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Introduction

Two photon-responsive gold nanocapsules
enable targeted photothermal hyperthermia of
chemoresistant melanoma: injection-route-
dependent efficacy and renal evidence of
fragment clearancef

Paula Zamora-Pérez,i® Qiutian She,? Harrisson D. Santos,® Jose J. Conesa,*
M. Carmen Iglesias de la Cruz,” Nuria Fernandez,” Daniel Jaque (2 ° and
Pilar Rivera-Gil (2 *®

Melanoma is a highly aggressive skin cancer that often develops resistance to chemotherapy, underscoring
the need for new treatment strategies. Here we evaluate plasmonic gold nanocapsules (AuNCs) as
photoresponsive agents for two-photon luminescence-assisted photothermal therapy in chemoresistant
melanoma models. The performance of the AuNCs was assessed in two-dimensional cell cultures, three-
dimensional paclitaxel-resistant B16-F10 melanoma spheroids, and a subcutaneous melanoma mouse
model under near-infrared excitation. In vitro, AUNCs alone exhibited no cytotoxicity, but under 830 nm
two-photon excitation, they produced strong two-photon luminescence and thermal effects that increased
with nanocapsule concentration and laser power. This led to transient oxidative stress, apoptosis induction,
and effective melanoma cell ablation under optimal conditions (80 pg mL™t AuNCs, 12 mW laser power).
In vivo, the route of nanoparticle administration proved decisive. A single 4-min 806 nm irradiation after
intratumoral injection uniformly heated the lesion (~45-50 °C), yielded durable tumour eradication, and
sequestered >99% of detected gold in the necrotic scab, with only trace renal clearance. In contrast, the
same laser fluence after peritumoral injection generated a superficial hot rim, spared the tumour core, allow-
ing eventual regrowth, and left ~65% of the injected gold systemically redistributed, mainly in the spleen
and liver. These findings highlight the potential of AUNCs as potent, image-guided photothermal agents for
chemoresistant melanoma, offering targeted tumor destruction with limited systemic exposure. They reveal
the injection route is a critical determinant of both therapeutic success and nanoparticle biodistribution.

ultraviolet radiation exposure.”™ Surgical excision cures most
stage I tumors, but once distant metastases develop, the 5-year

Cutaneous malignant melanoma accounts for <1% of skin
cancers yet it is responsible for most related deaths. Globocan
2022 recorded 331722 new cases and 58 667 deaths worldwide.
Independent burden of disease studies confirm the rising
incidence while attributing a substantial proportion to
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survival rate falls below 15%.”> Immune-checkpoint inhibitors
(ICIs) targeting CTLA-4, PD-1 and, more recently, the LAG-3
antibody relatlimab in combination with nivolumab, have revo-
lutionized melanoma therapy.>” Furthermore, autologous
tumor-infiltrating lymphocyte therapy has entered the clinic.®
Nevertheless, primary or acquired resistance occurs in ~50% of
patients and immune-related adverse events can be severe.”°
For tumors harboring BRAF-V600 mutations, combined BRAF/
MEK inhibition achieves high initial responses, but durable
remissions remain uncommon and systemic toxicity limits
chronic use.” Chemotherapy and external-beam radiotherapy
remain largely palliative because melanoma is intrinsically
chemo- and radio-resistant. These limitations demand tumor-
selective local treatments that eradicate residual disease while
synergizing with systemic immunity.

This journal is © The Royal Society of Chemistry 2025
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Photothermal therapy (PTT) offers an orthogonal physical
modality that converts NIR light into cytotoxic heat localized
to the tumor, while priming systemic antitumor immunity
through immunogenic cell death. Hyperthermia kills cancer
cells by raising the tumor temperature above a physiological
level.""'? Heat disrupts the endoplasmic reticulum and mito-
chondria homeostasis, drives reactive oxygen species (ROS)
production and elicits ROS-driven apoptosis and ER stress-
mediated cell death."®"* Because melanomas already harbour
elevated ROS due to melanin synthesis,'”> an acute ROS surge
is particularly cytotoxic. Local heat further boosts antitumour
immunity by releasing tumor-associated antigens, promoting
immunogenic cell death (ICD),"®"” improving blood flow and
vascular permeability, and recruiting immune effector cells.'®
Conventional “outside-in” heating with radiofrequency or
microwave applicators produces centimeter-scale isotherms
that can harm adjacent healthy tissue, limiting its clinical
utility."*>* Nanotechnology allows an “inside-out” approach:
stimuli-responsive nanoparticles accumulate in the tumor and
convert external physical energy (light, alternating magnetic
fields, ultrasound or radiofrequency) into heat with sub-
millimeter precision.>® Gold-silica nanoshells provided the
first proof-of-concept for in vivo nPTT two decades ago>* and
inspired a broad range of other photothermal nanomaterials
such as semiconducting polymers,>* copper sulfide,* FDA-
listed Prussian-blue,>® and black-phosphorus quantum dots.*”
Among the available nanoplatforms, gold nanoparticles,*®>°
iron-oxide,*® or silica are commonly used in hyperthermia and
stand out due to their biocompatibility and powerful photo-
thermal performance.*'

Regarding melanoma treatment, the most suitable approach for
external small superficial lesions is NIR-induced NP-assisted PTT
(nPTT),*****> while deeper lesions may benefit from radiofre-
quency, magnetic or ultrasound heating.*® AuNPs are the best
candidates for nPTT because of their facile and controlled
synthesis, easy optical property tunability, targetability*® and bio-
functionalization, loading capabilities, cellular uptake, and safe
biological profile.*”**> At the nanoscale, collective surface-electron
oscillations give rise to localized surface plasmon resonance
(LSPR).**™** Spectroscopy tracking of the LSPR predicts photother-
mal efficiency.*®"” Excitation in the “biological” NIR window (700~
980 nm) maximizes tissue penetration, while two-photon excitation
(2PE) of AuNPs additionally generates intrinsic luminescence for
image-guided therapy.**>° Besides, AuNPs can induce ROS-
mediated cell death for photodynamic therapy (PDT).***'~*® Singh
et al. developed NIR-II-active, capsule-shaped, and rattle-like
bimetallic nanoparticles, which exhibited excellent photo-
thermal efficiency at low power density by using an NIR-II laser
(1064 nm), affirming the photothermal efficacy of
nanocapsules.”® Li et al designed carbon-silica nanocapsules
with gold nanoparticles inside the cavity. These multifunctional
nanocapsules exhibiting excellent photothermal conversion and
good biocompatibility achieved a synergistic effect between
photothermal- and chemo-therapy.*> Grabowska-Jadach et al.
reported plasmonic hollow gold nanoshells modified with apta-
mers selective towards nucelolin for the photothermal treatment
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of skin cancer. Their hollow gold nanoshells exhibited good water
solubility, colloidal stability during modification and purification
stages, as well as an LSPR band in the NIR region.*®

Mechanistic studies show that plasmonic heat triggers
membrane disruption, protein denaturation and oxidative
stress®” and that sub-lethal hyperthermia promotes ICD, aug-
menting antigen presentation and synergizing with PD-1 block-
ade in melanoma models.”®>® Early clinical trials have
confirmed the safety of nPTT in prostate (silica-gold nano-
shells; NCT02680535)."° This trial demonstrates the clinical
feasibility of intratumoral nanoparticle delivery and NIR laser
parameters comparable to ours.

