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ARTICLE INFO ABSTRACT

Keywords: Background: Photodynamic inactivation (PDI) is emerging as a promising alternative for cutaneous leishmaniasis
Antimicrobial photodynamic therapy (CL). The chemotherapy currently used presents adverse effects and cases of drug resistance have been reported.
Blue LED

ZnTnHex-2-PyP* is a porphyrin with a high potential as a photosensitizer (PS) for PDI, due to its photophysical
properties, structural stability, and cationic/amphiphilic character that can enhance interaction with cells. This
study aimed to investigate the photodynamic effects mediated by ZnTnHex-2-PyP** on Leishmania parasites.
Methods: ZnTnHex-2-PyP*" stability was evaluated using accelerated solvolysis conditions. The photodynamic
action on promastigotes was assessed by (i) viability assays, (ii) mitochondrial membrane potential evaluation,
and (iii) morphological analysis. The PS-promastigote interaction was studied. PDI on amastigotes and the
cytotoxicity on macrophages were also analyzed.

Results: ZnTnHex—Z—PyP‘H, under submicromolar concentration, led to immediate inactivation of more than 95%
of promastigotes. PDI promoted intense mitochondrial depolarization, loss of the fusiform shape, and plasma
membrane wrinkling in promastigotes. Fluorescence microscopy revealed a punctate PS labeling in the parasite
cytoplasm. PDI also led to reductions of ca. 64% in the number of amastigotes/macrophage and 70% in the
infection index after a single treatment session. No noteworthy toxicity was observed on mammalian cells.
Conclusions: ZnTnHex-2-PyP** is stable against demetallation and more efficient as PS than the ethyl analogue
ZnTE-2-PyP**, indicating readiness for evaluation in in vivo studies as an alternative approach to CL.

General significance: This report highlighted promising photodynamic effects mediated by ZnTnHex-2-PyP*" on
Leishmania parasites, opening up perspectives for applications in CL pre-clinical assays and PDI of other
microorganisms.

Leishmania amazonensis
Leishmania braziliensis
Photodynamic therapy
ZnTnHex-2-PyP**

1. Introduction

Leishmaniasis, a disease caused by a parasite of the genus Leishmania,
is considered one of the most common neglected parasitic diseases in the
world, with more than 12 million people infected [1]. Cutaneous
leishmaniasis (CL) is the most common form of this disease, transmitted
to mammalian hosts by infected female phlebotomine sandflies. CL is
usually caused by L. braziliensis, L. amazonensis, and L. guyanensis in the

New World (American continent). The parasite life cycle involves two
distinct forms: the promastigote — found in the phlebotomine sandfly
vector — and the intracellular amastigote — found in host mammalian
cells. The cycle can restart during blood meal by sandflies in an infected
host [1,2].

Currently, the drugs of choice to treat CL, such as pentavalent anti-
monials, amphotericin B, and pentamidine are administrated systemi-
cally, have high toxicity and present adverse effects, which often limit
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their use. In addition, cases of parasite resistance to conventional
treatments have been reported [3,4]. Photodynamic therapy (PDT) has
emerged as an alternative modality to treat CL [4,5]. PDT has been
widely studied not only for use in cancer treatments, but also as a
promising option to induce the death of microorganisms, for which the
term photodynamic inactivation (PDI) is often used. Among other ad-
vantages, PDT is expected to provide a fast and localized treatment [6].

PDT/PDI is based on the use of substances with photosensitizing
properties, followed by their photoactivation in the presence of oxygen.
After light irradiation, the activation of the photosensitizer (PS) results
in the generation of reactive oxygen species (ROS) that lead to death of
the target cell by oxidative stress. The potential of PDT lies in the
combination of (i) a local treatment, (ii) the PS intracellular location
since the ROS action is limited to the PS accumulation site, due to ROS
lifetime, and (iii) a more effective and complete antioxidant system of
healthy mammalian cells than the protozoan cells, for example. The use
of PDT over standard therapy for CL can also include the advantage of
being minimally invasive. It should be noted that since the ROS effect
can reach several subcellular targets, cases reporting on parasite resis-
tance have not yet been found [6-8].

The use of different PSs, such as curcumin and methylene blue,
combined with varied irradiation parameters for the inactivation of
Leishmania parasites have been reported in the literature [9,10]. Thus,
the importance of the search for alternative PSs that may be efficient
under lower concentrations, with shorter pre-incubation times, and mild
irradiation conditions, reducing the photodamage to adjacent tissues. A
better understanding of the interaction of the different PSs with the
biological target is important to optimize protocols and procedures.

Porphyrins and their metal-containing derivatives are tetrapyrrole
compounds that have already been evaluated as PSs in various studies,
especially related to the annihilation of cancer cells [11]. Porphyrins
present interesting features and advantages for PDT, such as (i) opti-
mized photophysical properties suitable for photodynamic processes;
(ii) structural versatility for tailored lipophilicity and ionic character,
facilitating and modulating both bioavailability and interaction with
cellular structures; and (iii) high efficiency intracellular ROS generation.
Moreover, metalloporphyrin complexes with Zn(II) have the potential to
be even more effective PSs than their free-base analogs. The chelation of
Zn(Il) in the structure of porphyrins increases the chemical stability,
enhances their interaction with cell membranes, and promotes a long
triplet lifetime leading to a higher singlet oxygen quantum yield
[12-14].

Zn(II) porphyrins have been explored as PSs for their antimicrobial
photoinactivation of fungi, bacteria, and also protozoa [15-17]. In
bacterial cultures, multiple photodynamic exposures and regrowth of
surviving cells or continuous growth under sublethal photodynamic
conditions, using Zn(II) porphyrins, did not lead to development of
resistance to photosensitizers [18].

