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Photothermal Therapy (PTT) impact in cancer therapy has been increasing due to the enhanced
photothermal capabilities of a new generation of nanoscale photothermal agents. Among these
nanoscale agents, gold nanoshells and nanorods have demonstrated optimal properties for translation
of near infra-red radiation into heat at the site of interest. However, smaller spherical gold nanoparticles

. (AuNPs) are easier to produce, less toxic and show improved photoconversion capability that may profit

. from the irradiation in the visible via standard surgical green lasers. Here we show the efficient light-

. to-heat conversion of spherical 14 nm AuNPs irradiated in the visible region (at the surface plasmons

© resonance peak) and its application to selectively obliterate cancer cells. Using breast cancer as model,

. we show a synergistic interaction between heat (photoconversion at 530 nm) and cytotoxic action by

. doxorubicin with clear advantages to those of the individual therapy approaches.

. Photothermal therapy (PTT) is a minimally-invasive therapeutic strategy, where light irradiation is converted

. by photothermal agents to heat, thus increasing the temperature of specific tissues 1. Heating sources range
from near infrared (NIR) and visible light to radiofrequency waves, microwaves, and ultrasound waves. PTT
in cancer allows to selectively destroy cancer cells and spare healthy cells in the vicinity, since the former are
more sensitive to an increase in temperature® 2. Tissues and cells have got their natural photothermal agents,
e.g. haemoglobin, cytochromes, but their absorption efficiency is very low, requiring high amounts of photon
energy'. To enhance the photothermal effect, synthetic organic dyes are used, which may be selectively deliv-
ered to cancer cells, thus potentiating the destruction of malignant cells. Tumour environment is more hypoxic,

. acidic and nutrient-deficient than normal tissues, which are believed to increase the sensitivity of cancer cells to

. heat’. However, these dyes are prone to photobleaching that results in loss of anticancer activity®. Recently, the
generation of nanoscale-based photothermal agents, such as gold nanoparticles (AuNPs), with higher absorption
efficiency and without suffering from photobleaching, has relaunched PTT as an anti-cancer therapy®.

AuNPs exhibit unique physicochemical properties, including their surface plasmon resonance (SPR), which
relies on the interaction between an electromagnetic wave and free conduction electrons at the AuNPs’ sur-
face, causing them to oscillate coherently in resonance with the frequency of visible light, resulting in strong

. electromagnetic fields. This phenomenon greatly enhances both the scattering and the absorption of light by
: the AuNP suitable for different biomedical applications*-®. AuNPs are also recognised by their PTT capacities,
© converting electromagnetic radiation into heat due to electron excitation and relaxation®, which has been used
for thermal ablation of tumour cells. Indeed, AuNPs of specific sizes and shapes, including gold nanorods, nano-
cages and nanoshells are capable to convert NIR radiation into heat’"''. NIR lasers are commonly used in AuNP
induced PTT due to the optical window in the near-infrared, where haemoglobin, melanin and water absorption
© is reduced, allowing deeper light penetration into fluids and tissues'?. Although visible light has been applied
: to superficial epithelial cells or in transparent organs (e.g. the eye), aiding in surgical ablation of cells or photo
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Figure 1. Strategy for assessing efficacy of combined therapeutics comprising doxorubicin (DOX) and AuNPs
based Photothermal Therapy (PTT) in the visible. Following 6 h incubation with DOX, cells are incubated with
15nM of AuNPs for 2h, and then irradiated with a green laser for 60s. Cell viability assessment via membrane

integrity analysis through the trypan blue assay.

cauterisation of blood vessel, visible irradiation using AuNPs has had less application to cancer therapy than
the NIR. Visible light penetration into the tissue is reduced to less than a millimetre, which provides for higher
precision in certain medical procedures'. Green lasers (495-570 nm) for instance have been used for decades in
medical surgery for photocoagulation in several ocular disorders as a safe tool for tissue ablation without bleed-
ing, such as in retinoblastoma!® !* focal therapy and vocal cords surgery'> !°. Spherical AuNPs with diameters
ranging from 10 to 30 nm are ideal photothermal agents for biomedical applications since they have been shown
to be non-toxic'”>'® and present a characteristic localised SPR band around 520 nm, i.e. in the visible region
of the spectrum, with an efficient light-to-heat conversion because absorption corresponds almost totally to
extinction"* 120, As such, AuNP as photothermal agents are an efficient way to induce precise heating, leading to
less damages to surrounding tissues, while destroying malignant, more thermosensitive cells*>.

