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ABSTRACT

Nowadays, there is growing interest regarding the use of metal Nanoshells as targeted agents of Nano-
photo thermal cancer therapy. This study was aimed at synthesis the folic acid (FA)-conjugated with sil-
ica @gold core-shell nanoparticles (FA-SiO,@AuNPs) for improving the treatment of melanoma cancer
cells. The characterization data showed that the FA-SiO,@AuNPs is spherical in shape and its size is
~73.7nm. The intracellular uptake of FA-SiO,@AuNPs into melanoma cells (A375) was measured
through the inductively coupled plasma, (~47.7%). The cytotoxicity of nanoparticles was investigated
on A375 and HDF (Human dermal fibroblast) cell lines. Cytotoxicity results indicated that there is no
significant cytotoxicity in HDF cell lines treated with nanoparticles. MTT and flow cytometry results
showed that the viability of A375 cells treated by SiO,@Au and FA-SiO,@AuNPs was decreased signifi-
cantly to about 31% and 16% respectively. The higher toxicity of cancer cells was obtained for the cells
exposed to 808 nm near-infrared (NIR) laser after incubation with FA-SiO,@AuNPs rather than the non-
targeted SiO,@AuNPs. Furthermore, about 64% more cell death was observed for A-375 cells using
both photothermal therapy and treatment with FA-SiO,@AuNPs compared to photothermal therapy.
Additionally, the majority of the cell deaths were related to the apoptosis process, not necrosis. It can
be concluded that FA-SiO,@AuNPs was an effective targeting agent for photothermal therapy in the
treatment of melanoma.

KEYWORDS

Folic acid; gold shell;
hyperthermia; melanoma
cancer; nanoparticle

Introduction ) . . L
Several methods, including microwave irradiation [13], RF

Malignant melanoma, as the major fatal form of skin cancer, pulses [14], and ultrasound [15] have been used for the deliv-

is an aggressive cancer derived from melanocytes [1]. In
recent years, the incidence of melanoma has been increasing
continuously worldwide [2]. In 2016, it is estimated that
73,670 new cases of melanoma will be diagnosed in the USA
only and about 9940 numbers regarding mortality rate will
be reported [3,4].

Presently, there are several methods for the treatment of
melanoma cancer. Surgery, radiation therapy, and chemother-
apy are the standard methods for treating melanoma [5,6].
The disease is curable intrinsically, although it depends on
early diagnosis [7]. Late stage melanoma is not curable by
current clinical tools. Despite the recent technological
advancements in these methods, the need for an efficient
method for melanoma cancer therapy still remains [8].

Therefore, several novel nanotechnology-based methods
for cancer diagnosis and therapy are under investigation
[9-11]. Gold nanoparticles have represented a completely
new technology in the field of photothermal therapy (PTT),
which have been favored considerably in recent years [11,12].

ery of thermal energy to cancer tissue.

The commonly utilized gold nanoparticles for cancer ther-
apy include gold Nano spheres [16], Nano shells [17], Nano
rods [18] and Nano cages [19] Depending on the shape and
size, gold nanoparticles can absorb and scatter light in the
visible and NIR wavelength regions [20].

Table 1 summarizes recent in vitro studies on various
nanoparticles and compares the percentage of cell death
induced by laser exposure to cancer cells [18,23].

The photothermal properties of AuNPs indicate that if
AuNPs enter cancerous cells, they will cause photothermal
effects after irradiating by a light source. Therefore, it is
necessary to design AuNPs such that they can target cancer-
ous cells selectively. This characteristic of AuNPs has been
investigated for improving photothermal therapy cancer
treatment [25]. The specific targeting of these nanoparticles
to cancer cells could increase the cancer cell death by NIR
laser [26]. As a result, folic acid (folate) was used as a target-
ing agent, which was conjugated to SiO,@Au [23,27].
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Table 1. Summary of in vitro studies on nanoparticles.

Nanoparticle
Concentration [pg/ml]

Exposure Conditions

[nm; W/cmz; Sec] Cell death%

Reference Cell Line, Origin Nanoparticle; Size (nm)
Wang et al. [11] KB, Nasopharynx FA-Fe;0,@GNR'

90 nm
Eyvazzadeh et al. [21] KB, Nasopharynx Au@IONPs?

