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ARTICLE INFO ABSTRACT

Keywords: Background: Photodynamic therapy (PDT) has been recognized as an effective method for cancer treatment;
Ti-MSN/PpIX nanoparticles however, it suffers from limited tissue penetration depth. X-rays are ideal excitation sources for activating self-
Tiqz ) lighting nanoparticles that can penetrate through deep tumor tissues and convert the X-rays to visible light. In
Emission spectrum this study, Ti-MSN/PpIX nanoparticles for X-ray induced photodynamic therapy was synthesized. Preparation,

);::t}; dynamic thera characterization, and emission spectrum of Ti-MSN/PpIX nanoparticles as well as PDT activity and toxicity of the
X-PDT 4 Py nanoparticles on HT-29 cell line were investigated.
X-rays Methods: Firstly, mesoporous silica nanoparticles (MSN) were synthesized through sol-gel method. Then, TiO,

and PpIX were loaded in MSN. Next, the emission spectra of TiO,, Ti-MSN, and Ti-MSN/PpIX nanoparticles,
while activated by X-ray (6 MV},), were recorded. In addition, viability of cells after treatment by Ti-MSN/PpIX
nanoparticles and X-ray irradiation was studied.

Results: SEM, TEM and FESEM images of the spherical composite nanoparticles showed that their dimensions
were changed by incorporating Ti and organic compound of PpIX. Two-dimensional hexagonal structure with
djgo-spacing was about 3.5 nm with particle sizes of 70—110 nm. The optical characteristics of TiO, nano-
particles showed strong emission lines, which effectively overlapped with the absorption wavelengths of pro-
toporphyrin IX (PpIX). Cellular experiments showed Ti-MSN/PpIX nanoparticles have proper biocompatibility,
however, after X-ray irradiation, significant decrease of cell viability in the presence of the nanoparticles was
observed.

Conclusion: The presented X-PDT method could enhance RT efficacy and is enable that allows for reducing X-ray
dose exposure to healthy tissues to overcome radio-resistant tumors.

1. Introduction

Radiotherapy is considered as one of the efficacious methods for the
treatment of malignant tumors, but it may induce side effects for sur-
rounding tissues. In contrast to radiotherapy, PDT is recognized as a
safe therapeutic method with potentially limited damage to adjacent
healthy tissues [1,2].

In PDT, three components are necessary; photosensitizer (PS),
oxygen and light with appropriate wavelength. A photosensitizer (PS)
in presence of oxygen, generates reactive oxygen species under light
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irradiation to damage cancer cells [3,4]. However, the use of PDT is
restricted to accessible tissues due to limited penetration depth of light.
To enhance the penetration depth and decrease the radiotherapy dose,
several studies have to provide efficient treatments through combining
radiotherapy and photodynamic therapy (RT-PDT, or X-PDT) [5-7]. In
this way, several kinds of PSs including metallic phthalocyanines,
chlorines, phenothiazinium components and porphyrins have been
developed for PDT [8].

Majority of such photosensitizers have hydrophobic properties that
may induce aggregate formation after blood injection, and decrease the
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efficiency of PDT [9]. To try to resolve this issue, one might synthesize
water soluble PS compounds in order to enhance drug uptake by cancer
cells [10].

Nano carriers are able to protect PS components from agglomera-
tion at physiological conditions of target cells environment.
Mesoporous silica nanoparticles (MSN) and their modified nanos-
tructures could be employed as proper carriers for PS due to their un-
ique features such as large surface area, high pore volume, hydro-
thermal stability and biocompatibility [11,12].

The growth of medicinal nanotechnology has enabled to overcome
the limitations of PDT through combining two modalities in a ther-
apeutic method.

