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Multiscale Thermal Analysis of Gold Nanostars in 3D Tumor
Spheroids: Integrating Cellular-Level Photothermal Effects
and Nanothermometry via X-Ray Spectroscopy

Rosalia Lépez-Méndez, Anastasiia Dubrova, Javier Reguera, Rdul Magro,
Fdtima Esteban-Betegdn, Ana Parente, Miguel Angel Garcia, Julio Camarero,
Emiliano Fonda, Claire Wilhelm,* Alvaro Mufioz-Noval,* and Ana Espinosa*

In the pursuit of enhancing cancer treatment efficacy while minimizing side
effects, near-infrared (NIR) photothermal therapy (PTT) has emerged as a
promising approach. By using photothermally active nanomaterials, PTT
enables localized hyperthermia, effectively eliminating cancer cells with
minimal invasiveness and toxicity. Among these nanomaterials, gold
nanostars (AuNS) stand out due to their tunable plasmon resonance and
efficient light absorption. This study addresses the challenge of measuring
nanoscale temperatures during AuNS-mediated PTT by employing X-ray
absorption spectroscopy (XAS) within 3D tumor spheroids. It also aims to
investigate the heat generated at the nanoscale and the resultant biological
damage observed at a larger scale, utilizing confocal microscopy to establish
connections between AuNS heat generation, tissue damage, and their
impacts on cellular structure. These nanoscale and microscale thermal effects
have been compared with macroscopic values obtained from infrared
thermography, as part of a multiscale thermal analysis. The findings
underscore the efficacy of AuNS in enhancing PTT and provide insights into
the spatial distribution of thermal effects within tumor tissues. This research
advances the understanding of localized hyperthermia in cancer therapy and
underscores the potential of AuNS-based PTT for clinical applications.

1. Introduction

In the quest to address the complexities
of cancer and mitigating the risks associ-
ated with current treatment modalities, ef-
forts have increasingly focused on enhanc-
ing therapeutic efficacy while minimiz-
ing safety concerns. Near-infrared (NIR)
photothermal therapy (PTT), employing
photothermally active nanomaterials, is
emerging as a pivotal approach in tumor
treatment.['?] This method entails the ap-
plication of highly localized tissue heat-
ing, inducing hyperthermia that effectively
destroys cancer cells through light-to-heat
conversion. This strategy offers inherent ad-
vantages, including noninvasiveness, min-
imal toxicity, increased selectivity, and re-
duced potential for initiating resistance.
Various nanoplatforms have been iden-
tified, spanning different compositions,
shapes, and structures of metal nanopar-
ticles, including gold and silver,>! car-
bon nanomaterials and dots,[*®! graphene
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oxide,’! and other inorganic nanoparticles such as silver
sulfide,®! copper sulfide,''!?] iron oxidel'>* or MXenes.!*>]
Among these, NIR-absorbing Au nanomaterials, encompassing
Au nanoshells,['*'7] Au nanorods,!'®!°] Au nanocages,?’! hollow
Au nanospheres,[??2] and Au nanostars, have emerged as the
most prominent and widely studied nanoparticle types. Among
the aforementioned NIR-induced gold-based nanoplatforms, Au
nanostars (AuNS) stand out as particularly effective for applica-
tions in optical biosensing, imaging, and PTT.I?*-27] This is largely
attributed to their branched morphology which enables high plas-
monic resonance within the NIR spectrum, all while maintain-
ing a small nanoparticle size in the 25-75 nm range.[?*?] In
contrast, prototype Au nanoshells have diameters typically ex-
ceeding 150 nm.**) One notable feature of AuNSs is their im-
pressive ability to finely tune their localized plasmon resonance
spectra and enhance their light absorption efficiency by adjust-
ing parameters like width, length, and spike count.[?#3! Modify-
ing the number and aspect ratio of spikes can be easily accom-
plished by adjusting the concentration of HAuCl, and shape-
directing agents in the seed-mediated growth process of their
chemical synthesis.[?”-2] Furthermore, AuNSs facilitate seamless
conjugation with a diverse array of bioactive and cancer-targeting
agents, thereby paving the way for combination therapies such
as PTT alongside drug delivery*’34l or photodynamic therapy
(PDT).[3>-7] All this makes it a versatile and effective state-of-the-
art PTT agent. Moreover, when internalized by cancer cells and
confined in endosomes, even small particles (%25 nm) exhibit
significant absorption in the NIR spectrum due to plasmon cou-
pling between neighboring nanostars.[”38]

