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ARTICLE INFO ABSTRACT

Photodynamic therapy has emerged as an alternative treatment for cutaneous leishmaniasis, and compounds
with photocatalytic behavior are promising candidates to develop new therapeutic strategies for the treatment of
this parasitic disease. Titanium dioxide TiO, is a semiconductor ceramic material that shows excellent photo-
catalytic and antimicrobial activity under Ultraviolet irradiation. Due to the harmful effects of UV radiation,
many efforts have been made in order to enhance both photocatalytic and antimicrobial properties of TiO, in the
visible region of the spectrum by doping or through modifications in the route of synthesis. Herein, Fe-, Zn-, or
Pt- doped TiO, nanostructures were synthesized by solution-combustion route. The obtained compounds pre-
sented aggregates of 100 nm, formed by particles smaller than 20 nm. Doping compounds shift the absorption
spectrum towards the visible region, allowing production of reactive oxygen species in the presence of oxygen
and molecular water when the system is irradiated in the visible spectrum. The Pt (ECso = 18.2 = 0.8 ug/mL)
and Zn (ECsp = 16.4 * 0.3 ug/mL) —doped TiO, presented the higher antileishmanial activities under visible
irradiation and their application as photosensitizers in photodynamic therapy (PDT) strategies for the treatment
of cutaneous leishmaniasis should be considered.
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in the production of microbicidal reactive oxygen species (ROS) [17].
Although several organic photosensitizers was evaluated in CL treat-

1. Introduction

Leishmaniasis is a neglected disease caused by parasites from the
genus Leishmania. This parasitic disease is endemic in 98 countries
and > 90% of new cases occur in Brazil, Ethiopia, India, Somalia, South
Sudan, and Sudan according to the World Health Organization [1]. The
cutaneous form of the disease is the most common manifestation, pre-
senting an annual incidence of 0.7 to 1.3 million new cases [2,3]. The
available therapeutic drugs for leishmaniasis treatment are still based
on pentavalent antimonials, amphotericin B, miltefosine or par-
omomycin, which present several limitations such as toxicity, difficult
route of administration and variable efficacy [4], and although many
efforts have been made towards the discovery of new synthetic or
natural antileishmanials [5-12], new therapeutic options are still
needed. In recent years, photodynamic therapy (PDT) has been in-
vestigated as a potential alternative to control cutaneous leishmaniasis
(CL) [13-16]. PDT consists in administration of a photosensitizer at the
site of wound activated by light at appropriate wavelength, culminating
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ment [13,15,18-22], they showed different drawbacks such as photo-
bleaching or low stability under irradiation. In order to circumvent
these problems, inorganic-based compounds have been investigated as
alternative photosensitizers for PDT, including silver (Ag), gold (Auw),
zinc (Zn), magnesium oxide (MgO), and titanium dioxide (TiO,),
showing reduced photo bleaching effect, increased singlet oxygen
quantum yield and thermal/photochemical stability as well as fa-
cilitated immobilization onto substrates [23,24].

TiO, is a highly abundant ceramic material that presents anatase,
brookite and rutile as its crystalline polymorphic forms and its chemical
stability and low toxicity make it suitable for several technological/
biotechnological applications including its use in pigment and cosmetic
industries, as well as in biomedical sectors [25-29]. On the other hand,
TiO, nanostructures are only excited by light in the ultraviolet (UV)
region of the electromagnetic spectrum [30], which compromises its
photoactivity-based biomedical uses due to UV light deleterious effects,
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such as mutation induction. Besides, longer wavelengths (as visible
light, in comparison to UV) would have a better penetration perfor-
mance to reach the tissues where infected cutaneous macrophages re-
side, and thus activate the photosensitizers at the place where they
should act. We have recently shown the synthesis by self-combustion
route of Pt-doped TiO, compounds that absorb light in the visible re-
gion, and their application in pollutants degradation [31,32], however,
their photodynamic activity has yet to be explored. The potential of
metal-doped TiO, compounds for acting as photosensitizers can be
exemplified by TiO,-Ag nanoparticles obtained by hydrothermal route,
which under visible light, alone or in combination with other antil-
eishmanial agents, have shown in vitro leishmanicidal effect
[25,27,28]. Herein, we report the synthesis, structural and morpholo-
gical characterization of Zn-, Fe,O3- and Pt- doped TiO, based nano-
particles [33] using solution-combustion synthesis method. Their cy-
totoxicity and antileishmanial activity under photoactivation in the
visible region were also evaluated in vitro against murine macrophages
and L. amazonensis amastigote forms, respectively.

