Journal of Materials Science: Materials in Medicine (2024)35:51
https://doi.org/10.1007/s10856-024-06823-w

BIOMATERIALS SYNTHESIS AND CHARACTERIZATION ®

Check for
updates

Original Research

TiO,-ZnPc nanoparticles functionalized with folic acid as a target
photosensitizer for photodynamic therapy against glioblastoma cells

Gustavo Jardén-Guadarrama' - Ma Elena Manriquez-Ramirez? - Citlali E. Rodriguez-Pérez® - Araceli Diaz-Ruiz* -
Maria de los Angeles Martinez-Cardenas’ - Alfonso Mata-Bermudez® - Camilo Rios®’ - Emma Ortiz-Islas®

Received: 28 July 2023 / Accepted: 9 August 2024
© The Author(s) 2024

Abstract

The use of TiO, as a photosensitizer in photodynamic therapy is limited due to TiO, generates reactive oxygen species only
under UV irradiation. The TiO, surface has been modified with different functional groups to achieve activation at longer
wavelengths (visible light). This work reports the synthesis, characterization, and biological toxicity assay of TiO,
nanoparticles functionalized with folic acid and combined with a zinc phthalocyanine to obtain a nano-photosensitizer for its
application in photodynamic therapy for glioblastoma cancer treatment. The nano-photosensitizer was prepared using the
sol-gel method. Folic acid and zinc phthalocyanine were added during the hydrolysis and condensation of titanium butoxide,
which was the TiO, precursor. The samples obtained were characterized by several microscopy and spectroscopy
techniques. An in vitro toxicity test was performed using the MTT assay and the C6 cellular line. The results of the
characterization showed that the structure of the nanoparticles corresponds mainly to the anatase phase. Successful
functionalization with folic acid and an excellent combination with phthalocyanine was also achieved. Both folic acid-
functionalized TiO, and phthalocyanine-functionalized TiO, had no cytotoxic effect on C6 cells (even at high
concentrations) in comparison to Cis-Pt, which was very toxic to C6 cells. The materials behaved similarly to the control
(untreated cells). The cell viability and light microscopy images suggest that both materials could be considered
biocompatible and mildly phototoxic in these cells when activated by light.
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1 Introduction

< Camilo Rios

crios @correo.xoc.uam.mx Glioblastoma (GBM) is the most common primary and
>< Emma Ortiz-Islas malignant central nervous system tumor, occurring pri-
emma.ortiz@innn.edu.mx marily in adults 65 years and older [1]. Although it is a rare
Extended author information available on the last page of the article tumor, it is responsible for 4% of all tumor deaths. GBM is
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associated with a poor prognosis, as these tumors are
resistant to all current therapeutic advances and often recur
within months of aggressive treatment. Median survival
after initial diagnosis is 15 months. The current standard of
care is trimodality therapy, which includes maximal safe
tumor removal followed by local radiation and concurrent
adjuvant chemotherapy with temozolomide [2]. Tumor
progression after surgical resection is also common, with
lethality expected within 1 year. Tumor cells remaining at
the edge of the cavity after surgical removal of the mass
appear to be resistant to standard treatments, as most GBMs
rapidly relapse 2-3 cm from the original tumor site, giving
rise to more aggressive and resistant forms of cancer [1].

Photodynamic therapy (PDT) is a promising and clini-
cally approved, less invasive treatment for several medical
conditions, including skin diseases, localized infections,
age-related macular degeneration, and premalignant and
malignant disorders (various cancers) [3, 4]. Like surgery
and radiotherapy (RT), PDT is a local treatment that can be
used alone or in combination with currently used cancer
therapies such as radiation and chemotherapy. Specifically,
PDT has been used in the clinic to treat several types of
cancer, including bladder, neck, esophageal, non-small cell
lung, and head cancers [5, 6]. PDT is characterized by non-
invasiveness, minimal systemic toxicity, and high tumor
selectivity, unlike chemotherapeutic drugs that cause sys-
temic side effects and ionizing radiation from radiotherapy
that damages normal tissues [7].