One of the challenges in PTT lies in achieving accurate and
precise temperature measurements at the nanoscale within tis-
sues undergoing photothermal treatments. This entails the de-
velopment of nanothermometric techniques capable of effec-
tively sensing temperature changes in response to localized heat-
ing. It also involves addressing factors such as high resolution
and the dynamic biological environment. Furthermore, ensur-
ing the compatibility of these nanothermometers with photother-
mal agents and the targeted cells or tissues introduces complexity
to the design and implementation of reliable nanothermometry
techniques for hyperthermia. In response to these essential de-
mands for thermal sensing within cellular and tissue contexts, a
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diverse array of nanothermometers has been created. These solu-
tions harness the potential of luminescent nanoparticles,**! flu-
orescent organic dyes,[*”) quantum dots,[*1*?] nanodiamonds,**!
thermosensitive polymers,[“**] and metallic nanoparticles.[*!
These nanoprobes enable precise temperature measurements
within tissue environments and can serve as intracellular temper-
ature indicators for processes involving thermogenesis or ther-
mal therapies. Additionally, nanoscale photothermal effects can
be investigated using a recent nanothermometric methodology
using X-ray absorption spectroscopy (XAS).[**91 Gold-iron ox-
ide nanoparticles activated by NIR light exhibited a significantly
elevated local heating at the nanoparticle scale both in solid so-
lutions and in tumor cells using this nanothermal method“!
compared with overall temperature. Raising the temperature sig-
nificantly leads to physical harm, including protein denaturation
and membrane rupture. This process can elevate oxidative stress,
ultimately resulting in coagulative necrosis or apoptosis. These
effects are expected to be even more pronounced in the vicinity
of nanoparticles, as they are confined within endosomes inside
cells.

Due to the significant plasmon-induced thermal gradient ob-
served at the nanoscale within tissue environment,[*! a key con-
cern in PTT treatments is to establish the relationship between
induced thermal damage and its spatial extent around the ac-
tivated heating sources in tumor tissues. Consequently, under-
standing the biological effects of the localized heat generated
in tumor tissues at cellular level still requires further investi-
gation. In this context, 3D tumor models are now preferred for
pre-clinical assessment of anti-cancer treatments, striking a bal-
ance between the lack of microenvironment in adherent cell cul-
tures and the complexity of in vivo animal models. In spheroids,
cancer cells grow as aggregates, promoting cellular proliferation
and stimulating extracellular matrix (ECM) production, thereby
enhancing cell-cell contact and communication.’*>!) Moreover,
the heat produced by thermoexcited nanoparticles within tightly
packed cells is not dissipated as rapidly as in 2D cell cultures due
to the spheroids’ high surface-to-volume ratio, providing a more
realistic representation of a heated tumor environment.[>*:52-55]
The 3D model thus combines features such as coupled capillary
and interstitial heat transfer and transport, which are the funda-
mental mechanisms governing the distribution of heat in nano-
based hyperthermic treatments.[>®]

Another major challenge lies in fine evaluation of local
nanoparticles’ hyperthermic effect and resulting cellular tis-
sue damage. To date, confocal microscopy provides one of the
most advanced and convenient techniques to precisely evaluate
nanoscale impact in live and fixed tissues. It allows for the track-
ing of temperature changes and thermal damage, including al-
terations in membrane integrity and protein denaturation, with
high-resolution in 3D. Fluorescent probes may serve as optical
microprobes to not only assess cell viability post-treatment but
gain insight into cellular organization and its associated func-
tions. As such, staining actin filaments that comprise part of the
cell cytoskeleton responsible for cell movement can relate to can-
cer migration, as microfilament disruption has been shown to
be associated with its inhibition.’”) In addition, a plethora of
cell-cell adhesion complexes, which serve as associated tumor
markers, can be observed to assess the potential effect of local
hyperthermia on cancer cells. Among those, the cadherin super-
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family of adherent junctions, and more specifically E-cadherin,
is one of the most explored proteins so far, indicative of tis-
sue epitheliality.®! Therefore, its observed loss or gain follow-
ing the nanoparticle-localized hyperthermal effect may reveal the
respective changes in tissue integrity and hence, its metastatic
potential.[*] Targeted visualization of such crucial proteins with
confocal microscopy may allow to further detail the extent and
distribution of hyperthermic damage and thus, providing in-
sights into the overall efficacy and safety of nanoparticle-based
therapies.

This study employs an X-ray spectroscopy-based approach to
measure the photothermal heating generated by AuNS within
3D cancer spheroids. Additionally, it explores cellular damage
on a larger scale through microscopic analysis of thermal effects
and their spatial distribution around activated heating sources.
The aim is to establish connections between heat generation,
tissue damage, and their effects on cellular structure. Our find-
ings demonstrate that localized temperatures achieved at the
nanoscale can exceed those measured at the macroscopic scale,
revealing a critical thermal threshold that may indicate the break-
down of cell-cell adhesion. This research emphasizes the impor-
tance of accurately assessing nanoscale heating effects to guide
the design of more effective photothermal therapies that maxi-
mize damage to cancer cells while minimizing harm to healthy
tissues.

2. Results

2.1. Characterization of Gold Nanostars in 3D Tumor Spheroids

Gold nanostars (AuNS) were synthesized using seed-mediated
protocol following established procedures, employing the
polyvinylpyrrolidone/dimethylformamide (PVP/DMF) route
synthesis, resulting in a core with a branched structure.l?”:8]
Figure 1A displays representative transmission electron mi-
croscopy (TEM) images of AuNS. More TEM images are shown
in Figure S1 (Supporting Information). Regarding their optical
properties, AuNS exhibited localized surface plasmon reso-
nances (LSPR) within the visible to near-infrared (Vis-NIR)
region with a broad band in the 600-900 nm range and a max-
imum at 735 nm, which is attributed to a tips-core hybridized
plasmon mode (see Figure 1B) and a small band in the 500-600
nm region attributed to the core plasmon mode. X-ray diffraction
(XRD) patterns, as presented in Figure 1C (upper panel), further
confirmed the presence of a crystalline face-centered cubic (fcc)
metallic Au phase.

