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ARTICLE INFO ABSTRACT

Keywords: Background: Metal nanomaterials have a significant potential as photosensitizer and radiosensitizer. The pur-

Pt pose of this study was to evaluate the cytotoxicity of a platinum mesoporous nanostructure (Pt MN) toward a

Mesopore structure melanoma cancer cell line upon combined laser radiation (808 nm, 1 and 1.5W cm™2) and X-ray irradiation

Laser therapy (6MV, 2, 4, and 6 Gy).

}C‘:ﬁli;;%?];};erapy Methods: Pt MN was synthesized by a simple procedure and characterized by field emission scanning and

Reactive Oxygen species transmission electron microscopy. A mouse malignant melanoma cell line C540 (B16/F10) was treated with Pt
MN, laser light and/or X-ray.
Results: Pt MN had a mesoporous structure with a sponge-resemble shape comprised of ensembles of very small
adhered particles of < 11 nm and about 5-nm pores. While Pt MN represented a low toxicity toward and con-
siderable uptake into the cell line in a concentration range of 10-100 ug mL ™", laser light radiation alone was
also not toxic, and X-ray irradiation alone induced a limited toxicity, Pt MN was toxic against the cells in a dose
dependent manner upon laser light radiation, X-ray irradiation, or their combined exposure. The killing efficacy
of Pt MN upon X-ray irradiation was more obvious at 72h post-treatment. The combined exposure (laser ra-
diation followed by X-ray irradiation) led to a deep cell killing and a very low melanoma cell viability (~1%).
Significant melanoma cancer cell killing of Pt MN was due to reactive oxygen species (ROS) production upon
combined exposure of laser and X-ray, while cell killing upon laser light radiation was due to heat generation.
Conclusion: Pt MN was introduced as a supreme laser/X-ray sensitizer for treatment of cancer with a high ability
to produce ROS and a potent impact on decreasing cell viability.

1. Introduction

Since conventional strategies of cancer treatment can generate
serious adverse effects, discovery of less toxic but still successful novel
strategies for cancer treatment is a significant aim for medical re-
searchers [1]. Nanotechnology has resulted in outstanding results that
suggest a potential for nanomaterial applications in therapeutic and
diagnostic strategies [2-5]. Also, the design of new nanomaterials ef-
fectively applicable for both treatments and diagnosis is a priority [6].
Phototherapy approaches including photothermal therapy (PTT) and
photodynamic therapy (PDT) for tumor suppression have been suc-
cessful in the treatment of tumors. In PTT, phototransducer nanoma-
terials induce energy conversion of near-infrared (NIR) light to heat,

and thermal enhancement results in the tumor cell annihilation [7]. In
PDT, radiation of a visible light in combination with a photosensitizer
and oxygen molecule/oxygen-containing species produces reactive
oxygen species (ROS) that induce vascular and cellular damages fol-
lowed by cell death [8]. Due to limited penetration depth of visible light
into tissues during PDT, PTT by NIR light, micro-induced PDT (MIPDT)
by microwaves, sonodynamic therapy (SDT) by ultrasound, and X-ray-
induced PDT (X-PDT) are proposed as alternatives [9]. During the last
route (i.e. X-PDT), radiation therapy (RT) that generates different ROS
upon radiolysis of water is accelerated using a nanomaterial. Nano-
materials are excitable by the X-ray source of RT, and further generate
ROS. The main advantage of X-PDT is that X-ray (generally with energy
ranging from 50kV to 6 MV and specially 6 MV employed for X-PDT)
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can penetrate deep inside the tissues up to 40 cm [9].

Synthesis and application of multi-purpose nanomaterials for med-
ical goals are highly of interest and in progress. Examples include
phototransducer nanomaterials for pressure wave induction and ima-
ging (by photoacoustic instruments) [10], combined MR imaging and
therapy [11], combined computed tomography (CT) imaging and
therapy [12], contrast agents for combined CT and MR imaging [13],
and nanomaterials of high atomic numbers (with high X-ray attenua-
tion coefficients) for combined PTT and X-PDT (PTT/X-PDT) and 3D CT
imaging [14,15]. Among the nanomaterials, mesoporous structures
represent a high surface area and (re)activity arising from bicontinuous
skeletons at the nanoscale, presence of interconnected hollow channels
and mesopores, and structural thermostability [16-22]. Mesoporous
platinum nanostructures stand for high (electro)catalytic activity, high
loading capacity, easy functionalization, distinct electrical con-
ductivity, and have acted as a nanocarrier for DNA and doxorubicine
[23-25]. However, there is no approach regarding application of me-
soporous structures in PTT, X-PDT or PTT/X-PDT. Also there is no re-
port on the platinum mesoporous nanostructure (Pt MN) representing
PTT, X-PDT or PTT/X-PDT properties.

