NPs in optical hyperthermia, especially that based on plasmonic resonance of 
AuNPs, is orders of magnitude higher than that attainable in magnetic hyperthermia. Thus, it 
is not surprising that most of cell thermometry studies on hyperthermia effects have been 
dedicated to this type of hyperthermia, because the thermal effects are stronger and easier to 
observe.  
Early reports of thermal studies on cell optical hyperthermia were authored by Donner et al. 
[145]. They were performed on HeLa and U-87 MG cancer cells using endogenous cell 
thermometric probes (GFP) and fluorescence anisotropy detection. GFP molecules were 
excited with a blue laser (λ = 473 nm). Temperature increase was induced by local 
photoheating of gold nanorods (GNRs) located in the extracellular cell media or internalized 
under irradiation with a laser wavelength set at 800 nm. This system was later used to 
image plasmonic heating in a living organism [146]. Optical hyperthermia experiments 
with AuNPs with the purpose to stimulate muscles were followed using mito thermo 
yellow molecular thermometer [147]. These studies revealed interesting phenomena 
associated to photothermal stimulation such as an increase of mRNA (messenger RNA) 
transcription of genes encoding heat shock proteins and sirtuin, which can induce 
mitochondrial biogenesis. 
 
6.5.1.1 Dual-particle systems 
Using the dual-particle approach, Yang et al. [148] followed the intracellular 
temperature of HePG2 cells under plasmonic-based photothermal treatment (PPT). The 
heat sources were Au nanorods coated with PEG (polyethylene glycol), and the 
temperature probes were silica nanoparticles doped with luminescent Ru(bpy)3

2+ 
molecules. The sensitivity of the thermometric system was 1.26%°C-1, in a 25-45°C 
temperature range, with a 450 nm excitation and 550-650 nm emission wavelengths. 
Fluorescence intensity maps from the thermometric emission were recorded that 
showed a variation of the intracellular temperature when the Au nanorods were 
irradiated with a 808 nm laser (Figure 6.12). 
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Kucsko et al. [128] used nanodiamonds to follow the heating of AuNPs under laser 
irradiation. The measurements were used to evaluate the intracellular temperature 
gradients produced by optical hyperthermia with AuNPs. Temperature gradients at the 
heat source location were estimated from the measured temperatures in NDs at several 
distances from the source. Estimated gradients of 80oC were observed with a high laser 
intensity that caused cell death, but at low laser intensities producing 10oC gradients the 
cells survived.  
 

 

 
Figure 6.12 Luminescence images (top left side) and corresponding pseudo color 
luminescence intensity images (down left side) of HePG2 cells taken after different 
times of irradiation with 808 nm light. On the right side, bright field image (BF) of the 
cells after internalization of the coated AuNRs. Blue in the pseudocolor images 
corresponds to a decrease of the luminescence intensity. Reprinted by permission from 
Springer Nature, ref [148], Copyright 2014. 
 

Another cell thermometry experiment based on dual-particle system has been reported 
by Maestro et al. [144]. The thermometric NPs were PEG coated QDs (CdSe), and the 
heathers were gold nanorods capped with cetyltrimethylammonium bromide bilayer. 
The thermometric detection parameter was the shift of the emission maxima at 650 nm 
under 488 nm excitation (sensitivity = 0.16 nm/°C). The heating of AuNRs was induced 
by 808 nm laser irradiation. Controlled hyperthermia experiments were conducted in a 
double-beam confocal microscope in HeLa cells. Temperature increments of 3ºC were 
observed, together with drastic cell morphology changes indicative of cell death, under 
relatively low power irradiation (4 mW). When the power intensity was raised to 7.5 
mW, the cell temperature increased 5.5ºC and cell death was massive. Thermal-induced 
morphological changes were also observed on non-irradiated surrounding cells 
attributed to temperature diffusion effects. In another experiment from the same group 
[149], the temperature on the cells surroundings was determined using a 
NaYF4:Er3+,Yb3+ upconversion microparticles as thermometric probes. This 
thermometric system is ratiometric (I540/I525) and yields a very high sensitivity (1.6x10-2 
± 0.1x10-2°C-1 at 25°C). With a clever combination of optical trapping to displace a 
single microcrystal and luminescent thermometry on this microcrystal, the temperature 
at the cell surroundings was precisely scanned (see Figure 6.13). Significant 
temperature increments were measured in the cell surroundings that increased with the 
laser power (irradiating the AuNRs) up to 15oC, when the power was 72 mW. The 
increment reduced to a half at 6 µm from the cell, and reduced to zero at 6 µm. 
Therefore, it was conclude that cell hyperthermia treatment with AuNRs will affect also 
to surrounding cells. 
The same group [150] studied the heating efficiency of multi-walled carbon nanotubes 
(MWCNTs) under optical excitation within the first (808 nm) and second (1090 nm) 
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biological windows. The thermometric system was the same as the one used in ref [144] 
for GNRs. MWCNTs showed lower heat power than GNRs, however the power was 
wavelength independent in the 800-1100 nm range, whereas that of GNRs decreases 
rapidly when shifting from surface plasmon absorption maximum.  
 

