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Abstract

The huge demand for biocompatible, robust, accurate and noninvasive technology to assess the temperature of a
biological targeted site for monitoring the hyperthermia effect brings the topic of remote thermometry to a very high level
of interest. There are already promising research directions to fulfil such demand in the short term and a review of the
achievements in this issue is certainly worth. This report offers an overview of the research regarding the most promising
nanothermometers nowadays, with emphasis on those addressed to remote operation while using optical or magnetic
responses of nanosized materials as the thermometric property. More specifically the optical emission intensity, optical
emission peak shift and optical emission lifetime will be covered as far as the optical-based nanothermometers are
concerned. Additionally, for the magnetic-based nanothermometers the magnetization or the magnetic susceptibility are
the thermometric properties covered in this review. Furthermore, the review includes the hyperthermia effect based on
nanosized metallic or magnetic particles plus a couple of thermally-responsive polymeric drug delivery systems, aiming
to provide an integrated view of the multipurpose platform offered by actuating-sensing nanoparticles. As far as the
regulatory system is concerned the availability of noninvasive thermometry incorporating biocompatibility, robustness
and accuracy will establish the grounds needed for the approval of the hyperthermia technology for therapeutic

purposes, thus allowing the market of this technological option on a global scale.
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Introduction

Sensing temperature, remotely and accurately, using a robust and
inexpensive approach is critical to emerging medical and biomedical
technologies. Therapeutic hyperthermia, driven either magnetically
using nanosized magnetic materials subjected to AC magnetic fields
[1,2] or electromagnetically using metallic nanomaterials excited
with appropriated light source [3] or radiofrequency field [4,5], is
a paramount example of such demand. As a therapeutic modality
hyperthermia has focusing on two commonly applied strategies,
namely conventional hyperthermia therapy [6] carried out at mild
temperature (typically in the range of 42-45°C) and ablation therapy
[7] performed at higher temperatures (typically above 50°C). Drug
delivery material systems based on thermoresponsive biocompatible
templates also represent a key emerging technology, with an enormous
demand for remote and accurate temperature measurements [8,9]. The
lack of a suitable technological option to assess the temperature of a
biological targeted site has delayed the market of both hyperthermia
and thermoresponsive drug delivery technologies for clinical use on a
large scale, as for instance in cancer therapy [10], gene therapy [11], and
thermally-controlled drug delivery protocols [12]. Invasive approaches
for monitoring the hyperthermia effect using thermocouples have
been employed in phase-I trials, but they are not accurate enough
and produce enormous discomfort to the patients [13]. Additionally,
invasive approaches monitor the bulk temperature instead, which may
differ from the heating-source or drug delivery site remarkably [14]. It
is therefore of great interest to develop inexpensive, noninvasive and
accurate approaches for measuring temperature, including integration
of the biocompatible sensor with a robust protocol to acquire and
handle the thermometric property, expected to support breakthroughs
in the coming years in basic cell and tissue research as well as in both

hyperthermia and thermoresponsive drug delivery systems for clinical
use.

Although nanothermometry is at its infancy considerable progress
has been made recently in regard to its use for remote assessing
the temperature at the site the nanomaterials are incorporated to.
Nanoprobes allowing remote temperature-sensing using optical
or magnetic properties are among the most promising directions
nowadays. Most of the optical-based nanothermometers use the
light-emitting intensity [15-23], light-emitting peak shift [24-26], or
lifetime decay of a suitable optical band as the thermometric property
[27-30]. As far as the clinical use is concerned the drawbacks of the
actual optical-based nanothermometers rely on biocompatibility (usual
semiconductor-based core nanoprobes or dye-based shell moieties are
toxic), robustness (typical bleaching of organic-based shell moieties)
or temperature accuracy (no better than 0.3°C nowadays), or even
combination of these factors. Moreover, due to limitations imposed
by living tissues on the optical penetration of light (optical therapeutic
window in the 700-1100 nm wavelength range), noninvasive clinical
use of optical excitation and signal pickup is a huge challenge, not yet
solved, except for very special therapeutic applications, as for instance
the photodynamic therapy for treatment (heating monitoring) of
skin cancer and follow up [31]. Alternatively, the magnetic-based
nanothermometry uses magnetization or susceptibility measurements
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of magnetic nanoprobes for remote assessing site-targeted temperatures
[32-35]. Typical magnetic nanoprobes are surface-functionalized cubic
ferrites, such as magnetite and maghemite nanoparticles [32-36].
Actually, up to date, for noninvasively clinical use the available data favour
magnetic nanothermometry as compared to optical nanothermometry.
At the present time key issues such as biocompatibility (magnetite and
maghemite nanoparticles are very much biocompatible and already
approved by the FDA), robustness (magnetization and susceptibility
measurements provide very high repetitiveness, sensitivity, and
accuracy) and temperature accuracy (better than 0.5°C nowadays)
related to remote magnetic nanothermometry surpass the records
of remote optical nanothermometry. Notice, however, that remote
magnetic nanothermometry and magnetically-driven hyperthermia
can use the same material platform (surface-functionalized and/
or encapsulated magnetic nanoparticles), thus allowing integration
of heating-sensing functionalities in future hyperthermia- and drug
delivery-oriented hybrid nanodevices. Likewise, remote optical
nanothermometry and optically-driven hyperthermia can be
engineered to use the same nanomaterial (surface-functionalized and/or
encapsulated metallic nanoparticles). Nevertheless, a single nanoprobe
incorporating biocompatibility, robustness and superior temperature
accuracy (improving the actual decimals accuracy to centesimals of
degrees centigrade) has not yet been proposed in order to fulfil the
required standards for monitoring temperature in basic research as well
as for hyperthermia and thermoresponsive drug delivery technologies.

