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Abstract The use of lasers has emerged to be highly prom-
ising for cancer therapy modalities, most commonly, the
photothermal therapy method. Unfortunately, the most com-
mon disadvantage of laser therapy is its nonselectivity and
requirement of high power density. The use of plasmonic
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nanoparticles as highly enhanced photoabsorbing agents has thus
introduced a much more selective and efficient cancer therapy
strategy. In this study, we aimed to demonstrate the selective
targeting and destruction of mouth epidermal carcinoma cells
(KB cells) using the photothermal therapy of folate-conjugated
gold nanorods (F-GNRs). Considering the beneficial character-
istics of GNRs and overexpression of the folate receptor by KB
cells, we selected F-GNRs as a targeted photothermal therapy
agent. Cell viability was evaluated using a 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Apoptosis
was determined by flow cytometry using an annexin V—fluores-
cein isothiocyanate/propidium iodide apoptosis detection kit. No
cell damage or cytotoxicity from the individual treatment of laser
light or F-GNRs was observed. However, a 56 % cell lethality
was achieved for KB cells using combined plasmonic
photothermal therapy of 20 uM F-GNRs with seven pulses of
laser light and 6-h incubation periods. Cell lethality strongly
depends on the concentration of F-GNRs and the incubation
period that is mainly due to the induction of apoptosis. This
targeted damage is due to the F-GNRs present in the cancer cells
strongly absorbing near-infrared laser light and rapidly
converting it to heat. This new therapeutic avenue for cancer
therapy merits further investigation using in vivo models for
application in humans.

Keywords Folate-conjugated - Gold nanorod - Targeted
therapy - Photothermal therapy - NIR laser light - KB cells
Introduction

The use of heat has been one of the primary methods for treating
tumors since its ancient usage in 1700 BC when a glowing tip of

a fire drill was used for breast cancer therapy [1]. Heat sources,
including focused ultrasound, laser light, and microwaves [2, 3],
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can induce localized heating in a specific region, which is
termed hyperthermia. Hyperthermia is defined as heating tissue
to a temperature in the range of 41-47 °C [1-4]. The benefits of
thermal therapeutics over conventional resection are numerous;
most thermal approaches are minimally invasive or noninvasive,
relatively simple to perform, and have the potential of treating
embedded tumors in vital regions in which surgical resection is
not feasible [2]. However, all of these heat sources have the
common limitation that the heating is nonspecific. Hyperthermia
can destroy both malignant and benign cells.

Among these heat sources, laser light at near-infrared (NIR)
frequencies can penetrate tissues with sufficient intensity and
greater spatial precision for inducing localized hyperthermia [4].
Unfortunately, laser light heating suffers from the major issue of
nonspecificity. One route to improve the spatial selectivity of
laser heating is to load the tumor tissue with gold nanoparticles
of different shapes and structures, such as nanoshells, nanorods,
nanocages, and other types of nanoparticles [5, 6]. Exposing
nanoparticles to laser radiation near their plasmon-resonant ab-
sorption band makes it possible to produce localized heating of
the nanoparticle-labeled cells without harming the surrounding
healthy tissues [5, 7]. When the nanopatrticles are irradiated, they
absorb energy, which is rapidly transferred through nonradiative
relaxation into heat and has accompanying effects, and this
process eventually leads to irreparable damage of the cells [8,
9]. The mechanisms through which hyperthermia causes cell
death include protein denaturation and the rupture of cellular
membranes [10]. In addition to their enhanced absorption, scat-
tering, and good biocompatibility, gold nanoparticles can also
conjugate to a variety of biomolecular ligands, antibodies, and
other targeting moieties. This property makes gold nanoparticles
suitable for use in biochemical sensing and detection, medical
diagnostics, and therapeutic applications [11]. To have suitable
penetration in tissue for in vivo photothermal treatment, laser
irradiation with a long wavelength (650-900 nm) should be
used. The use of long-wavelength laser irradiation requires the
maximum absorption band of the nanoparticles to be in the NIR
region [12]. To improve treatment efficacy, the heat conversion
efficacy of the nanoparticles should be maximized. Gold
nanorods are the best option for achieving this goal. Gold
nanorods are easily tuned to the NIR region by simple manip-
ulation of their aspect ratio (length/width) and have been exten-
sively studied for cancer therapy applications. They have the
advantages of small sizes (on the order of 10x50 nm, compa-
rable to gold colloid particles), high absorption coefficients, and
narrow spectral bandwidths. Owing to their distinctive rod
shape, gold nanorods have two absorption peaks corresponding
to the longitudinal and transverse resonances. The transverse
resonance occurs at around 520 nm, while the longitudinal
resonance can span the visible and NIR wavelengths. Recent
studies have investigated the photothermal heating efficiencies
of NIR-absorbing gold nanoparticles, and both theoretical and
experimental results have shown that nanorods offer a superior
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absorption cross-section versus gold-silica and gold-gold sul-
fide nanoparticles when normalizing for particle size differences,
as well as heating per gram of gold that is at least six times faster
than gold-silica nanoshells [13—15].