In conventional RT, megavoltage X-ray irradiation beam from a
linear accelerator is directed toward biological tissues, and leads to
ionization of water or biological targets, damages to DNA (through
direct or indirect processes), production of ROS, and finally tumor ne-
crosis [26]. Serious limitations such as resistance of cancer cells to io-
nizing radiation, tumor recurrence, unwanted side effects and damages
to healthy tissues in RT enforce the scientists to explore new approaches
for improvement of the efficacy of RT [27,38]. Also, high-energy X-ray
or y-ray during RT induces destruction of both healthy and cancer cells.
Repairing mechanisms of DNA break in cancer cells and existing hy-
poxic conditions (low-O, concentrations) are other limitations of RT
efficacy [29,30]. At hypoxic conditions, the produced ROS by RT have
minimum efficacy resulting in the repair of broken DNA (already in-
duced by RT) and protection mechanisms to be proceeded [31].

As to enhancement of the selectivity and specificity of RT treatment,
it is desired to reduce radiation dose and increase the X-ray deposition
in the tumor area using radiosensitizers with strong X-ray attenuations
[32]. High atomic number elements such as Au, Hf, Bi, Mo, Ta, rare
earth elements and tantalum oxide as radiosensitizers enhance the X-
PDT efficacy by supreme X-ray absorption [33,34]. Additionally, X-ray
and y-ray exposure to these high-Z elements intensify the production of
photoelectrons, Compton electrons, Auger electrons, and secondary
charged particles [35]. These phenomena result in more ionization and
radical generations through direct and/or indirect processes, damages
into cellular targets and DNA, and activation of the MAPKs and p53
pathways of cell apoptosis. Therefore, higher efficacy of X-PDT is at-
tainable by concentrated doses in the target area [36]. In this way, the
results of a Monte Carlo study indicated that a small amount of gold
nanoparticles (NPs) led to significant increment in radiation absorption
through two different mechanisms depending on the photon energy
[37]. In kV range, X-ray induced production of Auger electrons through
a photoelectric effect. These Auger electrons released all of their energy
in the local site and induced serious biological effects. However and in
spite of high mass energy absorption coefficients of gold NPs (compared
to water) in the kV energy range, penetration depth was low [35,37].
On the other hand, in the radiotherapy photon energy range (6-20 MV),
X-ray interacted with gold NPs through the Compton effect [37]. In
spite of low mass energy absorption coefficients of gold NPs (compared
to water) in MV energy range of radiation, higher efficacy was attained
[35,37,38]. As for the utility of platinum materials, it should be men-
tioned that locating of high-Z elements in the track of incident ionizing
particles (including photons) amplify ionization density as well as dose
deposition due to increment of ionization cross section [39]. Incident
ionizing particles and the produced secondary electrons excite electrons
located in the inner and outer shells of these metals. The excited inner
shell electrons produce Auger electrons, e.g., about ten Auger electrons
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are emitted upon ionization of platinum L-shell. Ultimately, water io-
nization and radical generation occur those induce DNA double and
single strands break. All of the processes are accelerated using nanos-
tructured high-Z elements [40].

Zhou et al. used polyglutamic acid nanogels loaded with polypyrrole
as a sensitizer of X-PDT, PTT, or their combination both in vitro and in
vivo for treatment of cancerous cells and tumor xenografts. Their results
showed that the sequence of application of laser radiation and X-ray
irradiation was important in the treatment efficacy. The results also
indicated a concentration-dependent toxicity with an efficacy order of
PTT/X-PDT > X-PDT/PTT > X-PDT, i.e. PTT followed by X-PDT
(PTT/X-PDT) had more efficiency than the vice versa route (X-PDT
followed by PTT, X-PDT/PTT) at the same sensitizer concentration
[41]. In these studies, combination of PTT and X-PDT using a nano-
sensitizer provided advantages of both treatments: PTT improved blood
flow and oxygen status of the tumor area to overcome hypoxia, and
increase the cell absorption of X-ray [31,42]. Therefore, discovery of
new nanosensitizers that enhance the efficacy of different therapeutic
modalities is a promising strategy to improve treatment via synergistic
or additive effects. In this regard, nanoscale metals are supreme can-
didates as dual sensitizers for NIR light and X-ray [43], and Pt nano-
materials are good candidates for X-PDT with a low toxicity [44].