We have recently reported promising results in PDI of promastigotes
and amastigotes of L. braziliensis using Zn(II) meso-tetrakis(N-ethyl-
pyridinium-2-yl)porphyrin (ZnTE-2-PyP**, ZnP ethyl) [17]. Neverthe-
less, experiments carried out by Benov et al. [19] with cancer cells have
indicated that the derivative Zn(II) meso-tetrakis(N-n-hexylpyridinium-
2-yl)porphyrin (ZnTnHex-2-PyP**, ZnP hexyl) can potentially be even
more successful for PDI [19]. ZnP hexyl is more lipophilic than ZnP
ethyl, but it still maintains water-solubility and an amphiphilic char-
acter. Whereas the ZnP ethyl tended to accumulate preferentially in
lysosomes and/or was found distributed in the cytoplasm, the ZnP hexyl,
due to its higher lipophilicity, interacted better with the cancer cells,
especially with organelles that are essential for cell survival, such as
mitochondria [12,19,20].

Given that (i) the adverse effects associated with the current therapy
for CL, (ii) the need for faster and more effective photodynamic pro-
tocols using lower irradiation conditions and PS concentrations, (iii) the
promising results obtained by us with the ZnP ethyl, and (iv) the po-
tentialities reported for ZnP hexyl, the present study aimed to evaluate

BBA - General Subjects 1865 (2021) 129897

the in vitro action of ZnTnHex-2-PyP*" in the inactivation of parasites of
Leishmania species that cause CL.

2. Methodology
2.1. Zn(Il) porphyrins

ZnP hexyl and ZnP ethyl were synthesized by alkylation of the pre-
cursor Zn(II) meso-tetrakis(2-pyridyl)porphyrin, using an adaptation of
the method described by Viana et al. [21], presenting spectral and
chromatographic characteristics identical to those previously reported
[12,20].

The stability of ZnP hexyl and ZnP ethyl against demetallation in
solution was evaluated using accelerated solvolysis studies. ZnP sol-
volysis half-lives (t,,) under harsh acidic conditions and in simulated
digestive fluids were determined. Aqueous hydrochloric acid (1 M),
nitric acid (1 M), and phosphoric acid (1 M) solutions were standardized
by titrimetry, whereas simulated gastric fluid (SGF; pH 2.6) and simu-
lated intestinal fluid (SIF; pH 7.0) were prepared as non-enzymatic
electrolyte solutions as described elsewhere [22]. SGF was made of
6.9 mM KCl, 0.9 mM KH3POy4, 25 mM NaHCOs, 47.2 mM NaCl, 0.1 mM
MgC12~(H20)6, 0.5mM (NH4)2C03, and 0.075 mM Cac12~(H20)2, and the
final pH was adjusted to 2.6 with 6 M HCl. The SIF was made up from
6.8 mM KCl, 0.8 mM KH5PO4, 85 mM NaHCO3, 38.4 mM NacCl, 0.33 mM
MgCly-(H20)6, and 0.3 mM CaCly-(H20),, with the final pH adjusted to
7.0 with 6 M HCl. The assays were carried out at room temperature
(approximately 25 °C) using a Shimadzu UV-1800 UV-vis spectrometer,
with resolution of 0.5 nm and wavelength range of 300-800 nm. Briefly,
a few microliters of a freshly prepared concentrated aqueous stock so-
lution of ZnP (typically 1 mM) were diluted in 3 mL of solvent (1 M
aqueous acid, SGF or SIF) in an UV-vis cuvette to yield a working so-
lution of ZnP in the micromolar concentration range. Upon rapid mix-
ing, the ZnP solvolysis was followed spectrophotometrically
immediately and over time. The reaction half-life was determined under
pseudo-first order conditions [23,24].

Throughout this work, the concentrations of all ZnP stock solutions
were determined spectrophotometrically using published molar ab-
sorptivity values for ZnP hexyl (€427.0 nm = 436,516 em MY [12] and
ZnP ethyl (4255 nm = 288,403 cm ™! M~1) [25].

2.2. Parasites

Promastigotes of L. amazonensis (MHOM/77BR/LTB0016) were
cultivated in Schneider medium (Gibco), supplemented with 10% heat-
inactivated fetal bovine serum (FBS - Gibco), 100 U/mL penicillin, and
100 pg/mL streptomycin antibiotic (Gibco). Cells were maintained at 26
°C and used at the beginning of the stationary growth phase. Promas-
tigote forms of L. braziliensis (MHOM/BR/1975/M2903) were also
cultivated and used following the same protocol applied to L.
amazonensis.

Intracellular amastigotes of L. amazonensis were obtained by infect-
ing murine peritoneal macrophages (PMs) with promastigotes, simu-
lating the parasite infection cycle in mammals. For this, PMs (5 x 10°
cells/well) were adhered to 24-well plates containing a round coverslip
(13 mm) at the bottom for 24 h, infected with promastigotes at a ratio of
5:1 (promastigotes:macrophages), and kept in RPMI-1640 medium
(Sigma-Aldrich), supplemented with 10% heat-inactivated FBS, at 37 °C
and 5% COg, for 14 h. After this period, the infection was confirmed
under light microscopy before the treatment. PMs were obtained from
peritoneal exudates cells of healthy female BALB/c mice (6-8 weeks old)
and harvested in 5-7 mL of ice-cold RPMI-1640 medium.

2.3. Photodynamic assay on promastigote forms

Photodynamic assays with promastigote forms were performed in
96-well microplates. Two final concentrations of ZnP hexyl, 0.62 (A) and



T.H.S. Souza et al.

1.25 pM (B), were used. Two irradiation conditions were also carried
out: Light 1 = ca. 38.2 mW/cm? for 1 min and Light 2 = ca. 19.1 mW/
cm? for 3 min.

