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Towards new therapeutic strategies for cutaneous 
leishmaniasis 

 
 

FERNANDA VIANA CABRAL 

 
 

ABSTRACT 
 

Cutaneous leishmaniasis (CL) is a zoonotic disease developed by protozoa 
parasites of genus Leishmania. It promotes destructive and ulcerated lesions with 
limited treatment options. There is an urgent need for the development of topical, 
cost-effective and efficacious treatments with minimized side effects to treat affected 
patients. The parasite-host interaction is of great importance since Leishmania 
parasites survive and replicate within host macrophages. As phagocytic cells, the 
activated macrophages produce reactive oxygen species (ROS) and nitric oxide 
(NO), which are toxic to pathogens, hence preventing parasites proliferation. 
However, Leishmania parasites can evade the host immune response and subvert 
antimicrobial macrophage defenses, thereby surviving within these cells even in 
harsh conditions. Indeed, the role played by ROS and NO in the control of CL has 
been under debate over the past years, emerging as potential alternatives to tackle 
this important neglected disease. In this regard, we aimed to evaluate the role of 
both NO and ROS towards antileishmanial activity using two different therapeutic 
strategies: (1) nitric oxide-releasing chitosan nanoparticles (NONPs) and (2) 
antimicrobial photodynamic therapy (PDT). For this, we focused on development and 
investigation of the potential of NONPs in vitro and in vivo against Leishmania 
amazonensis, one of the causative agents of CL. To assess the role of ROS, 
photodynamic therapy was investigated against different Leishmania species. Firstly, 
we evaluated the potential of organic light-emitting diodes (OLEDs) as a novel light 
source to inactivate in vitro promastigotes of L. major and L. amazonensis, using 
three phenothiazine dyes: Methylene blue, new methylene blue and 1,9-dimethyl 
methylene blue (DMMB). Then, we addressed the underlying mechanisms of 
DMMB-PDT upon promastigotes of L. amazonensis wild-type (WT) and miltefosine-
resistant (MFR) strains. DMMB-PDT effectiveness was also evaluated against 
intracellular amastigotes of WT and MFR together with cytotoxicity assay on 
mammalian cells. Our findings demonstrate that either NONPs or PDT are promising 
strategies to target CL and should be further explored for future preclinical and 
clinical trials. 

  



	
	 	

Buscando novas estratégias terapêuticas para o tratamento de 
leishmaniose cutânea 

 

FERNANDA VIANA CABRAL 

 
 

RESUMO 
 

Leishmaniose é uma zoonose desenvolvida por protozoários do gênero 
Leishmania. A leishmaniose cutânea (LC) abrange lesões destrutivas e ulceradas 
que podem evoluir para condições mais graves culminando em óbito dos 
hospedeiros. Tratamentos alternativos têm sido implementados com a finalidade de 
promover maior eficácia e menores efeitos colaterais aos pacientes. A interação 
patógeno-hospedeiro é de fundamental importância já que os parasitos se 
multiplicam no interior de macrófagos dos hospedeiros. Essas células são capazes 
de produzir grandes quantidades de oxigênio (ROS) e óxido nítrico (NO), 
promovendo a morte de diversos patógenos. Entretanto, esses protozoários são 
capazes de evadir o sistema imune do hospedeiro sobrevivendo no interior dessas 
células mesmo em ambientes hostis. Dessa forma, o equilíbrio entre parasito e 
resposta imune do hospedeiro possui fundamental importância na susceptibilidade e 
resistência do indivíduo à infecção por Leishmania. De fato, ROS e NO possuem 
uma função muito relevante no controle da leishmaniose. Nesse contexto, nós nos 
propusemos a avaliar as funções de ambas as moléculas como potenciais agentes 
terapêuticos no combate à LC. No presente estudo foram sintetizadas 
nanopartículas contendo doadores de óxido nítrico (NONPs) e avaliadas na 
inativação in vitro e in vivo de L. amazonensis. Para avaliarmos o papel das ROS, 
os efeitos da terapia fotodinâmica (PDT) foram investigados contra diferentes 
espécies do protozoário. Inicialmente, avaliamos o potencial de LEDs orgânicos 
(OLEDs) como fonte de luz para PDT na inativação das espécies de L. amazonensis 
e L. major utilizando três fotossesibilizadores pertencentes à classe das 
fenotiazinas: Azul de metileno, novo azul de metileno e 1,9-dimetil azul de metileno 
(DMMB). Posteriormente investigamos os possíveis mecanismos de ação 
envolvidos na morte de promastigotas de L. amazonensis WT e resistentes à 
miltefosina (MFR). Finalmente, investigamos a eficácia do DMMB-PDT na morte de 
amastigotas intracelulares de L. amazonensis WT e MFR.  Ensaios de citotoxicidade 
em fibroblastos e macrófagos também foram investigados. Nossos resultados 
demonstram que tanto as NONPs quanto a PDT são estratégias promissoras para o 
tratamento de LC, portanto, podem ser exploradas em futuros ensaios pré-clínicos e 
clínicos. 
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1. INTRODUCTION 
 

Leishmaniasis is a complex of tropical neglected diseases caused by multiple 

species of protozoan parasites of the genus Leishmania spp. which belongs to the 

family Trypanosomatidae.1 It is a vector-borne disease with a worldwide distribution 

across nearly 100 endemic countries.2 Since it is a poverty-related disease, it 

receives little attention from funding agencies or healthcare services.3 However, it 

has been listed by World Health Organization (WHO) as one of the most important 

neglected disease for which the development of new treatments are urgently 

needed.2   

Pentavalent antimonials have been the standard drug for over 60 years, and 

amphotericin B as a second-line treatment for unresponsive cases.4,5 However, 

those treatments are based on a long-term intravenous regimen which are highly 

toxic and expensive, thereby resulting in poor patient compliance, treatment failure 

and selection of drug-resistant pathogens.6 Miltefosine has been recently introduced 

as an oral antileishmanial agent, however, because of the decreased efficacy and 

increased relapse rate, its use has been restricted in several countries.5,6  

Leishmania spp. comprise an extra and intracellular phase of life cycle, 

alternating between two morphological and biochemical distinct forms, defined as 

promastigotes and amastigotes.2,7 The extracellular promastigote corresponds to a 

flagellated and motile form which develops within the gut of the sandfly vector. The 

disease is then transmitted by the bite of female phlebotomine sandflies during their 

bloodmeal, where metacyclic (infective stage) promastigotes are inoculated in the 

mammalian host.7 Once inside the host, promastigotes are phagocytized and 

differentiated into amastigotes within phagocytic cells, mostly macrophages.7,8 

Amastigotes (interiorized flagellum) belong to the obligatory intracellular stage of 

parasites cycle, where they develop and proliferate by binary fission within 

phagolysosome-like structures, referred to as parasitophorous vacuole (PV) (Figure 

1.1).8    
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Figure 1.1. Life cycle of Leishmania parasites.7 
 

1.1 Cutaneous leishmaniasis clinical presentations 
There are two main clinical forms: Visceral leishmaniasis and cutaneous 

leishmaniasis (CL). The visceral form is potentially fatal, affecting internal organs 

such as the liver, spleen and bone marrow.2 CL is not usually life-threatening, 

however, it may have an important psychological impact on patients, leading to 

serious social stigma.2,9  

CL displays a wide spectrum of clinical manifestations, in which the most used 

classifications encompass (1) Localized cutaneous leishmaniasis (LCL), (2) 

mucocutaneous leishmaniasis (ML), and (3) diffuse cutaneous leishmaniasis 

(DCL).10  

LCL clinical presentations range from a single papule at the site of infection to 

chronic ulcerative lesions with a raised outer border.10 It might also be scaling with 

inflammatory exudate covered by a crust.11 The disseminated form might be a 

variant clinical manifestation of LCL and is characterized by multiple lesions in two or 

more different parts of the body.2  
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ML is one of the most severe forms of CL and can be locally destructive to the 

nasopharyngeal mucosa, thereby promoting deformities on the face of affected 

individuals.12,13 It is often referred to as metastatic CL due to the parasite 

dissemination from the original site of lesion to the oropharynx, nose and mouth via 

lymphatic and hematogenous system.13 This clinical feature could potentially be life-

threatening and is related to immunocompromised patients.2 

The diffuse (DCL) presentation, also known as anergic CL, is linked to the 

lack of immune response, developing erythematous nodular lesions over the entire 

individual’s body, including the face, resembling lepromatous leprosy.2,12 

Lymphedema and fever are symptoms usually observed, and these patients are 

unresponsive to current treatments in most of the cases.13 

 

1.2 New World and Old World leishmaniasis  
Leishmaniasis are also classified based on the geographic distribution, 

defined as New World and Old World leishmaniasis owing to the wide range of 

Leishmania species. The Old World comprises arid and semiarid countries in Asia, 

Africa, Middle East and Southern Europe.1,13 New World CL are found in tropical and 

subtropical regions of South America, Central America and Mexico.1  

The most common etiological agents of CL in the Old World comprise L. 

major and L. tropica.1 They develop LCL and even though lesions might be self-

healing, they often result in persistent scars.2 

 The most prevalent and infective species in the New World involve the L. 

mexicana complex (subgenus Leishmania), including L. (Leishmania) amazonsensis, 

and L. braziliensis complex (subgenus Viannia), such as L. (Viannia) braziliensis.1,2 

The subgenus is defined according to the location where promastigotes develop and 

attach in the gut of sandflies vectors.14 The L. mexicana complex undergo 

development in the midgut and foregut, whereas L. braziliensis complex develop 

only in the hindgut of sandflies.14  

L. braziliensis promote LCL that can progress to the ML form due to an 

imbalanced immune response, which leads to an exacerbated Th1-type cell 

response and low number of parasites in the lesions.2,7 Conversely, L. amazonensis 

can promote LCL and DCL. The latter is attributed to a low Th1-type and 

predominant Th2-type response.7 The amastigote forms of L. mexicana complex 
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parasites are well-known for dwelling within large PVs containing a large number of 

parasites within the lesions.15 It has been shown that large PVs enable amastigotes 

to survive even in inhospitable enviornments.15,16 

 

1.3 The role of immune response in CL pathogenesis 
The parasite-host interaction is of great importance since Leishmania 

parasites dwell and proliferate inside the host’s macrophages.17 As phagocytic cells, 

the activated macrophages produce reactive oxygen species (ROS) and reactive 

nitrogen species (RNS), such as nitric oxide (NO), which are highly toxic to 

pathogens, hence preventing parasites proliferation.17,18  

The course of disease is determined since the early phase of infection by the 

host innate immune response with the rapid recruitment of neutrophils and 

inflammatory monocytes at the site of parasite inoculation.7 Indeed, monocytes may 

differentiate into monocyte-derived dendritic cells and migrate to lymph nodes, which 

leads to a protective immune response Th1 cell type-mediated.7,19 The cell-mediated 

response enables macrophage activation releasing NO and ROS, therefore 

conferring resistance to Leishmania infection.7,20  

Conversely, Th2-type response encompass the humoral immunity or 

antibody-mediated immunity. It has been known as a non-protective response and it 

has been attributed to susceptibility to infection since macrophages are 

inhibited.7,20,21  

Moreover, Leishmania species can also evade the host immune system and 

subvert antimicrobial macrophage defenses surviving within these cells even in 

harsh conditions.22,23 It has also been shown that some Leishmania species may 

also play a role on the stimulation of Th2 cell response rather than Th1.20,21  

Thus, the interplay between parasites and the host immune response is 

indispensable to determine resistance or susceptibility to Leishmania infection. 

Although this mechanism is best understood for animal models, it can help elucidate 

the complexity of Th1/Th2 paradigm over humans and Leishmania species.7,21  
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1.4 Nitric oxide and reactive oxygen species 
 The role played by NO and ROS in the control of CL has been under debate 

over the past years, both emerging as potential alternatives to tackle this important 

neglected disease.18  
 Nitric oxide is an important biological molecule responsible for several cellular 

signaling pathways, physiologic functions, and antimicrobial activities against a 

broad range of intracellular pathogens.24 As mentioned earlier, NO production relies 

on activated macrophages induced by Th1 cell response. Proinflammatory cytokines, 

such as IFN-γ and TNF-α induce the expression of inducible nitric oxide synthase 

(iNOS), which converts L-arginine to L-citruline and NO.18,24 Alternatively, Th2 type 

response leads to the expression of arginase, rather than iNOS, therefore L-arginine 

is used as a substrate for the synthesis of polyamines, which contributes for 

parasites proliferation (Figure 1.2).25  

 

 
Figure 1.2. Th1 and Th2 paradigm and macrophage activation in Leishmania 

infection. Source: The author 
 
 As an important mediator of host defense, NO may have multiple antimicrobial 

mechanisms of action, damaging lipids, proteins and DNA.26 It may react with the 

cellular nucleus causing deamination of DNA bases, and/or react with 
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metalloproteins particularly those containing iron, copper or zinc, leading to 

alterations in biological signaling pathways.26,27 For example, the reaction of NO with 

cytochrome c oxidase is strongly involved in the inhibition of the mitochondrial 

electron transport chain.26,28 NO may also react with other free radicals, such as 

superoxide (O2-) to form peroxynitrite (ONOO- ), a highly reactive molecule, therefore 

resulting in lipid peroxidation. ONOO- can also disrupt iron-sulfur (Fe-S) clusters, 

hence promoting mitochondrial dysfunction due to aconitase inactivation.27 

Additionally, protein tyrosine nitration and S-nitrosylation of cysteine residues are 

other possible NO reactions that may affect cell viability by changing protein 

structure and function at the molecular level.27,28  

 Reactive oxygen species are generated from respiratory burst NADPH-

oxidase-dependent (NOX).29  The reduction of molecular oxygen produces O2-, 

which can promptly dismutase to hydrogen peroxide (H2O2). H2O2 can also be 

converted to hydroxyl radicals (.OH) or peroxyl radicals (.OOH) in the presence of 

ferric iron (Fe3+).30 Other non-radical ROS, such as hypochlorite anion, (OCl-) and 

singlet oxygen (1O2 ) might also be produced, even though these molecules are less 

common under physiological or pathological conditions.  

 ROS can be generated in response to the presence of different pathogens 

and once released in high amounts, it may cause significant oxidative stress, hence 

affecting lipids, proteins and DNA.29,30 Therefore, both molecules may act as 

antimicrobial agents within macrophages, either alone or in combination in order to 

prevent pathogens proliferation.30 

 

1.4.1 Nanoparticulated nitric oxide donors 
 Since NO is an endogenous molecule, its exogenous administration has been 

widely investigated as an alternative approach to kill Leishmania parasites.31,32 

However, because of its short half-life (1 to 5 s) in vivo, NO is easily inactivated in 

biological environments, particularly in the presence of hemoglobin and oxygen.33 

Therefore, nitric-oxide donors have emerged as a potential strategy to ensure NO 

storage and release for biomedical applications.33,34  

 The class of S-nitrosothiols (RSNOs) is among the low molecular weight 

endogenous NO donors with several biological functions.34 It is usually generated by 

the nitrosation of free thiol groups in the presence of nitrous acid.33,35 Nevertheless, 
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most of RSNOs are unstable and likely to be decomposed by heat, light and/or upon 

reactions with some metals ions, resulting in the NO spontaneous release.34,36 Such 

uncontrolled NO release might increase cytotoxicity, hence leading to undesirable 

side effects.33 

 In this regard, nanomaterials have arisen as attractive platforms to ensure a 

gradual and controlled NO delivery.37 Particularly, polymeric nanoparticles, such as 

chitosan, are advantageous for good biocompatibility, biodegradability, low toxicity 

and sustained NO release.38,39 Chitosan-based nanoparticles have been used for 

different biomedical applications, including for amphotericin B encapsulation to 

inactivate in vitro Leishmania parasites.40 Moreover, NO-releasing chitosan 

nanoparticles have also been shown to inactivate Trypanosoma cruzi, a protozoa 

parasite which belongs to the same family as Leishmania.41 Thus, the encapsulation 

of nitric oxide donors into chitosan nanoparticles can be a promising strategy to treat 

CL with a great potential for biomedical applications. 

 
1.4.2 Antimicrobial photodynamic therapy 
 Photodynamic therapy, also referred to as PDT, is a light-based therapy that 

combines simultaneously a light source, a photosensitizer and molecular oxygen to 

generate ROS to inactivate pathogens by oxidative stress.42  

 For PDT to be effective, the light source wavelength should match the 

absorption band of the photosensitizer.43 The ground state dye absorbs the light-

emitted photons and undergo a short-lived (nanoseconds) excited singlet state. In 

this state, one of the photosensitizer’s electron is lifted to an orbital of higher energy 

without changing the direction of the electron spin.43 The photosensitizer may further 

lose energy by fluorescence, or alternatively, in the excited singlet state undergo an 

intersystem crossing to generate a long-lived excited triplet state (microseconds), 

where the spin of excited electron is inverted.44 The process is followed by the 

transition of the photosensitizer to the ground state (phosphorescence) or the excited 

triplet state dye may otherwise undergo Type I and/or Type II reactions.44 

  Type I pathway involves the transference of a proton or an electron to form 

radicals or radical ions.45,46 This process may occur by a direct interaction of the 

excited triplet state photosensitizer with the substrate, such as cell membranes, 

molecules and ground state molecular oxygen to produce superoxide anion, H2O2, 
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.OH.44,45 In the alternative Type II reaction the triplet state dye may transfer energy to 

molecular oxygen to generate 1O2, which is a highly reactive species and readily 

oxidizes several biological molecules, including nucleic acids, amino acids and 

unsaturated fatty acids (Figure 1.3).44,45  

 

 
 

Figure 1.3. Jablonski diagram demonstrating the photochemical mechanisms of 

PDT.46  

 

 Antimicrobial PDT has been widely used to treat a broad spectrum of 

infectious diseases.43 Phenothiazine dyes have shown to be effective in killing 

several Leishmania species in vitro and in vivo.47-49  Methylene blue (MB) is the most 

widely used photosensitizer of this class, and it has demonstrated good activity to 

treat CL in preclinical and clinical trials.50-52 It is able to generate high levels of ROS 

by both types of reaction, yielding nearly 50% of 1O2. Moreover, the positive charge 

enables it to accumulate into cellular lysosome and mitochondria, therefore targeting 

multiples organelles.53  
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 Other phenothiazine photosensitizers include 1,9-dimethyl methylene blue 

(DMMB) and new methylene blue. DMMB has been shown to produce 20% more 
1O2, and it less likely to be photobleached in relation to MB.53 It has been recently 

introduced as an antimicrobial compound with great activity against a plethora of 

microorganisms.54-56 However, its use against Leishmania parasites has never been 

reported. Thus, DMMB could be an attractive approach to potentiate PDT for CL 

treatment, thus improving parasites killing.  
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2. OBJECTIVES 
 

In the present work, we aimed to assess the role of both, NO and ROS 

towards antileishmanial activity using two different therapeutic strategies: (1) nitric 

oxide-releasing chitosan nanoparticles and (2) antimicrobial photodynamic therapy. 

