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ABSTRACT: In plasmonic photothermal therapy (PPTT), illumi-
nated gold nanoparticles are locally heated to produce selective
damage in cells. While PPTT is expected to strongly depend on the
cell line, available data are sparse and critical parameters remain
unclear. To elucidate this pivotal aspect, we present a systematic study
of diseased and nondiseased cells from different tissues to evaluate
cytotoxicity, uptake of gold nanorods (AuNRs), and viability after
PPTT. We identified differences in uptake and toxicity between cell
types, linking AuNR concentrations to toxicity. Furthermore, the cell
death mechanism is shown to depend on the intensity of the irradiated
light and hence the temperature increase. Importantly, the data also
underline the need to monitor cell death at different time points. Our
work contributes to the definition of systematic protocols with
appropriate controls to fully comprehend the effects of PPTT and build meaningful and reproducible data sets, key to translate
PPTT to clinical settings.
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Hyperthermia is defined as a moderate increase of
temperature above physiological values (>37 °C) for

defined periods of time.1,2 Increases of temperature have been
used as a treatment for pathological conditions in different
medical specialties,3 specifically in oncology, where hyper-
thermia has great potential as a standalone therapy or as an
adjuvant to current therapies.2−5

However, in conventional hyperthermia, there is a lack of
specificity and temperature control that can cause significant
collateral damage.6,7 In more recent years, nanomedicine has
explored new approaches to therapeutic hyperthermia, like
plasmonic photothermal therapy (PPTT), which aims to
locally control the temperature increment in a specific and
precise way.8−10

PPTT exploits the enhanced optical absorption of noble
metal nanoparticles, at their localized surface plasmon
resonance (LSPR), to treat malignant cells upon exogenous
illumination.11,12 Among the different types of plasmonic
particles, gold nanorods (AuNRs) combine efficient light-to-
heat conversion with precise tuning, with their main
longitudinal LSPR in the NIR biological optical window,
where tissues have minimum absorption.13−15 Moreover, the
biocompatibility and low cytotoxicity of AuNRs, easy
functionalization and customization, high light absorption
efficacy, colloidal stability, and scalable synthesis make them
stand out as photothermal agents for PPTT.15−17

PPTT involves a broad parameter space that complicates
data comparison from different studies and groups. Nanoma-

terial type, cytotoxicity, uptake, and efficient light-to-heat
conversion8,18−20 need to be considered to assess the safety
and efficacy of nanoparticles for PPTT, but the use of different
nanoparticles, cell types, and methods to study viability
between groups hinders the transition of PPTT toward clinical
applications.18 Systematic experimentation of in vitro PPTT is
essential for effective data comparison and development of
PPTT.
Studying PPTT in an in vitro setting allows for more

accurate control of the chemical and physical environment,
including more efficient exploration of the parameter space. In
addition to minimizing the number of animals used and
allowing research at a reduced cost, most diseases have in vitro
models and more tools are available to study the molecular
mechanisms triggered by the therapy.
Several studies have explored the roles that nanoparticle

morphology, functionalization, and method of incubation play
in cytotoxicity and uptake in different in vitro models.17,21−27

Recently, Zhao et al. studied the differential toxicity
mechanisms of spherical gold nanoparticles (AuNSs), compar-
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ing their effects in two different types of renal cells. Significant
toxicity was found for renal cancer cells independent of the
concentration, nanoparticle size, and incubation time, whereas
normal renal cells presented high levels of autophagy, which
seemed to protect them from damage.22 In another work, Xia
et al. studied the cytotoxicity and uptake of AuNS in hepatic
cell lines. Data showed a higher susceptibility for the normal
hepatic cell line L02 compared to cancer HepG2 cells. At the
same time, they reported different uptake capacities of AuNSs
between normal and cancer hepatic cells but did not positively
correlate it to cytotoxicity.23 This manifests the need to use
controls and off-target cell lines to completely understand the
effects of PPTT.
Employing the appropriate controls when studying nano-