AuNS were incubated with U87 glioblastoma cancer cells for
24 h at an extracellular Au concentration ranging from 12.5 to
100 uM. Figure 1D illustrates the internalization of AuNS with
a 58.0 + 1.4 nm average equivalent diameter (Figure 1E) within
cells through TEM, clearly showing the sequestration of these
nanoparticles within endosomes, indicating an endocytosis-
mediated pathway. The cytotoxicity assessment performed
revealed that the AuNS were biocompatible under these incuba-
tion conditions (Figure 1F), with cellular uptake ranging from
0.3 to 9.8 pg cell™! of Au (Figure 1G). U87, a glioblastoma cell
line representing brain cancer, was employed as a model system
to generate aggregates, primarily in the form of spheroids, to
replicate the characteristics of tumor tissue. 3D spheroid models
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not only replicate the complex microenvironment within solid
tumors and mimic various tumor characteristics but also facili-
tate the simulation of a realistic heated tumor mass, accounting
for subsequent heat exchange and environmental losses. U87
cells were initially labeled with AuNS at a concentration of 200
um of Au. Subsequently, 300,000 cells were collected to form
spheroids. Histological analysis was employed to assess the
viability of spheroid-forming cells (Figure 1H). Hematoxylin
and eosin-stained histological sections demonstrated viable and
compact tissue in labeled cells.

AuNS exhibit a red-shift of the extinction band, moving the
peak of their LSPR from 735 to 796 nm due to plasmonic
coupling.[?38] This extends their absorption capability into the
broader NIR-I and NIR-II regions. Advanced high brightness X-
ray diffraction (XRD) spectroscopy revealed that AuNS inside
the cell aggregates exhibit patterns typical of fcc metallic Au
(Figure 1C), along with crystals of physiological salts formed
within the cells. These findings indicate that AuNS remained
unchanged after exposure to the cellular environment, retaining
their star-like architecture and crystalline composition.

U87 cells with AuNS formed a compact and homogeneous
tumor spheroid of ~ 300 um in diameter (Figure 1I). High-
resolution confocal microscopy imaging of live/dead assay stain-
ing of spheroids revealed maintained high viability of individual
cells comprising the aggregates. Confocal immunofluorescence
images (Figure 1]) show the structure of the spheroids, including
the cell cytoskeleton (actin network) and cell-cell adhesion pat-
terns (E-cadherin). The strengthened E-cadherin bonds indicate
the cohesiveness and integrity of the tissue. The 3D spheroid in-
tegrity and toxicity of U87 cells were not affected by the presence
of internalized AuNS.

2.2. Nanoscale Thermal Probing Inside Cells using X-Ray
Absorption Spectroscopy (XAS)

Recent findings have shown that extended X-ray absorption fine
structure (EXAFS) spectroscopy can accurately detect local heat-
ing in diverse inductively thermal systems.[*’86%] More recently,
we have introduced in situ EXAFS spectroscopy as a precise,
versatile, and direct nanothermometric technique at the cellu-
lar level within the tumor environment.[*"] This approach relies
on analyzing the vibrations of structural parameters of heated
atoms, such as Au in this case, inferred from fitting the struc-
tural Debye-Waller (DW) factor extracted by the EXAFS signal
x (k) with temperature from a previous study:

(N;S2) F, (k)

FCED e sin [2KR; + 6, (k)] g2 RN (q)

where N, represents the coordination number of atom i, R; de-
notes the interatomic distance of each shell, and o7 is the mean
displacement due to thermal motion (DW factor). This factor
quantifies the thermal vibrations of atoms and can be modeled
according to a correlated Debye model equation. See Supporting
Information for more details. At high temperatures, this factor
can be expressed as:

, A[1. T
~2(1i 2 2
1. \4" %, )
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Figure 1. A) TEM image of AuNS (with a diameter of 58.0 + 1.4 nm). B) UV-Vis—NIR spectra of AuNS in solution (on top) and inside U87 glioblastoma
cells (down), both reveal the presence of a plasmon resonance in the near-infrared (NIR) region. C) X-ray diffraction (XRD) pattern of AuNS in solution (on
top) and inside U87 cells (down). D) TEM micrographs of AuNS in U87 cells. E) Particle size distribution analysis of the AuNS in water. F) Cell viability of
AuNS assessed in U87 cells after 24 h of exposure to different extracellular concentrations (12.5, 25, 50, and 100 pg, ml~"). G) Cellular internalization of
AuNS quantified using inductively coupled plasma optical emission spectroscopy (ICP-OES) in mass of Au per cell after a 24-h incubation at extracellular
concentrations ranging from 25 to 200 um. H) Hematoxylin and eosin staining of a labeled spheroid section. 1) 3D reconstructed confocal images of
live/dead cells in the formed spheroid with AuNS. Green fluorescent calcein indicates live cells, while red component, iodide, marks dead cells. ) 3D
reconstructed confocal images of a spheroid with AuNS stained with F-actin (cytoskeleton, red), E-cadherin (cell junctions, green), and DAPI (nuclei,

blue).

