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Abstract Surface plasmon resonance effect of gold nano-
structures makes them good candidates for photothermal ther-
apy (PTT) application. Herein, gold-ferrite nanocomposite
(GFNC) was synthesized and characterized as a photothermal
agent in PTT. The aim of this study was to investigate the
effect of GFNC upon laser irradiation on treatment of cancer
in mice bearing melanoma cancer. Thirty mice received 1.5 %
10° B16/F10 cells subcutaneously. After 1 week, the mice
bearing solid tumor were divided into four groups: control
group (without any treatment), laser group (received laser ir-
radiation without GFNC injection), GFNC group (only re-
ceived intratumorally GFNC), and GFNC+laser group (re-
ceived intratumorally GFNC upon laser irradiation). In
GFNC+laser group, 200 pL of fluid, 1.3x10™" mol L™" gold
nanoparticles, was injected intratumorally and immediately
the site of tumor was exposed to continuous wave diode laser
beam (808 nm, 1.6 W cm 2) for 15 min. All mice but four
were euthanized 24 h after treatment to compare the necrotic
surface area histologically by using measuring graticule. Sta-
tistical analyses revealed significant differences in necrosis
extent for GFNC+laser group, compared to other groups.
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Four subjects (control group and GFNC+laser group, two
mice each) were kept for longitudinal study. Histological anal-
yses and tumor volume measurements of the four subjects
indicated that tumor in GFNC+laser group was controlled
appropriately. It was concluded that combining an 808-nm
laser at a power density of 1.6 W cm > with GFNC has a
destruction effect in melanoma cancer cells in an animal
model.
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Introduction

Today, there is high demand to replace conventional therapeu-
tic strategies with non-invasive methods for cancer treatment.
The aims of these new methods are to diagnosis cancer early,
preserve normal tissues, and decrease side effects [1, 2]. Using
different sources of energy is a base for these new methods,
such as ultrasound, microwave, radiofrequency, cold, heat,
and light [3]. Therapeutic approaches based on using light
include photodynamic therapy (PDT) and photothermal ther-
apy (PTT). PDT is a light-activated method of photosensi-
tizers to generate reactive oxygen species. PTT is tissue abla-
tion via photothermal effect of a light source [4, 5]. Generally,
for minimizing radiant absorption in hemoglobin and water as
major absorbers of light in the body, to reach deeper penetra-
tion of radiant in tissue, near-infrared (NIR) wavelengths
around 650-900 nm are used [6]. Studies [7, 8] showed tem-
perature increment by laser irradiation between 42 and 60 °C
will develop coagulative necrosis in 24 to 72 h after treatment.

Metal nanoparticles (NPs) such as gold nanostructures
[9-12] and carbon nanostructures [13, 14] absorb light and
act as photothermal agents and, therefore, improve the
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efficiency of NIR penetration depth. Also, visible light exci-
tation of metal NPs induces singlet O, formation and PDT
[15]. Among all metallic nanostructures, gold nanostructures
are exclusive with remarkable optical properties due to size
confinement and surface plasmon resonance (SPR) effects.
The frequency of the SPR relies on the size, shape, and dielec-
tric properties of the particles, and gold nanostructures possess
adjustable optical properties [16].

In the field of theranostic nanomedicine, multifunctional
nanomaterials that combine several abilities are simultaneous-
ly employed for diagnosis, follow-up, and treatment of tumors
[17, 18]. Gold NP-based multifunctional nanocomposites [19]
and carbon nanotube-based nanocomposites [20], like gold/
single wall carbon nanotubes [21], are among theranostic
agents which employ optical properties of gold nanostruc-
tures. Spinel ferrite NPs, with general formula MFe,0,, M=
Ni*", Mn?", Zn>", or Co®", have potential applications for
magnetic resonance imaging, cell labeling, drug delivery,
and hyperthermia [22]. By combination of magnetic proper-
ties of magnetic materials and plasmonic properties of other
NPs, theranostic approaches with further therapeutic and di-
agnostic modalities would be provided [23]. For this purpose,
a variety of nanocomposites have been designed. One exam-
ple is the nanocomposites of iron oxides NPs and cancer-
targeting materials [24]. In another study [25], Fe;O04/Au
nanocomposite was synthesized to make a multifunctional
material with both magnetic and optical properties.