2. Experimental Procedure
2.1. Synthesis of Zn, Fe, and Pt doped TiO» Based Compounds

Doped TiO, compounds were synthesized as previously described
[31]. Briefly, Titanium (IV) isopropoxide (Ti[OCH (CHs),]4; Alfa Aesar
- Heysham, Lancashire, UK), Zinc nitrate hexahydrate (Zn(NO3)>,6H,0;
Sigma-Aldrich Co. LLC - St. Louis, MO, USA), Iron nitrate nonahydrate
(Fe(NO3)3 9H,0; Merck - Kenilworth, NJ, USA), Platinum tetrachloride
(PtCly, Sigma-Aldrich Co. LLC - St. Louis, MO, USA), and Glycine
(C.HsO,N; Alfa Aesar - Heysham, Lancashire, UK) were used as re-
agents. The titanyl nitrate is prepared by dissolving titanyl hydroxide,
TiO,(OH) in diluted acid nitric. The appropriate amount of Ti (IV)
isopropoxide was mixed with 25 mL of distilled water for each doped
TiO5 compound under vigorous stirring at 0 °C for one hour in order to
obtain Titanyl hydroxide. Then, Titanyl hydroxide was mixed with ni-
tric acid to obtain Titanyl nitrate. After obtaining Titanyl nitrate, the
doping metal was added in a molar relation of 0.6%. Subsequently,
glycine was added to the above solution under stirring for additional
5min. Fuel-oxidizer mixture was brought to room temperature and
placed on a hot plate at 90 °C in order to slowly remove the water until
a white resin was formed. The resin was further heated to 180 °C in-
creasing the heating of the plate and monitoring it by a thermocouple.
This heating produced an exothermic reaction in two stages, and the
recovered powder was carried to grinding in a Retsch alumina ball mill
PM 100 for further characterization.

2.2. Structural and Morphological Characterization of Zn-, Fe- and Pt-
doped TiO,

The powders obtained were evaluated using a X-ray powder “dif-
fractometer model RINT2000 from Rigaku (Tokyo, Japan) with bragg-
brentano geometry, CuKa;,» radiation, operating in reflection mode.
The data were collected using a position sensitive detector in a dif-
fraction range of 20-80° (20)”. Refinements were performed through
Rietveld method [34] using GSAS software [35] for the samples studied
in this work. It was quantified the weight proportion of the phases in
each sample as well as their crystallite size. Morphology and micro-
structure were analyzed using scanning electron microscopy and scan-
ning electron microscopy — energy dispersive spectroscopy (SEM-EDS)
(SEM; Carl Zeiss - Oberkochen, Germany), field emission SEM (FE-SEM,
JEOL JSM-field - 6701F - Peabody, MA, USA) and transmission electron
microscopy, TEM (TEM-CM100, Philips - Amsterdam, Netherlands).
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2.3. Preparation of Zn-, Fe- and Pt- doped TiO, Dispersions for Biological
Analysis

Zn-, Fe- and Pt-doped TiO, powders were sterilized in an autoclave
at 120 °C for 20 min. Stock solutions were adjusted to 20 mg/mL in 1 X
Phosphate Buffered Saline (PBS Buffer, 137 mM NaCl; 2.7 mM KCI;
10 mM Na,HPOj,, 1.8 mM KH,PO,) followed by sonication for 30 min.

2.4. UV-VIS Characterization and ROS Measurement

Optical properties of powders before or after heat treatment were
analyzed by diffuse reflectance spectroscopy and UV-VIS absorption
using a PerkinElmer spectrophotometer (Lambda 950 UV/Vis,
PerkinElmer - Waltham, MA, USA) with 280-800 nm spectral range.

