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ABSTRACT: Nanoparticle-mediated thermal treatments have demonstrated high efficacy and versatility as a local anticancer
strategy beyond traditional global hyperthermia. Nanoparticles act as heating generators that can trigger therapeutic responses at
both the cell and tissue level. In some cases, treatment happens in the absence of a global temperature rise, damaging the tumor cells
even more selectively than other nanotherapeutic strategies. The precise determination of the local temperature in the vicinity of
such nanoheaters then stands at the heart of thermal approaches to better adjust the therapeutic thermal onset and reduce potential
toxicity-related aspects. Herein, we describe an experimental procedure by X-ray absorption spectroscopy, which directly and
accurately infers the local temperature of gold-based nanoparticles, single and hybrid nanocrystals, upon laser photoexcitation,
revealing significant nanothermal gradients. Such nanothermometric methodology based on the temperature-dependency of atomic
parameters of nanoparticles can be extended to any nanosystem upon remote hyperthermal conditions.

KEYWORDS: Nanothermometry, Photothermia, X-ray absorption spectroscopy, Nanothermal therapy, Plasmonic nanoparticles,
Nanomedicine

Hyperthermia therapy is an anticancer clinical practice
based on elevation of the tumor temperature above

physiological levels (41−42 °C). It was essentially used as a
potent cell killing sensitizer of other forms of tumor therapy,
such as radiation therapy and chemotherapy, affecting multiple
aspects of cellular metabolism (including DNA repair and
synthesis of proteins). The use of nanoparticles (NPs), which
can penetrate cell membranes and be remotely manipulated to
induce local heating, has contributed to formulate more
promising and safer approaches with increased therapeutic
efficacy. The NPs can be externally thermoactivated by means
of optical excitation (through the application of light in the
near-infrared (NIR) range, photothermal therapy (PTT)1) or
magnetic stimulation (using alternating magnetic fields,
magnetic hyperthermia (MHT)2), depending on the type of
nanostructure used (photothermal and/or magnetic nano-
particles).

Despite the high potential of nanoparticle-mediated hyper-
thermia, optimization of their heat capability in the tumor
environment is still pursued through the fine-tuning of their
nanostructure design, controlled aggregation,3,4 or chemical
biostability.5 Moreover, the range of injected nanoparticle
concentration was better delimited for an effective healing
action for each thermal modality (PTT and MHT).6 However,
therapeutic effects have also been observed by localized
nanoparticle heating without causing a macroscopic temper-
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ature increase. These “hot spots” can trigger effective cellular
damage, induce remotely controlled drug release, or enable the
activation of ion channels (TRPV1), which control the Ca2+ in
cells and neurons.7,8 This soft and still effective hyperthermia
has numerous advantages such as the limitation of nanoparticle
toxicity and better preservation of neighboring healthy tissues.
Hence, there is a clear discrepancy between the temperature

at the local vicinity of the nanomaterials and the temperature
measured at the macroscopic scale in the surrounding medium,
which requires an advance understanding. Nanoparticles are
thermal foci where both dissipation and heat transmission at
the nanoscale are mechanisms that differ from those that occur
at the macroscale. Recently, some researchers have been
involved in the study of nanometer temperature in nano-
particles under hyperthermia conditions. In most of the
studies, this local temperature is accurately but indirectly
determined by the use of an external element as luminescent
optical labels9 (as Ag2S,

10 PbS,11 and CdSe/CdS/ZnS
quantum dots), upconversion emitters (Er3+, Yb3+, Nd3+,
Eu3+, and/or Tm3+-doped nanomaterials12−20), thermosensi-
tive polymers,21,22 or thermal-denaturation of DNA,23 which
are attached to the heat nanogenerators activated by means of
an alternating magnetic field or NIR-light. Direct measure-
ments have been also proposed based on the analysis of
thermal gradients generated in plasmonic systems which are
only suitable for those systems which display such specific
physical properties.24 In most cases, high thermal gradients
have been reported at the nanoscale, where temperature
elevation can be up to several times larger at the surface than in
the long-range surrounding ambient. In this work, we use X-ray
absorption fine structure spectroscopy (EXAFS) as a direct
local temperature probe of nanoparticles under heat excitation.
We evaluate the correlation of thermal vibration and structural
parameters of state-of-the-art gold-based nanomaterials (as
gold nanorods and star-like gold-branched nanohybrids) under
NIR laser illumination.

