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X-Ray Nanothermometry of Nanoparticles in
Tumor-Mimicking Tissues under Photothermia
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Temperature plays a critical role in regulating body mechanisms and
indicating inflammatory processes. Local temperature increments above

42 °C are shown to kill cancer cells in tumorous tissue, leading to the
development of nanoparticle-mediated thermo-therapeutic strategies for
fighting oncological diseases. Remarkably, these therapeutic effects can occur
without macroscopic temperature rise, suggesting localized nanoparticle
heating, and minimizing side effects on healthy tissues. Nanothermometry
has received considerable attention as a means of developing
nanothermosensing approaches to monitor the temperature at the core of
nanoparticle atoms inside cells. In this study, a label-free, direct, and universal
nanoscale thermometry is proposed to monitor the thermal processes of
nanoparticles under photoexcitation in the tumor environment. Gold-iron
oxide nanohybrids are utilized as multifunctional photothermal agents
internalized in a 3D tumor model of glioblastoma that mimics the in vivo
scenario. The local temperature under near-infrared photo-excitation is
monitored by X-ray absorption spectroscopy (XAS) at the Au L;-edge (11 919
eV) to obtain their temperature in cells, deepening the knowledge of
nanothermal tumor treatments. This nanothermometric approach

1. Introduction

Body temperature and its regulation
are crucial for most vital functions and
metabolic processes.! It is also an indica-
tor of tissue homeostasis.?l Treatment of
many diseases can benefit from therapeutic
effects that take place by locally controlling
temperature in tissues such as bacterial
or virus infection, diabetes, inflammation
of tissues, and cancer. Indeed, an increase
in temperature in tumor tissues (from 41
to 42 °C), that is, hyperthermia, is used as
an adjuvant anticancer treatment in clini-
cal settings in combination with radiation
and/or radiotherapy.’] The progress of nan-
otechnology in medicine has revolutionized
hyperthermia methods by providing highly
localized heating through the activation of
nanomaterials by means of external mag-
netic fields*! (magnetic hyperthermia) or
near-infrared (NIR) lightl’! (photothermia)

demonstrates its potential in detecting high nanothermal changes in
tumor-mimicking tissues. It offers a notable advantage by enabling thermal
sensing of any element, effectively transforming any material into a

nanothermometer within biological environments.

with successful tumor reduction.

Local temperature monitoring during hy-
perthermia treatments is essential to avoid
undesired cytotoxic effects and to preserve
healthy tissues. Moreover, the use of mod-
erated temperatures or even macroscopic
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athermal conditions has demonstrated therapeutic effects trig-
gered by induced hot-spot regions instead of global macroscopic
heating.l! In hyperthermia experiments, most of the thermom-
etry approaches are based on non-contact techniques, aiming
for minimally invasive probe systems. However, those traditional
thermometers cannot accomplish other multiple requirements
that should be simultaneously satisfied to be used as thermal
sensors in cells and tissues, including i) high spatial resolu-
tion, ii) high temperature sensitivity, and iii) robustness against
fluctuation in the biological environments (unconstrained of
pH, ionic strength, or cell type). Nanothermometers based on
luminescent nanoparticles,/’”) fluorescent organic dyes,®! quan-
tum dots,”) nanodiamonds,!'%! thermosensitive polymers,[!'l and
metallic nanoparticles!'?! have fulfilled these requisites by pro-
viding very precise temperature readouts within tissues!*! or
even being used as intracellular temperature probes!'*!*! for
thermogenic processes or thermal treatments. All these thermal
nanoprobes have been selected to be reliable at the physiological
conditions in terms of temperature range (20-80 °C) and high
wavelength optical performance (excitation/emission operatives
in the biological windows).!'®] Besides the materials used, tech-
niques such as Raman spectroscopy,!'’! X-ray diffraction, ¥ mag-
netic resonance,!'! or hyperspectral photoluminescence confo-
cal imagel?’] have been also used as nanoscale thermometric
approaches. Recently, we explored an in situ and direct nan-
othermometric method based on the measurement of struc-
tural parameters of nanomaterials under photothermal condi-
tions using X-ray absorption spectroscopy (XAS).[?!l The valid-
ity of the method was demonstrated in plasmonic-based sin-
gle (Au nanorods) and hybrid (Au/Fe;0,) nanomaterials under
thermal laser exposure that display excellent thermo-therapeutic
performance,?2%3] where considerable nanothermal gradients
were detected. The advantages of this methodological approach
are essentially threefold: i) it is based on an element-sensitive
technique, which does not require the design of extra nanosen-
sors to provide precise nanoscale temperature readings, allowing
a universal thermal probe methodology as any material can turn
into a nanothermometer, ii) it provides an interatomic thermal
resolution specifically sensing the released heat at the heart of
thermoactivated cores, and iii) it can operate over a wide range
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of temperatures, procuring a robust and reliable tool to explore
potentially sharp thermal gradients.