This review aims to provide the latest information regarding
the advances on nanothermometry focusing on its application
in the nanoparticle-based hyperthermia and thermoresponsive
drug delivery technologies. It will be emphasized here how the
multifunctional material platform provided by nanosized particles
(magnetic or metallic) can be engineered to incorporate noninvasive
hyperthermia, drug delivery and thermometry in a single device.
Besides the magnetic and metallic nanosized particles addressed in
the present review the literature reports alternative nanomaterials
currently used as heating devices, such as carbon nanotubes and
organic-based nanoparticles [37]. The review is organized as follows:
The second and the third sections will present the nanoparticle-based
hyperthermia and the thermoresponsive drug delivery backgrounds
respectively, emphasizing the need of a remote, accurate, robust and
inexpensive approach for temperature measurements. The third section
will be restricted to a couple of polymer-based thermoresponsive
systems as paramount examples of a very flexible hosting template for
both nanoparticles and drugs. The fourth section will report on the
state of the art in nanothermometry based on optical and magnetic
temperature nanoprobes and their correlation with hyperthermia and
thermoresponsive drug delivery technologies. The final section will
summarize this review while adding some insights that may be useful
for a broader audience.

Nanoparticle-based Hyperthermia

Hyperthermia is indeed a very old approach in clinic. In the ancient
Greek medicine Hippocrates (460-370 BC), known as the Father
of Modern Medicine, firstly wrote: “Quae medicamenta non sanat;
ferrum sanat. Quae ferrum non sanat; ignis sanat. Quae vero ignis non
sanat; insanabilia reportari oportet”. More recently, invasive as well as
noninvasive approaches have been developed and addressed to promote
hyperthermia, with emphasis as a therapeutic modality for oncology.
Among the invasive approaches there is the radio frequency ablation
(RFA) technique which is based on the implant of a needle electrode,
usually guided by ultrasound imaging into the tumor region, that can

be used for heating the targeted site to temperatures in the range of 60
to 100°C by applying an external radiofrequency field [38,39]. Recent
development in RFA includes the incorporation of absorptive mediators
into the needle electrode, such as gold nanoparticles, which increases
the specificity of the therapy while protecting the normal tissues, as the
energy requirement is lowered [40]. Noninvasive approaches, however,
represent nowadays the forefront of the hyperthermia research for
clinical and drug delivery applications, aiming to be approved by the
regulatory agencies in order to reach the global market in the coming
years. Nanotechnology provides mainly two different approaches
for noninvasive (remote) hyperthermia, both using biocompatible
nanosized materials. The first approach is based on metallic materials,
mostly gold nanoparticles, which can be accumulated on the targeted
site and remotely-activated to act as heat spots by applying near
infrared (NIR) light or radiofrequency (RF) fields. Alternatively,
the second approach uses magnetic materials, usually cubic ferrite
nanosized particles, which can be delivered at the targeted site for
further activation by applying external AC magnetic fields in order to
produce local heat. By using either the optically- or the magnetically-
activating mechanisms the on-site produced heat is transferred into
the surrounding volume and can be used for instance to promote cell
and tissue damage or can be used to modulate drug delivery from a
thermoresponsive hosting template. In all cases, however, the thermal
response depends on how much the on-site temperature is upshifted,
which critically determines the therapeutic outcome or the drug delivery
doses. For instance, in the hyperthermia therapy cancer cells trigger
apoptosis typically around 44°C whereas cancer cell necrosis starts
around 50°C [41-43]. Either for apoptosis or necrosis the triggering
temperature value may varies from tissue to tissue, from one type of
cancer cell to another, as well as from one patient to another. Therefore,
the nanoparticle hyperthermia (NHT) or the thermoresponsive drug
delivery (TDD) technologies critically depend on the development of
an approach for temperature measurement, expected to be noninvasive,
robust, accurate, and inexpensive. At this point it is interesting to
emphasize that both magnetic and metallic nanoparticles can be used
not only to produce heat but also to provide the thermometric property,
optical or magnetic, to build a remote and suitable nanothermometer.
Nanosized cubic ferrites can be used as remotely-driven heaters [41]
while providing remote temperature sensing using temperature-
dependent magnetic properties [32-35]. Likewise, the metallic
nanoparticle-based platform can be used for remote heating [44-46] as
well as for remote temperature sensing [47,48]. In this regard the gold
nanoparticle-based thermometer already reported involves the surface
functionalization of the nanoparticle with molecular species presenting
temperature sensitive refractive index, thus modulating the surface
gold plasmon resonance peak position. Nevertheless, comparatively,
it is clear the superiority of the magnetic-based hyperthermia and
nanothermometry for clinical use, as the magnetic excitation as well
as the pickup signal from deep tissues do not present the drawbacks
presented by the optically-based excitation and detection.

Different synthesis routes have been used to produce noble
metal nanoparticles, particularly silver and gold, in the diameter
range of 2-100 nm. The typical synthesis for very small and spherical
nanoparticles (in the lower end of the 2-100 nm range) involves the
reduction of the metal ion with a strong reducing agent in the presence
of thiol molecules [49]. In this synthesis route the as-produced metal
nanoparticles are immediately surface-dressed with molecules added
into the reaction medium. Using this approach thiol-decorated gold
nanoparticle (GNP) was surface-functionalized with paclitaxel [50].
A different strategy for the synthesis of silver, gold and bimetallic
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silver-gold nanosized particles, incorporating the capability to produce
different shapes, is the plasmon-mediated approach [51]. The plasmon-
mediated synthetic route has been successfully used to produce
nanoparticles with a variety of shapes and sizes, modulated by the
composition of the starting chemical reaction medium (the growth
solution) and illuminating light-source characteristics. Typically, in
this chemical synthesis route, the growth solution to be light-irradiated
already contains nanosized metal particles (seed particles) and surface
stabilizing agents [51].