33nm
Ghaznavi et al. [22] KB, Nasopharynx FA-Fe;0,@AU°

60nm
Mansoori et al. [23] Hela, Cervix Folate-MH*-Au; 40
Kristine. [24] PC3 KeolLao “vesicles with gold

Prostate 100-200 nm

100 808; 10; 4 >50
50 808; 6; 5 >45
50 808; 6; 10 38
20 560; 250; .06 75
NI 808; .2; 10 NI

1Superparamagnetic iron oxide (SPIO) core and gold Nano rod (GNRs) in the mesoporous silica shell functionalized with folic acid. Gold@ iron oxide nanopar-
ticles. 3Mercapto-Hexanole. 4Pon (L-lysine)go-block-poly(L-leucine),o. [nm; W/cm?; Sec] represents[nanometer; power density; exposure time]. "NI" represents

Not Informed.
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Scheme 1. A schematic description for synthesis SiO,@Au and FA-SiO, @AuNPs (A) and photo thermal ablation of melanoma cells under NIR laser irradiation (B).

Folic acid is one of the substances, which can be applied as
targeting agents for therapeutic methods [28]. Folic acid as
one of the small molecules is a water-soluble vitamin of the
B-complex group, which is essential for cell division and
growth. Almost all cells express the folate receptor, but can-
cer cells tend to overexpress the folate-receptor due to their
great requirement to folate to provide energy due to the
high rate of cell division and proliferation [29,30]. Folic acid is
applied as an appropriate targeting agent, which is also uti-
lized in this study.

In this study, a nanoparticle was designed. SiO,@AuNPs is
a new type of nanoparticles composed of a dielectric silica
core coated with a thin layer of gold. Silica core was synthe-
sized and gold was coated on the surface of silica core, then
Folic acid was functionalized on SiO,@AuNPs. The synthe-
sized FA-SiO,@AuNPs was characterized by Dynamic Light
Scattering (DLS) and Scanning Electron Microscopy (SEM),
Fourier transform infrared microscopy (FTIR), UV-visible spec-
troscopy (UV visible). FA-SiO,@AuNPs had a high uptake in
the cancer cells of melanoma and induced more death in
cancer cells compared to normal cells induced by NIR laser
irradiation. In  this study, after the preparation of

FA-SiO,@AuNPs, the effects of the photothermal therapy of
these nanoparticles on A375 cell line were assessed. In order
to assess the results, MTT assay and flow cytometry were per-
formed. Scheme 1 illustrates the theme of the current study
in brief.

Materials and methods
Chemical material

Hydrogen tetrachloroaurate (lll) (HAuCy;, 3H,0, 99.99%, Alfa
Aesar), sodium hydroxide (NaOH, Sigma-Aldrich), potassium
carbonate (K,CO;, AR Grade) and sodium borohydride
(NaBH,, Aldrich) amino propyltriethoxysilane (APTES, 99%),
tetraethyl orthosilicate (TEOS, 98%), anhydrous ethanol (EtOH,
99.5%), were provided from Acros Co. (Belgium) and were
used without further purification. Using 500-1000 Da cut off
was obtained from the Spectrum Lab (USA). Dimethyl
Sulphoxide (DMSO), Dicyclohexyl Carbodiimide (DCC), Folic
acid, Dichloromethane (CH,Cl,), Fetal bovine serum (FBS),
penicillin sterptomycine and Dulbecco’s modified Eagle’s
medium (DMEM), 3-[4, 5-dimethyl thiazol-2-yl]-2, 5-diphenyl



tetrazolium bromide (MTT), Annexin V-FITC and propidine
lodide (PI) were purchased from Sigma Aldrich (Germany).
Human Dermal Fibroblast cell lines (HDF) and A375 cell lines
were provided from National Cell Bank of Pasteur Institute
of Iran.

Instrumentation

The Au ions were quantified using an inductively coupled
plasma mass spectrometry (ICP-mass, JY138 Spectro -ana-
lyzer; Horiba Jobin Yvon, Inc., Edison, NJ). The data were ana-
lyzed using Coulter software. The absorbance was measured
at 450nm by a BioTek's absorbance micro plate readers
(ELX800, Biotek, USA). SEM (Philips 97, XL-30, Holland). DLS
(Nano flex zeta sizer, Germany). FTIR (spectrophotometer,
Perkin Elimer, Frontier, USA (UV-visible spectrophotometer,
Pharmacia Biotech, Germany). MTT (microplate reader Bio-
rad,). Flow cytometry (BDbiocsiences, SanJose, CA, USA).