To this end, in the present study, MSNs were used as PS and self-
lighting carrier nanoparticles. MSNs are optically transparent which
this property causes they don’t absorb the light emitted from self-
lighting nanoparticles (TiO,). Since there is no PS that can directly
absorb X-ray energy, self-lighting nanoparticles were used to convert X-
rays to visible light to induce X-PDT [6,13,14]. To this end, a novel
nanocomposite based on TiO,-grafted mesoporous silica nanostructure
functionalized with PpIX compound, denoted as Ti-MSN/PpIX, was
designed and synthesized. X-ray luminescence of TiO, nanoparticles
was used in order to excite PpIX molecules as a photosensitizer. Under
ionizing radiation exposure, TiO, emits persistent luminescence that
activates PpIX. The outcome is the generation of cytotoxic singlet
oxygen (*0,), which causes cell death.

The combination of radiotherapy and PDT could provide a low-cost
and efficacious treatment method with the benefits of radiotherapy at
lower doses [6]. These two modalities could be sufficient to attack both
cell membrane, the target point of PDT, and DNA -RT endpoint- causing
lethal damage [5]. Besides, the limitation of treatment depth of PDT
could be enhanced and allowing for the treatment of both shallow and
deep tumors.

In this study, the characterization of the nanocomposite was carried
out using Fourier-transform infrared spectroscopy (FTIR), X-ray dif-
fraction (XRD), scanning electron microscopy (SEM) and Brunauer-
Emmett-Teller (BET) analysis. The emitted spectrum of TiO,, while
excited by X-rays, was recorded and compared to absorption spectrum
of PpIX. And finally, the effect of the synthesized nanostructures on the
cell line was investigated.

2. Materials and methods

Tetraethylorthosilicate (TEOS, 98 %, Merck) was used as silica
source for the synthesis of the pure MSN. Cetyltrimethyl ammonium
bromide (CTAB, 99 %, Merck) was a cationic surfactant used as a
template in the synthesis of MSN. Titanium oxide (Anatase type) was
used as a self-lighting nanomaterial. Protoporphyrin IX (PpIX, 95 %,
Sigma-Aldrich) was purchased as a source of photosensitizer for pho-
todynamic therapy. Ethylene glycol (EG) and 1,2-propanediol (PD)
were employed as the co-solvent materials. Ethanol, ammonia and
other reagents were obtained from Merck. Required deionized water
was produced by a Milli-Q system. All the chemicals were of analytical
grade and applied as obtained, without further purification.

2.1. MSN synthesis

MSN were prepared using cetyltrimethyl ammonium bromide
(CTAB) as surfactant, tetraethyl orthosilicate (TEOS) as a source of si-
liceous and ethylene glycol (EG) along with 1,2-propanediol (PD) as co-
solvents for sol-gel method. CTAB (3.2 mmol, 1.17 g) was dissolved in
an aqueous solution including double distilled water (DW, 11 mol, 200
mL), EG (1.25 mol, 70 mL) and PD (0.4 mol, 30 mL) in an aqueous
ammonia solution (8.2 mL, 25 %). After stirring for 60 min at 323 K,
TEOS (10 mmol, 2.2 mL) was added to the mixture. The mixture was
stirred for another 4 h at 50 °C and allowed to age for 24 h. The sample
was collected by centrifugation for 45 min at 20,000 rpm and washed
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with deionized water (DI) and absolute ethanol for 3 times. The re-
mained CTAB was removed by heating MSN (1 g) in an NH4NO3 (0.5 g)
and ethanol (100 mL) solution at 333 K. The results were collected by
centrifugation and dried at 373 K for 10 h followed by calcined in air at
600 °C for 5 h.

2.2. Synthesis of Ti-MSN

The active site of titanium was formed in the framework by using
titanium dioxide (TiO,, Anatase form) as a source of titanium. TiO, (4.5
mmol) was dispersed in 100 mL of DW. Then MSN (2 g) was added to
the mixture and stirred at 25 °C for 10 h. The obtained mixture was
centrifuged with 20,000 rpm for 30 min and dried for 8 h at 363 K
followed by calcined for 5 h at 600 °C.

2.3. Synthesis of Ti-MSN/PpIX nanocomposite

Initially, PpIX (0.0046 mmol, 0.0026 g) was dissolved in DMSO (50
mL). Then, Ti-MSN sample (2 g) was added to the solution and stirred
for 6 h at 70 °C. The product then centrifuged for 25 min and then dried
for 8 h at 70 °C.