The present study represents a significant achievement in ad-
vancing this X-ray-based nanothermometric methodology, push-
ing the frontiers even further into the cellular scenario. This work
consists in applying this unique label-free and direct nanoscale
thermometry to monitor the thermal processes of nanoparti-
cles under photoexcitation in the tumor environment while si-
multaneously mitigating any potential damage to healthy cells
caused by excessive heating. To achieve this, we have evaluated
the local temperature induced in gold-iron oxide nanomaterials
(Au/Fe;0,) in tumor cells under NIR photothermal protocols by
means of analyzing the EXAFS signal at the Au L;-edge. We have
developed 3D cell culture models of glioblastoma, organized as
spheroids to mimic more accurately the tumor structurel?*l and
encapsulating cells having internalized Au/Fe;O,, in order to
evaluate both global and nanoscale photo-induced temperatures
achieved inside cells forming a tissue. An exceptional advantage
of this method lies in its universal and versatile nature, allowing
any element to be excited and serve as a nanothermometer in bi-
ological environments.

2. Results

2.1. Gold and Iron-Oxide Nanohybrids in 3D Tumor Spheroids

The selected nanomaterials are hybrid nanostructures that com-
bine magnetic and plasmonic features as this combination
presents a high degree of multifunctionality.>] More specially,
the ones selected here have a Janus-type structure composed of
a branched gold side and an iron oxide nanosphere side, which
exhibit excellent heating properties,??) easy functionalization,2°]
and multimodal imaging capabilities.?}! They have also been
proven as efficient magnetically guided photothermal agents for
in vivo applications.!?”l The Au/Fe;O, nanohybrids were synthe-
sized by a multistep seed-mediated-growth method to produce
nanoparticles with a 20 nm-iron oxide core decorated with Au
spikes in a ratio [Au]/[Fe] = 1.6 (see transmission electron mi-
croscopy (TEM) micrographs in Figure 1A) with a 34 + 4 nm av-
erage equivalent diameter (Figure S1, Supporting Information).
The generated nanohybrids were coated by PVP (polyvinylpyrroli-
done polymer) that guaranteed high colloidal stability in water
and buffers, because of its steric and coulombic stability ({ =
—10 mV at pH 7).[27]

The photo-activated thermal capabilities of Au/Fe;O, nanohy-
brids (when irradiated in the NIR region) have been previ-
ously explored in tumor cells with outstanding therapeutic
outcomes.?2] To study the local temperature at the nanoscale
in the tumor environment, we have focused on a 3D spheroid
glioblastoma (U87 human cell line) tumor cell model. Spheroid
models resemble tumoroids and are used to mimic solid tumors
hence their biological complexity promotes the production of ex-
tracellular matrix (ECM) and enhances the cell-cell interaction
and cell packaging.?®! These factors are important to evaluate
the induced thermal effect generated with nanomaterials from
within the cancer cells in a realistic tumor mass, their consequent
heat exchange, and losses with the environment. U87 glioblas-
toma cells have been proven as optimal candidates to form cohe-
sive multicellular tumor spheroids, showing dense cell contact,
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Figure 1. Gold iron-oxide hybrids as magneto-photothermal agents in 3D tumor spheroids. A) TEM images of synthesized gold-iron oxide nanohybrids.
B) Cell viability of gold-iron oxide nanohybrids in U87 glioblastoma cells incubated at 12.5, 25, 50, and 100 ugrora. ML~ for 24 h internalized in U87
cells (n = 3). C) TEM micrographs of gold-iron oxide nanohybrids in U87 cells. Nanohybrids are inside endosomal compartments. D) Images of control
and labeled (with nanohybrids) spheroids. E) Confocal images of a spheroid stained with actin (cytoskeleton, red) and with DAPI (nucleus, blue) at
different orientation planes: 3D reconstruction (left), plane bottom (central), and border surface (right) of the spheroid. F) Spheroid section stained with
hematoxylin/eosin (viable cells in pink, nucleus in purple, and extracellular matrix in light pink). G) Magnetization hysteresis loop at 300 K of Au/Fe;O,
synthesized nanohybrids (dark blue) and in cells (light blue). H) UV—vis—NIR spectra of previous samples in solution (on top) and in cells (down), which

display a plasmon resonance at the NIR region.

rounded morphologies, and viable cores. Cell viability treated
with different concentrations of nanohybrids was beforehand an-
alyzed in 2D cell culture models (25-100 pgrora, mL™!, where
grotar 1S the total mass of Au and Fe;O, elements). Biocom-
patibility was satisfactory at doses lower than 100 pugroma; mL™
(Figure 1B).