To achieve multimodal imaging, MRI and fluorescence
imaging, as well as photothermal ablation, gold nanoshell-
based complexes [17], or other composites of gold nanostruc-
tures with magnetic materials are among the best candidates.

In the present study, gold-ferrite nanocomposite (GFNC) as
a single composite nanomaterial that can be used in various
therapeutic modalities was synthesized and characterized by
transmission electron microscopy (TEM), Fourier transform
infrared spectroscopy (FTIR), and UV-vis spectrophotometry.
GFNC was exposed to a continuous-wave (CW) diode laser at
808 nm to assess photothermal effect of the nanostructure.
Finally, ablation of cancer cells by using this effect was ex-
plored in mice bearing implanted melanoma tumor. In this
regard, soon after intratumorally injection of GFNC, tumor
site exposed to the laser beam, and after 24 h, histological
analyses were performed.

Materials and methods

Materials

All chemicals were used without further purification and ob-
tained from Sigma Chemicals Co. (USA), Scharlau Chemie

Co. (Spain), or Merck Co. (Germany). Dextrin was obtained
by roasting pure corn starch at 200 °C for 2 h.
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Synthesis and characterization of CFNPs and GFNC

Dextrin-coated Cog 5Zng sFe,O4 NPs (CFNPs) were synthe-
sized by the aqueous precipitation technique. Briefly, the in-
dividual metal chloride, in the appropriate stoichiometric pro-
portions (mole ratio of Co/Zn/Fe of 0.5/0.5/2), was dissolved
in a diluted HCI solution (0.1 mol L") and was heated to
80 °C. A 4 mol L' NaOH and 12.5 g dextrin were prepared
separately and heated to 80 °C. These hot solutions were then
rapidly mixed with stirring (final pH of 12.0). The temperature
was then increased to 100 °C and stirring was continued for
1 h, for crystallization of the ferrites. Then, the solution was
cooled and the precipitate was collected by a permanent mag-
net and washed several times with distilled water to neutralize
the supernatant.

Synthesized dextrin-coated CFNPs (100 puL of
0.1 mg uL ") were transferred to a vortexing solution of
100 mL of deionized water containing 0.16 g HAuCl,. After
heating the mixture to its boiling point, 400 uL heat solution
of 0.1 M sodium citrate was added immediately and was
stirred for 1 h until a clear pinkish solution of GFNC was
formed.

UV-vis spectroscopy of CFNPs and GFNC were recorded
on a Rayleigh UV2601 double beam UV-vis spectrophotom-
eter. The size of GFNC was characterized by using Zeiss-
EMI10C transmission electron microscope operating at
80 kV, on a carbon formvar-coated copper grid. FTIR was
performed by Burker Tensor 27 to identify surface structure
of the sample.

Photothermal effect in GFNC solutions upon laser
irradiation

An 808-nm diode laser was applied as a light source with a
lens mounting at the output that allowed the laser spot size to
be changed by changing the distance from the output to the
target. The output power was independently calibrated by
using a handheld optical power meter (Lambda, Australia)
and was found to be 1.0 W for a spot in diameter of 3.5 mm
(~8 W cm?) and a 2-A supply current. Laser light with an
output power density of 1.6 W ¢cm 2 was focused separately
into two 1.5-mL autoclavable plastic vials, containing 900 pL.
of GFNC. The concentrations of gold NPs (GNPs) in the
samples were 6.65x10° and 1.3x10" mol L™' obtained by
measuring their absorbance and using an absorption coeffi-
cient of 1.89x10% mol ' L™ em™" (for 12-nm GNPs).

The temperature changes in GFNC fluid during laser irra-
diation were measured by a thermoprobe (DAJ Co., Iran) over
a period of 10 min. The probe was placed vertically in the
center of the samples, approximately 3—5 mm deep inside
the vials. Water was used as a control sample in the same
conditions.



Lasers Med Sci (2016) 31:221-227

223

Cell and mice preparations

Mouse malignant melanoma cell line C540 (B16/F10) was
obtained from National Cell bank of Iran (NCBI) affiliated
to Pasteur Institute of Iran (http://ncbi.pasteur.ac.ir/). The
cells were cultured in RPMI medium with 10 % fetal bovine
serum and 1 % penicillin-streptomycin in a humidified cell
culture incubator at 37 °C, 5 % COs,.