where A is a constant containing the reduced mass M = ““"2 of  strating the stability and integrity of these nanomaterials in bio-

my+m,

the atom pair, k, the Boltzmann constant, 7 is Planck’s constant, 1ogicall§eﬁiggs. ) Cof
and 0, the Debye-Einstein temperature (A = 3n2 ). A ca 1brat19n temperature experiment ranging from 100 to 350
Mk Kusing a helium gas exchange cryostat was first conducted to de-

XAS measurements were conducted on the SAMBA beamline
(SOLEIL synchrotron, France) at the Au L;-edge in fluorescence
mode due to the absorption properties of cell tissue. This method
ensures precise and reliable data acquisition, essential for charac-
terizing the local structural and electronic properties of the AuNS

termine the thermal dependency of 6 for Au atoms. Two distinct
temperature ranges were examined: from 100 to 300 K, with in-
crements of 60-70 K, and above 300 K, with intervals reduced
to 25 K to achieve greater precision. The EXAFS signal ampli-
: B - h : tude is impacted by the thermal motion of atoms as shown in
in their biological environment. The X-ray absorptlon near-edge Figure 2B. Fourier transform (FT) of the k%-weighted EXAFS sig-
structure (XA‘NE‘S) analysis reyealed the ek.ectromc structures of 10 e AUNS within cells is displayed in Figure 2C (non phase-
metallic Au within cellu}ar environments (Figure 2A). The re.sults corrected), across various temperatures, using a k-range of 2.5
were bvenchmarked against reference samples of bulk metalhc'Au to 11 AL, It shows two main peaks associated with the metallic
(Au foil) to ensure accuracy. The data confirmed the preservation 4, Au bond distances (Ryz, = 2.86 A and assuming a mean co-

of the AuNS electronic properties after cellular uptake, demon- | 4. w00 N = 12 for Au metallic bulk). The FT of the
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Figure 2. A) X-ray absorption near-edge structure (XANES) at Au L;-edge (11919 eV) of AuNS in cells compared with Au foil reference at 300 K. Temper-
ature evolution of the B) EXAFS oscillations (k?-weighted) and C) Fourier Transform (FT) EXAFS signal extracted from Au L;-edge XAS spectra measured
from 100 to 350 K. D) Au L;-edge EXAFS oscillation functions (k*-weighted) subjected to photothermal irradiation at different laser powers (0.05-0.6
W). E) FT EXAFS signal under photothermia (0.05-0.6 W). F) Calibration curve of the DW as a function of temperature for AuNS (open symbols).
Solid symbols represent calculated values under photothermal excitation. Solid lines depict the fitting based on the Debye-Einstein model in the linear
approximation (100-350 K). The inset shows the local temperatures achieved under laser excitation (0.05-0.6 W). G) Average temperature increases
of AuNS in cells subjected to various laser powers using EXAFS analysis (local temperature) and an infrared thermal camera (macroscopic). Average
temperature elevation of control (unlabeled) cells was also measured under laser excitation. H) Infrared thermal images of AuNS in cells under different
laser powers (scale bar: 5 mm).
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Table 1. Calibration of AuNS with temperature. Experimental structural pa-
rameters, such as coordination number (N), average Au—Au bond length
(R), and the EXAFS Debye—Waller factor (62)) derived from the EXAFS data
of the AuNS under different temperatures (K) using a cryostat.

Cryostat temperature N R[A)] 62[A?)]
(K)

100 10.3 (5) 2.86 (1) 0.0025 (2)
170 103 (5) 2.86 (1) 0.0044 (2)
240 10.3 (5) 2.86 (1) 0.0058 (2)
300 10.3 (5) 2.86 (1) 0.0076 (2)
325 10.3 (5) 2.86 (1) 0.0086 (2)
350 10.3 (5) 2.85 (1) 0.0093 (3)

k%-weighted EXAFS spectra were fitted using theoretical phase
and amplitude generated by the FEFF8.1 program(®!l and analy-
sis calculations were performed employing Artemis software.[®?]
The Au-Au nearest-neighbor coordination numbers for AuNS (N
= 10.3) are lower than the expected for bulk fcc Au, due to the
high surface-to-volume ratio. Analyzing the FT data across vari-
ous temperatures enabled the determination of 62 and facilitated
a linear calibration of the temperature-dependent structural pa-
rameters for Au atoms (refer to Table 1).

For comparison, Figure S2 (Supporting Information) shows
that XANES and EXAFS measurements of AuNS synthesized at
300 K confirm the structural presence of fcc Au.

The DW factor calibration with temperature can effectively
monitor variations in AuNS temperatures. Subsequently, AuNS
in spheroids were subjected to 808 nm laser excitation (with
powers ranging from 0.05 to 0.6 W), and identical measure-
ments were conducted to assess the local temperature rise due
to photoexcited hyperthermia. Additionally, an infrared thermal
camera, positioned in the same setup as used for EXAFS mea-
surements, monitored the macroscopic heating of AuNS in cells
over time and with varying laser power. EXAFS spectra and
extracted FT were obtained for each laser power as seen in
Figure 2D,E. EXAFS fitting parameters and o? values (Table 2)
were obtained to derive local temperatures based on Au-Au first
shell 62 values (Figure 2F) from a linear fitting equation (equa-
tion S1). Local temperatures ranged from 302 to 435 K under
laser powers of 0.05 W to 0.6 W, corresponding to temperature
increases (AT gca) from 8 to 141 °C (Table 2). Global tempera-
ture (ATg opar) @acquired curves as a function of irradiation time
are depicted in Figure S3 (Supporting Information). A compar-
ison of AT g and ATgopar, along with the temperature in-

Table 2. Experimental structural parameters, such as coordination number
(N), average Au—Au bond length (R), and the EXAFS Debye—Waller factor
(6?)) derived from the EXAFS data of the AuNS under laser illumination
and the obtained local temperatures (T ocai (K) and AT gcar (°C)).