The nanohybrids were then incubated for 24 h at an extracel-
lular Au concentration of [Au] = 50 to 200 X 107 M (lower than
50 ugrora, ML), Nanohybrids were easily uptaken by cells (with
Fe content ranging from 3.2 to 8.6 pg per cell and Au content
ranging from 4.0 to 19.5 pg per cell at these incubation condi-
tions, see Figure S2 (Supporting Information and Experimental
Section) and internalized in endosomal compartments as shown
in TEM micrographs (Figure 1C; Figure S3, Supporting Informa-
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tion). Nanomaterials morphology was not altered by the exposure
to the cellular environment, maintaining intact their star-like ar-
chitecture of Au bound to the iron oxide lobes and invariable
element ratio per particle. Harvested control and labeled cells
were suspended in growth media and assembled into pellets for
2-3 days to form spheroids of 300 000 cells (Figure 1D). Cell
viability of spheroid-forming cells was measured through im-
munofluorescence and histological analysis (Figure 1E,F). His-
tological sections stained with hematoxylin and eosin demon-
strated viable and compact tissue in both control and labeled
cells (Figure 1F; Figure S4, Supporting Information). In these
images, the nanohybrid accumulations appear as black spots that
are homogenously distributed throughout the spheroid with high
penetration at the core region. Actin/DAPI staining indicated
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Figure 2. A) Scheme of the experimental set-up to obtain X-ray absorption nanothermal spectroscopy inside cells measurements applying simultaneously
X-rays and NIR laser irradiation on systems based on nanoheaters within 3D tumor spheroids. A thermographic camera is positioned in place to monitor
the macroscopic temperature achieved under photothermal excitation. B) XANES at both (B) Au L;-edge (11919 eV) and C) Fe K-edge (7112 eV) at 300 K
of Au/Fe;O, nanohybrids as-synthesized and in cells. D) Au Ly-edge EXAFS oscillation functions y (k)-k? in the calibration range from 100 to 375 K and
subjected to photothermal excitation at different density powers (0.05-0.6 W). E,F) Fourier transformed EXAFS signal (FT) in the calibration range (100—
375 K) and under photothermal excitation (0.05-0.6 W). G) Temperature-dependent curve of Debye-Waller factor (52) for nanohybrids (calibration fit
curve) (open symbols). The solid symbols correspond to calculated values under photothermal excitation. The solid lines represent the fitting following

the Debye-Einstein model in the linear approximation (100-375 K). Inset: Local temperatures attained under laser excitation (0.05-0.6 W).

gathering proliferative cells at the surface and core of the tumor
spheroid characteristic of cohesive and collagen-rich ECM as de-
picted in Figure 1E.

2.2. Preservation of Photothermal Properties of Gold and
Iron-Oxide Nanohybrids in 3D Tumor Spheroids

Magnetic and plasmonic features are responsible for the hy-
perthermic capabilities of Au/Fe;O, nanohybrids revealing
high magneto- and photothermal efficiencies of synthesized
materials.?2l On one hand, the branched gold part of the
structure, also known as gold nanostars,[*! shows a high
photothermal conversion efficiency compared to other gold
nanoarchitectures.?2! On the other hand, iron oxide nanopar-
ticles have also emerged as performant agents for PTT in the
NIR Dbiological windows due to a band charge transfer pro-
duced by the mixed valence state in certain phases between
the iron cations (coexistence of Fe?* and Fe**) characteristic of
magnetite structures (Fe;0,).33] The superparamagnetic prop-
erties and saturation magnetization associated with the iron
oxide part of the nanohybrid (M, = 75 emu g™') are main-
tained in the cell environment (see Figure 1G) despite form-
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ing accumulations within the intercellular space, which can
lead to an increase of dipole-dipole interactions with reduced
magneto-thermal performance.?*l Zero-field cooling (ZFC) and
field cooling (FC) magnetization curves of nanohybrids in cells
are depicted in Figure S5 (Supporting Information). The endoso-
mal capture red-shifts the localized surface plasmon resonances
(LSPR) response from the vis—NIR region (600-900 nm) to a
wider NIR range (600-1200 nm) useful at the first and second
biological transparency window (Figure 1H). This nanoparticle
assemblage hence enhances their photothermal capability at the
cellular level, turning it out more effective at the therapeutic bi-
ological windows where the transmission of NIR light in tissues
is maximal.335) In this study, we have then focused on the pho-
toinduced temperature effect to investigate nanothermometry of
nanoparticles inside cells.

XAS measurements of nanohybrids were first obtained at
room temperature to investigate their structure and composi-
tion once they have been internalized in cell spheroids. Au/Fe;O,
in spheroids were illuminated with X-rays upon synchrotron ra-
diation at the SAMBA beamline (SOLEIL synchrotron, France)
at both Au L;- and Fe K-edges as it is schematically shown in
Figure 2A. A signal was collected in fluorescence mode due
to the attenuating characteristics of cell tissue and the diluted

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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condition of absorbing atoms. The X-ray absorption near-edge
structure (XANES) provided direct evidence of metallic Au and
magnetite Fe;O, electronic structure (with charge ordering oc-
cupation of Fe?* and Fe**) for nanohybrids as-synthesized and
in cells (compared with Au bulk metal and Fe,O, references)
(Figure 2B,C). These results together with those of TEM obser-
vations (Figure 1C) certify the compositional and structural ro-
bustness of these nanohybrids in the intracellular environment.