2.4. Characterization of the synthesized nanocomposite

The crystallinity of samples (XRD analysis) was measured using a
Bruker Advance D8 X-ray powder diffractometer with Cu Ka (A =
1.5418 f\) radiation as the diffracted monochromatic beam at 40 kV and
40 mA. Nitrogen physisorption analysis was used on a Quantachrome
Autosorb-1 at 77 K. Before the measurement, the sample was evacuated
at 300 °C for 3 h.

Fourier transform infrared (FTIR) measurements were carried out
using an Agilent Carry 640 FTIR spectrometer. The catalyst was pre-
pared as a self-supported wafer and activated under vacuum for 3 h at
400 °C [15].

UV-Vis spectra were obtained on a Thermo Spectronic spectro-
photometer model Genesys 10 UV, from 300 to 700 nm using a 1 cm
quartz cuvette.

The morphology of all samples was determined using a scanning
electron microscope (SEM KYKY-EM-3200) operating at an accelerating
voltage of 26 kV.

To investigate luminescence emission of TiO, nanoparticles and
nanocomposite, excited by X-ray, a spectrometer (Avaspec-2048 Dual
Thermo-Electric Cooled Fiber Optic; Netherlands) was used.

A linear accelerator (Varian, Linac 600, serial number: 475,
California, USA) with the energy of 6 MVp and the irradiation dose of
100 cGy was used to irradiate the samples. Photo-emission recording of
each sample was repeated for three samples.

Samples were dispersed in distilled water and then placed in cuvette
when its distance from the spectrometer probe for irradiation by X-ray
was 2 — 3 cm. The set-up of photo-emission recording is shown in Fig. 1.

2.5. In vitro experiments

2.5.1. Cytotoxicity assay

To determine the cytotoxicity of the Ti-MSN/PpIX nanoparticles, in
vitro experiments in the presence and absence of the nanocomposites
were performed. HT-29 cell line, a human colorectal adenocarcinoma
cell line, was used.

The cells were grown in RPMI-1640 that supplemented with 10 %
(v/v) fetal bovine serum (FBS), 1 % penicillin/streptomycin. The cells
were cultured and proliferated in 75 cm? culture flasks as monolayer in
a 37 °C incubator with 5 % CO,. After trypsinization of the cells and
determining the cell survival using trypan-blue and a light microscope
dye, 12 x 10 live cells were seeded in each well of a 96-well plate. 24
h later, culture medium was refreshed and different concentrations of
Ti-MSN/PpIX (0.03, 0.07, 0.35, 1.06, 3.19, and 5.31 mg/mL) was added
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Fig. 1. The set-up of photo-emission recording during X-ray irradiation by a
Linac.

to the cells and incubation was continued for 3 h. Next, the cells were
washed with phosphate-buffered saline (PBS) and fresh culture medium
was added to the wells. MTT (3-[4,5-dimethylthiazol-2-y1]-2, 5-di-
phenyl tetrazolium bromide) assay was carried out to determine the cell
survival after 24 h.

2.5.2. X-Ray and PDT (X-PDT) experiments

The impact of X-PDT on cells was investigated by MTT assay. Cells
(1 x 10 * cells/well) were seeded in seven 96-well plates and incubated
overnight. Then, the cells in separate groups were incubated with Ti-
MSN/PpIX nanoparticles at the concentration in 90 % cell survival
(3.68 mg/mL) for 3 h. A control group with no additive, and a group
incubated with Ti-MSN were examined, as well. The concentration of
Ti-MSN nanoparticles was considered equal to the group receiving Ti-
MSN/PpIX. After washing the cells with PBS, six of the plates were
exposed to different doses of 100 kVp and 6 MVp X-ray radiation, se-
parately (1, 2 and 4 Gy). After 48 h incubation, cell viability was
evaluated by MTT assay. 5 mg/mL of MTT solution were added and
incubated for 4 h at 37 °C, afterward the supernatant was taken and 200
uL DMSO was added to cells to lyse them. The cell viability was then
calculated as a percentage of the optical density (OD) of each sample
relative to the untreated control, which was set to 100 %, at the wa-
velength of 570 nm against 630 nm.