A white LED light source (LED lamp) was used for photodynamic
activation. The LED lamp emission spectrum was characterized by UV-
VIS spectrophotometry (USB2000, Ocean optics, Largo, FL, USA) and its
output power was measured (PM100D, Thorlabs Inc., Newton, NJ,
USA). Indirect detection of ROS was performed using a stock solution
(2mM) of H,DCF-DA (2,7’ dichlorofluorescein diacetate -
Sigma-Aldrich®) freshly prepared in Dimethyl sulfoxide (DMSO). For
this, 20 uyg/mL of Zn-, Fe- and Pt-doped TiO, compounds were sus-
pended in 200pL of PBS in the presence of H,DCFDA (10 pM).
Immediately, the system was subjected to white LED irradiation and
monitored for 60min. Fluorescence was measured spectro-
fluorometrically at 520 nm using an excitation wavelength of 488 nm
(Synergy H1 Multi-Mode Reader, BioTek Winooski, VT, USA) Tecan
Infinite® 200 pro. Assays were carried out in triplicate.

2.5. Parasite Culture

Promastigotes of L. amazonensis MPRO/BR/1972/M1841-LV-79
were maintained at 28 °C in liver-infusion tryptose medium (LIT) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS).
Promastigote form cultures were carried out until exponential growth
phase (1 x 107 parasites/mL).

2.6. Evaluation of Cytotoxicity on Murine Macrophages

Peritoneal macrophages were obtained as previously reported [36].
In brief, cells were collected from adult male Swiss albino mice peri-
toneal (6 to 8 weeks old and 25-30g weight) previously stimulated
with thioglycolate and seeded into 96-well plates at a density of
5 x 10° macrophages/mL (100 pL/well) in RPMI 1640 medium sup-
plemented with 10% heat-inactivated FBS, 25 mM HEPES, 2mM -
glutamine, 1% penicilin/streptomycin (Sigma-Aldrich) and incubated
for 4h at 37 °C in a 5% CO,-air mixture for cell adhesion. Then, su-
pernatants were removed and fresh media containing different con-
centrations of TiO, compounds ranging from 1 to 300 ug/mL were
added; the plates were incubated for 4 h followed by irradiation with
visible light (22 mW/cm?; 52.8 J/cm?) for 40 min. After light exposure,
cells were incubated under the same conditions for 24h and their
viability was measured by the MTT colorimetric assay [5]. As a control,
the same procedure was used but the plates were placed under dark
conditions during the whole incubation. Absorbance was read on a
spectrophotometer (Tecan Infinite® 200 pro) at 540 nm. Cytotoxic
concentration of compounds that resulted in 50% of cell growth in-
hibition (CCsp) was determined.

2.7. Evaluation of In Vitro Antiamastigote Activity
To evaluate the antileishmanial activity of Zn-, Fe- and Pt-doped

TiO, compounds on intracellular L. amazonensis amastigotes, we used a
method previously described with some modifications [36]. Murine
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peritoneal macrophages in RPMI 1640 supplemented with 10% heat-
inactivated FBS were seeded at a density of 1 x 10° cells/well on
coverslips of 13 mm diameter arranged in a 24-well plate. Promastigote
forms of L. amazonensis at stationary growth phase were added to the
wells in a ratio of 5:1 (promastigotes: macrophages) after 4h of in-
cubation at 37 °C and 5% CO,- air mixture to allow the adhesion of
macrophages, and incubated for 4 h to allow parasites internalization,
followed by wash with PBS 1 X to remove the non-internalized para-
sites. Infected macrophages were further incubated in RPMI 1640
medium for 24 h at 37 °C in 5% CO,-air mixture to allow parasite dif-
ferentiation to amastigotes as well as parasite multiplication. Macro-
phages containing amastigotes were then treated with TiO, compounds
ranging from 1 to 25 pg/mL for 4 h prior to light irradiation. For irra-
diation, cells were exposed to the light source for 40 min (22 mW/cm?;
52.8 J/cm?), followed by incubation for 24 h at 37 °C and 5% CO,-air
mixture, The same procedure was used as control but the plates were
placed under dark conditions during the whole incubation time. For
parasite quantification, cells were fixed with methanol, stained with
Giemsa and examined under a light microscope (Zeiss Opton - Carl
Zeiss, Oberkochen, Germany) at 100 X magnification. The concentra-
tion that resulted in a 50% decrease in parasite number was determined
by regression analysis and expressed as ECsp. All the experiments were
carried out in triplicate. Cytotoxicity for host cells and parasites were
compared and expressed as selectivity index (SI), which was defined as
the ratio between CCsy and ECsy.