particle toxicity is important for the compatibility and efficacy
of the therapy. In clinical applications, intravenous admin-
istration of nanoparticles is the standard route of admin-
istration, and it involves a systemic biodistribution of the
nanoparticle load and uptake by off-target cell types.
Eventually, the toxicity of the nanoentities toward healthy
tissues is a crucial aspect to determine the safety of
nanoparticles.
In parallel to the effects of AuNPs, effects of laser irradiation

should be studied in the presence or absence of nano-
particles.10,27−31 Ideally, a synergistic effect arises from the
combination of AuNPs and laser irradiation, generating an
increase of temperature. Laser settings (power density, beam
diameter, time of irradiation) must be planned to increase local
temperature, avoiding damage to cells without nanoparticles.
Almada et al. showed that irradiation for 5 min at the higher
laser power (2 W) decreased cellular viability even in the
absence of AuNRs, whereas cells irradiated with AuNRs saw
their viability impaired with lower laser powers such as 1 W.27

Furthermore, Zhang et al. showed how colocalization of
AuNRs with laser irradiation increases temperature locally and
impairs cellular viability, highlighting how different temper-
atures produce different cell death types.28

In this paper, we report the effects of PPTT, from the
cytotoxicity of the nanomaterial to the outcomes of hyper-
thermia, in cancerous and noncancerous cell lines of three
different organs. Epithelial kidney, lung, and liver cell lines
were used to determine differences in the efficacy of PPTT in
cancer cell lines. These organs are possible targets for PPTT
and have a role in nanomedicine biodistribution and clearance.
Noncancerous cell lines were used as controls to determine the
safety of the nanoparticles as well as to evaluate the
consequences of collateral uptake and illumination. Cytotox-
icity was assessed by means of mitochondrial activity, whereas
uptake was quantified with two-photon microscopy. PPTT was
evaluated at two different time points by studying the
mitochondrial activity and membrane integrity. With this
systematic study, we demonstrate the safety and efficacy of
PPTT in an in vitro setup, highlighting the importance of
creating reliable, reproducible, and meaningful data sets that
are comparable between studies and groups that use different
types of nanoparticles or laser irradiation.

■ RESULTS AND DISCUSSION

In Vitro Quantification of AuNR-PEG Uptake

Uptake is dependent on the type and surface charge of the
nanoparticles used,32 but the functionalization and cell type
will also have a role in the process of internalization.

Quantification of AuNR-PEG in different cell types and tissues
was performed to detect uptake performance differences.
Uptake (AuNR-PEG/cell) was measured over a fixed
incubation time and increasing AuNR concentrations. Cancer
cell lines had a statistically higher uptake per cell compared to
the same tissue noncancerous cells (Figure 1). It has been

described that cancer cells more readily incorporated AuNPs
with higher concentrations compared to healthy cells,23 but we
note that for all cell types there was an increase in uptake with
concentration. The lower uptake of normal cell lines is
consistent with the incubation of AuNRs in cell culture
medium that contained 5−10% FBS, compared to FBS-free
medium in cancer cell lines. The presence of protein
containing medium during AuNR incubation can decrease
the surface reactivity and uptake of AuNPs by cells.17,25

The 786-0 cell line had a statistically lower uptake than
A549 and HepG2. Hek293 also had lower uptake than the
other noncancerous cell lines studied, showing a trend in
kidney cells with a lower uptake of AuNR-PEG in vitro
compared with lung or liver cell lines under the same
conditions.
Among the studied concentrations, the highest uptake

observed was obtained with a AuNR-PEG concentration of 5
nM (Figure 1), but for nontoxic concentrations of gold (≤2
nM, Figure 2A) incubations with 2 nM meant a higher uptake
for all studied cell lines without compromising cellular viability
under 70% (Figure S2).33 Selecting the correct concentration
for incubation will determine the cytotoxicity of AuNR-PEG
and impact its performance during irradiation, as temperature
generation will be influenced by the presence of AuNR-PEG in
cells.
The assessment of cellular uptake among different tissues is

important because, for in vivo PPTT, nanoparticles are
preferentially administered via the bloodstream, exposing
both the target (tumoral cells) and surrounding tissues to
nanoparticles. Selecting appropriate cell lines for the study of
PPTT will be crucial for its development. We report on lung
cell lines as an example of a target tissue that is extremely
exposed to external aggressions and one of the most diagnosed
cancers in the world.34 We also studied liver and kidney