Thermal therapy is strongly dependent on cancer type, and tumor adaptation to temperature (i.e. thermos tol-
erance) may easily impact efficacy of PTT. The use of combined therapeutic approaches, relying on the synergistic
interaction between heat and cytotoxic treatments has been proposed with clear advantages>?!. Several reports
have demonstrated that DNA damaging agents, such as Doxorubicin (DOX), are more effective in combination
with hyperthermia, since DNA repair processes are temperature-dependent*"?%. DOX is an anthracycline com-
pound that primarily inhibits the topoisomerase I and II and intercalate into DNA, thus inducing programmed
cell death, which rapidly targets dividing cells and slow disease progression. Nevertheless, DOX toxicity in healthy
cells poses major concerns in effective treatment of patients?.

Here, we show that PTT using visible light and AuNPs as photothermal agents enhance the cytotoxic effect of
DOX in breast cancer (Fig. 1). By using a traditional drug as DOX, we illustrate the possibility to easily combine
chemo- and PTT with improved efficacy and doing so by irradiation with existing lasers currently used in the
clinics.

Results and Discussion

AuNPs synthesis and functionalisation.  Stable citrate capped spherical AuNPs were synthesised with an
average diameter of 14 (£3) nm, determined by TEM (Fig. 2), and further functionalised with thiolated PEG350
to saturate the AuNPs’ surface (Supplementary Fig. S1). A 100% PEG coverage renders AuNP with increased sta-
bility in biological media and improves biocompatibility. PEG350 functionalisation was confirmed by a red-shift
of the plasmon absorbance peak, a 3 nm increase to the hydrodynamic radius determined by DLS and rise in Zeta
Potential values of 54 mV (—74 to —20mV) (Fig. 2 and Table 1).

Laser irradiation. Laser irradiation was setup as shown in Fig. 1 and the photon flux characterised by acti-
nometry (Fig. 3). Then, the thermal effect of irradiating increasing concentrations of AuNPs@PEG (referred to
as AuNPs) in water was assessed by measuring the final temperature with a thermocouple. The photothermal
conversion per nanoparticle was then calculated so that the final systems could be calibrated in terms of effective
hyperthermia. The rate of heat flow per particle (7.11 x 107> W) was calculated using the heat generated per assay
(Q), divided by the number of AuNPs irradiated at 532 nm and total time of irradiation (see Fig. 3a). The heat was
calculated, assuming a heat capacity of water of 4.18J.g~*.K~'. The number of nanoparticles was calculated using
£=2.85x 10" M 'cm ! at 520 nm for 14 nm nanoparticles according to Navarro et al.?*. The photothermal effi-
ciency of the nanoparticles was calculated from the slope of the generated heat in function of the absorbed energy.
The absorbed energy as calculated according with the equation I, =I,* (1-10~4). Dividing the absorbed laser
energy by the generated heat, an efficiency of 77% photothermal conversion was determined (Fig. 3b), which is in
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Figure 2. AuNPs characterisation by UV-VIS Spectroscopy and TEM. (a) UV-VIS spectrum of AuNPs@citrate

and AuNPs@PEG, in a wavelength range of 450-750 nm, with a maximum absorption of the SPR band centred at
518 nm (AuNPs@citrate), enlightening the SPR shift from 518 nm to 521 nm. (b) TEM imaging (scale bar 50 nm);
and (c) Size distribution of AuNPs@citrate (total of 200 counts) with an average diameter of 14nm (S.D. £ 3 nm).
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Figure 3. Characterisation of Photothermal Effect of Gold Nanoparticles. (a) Heat generated per second as
function of number of particles irradiated. Several concentrations of AuNPs were irradiated at 1.7 W.cm ™2
for 60 s and the temperature variation was measured. The slope of the curve gives the heat generated per
nanoparticle per second. (b) Photothermal efficiency of AuNPs 14 nm.