For better treatment, there is a need to target cancer treatments
to the tumor region without damaging healthy tissue. Active
targeting must be used to achieve this requirement. Active
targeting is based on selectively targeting cancer cells using a
specific binding site on the surface of the cell, such as a receptor
[16]. A more effective and active targeting system is further
needed to enhance intracellular uptake of drug containing
nanocarriers within cancerous cells at the tumor site [17]. Various
targeting moieties or ligands against tumor cell-specific receptors
have been immobilized on the surface of nanoparticulate carriers
to deliver them within cells via receptor-mediated endocytosis.
Among them, vitamin folic acid (folate) has been widely
employed as a targeting moiety for various anticancer drugs
[18]. Folic acid drug conjugates provide a promising group of
nanomaterials for active targeting [19, 20]. Folic acid
(pteroylglutamate) is water-soluble. Folate is transported into
both healthy and cancer cells by the folate receptors on the cell
membrane. These receptors transport folate into the cytoplasm of
the cell for the synthesis of thymine by dihydrofolate reductase.
Cells regulate the presence of folate receptors on their surface.
Cancer cells tend to overexpress the folate receptor because of
their high requirements for folate. Because folate is necessary for
DNA nucleotide synthesis and cell division, a cancer cell will
require significantly more folate than a healthy cell. It has been
proposed that the folate receptor is a suitable targeting agent
because of its low expression level in healthy tissues and
overexpression in cancerous tissues. An advantage offered by
folate is its possible conjugation with a number of nanotechnol-
ogy platforms, such as gold nanoparticles and chemotherapeutic
agents [16, 19, 21, 22].

Here in this study, considering beneficial characteristics of
gold nanorods, we selected such nanostructure for photothermal
therapy of mouth epidermal carcinoma cells (KB cells). The
laser irradiation of cells was performed at a wavelength of
755 nm. This wavelength is in the NIR region at which tissue
has low absorption. Since KB cells overexpress the folate re-
ceptor, we have chosen folate-conjugated gold nanorods (F-
GNRs) as a targeted nanostructure.

Materials and methods
Materials

F-GNRs were purchased from the PlasmaChem GmbH (Berlin,
Germany). Trypan blue, Dulbecco’s modified Eagle’s medium
(DMEM), Roswell Park Memorial Institute 1640 cell culture
media, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), dimethyl sulfoxide (DMSO), streptomycin,
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penicillin, and trypsin—ethylenediaminetetraacetic acid (EDTA)
were purchased from Sigma-Aldrich Corp. (St. Louis, MO,
USA). Fetal calf serum (FCS) was purchased from Gibco®.
The KB cell line was obtained from the Pasteur Institute of Iran,
Tehran, Iran.

Preparation of GNRs functionalized with folate

GNRs with the plasmon band at 763 nm were prepared by
PlasmaChem GmbH according to the study of Murphy et al.,
with the minor modification [23]. In order to prepare F-GNRs,
30 mg of GNRs were washed four times by water and sepa-
rated on a centrifuge, after which were dispersed in 100 ml of
0.1 M cysteine aqueous solution and stirred for 12 h at room
temperature. The resulting cysteine-coated GNRs were washed
several times by water and dispersed into water using ultra-
sonic bath treatment. One hundred milligrams of folic acid was
dissolved in 5 ml of DMSO. To this solution, 100 mg of N-
hydroxysulfosuccinimide sodium salt was added. After com-
plete dissolution, the solution was stirred for 12 h. The
obtained folic acid NHS solution was added dropwise to
100 ml of the aqueous solution of GNRs. Reaction was
allowed to proceed for 3 h. The obtained target product (folic
acid-modified GNRs) was washed several times by water
using a centrifuge and then stored as an aqueous dispersion.
UV-visible (UV-vis) absorption spectroscopic measurements
were recorded on a single-beam UV—vis spectrometer, Agilent
8453, using quartz cells of 1 cm path length at room temper-
ature. The dynamic light scattering (DLS) profile was obtained
by Brookhaven 90Plus Nanoparticle Size Analyzer to identify
size distribution and effective diameter of nanoconjugates.