Metallic NPs as gold or silver irradiated by a laser source of
an adequate wavelength act as efficient heat sources that
transfer energy to the surrounding medium. This effect is based
on the localized surface plasmon resonance (LSPR) phenom-
enon, which produces strong enhancement and confinement of
electric fields at the surface of nanoparticles. The LSPR band is
tuned by the shape and size of the NP. Considering a spherical
gold NP with radius rNP immersed in a liquid or solid matrix at
room temperature and light-irradiated at resonance, the
conduction electrons are then excited by the local electric
field, resulting in energy absorption and subsequent NP
heating to the temperature TNP determined by laser power, NP
morphology, and dielectric medium,25−27 while the matrix
initially remains at the environmental temperature Tmatrix. For
these NPs embedded in a liquid/solid matrix, the heat transfer
is produced by two main mechanisms, radiation and
conduction (see analysis in the Supporting Information).
When dealing with nanoscopic objects, the heat conductive
transport is no longer diffusive but ballistic in the immediate
surroundings of the heat source,28,29 reducing the heat
radiative efficiency with respect to conductive transport.
Regarding the Au NPs, the ballistic heat transport therefore
results in a less efficient heat exchange between the hot NP and
the matrix, impairing the heat dissipation and increasing by
orders of magnitude the thermal gradient around the NP.

■ EXTENDED X-RAY ABSORPTION FINE STRUCTURE
SPECTROSCOPY AS AN IN SITU PROBE TO
CORRELATE THE LOCAL ATOMIC STRUCTURAL
AND VIBRATIONAL THERMAL PARAMETERS

The X-ray absorption spectroscopy (XAS) is a technique
performed in synchrotron sources with element-specificity and
high sensitivity, which provides precise information about the
chemical state, coordination, and local structure for a particular
element (Figure 1A). A XAS spectrum has two main parts: the
X-ray absorption near edge structure (XANES) (Figure 1B),
and the extended X-ray absorption fine structure (EXAFS,

Figure 1. Correlation of the atomic structural and vibrational thermal parameters of gold nanomaterials obtained by X-ray absorption spectroscopy.
(A) Scheme of photothermal excitation of Au nanoparticles (nanorods): the NP absorbs visible-NIR light resulting in a localized heating at the NP,
leading to a conductive and a radiative heat flows; the temperature is higher than that of the surrounding medium. X-rays act as a probe of the local
temperature in the nanomaterials. (B) XANES spectra at the Au L3-edge (11 919 eV) of Au nanorods (AuNR) at 10 and 350 K obtained during the
calibration curve measurements. (C) Fourier transform (FT, pair radial distribution) and fits of EXAFS spectra at 10 K (blue) and 350 K (red) of
the AuNR. (D) EXAFS spectra and corresponding fits for the spectra weighted to k, k2, and k3.
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Figures 1C and 1D) regions. The local structure of an element
in a sample can be determined by analyzing the EXAFS.
Through the Fourier analysis of the oscillatory spectrum of the
photoexcited electron that interacts with the atomic local
environment of the scattered atoms, it is possible to quantify
structural and vibrational local parameters for a given element
(Figure 1C). This can be performed by fitting the experimental
spectrum to a structural model by means of the EXAFS
equation, which contains the main local structure parameters:
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The EXAFS equation is related to the number of atoms in each
atomic shell around the scattered atom (Ni), the radii of each
shell (Ri), and the variance of the radii of the surrounding
atomic shell (σi

2). This latter parameter, the Debye−Waller
factor, is defined for each atomic shell surrounding the
scattering atom and contains two contributions: (i) one related
to the intrinsic dispersion of atomic distances due to structural
disorder (σS

2) (a static term in absence of phase transitions)
and (ii) a vibrational contribution related to the thermal
movement of atoms (σT

2) that is intrinsically temperature-
dependent.30 Therefore, it can be expressed as
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The σT
2 term is related to phonon oscillation and can be

modeled following a Debye−Waller model for harmonic
oscillations in a lattice.31 This term is usually very well
described using the equation given by a correlated Debye
model:31
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with M being the mass of the scattering atom, kB the
Boltzmann constant, and θD the Debye−Einstein temperature,
which accounts for the bond strength. Eq 3 is in most cases a
correct approximation for all phonon modes.
The σ2 vs T does not follow a linear response in the whole

temperature range, as eq 3 shows. However, in the range of
high T (T ≥ θ), the σ2 vs T behaves linearly.32 This equation
can be expanded in Taylor series considering θ/T < 1 and
conserving only the higher order terms, which for the limit
( ) 1T