In PDT, a photosensitizer (PS) is first administered sys-
temically or topically, allowing time for it to accumulate in
the target tissue. Then a specific wavelength of light is
applied for several hours. Thus, the photosensitizer absorbs
a photon and enters its excited singlet state, giving rise to its
long-lived excited triplet state [8, 9]. The triplet excited
species can react with molecular oxygen to produce reactive
oxygen species (ROS), such as singlet oxygen (10,),
superoxide anions (O,), hydroxyl radicals (OHe), and
hydrogen peroxide (H,0,), which can kill cancer cells.
However, the excited photosensitizer can return to its
ground state in several ways, including photon emission
(fluorescence), which can be used for photodynamic diag-
nosis by fluorescence imaging. The triplet state can either
undergo electron transfer with organic substrates to form
radical species (type I reaction) or react directly with
ground-state oxygen to form singlet oxygen, a highly ROS
(type II reaction) [9]. Most photosensitization reactions are
considered Type II, but both can occur simultaneously. The
rate of Type I and Type II reaction depends on the bio-
chemical properties of the photosensitizer and cell sub-
strates and the binding affinity of the sensitizer for the
substrate. In PDT, ROS generated on cancer cells cause
irreversible oxidation of one or more critical cellular com-
ponents, including plasma membranes, mitochondria,
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endoplasmic reticulum, and lysosomes, resulting in cellular
damage and thus cancer death either by apoptosis or
necrosis, vascular collapse, tissue destruction, or cell death
[5, 8, 10].

In PDT experiments, natural and synthetic dyes have
been tested as photosensitizers in vitro and in vivo
[9, 11-14]. Most photosensitizers have a heterocyclic ring
structure similar to that of chlorophyll or heme in hemo-
globin. Phthalocyanines have been developed as photo-
sensitizers for PDT. Effective photosensitization requires a
long-lived triplet state, which has been achieved by incor-
porating a diamagnetic metal such as Zn or Al with a high
absorption coefficient into the phthalocyanine macrocycle,
and optical stability has been achieved in clinical practice
[9, 15]. However, a disadvantage of these PS is their ten-
dency to aggregate, resulting in short triplet lifetimes and
reduced 10, yields. In addition, their low solubility, poor
light absorption, cutaneous photosensitivity, low selectivity
for target tissues, and n-m stacking in these molecules limit
their further clinical application [5, 9, 16].

To overcome these drawbacks, nanomaterials (NMs)
appear as potential carriers of photosensitizers and new PS
promising for PDT [17-22]. NMs range in size from 1 to
100 nm, and their high surface-to-volume ratio would allow
for improved PS loading [23]. The combination of NMs
with PS drugs has recently received considerable attention
in PDT. Among the wide variety of NMs are quantum dots
(QDs), up-conversion NPs (UCNPs), silica NPs, plasmonic
NPs, carbon NMs, polymeric NPs, liposomes, and micelles
have been combined with PS drugs and applied in PDT both
in vitro and in vivo [24-31]. Specifically, metal or metal
oxide NPs can generate ROS when irradiated with light and
induce cell death [32, 33].

Titanium dioxide (TiO,) is one of the best-known metal
oxides; as a semiconductor, it generates large amounts of
ROS when excited by UV light [34, 35]. It also has many
relevant properties, such as low-cost availability, chemical
stability, high photostability, high photocatalytic activity,
non-toxicity, and safety for humans and the environment.
Although TiO; is used in classical areas such as solar cells,
electrochromic devices, dye-sensitized solar cells, self-
cleaning coatings, cosmetics, paints, food, and photo-
catalysis for environmental remediation, it also has biome-
dical applications [34, 36, 37]. TiO, can be obtained
synthetically mainly by sol-gel, hydrothermal, green
chemistry, and microwave methods. In the last two decades,
TiO, has attracted attention for its application in PDT
because it is known as TiO, in aqueous media and under
UV light irradiation produces ROS species such as hydroxyl
radical, hydrogen peroxide and superoxide, which causes a
remarkable photodeath effect against cancer cells, causing
them severe oxidative stress and consequently apoptosis.
TiO, NPs have been reported to be used as a PDT agent in
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various cancer cells, such as bladder cancer cells, cervical
cancer cells, non-small cell lung cancer, human skin cancer
cells, breast cancer cells, and Leukemic HL60 Cells
[38—43]. Although TiO, is a potential ROS-generating
agent, it can only be photo-excited by UV light, which
limits its use in PDT since the approved therapeutic window
is at wavelengths of 700-1100 nm. For this reason, TiO,
has been modified to absorb long-wavelength light in the
visible or NIR range. Titanium dioxide has been doped with
a variety of metal and non-metal ions and combined with a
variety of dyes [44—47]. Among the organic dyes, por-
phyrins and phthalocyanines are the most commonly used
in combination with TiO,, with better absorption in the
visible range, proving to be potential photosensitizers in the
application of photodynamic therapy [48]. In addition,
various ligands such as monoclonal antibodies, phages or
folic acid can be coupled to the nanoparticle surface in the
photosensitizer-nanoparticle complexes for more selective
accumulation [48-52].

For this work, TiO, was functionalized with folic acid for
its selective accumulation preferentially in tumor cells. It
has also been loaded with ZnPc to increase its light
absorption spectrum so that it can be activated and used in
photodynamic therapy against GBM cancer.

