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ABSTRACT

We report the synthesis of plasmonic nanocapsules and the cellular responses they induce in 3D
melanoma models for their perspective use as a photothermal therapeutic agent. The wall of the nanocap-
sules is composed of polyelectrolytes. The inner part is functionalized with discrete gold nanoislands. The
cavity of the nanocapsules contains a fluorescent payload to show their ability for loading a cargo. The
nanocapsules exhibit simultaneous two-photon luminescent, fluorescent properties and X-ray contrasting
ability. The average fluorescence lifetime (7) of the nanocapsules measured with FLIM (0.3 ns) is main-
tained regardless of the intracellular environment, thus proving their abilities for bioimaging of models
such as 3D spheroids with a complex architecture. Their multimodal imaging properties are exploited
for the first time to study tumorspheres cellular responses exposed to the nanocapsules. Specifically, we
studied cellular uptake, toxicity, intracellular fate, generation of reactive oxygen species, and effect on
the levels of hypoxia by using multi-photon and confocal laser scanning microscopy. Because of the high
X-ray attenuation and atomic number of the gold nanostructure, we imaged the nanocapsule-cell inter-
actions without processing the sample. We confirmed maintenance of the nanocapsules’ geometry in the
intracellular milieu with no impairment of the cellular ultrastructure. Furthermore, we observed the lack
of cellular toxicity and no alteration in oxygen or reactive oxygen species levels. These results in 3D
melanoma models contribute to the development of these nanocapsules for their exploitation in future
applications as agents for imaging-guided photothermal therapy.

Statement of Significance

The novelty of the work is that our plasmonic nanocapsules are multimodal. They are responsive to
X-ray and to multiphoton and single-photon excitation. This allowed us to study their interaction with
2D and 3D cellular structures and specifically to obtain information on tumor cell parameters such as
hypoxia, reactive oxygen species, and toxicity. These nanocapsules will be further validated as imaging-
guided photothermal probes.

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Abbreviations: 2D, Bi-dimensional; 2PE, Two-photon excitation; 2PL, Two-
photon luminescence; 2PM, Two-photon microscopy; 3D, Three-dimensional;
AuNCs, Gold nanocapsules; CLSM, Confocal laser scanning microscopy; DMEM, Dul-
becco’s Modified Eagle’s Medium; EDTA, Ethylenediaminetetraacetic acid; FBS, Fetal
bovine serum; FLIM, Fluorescence lifetime imaging; HBSS, Hank'’s balanced salt so-
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1. Introduction

The field of cancer preclinical research has benefited from the
use of three-dimensional (3D) scaffold-free tumor spheroids be-
cause of their low cost and easy culture method [1,2]. The 3D
models imitate the native conformation of tissues in vivo in terms
of cell heterogeneity (proliferation, hypoxia, and necrosis), cell-
cell and cell-matrix interactions, and the gradient of nutrients and
gasses (O, and CO,) that solid tumors exhibit [1,3-6]. This gra-
dient confers 3D spheroids intrinsic chemoresistant properties [7].
3D spheroids have been used as in vitro systems to model in vivo
hypoxic conditions. 3D spheroids are formed in the presence or
absence of scaffolds. Their complexity depends on the cell type
used (tumor-immune cell or tumor-vascular cell interactions). The
main types include multicellular spheroids, organoids, and tumor-
spheres. Tumorspheres are formed under the lack of adherence and
serum proteins by a single tumor cell that constantly divides until
forming a sphere (round shape) or a spheroid (ellipsoidal shape)
with a size <200 pm [8]. This concept is based on the anchorage-
independent properties of some tumor cells that can survive as ag-
gregates in serum-free medium after detaching and leaving the tu-
moral niche [9], but they also mimic the in vivo environment of
avascular tumors [7].

Melanoma is a type of solid tumor that is highly heteroge-
neous at the molecular and structural level. Melanoma tumors
are inherently resistant to conventional therapies (chemotherapy
and radiotherapy), and once metastasized, they are very difficult
to be clinically managed. To date, very few studies have investi-
gated the mechanisms of drug resistance. 3D cellular models have
been used in melanoma research to study the mechanisms of resis-
tance to vemurafenib, a targeted therapeutic agent. Apart from in-
creasing the expression of drug-resistance genes, hypoxia induces
the selection of apoptosis-resistant cells and therefore is associated
with melanoma metastasis and prognosis [10,11]. Hypoxia is re-
lated to cellular metabolism and to the generation of reactive oxy-
gen species (ROS). ROS are chemically reactive molecules involved
in cell metabolism and homeostasis; when excessively generated,
ROS can induce oxidative stress, thereby promoting tumorigenesis
and tumor progression [12]. Melanoma presents high levels of ROS.
These are generated by different components such as melanin and
other enzymes present in different cellular organelles [12]. As ox-
idation damages the cellular components, the subcellular localiza-
tion of ROS will impact the cell differently. For instance, nuclear
ROS cause DNA damage, which is more relevant than cytoplas-
mic ROS in promotingcell death [13]. ROS generated by the mito-
chondria interacts with the ROS generated in the cytoplasm [13].
Nanotoxicity can also induce unwanted oxidative stress through
reactivity of nanoparticles (NPs) with the environment; however,
photo-responsive NPs can be used to induce irreversible oxidative
levels with antitumoral effects (e.g., photothermal and photody-
namic therapy) [14].

In nanomedicine, 3D tumor spheroids are becoming a solid
model to study tumor cell-NP interactions. In vitro investigation
and evaluation of the performance of NPs have been convention-
ally conducted in bi-dimensional (2D) cellular models. However,
more realistic models are required for predicting in vivo the be-
havior of NPs. The 3D conformation of tumor spheroids, which
mimics solid tumor conformation, enables a more accurate char-
acterization of NP interactions. This is relevant for their functional
validation [15-17] since different cellular behaviors have been re-
ported for the same type of NPs when studied in 2D versus 3D
models. For example, after 24 h, quantum dots are internalized by
almost all cells in 2D culture; however, they reach 3-4 cell lay-
ers (approximately 25 pm) within a 3D spheroid [7]. Negatively
charged polystyrene NPs penetrate 3D models deeper than posi-
tively charged NPs [18], whereas studies on 2D models reported
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better uptake of positively charged NPs than negatively charged
NPs.

