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ARTICLE INFO ABSTRACT
Keywords: To increase the therapeutic efficacy of nanoparticle (NP)-assisted photothermal therapy (PTT) and allow for a
Gold nanorods transition toward the clinical setting, it is pivotal to characterize the thermal effect induced in cancer cells and
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correlate it with the cell biological response, namely cell viability and cell death pathways. This study quantita-
tively evaluated the effects of gold nanorod (GNR)-assisted near-infrared (NIR) PTT on two different cancer cell
lines, the 4T1 triple-negative breast cancer cells and the Pan02 pancreatic cancer cells. The interaction between
nanomaterials and biological matrices was investigated in terms of GNR internalization and effect on cell viabil-
ity at different GNR concentrations. GNR-mediated PTT was executed on both cell lines, at the same treatment
settings to allow a straightforward comparison, and real-time monitored through thermographic imaging. A ther-
mal analysis based on various parameters (i.e., maximum absolute temperature, maximum temperature change,
temperature variation profile, area under the time-temperature change curve, effective thermal enhancement
(ETE), and time constants) was performed to evaluate the treatment thermal outcome. While GNR treatment and
NIR laser irradiation alone did not cause cell toxicity in the selected settings, their combination induced a signifi-
cant reduction of cell viability in both cell lines. At the optimal experimental condition (i.e., 6 pg/mL of GNRs
and 4.5 W/cm? laser power density), GNR-assisted PTT reduced the cell viability of 4T1 and Pan02 cells by 94%
and 87% and it was associated with maximum temperature changes of 25 °C and 29 °C (i.e., ~1.8-fold increase
compared to the laser-only condition), maximum absolute temperatures of 55 °C and 54 °C, and ETE values of
78% and 81%, for 4T1 and Pan02 cells, correspondingly. Also, the increase in the GNR concentration led to a de-
crease in the time constants, denoting faster heating kinetics upon irradiation. Furthermore, the thermal analysis
parameters were correlated with the extent of cell death. Twelve hours after NIR exposure, GNR-assisted PTT was
found to mainly trigger secondary apoptosis in both cell lines. The proposed study provides relevant insights into
the relationship between temperature history and biological responses in the context of PTT. The findings con-
tribute to the development of a universal methodology for evaluating thermal sensitivity upon NP-assisted PTT
on different cell types and lay the groundwork for future translational studies.

1. Introduction [2,3]. Moreover, the minimally invasive nature of the procedure allows
for the reduction of operative trauma, shorter treatment duration, and

Relying on laser exposure, near-infrared (NIR) photothermal ther- faster recovery times.
apy (PTT) has been proposed as a therapeutic strategy for tumor treat- Overall, NIR laser-induced hyperthermia and ablation have shown
ment [1]. This methodology has demonstrated relevant effectiveness minimal severe adverse effects which are typically associated with con-
against neoplastic cells, regardless of specific molecular phenotypes ventional cancer therapies [4]. However, the potential risk of either ex-
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ceeding the necessary thermal dose, thus leading to undesired healthy
tissue damage, or sub-treating the tumor area still poses a concern for
the effective application of PTT in the clinical setting [5].

The possibility of generating laser ablations with higher selectivity
and better anatomical precision is therefore essential. In photothermal
procedures, the efficacy of treatment largely depends on the distribu-
tion of temperature within the targeted area and the overall tumor ther-
mal history [6]. One of the most interesting strategies to localize the
thermal effect is gold nanoparticle (NP)-assisted PTT, relying on the
combined approach between the use of lasers at specific wavelengths
[7,8], and the administration of gold NPs in the tumor mass [9-11]. In-
deed, it has been demonstrated that nanoscopic bodies having relevant
plasmonic properties are capable of generating microenvironment-
localized hyperthermia and minimal dispersive diffusion due to the use
of gold [12].

Among the different NPs employed in PTT [13-16] gold nanorods
(GNRs) have exhibited intriguing characteristics once exposed to NIR
laser light [17-21]. Indeed, the electromagnetic field associated with
laser light causes the oscillation of the free electrons of the GNRs in the
conduction band, and, in these conditions, if the light frequency corre-
sponds to the one of the electron oscillations, the phenomenon of sur-
face plasmon resonance can be observed. The surface electric field in-
creases due to the surface plasmon excitation. An advantageous feature
of GNRs is the typically high absorption efficiency, defined as the ratio
between the absorption cross-section and the geometric cross-section
[22,23].

Moreover, GNRs are characterized by two different surface plasmon
absorption bands: the longitudinal oscillation of the electrons of the
conduction band makes the long-wavelength band lie in the NIR spec-
tral range, whereas the weak short-wavelength band lies in the visible
region of the spectrum due to the transverse oscillation of electrons.

To maximize the photothermal conversion efficiency upon GNR-
mediated PTT, the ease of tunability associated with GNRs can be ex-
ploited to synthesize GNRs with specific aspect ratios enabling sharp
absorbance peak in the NIR region, in correspondence with the wave-
length of the therapeutic laser beam.

To enhance the therapeutic outcome of GNR-mediated PTT, real-
time temperature monitoring during the procedure represents a pivotal
aspect since the temperature history to which the cells are subjected is
related to cellular thermal damage [24,25]. Several in vitro studies in-
vestigated the dose effect of a broad type of NPs on cell viability upon
different irradiation conditions [26]. However, a limited number of
studies performed a quantitative thermal analysis to correlate the cellu-
lar viability with the thermal outcome generated during the NIR irradi-
ation [27], and ultimately assess the thermal sensitivity of cancer cells
[28].

Although, in the last decades, many studies have been carried out
aimed at identifying specific molecular targets, different tumors are still
not responsive to the treatments currently available, such as surgery,
radiation therapy, and chemotherapy. To overcome this pharmacoki-
netic and pharmacodynamic impasse, alternative approaches, such as
NP-mediated PTT, are needed and, hence, should be thoroughly charac-
terized.

