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ABSTRACT

In the current study, photosensitizer effect of carboxylate multiwalled carbon nanotubes (MWCNTs-
COOH) on CT26 fibroblastic cells following near infrared (NIR) irradiation was quantized in photo-
thermal therapy (PTT). Moreover, it was tried to achieve optimal dose of MWCNTs-COOH and laser
exposure time. Characterizations of MWCNTs-COOH were scrutinized using scanner electron microscope
(SEM), spectrophotometer, and particle size analyzer. The seeded CT26 cells were treated with nontoxic
concentrations of MWCNTs-COOH and then irradiated. Finally, viability (%) of the CT26 cells was deter-
mined using MTT assay. The findings revealed that 10, 50, and 80 pg/mL of MWCNTs-COOH have
remarkable photosensitizer effects on CT26 cancerous cell lines against NIR irradiation (2.5 W/cm?). It
was shown that using the 80 pg/mL concentration of MWCNTs-COOH against 60, 120, 180, 240, and
300 s of NIR irradiation and also, 10 and 50 ug/mL concentration of MWCNTs-COOH against 180, 240,
and 300 s of NIR irradiation can lead to significant decrease in mean cell viability (%) by more than
50%. According to the obtained data, it seems that using the PPT with MWCNTs-COOH, as adjunct
therapy in CT26 fibroblastic cells, can help to increase therapeutic ratio of main modalities of cancer
treatment such as radiotherapy, chemotherapy, and surgery.
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Introduction three common methods of thermal therapy which are classi-
fied according to the temperature and duration time of the
heat radiation [7]. In the hyperthermia therapy, the tumoral
cells underwent a temperature range of about 45-42 °C or a
higher temperature for a few minutes. It makes tumoral cells
sensitive against main treatments such as radiotherapy and
chemotherapy, and causes the death of a percentage of

these cells by heat [8-10]. Hyperthermia prevents the repair-

Cancer is considered as chief cause of death in developed
countries and also, it is second chief cause of death in devel-
oping countries [1,2]. According to a recent report, there
would be an estimation of 18.1 million new cancer cases
(other than nonmelanoma skin cancer) and 9.6 million cancer
deaths (other than nonmelanoma skin cancer) in 2018 [3].

There are various modalities for the treatment of cancerous
tumors such as surgery, radiotherapy, chemotherapy, cryo-
therapy, and ultrasound with high intensity [4-6]. However,
most of these therapeutic modalities are relatively effective,
and they may return and invasive. To reduce the adverse
side effects of treatment modality and damages of healthy
and non-target tissues and also to increase the efficacy of
treatment, it is necessary to consider successful therapeutic
approaches, such as the complementary treatments which
one of these treatments is thermal therapy [7,8].

Thermal therapy as a minimally invasive treatment can be
used instead of other methods or in combination with other
modalities such as surgery. Diathermia (41 °C), hyperthermia
(45-41°C), and thermal ablation (greater than 45 °C) are the

ing DNA damages of cells induce by radiation which is prob-
ably due to its effect on cell proteins [11].

Photothermal therapy (PTT) is a subset of hyperthermia ther-
apy. In PTT, the energy of photons converts to heat and ultim-
ately leads to the damage of cancerous cells. Heat sources in
this technique include near-infrared (NIR), radio-frequency (RF),
microwave, and ultrasound waves [8,10,12-14]. PTT is per-
formed in three ways: conventional photothermal, photothermal
based on dye molecules or natural chromophores, and nanoma-
terial-based photothermal. Latter method has more treatment
efficacy than the other two methods, because of the more use-
ful surface plasmon resonance (SPR) oscillations of nanoparticles
to dye molecules and natural chromophores. Therefore, in
nanomaterial-based photothermal method, less power and
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energy is needed to increase a certain amount of temperature
than conventional PTT, and the fundamental characteristics of
nanoparticles is optical stability [9,10,12,14,15]. In PPT, the plas-
monic nanoparticles are delivered to the tumor, and these par-
ticles are exposed to laser light. It causes oscillation of the
conduction band electrons, which results in the absorption or
diffusion of the light radiation. The absorbed light converts to
heat and irreversibly affects the surrounding tissues [16].