Figure 1. Uptake of AuNR-PEG as a function of concentration for
different cell lines. *p < 0.05, error bars represent SEM (n = 3−6). No
statistical differences were observed between all conditions for
Hek293 and 0−1 nM for THLE-3.
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derived cells as key tissues that, as part of the mononuclear
phagocytic system and renal clearance, respectively, will be
responsible for a high sequestration of nanoparticles after
intravenous administration.35

Overall, under the same conditions, cancerous and non-
cancerous epithelial cell lines have different uptake capabilities,
which is also seen between different tissues, compromising the
efficacy of PPTT and highlighting the importance of studying
more than one cell type to determine the uptake of
nanoparticles.
In Vitro Determination of AuNR-PEG Toxicity

To assess nanomaterial cytotoxicity, thiazolyl blue tetrazolium
bromide (MTT) was used to determine the toxic potential of
AuNR-PEG in cancerous and noncancerous cell lines of three
different tissues. MTT measures the metabolic activity of cells,
directly dependent on mitochondrial respiration, which is
interpreted as a measure of cellular viability. Results showed
how exposure to low AuNR-PEG concentrations (≤2 nM)
equivalent to less than 104 μg/mL of gold was not toxic to
cells, whereas increases in concentration decreased the survival
rate to less than 70% after 24 h of exposure. As stated by Kim
et al., and according to the International Organisation for
Standardisation (ISO), if the cell survival rate is less than 70%,
a substance is defined as cytotoxic. In this particular case,
cytotoxicity is both concentration and cell type dependent.33

The impact of high gold concentrations was more pronounced
in noncancerous NL20 and THLE-3 cell lines, while Hek293
showed high resistance to various gold concentrations (Figure
2), indicating dissimilarities between healthy cells from
different tissues. Between cancerous cell lines, no statistical
relevant differences were found at any of the concentrations
evaluated. Regarding differences between the same tissue cell
types, statistical differences were observed only at ≥4 nM
concentrations. Noncancer cell lines had statistically lower
survival rates than cancerous cell lines; however, Hek293 had
statistically higher viability compared with the 786-0 cancer
kidney cell line.
To determine sensitivity of the different cell lines to AuNR-

PEG, IC50 values were calculated (Figure 2B). The
concentration at which the survival rate dropped to 50% was
around 7 nM for all three cancer cell lines, confirming they
have a similar response to the toxic potential of AuNR-PEG in
the absence of light. Normal NL20 and THLE-3 cell lines had
lower IC50 values around 5 nM, showing the least resistance to
higher gold concentrations. On the other hand, Hek293 had an
IC50 of almost 15 nM, showing high resistance to AuNR-PEG.
Remarkably, no differences between the two lowest

concentrations used (52 and 104 μg/mL, 1−2 nM) were
found for any of the cell lines. This is relevant as cell survival is
elevated with the highest nontoxic concentration of 2 nM

Figure 2. Effect of AuNR-PEG concentration on cellular viability. (A) Viability of cell lines for all studied concentrations shown as percent of
controls (0 nM). (B) IC50 of cell lines. ***p < 0.001. Error bars represent SEM (n = 4).

