Photodiagnosis and Photodynamic Therapy 25 (2019) 472-479

Contents lists available at ScienceDirect

Photodiagnosis @
Photodynamic

Therapy

Photodiagnosis and Photodynamic Therapy

journal homepage: www.elsevier.com/locate/pdpdt

Check for
updates

Utilizing photosensitizing and radiosensitizing properties of TiO,-based
mitoxantrone imprinted nanopolymer in fibrosarcoma and melanoma cells

Maryam Bakhshizadeh™', Seyed Ahmad Mohajeri”, Habibollah Esmaily®,
Seyed Amir Aledavood’, Fatemeh Varshoei Tabrizi®, Mahmoud Seifi’, Farzin Hadizadeh',
Ameneh Sazgarnia™*

@ Medical Physics Research Center, Mashhad University of Medical Sciences, Mashhad, Iran

® pharmaceutical Research Center, Mashhad University of Medical Sciences, Mashhad, Iran

¢ Department of Biostatistics, School of Health, Mashhad University of Medical Sciences, Mashhad, Iran

d Cancer Research Center, Mashhad University of Medical Sciences, Mashhad, Iran

€ Reza Radiotherapy and Oncology Center, Iran

f Biotechnology Research Center, School of Pharmacy, Mashhad University of Medical Sciences, Mashhad, Iran

ARTICLE INFO ABSTRACT

Background: Some materials such as TiO, display a luminescence property when exposed to X-ray radiation.
Therefore, a proper photosensitizer can induce photodynamic effects by absorbing the emitted photons from
these materials during radiotherapy. In this way, the problem of limited photo- penetration depth in photo-
dynamic therapy is resolved. In this paper, following the production of a nanopolymer containing TiO2 cores and
imprinted for mitoxantron (MIP), the possibility of utilizing its optical and radio properties on two lines of cancer
cells were studied.

Methods: Mitoxantron (MX) was selected as the photosensitizer. The emission spectrum of the nanopolymers
synthesized with/without MX was recorded during excitation by 6 MV X-rays. Also, the fluorescence signal of
hydroxyl radicals produced into terephthalic acid medium by the nanopolymers were recorded during X irra-
diation. The percentage of cell survival following irradiation by X-rays was determined for various concentra-
tions of drug agents by MTT assay. The synergistic index and ICs, were calculated to compare the findings.
Results: The emission spectrum of the nanopolymer reloaded with MX during X-ray irradiation indicated a
considerable decline in comparison with the nanopolymer without MX. The level of free radicals produced by
nanopolymer was significantly increased during irradiation with X-rays. The highest mean of synergistic indexes
was observed in MIP.

Conclusion: The higher level of hydroxyl free radicals in MIP and lower cell viability in the DFW cell line as well
as enhanced treatment efficiency confirm the hypothesis regarding the production of photodynamic effects by
synthesized nanopolymer during radiotherapy.
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radiotherapy [1,2]. Chemotherapy drugs can help kill cancer cells, but
they also exert deleterious effects on the whole body due to the non-

1. Introduction

The treatment of malignant tumors has long been considered as one
of the goals of the medical community, and various therapeutic ap-
proaches have been used for this purpose. Radiotherapy and che-
motherapy are two such methods. Various types of malignancies re-
spond differently to radiotherapy, so that some of them, including soft
tissue fibrosarcoma and melanoma, may even be resistant to

specificity of the drugs and susceptibility to drug resistance, which
limits their clinical application. To overcome these problems and im-
prove the therapeutic effect of chemotherapy, attempts have been made
to combine chemotherapy with radiotherapy and Photodynamic
therapy (PDT). Combined therapy may induce a synergistic anti-tumor
effect and reduce the therapeutic dose of chemotherapeutic drugs [3].
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PDT with minimal invasion is used for the treatment of accessible le-
sions (either superficial or deep) with repeatability. In this method,
after injecting an appropriate drug (photosensitizer) into the body, the
tumor area is exposed to radiation of proper wavelengths. Excitation of
a photosensitizer leads to its lowest energy triplet state, which has a
sufficiently long lifetime to allow for bimolecular reactions with sub-
strate molecules. Electron or hydrogen transfer reactions from the tri-
plet state of the photosensitizer eventually lead to superoxide anion and
hydroxyl radicals (type I reaction), or energy transfer to molecular
oxygen will generate singlet O2 (type II reaction). So that photo-
sensitization in the presence of cellular oxygen and the production of
free radicals lead to the cell death. Therefore, photodynamic therapy
requires the simultaneous presence of three factors: light, photo-
sensitizer and oxygen [4]. Nonetheless, the main limitation of PDT is
the limited depth of light penetration in the tissue, which is at best 1 Cm
[4]. One effective way to address this limitation is to combine radio-
therapy and photodynamic therapy. In this way, nano-scintillator and
photosensitizer are merged. When nanoparticles are exposed to ionizing
radiation (e.g. X-rays), luminescence process is occurred by nano-
particles, which activates photosensitizing molecules into producing
free radicals. This increases the radiotherapy efficiency induced by the
photodynamic therapy. In other words, the nanoparticle plays the role
of a transducer. In this case, nanoparticles in addition to their ability to
increase radiotherapy efficiency due to their radiosensitizing effect, act
as the internal light sources, and thus the limitation of low penetration
depth of light in photodynamic treatments is resolved. Moreover, a
combination of radiotherapy and photodynamic therapy augments the
therapeutic efficacy. It should be noted that the emission spectrum of
stimulated nanoparticles must be compatible with the absorption
spectrum of photosensitizer [5].