2.3. X-Ray Absorption Spectroscopy (XAS) as a Nanoscale
Thermal Probe Inside Cells

Previous experiments have demonstrated that XAS can be used
as a precise, versatile, and direct nanothermometric technique to
monitor the local temperature of gold-based compounds under
NIR laser light at the nanoscale.[?!] Recent reports have shown
the determination of local heating using extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy in several inductively
thermal systems.[3¢37] This time the thermoactivated agents will
be monitored at the cellular level within the tumor environment,
which has never been explored with this technique. Our exper-
imental setup integrates a laser source (808 nm), a thermal in-
frared camera, and a fluorescence detector to apply photothermal
excitation through the simultaneous acquisition of XAS data at in
operando conditions (Figure 2A). By analyzing the oscillatory EX-
AFS signal y(k), the structural and vibrational local parameters
can be quantified for a selected element:

N.S2) F, (k Vs ‘
) i ( )sin [ZkRi+5i (k)] =20 g=2Ri/A(K) (1)

i i

where N; is the coordination number of atom i, R is the inter-
atomic distance of each shell, and 62 the mean displacement due
to thermal motion, also known as the Debye—Waller factor. This is
arelevant factor that accounts for the thermal vibrations of atoms
(62) and can be modelized following a correlated Debye model
equation, which can be approximated to a linear equation at high
temperatures (from 50 K):333]

, A[(1 T
AL, T 2
T 0D<4+9D 2)

where A is a constant containing the mass (M) of the atom, kg
the Boltzmann constant, and 6, the Debye-Einstein tempera-
ture. In this experiment, we will monitor the local structure vari-
ations related to thermal vibration in Au atoms. We will show
that the thermal dependence of 62 is a precise and robust nan-
othermometer of the system, particularly in metallic materials,
such as Au. In the case of these nanohybrids, the EXAFS analy-
sis of metallic Au-Au shells and their scattering paths will provide
a more reliable temperature parametrization and measurement
compared with the metal-oxygen in oxide compounds. This is
mainly due to the much larger strength of the metal—oxide bond.
A thermal-dependent experiment 62 versus, T of Au atoms is ini-
tially conducted in a controlled range of induced temperatures
(100-375 K) using a He gas exchange cryostat. This aims to de-
termine the thermal dependency function of ¢2. Subsequently,
the same measurements are performed on nanomaterials sub-

Adv. Healthcare Mater. 2023, 2301863 2301863 (5 of 10)

www.advhealthmat.de

jected to 808 nm laser excitation conditions to resolve the local
temperature achieved under photoexcited hyperthermia.

As depicted in Figure 2D, thermal motion modifies the ampli-
tude of the EXAFS signal. Fourier-transformed (FT) k?-weighted
EXAFS signal of Au/Fe;0, nanomaterials in cells under differ-
ent temperatures was transformed using a k-range of 3-11 A~
(Figure 2E). The collection of a sufficient number of scans and the
continuous-scan mode provided a high signal-to-noise ratio dur-
ing measurements. The EXAFS data were fitted using theoretical
phase and amplitude functions using the FEFF8.1 program!*’l as
simulated curves. The analysis calculations were performed em-
ploying Artemis software.[*!]

The FT of the EXAFS signal at the Au L,-edge shows two
main maxima (not phase-corrected) corresponding to the metal-
lic Au—Au bond distances, which are compared with the EXAFS
of the Au foil where the atomic structure is known (Ry, ., =
2.86 A and coordination number N = 12). The Au-Au nearest-
neighbor coordination number (N) is slightly reduced by the
nanosize effects N = 11.5 + 1. As shown in Figure 2E, the in-
crease in thermal activation and disorder causes a decrease in FT
intensities from 100 to 375 K. The fitting of the FT data at dif-
ferent temperatures resulted in the calculation of ¢? and in a lin-
ear calibration of temperature-dependent structural parameters
of Au atoms (see Table S1, Supporting Information). Analysis of
the EXAFS signal of these nanomaterials in solution and cells at
both Au L;- and Fe K-edges and at 300 K are depicted in Figure
S6 (Supporting Information) and also verify the fcc Au and mag-
netite spinel structural configuration.

