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Titanium dioxide has been widely known for its phototoxicity in the environmental context, but little is known
for its use in the photodynamic therapy of cancers. Previous studides have shown the hazardous effects of
undoped-titanium dioxide nanoparticles (undoped-TiO, NPs) in the ecosystem; however, it remains to explore
the effect of polyethylene glycol (PEG) conjugation and doping of metal and non-metal on the photodynamic
activity of TiO,. Here we report the synthesis, characterizations, and applications of doped- and undoped-TiO,
NPs stabilized by PEG in the photodynamic therapy of cancers. Our results demonstrate that in vitro PEG-NPs
significantly reduced the survival of human cervical cancer cells (HeLa) upon solar and ultraviolet (UV) ra-
diations. We found that doping of the metal (cobalt) and non-metal (nitrogen) onto TiO, nanocrystals enhanced
the photoactivation of doped-TiO, NPs in the visible/near infrared (Vis/NIR) region, but these nanocrystals were
revealed by cytotoxicity assays to be less potent in killing cancer cells compared to PEGylated undoped-TiO,.
The significant photodynamic effect was shown by PEGylated undoped-TiO, synthesized through the sol-gel
method with 75% killing of HeLa cells at 5.5 pg/mL concentrations in exposure to UV or sunlight radiations. In
vitro cytotoxicity was measured by Sulforhodamine B (SRB) and 3-(4, 5-Dimethylthiazol-2-Y1)-2,5-
Diphenyltetrazolium Bromide (MTT) assays after irradiations with IR, UV, and sunlight for 15-30 minutes (min).
All the synthesized NPs were characterized by XRD, AFM, SEM, EDX and DRS chemical analysis. Taken together,
our data demonstrate that water-soluble PEGylated TiO, NPs maybe a good candidate for the photodynamic
therapy of cervical cancer cells. Our data propose that the use of PEG surfactant can enhance the potency of
already available photochemical therpeutic agents.

1. Introduction

The rapid progression in nanomaterial (NM) research has increased
novel diagnostic methods and treatment of diseases [1] due to the re-
duction in material size, which makes it more exposed to the environ-
ment via enhanced surface volume to mass ratio [2]. NMs have been
widely used for their unique properties in a number of applications
including drugs [3,4], gene-delivery and imaging [4-6], cancer cell
diagnosis [7,8], tissue engineering [9], in delivery systems (by using
specialized tags as peptide, protein, antibody, and gene therapy), and as
a carrier drugs in pharmacokinetics and pharmacodynamics [10-12].
Multiple studies have explored the anti-tumor potential of NMs in

photochemical therapy [13,14]. This has drawn greater attention as a
therapeutic modality so that numerous photosensitizers have been
currently implied in the clinical treatment of multiple cancer types
[15,16]. Titanium dioxide (TiO,), a well-known semiconductor has
been used commercially in the water purification [17-19] and in self-
cleaning material applications [20,21]. Due to its high band gap energy
(3.0 eV for rutile phase and 3.2 eV for anatase phase), TiO, can only be
activated with ultraviolet (UV) light, and only a small portion ("5%) of
the solar energy (< 390 nm) can be utilized in practical applications
[22]. The modifications of TiO, to render its sensitivity to visible light
has become one of the most important goals to increase the utility of
TiO, in medical applications. It has been reported that the doping of
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nonmetals [23-25] and metals [26-28] into the TiO, lattice have
shifted the band gap to lower energy, particularly the substitution
doping of nitrogen was found to be effective in narrowing the band-gap
through the mixing of N with O-2p states [24]. In addition, most pho-
tosensitizers implicated in clinical or in pre-clinical systems have hy-
drophobic properties, which cannot be used in an aqueous system with
ease, thus limiting their delivery and photosensitizing efficiency
[29,30]. PEG has been used by many researchers to resolve the solu-
bility issue of the hydrophobic NPs while folate receptor-targeted (FR-
tagged) NPs have been shown to enhance the specificity of drug de-
livery systems and to prolong retention time and bioavailability within
tumors [31]. However, the PEGylated, doped- and undoped-TiO, NPs
have not been tested in the previous reports against cancer cells. To
extend our previous study on the hazardous effects of unmodified TiO,
NPs in the ecosystem [32], here we synthesized and modified TiO, NPs
(PEGylated undoped-TiO, NPs, PEGylated doped-NPs, folate loaded
NPs, and gold core-shell NPs) for the safer use in photodynamic therapy
of cancer cells.