Many studies have explored the quality of this process and opti-
mized the occurrence conditions of this combined therapy. For ex-
ample, scintillation nanoparticles LaF3: Tb3 + stimulated by X-ray
emit a green light, which can stimulate meso-tetra (4-carboxyphenyl)
porphyrin (MTCP), and is often used in photodynamic therapy [6]. The
singlet oxygen production of MTCP was low in the presence of X-rays,
but the singlet oxygen production was dramatically increased under X-
ray when MTCP was conjugated with LaF3: Tb3 + nanoparticles [6,7].
LaF3: Ce3 + / DMSO / PPIX / PLGA microshells may incur sublethal
damages, but they can produce oxidative stress when exposed to X-rays
[8]. The Cu-Cy nanocomplex as a photosensitizer stimulated by X-ray
absorbing has been used in vivo and in vitro studies [9].

TiO2 nanoparticles can also be considered as a scintillator and their
application in this combined therapy needs to be further studied,
though few studies have explored this area so far.

In the first part of this study, a molecular imprinting technique was
used to combine the TiO2 nanoparticles and photosensitizers. In mo-
lecular imprinting process, the monomers should interact with template
and form a complex through non-covalent bonds. Thus, the template
molecule should have proper functional groups to interact with the
functional monomers. Also, the template molecule needs to be stable at
high temperatures (about 60 °C) when polymerization is carried out.
Among photosensitizers that their absorption spectrum approximately
matches the emission spectrum of TiO2 nanoparticles, the mitoxantrone
(MX) chemotherapy drug has essential imprinting condition. MX is a
synthetic anthracenedione. Anthracyclines undergo efficient enzymatic
one electron reduction to semiquinone radicals and take part in the
cellular redox cycling reactions. Generation of superoxide radicals and
the formation of highly toxic hydroxyl radicals have been demonstrated
to occur during redox cycling of anthracyclines. MX has two major
absorption peaks at 610 and 660 nm, it can be an effective photo-
sensitizer for PDT [1]., so that the mitoxantrone can absorb the light
released from the nanoparticles and induce a photodynamic event. On
the other hand, in the structure of this polymer nanocomplex, biode-
gradable connecting monomers have been used, which keeps these two
together as a drug delivery system.
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Different polymers were produced and the optimum polymer was
selected based on the drug loading and drug delivery rate. In composite
synthesis, the monomer polymer was selected in a way that loaded drug
delivery was greater in low pHs (a characteristic of cancer cells) com-
pared to high pHs (a prop characteristicerty erty of healthy cells) [10].
FT-IR was used to ensure mitoxantrone imprintined in the polymer and
the EDS method was applied to confirm the TiO2 trapping inside the
nanostructure.

The nanocomposites were exposed to X-rays radiation and the level
of hydroxyl radicals generated under all conditions was measured in the
aqueous medium using a terephthalic acid dosimeter. It was followed
by an in vitro study of melanoma cell lines and human fibrosarcoma. In
addition to examining the cytotoxicity of all therapeutic agents, the
efficacy of combined therapies was also determined.

2. Materials and methods
2.1. Cell lines

DFW cell line is a humanized pigmented subtype derived from the
DFB cell line, which is considered as melanoma cell lines. The HT 1080
cell line was also derived from fibrosarcoma tumor of a 35-year-old
Caucasian male. Cell lines were provided by Pasteur Institute of Iran.