Therefore, this work has been divided into five specific objectives, as follows:  
 
(1) To evaluate the in vitro potential of nitric oxide-releasing chitosan nanoparticles 

(NONPs) against L. amazonensis, one of the causative agents of CL.  

(2) To evaluate the in vivo potential of nitric oxide-releasing chitosan nanoparticles 

(NONPs) against L. amazonensis on infected BALB/c mice. 

(3) To evaluate organic light-emitting diodes (OLEDs) as a novel light source to 

inactivate two Leishmania species in vitro: L. major and L. amazonensis, an Old 

World and New World Leishmania species, respectively. 

(4)  To evaluate the effects of photodynamic therapy (PDT) using the 

photosensitizer 1,9-dimethyl methylene blue (DMMB) against promastigotes of L. 

amazonensis wild-type (WT) and miltefosine-resistant (MFR) strains, addressing 

the possible underlying mechanisms of PDT action upon both parasites.  

(5) To evaluate DMMB-PDT effectiveness against intracellular amastigotes of L. 

amazonensis wild-type (WT) and miltefosine-resistant (MFR) strains. In addition, 

DMMB-PDT cytotoxicity was assessed on mammalian cells. 

 

The thesis was divided into five chapters, each chapter representing one 

scientific manuscript related to the objectives outlined above. 
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3. CHAPTER ONE 
 
3.1 In vitro activity of NPs and NONPs  
 

3.2 EXPERIMENTAL SECTION 
 
 

3.2.1 Nitrosation of free or encapsulated MSA  
 

The synthesis and characterization of free (NP) or encapsulated S-nitroso-

MSA, henceforward named S-nitroso-MSA and NONP were carried out in our 

previous assays and can be found elsewhere.57 Free or encapsulated MSA (50 

mmol·L-1) was nitrosated by adding the same quantities of sodium nitrite (NaNO2) 

leading to form either free (NP) or encapsulated S-nitroso-MSA, named S-nitroso-

MSA and NONP, respectively. The formation of both compounds was confirmed by 

the S-NO group absorption bands at either 336 nm (ε =980.0 L·mol-1·cm-1) or at 545 

nm (ε =18.4 L·mol-1·cm-1) using the UV-Vis spectrophotometer (Agilent 8454, Palo 

Alto, CA, USA). 

 

3.2.2 Parasite culture 
Leishmania (L.) amazonensis (MHON/BR/73/2269, transgenic line expressing 

luciferase) provided by Prof. Silvia R. B. Uliana (University of São Paulo). 

Promastigotes were harvested at 25°C in M199 media (Sigma-Aldrich, USA) 

supplemented with 10% fetal bovine serum (FBS, GibcoTM Invitrogen Corporation, 

USA) and 0.25% hemin (Sigma-Aldrich, USA) with pH 7.2.58 Amastigotes were 

extracted from lesions of infected BALB/c mice.  

 

3.2.3 Activity of NONPs on Leishmania promastigotes 
Leishmania promastigotes were treated with different concentrations ranging 

from 25-200 µM of NONPs and NPs for 24 h at a density of 5x106 per well. The 

molar concentrations refer to the molar concentrations of MSA for NPs, and S-

nitroso-MSA for NONPs. Cells viability was determined using luciferase assay. (One 

Glo Luciferase Assay System, Promega Corporation, USA). Luciferin was added to 
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wells five min prior the spectrophotometer analysis (Spectramax M4, Molecular 

Devices, USA). Thereafter, parasites at 1x105 were treated with concentrations 

NONPs and NPs at 25-400 µM and bioluminescence signal was assessed on a daily 

basis for 5 days. 

 

3.2.4 Cytotoxicity assays on macrophages 

 All the experiments were carried out in agreement with the Brazilian Federal 

Law 11,794, Decree 6,899 and on the Normative Resolutions published by the 

National Council for the Control of Animal Experimentation (CONCEA) and approved 

by the Ethic Committee on Animal Use of the IPEN-CNEN/SP under the protocol 

number 189/17. 

Bone marrow-derived macrophages (BMDM) from BALB/c mice were 

extracted and cultured during 7 days in RPMI 1640 medium (15 mM HEPES, 2 g of 

sodium bicarbonate/L, and 1 mM L-glutamine) and supplemented with 20% FBS and 

20% L-929 cell conditioned medium (LCCM).59 

Activity of both compounds was carried out by seeding cells (8×104) on 96-

well plates 24 h before experiments. Thereafter, cells were incubated with increasing 

concentrations (0-400 µM) of NONPs and NPs for 24 and 48 h. Then, viability was 

assessed using MTT, using 30 µL at 5.0 mg/mL (3-[4,5-dimethyl-2-thiazolyl]-2,5-

diphenyl-2H-tetrazolium bromide; Sigma-Aldrich, USA) kept at 37°C for 4 h followed 

by the addition of 30 µL of 20% (w/v) sodium dodecyl sulfate (SDS). The optical 

density was evaluated by a spectrophotometer (Spectramax M4, Molecular Devices, 

USA) at 595 nm and 690 nm. Results were normalized and plotted as percentage. 

Immunofluorescence staining was carried out using 2×105 cells plated on 

glass coverslips in 24-well plates. Treatment was performed at 400 µM NONPs and 

NPs 24 h, for 48h. Afterwards, cells were fixed by methanol, washed with PBS, and 

permeabilized/blocked with 0.1% Saponin (Sigma-Aldrich, USA) and BSA (bovine 

seric albumin, Sigma-Aldrich, USA) in TBS (tris-buffer saline). Macrophages were 

incubated with DAPI for 1 h at 10 µg/ml. Images were obtained with a fluorescence 

microscope (DMI6000B/AF6000, Leica, Germany) connected to a digital camera 

system (DFC 365 FX, Leica, Germany) and processed by ImageJ software.  

 

3.2.5 Activity of NONPs on intracellular amastigotes 
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 The activity of NONPs and NPs against amastigotes on infected 

macrophages was performed by seeding macrophages at 2×105 per each well onto 

coverslips in 24-well plates. Cells were infected with amastigotes extracted from 

lesions of previously infected BALB/c mice at multiplicity of infection= 5  for 1 h at 

34°C. Afterwards, cells were washed and incubated in fresh medium overnight 

followed by the treatment at 400 µM concentration of either NONPs or NPs. After 

treatment, the cells were fixed with methanol and permeabilized/blocked with 0.1% 

Saponin and BSA in TBS. Coverslips were incubated for 2 h with rabbit polyclonal 

antibodies against Leishmania, followed by anti-rabbit IgG Alexa Fluor 488 

(Molecular Probes, USA). Rat anti-mouse Lamp1 mAb (BD Biosciences, USA) was 

used to stain vacuolar-associated protein, being incubated for 2 h and then for 1 h 

with anti-rat IgG Alexa Fluor 568 (Molecular Probes, USA). Nuclei were stained with 

10 µg/mlL DAPI for 1 h. Images were obtained with fluorescence microscopy and 

processed by ImageJ software.60 Results were determined by counting 300 cells per 

coverslip and plotted as percentage of infected cells, number of intracellular 

amastigotes per infected macrophage and the infection index was also calculated 

following the formula:  

 
Number	of	amastigotes
infected	macrophages	 	x	%	infection 

 
3.2.6 Statistical analysis 

All data are representative of at least three independent assays in triplicate, 

unless stated otherwise. Statistical analysis was performed using GraphPad Prism 

6.0 software by one-way ANOVA followed by the Tukey post-test. Differences were 

considered statistically significant when p< 0.05. 
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3.3 RESULTS 
 
3.3.1 NONPs decrease promastigotes of L. (L.) amazonensis 

NPs inactivated nearly 65% of promastigotes at a concentration of 200 μM. 

Activity was enhanced by the treatment with NONPs, in which we observed a 

reduction of nearly 50% of the of parasites at 25 μM. At 75 μM, pproximately 85% of 

parasites were killed. At the highest concentration (200 μM) activity of NONPs was 

even clearer. However, after 3 days the remaining parasites were able to replicate 

again. Therefore, we treated this parasites at 400 µM concentration (Figure 3.1 A,B).  

 

 
Figure 3.1: (A) Dose-response of NPs and NONPs under a wide range of 

concentrations (0 to 200 µM) against L.(L.) amazonensis promastigotes. (B) 

Promastigotes 5 days after treatment at different concentrations (0 to 400 µM) of 

NONPs determined by bioluminescence assay. Values show means ± SD (n=3). 

 

 

3.3.2 Treatment with NONPs is not toxic to macrophages  

MTT assay demonstrated no toxicity to macrophages regardless of NONPs 

concentrations (Figure 3.2). Indeed, the highest concentration of 3200 µM 

maintained cell viability in 75% even after 48 h. Macrophages morphology was 

similar between treated groups and untreated cells (Figure 3.2). 
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Figure 3.2: (A-C) Immunofluorescence representative images of BMDM treated with 

NPs and NONPs (400 µM). Blue fluorescence refers to nuclei stained with DAPI. (D) 
BMDM treated with increasing concentrations of NONPs (0 to 400 µM) and NPs (400 

µM) for 24 h and 48 h. Mean values ± SEM of cell activity were assessed by MTT 

assay. No statistically significant differences were noticed (n=9).  
 
 
3.3.3 Intracellular amastigotes of L. (L.) amazonensis are susceptible to NONPs 
 

We assessed the anti-leishmanial effect of NONPs in intracellular amastigotes 

of L. (L.) amazonensis after 48-h after treatment. NPs decreased the number of 

intracellular parasites and infection index in nearly 21% and 33%, respectively. 

Conversely, NONPs inactivated around 47% and 56% the number of parasites and 

infection index, respectively. No significant difference in % of infection was found in 

comparison with the untreated control. (Table 3.1). 
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Table 3.1. Effectiveness of NPs and NONPs against intracellular amastigotes of 

Leishmania (L.) amazonensis. * Refers to statistically significant differences between 

NPs and NONPs. ** refers to statistically significant differences between control and 

NONPs (p < 0.05, n= 6). 

 

 
Number of intracellular 
amastigotes/infected 

macrophage 
% Infection Infection Index 

Control 8.5±1.2 76.2±7.1 649.7±115.1** 

NPs 6.7±0.2* 65.1±3.1 436.0±6.9 

NONPs 4.5±0.4* 63.7±5.4 288.0±39.9** 

 
 

The greater effectiveness of NONPs on intracellular amastigotes was 

observed within macrophages as displayed in Figure 3.3. Several amastigotes within 

parasitophorous vacuole (PV)  were noticed after 48 h of infection in control group. 

Treatment with NPs reduced number of amastigotes inside PV compared to control. 

In contrast, NONPs treatment promoted a remarkable parasite burden decrease as 

well as a substantial PV reduction. 
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Figure 3.3: Immunofluorescence and phase representative images of infected 

macrophages. (A) Represents untreated control (B) Cells treated by NPs and (C) 

NONPs at 400 µM after a 48h incubation period. Blue fluorescence refers to DAPI 

staining. Green fluorescence shows parasites stained by rabbit polyclonal antibodies 

on amastigotes of L. amazonensis, then stained by by anti-rabbit IgG. Red 

fluorescence shows Rat anti-mouse Lamp1 mAb used to stain vacuolar-associated 

protein. Thereafter, anti-rat IgG was assessed. Images were analyzed by ImageJ 

software. Bars = 10 µm. Arrows shows amastigote inside macrophage (n=6). 

 
 
3.4. DISCUSSION 
 
  This study demonstrated NONPs can inactivate promastigotes as well as 

amastigotes on infected cells of L. (L.) amazonensis with no toxicity to macrophages.  

Chitosan is promising molecule to be used to encapsulate NO donors owing  

to characteristics as biodegradability, minimal toxicity, good bioavailability.61 As a 

positive molecule, it is able to react with negative charged molecules.62  Therefore, 

negative charge of parasites membrane can promote an antileishmanial activity, 

which observed when parasites were treated by NP, suggesting an antimicrobial 

potential for chitosan as well.62 Nevertheless, the antileishmanial activity was 
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increases by NO donor encapsulated, thus suggesting the encapsulation on NO 

donors might have a synergism with chitosan properties. 

 NONPs did not demonstrate any toxicity to macrophages even at high 

concentrations. Additionally, NONPs are ideal to be used as a topical therapy, 

avoiding systemic toxicity. 

At 200 µM we observed that parasite replicated again 3 days post -therapy 

(see figure 3.1). Therefore, we assumed that at 400 µM a greater reduction would be 

observed. As a result, we observed a sustained parasite inactivation even following 5 

days, which is in agreement with literature, in which high concentrations of NO were 

necessary to provide an effictive activity.63,64 

In terms of activity on macrophages, we can state that even though there was 

cellular viability decrease, still 80 % of cells were viable at high concentrations. In 

fact, NO donors, are normally toxic at high doses owing to to the free and 

spontaneous NO release.41,61 Our results demonstrate that chitosan nanoparticles 

could be an attractive drug delivery system. In addition, the NO-loaded chitosan 

nanoparticles diminished mammalian cells toxicity, thereby promoting a sustained 

and slower NO release. As a result, no noticeable reduction in macrophages or 

cellular morphological alterations were detected at 400 µM.  

 At 400 µM we observed that 33% of amastigotes were reduced in one NONP 

dose. After 48h, a further reduction was detected, showing that around 50% of 

parasites were killed.  

In fact, S-nitrosothiols are endogenous molecules with several biological 

functions, promoting different reactions, including transnitrosation and S-thiolation.66 

Transnitrosation comprise the reaction of nitrosothiols with a molecule or protein 

containing cysteine residues, thereby leading to cytotoxicity by an enzymatic 

inhibition.67 Therefore, Leishmania cysteine proteinase activity is likely inhibited by 

NO-donors through transnitrosation reaction, thus resulting in parasite killing.68 In 

addition, NO can react directly with parasites, thus affecting parasite survival as a 

consequence of mitochondrial respiratory chain disruption caused by iron depletion 

and aconitase inhibition.68,69  

 Promastigotes are more susceptible to NO than amastigote forms, mainly 

when it comes to L. (L.) amazonensis species, likely due to explained by their ability 

to live in the hostile environment within macrophages.70 The amastigote stage of L. 
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(L.) amazonensis survive within large PVs during infections, and this is strongly 

related to virulence factors, ability to survive and proliferate inside the host cells.71 

 We observed a large number of amastigotes within a large PV in untreated 

control group, which suggests  the infection is perpetuating.15 Therefore, even 

though there was a parasite burden decrease after NP treatment, the PV size and 

morphology are similar to untreated cells. Conversely, NONP showed a significant 

PV size reduction and parasite burden reduction. 

 Small PVs are not able to sustain the parasite growth.50 On the other hand, 

large PVs can dissolve the antimicrobial compounds like ROS and NO improving the 

amastigote survival.50-51 Therefore, treatments that are able to reduce PVs size are 

advantageous to treat cutaneous leishmaniasis. Indeed, the PV size in this study 

brings further evidence that infection is resolving because of the sustained NO 

release rather than chitosan properties.72 

In conclusion, we demonstrate the potential of NO donors encapsulated into 

chitosan nanoparticles to inactivate promastigote and amastigote forms de L. (L.) 

amazonensis without toxicity on macrophages. As this compound is formulated to 

treat CL, NONPs might be applied directly to the infected lesion by subcutaneous 

inoculation. We demonstrate this innovative and attractive nanoplatform as a non-

invasive and promising therapy for cutaneous leishmaniasis.  
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4. CHAPTER TWO 
 
4.1 In vivo activity of NONPs on infected BALB/c mice 
 
4.2 EXPERIMENTAL SECTION 
 

 
4.2.1 Parasite culture and in vivo infection 

Promastigotes of L. amazonensis recombinant strain expressing the 

luciferase gene (La-LUC) were grown in M199 medium (Sigma-Aldrich, USA) 

supplemented with 10% heat-inactivated fetal bovine serum (Gibco Invitrogen 

Corporation, USA), hemin (0.005%) (Sigma-Aldrich, USA), HEPES (40 mM pH 7.4) 

(Sigma-Aldrich, USA), and penicillin/streptomycin 100 µg/mL (Sigma-Aldrich, USA). 

Parasites were incubated at 25°C until the stationary growth phase.   

The animals were divided according to the concentration of NONPs applied, 

respectively: 2) NONPs 0.4 mM, 3) NONPs 1 mM, and 4) NONPs 2 mM. In the 

present work, the molar concentrations refer to the molar concentrations of S-

nitroso-MSA for NONPs.  

 
4.2.2 Treatment and disease progression  

The synthesis and characterization of NONPs were carried out in our previous 

assays and can be found elsewhere.73 On day 0, nitrosation of encapsulated MSA 

(50 mM) was performed and NONPs were kept in the fridge at 4 °C, protected from 

light for 60 min. Then, NONPs were dissolve in phosphate buffer saline (PBS) 

according to the concentrations used for each treated group (0.4 mM, 1 mM, and 2 

mM). After nitrosation, mice were topically treated at one single dose by injecting 20 

µL of NONPs in the infected paw. Afterwards, mice were monitored for the next 3 

weeks to be evaluated parasite burden, lesion thickness, and pain score.  

 Parasite burden was assessed in real-time by analyzing luciferase activity 

using bioluminescence imaging (IVIS Spectrum; Caliper Life Sciences, USA). Three 

days prior to the therapy, imaging was performed to evaluate the presence of 

parasite burden in all animals. Thereafter, imaging was carried out at the day of 

treatment on a daily basis for 5 days. Then, parasite burden was performed once a 

week for the following 3 weeks.  
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Prior to luminescence, 100 µL of luciferin (VivoGlo, Promega Corporation, 

USA) at 75 mg/kg injected via intraperitoneally in each animal. Mice were then 

anesthetized with isoflurane (2.5% induction and 1.5% maintenance). Twenty-min 

after luciferin injection, images were obtained using 2 min of exposure time in a high-

resolution mode, and total photon emission was analyzed over a region of interest 

and quantified using a living image software version 4.3.1 (Caliper Life Sciences). 