It is clear how clinically relevant are 3D tumor models; nev-
ertheless, the system has some challenges. The use of 3D models
implies an increased thickness as compared to that for 2D sys-
tems. Similarly to in vivo studies, this challenges the use of con-
ventional fluorescent imaging methods based on single-photon ex-
citation due to their limited light penetration [19-21]. Multipho-
ton microscopy is being increasingly implemented in clinics [22].
The field of applications for NPs responsive to two-photon excita-
tion (2PE) include photoluminescence for bioimaging with/without
heat production for photothermal therapy [23-26], ROS forma-
tion for photodynamic therapy [27], and photo-triggered drug re-
lease for chemo-photothermal therapy [28,29]. Two-photon lumi-
nescence (2PL) is based on the use of two photons of low energy
pulsed at the femtosecond range; they are absorbed by the nano-
material, leading to its excitation with the double of the initial en-
ergy [30]. The use of low-energy near infrared (NIR) photons im-
proves tissue penetration (up to 1 mm thick [25,31]) in the so-
called biological optical window where the absorption and scat-
tering of water and tissue pigments (hemoglobin, melanin, among
others) are minimal [32,33]. In contrast to wide-field or confocal
laser scanning microscopy (CLSM), these two photons are only ab-
sorbed in the focal plane, which reduces cell phototoxicity, fluo-
rophore photobleaching, or quenching, while at the same time pro-
viding higher resolution images. All this makes 2PL more suitable
for 3D tumorsphere imaging.

NPs provide an alternative to traditional fluorophores for 2PL.
They present drawbacks like a narrow absorption spectrum, a
broad emission spectrum, and poor photostability with rapid pho-
tobleaching. NPs present broader a absorption spectra, a higher
quantum Yyield, and improved photostability [34]. Gold (Au) NPs
present tunable physicochemical properties, lack of photo-blinking,
and versatility for in vivo studies [35,36]. Au clusters [37], NPs
[38], nanorods [39], nanoshells [40], nanourchins [41], and nanos-
tars [42] have been reported for 2PL. In addition, multiphoton ex-
citation (MPE) allows to detect 2PL intensity generated by NPs and
to study its decay time by using fluorescence lifetime imaging mi-
croscopy (FLIM) [43, 44, 45]. This can be used to track the NPs in
biological samples, not only by visualizing them but also by mon-
itoring if they are changing. Changes in the physicochemical pa-
rameters (e.g., agglomeration) will change their optical properties
and thus their lifetime [45, 46, 47]. Imaging of colorectal carcinoma
spheroids with gold NP-assisted 2PL showed that small spherical
NPs diffuse easily than their rod counterparts [47]. The imaging of
2D neuroblastoma and cervical cancer cells with gold nanoclusters
as imaging agents has also been reported [48]. 2PL has also been
reported for ex vivo imaging of renal cell carcinoma tumor biop-
sies containing gold nanorods, which allows the quantification of
NPs accumulated after intravenous administration and intratumor
accumulation [49]. Nevertheless, the incipient nanomedical use of
NP-based 2PL for imaging 3D models and for understanding of NP-
cell interactions require deeper studies, and other cancer types and
gold-based nanosystems need to be further evaluated.

Hypoxia and ROS are two factors that play a key role in
melanoma pathology [50,51] and therapeutic resistance [10,52].
These factors have been poorly investigated in 3D melanoma
spheroids interacting with NPs. In the present work, we have used
the 2PL of Au nanocapsules (AuNCs) for 3D tumor imaging. As
a proof of concept for cargo encapsulation, we provide evidence
for the incorporation of an organic fluorophore within the cav-
ity. A noteworthy observation is that for other cargo, the load-
ing methodology must be adapted to match the lyophilicity and
molecular weight of the cargo. We use the responsiveness of the
AuNCs to 2PL and CLSM to study the interactions with melanoma
tumorspheres. Furthermore, the high atomic number and X-ray at-
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tenuation properties of gold (Za, = 79, absorption edge ka, = 81)
[53] compared to other conventional contrast agents, provide the
AuNCs with a good contrast capability for computed tomogra-
phy or soft X-ray tomography [53]. We used 2D adherent B16
murine melanoma cells and generated scaffold-free 3D melanoma
spheroids. We studied the uptake, cellular fate and resistance to in-
tracellular degradation, cytotoxic response, hypoxia, and oxidative
stress in these two melanoma models. The presence of discrete Au
nanoislands in the wall of NCs makes them suitable for photother-
mal therapy of melanoma tumors, thus providing the possibility to
develop imaging-guided photothermal probes.

2. Experimental methods
2.1. Synthesis and characterization of AuNCs

AuNCs were synthesized following a modified protocol [55].
First, we synthesized polystyrene NPs acting as templates for the
NCs. We then adsorbed oppositely charged polyelectrolytes to wrap
the templates with four monolayers. We used poly(styrene) sul-
fonate (PSS, 70 kDa MW) and poly(diallyl dimethylammonium
chloride) (PDDA, 100 kDa MW). We added an additional layer of
gold seeds and coated the nanosystem with a silica shell overnight.
We dissolved the template with chloroform (three days) and al-
lowed the gold seeds to grow into nanostructures localized inside
the cavity of the nanocapsules. Silica-coated AuNCs were placed in
Milli Q water under stirring at room temperature (RT) for 48 h and
washed 3 x with Milli Q water for silica dissolution. AuNCs loaded
with rhodamine B were synthesized following the same procedure
as described before but using a polystyrene template conjugated
with Rhodamine B. This fluorescent template was synthesized by
dissolving 0.15 g of PVP (MW: 55,000 kDa) and 0.128 g of AIBA in
50 ml Milli Q water bubbled with argan for 2 h, with temperature
increased to 70 °C (with reflux). Then, 5 g of styrene was added
followed by the addition of 15 mg of rhodamine B (Sigma-Aldrich)
after 5 min, leaving the polymerization reaction for 24 h. Subse-
quently, the mixture was centrifuged at 9500 rpm for 30 min and
washed 3 x with Milli Q water. All NCs were stored at 4 °C unless
otherwise stated. The NCs were diluted 1000 x from the stock so-
lution with ethanol, and after sonication, 10 pL of the solution was
placed in a copper grid for visualization with an electron micro-
scope (Phillips CM100). The remaining sample was used to mea-
sure the UV-vis extinction spectrum using a spectroscope (Ultro-
spec 2100 Pro) and/or the FL spectrum (AuNCs loaded with rho-
damine B) using a fluorescence spectrophotometer (Cary Eclipse),
with the sample excited at 554 nm. The observed signal confirmed
that the presence of rhodamine b fluorophores inside the cavity of
NCs (cf. SI §1, Figure SI-3). We did not exclude the leakage of the
dye during the process of core dissolution. Nevertheless, the sig-
nal was sufficient to track the NCs. Moreover, we have previously
demonstrated that despite the squeezing of NCs by the cells, the
cargo is not lost [56,57]. The CLSM images of AuNCs loaded with
rhodamine B were obtained after the addition of one drop of the
stock solution onto a glass coverslip, followed by visualization with
a 100 x oil immersion objective.