Synthesis of monodispersed silica (nanopatrticle)

Silica nanoparticles were prepared with an average diameter
of ~73.7 nm by hydrolysis of tetraethylortho silicate (TEOS) in
ethanol medium with the presence of deionized water and
ammonium hydroxide according to the study by Stober et al
[31]. Briefly, a solution of TEOS: EtOH: H,O: NH,OH
(1.0:10.0:1.0:8 ml) was stirred vigorously for 30 min to obtain a
white turbid suspension. The nanoparticles were separated
by centrifugation (12,000 rpm, 12 min). Ultimately, the prod-
uct was washed using 5cc deionized water and etha-
nol twice.

Preparation of APTES-grafted silica

Amino propyltriethoxysilane (APTES) was added to the silica
nanoparticle at a 2.0:1.0 weight ratio of APTES: silica was
stirred for 24h at room Temperature. The product was col-
lected by centrifugation (12,000 rpm, 12 min), after which it
was washed by deionized water and ethanol twice [32].
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Gold seeding on APTES-grafted silica

The APTES-grafted silica nanoparticles were seeded with gold
at pH = 7 by adding 2.0ml of 0.1 M NaOH in 10ml of the
gold stock solution to 2 ml of dispersed silica. The suspension
was stirred for 30 min. The product was separated by centri-
fugation (12,000 rpm/15 min) and it was washed by deionized
water and ethanol twice [32].

Synthesis of silica Qgold core-shell

Gold-K solution Potassium (gold-K) was synthesized by mix-
ing aqueous K,COs; (280mg/l) solution with of HAuCl,
(25 mM) stock solution under continuous stirring in the dark
for 1h. Gold Nanoshells were prepared by mixing the Au-K:
AuCl-seeded silica volume at the ratios of 100:1 using 0.01 M
NaBH, as the reducing agent [30,31].

Conjugating folic acid on gold nanoshells

In order to prepare functionalized nanoparticle with folate,
0.1g of Folic acid was dissolved in 10ml of Dimethyl
Sulphoxide (DMSO) as a solvent and 0.06g of (N, N'-
Dicyclohexyl carbodiimide (DCC) was added for activating the
Carboxyl group of Folic acid. Then, the mixture solution was
added to 10 ml of CH,Cl,, which was exposed to ultrasound
for 20min. Then the solution was stirred for 24h at room
temperature. After 24 h, the mixed solution was purified by
centrifuge and was washed 3 times by deionized water and
ethanol. The synthesis procedures of SiO,@AuNPs and FA-
SiO,@AuNPs are illustrated in Figure 1.

Cell culture

Human malignant melanoma A375 cell line and Human der-
mal fibroblast (HDF) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 10% fetal
bovine serum and 1% of penesterep. A375 and HDF are
adherent cell lines and were maintained as a monolayer.

Si0:-APTMS

FA-SiO:@AuNps

Figure 1. Schematic illustration of synthesis procedure of SiO,@Au and FA-SiO,@AuNPs.
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Both cell lines were maintained under physiological condi-
tions in an incubator (37°C, 5% CO, and 95% humidity).

Intra-cellular uptake of folic acid gold nanoshell

For detecting intra-cellular uptake of FA-SiO,@AuNPs, A375
cells were re-plated into 6-well plates at a concentration of
1x10° cells per well and were incubated at 37°C and 5%
CO, for 24 h. FA-SiO,@AuNPs (100 pg/ml) was added to each
well (1 ml media). Cells were incubated at 37°C and 5% CO,
for 2h, was washed twice by PBS (500pul) to remove free
nanoparticles, then the cells were detached by Trypsin/EDTA
resuspended in 1 ml PBS and it was centrifuged at 1000 rpm
for 4 min. After removal of the supernatant, the cells were re-
suspended in PBS, cells density and viability were determined
through staining with trypan blue and counting cells using a
hemocytometer. The intracellular uptake of Au ions was
determined by ICP-mass, quantitatively. The measurements
were performed in triplicate and the mean = SD of the results
were calculated.