Once the calibration curve ¢2(T) is derived, experimental EX-
AFS spectra of Au/Fe;0, in cell spheroids under different laser
excitation conditions were measured. For this, both X-ray and
laser beams were synchronously illuminating the same region
in the spheroid sample. The samples were irradiated using an
808 nm laser at different increased irradiation powers (from 0.05
to 0.6 W). The macroscopic temperature increments of the illu-
minated spheroids were simultaneously monitored at the front
of the sample until they reached the steady-state after 15 min.
EXAFS spectra and FT were acquired at each irradiation power
(Figure 2F). As observed during the previous calibration, thermal
oscillations of atoms lead to damping of the EXAFS signal when
increasing laser power. For the highest laser power, an additional
contribution is observed for the FT signal, while the main two
peaks are still distinguishable. The fitting of this EXAFS signal is
accomplished by introducing an additional Au-X shell. The best
fit is achieved with an Au-X shell distance at R = 2.14 A, with
a mean coordination of 0.3. This value of R suggests that this
new contribution could potentially arise from the formation of
Au—O bonds at the Au surface within this temperature range.
The EXAFS fitting parameters and Debye—Waller factor values
o? are extracted (see Table 1) and the local temperature of vibra-
tional atoms in the cell matrix is obtained from the ¢? of the Au-
Au first shell (Figure 2G). The measured local temperatures were
318, 327, 419, and 703 K under 0.05, 0.15, 0.3, and 0.6 W power
laser conditions. These values correspond to temperature incre-
ments of (AT) of 23, 32, 123, and 408 °C (see Table 1). The linear
dependency of the Debye—Waller factor in the range of tempera-
tures has enough sensitivity to detect the photoinduced heating
that nanohybrids undergo. The uncertainties of the temperature
measurements are below 4 °C.
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Table 1. Experimental structural parameters (coordination number (N),
the average Au—Au and Au—O bond length (R), and the EXAFS Debye—
Waller factor (62) from EXAFS data of nanohybrids under NIR-laser exci-
tation and the corresponding local temperatures (T (K) and AT (°C)).

Laser power [mW]  Shell N R o2(A?) TIK AT[°C]

50 Au-Au  11.1(3) 2.86 0.0087 (2) 318 (4) 23

150 Au-Au  11.1(3) 2.86 0.0092 (3) 327 (4) 32

300 Au-Au  11.1(3) 285 0.0111(2) 419 (4) 123

600 Au-Au  11.1(3) 2.84 0.0179 (5) 703 408
()

Au-O  03(3) 214 00146 (5

The appearance of an additional contribution, in this case pos-
sibly identified as Au—O, in the EXAFS FT could be attributed
to the formation of active surface species on the Au at the high-
est temperature studied here. This phenomenon has been pre-
viously reported to happen in Au nanoparticles/oxide interfaces
at enough temperatures.*?] To support this, the differential fea-
tures in the Au L;-edge XANES (Figure 2F; Figure S6, Support-
ing Information) of the nanoparticles under 0.6 W power laser
condition just indicate the possible formation of these species at
the nanoparticle surface. Here, we report a local temperature in-
crease of 408 °C in the nanoparticles induced by laser radiation,
which seems to be enough to activate these types of reactions.

2.4. Global versus Local Photo-induced Heating in Gold-Iron
Oxide Nanohybrids in the Tumor Environment

Figure 3A,B shows the thermal increments provided by the in-
frared thermal camera of control and labeled aggregates sub-
jected to 15 min of laser irradiation (0.05-0.6 W). They are com-
pared with local temperature obtained with the EXAFS nanother-
mometry method. In all cases, the EXAFS analysis yielded much
higher temperature values than those obtained globally. From the
lowest to higher power laser, nanohybrids in cells reached macro-
scopic temperature elevations of AT =7, 27, 51, and 92 °C as the
maximum value. Non-specific heating produced by laser illumi-
nation in control cells at different conditions is also depicted in
Figure 3A attaining AT = 1, 3, 4, and 8 °C. The difference be-
tween the temperature increase at the nanoscale and at the global
temperature points out the existence of nanoscale hot regions
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around photo-excited nanohybrids. These strong thermal spots
are in general two to threefold higher. For the highest power, this
divergence can achieve more than four times more intensity.