Nanosized surface-decorated noble metal particles, as for instance
GNPs have been engineered to promote hyperthermia either using
NIR light source or RF applied fields, mostly for applications in cancer
therapy [44-46]. Whereas the GNP’s surface moiety is meant to improve
the biocompatibility and/or to provide targeting specificity the Au-core
is the heat-generating component while excited by the NIR irradiation
or RF field [52-54]. A variety of cancer targeting small molecules and
antibodies already approved by the FDA can be used to decorate the
GNP, providing them with the specificity to be delivered to malignant
cells and tissues. Among small molecules one emphasizes tamoxifen
and gefitinib that can be used to bind respectively to the estrogen and
epithelial growth factor receptors and therefore suitable to surface-
dress the GNP in order to target breast cancer [55] and lung cancer [56]
cells and tissues, respectively. Likewise, the FDA approved antibody
trastuzumab binds to HER2 receptors and can be used as moieties
at the GNP’s surface to target breast cancer cells and tissues [57]. A
very promising cancer targeting surface moiety is represented by
cell-penetrating peptides, as for instance the 86 amino acid HIV-1 tat
peptide, successfully attached onto the GNP surface and revealed quick
cell internalization and localization in the nucleus [58]. Additionally,
selective delivery of GNP to tumor cells has been achieved by covalent
coupling surface-functionalized GNP to retargeted adenoviral vectors,
thus opening up the opportunity for hyperthermia and gene delivery
combined into a multipurpose therapeutic platform [52].

The mechanism behind the hyperthermia effect while NIR light
interacts with GNP is the oscillation of the free electron plasma in the
gold metal driven by the applied electromagnetic field. Particularly
interesting is the enhancement of the heat dissipation as the illuminating
electromagnetic wavelength matches the surface plasmon resonance
(SPR) frequency [59]. Typically, GNP absorbs light in the region from
500 to 800 nm, which covers an important part of the optical therapeutic
window (700-1100 nm), meaning the wavelength the light penetrates
deeper into biological media (organs, tissues, and cells) [60]. As the
light shines onto the GNP it can be absorbed and further dissipated
as heat; or it can be absorbed and re-emitted at the same frequency
(Rayleigh scattering); or it can be absorbed and re-emitted with
upshifted (Raman anti-Stokes scattering) or downshifted frequency
(Raman Stokes scattering) [61]. The typical optical absorption spectra
of GNPs depend for instance upon the material system’s design (core
or core-shell nanostructure), size and shape, thus providing a broad
flexibility for engineering GNPs in order to meet specific applications.
The tunability of the SPR frequency can go from the visible (528 nm), as
for instance in the case of 40 nm average diameter Au-core nanoparticles
[62], up to the near infrared (800 nm), as for the case of Si-Au core-
shell nanoparticles with Si-core diameter around 120 nm and Au-shell
thickness around 15 nm [63]. Additionally, as one reduces the size of the
Au-core the SPR frequency shifts upward. Alternatively, as one changes
from the Au-core (say 150 nm average diameter) nanostructure to the
Si0,-Au core-shell (say 120 nm SiO,-core diameter plus 15 nm Au-shell
thickness) the SPR frequency shifts downward [64]. Indeed, interaction

between the surface-moieties and the surface plasmon modes also
shifts the SPR frequency [65]. The task of estimating the temperature
upshift due to an ensemble of GNPs distributed throughout a targeted
volume involves the calculation of the effective heat generated while the
system is exposed to a given light source. The effective heat generation,
usually expressed as the specific absorption rate (SAR, units of W/m?),
is given by [66]:

SAR=NC,F=uF, (1)

where N (units of m™) is the number of GNPs per cubic meter, C
(units of m?) is the absorption cross-section area and F (units of W/m?)
is the light source fluence. Whereas the estimation of the absorption
cross-section area needs to take into account the actual GNP absorption
spectrum calculation of the light source fluence involves the solution of
the radiative transport equation [67]. Actually, the radiative transport
equation (RTE) is an integro-differential equation which needs to be
solved for the radiance. The fluence (F) is then obtained from the spatial
integration of the radiance (L) given the characteristics of the light
source, absorption coefficient, scattering coeflicient, and the scattering
phase function. Exact solutions of the RTE can be accomplished in
very simple cases only whereas several approximations have been
proposed to allow comparison between numerical RTE’s solutions and
experimental data recorded from laser illumination of GNPs [68,69].

Cubic ferrite-based nanosized particles, such as magnetite and
maghemite, can be produced using different chemical synthesis routes.
Chemical coprecipitation is a straightforward approach (and the
easiest route for scaling up) to obtain cubic ferrite-based nanoparticles.
Magnetite nanoparticle has been successfully precipitated in alkaline
medium from aqueous solutions containing Fe?* and Fe*" salts (Fe**/
Fe** = 0.5) [70]. The weakness of this synthetic route, however, is the
difficulty in controlling the average particle size while producing
narrow particle size distributions. The size, shape and composition
of the cubic ferrite-based nanoparticles depend on the type of salts
used (organic or inorganic), M*/Fe’* ratio (where M=Fe, Co, Ni,
Mn, Zn,...), reaction temperature, reaction stirring speed, pH value,
and ionic strength of the media [71-73]. An alternative approach for
the synthesis of cubic ferrite-based nanosized particles is the thermal
decomposition of organometallic compounds in the presence of
stabilizing surfactants at higher temperatures using organic solvents
as the reaction media [74,75]. Differently from the coprecipitation
route thermal decomposition of organometallic precursors provides
high quality samples with good control of the sample’s crystallinity,
precise average size control, and narrow particle size distribution. The
drawbacks of this chemical route, however, reside on the amount of
material produce in a single batch and the complete removal of non-
biocompatible surfactants or non-polar solvents, the former negatively
impacts the scaling up of the process whereas the latter limits the use of
the nanoparticles for medical and biomedical applications [76].