Cytotoxicity assays

The cytotoxicity of SiO,@Au and FA-SiO,@AuNp on A375 and
HDF cell lines was measured by MTT assay. Cells were seeded
in 96-well plates at a density of 1 x 10* for A375 and HDF at
a density of 2x10* cells per well. Afterwards, cells were
treated by different concentration of (6.25, 12.5, 25, 50, 100,
200, 400 pg/ml) Nanoparticles added in DMEM with 10% FBS.
After 24h of treatment, the effect of Nanoparticles on cell
viability was assessed by the MTT assay. Briefly, after adding
100 ul of MTT (0.5mg/ml) to each well, the mixtures were
incubated for 4h at 37°C. The supernatant was aspirated,
and the MTT-formazan crystals were formed by metabolically
viable cells and were dissolved in 100ul of DMSO under
15 min incubation. Finally, the absorbance was measured by
a microplate reader at a wavelength of 570 nm. The relative
cell viability was calculated compared to control wells con-
taining medium without nanoparticles. All experiments were
performed three times.

In vitro photothermal effects on melanoma cancer cells

Photothermal cancer therapy is a prospective approach for
localized cancer treatment. In this paper, we used
SiO,@AuNPs absorbed in the DMEM supplemented with 10%
fetal bovine serum, 1% of penesterep. The cells were incu-
bated at 37°C for 24h. The culture medium was replaced
with 100pl of culture media containing 50ug/ml FA-
SiO,@AuNPs for 4h at 37°C. SiO,@AuNPs and FA-
SiO,@AuNPs were suspended in DMEM 10%. Cells were
rinsed 3 times by PBS. Then, fresh culture medium was
added to the wells. After exposing cells to laser pulses
(808 nm wavelength, power density of 0.9 wem2) for differ-
ent irradiation times (30s, 1, 2, 3, 4, 5, 6 and 7 min). Then, it
was returned to the 37°C incubator overnight. Following
incubation, MTT assays were performed as previously
described. The experiments were performed in triplicate.

Evaluation of cell apoptosis

A375 cells (1 x 10* cells/well) were seeded in 48-well plates
and were incubated at 37°C in a 5% CO, incubator for 24 h.
Cells were treated with FA-SiO,@AuNPs nanoparticle (50 ug/
ml) for 4h. The cells were washed by 100pul of PBS, were
trypsinized and were centrifuged. According to the man-
ufacturers’ instruction, the collected cells were re-suspended
in binding buffer and were stained with 10 ul of Annexin V-
FITC and PI for 15min in the dark. Then, apoptosis was
detected by BD FACS Caliber flow cytometer. The tests were
carried out in triplicate.

Statistical analysis

Multigroup comparisons of the means were carried out by
one-away ANOVA. Statistical significance for cell toxicity was
set at P < .05. Results were expressed as mean+SD (n=3).

Results
Characterization of FA-SiO,@AuNPs

The nanoparticle was synthesized as described in the synthe-
sis section. In order to determine nanoparticles’ distribution
size and morphology of the nanoparticle, scanning electron
microscopy (SEM) was performed. As shown in Figure 2, SEM
images showed that the prepared nanoparticle is spherical in
shape and has a uniform core/shell structure. The size distri-
bution of the synthesized nanoparticle was also assessed
using dynamic light scattering (DLS). According to Figure 3,
the diameter of the synthesized nanoparticle is ~73.7 nm.

UV-visible spectroscopy is a method in which absorbed
light measured by gold nanoparticles. The peaks of absorp-
tion in the UV-visible spectrum are dependent on the shape,
size, and composition of gold nanoparticles [33]. The UV-Vis
absorption spectra of the nanoparticle are shown in Figure 4.
As shown in this figure, FA-SiO,@AuNPs has higher NIR
absorption, which is about 808 nm.

Fourier transform infrared (FTIR) spectroscopy is an analyt-
ical technique identifying chemical bonds and agent groups
in gold nanoparticles through producing an infrared absorp-
tion spectrum. According to Figure 5, FTIR confirms the con-
nection between the linker and Folic acid on the surface of
SiO,@Au within the region of 400-4000 cm™ . In the study,
FTIR for SiO,@Au@Cys the bands at 3382.05 and 1610cm™"
are assigned to stretching and bending vibration of OH
groups respectively, due to the presence of OH groups of
Cysteine. An increase in- intensity of OH peaks was observed
in Folate-SiO,@Au@Cys compared toSiO,@Au@Cys. The peak
at 1700cm™" is attributed to Carbonyl stretching vibration of
amide and acidic groups. The aromatic out-of-plane ring
stretching vibration and benzoic vibration in the folic acid
molecule were observed at 1610 and 1515cm™’, respect-
ively [34].



Figure 2. SEM images of SiO,@Au core/shell nanoparticles.
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Figure 4. UV visible spectrum of FA-SiO,@AuNPs.