Laser power  Shell N R (A) AN Tiocal [Kl ATiocal [°C]
(mW)

50 Au-Au 103 (3) 2.86 (1) 0.0078 (2) 302 (3) 8 (3)
150 Au-Au 103 (3) 2.86 (1) 0.0081(2) 312 (3) 18 (3)
300 Au-Au 103 (3) 2.85(1) 0.0097 (3) 370 (3) 76 (3)
600 Au-Au 103 (3) 284 (1) 0.0114(5) 435 (5) 141 (5)
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crease in control cells, is depicted in Figure 2G, indicating local
thermal increments of 2-3 fold. Thermographic images of global
increments are shown in Figure 2H.

2.3. Localization of Cancer Cell Damage Following Photothermal
Treatment using Gold Nanostars in a Tumor Spheroid Model

The 3D multicellular spheroid stands out as a valuable tool for
nanotoxicity evaluation and serves as a good model to moni-
tor thermal damage at the cellular level following photothermal
treatment in hyperthermic cell-based assays. The same AuNS-
labeled spheroids were exposed to various photothermal doses,
and 2 h after the treatment live/dead assay was performed and
imaged with confocal microscopy, depicting live (green-colored)
and dead (red-colored) cells as shown in Figure 3A. Observations
of heat-induced cell death analysis have shown that increasing
thermal doses result in the destabilization (starting from 150
mW, AT, ocar = 18.5 °C) and disintegration of the spheroid, leav-
ing few to no surviving cells at doses ranging from 300 to 600
mW (AT, gcap above 75 °C). The metabolic activity in cell aggre-
gates was assessed using a colorimetric assay with the Alamar
Blue reagent (Figure 3B). A clear change in the overall metabolic
health and viability of the cell aggregates was detected under 150
mW laser irradiation, with almost no metabolic activity observed
at higher laser power doses. This result is in agreement with the
percentage of live cells quantified from Figure 3A (see Figure S4,
Supporting Information).

To further investigate the impact of local nanoparticle hy-
perthermia at a finer level of cell structure, spheroids sub-
jected to variable doses of laser power were also fixed follow-
ing the treatment for subsequent immunostaining. Namely, the
changes induced with cell cytoskeleton as well as cell-cell junc-
tions were traced via F-actin and E-cadherin staining, respectively
(Figure 3C). As such, F-actin staining revealed that for higher
doses of laser power (150 — 300 mW) the hyperthermal treat-
ment induced progressive cytoskeleton damage with little-to-no
observable F-actin at the highest laser power of 300 mW. This
may be an indicator of cytoskeleton collapse events that, in turn,
have been shown to be associated with inhibited cell migration
and vast impairing of other cellular functions.’”#*%*1 Such an
outcome may be beneficial for therapeutic applications in the
context of cancer metastasis. On the other hand, we observed
an increase in E-cadherin protein fluorescence at 150 and 300
mW laser dosages as compared to the lower laser power, 50 mW,
and untreated control. This not only demonstrates that cancer
cells did not lose their cell-cell junctions and acquiring a more
metastatic phenotype but also suggests a potential stimulation
in intercellular adhesions via local hyperthermal treatment. Tu-
mor spheroid cells were also monitored using TEM imaging
to investigate potential photothermal-induced AuNS degradation
within cells under different thermal doses (Figure 3D). Surpris-
ingly, nanostars were successfully visualized as intact and inter-
nalized within cells in spheroids even post higher laser expo-
sure dose (see Figure S5, Supporting Information). This indi-
cates the absence of detrimental impact of photothermal irradi-
ation on either the morphology or integrity of AuNS inside can-
cer cells, even at 300 mW where nanoparticle spikes are still pre-
served.

© 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Microscale thermal characterization of spheroids under photothermal effects with microscopy techniques. A) Confocal fluorescence imaging
of 3D spheroids labeled with AuNS treated at different photothermal doses (0.05-0.6 W) and stained with Live/Dead solution. B) Metabolic activity in
cell spheroids was determined using a colorimetric assay (Alamar Blue). C) 3D rescontructed confocal images of a single spheroid with AuNS stained
with F-actin (cytoskeleton, red), E-cadherin (cell juntions, green) and DAPI (nucleus, blue). D) TEM imaging analysis of AuNS internalization inside cells
localized in endosomes after photothermal treatments.
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3. Discussion

This study successfully demonstrates the integration of high pho-
tothermally efficient AuNS into a 3D tumor spheroid model de-
rived from U87 glioblastoma cells. AuNS preserved their crys-
talline structure, as evidenced by TEM images and XRD, even
after cellular uptake, indicating their stability within the biologi-
cal environment. High cancer spheroid cell viability, cytoskeleton
stability, and overall adherent junction integrity, demonstrated
via live/dead assays as well as E-cadherin and F-actin protein ex-
pression, establish a robust control framework for further pho-
tothermal irradiation studies. Similar results in the presence of
AuNS within tumor spheroids further underscore their non-toxic
nature in 3D cultures—a crucial consideration for potential ther-
apeutic application.