 
 
Figure 6.13. a) Schematic representation of the experimental setup used for thermal 
scanning in the surroundings of a HeLa cell subjected to a plasmonic mediated 
photothermal treatment. The thermal scan direction is indicated with an arrow. b) The 
optical-transmission image of the HeLa cancer cells after incubation with GNRs. The 
dashed circle indicates the position of the (heating) 800 nm laser spot. The presence of 
the NaYF4:Er3+,Yb3+ particle used for thermal measurements is also indicated by a 
dashed circle. c) Upper part: Temperature decay measured from cell surface for three 
heights (distances from substrate). The symbols are the experimental data, and the lines 
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are guides for the eyes. Lower part: Control thermal scan performed in absence of the 
800 nm heating laser. Reproduced with permission from John Wiley and Sons, ref 
[149]. 
 
High-resolution thermal sensing is not only interesting at the cellular level but also in 
animal models, which are more useful in diagnosis and controlled hyperthermia 
treatment. Whereas outstanding results has been obtained with visible emitting 
lanthanides regarding in vitro studies, their application for in vivo studies is restricted 
due to the low penetration depth of visible light in the tissues. To overcome this 
restriction, a great effort has been made to develop materials whose bands of emission 
and absorption are found within the so-called biological windows where the dispersion 
and absorption of tissues are minimized. Two biological windows are typically defined; 
the first and second (I-BW and II-BW) correspond to the spectral ranges of 650-950 and 
1000-1350 nm. Rocha and co-workers [102] carried out single-beam subtissue optical 
hyperthermia treatments by combination of GNRs (45x15 nm2) nanoheathers and Nd3+ 
doped LaF3 (core)/undoped LaF3 (shell) NPs that act as nanothermometers and 
nanoheaters under 808 nm continuous wave excitation.  The optimum excitation of the 
Nd3+:LaF3 are also coincident with the most efficient wavelength for the plasmon 
resonance used for photothermal therapies of GNRS. Temperature variations within the 
biological range have been found to cause linear modifications in both the spectral 
position of emission lines as well as on the relative intensities Nd3+ emission lines to 
display a remarkable luminescence thermal sensitivity with a value of (2ºC). For the 
determination of subtissue imaging and temperature sensing, the spectral position of the 
characteristic bands of Nd3+ ions at around 900 and 1060 nm (corresponding to the 4F3/2 
→4I9/2 and 4F3/2 →4I11/2 transitions respectively) bands is especially favorable. They 
match well the extinction coefficients minima of human tissues within the biological 
windows.  
 