AuNPs@citrate 16 0.2 —74
AuNPs@PEG 19 0.1 —20

Table 1. AuNPs characterisation by DLS and Zeta Potential Measurement.
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Figure 4. Cell fate of photothermal conversion by AuNPs in the visible. Cells irradiated in the absence (left) or
presence of 15nM of AuNPs for 2 h- PTT condition (right) - under a laser potency of 3.44 W.cm~2 for 60s. In
both conditions, cells were incubated with trypan Blue dye for 10 min after laser irradiation. Photos acquired
using bright field (400x objective) in an inverted microscope.

concordance with previous studies that projected an efficiency of 78% for citrate capped 15.7 nm AuNPs?. This
shows that 14nm AuNPs are indeed strong visible light absorption agents capable to generate heat in a precise
zone, and thus have a great potential to be applied in hyperthermia regimens* -2,

Photothermal Therapy induced by visible irradiation on AUNPs. AuNPs with a diameter of 14nm
are quickly taken up by cells within the first two hours of incubation, gradually slowing the uptake rate until
reaching a plateau at 4-7h?” 28, As such, MCF-7 cells were incubated with AuNPs (15nM) for 2h, and then the
medium was replaced by a phenol red free DMEM medium (to avoid optical interference due to the overlap of the
absorption band of phenol red) without AuNPs. MCF-7 cells were irradiated using different laser diode intensities
(LDI) and increasing exposition time (see Supplementary Fig. S3 for details). The effect of hyperthermia on cell
viability was evaluated by trypan blue exclusion test performed immediately after irradiation, highlighting loss
of cell membranes integrity, which is severely affected by heat shock, enhancing permeability?. Without AuNPs
and for all irradiation conditions, no trypan blue staining was observed despite an increase of the medium tem-
perature to ~40 °C, indicating that the membranes were intact and that cells were not affected by the laser. Some
reports suggest that, at this temperature, cells are thermosensitive and their membranes ought to suffer permea-
bility changes®'. However, in our case, no damage of cell membranes was observed for all the exposure times and
laser potencies, probably due to the transient nature of the temperature increase.

Conversely, irradiation in presence of AuNPs, cells showed a strong compromise to cell membranes
(Supplementary Fig. S3). Because the AuNPs are inside the cells when irradiation occurs, the intracellular surge
in temperature strongly impacts cell membrane integrity, with concomitant decrease in cell viability - see Fig. 4. A
laser potency of 3.44 W.cm ™2 for 60 s was chosen for the subsequent cell assays relying on the highest temperature
reached for cells irradiated with AuNPs (AT 12°C) compared to cells irradiated without nanoparticles.

Combined Therapy. DNA repair processes, crucial for the cell’s response to aggression by cytotoxic drugs,
are temperature-dependent. As such, the cell killing efficacy of antitumor drug, relying on DNA damage, see
their efficacy enhanced by hyperthermia?>?2. DOX is one of the most widely used anticancer drugs, particularly
against breast cancer®’. As such, with the aim of improving DOX efficiency against cancer cells, we combined
DOX and hyperthermia with AuNPs as heat-generator following irradiation with visible light. Cells were exposed
to 3uM DOX for 6 h (Supplementary Fig. S4), and then incubated in presence or absence of AuNPs and irradi-
ated as depicted in Fig. 5. Membrane permeability, as indication of cell integrity and viability, was analysed using
the trypan blue exclusion assay. A clear reduction in cell density was observed for cells irradiated in presence
of AuNPs when compared to AuNPs alone or laser alone. This clearly indicates that the AuNPs are required for
photothermal conversion of the green laser irradiation, which induces cell death followed by plate detachment
(Fig. 5a). Cells challenged with DOX alone or DOX + laser irradiation showed no staining with trypan blue
(Fig. 5b and ¢), indicating that the membrane was still intact, since there was no heat shock performed. However,
when cells are challenged with DOX and AuNPs, as photothermal agents for the visible, and laser irradiation
is performed, almost all cells show clear signs of losing cell integrity and extensive cell death can be observed
(Fig. 5d).