Intra-cellular uptake of folate gold nanoshell into
cancer cells

Figure 6 shows the affinity of cancer cells to the FA-
SiO,@AuNPs compared to the SiO,@AuNPs, where the per-
centage of SiO,@AuNPs and FA-SiO,@AuNPs in cells was
equal to 23.44% and 67.7%, respectively. In order to assess
the “in vitro” capability of the FA-SiO,@AuNPs in discriminat-
ing cancer cells from normal cells, an ICP-mass analysis was
carried out on A375 and HDF cell lines. Figure 6 shows that
FA-SiO,@AuNPs intra-cellular uptake in A375 was equal to
67.7% which is higher than that which was found in HDF
cell (2%).
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nanoparticles.

Results of cell viability (MTT) assay

MTT assays were performed using A375 and HDF cell lines to
determine whether SiO,@Au and FA-SiO,@AuNPs have a
toxic effect on A375 and HDF cell lines. MTT assay indicated
(Figure 7), that the cell viability was set 100% as the control
without nanoparticle treatment. MTT results showed that
SiO,@Au and FA-SiO,@AuNPs treating on HDF cell were con-
sidered as nontoxic nanoparticles to a concentration of
100 pg/ml but FA-SiO,@AuNPs treating on A375 cell was
observed as significant toxicity at all concentration (untreated
A375 and HDF cells were used as controls). No significant dif-
ference was observed between the toxicity of SiO,@Au and
FA-SiO,@AuNPs on HDF (normal cell). However, there was an
acceptable reduction in cell viability in higher concentrations.
According to overexpression of folate receptors on the
surface of cancerous cells, they are more sensitive to
FA-SiO,@AuNPs on A375 (cancer cell) at all concentration.
It suggests that it may be applied as a targeting agent. FA-
SiO,@AuNPs is new preclinical therapeutic agent for melan-
oma cancer cells therapy which needs further investigation
regarding using in animal models for applying in a human
study in the future.

Results of in vitro photothermal effects on melanoma
cancer cells

Results showed clearly, that gold Nanoshells could generate
sufficient heat under near-infrared laser irradiation, which
leads to localized cytotoxicity of cancer cells. The gold
Nanoshells could ablate cancer cells through the PTT effect
induced by the 808nm laser irradiation. According to
Figure 8, 808 nm and 4 min irradiation time exposure and a
power density of 0.9 Wecm ™2 were chosen for the PTT study.
In addition, significant PTT toxicity was observed (P <.05). In
addition, the cells untreated by laser irradiation, showed neg-
ligible cell death to about 25%. The data (Figure 8) indicated
that, under NIR irradiation, SiO,@AuNPs reduced the cell via-
bility of A375 cells to about 48%. Cell viability compared to
two groups of SiO,@Au and FA-SiO,@AuNPs reduced after
photothermal therapy (31%, 16% of cell viability respectively).
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Considering the details, FA-SiO,@AuNPs induced more cell
death dramatically. These results suggest that the photother-
mal damaging effect of the SiO,@AuNPs could be improved
by folate targeting in A375 cells. Therefore, FA-SiO,@AuNPs
can be effective and can be considered as promising nano-
particles for PTT in folate receptor overexpressing in the can-
cer cell.

Results of cell apoptosis assay

The apoptosis percentages of A375 cells after the various
treatments are shown in Figure 9. As can be seen in this fig-
ure, 3.82% and 5.89% of the cells were experienced apoptosis
respectively in the untreated cell and under NIR laser irradi-
ation after incubating, untreated cells. After exposing cells to
SiO,@Au, FA-SiO,@Au NPs and laser irradiation in presence
of SiO,@Au and FA-SiO,@Au NPs, the percentages of apop-
totic cells increased about 21.16%, 23.82%, and 28.32%,
32.2%, respectively, Compared to the control group which
was equal to 4%. There was a statistically significant differ-
ence between treated and untreated cells (P <.05). However,
cells treated by laser combined with SiO,@Au, FA-SiO,@Au
nanoparticles showed more apoptotic (28.32%, 32.2%,
respectively) significantly (P <.05) than the other groups.
These results indicated the apoptotic effects of nanoparticles.
While the incidence of necrosis in all groups was observed to
be average at 3%, it can be observed that these nanopar-
ticles conduct cell death through the apoptosis pathway
much more than necrosis. (the death in treated cells induced
by nanoparticles and laser leads to cell death which is caused
through apoptosis much more than necrosis). Definitely, this
is considered as a significant privilege regarding these nano-
particles [35].