To this end, in the present study, we aimed to evaluate the in vitro ef-
ficacy of GNR-assisted PTT on cellular models of neoplasia with poor
prognosis, still lacking reliable therapies [29-33]. In particular, we
used the triple-negative murine 4T1 cell line as a model of breast cancer
lacking pharmacological targets and the murine pancreatic ductal ade-
nocarcinoma Pan02 cells, as a well-established model of pancreas ma-
lignancy [34]. We first evaluated the dose- and time-dependent effect of
GNRs on cell growth and viability, their internalization, and cellular lo-
calization. We then performed GNR-mediated PTT, combined with a
thermal analysis based on the maximum temperature, temperature
variation profile, the area under the time-temperature change curve, ef-
fective thermal enhancement (ETE), and time constants, considering
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the step response of a first-order system as a model. The effect of GNR-
mediated PTT on the 4T1 and Pan02 viability and cell death pathways
was determined and correlated with the results attained from the ther-
mal analysis.

2. Materials and Methods
2.1. GNR Characterization

In the present study, we decided to utilize 11-
mercaptoundecyltrimethylammonnium  bromide (MUTAB)-coated
GNRs as MUTAB was demonstrated to avoid surfactant-related cytotox-
icities compared to the other commonly used coatings such as
cetyltrimethylammonium bromide which is toxic when dissociated
from the GNRs [35,36]. Moreover, MUTAB proved to be a superior
coating for the uptake and transport of GNRs by different cell types [37]
as compared for instance to polyethylene glycol, which decreases cell
uptake [38]. MUTAB-coated GNRs (Nanopartz™, Inc., Loveland, CO,
USA) were characterized by different techniques. First, transmission
electron microscopy (TEM) was employed to investigate their structure.
The stock solution (5 pg/mL of GNRs in water) was vortexed and soni-
cated. Then, a quantity of 10 pL of the suspension was deposited on a
100-mesh copper electron microscopy grid with formvar coating. After
15 min, the excess was removed with Whatman filter paper, and once
the grid was air-dried, Zeiss Libra 120 EFTEM was used for the observa-
tion. Images were acquired with an integrated CCD camera equipped
with a YAG scintillator. To investigate the dispersion of GNRs, Atomic
Force Microscopy (AFM) was employed. AFM evaluations were per-
formed using Multimode AFM with a Nanoscope V system (Veeco/Digi-
tal Instruments, Mannheim, Germany). The instrument operated in tap-
ping mode modality. Moreover, the absorption profile in the
400-1000 nm spectral range was acquired by spectrophotometric
analysis (Infinite M200, Tecan, Mannedorf, Switzerland).

2.2. Cells and Proliferation

4T1 cells (ATCC, CRL-2539) were cultured in RPMI 1640 (GIBCO,
32404-014) supplemented with stable L-Glutamine (Euroclone,
ECM2001L), Penicillin (100 UIl/mL)/Streptomycin (100 pg/mL)
(GIBCO, 15140122) and 10% heat-inactivated fetal bovine serum (FBS,
Microtech). Cells were cultured at 37 °C in a humidified 5% CO, and
routinely split every 3—-4 days. PANO2 cells (NIH) were cultured in Ad-
vanced RPMI 1640 (GIBCO, 12633-012) supplemented with L-
Glutamine (Euroclone, ECM2001L), Penicillin (100 UI/mL)/Strepto-
mycin (100 pg/mL) (GIBCO, 15140122) and 10% heat-inactivated fetal
bovine serum (FBS, Microtech). Cells were cultured at 37 °C in a humid-
ified 5% CO, and routinely split every 3-4 days.

Different cell concentrations (1-4 x 10% cells/well) were tested to
evaluate the proliferation. 4T1 and Pan02 cell lines were seeded in 24-
well plates, and at the appropriate time points (24, 48, and 72 h), viable
cells were counted using the Vi-CELL XR Cell Viability Analyzer (Beck-
man Coulter).

2.3. GNR Effect on Cell Viability

The possible effect of GNRs on cell viability was evaluated by per-
forming MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay and counting viable cells.

For the MTT assay, 4T1 and Pan02 cells (2 x 10* and 1.5 x 10*
cells/well, respectively) were seeded in 96-well plates. After 24 h, cells
were incubated with GNRs at different concentrations (1.5-120 pg/
mL). Control cells were treated with an equivalent volume of the
medium. Forty-eight hours post incubation with GNRs, cells were
treated for 4 h at 37 °C with MTT compound. Then, the MTT was care-
fully removed, and the cells were resuspended in acidified isopropanol
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(0.04 M HCD). Cell viability was finally determined by measuring the
absorbance at 560 nm using a spectrophotometer.

Viable cells were also evaluated using the Vi-CELL XR Cell Viability
Analyzer. 4T1 and Pan02 cells (2 x 10* and 1.5 x 10* cells/well, re-
spectively) were seeded in 24-well plates. After 24 h, cells were incu-
bated with GNRs at different concentrations (1.5-120 pg/mL). Control
cells were treated with an equivalent volume of the medium. Forty-
eight hours post incubation with GNRs, adherent viable cells were col-
lected by trypsinization and counted by Trypan Blue assay.

2.4. GNR Internalization

Confocal and super-resolution microscopy were used to evaluate the
GNR internalization into 4T1 and Pan02 cells. Cells were seeded in 24-
well plates at a density of 2 X 10* (4T1) or 1.5 x 10* (Pan02) cells/
well. The day after, cells were incubated for 24 or 48 h with GNRs at
concentrations of 1.5, 3, or 6 pg/mL. The controls were not subjected to
any treatment. Cells were washed three times in 10 mM phosphate-
buffered saline (PBS), fixed with 4% paraformaldehyde for 40 min, and
permeabilized for 1 min with a solution of PBS containing 0.2% Triton
X100. Then, a blocking step in PBS - Triton X100 0.2% - bovine serum
albumin (BSA) 2% for 30 min was performed before washing with PBS.
For microtubule staining, the cells were incubated with the primary an-
tibody alpha-tubulin (1:100, Cell Signaling Tech) diluted in Triton X-
100 0.2% - BSA 2% for 2 h at room temperature (RT). After a washing
step, a secondary FITC conjugated antibody, Alexa488, (1:1000, Invit-
rogen) was incubated for 1 h at RT in a PBS - Triton X100 0.2% - BSA
2% solution. At the end of incubation, wells were washed with PBS, and
nuclei were stained with Hoechst 33258 (2 pg/mL in PBS, for 10 min).
Glass slides were taken from the wells, mounted on cover glass slides
with 2-3 drops of Fluoromount, and stored at 4 °C until acquisition. Re-
garding confocal and super-resolution microscopy, Nikon Al Confocal
and Nikon N-SIM microscopes were employed. The signals associated
with Hoechst and Alexa488 were visualized with laser excitation wave-
lengths at 405 and 488 nm, respectively. Nikon NIS-Element Software
was utilized to obtain three-dimensional (3D) rendering and super-
resolution reconstructions. Reflectance imaging allowed for the visual-
ization of unlabeled GNRs both for confocal and SIM acquisitions [39].
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2.5. GNR-mediated PTT