2. Materials and methods
2.1. Reagents

Polyethylene glycol (Merk, MW. 4000), folic acid (Merk), hydrogen
tetrachloroaurate (III) trihydrate (Aldrich), MTT (Sigma), trypsin-EDTA
(Invitrogen), dicyclohexyl carbodiimide (DCC), and Folic acid, N-
Hydroxy Succinimide were purchased from Sigma Aldrich. Ethanol, di-
methyl sulfoxide and dichloromethane were purchased from Merck.
Titanium tetra-isopropoxide, oleic acid, sodium citrate, trioctylamine,
Ascorbic acid, triphenylphosphine, phthalimide, diisopropyl azodi-
carboxylate. Tetrahydrofuran (THF) was freshly distilled over CaH,
followed by sodium/benzophenone before use. Methylene chloride was
distilled over CaH,. Thionyl chloride toluene, ethyl acetate, and n-
hexane were used as such. The water employed in all preparations was
purified by a Milli-Q system (Millipore). AKA 254 nm or UVC (Sanko
Denki, Model G30T8), IR (Kodak-Sigma, 660 W, model S-2270) were
used to excite photosensitizers. Cell cultur materials included, ethanol
(75%), media (DMEM 50/50 and RPMI 1640) with 10% FCS and 1%
GPPS, PBS (1X), T25 and T75 flasks, 15 mL and 50 mL centrifuge tubes,
trypsin, fixative (50% TCA), sulforhodamine B solution (SRB) 0.4% in
1% acetic acid, wash solution (1% Acetic acid solution), Tris base so-
lution 10 mm (Sulforhodamine B Assay solubilization solution), 0.4%
Trypan Blue stain (fresh & filtered) in phosphate buffered saline. he-
mocytometer, cover-slips, tally counter, inverted microscope, in-
cubator, laminar flow hood, centrifuge, micropipettes (p20, p100, and
p1000).

2.2. Synthesis of titanium dioxide nanoparticles

Synthesis of the TiO, NPs was carried out according to the proce-
dure given by Wang et al [33] with slight modifications. NPs were
prepared by two synthetic routes either by an aqueous (Sol-gel) method
or non-aqueous method. Briefly, in case of the sol-gel method, a solu-
tion prepared by ethanol and acetic acid (8:2) was added 50 mg TTIP
under constant magnetic stirring at 50°C for overnight, which trans-
formed the mixture into a paste (semi-gel). The gel was dried at 120°C
and powdered. The product obtained was further used in the doping of
5% Co and 5% N. The doping of both Co and N was carried out by
dropwise addition of Co and N precursor (solution in ethanol) into
ethanol-acetic acid solution (8:2) containing TiO,. The powder ob-
tained was calcined at 500°C for 6 h (Scheme 2).

A non-aqueous method was adapted to synthesized highly uniform
TiO, nanocrystals (NCs), according to the procedure used by Gorden
et al. [34] with several modifications. In brief, 7 mL oleic acid and 2 mL
trioctylamine were mixed under constant stirring and heated to 120°C
for 1h under N,. The temperature was lowered to about 65-70°C and
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1.5 mL of 0.4 M (in ethanol) TiCl4 was added and immediately heated to
300°C for 10 min. The heating assembly was unplugged followed by a
dropwise addition of 3.5 mL of TiCl, stock solution that continued for
overnight aging. The solution was added toluene and centrifuged at
1000 rpm for 5 min to settle down the large particles. The supernatant
was added methanol and centrifuged at 6000 rpm for 5 min, followed
by chloroform and centrifuged for 5 min at 6000 rpm. The supernatant
was evaporated by heating and dried particles were powdered and
calcined at 500°C for 6 h.