3. Discussion and Conclusion

When comparing both photo-induced global and nanoscale tem-
peratures, the photothermal effect at the core of nanohybrids
inside cells is higher than in the surrounding media. This
thermal-confined divergence benefits from the bi-composition
of the nanohybrid structure. As previously observed, photother-
mal heating of gold-iron oxide core within a boron nitride ma-
trix resulted in a higher thermal gradient between their surface
and the circumambient compared to single gold nanomaterials
under the same laser conditions.l?!l The lowest thermal dissipa-
tion of the iron oxide part (in this case, magnetite) can amplify
the photoactivated hot areas and act as a thermal storage of the
heated system. This can limit the extent of the thermal treatment
only to the regions where nanoparticles are located (in cytoplas-
mic endosomes) and, hence, solely to tumor cells, allowing the
preservation of healthy tissues. The variation of Debye—Waller
factor with temperature ¢?(T) has demonstrated to be a fine pa-
rameter to monitor thermal variations in cells, where it increases
from 12% to 24% in the temperature range of 325-375 K from
the value at 300 K (see Table S1, Supporting Information). Ex-
tracted values from analysis point out parameter differences of
o?up to 75% when subjected to the highest laser power. More-
over, the Debye-Einstein model in the linear approximation al-
lows using this nanothermometry in a wide range of tempera-
tures covering the region in which the intracellular hyperther-
mia occurs. The excellent linearity of Debye-Waller factors is
extended to temperatures over 500 K in metallic nanoparticles
(such as Au,? P71 or Agl*l nanomaterials). Moreover, EX-
AFS is directly concentration-independent and exhibits robust-
ness against varying conditions of pH, viscosity, and ionic con-
centration. This technique is not limited by the diffraction limit
used in imaging techniques. The temperature information is re-
stricted to the initial interatomic bonds of Au, providing an aver-
age temperature measurement across the X-ray illuminated re-
gion, while reflecting the precise local temperature of the em-
bedded gold-based aggregates inside cells. Their application on
heated nanosystems in the tumor environment is investigated us-

50 100 150 200 250 300
time (s)

Figure 3. A) Temperature elevations for Au/Fe;O, subjected to different laser powers (0.05-0.6 W), reaching the thermal steady state, measured with
the EXAFS technique (local temperature) and with the infrared thermal camera. The macroscopic temperature increase of control cells (unlabeled) has
been also measured upon laser excitation. B,C) Infrared thermal images and temperature curves of Au/Fe;O4 nanohybrids under laser irradiation at
different laser powers (0.05-0.6 W).
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ing a 3D spheroid that provides a model that can faithfully mimic
the in vivo scenario. A homogeneous distribution and penetra-
tion of nanohybrids in the tumor tissue have been observed. All
of the nanohybrids are located in the cytoplasm, making them ex-
cellent agents for thermometry inside cells. The nanoscale tem-
perature gradient observed in laser-heated nanoparticles in cells
provides compelling evidence that heating is significantly en-
hanced when nanoparticles are embedded in a cellular matrix.
The EXAFS methodology is a reliable and robust tool that pro-
vides a means to investigate potentially sharp thermal gradients,
which are characteristic of nanoparticle-mediated hyperthermia
treatments.

This localized effect on nanometer scales can benefit therapeu-
tic protocols by reducing the intensity of the experimental param-
eters responsible for oncological doses such as global heating ef-
fects in hyperthermia protocols (power laser or external magnetic
field), radiotherapy energy, or chemotherapeutic agents while
sparing surrounding healthy tissues remain. This nanothermal
gradient phenomenon has been already observed in nanosys-
tems upon external stimuli actuation.[®11154] One of the major
gains of the present methodology is to combine measurements of
both induced heating and thermal sensing on the same nanosys-
tem inside the tissue. Few systems and methodologies have suc-
ceeded in the unmediated determination of the local temperature
of photo-excited nanoparticles in vitro and in vivo using lumines-
cent probes.[*! The EXAFS methodology applied in the tumor
spheroid model allows the creation of in vitro cell culture libraries
that are directly comparable to animal and patient tissues to ex-
plore in vivo-like conditions. This nanothermometry method can
serve as a valuable complement to other nanoscale thermal sens-
ing tools with higher sensitivities but lower capacity to detect very
high thermal gradients at the nanoscale.

This advanced technology can be adapted to any nanomaterials
for cellular use to solve biomedical problems. The suitability and
versatility of EXAFS nanothermometry demonstrate that it can
be implemented in non-biological applications. For instance, it
can be utilized for thermal monitoring of chemical elements in
microelectronics, catalysis, fuel cells, or in the development of
thermochromic materials.[*®]

In this pioneering study, X-rays act as a probe of the local tem-
perature in the nanomaterials inside tumor-mimicking tissues
for the first time, evidencing the existence of nanothermal con-
fined regions due to laser-heated nanoparticles inside cells.

4. Experimental Section

Chemicals: Hydrogen tetrachloroaurate(lll) trihydrate (99.99%, Alfa
Aesar), oleylamine (80-90%, Acros Organics), 1-octadecene (90%,
Aldrich), oleic acid (90%, Aldrich), iron(0) pentacarbonyl (99.99%,
Aldrich), 1,2-hexadecanediol (90%, Aldrich), methoxypolyethylene glycol
acetic acid (PEG, 80%, Mn = 5000 g mol~"), and polyvinylpyrrolidone
(PVP, M,, = 10 000, Aldrich), were used as received. Additional solvents
were reagent grade from Aldrich.