In this study, a Pt MN was synthesized for PTT, X-PDT and PTT/X-
PDT applications in mouse malignant melanoma cell line (C540 (B16/
F10)) by a continuous-wave diode laser of 808-nm as a light source and
a linear accelerator as an X-ray source. The physicochemical char-
acterization of Pt MN and cell viability were evaluated.

2. Materials and methods
2.1. Materials

H,PtClg, formic acid, Triton X-100, Tris-HCl, sodium dodecyl sul-
fate, NaCl and phosphate buffer salts were prepared from Merck
(Germany). 2’,7’-dichlorodihydrofluorescein diacetate (DCHF-DA) and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
were purchased from Sigma (USA), and dimethyl sulfoxide (DMSO) was
prepared from Scharlau Chemie (Spain). The chemicals were used
without further purification. Deionized (DI) water was used throughout
the experiments.

2.2. Synthesis and characterization of Pt MN

For synthesis, 15mL aqueous solution containing 1mmol L'
H,PtClg, 1.75mol L™ formic acid and 10 mmol L™! sodium dodecyl
sulfate was prepared in a Teflon baker. The solution was continuously
stirred at 500 rpm during the reaction at 40 °C for 3 h. The resultant Pt
MN was centrifuged, washed several times with DI water, and dried at
room temperature.

For characterization, filed-emission scanning electron microscopy
(FESEM) was employed, and the corresponding images were recorded
by a TESCAN Mira 3-XMU 116 microscope (Czech Republic).
Transmission electron microscopy (TEM) was also employed, and TEM
images were recorded by a Philips CM30 microscope (Germany).

UV-vis spectra were recorded using a Rayleigh UV2601 double
beam spectrophotometer (China).

2.3. Light setups

Laser light was irradiated at 808 nm by a diode laser of Thorlabs
(USA) with an optical output power of 1000 mW equipped with a
benchtop temperature controller. Output laser power density was se-
lected at 1.0 or 1.5W cm ™2 by changing the spot size of the output
mounting lens and the distance between the lens and target. Laser light
radiation time was 10 min.

The X-ray was produced by a 6 MV Elekta Compact medical linear
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accelerator (Crawley, UK) delivering radiation doses of 2, 4 and 6 Gy at
a dose rate of approximately 200 cGy min . The cells in culture plates
were placed at 100 cm distance from the source in a phantom consisting
of 1 cm buildup and 5cm backscatter Lucite sheets. A radiation field
size of 20 x 20 cm? was used. Irradiation times to deliver 2, 4, and 6 Gy
were approximately one, two and three minutes, respectively.

2.4. Cell line preparation

Mouse malignant melanoma cell line C540 (B16/F10) was pur-
chased from Pasteur Institute (Iran). The cells were cultured in Roswell
Park Memorial Institute-1640 (RPMI) from Gibco (USA) medium with
10% fetal bovine serum from Gibco (USA) and 1% antibiotic (penicillin-
streptomycin) from Gibco (USA) at 37 °C in a humidified atmosphere of
cell incubator containing 5% CO-.

2.5. Pt MN effect on the cell viability upon laser radiation (PTT)

Temperature increment of the C540 (B16/F10) cell medium was
measured with a thermoprobe of Lutron (Taiwan) with a 0.01 °C ac-
curacy. The cells (1.0 x 10* cell well™") in 96-well plates were in-
cubated with Pt MN (100 pg mL ™~ 1), and the temperature was measured
before and after laser radiation at a power density of 1.0 or 1.5W cm™
for 10 min.

C540 (B16/F10) cells at a density of 1.0 x 10* cell well ™! were
seeded into 96-well plates for 24 h to cell adhesion. The wells were
divided into the following groups and incubated at 37 °C in a 5% CO,
atmosphere.

- Control: Untreated cells (neither laser radiation nor Pt MN affec-
tion)

- N: Treated cells only with Pt MN at concentrations of 10, 50, and
100 pg mL~*

- L1 and L1.5: Treated cells with laser radiation at power density of
1.0 (L1) or 1.5W cm ™2 (L1.5) for 10 min after 4 h

- NL1 and NL1.5: Treated cells firstly with Pt MN at concentrations
of 10, 50, and 100 ug mL™! for 4h, followed by post treatment with
laser radiation at power density of 1.0 (L1) or 1.5W cm ™2 (L1.5) for
10 min after 4 h

The incubation time for different groups of the cells was continued
overnight at 37 °C and 5% CO,, and then the cell viability was measured
by the MTT assay. For this assay, the medium of the cells was sub-
stituted by 100 pL of 0.5 mgmL~" MTT dissolved in phosphate buffer
saline (PBS) and incubated at 37 °C for 4h in dark. Then, the plates
were centrifuged at 1800 rpm for 10 min and the culture supernatant
was removed; then 100 uL of DMSO was added to dissolve the MTT
formazan crystals. After centrifugation at 3500 rpm for 3 min, the su-
pernatant was removed from each well and the optical density (OD)
was recorded at 570 nm using a microplate reader of Biotek (USA). The
cell viability was expressed as the ratio of the 570 nm absorbance of the
treated and control cells.