2.3. Gold titania core-shell NPs synthesis

In order to synthesize the gold core-shell TiO5 NPs, firstly hydrogen
tetrachloroaurate (III) trihydrate [HAuCl,.3H,0], 0.01 M ascorbic acid
was mixed with 0.01 M sodium citrate under vigorous stirring for 5 min
and a solution containing 50 mL ethanol and 10 mL TTIP (0.04 M) was
added and incubated overnight under constant stirring. The solution
was heated to 50°C to transform into a gel. The gel was dried at 120°C
and calcined at 500°C for 6 h.

2.4. Organic linker synthesis

2.4.1. Synthesis of PEO-di-phthalimide (Mitsunobu reaction)

Organic synthesis of the polyethylene glycol bis-amine (PEG-(NH,),
was carried out according to the mechanism proposed by Mitsunobu
[35]. In brief, PEG,-4000 (20g), triphenylphosphine (4 g), phthali-
mide (2.2 g), THF (100 mL) and 3 mL ethanol were mixed together with
N, assembly at 30°C under constant stirring and was added 3 mL
(15mmol) diisopropyl azodicarboxylate (DIAD) dropwise and con-
tinued to stir for 72 h. The reaction mixture was added 250 mL ethanol
under the stirring condition for an additionall h and the oily product
was obtained through rotary evaporation at 40°C. The product was
confirmed by Fourier transform infrared spectrometer (FTIR) and nu-
clear magnetic resonance spectroscopy (NMR) (Scheme 1, Fig. 1C).

In the second step, PEG-di-phthalimide (17g) and hydrazine
monohydrate aqueous (17 mL, 80%) was added to ethanol (120 mL)
and stir under N, atmosphere and refluxed for 12 h. Byproducts were
precipitated by adding 3 mLconcentrated HCI, filtered and rotory
evaoparted. Theoily amino-PEG obtained was washed, rotory eva-
portaedand finally dried at 40°C under high vacuum, that yielded an
off-white powder. The product was confirmed by FTIR and NMR
(Scheme 1, Fig. 1D,E).

2.4.2. Synthesis of activated folate-conjugated PEG

Folic acid (0.250g) dissolved in DMSO (12mL), triethylamine
(0.125mL) and, N-hydroxysuccinimide (NHS) (0.13g) and dicyclo-
hexylcarbodiimide (DCC) (0.125 g), were mixed together and stirredin
dark for 24 h under N, atmosphere. The mixture was and evaporated
under reduced pressure to remove byproducts. The product was char-
acterized by FT-IR (Fig. S1) and stored at -20°C.

2.4.3. Synthesis of folate-polyethyleneglycol bisamine

Folate-conjugated PEG was synthesized by using an N-hydro-
xysuccinimide ester of folic acid (FA-NHS). PEG bis-amine (MW 4000)
and FA-NHS were dissolved separately in dry DMF and mixed together
and diisopropylethylamine was added. The mixture was allowed to
react at room temperature for 24 h under an N, atmosphere. The sol-
vent was rotory evaporated, that gave us a pale yellow product. The
product was confirmed by 'H NMR (Supplementary Fig. 1).

2.4.4. Conjugation of folate to (PEG-NH_)>) and to NPs

In the final step, polyethylene glycol was conjugated with the above
targeting moiety to produce a good delivering system. TiO, doped and
core-shell NPs were mixed with folate conjugated PEG in a conical flask
wrapped in aluminum foil in dark with constant stirring for 24 h. The
folate conjugated NPs were centrifuged at 1300 rpm for 5min and the
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Scheme 1. Schematic route of PEG-bis(amine) linker synthesis to the final folate conjugated -PEG amine.

supernatant was discarded. Functionalized NPs were dried and stored at
room temperature for in vitro analysis.

2.5. In vitro Analysis of cancer lines

2.5.1. Cell culture

All in vitro cell culture assays experiments were performed using
human cervical cells (HeLa) and human skin cancer cells (HT144) ac-
cording to the applied protocol at Institute of Biomedical & Genetic
Engineering, Islamabad, Pakistan (IBGE). Both cell lines were tested for
mycoplasma on regular basis to avoid any contamination. Cell lines
were maintained in 45% Dulbecco's Modified Eagle Medium (DMEM)
and 45% Roswell Park Memorial Institute (RPMI) and 10% FCS
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containing 1% gentamicin, penicillin, streptomycin (GPPS) antibiotics
and split upon =90% confluence in T-flask.