Thus, a total of 8 groups were evaluated: (1) Control = without any
treatment (in the dark); (2) Light 1 = treatment only with irradiation at
ca. 2.3 J/cm2; (3) Light 2 = treatment only with irradiation at ca. 3.4 J/
cm?; (4) ZnP = 1.25 uM ZnP (in the dark); (5) PDT A1 = 0.62 uM ZnP +
Light 1; (6) PDT A2 = 0.62 uM ZnP + Light 2; (7) PDT B1 = 1.25 M
ZnP + Light 1; and (8) PDT B2 = 1.25 pM ZnP + Light 2.

The concentrations, pre-incubation time, and irradiation time herein
used were initially chosen based on our previous study carried out with
ZnP ethyl [17]. The same irradiation configuration was applied. The
systems were irradiated from the top to the bottom, without the plastic
cover. A LEDbox (Biolambda) at 410 + 10 nm was used as the light
source (emission spectrum in the Supplementary Material — Section A —
Fig. S1). For all groups treated with ZnP hexyl, the cells were pre-
incubated with the PS for 5 min in the absence of light. For all the ex-
periments, the promastigote suspension (1 x 107 cells/mL) was trans-
ferred to the well and incubated with either 1x phosphate-buffered
saline (PBS, for “control” and “only Light” groups) or PBS containing
ZnP, in a 1:1 volume proportion (a total volume of 200 pL, prepared at
the time).

2.4. Trypan blue evaluation

The promastigote survival was evaluated right after treatment using
the trypan blue exclusion method. This method is based on the principle
that viable cells are impermeable to the dye, while dead cells absorb
trypan blue into their cytoplasm due to loss of membrane selectivity,
becoming stained [26]. Trypan blue (10 pL) was added to 90 pL of the
parasite suspension, for each evaluated condition. After homogenizing
and incubating for 5 min, the number of unstained (viable) parasites was
counted in a Neubauer chamber under light microscopy. Four inde-
pendent experiments were performed in duplicate.

2.5. Morphological analysis

To evaluate morphological alterations induced by the photodynamic
treatment on promastigotes, scanning electron microscopy (SEM) assays
were performed. L. amazonensis parasites (1 x 107 cells/mL) from un-
treated (Control) and treated groups (Light 2, ZnP, PDT A2, and PDT B2)
were submitted to the same incubation and irradiation procedures
described in Section 2.3. Then, promastigotes were processed according
to the protocol reported by Alianca et al. [27] and observed in a JEOL
scanning electron microscope (JSM-5600 LV).

2.6. Cell labeling assay by confocal microscopy

Confocal fluorescence microscopy was applied to analyze the inter-
action and uptake of ZnP hexyl by L. amazonensis promastigotes. Para-
sites (1 x 10° cells/mL) were placed in confocal microscopy chambers
(SPL) and incubated with the PS at 5 pM, for 5 or 15 min. This con-
centration was chosen to guarantee the detection of a high fluorescence
signal from ZnP and acquire sharp and clear images. Samples were
observed under a ZEISS LSM 700 at 405 nm excitation, and the PS
fluorescence was detected in a multispectral mode at porphyrin emission
region.

2.7. Flow cytometry

The photodynamic effects related to membrane permeability and
mitochondrial membrane potential (A¥m) were also evaluated for
promastigotes. For this, parasites submitted to the different experi-
mental conditions were labeled with Propidium Iodide (PI, Sigma-
Aldrich) or Rhodamine 123 (Rh 123, Sigma-Aldrich), respectively.

For PI assays, cells were rinsed with PBS and incubated with this
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probe (final concentration of 30 pg/mL) for 15 min. For A¥m, parasites
were incubated with Rh 123 (final concentration of 10 pg/mL) for 15
min. After incubation, cells were analyzed using an Accuri C6 flow cy-
tometer (Becton Dickinson) at 488 nm excitation for both, and long pass
(LP) 670 nm detection for PI and 533/30 nm detection for Rh 123.
Changes in membrane permeability were accessed analyzing the label-
ing percentages while changes in AYm were evaluated through the
medians of fluorescence intensity (MFIs).

For each sample, a total of 20,000 events were acquired. All flow
cytometry assays were performed at least in duplicate. Hydrogen
peroxide (HpO5 — 2.5%) was used as the positive control of cell death
due to its ability to induce oxidative damage to cells [28].

2.8. Cytotoxicity assay on mammalian cells

Cytotoxicity assays with mammalian cells were also performed,
using bone marrow-derived macrophages (BMDMs), following the pro-
tocol reported by Cabral et al. [29]. Briefly, female BALB/c mice (6-8
weeks old) were sacrificed and the femoral and tibial marrows were
flushed from the bones with RPMI-1640 medium. The cells were re-
suspended and cultured in Petri dishes during 7 days in RPMI-1640
medium (15 mM HEPES, 2 g sodium bicarbonate/L, and 1 mM t-gluta-
mine — Gibco), and supplemented with 20% of a colony stimulating
factor (L-929) and 20% FBS (Sigma-Aldrich), at 37 °C and 5% COs.
Posteriorly, BMDMs were centrifuged, counted, and seeded (1 x 10°
cells/well) in 96-well plates containing RPMI-1640 medium, supple-
mented with 10% heat-inactivated FBS, adhered overnight at 37 °C and
5% CO,. Then, the culture supernatant was removed and ZnP hexyl at
concentrations of 0.62 or 1.25 pM was added (except for the “control”
and “Light” groups, to which only PBS was added). Treatment at the
highest radiant exposure (3.4 J/cm?) was adopted. The plates were
irradiated as previously described for promastigotes and the same pre-
incubation time was applied. After treatment, cells were washed and
incubated in RPMI-1640 medium containing 5 mg/mL 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-
Aldrich), at 37 °C and 5% COs for 4 h. After incubation, the superna-
tant was discarded, and the crystals formed were solubilized in dime-
thylsulfoxide. Absorbances were measured in a Spectramax M4
spectrophotometer at 570 nm. Tests were performed in triplicates in
three independent experiments.