2.2. Establishment and characterization of cellular models

B16 murine melanoma adherent cells (2D model) were cultured
in high glucose (4500 mg/L) Dulbecco’s Modified Eagle’s Medium
(Gibco) supplemented with 1% penicillin-streptomycin (Hyclone)
and 10% fetal bovine serum (FBS, Sigma-Aldrich). The cells were
then trypsinized 2 x per week using Hank’s Balanced Salt Solu-
tion (HBSS, Cultek) and trypsin-EDTA 0.25% (Sigma-Aldrich). The
cells were cultured at 37 °C under wet modified atmosphere with
5% CO,. The cells were washed 3x with HBSS to remove the
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FBS proteins, counted, and plated at the concentration of 750
cells per well in low-attachment 96-well plates (Corning). B16
murine melanoma spheroids were cultured for 5 days in the sup-
plemented Mammocult Human Medium Kit (STEMCELL Technolo-
gies) following the manufacturer’s instructions. For obtaining B16
tumor-derived cells, C57BL6 male mice between 12 and 24 weeks
of age were used for the study. The syngeneic model was gener-
ated by injecting serum-free 100,000 B16 melanoma adherent cells
in 1:1 basal medium-matrigel (Cultek) solution. The cells were
counted using Trypan blue stain 0.4% (Sigma-Aldrich) at 1:1 ratio.
After 15 days of tumor growth, the animals were euthanized; this
was followed by tumor resection and necropsy of the animals. Cells
explanted from the melanoma tumor were obtained after smashing
a piece of fresh tissue against a 40-um cell strainer localized inside
a sterile Petri dish containing B16 complete growth medium. The
cell suspension was recovered, centrifuged at 1200 rpm for 5 min,
washed with 50 ml PBS 1 x, and dispersed in 2 ml of complete
growth medium for counting. A total of 300,000 cells were plated
in a 25 cm? flask (Corning). After 10 days, clones from the tumoral
cells were obtained and showed morphological differences and dif-
ferent melanin content. The cells were trypsinized and replated for
obtaining a homogenous population. Spheroids from this cell line
were also obtained as reported before.

2.3. Study of cell-NC interactions

Fluorometric cytotoxicity study in melanoma adherent cells.
Adherent B16 melanoma cells were seeded onto clear-bottom black
96-well plates at the density of 15,000 cells/ml. After incuba-
tion with different concentrations of AuNCs, 10% resazurin solution
(nonfluorescent) in complete growth medium was added to cells
and incubated for 3 h for the reduction of the dye to resorufin
(fluorescent). The resorufin signal was measured at 590 nm with
a fluorescence spectrophotometer (Cary Eclipse). The viability was
calculated after normalization for negative and positive controls of
cell death (medium without AuNCs and with 10% DMSO, respec-
tively).

2.4. CLSM cytotoxicity study in melanoma spheroids

Five-day grown spheroids were placed in a 35-mm-diameter
dish, treated with different concentrations of AuNCs for 24 h, and
then exposed to the fluorescent viability markers (~10 min, RT).
Propidium iodide (10 uM) and CytoCalcein violet 450 (5 ptM) were
used for live/dead cell FL detection. Propidium iodide is a cell
death marker, and CytoCalcein violet 450 is a cell live marker. Cy-
toCalcein violet 450 has also been reported as a detector of intra-
cellular oxidative activity. CytoCalcein violet 450 is a fluorogenic
cell permeable compound that is converted by intracellular es-
terases into calcein, which is a cell impermeant anion that is flu-
orescent, and the esterase conversion is favored by the ROS reac-
tion. Imaging was performed with a Leica SP5 confocal microscope
using a 40x water immersion objective and a 10-uM step size for
z-stack acquisition. The image of the tumorspheres was acquired
with an Andor Dragonfly 500 spinning disk confocal microscope
using a 40 x water immersion objective and an Andor Zyla 4.2B
camera. Maximum projections of the stacks were obtained with
FIJI [58]. 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 propidium iodide and
CytoCalcein violet 450 signals divided by the area of the spheroid
obtained with FIJI and expressed as mean + SD.
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2.5. CLSM

Spheroids treated with different concentrations of AuNCs were
imaged with a Leica SP5 confocal laser scanning microscope by
using a 63 x oil immersion objective and a 10-uM step size for
z-stack acquisition. Maximum projections of the stacks were ob-
tained with FIJI [58]. From the maximum projection, ROIs for each
spheroid were obtained. To calculate the viability, the total count
for each spheroid was obtained as the count for the propidium io-
dide and CytoCalcein violet 450 signal divided by the area of the
spheroid. Mean + SD values were provided in the plot. ROS and
apoptosis studies were performed using 3D melanoma spheroids
grown for 5 days; the spheroids were exposed for 24 h to 30 pg/ml
of AuNCs, treated with 6 pM CellROX green and/or CellROX deep
red (Invitrogen) with 10 pM apopxin (Abcam), and incubated
for 1 h. Hypoxia studies were performed using B16 melanoma
spheroids grown for 5 days and treated for 24 h with 5 pg/ml in
a low-attachment 96-well plate by adding LOX-1 (Organogenix) at
the final concentration of 25 uM for 24 h. Internalization studies in
2D and 3D melanoma models were performed using different dyes
for subcellular determination of the plasma membrane (CellMask
deep red, 4000 x, RT, 8 min), cytoplasm (CellLight™ ER-GFP, 120
PPC, 37 °C, 24 h), mitochondria (MitoTracker green, 2000 x, 37 °C,
30 min), and lysosomes (LysoTracker green, 2000 x, 37 °C, 30 min).