2.2. Chemicals

Titanium dioxide nanoparticles of 30 to 50 nm were purchased from
US Research Nanomaterials Inc. and Mitoxantrone was obtained from
Santa Cruz, USA. Methacrylic acid (MAA) and terephthalic acid were
also purchased from Sigma-Aldrich Company, Germany. Acryloyl
chloride and triethylamine were acquired from the Merck, Germany
and the Azobisisobutyronitrile (AIBN) was purchased from Acros
Company, Belgium. All solvents including acetonitrile (ACN), me-
thanol, chloroform, acetone, acetic acid and dichloromethane were of
HPLC Grade. The double-distilled deionized water was used.

2.3. Methods

2.3.1. Design and synthesis of polymer nanocomplex

According to the emission spectrum of TiO2 nanoparticles stimu-
lated by X-ray, the mitoxantrone was selected as a photosensitizer. The
following steps were taken to prepare a composite with Titanium
Dioxide Nanoparticles as its core and mitoxantrone imprinted polymer
(MIP) in its surrounding.

TiO2 nanoparticles were activated by MAA. The biodegradable
connective monomer of diacrylated polycaprolactone was obtained
from the reaction of polycaprolactone diol with acrylic chloride.
Methacrylic acid (MAA) as a monomer agent (300 umol) and mitox-
antrone (7.5 umol) as a mold molecule were dissolved in a closed and
sealed tube containing 0.5 ml of DMSO and 5 ml of chloroform solution.
The solution was stored at 4 °C for 1 h. Then, 0.36 g of activated na-
noparticles of titanium dioxide (TiO2-MAA) were dispersed in 0.5 ml of
DMSO, sonicated for 10 min, and added to the mixture. In the next step,
they were stirred at a speed of 100 rpm at room temperature for 1 h. At
this stage, diacrylated polycaprolactone (1.58¢g) as a connective
monomer and AIBN as the initiator of the polymerization reaction were
added to the solution. Each tube was then sonicated and sparged with
oxygen-free nitrogen for 5min. The tube was then completely sealed
and placed at 60 °C for 22h to complete the radical polymerization
reaction. Finally, samples were washed with a mixture of water and
acetic acid (9:1, v/v) and water-DMSO (9:1, v/v) and then centrifuged
(at a speed of 300 rpm for 10 min) until the polymer molecules were
separated and it was impossible to measure them by the UV/VIS
spectrophotometer.

Non-imprinted polymers (NIPs) were synthesized without mold
molecules under conditions identical to that of MIP.
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To record emission spectrum, washed (lacking MX) and non-washed
(containing MX) MIP and NIP polymers with a concentration of 2 mg/
ml were dispersed in deionized distilled water. 1cc of each sample was
exposed to X-ray (field size: 10 X 10, on the flat surface, SSD = 100,
dose rate: 200 cGy/min and dose of 100 cGy) in the quartz cuvette.
During radiation, the emission spectrum of samples was measured and
recorded by the Spectrometer (AvaSpec-2048 Dual Thermo-Electric
Cooled Fiber Optic) made in the Netherlands (8 nm resolution, 4 scans
of 250 ms per second).

2.4. Chemical dosimetry of hydroxyl radicals

0.33 mg/ml of terephthalic acid and 0.2 mg/ml of NaOH in water
were used as a chemical dosimeter to quantify the hydroxyl radicals
produced in aqueous conditions. If the terephthalic acid reacts with
radicals in the medium excited with a light of 310 nm, it will emit
fluorescence spectrum at 420 nm. Thus, the intensity of emission is
proportional to the amount of hydroxyl radicals generated in the aqu-
eous medium [11].

To determine the level of radicals produced by drug agents, each
drug agent was dispersed separately in a chemical dosimeter solution.
For each agent, three separate specimens were prepared for reiteration.
The specimens were stimulated by spectrofluorimeter at a wavelength
of 310nm and the emission spectrums were recorded in a range of
350-500 nm (stimulation monochromator bandwidth of 20nm and
emission monochromator bandwidth of 10 nm).

To determine the amount of free radicals produced by X-rays in the
presence of various drug agents, specimens identical to the above
samples were prepared and subject to X-rays (field size 10 X 10, on the
flat surface SSD = 100, dose rate: 200cGy /min, dose: 100 cGy). The
light emission was recorded by a spectrofluorometer under corre-
sponding conditions.

Then, in all groups, a comparison was drawn between the amount of
hydroxyl radicals produced in the aqueous medium with and without X-
ray irradiation.