Results were obtained as photons/second/square centimeter/steradian 

(ph/sec/cm2/sr). 

 Nociceptive sensibility was carried out using von Frey filaments, which are 

commonly used to evaluate pain upon a given mechanical stimulus. These stiff 

filaments with different forces were applied directly to the lesion and surrounding 

regions at 5 different forces: 10, 15, 26, 60, and 100 g. When we noticed a paw 

withdraw, we considered positive the response to the stimulus. Pain score was 

analyzed once a week for 3 weeks. Thereafter, a pain score (1 to 6) was set to 

detect hyperalgesia, in which scores 1 and 6 were considered the lowest and highest 

(severe) nociceptive sensibility, respectively, as shown in Table 4.1. 

 

Table 4.1. Pain score for Von Frey filaments referred to force scale. 

Pain Score Force (g) 

1 >100 

2 60-100 

3 26-60 

4 15-26 

5 10-15 

6 <10 

 

The lesion thickness was assessed by evaluating the differences between 

infected and contralateral non-infected paw with a caliper as follows in Eq. (2):  

				𝐿𝑒𝑠𝑖𝑜𝑛	𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠	(𝑚𝑚) = 	𝑃𝑖 − 𝑃𝑐       (Eq. 2) 

 

in which Pi is the infected paw and Pc is the contralateral uninfected one of the same 

animal.38 The lesion was measured once a week for 3 weeks.  
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4.2.3 Statistical analysis  

 

We used one-way ANOVA of repeated measures to compare outcomes of 

experimental groups over time. We used Tukey’s test to assess statistically 

significant differences. Statistical analysis was carried out using GraphPad Prism 7 

software and results were considered statistically significant when p < 0.05.  

 
4.3 RESULTS 
 
 Results demonstrate the great activity of NONPs in the first 5 days post-

treatment. Figure 4.1 displays the untreated group, showing that the parasite 

population underwent exponential growth, thus resulting in an average growth rate of 

one-log regarding the days - 3 and 5, respectively.  

Conversely, a different trend was noticed on the animals receiving NONPs. 

Parasites demonstrated a slower growth between days - 3 and 1 at 0.4 mM and 1 

mM, until reach a plateau in the 4th day.  Afterwards, a less evident increase can be 

observed on the 5th day for both concentrations. Despite that, parasite load remained 

lower than control over this period, showing statistically significant differences 

between both treated groups and control. Indeed, NONPs activity appears to have 

dose-dependent response. This is clearer at 2 mM. Remarkably, at this 

concentration, NONPs reduced in 48.8 % the parasite burden 24h following 

treatment, keeping low until the 5th day. Consequently, there were differences 

statistically significant between the control and NONPs 2 mM group, in nearly 1.5-log 

(Figure 4.1A).  

 This can be confirmed by the increased bioluminescence signal in untreated 

control than treated groups. The red color at the center of the control’s infected paw 

demonstrates a large number of parasites. In addition, the luminescence signal is 

brighter, and the distribution of light covers a larger area as observed to that of 

treated groups. In fact, animals receiving 0.4 mM and 1 mM showed similar signals 

in the 5th day post treatment. It is important to mention that no luminescent signal 

was observed on animals receiving NONPs at 2 mM, thus suggesting a successful 

outcome even at only one dose (Figure 4.1B). 
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Figure 4.1. NONPs antileishmanial activity against La-LUC-infected BALB/c mice. 

(A) Values represent parasite burden mean ± SEM. Statistically significant 

differences observed between control and treated groups (* p < 0.05, ** p< 0.01, *** 

p < 0.001). (B) Bioluminescence images of untreated control and NONPs groups 5 

days post-treatment. BALB/c mice were infected with 1x106 La-LUC stationary 

promastigotes in the left paw. Treatments were carried out at three different NONPs 

concentrations (0.4 mM, 1mM, and 2 mM), in one single dose.  Bar on the right side 

of “B” refers to a color scale representing light intensities expressed as 

photons/second/square centimeter/steradian (ph/sec/cm2/sr). n = 4 animals/group.  

  

 

Parasite burden was monitored for 3 weeks after therapy. Figure 4.2 shows 

the overall activity of NONPs. In animal treated with 0.4 mM and 1 mM we observed 
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that parasite burden reduced 64.9 % and 72.3%  compared to untreated group, 

respectively, showing statically significant differences even after 21 days. 

Interestingly, the best results were achieved on animals treated at a 2mM 

concentration. Although after 5 days parasites were able to replicate, the growth rate 

was slower than those of control group, yet we observed a 1.5-log difference 

between. (Figure 4.2A).  

 Imaging also provided further substantial information regarding the long-

lasting effects of NONPs. As shown in figure 4.2B, at the end of the experimental 

period, the control group showed an intense luminescence signal over the entire 

paw, while for 0.4 mM and 1 mM groups, luminescence is observed just at the center 

of the animal’s paw. Moreover, the red colors surrounded by yellow-green ones 

suggest a high parasite burden in this region of untreated animals. Unlike control, 

NONPs at 0.4 mM and 1 mM presented only blue-green intensities, referring to a 

lower light signal. In contrast, bioluminescence signals were barely detected in a 

very specific area for the 2 mM group. Localized at the center of the paw, the blue-

colored region clearly shows that the number of parasites was substantially lower 

compared to the other groups after 21 days.  
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Figure 4.2. NONPs antileishmanial activity against La-LUC-infected BALB/c mice. (A) 

Values represent parasite burden mean ± SEM. Statistically significant differences 

observed between control and treated groups (* p < 0.05, ** p< 0.01). (B) 

Bioluminescence images of untreated control and NONPs groups 21 days post-

treatment. BALB/c mice were infected with 1x106 La-LUC stationary promastigotes in 

the left paw. Treatments were carried out at three different NONPs concentrations (0.4 

mM, 1mM, and 2 mM), in one single dose.  Bar on the right side of “b” refers to a color 

scale representing light intensities expressed as photons/second/square 

centimeter/steradian (ph/sec/cm2/sr). n = 4 animals/group.  

  

We also monitores pain score and lesion thickness. Lesion has approximately 

doubled in size 7 days after treatment in all groups: Control (0.5 mm to 0.95 mm), 

NONPs 0.4 mM (0.44 mm to 0.87 mm), NONPs 1 mM (0.42 mm to 0.76 mm) and 

NONPs 2 mM (0.43 mm to 0.7 mm). Except for NONPs 2 mM, a similar pattern was 
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identified in all groups over the experiment. The upward trend was further observed 

for control and NONPs 0.4 mM up to the end of the experiment, both showing lesion 

thickness of an average of around 1.1 mm (Figure 4.3A).  

 Nevertheless, after 3 weeks, lesions were smaller than control in groups 

NONPs 1 mM (0.95 mm) and NONPs 2 mM (0.25 mm), diminishing in 11.7% and 

71.4%, respectively, compared to the 14th day. Indeed, animals treated by 2 mM had 

statistically significant differences, and lesion thickness resulted in values similar to a 

non-infected paw (Figure 4.3A). 

 Pain score demonstrated a similar trend in all groups. Seven days after 

therapy, groups treated with NONPs at 0.4 mM and 2 mM. Control and NONPs 1 

mM presented a moderate sensibility with a score of 3 in the first week. However, we 

observed a severe (score 5) pain in all groups on the 14th and 21st days post-

treatment. (Figure 4.3B). 

 We also assessed clinical presentation of animals over the course of the 

study. Figure 4.3c, displays the animals' paw after 3 weeks. Untreated animals 

presented a swollen paw. The redness of the skin indicates the presence of 

inflammatory process extending over the entire paw. We can also note the presence 

of a deep ulcer with a raised outer border and infiltrated plaques. Animals treated by 

NONPs at 0.4 mM had a similar clinical presentation. Although we might observe a 

pronounced edema, the ulcer was smaller, and no evident outer border was detected 

compared to control. Indeed, the same pattern was demonstrated towards NONPs 1 

mM group. Despite the swollen paw, we may perceive a small ulcer. (Figure 4.3C).  

 In addition, clinical findings support the theory of a dose-dependent response. 

The remarkable outcome was more pronounced at 2 mM concentration group. The 

sustained NONPs effect led to a significant wound healing on animals of this group. 

Neither erythema nor infiltrated plaques were observed. We also did not find any 

signs of ulcer or edema. Indeed, the thickness is very similar to a healthy non-

infected one (Figure 4.3C).  
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Figure 4.3. NONPs activity against La-LUC-infected BALB/c mice. Values represent 

mean ± SEM of (A) lesion thickness and (B) pain score. Statistically significant 

differences were observed between control and treated groups (* p < 0.05). (c) 

Clinical presentations of untreated control and NONPs groups 21 days post-

treatment. BALB/c mice were infected with 1x106 La-LUC stationary promastigotes in 

the left paw. Treatments were carried out at three different NONPs concentrations 

(0.4 mM, 1mM, and 2 mM), in one single dose. White arrows indicate ulcers 

developed during the course of infection. n = 4 animals/group. 
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4.4 DISCUSSION  
The present work sought to evaluate the activity of NONPs to treat CL 

induced by La-LUC, which resulted in an in vivo dose-dependent effect. Additionally, 

at a 2 mM NONPs reduced significantly parasite burden and lesion thickness in one 

single dose. The positive effect was sustained for at least 21 days after therapy. 

Additionally, our data indicate that NONPs could be applied once a weekly. 

 We showed the successful synthesis, characterization, and encapsulation of 

S-nitroso-MSA into CSNPs to form NONPs. Afterwards, in vitro activity was 

assessed on La-LUC in both, promastigotes and intracellular amastigotes forms, 

resulting in an effective killing of parasites at 0.4 mM.57  

Thus, we have been encouraged to carry on with in vivo experiments by 

starting with the same concentration of 0.4 mM. It is important to mention that free 

chitosan nanoparticles (without NO donor) did not promote great activity against 

parasites in vitro.57 Therefore, we pursued in vivo experiments only with NONPs 

following the principles of the 3Rs (Replacement, Reduction, and Refinement) for 

animal experimentation. 

 As previously mentioned earlier, all concentrations of NONPs pdemonstrated 

activity on this Leishmania strain. Nevertheless, at 2 mM we observed a significant 

parasite burden (see figures 4.1 and 4.2) and lesion thickness (see figure 4.3A) 

decrease, thus resulting in a notable clinical cure (see figure 4.3C). In fact, in vivo 

studies involves several variables such as the higher number of parasites and 

barriers for the drug to target the local of infection.74,75 In addition, the interplay 

between parasites and the host immune response is of great relevance.75 Therefore, 

an increased therapeutic result would be expected at a higher dose in vivo compared 

to the conditions used for in vitro assays.   

 The susceptibility or resistance of mice to Leishmania infection is a interplay 

between the host immune response and Leishmania species.22 Regarding animal 

models, BALB/c mice have been widely used to investigate of antileishmanial 

chemotherapy in preclinical trials.22 Cutaneous leishmaniasis induced by L. 

amazonensis in this mouse strain is well known to induce  a Th2-type response, thus 

resulting in increased susceptibility to infection. 22,74 In fact, BALB/c mice have a poor 

immune system. The aim of using this model for drug test lies on the purpose that if 
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the treatment is able to cure susceptible animals, so it will be effective to treat 

resistant ones. 

 The role of Th1/Th2 signaling pathways is of particular interest regarding CL 

and NO.21 The production of NO is one of the major mechanisms related to 

Leishmania control.76 In fact, a Th1 T cell response enables high levels of INF-g to 

be released. INF-g in synergism with tumor necrosis factor-alpha (TNF-a) and 

lipopolysaccharides activates infected macrophages, which upregulates iNOS to 

convert L-arginine into NO to kill parasites.22,77 Conversely, Th2 T cell-mediated 

immune response induces the conversion of L-arginine to L-ornithine through the 

synthesis and activity of arginase.77 Such pathway involves the production of 

polyamines, which is important for Leishmania survival in host cells.77 As a result, 

the host is unable to control infection, hence resulting in large and chronic wounds.78 
77 However, if this model promotes clinical cure in susceptible animals, it will also be 

good for immunocompetent ones.74  

 In this regard, NO has been investigates as an antimicrobial agent to treate 

leishmaniasis.79 However, because of the gaseous nature and short half-life (1 to 5 

s), exogenous administration of NO is very unlikely.80 To overcome this, NO donors 

have been studited to promote a more controlled release.81 

 It has been shown the great susceptibility of Leishmania spp. to reactive 

nitrogen species (RNS). Indeed, RNS are of great importance over the role of the 

innate immune system.61 Under physiological and pathophysiological conditions, NO 

as a signaling molecule, is able to react with distinct cellular constituents to form 

RNS, such as peroxynitrite (ONOO-), nitrogen dioxide (NO2), dinitrosyl iron 

complexes, and nitrosothiols. Each of these species has different targets and 

biological effects.82  

 The reaction of NO with zinc or iron metalloproteinase inhibits a wide range of 

different enzymes that results disturbing mitochondrial function.82 In addition, 

peroxynitrite might target lipids and DNA replication.83 The interplay of NO with 

cysteine thiols, thus promoting the generation of S-nitrosothiols (RSNOs) through S-

nitrosylation. As a post-translational protein modification, such process might 

strongly affect a broad range of proteins.84 All of these are possible mechanisms that 

have been reported by which NO may result in parasite death.82  
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 RSNOs are endogenous classes of NO donors that have a relevant biological 

effect against pathogens. The exogenous administration of different low molecular 

weight RSNOs has been shown to promote positive effects in vivo over Leishmania 

inactivation, including in susceptible animal models.85,86 In those studies, in vivo 

antileishmanial activity was achieved by multiple doses of NO donors in long-term 

treatment. On the other hand, we have successfully achieved an effective parasite 

burden and lesion size diminishing in one single administration at 2 mM. Such good 

response likely involves S-nitroso-MSA encapsulation into CSNPs.  

 From this perspective, our study indicates encapsulation of NO donors into 

chitosan nanoparticles increased the promosing activity of NO donors not only 

because of intrinsic NO activity but also because of chitosan antimicrobial properties, 

thus promoting in a long-term response.39,87  

 Other factors probably contributed to this successful outcome. The synthesis 

of nanoparticles with sodium tripolyphosphate resulted in a positively charged 

structure, which is very likely to interact with negatively charged Leishmania 

membranes.39,88 Additionally, it has been reported that small-sized nanoparticles with 

spherical morphology enhance NPs intracellular uptake by murine macrophages.89 

Indeed, it has been shown that chitosan is taken up by pinocytosis, accumulating 

within the parasitophorous vacuole (PV) in macrophages infected by L. major and L. 

mexicana.39  

 It worth noting that intralesional administration of NONPs has brought further 

benefits to the treatment since available drugs are systemic and potentially toxic to 

the host. Local therapy is very advantageous for allowing high drug concentration 

directly into the site of infection avoiding systemic toxicity.39 Thus, there might be a 

short-term wound healing, improving as well patient’s compliance.90 Indeed, this 

route of administration was not invasive, showing it was well tolerated by animals. 

 However, we did not observe any improvement in terms of in pain score.  In 

humans, pain is not a common symptom described by patients with CL.91 However, 

Leishmania has been shown to induce pain in animal models, particularly mice. In 

chronic infections, there is releasing of inflammatory mediators, growth factors, and 

cytokines, resulting in increased hyperalgesia.91 

 Our results suggest that NONPs were not able to reduce pain score in those 

treated animals. This could be due to the dual function of NO.91 Although NO has 
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several antimicrobial activitites, it also has a significant role in the inflammatory 

response.26 NO can promote vasodilation in acute or chronic inflammation, 

increasing the sensitivity of peripheral nociceptors in response to a stimulus.92 

 Despite that, the good results observed here were very promising, even 

though the exact biological mechanisms by which NONPs control Leishmania spp. in 

the host remains unexplored. I this regard, the sustained effect accomplished by one 

treatment of NONPs on a susceptible animal model suggests a bright future for this 

drug. In addition, it appears that NONPs could be applied weekly and further studies 

are welcome to evaluate new protocols. Besides, NONPs are suitable for topical 

administration and could be easily combined with conventional systemic 

antileishmanials in lower doses. Therefore, we hope our findings encourage further 

works to implement this treatment in future clinical trials. 
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5. CHAPTER THREE 
 
5.1 Photodynamic therapy: Light sources for PDT 
 
5.2 EXPERIMENTAL SECTION 

5.2.1 Parasites  

Promastigotes of L. major (MHOM/IL/80 Fredlin) and L. amazonensis 

(MHOM/BR/73/M2269) were harvested in M199 medium (Sigma-Aldrich) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco™ 

Invitrogen Corporation), 40 mM HEPES pH 7.4 (Sigma-Aldrich), 2.5 mg/mL hemin 

(Sigma-Aldrich) and 10 mM Adenosine (Sigma-Aldrich), at 28°C.40 

 

5.2.2 Phenothiazine-based APDT of Leishmania spp 
APDT effectiveness on both parasites was performed by treating parasites 

with a wide range of concentrations of MB (0 -100 µM) (Sigma-Aldrich), NMB (0 -

10µM) (Sigma-Aldrich), or DMMB (0-3000 nM) (Sigma-Aldrich). Leishmania species 

were plated into a 96-well plate at 1x106 per each well in 200 µL and then and 

incubated with the respective dye (MB, NMB, or DMMB) for 10 minutes to allow the 

photosensitizer uptake by the parasites prior to illumination. Then, treatment was 

carried out by two different light sources (LED or OLED) in different 96-well plates. 

Light parameters were set as described in table 5.1. The OLEDs development can 

be found elsewhere.93 

Activity against parasites in combination with the three dyes without irradiation 

was performed by the incubation of parasites in the dark for 2 h, at increasing 

concentrations of MB (0 -100 µM), NMB (0 -10µM), or DMMB (0-3000 nM). 

Untreated control groups treated with light (LED or OLED) in the absence of dyes 

were also analyzed with the same parameters as shown in table 5.1.  