2 Material and methods
2.1 Chemicals

The chemicals used to prepare the different materials are
listed below. Folic acid (FA) [Sigma-Aldrich, 297%], zinc
phthalocyanine (ZnPc) [Sigma-Aldrich, 97%], titanium
butoxide [Fluka, 297%], absolute ethyl alcohol [Alfimex,
96%], deionized water [HYCEL]. On the other hand, the
chemical and biological substances used in this work are
listed below: C6 glial cell line (CCL-107, ATCC), fetal
bovine serum (Biowest), Dulbecco’s Modified Eagle’s
(DMEM), trypsin-EDTA, penicillin and streptomycin
[Gibco, Invitrogen], and MTT cell proliferation kit [Roche].

2.2 Materials preparation

The molar ratios of titanium butoxide: water (1:16), tita-
nium butoxide: ethyl alcohol (1:8) and ZnPc: TiO, (1:10)
were the amount used, and 1 mol% of folic acid.

2.2.1 TiO,-FA

In a mix of water and ethyl alcohol, folic acid was dissolved
and kept under stirring until FA dissolution. Next, titanium
butoxide was added slowly to the solution. The final mix-
ture was stirred for 24 h until the gel formed. The water and

ethanol excess were removed by evaporation. Finally, the
sample was dried at 60 °C.

2.2.2 TiO-FA-ZnPc

Folic acid was dissolved in a mix of water and ethanol and
kept under stirring until FA dissolution. Next, titanium
butoxide was added slowly to the solution. The final mix-
ture was stirred for 12 h, and the ZnPc was added. After-
ward, the solution was stirred for 12 h until the gel formed.
The excess water and alcohol were removed by evaporation.
Finally, the sample was dried at 60 °C.

2.3 Physicochemical characterization
2.3.1 N, adsorption-desorption

The N, adsorption-desorption isotherms were obtained at
N, liquid temperature using Belsorpt II-BEL equipment.
The surface area was obtained from the adsorption iso-
therms through the BET method. The pore sizes and pore
volumes were obtained from the desorption isotherms using
the BJH method. Before the N, measurements, the samples
were pretreated thermally at 60 °C for 12 h under a vacuum.

2.3.2 Fourier Transform Infrared spectroscopy (FTIR)

The KBr method was used to obtain the FTIR spectra. 5 mg
of each solid sample was mixed and ground with 95 mg of
potassium bromide (KBr). The mixture was then pressed
into a translucent tablet and placed in an Affinity-1 Shi-
madzu spectrophotometer for measurement. The interval of
analysis was at 4000-500 cm~' wavenumber.

2.3.3 UV-Vis spectroscopy

Diffuse reflectance spectra of the powder samples were
obtained using a Cary 100 UV-Vis spectrophotometer
equipped with an integrating sphere and using BaSQy, as the
baseline reference. A small amount of sample was placed
uniformly on the sample holder which is closed with a
transparent quartz cap to prevent the sample from moving
as it is introduced vertically into the equipment. The
wavelength interval was from 190 to 900 nm.

2.3.4 X-Ray diffraction (XRD)

The sample holder was filled with the previously ground
sample to form a completely uniform surface. The sample
holder was then placed in the x-ray diffractometer (Bruker
D2 Phaser diffractometer) for measurement. Cu Ka radia-
tion (A= 1.5405 nm) was used, and the samples were ana-
lyzed at a throughput rate of 0.6°/sec.
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2.3.5 Scanning electronic microscopy (SEM) and High-
Resolution Transmission Electron Microscopy (HR-
TEM)

The SEM images of the samples were obtained using a
Quanta 3D FEG Microscope. A high-resolution transmis-
sion electron microscopy analysis was performed on a JEM
2100 microscope with a voltage from 80 to 200 kV filament
LaB6. Samples were suspended in an isopropanol solution
for application and placed in a sonicator to increase their
dispersion. Then samples were placed on a copper plate and
introduced into the equipment for measuring.

2.4 Biological assays
2.4.1 Cell culture

The C6 cell line was cultured in DMEM medium supple-
mented with 10% fetal bovine serum, 100 units/mL peni-
cillin, and 100 pg/mL streptomycin. Cells were incubated at
37°C with 95% humidity and 5% CO, until adequate
confluence was reached. Cells were harvested using trypsin
(0.25%) and subcultured for biological studies after allow-
ing them to adhere for 24 h.