2.5.2. Cytotoxicity measurement

In vitro cytotoxicity of the doped-and undoped-TiO NPs was mea-
sured by Sulforhodamine B (SRB) and 3-(4,5-Dimethylthiazol-2-Y1)-2,5-
Diphenyltetrazolium Bromide (MTT) assays after irradiations with IR,
UV, and sunlight for 15-30 minutes (min). Cytotoxicity of the doped-
and undoped-TiO NPs have been investiagted
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l
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l
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\4
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Toluene, centrifugation at 1,000rpm for 5 min
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Dried and powdered
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Chloroform+ Pellet, centrifugation at 6,000rpm
for 5 min

Scheme 2. Sketch of TiO, NPs synthesis through aqueous and non-aqueous routes.

3. Results
3.1. Characterizations of doped and undoped-TiO, NPs

Previous studies demonstrated the phototoxicity of TiO, NPs
[36,32] in its unmodified form, however, it remained to explore the
effect of metal and non-metals doping onto the TiO5 NPs phototoxicity.
The TiO, NPs were synthesized by aqueous and non-aqueous routes and
calcined at 500°C for 6 h in order to check the effect of the solvent on
particle size and its absorption property. XRD analysis was used to
identify the crystalline structure of NPs for 20 diffraction angles ranges
from 0° to 80°. Peaks analysis revealed the diffraction planes of crys-
talline anatase TiO, at 25.3°, 37.8°, 48°, 62.7°, and 55° (Fig. 2A, [37]),
while peaks at 53.8°, 68.7°, and 70° were attributed to diffraction planes
of crystalline rutile TiO,. We found no significant effect on the ab-
sorption of the TiO, NPs synthesized through both aqueous (TiO, »q)
and non-aqueous (TiOy pon-aq) routes as shown by the XRD pattern
(Fig. 2A(a,g,h)). Overall diffractograms of the undoped-TiO, NPs
showed the presence of mainly anatase TiO, nanocrystalsand are in
close agreement with the standard spectra’s [37-39]. Interestingly, all
the doped-TiO, showed a shift from anatase into rutile crystalline
structure, which can be seen from the shift of the highest peak (80)
from short wavelength (25.3°) for anatase to a longer wavelength for
rutile in all the three doped-TiO, NPs (Fig. 2A(d-f)). XRD analysis re-
vealed that both anatase and rutile mesoporous crystals are present in
all the doped-NPs synthesized (Fig. 2A). Diffuse reflectance spectro-
scopy (DRS). Analysis revealed the shifting of absorption wavelength
from UV to IR region, which verified the results obtained from XRD
(Fig. 2A). The N, Co codoped- NPs showed the highest absorption
compare to the single N-doped or Co-doped TiO5 NPs. The topology of

the NPs was investigated with high-resolution atomic force microscopy
(AFM) Atomic force microscopy (AFM) showing a range of particle size
from 20 to 50 nm (Fig. 2C, Supplementary Fig. A,B). The average size of
NPs was calculated as 33 nm on the basis of line profile determination.

The morphology of the TiO, NPs and its derivatives were assessed
by scanning electron microscopy (SEM). The SEM images of these NPs
calcined at 500°C showed overall an irregular particle size in the range
of 18-60 nm (Fig. 2B, Supplementary Fig. S2). The average particle size
calculated was 45 nm for N, Co-codoped-TiO,, 68 nm for gold core-shell
TiO,-PEGylated (polymeric core shell of TiO,), 56 nm for PEGylate
folate loaded-TiO, (targeted polymeric NPs) and 48 nm for Co-doped-
TiO,. The increase in size of these NPs support the conjugation of PEG
and the loading of PEGylated folate onto TiO, NPs. Enormous studies
have shown the significant role of PEG-conjugated NPs in the solubility
and bioavailability in vivo and in vitro [40,41]. The qualitative and
quantitative elemental analysis of the given sample was determined by
energy dispersive x-ray spectroscopy (EDX) for the N, Co-codoped-TiO5
that contained all the doped elements. Analysis revealed the detection
of three prominent elements at around 0.525, 4.508 and 6.924 keV,
which were attributed to O,, Ti and Co respectively (Fig. 3D). Ac-
cording to this technique, the cobalt was doped to "3% into the TiO,
shell by mass. Furthermore, the Co-doped NPs consists of 52% O, and
45% TiO, (Table 1). Taken together, the characterizations showed the
successful synthesis of un-doped and doped-TiO, and gold core-shell
TiO, NPs.