Discussion

In the present study, FA-SiO,@Au nanoparticles were
designed and synthesized as a new therapeutic agent for
melanoma cancer cells therapy. The synthesized nanoparticle

was assessed by various characterization methods. As shown
in Figures 2 and 3, the synthesized FA-SiO,@AuNPs is spher-
ical in shape and the size of nanoparticles is about 73.7 nm.
Optical absorption profile of FA-SiO,@AuNPs was character-
ized by UV-visible spectroscopy (Figure 4), showing that
nanoparticle has an appropriate absorption in NIR region.
According to Figure 5, FTIR spectroscopy confirmed Cysteine
as a linker and folic acid has been attached to SiO,@Au
successfully.

Based on the results of ICP-mass, as shown in Figure 6,
the A375 cells demonstrated higher uptake more than 23
times using FA-SiO,@AuNPs than that of the HDF cells after
2h of incubation. In addition, the A375 cells demonstrated
uptake which was ~2 times using FA-SiO,@AuNPs than that
of SiO,@AuNPs. This might be due to the more metabolic
activity of A375 cells leading to the overexpression of the fol-
ate receptors on the surface of the cancerous cell and the
low metabolic activity of HDF cells.

In this study, the cytotoxic effects of gold Nanoshell were
investigated on HDF and A375 cells. Different concentrations
of gold Nanoshell were used with and without conjugation
to folic acid. NIR laser with wavelength of 808 nm and power
density of 0.9wecm 2 was applied as the heating source. The
cytotoxicity of the nanoparticles was determined firstly by
evaluating the viability of normal and cancer cells (HDF and
A375) using an MTT assay. The results indicated that the con-
centration of 50pug/ml of FA-SiO,@AuNPs and incubation
time of 4h in cancer cells increases cell death after being
exposed to NIR irradiation. So that the viability of cancer cells
in  present FA-SiO,@AuNPs reduced compared to
SiO,@AuNPs by 31%, also the viability of A375 cells in this
concentration compared to normal cells reduced by 27%.
Therefore, at a concentration of the nanoparticles (50 pg/ml),
HDF cells presented high cell viability, which suggested that
the nanoparticle had low cytotoxicity on HDF cells, but the
nanoparticles did induce a high level of toxicity in A375 cell
at a concentration of 50 ug/ml (Figure 7). Therefore, these
results can be considered as an advantage regarding using
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Figure 7. Cytotoxicity of SiO,@Au and FA-SiO,@AuNPs in A375 and HDF cell lines. The cells were incubated using different concentrations of NPs in the range from
6.25 pg/ml to 400 pg/ml for a time period of 24 h (mean + standard deviation; n = 3).
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Figure 8. The photo toxicity of SiO,@Au and FA-SiO,@AuNps in A375 cell with
and without laser irradiation. Untreated control cells, treated cells by laser
alone, Treated cells by Laser combined with SiO,@Au nanoparticles, Treated
cells by Laser combined with FA-SiO,@Au nanoparticles. The cells were incu-
bated using 50 ptg/ml concentration of NPs. Cell viability data obtained from the
MTT assay of A375 cells after various treatments groups without and with irradi-
ation by the 808 nm laser for 4 min. Notes: *P < .05; ¥*P < .01; ¥**P < .001.

these nanoparticles in the treatment of melanoma cancer cell
line A375.

The effects of photothermal therapy using the synthesized
nanoparticles were also evaluated by MTT assay and flow

(FA-SiO,@AuNPs in HDF cell line);

C(Si0,@Au in A375 cell line); D(FA-SiO,@AuNPs in A375 cell line).

cytometry. It was demonstrated that the ability of FA-
SiO,@AuNPs caused selective death in cancer cells (A375)
with highly overexpressed folate receptors under a NIR laser
irradiation (Figure 8). This selective effect decreased, due to
conjugation of folic acid to nanoparticles, also at 50 ug/ml
concentration of the nanoparticles, the time of laser NIR
irradiation on A375 cell, and by reducing the duration of NIR
radiation, the side effects of the laser also diminished. MTT
assay showed that considering cell viability under the laser
NIR radiation without being exposed to nanoparticles in can-
cer cells up to 4min was not significantly different compared
to the control group. However, at times which were more
than 4 min (5, 6, and 7 min) the viability of cells decreased to
about 38%, 13% and 7%, respectively. So the time of 4min
and 50 ng/ml of concentration were chosen as the best time
of laser NIR irradiation and the effective concentration of
nanoparticles. Therefore, FA-SiO,@AuNPs was as an active tar-
geting agent for photothermal therapy with more than 80%
of A375 cells death after NIR laser irradiation. In addition, it
was found that the majority of cell deaths was related to the
apoptosis process (Figure 9).