We previously engineered hollow ~400 nm gold nanocap-
sules (AuNCs) by layer-by-layer deposition of polyelectrolytes and
gold seed on silica templates followed by core dissolution and
gold growth.?>°°"%> The plasmonic surface exhibits broadband
extinction across the first NIR window and converts 830 nm 2PE
into heat with ~37% efficiency, outperforming mass-matched
nanorods or nanostars. Their internal cavity can host diagnostic
or therapeutic cargoes, providing true theranostic capacity, while
intrinsic two-photon luminescence (2PL) enables pum-scale track-
ing under clinically permissible NIR fluences. Importantly, their
synthesis uses clinical-grade reagents and yields endotoxin-free
dispersions, facilitating translation.

Here we exploit the dual imaging and heating functionality of
AuNGs to eradicate multi-drug-resistant melanoma. In paclitaxel-
resistant B16-F10 spheroids, a single 10 min 2PE pulse (830 nm,
12 mW) delivered with 80 ug mL ™" AuNCs generates abundant ROS,
perforates the plasma membrane, and kills >90% of cells, whereas
AuNCs or laser alone are innocuous.”® Cryo-soft X-ray tomography
confirms AuNC fragmentation and pm-scale membrane pores,
consistent with inside-out-hyperthermia. Translating these para-
meters to murine B16-F10 xenografts, a single 4-min 806 nm
exposure following intratumoral (IT) AuNC delivery raises the
entire lesion to a temperature of 45°-50 °C, achieves complete
remission in all animals, and confines >99% of the injected
gold within the necroric scab that is later shed. In contrast,
peritumoral (PT) injection yields a superficial “hot rim”, leaves the
core viable, allows regrowth, and redistributes ~65% of the AuNCs
to the liver and spleen. Thus, the injection route critically determines
both therapeutic outcome and systemic nanoparticle burden.

Importantly, longitudinal studies are beginning to clarify the fate
of residual gold and its immunological footprint. Dextran-coated
21 nm AuNPs persist in murine liver and spleen for at least two
weeks yet cause no histopathological alterations or elevations in
serum transaminases, creatinine or IL-6, arguing against chronic
hepato- or nephron-toxicity.** A comparative toxicology screen in
C57BL/6 mice found that AuNPs transiently elevate IL-6 and
TNF-o and expand memory CD8" T-cells within 2 h, but all
cytokine and activation markers return to baseline by
96 h, suggesting a self-limited innate response with
potential adjuvant benefit.®® Particle engineering can
further mitigate organ retention: glutathione-protected ultra-
small Au(,5) nanoclusters achieve 36% renal clearance within
24 h and >90% overall elimination by 28 days, whereas
albumin-coated analogues retain >95% of gold in
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mononuclear-phagocytic system organs and prolong cytokine
activation.®® Notably, our IT protocol sequesters >99% of AUNCs
in the desquamated eschar, virtually abolishing off-target accumu-
lation. Collectively, these data support a broad therapeutic window
and indicate that residual gold deposits are largely immunologi-
cally inert, or even mildly immunostimulatory, when particle size,
surface chemistry and administration route are optimized.

AuNC-mediated nPTT therefore emerges as a single session,
image-guided strategy for hyperthermia eradication of drug-
resistant melanoma while minimizing systemic, off-target expo-
sure. Given its capacity for cargo loading, the platform provides
a rational foundation for combining local hyperthermia with
ICIs or encapsulated chemotherapeutics, and the mechanistic
insights obtained here will inform the broader clinical transla-
tion of IT nanomedicines.

Experimental
Synthesis and characterization of gold nanocapsules

Synthesis. We followed a previously reported protocol®*®® for
the synthesis of AuNCs with some modification to enhance the
plasmonic surface.’™*> AuNCs were synthesized using a layer-by-
layer (LbL) templating approach. Briefly, polystyrene (PS) beads
(400 nm in diameter) served as templates and were alternately
coated with negatively charged poly(styrene sulfonate) (PSS) and
positively charged poly(allylamine hydrochloride) (PAH) to build
up multilayers, terminating with a dense outer layer of PAH.
Subsequently, a large excess of negatively charged gold seeds (2-
3 nm in diameter, Au seeds) was electrostatically adsorbed onto
the positively charged LbL surface, forming PS@Au-seed struc-
tures. These were thoroughly washed to remove unbound parti-
cles. To stabilize the structure, a polyvinylpyrrolidone (PVP)
coating was applied, followed by the deposition of a silica shell.
The PS cores were then dissolved using an ethanol/chloroform
mixture, yielding hollow silica nanocapsules embedded with
gold seeds. To enhance the plasmonic properties, the gold seeds
were grown in situ by reducing gold ions with formaldehyde,
using the pre-adsorbed seeds as nucleation sites, designated as
gold nanocapsules (AuNCs). Silica-coated AuNCs were placed in
Milli-Q water under stirring at RT for 48 h and washed three
times with Milli-Q water for silica dissolution. The AuNCs were
stored at 4 °C. No strong etchants, elevated temperatures or
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organic solvents were required, and the final capsules retained
the ~400 nm diameter dictated by the original PS template
while exhibiting the broadband plasmonic response character-
istic of a contiguous metallic layer.

Rhodamine B-loaded AuNCs (RhoB-AuNCs) were synthe-
sized using the same LbL protocol described above, with the
modification of employing a fluorescent PS template. The
fluorescent PS spheres were prepared by radical polymeriza-
tion. Briefly, 0.15 g of polyvinylpyrrolidone (PVP, MW
55000 kDa) and 0.128 g of 2,2’-azobis[2-(2-imidazolin-2-
yl)propane]dihydrochloride (AIBA) were dissolved in 50 mL of
argon-purged Milli-Q water. The solution was heated to 70 °C
under reflux. After 5 g of styrene monomer was added, 15 mg of
rhodamine B (Sigma-Aldrich) was introduced 5 minutes later,
and the polymerization was allowed to proceed for 24 hours.
The resulting fluorescent particles were collected by centrifuga-
tion at 9500 rpm for 30 minutes and washed three times with
Milli-Q water. More details of the procedure are included in our
previously published work.*®

Transmission electron microscopy (TEM). The nanomater-
ials were diluted 1000x from the stock solution with ethanol,
sonicated, and then, 10 puL were placed in a copper grid for
visualization with an electron microscope (Phillips CM100).

Extinction spectra. The rest of the sample was used to
measure the UV-vis extinction spectrum using a spectroscope
(Ultrospec 2100 Pro).