2.9. Photodynamic assay on intracellular amastigote forms

For experiments with intracellular amastigotes, 500 pL of each sys-
tem (controls and tests) were added to 24-well plates containing mac-
rophages infected by L. amazonensis. The same pre-incubation time used
for promastigotes was herein applied. The conditions with the highest
radiant exposure (PDT A2 and PDT B2) were chosen to assess the
photodynamic effect on amastigotes. After each treatment, cells were
stained with panoptic, according to the manufacturer’s instructions
(Laborclin). The number of intracellular amastigotes per macrophage
and the percentage of infected macrophages were quantified by
analyzing 100 macrophages per coverslip chosen randomly under light
microscopy. This evaluation was performed in duplicate, in three in-
dependent assays, totaling 600 cells analyzed. The infection index was
also obtained using the number of amastigotes per macrophage x %
Infection, for the control and treated groups. The % Infection was
calculated as the number of infected macrophages/ the total number of
macrophages x 100.

2.10. Statistical analysis

Statistical differences between groups were evaluated by the paired
Student’s t-test, after analyzing the normal distribution of the data by
Shapiro-Wilk. The software GraphPad Prism version 7.0 was used for
data analysis and image creation. Differences were considered
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significant when p < 0.05.
2.11. Ethical standards

The study involving animals was approved by the “Comité de Etica
em Experimentacao Animal - Instituto Aggeu Magalhaes/Fundacao
Oswaldo Cruz” and the “Instituto de Pesquisas Energéticas e Nucleares”
(CEUA - FIOCRUZ N° 121,/2017; IPEN-CNEN/SP N°. 189/2017). All
experiments were carried out in accordance with relevant guidelines
and regulations. Animals from breeding facilities of the “Instituto Aggeu
Magalhaes” and “Instituto de Pesquisas Energéticas e Nucleares” grew
up in micro-isolators, receiving autoclaved water and feed offered ad
libitum. They were kept in air-conditioned rooms, with an automated
system for supply and exhaust air changes, and with automatic lighting
control 12 h light/12 h dark.

3. Results and discussion
3.1. Stability of Zn(II) porphyrin

Water-soluble Zn(II) N-alkylpyridylporphyrins are promising candi-
dates as PDT photosensitizers [12-20]. In general, Zn(II) porphyrins are
usually stable in a solid state, but the knowledge of their specific
chemical stability in solution under various conditions is relevant to
guide storage and handling protocols, formulation strategies, and
administration routes.

Zn(II) metalation of porphyrins has been widely explored in syn-
thetic chemistry as an efficient way to increase the chemical and thermal
stability of porphyrin derivatives [30]. A common reaction that may
compromise Zn(II) porphyrin stability in aqueous media, however, is Zn
(II) demetallation via hydrolysis. The stability of Zn(II) chelation by
porphyrins depends on intrinsic aspects (such as porphyrin ring sub-
stituents, peripheral charges, porphyrin basicity, and steric hindrance)
[30,31] and extrinsic factors (such as solvent nature, pH, and ionic
strength) [32,33]. Thus, in the present work, the stability of ZnP hexyl
against demetallation in solution was evaluated using accelerated sol-
volysis studies under harsh acidic conditions (HCl, HNOs, and H3PO4)
and in simulated digestive fluids (data in the Supplementary Material —
Section B — Table S1). Accelerated stability studies have evaluated drug
degradation under extreme conditions, to approximate their behavior to
real conditions [34]. Given the photoeffects mediated by the shorter-
chain analog ZnP ethyl PS on L. braziliensis previously reported by
Andrade et al. [17], we also carried out stability studies on ZnP ethyl for
the sake of completeness and comparison with the ZnP hexyl data re-
ported herein.

The acid-catalyzed Zn(II) solvolysis of Zn(II) porphyrins is largely
affected by the nature of the anion [30]. Thus, nitric acid, although of
little biological significance per se, is useful as a readily available acid
with an anion of limited coordination capability. At 1 M HNOs, the half-
lives of ZnP methyl [35] and ZnP ethyl (that differ by only one CHy
group in the alkyl side chains) are ca. 1 day and 5 days respectively, in
the pM ZnP concentration range. The profound impact of the alkyl side
chain on Zn(II) porphyrin stability was confirmed with ZnP hexyl, which
showed no detectable Zn(II) loss after a week [36]. Based on the bio-
logical relevance of chloride and phosphate anions in biological media,
assays using 1 M HCl or 1 M H3PO4 were carried out. At 1 M HCl, which
is an acid with a coordinating anion, the half-lives of both ZnP ethyl and
ZnP hexyl dropped considerably to ca. 1 and 10 h, respectively (Sup-
plementary Material — Section B — Table S1), in agreement with litera-
ture data [37]. Conversely, the ZnP stability was remarkably high at 1 M
H3POy; for example, the half-life of ZnP ethyl was ca. 9 days. Of note, the
addition of 1 M NaCl into the 1 M H3POy4 system led to a full deme-
tallation of ZnP ethyl within 24 h, which agrees with the HCI data and
reveals the negative role that chloride has in the demetallation of these
ZnP systems under accelerated degradation conditions at extremely low
pH. Chlorides are good coordinating anions that occupy the
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Fig. 1. Survival of L. amazonensis promastigotes evaluated by trypan blue
assay. Control — untreated cells; Light 1 - Irradiance 38.2 mW/cm? for 1 min
(2.3 J/cm?); Light 2 - 19.1 mW/cm? irradiance for 3 min (3.4 J/cm?); ZnP —
1.25 M ZnP hexyl; PDT A1 - 0.62 uM ZnP hexyl + Light 1; PDT A2 - 0.62 uM
ZnP hexyl + Light 2; PDT B1 - 1.25 uM ZnP hexyl + Light 1; PDT B2 - 1.25 pM
ZnP hexyl + Light 2. Data presented as mean =+ standard error (SE).
*Statistically significant groups (p < 0.0001) when compared to control. Four
independent experiments were performed in duplicate (n = 8).

coordination positions vacated by the protonated porphyrin nitrogen
atoms during solvolysis, further reducing the amount of charge sepa-
ration needed for Zn(II) dissociation [23]. Considering that the mecha-
nism of ZnP hydrolysis and kinetics are well established, the
demetallation of both ZnPs in solution for short periods of time should
be negligible at nearly neutral pH [23,30,38].