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

Cells were seeded at a density of 1 x 10° cells per well in a
96-well plate (n = 3) and treated with sequentially increas-
ing concentrations of TiO,-FA, TiO,-FA-ZnPc, and Cis-Pt
(0-1000 pg/mL). Treated and untreated cells were then
incubated at 37 °C in 5% CO, and 95% humidity for 24 or
72 h. MTT reagent was then added and incubated for 2 h.
The resulting purple formazan salt crystals were then dis-
solved in 100 uL of solubilization buffer (10% sodium
dodecyl sulfate, 0.01 N HCI) in each well. The absorbance
of each well was recorded on a microplate reader at 570 and
630 nm. The cell viability was calculated by using the fol-
lowing formula: Cell viability (%)= (As70-Ass0 sample)
(As570—As60 control) X 100%, where untreated cells were tested
as controls.

Cell morphology. The cell morphology analysis was
carried out by the cell’s observation after stimulation for
72h. The images were recorded at 10X using a light
microscope (Olympus CKX41).

2.4.3 Phototoxicity test
C6 cells were seeded at a concentration of 1 x 10°/well in a
96-well plate and allowed to grow overnight. The next day,

they were incubated with different concentrations of pho-
tosensitizer (TiO,-FA and TiO,-FA-ZnPc) ranging from 0
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to 1000 ug/mL. After 1h, the treated cells were exposed to
light from the top of the plate at a distance of 10 cm and
irradiated with a 385 nm LED lamp for 15, 30, and 60 min.
After incubation time (72 h), cellular viability was evaluated
by MTT assay, as mentioned before. Cell exposure to light
was carried out in a laminar hood at room temperature.

2.4.3.1 Statistical analysis Two-way analysis of variance
(ANOVA) followed by the Dunnett’s test or Sidak multiple
comparison test and paired Student’s ¢ test were performed.
Results are expressed as mean + SE. Statistical significance
was considered when p <0.05. Data were statistically per-
formed using GraphPad Prism 9.4.1.

3 Results
3.1 Textural properties

Figure 1 shows the N, adsorption-desorption isotherms of
TiO,-FA and TiO,-FA-ZnPc samples. According to the
International Union of Pure and Applied Chemistry
(IUPAC) classification, both samples derived a type IV
isotherm with a narrow hysteresis loop between 0.5 and 1.0
relative pressure. These isotherms are characteristic of
mesoporous materials. At high relative pressures, no N,
adsorption was observed, indicating that no macropores
were formed on the TiO, network.

Table 1 summarizes the textural properties of TiO,-FA
and TiO,-FA-Zn Pc samples: Surface area (Spgr), pore
volume (Py) and pore diameter (Pp). The surface area values
are obtained from the adsorption isotherm using the BET
equation. The surface area values were 476 and 397 m*/g for
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Fig. 1 N, adsorption-desorption isotherms of TiO,-FA and TiO,-FA-
ZnPc samples. Filled black and red circles correspond to the adsorp-
tion isotherms, while empty black and red circles correspond to the
desorption isotherms
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TiO,-FA and TiO,-FA-ZnPc, respectively. Approximately
16% of the surface area was reduced from TiO,-FA to
TiO,-FA-ZnPc due to the ZnPc molecules occupying part of
this space (surface area). The surface area reduction value is
very close to the calculated theoretical value (10%) of ZnPc
for TiO, loading.

On the other hand, the pore volume and pore diameter
were obtained from the desorption isotherms using the BJH
theory. In our case, the pore volume decreased from 0.28 for
TiO,-FA to 0.24 cm®/g for TiO,-FA-ZnPc since the pores
were partially occupied by ZnPc molecules. In contrast, the
pore diameter value was the same for both samples.

3.2 Fourier transform infrared spectroscopy

The infrared spectra of TiO,-FA, TiO,-FA-ZnPc, and ZnPc
are shown in Fig. 2. The TiO,-FA spectrum shows a broad
band mixed with other small bands between 3560 and
2500 cm™!. The broad band corresponds to OHs groups
from surface hydroxyls and water molecules, but may also
include amino group signals from folic acid. The small
bands are associated with C-H vibrations of CH, groups
from the pteridine ring and glutamic acid groups in the FA
chemical structure (see Fig. 2) [53]. Another set of bands is

seen in a round of 1741—1130cm’1, where the band

Table 1 Texture values of the TiO,-FA and TiO,-FA-ZnPc samples

Sample Sper (m%/g) Py (cm’/g) Pp (nm)
TiO,-FA 476 0.28 2.40
TiO,-FA-ZnPc 397 0.24 2.40

Surface area (Spgr) was obtained by the BET method; pore volume
(Py) and average pore diameter (Pp) were obtained by BJH theory

centered at 1616 cm™! is related to H,O0, and the small band
at 1525cm™! confirms the N-Ti bond formed during the
functionalization of TiO, with the activated folate [54].
Finally, the large and broad band located at 1096400 cm
is characteristic of Ti-O bonds from the TiO, network
contributing more significantly.