Figure 3. Temperature dynamics in +AuNR-PEG and ⌀AuNR cells upon irradiation. (A) Increase in temperature as a function of time for cell lines
irradiated 3 min with an 808 nm laser light at 3 W/cm2. Continuous line indicates cells with AuNR-PEG (+AuNR-PEG) and dotted line cells
without AuNR-PEG (⌀AuNR-PEG). Shaded line represents the SEM. (B) Averaged absolute increases of temperature of cells + AuNR-PEG.
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(Figure S3), and at the same time more uptake is observed
when studying internalization for all cell lines after the same
incubation time. For this reason, maintaining a constant
incubation of AuNR of 2 nM (104 μg/mL gold) and 24 h was
ideal to further study the effects of PPTT in different cell types
at different times after treatment.
Resistance to different doses or exposure times will be cell

type dependent, but most nanotoxicology studies focus their
efforts on targeting cells, disregarding the impact on nontarget
cells.36,37 In vitro PPTT data focuses mostly on the cellular
response of cancer cells, but the differences in uptake shown
above confirm the need to study cytotoxicity in off-target
tissues, as the mechanisms triggered after contact with the
nanomaterial may differ between cell types. Zhao et al.
determined that the noncancerous cell line HK-2 is more
resistant than the 786-0 cancer kidney cell line to spherical
AuNPs of different sizes at increasing concentration, as the
autophagy mechanism employed to incorporate the nano-
particles seemed to protect them from harm,22 and their results
agree with our findings that the cancer 786-0 cell line is more
susceptible to high concentrations of AuNRs than normal cells.
Moreover, the increased susceptibility of noncancerous hepatic
L02 cells compared to HepG2 cells with spherical AuNPs23 is
also in good agreement with our results showing lower IC50
values for normal THLE-3 cells compared with cancer HepG2
hepatic cells.
Photothermal Irradiation

The temperature of all six cell lines irradiated at a fixed power
density (3 W/cm2) and irradiation time (3 min) are shown in
Figure 3. The increase in temperature followed a quasi-
exponential increase until it reached a plateau for cell lines with
AuNR-PEG. After 3 min, when laser irradiation stopped, a

rapid diffusion of heat to the air and medium was observed,
which translated to a drop in temperature.
Differences in final temperatures achieved were detected

among cell lines (Figure 3B). Cancer cell lines (786-0, A549,
and HepG2) experienced larger increases in temperature
compared to noncancerous ones (Hek293, NL20, and THLE-
3). For noncancerous cell lines, PPTT treatment resulted in
maximum temperatures around 42 °C, while for cancer cell
lines maximum temperatures were greater than 47 °C. In the
case of the 786-0 cell line, the increase of temperature (over 53
°C) was statistically significant compared to that for A549 and
HepG2 cells.
For cells irradiated without AuNR-PEG (Figure 3), no

statistically relevant increase of temperature was detected.
Namely, an average increase of 0.28 °C, up to a maximum
temperature of 34.58 °C, was observed for all six cell lines
studied (Figure S4).
This data allows us to observe the dynamics of light-to-heat

conversion inside cells by AuNR-PEG, emphasizing the
importance of recording the temperature of the different cell
lines being irradiated. In all cases, cancer cell lines achieved
statistically higher temperatures than noncancerous cell lines in
the presence of AuNR-PEGs. At the same time, we confirm
that increases of temperature are caused by the interaction of
AuNR-PEGs with laser light, as cells irradiated in the absence
of nanoparticles did not experience light-to-heat conversion.
The addition of a third dimension during irradiation has two
main consequences: collective thermal effects increase while
heat dissipation with the surrounding area is reduced.
Eventually both effects contribute to the increase in temper-
ature experienced by the cells.38 Differences in the increase of
temperature can be the result of the different amount of