Hyperspectral-enhanced dark-field microscopy (HEDFM).
Optical scattering spectra of individual AuNCs were recorded
with a CytoViva HEDFM 150 system (CytoViva Inc., Auburn, AL,
USA). We used an illumination NA = 0.8 and a 60x oil objective.
The HEDFM system consists of an Olympus BX51 microscope
with a dark field condenser mounted and coupled to a spectro-
graph “V10E 2/3” attached to a CCD Imperx IPX-2M30 camera.
The hyperspectral system collects the light scattered by the
samples every 2 nm in the wavelength range of 400-1000 nm.
The technique and its application to plasmonic shells are
detailed in our previous work."®*”¢”

The thermographic measurements of AuNCs in solution
were performed under 806 nm excitation with a single-photon
laser and images were recording with a FLIR thermocamera.
For more details on the physicochemical properties of the NCs,

please check our previous publication.>
Laser set-ups

"
A

Laser Purpose (figures) (nm) Regime

Average
power at Key dosimetry

Beam/scan geometry sample parameters*

830 80 fs, 80
MHz

Ti:Sa pulsed (Spectra- 2 PE imaging/in vitro
Physics MaiTai eHP Deep- nPTT (Fig. 2 and 3 and
See on Leica SP5): Fig. S1C, S2, S5, $6, ESI'{)
Pulse energy = 38-150 pJ;

peak power (Ppeak) = 0.47-

1.9 kw

Time-averaged voxel irra-

diance (after duty-cycle

~3.8 x 10 %) =21-84Wem >

Voxel dose over 60 s = 1-5

k] cm™?
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Instantaneous focal
irradiance (I, W
em %) = (5.5-22) x
10°

Diffraction-limited focal spot, d = 0.264 3-12
pum (NA = 1.1 water). Raster-scanned 512 mW
x 512 frame, 2 ps pixel dwell, 60 s total
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Table (continued)

Average
A power at Key dosimetry

Laser Purpose (figures) (nm) Regime Beam/scan geometry sample parameters*
Diode (Lumics Photothermal efficiency 806 Continuous 3 mm collimated beam on cuvette 30 mW (1 W cem % 6 min)
LU0806T040) curves (Fig. 1D and Fig. wave (CW) aw — 360] cm 2

S8 right, ESI'Y) cm?)
CW diode (Lumics In vivo nPTT (Fig. 4 and 806 CW 15 mm defocused spot on tumour 1.8W (1 Wcm % 4 min)
LU0806T040) Fig. S7, S8 left, S9, aw — 240 J cm ™2

$10,ESI'f) em?)

Irradiance values are quoted in W cm ™ following hyperthermia- 830 nm (2PE, in vitro) and 806 nm (single-photon, AuNCs

reporting guidelines. For the pulsed Ti:Sa source the instanta- bulk and in vivo) lie on the same broadband LSPR shoulder of
neous figures refer to the 264 nm focal spot; the time-averaged ~AuNCs, and no change in extinction is observed between 800
values account for galvo scanning (duty-cycle ~ 3.8 x 10~°). and 840 nm (Fig. 1C).
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Fig. 1 Physico-chemical characterisation of gold nanocapsules (AuNCs). (A) Synthetic concept and TEM validation. A schematic (centre) depicts the
layer-by-layer (LbL) adsorption of citrate-stabilised Au nanoparticles onto the inner wall of a sacrificial silica sphere, followed by dissolution of the
template to yield a hollow plasmonic shell. TEM micrographs show a silica-coated AuNC (left) and the same capsule after silica removal (right),
confirming preservation of the continuous metallic shell. Scale bar, 400 nm. (B) Hyperspectral-enhanced dark-field microscopy (HEDFM). The dark-field
image reveals a uniform population of bright-scattering capsules; the overlaid mean spectrum (inset) displays a localised surface-plasmon maximum at
~620 nm, attesting to narrow size distribution and excellent colloidal stability. Scale bar, 10 pm. (C) Optical extinction. The UV-visible absorbance profile
of an aqueous AuNC dispersion exhibits a broad band that spans the visible and NIR windows, characteristic of strong inter-particle coupling within the
hollow shell. (D) Photothermal performance. Bulk temperature of the dispersion recorded during continuous 806 nm laser irradiation (1 W cm™2) rises by
~9 °C within 6 min and returns to baseline once the laser is switched off, illustrating efficient light-to-heat conversion. The initial temperature for all
samples was 22 °C. Representative infrared thermographs before irradiation (upper inset) and at the temperature peak (lower inset) confirm
homogeneous heating. Abbreviations: AuNCs, gold nanocapsules; HEDFM, hyperspectral-enhanced dark-field microscopy; LbL, layer-by-layer
assembly.

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. B, 2025, 13, 9498-9511 | 9501


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb00167f

Open Access Article. Published on 17 2025. Downloaded on 04.12.25 6:56:49.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

Photothermal efficiency

The photothermal efficiency (1) of AuNCs under laser irradia-
tion at 806 nm was obtained by applying the Wang model. In
this model a certain mass (M) of the solution containing the
photothermal agents is excited with an infrared (806 nm) laser.
The time evolution of the solution temperature is measured
until a steady state is achieved and the temperature increment
(AT) is determined. Then, the heating laser is tuned off and the
thermal relaxation of the solution is recorded to determine its
thermal relaxation time (t5). In a first order approximation the
laser-to-heat conversion efficiency is given by:®®

M.-C-AT
= P @
where C is the heat capacity per unit mass of solution (2.43J g ' K *
for the case of ethanol) and Py is the laser power absorbed by the
solution. In this work the photothermal conversion efficiency was
calculated by heating a solution of AuNCs in ethanol with an
806 nm continuous wave laser and recording the time evolution
of the temperature of the solution with a thermal camera.

Cell culture

For cellular studies, B16-F10 mouse melanoma adherent cells
were cultured in high glucose (4500 mg L") Dulbecco’s modified
Eagle’s medium (Gibco), supplemented with 1% penicillin-strep-
tomycin (Hyclone) and 10% fetal bovine serum, FBS (Sigma
Aldrich). Cells were cultured at 37 °C under a wet, modified
atmosphere with 5% CO,. B16-F10 melanoma spheroids obtained
from serum-free B16-F10 adherent cells were seeded at a concen-
tration of 750 cells per well in low-attachment 96-well plates
(Corning) and cultured for 5 days in a supplemented Mammocult
Human Medium Kit (STEMCELL technologies).>® From the max-
imum projections, ROIs for each individual spheroid were
performed.

Invitro characterization: Cell viability and cellular sensitivity to
paclitaxel

Paclitaxel (PTX) was dissolved in ethanol, before mixing it
with the cell medium. We prepared a PTX working solution
of 50 UM.

(i) Cells were cultured as before. Trypan Blue staining was
used to count (Countess™, C10228, Invitrogen™) the cells and
to differentiate between live and dead cells in suspension. Live
cells are impermeant to trypan blue and only enter the cell if
the plasma membrane is damaged, thus being an indicator for
cellular toxicity. Cells were treated for 24 h with PTX at different
concentrations, 0.1-100 pM. As a control for viability, we used
untreated cells. Then, we collected the cells by trypsinization of
the adherent cells. We realized there were dead cells floating in
the medium, therefore we also collected the medium from each
well of the plate. Dead cells were stained with trypan blue
(10 pL was added to 10 pL of cell medium). The viability was
measured in % of the total amount of cells.