Thirty male BALB/c mice (5 weeks old, body weight of
~20 g) were obtained from the center of comparative and
experimental medicine, Shiraz, Iran. The protocol was ap-
proved by the committee on the Ethics of Animal Experiments
of Shiraz University of Medical Sciences. The animals were
housed in special cages at a controlled temperature (24=+2 °C)
and humidity (40-70 %) with weekly floor exchange. They
had free access to water and standard pelleted laboratory ani-
mal diets. A 12:12 light/dark cycle was followed in the men-
tioned animal vivarium.

Tumor implantation and NIR laser irradiation of tumor
in mice

The tumors were implanted by subcutaneous injection of 1.5 x
10° B16/F10 cells in 100 pL phosphate buffer saline into the
back of the neck of male BALB/c mice. Approximately,
1 week after tumor implantation, solid tumors appeared.
Twenty-three mice bearing implanted tumors with the average
tumor volume of about 0.55 cm® were selected for treatment
and were randomly divided into four groups. During the treat-
ment process, all subjects were anesthetized with intramuscu-
lar injection mixture of ketamin (10 %) and xylazine (2 %) and
the subjects were shaved in the tumor areas.

Four animal groups include the control group (six tumor-
bearing mice with no treatment), laser group (six tumor-
bearing mice received intratumorally injection of saline and
laser irradiation), GFNC group (three tumor-bearing mice on-
ly received intratumorally GFNC injection), and GFNC+laser
group (eight tumor-bearing mice received GFNC fluid and
laser irradiation). GFNC fluid (the concentration of GNPs
was 1.3x1077 mol L™") was injected intratumorally to the
subjects of GFNC and GFNC+laser groups correspond to a
dosage 0of 2.7x 10" mol mice ' GNPs. Slow injection of the
fluid in two locations of the tumors was tried (with a rate of
injection of ~15 L s ') to have a good distribution of GFNC
in the tumors. Immediately after injections, tumor site of the
subjects in laser group and GFNC+laser group was exposed
to a CW diode laser (808 nm; 1.0 W, DAJ Co., Iran) with a
power density of 1.6 W c¢cm > for 15 min. After 24 h, all
subjects but four were sacrificed and the tumoral masses were
removed.

To investigate the overall health condition of mice, their
body weights were measured before the treatment and before
the euthanasia. The four subjects (control group and GFNC+

laser group, two mice each) were kept for longitudinal study to
ensure health condition of mice for a longer period of time and
weather GFNC particles had still remained in the tumor. Two
subjects in the GFNC+laser group were followed for 2 weeks,
but two of them in the control group were followed until the
8th day. Since their tumor volume was more than 800 mm®,
they were sacrificed due to ethics. During this time, subjects
were monitored by tumor size measuring via a caliper and
body weight measurements. After this time, their tumors and
tissues of the liver, kidney, and spleen were removed for his-
tological analyses.

Histological analyses of tumor tissues

The removed tumor tissues were fixed in 10 % buffered for-
malin, routinely processed, and embedded in paraffin. Sec-
tions with 3—5 wm were prepared and analyzed after hematox-
ylin and eosin (H&E) and Pearl’s iron staining. The Pearl’s
iron stain was used to confirm the presence of NPs and to
differentiate NPs from melanin pigments which were pro-
duced by tumoral cells. After preparation of slides from tumor
tissues, the inflammation and necrotic surface area were esti-
mated by using measuring graticule (Olympus, Japan) in sub-
jects of four groups. The percentage of necrosis (with a X400
magnification) against the whole tumor area was estimated
and graded; 100, 75, 50, 25, 12.5 %, and no necrosis. These
were considered as 5%, 4%, 3%, 2%, 17, and zero, correspond-
ingly [26]. In order to investigate the severity of inflammation
based on the presence of acute and chronic inflammatory, all
infiltration was graded as sever (5), moderate (4"), mild (3),
few (2", and no (0). Finally, the data corresponding to necro-
sis and inflammation grading in all subjects, as non-parametric
data, was analyzed statistically via the Kruskal-Wallis test
(SPSS version 15) to investigate significant differences (at a
level of 5 %) in necrosis and inflammation extent among four
groups. The Mann-Whitney test was performed to investigate
pair-wise comparison.

Results and discussion

Over the past several decades, melanoma incidence has almost
reached epidemic proportion. Late-stage melanoma is not cur-
able by current clinical tools [27, 28]. Therefore, hyperthermia
as a comprehensive treatment has potential to ablate this type
of cancer. For this purpose, GFNC was synthesized and char-
acterized by TEM, FTIR, and UV-vis spectrophotometry.