Figure 4. Cellular viability (%) after treatment assessed with MTT assay. (A−F) Viability at 0 and 24 h after irradiation in control (CTL) and in
cells irradiated with AuNR-PEG (+AuNR-PEG) and without (⌀AuNR-PEG). (G) Statistical comparison for each cell line at different time points
between conditions from panels (A) to (F). Differences between 0 and 24 h are shown in the graphs. Statistical comparisons were made using
Tukey/Wilcox post hoc tests. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, not significant.
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internalized nanoparticles and the total amount of gold in the
suspension21 which will elicit different responses from the cells.
Viability after irradiation was assessed at two different time

points after treatment (0 and 24 h) with two complementary
methods (MTT assay and Trypan Blue staining), shown in
Figures 4 and 5, respectively. The MTT assay showed
mitochondrial activity as a reporter of cellular viability,
whereas Trypan Blue staining reported on the loss of
membrane integrity, labeling cells as nonviable. The assess-
ment of multiple end points with more than one method39

allows one to identify the molecular pathways activated by
PPTT in both target and nontarget tissues.
For the MTT assays, cells without AuNR-PEG and not

irradiated were used as a viability control (CTL). Irradiated
cells without AuNR-PEG (labeled as ⌀AuNR) maintained
their viability over 70%, immediately and 24 h after treatment
(Figure 4A−F). Following the cytotoxicity evaluation of
AuNR, we established >70% viability of cell lines as a criterion
to determine if laser light conditions were toxic to cell lines.
Altogether, we show that the laser parameters used (cw 808
nm, 3 W/cm2, 3 min irradiation) can be considered nontoxic
for all six cell lines studied.
Irradiated cells that contained AuNR-PEG (+AuNR)

experienced in some cases pronounced increases of temper-
ature (Figure 3), which severely impaired their viability after
irradiation (Figure 4). High temperatures impaired mitochon-
drial activity, reducing the viability of the cell lines drastically,
occasionally down to 50% immediately after treatment. This
initial drop in cellular viability could be observed in all cell
lines except for the Hek293 cell line, for which, even after 24 h,
the mild increase of temperature experienced (maximum of 42
°C) did not seem to impair the mitochondria. All non-
cancerous cell lines had higher viabilities after irradiation

compared to their diseased counterparts (Figure S5). In the
case of kidney cell lines, these differences between cancer and
noncancer cell lines were very pronounced, with the 786-0 cell
line much less viable than the Hek293 cell line. This difference
could be explained by the different temperatures reached
during irradiation. However, large changes in temperature were
also recorded for lung and hepatic cells, but in this case
differences in viability were much less pronounced. Both lung
cell lines seemed to recover some mitochondrial activity at 24
h after irradiation, and the differences found immediately after
treatment faded after 24 h. In contrast, the hepatic cell lines
had very similar viabilities immediately after treatment, but
after 24 h significant differences were found after a drop in
viability of HepG2 cells.
We also studied cell viability with Trypan Blue staining

(Figure 5). For cancer cell lines with AuNR-PEG, the increase
of temperature had an impact on membrane integrity. All three
cell lines had lower viabilities at 24 h after irradiation than
immediately after treatment (Figure 5A−C), although this
decline of viability was only significant for 786-0 cells. On the
other hand, A549 cells appeared to have a membrane that is
more resistant to hyperthermia and laser irradiation, with a
viability over 90% (Figure 5B).
In the case of noncancerous cell lines, no differences were

found between the different conditions (CTL, ⌀AuNR,
+AuNR) at any time point after treatment (Figure 5G).
Hek293 cells showed high resistance to either light or light +
AuNR-PEG immediately and after 24 h, while NL20 cells
seemed to be more affected by the increase of temperature. On
the other hand, THLE-3 cells lost membrane integrity from the
application of light alone, and this impairment increased with
the presence of AuNR-PEG.

Figure 5. Cellular viability (%) after treatment assessed with Trypan Blue staining. (A−F) Viability at 0 and 24 h after irradiation in control (CTL)
and in cells irradiated with AuNR-PEG (+AuNR-PEG) and without (⌀AuNR-PEG). (G) Statistical comparison for each cell line at different time
points between conditions from panels (A) to (F). Differences between 0 and 24 h are shown in the graphs. Statistical comparisons were made
using Tukey/Wilcox post hoc tests. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, not significant.
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When comparing cell types irradiated with AuNR-PEG, 786-
0 and Hek293 cells reach the highest temperatures when
compared to cancerous and noncancerous cell lines,
respectively; however, they showed opposite responses. The
786-0 cells were less viable than A549 and HepG2 cells,
although the differences were not statistically significant
(Figure S6). However, Hek293 cells had a statistically
significant higher resistance to hyperthermia compared with
NL20 and THLE-3 cells. This seemingly higher thermotol-
erance of low hyperthermia of Hek293 cells could be an
adaptive response of the embryologic nature of this cell line. In
any case, at 24 h after irradiation, viabilities for noncancerous
cell lines with AuNR-PEG were higher than those of their
diseased counterparts.
Our results indicated that increases of temperature favored