Cell culture

Our experiments were conducted on KB cells (derived from
an epidermal carcinoma in the mouth of an adult Caucasian
male) because of their high levels of folate receptors. The KB
cell line was grown as a monolayer using the DMEM cell
growth media with L-glutamine and NaHCO; supplemented
with 10 % FCS, penicillin (100 U/ml), and streptomycin
(100 pg/ml) in 75 cm’ flasks. The cells were maintained in a
humidified atmosphere that contained 5 % CO, and 95 % air
at 37 °C, and the culture medium was changed every 2 days.

Light source

In this study, an alexandrite laser (Candela GentleLase) was
used as the laser light source. The properties of the laser source
were a wavelength of 755 nm, pulse duration of 3 ms per pulse,
an energy fluence of up to 100 J/cm?, and a spot size (diameter)
range that varied between 6 and 18 mm. The treatment param-
eters were selected based on the results obtained during our
primary pilot studies.

Cytotoxicity effects of GNRs or F-GNRs

In order to determine the KB cells confluence in culture
medium, they were washed with a trypsin~-EDTA solution
for 5 min at 37 °C to detach any adherent cells from the
surface of the flask. The cells were then resuspended in culture
media, centrifuged (at 1,200 rpm for 5 min), and then manu-
ally counted with a hemocytometer and a microscope using a
trypan blue staining assay to ensure their viability. The trypan
blue staining method measures the number of living and dead
cells in a specific volume of cells suspension (or cell density).
When the cells reached more than 85 % confluence esti-
mated using a trypan blue staining assay, GNRs or F-GNRs at
different concentrations (5, 10, and 20 uM) were dispersed in
deionized water and incubated in culture medium that
contained 10° cells/ml for different incubation periods (5, 6,
and 7 h). The same density of cells without GNRs or F-GNRs
was included as control group. When the incubation period
was complete, the cells were centrifuged at 1,200 rpm for
5 min. The cells were then separated and plated at a density
of 15,000 cells/well in flat bottom 96-well plates. MTT and
annexin V binding assays were performed to evaluate the cell
survival rate and induction of apoptosis, respectively.

Cytotoxicity effects of NIR laser light exposure to cells

To examine the effect of laser light on the KB cell line, cells in the
absence of the nanoconjugates were exposed to different laser
pulse numbers. For this reason, when the cells reached more than
the desired confluence, they were plated at a density of 10° cells/
well in flat bottom 24-well plates. The laser irradiation of each
well was performed separately at a power density of 40 J/em?® and
wavelength of 755 nm using different pulse numbers including 1,
3,5,7,12, and 15 pulses for each group. The light spot covered a
single well, which was considered one experimental group.
These examinations were conducted to observe how different
numbers of laser pulses in the absence of F-GNRs affect the cell
survival rate. After exposure, the cells were incubated overnight,
separated, plated at a density of 15,000 cells/well in flat bottom
96-well plates, and then evaluated cell survival rate and induction
of apoptosis by performing MTT and annexin V binding assays.

Cytotoxicity effects of F-GNRs in combination with NIR laser
light on KB cells

To examine the effect of combined treatment with NIR laser light
and F-GNRs on the KB cell line, cells in the presence of the F-
GNRs were exposed to seven pulse numbers of NIR laser. After
reaching the desired confluence, the cells (10° cells/ml) were
incubated with three different concentrations of F-GNRs for
three different incubation times. After incubation, the cells were
centrifuged at 1,200 rpm for 5 min. Subsequently, the treated
cells were plated at a density of 10° cells/well in flat bottom 24-
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well plates and were then exposed to seven pulses of laser light
and incubated overnight. The incubated cells were then separat-
ed and plated at a density of 15,000 cells/well in flat bottom 96-
well plates. MTT and annexin V binding assays were performed
to evaluate the cell survival rate and induction of apoptosis.