A TEM image of GFNC is shown in Fig. la. It clearly
shows that the synthesized GFNC is a mixture of spherical
structure of Zng sCog sFe,O4 NPs (FCNPs) with the mean
diameter of 4 nm and GNPs with the mean diameter of
12 nm with higher contrast. Figure 1b shows the UV-vis ab-
sorption spectra of GFNC. The maximum absorption of
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Fig. 1 a TEM image of GFNC, particles with higher contrast are GNPs and others are Cog sZng sFe;O4 NPs. b UV-vis absorption spectra of GENC. ¢

FTIR spectra of GFNC

GFNC is about 530 nm based on SPR of GNPs. A FTIR
spectrum of FCNPs is shown in Fig. lc. In the spectrum,
bands at around 3420, 2924, and 1045 cm™ ' were related to
O-H stretching vibration, the symmetric vibration of -CH,—
group, and the —CO- vibration of the alcohol functional
group. These results confirmed surface coating FCNPs by a
dextrin layer.

To evaluate the photothermal effect of GFNC, the temper-
ature enhancement of two different concentrations of GFNC
was measured under NIR irradiation (808 nm) at a power
density of 1.6 W cm ~ during 10 min. The temperature incre-
ments in the control sample and GFNC fluids with concentra-
tions of 6.5%10"'* and 1.3x 10”7 mol L™ GNPs after 10 min
of laser exposure were 10.3, 18.5, and 25.8, respectively
(Fig. 2). The temperature increment is concentration depen-
dent, and both concentrations exhibited a very intense
photothermal effect under NIR irradiation, compared to the
control sample. GFNC with the concentration of 1.3 %
1077 mol L' GNPs showed a maximum temperature of
54.8 °C. Therefore, GFNC at the concentration of 1.3 %
107 mol L™" GNPs under the 808-nm laser irradiation was
selected for in vivo studies.

After the treatment process, for histologically evaluating
the PTT-mediated efficiency on the destruction of malignant
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cells in four subject groups, animals were sacrificed 24 h after
treatment. Both treated and non-treated tumors were com-
posed of one nodule that contains malignant melanoma cells
with melanin pigments. After Pearl’s iron staining, it was
found that GFNC is in black color and melanin pigment is
in brown color in H&E-stained images. Figure 3a shows the
microscopy image of a Pearl’s iron-stained slide of a tumor
which indicates the presence of iron particles near tumoral

30
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Fig.2 The temperature increases for GFNC with concentrations of 1.3 x
1077 mol L™" (circle), 6.65% 107° (square), and control sample (triangle)
exposed to an 808-nm diode laser irradiation during 10 min
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Fig.3 almage of Pearl’s iron staining for detection of NPs. Iron particles
in GFNC are stained as blue (green arrows). The melanin pigment is seen
as brownish pigment in malignant cells (yellow arrows). b Images of
H&E-stained slides (x400) of non-treated tumor with viable malignant
cells containing brownish melanin pigment (green arrows). ¢ H&E-
stained slide (x400) of the subject in the laser group with intermediate

cells. Figure 3b—e shows microscopy images of H&E-stained
tumor slides of the four groups. Figure 3b shows viable ma-
lignant cells in tumoral tissue (grade 1 necrosis). Figure 3¢
shows foci of coagulative tumor cell necrosis (grade 3 necro-
sis) in the subjects of laser group. Figure 3d shows no necrosis
in surrounding area of the NPs in H&E-stained slides of the
GFNC group (grade 1 necrosis). Therefore, treatment of tumor
with GFNC in the absence of laser irradiation does not cause
any anti-melanoma effect on tumoral cells. Tumors of
GFNC+laser group show more severe coagulative necrosis
around the tumors as well as the centers of tumors in compar-
ison to tumors in other groups. Abundant iron particles were
present as both extracellular (in tumor cells) and intracellular
(intracytoplasmic) in tumor centers of groups received GFNC
injection (Fig. 3d, e).

In GFNC+laser group, a large amount of cancer cells was
destroyed due to photothermal therapy (grade 5 necrosis). As
shown in Fig. 3e, necrotic arecas were around the NPs which
prove the effect of heat dissipation due to the presence of
GNPs under laser irradiation.