3. Results
3.1. Physical properties of the catalysts

Fig. 2 shows the XRD pattern of the MSN, Ti-MSN and Ti-MSN/PpIX
samples. These samples have showed three peaks of 100, 110 and 200
at 2.25°, 4.30° and 4.60°, respectively. The sharp peaks at 2.30° reveals
the ordered crystalline structure that confirmed the 2D hexagonal
(p6mm) structure with d;4p spacing of around 3—5 nm [16]. The XRD
pattern exhibited that the peak intensities were decreased after loading
of Ti and PpIX materials that indicated to the presence of higher or-
dered structure in MSN and less crystallinity in the composite. This is
evidence to the presence of a non-porous structure of Ti-MSN/PpIX due
to the loading of macromolecule structure of PpIX compound onto the
Ti-MSN surface.

TEM image of Ti-MSN/PpIX is shown in Fig. 3. The Ti-MSN/PpIX
sample consists of spherical monolithic grains. The composite frame-
work based on silica mesoporous is wormhole-like throughout the
grain.

Fig. 4 shows SEM images of the MSN, Ti-MSN and Ti-MSN/PpIX and
Fig. 5 shows field emission scanning electron microscope (FESEM)
images of the Ti-MSN/PpIX composite that exhibits spherical particles
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Fig. 2. XRD patterns of the MSN, Ti-MSN, and Ti-MSN/PpIX samples at Low
degree region.

Fig. 3. TEM image of the Ti-MSN/PpIX catalyst.

with an average size of 50 nm-200 nm.

The spherical sizes changed by incorporating Ti and organic com-
pound of PpIX. Two-dimensional hexagonal structure with d;go-spacing
was about 3.5 nm with particle sizes of 70 —110 nm.

DLS characterizations revealed that, Z-Average and Zeta potential of
Ti-MSN/PpIX were 115.9 nm was —57.3 mV, respectively.

The hydrothermal stability of Ti-MSN was investigated at tem-
perature of 600 °C in a reactor. The instrument was comprised of a
temperature control, an airflow (100 mL/min) module and a water
vapor generator. The Ti-MSN sample was heated initially under dry
airflow to 473 K for 1 h then heating was continued to 600 °C under air
saturated with water vapor for 2 h (heating rate of 2 K/min) and
maintained at this temperature for 10 h. The results showed that no
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Fig. 5. FESEM image of Ti-MSN/PpIX.

specific difference in the main diffraction peak of the XRD patterns,
before and after hydrothermal stability test, (Fig. 6) was observed.

The surface area of the MSN and composite are 995 and 204 m* g ™!,
respectively. Introduction of titanium oxide and PpIX drastically re-
duced the surface area. In addition, grafting of Ti species and the or-
ganic molecule have plugged the MSN pores around 3—5 nm. The
blocking pores decreased the total pore volume from 0.84 to 0.26 cm®
g~ L. Decrease of d;go-spacing value and unit cell parameter confirmed
the immobilizing of Ti and PpIX in the framework and the change in the
composite structure [17].

The FT-IR spectra of pure MSN, Ti-MSN and Ti-MSN/PpIX compo-
site are shown in Fig. 7. The stretching vibration of the silanol groups
(Si—OH) was observed in the region of 3435 cm ™! which is evident for
the presence of the H-bonding in the structure [18]. Incorporation of
titanium atoms and PpIX as an organic compound reduced the intensity
of this bond for the Ti-MSN and composite. This was an indicative to the
formation of new bonds between hydroxyl group and Ti atoms, and also
PpIX molecules.

Two peaks at 2990 and 2851 cm™! are attributed to the C—H
stretching due to the presence of PpIX in the composite structure. The
vibration bonds of FTIR spectrum located at the regions of 465 and
1068 cm™! are corresponding to the vibrations of O—SiO and
Si0S———i, respectively. Whereas, the absorption peak at 796 cm ™!