2D ≪θ can be approximated to a linear equation:
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Therefore, σ2 increases linearly with T for sufficiently high
temperatures. Because the Debye temperature of nano-
structured and bulk Au in most cases is quite low,32 we can
assume a linear behavior in the range of temperatures of
hyperthermia conditions. Eq 4 provides an immediate way to
obtain the NP temperature from given σ2 value once the
experimental conditions and the σ2(T) curve is obtained.
In a temperature-dependent experiment, considering a

controlled range of temperatures where phase transitions do
not occur, the number of atoms in each shell can be assumed
to be constant, and only the radii (R) and the vibrational
variance (σT

2) will change with temperature. Precision limits of
the EXAFS technique have been pushed to femtometer limits

nowadays using cutting-edge instruments and data analysis,
which is perfectly suitable for temperature-dependent experi-
ments.33−35 In this nanothermometry application, once the
calibration curve is obtained for a set of temperatures, this
σ2(T) curve allows determination of the temperature values
raised in the system under different laser excitation conditions.

■ EXAFS ATOMIC PARAMETERS OF GOLD-BASED
NANOPARTICLES AS A FUNCTION OF A WIDE
RANGE OF TEMPERATURE VALUES

The thermal dependence of both atomic parameters was
studied in plasmonic gold-based nanoparticles. We selected
single gold nanoparticles (nanorods AuNR (with an aspect
ratio of ≈3.5 (41 ± 4 × 11 ± 2 nm)) and hybrid star-like gold-
branched nanoparticles (AuNS, in combination with an 20 nm
iron oxide-core forming a Janus configuration [Au]/[Fe] = 2.3,
35 ± 5 nm of diameter). Both have been proven as excellent
PTT agents when irradiated at the NIR range.6,36 They were
synthesized using the chemical methods previously re-
ported.6,36,37 Transmission electron microscopy (TEM)
images are illustrated in Figure 2. Both display LSPR bands

in the NIR, centered at 600−900 nm (Figures 2A and B), with
large extinction coefficients,6,36 which allow them to be light-
induced thermally activated with 808 nm laser wavelength.
An initial calibration was first performed to obtain the

temperature dependence of the EXAFS Debye−Waller factors
of gold-based nanoparticles in an extend range of temperatures.
XAS measurements were taken at the Au L3-edge (11 919 eV)
in the CRG BM25A SpLine at the European Radiation
Synchrotron Facilities (Grenoble, France). In this case, we
initially selected the AuNR embedded in an X-ray transparent
material (boron nitride (BN)) and measured in transmission
mode. AuNR were mixed uniformly in a BN matrix and
pressed into pellets for obtaining a unit absorption Au L3-edge
step jump. The samples were introduced into an LHe cryostat
and thermalized in a gas atmosphere for a sufficiently long time
to ensure that the temperature of the sample corresponds to

Figure 2. Two candidates of plasmonic nanoparticles used in
photoinduced thermal therapy: single and hybrid gold-based nano-
materials. TEM images and UV−vis−NIR spectra of (A) AuNR and
(B) AuNS.
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the temperature of the bath. XANES spectra of AuNR are
shown in Figure 1B at low and high temperature values of 10
and 350 K. XANES profiles confirmed that Au is in its metallic
crystallographic phase and in agreement with previous
characterization.6 The EXAFS signal χ(k) was then extracted
and weighted by a factor of k2 over the k-range (0−14 Å−1).
Subsequently, the measurements were carried out in a large
temperature range with multiple temperature values probed to
get a precise interpolation from 10 to 350 K with steps
between 10 and 50 K, depending on the temperature region.
As the sample is thermally activated from 10 to 350 K, the
EXAFS amplitude decreases systematically due to increased
thermal motion of the gold atoms in the lattice, and therefore
σT
2 , as eq 4 shows. In Figure 3A, the temperature-dependency

of the EXAFS spectra is displayed. The corresponding Fourier
transform (FT) of EXAFS signal provides a pair radial
distribution function of neighboring atoms in the lattice that
contain information about its static and vibrational disorder
(from 10 to 350 K, Figure 3B). The FT reveals two main peaks
corresponding to the Au−Au bond distances. A short-range of
temperatures above 300 K is shown in Figure 3C. As the
temperature is increased, the intensities of the FT peaks
decrease due to the increment of thermal activation and
dynamic disorder. Because of the nanometer size of the AuNR,
the corresponding FT is fitted to a Au fcc structure considering
only the first atomic shell38 (for a nanocrystalline sample, the
particle is so small that the neighboring atoms are reduced).
The number of atomic neighbors (N) and the nonstructural
parameter (E0) were determined for the lowest temperature
measurements (where the EXAFS signal is better defined) and