an apoptotic cell death mechanism (loss of mitochondrial
function) over a necrotic one (membrane rupture) with low
power density irradiation. Other studies showed how high
temperatures achieved with higher laser powers favor the
induction of necrosis,28 although apoptosis can be triggered
with the combination of different types of nanoparticles and
laser irradiation.40−47 Under the laser conditions used, we can
confirm that the laser irradiation settings employed are
nontoxic for these cell lines in vitro but, in cells with AuNR-
PEG, maximum temperature, mitochondrial activity and
membrane integrity differed between cell types. Our findings
are in good agreement with the use of low AuNR
concentration, laser power, and exposure time to promote
apoptosis.44

Correlations

Studying the variables of PPTT in parallel can be used to
observe associations between them. Nanoparticle toxicity
together with cellular uptake can provide a lot of information
regarding cellular resistance to nanoparticles and their
materials. Bhamidipati and Fabris36 studied the correlation of
uptake of AuNRs, gold nanostars, and gold nanospheres in
U87 cells (human glioblastoma) and fibroblasts, but no
correlation could be established between the two factors for
the values reported. Our results, in disagreement with the
outcomes of Bhamidipati, found a negative correlation between
the number of nanoparticles incorporated and cytotoxicity (r =
−0.83). The higher uptake by cells was in agreement with a
decrease of cellular viability when studied with the MTT assay,
the gold standard assay for cytotoxicity.37 Discrepancies
between studies highlight the importance of studying
cytotoxicity for different cell types, tissues, and nanoparticles
individually, almost erasing the possibility of extrapolating
results.
Cellular uptake will also impact the temperatures reached

during irradiation. Although this correlation will be prone to
fluctuations depending on the laser setup, with the settings
used throughout our research (3 W/cm2, 3 min, 808 nm), a
positive correlation was established between the number of
AuNR-PEG incorporated and temperature (r = 0.85).
Additionally, cell size and exocytosis rate also have a role on
cellular uptake and photothermal heating.45 Different cell sizes
denote different cell volumes, which influences the location
and distribution of internalized nanoparticles. Two cell lines
may have a similar number of internalized nanoparticles when
the metrics used are nanoparticle/cell; however, a larger cell
will have a greater dispersion of nanoparticles inside the cell,
affecting the collective thermal effects and intracellular heat

dissipation. This is a limitation of the dose metrics typically
used to express uptake and is a factor to consider during results
extrapolation and standardization. Moreover, different cell sizes
affect the biocompatibility of the material due to changes in
mass concentration inside the cell.
Increases of temperature should be inversely correlated with

viability. Both immediately and at 24 h after treatment, high
temperatures correlated to a decrease in viability as studied by
mitochondrial activity. Although the correlation coefficients are
similar between the two time points (r = −0.68 and r =
−0.65), a trending line emphasizes a more pronounced
decrease of viability 24 h after irradiation (Figure S7). As
previously mentioned, this further decrease of viability might
be the result of a dynamic cell death process, instead of a single
event. Loss of membrane integrity shows slightly different
results compared to mitochondrial activity, as immediately
after irradiation high temperatures do not strongly correlate
with loss of viability (r = −0.50). However, this trend changes
after 24 h (r = −0.75), indicating that the effects of
temperature on cell lines are not immediate and the study of
viability at two different time points, with different methods, is
recommended. The approaches selected should look at
different markers of viability: metabolic activity (e.g., MTT,
XTT), membrane permeability (e.g., Trypan Blue or
propidium iodide staining), enzymatic activity (e.g., LDH),
or DNA synthesis/replication.46