2.6. Synchrotron cryo-soft X-ray microscopy

The cryo-soft X-ray microscopy (CSXM) study was performed
in B16 melanoma adherent cells seeded onto Au-EM grids coated
with holey carbon (R 2/2; Quantifoil) in a manner such that 1-
3 cells per grid’'s square were obtained. The cells were then in-
cubated for 24 h at 37 °C in wet atmosphere and 5% CO, before
adding the AuNCs at the concentration of 30 pg/ml. Subsequently,
the grids with control and AuNC-treated cells were incubated for
10 min with LysoTracker green (1000 x), washed with PBS 1 x,
and vitrified by plunge-freezing them using a Leica EM GP unit.
The samples were maintained in liquid nitrogen until visualiza-
tion. The samples were imaged under cryo-conditions first with
an epifluorescence microscope (integrated in the X-ray microscope)
and then with a soft X-ray microscope (at Mistral Beamline, ALBA).
Based on the FL signal, the cell candidates were selected. Next,
2D mosaics were acquired to assess sample quality, and the best
candidates were acquired at 520 eV photon energy from —65° to
65° at 1° interval (exposure time: 1-3 s). The tilt series of images
were normalized with XMIPP 3 software package [59], aligned, and
reconstructed using IMOD [59,60]. Five cells per condition at the
minimum were considered for the analysis. A more detailed proto-
col is referenced [61].

2.7. Luminescence lifetime

CLSM, multiphoton microscopy, and fluorescence lifetime mi-
croscopy studies were performed in a Leica SP5 confocal cou-
pled to a femtosecond-pulsed Ti:Shappire multi-photon laser (<80
fs pulse) and Mai Tai DeepSee BB DS. For the experiments,
cells/spheroids were placed in IBIDI plates for FLIM visualization
under an inverted microscope. However, for confocal and mul-
tiphoton visualization with an upright microscope, the samples
were placed in 35 mm diameter dishes. MPE for multiphoton mi-
croscopy and FLIM mode was performed at Aex=830 nm using a
40 x water immersion objective. A step size of 10 uM was applied
for z-stack acquisition of 2PL from spheroids. Spheroids analyzed
by FLIM were grown from passage 6 of melanoma-explanted cells.
The performance of AuNCs in tissue was studied by injecting 1 cc
of 80 pg/ml solution in water into a 1 cm? tissue section freshly
collected from chicken muscle.
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2.8. Statistical analysis

To confirm whether the AuNCs penetrated the spheroids and
whether the penetration was dependent on AuNCs concentration,
relative 2PL intensities of each z-stack of the melanoma spheroids
(from the top to the bottom of the spheroids) were quantified and
compared (Fig. 2D). Cytotoxicity of AuNCs in melanoma spheroids
was determined under CLSM and expressed as mean + SD. The
data from sample with and without AuNCs did not show a signifi-
cant difference (Fig. 4). Viability test of 2D adherent B16 melanoma
cells exposed to AuNCs was performed, and the results were ex-
pressed as mean =+ SD (Figure SI-16). To investigate whether AuNCs
influence the production of ROS in spheroids, the mean hypoxia
fluorescence signal per spheroid was determined and shown in
Fig. 6C.

3. Results and discussion

3.1. Synthesis and characterization of the systems: AuNCs and
melanoma tumorspheres

We first synthesized silica-coated hollow AuNCs following our
reported protocols [55][93]. Next, we performed silica dissolution
under strong stirring conditions for 48 h (cf. SI §1, Figure SI-1 and
cf. SI §2, Figure SI-7 for 3D imaging). Figs. 1A-1E (c¢f. SI §1, Fig-
ure SI-1) show the physicochemical characterization of the AuNCs
used in this work. The Au nanostructures in the NCs’ layer are vis-
ible in the TEM image (Fig. 1A). The AuNCs’ extinction spectrum
shows a broad localized surface plasmon resonance (LSPR) peak
with the maximum intensity at ca. 570 nm (Fig. 1B). We used
hyperspectral enhanced dark field microscopy (HEDFM) [46,62] to
show the prominent light scattering properties of AuNCs in solu-
tion (bright spots) and their good colloidal dispersion and size dis-
tribution (Fig. 1C). The single and mean spectral profiles obtained
by particle filtering analysis show an LSPR peak at ca. 650 nm
(cf. SI §1, Figure SI-2).Benefiting from the hollowness of the sys-
tem, we encapsulated a dye (rhodamine B Ex/Em: 543/555 nm)
within the AuNCs’ cavity (Fig. 1D; cf. SI §1, Figure SI-3). It is wor-
thy to note that active ingredients/diagnostic agents can be encap-
sulated following the same methodology, thereby increasing the
technological/clinical value of the NCs. The AuNCs are multimodal
probes traceable by fluorescence and 2P microscopy. Furthermore,
AuNCs show X-ray contrasting properties for soft X-ray tomogra-
phy, which additionally enables evaluating NC-cell interaction in
unprocessed 3D samples (Fig. 1E; cf. SI §3, Figure SI-13, SI-14, and
SI-15).