6.5.1.2 Single-particle systems 
An easy construction for single-particle nano-heather-thermometer consists in 
embedding organic fluorescents dyes in the shell of polymer-coated nanoheathers. 
Freddi et al. [151] used this strategy with gold nanorods and gold nanostars optical 
nanoheathers, and also with iron oxide magnetic nanoheaters. The thermometric dye 
was positively charged rhodamine B that was absorbed by electrostatic forces on the 
negatively charged polymer shell surface. A layer-by-layer coating with negative (PAH) 
and positive (poly(sodium 4-styrenesulfonate, PSS) polyelectrolytes permits to regulate 
the thickness of the coating and therefore the distance from the thermometric probe to 
the heat source. The temperature detection parameter was emission lifetime with a 
sensitivity of 0.029 ± 0.001 ns/°C and an uncertainty of 0.3°C. Strong heating efficiency 
decay was observed at a 6.5−8.5 nm distance. The system permitted to compare the heat 
power of the different nanoheathers in aqueous suspension. Heat powers (specific 
absorption rate, SAR) of 430 and 190 kW/g were estimated for gold nanorods and 
nanostars, respectively, for a 13 W/cm2 laser power. The SAR of magnetic 
nanoparticles was orders of magnitude lower (0.2 kW/g, for a 168 kHz, 32 mT ac 
magnetic field). The system was proposed for cell hyperthermia, but it was only tested 
in aqueous suspensions. 
A similar construction of surface attached thermometers was used by Nigoghossian et 
al. [152], only that this time, the heating component was in the nanoparticle shell, and 
the thermometric probe was a core nanoparticle instead of a molecular dye. The heaters 
were gold coated silica nanoparticles (gold nanoshells, with a size of 283 nm), and the 
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thermometric nanoparticles were NaGdF4:Yb3+:Er3+ upconversion nanoparticles (D = 
25 nm) coated with a 7 nm silica layer. The surface of the thermometric nanoparticles 
was modified with amine groups so they could bind to the gold surface. The 
temperature sensitivity was higher than 3 x 10-3 K-1 in a 20–70ºC temperature range. 
Temperature increments of 19oC for a 0.2 W laser power were recorded in an aqueous 
nanoparticle suspension. However, the system was not tested in cells. 
Debasu et al. [101] reverted the disposition of nanoheaters and nanothermometers, 
using thermometric (Gd, Yb, Er)2O3 nanorods as the central core and gold nanoheaters 
as surface decoration. However, the thermometric probe was over-sized relative to the 
heater and the laser excitation was off-resonance. This system was later improved by 
using gold nanorods with a similar size than the thermometric nanorods and a 
polyelectrolyte PSS polymer spacer linking between the nanoparticles [153]. The 
system showed a thermal sensitivity of 1.22% oC-1 at 29oC with and a 0.32oC 
uncertainty. Cell toxicity was assayed on MG-63 and A549 cells, but hyperthermia 
experiments were not carried out. Instead of surface linking, Rocha et al., [154] 
embedded the heater nanoparticles (gold nanorods) and Nd doped LaF3 nanoparticles in 
a PLGA polymer shell (hydrodynamic diameter, Dh = 120 nm). Both the heater and the 
thermometer were excited with the same 790 nm laser beam. The LaF3:Nd3+ 
thermometer is ratiometric (I863/I886). The dual system was successfully tested in 
chicken breast tissue at a depth of 2 mm. Temperature gradients between heaters and 
surface temperatures were registered during laser radiation. 
Similar polymer embedding strategies of both nanoheaters and nanothermometers have 
been used by del Rosal et al. [155]. In this case, the polymer matrix was poly(lactic- co 
–glycolic acid) (PLGA), the thermometric probes were Nd3+ doped NaGdF4 
nanoparticles, and the heathers were PbS/CdS/ZnS quantum dots. Although having a 
moderate photothermal efficiency compared to gold nanostructures, these QDs 
nanoheaters can lead to temperature increments as high as 45ºC 808 nm laser at 1.7 -2 
W cm-2 as it has been shown in ex vivo and in vivo experiments. 
The examples described above correspond to systems where the bioimaging, heating 
and temperature sensing capacities are performed by two different components 
incorporated in a single nanoplatform. In a step forward towards improving the local 
temperature measurement some research follow a different approach in which “single 
NPs” incorporate all the functionalities. A good example of this has been realized by 
Rocha et al. [96] in the form of Nd3+ doped LaF3 nanoparticles with a high Nd3+ content 
(up to 25%) This system is capable of simultaneous photo thermal treatment and 
temperature mapping by irradiation with a single near infrared laser beam (808 nm). 
The ratiometric thermometry parameter is obviously similar to the former case. In vivo 
experiments revealed a significant temperature increase that is 60% higher in the 
injection site with respect to the tissue surface. Another case of joining heating and 
thermometry in a unique compound has been recently reported by Kolesnikov et al. 
[156]. This system was also based on Nd3+ doped crystals, but the matrix was YVO4. 
The thermometric performance is not very impressive, however, as the temperature 
resolution was 1.5 K and the sensitivity was 0.25% K-1. The system was also used to 
measure the subtissue temperature in chicken breast tissue under simultaneous 
photothermal treatment. The nanoparticles were injected at a depth of 3 mm, and a 808 
nm laser beam was used as a source for heating and excitation at the same time. The 
luminescence emission from the thermometric nanoparticles was captured with an 
optical fiber. Temperature differences as large as 33% were found between the subtissue 
temperature and the surface temperature measured with a commercial infrared camera. 
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6.5.2 Intracellular thermometers in magnetic hyperthermia 
Thermometry in cellular hyperthermia experiments has been usually performed at bulk 
level in the medium with optical fibber thermometers [157]. Measurements of local 
temperature are very rare [158]. Within the dual-particle approach, systems have been 
proposed embedding UCNCs (up-conversion nanocrystals, NaYF4: Yb3+, Er3+) 
nanothermometers and MNPs (magnetic nanoparticles) in a common silica nanoparticle 
matrix, which mitigate in part the problems associated with this strategy [159], although 
the two types of particles were still 8-9 nm apart from each other, and the temporal 
resolution was too low (30 s) for a fine screening of the heat transfer process. This 
system has not been used in intracellular environment, however, studies in aqueous 
suspensions showed gradients of more than 20oC inside the silica nanoparticles, with 
respect to bulk solution temperature, that went to zero only 15-20 min after the field 
was switched off. Gradients were also found under low field intensity when the bulk 
temperature was invariant. 
Concerning single-particle approach, the ideal situation would be to have a single 
system for heating and thermometry. As it is described later in this section, there are 
systems in optical hyperthermia that are close to this ideal situation [96,101], but this is 
not feasible in magnetic hyperthermia at the present moment because thermometers 
based on magnetic properties lack the spatial resolution needed for this purpose. 
Therefore, the thermometric sensors are incorporated to the magnetic nanoparticles in 
the form of molecular fluorescent probes. In an early example of single-particle 
approach for intracellular thermometry and heating, temperature sensing was realized 
through a temperature-dependent azo-bond breaking. The reporter was a fluorophore 
attached through a linker to the MNP shell by such a bond [160], and the detection was 
achieved by fluorescence analysis of the cell medium after heating. Temperature at 
different distances from the nanoheather can be determined using spacers with different 
chain length. In experiments performed in nanoparticle suspensions, temperature 
gradients of 45oC, with respect to the medium bulk temperature, were estimated at 0.5 
nm from the heather that decreased exponentially with increasing distance. This system 
can be improved by replacing the azo-bond by DNA double strand bonding [161] that 
permits to modulate the sensing temperature with the chain length, and to perform 
several temperature measurements along the experiment. The fluorophore in this case is 
attached to the end of a DNA strand while the other strand is attached to the NP coating 
surface at a certain distance from the heating core. DNA denaturalized at precise 
temperature that depends on the chain length. Therefore, this system can mark when a 
certain temperature is achieved at a given distance from the heat source. Temperature 
gradients of nearly 10oC were estimated at 5 nm from the MNP heaters (Figure 6.14). 
Nevertheless, the temperature reading is still discontinuous and a posteriori. These 
problems can be overcome with a system that combines amphiphilic copolymer coated 
MNPs and molecular lanthanide fluorescence thermometers. The molecular 
thermometers are located on the MNP surface within the hydrophobic part of the shell. 
This system allows a continuous temperature monitoring with high time resolution. 
Moreover, the thermometer is ratiometric and generates absolute temperature maps 
from a pixel-by-pixel conversion of fluorescence intensity images captured in the 
microscope camera. However, none of these systems have been used in direct cell 
hyperthermia studies yet. 
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Figure 6.14. Experimentally determined temperature gradients at several distances from 
the heater in magnetic hyperthermia determined by DNA denaturalization thermometry. 
Reproduced with permission from John Wiley and Sons, ref [161]. 
  