4T1 and Pan02 were seeded in 24-well plates (2 X 10* and
1.5 x 10* cells/well, respectively). The day after, cells were incubated
with GNRs at different concentrations (1.5, 3, and 6 pg/mL). After 24 h
from incubation, the culture medium was removed, and a fresh one was
added. Contactless laser irradiation was performed with an 808 nm-
diode laser (LuOcean Mini 4, Lumics, Berlin, Germany). The beam spot
was chosen to cover the entire area of a well (well diameter: 15.6 mm),
and the laser power was 9.1 W (power density of around 4.5 W/cm?).
The laser operated in a continuous-wave mode, and the exposure time
was approximately 300 s for each irradiation. Thermographic imaging
was used to real-time monitor the temperature during experiments
(FLIR System, T540 with 464 x 348 pixels spatial resolution, = 2 °C
accuracy, 10 fps acquisition rate) (Fig. 1). After 24 h from irradiation,
viable cells were evaluated using the Vi-CELL XR Cell Viability Ana-
lyzer (Beckman Coulter). Experiments were performed in triplicates.

2.6. Apoptosis Assay

4T1 and Pan02 were seeded in 24-well plates at a concentration of
1 x 10*and 1.5 x 10* cells/well, respectively. Twenty-four hours af-
ter cell seeding, cells were incubated with GNRs at different concentra-
tions (3 and 6 pg/mL). After 24 h from incubation, the culture medium
was replaced with a fresh one, and contactless laser irradiation and
temperature monitoring were performed as described in the previous
section, ‘GNR-mediated PTT.’ After 12 h from laser irradiation, cells
were collected and stained with FITC Annexin V Apoptosis Detection
Kit with propidium iodide (PI) (BioLegend, #640914), following the
manufacturer's instructions. Briefly, cells were collected, centrifuged,
washed once in PBS + 5% FBS, and stained with FITC Annexin V in
binding buffer for 15 min at RT. For staining of necrotic cells, PI was
added before analysis. Cells were analyzed by Flow Cytometer
(Cytoflex LX, Beckman Coulter), and the percentage of live, necrotic,
early, and late apoptotic cells were calculated by Kaluza analysis soft-
ware (Beckman Coulter).

e

e ————— e R TR RN

Thermographic image

Temperature (C)

{ Imadiated sample |

Fig. 1. Picture of the experimental setup used to perform in vitro GNRs-mediated PTT experiment. The A) diode laser, B) laser optical fiber, C) laser beam collimator,
D) cellular sample, and E) thermographic camera for temperature monitoring. The sketch on the right represents the irradiated sample and the region of interest de-
fined in the thermographic image according to the dimension of the well of 24-well plates, in which cells were seeded.
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2.7. Thermal Analysis

The temperature evolution of the samples undergoing NIR irradia-
tion was monitored during the entire photothermal exposure. For each
irradiated sample, a region of interest (ROI) was defined in the thermo-
graphic image according to the dimension of a well of 24-well plates, in
which cells were seeded (Fig. 1). The average value of pixels of the de-
fined ROIs was 1757 = 316. For each ROI, the average temperature
value was calculated considering an emissivity value of 0.95, and the
following measurement conditions: relative humidity of 50%, ambient
temperature equal to 22 °C, and reflected temperature equal to 22 °C.
The performed thermal analysis consisted of the evaluation of the maxi-
mum temperature, the temperature change over time, the maximum
temperature change, and the area under the temperature change vs. ex-
posure time curve.

Furthermore, the temperature trends over time attained through
thermographic imaging were used to calculate the time constants (t) re-
lated to the irradiated cancer cells, considering, as a model, the step re-
sponse of a first-order system. The purpose of this analysis was to quan-
titatively assess the transient thermal response induced by laser irradia-
tion on 4T1 and Pan02 samples either pre-treated with GNRs or in the
absence of GNRs. The response time was estimated by applying linear
regression on the natural logarithm of the error fraction function I'(t),
described as:
=0T ot W

Tinilial - Tss

being T(t) the temperature value at the instant of time t, Tj,;;, the
initial temperature at the beginning of the step, and T the estimated
temperature value at the steady state. Besides, the percentage of the
ETE was calculated as the difference between the average values of
maximum temperature change attained during GNR-mediated PTT at a
specific concentration i (1.5, 3, or 6 pg/mL) and the maximum tempera-
ture change obtained during laser irradiation experiments without
GNRs assistance, divided by the average value of the maximum temper-
ature change obtained during laser irradiation experiments without
GNRs assistance:

maximum temperature change gy gs i+ Laser — Maximum tempet

ETE (%) =
%) maximum temperature change ,,,

2.8. Statistical Analysis
Data are analyzed using GraphPad Prism Software (version 9.0).

Data are presented as mean = SD. One-way or two-way ANOVA test
and Bonferroni's post hoc test were used for the comparison of multiple
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&
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groups. Differences with p values <0.05 were considered statistically
significant.

3. Results
3.1. GNR Characterization

Before proceeding with biological studies, GNRs were characterized
to assess their main physicochemical parameters, such as size, shape,
and absorption profile. According to TEM image analysis (Fig. 2A), the
GNRs showed an elongated rod-shaped morphology with a diameter of
10.3 * 1.0 nm and a length of 44.0 = 4.3 nm, hence an aspect ratio of
around 4.3. Fig. 2B shows representative images of GNRs at two differ-
ent magnifications. They are monodisperse with a cylindrical shape pe-
culiar to rod-shaped NPs without forming large aggregates in the sys-
tem. Finally, the absorption spectrum revealed a peak absorption at
808 nm (Fig. 2C).

3.2. Effect of GNRs on Cell Viability

Following the characterization analyses that confirmed the stability
of GNRs and before testing their cytotoxic effect, we evaluated the cel-
lular growth over time. Different cell concentrations (1-4 X 10* 4T1
cells/well and 1-2 x 10* Pan02 cells/well) were seeded on 24-well-
plates. The proliferation was monitored by counting the viable cells at
increased time points (Supplementary Fig. S1). Based on the data col-
lected, we decided to seed 2 x 10* 4T1 cells/well and 1.5 x 10*
Pan02 cells/well in the subsequent assays.