Surface-functionalization of cubic ferrite-based nanoparticles with
small organic molecules, aiming either the targeting of specific cells
and tissues or simply a pre-coating for further decoration, has been
successfully accomplished during the last decade. Modulation of the
citrate surface-grafting onto cobalt ferrite nanoparticles was successfully
achieved by varying the pH of the solution the bare particles were
treated with [77]. Meso-2,3-dimercaptosuccinic acid (DMSA) has been
used for surface-functionalization of bare maghemite nanoparticles at
increasing surface-grafting values, revealing a rich scenario of inter-
particle and intra-particle linking via disulfide bridges resulting from
the oxidation of neighboring thiol groups [78]. The biodistribution and
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biocompatibility of DMSA-coated maghemite nanoparticles have been
recently tested in non-human primates [79]. DMSA-coated magnetic
nanoparticles were conjugated to amine-functionalized poly-ethylene
glycol (PEG) and revealed reduced internalization in cancer cell lines
and extended circulation time in in vivo assays [80]. Amphotericin
B has been immobilized onto magnetite nanoparticles previously
surface-coated with a double layer of oleic acid [81] and further tested
for drug delivering against fungal infection in mince lungs [82]. Anti-
human c¢TnlI antibody was immobilized onto DMSA-coated magnetic
nanoparticles for detection of myocardial injury [83]. Likewise,
DMSA-coated maghemite nanoparticle was used to immobilize anti-
carcinoembryonic antigen (anti-CEA) to successfully target cell lines
expressing the CEA, characteristic of colorectal cancer cells [84].
Indeed, regarding cubic ferrite nanosized particle (CFNP) two key
aspects should be emphasized at this point: firstly, while presenting
ferrimagnetic-superparamagnetic ordering CFNPs strongly interact
with applied DC and AC magnetic fields; secondly, due to the reactive
amphoteric surface metal sites CFNPs provide a very flexible material
platform for immobilization of negatively- as well as positively-charged
functional groups found in a huge variety of therapeutic molecules.
These two characteristics are key elements for hyperthermia and drug
delivering combined into a multipurpose therapeutic material platform.

The mechanism behind the hyperthermia effect promoted by
CENPs is the dynamic response of the particle’s magnetization while
driven by external AC magnetic fields. The literature reports on the
observation of the hyperthermia effect while using AC magnetic fields
with amplitudes and frequencies below 0.1 T and 1 kHz, respectively
[85,86]. Particularly interesting is the modulation of the heat dissipation
as isolated nanoparticles bind together to build in chain-like structures
[87]. The physical picture of the magnetohyperthermia effect can be
assessed by looking at the interaction between the nanoparticle’s
magnetic moment and the applied AC magnetic field. While following
the rotating magnetic field (AC field) the nanoparticle’s magnetic
moment may leg behind it at a given phase-shift due to mainly two

aspects; the anisotropy energy barrier of the particle compared to the
thermal energy and the particle-particle interaction. This phase-shift
gives rise to an in-phase response (real component) plus an out-of-
phase response (imaginary component) of the magnetic moment with
respect to the applied magnetic field (magnetic susceptibility). The
out-of-phase response (imaginary susceptibility) is the one connected
to the heat dissipation in the magnetohyperthermia effect. The task
of estimating the temperature upshift due to an ensemble of CFNPs
distributed throughout a targeted volume involves the calculation of
the heat generated as the system is exposed to a given AC magnetic
field. This is accomplished by calculating the increase of the internal
energy in an adiabatic given cycle. The thermal power (P, units of W)
dissipation per unit volume is described by [1]:

P=muy’fH?, (2)

where p (4mx107 Txm/A) is the magnetic permeability of the
vacuum, y” is the out-of-phase (imaginary) susceptibility, and f (Hz)
is the frequency of the applied magnetic field with amplitude H,
(A/m). Analysis of Eq. (2) shows that the power dissipation can be
modulated either by changing the equipment’s set up (frequency and
field amplitude) or by engineering the samples characteristics via
the response of the imaginary component of the susceptibility (x”).
Instrumental design limits the operation of the equipment at combined
higher frequencies and higher field amplitudes. Alternatively, the
material’s engineering provides a broader flexibility for tuning the
thermal flow outputs by adjusting the material's magnetic response
via the out-of-phase component of the susceptibility (y”). Typically,
the temperature (T) dependence of the imaginary component of the
susceptibility (y”) presents a bell-shaped curve, shifting its maximum
toward higher temperatures as the AC frequency increases [88].
Furthermore, the maximum of the y” versus T curve also shifts to
higher temperature values as the particle-particle interaction increases
[89]. Then, the imaginary component of the susceptibility (y”) depends
on the particular CENP under consideration and on the particle’s shape,
average size, and size dispersion [1]. Therefore, the specific absorption
rate (SAR, units of W/m?®) for magnetohyperthermia is given by:
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Figure 1: Typical hyperthermia platform including remote heating and sensing capabilities using (a) CFNPs (left) or GNPs (right). Schematic representation of (b)
the AC field amplitude (H,) to control the SAR __intensity while varying the AC field frequency (f) (check ref. 2), (c) the concentration of magnetic sites (¢) to control
the SAR__ output as the factor fH ?increases (check ref. 87), and (d) the number of GNPs per unit volume (N) to increase the SAR  intensity while increasing the
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SAR = (Cp/¢)P, (3)

where C is the specific heat of the medium, p is the mass density of
the medium, ¢ is the concentration of magnetic sites in the medium
per unit mL, and P is given by Eq. (2). Notice, however that the
concentration of magnetic sites per unit volume (¢) scales linearly with
the particle volume fraction (¢).