2.8. Uptake of Nanoparticles (NPs) Charged With Fluorescent Compound in
huMDM

Since TiO, compounds do not exhibit significant fluorescence, na-
noparticles were loaded with hypericin, a natural-occurring molecule
that emits red fluorescence (600-680 nm) when excited by green light
(540-580 nm). The methodology used was the agitation-impregnation
technique. 20 mg of particles were re-suspended in a hypericin stock
solution at 10uM and strongly agitated during 72 h in dark conditions.
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After this time, particles were centrifuged and washed to remove ad-
sorbed or not adsorbed hypericin on the compounds. In order to eval-
uate if nanoparticles uptake can be made by human cells, monocyte-
derived human macrophages (huMDMs), obtained as previously de-
scribed, were used [37]. The huMDMs were cultivated in the presence
of 20 ug/mL of NPs loaded with hypericin. After 2 and 4 h of incuba-
tion, cells were washed with PBS to remove non-interiorized particles
and to be analyzed under a fluorescence microscope (Nikon Labophot-2
— Nikon, Minato, Tokyo, Japan). Cell uptake capacity of NPs was de-
termined based on fluorescence intensity measurement. It was possible
to detect qualitatively the distribution of the compounds in the cells by
optical microscopy.

2.9. Ethics Statement

Animal experiments were approved by the Ethics Committee for
Animal Experimentation of Sao Paulo State University (UNESP), School
of Pharmaceutical Sciences (CEUA/FCF/CAr: 43/2016), in agreement
with the guidelines of the Sociedade Brasileira de Ciéncia de Animais de
Laboratério (SBCAL) and of the Conselho Nacional de Controle de
Experimentacao Animal (CONCEA).

2.10. Statistical Analysis

Statistical analyzes were carried out using GraphPad InStat software
(GraphPad Software, Inc. - La Jolla, CA, USA). Statistical differences
between groups were evaluated using one-way analysis of variance

[38], followed by the Student-Newman-Keuls multiple-comparison test
and considered significant when P values were <0.05.

3. Results and Discussion
3.1. Structural Characterization

The diffractograms of TiO, powders obtained by combustion in
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Fig. 1. X-ray diffractograms of TiO, powders obtained by combustion in solution. A) TiO,; B) TiO, with Iron (TiO, + Fe); C) TiO, with platinum (TiO, + Pt); D) TiO,

with Zinc (TiO, + Zn).
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Table 1
Quantification of anatase or rutile phase and crystallite size obtained by
Rietveld refinement of TiO, -doped compounds.

Compound Anatase (% wt) Rutile(% wt) Crystallite size (anatase) (nm)
TiO, 93.98 6.01 12.394