Thereafter, viability of parasite was determined by the addition of resazurin 

(Alamar blue, Sigma-Aldrich), which is a non-fluorescent dye that undergoes a 

cellular metabolic reduction and becomes very fluorescent in the presence of living 

cells. Briefly, at the end of each experiment, 10 μL of a stock solution (1.1 mg/mL), 

dissolved in PBS and filtered with 0.22 μm, was added in each well and incubated 
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for 5 h at 28°C.41Then, fluorescence intensity was obtained by using a plate reader 

(Gen5 Reader, BioTek) at lexc = 530 nm and lem = 590 nm. Results were then 

normalized and expressed as a percentage of live parasites. 

 

  Table 5.1. Light sources parameters for APDT. 
 

 LED OLED 

Radiant exposure (J/cm2) 50 50 

Intensity (mW/cm2) 20 6.5 

Time (minutes) 41’ 39’’ 128’ 12’’ 

l (nm) 660 ± 12.5 nm 671 ± 140 nm 

 
5.2.3 OLED-APDT light dose study of L. amazonensis 

The efficiency of OLED-APDT was also determined by varying the radiant 

exposures. For this, the most susceptible species (L. amazonensis) was treated with 

several concentrations of DMMB, as this was the best dye. Leishmania cells were 

plated in 96-well plates as mentioned above and illuminated with OLED irradiation as 

shown in table 5.2. 

 
Table 5.2. OLED-APDT exposure times at different radiant exposures.      
 

Time  Radiant exposure (J/cm2) 

5’ 7’’ 2 

10’ 15’’  4 

20’ 30’’ 8 

32’ 12.5 

64’ 6’’ 25 

128’ 12’’ 50 

 
 After this, the irradiance provided by the OLED was decreased, and set to 

deliver 1.5 mW/cm2. In this conditions, OLED-APDT was compared with LED at 8 

J/cm2 (20 mW/cm2). OLED-APDT intensity was further reduced in order to deliver 

and irradiance of 0.7 mW/cm2 under a very low radiant exposure set to deliver 2 
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J/cm2. Afterwards, experimental set up was carried out as shown in tables 5.3 and 

5.4. At the end of each experiment, cells viability assay was performed as described  

in section 5.3. 

 

 Table 5.3. LED and OLED-APDT parameters at radiant exposure of 8 J/cm2.  
 

 LED OLED OLED 

Radiant exposure (J/cm2) 8 8 8 

Intensity (mW/cm2) 20 6.5 1.5 

Time  6’ 39’’ 20’ 30’’ 88’ 52’’ 

 
  
Table 5.4. OLED-APDT parameters at radiant exposure of 2 J/cm2. 
 

OLED 

Radiant exposure (J/cm2) 2 2 2 

Intensity (mW/cm2)             6.5 1.5 0.7 

Time              5’7’’ 22’ 14’’ 47’ 36’’  

 
5.2.5 Statistical analysis 

Results were performed in triplicates and were assessed by two-way analysis 

of variance (ANOVA). Differences were considered statistically significant when p < 

0.05.  

 

5.3 RESULTS  

The absorption spectra of all three phenothiazine photosensitizers: methylene 

blue (MB), new methylene blue (NMB) and 1,9-dimethylmethylene blue (DMMB)  

matched with both LEDs and OLEDs emission spectra as represented in figure 5.1.93 
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Figure 5.1: Emission spectra of OLED and LED and absorption spectra of (a) 

methylene blue (MB), (b) new methylene blue (NMB), and (c) 1,9-dimethyl-

methylene blue (DMMB). 

 

  Either OLEDs or LEDs were very effective light sources for APDT, promoting 

parasites inactivation in the presence of three phenothiazines.  In some conditions, 

the APDT activity promoted a better outcome for OLED-APDT (Figure 5.2). MB at 

6.25 μM using LED-APDT reduced an average of 46.6±1.6% and 53.3±5.4% of L. 

major and L. amazonensis species, respectively. On the other hand, OLED-APDT 

promoted a killing response, reducing nearly 51.2±1.4% and 86.9±0.6% for the same 

Leishmania species. It is important to mention that regarding LED-APDT, there was 

an important dependence on MB concentration for both parasite species. A similar 

trend was identified when OLEDs were used to treat L. major.  Nevertheless, this 

dependece was no longer noticed when L. amazonensis was irradiated by the 
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OLEDs, and a similar death rate was noticed in terms of the concentration range 

from 6.25 to 100 μM (Figures 5.2 a, d). 

  This trend was also noticed for NMB, as displayed in Figure 5.2 (b, e). in this 

case, we can clearly see that OLEDs have an increased effectiveness in comparion 

with the LEDs light sourced against both Leishmania species, mainly when treated at 

lower concentrations (Figure 2; b, e). In fact, we observed that and average of nearly 

90.5±1.5% and 59.7±3.8% of L. amazonensis and L. major were reduced by OLED-

APDT at 0.6 μM, which is greater when compared by the treatment with LED-APDT, 

in which we noticed that 58±1.5% of L. amazonensis and 13±3.1% of L. major were 

killed, respectively. 

  DMMB was found to be the most promising dye, however, LED-APDT and 

OLED-APDT promoted similar outcomes at the lowest and the highest 

concentrations (Figures 5.2 c, f). Indeed, we observed an inactivation of an average 

of 37.3±12.4% and 81.8±4.2% for L. major when treated by the LED-APDT at a 

concentration of 187 nM and 3000 nM, respectively.  It is also possible to note that 

the death response for L. major promoted by the OLED was 42±4.5% at 187 nM and 

82.5±0.4% at 3000 nM. In terms of L. amazonensis OLED-APDT was able to kill an 

average of nearly 86.4±0.9% and 92.9%±0.4% at 187 nM and 3000 nM, 

respectively, while 70.4±4.5% and 94±0.4% were inactivated at the same 

concentrations by LEDs treatment. 

   Indeed, L. amazonensis seems to be more susceptible to APDT in relation to 

L. major under all conditions, i.e., regardless of the photosensitizer or light source. In 

addition, we identified that DMMB to be the most potent dye, once it is capable of 

providing an effective death rate at very low (nanomolar) concentrations.  
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Figure 5.2: OLED and LED-APDT agains L. major and L. amazonensis 

promastigotes. Parasites were treated at 50 J/ cm2 in the presence of increasing 

concentrations of MB (a, d); NMB (b, e) and DMMB (c, f). Values shown refers to the 

mean ± SD. Statistically significant differences observed between OLED and LED 

are marked with * (p < 0.05). 

 

The most susceptible Leishmania species was found to be L. amazonensis. 

Therefore, we pursued out experiments by using this parasite species to evaluate 
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other APDT condition. For this, parasites were incubated with several concentrations 

of DMMB, using increasing radiant exposures of OLED APDT, ranging from 2 to 50 

J/cm2.  In Figure 5.3a we can observe the DMMB dose-response curve fit at radiant 

exposures from 2 to 50 J/cm2, determined by exposing parasites to 6.5 mW/cm2 for 

a wide range of exposure time from 5 to 128 minutes (table 5.2). Our data 

demonstrate that there is no significant differencesin the killing response from 8 to 50 

J/cm2. Therefore, we assume the Leishmania parasites are probably killed in the first 

20 minutes: 85.4±4.5% for 187 nM photosensitizer and 98.4±0.4% for 3000 nM, 

photosensitizer.  

 We reduced even further the OLEDs light intensity to 1.5 mW/cm2, set to 

deliver a light dose of 8 J/cm2, thereby resulting in an exposure time of 

approximately 90 min. We maintained the LEDs intensity at 20 mW/cm2, and 

exposed parasites to the same light dose, hence resulting in and exposutre time of 6 

minutes, as shown in table 5.3. In Figure 5.3b, we can clearly see that APDT was 

more effective for the OLED at the lowest concentration (187 nM), providing a 

significant parasite inactivation. The killing rate accomplished by OLED-APDT at 6.5 

mW/cm2 was nearly 86.5±4.9%, while at 1.5 mW/cm2 we observed that 72.4±6.5% of 

cells were killed. In contrast, LED promoted 61.4±3.5% of parasites inactivation at 20 

mW/cm2. A similar pattern for the OLEDs used at low intensities being more effective 

than the LED source can be observed as well at the other concentrations.  

 Additionally, as displayed in Figure 5.3a, parasite load was inactivated 

significantly, for all the concentrations used for DMMB, even at the lowest light dose 

of 2 J/cm2. Our results demonstrate 64.7±3.9% and 94.1±0.4% of cells inactivated 

when treated by DMMB at the lowest and highest concentration. Thus, we used 

these data as the basis to move forward and optimize OLED-APDT. For this we 

reduced even further OLED intensity to 0.7 mW/cm2, using a light dose of 2 J/cm2, 

thereby resulting in an exposure time of nearly 50 minutes. We compared with other 

OLED-APDT conditions at different intensities, as described in table 5.3. Our data is 

demonstrated in Figure 5.3c, and the killing rate remains the same despite the 

reduced intensity. For example, 96.5±0.9% of cells were inactivated at a 

photosensitizer concentration of 1500 nM, suggesting the pronounced impact of 

OLED as a potential tool to be used for antileishmanial therapy.  
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Figure 5.3. Promastigotes of L. amazonensis treated with either LED or OLED- 
APDT in the presence of increasing concentrations of DMMB. a) OLED at different 
radiant exposures and intensity of 6.5 mW cm−2. b) OLED at 8 J cm−2 and intensities 
of 6.5 and 1.5 mW cm−2. LED-APDT was per- formed at the same radiant exposure 
and intensity of 20 mW cm−2; c) OLED-APDT at 2 J cm−2 and different intensities 
(0.7, 1.5 and 6.5 mW cm−2). Values shown represent the mean ± SD (* denotes 
statistically significant differences between LED and OLED-PDT).  

 
 
5.4 DISCUSSION 
 In the present study we demonstrated that OLED are promising light sources 

for APDT of cutaneous leishmaniasis.  We evaluated their effectiveness in vitro using 

three phenothiazine dyes. Our results show that both OLEDs and LEDs are able to 

kill both L. major and L. amazonensis regardless of the photosensitizer 

concentration. 

 MB is a photosensitizer that has been widely used in APDT owing to its 

absorption lying in the red region of the spectrum, presenting two absorption peaks 

at 609 and 660 nm (Figure 5.1). MB can also produce increased levels of ROS by 

two types of reaction, either by Type I, generating O2-, OH- and H2O2, or by Type II, 

producing singlet oxygen in a quantum yield of approximately 0.44.94 Regarding MB  

application, it has been shown to lead to promising results against several microbial 

cells, including bacteria, and fungi, including resistant cell lines.95,96 As an 

antileishmanial compound, in vitro and in vivo studies show its potential, 

demonstrating not only its ability to decrease parasite load in preclinical studies but 

also to treat human patients with outstanding cosmetic outcomes.51,97 

 Nevertheless, the major APDT light sources are LED-based and even though 

they enable an illumination over a large region, this light source is unable to be 

delivered uniformly as a result of shadow formation. We also have demonstrated that 

OLEDs can be a new light source for PDT of Leishmania species that is at least as 
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effective as LEDs and offers further benefits.  OLEDs are more compact, can be 

attachable, flexible, and provide a uniform light emission over a large region.  

Despite the lower OLED intensity resulted in a longer exposure time to accomplish 

the same light doses used for LED-APDT, this is not an issue as the OLEDs could 

also be worn as a light source and longer exposure time could provide more time for 

oxygen to diffuse to the area to be treated.  Another characteristic is that OLEDs 

have a broader emission spectrum than LEDs, which gives good overlap with the 

absorption of all the photosensitizers (see Figure 5.1). The broader emission 

spectrum also suggests that OLEDs are able to excite properly monomers and 

dimers of MB at the same time. This could lead to Type I and Type II reactions, and 

so may enhance parasite inactivation. 

 Phenothiazinium dyes are cationic molecules that can interact better with the 

negatively charged Leishmania cellular membranes, rather than anionic or neutral 

compounds, which makes the very good candidates for APDT.98 A considerable 

number of MB analogues, such as NMB and DMMB have emerged as new 

approaches to MB because of their increased lipophilicity, as well as their ability to 

generate 35% and 21% more singlet oxygen than MB.94 Consequently, NMB has 

been shown to generate antimicrobial effects against different microbial cells, 

including Streptococcus mutans and Candida albicans biofilms in vitro and in animal 

models.99 

 In the present study, we have shown the good acitivity of NMB under red light 

illumination, in which we have been able to efficiently kill both Leishmania species at 

concentrations in about 100 times lower than those of MB. This promising effect was 

also more evident when cells were treated by OLED-APDT. As the NMB maximum 

absorption peaks is at 590 nm, with another peak at 630 nm, NMB only partially 

absorbs LED irradiation once the LED emission comprise of a narrow peak at 660 

nm.  On the other hand, a broader emission spectrum of the OLED can excite more 

properly the NMB, thereby resulting an increased killing response.  

 DMMB is a derivative of MB that has been demonstrated to be more resistant 

to photobleaching.42,100 Moreover, it is more effective as observed in our results from 

the great improvement in the death rate of Leishmania species at low (nanomolar) 

concentrations (see Figures 5.2 e, f). As mentioned earlier, the improvement is 

owing to its increased lipophilicity (positive log P value), in contrast to the hydrophilic 
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features of MB (log P < 0).101 Therefore, DMMB as a cationic lipophilic molecule is 

most likely to target and accumulate into the parasites mitochondrion. As Leishmania 

parasites comprise just one single large mitochondrion, we assume that APDT 

disturb the membrane potential resulting in an effective cellular inactivation.100   

 There have been very few reports so far in term of the phototoxic effects of 

DMMB, and most of them associated with its use as an antibacterial compound 

under LED-based light sources.101 In this regard, our work is the first report of the 

use of DMMB against Leishmania species. We demonstrate here that both light 

sources significantly decrease the parasite’s survival under DMMB application in a 

photosensitizer concentration-dependent way.  

 To assesses the activity of OLEDs we also exposed cells to lower intensities 

at the same radiant exposure (2 J/cm2), hence promoting in effective inactivation 

even at low photosensitizer concentrations. We observed a very effective killing 

response by 20 minutes of illumination at 1.5 mW/cm2. Irradiation for longer periods 

using 0.7 mW/cm2 was slightly less effective (figure 5.3 c).  This could be related to 

the light dose, since 2 J/cm2 at 0.7 mW/cm2 is not enough to completely surpass the 

antioxidant ability of L. amazonensis.  We also observed that 20 minutes of exposure 

time at 8 J/cm2 and at 6.5 mW/cm2 gave very goods killing rate when compared with 

other intensities, mainly at low DMMB concentrations (figures 5.3a and 5.3b). 

Collectively, our results suggest that the use of an appropriate light dose in 

combination with a suitable intensity is necessary to determine the largest 

antileishmanial effect. 

 The activity of APDT depends on many variables such as the light 

parameters, the photosensitizer characteristics, and how it interplays with the 

parasites, the type of light source, wavelength and oxygen. Leishmania parasites 

contain superoxide dismutase, peroxidases, and a series of thiol-containing proteins 

that act as antioxidants for ROS generated by type I reactions.102,103 Moreover, there 

are differences in the biological system for different species, including in the redox 

balance.104 Our results show that L. amazonensis is killed more effectively than L. 

major can be explained by the latter containing peroxidases capable of scavenging 

high levels of H2O2, making it more tolerant of ROS.105 Consequently, a Type II 

reaction is preferred to target L. major once there are not endogenous antioxidant 

defenses for singlet oxygen. In addition, this could also explain why DMMB was 
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more effective. It yields high levels of singlet oxygen promoted by type II reaction, 

therefore producing more oxidative stress in parasites in a short period, thus resuting 

in a faster killing rate at lower concentrations.  

 In conclusion, we have shown that OLEDs are very promising light sources for 

APDT. Most importantly, we have demonstrated in our study that they are very 

effective for antimicrobial PDT to inactivate two different strains of Leishmania 

parasites. Moreover, it has been recently reported that all three dyes have no 

cytotoxicity to mammalian cells.39 We also noticed that this great effect is obtained at 

low intensities and very low photosensitizer concentration.  Our results suggest that 

OLED-APDT is a promising direction for ambulatory care of patients who suffer from 

cutaneous leishmaniasis, and should be further studied in vivo in preclinical trials.  
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6.  CHAPTER FOUR  
 
6. 1 Photodynamic therapy as a promising strategy to overcome drug 
resistance in cutaneous leishmaniasis  
 
6.2 EXPERIMENTAL SECTION 
 
6.2.1 Parasites  
 
  L. amazonensis WT (MHOM/BR/73/M2269) promastigotes were grown at 

28°C in M199 medium (Sigma-Aldrich) supplemented with 10% heat-inactivated fetal 

bovine serum (FBS; Gibco™ Invitrogen Corporation), 40 mM HEPES pH 7.4 (Sigma-

Aldrich), 2.5 mg/mL hemin (Sigma-Aldrich) and 10 mM Adenosine (Sigma-

Aldrich).22 L. amazonensis MFR was selected from the reference strain M2269 (MF 

150.3-1 line) as previously reported. MFR parasites were grown in the same media 

as WT, but in the presence of 150 µM of miltefosine (Sigma-Aldrich).  

 

6.2.2 Miltefosine and PDT activity against WT and MFR L. amazonensis 
promastigotes 
 
 Miltefosine activity for WT and MFR L. amazonensis promastigotes was 

performed by the addition of serial dilutions of 100 µL of MF (0-500 µM) into a 96-

well plate. Then, 100 µL of Leishmania promastigotes were seeded at a density of 

1´106 per well to obtain a final volume of 200 µL. Miltefosine was incubated for 24 h 

at 28°C.  

 PDT activity against both strains was determined by the addition of serial 

dilutions of 100 µL of DMMB (0-3000 nM) into a 96-well plate. Parasites were then 

seeded at 1´106 per well in a final volume of 200 µL. Before irradiation, DMMB was 

incubated for 10 min (pre-irradiation time) to allow the photosensitizer uptake. Then, 

cells were irradiated using a red LED (660 ± 12.5 nm) in an irradiance of 20 

mW/cm2. Untreated parasites were used as a negative control in a different plate. 

Incubation of parasites with varying concentrations of DMMB without light was also 

assessed to evaluate the cytotoxicity of the photosensitizer in the dark.  