Cell viability experiments were performed to select GNR concentra-
tions that did not affect the cell viability after 48 h from the treatment.
To this end, 4T1 and Pan02 cells were incubated with 1.5-120 pg/mL
GNRs. As shown in Fig. 3, regarding both 4T1 and Pan02 cell lines, a
significant difference with control was observed starting from 12 pg/
mL GNRs. Indeed, a dose-dependent effect was measured indepen-
dently from the type of cell line. The concentrations of 1.5, 3, and 6 pug/
mL GNRs did not affect the cell viability. Hence, they were all chosen
for the subsequent GNR-mediated PTT experiments in order to carry
out a more comprehensive characterization of the thermal effect in-
duced by photothermal treatment in the two cellular lines.

3.3. GNR Internalization

The ability of GNRs to be internalized by 4T1 and Pan02 cells was
evaluated by confocal and super-resolution microscopy. Fig. 4 shows
the localization of GNRs in 4T1 and Pan02 cells. The red signal is asso-
ciated with GNRs, while cells are identified by the presence of nuclei in
blue and cytoskeleton in green (tubulin staining). The confocal analysis

[
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Fig. 2. GNR characterization. A) Transmission Electron Microscopy, B) Atomic Force Microscopy, C) absorbance spectrum of the GNR stock solution.
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Fig. 3. Effect of GNRs on cell viability (MTT assay) and growth (number of viable cells expressed as a percentage of the control). A, B) 4T1 and C, D) Pan02 cells were
treated with 1.5-120 pg/mL or with the same volume of medium (CTRL). A, C) Cell viability and B, D) growth were recorded 48 h after treatment with GNRs. Data
are expressed as values normalized on the mean of CTRL cells of 3 independent experiments. *p < 0.05, **p < 0.005 and ****p < 0.0001 vs. CTRL according to Or-

dinary one-way ANOVA.

revealed the presence of the GNRs in the perinuclear zone at 24 and
48 h after the incubation for all the tested concentrations (Fig. 4A and
C). The spotted red signal showed that GNRs are confined and presum-
ably clustered into endocytic vesicles, commonly known to mediate cel-
lular internalization and NP processing. A fast and dose-dependent ac-
cumulation can be seen in both cell lines. The super-resolution recon-
structions observed the internalization of GNRs at 24 h after the incuba-
tion (Fig. 4B and D, upper rows). Moreover, the 3D localization of GNRs
around single cells confirms the GNRs uptake in both 4T1 and Pan02
cell lines (Fig. 4B and D, bottom rows). The time point of 24 h GNRs-
incubation was, hence, chosen for the performance of NIR irradiation to
exert GNR-mediated photothermal conversion.

3.4. GNR-mediated Photothermal Experiment

The temperature evolution during treatment was monitored
through thermographic imaging. The exemplificative thermal images
for the different experimental conditions, the temperature change over
time of irradiated 4T1 and PanO2 cells either pre-treated with GNRs
(1.5, 3, and 6 pg/mL) or not treated with GNRs are shown in Fig. 5,
alongside the registered maximum temperature change and the area
under the curve.

The association of laser irradiation with pre-treatment with GNRs
entailed higher temperature changes compared to laser irradiation
alone (Fig. 5C and F). Concerning the 4T1 cell line, the average value of
the maximum temperature change in the case of laser irradiation with-
out GNRs was 14 °C. The combination of laser irradiation and GNRs re-
sulted, for all GNR concentrations considered, in a statistically signifi-
cant increase compared to the laser-only treatment, in terms of maxi-
mum temperature change (Fig. 5D). Indeed, the average values of the
maximum temperature change were 19 °C, 22 °C and 25 °C for 1.5, 3,
and 6 pg/mL GNRs, respectively. Likewise, a statistically significant dif-

ference was found between the average value of the area under the
curve calculated for laser irradiation without GNRs assistance (i.e.,
23029 °C-s) and the value of the areas under the curve of the tempera-
ture change vs. time calculated for the different laser + GNRs combina-
tions (31981 °C-s, 37407 °Cs and 43153 °Css, for 1.5, 3 and 6 pg/mL
GNRs, respectively (Fig. 5E)).

Regarding the photothermal treatments performed on Pan02 cells,
as observed for 4T1 cells, the samples undergoing laser irradiation
without GNRs experienced lower temperature change throughout the
NIR irradiation (Fig. 5F). In the case of the Pan02 cell line, the average
values of the maximum temperature change, registered at the end of the
laser irradiation, were 16 °C, 20 °C, 25 °C and 29 °C, for the conditions
of the laser without GNRs, laser + 1.5 pg/mL GNRs, laser + 3 pg/mL
GNRs, and laser + 6 pg/mL GNRs, accordingly (Fig. 5G). Moreover, the
average values of the area under curve of the temperature change as a
function of time were 26969 °Css in the case of laser irradiation in the
absence of GNRs, and 35976 °C-s, 43826 °Cs and 52468 °C-s for the
laser irradiation combined with GNR assistance, respectively for 1.5, 3
and 6 pg/mL GNR concentrations (Fig. 5H). Statistically significant dif-
ferences were observed between the samples subjected to laser irradia-
tion without GNRs and the different laser + GNRs combinations for
both the maximum temperature change (Fig. 5G) and the area under
the curve (Fig. 5H). According to the presented results, the combination
of 6 pg/mL GNR pre-treatment and laser irradiation led to a ~ 1.8-fold
increase in the average maximum temperature change for both 4T1 and
Pan02, compared to the laser-only condition. Table 1 also reports the
maximum temperature, the time constants, and the ETE related to the
different photothermal experiments performed on 4T1 and Pan02 cell
lines.