Next, we characterized the 3D melanoma spheroids formed
from adherent B16 murine melanoma cells (Fig. 1F; cf. SI §1, Fig-
ure SI-4, SI-5, and SI-6A) or from cells isolated from mice tu-
mors (Fig. 1G; cf. SI §1, Figure SI-6B). B16 melanoma cells orig-
inate from immunocompetent C57Bl/6 ] mice and are a realistic
cellular model. We obtained 3D melanoma spheroids by removing
the presence of FBS proteins from 2D adherent cells and culturing
them under serum-free and ultra-low-attachment conditions for 5
days as reported elsewhere [63]. We monitored the growth of the
3D melanoma spheroids for up to 14 days. In our imaging studies,
we used spheroids grown for 5 days and a surface area of <5000
pum?2 (cf. SI §1, Figure SI-4A and SI-4B). Cytoplasmatic ROS levels
increased at the early stages of development and returned to basal
levels with the time (cf. SI §1, Figure SI-4C). The characterization of
2D and 3D melanoma models by CLSM showed a perinuclear orga-
nization of mitochondria and lysosomes in 3D melanoma spheroids
with respect to 2D adherent cells (see Fig. 1F; cf. SI §1, Figure SI-5A
and SI-5B). The rounding of the cells because of the non-adherent
culture explains this effect. We also observed higher granularity in
3D melanoma spheroids than in their 2D counterparts, and there
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E

Fig. 1. Characterization of the systems under study, i.e., AuNCs (1A to 1E) and melanoma 3D spheroids (1F to 1 G). (A) TEM image of AuNCs showing the NCs’ hollowness
and the presence of Au nanostructures. Scale bar: 250 nm. (B) Normalized extinction spectrum of AuNCs and the operational wavelength of the two-photon laser used in
this work at 830 nm. (C) HEDFM images of AuNCs showing their scattering properties and colloidal dispersion. Scale bar: 10 pm. (D) CLSM image showing the fluorescence
signal of the encapsulated cargo. Scale bar: 10 pm. (E) Cryo-soft X-ray microscopy of the AuNCs inside the cells demonstrating their contrasting performance. Scale bar:
2 pm. (F) CLSM images of B16 melanoma spheroids showing their subcellular conformation after 5 days of growth and a size of approximately 5000 um?2. Note the labeling
of different organelles: plasma membrane (magenta), mitochondria (green), and lysosomes (red). Scale bar: 10 um. (G) B16 melanoma spheroids from mice tumor-explanted
cells. Spheroids labeled as shown in Fig. 1F. Scale bar: 10 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

was no difference in size (cf. SI §1, Figure SI-5A and SI-5B). Inter-
estingly, changes in the environment (e.g., adding serum proteins
and/or changing the substrate’s wettability) reverted the dispersed,
3D geometry of the melanoma cells back to the adherent, 2D ge-
ometries (cf. SI §1, Figure SI-5C). The reversion begins at 1 h, and
a complete loss of 3D conformation occurs after 24 h.

3.2. Imaging 3D melanoma from in vivo models with AuNCs

We further continued with the optical characterization of the
AuNCs and studied their imaging performance in 3D models. Tu-
mor 3D spheroids mimic in vivo conditions such as cell density and
differentiated state, intercellular communication, and simulates
organ-specific processes, thus constituting a validated pre-clinical
model; however, their 3D architecture challenge their imaging. We
wanted to confirm whether our AuNCs can be tracked within the
3D models even though they have a large thickness.
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First, we characterized the AuNCs under multiphoton mi-
croscopy (MM), and we then performed concomitant MM and
CLSM imaging of the melanoma 3D spheroids. Various reports have
shown the excellent nonlinear optical properties of Au nanostruc-
tures compared to the best performing 2P absorbers, whcih de-
pends on size and shape [48] and their use for bioimaging [64-
66]. Several studies have highlighted the importance of photother-
mal effects that may occur during MM imaging after femtosecond
laser irradiation of Au NPs [67]. Because our main aim is to use
these probes for imaging-guided photothermal therapy, we will re-
quire to measure the 2PA cross section of our AuNCs in future
work. We measured the luminescent lifetime of the AuNCs in so-
lution and in 3D melanoma spheroids. The luminescence lifetime
(), the time necessary for AuNC relaxation, is an intrinsic property
of the lumiphore, which is largely independent of concentration
and intensity but is affected by environmental factors or factors
changing the lumiphore structure [68]. By measuring the lumines-
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Fig. 2. Imaging performance of AuNCs in 3D melanoma models. (A) FLIM image of B16 melanoma spheroids from in vivo origin grown for 5 days and exposed to AuNCs
80 ng/ml for 24 h. (B) CLSM and MM images showing the signal of FL at A.x=543 nm (red) and 2PL at A.=830 nm (cyan) of AuNCs loaded with rhodamine B, respectively,
in B16 melanoma 3D spheroids grown for 5 days and exposed to 30 ng/ml of AuNCs for 24 h. (C) Dual imaging of B16 melanoma spheroids exposed for 24 h to different
concentrations of AuNCs loaded with rhodamine B. Scale bars: 10 pm. (D) Mean 2PL obtained along the stacks acquired with MM (every 10 pm) for B16 melanoma spheroids
exposed to different concentrations of AuNCs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cence lifetime for each pixel and generating a lifetime map, we can
monitor whether changes in the physicochemical characteristics of
the environment (e.g., solution vs. tumor) change the luminescence
lifetime. Thus, we were able to assess the imaging performance of
the AuNCs in the tumor. We took the 3D spheroids formed from
cells isolated from the tumor and exposed them to 80 pg/ml AuNCs
for 24 h. After their 2PE, we measured luminescence lifetime with
FLIM. AuNCs showed a T < 0.4 ns and an average lifetime (7,) of
0.22 ns for the solution of AuNCs and the treated 3D melanoma
spheroids (Fig. 2A; cf. SI §2, Figure SI-8). This confirmed the per-
formance of AuNCs for MM imaging of 3D tumorspheres. Further-
more, we could image the AuNCs after 2PL in a 1-cc ex vivo tissue
section of a muscle (cf. SI §2, Figure SI-9), which further support
their potential in vivo use as imaging probes for 2PL.