 For both assays, cell viability was assessed after treatment (24 h for 

miltefosine and directly after PDT). Briefly, 10 μL of a stock solution of resazurin (1.1 
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mg/mL) (Alamar blue, Sigma-Aldrich) was added to each well and incubated for 5 h 

at 28°C. Fluorescence intensity was determined by using a plate reader (Gen5 

Reader, BioTek) at lex = 530 nm and lem = 590 nm. The half-maximal effective 

concentration (EC50) was obtained by sigmoidal regression analysis using 

GraphPad Prism 7.0 software.  

 

6.2.3 Reactive oxygen species (ROS) detection 
 ROS production was measured using the indicator 2'-7'-

dichlorodihydrofluorescein diacetate (DCFH-DA) (Abcam), a dye that evaluates total 

ROS in live cells.22 Leishmania strains at a density of 1´106 per well were seeded 

into 96-well plates. Cells were treated with DMMB-PDT at 750 nM, delivering a dose 

of 50 J/cm2. Parasites were also incubated in the presence of DMMB at 750 nM 

without light. Untreated cells were used as a negative control and 25 µM H2O2 as a 

positive control. After treatment, 2 µL of a stock solution of DCFH-DA (1 mM) was 

added to each well and incubated for 45 min. Fluorescence intensity was determined 

using a plate reader (Gen5 Reader, BioTek) at lex = 485 nm and lem = 530 nm. 

 
6.2.4 Immunofluorescence microscopy 
 
 For immunofluorescence, 1´106 parasites per well were seeded into 96-well 

plates and treated (8 J/cm2, DMMB 750 nM). Cells were centrifuged at 1400 g for 10 

min and gently washed in 1 ml PBS, followed by fixation with 4% paraformaldehyde 

for 20 min at room temperature. Afterward, cells were allowed to adhere to poly-L-

lysine coated slides before staining with (i) DAPI: cells were fixed immediately after 

PDT and stained with DAPI (4,6-diamidino-2-phenylindole) for 5 min (2 µg/ml, diluted 

in PBS), in the dark, at room temperature; (ii) Nile red: the Nile red (Sigma-Aldrich) 

accumulation was assessed in two different moments: Directly after, and 1h after 

PDT. Cells were fixed and incubated with 10 µg/ml Nile red, in the dark, at room 

temperature, for 30 min and DAPI for 5 min; (iii) MitoTracker CMXRos: For 

mitochondrial labeling, cells were treated and incubated with MitoTracker CMXRos 

(Invitrogen) at 28°C, in a final concentration of 100 nM, for 2h. Experiments were 

also performed in two different time points: Immediately and 1h after PDT. Then, 

parasites were fixed and allowed to sediment and adhere to slides before staining 

with DAPI. All images were acquired with a fluorescence microscope (DeltaVision 
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Imaging System) connected to a digital camera system and processed by softWoRx 

image analysis software.  

 
 
6.2.5 Lipid analysis 
 
 WT and MFR L. amazonensis promastigotes were harvested at a density of 

1´108 cells/ml and treated with DMMB-PDT. After cells were treated, total lipid 

extraction was performed according to Bligh and Dyer method.106 Cells were 

collected by centrifugation (800 x g, 10 min), washed, and resuspended with 100 µL 

of PBS and transferred to a glass tube. Then, 375 µL of chloroform:methanol 1:2 

(v/v) were added and vortexed. Ten-µL of lipid internal standards SPLASH 

LIPIDOMIX Mass Spec Standard (Avanti Polar Lipids) were added to each sample 

followed by intense agitation for at least 15 min. Thereafter, 125 µL of chloroform 

was added and vortexed. Then, 125 µL of H2O was added and vortexed again to 

make the samples biphasic. Samples were centrifuged at room temperature (1000 g, 

5 min) and the lower phase (organic) was transferred to a new glass tube, dried 

under nitrogen, and stored at 4°C.  

 Before the electrospray ionization-tandem mass spectrometry (ESI-MS-MS) 

analysis, 15 μL of 1:2 (v/v) chloroform:methanol and 15 μL of 

acetonitrile:isopropanol:water (6:7:2) were added to the sample, and lipids were 

resuspended. Phospholipids were analyzed using Absceix 4000 QTrap, a triple 

quadrupole mass spectrometer with a nanoelectrospray source.  

 Lipid analysis was determined in positive and negative ion modes using a 

capillary voltage of 1.25 kV. Tandem mass spectra scanning (MS/MS) (daughter, 

precursor, and neutral loss scans) were assessed using nitrogen as the collision gas, 

with collision energies between 35 and 90 V as previously described.25 Each 

spectrum (m/z 600-1000) includes at least 50 repetitive scans. 

Glycerophospholipids, including phosphatidic acid (PA) and phosphatidylglycerol 

(PG), were detected by precursor scanning for m/z 153 in negative ion mode. 

Phosphatidylcholine (PC) in positive ion mode, parent-ion scanning of m/z 184. 

PI/IPC (phosphatidylinositol/inositol-phosphorylceramide) was detected in negative 

ion mode by parent-ion scanning of m/z 241. Phosphatidylethanolamine (PE) in 
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negative ion mode, parent-ion scanning of m/z 196 and phosphatidylserine (PS) in 

negative ion mode, neutral loss scanning of m/z 87. 

 Phospholipids identification was based upon previous Leishmania lipidomic 

analyses107 and LIPID MAPS Lipidomics Gateway (http://www.lipidmaps.org). The 

concentration of each phospholipid class was obtained based on the corresponding 

internal standard from the SPLASH LIPIDOMIX Mass Spec Standard (Avanti Polar 

Lipids).  
 
6.2.6 Statistical analysis 
 
 Data were obtained in triplicates. ROS production was analyzed by two-way 

analysis of variance (ANOVA) followed by the Bonferroni post-test. Lipid analysis 

was performed by one-way analysis of variance (ANOVA) followed by Tukey post-

test. Differences were considered statistically significant when p < 0.05.  

 

6.3. RESULTS 
 
6.3.1 MFR promastigotes are more susceptible to PDT than the WT strain 
 
 Miltefosine activity against both WT and MFR strains was determined by the 

incubation of parasites in the presence of increasing concentrations of miltefosine (0-

500 µM). The miltefosine concentration required to achieve a reduction of 50% 

(EC50) of MFR parasites was 5.5-fold higher (140.2 ± 3.6 µM) compared to the WT 

(25.5 ± 0.22 µM) strain (Figure 6.1A). DMMB-PDT was also assessed by varying the 

concentrations of DMMB (0-3000 nM), in which EC50 value was found to be 1.5-fold 

lower on MFR (34.6 ± 0.12 nM) compared to the WT (53.0 ± 0.11 nM). Indeed, PDT 

was very effective in killing both parasites, however, MFR phenotype was more 

susceptible to PDT-induced oxidative stress (Figure 6.1B). Additionally, our previous 

studies showed that the photosensitizer at high concentrations without light did not 

promote any cytotoxic effect to the parasites.21 
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Figure 6.1: Susceptibility of WT and MFR L. amazonensis promastigotes to (A) 

miltefosine and (B) DMMB-PDT. Parasites were treated with PDT at 50 J/cm2 and 

DMMB. Values represent mean ± SD.  

 

6.3.2 PDT produces higher levels of intracellular ROS on MFR L. amazonensis 
strain 
  To measure the redox state of cells, ROS detection was determined directly 

after PDT. The H2DCFDA probe is a very sensitive method used to detect minor 

changes in the intracellular redox system promoted by oxidative stress. ROS levels 

were identified by an increase in fluorescence signal, as observed in figure 2.  Low 

levels of ROS were produced over the WT and MFR untreated control (2739.7 ± 

418.9; 2716 ± 175.8 AU, respectively). Moreover, DMMB 750 nM (without light) had 

similar values (2923.6 ± 684.1 for WT; 3630.3 ± 60.9 AU for MFR) with no significant 

differences between strains. The positive control group was assessed by the addition 

of H2O2 at 25 µM and showed a ~4-fold and ~6-fold increase in ROS production 
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over the WT (12.182 ± 121.6 AU) and MFR (16.118.3 ± 693.8 AU) strains compared 

to the negative control, respectively. Thus, the levels of ROS detected for the MFR 

strain were almost a third higher than for the WT.  However, we perceived an 

overproduction of ROS following DMMB-PDT. There was a 14.6-fold and 18.5-fold 

increase upon fluorescence intensity over treated WT (38.410.6 ± 4202.6 AU) and 

MFR (50.489 ± 10.856.4 AU) cell lines, respectively, whereby the resistant strain 

produced 31.5 % more ROS produced compared to the WT.   

 

       
 

Figure 6.2: Total ROS production using the fluorescent probe H2DCFDA in WT and 

MFR L. amazonensis promastigotes.  Parasites were treated with PDT at 50 J/cm2 

and DMMB at 750 nM. Untreated parasites were used as a negative control and 25 

µM H2O2 as a positive control. ROS production was analyzed by two-way analysis of 

variance (ANOVA) followed by the Bonferroni post-test. The values shown represent 

the mean ± SD. * denotes statistically significant differences between strains when p 

< 0.05. 

 
6.3.3 PDT does not affect DNA-containing organelles of treated promastigotes 

 We also investigated any immediate changes in the parasites DNA due to 

PDT. Cells were fixed and stained with DAPI (kinetoplast - mitochondrial DNA, and 

nucleus) directly after PDT treatment, followed by image analysis using high-

resolution fluorescence microscope. Results show that both DNA-containing 
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organelles were well stained in all groups, resulting in a high-intensity signal with 

bright areas, mainly over kinetoplast. Indeed, no differences in staining were 

observed between both controls and PDT groups. Both treated cell lines revealed 

the same structures of a kinetoplast (bar-shaped) and nucleus (round) as untreated 

controls. Under these conditions, parasites did not differ in their morphological 

phenotype, including shape and size. No signs of DNA degradation, nuclear 

condensation, and/or fragmentation were observed (Fig. S6.1, available in the 

supplementary information (S) at the end of this chapter). 

 
6.3.4 PDT promotes mitochondrial dysfunction on both WT and MFR 
phenotypes  
 Mitochondria of WT and MFR parasites were visualised by incubating with 

MitoTracker red (at 100 nM) for 2 h at two different time points: (i) Directly after, and 

(ii) 1h after PDT.  

 The general cell, morphology, i.e. elongated cell body and long flagellum 

extending out of the flagellar pocket were preserved in all groups for both time 

points. In both untreated controls, the dye was well retained after fixation, displaying 

a bright and well-defined red color over the single large mitochondrion across the 

entire cell (Figure 6.3 A, E). However, when treated by PDT, the loss of membrane 

integrity resulted in a reduced signal even immediately after treatment (Figure 6.3 B, 

F).  

 To further investigate the mitochondrial membrane potential at a later time 

course, MitoTracker staining was assessed 1h post-treatment. As a result, the same 

pattern was observed for untreated control, and parasites maintained their 

morphological features (Figure 6.3 C, G).  However, unlike the first time point 

(immediately after PDT), no red fluorescent signal was detected for treated groups, 

suggesting a loss of mitochondria membrane potential, thus sustained mitochondrial 

dysfunction over the 2-hour labelling period. PDT treated cells only showed a very 

low light intensity, barely detectible (Figure 6.3 D, H). We also observed that there 

were no significant changes in the parasite’s nucleus or kinetoplast, as detected by 

DAPI staining, after the 3-hour time period. 
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Figure 6.3. Differential interference contrast (DIC) and immunofluorescence staining 

images of WT and MFR L. amazonensis promastigotes treated with PDT at 8 J/cm2 

in the presence of 750 nM of DMMB. A and B refers to WT control and treated 

directly after PDT. C and D refers to WT control and treated 1 h after PDT. E and F 

refers to MFR control and treated directly after PDT. G and H refers to MFR control 

and treated 1 h after PDT. Nuclei were stained with DAPI (blue fluorescence) and 

mitochondria were stained with Mito tracker red (red fluorescence) directly after PDT. 

N = Nuclei; k = Kinetoplast; M = Mitochondrion. Scale bar = 5 µm.	
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6.3.5 PDT increases cytoplasmic lipid droplets of both WT and MFR 
phenotypes  
 The presence of intracellular lipid droplets (LDs) was investigated by staining 

with Nile Red directly after and 1 h after PDT. Subsequent fluorescence microscopy 

followed by image analysis shows a few small LDs were observed in untreated 

control groups of both cell lines, as expected under physiological conditions. For 

both untreated controls, the red points with low intensity over specific areas along 

the parasites’ cytoplasm show the spherical shape of LDs (Figure 6.4 A, C, E, G).  

 However, the cellular stress in PDT treated parasites, both WT and MFR, 

caused an immediate and significant increase in the stained LD as well as LDs 

fusion, which is shown by the greater fluorescence intensity diffused across the 

cytosol (Figure 6.4 B, F). Indeed, 1 hour after PDT there was an abnormal 

accumulation of LDs in both strains, resulting in some large-sized globular 

structures, as shown in Figure 4 D and H. 
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Figure 6.4 Differential interference contrast (DIC) and Nile Red and DAPI 

immunofluorescence staining, representative images of WT and MFR L. 

amazonensis promastigotes treated with PDT at 8 J/cm2 in the presence of 750 nM 

of DMMB. A and B refers to WT control and treated directly after PDT. C and D 

refers to WT control and treated 1 h after PDT. E and F refers to MFR control and 

treated directly after PDT. G and H refers to MFR control and treated 1 h after PDT. 

Nuclei were stained with DAPI (blue fluorescence), and lipid droplets were stained 

with Nile red (red fluorescence) directly after PDT. LD = Lipid droplet. Scale bar = 5 

µm. 
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6.3.6 Lipidomics analysis reveals a different lipid profile between the WT and 
MFR phenotypes 
 
  Lipidomics profile was evaluated using a triple quadrupole mass spectrometer 

fitted with a nano-electrospray source. Spectra were obtained from the total lipid 

extracts and evaluated in positive and negative ion mode for both WT and MFR L. 

amazonensis. As expected, many of the various glycerophospholipid species were 

observed as well as inositol-phospoceramide, in keeping with previous lipidomic 

analyses of other Leishamania species.107-109 Phospholipid identities with the 

corresponding mass over charge (m/z), lipid components, and peaks obtained from 

high resolutions survey scan are specified in Figures 6.5 and 6.6 and Table S6.1. 

After normalization using non-natural internal standards, the identified lipid species, 

and their amounts in the various samples were calculated and are represented in a 

heat-map (Figure 6.6). The molecular species that showed statistically significant 

differences were plotted in bar graphs according to the corresponding phospholipid 

(PL) classes (Figures 6.5 and S6.2-S6.6). 

 ES-MS-MS negative ion spectra of inositol-containing PLs revealed some 

differences over phosphatidylinositol (PI) molecular species and minor changes of 

inositol-phosphorylceramide (IPC). Precursor ion scanning for m/z 241 identified that 

two of the most abundant PI species; 851 and 782 m/z (PI a-36:0) and (PI 30:0) 

were 2.2-fold and 1.6-fold higher for MFR than for the WT strain (Figure S6.2 B and 

E) respectively. Interestingly, for the m/z 935 (PI 42:8), one of the species produced 

in lesser amounts in WT, the abundance was found to be 3.4-fold higher for MFR 

(Figure 6.5D). While many of the other PI and IPC species showed no significant 

differences in their relative amounts (Figure 6.5B, C, Fig 6.6 and S6.2A, C, D, F and 

G). 

 Negative ion mode using the precursor scanning for m/z 196 allowed us to 

identify ethanolamine-containing PLs from total lipids extracted from WT and MFR. 

As well as diacyl PE species, the presence of ether (phosphatidylethanolamine) PE 

(alkylacyl PE and alkenylacyl PE), i.e. plasmalogens were detected (Figure 6.5, 6.6 

and S6.4). The overall PE composition did not show major differences in the relative 

abundance of this PL class between WT and MFR. However, one of the most 

abundant plasmalogen PE species m/z 728 (PE a-36:2) showed significantly lower 
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levels in MFR, about 4 times compared to the WT. In contrast, m/z 701 (PE a-34:1), 

which is less abundant in the WT, is increased by 26% in MFR parasites (Figure 6.6 

and S6.4).  

Precursor ion scanning for m/z 153 in negative ion mode can also reveal the 

phosphatidic acid (PA) and phosphatidylglycerol (PG) species and their relative 

amounts. The dynamic pool of PA species is synthesized in very small numbers for 

both strains. Although they seem to be present in increased levels for MFR, but there 

is no statistically significant difference. PG is also normally a minor class of PLs and 

its synthesis follows the same trend as PA, with no relevant differences between the 

WT and MFR, even though some molecular species are present in smaller 

abundance on MFR parasites (Figure 6.5E-H, 6.6 and S6.3). 

 The PLs containing choline-based head groups were obtained in positive ion 

mode by precursor scanning for m/z 184. [M-H+] ions of phosphatidylcholine (PC) 

revealed the presence of the main PLs subclasses, such as diacyl and alkylacyl 

(plasmanyl).  

 Lipid analysis showed that PC comprises the most abundant class of PLs in 

WT L. amazonensis. However, the differences between both strains revealed that 

the overall amounts of PC are substantially increased in MFR L. amazonensis, 

pointing out to 24 molecular species with higher amounts than in the WT strain. The 

main PC peaks includes m/z 734 (PC 32:0), m/z 760 (PC 34:1), m/z 785 (PC 36:2), 

m/z 788 (PC 36:1), m/z 811 (PC 38:4), m/z 812 (PC 38:3), m/z 832 (PC 40:7), m/z 

834 (PC 40:6), m/z 861 (PC 42:6) (Figures 6.5M-P, 6.6 and S6.5).  

 Except for m/z 760, which was 1.6-fold increased, all other choline-containing 

PLs mentioned above doubled in PC abundance on MFR strain (Figures 6.6 and 

S6.5M). To be more exact, it was observed a 2.3-fold increase for the m/z 733, 811, 

812, 861 PC species (Figures 6.6 and S6.5 L, W and V, F). Levels of PC contents 

were 2.5 times higher for the m/z 785 and 788 in MFR (Figures 6.6 and S6.5 Q and 

R). Other PC molecular species produced in lower quantities were also detected at 

higher levels on the MFR phenotype. There was a 1.6-fold increase for the m/z 758 

(PC 34:2), while the m/z 756 (PC 34:3), m/z 790 (PC 36:0), m/z 808 (PC 38:5), and 

m/z 837 (PC 40:4) species doubled in abundance for MFR, with statistically 

significant differences compared to the (Figures 6.6 and S6.5 N-P, X). It was 

observed that m/z 738 (PC a-34:5) and m/z 839 (PC 40:3) PC levels were 2.5-fold 
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higher in MFR (Figures 6.6 and S6.5 A and Z). The PLs showing the peaks of m/z 

772 (PC a-36:2) and m/z 777 (PC 36:6) had the greatest increase, resulting in a 

relative abundance 3.4 and 5.1 times higher for MFR than for the WT, respectively 

(Figures 6.6 and S6.5 D and S).  