The study explores the potential of state-of-the-art AuNS as
both photothermal agents and nanothermometric probes us-
ing intracellular XAS. By employing EXAFS analysis, the study
demonstrates the ability to monitor local temperature variations
at the nanoscale within the tumor spheroid environment dur-
ing photothermal treatments. Calibrating the Debye-Waller fac-
tor (DW) with temperature allows for precise determination of
local temperatures, with increases ranging from 13 to 28% in the
300 to 350 K range. The linear response of DW to these temper-
atures underscores its effectiveness in detecting photoinduced
heating in AuNS. The analysis reveals parameter differences in
o2 up to 25— 47% under exposure at the highest laser powers. The
temperature-dependent EXAFS data provide valuable insights
into the thermal behavior of AuNS under various laser powers,
offering a detailed framework for assessing photothermal effects
in a controlled and quantifiable manner. Moreover, this nanoth-
ermometric technique proves reliable and robust in the cellular
environment: EXAFS remains stable regardless of concentration
and is resilient to changes in pH and viscosity.

As previously observed, gold-based nanomaterials under pho-
toexcitation generate thermal gradients around them.[*8] When
these nanoparticles are embedded in the cellular matrix, heat-
ing is notably amplified, resulting in local temperatures that are
significantly higher than global temperature measurements.!*’!
Specifically, under laser exposure, the local temperatures gener-
ated by AuNS in cells are ~2 to 3 times higher than those recorded
macroscopically. This finding aligns with previous experimental
and theoretical studies on nanoparticles subjected to magneto- or
photo-thermal heating modalities in solution.[*#565-68] Tt ig im-
portant to note that compared to similar spiky gold-based nano-
materials combined with iron oxide as a hybrid, the thermal gra-
dient is less pronounced in AuNS alone in cells. The iron oxide in
hybrid systems acts as a thermal reservoir, moderating the dissi-
pation of the heat generated by the plasmonic gold nanoparticles.
While iron oxide (in the form of magnetite) also absorbs NIR light
and emits heat, it does so less effectively than the heat produced
by the LSPR of Au nanoparticles.>* Various studies have doc-
umented large thermal gradients using different nanosystems,
highlighting significant temperature variations within small vol-
umes.

The integration of AuNS into the 3D spheroid model also fa-
cilitates the in-depth evaluation of photothermal-induced dam-
age at the cellular and subcellular levels and enables correlation
with the obtained nanoscale temperature results. Confocal flu-
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orescence imaging and metabolic activity assays reveal a clear
correlation between laser power and cell viability, with higher
powers leading to an increased cell death and spheroid disinte-
gration. Importantly, the structural integrity of AuNS is main-
tained even after photothermal treatment, as confirmed by TEM
analysis, indicating their resilience and suitability for repeated
therapeutic cycles. PTT also has shown to induce cell structural
changes, namely, in the cell cytoskeleton (F-actin) and cellular
adhesion (E-cadherin) proteins’ expression. Adherent junctions
and cell cytoskeleton are crucial for tissue integrity and orga-
nization preservation with major roles in cell motility, migra-
tion, intercellular signaling etc.[#%) Numerous evidence of these
cellular constituents and their functions being involved in can-
cer cell metastasis has already been brought to attention.!”%”2]
Nanomaterials-based strategies have been gaining interest over
the past years as active actin inhibitors to impede cell migration,
with several approaches including nanoparticle-coupled hyper-
thermal treatments.”>”7>! Liu et al. have shown one of the lat-
est achievements via blocking the cancer cell migration through
actin cytoskeleton-linked protein targeting with the combination
of gold nanorods with mild PTT.”} Our findings correlate the ex-
tent of the thermal gradient generated in the vicinity of nanopar-
ticles with its propagation at different scales, depending on pho-
tothermal excitation conditions, and with subtle changes in actin
filament organization and cadherin-mediated adhesion. These
changes suggest a promising impact on tumorigenesis by dis-
rupting actin filament networks while preserving crucial cell-cell
adhesions. In this work, we have demonstrated the potential ef-
fects of AuNS-targeted PTT on the cell cytoskeleton and intercel-
lular junctions. When combined with highly precise local mea-
surements of photothermal treatment effect propagation, this ap-
proach will allow us to further study the modulation of nanoparti-
cle photothermia response in cancer cells at the subcellular level
and its implications for therapeutic applications. Among the var-
ious parameters that can be monitored to evaluate cell integrity
and the cytoskeleton, we have selected the most representative
and fluorescently brilliant indicators.