TiO, + Zn 100 - 9.285

TiO, + Fe 94.84 5.15 10.98

TiO, + Pt 92.122 7.877 11.44

solution are shown in Fig. 1 (A-D). It is important to note the peak
broadening is related to the nanocrystalline nature of the samples. The
phases identified are in accordance with Joint Committee on Powder
Diffraction Standards (JCPDS) cards No. 21-1272 and No. 76-1940 for
anatase and rutile phases, respectively. The simulations presented in
Fig. 1 were performed by Mercury software V 3.9 [39] using the crys-
tallographic information file (crystal structure) obtained at the In-
organic Crystal Structure Database (Cambridge Structural Database
CSD) [40] under the codes 9161 (rutile) and 9852 (anatase), and as can
be seen the peaks observed agreed with the simulated ones. Refine-
ments were performed using the above mentioned ICSD structures; the
phase quantification are shown in Table 1. In all synthesis except the
one that used Zn as precursor, the amount of rutile was determined
(Rietveld analysis) as being < 10% in weight. It is possible to observe
that the crystallite size changes when dopants are present. With Fe, Pt,
and Zn doping can be done by substitution. With Pt, Pt**and Pt** can
replace Ti** [41]. With Zn it is possible the substitution of Zn>* by
Ti** * [42] and in case of Fe, Fe ™2 can be introduced into the sub-
lattice of TiO, [43]. Doping can produce lattice distortion, crystallinity
decrease and decrease in the crystallite size (Table 1) [44,45] [46].
Doping can also induce the formation of oxygen vacancies in order to
maintain the neutrality of the structure load [47].

The Fig. 2 shows the Raman spectra of the samples showing the
peaks associated to anatase phase at 144cm ™', 197 cm ™%, 399 cm™?,
519cm ™' and 641 cm™!, which correspond to Eg, Blg, Alg (super-
imposed with B1lg), and Eg modes of anatase phase. Mode Alg is re-
presenting the pure O vibration, B1g mode is the pure Ti vibration, and
Eg mode belongs to the vibration of mix of O-atom and Ti-atom motions
[48]. The SEM analyses depicted in Fig. 3 show that Zn-, Fe- and Pt-
doped TiO, powders present aggregates below 10 um (Fig. 3A, B, C, D;
left) and particles below 100nm (Fig. 3A, B, C, D; right). SEM-EDS
spectra confirm the presence of Zn and Fe as dopants (Fig. 4A and B,
respectively), but not Pt (Fig. 4C), which is probably due to the peak
associated with Au used for coating (Au ~ 2.1 eV) causing overlap with
the peak associated with Pt. TEM images confirmed that all samples are
composed of granular aggregates smaller than 20 nm (Fig. 5), demon-
strating that the synthesis by combustion route allows the obtention of
nanocrystalline powders. It is well known that combustion synthesis is a
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Fig. 2. The Raman spectra of the TiO,-doped compounds.
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process that involve simultaneous oxidation and reduction process be-
tween oxidant and reducer or fuel. The nitrates salts are excellent
oxidants for the combustion synthesis due to its solubility and possi-
bility to form complex with the fuel. Herein, TiO; compounds was
obtained using glycine as fuel and titanyl nitrate, as oxidant. Glycine
acts as complex agent and reducer during the synthesis. When the re-
action reaches the ignition temperature, an exothermic reaction occurs
leading to temperatures above 1500 °C, which are sufficient to form the
desired phases without further thermal treatment [49], such as the
anatase, the main phase herein obtained. Moreover, morphology, par-
ticle size and surface area of these aggregates might be correlated to the
low amount of gases released during the combustion [31] [49,50].

3.2. Characterization of the Light Source

Fig. 6 shows the spectrum of emission of the LED light source used
to irradiate the TiO, compounds. The LED light presented only emission
at 450 nm and 552 nm.