■ CONCLUSIONS AND OUTLOOK
Currently, there is a remarkable imbalance between the large
number of preclinical studies on photothermal therapy and the
few clinical trials conducted to date. There are multiple and
varied factors underlying this disproportion, from nanoparticle-
related issues to technical hurdles of the treatment itself.3 At
this stage of maturity of PPTT, animal experimentation is
unavoidable, but in vitro models play a key role in the
reduction and refinement of the number of animals required.
Identifying potential obstacles at the in vitro level of
development, such as toxicity to nontarget organs either
from the nanomaterial or from light treatment, allows for
changes and refinement of the technique without the need for
large cohorts of animals. The current work highlights the
differences in cellular uptake, toxicity, and viability after
treatment with PPTT for different cell types and tissues while
maintaining the parameter space constant through the
experiment.
As seen in this paper, differential uptake and sensitivity to

the nanomaterial translate to cell type susceptibility in PPTT.
Hence, in vitro experiments should be thoroughly designed to
produce robust and reliable data to set a solid basis for further
in vivo experiments. Using more complex in vitro systems, like
cocultures and 3D cell culture methods, can give key
information on communication between neighboring cell
types and help unravel the different behaviors cells can show
in PPTT. Moreover, the combination of such cellular systems
with lab-on-a-chip technologies would provide PPTT research
with a powerful tool for high throughput analysis, where many
variables and outcomes can be tested in a more realistic tumor
environment, allowing for a better understanding of all
biological process involved in PPTT, from nanomaterial
uptake to cell death mechanisms. Altogether, improving and
standardizing in vitro studies will undoubtedly direct in vivo
studies, which will, in turn, produce more quality preclinical
data, ultimately favoring the clinical translation of PPTT.
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■ METHODS

AuNR Synthesis and Surface Functionalization
AuNRs of 11 × 44 nm2 were synthesized in-house using a modified
seed-method47−49 in a cetyltrimethylammonium bromide (CTAB)
suspension. Suspensions were surface modified with polyethylene
glycol (PEG) to remove toxic CTAB chains. Further details on
synthesis, surface modification, and optical measurements are
described in the Supporting Information (SI).
Cell Type and Sample Preparation
The 786-0 (human renal adenocarcinoma), A549 (human lung
carcinoma), HepG2 (human liver carcinoma), Hek293 (human
nontumorigenic embryo kidney), NL20 (immortalised human
nontumorigenic lung), and THLE-3 (immortalised human non-
tumorigenic liver) cell lines were obtained from ATCC and cultured
as specified by manufacturer’s recommendations at 37 °C in a 5%
CO2 humidified environment. Further information on cell lines is
described in the SI.
For uptake quantification of AuNR-PEG, 5000 cells were seeded in

96-well plates (polystyrene clear flat bottom, ThermoFisher
Scientific) and allowed to grow for 2 days. For cytotoxicity assays,
2 × 104 cells were seeded in 24-well plates (polystyrene clear flat
bottom, Nunc Microwell, ThermoFisher Scientific) and allowed to
grow for 3 days. For photothermal irradiation, 2 × 105 cells were
seeded in 6-well plates (polystyrene clear flat bottom, Nunc
Microwell, ThermoFisher Scientific) and allowed to multiply until
each well contained 8 × 105 cells.
Prior to incubation with AuNR-PEG, wells were washed with

appropriate culture medium without supplements and AuNR-PEG
were added, diluted in culture medium without FBS for cancer cell
lines and with 5−10% FBS for healthy cell lines, at the concentrations
specified for each experiment.
In Vitro Quantification of AuNR-PEG Uptake
Two-photon luminescence (TPL) images for in vitro quantification of
AuNR-PEG were acquired using a confocal microscope (Leica TCS
SP5, Leica Mycrosystems) coupled to a Kerr lens mode-locked
Ti:sapphire laser with a 200 fs pulse duration (Mira900, Coherent)
tuned at the absorption peak of the AuNR-PEG (focused around 810
nm).
AuNR-PEG were incubated for all cell lines at four different molar