Carbon nanotubes, as an important element in the nano-
technology with excellent absorption in the optic window
area (650-900 nm), can be used as a powerful absorbent
agent in photothermal treatments to remove the treatment
limitations of deep areas [10,17-19]. These carbon-based
materials having tubular structures are made up of compli-
cated graphene sheets with a very small diameter. With
regard to the number of pipe walls, these nanomaterials are
divided into two categories: (1) multiwalled carbon nano-
tubes (MWCNTs) and (2) single-walled carbon nanotubes
(SWCNTs). Among the carbon nanotubes, MWCNTs have
unique physical and chemical properties, including a very
large surface, high physical and thermal stability, and excel-
lent conductivity; as because of these benefits, their use has
been taken into consideration in recent years [20,21].
MWCNTs are capable of converting NIR radiation to heat and
also, they are biocompatible. Studies have shown that
MWCNTs can reduce adverse side effects to healthy tissues,
leading to increased anticancer effects [22,23].

In this in vitro study, MWCNTs-COOH were used as photo-
sensitizer agents for increasing the efficiency of PTT. The
main characteristic of current study is using the carboxylate
functional group in MWCNTSs; as it contributes to optimal bio-
dispersity [24] in which the optimization of dispersity condi-
tion can increase the cellular uptake and finally, biological
desirable results [6]. Furthermore, it was tried to achieve opti-
mal results at low doses of MWCNTs-COOH and short laser
exposure times in PTT. It is notable that the MWCNTs-COOH
effect in PTT was evaluated on CT26 fibroblastic cells; as to
the best of our knowledge, this study is the first research on
investigating the MWCNTs-COOH effect on these cell lines.

Materials and methods
Preparation of nanoparticles

Carboxylic acid-functionalized multiwalled carbon nanotubes
(purity of MWCNTs-COOH >99%, OD: 20-30 nm, ID: 5-10
nm, length: 10-30 pm) were procured from US research
nanoparticles. Weight percentage of carboxylated functional
group (-COOH) into the MWCNTs-COOH agent was 2.73.
MWCNTs-COOH powders were suspended in distilled water
and diluted with cell culture medium (RPMI) to obtain the
desired concentration of 5, 10, 20, 40, 80, 100, 250, 600 ng/
mL. The stocks of MWCNTs-COOH suspension with measured
concentration of 600 pg/mL were prepared and maintained
for subsequent experiments in the refrigerator.
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Characterization of MWCNTs-COOH

The UV-visible absorption spectrum of MWCNTs-COOH sus-
pension was recorded using a UV spectrophotometer (4802
UV/VIS Double Beam Spectrometer) at a 200-1100 nm range.
In this process, the deionized water was considered as base
line. Also, the size and potential distribution were examined
using a particle size analyzer (PSA, Zetasizer, Malvem, UK).
Surface morphology of MWCNTs-COOH particles were
obtained by scanning electron microscope (SEM, Hitachi, S-
4800) with 10 KeV.

Determination of temperature induced by laser
irradiation

MWCNTs-COOH suspensions were prepared at the concentra-
tions of 0, 2.5, 5, 10, 25, 35, 50, 65, 80, 100, 250, and 500 pg/
mL and then, each sample was irradiated with an 810 nm
continuous-wave laser (MDL-25 w, CHANGCHUN New
Industries OPTOElectronics TECH CO, Spot size = 6 x 8 mm?)
in three different fixed powers (1.5, 2, and 2.5 w) for 20 s.
Finally, temperature fluctuations of samples were measured
by a thermometer (Testo-735).

Sterilization methods

The stocks of MWCNT-COOH particles were sterilized by etha-
nol treatment. The specimen was dissolved in a specified vol-
ume of 70% ethanol, then, it was centrifuged at 4000 rpm
for 10 min and air-dried in biosafety cabinet. To achieve a
stable and homogeneous suspension, MWCNTs-COOH par-
ticles were dispersed in water through ultrasonic bath (D-
78224 Singen/Htw) with 40 kHz frequency for 1.5 h.

Splitting of cells

All cellular experiments were implemented with CT26, undif-
ferentiated colon carcinoma cell lines of mouse, which were
prepared from the Pasteur institute of Iran (IPl). CT26 cell
lines were harvested in Roswell park memorial institute
(RPMI) 1640 medium supplemented with 10% fetal bovine
serum (FBS), 100 pg/mL streptomycin, 100 U/mg penicillin,
and incubated in an ambient of 95% air and 5% CO, at 37
°C for facilitation of dispersal. In order to replenish nutrients
and keep correct pH, cell medium was changed every
two days.