The combined effect of AuNPs coupled to green laser irradiation and chemotherapeutic drug was further eval-
uated by the MTS assay in the exact same conditions as above (Fig. 5). Cells exposed to laser or AuNPs only show
no decrease in viability (100%; results not shown). For DOX or photothermal alone, we observed a reduction of
cell viability of 25% and 42%, respectively (Fig. 6). A synergistic reduction of 46% in cell viability with an increase
of 11°C is observed for cells challenged with the combination of DOX and AuNPs with photo irradiation. DOX
combination with hyperthermia has been shown to be more effective when compared with DOX or hyperther-
mia alone, since DNA repair processes are temperature-dependent?" >, This enhanced effect of DNA-damage
has been attributed to a slowdown of the replication fork, leading to double strand breaks formation, which
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Figure 5. Combined chemo and PTT induced by visible light and AuNPs as photothermal agent. Schematic
representation (above) and respective image after cell staining with trypan blue (800x) (below). Cells were (a)
exposed to AuNPs (15nM) and irradiated; challenged with DOX (3 uM) for 6 h (b) without or (c) with laser
irradiation; or (d) combined DOX with AuNPs and irradiation. Cells were incubated with trypan blue dye for
10 min, 16h after laser irradiation. Images acquired in bright field using an inverted microscope.

reduces cell survival?2. The combined therapy - DOX with AuNPs coupled to photo irradiation —provides an
additional challenge to cells, leading to 58% of viability loss with an increase in temperature of 22 °C. Because our
approach allows to achieve a higher final temperature, our combined therapy showed higher reduction in MCF7
cell viability.

The apparent discrepancy between MTS vs trypan blue can be easily explained by the mechanisms of action
of each therapy. Both trypan blue exclusion assay and MTS were performed 16 h after irradiation. However, only
the AuNPs and laser irradiation cause membrane degradation, which remains over time. In fact, we can observe
a positive trypan blue right after irradiation (Fig. 4) that remains at 16 h (Fig. 5). Our results show that only in the
presence of AuNPs+irradiation membranes seem to get compromised by the severe heat shock. This is in agree-
ment with other studies®. We believe that irradiated AuNPs, especially those adsorbed to the cell membrane, pro-
mote a local fluidification and formation of pores in the membrane?!. Regarding the M TS assay, which evaluates
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Figure 6. Breast cancer cell death following combined chemo and PTT induced by visible light and AuNPs

as photothermal agent. Cell viability via the MTS assay in MCF-7 cells 16 h after combined therapy with DOX
and AuNP induced PTT. Cells were incubated in DMEM supplemented with DOX (black bar); combination of
DOX plus laser irradiation (light grey bar) (p =0.0016); incubation with AuNPs + Laser irradiation (dark grey
bar) (p=0.0002); or combined DOX + Laser irradiation with AuNPs (white bar) (p < 0.0001). Cell viability

of mono- and combined therapies normalised to the respective controls (not irradiated +0.2% DMSO),

which were set to 100%. Data are the average of quadruplicated assays and error bars correspondent to SEM
(*#p < 0.01, **##p < 0,0001).

cell viability by correlation of the mitochondria metabolic function, we observe that DOX and DOX + laser affect
mitochondria metabolism over 16 h, as expected. In fact, DOX and irradiation alone do not seem to affect mem-
brane integrity after irradiation. Gold nanoparticles + laser results in severe local hyperthermia, which affects not
only cellular membrane but also cell viability. This happens either by denaturation of proteins or nucleic acids in
the cytoplasm, or by affecting cellular and\or organelles membranes®>.

Conclusion

Several studies have highlighted the potential use of nanomaterials for hyperthermia approach against cancer
cells. Most of these reports have focused on the use of NIR to raise the temperature locally and, thus, induce cell
death in a controlled way. However, despite the higher light to heat conversion of visible light upon irradiation
of spherical 14-20nm AuNPs, visible light irradiation for PTT has been neglected. In fact, only but a few reports
describe the use of visible region lasers for cancer treatment, despite its extensive medical applicability**~**. Here,
we showed that spherical AuNPs of 14 nm are perfect photothermal agents when irradiated with a green laser. In
fact, a photoconversion efficiency of 77% was attained, which is much higher than conventional NIR. PTT in the
visible reduced breast cancer cell viability by 60%, which was potentiated when used in combination with DOX.