PDT photosensitizers in general have been used both topically and
systemically, via injection or oral routes. The application of topical
formulation or local injections in CL PDT protocols (as opposed to sys-
temic therapy) is highly desirable and complies well with treatment.
Thus, we extended the evaluation of the stability of ZnPs to include
conditions that are relevant to a systemic oral administration route. Two
standardized simulated digestive fluids were prepared with rich elec-
trolyte composition (K*, Na*, Cl-, H,POz, HCO3, CO3~, Mg?t, NH{,
Ca2+) and controlled pH [22]. In both, the simulated gastric fluid (SGF,
pH 2.6) and the simulated intestinal fluid (SIF, pH 7.0), no indication of
Zn(1II) loss was observed for either ZnP hexyl or ZnP ethyl. This suggests
that oral administration of either of these ZnPs could be considered in
broader in vivo situations (those not limited to leishmaniasis) where
systemic administration is prescribed or acceptable, such as an alter-
nate/complementary administration route, e.g., for deep lesion treat-
ments [39].

Overall, these data suggest that both cationic ZnPs are stable in so-
lution depending on pH control and concentration of some ions, such as
Cl". Thus, for short periods (hours-to-days), the preparation of stock
solutions and dilutions in distilled water at neutral pH poses no prob-
lems regarding ZnP hydrolysis. For longer periods (weeks-to-months),
we suggest the use of stocks in phosphate buffers at nearly neutral pH.
The use of PBS is unadvised to prevent Cl -catalyzed hydrolysis, which
may become relevant over longer periods (month time-scale). For stor-
age over much longer time periods (months-to-years), we prescribe
keeping ZnPs in the solid state.

3.2. Promastigote survival and cell membrane permeability evaluation

The percentage of promastigote survival was evaluated by the trypan
blue exclusion method under different conditions. The groups treated
only with light or with ZnP hexyl in the dark showed viability results
similar to the control (no statistically significant difference observed).
Considering both irradiation conditions and ZnP hexyl concentrations
(0.62 or 1.25 pM) applied, all photodynamically treated groups
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Fig. 2. Representative flow cytometry histograms of L. amazonensis promastigotes after incubation with PI. M1 — unlabeled cells; M2 - PI positive labeled cells. A - PI
(negative control - without treatment); B — H,O5 (2.5%) — positive control of cell death; C - 1.25 pM ZnP hexyl; D — Light 1 (2.3 J/cmz); E-Light2(3.4J/ cmz); F-
0.62 pM ZnP hexyl + Light 1 (PDT A1); G — 0.62 uM ZnP hexyl + Light 2 (PDT A2); H - 1.25 yM ZnP hexyl + Light 1 (PDT B1); I - 1.25 pM ZnP hexyl + Light 2 (PDT
B2). For each sample, a total of 20,000 events were acquired and performed in two independent assays.

exhibited cell death by more than 99% of L. amazonensis promastigotes,
compared to the control without treatment, as shown in Fig. 1. Thus,
incubation with PS, followed by irradiation, had a drastic effect on the
parasite viability, indicating an intense decrease in the number of viable
cells. ZnP concentrations below 0.62 pM (0.3 and 0.5 pM) were also
evaluated; but the percentage of cell death was lower than 90% (data not
shown). High percentages of cell death were also observed when L.
braziliensis promastigotes were submitted to photodynamic treatment
(Supplementary Material — Section C - Fig. S2).

A complementary way to assess information on cell survival is by the
Propidium Iodide (PI) assay. This dye is an impermeable fluorescent cell
membrane probe that binds to cell DNA and RNA when the permeability
of plasma membrane is compromised [40]. Fig. 2 illustrates the PI assays
evaluated by flow cytometry for L. amazonensis promastigote forms
submitted or not to photodynamic treatment. Our results showed that
only 4.4% of cells from the negative control group (without any treat-
ment) were labeled by PI (Fig. 2A). A similar percentage of labeling was
observed for cells treated only with ZnP hexyl (1.25 pM) under the dark
condition (Fig. 2C) or treated only with Light 1 or Light 2 (Fig. 2D and
E). On the other hand, as expected, 99.5% of cells incubated with the
positive control (hydrogen peroxide, HyO, — 2.5%) were PI positive
(Fig. 2B), indicating a loss of membrane permeability.

Photodynamically treated cells in the presence of ZnP hexyl (Figs. 2F to
21) also showed intense labeling. Approximately 90% and 96% of cells
from PDT groups were positive for PI when Light 1 and Light 2 condi-
tions were, respectively, applied. These effects were independent of the
ZnP hexyl concentrations used. The photodynamic effects observed in L.
braziliensis were similar to those obtained for L. amazonensis, as shown in
the Supplementary Material — Section D — Fig. S3.

These results corroborate the trypan blue dye assays, indicating that
photodynamic treatments led to a considerable increase in cell mem-
brane permeability, causing loss of cell viability.