Determination of cytotoxicity

Harvested cells were reached approximately 80% confluent
(80% of flask surface covered by cells monolayer), then they
were removed by treatment with 0.05% trypsin, and 54 Xx
10 cells (number of wells in one group = 6; number of cells
in each well = 1 x 10°) were dispensed in nine groups with
different concentrations of MWCNT-COOH suspension (0, 5,
10, 20, 40, 80, 100, 250, and 600 pg/mL) into white-walled
96-well plate. Finally, MTT assay was conducted to obtain a
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Figure 1. Irradiation set-up of microplates. The cells were seeded with two wells spaced apart.

non-toxic concentration of MWCNTs-COOH suspension after
24 h.

Determination of photosensitization effect

With regard to the determination of nontoxic concentration,
in the next step of experiments, the cells were treated with
different concentrations of MWCNT-COOH particles (0, 10, 50,
80 pg/mL). Prepared microplates were incubated at 37 °C for
3 h. Then, the cell medium was changed and exposed to
laser irradiation for 20, 40, 60, 120, 180, 240, and 300 min.
Finally, MTT assay was implemented to quantitative of cell
viability in different laser irradiation time and MWCNT-COOH
suspension concentrations.

Laser irradiation schedule

Microplates, after three hours of incubation with different
concentrations of MWCNT-COOH suspension, were placed on
the designed base with carefully (Figure 1), so that the bot-
tom of the wells was exposed to laser irradiation. In order to
reduce the heat impact of adjacent wells during exposure,
the cells were cultured with two wells spaced apart and
empty wells were filled with distilled water.

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide) assay

MTT dye reduction assay was used to quantitative cytotox-
icity of nanoparticles and determination of cell viability dur-
ing the experiment. Exactly, after seeding period of CT26
cells with or without MWCNT-COOH particles and exposed of
laser irradiation, the cell mediums were elicited and added to
20 pL of MTT solution (Sigma M2128, 5 mg/mL) to each well,
and microplates were incubated for 4 h at 37 °C in a humidi-
fied 5% CO2-air mixture. After configuration of formazan crys-
tals, the MTT solution was discarded from the wells, without
perturbing the formazan precipitate. 100 pL/well dimethyl
sulfoxide (DMSO 100%; Sigma D 8779 ACS) was added to dis-
solve formazan. After 10 min, the absorbance of each well
was measured with a microELISA reader (EIA Reader, EL307,
Biotek Instruments, Burlington, VT) at 570 nm and reference
wavelength of 630 nm.

Statistical analysis

In the first step, the Kolmogorov-Smirnov test was used to
verify the normality of the data. In the next step, the p values
were calculated using one-way ANOVA test and Tukey test
for comparing the treatment groups. It should be noted that
p < .05 was considered to be statistically significant.

Results and discussion
Characterization of MWCNTs-COOH

The UV-visible absorption spectrum (Figure 2(a)) showed that
the absorbance of MWCNTs-COOH in the 200-1100 nm
wavelength range is much higher than water. According to
this absorption spectrum, maximum absorption occurred at
the 277 nm wavelength. These results were in line with the
findings of other studies [25,26]. Hence, MWCNTs-COOH sus-
pension increased heat generation and temperature com-
pared to water remarkably. In PTT, temperature increase of
MWCNTs is more efficiency than the other nanoparticles such
as SWCNTs, carbon nano-horn, gold nano-shells, and gold
nano-rods; as MWCNTs have a good absorption spectrum at
all wavelengths relatively [9,10,12,27].

As seen from the Figure 2(b) (SEM picture at 10 pm
dimension), surface morphology of MWCNTs-COOH revealed
that these particles were distributed very homogeneously on
the distilled water which its reason can be due to cross-link
roles of carboxylic acid groups between adjacent MWCNTs
[28,29]. Aggregation of MWCNTs particles at the distilled
water is an important limitation in the using of them [30,31].
Several methods have been suggested to solve this problem.
One of these is to connect the carboxyl group (-COOH) to
carbon nanotubes. This connection increases the dispersity of
carbon nanotubes in water [31]. With increasing the carbon
nanotube dispersion, absorption in the NIR region is
appeared and it leads to an increase heat production in pho-
tothermal therapy subsequently [30,32,33].