2.5. In vitro studies

After preparing DFW and HT1080 cell lines, the cells were first
defrozen and then transferred to cell culture flasks and placed in a 37 °C
incubator containing CO,. Every 2-3 days, their culture medium was
swapped with a new medium. When the cells covered the surface of the
flask as a single layer, 0.25% EDTA Trypsin solution was used to se-
parate cells from the flask.

Then, cells were counted by trypan blue method, and then divided
and subject to different experiments. The percentage of cell survival
was evaluated by MTT assay. For this purpose, the contents of wells
were drained and 100 pl culture medium without FBS and then 10 pl
MTT solution was added. Plates were incubated for 4 h after which the
environment containing MTT was drained and 200 pl of DMSO solvent
was added to each well. Finally, the amount of pigment generated was
measured by ELISA reader (Stat Fax-2100 Awareness, Mountain View,
CA, USA) at a spectrum of 540 nm and 630 nm.

2.6. Determining the cytotoxicity of agents

In each cell line, 24 h after counting and dividing cells in 96-well
plates, various drug agents, each with at least four different con-
centrations, were incubated for 90 min [12] and then washed by PBS.

2.7. Evaluation of X-ray cytotoxicity

Also, to determine the toxicity of x-rays, cells that contained four
concentrations of each drug agent or lacked any drug agent were sub-
ject to X-ray radiation with 6 different doses (50, 100, 200, 400, 600,
and 800 cGy). For the purpose of radiation, SSD was first placed on a
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100 Cm treatment bed and then 1.5 cm of bolus (equivalent to energy
build-up depth of 6 MV) was inserted on the bed. A field of 10 x 10 and
Gantry angle of 180° was set. To determine the percentage of cell sur-
vival, MTT assay was performed after one week. The incubation with
drug and polymers lasted for 90 min. After washing with PBS, plates
were exposed to X-rays with a dose of 100 cGy. The cell survival was
then computed after a week.

2.8. Data analysis

The intensity of the light emission of MIP and NIP samples loaded
with/without MX were recorded during X-ray irradiation. After in-
tegrating the spectra for each sample, their graph was also plotted.

The signals emitted from the dosimeters containing TA with/
without agents were recorded and emission spectrum was plotted for
the purpose of comparison.

The mean cell survival percentages in each experimental group were
calculated in different treatment groups.

IC;o and ICsq values and the synergistic index were defined and
calculated as follows.

IC;o: Concentration or dosage of a therapeutic agent causing the
death of 10% of cells was defined as IC,.

ICso: Concentration or dosage leading to the death of 50% of cells
was defined as ICsy.

Synergistic Index: It is defined as the ratio of real cell death to ex-
pected cell death. It was calculated as below:

The cell deaths caused by X-rays in the presence of a therapeutic
agent were divided by the sum of toxicity-induced cell deaths and X-ray
radiation separately.

Statistical analysis was performed by SPSS 16. The results of
Kolmogorov-Smirnov test confirmed the normal distribution of data. A
significance level of 0.05 was assumed for comparison. All graphs were
plotted by Excel software.

One-way ANOVA and Dunnett’s T3 test were used to compare the
groups.

3. Results

In this section, first the data obtained from characterization of na-
nostructures and the emission spectrum of various agents during sti-
mulation by X-ray are presented and then the hydroxyl radicals pro-
duced in the TA dosimeters are shown, followed by the findings of
cellular experiments.

3.1. Characterization of the nanostructures

The size of molecularly imprinted polymer (MIP) particles was
evaluated using SEM, TEM and XRD. The XRD spectrum of MIP com-
posite is shown in Fig. 1.

Differential peaks at 27, 36 and 55° angles indicate the presence of
TiO, and peaks at 21, 22, 23, 27, 36, 41, and 54° exhibit the polymer
structure.

According to the results of XRD, the size of TiO2 nanoparticles was
in the range of 43 to 53 nm, which was increased to 59-69 nm after
applying the molecular imprinting technique and creating polymer
coating (size of nanoparticles obtained from debye Scherrer equation).
According to SEM image (Fig. 2a), the size of TiO, nanoparticles (TiO,
NPs) was less than 50nm and the synthesized MIP size was about
50-75nm (Fig. 2b). The TEM image taken from MIP also confirmed
these results. The average size of nanoparticles reported by TEM was
62.8 + 7.7nm (Fig. 3).

3.2. Recording emitted Fluorescence and chemical dosimetry during X-Ray
exposure

The emission spectra of the washed MIP (MX-free), and unwashed
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Fig. 1. XRD spectrum of MIP composite.