Gold Nanostars:  Gold nanostars were synthesized by a seed-mediated
growth method. Initial gold seeds of 14 nm were synthesized by a mod-
ified Turkevith method. 95 mL of 0.5 mm HAuCl, in ultrapure water was
heated up and brought to boil. Five milliliters of 1 wt.% of sodium citrate
tribasic dehydrate was quickly added under strong stirring and left to react
for 15 min. After that, the sample was cooled down and stored in the fridge
until further use.
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The seed solution was taken from the fridge and left to stir until it
reached room temperature. The Au concentration of the seeds solution
was measured in a UV-vis spectrometer using an extinction coefficient
of 2.4 mm~! cm™ at a wavelength of 400 nm. A solution of PVP (MW
10 Kg mol~') was prepared at 1 mg mL™! in water. The amount of
PVP added to the solution was calculated to be 60 molecules per nm?
of nanoparticle surface. The PVP solution was added dropwise to the
nanoparticle solution under mild stirring. The solution was left stirring
for 1h and then centrifuged and redispersed in water two times.

For the synthesis of nanostars, 75 g of PVP (MW 10 Kg mol~") was
dissolved in 1.5 L of DMF in an Erlenmeyer flask. Once it was completely
dissolved, 8.19 mL of HAuCl, 50 mwm in water was added and left to pre-
reduce until all gold passed to Au*, in this case for 5 min.[?°l The seed
solution (11.3 x 1073 mmol of Au) was then quickly added and left for a
reaction for 2 h. The solution was centrifuged and the supernatant was
discarded. The solution was further purified by centrifugation three times
in ethanol and finally resuspended in ultrapure water.

Gold-Iron Oxide Magnetic Nanostars: Janus magnetic nanostars were
synthesized as previously reported.[247] Its synthesis is based on a seed-
mediated-growth process starting with preformed heterodimer seeds of
gold/iron oxide with diameters of 15-20 nm. A nanostar growing step
was performed in a dimethylformamide solution of chloroauric acid and
polyvinylpyrrolidone, following the same procedure as outlined previously.
The reaction took place at room temperature, and the nanoparticles were
purified by several centrifugation steps and finally resuspended in 40 mL
of ultrapure water.

Cell Culture and Incubation of Nanomaterials: Human glioblastoma
cells (U87) were cultured in a 5% CO, atmosphere at 37 °C with Dul-
becco’s modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 1% L-glutamine, and 1% penicillin.

The cells were incubated in supplemented DMEM medium for 24 h with
different nanoparticle suspensions in T75 flasks at the following concen-
trations within the extracellular medium: [Au] = 100 and 200 x 106 mfor
gold-iron oxide magnetic nanostars (Au/Fe;Oy4). After incubation with the
nanoparticles, the cells were washed with medium and detached. Cells
were counted and divided in 200 000-300 000 cells-dispersed suspen-
sions in 1.5 mL eppendorfs to finally obtain a cell pellet after centrifugation
(1000 rpm, 5 min). The pellets were maintained for 2 days at 37 °C with
5% CO, till spherical aggregates were formed. The aggregates were fixed
with a 4% paraformaldehyde (PFA) solution for 30 min and washed three
times with phosphate-buffered saline (PBS). Then they were stored with
PBS.

Transmission Electron Microscopy: Transmission electron micrograph
(TEM) images were recorded with a JEM1400 Flash (Jeol) (transmission
electron microscopy service, CBM-CSIC, Spain) instrument operating at
120 kV. The morphological feature of nanoparticles was analyzed using
Image) software.

Tumor cells labeled with nanoparticles were washed and fixed with
a suspension of 4% paraformaldehyde (PFA) and 2% glutaraldehyde in
0.1 mol L~1 sodium cacodylate buffer (pH 7.4) for 2 h, then gradually de-
hydrated in ethanol (30-100%) and stained with 1% osmium tetroxide
containing 1.5% potassium cyanoferrate. The samples were embedded in
epoxy resin, cut with a microtome in sections, and mounted in grids for
analysis.

Elemental Analysis and Intracellular Quantification (ICP-OES): The
composition and concentration of Fe and Au in solution and cells were an-
alyzed by inductively coupled plasma optical emission spectrometry (ICP-
OES) using an Optima 2100 DV PerkinElmer equipment (chemical analy-
sis service, ICMM-CSIC, Spain). Different solutions of nanoparticles were
prepared by adding 1 mL of aqua regia (a mixture of HNO;-HCl in a ratio
1:3) and subjected to 80 °C for 1 h. Isotopic standard reference dilutions
of Fe and Au were used to perform a quantification analysis of the ele-
ments. The sample was then diluted in MilliQ water to have a final volume
of 10 mL.