3.3. UV-Vis Absorption Studies and Measurement of ROS Generation by
TiO, Compounds Upon Visible Irradiation

Fig. 7A shows the UV-vis spectrum of non- doped and doped TiO»
samples. The absorption intensity was shifted to the visible light range
(low energy) for TiO, -doped compounds when compared to non
-doped TiO, or commercial TiO,. Similar observation was also shown
for carbon, iron, zinc or platinum doped -TiO, compounds, inducing a
shift in the absorption spectra to the red [51,52]. The band gap energy
for TiO, samples was estimated from the Tauc relationship
ahv = A(hv — Ep)" [53] where a is the absorption coefficient which is
proportional to the function of the reflectance (F(R)) according with the
Kubelka — Munk model, hv is the photon energy, A is a proportional
constant, E, is the band gap energy and n is a factor dependent of the
transition nature which is 2 for TiO, in the anatase phase [54]. In
Fig. 7B, the band gap energies are 1.88eV, 2.50eV, 3.01 eV, 3.11eV,
and 3.25eV for Fe-, Zn-, Pt- doped TiO,, non —doped TiO, and com-
mercial TiO,, respectively. The optical absorption threshold wave-
length (\g) was calculated using the equation Ag = 1240/Eg, The
samples exhibited a red shift to the visible light ranging from 411 nm to
688 nm when compared to the non-doped TiO, (398 nm), which de-
monstrates that the doped TiO, might be improving the absorption of
the visible light. The photocatalytic activity was examined through the
ROS production. Fig. 8 shows that Fe- doped TiO, presented the lowest
production of ROS, even lower than commercial anatase, regardless its
higher capacity of light absorption in the visible region when compared
to other compounds. Similarly, Ozge Kerkez-Kuyumcu et al. [51] at-
tributed the lower activity of Fe by their inability to act as intermediate
energy levels to hold electrons leaping from valence band of TiO,. The
interaction of titania loaded and Fe metal ions might have created a
number of surface defects, which increased the probability of re-
combination of the light induced charges. It is known the visible light
catalytic respond for a doped semiconductor could be attributed to the
three incentives: (1) Impurity levels associated to dopant into the TiO,
lattice, (2) Oxygen vacancy induced by the dopant due charges differ-
ences, (3) Secundaries phases of dopant associated with the catalyst
surface [46]. In the first case the presence of dopants can generate in-
termediate states of energy in the TiO, gap below the conduction band
and fulfill functions as trapping centers. These states can involve the
excitation of the 3d electrons of the dopant ion to TiO, conduction band
according to their respective energy level. In the second case the do-
pants Fe, Zn, Pt have different valence states than Ti** and, as a con-
sequence, may have induced the generation of oxygen vacancies during
synthesis. Oxygen vacancies influence the photocatalytic response of
the material due to the direct alteration of the surface charge and the
oxidation potential of the valence band [47] [43]. It is important to
note that it has been found that synthesis by combustion in solution can
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Fig. 3. SEM micrographs of TiO, NPs and TiO, -doped powders A) TiO + Fe B) TiO, + Zn C) TiO» + Pt D) TiO,.

generate doping with carbon atoms and nitrogen as a product of the
reaction reducing atmosphere produced during the synthesis [55]. In
the three case it is possible to find the dopant as a secondary phase
associated with the surface of TiO, i.e. PtO, Fe,O3 and ZnO which can
also affect the photocatalytic response [56].

Fig. 9 shows a scheme of photocatalytic reaction mechanisms of
H,DCFDA oxidation over doped-TiO, under visible light irradiation when
only the effect of intermediate levels of energy associated with the dopant is
considered. When VIS light irradiated the TiO, doped photo-induced elec-
trons were excited from the impurity level to the conduction band of TiO,
and remained h* in the impurity level. Then Electrons in the conduction
band of TiO, could react with adsorbed O, generating -02, -H,0, and -OH
radicals via one-step or multistep reactions. Residual holes in the impurity

68

could react with adsorbed water to produce -OH. These ROS species de-
grade the H,DCFDA molecule to its fluorescent form (DCF) increasing the
species ROS and thus the fluorescence intensity.

3.4. Uptake of Nanoparticles by Human Macrophages (huMDM)

Fluorescence microscopy analysis (Fig. 10) suggests that huMDM
cells were able to uptake NPs. In Fig. 10A, a photomicrograph of TiO,
aggregate conjugated with hypericin, exhibits orange-reddish fluores-
cence, indicating that the fluorescent marker was successfully con-
jugated to the particle surface. Fig. 10B and C show photomicrographs
of huMDM cells incubated with TiO, compounds for 2 and 4h. At 2h
the cell shows green fluorescence and at 4h the cell shows orange-
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Fig. 4. SEM microscopy micrographs of TiO, NPs and TiO, doped powders.
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Fig. 5. Transmission electron microscopy (TEM) image of TiO, compounds.
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Fig. 8. Fluorescence intensity vs time indicating ROS production of TiO, NPs
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reddish fluorescence indicating that as more time, the cells were able to
uptake more particles. Fig. 11 shows optical microscopy photographs of
macrophages incubated at different concentrations of TiO, NPs (20 pug/
mL-50 pg/mL). A-D corresponds to control group (without the pre-
sence of NPs) and C-D correspond to macrophages with NPs incubated
for two hours. After two hours of incubation, it was possible to observe
black spots associated with TiO, compound which tend to form ag-
gregates when concentration increases. It is also possible to observe NPs