— After
-
B
-—
=
7]
=
)
E
Before
1 2z 3 4 5 1

20 (%

Fig. 6. XRD patterns of the Ti-MSN catalyst before and after hydrothermal
stability test.

Ti-MSN/ppIX

Transmitance (%)

3435

4000 3550 3100 2650 2200 1750 1300 850 400

Wavenumber (cm™)

Fig. 7. FTIR spectra of MSN, Ti-MSN and Ti-MSN/PpIX.

indicated to the Si—OS—i bending vibration in the structures [19]. All
the samples show the symmetric stretching vibration bond of Si—OSi at
around 796 cm ™ —! and the asymmetric vibration bond at around 1068
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Fig. 8. A. The normalized emission spectra of TiO2 nanoparticles when activated by X-ray. B. The absorption spectrum of PpIX with the concentration of 12.5 pM in
DMSO.C. Detecting the fluorescence of PpIX by exciting the Ti-MSN/PpIX nanoparticles with 405 nm wavelength.

em ™!, The bond at 469 cm™! allocated to the bending modes of
Si—O0S—i bond. Titanium species introduced to MSN and a slight red
shift was observed at 1068 and 912 cm ™! due to the strong interactions
between titanium atoms and silicon (Ti—OS—i) [20].

3.2. Photodynamic activity of the composite

A prerequisite for energy transfer is to have an overlap between the
light absorption spectrum of PpIX and emission spectrum of TiO, na-
noparticles (Anatase grade) when activated by X-ray (Fig. 8A & B). The
luminescence of PpIX was detected by spectrofluorimetry of Ti-MSN/
PpIX nanoparticles when activated by 405 nm wavelength (Fig. 8c).

PpIX absorption spectrum in the range of 400-700 nm was recorded
by UV-vis spectrophotometer, its absorption spectrum has a strong
absorption band around 445 nm (Soret band) and weaker Q bands
peaking at 535, 590, and 645 nm. As Fig. 8 shows, the emission spec-
trum of TiO, nanoparticles was largely overlapped with the absorption
spectrum of PpIX.

Table 1 and Fig. 9 show the emission spectra of TiO, and Ti-MSN/
PpIX nanoparticles while activated by X-ray.

Normalized emission spectrum (to a maximum) of Ti-MSN, and Ti-
MSN/PpIX nanoparticles are presented in Fig. 8(a—d). The spectral in-
tervals shown in Fig. 10(a—d) are related to the absorption of PpIX re-
corded in Fig. 8.

3.3. In vitro experiments
Cell viability assays were carried out using different concentrations

of Ti-MSN/PpIX nanoparticles, and showed no cytotoxicity for con-
centrations up to 3.19 mg/mL (Fig. 11).

Table 1
Spectral integral of TiO, and Ti-MSN/PpIX nanoparticles obtained from area
under the curve in different spectral intervals of PpIX absorption spectrum.

Spectral range (nm) Spectral integral

TiO, Nanocomposite containing PpIX
435-475 55,447.4 £ 13,414 23,994.07 * 10,727
525—545 30,199.1 + 14,139 14,864.3 + 6442
580 —600 25,800.7 + 5583 17,765.8 + 7462
635—655 32,716.2 + 14,369 80,16.5 + 5150

3.4. X-PDT findings

As shown in Fig. 12, the toxicity of nanocomposite and Ti-MSN were
not significant rather than control group.

The cell viability or survival fraction was calculated for each group
relatively to the unirradiated control group. ANOVA and Tukey test as
post hoc were used for statistical analysis. The survival fraction of the
group incubated with Ti-MSN/PpIX nanoparticles, in the presence of X-
ray, was significantly lower than in the absence of X-ray (p-value <
0.024). At 100 KVp energy of X ray, by increasing the radiation dose,
decrease of cell survival was observed for the group incubated with Ti-
MSN/PpIX nanoparticles, but they did not show significant difference
with the group receiving only X-ray.