 Abundance of ether linked PC species was also significantly greater for MFR 

resulting in a doubled amount of the species m/z 734 (PC 32:0), m/z 792 (PC a-

38:6), m/z 794 (PC a-38:5), while m/z 774 (PC a-36:1) and m/z 776 (PC a-36:0) 

demonstrated a 4.8-fold and 7.7-fold increasing over the WT strain (Figures 6.6 and 

S6.5 B, C, G, H and L). 

 PS analysis was carried out in negative ion mode by scanning a neutral loss 

of m/z 87. The overall PS content revealed that this PL class composes a very small 

percentage of total PLs in WT L. amazonensis. Surprisingly, the PS composition of 

MFR showed a significant reduction in the levels compared to the WT. MFR line 

revealed decreased amounts in PS series (about 99%) for the peaks with values of 

m/z 801 (PS 38:9), m/z 828 (PS a-40:3), m/z 853 (PS 42:11), m/z 855 (PS 42:10), 

m/z 903 (PS 44:1) (Figures 6.6 and S6.6 A,B,D-F).It was observed around 95% 

decreasing for m/z 892 (PS 44:6), m/z 880 (PS 44:12), while the abundance of m/z 

829 (PS 40:9) detected was 90% less for MFR (Figures 6.6 and S6.6 C,G and H).   

 

6.3.7 PDT promotes a rapid lipid remodeling of WT and MFR phenotypes 
 Phospholipids were also analyzed after PDT for both strains by ESI-MS/MS, 

allowing the identification of several changes in phospholipid levels and thus 

presumably their metabolism. Negative ion mode using the precursor scanning for 

m/z 241 revealed that in PDT WT group there was a ~40% overproduction of m/z 

808 (IPC 36:0) compared to untreated WT, while this difference was not observed in 

the MFR cells upon PDT. (Figure 6.6 and S6.2A). We also observed that the levels 

of several PI species increased (~2.5 fold) for both strains after PDT, i.e. m/z 878 (PI 

a-38:1), m/z 897 (PI a-40:6), while m/z 883 (PI 38:6) species had a 14.4-fold (PDT 

WT) and 12.7-fold (PDT MFR) (Figure 6.6 and S6.2 C,D,G).  

 The overall lipid alterations detected through negative mode ion scanning for 

m/z 153 revealed a downward trend in PA abundance for both PDT-treated parasites 

(Figure 6.6). In contrast, PG content was considerably enhanced after treatment in 

both strains. However, statistically significant increases were found in 6 species for 
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PDT WT, by 2.7-fold for m/z 821 (PG 40:7) and m/z 822 (PG 40:6). While a 4.7-fold 

and 6.1-fold increase for m/z 789 (PG 38:8) and m/z 853 (PG 42:5), respectively 

(Figure 6.6 and S6.3 E-H). Impressively, there were two species of which a 

remarkable increase by 12.3-fold and 14.9-fold was detected (m/z 759 - PG cyc-

37:1, m/z 805 - PG 38:1, respectively) after PDT (Figure 6.6, and S6.3 A, B).   

 Although the overall abundance of PG seems to be higher over PDT MFR 

group, only 3 species were significantly different from their own control. As 

mentioned earlier, while m/z 805 (PG 38:1) and m/z 759 (PG cyc-37:1) showed the 

largest increase over PDT WT, a minor raise was detected for the same species on 

PDT MFR (by 3.3-fold and 6.4-fold, respectively) (Figure 6.6, and S6.3 A, B). 

Regarding m/z 789 (PG 38:8), both treated groups presented a similar raise by 4.7-

fold (Figure 6.6, and S6.3 E). Notably, statistically significant reduction of 90% was 

detected in m/z 798 (PG 38:4) for both treated strains.  

 In terms of PE, we found significant changes over 18 PE lipid contents. Unlike 

the other two PL classes mentioned earlier, 5 PE species were consistently 

decreased in both treated groups. Particularly, after PDT, three major PE 

components, m/z 726 (PE a-36:3), m/z 728 (PE a-36:2) and m/z 729 (PE a-36:1) 

were reduced in 97.6%, 97.9% and 95.1% for the WT, while for MFR there was a 

reduction of 73.2%, 16.9% and 73.1% over the same PEs species, respectively 

(Figure 6.6 and S6.4 C-E). Other two less abundant species m/z 698 (PE a-34:3) 

and m/z 701 (PE a-34:1) also showed a significant decrease in about 90.2% and 

87.4% over the WT and an average about 68% (for both PEs) over MFR strain 

(Figure 6.6 and S6.4 A, B). There was one particular alteration in m/z 714 (PE 34:2) 

with a significant decrease (by 55%) only for treated WT line (Figure 6.6 and S6.4 F).  

 The lipid remodeling induced by the oxidative stress became even more 

evident when multiple PEs species unusually produced, or commonly detected in 

very small amounts, consistently increased at relatively high levels after PDT. In both 

strains, 9 PEs species were considerably increased compared to each 

corresponding untreated control. All of these species showed higher levels in relative 

abundance for the MFR strain over the WT. From these, m/z 760 (PE 38:7) and m/z 

762 (PE 38:6) presented the greatest increase upon PDT MFR group (by 53.9-fold 

and 55.9-fold, respectively), while PDT WT enhanced in 14.3-fold and 8.3-fold 

regarding the same PE species (Figure 6.6 and S6.4 K and L).  
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 For PDT WT, we found that m/z 775 (PE 38:0) and m/z 854 (PE 44:3) PE 

contents were 5.5 times higher than WT untreated control. However, PDT MFR 

comprised even greater amounts of such species (8.7-fold and 19.1-fold) (Figure 6.6 

and S6.4 I and Q). The same trend was also observed for the other species: The m/z 

792 (PE 40:6), m/z 794 (PE 40:5) were increased by 10.1-fold (PDT WT), 13.9-fold 

(PDT MFR), 13.7-fold (PDT WT) and 17.9-fold (PDT MFR), respectively (Figure 6 

and S4 M and N). Whilst there has been detected nearly 9-fold increase for PDT WT 

over 823 (PE 42:4), in MFR values shown were about 11 times higher after PDT 

(Figure 6.6 and S6.4 O). However, m/z 822 (PE 42:5) was the only case in which the 

relative abundance of this molecular species was higher for the WT (by 6.9-fold) than 

for MFR (by 5.2-fold) after treatment compared to their own control. However, no 

significant differences were found between both (Figure 6.6 and S6.4 P) 

 It is important to mention that 3 particular species significantly increased post-

treatment only in MFR line - m/z 742 (PE 36:2) (by 3.3-fold), m/z 744 (PE 36:1) (by 

4.2-fold), m/z 764 (PE 38:5) (by 14.8-fold), even though an upward trend was also 

detected in the WT (Figure 6.6 and S6.4 G, H and J). 

 Several alterations were detected over the pool of PC species by assessing 

precursor ion scanning m/z 184 in positive mode. Although various PC species 

demonstrated a tendency to increase in PDT WT group, only 2 of them were 

statistically significant different from WT untreated control - m/z 820 (PC a-40:6) and 

m/z 818 (PC 38:0), revealing an increase by 2.6-fold and 3.0-fold (Figure 6.6 and 

S6.5 J and T). We also noted a few decreases in other different PC species with 2 

alterations statistically significant - m/z 834 (PC 40:6) and m/z 832 (PC 40:7), with a 

reduction of 74% in both species. Interestingly, these are two of the most abundant 

PC in WT cell line (Figure 6.6 and S6.5 B and C) 

 Remarkably, a different pattern between WT and MFR parasites was 

observed in response to PDT over choline-containing PLs. We found that 9 PC 

species were significantly increased in MFR parasites, while 13 species showed a 

substantial decrease after PDT. Interestingly, the most abundant PC species were 

substantially reduced after PDT, while the lower ones increased.  

 It was observed a 1.6-fold increase upon m/z 803 (PC 38:7) and m/z 823 (PC 

a-40:4) followed by 2.0-fold increase of m/z 800 (PC a-38:2), m/z 866 (PC 42:4) and 

m/z 867 (PC 42:3) species (Figure 6.6 and S6.5 F, I, Y and E). The biggest changes 
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were identified in 4 species - m/z 802 (PC a-38:1), m/z 820 (PC a-40:6), m/z 848 (PC 

a-42:7), m/z 818 (PC 38:0), showing a raise by 2.5-fold in these molecular species 

(Figure 6.6 and S6.5 J, T, K and T). 

 Regarding the reduced PC species, m/z 760 (PC 34:1) presented the lowest 

decrease in abundance (28%), followed by m/z 734 (PC 32:0) (34%), m/z 772 (PC a-

36:2) and m/z 790 (PC 36:0), both reduced in 38% (Figure 6 and S5 L, D, M, P). PC 

species with m/z peaks of 788 (PC 36:1) and m/z 808 (PC 38:5) resulted in further 

decrease, on average by 50%, while m/z 811 (PC 38:4), m/z 839 (PC 40:3) and m/z 

785 (PC 36:2) reduced in 55% (Figure 6 and S5 Q, R, W, X and Z). The m/z 812 (PC 

38:3) showed a 60% reduction, whereas m/z 837 (PC 40:4), m/z 834 (PC 40:6) and 

m/z 832 (PC 40:7) revealed the most significant decrease, 70% lower in abundance 

compared to untreated MFR parasites (Figure 6.6 and S6.5 V, A, B and C). 

 The PS contents showed a great decrease in all species in the WT strain, with 

significant alterations in 6 species - m/z 853 (PS 42:11) and m/z 903 (PS 44:1) were 

reduced by 98%, while m/z 855 (PS 42:10), m/z 880 (PS 44:12) were found in 95% 

lesser amounts than WT control (Figure 6.6 and S6.6 D-F, H). In addition, we found 

that m/z 829 (PS 40:9) and m/z 801 (PS 38:9) PS species reduced in 82% and 89% 

(Figure 6.6 and S6.6 B and C). In contrast, PS content in MFR parasites increased 

after PDT, with 2 significant alterations - m/z 829 (PS 40:9) and m/z 892 (PS 44:6), 

resulting in abundance about 4 and 40 times higher than untreated parasites (Figure 

6.6 and S6.6 B and G). 
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Figure 6.5. Phospholipid analysis of WT and MFR L. amazonensis promastigotes 

treated with PDT at 8 J/cm2 in the presence of 750 nM of DMMB. A-T represents the 

concentrations of some molecular species of the corresponding untreated and 

treated WT and MFR strains. PL class (IPC, PI, PA, PG, PE, PC and PS) was 

analyzed and quantified according to its corresponding internal “SPLASH” standard. 

“a” denotes statistically significant differences of PLs species compared to Control 

WT. “b” denotes statistically significant differences of PLs species compared to 

Control MFR. “c” denotes statistically significant differences of PLs species between 

PDT WT and PDT MFR.  
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Figure 6.6. Phospholipid analysis of WT and MFR L. amazonensis promastigotes 

treated with PDT at 8 J/cm2 in the presence of 750 nM of DMMB. Bar on the right 

side refers to a color scale of the concentration (µg/ml) of each molecular species 

related to the corresponding PL class (IPC, PI, PA, PG, PE, PC and PS). Each PL 
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class was analyzed and quantified according to its corresponding internal “SPLASH” 

standard. 

 
6.4. DISCUSSION 
 The rise of antileishmanial drug resistance over the past decades has become 

one of the primary causes of leishmaniasis treatment failure. In recent years, 

increasing attention has been drawn to the use of PDT as a potential alternative to 

treat CL to prevent the widespread number of recurrence and unresponsive cases. 

 In our study, we have demonstrated that DMMB-PDT was very effective in the 

inactivation of both L. amazonensis promastigotes phenotypes (see Figure 6.1). 

Overall, Leishmania parasites are well equipped with an efficient antioxidant system, 

holding tryparedoxin, superoxide dismutase, thiols, and other peroxidases capable of 

maintaining their redox balance even in harsh conditions.110 However, the oxidative 

stress produced played a significant role in parasite homeostasis (beyond the 

threshold levels), thereby resulting in cellular death. Remarkably, the accumulation 

of ROS at higher levels in MFR parasites resulted in their increased susceptibility to 

PDT compared to the WT strain (see Figure 6.2).  

  One of the major advantages of PDT is the potential to generate different 

types of ROS either by type I or type II reactions. Type I process is given by the 

transfer of charge (from the excited photosensitizer) to a substrate to form a radical 

(anion or cation), which may further react with oxygen and produce ROS, including 

H2O2, hydroxyl radical, and superoxide anions.44 The triplet state photosensitizer may 

otherwise undergo the type II reaction and transfer energy to molecular oxygen, 

producing singlet oxygen, a highly reactive oxidizing agent.53 

 Both reactions are driven by the intrinsic characteristics of the photosensitizer, 

which in combination with a proper light source will determine the efficiency of the 

therapy.43 In this regard, DMMB is very advantageous for exhibiting a long visible 

wavelength light absorption in the red region of the spectrum, producing a quantum 

yield of singlet oxygen around 70%.53 Moreover, it is very unlikely to be reduced. 

Yet, the two additional methylene groups in DMMB make it very lipophilic with a 

positive log Po/w (+ 1.01), thereby it easily diffuses across the lipid bilayer of the 

plasma membrane.111  
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 In addition, it has been shown that having a positive charge enables it to 

accumulate into the mitochondria (negatively charged inside).111 As mitochondria are 

the main regulators of cellular energy production; irreversible mitochondrial 

depolarization jeopardizes oxidative phosphorylation and compromises adenosine 

triphosphate (ATP) synthesis. Thus, impaired mitochondrial respiration is a key 

factor involved in cell survival.112 

 Indeed, this is in agreement with our microscopic observations of 

mitochondrial labeling (see Figure 6.3). The diffusion of MitoTracker staining 

throughout parasite cytoplasm suggests that a disruption in mitochondria structural 

integrity and a loss of its membrane potential occurred directly after treatment. 

Because of the extensive photodamage, parasites failed to restore their 

mitochondrial function, thereby 1 h after irradiation no signs of the organelle were 

observed. Therefore, we assume that DMMB-PDT promoted a complete 

mitochondrial depolarization in both parasite strains as a consequence of low 

membrane potential, probably close to zero. 

 Another key point addressed was the increase of LDs in both treated 

phenotypes (Figures 4). Lipid droplets are storage organelles usually present in 

small numbers under physiological conditions.36 They have long been known as 

energy reservoirs, mostly for neutral lipids such as triacylglycerol and sterols esters. 

In recent years, they have been recognized as independent dynamic organelles also 

involved in cellular homeostasis.113 Lipid droplets can act beyond lipid metabolism 

and interact with other organelles such as mitochondria, endoplasmic reticulum, 

peroxisomes, and therefore play a pivotal role in the management of redox 

imbalance.114  

 LDs tend to accumulate under cellular stress conditions, protecting 

membranes from the peroxidation process. In the case of oxidative stress, the 

overproduction of ROS promotes rapid lipid peroxidation, which is very toxic to the 

cells due to the excess of fatty acids (FA) and their derivatives released.114In this 

way, lipid droplets can act as buffers and sequester and store the pool of free FA to 

prevent lipotoxicity, maintaining the redox state, and ensuring cellular survival.114 

The lipids stored can further be used as an energy source and supply gradually the 

FA necessary for posterior phospholipids synthesis.113  
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 Therefore, our results suggest that the high yield of ROS PDT-induced 

promoted a significant lipid peroxidation in cellular membranes, especially in 

parasites mitochondria, which led to a loss of membrane potential and releasing of 

lipids to the cytosol. As a response to metabolic stress, LDs substantially increased, 

accumulating large amounts of free lipids as an attempt to protect and keep 

parasites homeostasis. Indeed, the association of LDs and mitochondrial metabolism 

are essential to prevent lipotoxicity and maintain parasite viability.114 However, due 

to the lipid overload there was a dysfunction in LDs and they probably failed to 

regulate lipotoxicity and redox imbalance, which led to constant cellular stress 

resulting in parasite death.  

 To understand in more detail the role of lipid metabolism in L. amazonensis, 

we performed a comprehensive quantitative lipidomics analysis of both WT and MFR 

strains. Firstly, we compared the differences in lipid profile between both lines, and 

then we further evaluated their phospholipid alterations under oxidative stress 

conditions.  

 ES-MS-MS spectra demonstrated several differences over the lipid 

metabolism between both phenotypes, which could primarily explain the MF 

resistance mechanism in MFR L. amazonensis. The miltefosine resistance process 

has been related to a large reduction of drug internalization resulted from a defect in 

miltefosine transporter (MT) and its regulatory non-catalytic subunit Ros3.115 

Because of an impaired transport function, miltefosine can be expelled by cells even 

in high drug concentrations.107 In fact, these genes are the major ones responsible 

for an inward translocation of miltefosine and PLs throughout the plasma 

membrane.107,115 However, it has been previously reported that the MFR phenotype 

used in our study had a single point of mutation only in the MT gene, rather than 

both MT and Ros3.115 In addition, there is growing evidence that MF resistance could 

also be correlated with other factors such as PL composition, FA and sterols 

metabolism.116-118 

 It has been reported that miltefosine-resistant Leishmania donovani species 

presented increased levels of PC content.119 Likewise, our results demonstrate that 

the overall abundance of this PL class was substantially higher in the MFR 

phenotype compared to the WT counterpart.  PC is the most abundant phospholipid 

class in eukaryotic membranes and its biosynthesis occurs via the CDP-choline 
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pathway, one of the two branches of the Kennedy pathway.120 Briefly, choline is 

imported by cells and phosphorylated to phosphocholine via choline kinase. A 

second reaction involves the production of CDP-choline (via CTP:phosphocholine-

cytidylyltransferase) followed by a final step, which is the formation of PC.121  

 Miltefosine belongs to the class of alkylphosphocholine drugs; therefore it acts 

as a phosphocholine analog, inhibiting the translocation of CTP:phosphocholine-

cytidylyltransferase, and consequently PC synthesis.122 Thus, the upregulation of PC 

observed in the MFR phenotype suggests an adaptive mechanism of parasites to 

overcome the inhibition of the CDP-choline pathway and promote their survival.  