Once we characterized in vitro (3D tumorspheres) and ex vivo
the 2PL properties of AuNCs, we continued with their testing as
multimodal probe for AuNC-tumorsphere interactions. We took ad-
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vantage of the fluorescent cargo entrapped in the AuNCs' cavity
to perform dual imaging studies. The FL (Aex=543 nm) and 2PL
(Aex=830 nm) achieved was remarkable in both models, thus ob-
taining a clear identification of the interacting AuNCs (Fig. 2B; cf. SI
§2, Figure SI-10). Fig. 2B shows a typical image of a 3D melanoma
spheroid under concomitant MM and CLSM analysis. Fig. 2C shows
how the intensity of the 2PL signal within the tumorspheres in-
creases with the concentration of AuNCs in the range from 10 to
50 ng/ml (cf. SI §3, Figure SI-19). We further quantified 2PL along
the z-stacks of the melanoma spheroids (obtained from the top to
the bottom of the spheroids) to assess whether the penetration
of AuNCs is dependent on concentration. The results show that
the 2PL signal diminishes with an increasing penetration of AuNCs
into the spheroids (Fig. 2D). The signal decrease exhibit a differ-
ent trend depending on the concentration of AuNCs. While lower
concentrations (10-20 pg/ml) show a linear decrease, higher con-
centration (30-50 pg/ml) show a Gaussian distribution. This result
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Fig. 3. Internalization of AuNCs (A) by CLSM and (B) by correlative cryo-fluorescence CSXM. (A) Orthogonal views of B16 melanoma 3D spheroids showing the inter-
nalization process of AuNCs loaded with rhodamine B (red) over time using CLSM. B16 melanoma spheroids were grown for 5 days before exposure to 30 pg/ml of AuNCs
for up to 8 days (Figure SI-11). Fig. 3A shows the results for 4 h, 1 d, 3 d, and 6 d incubation. The plasma membrane and the lysosomes are presented in magenta and
green, respectively. Arrows indicate the signal of AuNCs loaded with rhodamine B, inside (dashed) and outside (dotted) the lysosome. Scale bar: 10 pm. (B) 2D adherent B16
melanoma cells exposed to 30 pg/ml of AuNCs for 24 h. The signal of the lysosomes (green) obtained by cryo-fluorescence is overlaid with the 2D soft X-ray mosaic showing
the contrast of the AuNCs. The images are obtained from virtual slices of 3D reconstructed tomograms. N represents the nucleus. Further CSXM tomographs showing the
intracellular distributions of AuNCs are presented in SI, cf. SI §3, Figures SI-13, SI-14, and SI-15. Scale bars: 2 pm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. Cell viability in 3D melanoma spheroids exposed to AuNCs. CLSM images showing the FL signal of live (blue) and dead (red) cells in B16 melanoma 3D spheroids
grown for 5 days and exposed to AuNCs at different concentrations for 24 h (top). BF images show an increase in spheroid darkness as the content of AuNC increases. Scale
bar: 10 pm. Graphical representation of the ratio of live/dead signal from propidium iodide (red) and CytoCalcein violet 450 (blue), respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

indicates that the distribution of the AuNCs within the 3D spheres their high performance. It is well known that when other types of

is not symmetric. At higher concentrations, the AuNCs penetrated luminescent NPs (for example, quantum dots) are dispersed in bi-
deeper into the spheroids than at lower concentrations, which ological matrices, their quantum yield is reduced [69]. Indeed, the
show a more superficial location. In the high concentration range, biological complex medium is a harsh environment that induces

the bell shape signal show a wide distribution. This may indicate changes in the physicochemical properties of the NPs, which could
a high heterogeneity in the signal because of a high variability of be responsible for performance loss [62,70-72]. In plasmonic NPs,
AuNC uptake from tumorspheres to tumorspheres. their LSPR peak responsible for their performance in the different

We can conclude from these experiments that AuNCs are fields of application (imaging, sensing, or therapy) is affected by
promising candidates for use in MM for imaging multicellular 3D the presence of biological components. Thus, an exhaustive char-
models. In addition to the outstanding 2PL properties of plasmonic acterization in the biological environment is crucial to validate the
nanomaterials, the specific geometry of the AuNCs, rationally de- functionality of the nanomaterial [62,73,74]. We can conclude that
signed to protect the functional building blocks, i.e., the plasmonic the luminescence response of our AuNCs is maintained regardless
nanostructure for MM and the dye for CLSM, further contributes to of the harsh cellular/tissue environment.
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AuNCs and

Menadione

Fig. 5. Levels of ROS in the presence of AuNCs in 3D melanoma spheroids. (A)
CLSM images of the melanoma spheroids not exposed and exposed to 30 pg/ml
AuNCs (red) for 24 h showing the levels of ROS.y: (magenta) and apoptosis (green).
Spheroids exposed to AuNCs show basal ROSy: levels and those exposed to mena-
dione (50 pM) for 3 h as a positive control show enhanced ROS production. For
further details, cf. SI §3, Figure SI-18. (B) MM and CLSM images of the melanoma
spheroids exposed to 30 pg/ml of AuNCs loaded with rhodamine B for 24 h show-
ing the signal of ROSpns (green). 2PL of gold at Ae=830 nm (cyan) and CLSM of
rhodamine at Aex=543 nm (red). For more detailed information, cf. SI §3, Figure SI-
19. Scale bars: 10 pm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