Shallow trapping sities

inside or surrounding the cell membrane. Although there is no standard
methodology for measure the levels of nanoparticles cells uptake, the
observed fluorescence inside the cells might be correlated to nano-
particles uptake, i.e., the more the uptake, the higher the fluorescent
intensity, which can be depicted in Figs. 10A and B (right) [57,58]. It is
worth to note that the relationship between physical properties and
levels of uptake of NPs by cells have not been fully clarified [59]. It is
reasonable to infer that the amount of particles inside the cell is related
to its size, i.e., large particles might enter the cells by active mechan-
isms such as phagocytosis or endocytosis, whilst small particles,
through diffusion events [38,60] or some particles may remain asso-
ciated with cell membrane and do not penetrate it [59].

3.5. Evaluation of In Vitro Activity of NPs Against L. amazonensis
intracellular amastigote forms and their parasite selectivity

The photo-activated compounds Pt- (ECso = 18.2 + 0.8 ug/mlL;

= 3.2) and Zn- (ECsp = 16.4 = 0.3pug/mL; SI = 1.9) doped TiO, pre-
sented antileishmanial activity against L. amazonensis intracellular amasti-
gotes (Fig. 12A; Table 2), which might be correlated to ROS production
(Fig. 8). TiO, doped with Fe or TiO, without doping did not present an-
tileishmanial activity at 25ug/mL, being this value the maximum con-
centration tested (Fig. 12A). The observed antiparasitic activity for com-
pounds doped with Pt and Zn might be related to their ROS production
capacity (TiO, + Pt=TiO, + Zn > TiO, > TiO, + Fe), (Fig. 8) and the
variation in tolerance and susceptibility due to oxidative stress that leish-
mania parasites could have. Other factors such as particle size and shape,
and specific area at nano scale play an important role in potential

H,DCFDA
Non-fluorescent

\ Impurity level

/

~_2 S

DCF
Fluorescent

H,0

Fig. 9. Scheme of the photocatalytic reaction mechanisms of HoDCFDA oxidation over doped-TiO, under visible light irradiation.
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Fluorescence Microscopy

Fig. 10. Fluorescence photomicrography of a cluster of TiO, NPs loaded with hypericin (A). HuMDM cells were incubated in the presence of loaded NPs for 2 h (B) or

4h (O).

antileishmania behavior. These phenomena have already been widely ob-
served in the antimicrobial response of several semiconductor structures
which principle of action is the production of ROS [61]. Additionally, NPs
cytotoxicity for host cells was evaluated under darkness and visible irra-
diation for 40 min (Fig. 12B) and compared to anti-leishmanial activities to
determine selectivity index (SI) which is the ratio between CC50 for mac-
rophages and EC50 for the parasite (Table 2). The higher the SI, the more
selective the compound is for the parasite. TiO, compounds doped with Fe
and Pt did not present cytotoxicity under dark conditions, except for TiO,
doped with Zn, which presented a CCso concentration of 44.9 + 6.7 ug/
mL. It is important to note that Zn has been reported as an antimicrobial
material due to its ability to generate hydrogen peroxide or electrostatic
binding to the cell surface [53]. When systems were subjected to visible
irradiation, cytotoxicity increased significantly for compounds doped with
Pt and Zn. Measured values were Pt- (CCso = 58.3 + 4.7 ug/mlL, SI = 3.2)
and Zn- (CCsp = 30.4 = 3.5ug/mL, SI = 1.9) respectively. Doped TiO, are
three and two fold more selective to the parasite, respectively, in compar-
ison to the other compounds. In addition to the direct ROS effect on parasite
viability and considering that both Pt- and Zn- doped TiO, presented similar
levels of ROS, which is in accordance with similar ECs, values obtained, Zn
doped TiO, NP was slightly more cytotoxic to the host cells. This is probably
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due to the well-known antimicrobial activity and cytotoxicity of Zn dopant
[62-66] [53]. Fig. 13 summarize the possible mechanism of action of light
activated Pt- TiO2 and Zn- TiO2, i.e., might be related to ROS production,
leading to lipid peroxidation of plasma membrane and damage to essential
macromolecules, among others [67]. Thus, in order to get insight about the
exact mechanism of action caused by the doped TiO, compounds, it is ne-
cessary to carry out additional studies, which are beyond the scope of this
work.