concentrations (0, 1, 2, and 5 nM) for 24 h. Before imaging, excess
AuNR-PEG was removed and wells were washed twice in phosphate-
buffered saline (PBS). Cells were fixed with 4% paraformaldehyde
(PFA) in PBS. Further information on analysis is described at the SI.
In Vitro Determination of AuNR-PEG Toxicity
AuNR-PEG cytotoxicity was analyzed at six different molar
concentrations (0, 1, 2, 4, 6, and 8 nM) after 24 h of incubation by
adding thiazolyl blue tetrazolium bromide (MTT, M2128, CAS 298-
93-1, Sigma-Aldrich) to a final concentration of 0.5 mg/mL. Plates
were incubated at 37 °C for 30 min. The MTT solution was then
removed, and formazan crystals were dissolved in 300 μL of dimethyl
sulfoxide (DMSO, D8418, Sigma-Aldrich). Plates were read at 550
and 750 nm on a microplate reader (Synergy H1, BioTek
Instruments). Every cell line had appropriate alive controls (0 nM)
and four replicas per condition. Viability was calculated as percent of
the alive control group.
Photothermal Irradiation (PPTT)
A suspension of 8 × 105 cells in 20 μL on a 96-well plate (Round
bottom, Corning 3879, Corning Inc.) was irradiated from the top with
a 3 mm diameter cw collimated laser beam from a Ti:sapphire laser
(LU0808D 180 diode laser, LuOcean Mini, Lumics GmbH) adjusted
to a wavelength of 808 nm. A single laser power (3 W/cm2) and time
of irradiation (3 min) were used throughout all the cell lines. This
setting was selected after evaluating the effect different powers and
time of irradiation had on cellular viability on 786-0 cells (Table S1).
Temperature was recorded continuously using an infrared camera

(A35sc, FLIR Systems) at 30 Hz in a region that covered the diameter

of the laser beam and sample. The temperature of the well plate was
controlled with an autoregulated thermal bed (Homeothermic
monitoring system, Harvard Apparatus) to maintain constant starting
temperatures. In the irradiated wells, temperature was recorded 10 s
prior illumination and 120 s after irradiation.
After irradiation, viability was evaluated at two different time

points, immediately (TAT 0h) and 24 h after treatment (TAT 24h).
After illumination, the cell suspension was recovered in 1 mL of
appropriate cell culture medium without FBS and 500 μL of the
sample was used to examine viability immediately after treatment
(TAT 0h). Two complementary cell viability assays were used to
analyze cells: trypan blue (TB) staining and MTT assay. For TB
staining analysis, 50 μL of the sample was stained with 12.5 μL of TB
solution (0.4%, Gibco, ThermoFisher Scientific) and placed in a
hemocytometer for cell counting. For MTT assay, 50 μL of MTT 5
mg/mL was added to the remaining 450 μL of cell suspension and
incubated 30 min at 37 °C. After incubation, samples were
centrifuged, 90% of the supernatant removed, and 1 mL of DMSO
was added to read samples as described above.
The remaining 500 μL from the initial suspension was reseeded in

a 6-well plate with 1 mL of complete cell culture media and allowed to
rest overnight at 37 °C in a 5% CO2 incubator. At 24 h after treatment
(TAT 24h), the cell culture medium and attached cells were
recovered from each well and centrifuged to pellet the cells. Next, the
cells were resuspended in 500 μL of appropriate culture medium
without FBS. The same protocol followed for TAT 0h was followed
for samples at TAT 24h.
Viability was calculated as percent of the alive control group

(without AuNR-PEG and not irradiated) for the MTT analysis. In the
case of TB, results are percent of death and alive cells in each
condition.
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