For both cell lines, the maximum absolute temperature registered
for the NIR laser treatment in the absence of GNRs was equal to 40 °C.
By increasing the concentration of GNRs, a consequent rise in the maxi-
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4T1

CTRL 1.5 pg/mL 3 pg/mL 6 pg/mL

24 h

Pan02
CTRL 1.5 pg/mL 3 pg/mL 6 pg/mL

24 h

48 h

24 h

Fig. 4. GNR internalization. Representative images of GNR-cell interaction. GNR agglomerates are depicted in red, tubulin in green, and nuclei in blue. 4T1 cells: A)
confocal images collected at 24 and 48 h from the incubation with different concentrations of GNRs (1.5-6 pg/mL). Scale bar, 10 um. B) Super-resolution recon-
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Fig. 4.—continued

structions by the orthogonal projection of the three-dimensional stack of single cells (upper row) and corresponding 3D rendering (bottom row). Scale bar, 5 pm.
Pan02 cells: C) confocal images at 24 and 48 h from the incubation with different concentrations of GNRs (1.5-6 pg/mL). Scale bar, 10 pm. D) Super-resolution re-
constructions by the orthogonal projection of the 3D stack of single cells (upper row) and corresponding 3D rendering (bottom row). Scale bar, 5 pm. (For interpre-
tation 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. 5. Exemplificative thermal images of the samples exposed to laser irradiation. Cells were either exposed to laser irradiation (Laser) or pre-treated with 1.5,
3, or 6 pg/mL of GNRs and exposed to laser (GNRs + Laser), thermographic imaging was employed to monitor the temperature evolution during photothermal
treatments, as described in the Materials and methods section. The thermal maps show the temperature distribution, within the ROIs defined for the thermal
analysis, at different instants of time of the photothermal exposures: A) 4T1 and B) Pan02 cancer cells. Thermal analysis concerning GNRs-assisted PTT in 4T1
and Pan02 cells: C) Temperature change over time, D) Maximum temperature change, and E) Area under the curve estimated for the experiments on 4T1 cells.
F) Temperature change over time, G) Maximum temperature change, and H) Area under the curve regarding photothermal treatments on Pan02 cells. The mean
trends of the temperature change and the SD (shadowed lines) are shown in C and F. In D, E, G, and H, each value is the mean = SD (N = 4-13),
*xkkp < 0.0001, ***p < 0.0005 relative to Laser, according to Ordinary one-way ANOVA and Bonferroni's post hoc test.
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Table 1

Values of maximum temperatures (expressed as average value + SD), time
constants (average value * SD), and the effective thermal enhancements
(ETE) attained for the different photothermal experiments performed on 4T1
and Pan02 cell lines.

Laser 1.5 pg/mL 3 pg/mL 6 pg/mL
GNRs GNRs GNRs
+ Laser + Laser + Laser
4T1
Maximum 40 = 2 43 = 4 48 =5 551

temperature (°C)

Time constant (s) 363.4 £ 68.4 265.7 £ 54.9 264.4 + 549 245.0 + 54.9

ETE (%) 34 56 78
Pan02
Maximum 40 = 2 44 £ 3 50 £ 1 54 £ 3

temperature (°C)
Time constant (s) 276.6 + 62.9 2354 *+ 66.3 2289 + 82.8 181.5 + 339
ETE (%) 30 55 81

mum temperature can be observed, up to values of 54-55 °C, attained
at the concentration of 6 pg/mL GNRs. Conversely, incrementing the
GNR concentration led to an overall decrease of the calculated time
constants, denoting faster heating kinetics upon irradiation (e.g., the es-
timated average values of the time constants were 277-363 s in the case
of laser irradiation without GNRs, whereas 6 pg/mL GNRs + laser irra-
diation, the time constants were 182-245 s. Finally, the calculated val-
ues of the ETE (Table 1) are similar for both cell lines at the different
GNR concentrations and show a proportional increase with GNR con-
centration. At the lowest GNR concentration (1.5 pg/mL GNRs), ETE
equal to 34% and 30% were registered for 4T1 and Pan02, correspond-
ingly; at 3 pg/mL GNRs, ETE for 4T1 and Pan02 was 55% and 56%,
whereas, the highest concentration considered, 6 pg/mL GNRs, was as-
sociated with the maximum enhancement, i.e., ETE was 78% and 81%,
for 4T1 and Pan02, accordingly.

The results concerning the viability of the cells undergoing GNR-
mediated PTT are depicted in Fig. 6A and C for 4T1 and Pan02 cancer
cells, respectively (each value is the mean + SD, N = 4-13). Represen-
tative bright-field microscopy images of cells subjected to GNR-
mediated PTT are reported in Fig. 6B and D, for 4T1 and Pan02 cancer
cells, accordingly.

In the histograms reported in Fig. 6A and C, the cells subjected only
to pre-treatment with GNRs were shown to be comparable with controls
(cells neither treated with GNRs nor NIR irradiated) in terms of cell via-
bility, as no statistically significant differences were found. Similar data
were found for cells subjected only to NIR laser irradiation. Conversely,
in both the cell types, the combination of NIR laser irradiation and
GNRs induced a statistically significant decrease in cell viability propor-
tional to the GNR concentrations tested. Concerning the experiment on
4T1 cells, the average values of cell growth (% of control) for the cells
pre-treated respectively with 1.5, 3, and 6 pg/mL of GNRs and undergo-
ing laser irradiation were 40%, 21%, and 6%, after 24 h from irradia-
tion. Regarding Pan02 cells, average values in terms of cell growth (%
of control) were 63%, 14%, and 13%, for the cells pre-treated with 1.5,
3, and 6 pg/mL of GNRs, accordingly, and subjected to laser exposure.
In addition, the combination of GNRs and NIR laser irradiation modi-
fied the cellular morphology of 4T1 and Pan02 cells which appeared
less bright, more roundly shaped, and detached from the growth sur-
face, compared to the other conditions tested (Fig. 6B and D).