4. Conclusion

This study offers a thorough evaluation of AuNS as both pho-
tothermal agents and nanothermometric probes using XAS. The
linear relationship observed between the Debye-Waller factor and
temperature demonstrated the sensitivity of AuNS in detecting
photoinduced heating, with temperature measurement uncer-
tainties ~ 3-5°C, and revealed significant photothermal gradi-
ents within the cellular environment. Indeed, the local temper-
atures measured at the nanoscale around AuNS were higher
than global temperature measurements, highlighting substan-
tial thermal gradients. Besides, compared to hybrid nanomate-
rials, AuNS exhibit a relatively lower thermal gradient, suggest-
ing more controlled and localized heating effects. Importantly,
the study confirms that AuNS remain intact within cells, with
no apparent thermal degradation, making them reliable for pro-
longed use in therapeutic applications. The research highlights
their dual role as effective photothermal agents and precise tem-
perature sensors in controlled cancer treatment applications.
This work also establishes a clear connection between nan-
othermally induced effects and cellular damage. It demonstrates
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how varying irradiation doses influence overall cell-cell interac-
tions, cellular structure, and integrity at the cellular scale. Higher
laser powers were found to increase cell death and spheroid
breakdown, reflecting the thermal effects around the nanoparti-
cles, while lower hyperthermia conditions enhanced cellular re-
sponse.

Overall, this study represents the pioneering detailed investi-
gation into the multiscale thermal effects of AuNS, examining
their nanospatial extent around activated heating sources in tu-
mor tissues and their impact on cellular structure and viabil-
ity. By elucidating the interplay between nanoscale heating and
cellular responses, this study contributes to the broader field
of nanomedicine and holds promise for developing innovative
strategies in targeted cancer therapies.

5. Experimental Section

Gold Nanostar Synthesis:  Gold nanostars were synthesized by a seed-
mediated-growth method. Initial gold seeds of ~14 nm were synthesized
by a modified Turkevith method: 95 mL of 0.5 mM HAuCl, in ultrapure
water was heated and brought to boil. Then, 5 mL of 1 wt. % of sodium
citrate tribasic dihydrate 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.

The seed solution was taken from the fridge and left stirring 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 ultrapure 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 1 h, and then centrifuged and redispersed in water two times. The final
concentration was measured by UV-V is spectrophotometry.

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 dissolved, 8.19
mL of HAuCl, 50 mM in water was added and left to pre-reduce until all
gold passed to Au™, in this case during 5 min.[28] The seed solution (11.3
1073 mmols of Au) was then quickly added and left for reaction for 2 h.
The solution was centrifuged and the supernatant was discarded. The so-
lution was further purified by centrifugation 3 times in ethanol and finally
resuspended in ultrapure water.

Cell Culture, Nanoparticle Incubation, and Spheroid Formation: U87
human glioblastoma cells were cultivated in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin at 37 °C in an incubator with 5% CO,. When
they reached high confluence, the cells were cultured in a supplemented
DMEM medium for 24 h with varying concentrations of nanoparticle
suspensions in T75 flasks. The concentrations of Au in the extracellular
medium was [Au] = 200 X 10~® m. Following nanoparticle incubation, the
cells were washed and detached to form the spheroids. The cells were then
counted and divided into suspensions of 200000 to 300000 cells in 1.5
mL-Eppendorf tubes. The suspensions were subjected to centrifugation at
1,000 rpm for 5 min, resulting in the formation of cell pellets. These pellets
were incubated at 37 °C with 5% CO, for a period of 2 days, allowing spher-
ical aggregates to develop. Following this incubation, the aggregates were
immobilized by treatment with a 4% paraformaldehyde (PFA) solution for
30 min, followed by three subsequent washes using phosphate-buffered
saline (PBS). Finally, the aggregates were stored in PBS for further analy-
sis.

Transmission Electron Microscopy (TEM): TEM micrographs of sam-
ples in aqueous dispersions and inside cells were captured using a
JEM 1400 Flash (Jeol) transmission electron microscope, operated at 120
kV, at the transmission electron microscopy service of CBM-CSIC, Spain.
Sections of tumor cells labeled with nanoparticles were also prepared in
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the same service. Both control and labeled cells underwent washing and
fixation with a suspension of 4% paraformaldehyde (PFA) and 2% glu-
taraldehyde in 0.1 mol L~" sodium cacodylate buffer (pH 7.4) for 2 h. Sub-
sequently, they were gradually dehydrated in ethanol (30% to 100%) and
stained with 1% osmium tetroxide containing 1.5% potassium cyanofer-
rate. The samples were then embedded in epoxy resin, cut with a micro-
tome into sections, and mounted on grids for analysis.

X-Ray Diffraction (XRD): X-ray diffraction data were obtained at the
Diffraction Facility of ICMM-CSIC, Madrid, Spain. Samples were placed
on a glass slide and submerged in mineral oil. Suitable samples (Au
nanoparticles-labeled cells) were selected with a kapton loop from MiTe-
Gen, using a polarized optical microscope. Diffraction data was collected
using Cu radiation with a Bruker D8 Venture diffractometer, equipped with
three microsources (Cu, Mo, Ag) and a PHOTON IIl area detector. Data
collection was performed with APEX5 software. DIFFRAC EVA software
was used to obtain 1D XRD patterns.

Quantitative Elemental Analysis and Intracellular Uptake (ICP-OES):
The concentration of Au in both solution and cells was determined us-
ing inductively coupled plasma optical emission spectrometry (ICP-OES)
at the chemical analysis service of ICMM-CSIC, Spain, with an Optima
2100 DV PerkinElmer instrument. Nanoparticle solutions were prepared
by adding 1 mL of aqua regia (a mixture of HNO3:HCl in a 1:3 ratio) and
heating them to 80 °C for 2 h. The sample was diluted in MilliQ water to
achieve a final volume of 10 mL. Quantitative analysis of the elements was
conducted using standard references for Au.