These results are consistent with the results of other stud-
ies demonstrated by other researchers. Mehdizadeh et al.
conducted a study on the photothermal effects of folic acid
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bined FA- SiO,@Au nanoparticles. Abbreviations: Q1: necrosis cells; Q2: late apoptosis cells; Q3: early apoptosis cells; Q4: live cell.

conjugated gold Nanorods (FA-AuNRs) on human nasopha-
ryngeal carcinoma cell line KB. They indicated that under
treatment by laser irradiation (755 nm; 40J/cm?; 7 pulses;
pulse duration: 3 min) or using FA-AuNRs alone, no cytotox-
icity was observed. Whereas using combined plasmonic pho-
tothermal therapy with 20uM of FA-AuNRs, the 56% of cell
death was observed for KB cells [36].

In the field of multifunctional nanoparticles, photothermal
effects of gold Nanoshell functionalized with anti-HER2 were
studied by Naomi Halas et al. as a targeting agent designed
for photothermal therapy of SKBr3 breast cancer cells. They
synthesized immune targeted Nanoshells to both scatter light
in the NIR enabling optical imaging of molecular cancer and
to absorb light. They reported that immune targeted
Nanoshells are used to detect and kill breast carcinoma cells
that overexpress the HER2, as a relevant cancer biomarker
and selective ablation of targeted cancer cells through pho-
tothermal therapy. Cells were exposed to NIR irradiation
(820 nm, 0.08 W/m? for 7 min). After photothermal therapy,
cell death was observed only in cells treated by NIR laser
following being exposure to anti-HER2 Nanoshells. This
effect was not observed in cells treated either by Nanoshells
conjugated to a nonspecific antibody or by NIR light
alone [37].

In another study conducted by Habib Ghaznavi et al, the
folate-conjugated PEG-coated Au@IONP core-shell Nano

complex was synthesized and The photothermal effects of
Nano complex on both KB and MCF-7 (human breast adeno-
carcinoma) cell lines were investigated. The cytotoxicity of
the Nano complex was determined by MTT assay and flow
cytometry. Significant cell death was observed for KB (62%)
and MCF-7 (33%) cells following photothermal therapy.
Results indicated that KB cells overexpress folate receptors
on their membrane but MCF-7 has a lower level of folate
receptor expression [22].

In another study conducted by Da-Wi Wang et al, the
effects of photothermal therapy super-paramagnetic iron
oxide (SPIO) core and gold Nanorod (GNRs) by laser NIR
irradiation on cancer cells was investigated and it was
observed that the Fe;0,@SiO,@GNRs-FA nanoparticles had
more uptake in KB cells compared to Fe;0,@SiO,@GNRs
nanoparticles and viability of cells decreased to more than
50% after being exposed to laser radiation [11]. Thus, results
showed that the Fe;0,@Si0O,@GNRs-FA is an effective photo-
thermal therapy agent in terms of folate-receptor overex-
pressing in cancer cells, which is in accordance with the
results obtained in this study.

These promising in vitro results indicate that the FA-
SiO,@Au nanoparticles can generate sufficient heat under
near-infrared irradiation to cause the cytotoxicity of cancer
cells. Although, the results of the in vitro study, which were
reported here, have demonstrated some important steps



successfully regarding the FA-SiO,@Au nanoparticles com-
bined with photothermal therapy. Translation of this modality
to animal experiments is required clearly.

Conclusions

In this study, a SiO,@Au nanoparticle was engineered suc-
cessfully for use in cancer therapy. The prepared nanoparticle
was functionalized with folic acid to target the cancer cells
which overexpress folate receptors on their surfaces. It was
demonstrated that FA-SiO,@Au nanoparticles could be used
as an effective photothermal therapeutic agent for folate-
receptor overexpressing in melanoma cancer cell line A375.
This new therapeutic method for cancer therapy suggests
further investigation in terms of using in vivo models for
application in humans.
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