In the spectrum corresponding to TiO,-FA-ZnPc, the
bands described above were also found. Signals identifying
ZnPc are not observed due to the predominance of FA
bands; however, some ZnPc-derived bands can be seen in
their corresponding spectra, which are marked with aster-
isks (Fig. 2a). These signals may belong to vibrations from
the isoindole and pyrrole cycles of ZnPc (Fig. 2b). Typi-
cally, metal phthalocyanines give strong signals in the
1000-1800 cm ™! region due to vibrations of the isoindole
and pyrrole cycles, as seen in the ZnPc spectrum (Fig. 2a)
[55]. Although TiO,-FA and TiO,-FA-ZnPc spectra look
very similar, experimentally, the samples changed their
color from yellow (characteristic of FA) to blue (a char-
acteristic of ZnPc) was observed after TiO,-FA was loaded
with ZnPc, indicating that the ZnPc was adequately loaded
in TiO,-FA network.

3.3 X ray diffraction

The powder XRD patterns of the ZnPc, TiO,-FA, and TiO,-
FA-ZnPc samples are shown in Fig. 3. ZnPc shows char-
acteristic signals of its crystalline arrangement in its che-
mical structure, deriving signals at 20 = 6.74, 8.77, 10.52,
14.74, 20.54, 23.57, and 26.51° corresponding to the
crystalline planes of (001), (201), (200), (2001), (203),
(110) and (214) of ZnPc, respectively. It can be observed
that the XRD patterns of TiO,-FA and TiO,-FA-ZnPc

(a) (b) Folic Acid
100 2 coH
NH C—NH—CH
OH
para-amino-benzoicacid CH;
80 - NN N CHz‘—'éH
_ P iy
X niy NN COH
E 60 - Pteridinering Glutamicacid
c
£
£ 40
&
= Isoindole N N Pyrrole
= - { \ /7
204 —TiO,FA - In_
E— TiOZ-FA-ZnPC 74 |
0 ZnPc N N ZnPc
T T T T
4000 3000 2000 1000
Wavenumber (cm'1)

Fig. 2 a FT-IR spectra of TiO,-FA, ZnPc and TiO,-FA-ZnPc samples, (b) chemical structures of folic acid (FA) and Zinc phtalocyanine (ZnPc)
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Fig. 3 XRD patterns of TiO,-FA, TiO,-FA-ZnPc and ZnPc samples

samples are highly similar and show intense signals at
20 =125, 38, 48, 54, and 62° corresponding to the pure
anatase crystalline phase [56]. The absence of characteristic
peaks of ZnPc in the TiO,-FA-ZnPc sample may be due to
its good dispersion on the surface of TiO,-FA, or the
amount of ZnPc used was not sufficient to be detected by
this technique. However, the samples changed from yellow
to dark blue for TiO,-FA and TiO,-FA-ZnPc, respectively.

3.4 UV-Vis spectroscopy

UV-Vis diffuse reflectance spectra of TiO,-FA, ZnPc, and
TiO,-FA-ZnPc samples are shown in Fig. 4. In the TiO,-FA
spectrum, the classical electronic transition of titania can be
identified between 325 and 380 nm as a result of electron
transitions from the 2p orbital of the oxygen atom to the d
orbital of the titanium atoms. A band appears in the ZnPc
spectrum at 544 nm due to interactions between the zinc
atom and the heterocyclic ZnPc, where an electron is
transferred from the macrocycle to the d-orbital of the zinc
atom. The band at 717 nm results from the n-n electronic
transitions on the phthalocyanine rings. In the TiO,-FA-
ZnPc spectrum, in addition to the TiO, transition, another
broad band was observed in the visible region between 500
and 800 nm. This last zone has been zoomed in as shown in
the inset of Fig. 4, where two small bands at 640 nm and
717 nm can be detected. The first results from the interac-
tion between TiO, and ZnPc, while the second is char-
acteristic of the ZnPc, as mentioned above. Therefore, the
conjunction of TiO, and Zn Pc may be beneficial in
improving the photosensitizing properties of TiO,-FA.

3.5 Scanning electronic microscopy

Figure 5 shows the scanning electronic micrograph and its
corresponding EDS graph for each sample of TiO,-FA and
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Fig. 4 UV-Vis spectra of ZnPc, TiO,-FA, and TiO,-FA-ZnPc samples.
The insert shows the zoomed intervals of 500-800 nm for all samples

TiO,-FA-ZnPc. The TiO,-FA image shows coarse spherical
particles with sizes of approximately 200—500 nm. From its
EDS graphic, C, N, O, and Ti atoms were identified, cor-
responding to TiO, and folic acid used as functionalizing
agent. In the TiO,-FA-ZnPc SEM micrograph, a similar
morphology was observed where the identical particles
mentioned above are seen combined with tiny particles that
may be from the ZnPc molecules. The EDS graph for this
sample shows the characteristic peaks of folic acid and TiO,
but does not identify Zn atoms. In both EDS graphs, a small
peak appeared around 220eV, which should be ignored
because it is caused by the gold grid that supported the
sample for measurement.