 The second branch of the Kennedy pathway relies on the synthesis of PE, via 

the CDP-ethanolamine pathway.120 PE is the second most abundant PL class in 

Leishmania parasites and it is closely related to PC synthesis. In fact, PC can be 

synthesized either by CDP-choline or by the conversion of PE to PC.120 The 

alternative route for the synthesis of PC involves threefold methylation of PE, which 

is catalyzed by phosphatidylethanolamine N-methyltransferase.120 Thus, we believe 

that the PE N-methylation pathway could be a possible reason for the significant 

decrease found in one of the most abundant PE species (PE a-36:2) upon MFR 

parasites.  

 Apart from this PE species, no further alterations were observed between 

MFR and WT phenotypes upon the overall abundance of PE. However, we assume 

that PE levels were maintained, because of PS decarboxylation, an alternative route 

used for PE biosynthesis. As Leishmania possesses orthologs of phosphatidylserine 

synthase and phosphatidylserine decarboxylase, PE could have been also 

generated from PS.123 Since PS was found in lower abundance over MFR parasites 

compared to the WT, we hypothesize this pathway could be involved in such 

phospholipids alterations.  

  The analysis of inositol-containing phospholipids also revealed significant 

changes over some PI species in the MFR phenotype. One possible reason could be 

related to the MF mode of action, which involves the inhibition of phosphatidylinositol 

3-kinase (PI3K)/protein kinase B (akt or PKB) pathway, which is essential for signal 

transduction and cell survival.107 PI3K is a key protein responsible for 

phosphoinositides formation, thus the overproduction of PI species may have a role 

in the molecular mechanism underlying MF resistance developed by MFR parasites. 
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 Phospholipids alterations promoted by oxidative stress were also noted in 

both phenotypes. The extensive lipid peroxidation mediated by PDT showed a rapid 

lipid remodeling as a consequence of significant damage in the parasite membrane. 

It is important to note that lipid peroxidation may cause severe changes in the lipid 

bilayer altering membrane permeability, fluidity, and structural integrity, thereby 

resulting in a subsequent cellular dysfunction.124  

 As previously mentioned, our findings suggested a significant mitochondrial 

oxidative damage, which is consistent with lipid alterations detected by ES-MS-MS. 

Cardiolipin is a mitochondria-exclusive phospholipid constituent, and its biosynthesis 

is related to PA and PG metabolism.125 Initially, PA is converted to 

cytidinediphosphate-diacylglycerol (CDP-DAG), which is the precursor of PG. PG will 

then generate cardiolipin by the addition of another CDP-DAG molecule to PG.126 PA 

and PG are minor PL classes present in Leishmania parasites membrane, however, 

tandem mass spectra revealed relevant changes over some species. Precursor ions 

scanning for m/z 153 in the negative mode pointed to an expressive reduction in PA 

species while PG species were greatly upregulated. Collectively, these data suggest 

that changes in these lipids' metabolism may have played a role in cardiolipin 

synthesis to overcome mitochondrial membrane damage.  

 Nevertheless, the overall PG synthesis was significantly greater in the WT 

strain than in the MFR phenotype. As a key molecule, PA can be either converted 

into CDP-DAG to form PI, PG, and cardiolipin, or it can be used as a precursor for 

DAG to form PC, PE, and PS.127 Since MFR parasites are dependent upon high 

levels of PC, it is possible that PA was more involved in DAG pathway to form PC, 

rather than PG.  

 Drug-induced lipid alterations have been reported in several Leishmania 

species, mostly over PC and PE metabolism.119 Indeed, the biggest lipid changes 

observed in our study were related to PC/PE classes, in which the most abundant 

species were significantly downregulated in both phenotypes. As these are the main 

PL classes containing polyunsaturated fatty acids, they are more susceptible to 

ROS, therefore prone to oxidation.124 Alternatively, parasites underwent a rapid lipid 

remodeling in response to oxidative stress, producing other molecular species not 

usually detected under physiological conditions. Of note, the overproduction of PC 
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was more pronounced in MFR phenotype compared to the WT, probably due to their 

higher demand for this lipid class. 

 Interestingly, unlike in mammalian cells, most PE species in Leishmania are 

displayed in the form of plasmalogens, which in turn, should act as membrane 

antioxidants scavenging radical species.127 However, those species were also 

significantly decreased, whereas the minor ones were greatly upregulated, 

suggesting that the amount of ROS produced was higher than the parasites ability to 

reduce oxidative stress.  

 Surprisingly, those upregulated PE species comprised a very long chain of 

fatty acids, which was also observed over the others PL classes. Indeed, it has been 

shown that the increase in the chain of fatty acids in Leishmania may have an 

important role underlying the cellular mechanism of protection, which has been 

previously reported for Leishmania donovani.128 Long carbon chains enhance 

membrane rigidity and reduce its fluid properties, thereby preventing drug 

permeability into the plasma membrane. In addition, it is believed that longer fatty 

acids can be used as an energy source in parasites.129 Therefore, our results 

suggest that the synthesis of phospholipids containing very long FA chains could 

have been a strategy developed by both L. amazonensis strains to help promote 

their survival.  

 The role of PE over Trypanosomatidae is very critical, because some parasite 

species are very sensitive to the decrease of PE levels, particularly upon the 

mitochondrial inner membrane.120 Thus, we suggest that to compensate for the loss 

of PE content, levels of PS were also modulated after PDT via PS synthase and/or 

decarboxylase. However, both lines showed a different response under stress 

conditions. While PS amounts were substantially reduced in the WT parasites, MFR 

had some species increased.  

 PS is synthesized in the endoplasmic reticulum and is transported to 

mitochondria to produce PE.130 Since levels of PE were decreased in the WT cells 

after PDT, we assume PS species were rapidly decarboxylated in mitochondria to 

form PE (via PS decarboxylase). On the other hand, as the relative abundance of PS 

was very low under normal conditions in the MFR phenotype, we hypothesize that 

PS synthesis (via PS synthase) was required to improve PE levels in mitochondria 

membrane upon oxidative stress. 
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 Perturbations in PE content affect not only phospholipids in the membrane, 

but also result in proteins dysfunction, especially in those lipid-interacting proteins.131 

For example, glycosylphosphatidylinositol (GPI)-anchored proteins are inserted in 

the outer leaflet of the plasma membrane and are essential for parasite virulence 

and survival.132 They are involved in membrane surface protection and cellular 

nutrition, and its biosynthesis relies on the addition of ethanolamine phosphate 

groups to PI (together with monosaccharides). It has been shown that levels of GPI 

are dependent on the synthesis of inositol in T. brucei bloodstream form.133 Thus, 

changes in ethanolamine levels might also affect the modulation of PI as a 

consequence of damage in GPI anchors.134 Indeed, our results suggest that PDT led 

to increased levels of some PI species as a result of changes in PE metabolism 

caused by the perturbations produced in the plasma membrane.  

 In conclusion, our results demonstrate that DMMB-PDT killed both, wild-type 

and miltefosine resistant strains effectively, promoting mitochondrial dysfunction via 

loss of membrane potential and lipid droplets accumulation with significant 

alterations over the lipid metabolism. Moreover, the MFR line showed to be more 

susceptible to oxidative stress than the WT strain, resulting in increased levels of 

ROS at very low nanomolar DMMB concentrations. Thus, DMMB-PDT could be a 

promising strategy to overcome the challenges of antileishmanial drug resistance for 

CL infections.  

 

 

 

 

 

 

 

 

 

 

 

 

 



	
	
	 	

76	
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Figure S6.1. Differential interference contrast (DIC) and immunofluorescence 

staining images of WT and MFR L. amazonensis treated with PDT at 8 J/cm2 in the 

presence of 750 nM of DMMB. Nuclei and kinetoplast were stained with DAPI (blue 

fluorescence) directly after PDT. N = Nuclei; k = Kinetoplast. Bar = 5 µm. 
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Figure S6.2. Inositol-containing molecular species of WT and MFR L. amazonensis 

promastigotes treated with PDT at 8 J/cm2 in the presence of 750 nM of DMMB. 

Precursor ion scanning for m/z 241 detected [M - H]- PI and IPC ions from parasites 

total lipid extracts. A-H represents the concentrations of each individual molecular 

species of the corresponding untreated and treated WT and MFR phenotypes.  “a” 
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denotes statistically significant differences of PLs species compared to Control WT. 

“b” denotes statistically significant differences of PLs species compared to Control 

MFR. “c” denotes statistically significant differences of PLs species between PDT 

WT and PDT MFR.  

 
Figure S6.3. 	 Phosphatidic acid (PA) and phosphatidylglycerol (PG) molecular 

species of WT and MFR L. amazonensis promastigotes treated with PDT at 8 J/cm2 

in the presence of 750 nM of DMMB. Precursor ion scanning for m/z 153 [M-H]- 

detected glycerophospholipids ions from parasites total lipid extracts.  

A-G represents the concentrations of each individual molecular species of the 

corresponding untreated and treated WT and MFR phenotypes. “a” denotes 

statistically significant differences of PLs species compared to Control WT. “b” 

denotes statistically significant differences of PLs species compared to Control MFR. 

“c” denotes statistically significant differences of PLs species between PDT WT and 

PDT MFR.  
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Figure S6.4. Phosphatidylethanolamine (PE) molecular species of WT and MFR L. 

amazonensis promastigotes treated with PDT at 8 J/cm2 in the presence of 750 nM 

of DMMB. Precursor ion scanning for m/z 196 detected [M - H]- PE ions from 

parasites total lipid extracts. A-Q represents the concentrations of each individual 

molecular species of the corresponding untreated and treated WT and MFR 

phenotypes.  “a” denotes statistically significant differences of PLs species compared 

to Control WT. “b” denotes statistically significant differences of PLs species 

compared to Control MFR. “c” denotes statistically significant differences of PLs 

species between PDT WT and PDT MFR. 
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Figure S6.5.	 Phosphatidylcholine (PC) molecular species of WT and MFR L. 

amazonensis promastigotes treated with PDT at 8 J/cm2 in the presence of 750 nM 

of DMMB. Precursor ion scanning for m/z 184 [M + H]+ detected PI and IPC ions 

from parasite total lipid extracts. A-Ff represents the concentrations of each 
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individual molecular species of the corresponding untreated and treated WT and 

MFR phenotypes. “a” Denotes statistically significant differences of PLs species 

compared to Control WT. “b” denotes statistically significant differences of PLs 

species compared to Control MFR. “c” denotes statistically significant differences of 

PLs species between PDT WT and PDT MFR.  
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Figure S6.6.	 Phosphatidylserine (PS) molecular species of WT and MFR L. 

amazonensis promastigotes treated with PDT at 8 J/cm2 in the presence of 750 nM 

of DMMB. Neutral loss scanning for m/z 87 detected [M - H]- PS ions from parasites 

total lipid extracts. A-H represents the concentrations of each individual molecular 

species of the corresponding untreated and treated WT and MFR phenotypes.   “a” 
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Denotes statistically significant differences of PLs species compared to Control WT. 

“b” denotes statistically significant differences of PLs species compared to Control 

MFR. “c” denotes statistically significant differences of PLs species between PDT 

WT and PDT MFR.  

 
Table S6.1. Mass spectrometric analysis of phospholipid species in L. amazonensis  

 
INOSITOLPHOSPHOCERAMIDE (IPC) 
 

 
 
 
 
 
 

 
PHOSPHATIDYLINOSITOL (PI) 
 

 

 
PHOSPHATIDIC ACID (PA) 
 
m/za Lipid componentb 

668.2 
703.7 
741.7 

34:4 
36:1 

a-40:2 
 
PHOSPHATIDYLGLYCEROL (PG) 
 
m/za Lipid componentb 

742.4 
759.4 
774.3 

34:4 
cyc-37:1 

36:2 

m/za Lipid componentb 

778.4 
780.2 
806.6 
808.7 

IPC 34:1 
IPC 34:0 
IPC 36:1 
IPC 36:0 

m/za Lipid componentb 

782.0 
810.9 

30:0 
32:0 

793.9 
822.7 
836.9  
851.1          
865.0 
878.9 
883.0 
893.0 
897.5 
935.4 

a-32:2  
a-34:1 
34:0 

a-36:0 
36:0 

a-38:1 
38:6 
38:0 

a-40:6 
42:8 
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789.9 
798.8 
805.7 
821.7 
822.4 
853.0 

38:8 
38:4 
38:1 
40:7 
40:6 
42:5 

 
 
PHOSPHATIDYLETHANOLAMINE SPECIES (PE) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a Observed [M+H]+ or [M-H]- ions, mass over charge from survey scans as described 

in material methods. 
b Peak identities refer to total number of carbon atoms and double bonds. a = 

(alkylacyl) 

 
 
 
 
 
 
 
 

m/za Lipid componentb 

698.7 
700.6 
701.6 
714.7 
715.8 
726.8 
728.8 
729.1 
731.2 
738.7 
740.6 
742.5 
744.5 
760.2 
762.3 
764.8 
775.0 
792.1 
794.4 
796.3 
798.3 
822.1 
823.1 
854.1 

a-34:3 
a-34:2 
a-34:1 
34:2 
34:1 

a-36:3 
a-36:2 
a-36:1 
a-36:0 
36:4 
36:3 
36:2 
36:1 
38:7 
38:6  
38:5 
38:0 
40:6 
40:5 
40:4 
40:3 
42:5 
42:4 
44:3 
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7. CHAPTER FIVE 
 
7.1 DMMB-PDT in vitro activity against intracellular amastigotes of Leishmania 
amazonesis wild-type (WT) and miltefosine-resistant (MFR) 
 

7.2 EXPERIMENTAL SECTION  
 
7.2.1 Parasites  
  L. amazonensis WT (MHOM/BR/73/M2269) promastigotes were grown at 

28°C in M199 medium (Sigma-Aldrich) supplemented with 10% heat-inactivated fetal 

bovine serum (FBS; Gibco™ Invitrogen Corporation), 40 mM HEPES pH 7.4 (Sigma-

Aldrich), 2.5 mg/mL hemin (Sigma-Aldrich) and 10 mM Adenosine (Sigma-Aldrich). 

L. amazonensis MFR was selected from the reference strain M2269 (MF 150.3-1 

line) as previously reported. Parasites were grown in the same media as WT in the 

presence of 150 µM of miltefosine (Sigma-Aldrich).  

 

7.2.2 Cytotoxicity assay  
 
7.2.2.1 DMMB-PDT cytotoxicity on fibroblasts and macrophages 
 NIH 3T3 mouse embryonic fibroblast cells were harvested in DMEM medium 

(15 mM HEPES, 2 g of sodium bicarbonate/L, and 1 mM L-glutamine) and 

supplemented with 20% FBS until reach 70 % of confluence, at 37°C.  

 RAW 264.7 (murine macrophage-like) were harvested in RPMI 1640 medium 

(15 mM HEPES, 2 g of sodium bicarbonate/L, and 1 mM L-glutamine) and 

supplemented with 20% FBS until reach 70 % of confluence, at 37°C.  

For mitochondrial activity assay, 5×103 fibroblasts cells and 8×104 RAW 264.7 were 

seeded on 96-well plates 24 h prior to experiments. Before irradiation, DMMB (0-

3000 nM) was incubated for 10 min (pre-irradiation time) to allow the photosensitizer 

uptake. Then, cells were irradiated using a red OLED (671 ± 140 nm) in an 

irradiance of 6.5 mW/cm2. Untreated cells were used as a negative control in a 

different plate. Incubation of cells with varying concentrations of DMMB without light 

was also assessed to evaluate the cytotoxicity of the photosensitizer in the dark.  

 Miltefosine cytotoxicity was also carried out on RAW 264.7 macrophages. For 

this, 8×102 cells were seeded on 96-well plates 24 h prior to experiments. Miltefosine 
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activity was performed by the addition of serial dilutions of MF (0-500 µM), for 48 h at 

37°C.  

 Cell viability was evaluated by MTT. Briefly, after treatment, the cells were 

incubated with 30 µL of MTT (at 5.0 mg/mL) (3-[4,5-dimethyl-2-thiazolyl]-2,5-

diphenyl-2H-tetrazolium bromide; Sigma-Aldrich, USA) and maintained at 37°C for 4 

h. The reaction was stopped by adding 50 µL of DMSO to each well and the optical 

density was measured in a spectrophotometer (Spectramax M4, Molecular Devices, 

USA) at 595 nm using a reference wavelength of 690 nm. Results were expressed 

as a percentage of mitochondrial activity compared to control. The half-maximal 

effective concentration (EC50) was obtained by sigmoidal regression analysis using 

GraphPad Prism 7.0 software.  

 

7.2.2.2 Miltefosine and DMMB-PDT activity on intracellular amastigotes of WT 
and MFR 
 RAW 264.7 cells (8×104) were plated on glass coverslips in 24-well plates 24 

h prior experiments and then infected with promastigotes of both strains at a 

multiplicity of infection (MOI) = 10 for 4 h, at 34°C.  Cells were washed and 

incubated in fresh medium for 24 h. Infected cells were the treated with either 

miltefosine (0-50 µM) or DMMB-PDT at 8 J/cm2 and varying DMMB concentrations 

(0-750 nM).  

After 48 h, parasites were quantified using optical microscopy. For this, the cells 

were fixed with methanol, washed with PBS, and stained with Giemsa. Results were 

determined by counting 100 cells per coverslip and expressed as percentage of 

infected macrophages and average number of amastigotes per macrophage. The 

infection index was also calculated following the equation:  

 

𝐼𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛	𝑖𝑛𝑑𝑒𝑥 = 	
Number	of	amastigotes
infected	macrophages	 	x	%	infection 
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7.3 RESULTS 
 

7.3.1 DMMB-PDT is not toxic to mammalian cells 
 

 Our results demonstrate that the photosensitizer did not promote cytotoxic 

effects neither on NIH 3T3 fibroblasts nor on RAW 264.7 cells when incubated with 

DMMB in the dark, regardless of the photosensitizer concentration (Figure 7.1A). 