Figure 1 summarizes the parameters and the trends reported for the
specific absorption rate (SAR) using metallic (GNP) as well as magnetic
(CFNP) nanosized particles. Figure la emphasizes the remote strategy
for the heating-sensing capability provided by GNPs and CFNPs while
targeting a given volume (V). Remote sensing of the local temperature
(T, provides the reference to fine tuning the instrument’s output
(thermal dissipation) in order to set the required operation profile
(T,). Figure 1b shows the trend of the magnetic specific absorption rate
(SARmag) as a function of the amplitude of the AC applied field (H )
for increasing AC frequencies (f,>f,) [2]. Figure 1c shows the trend of
the SAR __while increasing the concentration of the magnetic sites per
unit volume (¢). Worth mentioning the key combination of frequency
() and magnetic field amplitude (H,) into the parameter fH* as the
increase of ¢ may lead to the onset of magnetic chain-like structures,
thus affecting the thermal dissipation remarkably [87]. Figure 1d shows
the trend of the optical specific absorption rate (SAR ) as a function of
the number of metallic nanoparticles per unit volume (N) at increasing
values of the light source fluence (F) [53].

Thermoresponsive Drug Delivery Systems

Encapsulation of GNPs or CFNPs into dielectric hosting
templates has been widely reported for over a decade. Aiming
different applications one pot or in situ [90-93] as well as ex situ [94-
98] approaches for nanoencapsulation can be realized, meaning the
strategy of nanoparticle’s synthesis simultaneously with the hosting
template (one pot) or within the reactive hosting template (in situ)
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Figure 2: Schematic representation of the lower critical solution temperature
(LCST) and upper critical solution temperature (UCST) behaviors while (a)
operating below or above the LCST or UCST regarding the swell/shrink con-
figuration (check refs. 120 and 121), (b) evaluating the time dependence of the
cumulative release of an entrapped molecule upon turning on (H, . # 0) and off
(H,c = 0) the remote AC field in the magnetohyperthermia (MHT) (check refs.
115 and 127), (c) evaluating the time dependence of the cumulative release of
an entrapped molecule upon lighting gold nanoparticles (LGNPs) and unlight-
ing gold nanoparticles (UGNPs) using remote light source for surface plasmon
resonance hyperthermia (SPRHT) (check ref. 128).

for the former and encapsulation of pre-synthesized nanoparticles
for the latter. In addition to encapsulation of nanosized particles into
biocompatible hosting templates therapeutic molecules can be included
for further delivery as well, either within the template [99-108] or
decorating the outer surface of the template or, alternatively, decorating
the encapsulated nanoparticles [109-114]. Indeed, vectorization of
these material systems to target specific cells and tissues can be realized
extrinsically using gradients of magnetic fields [10] or intrinsically by
dressing the materials’ surface with cell receptor-responsive moieties
[84,115].

Biocompatible and thermoresponsive templates with reversible
properties add extra functionality for the engineering of drug delivery
systems (DDS). In particular, polymeric templates should be emphasized,
as for instance hydrogels and polymersomes, once they offer a wide
variety of opportunities for drug delivering at physiological conditions
[116-118]. Basically, a great number of the available thermoresponsive
polymeric systems can be grouped into two main categories: the first
presents a lower critical solution temperature (LCST) whereas the
second reveals an upper critical solution temperature (UCST). The
polymeric template shrinks in (swells out) above (below) and below
(above) the typical LCST and UCST temperatures, respectively. The
physical picture behind this peculiar thermal response is provided
by the Gibbs equation of thermodynamics, AG=AH-TAS, where AG
is the Gibbs free energy change, AH is the enthalpy change, AS is the
change in entropy, and T is the absolute temperature of the polymeric
template. Favourable transition (shrunk <> swelled) takes place
spontaneouslyas long as the Gibbs free energy faces reduction (AG<0).
Such a spontaneous transition is dictated by balancing enthalpy changes
(AH) against changes in entropy (AS) at a typical absolute temperature
(T). The enthalpic-dominated (AH<<0) swelling of hydrophilic LCST
polymers in water is mainly dominated by the hydrogen bonds formed
between the polar groups along polymer chains and water molecules.
Differently, the entropic-dominated (AS >>0) swallowing of hydrophilic
UCST polymers in water is driven by the mixing between the solvent
and the polymer chains. Therefore, as far as the shrunk-swelled
transition is concerned LCST (UCST) polymers are enthalpically
(entropically) driven [119]. Obviously, the delivery of a therapeutic
molecule out from a thermoresponsive polymeric template takes place
while the material system evolves from the swelled towards the shrunk
phase. The enormous flexibility of delivery modulation provided
by thermoresponsive polymers relies on the feasibility of shifting up
and down the LCST and UCST values within the physiological and
therapeutic ranges, which can be accomplished by engineering the
polymeric composition [120].