Statistically, it was indicated that there were significant
differences between the four groups in necrosis area (p val-
ue=0.000, statistical value=17.602) and the Mann-Whitney
test showed significant differences between GFNC+laser
group with other groups in necrosis extent (p values<0.05).
All groups revealed variable degrees of inflammation sur-
rounding tumor walls, but differences were not statistically
significant (p value=0.125, statistical value=5.741).

The treatment was also evaluated after 2 weeks from the
treatment in GFNC+laser group compared to control group
with monitoring of the tumor volume (Fig. 4) and histological

necrosis level. d The GFNC group. The GFNC particles are easily seen as
black dot areas near tumor cells (orange arrows). Viable malignant cells
are seen (blue arrow), too. No necrosis is observed around GFNC. e
H&E-stained slide (x400) of the subject in the GFNC+laser group.
Yellow, green, and orange arrows show coagulative necrosis, inflamma-
tion, and GFNC, respectively

analyses (Fig. 5). Figure 4 shows tumor volume in control
subjects had a rapid upward trend while tumor growth in
GFNC+laser group was controlled appropriately. Figure 5a
illustrates H&E-stained images of the subject in GFNC+laser
group. As it can be seen in this figure, cancer cells are ther-
mally ablated while the melanin pigments are present. Plenty
of black spots can be seen in these images attributed to the
presence of GFNC. Figure 5b—d indicates that no particle is
evident in organs like the kidney, spleen, and liver and they
have normal tissues. Absence of NPs in these organs in sub-
jects euthanized 24 h after treatment as well as subjects of the
longitudinal study is related to particles size and intratumoral
administration of them. It was reported that particles with a
diameter more than 50 nm are taken up by the liver after

2000
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—24— micel (control)
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Fig.4 Tumor volume changes vs. days after treatment in the longitudinal
study for two mice in the GFNC+laser group (friangle, multiplication
sign) and two mice in the control group (diamond, square), during
2 weeks
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Fig.5 a H&E-stained slide of tumor of subject in the GFNC+laser group
of'the longitudinal study after 2 weeks. Yellow border and orange arrows
show necrosis area and GFNC, respectively. b H&E-stained slide (x400)

intravenous injection [29]. It should be noted that no loss in
mice body weight was observed. Therefore, the photothermal
therapy did not have negative influence on overall health of
mice after the treatment until 2 weeks.

Other thermal ablation approaches using radiofrequency
and microwave did not induce adequate heating and it dam-
aged healthy tissues [30-34]; however, results show gold
nanostructures accompanied by laser irradiation have poten-
tial to destroy tumor cells without damaging the surrounding
healthy tissues. With the limitation of this study, the groups
with laser irradiation show a degree of surface ulceration, so in
the future study, tailored nanostructures with shorter laser ir-
radiation time help to remove this side effect. Because GFNC
is a composite of GNPs and magnetic NPs, FCNPs, it has
potential to be used as a multifunctional agent which enables
multimodal imaging (MRI and NIR fluorescence imaging)
and therapy [17]. In addition, while the depth penetration of
NIR laser was 0.5 cm, using internal fiber optic laser source
for treating tumors in the body can be useful [35].

Conclusions

In this study, we present that GFNC is a good NIR light-
activatable photothermal therapy agent. Photothermal out-
come due to these NPs depends on their concentration and
power density of laser irradiation. GFNC enabled to destroy
B16F0 melanoma tumors in mice upon NIR light irradiation
(via an 808-nm diode laser) without additional organic photo-
sensitizers. Results show necrosis area in the GFNC+laser
group compared to other groups was statistically the largest,
with a p value of 0.006 and statistical value of 17.602, but
inflammation severity in all groups was not statistically differ-
ent with p value and statistical value of 0.125 and 5.741,
respectively. After 2-week monitoring tumor volumes of the
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of normal kidney of a subject who received GFNC+laser. ¢ H&E-stained

slide (x400) of normal spleen of subject received GFNC +laser. d H&E-
stained slide (x400) of normal liver of subject received GFNC+laser

mice received GFNC+laser, it was illustrated that after treat-
ment, the mice were in good health condition and the malig-
nant cells were ablated suitably. Therefore, PTT-mediated
GFNC with a minimum invasive therapeutic method might
be effective in destroying tumor cells, and after some modifi-
cations, it might be used clinically.
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