(ii) B16-F10 melanoma spheroids were incubated with PTX
and AuNCs. Cell viability was measured using CytoCalcein

9502 | J Mater. Chem. B, 2025, 13, 9498-9511
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violet 450 and propidium iodide, the total counts for each
spheroid were obtained dividing the signal by the area of the
spheroid. Mean 4 SD were provided. ROS., and apoptosis
studies were performed in spheroids exposed to 30 pg mL ™'
of AuNCs for 24 h, and treated with 6 pM CellROX deep red
(Invitrogen) and with 10 uM apopxin (Abcam) for 1 h.

Nanocapsules. Our previous studies have already demon-
strated the NCs’ lack of toxicity.>® Nevertheless, we confirmed it
again. B16-F10 were seeded at a density of 2 x 10> cells in 2 mL
of cell culture growth medium (GM). The cells were incubated
at 37 °C with 5% CO, for 24 h.

Meanwhile we sterilized an aliquot of the NC dispersion.
The aliquot was centrifuged at 8500 rpm for 30 minutes. After
centrifugation the supernatant was removed, the same amount
of sterile Milli-Q water was added and a sterile new Eppendorf
was used. The entire process was repeated 3 times. The cells
were incubated with 80 ug mL™" NCs for 24 h and the viability
was measured with trypan blue as described before.

Imaging was performed with a Leica SP5 confocal micro-
scope using a 40x water immersion objective. The images of
the tumor spheres were acquired with an Andor Dragonfly 500
spinning disk confocal microscope using a 40x water immer-
sion objective. A region of interest (ROI) for each spheroid was
obtained in the maximum projection, and the cell viability was
calculated considering the total count per spheroid of propi-
dium iodide and CytoCalcein violet 450 signals divided by the
area of the spheroid obtained with FIJI. ROS and apoptosis
studies were performed using 3D melanoma spheroids grown
for 5 days; the spheroids were exposed for 24 h to 30 ug mL ™" of
AuNGs, treated with 6 pM CellROX green and/or CellROX deep
red (Invitrogen) with 10 pM apopxin (Abcam), and incubated
for 1 h.

NC-mediated heat production. Cells were seeded as
described before in the laser chamber and were incubated with
1, 10, and 80 pg mL ' NCs. The distance to the laser was
estimated to be between 6.5 to 7 cm to ensure the laser was
focusing the NCs. The cells were irradiated with a 2-photon
laser. Then cell viability was measured.

Concomitant treatment (PTX and heat). Cells were seeded as
described before and treated with 0,1, 1, 2.5, 5, and 7.5 uM PTX.
For this concomitant treatment strategy, we used 80 pg mL ™"
NCs. The cells were cultured for 24 h and irradiated with an
806 nm laser following the previous protocol®® at 12 mW for
10 minutes. We measured cell viability using trypan blue as
previously described.

In vitro nPTT

The treatment of chemoresistant B16 melanoma spheroids was
performed with a titanium sapphire multiphoton laser coupled
to a Leica SP5 confocal microscope (830 nm) (see the laser set
up section above).

The cryoSXT study was performed in B16 melanoma adher-
ent cells seeded on Au-EM grids coated with holey carbon
(R 2/2; Quantifoil) controlled so that 1-3 cells per grid square
were obtained. Then, the cells were incubated for 24 h at 37 °C
in a wet atmosphere and 5% CO, before adding the AuNCs at a

This journal is © The Royal Society of Chemistry 2025
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concentration of 30 ug mL~". After that, the grids with control
and AuNC-treated cells were incubated for 10 min with Lyso-
Tracker green (1000x), washed with PBS 1x and vitrified by
plunge-freezing them using a Leica EM GP unit. The samples
were maintained in liquid nitrogen until visualization. Samples
were imaged in cryo-conditions first using an epifluorescence
microscope (integrated in the X-ray microscope) and afterwards
with a soft X-ray microscope (at the Mistral beamline, ALBA).
Based on the FL signal, the cell candidates were selected. Then,
2D mosaics were acquired to assess sample quality and the best
candidates were acquired at a photon energy of 520 eV from
—65° to 65° at 1° intervals (exposure time: 1-3 seconds). The tilt
series of images were normalized with the XMIPP 3 software
package,”® aligned and reconstructed using IMOD.”* For a
more detailed protocol read the work by Chiappi et al. 2016.”>

Synchrotron cryo-soft X-ray microscopy

A CryoSXT study was performed in B16-F10 melanoma adher-
ent cells seeded onto Au-EM grids coated with holey carbon (R
2/2; Quantifoil) so that 1-3 cells per grid square were obtained.
The cells were then incubated for 24 h at 37 °C in a wet
atmosphere and 5% CO, before adding the AuNCs at a concen-
tration of 30 pg mL~". When necessary, the cells were irradiated
with an 806 nm laser at 3 mW. Subsequently, the grids with
control and AuNC-treated cells were incubated for 10 min with
LysoTracker green (1000x), washed with PBS 1x, and vitrified
by plunge-freezing using a Leica EM GP unit. The samples were
maintained in liquid nitrogen until visualization. The samples
were imaged under cryo-conditions first with an epifluores-
cence microscope (integrated in the X-ray microscope) and then
with a transmission soft X-ray microscope (Mistral Beamline,
ALBA synchrotron). Based on the FL signal, the cell candidates
were selected. Next, 2D images mosaics were acquired to locate
the areas for tilt series collection (—65° to 65° at 1° intervals and
exposure time per image 1-3 s) at 520 eV photon energy. The tilt
series were normalized with the XMIPP 3 software package,”®
and aligned and reconstructed using IMOD.”>”" Five cells per
condition at the minimum were considered for the analysis. A
more detailed protocol is provided in ref. 72.

In vivo nPTT studies

All the experiments were conducted in accordance with the
European Union directives 63/2010UE and Spanish regulation
RD 53/2013. The use of these animals was also approved by the
Animal Ethics Committee of the Universidad Autéonoma de
Madrid. We used 6 to 12-week-old female C57BL/6 mice to
induce melanoma, a well-established and widely used tumor
model.”®> Melanoma tumors were induced by subcutaneous
inoculation of 4 million B16-F10 melanoma cells. The measure-
ments of the tumor volume were obtained daily with a digital
caliper. After 5-7 d of tumoral growth, the nPTT was performed
by administration of AuNCs and SPE at 806 nm at 1 W cm ™ > for
4 minutes.

The thermal images were obtained with a FLIR thermoca-
mera and the thermographs were obtained with the commer-
cial software of the same brand (see the previous laser set up
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section). Temperature was monitored by infrared thermogra-
phy at the skin surface.