MIP (containing MX) during X-ray emission are presented in Fig. 4. It is
observed that when MX is present in the structure of MIP, the intensity
of emission drops. The NIP emission spectrum before and after MX
loading was recorded during X-ray irradiation, as shown in Fig. 5.

Fig. 6 shows the emission spectrum of the drug agents in a medium
containing a chemical dosimeter (TA). As stated above, the intensity of
emission is proportional to the amount of free radicals produced in the
aquatic environment.

The highest amount of hydroxyl radicals was produced by MIP and
NIP, respectively. MX polymer and TiO2 polymer failed to produce
measurable amounts of radicals.

Fig. 7 shows the emission spectrum of drug agents in a medium with
chemical dosimeter (TA) after X-ray exposure, which indicates the
amount of free radicals generated during x-rays exposure. It shows the
repetition of the same trend, but the intensity emission peak at MIP and
NIP was increased by about 100 units after stimulation by X-rays. It
should be noted that the X-ray dose used in this study generated a small
amount of measurable radical hydroxyl.

3.3. Determining cytotoxicity of chemical agents and X-ray

In Fig. 8, the curve of average cell survival at different doses of
radiation is presented for two cell lines.

In the DFW cell line, with a dose increase of up to 400 cm, the
percentage of cell survival drops, after which no significant decline
occurs. However, in the HT1080 cell line, a steady and significant de-
crease in cell survival is observed with the elevated dose of radiation.
Except for a dose of 50 with 100 cGy (P = .769), all groups demon-
strated a significant differences compared to the control group
(P < 0.001).

200 nm

a
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Fig. 3. TEM image of MIP composite.
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Fig. 4. The emission spectra of washed and unwashed MIP (without and with
MX during irradiating by X-ray.

Based on these results, in DFW cell line, LD,y = 70 and LDsg = 290
cGy, and in HT1080 cell line, LD;o = 20 and LDsg = 400 cGy were
achieved.

The effect of concentration variations of TiO, polymer in the pre-
sence and absence of X-rays on the mean survival rate is shown in

Fig. 2. SEM images of TiO, nanoparticles on the left and MIP composite on the right.
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Fig. 5. The emission spectra of NIP without and with MX during irradiating by

X-ray.
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Fig. 6. The emission spectrum of chemical dosimetry (TA) in the presence of
the agents (excitation wavelength of 310 nm, with a bandwidth of 20 nm, and

emission monochromator bandwidth of 10 nm; the data is based on the mean of
3 repetitions of experiments).
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Fig. 7. Emission spectra of chemical dosimetry (TA) in the presence of drug
agents after exposure by 100 cGy X-ray (excitation wavelength was 310 nm
with a bandwidth of 20 nm and emission monochromator bandwidth of 10 nm).
The data were obtained after three reiterations of the experiments.
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Fig. 8. Average curve of cell survival + standard deviation in different doses

of x-ray (dose rate: 200 cGy/min, dose: 100 cGy) on DFW and HT1080 cell

lines. The data were obtained from at least 4 reiterations of the experiments.
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Fig. 9. Average cell survival + standard deviation in different concentrations
of P.TiO, in the presence and absence of X-rays (doe rate: 200 cGy/min; dose:
100 cGy) on the DFW and HT1080 cell lines. The data were obtained after at
least 4 repetitions of experiments.

Fig. 9.

As can be seen, with increased P.TiO, concentration in the DFW cell
line, the percentage of cell survival dropped. Concentrations of 0.67
and 1.33 pug/ml relative to the control group and relative to a con-
centration of 0.17 ug/ml induced a significant decline in cell survival
percentage (P < 0.05). Also, a concentration of 1.33 pg/ml compared
to 0.33% pg/ml also significantly reduced the survival (P = 0.02).
However, after X-ray application, no significant difference was ob-
served between different concentrations (P < 0.05).

As for HT1080 cell line, all concentrations of this polymer increased
cell survival, and it was significant at 0.67 and 1.33 pg/ml (p < 0.05)
concentrations while other concentrations were not significantly dif-
ferent (P > 0.05). In the presence of X-rays, 0.17 and 1.33 pg/ml
concentrations induced significant survival decline compared to the
control group.

The effect of concentration variations of MX in the presence and
absence of X-rays on the mean survival rate is depicted in Fig. 10.