3.3. Internalization of AuNCs by melanoma spheroids and their
viability

Most NPs internalize into cells through endocytosis [75-77].
The endocytic pathway is interconnected with a network of acidic
organelles known as lysosomes, the primary degradation system
of the cell, where NPs generally accumulate [78,79]. The 3D con-
formation of the tumorspheres can affect the diffusion of the NPs
[80,81]. The difficult diffusion of free or NP-loaded therapeutic
compounds can be translated in vivo into poor efficacy and tu-
mor chemoresistance . Therefore, the study of the extent to which
AuNCs can diffuse through the tumorspheres is crucial. We took
advantage of the luminiscent properties of AuNCs and labeled dif-
ferent cellular structures such as plasma membrane, mitochon-
dria, and lysosomes to study the internalization and fate of AuNCs.
Fig. 3 (cf. SI §3, Figure SI-11, SI-12, SI-13, SI-14, and SI-15) confirms
the incorporation of the AuNCs within the melanoma spheroids.
As commented before (Fig. 2), high concentrations (30-50 pg/ml)
of AuNCs penetrated more efficiently than low concentrations (10—
20 pg/ml). We exposed the 3D models to 30 pg/ml of AuNCs and
measured their uptake up to 8 days (Figs. 3A; cf. SI §3, SI-11),
whereby most of them localized in the outest most layer of the
tumorsphere and we did not find them in the core. As early as 4 h
after treatment (Fig. 3A), we observed the entrapment of AuNCs
by the tumorspheres. We could not confirm their lysosomal colo-
calization until 24 h post-treatment, similarly to the 2D model (cf.
SI §3, Figure SI-12). We did not observe a colocalization of AuNCs
with the cytoplasm or with the mitochondria.
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We wanted to more accurately analyze how AuNCs interact
with cellular components. For this purpose, we imaged 2D adher-
ent B16 melanoma cells with cryo-soft X-ray microscopy (CSXM)
[82]. The sample requirements of this technique limit the imaging
of thick samples such as 3D melanoma models. However, it enables
us to study the effect of the intracellular milieu on the AuNCs and
the ultrastructure of the cells interacting with the AuNCs [83,84].
The cells are excited in the water window (520 eV) where car-
bon, the major constituent of cells, absorption is optimized. The
contrast of the inorganic nature and morphology of AuNCs ease
their identification and distinction from the organic cellular con-
tent. On the one side, the size of the AuNPs forming the shell have
the required electron density for CSXM imaging. On the other side,
the quantity of Au within the AuNCs adequately permits a certain
percentage of X-ray transmittance for the appreciation of the hol-
low structure. With 2.5-fold better contrast per unit weight than
standard agents [85], preliminary studies highlight the potential
superiority of gold nanostructures. Fig. 3B shows images related
to the 2D mosaic and orthoslices of 3D reconstructed tomograms
containing internalized AuNCs as high-contrast (black) rings (cf. SI
§3, Figure SI-13, SI-14, and SI-15). In agreement with previous re-
sults (cf. SI §3, Figure SI-12), CSXM confirmed the perinuclear lo-
cation of AuNCs after 24 h of interaction with 2D adherent B16
melanoma cells (cf. SI §3, Figure SI-14). CSXM images show that
AuNCs are surrounded by the cellular membrane (cf. SI §3, Figure
SI-13), thereby confirming their location in intracellular vesicles,
previously demonstrated by CLSM studies (cf. SI §3, Figure SI-12C).
Moreover, correlative imaging using cryo-fluorescence and CSXM
localized part of the AuNCs inside the lysosomes (Fig. 4B: cf. SI
§3, Figure SI-14 and SI-15). Under these conditions, AuNCs seem to
preserve their integrity upon uptake and interaction with the in-
tracellular milieu, even upon contact with the acidic environment
of the lysosomes. This also resulted in no significant changes in the
cellular structure, thus indicating the biocompatibility of AuNCs.

We next evaluated the cellular viability upon interactions
with AuNCs. First, we assessed the response of 2D adherent B16
melanoma cells to AuNCs in the concentration range from 6 to
3000 pg/ml for 24 and 48 h (cf. SI §3, Figures SI-16). The test mea-
sures the viability of the cells by detecting their metabolic activ-
ity. The viability of the cells is above 90% in the given concentra-
tion range. Noteworthy that our working concentration is below
80 pg/ml for all experiments, which is completely safe for the cells.
Remarkably, at the maximum concentration (3000 pg/ml) where
the cells show a complete black color due to the high content of
AuNCs, half of the cell population was still alive after 48 h.

We then assessed the response of the 3D melanoma spheroids
exposed for 24 h to AuNCs in the concentration range of 0.1
to 80 pg/ml. We stained live and dead cells and quantified the
live/dead cell ratio (Fig. 4). The concentration range tested for
AuNCs was limited to the maximum of 80 pg/ml because of the
blackness of the spheroids observed in the BF image (see insets in
Fig. 4). We confirm that the presence of AuNCs did not affect cell
viability within the spheroid. The live/dead cell ratio for untreated
and AuNC-treated melanoma spheroids was maintained along with
increasing concentrations.

3.4. Impact of the AuNCs on the ROS (ROScy and ROSpna) levels of
3D melanoma spheroids

The variation in ROS levels is a cellular indicator linked to
growth and division but also to nanotoxicity. We elucidated the
role of ROS in the 3D melanoma models upon exposure to AuNCs
by analyzing the levels of ROS from different compartments: the
cytoplasm (ROScyt) and DNA-associated (ROSpna) ROS found in
the mitochondria and nucleus, respectively. If elevated, ROS¢yt can
damage proteins, mRNA, and other cytosolic molecules, whereas
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Fig. 6. Hypoxia levels in 3D melanoma spheroids exposed to AuNCs. CLSM images showing the hypoxia levels (red) of B16 melanoma 3D spheroids grown for 5 days,
not exposed (A) and exposed to 5 pg/ml AuNCs (B) for 24 h and incubated with 25 pM of a LOX-1 hypoxia fluorescent sensor for 24 h before imaging. (C) Scatter plot
illustrating the mean hypoxia fluorescence signal per spheroid shown in (A) (squares) and (B) (dots). Scale bar: 10 pm. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

ROSpna can irreversibly affect the DNA present in the nucleus and
mitochondria, leading to cell death.

First, we set up the physiological levels of ROSc: in 3D
spheroids (Fig. 5A; cf. SI §3, Figure SI-17A) and 2D melanoma cells
(cf. SI §3, Figure SI-17.B). Next, we measured the impact of AuNCs
on these levels. We used a weak fluorescent probe that exhibits
fluorescence in the cytoplasm upon oxidation by ROS. The basal
ROScyt levels for the 2D system are lower than that in the 3D
spheroids. Nevertheless, they do not induce apoptosis, and the cel-
lular models are healthy. 3D melanoma spheroids (cf. SI §3, Figure
SI-17A) exhibit similar levels as previously reported in the 3D de-
velopment study for 5 days of growth (cf. SI §1, Figure SI-4C). As a
positive control for favoring ROS production and its induced apop-
tosis, we exposed melanoma spheroids to menadione, a compound
reported to promote oxidative stress-mediated apoptosis [86] (cf.
SI §3, figure SI-17.C). Melanoma spheroids exposed to menadione
for 3 h exhibit high levels of ROSy, leading to cellular apoptosis
(Fig. 5A; cf. SI §3, Figure SI-17C). The presence of AuNCs do not
alter the basal levels of ROS¢y (Fig. 5A; cf. SI §3, Figure SI-18.A)
and do not induce apoptosis. Spheroids not exposed to menadione
and treated and not treated with AuNCs show lower ROScy: lev-
els and lack of apoptosis. Considering the heterogeneity in the up-
take of AuNCs by each spheroid, the levels of ROSy: seemed to be
constant all over the spheroids, thus confirming biocompatibility of
the AuNCs.