3.6 High resolution-transmission electronic
microscopy

Figure 6 shows the HR-TEM images of the TiO,-FA sample
at different magnifications. The morphology consists of
aggregates of nanoparticles ranging in size from 2 to 10 nm
that form a porous material. Since there are always elec-
trostatic forces between these particles, they tend to clump
together, resulting in nanoparticle clusters being formed
(Fig. 6a—c). When the resolution is slightly increased, high
crystallinity mixed with the amorphous phase is observed
with the formation of polycrystals (Fig. 6d—f), where the
orientation of the atomic planes is completely random.
From these last figures, it is possible to appreciate the
crystalline planes corresponding to the anatase phase (see
blue circle) (Fig. 6f), as identified by X-ray diffraction
results.

TEM micrographs of the TiO,-FA-ZnPc sample were
taken at higher resolution and are shown in Fig. 7. Like the
previous sample, the TiO,-FA-Zn sample presents a
morphology consisting of aggregates of nanoparticles
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Fig. 5 SEM image and its corresponding EDS graphic of TiO,-FA and TiO,-FA-ZnPc samples. The scale bar in each figure is equivalent to
100 nm

Fig. 6 HR-TEM photographs of
TiO,-FA sample taken at
different resolutions. The scale
in Figures is 50 nm (a), 20 nm
(b), 10 nm (¢, d), and 5 nm (e, f),
respectively. The blue circle
shows the crystallinity mixed
with the amorphous phase with a
higher proportion

(b) (@

(d) (f)
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Fig. 7 HR-TEM photographs of
TiO,-FA-ZnPc sample taken at
different resolutions. The scale
in Figures is 100 nm (a), 20 nm
(b), 10 nm (¢), and 5 nm (d-f),
respectively. The blue circles
show the crystallinity observed
in this sample mixed with the
amorphous phase

(d)

(Fig. 7a—c). The photographs from Fig. 7d—f clearly show
the high crystallinity of the sample (see blue circles), cor-
responding to the anatase phase, and may be due to the
presence of ZnPc, which is crystalline, as observed in the
XRD study (Fig. 3). The average particle size is between 5
and 10 nm. It is also possible to keep the amorphous phase
in a higher proportion mixed with the crystalline anatase
phase of TiO,.

3.7 Biological results
3.7.1 In vitro cell viability

The in vitro cell viability studies were performed using rat
tumor cells known as the C6 cell line. Figure 8 shows the
cell viability (% of control) versus increasing concentrations
of TiO,-FA, TiO,-FA-ZnPc, and Cis-Pt used to treat the C6
cells, while untreated cells were the control. It can be
assumed that the viability of untreated cells was 100%. As
expected, cell viability decreases significantly in a dose-
dependent manner when cells are treated with Cis-Pt.
However, when cells were treated with increased TiO,-FA
or TiO,-FA-ZnPc, even at high concentrations, cell viability
remained the same as the control (untreated cells).

To visualize the effect of each material on the mor-
phology of C6 cells, they were analyzed by light micro-
scopy, as it is shown in Fig. 9. First, the extreme events
were analyzed, where untreated cells showed their char-
acteristic morphology at all concentrations of material used,
and during 72h, viability remained around 100% in all
cases. In contrast, cells treated with cis-Pt are observed to be
destroyed even at low concentrations (10 ug/mL), and as
cis-Pt increases, their damage becomes more pronounced.
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Fig. 8 In vitro viability of C6 cells treated with increased concentra-
tions (0-1000, pg/mL) of TiO,-FA, TiO,-FA-ZnPc, and Cis-Pt (as
therapeutic control). Results are expressed as mean + SE of n =3 per
group. Two-way analysis of variance (ANOVA) followed by the
Dunnett’s test. Statistically significance was control vs TiO,-FA
(p =0.2862), vs TiO)-FA-ZnPc (p=0.9963) and vs Cis-Pt
(p =0.0001). Statistical significance: p<0.05 (*), p<0.01 (¥%),
p<0.001 (***) and p<0.0001 (****); n.s.= non significative

The structural morphology of the cells was unaltered when
treated with TiO,-FA and TiO,-FA-ZnPc, with similar
behavior to the control. We can observe clusters of nano-
particles, which are more noticeable at the concentration of
1000 pg/mL. Cell viability and light microscopy images
suggest that both TiO,-FA and TiO,-FA-ZnPc materials can
be considered biocompatible.