constrained during subsequent fittings. The fitting parameters
correspond then to the first atomic shell distance (R) of the Au
(RAu−Au = 2.86 Å and coordination number N = 12) and of its
shell distance variance (σ2).
The calculated σ2 for the AuNR along with the values

obtained by fitting the experimental EXAFS data at multiple
temperatures are shown in Figure 3D. The curve follows a
linear tendency at higher temperatures, but it is sloped within
the low-temperature region, as expected.32,39 A calibration of
temperature-dependent structural parameters was also per-
formed for the AuNS under the same conditions. The results
are shown in Figure S1 of the Supporting Information.

■ LOCAL TEMPERATURE MEASUREMENT OF
NEAR-INFRARED PHOTOEXCITED HEATING OF
PLASMONIC GOLD-BASED NANOPARTICLES
USING EXAFS

The accuracy of this method has been now tested in operando
in both AuNR and AuNS systems upon NIR laser exposure.
The experimental setup indeed allows measuring in situ and in
real-time the generated heating of laser-illuminated nano-
particles simultaneously with the XAS. The samples were
irradiated by employing an NIR laser (808 nm) at controlled
increased irradiation power (from 0.05 to 0.6 W). In the first
set of experiments, each system was laser-irradiated for more
than 1 h to ensure that the thermal equilibrium (or steady-state
temperature) was reached. The averaged spectra were
analyzed, and the Debye−Waller factor value σ2 was
determined for each irradiation condition and gold nano-
system, as presented in Figures 4A, B and D, E, respectively,
and in Table S1. The interpolated T value is then obtained for
AuNR and AuNS (Figures 4C and F). As both figures show,
increasing laser power results in increasing of the AuNR
temperatures, and this relation is linear in the selected range of
temperatures (150−350 K). The atomic length (R) also
increases with irradiation power for both gold nanosystems
(see Table S1 and Figure S2).
For AuNR, the temperatures attained under these conditions

are 314, 332, 357, and 418 K, corresponding to temperature
increments (ΔT) of 19, 37, 62, and 123 °C (see Table S1). For
AuNS, the inferred temperature values were 325, 336, 356, and
400 K, corresponding to temperature increments (ΔT) of 31,
42, 62, and 106 °C (see also Table S1). Remarkably, the
temperature values reached by NPs in both cases are very high,
and this was at low to intermediate laser powers. This behavior
makes the laser power density and temperature relation diverge
from a linear association at the nanoscale. This effect is even
more pronounced in AuNS due to the association of iron oxide
that, in one hand, acts as a thermal reservoir of the induced
heat on plasmonic gold, and on the other hand, because the
iron oxide (magnetite) also absorbs NIR light and releases heat
to a lesser extent than that produced by the LSPR
phenomenon of Au nanoparticles.6,40 This procedure provides
precise temperature determination in the NPs with un-
certainties below 5° in all cases.

■ COMPARISON WITH THE MACROSCOPIC
TEMPERATURE MEASURED UNDER LASER
IRRADIATION

The values of the local temperature of AuNR and AuNS upon
NIR laser-induced exposure measured by previous EXAFS
measurements were compared with the global temperatures

Figure 3. Thermal calibration of structural parameters of AuNR from
temperature-dependent EXAFS measurements. (A) EXAFS spectra
and (B) FT of the EXAFS signal from 10 to 350 K. (C) FT of the
EXAFS signal in the range of calibration from 300 to 350 K. (D)
Debye−Waller factor (σ2) of AuNR as a function of temperature
obtained through the fits to the experimental EXAFS data, both
independent of the Einstein model.
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determined using an IR thermographic camera under the exact
same experimental conditions and setup configuration as the
XAS measurements. Further, we used two configurations of the
IR camera to observe the samples and the thermal distribution
within. The IR camera then detected the average temperature
of (i) the front-illuminated surface of the sample (central
point) and of (ii) the sample profile at the transmission
direction, which is the direction of the probed sample by X-
rays (experimental configuration shown in Figure 5A and B,
respectively). These two IR camera readouts provide a
noncontact and noninvasive temperature monitoring method
suitable for photothermal studies. It also avoids the use of
thermal probes which may incur in possible self-heating effects
under laser illumination. The ΔT values reached under
photoexcitation after 15 min of treatment at both config-
urations and the same laser power (0.05−0.6 W) for AuNR
and AuNS are displayed in Figure 5C and D, respectively. In
general, the EXAFS method points out higher thermal
gradients. Figure 5E shows IR images of the heating for
AuNR nanoparticles after 15 min under 0.6 W laser power at
the two spatial experimental configurations (point and bars