3.2. Characterizations of linker polyethyleneglycol bis-(amine)

Conjugation of the PEG to the folic acid was achieved with the help
of short chain polyethylene glycol bis-amine (PEG-(NH,),) linker. Each
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characterization of the final product polyethylene glycol bis-amine.

step of the organic synthesis of the linker was followed by FTIR to
analyze the product at every stage of synthesis. The FTIR spectra clearly
showed the difference between the substrates, intermediates and the
final product (Supplementary Fig. 1A-C). The final product was con-
firmed by the appearance of FTIR peak at “3400 characteristics of pri-
mary amino groups (—CH,-NH,), which was not seen in any startup
substrates (Fig. 1D, E). The IHNMR results depicted the characteristic
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peaks for the polymer branch at 3.5ppm, a primary amino group
(—CH,-NH,) at 4.7 ppm with byproduct peaks at =7.5. All the che-
mical characterizations showed the synthetic confirmation of PEG-
phthalimide, PEG-dichloride and finally our required product PEG-
(NH,), (Fig. 1, supplementary Fig. 1). In summary, the FTIR and
'HNMR results confirmed the successful synthesis of the intermediates
and the final product.
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3.3. Photodynamic therapy of cancer cells by doped and undoped-TiO, NPs Bisphenol-A (BPA) by (N, Co)-codoped TiO, under visible light irra-
diations [39], however, the effect of such nanocomposite was not

The toxicity of TiO, NPs has been documented by many studies. shown on cancer lines. In our study, we tried to use 1) PEG for the
Recently, Garg et al. have shown the photocatalytic degradation of bioavailability 2) folate for the specific targeting and 3) metal and non-
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the (N, Co)-codoped TiO,. (C-F) UV-vis spectroscopy characteristics of TiO, ,q, Co-doped TiO,, Au core-shell TiO,, and Au core-shell PEG-TiO,.

Table 1

Elemental analysis of NPs by EDX.
Elements keV Mass% Atom%
o 0.525 52.22 76.78
Ti 4.508 45.10 22.15
Co 6.925 2.68 1.07

metal doping to shift the activation energy of TiO, NPs from UV into
NIR and sunlight absorption range. The NPs were aimed to generate
reactive oxygen species (ROS) inside the cells while damaging the nu-
cleic acids that lead to programmed cell death (apoptosis) and necrosis

after being endocytosed into the cells via glycosyl phosphatidylinositol-
anchored glycoprotein [42-44]. The photodynamic effect of the newly
synthesized NPs was tested on different cancer cell lines regularly
cultures at IBGE. Generally, cells cultured to 85-90% confluence were
added doped- and undoped-TiO,. PEGylated-TiO, NPs at various con-
centrations (Fig. 4A, B) and photoactivated with a specific wavelength
of radiations including IR, UV, and sunlight, leaving unexposed control
in dark (wrapped in Aluminum foil) for the given time.