The MWCNTs-COOH size distribution curve was obtained
and presented in Figure 3(a). According to this curve, the
largest number of MWCNTs-COOH has a diameter of about
47 nm. Zeta potential is an important factor in the distribu-
tion of nanoparticles. When the zeta potential is high enough
(regardless of the negative or positive sign), it will ensure the
stability of the nanoparticles’ suspension, nevertheless, low
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Figure 2. UV/VIS absorption spectrum of MWCNTs-COOH using a duplex atomic absorption spectrophotometer (a) and SEM image of MWCNTs-COOH particles (b).
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Figure 3. Size distribution curve (a) and Zeta potential distribution curve (b) of MWCNTs-COOH by particle size analyzer (PSA, Zetasizer, Malvem, UK).
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Figure 4. The temperature fluctuations of MWCNT-COOH suspension at various concentrations against three power levels (1.5, 2, and 2.5 watts) upon 20 s irradi-

ation time. Temperature was measured by thermometer (Triplicate).

zeta potential leads to accumulation of nanoparticles in sus-
pension [34]. According to the zeta potential distribution
curve of MWCNTs-COOH (Figure 3(b)), the highest number of
MWCNTs-COOH particles has a zeta potential of about -24.8
mV. The findings of this part bear little resemblance to other
findings of previous studies [35,36]. The reasons for these dif-
ferences can be as different solvent medium of MWCNTs-
COOH particles.

Temperature response of distilled water against laser
irradiation

The results (Figure 4) demonstrated that the temperature of
distilled water exposed to laser radiation increases after 20 s
at the presence of various concentrations of MWCNTs-COOH.
An increased water temperature was recorded for three laser
powers of 1.5, 2, and 2.5 watts, separately. As shown in
Figure 4, at a concentration more than 80 pg/mL, the tem-
perature begins to decrease smoothly. In addition, this
behavior was observed in the all three laser powers (1.5, 2,
and 2.5 watts). Thus, a 2.5 watt laser power was used to
investigate the photosensitizer effects of MWCNT-COOH,
because it created the highest temperature in the aqueous
medium (Figure 4).

To induce heat in the NIR region, MWCNTs are more effi-
ciency than SWCNTs, because MWCNTs have more electrons
in each particle to energy absorbance [30]. In a study by
Bruke et al., it was showed that MWCNTs and SWCNTSs at 0.1
mg/mL concentration increase the temperature to 28 and 4
°C, respectively. It means that MWCNTs were able to increase
the temperature of seven times more than the SWCNTs at a
same concentration. Also, MWCNTs at concentration of 100
mg/mL and SWCNTs at concentration of 2000 mg/mL
resulted in same temperature increase, which this concentra-
tion of the SWCNTs is a very high concentration for in vivo
and in vitro studies [32]. In another study, Fisher’s et al.
reported that to generate the same temperature in to differ-
ent condition with and without MWCNTSs, it should be used a
50.9 w/cm? laser (without MWCNTSs) instead of 15.3 w/cm?

S[ENRNNE
60 4 I

40 -
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0 5 10 20 40 80 100 250 600
Concentration (ng/ml )

Figure 5. CT26 cells viability (%) for determination of MWCNTs-COOH cytotox-
icity was measured by MTT assay. Percent of toxicity = (ODtest/ODcontrol) x
100. The experiments were repeated three times.

(with MWCNTSs), and the radiation exposure time increases
from 5 min (with MWCNTs) to 10 min (without MWCNTSs). It
is clear that photo-thermal therapy is impossible with high
radiation power of laser [30].