For the ICP-MS study, after 21 days of nPTT the animals were
euthanized, and the necropsy was performed for the obtention
of the samples for ICP-MS. The digestion of the sample was
performed with HNO;, H,0,, and HCI in a Teflon reactor,
heated to 90 °C in a heating oven. The digestion solution was
diluted with a solution containing HCI and thiourea. The final
volume was calculated by weight and weight/volume ratio.
Samples were digested with three blanks worked in parallel.
The determination of Au was performed in a PerkinElmer
Nexion 350d instrument under standard conditions. The cali-
bration was performed with standards prepared from certified
standard solutions traceable to NIST. The digested sample was
analysed directly.

Results and discussion

Synthesis and physicochemical characterization of gold
nanocapsules for photothermal therapy

Photothermal responsive hollow plasmonic gold nanocapsules
(AuNCs) were engineered by templating Au seeds onto polystyr-
ene spheres through layer-by-layer (LbL) assembly followed by a
silica coating shell, core dissolution, in situ gold growth and
silica shell removal.®*®® Transmission-electron micrographs
(Fig. 1A and Fig. S1A, B, ESIf) show complete loss of the
electron-lucent silica layer while preserving a dense monolayer
of ~10 nm Au nanoparticles, and the outer diameter of the
hollow structures remains 400 £+ 20 nm, matching the template
size. The capsules display intense dark-field scattering with a
narrow ensemble peak at 620 nm (Fig. 1B), indicative of good
colloidal stability and size homogeneity. Their UV-vis-NIR
extinction spectrum is dominated by a broad localised
surface-plasmon resonance (LSPR) that extends well into the
first biological window*®*° (700-950 nm) (Fig. 1C; cf,, SectionS1
and Fig. S1A, B, ESIY), a signature of strong electromagnetic
coupling inside the confined plasmonic shell. The strong
plasmonic coupling maximises heat generation (AuNCs’
responsiveness) under NIR illumination.

Under 830 nm multiphoton excitation the particles generate
bright, concentration- and power-dependent luminescence (cf.,
SectionS1 and Fig. S1C, ESIt), enabling intrinsic imaging®’
without additional labels. Furthermore, AuNC concentration
and 2PE power jointly determine heat generation and Kkilling
efficiency in 3D tumorspheres (SectionS2 and Fig. S2A, ESIf).
The photothermal efficiency under pulsed 2PE (830 nm, 600 ns
2PE pulses) is a thoroughly discussed qualitatively in the ESIT
(Section S2 and Fig. S2A, ESIT). When an aqueous bulk disper-
sion (50 pg Au mL ') was irradiated with an 806 nm
continuous-wave laser at 1 W cm ™2, the temperature rose from
22 °C to 31 °C within six minutes and returned to baseline after
the beam was blocked (Fig. 1D). Applying these data to eqn (1)
yielded a photothermal conversion efficiency of 37%, compar-
able to the best values reported for plasmonically coupled Au
assemblies and markedly higher than that of isolated 20 nm Au
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nanoparticles.”* The enhanced performance stems from collec-
tive plasmon damping and efficient non-radiative decay within
the tightly packed Au monolayer.”®

Beyond their synthetic simplicity, the capsules confer dis-
tinct biological advantages. Large (~400 nm) AuNCs are rapidly
internalised and progress more slowly through the endo-
lysosomal pathway than smaller Au nanoparticles, which prolongs
their intracellular residence time and extends the therapeutic
window, an effect first demonstrated for polyelectrolyte capsules
by Kastl et al.”® Our recent study using 3D melanoma models
showed that the hollow cavity can encapsulate fluorescent pay-
loads while the densely packed inner Au nano-islands provide
bright two-photon luminescence, enabling simultaneous deep-
tissue imaging and heat delivery.?® Moreover, the NCs efficiently
target tumor biomarkers in vivo®® thus enhancing chemothera-
peutic availability. Taken together, the structural integrity, broad-
band NIR absorption, bright multiphoton luminescence, high
light-to-heat conversion efficiency, targetability, and biocompat-
ibility, identify these ~400 nm AuNCs as powerful theranostic
agents for image-guided photothermal ablation of solid tumours.

Biological characterization of photoresponsive AuNCs in
melanoma in vitro models

We next evaluated the photothermal performance of AuNCs in
oncologically relevant B16-F10 melanoma spheroids.”® Tumor
spheres were incubated with 0.1-80 pg mL~' AuNCs and
irradiated for 10 min with two-photon (2P) light at 830 nm at
3, 6, or 12 mW. Twenty-four hours later, live/dead staining and
confocal imaging (SPL) revealed a clear, biparametric depen-
dence. Viability decreased monotonically with both nanoparticle
dose and laser power, failing to ~48% at 80 ug mL ™' and 12 mW
(Fig. 2A and B). Two-photon luminescence (2PL, cyan) acquired
simultaneously provided an intrinsic, real-time map of AuNC
distribution (Fig. 2B). Regions that emitted a lower 2PL signal
(i.e., cyan luminescence recorded under identical imaging set-
tings) contained fewer AuNCs and, consequently, experienced
weaker inter-particle coupling and less photothermal damage.
This result underscores that local particle density, rather than
laser fluence alone, determines therapeutic outcome. Three
photothermal regimes emerged: (i) high 2PL/high mortality
(>1 pg mL™" AuNCs, 12 mW, 22 x 10° W em™?), (ii) high 2PL/
low mortality (10-80 pg mL ™", 6 mW; 11 x 10° W cm™?), and (iii)
high 2PL/no mortality (10-80 pg mL™', 3 mW; 55 x
10° W ecm™?). Similar power-dependent 2PL amplification has
been reported for thinner AuNC shells,*® confirming that greater
particle loading and stronger excitation synergistically enhance
local heating.

To resolve how AuNC-mediated PTT (nPTT) ablates che-
moresistant B16-F10 spheroids, we mapped cell viability as a
function of nanoparticle dose, laser power and exposure time
(Fig. S2A, ESIt). Controls in which either the laser (830 nm,
2PE) or the AuNCs were omitted compromised viability, con-
firming that all cytotoxicity stemmed from nPTT. Mortality
scaled synergistically with both AuNC concentration and irra-
diation time, defining low (90-60% viability), moderate (60-
30% viability) and high (<30% viability) nPTT windows. Unless

9504 | J Mater. Chem. B, 2025, 13, 9498-9511

View Article Online

Paper
A 60
< 3mV
= 6 mV
-rF; 401 §12 mvV
9]
he]
= 20
(]
0.
ol oo o iMoo o' ce
o o0 O «i0 O «i0
B AuNCs concentration (ug/mL)
_ 0 0.1 1 10 80
=
o
7]
=
£
(3]
=
o
N
-
o
7]
=
€
©
o
o
N
=
o
(%2
=
€
N
Al |
o
N
Fig. 2 Imaging-guided two-photon photothermal therapy (2PE-PTT) in