To decipher the nature of the loss of viable cells after treatment of
the cell lines with the combination of GNRs and NIR laser irradiation,
we first executed anew GNR-mediated PTT experiments with the same
laser settings and at the most effective GNR concentrations (i.e., 3 and
6 pug/mL) in terms of reduction of cell viability (Fig. 6) and then per-
formed Annexin V/Propidium Iodide (PI) Apoptosis Assay. The assay
allows to monitor the presence of necrotic and apoptotic cells. In partic-
ular, it is possible to distinguish between early (characterized by the
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translocation of phosphatidylserine to the outer leaflet of the lipid bi-
layer) and late apoptosis or secondary necrosis (characterized by phos-
phatidylserine externalization and permeabilization of the cell mem-
brane allowing the entry of dyes such as PI) [40]. The results of the
thermal analysis concerning these experiments confirm our previous
observations (Fig. 5 and Table 1) and are reported in Supplementary
Fig. S2 and Supplementary Table 1. As shown in Fig. 7 (upper panel),
only in the case of combined treatment there is an increase in total
apoptotic cells (right bottom and upper region of the depicted plots). In-
deed, the graph depicts representative flow cytometry dot plots of cells
for Annexin V-PI counterstain. X and Y axes represent green and red flu-
orescence channels corresponding to Annexin V and PI staining respec-
tively. Each plot shows cells positive for Annexin V only (right bottom
region, RB), positive for PI only (left upper region, LU), positive for
both (right upper region, RU), and negative for both (left bottom re-
gion, LB). Regions RB, LU, RU and LB represent early apoptotic,
necrotic, late apoptotic and live cells in the population. In detail, at the
observed time frame post-treatment (12 h after laser irradiation), there
is mainly an increase in late apoptosis. Late apoptotic cells represent
30% and 40% of all the cells treated with 3 pg/mL and 6 pg/mL GNRs
plus NIR laser irradiation. Early apoptosis is observed only at the higher
concentration of GNRs administered (6 pg/mL) when the total apopto-
sis is massive (54.12%) and consists of 13.5% of the total cell popula-
tion. Interestingly in the case of a classical apoptotic compound, such as
VP-16 (etoposide), a small effect on cell viability (viable cells decrease
of about 20%) was associated with 17% of total apoptotic cells with a
higher percentage of early apoptosis (6.2%) and a lower percentage of
late apoptosis (11.2%) compared to the combo of GNRs and NIR laser
irradiation (Supplementary Fig. S3). In the case of Pan02 (lower panel)
again late apoptotic cells represent the majority of dead cells due to the
combination of GNRs and NIR laser irradiation treatment. In the con-
text of this cell line, VP-16, which is a well-known apoptosis inducer,
generates dead cells in the late apoptotic phase at the time frame con-
sidered (47%) with negligible evidence of early apoptotic cells (2%)
(Supplementary Fig. S3). This could be due to an intrinsic property of
the cell line or to the fact that the chosen time frame is too long to de-
tect early apoptotic events. It should be noted that in this cell line, FACS
analysis reveals the presence of a small proportion of necrotic cells
(from 12% to 17%) in the case of treatment with GNRs alone (3 pg/mL
and 6 pg/mL) that was not detectable by viable cell counting and MTT
assay (Fig. 3). It could be that GNR treatment induces the permeabiliza-
tion of PI during the FACS procedures in a small proportion of cells that
are still viable and attached as assessed by the ViCell Coulter Counter
analysis and metabolic active (MTT). Altogether the above data suggest
that at time frames in which treatment of the cell lines with a single
agent does not induce cell death, the combo GNRs plus NIR laser irradi-
ation triggers mainly late apoptosis.

4. Discussion and Conclusions

The present study represents a prodromal step for the characteriza-
tion of the different parameters that play a role in NP-assisted pho-
tothermal stimulation when applied to the biomedical context. We em-
ployed two cellular models, prototypes of cancer diseases with poor
clinical outcomes: the 4T1 breast cancer cell line [3] and the Pan02
pancreatic adenocarcinoma cell line [34]. Indeed triple-negative breast
cancer and pancreatic cancer share common severe progression, high
lethality, and scarce therapeutical options with conventional
chemotherapy or other alternative pharmacological approaches
[41,42].

A particular focus has been reserved on the quantitative evaluation
of the thermal effect of GNR-mediated PTT on cells, and its correlation
with the biological response. Indeed, considering the final aim to im-
prove PTT efficiency, real-time temperature monitoring during the pro-
cedure represents a crucial aspect since the temperature history to
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Fig. 6. GNRs-mediated PTT in 4T1 (A and B) and Pan02 cells (C and D). A) Cell growth histograms of 4T1 cells (number of viable cells expressed as a percentage of
the control). From left to right plot, cells were treated with 1.5, 3 or 6 pg/mL of GNRs (GNRs), exposed to laser irradiation (Laser) or treated with GNRs and exposed
to laser (GNRs + Laser) as described in the Materials and Methods section. Control cells were treated with medium alone (CTRL). Each value is the mean + SD.
*#kxp < 0.0001, two-way ANOVA and Bonferroni's post hoc test. Interaction: GNRs (all concentrations)/Laser <0.0001 ****. B) Representative bright-field mi-
croscopy images of 4T1 cells treated with 3 ug/mL GNRs, Laser, and 3 pg/mL GNRs + Laser. The white scale bars correspond to 200 pm. C) Cell growth histograms
of Pan02 cells. From left to right plot, cells were treated with 1.5, 3 or 6 pg/mL of GNRs (GNRs), exposed to laser irradiation (Laser) or treated with GNRs and ex-
posed to laser (GNRs + Laser). Control cells were treated with medium alone (CTRL). Each value is the mean * SD. ****p < 0.0001, two-way ANOVA and Bonfer-
roni's post hoc test. Interaction: GNRs (all concentrations)/Laser <0.0001 ****. D) Representative bright-field microscopy images of Pan02 cells treated with 3 pg/
mL GNRs, Laser, and 3 pg/mL GNRs + Laser. The white scale bars correspond to 200 pm.

which the cells are subjected is related to the tumor thermal damage
[10,43]. Indeed, being the temperature the main physiological quantity
which triggers a specific biological response, our study has focused on
the investigation of the optimal measurement conditions and data pro-
cessing methods to obtain accurate temperature measurement and use-
ful indices, like the time constant and the ETE [10,44]. This step is
aimed also at providing a reliable monitoring system that can be ap-

plied to more complex in vivo studies. While in in vitro settings most ex-
perimental conditions are satisfactorily controlled, in the in vivo sce-
nario the biological variability is much larger. Thus, it is crucial to have
a preliminary in vitro phase in which the technical parameters (e.g, set-
tings of the delivery system, temperature measurement system, and
methods for obtaining temperature-related indices) are well character-
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Fig. 7. Analysis of cell death induced by GNRs and PTT treatment. Early apoptosis, late apoptosis, and necrosis were evaluated by flow cytometry after staining with
Annexin V-FITC/propidium iodide (PI). Representative dot plots of PI (y-axis) vs. Annexin V (x-axis) for 4T1 (upper panel) and Pan02 cancer cells (lower panel).

ized, in order to decrease their effect on the final accuracy of the experi-
mental model.