Cytotoxicity measurements

After 24 h treatment of CT26 cells with different concentra-
tions of MWCNTs-COOH suspensions (5, 10, 20, 40, 80, 100,
250, and 600 pg/mL), the MTT assay results were obtained.
The dose-response curve (Figure 5) was plotted to evaluate
MWCNTs-COOH cytotoxicity. As indicated in the expression of
the data, the total numbers of the CT26 cells in each of the
concentrations were normalized to the corresponding control
groups. It can observe from Figure 5 which the mean cell via-
bility (%) reduces by increasing the MWCNTs-COOH suspen-
sion concentration. The mean cell viabilities (%) in some
treatment groups, such as the concentrations of 5, 20, and
40 pg/mL, were about 1-2.5% higher than the control group
which their reason may be due to stimulation of cell prolifer-
ation in these conditions. Nevertheless, the mean cell viability
(%) in the mentioned groups had not significant difference
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Figure 6. Mean cell viability (%) of the CT26 cells treated with different concentrations of MWCNTS-COOH particles against laser radiation. The subgroups were

compared to the 0 pg/mL (control) in each group by Tukey test.

compared to control groups (p values > .05). Only group
treated at concentration of 600 ng/mL had a significant dif-
ference at the cell viability (%) compared to the control
group (p values = .001). In the other treatment groups (5, 20,
and 40 pg/mL), the mean cell viabilities (%) were 1 to 2%
less than the control group. According to statistical analysis,
no significant decrease at the mean cell viability (%) was
found after 24-h in the CT26 cells treated by 5, 10, 20, 40, 80,
100, 250 pg/mL of MWCNTs-COOH suspensions compared to
control group (p values > .05). The data would seem to sug-
gest that the MWCNTs-COOH suspensions with concentration
of <250 pg/mL were nontoxic for CT26 cells.

The results of the cytotoxicity in other studies are closely
related to our study. Bruke et al. study showed that MWCNTs
do not have any toxic effect on the renal cancer cells lines
[32]. Frohlich et al. measured cytotoxicity of MCNTs on differ-
ent cell lines using formazan bioreduction method. Their
results revealed that there are no significant differences in
the mean cell viability (%) of MCNTs at concentrations up to
50 pg/mL compared to the vehicle group [37]. Nanoparticle
distribution plan, cell lines, and cell viability assay can be the
cause of cytotoxicity fluctuation [6,38,39].

Quantification of photosensitizer effect

In order to cancerous cell treatment and to achieve higher
therapeutic efficacy, multiple therapeutic methods can be
important [7-9]. The main goal of the multiple therapies is to
prevent the recurrence of tumor. One of the most important
reasons for tumor recurrence is the exist of hypoxic cells in
the central regions of the tumors [7,8,40]. The central cells of
tumor have fewer PHs than the peripheral cells, causing radi-
ation resistance against X-rays and gamma rays [7,8]. To
reduce this problem, some solutions were presented, includ-
ing (1) using high-oxygen during radiation therapy, (2) using
sensitive drugs that specifically affects low-oxygenated cells,
(3) using high-level LET rays, (4) hyperthermia therapy [7-10].

According to the experimental results obtained in the
aqueous medium (Figure 4), the highest laser power of 2.5

watts was selected. At the first, CT26 cells were treated with
MWCNTs-COOH suspensions at concentrations of 0, 10, 50,
and 80 pg/mL. Then, the cells were irradiated with laser at
different period times of 20, 40, 60, 120, 180, 240, and 300 s.
The results of these experiments (treated cells with MWCNTSs-
COOH against laser radiation), as the mean cell viability (%)
and standard deviation, were illustrated in Figures 6 and 7.

As shown in Figure 6, the mean cell viabilities (%)
decrease with increasing of MWCNTs-COOH concentration at
each period time of laser irradiation. For example, the mean
cell viabilities (%) for concentrations of 0, 10, 50, and 80 ug/
mL at the period time of 20 s were 0.98 + 0.37%, 87.35 £
1.60%, 81.82 + 5.13%, and 74.87 + 0.40%, respectively. These
values for 2-min laser irradiation were 92.2 + 0.34%, 51.2 +
2.78%, 74.75 £ 5.34%, and 2.7 = 1.07%, respectively. In fact,
at the 80 pg/mL concentration of MWCNTs-COOH, approxi-
mately 98% of the cells died with 2 min of laser irradiation.
Our experiment agreed with previous results [30,41,42].
Mocan et al. demonstrated that 10 and 50 pg/mL concentra-
tions of MWCNTs-PEG lead to significant cytotoxicity com-
pared to control group against laser irradiation (3 min, 808
nm, 2 W/cm?) [42]. Also, Fisher et al. and Eldridge et al. rep-
resented that 10 and 100 pg/mL concentrations of MWCNTs
increase cell death compared to NIR alone signifi-
cantly [30,41].