L. amazonensis and L. braziliensis can exhibit different susceptibilities
to drug treatments under the same experimental conditions [41], even
when submitted to photodynamic treatment mediated by Zn(II) phtha-
locyanines [42]. Nevertheless, in this study, these differences were not
observed, suggesting an advantage of our approach to the treatment of
CL.

Exploring metalloporphyrin-mediated photodynamic treatment (80
J/cm2), Espitia-Almeida et al. [14] observed a 50% reduction in the
viability of L. panamensis and L. braziliensis promastigotes when other Zn
(II) porphyrin derivative at 1.2 and 11.6 pM, respectively, were applied.
In that study, however, the authors used hydrophobic porphyrins and
24 h incubation time. Recently, Andrade et al. [17] applied
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Fig. 3. Mitochondrial membrane potential for L. amazonensis promastigotes
evaluated by flow cytometry using Rh 123. Median fluorescence intensity (MFI)
of Control - untreated cells; HO5 (2.5%) - positive control for cell death; ZnP
- 1.25 pM ZnP hexyl; Light 1 (2.3 J/cm?); Light 2 (3.4 J/cm?); PDT Al - 0.62
UM ZnP hexyl + Light 1; PDT A2 - 0.62 uM ZnP hexyl + Light 2; PDT B1 - 1.25
uM ZnP hexyl + Light 1; PDT B2 - 1.25 pM ZnP hexyl + Light 2. Data presented
as mean + SE. For each sample, a total of 20,000 events were acquired and
carried out in two independent assays.

photodynamic treatment (90 J/cm?) mediated by hydrophilic ZnP ethyl
(10 pM) and observed damages in ca. 90% of L. braziliensis promasti-
gotes. Andrade and co-authors also found 50% of PI positive L. brazil-
iensis promastigotes after the photodynamic treatment. Thus, it is worth
noting that the lipophilic degree of the PS can influence the PDI per-
formance on promastigotes. An increase in the aliphatic side-chain of the
porphyrin confers a higher amphiphilic character to the PS, probably
promoting greater interaction with the cell membrane, which may
contribute to the increased efficiency observed by us for PDI mediated
by ZnP hexyl. This pattern was observed for other cell types. For
example, Moghnie et al. [15] also noted greater damage to the plasma
membrane of Saccharomyces cerevisiae yeast cells after photodynamic
treatment with ZnTnHex—Z—PyP4+, compared to more hydrophilic
porphyrin analogues.

Thus, the experimental protocol mediated by ZnP hexyl was highly
efficient for the photoinactivation of promastigotes of two Leishmania
species. It led to a drastic reduction in cell viability, applying a lower
radiant exposure, shorter pre-incubation time (5 min), and lower PS
concentration, compared with studies that used other porphyrin de-
rivatives, or even different families of PSs, such as chlorin e6, curcumin,
and methylene blue (MB) [5,9,10,14,17,43,44].

3.3. Mitochondrial membrane potential (A¥'m) evaluation

Rhodamine 123 (Rh 123) is a fluorescent dye that can be used to
monitor the potential of the mitochondrial membrane. A decrease in Rh
123 fluorescence intensity indicates depolarization of the mitochondrial
membrane, while an increase indicates hyperpolarization [40]. All
samples of promastigotes photodynamically treated with ZnP hexyl
showed relevant mitochondrial potential changes, different from cells
treated only with light and the PS in the dark, according to flow
cytometry analysis (Fig. 3).

In photodynamically treated samples, medians of fluorescence in-
tensity (MFIs) decreased sharply (Fig. 3), indicating depolarization of
the parasite mitochondrial membrane. As expected, the treatment with
positive control (H202 — 2.5%) also led to accentuated A¥m depolari-
zation. The Rh 123 results indicate that there were changes in A¥m, and
consequently, damage to the parasite mitochondrion induced by the
photodynamic treatment. Mitochondrial potential results for L. brazil-
iensis followed a similar behavior to L. amazonensis and are presented in
the Supplementary Material — Section E Fig. S4.
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Fig. 4. Confocal fluorescence microscopy images of L. amazonensis promasti-
gotes. A — Labeling of promastigotes by ZnP hexyl (5 pM), after 15 min of in-
cubation (in red). B - The parameters were enhanced to reveal the
autofluorescence of cells in gray. A punctate labeling pattern is observed along
with the parasite cytoplasm. Scale bar: 10 pm.

The decrease in Rh 123 MFIs suggests an increase in the proton
permeability across the internal mitochondrial membrane, resulting in a
partial reduction, or complete inhibition, of ATP synthesis and, conse-
quently, the death of the parasite. This is critical for protozoa of the
Leishmania species, which have a single mitochondrion and are not able
to properly compensate for any damage in this organelle, as opposed to
mitochondrial damages occurring in mammalian cells. Thus, the para-
site survival requires the correct performance of the mitochondrial
respiratory chain [45].

The intense mitochondrial membrane depolarization noted in our
study after the photodynamic treatment mediated by ZnP hexyl was the
opposite of A¥m reported by Andrade et al. [17] for ZnP ethyl. They
observed a noteworthy mitochondrial membrane hyperpolarization in
samples photodynamically treated with ZnP ethyl. Andrade and co-
authors [17] ascribed their result to a final attempt of the cells to pre-
vent death since mitochondrial depolarization could be preceded by a
high transient hyperpolarization.

Therefore, the distinct AYm behavior followed by PDI with ZnP
hexyl strengthens our viability results, indicating an enhanced interac-
tion with the cell membrane, which is consistent with a greater intra-
cellular PS bioavailability, impacting the mitochondrion, and leading to
an effective cell death.