B16-F10 melanoma spheroids. (A) Quantitative dose-response of
nanoparticle-assisted PTT. Cell death was determined 24 h after a single
2-photon pulse (830 nm, 600 ns) delivered at 3, 6 or 12 mW to spheroids
incubated with the indicated concentrations of AuNCs. Values are
expressed as the percentage of propidium-iodide-positive nuclei (n = 5
spheroids per condition). (B) Representative confocal maximum-intensity
projections acquired 10 min after irradiation. For each laser power (3, 6 and
12 mW) the upper row (SPL) shows single-photon fluorescence channels:
live cells stained with CytoCalcein Violet 450 (blue) and dead cells with
propidium iodide (red). The lower row (2PL) displays the intrinsic two-
photon luminescence (2PL) of the AuNCs (cyan) recorded simultaneously,
illustrating nanoparticle distribution within the spheroid core and periph-
ery. Increased particle dose and laser power correlate with a higher cyan
signal and a progressive transition from isolated cell death to widespread
necrosis. Scale bar, 10 pm.

specified otherwise, subsequent mechanistic experiments were
performed under “low-nPTT” conditions, 5 pug mL ™" AuNCs,
600 ns pulses at 830 nm, and 3 mW (5.5 x 10° W cm~?), which
inflict sub-lethal heat stress while preserving overall spheroid
architecture. Live/dead imaging after high-nPTT confirmed
extensive propidium iodide uptake and membrane poration,
indicating that thermoablation proceeds via severe plasma
membrane damage rather than apoptosis alone.

To benchmark our capsules, we synthesised surfactant-free
gold nanostars (AuNSs, ~110 nm, LSPR ~ 830 nm), known to
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be an excellent photosensitive nanomaterial.”” At equivalent total
Au, AuNCs induced higher apoptosis/necrosis than AuNSs (Fig.
S2B, ESIT), despite the stronger far-field extinction of the stars.
This superiority likely stems from the contiguous, hollow plasmo-
nic layer in AuNCs, which concentrates thermal energy at the
particle—cell interface and causes catastrophic membrane damage
(Fig. S2C, ESIt). Collectively, these data position AuNCs as a robust
2PL-traceable platform for eradicating chemoresistant melanoma
spheroids and for augmenting conventional chemotherapy.
Melanoma spheroids are notoriously chemoresistant because

View Article Online
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(PTX) at up to 100 uM reduced spheroid viability by only 8%
(Fig. S3, ESIT), whereas the same drug was cytotoxic to adherent
B16-F10 cells, illustrating the protective effect of the 3D
architecture.?® Importantly, combining low-dose PTX with sub-
ablative nPTT (5 pg mL™' AuNCs, 3 mW, 5.5 x 10° W cm?)
significantly potentiated cytotoxicity (Fig. S4, ESIt), mirroring the
chemo-photothermal synergy described for other plasmonic
constructs.*®

Together, these data establish AuNCs as a potent, 2PL-
traceable platform for eradicating chemoresistant melanoma

of a drug-efflux-active side-population.”®®* Consistently, paclitaxel ~spheroids and potentiating chemotherapy.

nPTT (3D) &

AuNCs ROS,,
Apoptosis

Necrosis

a

nPTT (2D)

D

Cryo-epiFL

Untreated

Laser-treated nPTT (AuNCs & Laser)

SX mosaic Cryo-epiFL  SX mosaic Cryo-epiFL.  SX mosaic

Fig. 3 Cellular response to AUNC-mediated PTT in 3D and 2D B16-F10 melanoma models. (A) Schematic representation of the experimental workflow:
Au nanocapsules (AuNCs) are internalised into B16-F10 cells and irradiated with two-photon excitation (2PE), inducing differential cell death pathways. (B)
Confocal micrographs of 3D spheroids 10 min post-nPTT, showing induction of apoptosis (green, phosphatidylserine (PS) externalisation), cytoplasmic
reactive oxygen species (ROScyt, magenta), and necrosis (red, propidium iodide (PI) nuclear uptake). Scale bar: 10 pm. (C) Representative 2D cultures
subjected to the same treatment reveal similar activation of apoptotic, oxidative, and necrotic pathways. Scale bar: 10 um. (D) Cryo-epifluorescence
(Cryo-epiFL) and soft X-ray tomography (SX) of 2D cultures under three conditions: untreated, laser-only, and combined AuNC plus laser treatment
(nPTT). Virtual slices (bottom) show intracellular structures including mitochondria (MIT) and melanosome-like vesicles (MEL). In the nPTT group, AuNCs
are visualised as dense inclusions (red arrows), and membrane perforations are evident (yellow arrows). The insets highlight intact capsules and
fragmented Au debris. Scale bars: top panels, 20 pm; bottom panels, 2 um. Abbreviations: AUNCs, gold nanocapsules; PTT, photothermal therapy; 2PE,
two-photon excitation; PS, phosphatidylserine; PI, propidium iodide; ROScyt, cytoplasmic reactive oxygen species; Cryo-epiFL, cryo-epifluorescence;
SX, soft X-ray; MIT, mitochondria; MEL, melanosome-like vesicle.
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nPTT induces rapid oxidative stress and membrane
destabilization in B16-F10 melanoma models

To evaluate the mechanisms of cell death triggered by nPTT, we
monitored B16-F10 melanoma spheroids using live-cell and
high-resolution imaging modalities, as outlined in Fig. 3A.
Rhodamine B-loaded AuNCs were used to track nanoparticle
distribution (1ex = 543 nm). Coupled with RhB’s minimal
absorbance at 830 nm (¢ < ¢ < 20 M ' cm™ ') and the viability
observed in control spheroids (Fig. 3D and Fig. S6, ESI;T ref.
84), these findings exclude RhB-induced phototoxicity and
demonstrate that cytotoxicity stems solely from the photother-
mal action of the Au shells.

Upon treatment with 30 ug mL~' AuNCs and 2PE irradiation
(830 nm, 3 mW (5.5 x 10° W cm?), 10 min), we observed
marked cell death in 3D spheroids (Fig. 3B) and 2D cultures
(Fig. 3C). In both models, nPTT induced phosphatidylserine
(PS) externalization (green) and strong propidium iodide (PI)
nuclear staining (red), indicative of apoptosis and necrosis,
respectively. In parallel, cytoplasmic ROS (ROScyt) accumula-
tion was detected shortly after nPTT in both 3D and 2D cultures
(magenta, Fig. 3B, C and Fig. S5, ESIt). Control spheroids
displayed negligible ROS levels and no PS signal (Fig. S5A,
ESIY), while ROScyt increased sharply within 5 min post-nPTT
(Fig. S5B, ESIt), preceding the onset of PS positivity and
morphological swelling. Notably, once cells became apoptotic,
ROScyt levels did not continue to rise, suggesting that oxidative
stress may act as a trigger rather than a consequence of
apoptosis. The high PS signal detected just 10 min after
irradiation could also reflect increased plasma membrane
permeability, rather than de novo apoptosis, as PS probes may
more easily diffuse into the cytosol under membrane-disruptive
conditions. This is consistent with literature describing pore
formation and local membrane destabilization because of
rapid, confined heating.®*®” Furthermore, given the intrinsic
photocatalytic activity of gold nanostructures, the possibility of
a combined photothermal and photodynamic effect cannot be
excluded.’>®%?