2.6. Pt MN effect on cell viability upon X-ray irradiation (X-PDT)

C540 (B16/F10) cells at a density of 1.0 x 10* cell well ™! were
seeded into 96-well plates for 24 h to cell adhesion. The wells were
divided into the following groups and incubated at 37 °C in a 5% CO,
atmosphere.

- Control: Untreated cells (neither X-ray irradiation nor Pt MN af-
fection)

- N: Treated cells only with Pt MN at concentrations of 10, 50, and
100 ug mL~*

- X2, X4 and X6: Treated cells with X-ray irradiation at radiation
doses of 2 (X2), 4 (X4) and 6 Gy (X6) after 4h

- NX2, NX4 and NX6: Treated cells firstly with Pt MN at con-
centrations of 10, 50, and 100 pug mL™! for 4h, followed by post
treatment with X-ray irradiation at radiation doses of 2 (NX2), 4 (NX4)
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and 6 Gy (NX6) after 4h

The incubation time for different groups of the cells was continued
overnight at 37 °C and 5% CO,. Another similar set of experiments was
also repeated with continuation of incubation time to 72 h for different
groups. The cell viability was finally measured by the MTT assay.

2.7. Pt MN effect on cell viability upon PTT/X-PDT

C540 (B16/F10) cells at a density of 1.0 x 10* cell well ! were
seeded into 96-well plates for 24 h to cell adhesion. The wells were
divided into the following groups and incubated at 37 °C in a 5% CO,
atmosphere.

- Control: Untreated cells (no laser radiation, X-ray irradiation or Pt
MN affection)

- N: Treated cells with Pt MN at a concentration of 100 ug mL ™!

- X6: Treated cells with X-ray irradiation at a radiation dose of 6 Gy
after 4h

- NX6: Treated cells firstly with Pt MN at a concentration of 100 ug
mL~? for 4h followed by irradiation with X-ray at a radiation dose of
6 Gy

- L1.5: Treated cells with laser radiation at a power density of 1.5 W
cm 2 for 10 min after 4 hx

- NL1.5: Treated cells firstly with Pt MN at a concentration of 100 ug
mL ™" for 4h followed by laser radiation at a power density of 1.5W
cm? for 10 min

- L1.5X6: Treated cells firstly with laser radiation at a power density
of 1.5W cm ™2 for 10 min after 4h, and then immediately irradiated
with X-ray at a radiation dose of 6 Gy

- NL1.5X6: Treated cells firstly with Pt MN at a concentration of
100 ug mL~! for 4 h, followed by laser radiation at a power density of
1.5W cm™ for 10 min, and then immediately irradiated with X-ray at a
radiation dose of 6 Gy

The incubation time for different groups of the cells were continued
for 72h at 37 °C and 5% CO,, and then the cell viabilities were mea-
sured by the MTT assay.

2.8. Intracellular ROS measurement induce by treatment in C540 (B16/
F10) cells

Fluorescence intensity (FI) of dichlorofluorescein (DCF) was used
for measuring intracellular ROS production. Different groups of C540
(B16/F10) cells including control, L1.5, X6, L1.5X6, N, NL1.5, NX6 and
NL1.5X6 were treated according to Section 2.7. Then, 100 uL of a fresh
DCHF-DA solution (50 umolL_l) was added to these treated cells, in
time between laser radiation and X-ray irradiation. After laser radiation
or X-ray irradiation, the treated cells were incubated for 30 min, fol-
lowing by washing three times with PBS to remove the extracellular
DCF. After that, 100 uL of a lysis buffer (containing 150 mmol L~*
NaCl, 0.1% Triton X-100, 50 mmol L™ Tris-HCI, pH = 8.0) was added
to each well, and after 30 min, the intensity of fluorescence emission at
520 nm was measured upon excitation at 485 nm, using the microplate
reader (Biotek, USA).