The closely related Mn(III) porphyrin analogs, MnP ethyl and MnP
hexyl, also exhibited a different subcellular affinity [46,47]. The in-
crease in the alkyl side chain was associated with an increase in the
mitochondrial-to-cytosol ratio when Mn(III) porphyrin analogs were
employed [48]. In a yeast model, the mitochondria-to-cytosol ratio for
MnP ethyl was about 2, whereas this ratio was >10 for the more lipo-
philic MnP hexyl compound, i.e., the concentration of MnP hexyl was
10-fold higher in the mitochondria than in the cytosol [49]. Studies with
Zn(II) porphyrin analogues have also pointed out a high affinity of ZnP
hexyl for mitochondria of cancer cells [12,20]. Overall, the subcellular
localization of Zn(II) complexes based on N-alkylpyridylporphyrins
mimic the behavior of their MnP counterparts: the increase in the length
of the pyridyl alkyl chains affects the bulkiness/planarity of the mole-
cule, directing the distribution of ZnPs from predominantly lysosomal
(shorter alkyl chains, such as ZnP ethyl) to mitochondrial sites (longer
alkyl chains, such as ZnP hexyl) [50].

Thus, the intracellular distribution pattern reported for ZnPs and
related MnPs in different cell models may support the results found in
the APm for promastigotes forms of Leishmania after photodynamic
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treatment with ZnP hexyl.

3.4. Promastigote labeling by ZnP hexyl

ZnP hexyl per se presents a strong fluorescence, so this property was
exploited to trace its intracellular fate in promastigotes of L. ama-
zonensis, as shown in Fig. 4.

Our results revealed that parasites incubated with ZnP hexyl effi-
ciently uptake this PS. The labeling showed that ZnP hexyl is distributed
along with the parasite cytoplasm. We believe that this labeling shows a
pattern similar to that observed in studies using mitochondrial-specific
dye, such as MitoTracker [51,52]. Thus, based on Fig. 4 and the pro-
mastigote cell morphology, we hypothesize that the ZnP hexyl may
accumulate in the mitochondrion or in other well-defined structures
close to it. It is well known that the action of ROS is more effective in
sites where the PS interacts. The PS needs to be close to biomolecules,
such as lipids, to efficiently oxidize them [53]. Thus, we also believe that
the photodynamic effect on the mitochondrial membrane potential,
described in the previous section, also suggests an interaction of ZnP
hexyl with the mitochondrion.

Since there was no difference in the labeling profile after 5 or 15 min
of PS-cell interaction, this also suggests that the pre-incubation time,
adopted in the photodynamic assays, was sufficient to an effective PS
uptake by the parasites. No fluorescence was observed in flagellum.

An efficient PS uptake and its cellular location is relevant for a suc-
cessful PDI. Herein, promastigotes also incubated with ZnP ethyl under
the same conditions as applied to ZnP hexyl, showed no cell labeling by
ZnP ethyl (data not shown). We believe that this difference between
these porphyrins may be attributed to the higher lipophilicity of ZnP
hexyl, enhancing its interaction with cell membrane and promoting
greater intracellular bioavailability. High retention of ZnP hexyl by
cancer cells was also observed by Benov and co-authors [19], with lower
concentrations than ZnP ethyl.

Therefore, we demonstrated that ZnP hexyl was promptly interior-
ized by promastigotes and a punctate labeling could be observed into
parasites after 5 min of incubation with this PS.

3.5. Morphological analysis of promastigotes

The morphological analysis by SEM showed that control L. ama-
zonensis promastigotes (untreated) and Light 2 groups maintained their
morphological characteristics, showing an elongated and fusiform body,
with well-preserved smooth membrane and a single flagellum (Fig. 5A
and B). Cells treated only with 1.25 pM ZnP hexyl in the dark did not
show detectable changes in their morphology (Fig. 5C).

In contrast, parasites submitted to photodynamic treatment
showed morphological alterations, such as increased cell volume and
wrinkled plasma membrane, which are suggestive of change in the
osmotic equilibrium and alteration in membrane permeability
(Fig. 5D and E). Those observations corroborate the results of PI and
trypan blue assays.

Changes in the parasite membrane are likely explained by the
oxidation of proteins and lipids promoted by ROS formation. The pres-
ence of oxidized lipids, for example, can affect the biophysical properties
of the membrane, such as its permeability and organization [54].

SEM characterizations of L. braziliensis promastigotes photody-
namically treated with ZnP ethyl, reported by Andrade and co-authors,
also indicated morphological changes like those observed above for L.
amazonensis [17]. Akilov et al. and other authors [43,44,55], using
different classes of PSs, also observed changes similar to those reported
in the present study in Leishmania promastigotes using light micro-
scopy. The authors also reported modifications of the elongated and
fusiform body of the parasite, resulting in a round shape. Such modi-
fications in the cell body may also occur due to the loss of cytoskeleton
integrity [56].
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Fig. 5. L. amazonensis promastigotes observed by scanning electron micro-
scopy. A — Control (without treatment); B — Light 2 (3.4 J/cmz); C-125uM
ZnP hexyl; D - 1.25 uM ZnP hexyl + Light 2 (PDT B2); E - 0.62 uM ZnP hexyl +
Light 2 (PDT A2). Scale bar: 5 pm.

3.6. Cytotoxicity on mammalian cells

Cytotoxicity assays were performed with macrophages applying the
higher radiant exposure (PDT A2 and PDT B2). Cells treated only with
1.25 pM ZnP in the dark did not show changes in the macrophage
viability (Fig. 6). Samples irradiated only with light (Light 2) presented
an increased response compared to the control. It is already known that
blue light irradiation can exert regulatory effects on mitochondrial ac-
tivity, proliferation, and differentiation of certain mammalian cell types
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Fig. 6. Macrophage viability evaluated by MTT assay. Control — untreated
cells; Light 2 - 3.4 J/ cm?; ZnP - 1.25 pM ZnP hexyl; PDT A2 - 0.62 uM ZnP
hexyl + Light 2; PDT B2 - 1.25 pM ZnP hexyl + Light 2. Data presented as
mean + SE. * Statistically significant groups (p < 0.05) when compared to
control. Tests were performed in triplicates in three independent experiments
n=09).
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[57,58].