In the DFW cell line, a marked decrease in survival percentage is
observed by elevated concentration of MX. The control group has
shown the significant differences compared to the all groups
(P < 0.01). Also, there were significant differences between the dif-
ferent groups in the all concentrations, except for the groups receiving
the MX at the concentrations of 0.005 with 0.01 and 0.02 with 0.03 and
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Fig. 10. Average cell survival + standard deviation in different concentrations
of MX in the presence and absence of X-rays (dose rate: 200 cGy /min, dose:
100 cGy) on DFW and HT1080 cell lines. The data were obtained after at least 4
repetitions of the experiments.

0.04 (ug/ml). The toxicity of MX on the HT1080 cell line was increased
to a concentration of 0.01 (ug/ml), after which increasing concentra-
tion did not decrease the cell survival significantly (P < 0.05), but
reduced survival percentage was significant compared to the control
group (P < 0.001).

In the presence of X-rays, for all concentrations expect 0.0007 (ug/
ml) in the DFW cell line, there was a significant reduction in survival
percentage compared to the control group (P < 0.001). Decreased cell
survival at all concentrations was also significant compared to a con-
centration of 0.0007 ug/ml (P < 0.001). Concentrations of 0.02, 0.03
and 0.04 also caused a significant drop (p < 0.026) relative to the
concentration of 0.005ug/ml (P < 0.026). Concentration of 0.02 re-
lative to 0.01 (ug/ml) induced a significant reduction (P = 0.05).
However, in the HT1080 cell line in the presence of X-rays, there was a
significant reduction in all concentrations compared to the control
(P < 0.05). Also, concentrations of 0.02, 0.03 and 0.04 (ug/ml)
prompted a significant drop compared to 0.0015 (ug/ml) (P < 0.05).
Decreased survival was significant at concentrations of 0.03 and 0.04
(ug/ml) compared to 0.01 ug/ml (P < 0.05).

As shown in Fig. 11, in case of MX polymer in the DFW cell line, the
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Fig. 11. Average cell survival percentage = standard deviation in different
concentrations of P.MX in the presence and absence of X-rays (dose rate: 200
cGy /min; dose: 100 cGy) on DFW and HT1080 cell lines. The data were ob-
tained after at least 4 repetitions of the experiments.
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Fig. 12. Average cell survival percentage * standard deviation in different
concentrations of NIP in the presence and absence of x-rays (dose rate: 200 cGy
/min; dose: 100 ¢cGy) on DFW and HT1080 cell lines. The data are based on at
least 4 replicates of the experiments.

increased concentration leads to diminished survival. Concentration of
0.29 (ug/ml) compared to the control group and concentrations of 0.07
and 0.14 (ug/ml) led to a significant reduction in survival (P < 0.05).
Concentration of 0.58 (ug/ml) also caused a significant reduction in
comparison to the control group and concentrations of 0.07 and 0.14
(ug/ml) (P < 0.05). In the HT1080 cell line (Fig. 11), by increasing the
concentration of MX to 0.29 (ug/ml) the cell survival fell initially, but it
then picked up. This rise and fall was significant at all concentrations
except 0.07 (ug/ml) (P < 0.001).

In the DFW cell line, the polymer at all concentrations increased the
killing effect of radiation compared to the control group, significantly
(P < 0.001). There were no significant difference between the other
groups receiving the polymer (P > 0.05), except for the concentration
of 0.58 (ug/ml) in comparison with the 0.07 and 0.15 (ug/ml). In the
presence of X-ray, the survival percentage of the HT1080 cell line at
concentrations greater than 0.29 (ug/ml) was significantly higher than
the control group (P < 0.05). However, X-ray radiation did not sig-
nificantly change in the presence of MX polymer (Fig. 11).

Fig. 12 shows the non-imprinted polymer (NIP) toxicity with/
without X-ray radiation. The increased NIP concentration prompts a
significant drop in the survival of the DFW cell line (P < 0.05), but in
the case of the HT1080 cell line, this trend is slower, so that with ele-
vated concentration (up to 0.67 pg/ml), the survival falls for a while,
after which it remains almost constant. In this cell line, concentrations
of 1.67, 1 and 1.33 (ug/ml) were significantly lower than the control
group and concentration of 0.17 pg/ml had a significant effect on cell
survival (P < 0.01). Although all concentrations were not the same,
but this difference was not significant (P < 0.05).

In the presence of X-rays, all concentrations caused a significant
reduction in the survival of the DFW cell line (P = 0.000), and cell
survival reduction at a concentration of 1.33 pug/ml was significant
compared to concentrations of 0.33 and 0. 67 (ug/ml) (P < 0.027).
Also in the HT1080 cell line, after exposure to X-rays, concentrations of
0.33, 0. 67, 1, and 1.33 (ug/ml) induced a fall in the cell survival
compared to control and concentration of 0.17 (ug/ml) (P < 0.01).