A total of 11 NPs (designated as #1 to #11, Supplementary Fig. 3)
were subjected to preliminary cytotoxicity assay on the HT144 cancer
cells to determine their potential in the photodynamic prevention of
cancer cells. Cancer cells in the log phase were added the NPs and
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radiations. (B) ICs, value determination for the potentialNPs against the cancer lines (C) Comparative analysis of all the all photoactivation radiation sources for all

#4 = Folat-PEG-TIiO2 aq
#5 = N, Co-codoped TiO2
#6 = Co-doped TiO2

the seven NPs tested against HeLa cancer cells.
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exposed to a specific wavelength of radiation for 15 min. Preliminary
analysis by SRB cytotoxicity assay revealed the potential of several NPs
in the photodynamic prevention of cancer cells (Supplementary Figure
S3). In the first attempt, a total of seven NPs were selected including
PEG-TiO3 ag, TiO2 non-aq» At core-shell PEG-TiO,, N-doped TiO,, folate-
PEG-TiO; o4, N, Co-codoped TiO,, Co-doped TiO, to be further tested on
other cancer cells for their photodynamic effect. Cytotoxicity assay
revealed that four NPs have repeated their cytotoxic effect on HeLa
cancer cells in response to all the radiation sources (UV, IR, sunlight)
used (Fig. 4, supplementary Fig. S3B), which is described below;

3.3.1. IR radiations

It has been shown that the TiO, can only be excited with exposure to
UV radiations [45]. NPs were added to the cancer cells in log phase, and
irradiated with IR source for 15 min and incubated at 37°C for 24 h. The
SRB analysis a reduction in cell viability of HeLa cells up to 30% for
PEG-TiO; »q (100 ug/mL), 37% for TiO2 non-aq (50 pg/mL) and gold
core-shell PEG-TiO, (100 pg/mL) followed by N, Co-codoped TiO, (50,
100 ug/mL) (Fig. 4A). ICso analysis also showed that PEG-TiO, ,q has
45% reduced the HeLa cancer cells with ICso valve 6.5 + 4.95ug/mL,
followed by TiOy non.aq With 55.5% viability for 5.5pug/mL + 6.36,
gold core-shell PEG-TiO, with 53.5% for 6.365.5 = 6. 36 ug/mL and
N, Co-codoped TiO, with 63% was 4.956.5 * 4.95ug/mL with 63%
viability as shown in (Fig. 4B, Table 2),suggesting the safer use of this
NPs in tumor patients.

3.3.2. UV radiations

The photosensitizers added cancer cells (HeLa) in log phase were
UV irradiated for 15 min and the photo-toxicity was calculated. Again
the PEG-TiO, ,q NPs revealed a significant reduction of 25% in cancer
cells viability (75% killing) for 5.5 *+ 6.36 pg/mL calculated from ICsq
analysis (Fig. 4B), followed by TiOj non.aq and gold core-shell PEG-TiO,
with 39 viability (61% killing) for 6.365.5 * 6.36 ug/mL and
20 *= 14pg/mL respectively. N, Co-codoped TiO, again was the least
potent in killing the cancer cells with 49% viability for
6.65 = 4.95ug/mL (Fig. 4, Table 2).

3.3.3. Sunlight radiations

Interesting results were found in case of sunlight exposure for
30 min (temperature <35°C). In accordance to the UV effect, ICs, va-
lues for PEG-TiO, ,q significantly killed the 75% cancer cells with 26%
viability for ICso value 4.6.5 = 4.95pg/mlL, followed by TiO non-aq
with 35% viability at 5.5 * 6.36 ug/mlL, for gold core-shell PEG-TiO,
was 5.5 = 6.36 ug/mL with 36.5% viability and for N, Co-codoped
TiO, was 4.96.5 + 4.95ug/mL with 47% viability (Fig. 4B). The p-
value of sunlight exposed NPs showed a highly significant result ie.
p = .001 (Table 2). Taken together, our data demonstrate that the
PEGylate TiO, ,q synthesized by the sol-gel method resulted in an en-
hance photodynamic prevention of cancer cells, which dramatically
reduced their viability under sunlight and infra-red radiations. This
data may add a therapeutic agent in cancer photodynamic therapy for
future therapy.

3.4. ICsg calculation inhibitory concentration at 50% inhibition

ICso which is the inhibitory concentration at 50% inhibition was
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calculated using the manual method by Maes et al. (http://leishrisk.
net/Leishrisk/UserFiles/File/Kaladrug-R/SOPs/lab/
1abSOP18_IC50tool.pdf). ICs valves of four NPs (PEG-TiO; aq, TiO2 non-
aq» gold core-shell PEG-TiO, and N, Co-codoped TiO,) were calculated
on Hela cell lines by MTT assay (Fig. 4B, Table 2), after irradiation with
IR, UV and sunlight sources for 15 min.