MTT-tetrazolium assay

The viability of the KB cells was estimated using the MTT-
tetrazolium assay [24-27], which measures the ability of meta-
bolically active mitochondria in live cells to reduce a colorless
tetrazolium compound to a blue formazan product. To perform
this assay, the culture medium was removed. After adding 100 pl
of FCS-free culture medium, 10 pul MTT was also added to each
well, and the plate was incubated for 4 h. After 4 h, the culture
medium was removed from the wells, and the cells were lysed in
200 pl of DMSO. Finally, the absorbance of the dissolved
formazan was read at 545 nm using an ELISA reader (Stat
Fax-2100 Awareness, Mountain View, CA, USA). The relative
survival of the cells was represented as the absorbance of the
treated sample/absorbance of the control group. The optical
density of dissolved formazan is directly proportional to living
cells. In our experiments, we designed control groups beside the
treated groups, and therefore, the ratio of optical density (or
absorbance) of the treated group to the control group is equal to
cell survival. All experiments were repeated at least three times.

Detection of cell apoptotic rates by flow cytometry

The extent of apoptosis was measured through annexin V—
fluorescein isothiocyanate (FITC) apoptosis detection kit as
described in the manufacturer’s instructions. After performing
our experiments on cells, the cells were plated at a density of
200,000 cells/well in flat bottom 24-well plates. The cells were
washed twice with PBS buffer and then resuspended in
annexin binding buffer. Cells were then incubated with annexin
V-FITC/propidium iodide (PI) in the dark for 15 min. After
staining, the results were obtained using a flow cytometer and
analyzed using the FlowJo software package. Viable cells were
negative for both PI and annexin V-FITC; apoptotic cells were
positive for annexin V-FITC and negative for PI, whereas late
apoptotic dead cells displayed strong annexin V-FITC and PI
labeling. Nonviable cells, which underwent necrosis, were
positive for PI but negative for annexin V-FITC.

Statistical analysis

The SPSS software package (SPSS Inc., Chicago, IL, USA) for
Windows® version 12.0 was used for the statistical analyses of
the data. The data were analyzed for significant differences
(P<0.05) using the Mann—Whitney test to compare all of the
experimental groups. Cytotoxicity (ICso) data of MTT assay
were analyzed using the GraphPad computer software. The
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results obtained using annexin V binding assays were ana-
lyzed using the FlowJo software package. The survival curves
were generated using the GraphPad Prism 5 software package.

Results
Characterization of F-GNRs

The absorption spectrum of F-GNRs (shown in Fig. la)
presented characteristic absorption peaks of folate (280 and
360 nm). The maximum absorption peak of GNRs before
conjugation with folate is 763 nm, as shown with the blue
arrow in Fig. la. The maximum absorption peak of F-GNRs
with the plasmon band in the UV—vis spectra appeared at
around 780 nm, which indicated that the optical properties
of GNRs were affected after functionalization with folate.
Figure 1b shows the DLS profile of F-GNRs showing that
the size distribution of the nanoconjugates is in the range of
30-50 nm and the effective diameter of conjugation is 40 nm.

Cytotoxicity of the GNRs or F-GNRs before NIR laser
therapy

The survival percentages for KB cells incubated with different
concentrations of GNRs with different incubation periods are
presented in Table 1. No significant cytotoxicity (P>0.05)
was observed, even at the highest concentrations of GNRs
(20 uM) and incubation periods (7 h). The results from the
cytotoxicity effects of the F-GNRs on the KB cells are
presented in Table 2. Likewise, no significant cytotoxicity
(P>0.05) was observed, even at the highest concentrations
of nanoparticles (20 uM) in KB cells that overexpress the
folate receptor before NIR laser therapy. The results clearly
demonstrated that neither GNRs nor F-GNRs reduced the
viability of KB cells in the absence of photothermal therapy.

Effects of NIR laser light exposure on cells

Figures 2 and 3 present the results of the in vitro studies on the
KB cell line using an alexandrite laser without the presence of
nanoparticles. The figures indicate that no significant cell
lethality occurred when the number of pulses was increased
up to seven pulses (p>0.05). Figure 2 shows that exposure of
the KB cell line to the laser is harmless when up to seven
pulses are applied using the listed specifications. As shown in
Fig. 3, there was no significant induction of apoptosis ob-
served in cells that were exposed to seven laser pulses (~5 %).