On the other hand, it was shown that in each concentra-
tion of MWCNTs-COOH, the cell viabilities (%) decrease with
increasing the radiation exposure time (Figure 7). For
example, at 50 pg/mL concentration, the cell viability (%) for
radiation times of 20, 40, 60, 120, 180, 240, and 300 s were
81.82 = 5.13, 70.37 = 2.51, 585 + 5.4, 3547 = 5.34, 21.58 =
091, 839 + 3.77, and 4.62 + 0.43, respectively. In other
words, in the 50 pg/mL concentration of MWCNTs-COOH
with 4 min of laser irradiation, about 92% of the cells died.

In Figure 6, all groups were compared to control group (0
ng/mL concentration of MWCNTs-COOH). According to Figure
6, the mean cell viabilities (%) in treated groups with 10, 50,
and 80 pg/mL concentrations of MWCNTs-COOH against spe-
cific irradiation time increased remarkably compared to the
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Figure 7. Mean cell viability (%) of the CT26 cells treated with different concentrations of MWCNTS-COOH particles against laser radiation. The subgroups were

compared to the 20 s in each group by Tukey test.

Table 1. Results of comparison of the mean cell viability (%) between different irradiation times at the specific concentration of MWCNTs-COOH using t-test.

p-Values obtained based on comparison of the mean cell viability (%) between two different irradiation times at the specific

concentration

Groups based on radiation

time (s) 0 pg/mL 10 pg/mL 50 pg/mL 80 pg/mL
20 and 40 994 951 .168 <.001
20 and 60 .596 .034 .006 <.001
40 and 60 .888 105 147 <.001
40 and 120 .081 .005 .01 <.001
40 and 180 .053 <.001 <.001 <.001
60 and 120 322 180 .006 .003
60 and 180 21 .003 <.001 .003
120 and 180 1.000 .054 079 1.000
120 and 240 129 .007 .002 992
120 and 300 .001 <.001 .001 .168
180 and 240 .200 538 .090 991
180 and 300 .001 .057 .029 165
240 and 300 .017 504 .946 357

The p values <.05 have been bolded.

control group. For example, in the group of 2-min laser
irradiation and 10, 50, and 80 pg/mL subgroups, p values
were .001, <.001, and <.001, respectively.

In Figure 7, all irradiation time were compared to 20-s
irradiation time in each group. According to Figure 7, the
mean cell viabilities (%) in the control group with exposure
times of 40 and 60 s had not suppressed significantly (p val-
ues > .05). But the mean cell viabilities (%) with exposure
times of 120, 180, 240, and 300 s decreased remarkably
(p values were .040, .026, .002, and <.001, respectively) in
compared with 20 s. In the next group (10 pg/mL of
MWCNTs-COOH), the mean cell viabilities (%) with laser irradi-
ation times of 40, 60, 120, 180, 240, and 300 s were signifi-
cantly low (p values were .034, .002, <.001, <.001, and
<.001, respectively). Also, in the other groups (50 and 80 pg/
mL of MWCNTs-COOH), the mean cell viabilities (%) with laser
irradiation times of 40, 60, 120, 180, 240, and 300 s were sig-
nificantly low (p values were <.001).

Dong et al. investigated the photothermal effect of
MWCNTs/DOX/TC (MWCNTs-COOH conjugated with TAT-

chitosan loaded on DOX), MWCNTs/DOX, MWCNTs/TC or
MWCNTs/DOC/TC at concentrations of 5 and 10 pg/mL dur-
ing 5 min NIR irradiation with 1 W/cm? Their findings dem-
onstrated that MWCNTs/DOX/TC (compared with MWCNTs/
DOX, MWCNTs/TC, or MWCNTs) have more efficient photo-
thermal effects and cause to temperature increase of 6.1 °C
(5 pg/mL) and 8.0 °C (10 ng/mL) during 5 min of laser irradi-
ation. Furthermore, they showed that MWCNTs/TC (with 5
and 10 pg/mL of CNT) had no significant toxic against
Bel7402 hepatoma cells after 72 h incubation either with
laser irradiation. However, MWCNTs/DOX/TC or MWCNTs/DOX
with laser irradiation demonstrated a smoothly enhanced tox-
icity in comparison with those of without laser irradiation
after 24 and 48 h incubation [43]. In our study, 10 pg/mL of
MWCNTs-COOH contribute to temperature increase of 4 °C
against 20 s irradiation. Also, using different concentrations
of MWCNTs-COOH against the various time duration of laser
allowed us to quantify the behavior of MWCNTs-COOH.