By irradiation at 100 cGy and 200 cGy doses, the reduction in cell
viability of the group incubated with Ti-MSN/PpIX nanoparticles, was
significantly higher than the group received only X-ray (P-value <
0.004) which confirmed the X-PDT. The survival fraction of the group
received Ti-MSN/PpIX nanoparticles and 100 cGy dose was less than of



A. Vejdani Noghreiyan, et al.

70000

W/ TiO2
60000

£ Ti-MSN/PpIX
50000 -
40000 -

30000 -

Spectral Integral

20000 -

10000 -

435-475 580-600 635-655

525-545

wavelength (nm)

Fig. 9. The comparison of TiO, and Ti-MSN/PpIX nanoparticles on the basis of
area under the curve (Spectral Integral) in different spectral intervals of PpIX
absorption spectrum.

the group received only X-ray with 400 cGy dose; however, its differ-
ence was not significant (Fig. 13).

These results revealed that, increase the X-Ray did not change the
cell viability once they were treated with X-PDT. Thus, 100 cGy might
be considered as an optimized radiation dose for X-PDT at practical
concentrations of these nanoparticles once irradiated with 6 MVp.
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Fig. 11. Cell viability at different concentrations of Ti-MSN and Ti-MSN/PpIX
nanoparticles. The cells were treated with varying concentrations of nano-
particles and incubated for 3 h. The data are expressed as mean * standard
deviation for triplicate observations from three independent experiments.

The results obtained from comparison of 100 kVp and 6 MVp en-
ergies showed, the statistically significant difference between the group
received Ti-MSN/PpIX nanoparticle in 100 cGy dose of these two en-
ergies (P-Value = 0.005). The survival fraction of the group received
Ti-MSN/PpIX nanoparticle and 100 cGy dose in 6 MVp energy was less
than the same group in 100KVp energy. The results indicated that, the
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Fig. 10. (A-D). The emission spectrum of Ti-MSN and Ti-MSN/PpIX nanoparticles, when activated by X-ray in the intervals of PpIX absorption.
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Fig. 12. The cellular results of MTT assay on the cells when irradiated with 100
kVp X-ray photons. The concentration of Ti-MSN/PpIX nanoparticle was 3.68
mg/mL and the incubation time was 3 h. The cells were analyzed by MTT assay
after 48 h of exposure. The averages of three experiments formed the data.
*Statistically significant difference compared with the group received Ti-MSN/
PpIX nanoparticle alone (p < 0.05 using Tukey test).
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Fig. 13. The results of MTT assay on the cells after irradiation by 6 MVp X-ray
photons. Cell viability was significantly reduced when cells were treated with
X-PDT (Ti-MSN/PpIX nanoparticles plus X-ray) The concentration of Ti-MSN/
PpIX nanoparticle was 3.68 mg/mL and the incubation time was 3 h.The cells
were analyzed by MTT assay after 48 h of exposure. The averages of three
experiments formed the data. *Statistically significant difference compared
with the group received only x-ray (p < 0.05 using Tukey test).
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use of Ti-MSN/PpIX nanoparticles in 6 MVp energy and 100 cGy dose,
had an effective effect on treatment. While without the nanoparticles,
the groups received only X-ray in these two energies did not differ
significantly (P-Value = 1.000).

To compare the radiation effects, the radiation enhancement ratio
(ER) for each energy and dose was calculated. ER was defined as the
ratio of cell viability between X-ray group to X-PDT group. The ER was
achieved 1.43 fold for 6 MVp energy and 100 cGy dose (Table 2).

4. Discussions
PDT and RT target different cellular components. For example, RT
targets DNA while the target point of PDT is cell membrane. Such

features cause the greater cytotoxicity as compared with only use of RT

Table 2
The enhancement ratio (ER) of both energies in each dose.