3.7.2 In vitro nanoparticles photoactivation
The photoactivation of nanocarriers with ultraviolet light

resulted in a marked reduction in the viability of C6 cells
(Fig. 10), which was incremental depending on the
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Fig. 9 Visual cytotoxic effects

of different materials on C6 cells Control
treated with increased
concentrations of TiO,-FA,
TiO,-FA-ZnPc and Cis-Pt. The
images were taken at 10X TiO,-FA
amplification
TiO,-FA-ZnPc
Cis-Pt
10 pg/mL 100 pg/mL 250 pg/mL 500 pg/mL 1000 pg/mL
ERUENT I T PR I I ETET R
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Fig. 10 Cell viability of C6 cells exposed to TiO,-FA (blue) or TiO,-

FA-Zn (purple) not activated (open barr) or photoactivated (full barr)
by visible light (A=385nm, d=10cm, t=30min), followed by

concentrations of TiO,-FA and TiO,-FA-ZnPc, which was
more evident in the latter. The significant effects were
observed at 250 pg/mL, with a maximum difference
between not activated vs. activated of 22% for TiO,-FA and
Ti0,-FA-ZnPc of 29.6%.

4 Discussion

TiO, is the semiconductor widely known and used in
photocatalytic processes, mainly in the degradation of
organic pollutants and organic synthesis, because it gen-
erates ROS under light irradiation [34, 35]. But also, TiO; is
considered a structurally stable material; its availability is
cheap, and it is highly biocompatible. Among the different
preparation methods for TiO,, the sol-gel method is a pro-
cess that allowed us to functionalize with FA and disperse
ZnPc in the TiO, network in a single step. In this work, we
report preparing a combined material to obtain a targeted
photosensitizing agent and use it in PDT against glioma

S PSSP S '&QQ

Concentration
(ng/mL)
incubation for 72 h at 37 °C. The values are expressed as percentage of

control of mean + SE, n=3. Student’s ¢ test. Statistical significance:
p<0.05 (*), p<0.01 (*%), p<0.001 (***) and p <0.0001 (¥**%*)

cancer cells. The functionalization of TiO, with FA was
carried out in a fine way and a single step without the need
for other chemical agents and other long processes as is
commonly done [54]. It has been reported that during the
functionalization process of materials with folate groups, an
amination reaction is first carried out on the surface of the
material, later, through a carbodiimide reaction, the
anchoring of the folate groups is carried out [54]. In our
case, we report that AF was added during the synthesis of
TiO,, where generated the links between Ti atoms and
amino groups from FA were carried out as detected by
FTIR spectroscopy. As has been widely reported, the
functionalization of the surface of the materials with
directing molecules has allowed them to reach the target
tissues and perform the function for which they are inten-
ded. As we have reported on several occasions, the objec-
tive of functionalizing the surface of TiO, and SiO, with
folic acid is because these materials are recognized more by
cancer cells than by healthy cells [53, 54]. By over-
expressing folate receptors, cancer cells can more easily

@ Springer
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Fig. 11 Schematic
representation of the uptake of
TiO,-ZnPc nanoparticles by
cancer cells through the folate
groups on the nanoparticles and
those on the cell. Subsequent
irradiation of the NPs with light
generates and separates charges
to produce reactive oxygen
species that cause cell damage
by apoptosis and/or necrosis

ZnPc

Tio,
Nanoparticles

&¢ Folic acid

capture the functionalized materials,
treatment safer.

On the other hand, when TiO, is irradiated with light,
electron-hole pairs are generated where the electrons
migrate to the conduction band (CB), and the holes remain
in the valence band (VB) [34, 35]. In the presence of
oxygen and molecular water on the surface, reduction
reactions can be carried out by the electrons in CB to form
0O,* and oxidation reactions by the holes in VB to form
10,. These ROS can carry out the decomposition of pol-
lutants in wastewater. Photodynamic therapy is based on
this principle when irradiating a photosensitizer generates
ROS that will damage cancer cells [8, 9]. However, the
wavelengths used in PDT fall in the visible range
(600-1100 nm). Although TiO, has been used in PDT
applications to treat various types of cancer, its total
application as a photosensitizer has been limited since it
must be irradiated with UV light to generate the ROS [35].
To counteract this drawback, the TiO, surface has been
modified with various agents to shift its light absorption to
visible light. Zinc phthalocyanine (ZnPc) has been used as a
photosensitizer in photodynamic therapy because it has a
A =660 nm. However, one of its disadvantages is that it
tends to aggregate in aqueous media [12]. So, in this work,
it was also possible to disperse the ZnPc in the TiO, net-
work since the XRD results did not show signs of ZnPc
when it was added to TiO,-FA; this means that it was so
dispersed that it did not allow its identification. In addition,
the surface area found for TiO,-FA was large (476 m2/g),
and TiO, -FA-ZnPc was 397 m%*/g decreased by 16.5%,
indicating that this space was occupied by ZnPc molecules.
Although the FTIR spectra of TiO,-FA and TiO,-FA-ZnPc
appear very similar, experimentally, it was observed that the
samples changed their color from yellow (characteristic of
FA) to blue (part of ZnPc) after loading TiO,-FA with
ZnPc. However, the UV-Vis spectra do show significant
differences.