In addition, the mean cell viabilities (%) were compared
between different groups to achieve optimal time duration
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Table 2. Results of comparison of the mean cell viability (%) between different concentrations of MWCNTs-COOH at the specific irradiation time using t-test.

Groups based on
MWCNTs-COOH

p-Values obtained based on comparison of the mean cell viability (%) between two different concentrations at the specific

irradiation time

concentration

(ng/mL) 20 (s) 40 (s) 60 (s) 120 (s) 180 (s) 240 (s) 300 (s)
0and 10 .053 .026 .033 .001 <.001 <.001 <.001
10 and 50 .306 .048 .694 .024 .019 .010 .008
50 and 80 .185 .048 .005 .001 .002 130 .042

The p values < .05 have been bolded.

of laser irradiation. As shown in Table 1, the mean cell viabil-
ity (%) between 120 and 180 s laser irradiation times did not
significantly varied at the groups with concentrations of 0,
10, 50, and 80 pg/mL of MWCNTs-COOH suspension (p values
were 1.000, .054, .079, and 1.000, respectively). Hence,
increasing the exposure time from 120 to 180 s cannot be
justified because it causes further damage to the normal tis-
sues in the laser path without increment of treatment ratio.

Based on the obtained results (Table 2), the mean cell via-
bilities (%) did not increase significantly with increment of
MWCNTs-COOH concentration from 10 to 50 pg/mL at the 20
and 60 s of laser irradiation times (p-values were 0.306 and
0.694, respectively). However, this increment of MWCNTs-
COOH concentration cannot be justified for observation of
remarkable results; because it will lead to supplementary
cytotoxicity.

In the current study, the temperature increase in water
medium by 2.5 w/cm? laser (irradiation time = 10 min) at
groups without and with 80 pg/mL MWCNTs-COOH were
58.2 and 6.3 °C, respectively. This temperature at the pres-
ence of MWCNTs-COOH can be harmful to nontarget organ-
isms and leads to heat damage. Therefore, the amount of
temperature increase should be adequately controlled to
minimize the thermal damages to the nontarget tissues. To
solve this problem, new approaches must be designed to
reduce the concentration of nanoparticles, radiation exposure
time and radiation power in experiments [30,32,33].
Moreover, selectively increase the amount of nanoparticles in
the target tissue can lead to reduce the thermal-induced
adverse side effects; as it can be achieved with drug delivery
system by conjugating nanoparticles to specific molecules
and antibodies [44].

With regards to the findings of current study, it seems
that investigating the conjugating of various functional
groups to multiwalled carbon nanotubes in photothermal
therapy for targeted drug delivery in future studies may be
helpful. Also, the use of anionic, cationic and biocompatible
nonionic surfactants, to increase the dispersity of multiwall
carbon nanotubes can play an important role in increasing
the therapeutic efficiency. Presumably it is possible to clarify
and quantify the relationship between the degree of toxicity
of multiwall carbon nanotubes with the amount of cellu-
lar uptake.

Conclusion

According to the results of current study, it could be reason-
ably argued that MWCNTs-COOH can employ as photosensi-
tizer agents with lower concentrations. As detailed, using the
80 pg/mL concentration of MWCNTs-COOH can decrease the

viability of CT26 fibroblastic cells by 23.26, 39.06, 86.84, 89.5,
88.96, 85.59, and 80.72% against 20, 40, 60, 120, 180, 240,
and 300 s of NIR irradiation, respectively. To achieve desirable
results, the irradiation time should not increase, because
presence of the 80 of MWCNTs-COOH upon 60 s of NIR irradi-
ation has almost the same results with those of 120, 180,
240, and 300 s. It seems that focusing the thermal energy on
cancer cell/tissue using lower concentration of MWCNTs-
COOH without increasing of NIR irradiation time can result to
favorable therapeutic results.
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