Dose (cGy) ER of 6 MVp ER of 100 KVp
100 1.43 1.20
200 1.28 1.33
400 0.98 1.23

Photodiagnosis and Photodynamic Therapy 30 (2020) 101770

or PDT. The combination of these modalities showed a promising
treatment approach for cell lines which are resistant to RT, or deep
seated tumors that cannot be treated with traditional PDT. Importantly,
X-PDT can be viewed as a novel radio sensitizing technology.

The present study shows the synthesis and characterization of a new
nanocomposite (Ti-MSN/PpIX nanoparticles) for X-ray induced photo-
dynamic therapy aimed at combination of RT and PDT.

Nanotechnology can facilitate the communication between RT and
PDT. The designed nanoparticles are PpIX and TiO, carriers. TiO,
which is the agent of energy transfer from X-ray to UV/visible light,
activates the loaded PpIX. The energy transfer from Ti-MSN nano-
particles to PpIX molecules was confirmed by the emission spectra of
TiO, and Ti-MSN/PpIX nanoparticles, when activated by X-ray (illus-
trate in Table 1 and Fig. 9). Largely overlapped between the emission
spectrum of TiO, nanoparticles, when activated by X-ray, with all ab-
sorption wavelengths of PpIX especially with strong absorption band
(Soret band) was one of the most important results of this study. This
was the proof of the energy transfer and implementation of PDT before
cellular tests. These results are comparable with Xiaoju Zou and et al.
[26]. The emission spectrum of their nanoparticles overlapped with a
peak at 520 nm of PpIX absorption spectrum. Our reported TiO, na-
noparticles had different emission peaks in PpIX absorption peaks,
especially at 400 nm, which is very impressive in induced PDT.
Therefore, the election of TiO, along with PpIX was the correct selec-
tion, because the photo-emission of TiO, was absorbed by PpIX and
based on the prediction, PDT was occurred by utilizing X-ray irradia-
tion. On the other, in previous studies it was shown that both PpIX and
TiO, were radio sensitizers as well [21-23]. In this research, we em-
ployed two properties of radio and photo sensitizing of TiO, and PpIX
for the first time in X-PDT.

Ti-MSN/PpIX nanoparticles were not cytotoxic in the absence of X-
ray irradiation that makes them suitable for medical applications. The
structure of the Ti-MSN/PpIX nanoparticles was biocompatible due to
use mesoporous silica nanoparticles. MSNs have high load capacity of
drugs and they are biocompatible, too[24,25]. Also, the reason for
using silica as a substrate was its transparency against light which does
not absorb the light emitted from TiO,.

These results revealed that the predicted hypothesis was realized
through the use of X-ray. On the other words, by X-ray irradiation, TiO,
nanoparticles are activated and emit the spectrum of light which has
the absorbance wavelength of PpIX. Theses light waves are absorbed by
PpIX and photodynamic phenomenon is occurred. The reduction of cell
survival fraction confirms the occurrence of photodynamic effects, as
well. Higher rate of cell death can be associated with photodynamic
therapy that originates from absorption of TiO, emission wavelengths
by PpIX.

After using the Ti-MSN/PpIX nanoparticles for the two energies, the
results showed, the presence of the nanoparticles in 6 MVp energy had a
great effect than 100 KVp energy. More interesting, the difference was
in low dose of irradiation. This occurrence causes reduction of current
dose in RT.

Generalov et al. [27] showed 1.5-fold increase in the radiation of
Zn0/Si0, nanoparticles for Dul45 cells, which was in agreement with
the reported results in the present study. This finding shows that the use
of the proposed nano composite and X-ray induced photodynamic
therapy results in radiation dose reduction. Thus it is a promising ap-
proach to use X-PDT for improved RT efficacy with reduced X-ray dose
exposure to healthy tissue, for the treatment of radio resistant tumors.

5. Conclusion

Our findings show high cytotoxicity in the presence of Ti-MSN/PpIX
nanocomposite and X-ray rather than radiation alone. Using Ti-MSN/
PpIX nanoparticles decreases the required radiation dose. Hence, the
proposed nanoparticle could be further improved as a relatively potent
sensitizer for PDT to provide more treatment depth as well as a radio
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sensitizer in the future.
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