2.9. Pt MN uptake in the C540 (B16/F10) cells

C540 (B16/F10) cells (1.0 x 10%) were incubated with Pt MN
(100 pug mL~1) at 37°C in a 5% CO, for 24h. Then, the cells were
washed with PBS three times. The cells were lysed and digested with
aqua regia (nitric acid/hydrochloric acid 3:1 V/V). Platinum content of
the cells was measured by inductively coupled plasma optical emission
spectrometry (ICP-OES) using a Varian 730-ES (USA) and divided by
the cell number.

2.10. Statistical analysis

At least three parallel measurements were conducted for each
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quantity. Multiple t-test, one way ANOVA with a Tukey posthoc was
used to measure the statistical significance of the results using
GraphPad (Prism 6) software. A p-value of less than 0.05 was con-
sidered statistically significant.

3. Results and discussion

Application of nanomaterials in medicine has different pros and
cons, such as toxicity (or biocompatibility), stability and easy fabrica-
tion. Encountering metallic nanomaterials with electromagnetic waves
induces a resonance between oscillation of the electrons and electro-
magnetic wave and produces a great energy absorption that is then
dissipated to heat. This property of metal nanomaterials leads to their
employment as efficient sensitizers of NIR light or X-ray in tumor
therapy [45-47]. Pt nanomaterials are interested in nanomedicine due
to high X-ray absorption ability arising from the high atomic number
and X-ray attenuation coefficient (of 4.99 cm?g~! at 100 KeV) [48],
compared to soft tissues and water in the biological media. This means
that the Pt-contained tissues absorb more energy of X-rays, and their
distortion needs lower radiation dose of X-ray. Pt nanomaterials also
represent low toxicity making future inspiring applications. Up to now,
limited researches have focused on application of Pt nanomaterials as
sensitizers of light in cancer therapy [44,49].

Fig. 1 shows FESEM images of Pt MN recorded at various magnifi-
cations. The low-magnified images revealed that Pt MN comprised
particles of various sizes. Higher magnified images revealed that each
particle was sponge-resemble, and ensembles of very small adhered
particles providing a highly porous structure. The pore size was esti-
mated as < 11 nm from the highest-magnified image. Different mag-
nified TEM images of Pt MN are also depicted in Fig. 2. These images
confirm the information attained by FESEM, and better display the
highly porous structure of Pt MN. Pt MN comprised adhered Pt dots of
about 7 nm, forming about 5-nm pores.

As for inspection of the stability of the Pt MN suspension with a
typical concentration of 500 ugmL~! prepared in DI water, UV—-vis
spectra were recorded for the as-synthesized sample, and after cen-
trifugation at 1000 rpm for 1, 2 and 5 min. The data is shown in Fig. 3.
The spectra confirmed the 808-nm light absorbance ability of Pt MN,
and its physical stability in DI water. For the long-term stability, we
stored Pt MN suspensions with two concentrations of 0.1 and
1.0 mg mL ™! in DI water for several months. No visual sedimentation or
agglomeration was observed at least for two months.

To assess toxicity, we measured PTT efficacy, X-PDT ability and
PTT/X-PDT effect of Pt MN on the C540 (B16/F10) cells and cell via-
bility. First of all, cytotoxicity of Pt MN was assessed by seeding the
C540 (B16/F10) cells in the presence of different concentrations of Pt
MN (with no any radiation) for 24 h, and the cell viability was quan-
tified using the MTT assay. Cytotoxicity of Pt MN toward the cells in the
presence of different concentrations of Pt MN after 72 h will be reported
shortly (vide infra). Fig. 4 shows the treated cells’ viability with Pt MN
indicating a significant decrease (p < 0.05) in viability, compared to
the control cells. The cell viability decreased upon increment in the Pt
MN concentration in a dose-dependent manner. A Pt MN concentration
of 10 ug mL ™! represented a viability of 97%, while 100 g mL ™" of Pt
MN induced a decreased viability of ~57%. Quantitative measure-
ments of platinum content indicated an uptake level of 6 ng cell ~! after
24 h. Although Pt NPs were reported to have low toxicity [50], the
increased cytotoxicity of Pt MN in this study can be related to its me-
soporous structure. Cytotoxicity of mesoporous ruthenium [51], carbon
[52] and magnesia [53] has also been reported. In a study, toxicity of Pt
nanodendrimer (PtNDs) toward Hela cells was attributed to Pt ions
release from PtNDs [44]. Meantime, genotoxic stress [54], oxidizing of
DNA [55] and reduction of the cell glutathione level [56] have also
been suggested as other reasons for cytotoxicity of Pt nanomaterials.