Hydrogels and polymersomes are among the available
thermoresponsive and biocompatible polymers that have been used
to incorporate therapeutic molecules plus GNPs or CFNPs, the latter
aiming to promote remote and controlled hyperthermia in order to
modulate the delivery of the former. Hydrogels are water-based polymer
networks, classified either as covalently linked polymers networks in
which the polymer chains are linked together via covalent bonds at
the crosslink points or as physical gels characterized by the physical
entanglement of polymer chains with no covalent bonds between them
[121]. On the other hand, polymersomes are vesicular-shaped micelles
based on self-assembled amphiphilic block copolymers comprising an
insoluble (hydrophobic) and a soluble (hydrophilic) polymer block.
Actually, the end amphiphilic-based polymeric micelle morphology
is governed by the following parameters: the hydrophobic content, the
interfacial hydrophobic-hydrophilic area, and the hydrophobic chain
length [122,123].
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Meenach et al. [124] have reported the successful fabrication of
PEGMA (poly-ethylene glycol methacrylate) hydrogels containing
iron oxide nanoparticles for application in drug delivery using
magnetohyperthermia. The magnetic PEGMA-based hydrogel is a
typical LCST thermoresponsive system, thus presenting deswelling
upon heating via AC magnetic field excitation. Likewise, Papaphilipou
et al. [125] synthesized PEGMA-based hydrogels incorporating
nanosized magnetite particles for drug delivery upon heating using
the magnetohyperthermia effect. Polymersome based on poly-
trimethylene carbonate-b-poly-L-glutamic acid (PTMC-b-PGA) block
copolymer was used to encapsulate nanosized maghemite particles
and doxorubicin aiming the delivery of the chemotherapeutic drug
upon excitation with AC applied magnetic fields [10]. The diagram in
Figure 2a summarizes the delivery of a therapeutic molecule out from
a thermoresponsive hosting template while heating up (cooling down)
a LCST (UCST) polymer across the typical transition temperature.
Worth mentioning that the typical transition temperature associated
to the polymeric template (LCST and UCST) can be modulated by
engineering the material. Figure 2b shows the trend of the therapeutic
molecule cumulative release out from a LCST polymeric template
upon remote magnetohyperthermia (MHT) activation while applying
(H,.# 0) an AC magnetic field or switching off (H, . = 0) the magnetic
field [10,126]. The trends revealed in Figure 2c represent the typical
cumulative release of a therapeutic molecule out from a LCST polymeric
template using the hyperthermia effect provided by remote excitation
of encapsulated GNPs [127]. The cumulative release using the surface
plasmon resonance hyperthermia (SPRHT) is much higher under
illumination (LGNPs) as the DDS temperature can be driven above the
typical LCST (T>LCST). Under no illumination (UGNPs), however, the
temperature template can be kept below the typical LCST (T<LCST)
with reduced cumulative release.

Worth mentioning the influence of the finite thermal conductivity of
the interface between the heating center and the surrounding medium
while evaluating the efficiency of the hyperthermia effect. Citrate-
coated-Pt and alkanethiol-terminated-Au nanoparticles (around 10
nm in diameter), respectively suspended in water and toluene, were
investigated in regard to the heat transfer efficiency to the surrounding
medium (thermal conductivity) while activated by a sub-picosecond
laser line from a Ti:Sapphire laser (770 nm wavelength) [128]. The
experimental values of the thermal conductance of the suspended Pt-
based and Au-based nanoparticles were found to be around 130 and
5 MW/m’K, respectively. Calculation based on the diffuse-mismatch
model [129] provided values of 62 and 12 MW/m’K for the Pt/water
and Au/toluene interfaces, respectively. Baffou et al. [130] successfully
used the discrete dipole approximation and the Green dyadic tensor
method to calculate the steady-state temperature distribution in the
vicinity of an optically-excited plasmonic nanosized system. Alper
and Hamad-Schifferli [131] evaluated the thermal conductivity of gold
nanorods surface-coated with hydrophilic and hydrophobic moieties.
The authors found that the ability of the surface-coating layer to exclude
or include water at the surface of the nanosized structure can be used
to modulate the thermal conductance leading to higher or lower values,
respectively [131].

Remote Nanoparticle-based Nanothermometers

Emergent biomedical technologies demand the development
of new approaches for remote, accurate, robust and inexpensive
temperature measurements around the physiological and therapeutic
ranges. In this regard nanotechnology has a huge potential to provide
solutions to the emergent biomedical fields. A very much promising

direction nowadays is represented by remotely recording a suitable
thermometric property following noninvasive excitation of engineered
nanosized material structures. More specifically, two approaches are
currently under development. Whereas the first approach is based on
optically-responsive thermometric properties the second one focuses
on magnetically-responsive materials. In both cases the key aspect is
the remoteness while exciting and picking up the signal for temperature
measurement.

Regarding the optical-based nanothermometer the usual
thermometric properties rely on one among the following three
options: (1) the temperature dependence of an optical band-intensity or
relative-intensity; (2) the temperature dependence of the peak-position
of a particular optical emission; or (3) the temperature dependence of
a particular optical emission lifetime. The material platform typically
includes metallic or semiconductor nanoparticles or optically-active
moieties supported onto nanosized structures. The physics behind
the selected thermometric property varies substantially and the well-
established behaviour will be outlined below.

The temperature (T) dependence of the integrated emission
intensity (I) is mainly dominated by the behaviour of the oscillator
strength (S) associated to that particular optical transition, as the former
(I) scales with the latter (S). The approach behind the calculation of
the oscillator strength depends upon the material under consideration
(conductor, semiconductor, or insulating). In the temperature range
of biomedical applications semiconductor-based nanothermometers
show a monotonic and steep decrease of the integrated emission
intensity (I) as the temperature (T) increases. This behaviour is mainly
due to the presence of the temperature dependence of non-radiative
recombination mechanisms and follows the Arrhenius-like law:

I=I /{1 + XA exp[-(E /kT)1} , 4)

where the sum in Eq (4) runs over a number of contributions
(different thermal-activated mechanisms), I_ is the integrated emission
intensity at low temperatures, A are dimensionless weighting
coefficients, E_are thermal activation energies, and k is the Boltzmann
constant (1.38x10° J/K). Actually, Eq (4) describes quite well the
behaviour of nanothermometers based on II-VI semiconductor
structures and polymeric-based semiconductors, which were reported
to achieve temperature measurement accuracy of 0.02 [15] and 1°C
[19], respectively. Alternatively, optically-active moieties supported
onto nanosized structures show a monotonic increase of the integrated
emission intensity as the temperature increases. This behaviour,
however, is more likely associated to a molecular symmetry-forbidden
optical transition that can couple to an allowed transition via a non-
totally symmetrical vibrational mode. The population of the vibrational
mode increases as the temperature increases, resulting in the increase
of the oscillator strength [132]. Hybrid silica nanoparticles decorated
with fluorescent precursor were used as a nanothermometer to probe
temperature in the range of 20 to 37°C, with accuracy of about 0.1°C
[17]. Finally, the iron oxide nanoparticle surface-decorated with a
luminescent and thermo-sensitive organic molecule can be used as a
nanothermometer, providing spatial resolution in the subnanometer
range [23].