Photothermal studies of the GNRs and F-GNRs

Interesting results were observed when F-GNRs in combina-
tion with NIR laser light were applied in the photothermal
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Fig. 1 a The absorption
spectrum of F-GNRs. The
maximum absorption peaks of
GNRs and F-GNRs with the
plasmon band in the UV—vis
spectra appeared at around 763
and 780 nm, respectively. b DLS
profile of folate-conjugated
GNRs. The size distribution of
F-GNRs is in the range of
30-50 nm and the effective
diameter of conjugation
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Table 1 Survival rates for KB cells incubated with different concentrations of GNRs in combination with or without seven pulses of laser

Concentration (M) Survival rates (5 h incubation) Survival rates (6 h incubation) Survival rates (7 h incubation)
Before laser After laser Before laser After laser Before laser After laser
100+6.09 97.93+5.9 100+£6.09 97.93+5.9 100£6.09 97.93+5.9
5 95.90+4.48 80.91+6.12 96.47+5.08 76.34+3.4 98.63+2.19 76.04+4.8
10 89.88+5.49 77.63+4.84 92.48+1.68 63.54+4.87 96.58+3.02 63.67+3.87
20 96.01+3.00 83.81+£4.45 94.50+3.13 60.57+3.36 95.714+3.86 62.51+7.07

Data are expressed as the mean+SD. P>0.05, survival rates for all concentrations of GNRs in different incubation periods compared to the control
sample (0 M concentration). P<0.05, survival rates for all concentrations of GNRs and exposed to seven pulses of laser compared to the control sample
(0 uM concentration). P<0.05, survival rates for all concentrations of GNRs and exposed to seven pulses of laser compared to the control sample (before
expose to laser). The data were analyzed for significant differences using the Mann—Whitney test
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Table 2 Survival rates for KB cells incubated with different concentrations of F-GNRs in combination with or without seven pulses of laser

Concentration (M) Survival rates (5 h incubation)

Survival rates (6 h incubation)

Survival rates (7 h incubation)

Before laser After laser Before laser After laser Before laser After laser

100+6.09 97.93+£5.9 100+6.09 97.93+5.9 100+6.09 97.93+5.9
94.95+2.76 69.67+£2.53 98.14+2.51 63.91+£3.84 97.70+£3.26 64.95+2.87
10 95.17+4.16 56.91+£5.94 96.49+2.77 57.97+1.89 96.33+£2.13 58.80+1.18
20 93.58+3.24 52.69+1.39 96.40+4.29 44.30+3.13 93.24+4.68 57.22+5.97

Data are expressed as the mean+SD. P>0.05, survival rates for all concentrations of F-GNRs in different incubation periods compared to the control
sample (0 uM concentration). P<0.05, survival rates for all concentrations of F-GNRs and exposed to seven pulses of laser in different incubation
periods compared to the control sample (0 pM concentration). P<0.05, survival rates for all concentrations of F-GNRs and exposed to seven pulses of
laser in different incubation periods compared to the control sample (0 M concentration). The data were analyzed for significant differences using the

Mann—Whitney test

therapy of KB cells. In Tables 1 and 2, we report the survival
percentages of KB cells incubated with 0, 5, 10, and 20 uM of
the GNRs or F-GNR nanoconjugates for 5, 6, and 7 h of
incubation in combination with or without seven pulses of
laser. The results show that the survival of cells incubated with
GNRs or F-GNRs after exposure to laser light was less than
that of cells before exposure to laser light (Figs. 4 and 5).
Moreover, the reduced survival of cells incubated with F-
GNRs is more significant than that of the cells incubated with
GNRs. The percentage of live KB cells in each incubation
period is dependent on the nanoconjugate dosage of F-GNRs.
The greatest cell lethality was observed at a concentration of
20 uM F-GNRs and an incubation period of 6 h after exposure
to laser light (Fig. 5). The induction of apoptosis significantly
increased after exposure to laser light in cells incubated with
GNRs or F-GNRs (Figs. 6 and 7). In addition, the apoptosis
induction of cells incubated with F-GNRs in the presence of
NIR laser light is more significant than that of the cells incu-
bated with GNRs.