Several studies have evaluated the therapeutic efficacy of NP-
mediated PTT in in vitro and in vivo scenarios [20,45]. The majority of
the experimental reports in vitro have focused on the analysis of the cell
viability and/or assessment of cell death pathways under different irra-
diation conditions or NP concentrations on different cancer cell types
[20,46]. For instance, Pattani et al. investigated the cell death pathway

10

response during GNR-assisted PTT, performed at different laser fluence
rates, on colorectal tumor cells (HCT-116) [44]. In a recent study,
Domingo-Diez et al. performed GNR-mediated PTT with GNRs of two
distinct dimensions on murine glioma (CT2A) and murine melanoma
(B16F10) cells and evaluated the efficacy of the treatment in terms of
cell viability and the type of triggered cell death by dehydrogenase ac-
tivity, and calcein propidium iodide and Annexin V staining [46].
Moreover, Zhang and colleagues evaluated the temperature-dependent
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cell death pathways in murine melanoma cells (B16-BL6) undergoing
functionalized GNR-mediated PTT and detected the temperature with
an infrared radiation thermometer by moving the laser beam away for a
few seconds and then repositioning it back again after the measurement
acquisition. They then correlated the final temperature reached during
the irradiation with the cell death pattern [27].

Nevertheless, the number of studies that have performed a quantita-
tive thermal analysis to correlate the biological response of the cells
with the temperature evolution [47], thus the thermal dose delivered
during the NIR irradiation [48], needs to be urgently increased.

Considering the differences in terms of NIR laser irradiation modali-
ties and settings, NP types, and concentrations utilized in PTT, there ex-
ists the need to use a common outcome such as the time-temperature
data to allow a comparison of different studies on different cell types
and a correlation with the biological response upon PTT. In this con-
cern, Happonen et al. employed the thermal isoeffect dose (TID) based
on the Cumulative Equivalent Minutes at 43 °C to evaluate the outcome
of NP-induced PTT [48]. They performed black porous silicon NP-
mediated PTT on HeLa cancer cells and utilized an infrared sensor to
real-time monitor and control the temperature of the samples. The TID
was originally developed to establish a connection between specific bi-
ological endpoints and tissue thermal exposure, maintained for various
durations [49-51]. TID is typically employed for thermal treatments
characterized by longer exposure times and lower temperatures. In-
deed, it has been validated with in vitro experiments, focusing on cell
survival as the target endpoint, successfully estimating cell death
within the temperature range of 40 to 47 °C, which is the thermal inter-
val for which this model was initially devised [49,52-55]. However,
higher temperatures (i.e., >50 °C) can be reached during thermal abla-
tion procedures and NP-assisted PTT [56,57].

Hence, in the present study, we performed in vitro GNR-assisted PTT
on 4T1 and Pan02 cancer cells at different GNR concentrations and
real-time monitored the temperature evolution through thermographic
imaging. We firstly evaluated the GNR internalization and effect on cell
viability, performed GNR-mediated PTT, and then devised a thermal
analysis based on multiple thermal parameters. The cell viability and
cell death pathways were explored and correlated with the results of
the thermal analysis to propose a universal methodology to evaluate
the effect of PTT on different cell types.

We first investigated the interaction between the two cell lines and
the gold NPs. It is widely known that the NP geometry can greatly influ-
ence their interaction with cells and tissues [58,59] and there is also a
large body of evidence demonstrating the potential application of gold
NPs with different shapes in PTT [60,61]. In the present work, we de-
cided to select a single type of gold NPs, the rod-shaped (GNRs), for dif-
ferent reasons: to avoid another source of variability dependent on the
NP shape [10] and to reach high efficiency in terms of plasmonic reso-
nance. After a relatively long-term exposure (i.e., 48 h), both cell popu-
lations well-tolerated concentrations of up to 6 pg/mL of GNRs. Quite
interestingly, Pan02 cells showed an increased vulnerability compared
to 4T1 cells in terms of cell viability (Figs. 3A and B). Since a clear rela-
tionship between the amount of gold NPs internalized in cells and the
cytotoxic effect has been widely reported [62,63], we hypothesized that
Pan02 had a more efficient uptake. Our confocal analyses seemed to
confute this suggestion. The reason why an effect on cell viability oc-
curred at a GNR concentration lower in Pan02 compared to 4T1 may be
correlated to a series of downstream events, activated by the interaction
with the nanomaterial. While the treatment of 4T1 and Pan02 cells with
GNR concentrations up to 6 pg/mL did not induce a cytotoxic effect
compared to controls, the combination of GNRs and laser exposure, in-
duced a dramatic toxicity, for all the examined concentrations (1.5, 3,
6 pg/mL), in both cell populations.

In 4T1 cells, the association with NIR laser irradiation allowed
reaching the IC50 at a GNR concentration 40 times lower than without
laser stimulation (i.e., 1.5 pg/mL, Fig. 6, vs. ~60 pg/mL, Fig. 3). More-
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over, we found that laser irradiation alone was not able to increase cell
toxicity, whereas already at the lowest concentration tested, the combi-
nation of laser-GNRs was very effective. Despite some small dissimilari-
ties in quantitative terms, it is worth observing that this phenomenon
developed similarly in both cell populations. The cytotoxic effect under
NIR exposure was proportional to the GNR concentration. At the high-
est concentration, the average values of cell growth (% of control) were
6% and 13% for 4T1 and Pan02 cells, respectively, 24 h after the GNR-
mediated photothermal exposure. This cytotoxic effect was associated
with maximum temperature changes of 25 °C and 29 °C (i.e., ~1.8-fold
increase compared to the laser-only condition), maximum absolute
temperatures of 55 °C and 54 °C, areas under the temperature change
over time curve of 43153 °C-s and 52468 °C-s, and ETE values of 78%
and 81%, for 4T1 and Pan02 cells, accordingly. As observed, at the em-
ployed power density, NIR laser irradiation was not able to induce a cy-
totoxic effect on cells, displaying no statistically significant differences
with controls in terms of cell growth (% of control) and cell morphology
after treatment. In this case, the corresponding thermal analysis out-
lined maximum temperature changes of 14 °C and 16 °C, areas under
the temperature change over time curve of 23029 °C-s and 26969 °Cs,
for 4T1 and Pan02 cells, respectively, and maximum absolute tempera-
tures of 40 °C, for both cell types. Besides, the analysis of the time re-
sponse indicated a reduction of the time constants due to the presence
of GNR upon irradiation, thus showing faster heating kinetics compared
to laser irradiation without GNRs, as also observed in previous litera-
ture studies in vivo conditions [57], and a decrease of time constant pro-
portional to the GNR concentration. Considering the attained results, it
is possible to suppose that the increase of laser power may lead to
reaching the same temperature achieved by the combined GNR-laser ir-
radiation application and consequent cytotoxicity. However, the pre-
sent study has been designed to pave the way for translational study.
For this reason, the possibility of generating an anatomically selected
GNR-mediated hyperthermia will be crucial to realize the best thera-
peutical index, by the limitation of undesired heating propagation in
tissues close to the tumoral mass.