The physics behind the temperature (T) dependence of the
optical emission wavelength (1) of metallic nanoparticles is well-
described by the Mie’s theory [133] whereas the band-gap shrinking
of semiconductor nanoparticles accounts for the red-shift of the
emission spectra upon heating. Metallic nanoparticles may display
either monotonic red-shift or blue-shift of the optical emission
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wavelength as the temperature increases, depending upon the dielectric
constant of the nanoparticle hosting medium. GNPs supported onto
glass substrate interfacing with air (displaying red-shift of the optical
emission wavelength) or with water (showing blue-shift of the optical
emission wavelength) were successfully used to probe temperature in
the range of 27 to 427°C, with accuracy of 2°C [26]. Likewise, a hybrid
system comprising gold-magnetite nanoparticles was used to remotely
measure (GNP) and increase (CFNP) the temperature in the range of 15
to 40°C, with accuracy of 0.5°C [25]. Alternatively, it has been reported
that nanosized semiconductor structures also display a monotonic red-
shift of the optical emission energy (E) as the temperature (T) increases
[134]. This behaviour is usually described by the empirical Varshni
equation [135]:

E=E-aT/(B+T), (5)

where E_ is the semiconductor band gap at 0 K and « and f3 are
the fitting (Varshni) parameters. Note, however, that Eq. (5) has been
successfully used to fit the experimental data for both indirect and direct
gap bulk semiconductor materials. Nevertheless, different expressions
have been proposed to fit the temperature dependence of the optical
emission of bulk semiconductors [136]. Actually, the temperature
(T) dependence of the optical emission energy (E) for nanosized
semiconductor structures is even more complex, being strongly size
dependent [137]. Whereas the 3.9 nm average diameter PbSe quantum
dot displays a monotonic red-shift of the optical emission energy (E) as
the temperature (T) increases in the range of 300 to 400 K the 6.9 nm
average diameter PbSe quantum dot displays a monotonic blue-shift
in the same temperature range [138]. The change of signal observed
in the rate of the band gap energy with respect to the temperature for
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Figure 3: Schematic trends of thermometric properties either using magnetic
nanoparticles as (a) in the case of the temperature dependence of the am-
plitude ratio between harmonics (h5 and h3) of the pickup AC magnetization
(check ref. 34) and (b) in the case the inverse AC susceptibility (1/x) (check ref.
32) or using (c) the optical emission intensity (/) of a semiconductor nanopar-
ticle (SCN) (check refs. 15 and 17), Supplementary files (d) the optical emis-
sion wavelength (A) of a gold nanoparticle (GNP) (check ref. 26), or (e) the
optical emission lifetime (7) of a luminescent supported molecule (LSM) (check
ref. 30).

semiconductor quantum dot structures has been mainly assigned to
quantum size effects [139,140].

Finally, the lifetime associated to a particular optical transition has
been successfully used in nanothermometry. Regardless the specific
optical transition under consideration the Arrhenius-like equation
describes fairly well the relationship between the lifetime (7) and the
temperature (T) [141]:

r=1/{1 + (v /7,)exp[-(E/kT)]}, (6)

where 7 is the decay time at low temperatures, 7, is the typical
decay time, and E, is the activation energy. The lifetime behaviour
of a rhodamine-like moiety immobilized within silica-hybrid
nanostructure [28] or at the surface of nanosized gold structures [30]
have been used as a nanothermoter in the temperature range of 25 to
55°C (with accuracy of 0.3°C) and 20 to 60°C, respectively. Terbium
(III) encapsulated as a complex within a polymeric nanoparticle has
been used as a nanothermometer in the temperature range of 15 to
65°C [27]. Actually, the usual thermometric properties assessed from
rare-earth doped materials, such as the temperature dependence of the
emission intensity [24,25] and lifetime [32], particularly in the case of
thermally-coupled optical transitions, are not easily described.

The thermometric property of magnetic-based nanothermometers
proposed up to date is either based on magnetization [33-35] or
susceptibility [32] measurements. Similarly to the optical approaches
magnetic-based nanothermometry relies on remote excitation as
well as on remote detection of the thermometric magnetic property.
The physics behind the magnetic nanothermometry is the magnetic
response of non-interacting nanosized magnetic particles above the
blocking temperature (T,), namely in the superparamagnetic regime.
The temperature (T) and the field (H) dependence of the magnetization
(M) of a superparamagnetic sample is governed by the first-order
Langevin function [1,2]:

M=¢M [coth(é) - (1/8)], @)

where ¢ is the particle volume fraction within the sample. The
argument & = M VH/kT in the Langevin function involves the particle’s
volume (V) and the saturation magnetization (M ). Equation (7) reveals
a monotonic increase of M as & increases, i.e. as the T decreases for
a fixing value of H. This biunivocal relationship between M and T
allows (in principle) one to use the magnetization as the thermometric
property. Alternatively, the low-field magnetic susceptibility (y=H/M)
derived from Eq (7) can be used as the thermometric property.
Actually, at low values of applied field (§=M VH/kT<<1) the Langevin
function can be expanded in a Taylor series, leading to an approximate
linear relationship between the inverse susceptibility (1/y) and the
temperature (T):

1/x=H /M = 3kT/¢M? . (8)

The choice for using either M or yx as the thermometric property
depends on a couple of key factors. The first one is related to the
instrumentation required for assessing the parameter (M or y) with the
expected accuracy, sensitivity, robustness, and cost. The second aspect
is the algorithm employed to extract T from the measured M or x data
sheet at a given computer cost and noise level.