1501

100

survival

’

pulse number

Fig. 2 The survival percentages of KB cells following exposure to
different numbers of laser pulses with the following properties: 15 mm
diameter spot size, 40 J/cm® fluence, 755 nm wavelength, and 3 ms pulse
durations. The laser was not exposed to the control group, and we
considered this group for evaluating other parameter on cell lethality.
**%P<0.001, survival rates for KB cells exposed to 15 pulses of laser
compared to the control sample (0 pulse). The data were analyzed for
significant differences using the Mann—Whitney test
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Discussion

Photothermal therapy is in part based on photodynamic ther-
apy, in which photosensitive dyes can be selectively retained
and accumulated in specific tissues or cells. With sufficient
light irradiation, the dye can be brought to an excited state
where it releases vibrational energy (heat). Unlike the conven-
tional methods for cancer treatment (e.g., surgical removal,
radiotherapy, chemotherapy), photothermal treatment only
leads to the selective destruction of cancer cells via hyperther-
mia, but with minimal injury to the surrounding healthy cells.
As reported in the literature, GNRs has recently been one of
the promising materials for use in various biomedical appli-
cations, especially for imaging and cancer hyperthermia be-
cause of their biocompatibility and tunable light absorption
properties [28]. Shukla et al. suggested that colloidal gold
nanospheres do not show any cytotoxic effect up to 100 uM
concentration, even after incubation for up to 72 h with
RAW264.7 macrophage cells [29]. There are, at present, only
a few other publications considering the possible cytotoxicity
of gold nanoparticles and even fewer that specifically address
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Fig. 3 The binding percentage of annexin V to cells irradiated with

different numbers of laser pulses. The flow cytometry results of cell
exposure to different numbers of pulses
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Fig.4 The survival percentages obtained for the KB cells before and after
photothermal treatment with various GNR concentrations and incubation
periods (C1=20 uM, C2=10 pM, and C3=5 pM; T1=5 h, T2=6 h, and
T3=7h)

gold nanorods. But, there is evidently still some statistically
important reduction of cell viability due to the nanorods,
particularly if at higher concentration [30]. Nevertheless, in
our study, no significant cytotoxicity was induced in KB cells
by the GNRs up to 20 uM concentration. This result indicates
that GNRSs is safe for cells in the absence of light irradiation,
even over incubation times up to 7 h.

However, the GNRs in the presence of appropriate light
irradiation produce high temperatures. The level of temperature
produced by GNRs impregnated inside cancerous cells can be
controlled by the level and duration of radiation in order to
photothermally kill the cells [16]. In photothermal cancer ther-
apy, the fast and intensive internalization by cancer cells is one
of most important factors. Efficient transformation of NIR by
GNRs to heat energy and their easy bioconjugation determine
their use as good photothermal agents in cancer cell targeting. In
spite, there is also a potential problem in so far as nonspecific
uptake of gold nanorods might cause interference. Therefore, it
appears important to avoid nonspecific uptake and accumulation
of gold nanorods. Specificity of effect and selective targeting
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Fig. 5 The survival percentages obtained for the KB cells before and
after photothermal treatment for different F-GNR concentrations and
various incubation periods (C1=20 uM, C2=10 puM, and C3=5 uM;
T1=5h, T2=6 h, and T3=7 h)

Fig. 6 The binding percentage of annexin V to cells incubated with
GNRs of different concentrations and incubation periods before and after
photothermal treatment (C1=20 uM and C2=10 uM; T1=5 h, T2=6 h,
and T3=7 h). P<0.05, percentage of annexin V'PI as the index of
apoptotic cells for all concentrations of GNRs and exposed to seven
pulses of laser compared to the control sample (before expose to laser)

can be achieved, generally by functionalization of the gold
nanorods with a biomolecule [28].

In 2007, Huff et al. [31] used GNRs coated with
cetyltrimethylammonium bromide (CTAB) for rapid and irre-
versible internalization by KB cells. Although this coating
material increases the cellular uptake level, it exhibits consid-
erable toxicity. In another study, Huff et al. demonstrated that
plasmon-resonant GNRs, which have large absorption cross-
sections in NIR frequencies, were excellent candidates as multi-
functional agents for image-guided therapies based on localized
hyperthermia. The authors observed that the controlled modifi-
cation of the surface chemistry of the NRs is of critical impor-
tance as issues of cell-specific targeting and nonspecific uptake
must be addressed before clinical evaluation. Nanorods coated
with CTAB were internalized within hours into KB cells by a
nonspecific uptake pathway. In contrast, the careful removal of
CTAB from the NRs functionalized with folate resulted in their
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Fig. 7 The binding percentage of annexin V to cells incubated with F-
GNRs of different concentrations and incubation periods before and after
photothermal treatment (C1=20 uM and C2=10 uM; T1=5h, T2=6 h, and
T3=7h). P<0.05, percentage of annexin V'PI" as the index of apoptotic cells
for all concentrations of F-GNRs and exposed to seven pulses of laser
compared to the control sample (before expose to laser)
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accumulation on the cell surface over the same time interval [4].
Therefore, Folic acid can be used for active tumor targeting
because cancer cells require excessive folic acid, which is a ligand
for folate receptors [4, 32].