Cytotoxicity Assay: U87 cells were incubated for 24 h in 24-well plates
with gold nanostars and gold-iron oxide magnetic nanostars at increas-
ing concentrations (from 12.5 to 100 ugrora, ML™') in a complete DMEM
culture medium. A 10% resazurin (Alamar Blue) solution was added to
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DMEM medium without red phenol and incubated for 2-3 h. Then part of
the solution for each condition was transferred to a 96-well plate. Fluores-
cence was measured with a 570 nm excitation filter and a 585 nm emission
filter in a microplate reader (Bio-Tek Instruments, Inc.). The fluorescence
of the DMEM medium with Alamar Blue solution was used as background
control. Cell viability was calculated according to the following formula by
comparison with control cells:

-1
I

Isample resazurin

Viability = 3)

control ~ fresazurin

where ;o1 is the fluorescence signal of the sample, Icgnyro) is the fluo-
rescence signal of the reduced form of resazurin (control), and [ ¢gsurin IS
the signal from the solution control: the DMEM culture medium supple-
mented with 10% resazurin.

UV-vis—NIR Spectroscopy: Plasmonic properties of solution and cell
suspensions were examined using a Cary Spectrometer (Varian) in the
300-1100 nm spectral range. A cell lysate was prepared to separate the en-
dosomes from the nuclei of cells. Cells were resuspended in a lysis buffer
containing 250 mm sucrose and 3 mm imidazole. For improving the re-
lease of labeled endosomes, a mechanical disruption was forced out with
a needle syringe.

Magnetic Properties: The magnetic characterization of the samples
was performed using a superconducting quantum interference device
(SQUID) (Quantum Design, San Diego, USA) at the Magnetism and Mag-
netic Materials Lab (ICMM-CSIC, Spain). A small volume of nanopatrticles
suspension was dried in cotton (or Kapton tape for cells) and introduced in
a gelatine capsule. Magnetization hysteresis loops at 300 K and thermal
dependence of the magnetization of samples were recorded upon zero-
field cooling (ZFC) and field cooling (FC) protocols at 100 Oe (8 KA/m).

X-Ray Absorption Spectroscopy (XAS): XAS spectra were recorded in
fluorescence mode at SAMBA beamline (SOLEIL synchrotron, France)
with a multi-element solid-state detector. Samples in aqueous solutions
were dried in drops (of a diameter ~0.5 cm). Cell samples containing
nanoparticles were measured in the form of multicellular aggregates (1-
3 per condition). Both were deposited in Kapton films and mounted in
standard supports in a motorized stage. XAS spectra were acquired at the
Au Ls-edge (11 919 eV) and the Fe K-edge (7112 eV) at both energy re-
gions (X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS)). The use of liquid helium-nitrogen cryo-
stat with vacuum/He-gas insulation enabled us to obtain measurements
at different temperatures (from 100 to 375 K). The monochromator en-
ergy was calibrated with the edge position of both Au and Fe foils. For each
NIR-laser condition, 10-15 scan spectra were acquired and averaged to re-
duce noise beam fluctuations. Data were treated with Athena softwarel]
for a polynomial pre- and post-edge background subtraction. The EXAFS
fits were carried out on the k?-weighted EXAFS signal Fourier-transformed
in the 3-11 A= range to obtain the radial distribution ~1.0-4.0 A from
absorbing atoms (Au and Fe). The analysis calculations were performed
employing Artemis software.[*1]

Photothermal Excitation Measurements: Temperature profiles of sam-
ples were obtained by placing the aggregates tube at 30 cm of distance
from the laser source. Samples were subjected to an 808 nm laser of
1 W maximum power (Roithner Lasertechnik GmbH, Austria). The sam-
ples were illuminated by placing an optical attenuator between the laser
and the sample, resulting in laser power conditions of 0.05, 0.15, 0.3, and
0.6 W. Measurements were conducted after 15 min of irradiation, reach-
ing a plateau temperature. The thermal increase was measured using an
infrared thermal camera (FLIR T540, USA).

Histological Analysis:  The morphology and viability of spheroids at the
single-cell level were examined with histological analysis. Spheroids (con-
trol and labeled with nanohybrids) were fixed with phosphate-buffered
10% formalin at pH 7.4, and dehydrated in a series of graded ethanol solu-
tions with increasing concentrations. They were individually placed in his-
tological cassettes and embedded in paraffin. Sections were stained with
hematoxylin and eosin for optical microscopy observation. The prepara-
tion of the samples was performed at the Histology Facility at CNB-CSIC
(Spain).
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Immunofluorescence ~ Staining: Spheroids were fixed with 4%
paraformaldehyde for 1 h at room temperature and washed three
times with PBS. They were next incubated overnight at 4 °C in 1 mL
of staining solution (blocking solution with 1:1000 of Thermofisher
Phalloidin AlexaFluor 488 and 1:300 Invitrogen DAPI). The next day, the
samples were rinsed two times with PBS at room temperature, and z-stack
sections (maximum 200 pm) were imaged with 25X water immersion
objective by confocal microscopy (Leica Microsystems DMig).

Statistical Analysis: All quantitative data were presented as the
mean + standard deviation (SD). The sample size for cell viability results
was expressed as n. Statistical analysis was performed using Origin soft-
ware.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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