In Fig. 13, the average cell survival is observed at various con-
centrations of MIP with/without X-ray radiation.

MIP toxicity on the DFW cell line was insignificant initially
(P = 0.304), but it then picked up significantly (P < 0.001) compared
to the control group. In the HT1080 cell line, however, with increased
concentration of the imprinted composite, a significant drop was ob-
served in the control group (P < 0.01).

In both cell lines and at all concentrations, the presence of MIP
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Fig. 13. Average cell survival = standard deviation in different concentrations
of MIP in the presence and absence of X-rays (dose rate: 200 cGy / min, dose:
100 cGy) on DFW and HT1080 cell lines. The data are based on at least 4 re-
petitions of the experiments.

heightened the effect of X-rays. All concentrations promoted a sig-
nificant fall compared to control (P < 0.001), but this decrease was
higher in the DFW cell line.

3.4. Synergistic Index, IC10 and IC50

The mean X-ray synergistic index with various drug factors is pre-
sented in Table 1. The highest value was observed in the presence of
MIP in the DFW cell line.

Based on the results of this study, in the DFW cell line, the con-
centrations of TiO, polymer and MIP polymers are lower than ICs, and
if any of these factors is intended to reduce the survival by 50%, it is
necessary to employ a concentration higher than the maximum con-
centrations used in this study. In the HT1080 cell line, the concentra-
tions utilized in this study were unable to induce a 50% reduction in
cell survival in all groups. In the case of TiO, polymer, even a 10%
reduction in cell survival was not obtained.

4. Discussion

In light of the reduced emission intensity recorded on samples
containing MIP and NIP after MX loading with X-rays, it can be con-
cluded that photons emitted from TiO, nanoparticles excited by X-ray,
which are in the nucleus of nanocomposites, are well absorbed by MX
molecules. Hence, this nanocomposite can be used to connect and
transport these two materials. According to the results, it is expected

Table 1
The synergistic index, IC;o and ICso.

Agent Synergistic IC10 (ug/ml) IC50 (ug/ml)

Index * standard

deviation

Cell line

DFW HT1080 DFW HT1080 DFW HT1080
TiO, polymer 0.7 * 0.1 19 £12 0.139 >1.33 >1.33 >1.33
MX 09 £ 01 0.7=.01 0.0007 0.0015 0.0040 > 0.04
MX polymer 1.7 + 0.6 0.7 £ 0.1 0.0725 0.0700 0.3100 > 0.58
NIP 14 +05 07 =02 01700 0.2800 0.6100 >1.33
MIP 27 24 1.0+ 01 0.5000 0.2800 >133 >1.33

The mean X-ray synergistic index with the agents at different concentrations
+ standard deviation and IC10 and IC50 for DFW and HT1080 cell lines.
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that TiO, nanoparticles act as light sources for excitation of MX sensi-
tizer provided that this nanocomposite is stimulated by X-rays in
oxygen-enriched environments [13].

Studies on the level of hydroxyl radicals produced in the aqueous
medium shows that the MIP and NIP nanocomposites can produce free
radicals in the aqueous medium, and this amount can be increased by
stimulation with X-rays.

In concentrations of TiO2 nanoparticles and MX, even in the pre-
sence of X-rays, they have failed to produce a significant amount of free
radicals detectable by TA, but they were synthesized in nanocomposites
that connected them. A large sum of free radicals is produced, which is
higher than the sum of radicals generated by each of these two agents.
This is despite the fact that free radicals produced by TiO2 or MX
polymers are negligible and cannot be measured by this technique. On
the other hand, although X-rays do not produce or record a radically
measurable amount of hydroxyl, the amount of radicals generated in
nanocomposites was increased dramatically after X-ray stimulation.
Therefore, this extra effect may be attributed to the free radicals pro-
duced from photodynamic therapy during radiotherapy.

Given the toxicity of various drug factors on the DFW cell line and
ICy0 and ICso, it can be predicted that concentrations of TiO, polymer
and MIP are lower than their ICsy, and if any of these factors is intended
to reduce survival by 50%, a concentration above the maximum con-
centrations utilized in this study is required.