Our study also aimed to start investigating the mechanisms associ-
ated with cell death upon GNR-assisted PTT at the most effective GNR
concentrations (i.e., 3 and 6 pg/mL). Our results revealed that, while
both pre-treatment with GNRs and laser irradiation did not lead to cell
death by themselves, their combination induced a significant impair-
ment of cell viability mainly due to late apoptosis or secondary necro-
sis. Apoptosis indeed is an asynchronous cell death program that is ac-
tively engaged by a damaged cell, occurs rapidly, and ends with cell
membrane permeabilization leading to the so-called secondary necrosis
[40,64]. Even if a time-course analysis would provide a more detailed
picture of the timing of the apoptotic process, it is interesting to observe
that two inactive stimuli are able to engage a significant cell death pro-
gram when combined. Interestingly, the two cell lines analyzed in the
present study exhibit intrinsic differences in their susceptibility to cyto-
toxic insults showing variations in VP-16-driven cytotoxicity, a well-
established apoptotic and cytotoxic agent (Supplementary Fig. S3).
When treated with the same concentration of VP-16 the 4T1 cell line
shows a population of both early and late apoptosis. In contrast, the
Pan02 cell line displays only late apoptosis at the analyzed time frame.
Accordingly, also in the case of the combination of laser + GNRs the
mechanism behind the observed cytotoxicity reflects the intrinsic di-
verse susceptibility of the two cell lines. In the 4T1 cell line, comparable
levels of the compound induce early and late apoptosis while the Pan02
cell line develops mainly late apoptosis (Fig. 7). Nevertheless, the main
response in the case of the combinatorial treatment laser + GNRs re-
sults in a huge secondary necrosis induction. These results are of worth
since both the analyzed cell models represent “cold” tumors with a low
response rate to emerging cutting-edge immune checkpoint inhibitor
(ICD) therapies. The induction of local cytotoxic effects leading to sec-
ondary apoptosis and cell breakdown could represent a source of im-
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mune stimulation that may help render triple-negative breast cancer
and pancreatic cancer more responsive to ICI [65,66].

Our research fits well in the wider scenario of works that aim to ini-
tially set up the optimal conditions for an efficient photothermal ap-
proach [67-70]. Although a straightforward comparison among the
studies is complex due to the different heating modalities, our results
are in general agreement with previous investigations elucidating the
effect of different temperatures on breast and pancreatic cancer cells.
Regarding breast cancer cells, Lee and colleagues observed that when
human breast cancer cells (i.e., MCF-7 and MDA-MB-231) were sub-
jected to hyperthermal treatment at or below 47 °C for 45 min, they dis-
played tolerance. However, elevating the temperature to 52 °C resulted
in hyperthermal stress that led to cell death at a rate > 95% [71]. Con-
cerning pancreatic cancer cell lines, Chamani et al. measured the cell
viability in Pan02 and KPC cells in the thermal range of 42.5-50 °C for
different durations (i.e., 3-60 min) [28]. In accordance with our obser-
vations, the higher the temperature, the quicker the rate of cell viability
decline. Baumann and colleagues exposed pancreatic cancer cells
(PANC-1 and BxPC-3) to 45-50 °C for 5 min by means of a temperature-
controlled bath, set to achieve and maintain target temperatures [72].
It was observed that subjecting cells to high temperatures (50 °C) can
lead to nearly complete cell death after a single thermal exposure.

Moreover, our observations are in accordance with previous litera-
ture studies focused on the biological response of breast and pancreatic
cancer cells undergoing NPs-mediated thermal treatments.

An investigation was conducted by Burke et al. to examine how hu-
man breast cancer stem cells and bulk breast cancer cells respond to
heat treatment, specifically through water bath-mediated hyperthermia
or multi-walled carbon nanotube-mediated thermal treatments [2]. The
findings revealed that breast cancer stem cells show resistance to tradi-
tional hyperthermia at various temperature levels, and these heat treat-
ments do not hinder the long-term ability of these cells to proliferate.
Conversely, carbon nanotube-mediated thermal therapy resulted fatal
for both stem and bulk breast cancer cells. The rapid necrosis that was
attained as a result of nanotube-mediated thermal therapy sets it apart
from the apoptotic cell death that is typically caused by classical hyper-
thermia [2].

Overall, in the present work, we evaluated the response of different
cells to GNR-mediated PTT under the same treatment settings, to corre-
late a quantitative thermal analysis with cell viability and cell death
pathways. Although the in vivo scenario is more complex and dependent
on the host conditions, we strongly believe that understanding the cell
response represents an important added value once operating in pre-
clinical cancer models. This work also presents a relevant characteriza-
tion of the temperature recording and monitoring component. It is im-
portant to underline that this aspect is not an end in itself, but it is ex-
tremely correlated with possible future exploitation at a preclinical and,
above all, clinical level of this combined approach. Having intra-
operative knowledge of the thermal phenomenon generated during
stimulation is essential for the operator to understand some of the host's
responses and possibly define future treatment lines.

The approach utilized in this study could be extended to other cell
lines for the characterization of the thermotolerance and sensitivity
upon NP-assisted PTT. Moreover, future investigations should be de-
vised in in vivo conditions. Indeed, several in vivo studies have high-
lighted the potential of NP-assisted PTT for breast and pancreatic tumor
treatment, mainly focusing on tumor regression, inhibition of tumor
growth, and histological analyses [73]. Information on the spatial and
temporal temperature evolution within the tumor region, as well as the
performance of an accurate analysis based on different thermal parame-
ters in vivo models, could help enlighten the correlation between the in-
duced thermal effect with possible alteration of the tumor microenvi-
ronment upon NP-assisted photothermal exposures.
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