One approach to extract T from the measured magnetization (M)
data sheet is using alternate magnetic fields (AC field approach). Then,
the external applied H field can be written as H=H cos(wt), where H is
the applied field amplitude and w is the applied field frequency. While
applying the AC field the sample’s magnetization responds periodically
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and may be expanded in a Fourier series. The contributions of the
Fourier components can be checked against the coefficient { =M VH /
kT. It is found that the amplitudes of both third and fifth harmonics
increase monotonically with £ , thus providing a biunivocal relationship
with T. Actually, the amplitudes of both third and fifth harmonics are
also linearly correlated with ¢. Therefore, the ratio between the fifth and
the third harmonic amplitudes is independent of the particle volume
fraction within the sampling volume and thus provides a suitable
thermometric property. This approach for temperature measurement
has been successfully used by Weaver and co-workers and provides
accuracy as good as 0.3°C for measurements in the range of 20 to 50°C
[33-35].

The alternative approach to extract T uses the inverse magnetic
susceptibility (1/y) instead. According to Eq (8) the 1/y data sheet
recorded at low applied fields scales linearly with T, making the 1/y
data a suitable thermometric property. Worth mentioning, however,
that the 1/y approximation described by Eq (8) also scales with the
particle volume fraction (¢) within the sampling volume and needs
to be considered accordingly. As pointed out before the algorithm
employed to extract T from the measured y data sheet is a key aspect.
A successful approach for temperature measurement using magnetic
susceptibility data recorded at low applied fields was put forward by
Zhong et al. [32]. In this case the authors used Eq (7) to write down the
inverse susceptibility while performing a Taylor series expansion up to
higher order:

1x=3kTI$M+H */5¢kT-MH */ 175k T° +.. 9)

Then, a data sheet comprising n-pairs (1/y xH,) of points can
be experimentally obtained for a sampling volume at temperature T
containing nanosized magnetic particles at a given particle volume
fraction (¢). From the higher-order expansion described in Eq (9) a
nonlinear matrix formulation can be cast in order to extract T from
the experimental values of y. Using this protocol for temperature
measurement Zhong and co-workers reported temperature accuracy
better than 0.6°C in the range of 10 to 50°C [32].

Both approaches described in this section, namely optical- and
magnetic-based nanothermometry, offer a very positive scenario
for breakthroughs in accuracy (meaning the degree of closeness of
the measured thermometric property to the reference temperature
value) as well as in sensitivity (meaning the amount of change in the
thermometric property per unit change in temperature) as long as
improvements on signal detection and data manipulation can be
realized. Figure 3 collects the trends of the magnetic- and optical-
based nanothermometric properties. The central picture of Figure
3 highlights magnetic nanoparticles in the upper part (dark grey
spheres) and semiconductor/metal nanoparticles in the lower part (red
spheres) supporting or not luminescent moieties (green spots). The two
magnetic-based nanothermometric properties are related to remote
excitation using AC magnetic fields. While Figure 3a shows the trend
of the ratio between harmonics (h5/h3) of the sample’s magnetization
response versus temperature over amplitude of the AC field (T/H ) [34]
Figure 3b presents the typical trend of the inverse AC susceptibility (1/)
versus temperature (T) at increasing amplitudes of the AC field (H )
[32]. The three optical-based nanothermometric properties emphasized
include the trends reported for the temperature (T) dependence of the
optical emission intensity (I) in Figure 3c for a typical semiconductor
nanoparticle (SNP) [15,17], the shift in the emission wavelength ()
for a typical GNP [26] in Figure 3d and the lifetime () variation for a
typical luminescent supported moiety (LSM) [30].

Remote nanoparticle-based nanothermometry is far from
being exhausted by employing spherically-shaped semiconductor/
metal and magnetic nanoparticles. Non-spherically-shaped metallic
nanoparticles, such as silver [51] and gold [66], present suitable
thermometric properties strongly dependent upon the size and shape
[24,62,142]. Actually, nanothermometry can be realized using different
nanosized materials, as for instance the heavily-doped (Nd**) rare-
earth-based (LaF,) nanoparticle, which has been successfully tested
not only for nanothermometry but also for magnetohyperthermia
[143]. Likewise, carbon-based nanosized structures can also be used
as a material platform to build nanothermometers [144]. Worth
mentioning the use of nitrogen-vacancy centers in nanodiamonds as
nanothermometers [145], including its use to assess the temperature of
living cells [146].

Conclusion

Remote hyperthermia (HT), using site-delivered nanosized
materials, particularly magnetic-based nanoparticles, is a successful
technological approach. The use of remote magnetohyperthermia
(MHT) as a therapeutic oncological modality has already reached
the clinical trial status with very promising outcomes in patients with
recurrence cancer after conventional treatments, such as radiotherapy
and chemotherapy. Production of biocompatible nanosized magnetic
materials to support the MHT as a therapeutic modality has reached
already its maturity, including surface functionalization with smart
moieties, aiming to target specific cells and tissues. Legging behind
the use of nanosized magnetic particles for remote HT in clinic are
nanosized metallic particles remotely excited via radio frequency fields
or near infrared light. Likewise, the use of remote HT for controlled
release of therapeutic molecules has not reached the clinic, despite the
reported breakthroughs while tested in in vivo assays. Nevertheless,
the lack of a remote technological approach to monitor the targeted
site temperature is the gap that needs to be bridged in order to market
the clinic remote HT technology on a large scale, no matter how
mature remote HT by itself may develop in the coming years. Remote
nanothermometry has a huge potential to bridge this gap, providing
biocompatible, robust, accurate and cost effective solutions in the short
term. Regarding the nanothermometric properties available nowadays,
mainly focused on magnetic or optical properties of nanosized
materials, the available data point out towards the former as the most
promising one. Exciting magnetically and recording magnetic signals
from magnetic nanosized materials while targeting deep tissues and
internal organs are much more feasible, given the limitation imposed
by the optical therapeutic window which narrows both the wavelength
range of operation and tissue penetration. We hope this review can
contribute to drive the experimental and theoretical work currently
underway in the field of remote nanothermometry to better support
the establishment of reliable protocols in order to assist the global
marketing of the hyperthermia technology for clinical applications.
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