As standard therapy DOX will hardly be replaced by hyperthermia alone despite the high efficiency of
AuNPs+laser (hyperthermia) in killing cancer cells. Our results support the idea that a combined therapy is
more efficient against cancer cells - highest decrease in cell viability — and we believe it will be the very efficient in
clinical settings. The combination of systemic and localized therapies, such as chemotherapy and hyperthermia,
increases therapy efficacy not only by avoiding drug resistance but also due to the synergic effect via increased
cellular uptake of drug, increased reactive oxygen species production, and increased DNA damage and inhibition
of repair. By using localized hyperthermia as adjuvant therapy, we achieved a reduction in cell viability that would
need higher concentrations of DOX alone for equivalent effect. However, by keeping to the same DOX concentra-
tion, we are reducing the side effects and increasing the therapeutic window.

One should point out that this is the first demonstration of the photothermal enhancement of chemotherapy
in breast cancer by visible irradiation of AuNPs. Besides yielding higher temperatures, the use of AuNPs shows
other advantages that have not been explored in the present report, such as the vectorization of nucleic acids,
proteins and chemotherapeutics.

Combination of therapeutic approaches against cancer has become a crucial step to improve outcome and pre-
vent the appearance of resistance to chemotherapy with concomitant impact to treatment efficacy. The exploita-
tion of the synergistic approach herein described - photothermal ablation and chemotherapy — may circumvent
these issues, since the impact to cancer cells is more severe that would prevent recovery and triggering of compen-
satory mechanisms. Also, such approach is clearly feasible with other photothermal agents, including anisotropic
nanoparticles, such as rods and shells. Nevertheless, this study paves the way for the use of green laser irradiation
combined with AuNPs in PTT regimens with particular impact in epithelial cancers. What is more, because green
lasers have already been in use for surgical purposes, their combination with standard chemotherapy, allows for
targeted and selective killing of cancer cells and/or the possibility of reducing the dosage of chemotherapeutic
agents, without compromising efficacy but reducing side effects.
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Materials and Methods

Biocompatible AUNP Synthesis. AuNPs with 14 (S.D. + 3) nm were synthesised by the citrate-reduction
method described by Lee and Meisel'® 3 and characterised by UV-VIS spectroscopy, Transmission electron micros-
copy (TEM) and dynamic light scattering (DLS). AuNPs functionalisation with polyethylene glycol (PEG) - AuNPs@
PEG - was performed by incubating AuNP (10nM) with 0.028% (w/v) Sodium dodecyl sulphate (SDS), and a commer-
cial hetero-functional PEG ([O-(2-Mercaptoethyl)-O’-methyl-hexa(ethyleneglycol)], C,sH;,0-S, 356.48 Da (Sigma-
Aldrich, USA)) for a period of 16 h under agitation at room temperature”. The excess of PEG chains was removed by
centrifugation at 14000 g for 30 min at 4°C and determination of surface saturation evaluated via Ellman’s Assay.

Cell Culture. MCEF-7 breast cancer cell line was obtained from American Type Culture Collection (ATCC,
USA). Cells were maintained in DMEM medium (Dulbecco’s Modified Eagle Medium, LifeTechnologies) supple-
mented with 10% (v/v) Fetal Bovine Serum (FBS), 1% (v/v) of Penicillin (100 U/mL) -Streptomycin (100 pg/mL)
(LifeTechnologies) and 1% MEM non-essential amino acids (Invitrogen Corp.) under an atmosphere of 5% CO,
and 99% relative humidity at 37 °C*. Upon growth to confluency, cells were trypsinised, stained with 0.4% trypan
blue (Invitrogen), counted using a hemocytometer and cultured into fresh medium. Briefly, cells were seeded at
a density of 2 x 10*cells/well on a 96-well plate containing DMEM supplemented medium at 37°C, 5% (v/v) of
CO, and an atmosphere of 99% (v/v) humidity for 24 h.