indicate the positions of the maximum and average reading
temperature of the thermal mapping, respectively).
The AuNR at the lowest laser power (0.05 W) reaches ΔT =

4 °C as the maximum value obtained at the transmission mode
that is remarkably lower than the one obtained from EXAFS
parameters, which yielded ΔT = 19 °C. This marked difference
in heating performance is also evidenced at increasing laser
powers until 0.6 W, where laser illumination at 0.3 W generates
a macroscopic temperature elevation of ΔT = 53 °C compared
with ΔT = 62 °C from EXAFS analysis. Overall, at the local
stage, the generated temperature at high laser density powers is
around 1.5-fold higher than the one recorded with the IR
camera at the transmission mode, while at lowest power, this
value can overtake by 3-fold the macroscopic reading.
The same thermal response tendency is observed by looking

at the AuNS; however, in this case, the thermal gradient effect
is even more noticeable, where the mean temperature is 1.5−2
times lower than the above direct thermal evaluation (i.e., for
0.3 W laser power, ΔT = 62 °C (EXAFS method) vs ΔT = 44
and 35 °C (global temperature at the surface and profile
section of the sample, respectively)). However, this increased

Figure 4. Local temperature measurement of the photoinduced heating in single and hybrid gold-based nanomaterials using EXAFS. (A, D)
Experimental k2-weighted EXAFS spectra and (B, E) the corresponding Fourier transforms of AuNR and AuNS under NIR laser at different density
powers (0.05−0.6 W). (C, F) Debye−Waller factor parameters (σ2) of AuNR and AuNS as a function of temperature. The open symbols were
obtained through the experimental EXAFS spectra calibration fits, and the solid symbols were calculated from the NIR laser excited nanomaterial
EXAFS spectra fits. The solid lines show the fits based upon the Debye−Einstein model in the linear approximation (150−350 K).

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.0c04477
Nano Lett. 2021, 21, 769−777

773

https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04477?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04477?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04477?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04477?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c04477?ref=pdf


ratio largely surpasses previous values at 0.05 mW laser
illumination power (almost 10 times higher, ΔT = 31 °C
(EXAFS method) vs ΔT = 6 and 4 °C (global temperature)),
indicating a subjacent minor heat dissipation into the matrix.
This effect is attributable to the association of gold with the
attached iron oxide component at each nanoparticle. The iron
oxide lobe partially hampers the thermal diffusion of emanating
photoinduced heat of gold nanoparticles to the surrounding
matrix due to its low thermal conductance compared with that
of metallic gold (2.5 vs 310 W/mK). Besides, the temperature
increment of AuNS is lower than the ones obtained with
AuNR due to the inferior absorption at the selected 808 nm-
irradiation wavelength (see UV−vis−IR spectra in Figure 2).
In both cases, photothermal capacity increases linearly with the
density laser power.
These results evidence a nanoscopic local temperature

significantly higher than global temperature measurements.
This is in agreement with previous experimental and
theoretical studies on nanoparticles subjected to either
magneto- or photothermal heating modalities. For instance,
the effect of MHT has been reported to induce a high-
temperature gradient from the magnetic nanoparticle surface
(from a few decimals (angstroms) to 5 nm distance), leading
to localized heating 2−3 fold higher than the macroscopic
environment,13,21,23 reaching temperature increments up to
40−80 °C, depending on the distance from the nanoparticle
vicinity. This confined heating allows release of a drug or
synthesis/degradation of chemical species (as polymerization)
more efficiently with magnetic stimulation than with macro-
scopic heating.41−43 In the case of photothermal excitation, it
was shown by using temperature-dependent fluorescence
nanolabels that gold-based nanomaterials undergo temperature
distributions in their vicinity up to multiple folds higher than
the global temperature upon laser heating of nanomaterials
embedded either in liquid or solid matrix.12,14,44 These
experiments based on temperature-dependent physical proper-
ties of nanothermometers do not yet provide the temperature
of the heated nanoparticle itself, but rather the one of the
thermometers situated close. In some cases, nanomaterials