Optical Absorption Spectroscopy: The absorption spectra were
recorded for aqueous suspensions and cells using a Cary 60 UV-Vis-NIR
spectrometer (Varian) in the 300-1100 nm spectral range. Preparation of
a cell lysate was performed to isolate endosomes from cell nuclei. The
cells were suspended in a lysis buffer containing 250 mM sucrose and 3
mM imidazole. To enhance the release of labeled endosomes, mechanical
disruption was induced using a needle syringe.

Photothermal Excitation Measurements: To assess temperature pro-
files, the labeled aggregates (3-4) were subjected to an 808 nm laser with
a maximum power output of 1 W (Roithner Lasertechnik GmbH, Austria).
The laser intensity was adjusted to 0.05, 0.15, 0.3, and 0.6 W. Measure-
ments were taken after 10-15 min of irradiation, once the temperature
stabilized, using an infrared thermal camera (FLIR, USA) to monitor the
thermal increase.

Synchrotron hard X-Ray Absorption Spectroscopy (XAS): XAS spectra
were recorded in fluorescence mode at the SAMBA beamline (SOLEIL
synchrotron, France) using a multi-element high purity Germanium de-
tector (HPGe, Mirion). Samples with AuNS were measured in multicellu-
lar aggregates (3-4) and deposited on Kapton films mounted on standard
supports in a motorized stage. Spectra were acquired at the Au L;-edge
(11919 eV) across XANES and EXAFS regions. A liquid helium-nitrogen
cryostat with vacuum/He-gas insulation enabled measurements from 100
to 350 K for calibration. An Au metallic foil was measured at every con-
dition for energy calibration. Data were processed with Athena software,
included in the Demeter system, for polynomial pre- and post-edge back-
ground subtraction. EXAFS fits were performed on the k?-weighted signal
Fourier-transformed in the 2.5-11.5 A= range, obtaining the radial distri-
bution ~ 1.0-5.0 A from absorbing atoms (Au). Analysis calculations were
conducted using Artemis software.[%2]

Viability Assays of Cells and of Photoirradiated Spheroids:  U87 cells were
cultured in 24-well plates for 24 h with increasing concentrations of gold
nanostars (ranging from 12.5 to 100 ug mL™") in a complete DMEM cul-
ture medium. Cell viability was assessed by a colorimetric method based
on a resazurin solution assay. A 10% resazurin solution was added to the
DMEM medium without red phenol and incubated for 2-3 h, then trans-
ferred to a 96-well plate. Fluorescence was analyzed by a microplate reader
(excitation 570 nm, emission 585 nm, Bio-Tek instruments, Inc). Viability
was normalized with unlabeled control cells.

The thermal damage effect after applying the photothermal treatments
was evaluated in labeled spheroids subjected to different 808 nm power
densities of laser. The spheroids were then immersed in a 10% Alamar
Blue solution in DMEM without red phenol, incubated for 2 h. Metabolic
activity was obtained by fluorescence analysis of the transferred solution
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in a microplate reader. All reported experimental results were performed
in triplicate. A thermostated device was used to ensure physiological tem-
perature conditions (37 °C).

Alternatively, the cell survival was assessed with live/dead assay
(LIVE/DEAD™ Cell Imaging Kit Invitrogen R37601). The solution was pre-
pared according to manufacturer’s guidelines and the spheroids were in-
cubated with it for 25 min at 37 °C, 5% CO,. Confocal microscopy (Leica
DMi8) was performed with X 25 magnification lens in water-immersion
mode. The resulting images were obtained as 3D images (z-stacks, step
size 2.0 um, image size 1024 x 1024, resolution 2.2 pixels per micron) with
two channels: Calcein Green & Texas Red, identifying live and dead signal
respectively.

Immunofluorescence Staining of Photothermal Irradiated Spheroids:  Fol-
lowing the laser exposure, spheroids were fixed with 4% paraformalde-
hyde for 1 h at room temperature, followed by three washes with PBS.
They were then permeabilized with 0.1% Triton X-100 in PBS for 15 min
at room temperature followed by blocking in a 2% bovine serum albu-
min (BSA), 0/1% Triton X-100 solution in PBS for 3 h at ambient temper-
ature. Spheroids were then incubated with anti-E-cadherin primary anti-
body solution (Invitrogen SHE78-7) at 1:400 dilution in blocking solution
overnight at room temperature. The next day, the samples were thoroughly
rinsed 3x times with PBS and incubated with Alexa Fluor 488-conjugated
goat anti-mouse IgG (H+L) highly cross-adsorbed secondary antibody,
(ThermoFisher A11029) at 1:400 in blocking solution overnight at room
temperature. Finally, following 3x washings with PBS, spheroids were in-
cubated in a 300 nM DAPI solution (D3571, Invitrogen) at a 1:500 dilu-
tion with Alexa Fluor 555 Phalloidin (Thermofisher A34055) at 1:1000 in
blocking solution at room temperature overnight. Lastly, spheroids were
rinsed with PBS 3x times before acquiring images. Imaging was performed
in z-stack sections with Leica DMi8 inverted confocal microscope (Leica
Microsystems) using a 40x water immersion objective with voxel size of
0.2841 % 0.2841 x 0.7 um3.

Supporting Information

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