It is also worth mentioning that, although primary cultures are in
general more sensitive when compared to immortalized macrophage
lineages [59], the samples photodynamically treated with ZnP hexyl
(0.62 or 1.25 pM) showed viability greater than 80%. There were no
noteworthy differences between the photodynamic treatments with ZnP
hexyl in all the concentrations tested.

The differences observed after photodynamic treatment, between the
viabilities of promastigotes and macrophages, may be attributed to the
higher sensitivity of the parasites towards oxidative stress, as previously
suggested by other authors [8,60-62]. The antioxidant defense of try-
panosomatids is based on the trypanothione reductase system, which
has a rudimentary and deficient response against oxidative stress
induced by drugs or photodynamic treatment [62,63]. The enzymes
catalase and selenocysteine-containing glutathione peroxidases, present
in mammals, are absent in these parasites. Besides, classical glutathione
peroxidase in mammals reacts 10-100-fold faster than the tryparedoxin
peroxidase, one of the enzymes of the trypanothione reductase system
[60]. Different from mammalian cells, Leishmania cells have only a
single mitochondrion. Thus, damage induced by ROS generation on the
unique mitochondrion of these protozoans tends to be more severe [45].

Additionally, the PS concentration and light parameters employed
can be a limiting factor for photocytotoxicity in mammalian cells [15].
For example, the viability after photodynamic treatment (3.4 J/cm?)
with 5 pM ZnP hexyl was lower, nearly 60% (data not shown), than for
0.65 and 1.25 pM (Fig. 6).

Andrade et al. [17], using 10 pM ZnP ethyl and a radiant exposure of
90 J/cm?, observed a decrease of ca. 50% in BALB/c mouse peritoneal
macrophages obtained from primary culture. Unlike our result, studies on
other classes of PS, such as Bengal Rose dye derivatives, for example,
showed that this compound, although presenting a high level of leish-
manicidal activity, was toxic to J774 macrophages, even in the dark [64].

Thus, the results of cytotoxicity herein obtained suggest that ZnP

Table 1
Photodynamic effect of ZnP hexyl on the number of L. amazonensis intracellular
amastigotes/macrophage, % of infection, and infection index. The infection
index was calculated following the equation: number of amastigotes/macro-
phage x percentage of infection. These parameters were evaluated under light
microscopy in samples stained with panoptic. Control — untreated cells; PDT A2
- 0.62 pM ZnP hexyl + Light 2; PDT B2 — 1.25 pM ZnP hexyl + Light 2. Light
2 - 3.4 J/cm? Results expressed as mean + SE. *Statistically significant groups
(p < 0.05) when compared to control. This evaluation was performed in
duplicate, in three independent assays, totaling 600 cells analyzed (n = 6).

Groups Intracellular amastigotes % Infection Infection Index
per macrophage
Control 6.5+ 0.8 90 + 0.7 579.5+77.6
PDT A2 3.0 £ 0.6* 75 + 4.5* 244.5 + 68.8*
PDT B2 2.3+ 0.5 70 £ 5.4* 176.1 + 50.2*
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hexyl is a promising PS and should be evaluated in in vivo CL studies.
Furthermore, the localized treatment provided by PDI, associated with
lower concentrations of PS and minor irradiation conditions, may also
help to modulate and control the photodamage extension [65].

3.7. Photodynamic effect on amastigotes

The infection resulted in an average number of 6.5 amastigotes per
macrophage, with an infection rate of 90%. Table 1 presents the
photodynamic effect associated with ZnP hexyl on peritoneal macro-
phages infected with L. amazonensis, at the highest radiant exposure
(PDT A2 and PDT B2).

There were no significant differences among the Control, ZnP, and
Light 2 groups for any parameter presented. On the other hand, the
photodynamic treatment mediated by ZnP hexyl, reduced the number of
amastigotes/macrophage by about 54% at 0.62 pM, and close by 64% at
1.25 pM. Furthermore, the infection index decreased approximately by
58% for PDT A2 and by 70% for PDT B2, after a single treatment session.

Also quantifying the number of intracellular amastigotes under light
microscopy, Oliveira et al. [66] showed a similar reduction in the
infection index (71%) using MB (another class of PS) to mediate PDI of L.
braziliensis, but applying a PS concentration more than 30-fold higher
than the one used in this present study. Likewise, in the PDI study of
Andrade et al. with ZnP ethyl [17], a reduction of 40% in the number of
amastigotes infecting macrophages in vitro was reported, also using a
higher concentration (10 pM) than we employed. Therefore, our set of
results highlights the potential of ZnP hexyl-mediated PDI for CL.

Fig. 7 shows two representative microscope fields illustrating the
reduction in the number of intracellular amastigotes, at light microscope
resolution, after photodynamic treatment session with 0.62 pM ZnP
hexyl (Fig. 7B), compared to untreated cells (Fig. 7A). Fewer infected
macrophages can be observed in Fig. 7B.

Thus, the data obtained herein indicated a great potential for ZnP
hexyl as PS, suggesting that this Zn(II) porphyrin is a strong candidate
for evaluation in in vivo studies.

4. Conclusion

The photodynamic treatment of Leishmania parasites mediated by
ZnTnHex-2-PyP* showed efficiency in vitro using a submicromolar
concentration of PS, with short pre-incubation and irradiation times,
stimulating the evaluation of this Zn(II) porphyrin in pre-clinical assays.
Our results also encourage further studies focused on investigation of the
action and effects involved in the antimicrobial PDI mediated by Zn(II)
porphyrins.
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