As previously mentioned in the introduction, ROS are oxygen-
containing molecules generated because of activated cellular
metabolism. Our previous results (cf. SI §3, Figure SI-17A and 17B)
show lower levels of ROScy¢ in the 2D than in the 3D melanoma
models. Thus, we can assume that the cells in the 3D tumorspheres
are metabolically more active. To confirm this, we characterized
the ROScyt levels of our 3D melanoma models upon 3D to 2D con-
version. We observe a reduction in cell adherence, thus confirming
that the cells in the 3D architecture are metabolically more active
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than the 2D cells anchored to the substrate (cf. SI §3, Figure SI-
18B).

Our previous results also show that AuNCs are not cytotoxic, do
not induce apoptosis, and maintain the ROScy; levels. Despite these
positive results, we wanted to assess the levels of ROSpya from
mitochondrial and nuclear origin after cellular interactions with
the AuNCs (Fig. 5B) to conclusively exclude ROS-mediated toxic-
ity. Figure SI-19A shows low levels of ROSpya in 3D melanoma
spheroids exposed to AuNCs, which was constant throughout the
concentration range of AuNCs. Benefiting from the multimodal re-
sponsiveness of AuNCs, we determined ROSpna levels in the tu-
morspheres after AuNC internalization with 2PL and CLSM, con-
comitantly. Fig. 5B (cf. SI §3, Figure SI-19) confirmno correlation
between ROSpna and the amount of internalized AuNCs, thus sup-
porting their non-cytotoxic profile.

As it can be observed, the increase in AuNCs concentration
tested in the range of 5-50 pg/ml in 3D melanoma spheroids is
well reflected by the increase in 2PL. Best signal correlates with
the maximum AuNCs concentration while at the same time show-
ing no effect on the ROSpya levels. It is worthy to remark here the
high intra-spheroid variability per AuNC condition.

Based on the results obtained in the oxidative stress studies, we
can conclude that high internalization of AuNCs is associated with
low levels of ROScyt and ROSpa. This could be related to the vari-
ability inherent to the studies with 3D systems or can also indicate
an antioxidant-like effect provided by the AuNCs. Further investi-
gations on this aspect are required.

In conclusion, we measured different viability parameters,
(apoptosis, ROScyt, ROSpna, and metabolic activity) with CLSM
(Fig. 5A; cf. SI §3, Figure SI-17 and 18) and 2PL (Fig. 5B; cf. SI §3,
figure SI-19) and conclud that AuNCs are inert and do not alter
the metabolism and viability of the tumorspheres regardless of the
amount internalized.
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3.5. Response of the 3D hypoxic tumor microenvironment model to
the presence of AuNCs

It is well known that cancer progression is regulated by tumor
cells and by the microenvironment, surrounding stroma. Hypoxia
is a typical feature in almost all solid tumor microenvironments. A
solid tumor has different oxygenated areas [87]. Some areas are
well oxygenated, while other areas lack proper oxygenation and
become necrotic. Tumor cells activate specific signaling cascades
with opposing effects to adapt to the hypoxic microenvironment
[87]. Hypoxia is associated with a poor prognosis because it fa-
vors therapeutic resistance and malignant progression. 3D mod-
els resemble the cellular heterogeneity and oxygen gradients char-
acteristic of in vivo tumors, which depend on their size, compo-
sition (e.g., presence of extracellular matrix) [88,89], and type of
cell junctions [90,91]. Thus, hypoxia is reported in 3D spheroids.
Hypoxia is also related to ROS in terms of cellular metabolism.
By using an optical sensor whose signal is quenched in the pres-
ence of oxygen and enhanced at low oxygen conditions, we mon-
itored hypoxia levels. As shown in Fig. 6, the hypoxia leveld of
3D melanoma spheroids is maintained regardless of presence or
absence of AuNCs. This suggests that the preservation of the 3D
architecture in terms of cell-cell junctions does not allow oxygen
penetration. Furthermore, this result corroborates the safety pro-
file of the AuNCs. In the case of nanotoxicity inducing cell death
at the level of plasma membrane permeabilization, cell junctions
might be lost, and the 3D conformation of the model would be
affected. Moreover, the hypoxia levels were comparable to that of
spheroids before losing the 3D conformation (cf. SI §3, Figure SI-
20). As expected, the hypoxia levels of the tumorspheres dropped
to normoxia after losing their 3D conformation. The loss was more
prominent for the melanoma cells than for the control HT29 cells
(cf. SI §3, Figure SI-21). This can be explained by differences in
the cell-cell interactions between the two cell types. While B16
forms “grape-like” spheroids that display loose cell-cell contacts,
HT29 cells are reported to generate “mass-type” spheroids, which
are more tightly packed [92].

4. Conclusion

In conclusion, we synthesized AuNCs as a system for drug de-
livery because of its capability to encapsulate a cargo (modeled by
a dye) and/or photothermal therapy because of their plasmonic in-
ner wall. The AuNCs were responsive to 2PL. The average fluores-
cence lifetime (7) measured with FLIM (0.3 ns) was maintained re-
gardless of the intracellular environment, thus proving their abili-
ties for bioimaging of models with a complex architecture, such as
3D spheroids and tissues. We set up a 3D melanoma tumor model
and extensively characterized the interaction of AuNCs with tumor
spheroids. We provide a detail picture of the cell-AuNC interactions
based on the 2PL properties and the high contrast for X-ray to-
mography provided by the plasmonic nanostructure of the AuNCs.
The uptake of AuNCs requires between 4 and 24 h and results
in lysosomal accumulation. We measured different cellular param-
eters (apoptosis, ROScyt, ROSpna, and hypoxia) and conclud that
AuNCs are inert and do not alter the metabolism and the viability
of the tumorspheres regardless of the amount internalized. Our de-
veloped AuNCs are predictable for designing controllable nanoma-
terials whose properties are not erratic. The work presented here is
the first step toward the development of more advanced nanosys-
tems of interest in nanomedicine, such as imaging agents with tar-
geting functionality and multimodal imaging properties or thera-
nostic tools for imaging-guided therapies.
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