However, mitochondrial metabolic changes were observed when cells were treated 

with PDT. We noticed alterations in cells viability depending on the light-dose as well 

as the photosensitizer concentration. The lowest and intermediate light doses (2 and 

4 J/cm2) promoted a slight reduction in fibroblasts at 750 nM, and a further decrease 

at 1500 and 3000 nM. Nevertheless, 75% of cells showed mitochondrial activity even 

at higher photosensitizer concentrations (Figures 7.1 B and C). At the highest radiant 

exposure (8 J/cm2), 88% of cells were viable at 375 nM, whereas at the highest 

concentrations and same light dose we observed 75 % of cell activity (Figure 7.1 D). 

In all treated groups cells were properly adhered to the wells in the plates, showing 

that morphologic and phenotypic fibroblasts characteristics were maintained at all 

three light doses using a concentration of 750 nM, as displayed in Figure 7.2. No 

morphological alterations were noticed using only DMMB or just light at 8 J/cm2 

(Figure 7.2 B,C).   
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Figure 7.1: NIH 3T3 fibroblasts cells treated with increasing concentrations of 

DMMB (A) In the dark and at different radiant exposures (B) 2 J/cm2, (C) 4 J/cm2, (D) 

8 J/cm2. Mean values ± SEM of mitochondrial activity were determined by MTT 

assay (n=4).  

 
 
 



	
	
	 	

90	

    
 
Figure 7.2: Representative images of NIH 3T3 fibroblasts cells treated with DMMB 

at 750 nM and different radiant exposures. (A) Untreated control, (B) Light at 8 

J/cm2, (C) DMMB in the dark, (D) DMMB-PDT at 2 J/cm2, (E) DMMB-PDT at 4 J/cm2, 

(F) DMMB-PDT at 8 J/cm2. 
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 A light dose and DMMB concentration-dependent effect was also observed 

when Raw 264.7 cells were treated by DMMB-PDT. Interestingly, at 750 nM no 

reduction in mitochondrial activity was observed at all light doses used, suggesting 

macrophages are more resistant to oxidative stress when compared to NIH 3T3 

fibroblasts, except for the highest concentration (Figure 7.3). Cells were also 

properly adhered, covering all the surface on the bottom of the well plate in all 

groups. Yet, no morphological alterations were observed by optical microscopy, as 

shown in figure 7.4.  

 

 
 
Figure 7.3: RAW 264.7 cells treated with increasing concentrations of DMMB (A) In 

the dark and at different radiant exposures (B) 2 J/cm2, (C) 4 J/cm2, (D) 8 J/cm2. 

Mean values ± SEM of mitochondrial activity were determined by MTT assay (n=8).  
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Figure 7.4: Representative images of Raw 264.7 cells treated with of DMMB at 750 

nM and different radiant exposures (0,2,4 and 8 J/cm2). (A) Untreated control, (B) 

Light at 8 J/cm2, (C) DMMB in the dark, (D) DMMB-PDT at 2 J/cm2, (E) DMMB-PDT 

at 4 J/cm2, (F) DMMB-PDT at 8 J/cm2. 
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 Miltefosine cytotoxic activity was assessed on macrophages using increasing 

drug concentrations ranging from 0 to 500 µM. It was also noticed a dose-dependent 

effect in macrophages viability. MTT assay was performed after 48 h of incubation. 

CC50 value of miltefosine was 46.46 µM, and it was obtained by sigmoidal regression 

analysis (Figure 7.5 A). DMMB CC50 (1188 nM) was also calculated using the 

highest light dose (8 J/cm2) (Figure 7.5 B).   

 

 
 
 
Figure 7.5: CC50 of macrophages treated with increasing concentrations of (A) 

miltefosine (0-500 µM) and (B) DMMB (0-300 nM) at 8 J/cm2. Mean values ± SEM 

determined by MTT assay (n=3). 
 
7.3.2 Intracellular L. amazonensis WT and MFR amastigotes are susceptible to 
DMMB-PDT 
 
 Macrophages were infected with promastigotes of L. amazonensis WT and 

MFR cell lines at MOI 10:1. Then, intracellular parasites of both strains were treated 

with DMMB-PDT or miltefosine. The experimental conditions used for both 

treatments were set from previous results determined from macrophages cytotoxicity 

assay.  

 Infected macrophages were treated with a radiant exposure of 8 J/cm2 and 

DMMB concentrations ranging from 96 to 750 nM since these concentrations were 

not toxic to healthy macrophages. According to our results, we may observe that % 
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of infection was appropriate, showing nearly 80% of cells were infected by 

amastigotes of both strains (Figure 7.6 A and D). When parasites were treated by 

DMMB-PDT, we noticed that at the lowest concentration (96 nM) the % of infection 

was reduced in 47% and 38% in WT and MFR in comparison with their respective 

untreated controls. At 750 nM, a further reduction of 49% and 51% was observed for 

the WT and MFR. Indeed, only approximately 21% and 24% of cells were infected by 

WT and MFR in these conditions, respectively (Figure 7.6 A).  

 In contrast, parasites treated with miltefosine did not show significant 

improvement in the % of infection. Since miltefosine was toxic to macrophages at 

high doses (EC50 found was 46.46 µM), the highest concentration assigned was 50 

µM. Although nearly 16% of intracellular WT amastigotes were reduced at a 

concentration of 50 µM, no statistically significant differences were observed. 

Indeed, statistical differences were observed between both strains at 50 µM, in 

which 79% of cells were infected by MFR, whereas the % of infection was around 61 

% for the WT (Figure 7.6 D). 

 The number of amastigotes per infected macrophage was also significantly 

reduced in both cell lines treated by DMMB-PDT. Untreated controls presented 

similar numbers of intracellular amastigotes, accounting for an average of 15.7 and 

12 parasites per infected macrophage for the WT and MFR lines, respectively. It was 

observed a DMMB concentration-dependent effect on the inactivation of both 

parasites. Surprisingly, even the lowest dose was able to reduce in 34 % (from an 

average of 15.7 to 10.4) and 15% (from an average of 12.3 to 10.5) the number of 

amastigotes/infected macrophage. DMMB-PDT at 750 nM inactivated nearly 79.2 % 

(from an average of 15.7 to 3.2) the WT amastigotes, whereas about 42.6 % (from 

an average of 12.3 to 5.2) of MFR parasites were inactivated in the same conditions 

(Figure 7.6 B). 

 When both parasites were treated with miltefosine, we noticed a decrease in 

about 28% in the number of WT parasites per infected cell (from an average of 8.7 to 

6.2) at the lowest dose (6.25 µM), while at 50 µM, 48% (from an average of 8.7 to 

4.5) of parasites were killed. However, miltefosine was not effective in inactivating 

the resistant parasites with the concentrations used (Figure 7.6 E). 

 The infective index represents the overall effectiveness of treatment, since it 

is calculated by the multiplication of both, the % of infection and the average number 
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of amastigotes/infected macrophage (see equation in section 3.2.3).  

 Both strains showed the same dose-dependent pattern when treated by 

DMMB-PDT, showing a reduction of WT and MFR around 65.0 % and 49.8% at the 

lowest concentrations on 96 nM, respectively. Remarkably, we observed that 94.5% 

of WT amastigotes were killed using 750 nM, while in MFR strain, 86.3% of parasites 

were inactivated in the same conditions (Figure 7.6 C).  

 There was 53.3% reduction in infection index when the WT parasites were 

treated with miltefosine at 50 µM, showing a significant difference compared to 

untreated control. However, as expected, miltefosine was not able to promote 

significant changes over the infection index in MFR strain (Figure 7.6 F).   
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Figure 7.6: Activity of DMMB-PDT (0-750 nM) at 8 J/cm2 and miltefosine (0 to 50 

µM) on intracellular amastigotes of L. amazonensis WT and MFR. Results were 

determined by counting 100 cells per coverslip and expressed as percentage of 

infected macrophages and average number of amastigotes per macrophage. (A,D) 

Percentage of infection (B,E) Amastigotes per infected macrophage (C,F) Infection 

index. “a” denotes statistically significant differences between WT control and treated 
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groups. “b” denotes statistically significant differences between MFR control and 

treated groups. “c” denotes statistically significant differences between PDT WT and 

PDT MFR. (p < 0.05, n= 6). 

 

 By using a sigmoidal regression analysis, we calculated the EC50 of 

intracellular amastigotes of WT and MFR L. amazonensis treated with miltefosine or 

DMMMB-PDT. EC50 values of miltefosine for MFR amastigotes were not possible to 

calculate, however, for the WT, EC50 value obtained was 5.98 µM. 

 For the WT, DMMB EC50 value was 52.58 nM, while for MFR the half-maximal 

effective concentration was found to be 77.51 nM. Indeed, although both strains 

were effectively killed, WT line was more susceptible to DMMB-PDT than resistant 

parasites, suggesting that lower photosensitizer concentration is necessary to 

achieve the same killing rate (Figure 7.7). 

 
 
Figure 7.7: DMMB EC50 on intracellular amastigotes of WT and MFR L. 

amazonensis treated with DMMB-PDT at 8 J/cm2. Mean values ± SEM. *denotes 

statistically significant differences between WT and MFR treated groups and their 

respective untreated control. (* p < 0.05, n = 6) 
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 The selectivity index (SI) was determined by calculating the ratio of either 

miltefosine or DMMB cytotoxic concentration (CC50) (obtained from macrophages 

MTT assay), and EC50 values.  

𝑆𝐼 = 	
CC50
EC50		 

 

 As shown in table 7.1, SI of miltefosine for the WT was 7.76, while for MFR 

parasites it was very low (> 0.92) since MFR intracellular amastigotes were not 

inactivated. Surprisingly, for DMMB-PDT, SI was very high for both lines, showing a 

higher value for WT (22.59) in relation to MFR (15.32). 

 

Table 7.1. Selectivity index of intracellular amastigotes of WT and MFR L. 

amazonensis treated with miltefosine and DMMB-PDT at 8 J/cm2, (n=6). 
 

 
Miltefosine 
Macrophages 

PDT 
macrophages 

Miltefosine 
WT 

Miltefosine 
MFR 

PDT WT PDT MFR 

EC50 

Ama/Infec 
macrophage 

N/A N/A 5.98 µM > 50 µM 52.58 nM 77.51 nM 

CC50 

macrophages 
46.46 µM 1188 nM N/A N/A N/A N/A 

Selectivity 
index (SI) 

N/A N/A 7.76  > 0.92  22.59  15.32  
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7.4. DISCUSSION 
 

 In the present work we have successfully demonstrated the potential of 

DMMB-PDT to inactivate in vitro intracellular amastigotes of both L. amazonensis 

WT and MFR strains.  

 Although we have observed a concentration and light dose-dependent 

cytotoxic effect of DMMB-PDT over fibroblasts and macrophages, the antileishmanial 

effective doses obtained were not toxic to these cells.  

 Fibroblasts are among the main cells of connective tissue and play a 

significant role in the synthesis of collagen fibers to support tissue repair, producing 

a new extracellular matrix.135 It has been shown that fibroblasts stimulation and 

proliferation accelerated the wound healing process in BALB/c mice infected by L. 

amazonensis.136 Therefore, a good fibroblast viability promoted by DMMB-PDT could 

keep the integrity of skin, and influence wound closure in the late inflammatory 

phase of infected patients, achieving a complete tissue repair in a short-term.  

 It is worth mentioning that since the disease develops ulcerated and 

destructive skin lesions, ideal topical treatments should be well tolerated by healthy 

skin cells with minor adverse effects, thus improving clinical aspects with smoother 

and less visible scars. There have been reports of PDT reducing significantly lesion 

size of different models of Leishmania-infected mice, hence promoting a better 

clinical aspect over CL lesions.50,51 These results have been attributed to the 

modulation of inflammatory response, thus favoring clinical healing with an improved 

cosmetic outcome.50 

  In addition, it has been shown that red light sources have a deep penetration 

into tissue and stimulate fibroblast growth factors at the site of infection, thus 

inducing a rapid re-epithelization.137 In this sense, our results show that DMMB-PDT 

could help promote wound healing with great potential to be a safe therapy suitable 

for topical administration. 

 Macrophages are phagocytic cells with protective functions against several 

pathogens. Activated macrophages are able to produce reactive species promoting 

parasite killing and control of CL infection. However, they are the main host cells for 

Leishmania, which can subvert antimicrobial macrophage defenses, hence surviving  
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in harsh conditions.138 Therefore, infected macrophages are the major targets for the 

development of new therapeutic strategies.  

 Nevertheless, ideal treatments should be selective for parasites over the host 

cells, preventing photodamage over non-infected macrophages. This selective 

toxicity includes the uptake and distribution of drugs within infected cells as well as 

its accumulation into the PV.138 In this regard, PDT has the advantage of dual 

selectivity, in which the photosensitizer can specifically target intracellular organelles, 

and yet, light can be delivered directly onto the desired lesion, resulting in a 

promising and potent local therapy to treat infectious diseases.139,140  

 Several cationic photosensitizers have shown selectivity against Gram (-) 

bacteria.139,140 The cationic photosensitizer chlorin e6 showed a selective uptake of 

bacteria compared to mammalian cells (by 5-20-fold), therefore promoting a targeted 

antimicrobial PDT.141 Because of a greater volume of mammalian cells compared to 

bacteria’s, the amounts of ROS generated (in the same conditions) were less likely 

to diffuse across the entire mammalian cell and reach sensitive organelles than 

those in the case of bacteria.141 Since amastigotes (approximately 1 to 4 µm in 

diameter) are much smaller than macrophages (approximately 20 µm in diameter), 

this could be one possible explanation for the good selectivity of DMMB-PDT in the 

present study.  

 The main targets of PDT include mitochondria, lysosomes and plasma 

membrane.140 In this sense, the one single mitochondrion present in Leishmania 

makes this organelle a potential drug target for development of antileishmanial 

compounds.142 As we have previously shown, DMMB-PDT leads to a mitochondrial 

dysfunction via loss of membrane potential, triggering parasites death. Yet, the lipid 

peroxidation observed by previous lipidomic analysis in the WT and MFR 

promastigotes suggested that plasma membrane could have been also oxidated. 

Thus, a rapid plasma membrane damage and mitochondria-targeted DMMB-PDT 

could as well elucidate such selectivity.   

 In addition, DMMB has been shown to accumulate into lysosomes of 

mammalian cells via endocytic pathways.53 In this regard, the amastigote form of L. 

amazonensis species are well-known for surviving within large PVs, which are 

phagolysosome-like structures.15 Therefore, it is very likely that DMMB uptake was 
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enhanced because of its physicochemical properties (such as lipophilicity), resulting 

in its accumulation into PVs, hence contributing to a localized photodamage.101   

 The multi-target characteristics of PDT make this technique an ideal 

candidate for the treatment of unresponsive patients, particularly those related to 

drug-resistant phenotypes. In this context, our results demonstrated that both WT 

and MFR intracellular amastigotes were very susceptible to DMMB-PDT, showing a 

high selectivity index in comparison to the standard oral drug miltefosine (see Table 

1).  

 Our previous study demonstrated that MFR promastigotes were more 

susceptible to DMMB-PDT than the WT strain, showing DMMB EC50 values of 34 nM 

and 53 nM, respectively. Conversely, for intracellular amastigotes higher EC50 values 

were observed for both strains, where the WT strain (EC50 52 nM) was found to be 

more susceptible to PDT than MFR cell line (EC50 77 nM) (see Figure 7.7).  

 Differences in susceptibility could be related to the survival strategies needed 

for amastigotes to persist in macrophages under stress conditions.23,138 It has been 

shown that amastigotes of L. amazonensis are more resistant to reactive species 

than promastigotes, thus suggesting the intracellular form of parasites adapt to 

survive and replicate within activated macrophages, which includes developing 

antioxidant mechanisms to deal with oxidative stress.23,70 

  Indeed, it has also been previously reported that miltefosine-resistant 

amastigotes of clinical isolates of L. donovani were more tolerant to ROS than the 

WT strain, behaving similarly to a miltefosine-resistant strain laboratory-induced.143 

This suggests the drug resistant phenotype might have adopted strategies to 

overcome oxidative stress, thereby increasing expression of antioxidant defenses, 

such as trypanothione synthetase and tryparedoxin peroxidase when compared to L. 

donovani WT strain.143 

 Moreover, differences in energy metabolism, levels of proteases (i.e., 

increased cysteine proteinase activity of amastigotes) and surface molecules (such 

as gp63 and LPG) have been also extensively reported in both Leishmania 

stages.138 Therefore, differences between promastigotes and amastigotes go beyond 

their morphological features. Indeed, biochemical and molecular changes may partly 

elucidate the variations in drug sensitivity between both forms.138  
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 It is worth mentioning that drug sensitivity is also dependent on drug 

formulations, mechanism of action, Leishmania species and type of infected 

macrophages.144 Thus, those variables should also be taken into account for 

development of new antileishmanial approaches.  

 In conclusion, we have successfully demonstrated for the first time the 

potential of DMMB-PDT against intracellular amastigote forms of two L. 

amazonensis strains, including a miltefosine-resistant cell line. Our results indicate 

that our treatment effectively inactivated both strains without promoting cytotoxic 

effects to mammalian cells. Additionally, selectivity index of DMMB-PDT was much 

greater than that of miltefosine, suggesting it is a safe therapy to be applied. Thus, 

DMMB-PDT is a promising therapeutic strategy to treat CL. We hope to encourage 

future in vivo studies to investigate the best protocols in animal models. 
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8. CONCLUSION 
 

 In our study, we demonstrate that either ROS or NO, both endogenous 

molecules, can effectively be administered exogenously as potential strategies to 

target CL. Both treatments promoted significant inactivation of Leishmania parasites. 

Particularly, NONPs did not show any signs of adverse effects, nor even minimal 

scars, hence they are well tolerated in mice and have a great potential to be safely 

implemented in future clinical trials with the appropriate protocol. 

 PDT has been widely studied as a topical strategy against several Leishmania 

species, including in preclinical and clinical trials. However, here we show for the first 

time that PDT can also inactivate a drug resistant strain. Thus, it could be suitable for 

unresponsive cases to current drugs. Nevertheless, DMMB-PDT activity still needs 

to be addressed over in vivo studies, in order to demonstrate whether it could 

effectively overcome the antileishmanial drug resistance issue.    

  In conclusion, both topical therapies that generate ROS and NO could 

improve the immune response in those patients that have undergone macrophage 

inactivation, and therefore are unable to produce both reactive species. 
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