allowed dual NIR laser heaters and thermal sensors, such as
rare earth emitters,45 quantum dots, or rotating plasmonic
nanoparticles,24 with strong heating effects based on temper-
ature-dependent fluorescence or other optical properties. Large
thermal gradients have been then described using different
nanosystems and techniques, revealing high temperature
variations within a small volume. The determination of the
local temperature of gold nanoparticles under NIR laser
heating using X-ray absorption spectroscopy has been also
studied by Broek and coworkers.46 Contrary to our results,
they found no discrepancies between the macroscopic
temperature (measured with an optical thermal probe) and
the temperature of nanomaterials dispersed in aqueous
solution. In our experiments, a solid matrix of partially
hydrated BN was selected due to its transparency to both
NIR light and X-rays, which is optimal for X-ray transmission
detection due to its good signal-to-noise ratio. The results are
able to be completely extrapolated to hyperthermic processes
in a liquid matrix or in an equivalent physical environmental
situation. The relatively lower specific heat (1.6 J/gK) and
higher thermal conductance (125 W/mK) of BN than those
for water (4.18 J/gK and 0.6 W/mK, respectively) make BN a
better heat medium for heat dissipation. Therefore, the
temperature gradients for the NPs would be even larger in
an aqueous dispersion or cell conditions, and the difference of
temperatures between the NPs and the medium could be even
more pronounced, thus known as the “hot spot” effect. This
methodology can be extended to any other applications that
require the control of hot spot formations as plasmon-assisted
catalytic reactions,47 nanoparticle-based water purification
treatments,48,49 or photovoltaic solar cells.50

In this work, we presented an in situ method to accurately
determine the local temperature of nanomaterials. The validity
of the method has been demonstrated in two types of different
plasmonic gold-based nanomaterials, single and hybrid nano-
crystals, used for biomedical applications. We provided an
exhaustive study of heat transfer mechanisms and temperature
reached at the heart of these nanomaterials subjected to NIR
laser heating by using two temperature probe approaches

Figure 5. Macroscopic versus local temperature of single and hybrid gold-based nanomaterials under laser irradiation. Scheme of the two
experimental configurations for measuring the macroscopic temperature of heat-excited Au based-nanoparticles using a thermographic camera
pointed on the front surface (A) and along the profile view (B) of the sample. The sample is illuminated with an NIR light using a fiber-coupled
laser at the same distance as the X-ray radiation experiment. (C) Infrared thermal image of AuNR after 15 min of laser irradiation at 808 nm and
0.6 W. (D, E) Comparison of temperature increments for AuNR and AuNS subjected to different laser powers (reaching the thermal plateau)
measured with the EXAFS technique and with the IR camera at both observation points.
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working on different scales. Significant thermal gradients have
been detected at the nanoscale by means of X-ray absorption
spectroscopy as an onsite probe to correlate the local structural
and vibrational thermal parameters of heated atoms. At low
laser illumination power, this hot effect is highly pronounced.
For hybrid gold nanomaterials combined with iron oxide, even
larger temperature differences were observed. This nano-
thermometric method can be universally extended to any kind
of nano-object under localized hyperthermic conditions in any
environment and is applicable to monitor biological thermal
events.
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Kolosnjaj-Tabi, J.; Pećhoux, C.; Alvarez-Lorenzo, C.; Botton, G. A.;
Silva, A. Intracellular Biodegradation of Ag Nanoparticles, Storage in
Ferritin, and Protection by Au Shell for Enhanced Photothermal
Therapy. ACS Nano 2018, 12, 6523.
(6) Espinosa, A.; Kolosnjaj-Tabi, J.; Abou-Hassan, A.; Plan Sangnier,
A.; Curcio, A.; Silva, A. K.; Di Corato, R.; Neveu, S.; Pellegrino, T.;
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Y. V. Optomagnetic nanoplatforms for in situ controlled hyper-
thermia. Adv. Funct. Mater. 2018, 28 (11), 1704434.
(19) Hemmer, E.; Quintanilla, M.; Legare, F.; Vetrone, F.
Temperature-induced energy transfer in dye-conjugated upconverting
nanoparticles: a new candidate for nanothermometry. Chem. Mater.
2015, 27 (1), 235−244.
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