To investigate subcellular effects in more detail, we used cryo-
correlative epifluorescence (Cryo-epiFL) and soft X-ray tomogra-
phy (cryoSXT). This is an imaging approach that allows analyzing
the 3D cartography of a cell in its native state at organelle
resolution level.”"””? The high electron density of AuNCs enables
their use as contrast agents. With this approach, we assessed the
cellular architecture under mild nPTT conditions (30 pg mL ™"
AuNCs, 830 nm, 3 mW, 5.5 x 10° W cm™?), where gross viability
remains largely intact (Fig. 3D). While untreated and laser-only
cells showed normal ultrastructure, the nPTT group exhibited
plasma membrane perforation, AUNC decomposition, and the
loss of cytoplasmic and nuclear components. Red arrows denote
electron-dense Au debris, while yellow arrows highlight
membrane pores of approximately 1-1.5 um (Fig. S6, ESIT).
A close inspection of the virtual tomograms therefore points
to early membrane rupture and in situ AuNC disintegration,
phenomena that require transient local temperatures exceeding
the 45-50 °C threshold for lipid bilayer melting and protein
denaturation.*”****  Cryo-epiFL. imaging of these samples
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Fig. 4 In vivo thermography and therapeutic outcome of AUNC-assisted

photothermal therapy. (A) IT injection. Representative infrared images
taken immediately before and after a single 4-min NIR exposure
(806 nm, 1 W cm™2). The region of interest (E1) reaches a peak surface
temperature of 64 °C (color scale 23-63 °C). (B) PT injection. The same
imaging sequence for a mouse receiving four peri-lesional AUNC deposits.
Heating is confined to the tumor rim, with a peak surface temperature of
62 °C (color scale 22-75 °C). (C) Tumour-volume evolution (mean + SD, n
= 5) after three treatments: Vehicle (IT saline), AuNCs (IT AuNCs, no laser)
and nPTT (IT AuNCs followed 24 h later by NIR irradiation). Abbreviations:
AuNCs, gold nanocapsules; nPTT, nanoparticle-assisted photothermal
therapy; IT, intratumoural; PT, peritumoural.

confirmed massive PS exposure and the apparent absence of
ROScyt, likely due to leakage of the ROS probe through permea-
bilized membranes.

Collectively, these observations support a model in which
nPTT triggers inside-out hyperthermia, a highly localized heating
mechanism that rapidly destabilizes the plasma membrane. This
mechanism mirrors the membrane-rupturing activity observed in
magnetic hyperthermia with iron oxide nanoparticles and may
help circumvent chemoresistance by increasing drug access to the
intracellular space.

Intratumoral AuNCs drive uniform cytotoxic hyperthermia and
durable B16-F10 melanoma remission in vivo

Having established the in vitro performance of the AuNCs, we
next assessed their therapeutic capacity in vivo using B16-F10
melanoma xenografts in C57BL/6 mice.”” Tumours were treated
once they reached ~100 mm?® (12-14 days post-inoculation).
AuNCs (1 mg; 28.5 mg mL ") were injected either intratumou-
rally (IT) one bolus into the tumour core, or peritumorally (PT),
four deposits circumscribing the lesion. In both cases the
AuNCs were allowed to diffuse for 24 h; shorter distribution
times (1 h) produced heterogeneous heating and tumour
relapse (data not shown). We treated each tumor with a single
4-min laser irradiation (806 nm laser, 1 W cm ?) (treatment
procedure shown in Fig. S7, ESIT).

Real-time thermography showed surface temperatures rising
to ~55 °C in AuNC-laden tumors, compared with sub-lethal

This journal is © The Royal Society of Chemistry 2025
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<38 °C in laser-only controls (Fig. S8, ESIt). At the end of
irradiation, the surface temperature of IT-treated lesions
reached 64 °C, whereas PT-treated lesions peaked at 62 °C. In
both cases the minimum temperature within the heated area
was *55-56 °C, yielding a nearly identical AT of ~26 °C
(Fig. 4A and B; sequences in Fig. S9 and S10 (ESIt), quantitative
summary in Table S1, ESIT). Because conductive losses typically
reduce the IT temperature by 8-12 °C,°*°” the bulk of the tumor
was held at 45-50 °C for at least the final minutes of irradiation,
which is well within the cytotoxic hyperthermia window
(=43 °C maintained for >4 min).”%°°

Despite similar surface profiles, therapeutic outcome
diverged markedly. IT-nPTT eradicated every tumor, with
volumes regressing to an imperceptible scar over the 21-day
observation period (Fig. 4C and Table S1, ESI{). In contrast, PT-
nPTT produced a striking superficial hot-spot but left a viable
core that later resumed growth. The difference arises from
nanoparticle distribution, rather than peak surface tempera-
ture. PT injection concentrates AuNCs near the skin, photon
absorption occurs there, thus creating a steep gradient (hot rim
— cool core) that spares deeper cells. Conversely, IT delivery
disperses them throughout the parenchyma, ensuring the
entire tumor volume absorbs sufficient heat, thus enabling
uniform heat deposition for irreversible damage, and sparing
the overlying skin from visible thermal injury.

This behavior agrees with other reports in which tightly
clustered gold nanoparticles convert light to heat efficiently and
that homogeneous intratumoral coverage is critical for cure.
Examples include polyethyleneimine-induced AuNP clusters
that eradicate CT26 tumours under 680 nm irradiation,'® Au
nanorod/glutathione-Au-cluster hybrids that outperform single
rods against HeLa cells,'®" and 5-fluorouracil-templated Au
clusters that enhance immunogenic hyperthermia in colorectal
carcinomatosis.'”® The densely packed inner shell of our
AuNCs (Fig. 1A) provides an analogous architecture, under-
scoring their suitability for single-session photothermal eradi-
cation of melanoma.

No off-target burns, weight loss, or behavioural changes were
observed, underscoring the safety of a single, image-guided
AuNC injection followed by short NIR irradiation. Taken
together, the data in Fig. 4 and the supporting thermographic
analyses (Fig. S7 to S10 and Table S1, ESIf) show that an
optimized IT protocol with AuNCs produces homogeneous cyto-
toxic hyperthermia (~45-50 °C intratumorally) and achieves
durable control of aggressive melanoma in a single session,
setting the stage for the biodistribution and fragmentation-
driven clearance analysis of AuNCs presented next.