A system that has been employed in studies of magnetic hyperthermia on HEK 293 cell 
membrane was based on molecular organic dye thermometry [128]. The thermometric 
probe was a dye, DyLight549 (orange), which was bound to the NP surface by means of 
a biotin-streptavidin linker. The local temperature of MNPs on the cell membrane was 
followed in comparison with that of Golgi apparatus collected with a GFP thermometer. 
A high frequency ac magnetic field was applied in this case (40 MHz, 0,67 kA/m), and 
temperature gradients higher than 15oC were observed at the NP surface without any 
observable change in the cytoplasm (Golgi apparatus in fact) temperature. The heat 
generated by the NPs produced a thermal activation of membrane ion channels without 
observable toxic effects. 
 
6.6 Conclusions and perspectives. 
The ultimate aim of hyperthermia therapy would be to operate at intracellular level with 
a minimum amount of foreign material to achieve the desired goal of non-invasiveness, 
no secondary effects, and optimal performance. The application of heat can be directed 
to obtain direct thermal induced cell death or just as an enhancer of drug activity or as a 
trigger for drug release. In any case, the advance in this field requires a deep knowledge 
of heat generation and conduction processes within the cell, and more specifically a 
precise mapping of temperature gradients established within the cell during 
hyperthermia application. Among the different high-resolution thermometric systems 
available, luminescent thermometers seem to be the most adequate for this task. 
Although they are not fully non-contact as the infrared pyrometers, they improve the 
uncertainty by one order of magnitude. There are already multiple choices available 
among luminescent temperature probes that could be suitable for intracellular 
thermometry including organic dyes, ruthenium complexes, spin crossover 
nanoparticles, polymers, organic-inorganic hybrids, semiconductor quantum dots and 
Ln3+-based materials. Some of them are even operative in the biological transparent 
window permitting to measure the temperature inside the biological tissue. Although the 
development of luminescent thermometry is relatively recent, many of the systems 
available have successfully been applied for intracellular thermometry. Their use in 
nanoparticle-based hyperthermia imposes some restrictions, as they should be able to 
determine the temperature in the vicinities of the nanoparticle heaters. Some heater-
thermometer constructions have been proposed for that purpose. In the case of optical 
hyperthermia, there are plenty of successful examples. Actually, the ideal case of having 
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both qualities in a unique material has already been realized. In the case of magnetic 
hyperthermia the advances in the field are scarcer. However, it is not risky to predict 
that a precise screening of heat transfer processes in intracellular hyperthermia will be 
realized in the next few years, which will suppose a real breakthrough in the 
development of hyperthermia therapy. 
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