Mansoori et al. [16] used two types of F-GNPs for the
selective targeting of folate receptor-positive cancerous cells.
Upon receiving intense pulsed light, a greater killing of cells
was observed in human adenocarcinoma (HeLa) cells than in
MCEF-7 cells. HeLa cells are known to overexpress folate
receptors [33], while MCF-7 is known as a very-low-level
folate receptor expression cell [34]. Actually, in the research of
Mansoori et al., preferential targeting to cancerous cells by the
two nanoconjugates was studied by comparing the results
obtained from HeLa and MCF-7 cell lines. This result dem-
onstrated that folate targeting is effective for selective cancer
cells targeting in which folate receptors are overexpressed.
Huff et al. have also conjugated folate ligands with
oligo(ethylene glycol) spacers to gold nanorods by in situ
dithiocarbamate formation. The F-GNRs were found to spe-
cifically bind to the surface of KB cancer cells [4]. In this
regard, doxorubicin nanoaggregates delivered using folate
receptor targeting [21]. The authors produced doxorubicin—
polyethylene glycol-folate conjugates and exposed them to
folate moieties that were overexpressed on the surface of KB
cancer cells. In this study, it was demonstrated that the doxo-
rubicin nanoaggregates exhibited a greater extent of intracel-
lular uptake against folate receptor-positive cancer cells than
folate receptor-negative cells, which indicates that the cellular
uptake occurs via a folate receptor-mediated endocytosis
mechanism. A previous study also used GNRs for heat-
induced tumor cell death studies. In their study, the authors
designed nanorods that contain folate moieties on their surface
targeted toward the plasma membrane of malignant KB
cells and NIH-3 T3 cells, which express high and low folate
receptor levels on their surfaces, respectively. As expected, in
contrast to the INH-3 T3 cells, the KB cells were densely
coated with the F-GNRs. Photothermolysis was investigated
after laser irradiation of the cells, and the results indicated that
degradation of the actin network causes considerable degrada-
tion of the plasma membrane integrity, which leads to specified
cell death [35].

In our study, to improve the cell-specific targeting of GNRs
by cancer cells, the GNRs were conjugated with folate to target
KB cells overexpress the folate receptor. Hence, the KB cells
were incubated with F-GNRs and then exposed to continuous
seven pulses of NIR laser (wavelength of 755 nm) at 40 J/cm?
fluence. No photothermal destruction is observed on the cells
in the absence of nanoconjugate at the same energy required to
kill the cells with F-GNRs conjugate bonded. F-GNRs thus
offer a novel type of selective photothermal agents using a
NIR laser at low powers. And the MTT data showed that, upon
different times of incubation, the F-GNRs in a concentration-
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dependent manner could suppress the proliferation and growth
of KB irradiated with NIR laser and more than 50 % cells
can be killed when the incubation time was 6 h at 20 uM of
F-GNRs.

Tong et al. have proven this to be useful for characterizing
the cellular uptake of GNRs. This study involves the targeted
delivery of F-NRs to KB cells overexpressing the high-affinity
folate receptor, which is known to internalize folic acid
conjugates by receptor-mediated endocytosis. Upon incuba-
tion with KB cells for 6 h prior to TPL imaging, F-NRs were
present in high density on the surface of the outer membrane
[35]. This is totally consistent with the results of our
photothermal treatment of KB cells with F-NGPs, in which
maximum cell death was observed after 6 h of incubation.