3.5. Statistical analysis

Statistical significance was determined by ANOVA and two-tailed t-
test between unexposed and irradiated samples (NPs). Results were
considered significant when p < 0.05 and shown as mean =+ SD.

4. Discussion

Cancers are the most life-threatening health problems (23.2%) in
the world after heart disease (25.4%) and are the leading cause of
mortality worldwide, both in developed and developing countries
[46,47]. The current therapies for cancer suffer from many limitations
as reviewed [48]. Nanoparticles (NPs) have shown several improve-
ments for the development of functionalized anticancer agents in de-
livery systems by using specialized tags (peptide, protein, antibody, and
gene therapy) as well modified the pharmacokinetics, pharmacody-
namics of carrier drug [10,11]. To extend our previous studies on the
phototoxic effects unmodified TiO, NPs [32], in this study, we de-
monstrated the effects of PEGylated-TiO», NPs, N, Co-codoped, Co-
doped, N-doped TiO, NPs and gold core-shell NPs. These NPs were
further used to be functionalized with loading PEGylated-folate. Surface
modifications of NPs with surfactants (PEG) to achieve long-circulating
nanocarriers have now been accepted as a standard strategy for tar-
geted drug delivery (in vitro and in vivo) [49]. Initial analysis revealed
that four NPs including PEG-TiO; ,q, TiO2 non-aq, g0ld core-shell PEG-
TiO5 (Au core-shell PEG-TiO,) and N, Co-codoped TiO, showed their
phototoxic effect on cancer lines, which were used in this study. Cy-
totoxicity of these NPs was measured by the standard cytotoxic SRB and
MTT assays, which have been routinely used for the percent viability of
cultured cells in our laboratory.

Comparative analysis revealed the significant effect of the
PEGylated NPs (PEG-TiO; ,q), which was conjugated with short-chain
PEG that probably enhanced its bioavailability and cell permeability as
described by others (Fig. 4C [49]). Interestingly, these NPs not only
showed prevention of cancer cells in response to UV radiations but the
same effect was observed when exposed to sunlight for just 30 min. We
observed that although the doping of Co (metal) and N (non-metal) or
the co-doping of both the Co and N, enhanced the photoexcitation of
the NPs in the IR and NIR regions, however, they did not show better
phototoxic effect on cancer lines (Fig. 4A-C), which may be attributed
to the downregulated of ROS production by these NPs or hindrance to
cross the cell and nuclear membrane permeability. Loading of NPs with
folic acid also did not enhance the photodynamic prevention of cancers
by TiO5 NPs, could be possibly due to an increase in additive size and
charge on the NPs.

In sum, these data demonstrate the enhancement of the solubility
effect of PEGylate TiO, that upon photoactivation can kill the cancer
cells compared to un-PEGylated TiO, NPs. In the present study, the
main objective was to use the phototoxicity of the TiO, NPs for cancer

Table 2
ICso and % viability of cancer cells.
Light source ZS1 752 783 ZS5
1Cso S.D. %viability 1Cso S.D. %viability 1Cso S.D. %viability ICso S.D. %viability
uv 5.5 6.36 25.5 5.5 6.36 39.5 20.0 14.2 39 6.6 4.95 49
IR 6.5 4.94 45.5 5.5 6.43 55.5 5.5 6.36 53.5 6.5 4.95 63
Sunlight 6.5 4.95 26.0 5.5 6.46 35 5.5 6.44 36.5 6.5 4.95 47



http://leishrisk.net/Leishrisk/UserFiles/File/Kaladrug-R/SOPs/lab/labSOP18
http://leishrisk.net/Leishrisk/UserFiles/File/Kaladrug-R/SOPs/lab/labSOP18
http://leishrisk.net/Leishrisk/UserFiles/File/Kaladrug-R/SOPs/lab/labSOP18

Z. Shah, et al.

PDT and give an insight to the researchers for the safer use of TiO, NPs
for the prevention of cancers.
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