To inspect the effect of 10 min laser radiation on the C540 (B16/
F10) cells at two power densities of 1.0 and 1.5W c¢m ™2 (L1 and L1.5),
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SEM HV: 15.0 kV
SEM MAG: 50.0 kx

WD: 8.56 mm
Det: BSE

(A)

WD: 8.56 mm
Det: BSE

SEM HV: 15.0 kV

SEM MAG: 150 kx

Fig. 1. FESEM images of Pt MN at two different magnifications.

the cell viability (with respect to the control cells) was evaluated by the
MTT assay, and the obtained results are presented in Fig. 4. The results
indicated decrement in the cell viability upon laser radiation at 1.0 and
1.5W cm ™2 to 96 and 80%, respectively. These results confirmed that
the laser light was approximately compatible with the cells and did not
induce significant damage to the cells. Statistical analysis showed no
significant differences between the viability values of the cells irra-
diated at these two power densities of laser and the untreated ones
(p > 0.05). Furthermore, PTT effect of Pt MN on C540 (B16/F10) cells
was evaluated with laser radiation to the cells (1.0 and 1.5W cm™2)
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&)

(B)
Fig. 2. TEM images of Pt MN at two different magnifications.
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Fig. 3. UV-vis spectra recorded for the as-synthesized sample, and after cen-
trifugation at 1000 rpm for 5 min.

after 4 h of incubation with different concentrations of Pt MN (10, 50
and 100 ug mL™). Fig. 4 shows the obtained results for NL1 and NL1.5
groups (at 100 ug mL™ Pt MN), indicating cell viability decrement so
that it reached 53 and 40% at 1.0 and 1.5W cm ™2, respectively.
Temperature increment of the C540 (B16/F10) cell medium in NL1 and
NL1.5 groups was measured to be 6.0 = 0.5 and 9.2 + 0.8°C upon
laser radiation at power densities of 1.0 and 1.5 W cm ™2, respectively.
Therefore, the capability of Pt MN as a photo-thermal transducer for
C540 (B16/F10) cells is confirmed.
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Fig. 4. Viability of C540 (B16/F10) cell after exposure to different concentra-
tions of Pt MN after radiation for 10 min with 808-nm laser light at 1.0 and
1.5W cm 2, that was measured after 24 h incubation time. L0, L1.0 and L1.5
mean without laser radiation, radiation with laser at power density of 1.0 and
radiation with laser at power density of 1.5W c¢m ™2, respectively.
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Fig. 5. Viability of C540 (B16/F10) cell after exposure to different concentra-
tions of Pt MN after irradiation with X-ray at radiation doses of 2, 4 and 6 Gy,
that was measured after 24 h (A) and 72 h (B) incubation time. X 0, X2.0, X4.0
and X6.0 mean without X-ray irradiation, irradiation at dose of 2 Gy, irradiation
at dose of 4 Gy and irradiation at dose of 6 Gy, respectively.

Then, X-PDT effect of Pt MN on C540 (B16/F10) cells was evaluated
by X-ray irradiation (at 2, 4 and 6 Gy) without or with different con-
centrations of Pt MN. Fig. 5A and B show the results of such treatment
on the cell viability after 24 and 72h, respectively. Cell viability as-
sessment after 72 h was performed to inspect the long-term efficacy of
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X-PDT. Without X-PDT, the cell viabilities upon treatment with dif-
ferent concentrations of Pt MN at two incubation times of 24 and 72h
(N) were nearly the same. It suggests dividing inhibition as well as
proliferation of the cells by Pt MN during 72 h incubation. Without Pt
MN affection, the cell viabilities upon treatment with different doses of
RT of 2, 4 and 6 Gy (X2, X4 and X6) decreased to nearly the same value
of 80% after 24 h. It seems that RT effect was insignificant during this
time period. After 72 h, the cell viabilities upon treatment with different
doses of RT of 2, 4 and 6 Gy (X2, X4 and X6, without Pt MN affection)
reached about 50%. Therefore, RT needed a typical time period of 72 h
to affect the cell viability. Upon both X-ray irradiation and Pt MN af-
fection (NX2, NX4 and NX6), the cell viability significantly decreased.
For example, the cell viability reached 15.8 and 4.0% after 24 h and
72 h, respectively, upon treatment with 100 ug mL~! Pt MN along with
X-PDT. The results demonstrated the effectiveness of Pt MN as a
radiosensitizer for enhancing the RT efficacy. Moreover, RT treatment
was not completed after 24 h, and decrement in the cell viability was
deeper after 72 h, suggesting the effectiveness of X-PDT at longer times.
However, at all of the Pt MN concentrations, statistical analysis of the
cell viability values after 24 or 72h showed no significant difference
between all of the RT doses (p > 0.05). Therefore, it seems that 2 Gy
was enough to activate all of the Pt MN concentrations. It should be
noted that X-PDT induced no noticeable temperature increment of the
C540 (B16/F10) cell medium.