In another study, the GNRs were conjugated with the folate
(F-GNRs) and targeted to the hepatocarcinoma cell line
(HepGy,). In this report, the photothermal effects of the parti-
cles on the HepG, cell line were investigated using MTT
assay, flow cytometry, cell morphology assays, cytoskeleton,
cell surface adhesion, and stiffness at the subcellular level.
The authors observed that NIR laser-induced hyperthermia of
F-GNRs could break the cell membrane integrity and homeo-
stasis and subsequently lead to depolymerization of the cyto-
skeleton and an influx of intracellular calcium ions. The
immunofluorescence images also confirmed that cytotoxicity
was associated with the involvement of apoptosis and reorga-
nization of the cytoskeleton [28]. The conjugation and adsorp-
tion on the cell membrane is presumably mediated by multi-
valent binding to the folate receptors on the cell surface, a
widely used system for targeted delivery to tumor cells [32,
36]. On the other hand, the F-GNRs mostly located in/on the
cell membrane or cytoplasm but not nuclear. As Lovri¢ re-
ported, green QDs (entered the nucleus) were significantly
more toxic than red QDs (distribution in cytoplasm) tested in
PC12 cells. Therefore, this also implied that F-GNRs had little
inherent cytotoxicity [37], which was consistent with the MTT
result in our study.

In previous experiments using laser energy and gold nano-
particles to kill cancer cells, a maximal thermal effect with 30-
to 40-nm size particles was observed [38]. In accordance, our
study showed that the size distribution of F-GNRs was in the
range of 30—50 nm and the effective diameter of conjugation
is 40 nm (Fig. 1Db).

To ascertain whether or not the inhibitory effect was asso-
ciated with the induction of apoptosis, staining cells with
annexin V-FITC and PI labeling were performed. Percentage
of annexin V'PI” as the index of apoptotic cells for all con-
centrations of F-GNRs and exposed to seven pulses of laser
was significantly increased compared to the control sample
(before expose to laser). Plasma membrane phospholipids are
asymmetrically distributed between inner and outer leaflets of
the plasma membrane. Thus, while phosphatidylcholine and
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sphingomyelin are exposed on the external surface of the lipid
bilayer, phosphatidylserine is located on the inner surface. It
has been shown recently that loss of phospholipids asymmetry,
leading to exposure of phosphatidylserine on the outside of the
plasma membrane, is an early event of apoptosis. The antico-
agulant annexin V preferentially binds to negatively charged
phospholipids such as phosphatidylserine. By conjugating fluo-
rescein to annexin V, it has been possible to use such a marker
to identify apoptotic cells by flow cytometry. During apoptosis,
the cells become reactive with annexin V after the onset of
chromatin condensation but prior to the loss of the plasma
membrane ability to exclude PI. Therefore, by staining cells
with a combination of fluoresceinated annexin V and PI, it is
possible to detect nonapoptotic live cells (annexin V-negative,
PI-negative), early apoptotic cells (annexin V-positive, PI-
negative), and late apoptotic or necrotic cells (PI-positive) by
flow cytometry [39]. In our study, the induction of apoptosis
significantly increased after exposure to laser light in cells
incubated with F-GNRs, as shown in the annexin V binding
assay results. Therefore, the reduction in cell survival that was
observed during the MTT assay is primarily due to apoptosis.
Because the F-GNR nanoconjugate material contains fo-
late, it can be applied to selectively target folate receptor-
positive cancer cells, which overexpress the folate receptor on
their surface. The significant absorption of this nanoconjugate
makes it a promising material for use in cancer therapy and
the thermal ablation of tumors. We have experimentally dem-
onstrated a method for selective nanophotothermolysis using
folate-conjugated GNRs. The method was applied to the KB
cell line. An alexandrite laser was used to heat the F-GNRs
nanoconjugate, and promising results were obtained.

Conclusion

No significant cytotoxicity was induced in KB cells by differ-
ent concentrations of GNRs and F-GNR nanoconjugates. This
result indicates that these nanoparticles are safe for cells, even
over incubation times up to 7 h. Exposure of the KB cell line
to an alexandrite laser (up to seven pulses) was observed to be
safe for cells that were not incubated with GNRs or F-GNRs
utilizing the procedure introduced here. However, a 56 % cell
lethality was achieved for KB cells using combined plasmonic
photothermal therapy of 20 uM F-GNRs with seven pulses of
laser light and 6-h incubation periods. From our results, it is
obvious that reduction in cell survival is mainly due to the
induction of apoptosis, and this is an advantage for our
photothermal treatment. This targeted damage is due to the
F-GNRs present in the cancer cells strongly absorbing NIR
laser light and rapidly converting it to heat. This new thera-
peutic avenue for cancer therapy merits further investigation
using in vivo models for application in humans.
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