4. Conclusions

TiO, compounds doped with Fe, Pt or Zn were successfully syn-
thesized by combustion route in solution. The powders obtained con-
sisted of aggregates of particles at nanometric size (< 100 nm). The
doping shifted the absorption of compounds towards the visible region
of the electromagnetic spectrum (red-shift), followed by increased le-
vels of ROS for Zn- or Pt- TiO, doped compounds, which might be
correlated to the observed antileishmanial activity. Indirect fluores-
cence analyses showed that TiO, compounds are inside the cells, sug-
gesting their uptake by the cells herein used only 2 h after incubation.
Visible- light induced antileishmanial activity of Zn- or Pt- TiO2 doped
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D

Fig. 11. Optical microscopy images. A-B) Macrophages control incubated 2 h without compounds. C) Macrophages incubated during 2 h with 10 pg/mL of Ti NPs. D)

Macrophages incubated during 2h with 20 ug/mL of Ti NPs.

(A)

TiO2

T
TiO,+ Pt
Antileishmanial activity

TiO,*+ Zn

Table 2
Antileishmanial activities (EC50, half maximal inhibitory concentration) and

mammalian cell toxicity (CC50, half maximal cytotoxicity concentration) of

TiO, NPs in the presence of light and their Selective Index (SI = CC50/EC50).
Data are expressed as mean = SD, p < 0.05.

Compound  ECsp (nug/mL) CCsp (ng/mL) CCsp (ng/mL) SI
(light) (light) (darkness)

TiO, NE 92.8 = 10.3 NE ND

TiO, + Pt 18.2 = 0.8 58.3 = 4.7 NE 3.2

TiO, +Zn 16.4 = 0.3 30.4 = 35 449 = 6.7 1.9

TiO, + Fe NE 275.1 = 17.3 NC ND

NE: Not effective; NC: Non Cytotoxic; ND: Not Determined.

compounds, which were also at least two-times more selective to the
parasite than to the host cells. The antiparasitic activity observed for
the Zn and Pt doped compounds might be attributed to ROS production,
considering that TiO, and TiO,Fe- doped compounds did not present
neither leishmanicidal effect nor considerable ROS level. In summary,
our results suggest that metal-doped TiO, might be a potential photo-
activated compounds for treatment of CL through PDT.

TiO2 + Pt
Cytotoxicity

Fig. 12. In vitro effect of TiO, compounds with and
without doping against mouse peritoneal macro-
phage at a light dose of 55 J/cm?. A) Antileishmanial
activities (EC50, half maximal inhibitory concentra-
tion). B) mammalian cell toxicity (CC50, half max-
imal cytotoxicity concentration). Results are ex-
pressed as mean *+ standard deviation (SD). a:
statistically significant difference with TiO, + Fe
treatment (p < 0.001). *,¢: statistically significant
difference with TiO, treatment (p < 0.001;
p < 0.01). A: Statistically significant difference with
TiO, + Pt treatment (p < 0.05).

TiO2+Zn  TiO2+Fe

A
<?C>d> Visible light
p v Q

DNA Damage

Leishmania amastigotes

Vlembrane damage
' ROS Species
Fig. 13. Schematic mechanism of antileishmanial and citotoxicity effect of

nanoparticles and their ions generate ROS, and induce oxidative stress resulting
in the damage of DNA.
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