The polymer coating of MX was able to reduce MX toxicity.
Considering that polymers are biodegradable [14], this polymer struc-
ture could be used as a delivery system for MX drugs in chemotherapy.
TiO2 nanoparticles are not purely administrable, therefore this polymer
could be a good alternative for administration of these nanoparticles in
necessary cases.

In light of the above findings about the effect of radiation in the
presence of pharmaceutical agents, it can be stated that the polymer
structure of TiO2 nanoparticles is not sensitive to radiation. This is not
consistent with the results of studies about radiation sensitivity in ti-
tanium dioxide nanoparticle (e.g. Rezaei et al. 2013), which indicate
the radiation sensitivity of TiO, nanoparticles at concentrations greater
than 10 (ug/ml) on MCF-7 and MKN-45 cell lines in a dose of 200cGy X-
ray. This difference could be due to polymerization, modified con-
centrations, cell line differences, or dose of radiation in two studies.

We did not observe any significant sensitivity in MX concentrations,
but when it is prescribed in the form of a polymer, its radiosensitivity
could be detected. Sazgarnia et.al also reported the effects of radio-
sensitivity of mitoxantrone hydrochloride exposure on the MCF-7 cell
line in 2012 [15]. Therefore, to observe the effects of MX radio-
sensivity, its pure form should not be used. This could be attributed to
the high toxicity of its pure form, which prevents the observation of
additional effects in combination therapies.

NIP and MIP structures in the presence of X-rays are synergistic.
This effect could be due to their sensitivity to radiation and photo-
dynamic therapy during radiation, as these polymer composites contain
TiO2 (as a source of light after X-ray stimulation) and MX as an optical
sensitizer.

In the HT1080 cell line, although the average synergistic index is
larger than one, none of the drug agents was able to increase radio-
therapy efficiency and cause radiation sensitivity. In other words, the
increased synergistic index in these cases was due to elevated cell
survival under the influence of the drug agent. It seems that in this cell
line, the treatment has not been successful and this technique has failed
to increase the radiotherapy efficiency in this cell line. This is not in
agreement with the results of this study on the DFW cell line, which can
be due to the greater resistance of this cell line to various treatments. As
demonstrated, this category is even more resistant to MX chemotherapy
than DFW.

Considering the toxicity of various drug factors and their IC;o and
ICso values in the HT1080 cell line, it can be contended that in all
groups, ICsq value of this cell line is higher than concentrations used in
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the study. The MX polymer in this cell line has also been able to reduce
the toxicity of MX. Therefore, this polymer structure can be used as a
delivery system for MX drugs in chemotherapy. Based on the results of
this cell line, polymer can also be used to administer TiO2 nano-
particles.

The MX drug on the DFW cell line induces a better response than the
HT1080 cell line. Therefore, chemotherapy with MX will be more ef-
fective in this cell line. The response rate of the two cell lines is iden-
tical to that of radiotherapy. However, in the combined therapy con-
sidered in this study, the HT1080 cell line is more resistant and the
treatment method will be more effective in treating DFW. Given that
melanoma tumors are relatively resistant to radiotherapy [1,16], it is
anticipated that this combined therapy increases the therapeutic effi-
cacy. With regard to the HT1080 cell line, due to its resistance to
chemotherapy and radiotherapy, optimal therapeutic factors such as
drug concentrations could be achieved.

More studies are need to find relation between the amount of ra-
dicals produced, and cytotoxicity because of behavior of cells could be
different. Generating another reactive species also should be evaluated.

5. Conclusion

In the study of therapeutic properties of this nanocomposite in
aqueous and cellular media during excitation with X-rays, the emission
spectrum of the MIP sample (MX removal from the nanocomposite),
which seems to be related to TiO2 nanoparticles in MIP core, was re-
corded After loading MX on the MIP and stimulating it with the X-Ray,
the intensity of the previous emission peaks was reduced, and the light
absorption of the TiO, nanoparticles contained in the core of the
structure by the MX template molecule in the MIP structure was con-
firmed. Therefore, it seems that this structure offers an appropriate
alternative for using photodynamic effects during radiotherapy. To test
this assumption, the amount of free radicals produced before and after
X-ray irradiation was measured by a TA dosimeter. It was observed that
the sum of free radicals after radiation had dropped significantly
compared to the non-radiation sample and X-rays alone. This increased
radical production can be attributed to radicals generated by photo-
dynamic events during radiotherapy. In light of the effect of MIP, the
results of these therapies on DFW and HT1080 cell lines also confirmed
the hypothesis of photodynamic therapy during radiotherapy by
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nanocomposites. This polymer structure is also able to reduce the
toxicity of MX.
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