Laser Irradiation.  Actinometry. Prior to irradiation of cells, actinometry was performed to determine
the exact amount of energy being irradiated into the system. Actinometrical measurements were performed
with Aberchrome 540™, E-form ((E)-a-(2,5-dimethyl-3-furylethylidene)(isopropylidene) succinic anhydride))
(Extrasynthese, France) actinometer following literature reccommendations®. This photochromic dye is often
used for actinometry studies in the near-UV and visible regions due to its reversible photocyclisation into the
deep red cyclised valence isomer 7,7a-dihydro-2,4,7,7,7a-pentamethylbenzo(b)furan-5,6-dicarboxylic anhydride
(C-form). When irradiated with UV light E-form turns in C-form, which can in turn be reverted to E-form when
irradiated with visible light. For these measurements, a solution of 100 uM of Aberchrome 540 was dissolved in
absolute ethanol and irradiated at 342 nm during 1 h until a photo-stationary state corresponding to the max-
imum conversion into the C-form was obtained. The C-form solution was irradiated using a continuous wave
(CW) 532 nm green diode-pumped solid-state laser (DPSS) (Changchun New Industries Optoelectronics Tech.
Co., LTD, Changchun, China) coupled to an optical fibre. The solution exposed to the green laser undergoes
back conversion to the E-form and the number of converted molecules was quantified by UV-Vis spectroscopy
(Shimadzu). For the calculation of the photon flux, a photochemical quantum yield of ¢ = 0.060 was considered
(Supplementary Fig. S2) for the back reaction of C-form to E-form in ethanol.

Cell culture irradiation. MCF-7 cells were seeded as described above and then challenged with 15n1M AuNPs@
PEG (e=2.85x 107*M~tcm™1)? for 2 h. Subsequently, the culture medium was replaced by supplemented
DMEM medium without phenol red pH indicator, and irradiated as described above (actinometry) - see Fig. 1.
For temperature measurements, a thermocouple (Digital Multimeter, MY-64, MASTECH, Hong Kong) was
inserted into the wells (in contact with the cell culture medium) before and immediately after visible light irradi-
ation. Cell viability was immediately evaluated by trypan blue assay.

For combined therapy, MCF-7 cells were seeded and incubated at 37 °C in the absence or presence of DOX
(3uM) for 6h, after which they were challenged with 15nM AuNPs@PEG (e =2.85 x 10%)?* and irradiated
(3.44W.cm~2 for 60's as described above). As controls, cells without DOX, without AuNPs@PEG and/or irradia-
tion were assessed. Cell viability was evaluated by MTS and trypan blue assays (below) after 16 h.

Cell Viability. MTS assay - Cell viability was evaluated with CellTiter 96® AQueous Non-Radioactive Cell
Proliferation Assay (Promega, Madison, WI, USA), using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyp
henyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) as previously described®. In brief, after 16 h of com-
bined and individual therapies, cell medium was substituted by fresh medium with MTS and incubated for an
additional 1h30. The absorbance was measured at 490 nm (the absorbance of a well without cells was subtracted
to all conditions) and the following formula applied to calculate the cell survival rate (eq. 1):

(mean Abs. of treatment group) % 100

Cell Viability (%) =
(mean Abs. of control group) (1)

Trypan blue exclusion assay — Cells were incubated with 100 pL of trypan blue 0.4% (m/v) solution (Invitrogen)
for 10 minutes, washed three times with DMEM without phenol red, imaged in bright field inverted microscope
(Nikon TMS, Tokyo, Japan) and pictures were taken using a Digital Camera (Sony RX100 MK2, Japan).

Statistics. Statistical significance of all data was verified by One-way ANOVA. The Tukey method allowed to
determine statistically significant differences between mono and combined therapeutics. This analysis was per-
formed with GraphPad Prism 6.0 (GraphPad Software, Inc) and results were considered statistically significant for
P <0.05. Data are the average of quadruplicated assays and the errors are calculated by the standard error mean.
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