Gold biodistribution after nPTT is dictated by the injection
route

To elucidate the in vivo fate of the contrast agent and its
relationship to therapeutic efficacy, we quantified elemental
gold 24 h after treatment using ICP-MS (Fig. 5 and Fig. S11,
ESIT). The technique vaporises and ionises the sample, then
separates mono-charged ions by mass, allowing ppb-level metal
quantification.'® In the IT group (Fig. 5A) only ~4% of the
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Fig. 5 Biodistribution of gold after AUNC-mediated photothermal ther-
apy. (A) IT route. B16-F10 tumours (day 5) received 1 mg of AuNCs directly
into the tumour core and were irradiated 24 h later with an 806 nm laser
(4 min, 1 W cm™2), reaching a peak surface temperature of 64 °C. ICP-MS
performed 24 h post-irradiation shows that >99% of the detected gold
remains confined to the residual scar, with negligible uptake by the liver,
spleen or kidneys. (B) PT route. An identical tumour received the same
AuNC dose in four peri-lesional deposits; after 24 h diffusion the same
laser protocol produced a peak surface temperature of 62 °C. In contrast
to the IT group, most of the gold redistributed systemically, accumulating
predominantly in the spleen (x~48% of measured gold) and liver (x~17%),
with only traces in the residual tumour remnant. Abbreviations: AuNCs,
gold nanocapsules; nPTT, nanoparticle-assisted photothermal therapy; IT,
intratumoural; PT, peritumoural; ICP-MS, inductively coupled plasma mass
spectrometry.

injected dose was recoverable and >99% of that resided in the
post-treatment scar. Although no charring was visible at the
time of irradiation, a haemorrhagic scab formed within 24 h,
evidence of sub-cutaneous necrosis caused by the transient 45—
50 °C IT temperature rise. Liver, spleen and kidney together
contained <0.05% of the dose, indicating minimal systemic
dissemination.

The pattern was reversed after PT administration (Fig. 5B).
~65% of the dose was still detectable, but only 0.01%
remained in the residual tumour; no scar formed, consistent
with the superficial heating profile. Instead, gold accumulated
in the spleen (48%) and liver (17%), classical sinks of the
mononuclear phagocyte system. The large (~400 nm) intact
AuNCs injected around the lesion likely entered the leaky peri-
tumoral vasculature and were rapidly cleared by circulating and
resident macrophages, whereas those delivered intratumorally
became trapped within the irregular melanoma vasculature'**
or immobilised in the necrotic scar.

A trace kidney signal (0.02-0.07% in both groups) indicates
that laser heating fragmented a small fraction of AuNCs into
sub-6 nm debris capable of glomerular filtration. Such shock-
wave-driven disassembly of plasmonic nanoparticles under
nanosecond pulses has been reported previously*'® and is
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corroborated here by cryo-SXT, which shows sub-10 nm shards
dispersed in the cell cytoplasm (Fig. 3 and Fig. S11, ESI¥).

Taken together, the data indicate that the injection route
dictates AuNC retention versus systemic clearance. Although the
PT route leaves ~ 65% of the injected gold in the spleen and liver,
prior studies show that comparable hepatic/splenic burdens
of dextran-coated 20-30 nm AuNPs cause no histopathological
changes or elevations in AST, ALT, creatinine or pro-inflammatory
cytokines up to 4 weeks post-exposure.® Likewise, transient IL-6
and TNF-uo spikes reported for intravenously delivered gold col-
loids normalise within 96 h, suggesting a self-limited innate
response. In our study, animals exhibited normal behaviour,
weight gain and grooming throughout the 21-day follow-up,
further indicating an absence of overt toxicity. Nevertheless,
long-term (> 3-month) studies with comprehensive serum chem-
istry and organ histology are warranted to definitively rule out
chronic effects. IT administration confines most gold, both intact
AuNCs and photothermally generated fragments, to the treatment
site, explaining the uniform deep heating and complete tumour
ablation. PT delivery enables widespread escape, reducing IT gold
concentration, limiting heating at depth, and ultimately permit-
ting tumour regrowth. The small but consistent renal signal in
both groups further suggests that photothermal fragmentation
generates ultra-small gold species that can be renally excreted,
consistent with the size-dependent urinary clearance threshold
(<6 nm) reported by Choi et al.'®® Thus, nanoparticle retention,
rather than the total injected dose, emerges as the decisive factor
for durable photothermal tumour control, while laser-induced
fragmentation provides a plausible pathway for long-term elim-
ination of residual gold from the body.

Conclusions

In this study, we demonstrated for the first time that the
plasmonic photoresponsive properties of AuNCs can be exploited
for two-photon luminescence-assisted nPTT. We validated AuNCs
as an effective photothermal probe using paclitaxel-resistant B16-
F10 melanoma spheroids, a three-dimensional model of chemore-
sistant melanoma. AuNCs alone were biocompatible with no
measurable cytotoxicity in spheroids, consistent with prior reports
on similar nanocapsules. Under two-photon excitation at 830 nm,
AuNCs produced bright luminescence and efficient heat genera-
tion, with both signals increasing as AuNC concentration and
laser power were increased (up to an optimal 80 ug mL™" and 12
mW). This photothermal effect led to significant melanoma cell
ablation in vitro. Notably, at equivalent gold doses, AuNCs out-
performed gold nanostars, an established photothermal agent, in
treating chemoresistant melanoma spheroids. Correlative epi-
fluorescence imaging and cryo-soft X-ray microscopy confirmed
that AuNCs disintegrated under these laser treatment conditions
and induced nanoscale pores in cell membranes. We also
observed elevated ROS during AuNC phototherapy, suggesting a
combined photothermal and photodynamic mechanism of cancer
cell killing. In vivo results further underscore the promise of
this approach. In a murine subcutaneous melanoma model,
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AuNC-mediated PTT yielded complete tumor elimination with
both intratumoral and peritumoral nanoparticle administration.
However, the route of administration significantly influenced
AuNC biodistribution. Intratumoral injection followed by PTT
caused a localized necrotic tumor scab that effectively sequestered
the bulk of the nanoparticles at the treatment site, limiting their
spread. As a result, gold from intratumoral therapy remained
largely at the tumor and was shed with the scab, with only
minimal traces detected in the liver and spleen. By contrast,
peritumoral injection (where no necrotic scab formed) still
achieved tumor clearance but allowed more AuNCs to enter
circulation, leading to appreciable gold accumulation in off-
target organs such as the spleen and liver after treatment. In
the intratumoral treatment scenario, detection of gold in the
kidneys indicates that some heat-damaged AuNC fragments
became small enough for renal clearance, a favorable outcome
for nanoparticle elimination. Overall, our findings highlight
AuNCs as a powerful nanoparticle-assisted PTT platform for
chemotherapy-resistant melanoma. The ability of these nanocap-
sules to eradicate tumors under NIR excitation, while largely
confining the particles to the tumor site (especially with intratu-
moral delivery), points to a potentially safer profile compared to
many systemic nanotherapies. For clinical translation, the choice
of delivery route will be important to balance maximal tumor
destruction with minimal systemic exposure. This AuNC-based
2PL-guided phototherapy could be further enhanced by incorpor-
ating drug delivery (capitalizing on the AuNCs’ cargo-loading
capability) or by combining with other treatments. Our study lays
the groundwork for advanced two-photon guided chemo-PTT
strategies and supports the continued development of AuNCs
toward effective, targeted melanoma treatment.
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