From the UV-Vis spectra and the equation Eg=hC/A
(where h is the Planks constant, C is the speed of light, and
A is the wavelength cutoff), the bandgap energy (Eg) value

thus making the
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for the materials was calculated [46]. For the TiO,-FA
material, a value of Eg =3.55eV was obtained, similar to
that reported in the literature [33, 35]. The value of Eg for
the TiO,-FA-ZnPc material was slightly shifted to 3.1 eV;
however, other bands were observed between 600 and
800 nm (zoomed area in Fig. 4), indicating that, indeed, the
combination of TiO,-FA and ZnPc does generate a new
absorption in the visible range.

By XRD, the Anatase phase was mainly identified, while
a high crystallinity was observed by TEM, which may also
correspond to this phase. The cell viability results show that
TiO,-FA and TiO,-FA-ZnPc did not exert any toxic effect
on C6 cells, and the morphology of these cells remained
intact compared to when Cis-Pt (chemotherapeutic used to
treat gliomas) was used. These results indicate that the
materials are biocompatible and are in agreement with what
has been reported in the literature; anatase-phase TiO, has
been found to be biocompatible [36, 44]. The C6 rat glioma
cell line was used as an in vitro model to study human
GBMs and explore various aspects of the biological func-
tion of the glial cell. It is also widely used to evaluate the
effects of new therapies for GBM treatment.

As preliminary studies, TiO,-FA and TiO,-FA-ZnPc
materials were irradiated with UV light when incubated
with C6 cells. Figure 10 shows that cell viability decreases
with increasing concentration of each material and with the
application of UV light. A greater decrease is seen when
using the TiO,-FA-ZnPc-based material and irradiated with
UV light. Similar studies have been performed using dif-
ferent TiO, conjugates (TiO,-GA, TiO,-PEG, TiO,-Fe, and
TiO,-CdS) and different cancer cell lines (HepG2, HT144,
and HL60), and UV irradiation [39, 41, 43, 44]. These
preliminary studies indicate that the combination of TiO,
with other agents results in a photoactive compound with
great potential for application in PDT.

In summary, the biological results indicate that the
materials are biocompatible or non-toxic to C6 cells. They
are only activated when exposed to light and generate ROS
that act on cancer cells. Then, our general approach is
shown in Fig. 11, where folic acid functionalized
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nanoparticles are recognized by folate receptors, which are
overexpressed in higher amounts in cancer cells. Subse-
quently, upon exposure to light, charge separation will
occur to form ROS that will cause cell damage and death.
Our subsequent experiments are oriented towards applying
visible light to the TiO,-FA-ZnPc material to see the effect
on cell viability and determine the mechanism of cell death.

5 Conclusions

Folic acid-functionalized TiO, nanoparticles loaded with
ZnPc were obtained by sol-gel processing. TEM and XRD
results show that TiO,-FA and TiO,-FA-ZnPc nanoparticles
are composed of a mixture of anatase-amorphous phases
corresponding to the TiO, structure. A new signal was
observed at 640 nm by UV-Vis spectroscopy, which is due
to the interaction between titanium dioxide and phthalo-
cyanine. The nanoparticles are mesoporous with pore dia-
meters of approximately 2.40 nm. The surface area was
reduced from 476 mz/g for TiO,-FA to 397 mz/g for TiO,-
FA-ZnPc due to the incorporation of the phthalocyanine
molecules occupying part of the surface. Nanoparticles were
not toxic to C6 cells at all concentrations compared to Cis-Pt
treatment. These results allow us to postulate that TiO,-FA-
ZnPc are biocompatible and are activated only by light
irradiation to generate charge separation and produce ROS
species. Therefore, these materials can be used in photo-
dynamic therapy for the treatment of GBM or other cancers.
Then, our immediately future efforts will focus on the use of
glioma cell lines to determine the mechanism of cell death
induced by PDT using our TiO,-FA-ZnPc system as a
nanophotosensitizer. Also, to perform in vivo studies using
GBM animal models to evaluate the therapeutic efficacy and
safety profile of the nano-system prior to its preclinical
application as our ultimate goal.
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