To evaluate the combined effects of Pt MN, laser radiation and X-ray
irradiation, we assessed the cell viability after 72 h for the N, X6, NX6,
L1.5, NL1.5, L1.5X6 and NL1.5X6 ps, and the results are shown in
Fig. 6. The cell viability values indicated that combination of laser ra-
diation and X-PDT induced the highest activation of Pt MN, and a
marked cell death. Statistical analysis of these results indicated that the
entire cell viabilities reported in Fig. 6 had significant differences
(p < 0.05). Therefore, there was an order of treatment efficacy be-
tween the groups as L1.5 < N < X6 < NL1.5 < L1.5X6 < NX6 <
NL1.5X6, with significant differences (p < 0.05).

Domination of synergistic effect in NL1.5X6 was explored by cal-
culation of the projected additive value [57]. This value was estimated
by multiplying the cell viabilities of NL1.5 and NX6 groups to be 1.6%.
Considering the viabilities of NL1.5X6 (1.2%), NL1.5 (40.1%) and NX6
(4.1%) groups, it was witnessed that the NL1.5X6 viability value was
lower than projected additive value. Therefore, a synergistic effect
dominated for the effects of Pt MN, laser radiation and X-ray irradia-
tion.

For inspection of the probable mechanism of cell killing upon PTT,
X-PDT or PTT/X-PDT, intracellular ROS was evaluated after treatment
by measuring FI of DCF. DCFH-DA passively enters the cells, and is
deacetylated by esterases to the non-fluorescent DCFH. DCFH interacts
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Fig. 6. Viability of C540 (B16/F10) cell after exposure to Pt MN (100 pg mL~ b
and radiation with laser and/or irradiation with X-ray. L1.5 means laser irra-
diation at power density of 1.5W cm ™2, X6 means X-ray irradiation at dose of
6 Gy, N means with pt MN affection.
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Fig. 7. FI of DCF in G540 (B16,/F10) cell after exposure to Pt MN (100 pg mL™*)
and radiation with laser and/or irradiation with X-ray. L1.5 means laser irra-
diation at power density of 1.5W cm ™2, X6 means X-ray irradiation at dose of
6 Gy, N means with pt MN affection.

with ROS, and is converted to fluorescent DCF with an emission light at
520 nm. Fig. 7 shows FI for different groups. FI of control cells was
considered as a base signal. Based on the results, treated cells in L1.5
and N groups showed no significant difference in their FIs (and in-
tracellular ROS levels), compared to control. Therefore, radiation of
laser or treatment with Pt MN of the cells alone did not intensify ROS
generation within the cells; any cell killing effect observed for L1.5
group was due to the temperature increment. On the other hand, FI of
X6, NL1.5, NX6 and L1.5X6 groups increased slightly. Hence, the killing
effect observed for these groups was due to a bit ROS generation. These
results indicated that efficacy of cell killing in the groups X6 and NX6
were just due to ROS generation and laser radiation into Pt MN also
generated ROS (NL1.5 group). While, FI of NL1.5X6 was the highest
with a high significant difference with the other groups. Therefore,
PTT/X-PDT induced the highest ROS production that induced higher
destroying grade in the cancer cells. Ultimately, both heat generation
and ROS production induce cell killing with a majority effect arose from
the later.

In the literature, there are few reports on the application of pla-
tinum nanostructures as a laser light and X-ray transducer, and also
combined effects of laser radiation and X-ray irradiation using a sen-
sitizer. Radiosensitization effect of PtNDs on Hela cells under 6 MV
photon beams was reported [44]. PtNDs irradiation led to enhanced
apoptotic cell death. The viability of 4T1 cells that firstly treated with
Au@Pt nanodendrimer (NDs, 50 ugmL~ %), then exposed to laser ra-
diation (808 nm, 1W cm®, 10min), and finally irradiated by X-ray
(4 Gy) decreased to 30%, which was 42% lower than the viability upon
Au@Pt NDs/PTT treatment, and 25% lower than the viability attained
from Au@Pt NDs/RT treatment [58]. Li et al. applied polyethylene
glycol and folic acid-modified PtCu octopod nanoframes as a strong
absorbing agent of NIR light and X-ray to destroy HepG2 cells [59]. The
results showed that combined PTT (808 nm, 2.4 W cm™2, 5min) and X-
PDT (120 kVp, 10 Gy, 10 min) treatment decreased the viability below
5% that was about 40% lower than that of X-PDT alone and 20% lower
than that of PTT alone. Damage to DNA strands and apoptosis occurred
during the dual treatments. Bi-based sensitizers were also utilized for
combined NIR light and X-ray energy conversion. BEL-7402 cancer cells
were treated with bovine serum albumin-coated BiOI@Bi,S; nano-
particles (100 ug mL™1), NIR light radiation (at 1 W cm?, 10 min) and
X-ray irradiation (at 8 Gy, 10 min) [60]. This treatment led to a 2.1%
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cell survival and high levels of ROS production, a deeper effect that was
attained compared to single treatment. Ma et al. also introduced poly-
vinylpyrrolidone coated porous Bi nanospheres as a radiosensitizer to
trigger X-ray deposition as well as in PTT as a photoabsorbing agent to
destroy Hela cell [48]. As for a metal-free sensitizer, polyglutamic acid
nanogels loaded with polypyrrole were developed for PTT/X-PDT to
enhance the efficacy of cancer cell treatment [41]. Compared to a single
PTT or X-PDT, dual treatment showed better treatment outcomes at the
same concentration of the sensitizer.

Interaction of photon radiation occurs with the sensitizer electrons
leading to energy loss through ionization, or with the sensitizer nuclei
resulting in bremsstrahlung radiation. In the relatively low kV energy
range, where the photoelectric effect is predominant, atomic number of
the sensitizer and radiation energy determine the ratio of these pro-
cesses [61], wherein photon absorption depends on the term (Z/E)3,
where Z is the atomic number and E is the photon energy (in KV energy
range) [46]. For this reason, high-Z nanosensitizers can provide sig-
nificantly higher cross sections for photon absorption in the low-to-
medium kV energy range, compared to soft tissues and water. There-
fore, transition metal nanostructure-based sensitizers are ideal for ra-
diation treatment. X-PDT with metal nanostructures induces a great
number of photoelectrons and Auger electrons, which induce matter
ionization, ROS generation, DNA damage, and cell apoptosis and ne-
crosis [32]. Using the MeV energy range or heavy charged particles and
enhanced radiosensization of metal nanomaterials increase biological
mechanisms such as oxidative stress, cell cycle disruption and DNA
repair inhibition [44]. Porcel et al. showed an increase in the DNA
double-to-single strands break ratio in plasmid DNA when using Pt NPs
with ion radiation [62]. An increased amount of strand break was also
observed by Xiao et al. who irradiated AuNPs by electrons [63]. Sech
et al. and Kobayashi et al. found out that Pt or its derivatives could
increase DSB in DNA under X-ray exposure [64,65]. Interaction of X-ray
with Pt led to radical generation that mediated the breaks in the DNA
strand [66].

Collective excitation of free electrons in noble metals such as Pt can
be performed by light in resonance with an electromagnetic field [67].
Because nanomaterials have enhanced near-surface electric fields (lo-
calized surface plasmon resonances), they show an intense light ab-
sorption [68,69]. Upon exposure to NIR light, the absorbed light is
converted to heat, leading to motivation of hyperthermia, damage,
necrosis and osteolysis in the cancer cells [68-71]. On the other hand,
laser radiation can improve oxygen status in tumor cells and improve
the efficacy of X-PDT [36]. Our results showed that Pt MN could be
applied as a nanoscale heat source for cancer therapy, and provide a
completely new route for practical applications.

4. Conclusion

In summary, we have synthesized Pt MN as a novel NIR photo-
sensitizer for PTT and X-ray absorbing agent for X-PDT of melanoma
cancer cells. Pt MN effectively killed cancer C540 (B16/F10) cells under
PTT, X-PDT and PTT/X-PDT. PTT/X-PDT was performed with the most
effectiveness and synergistic effect as compared to PTT or X-PDT alone.
ROS production was the reason for treatment effect of PTT/X-PDT,
while heat increased during PTT. The results give a new route to con-
struct a noble metallic agent as an efficient photo/radio sensitizer that
integrates the two (or maybe more) therapeutic modalities for cancer
treatment with a superior therapeutic outcome. The porosity, size and
plasmonic properties of PT MN also make it a promising candidate for
drug loading with promising clinical potentials for efficient cancer
therapy.
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