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SUMMARY 

Although leishmaniasis is framed within neglected tropical diseases, it also 

represents a public health threat in the European Union countries, among which 

there are many endemic countries.  

Public institutions and organisations such as the World Health Organization and 

the Drugs for Neglected Diseases initiatives have called for research work to 

develop new topical treatments against the localised cutaneous forms of the 

disease and as a complementary therapy for those disease forms that present a 

higher risk of mucosal involvement, which should also be treated systemically. The 

lack of effective topical formulations, which could offer many advantages over 

systemically-delivered drugs, urges the need to develop new therapeutic options 

for these patients. In addition, the fact that the skin immune microenvironment 

and host immunity have a strong influence on drug efficacy and lesion resolution 

requires more in depth studies in order to find new treatment options which could 

contribute to lesion healing. Accordingly, we explored novel pharmaco- and 

immunotherapeutic strategies for the topical treatment of cutaneous 

leishmaniasis.  
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Chapter 1 

General introduction
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1. Cutaneous leishmaniases (with a special focus on the 

localized and mucosal forms). Impact of the disease. 

 

       Neglected tropical diseases are a group of tropical infections including 

trypanosomiasis, filariasis, schistosomiasis, onchocerciasis, leishmaniasis and 

other such diseases of poverty. Within them, leishmaniasis has among the highest 

levels of morbidity and mortality. The leishmaniases are caused by protozoan 

parasites transmitted through the bite of the female phlebotomine sandfly (genus 

Phlebotomus and Lutzomyia). More than 20 different of Leishmania species can 

cause disease in humans and they can be broadly categorised into cutaneous and 

visceral leishmaniasis (CL and VL). The dichotomy in evolutionary terms between 

Old World (OW) and New World (NW) CL as well the visceral disease is some 40–

80 million years, which is comparable with the divergence of the mammalian 

orders. Therefore, it is not surprising that different Leishmania species have 

evolved specific adaptations to insect vectors and disparate vertebrate hosts. As a 

result of the interaction between different species of the parasite, the vector, the 

mechanisms of the immune response of the vertebrate host, and also perhaps 

genetically determined responses of patients, a spectrum of clinical, 

histopathological, and immunopathological manifestations is observed in humans 

(1,2). 

 

       Old World Cutaneous Leishmaniasis (OWCL) is endemic in Asia, Africa, the 

Mediterranean region, and the Middle East. The species responsible for OW 

cutaneous disease include L. tropica (regionally known as Oriental sore, Baghdad 

boil or Delhi boil), L. major, L. aethiopica, and L. infantum (the most common in 

Europe). In the NW, the offending parasites include L. mexicana (chiclero´s ulcer), 

L. braziliensis, L. panamensis (úlcera de Bejuco), L. guyanensis (pianbois), L. 

peruviana (uta), and L. amazonensis. The disease distribution range includes 

Central America, most of South America, and southern Texas (1,2). 
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VL

NW: L. infantum, L. chagasi

OW: L. infantum (Mediterranean, Africa) and L. donovani (India)

MCL

NW: L. (Viannia) braziliensis, L. (V) guyanensis, 

L. (V) panamensis

CL

NW: L. mexicana, L. braziliensis, L. panamensis, 

L. guyanensis, L. peruviana, L. amazonensis.  

OW: L. tropica, L. major, L.aethiopica, L. infantum

Figure 1: Global distribution of leishmaniasis. Adapted from Hartley et al. (3) 

 

       OWCL presents 3 different clinical forms (Figure 2): (i) localized, (ii) chronic 

relapsing, and (iii) diffuse. (i) The localized form (LCL) has an incubation period 

that typically ranges from 2 to 4 weeks. It begins as an asymptomatic papule or 

papules, which enlarge and form well circumscribed ulcers with a raised 

violaceous border. These ulcers leave a drepressed scar when they heal. It can be 

caused by: L. tropica (resulting in few lesions) and L. major (typically resulting in 

multiple ulcers which may become confluent and secondarily infected), all of them 

usually healing within a year, or L. aethiopica, giving rise to slower-growing ulcers 

than the other forms but which also take longer to heal (2-5 years). Although L. 

infantum also causes VL, cutaneous lesions may develop without any visceral 

involvement and causing a single nodular lesion of the face (although there is no 

crust or ulcer and except for the induration and colour, the skin on the lesion looks 

almost normal). (ii) Chronic relapsing cutaneous leishmaniasis, or leishmania 

recidivans, is predominantly caused by L. tropica. The slowly progressing lesions, 

usually on exposed areas, are characterized by a scar with peripheral activity. (iii) 
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Finally, L. aethiopica is the organism responsible for diffuse cutaneous 

leishmaniasis (DCL) in the OW, which is rare. It is characterized by widely 

disseminated cutaneous macules, papules, nodules or plaques that slowly progress 

and eventually affect nearly the entire cutaneous surface, although it has a 

predilection for the skin of the face, ears, elbows, and knees. There is no ulceration 

and lesions contain an abundance of parasites and give the face and ears 

characteristic leonine facies that mimics lepromatous leprosy. This disease does 

not heal spontaneously, and relapses are frequent after treatment (1,2,4). 

 

       Finally, in the OW there is also a dermatological condition known as post-kala 

azar dermal leishmaniasis (PKDL), which occurs in all areas endemic for L. 

donovani but is commonest in East Africa and on the Indian subcontinent, where 

up to 50% and 10% of patients with kala-azar (VL), respectively, develop the 

condition. PKDL usually appears 6 months to 1 or more years after apparent cure 

of VL. Hypopigmented or erythematous macules on any part of the body may later 

become papular or nodular and infiltrative, especially on the face. PKDL heals 

spontaneously in a proportion of cases in Africa but rarely, if ever, in patients in 

India (1,2,4). 

 

 

Figure 2: The OW cutaneous leishmaniases (from left to right): (i) localized, (ii) chronic 

relapsing, (iii) diffuse and (iv) post-kala azar.  

 

       In the Americas, a wide range of clinical manifestations are caused by multiple 

and phylogenetically distinct Leishmania species. Although some clinical 

manifestations are more frequently associated with a particular species or 

subgenus, none is unique to a species. New World Cutaneous Leishmaniasis 

(NWCL) forms include (i) localized, (ii) disseminated, (iii) diffuse and (iv) 

mucocutaneous leishmaniases (Figure 3). In general, the American forms of 
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leishmaniasis differ from the OW forms in that they cause a more rapid 

pathological development, wetter and larger ulcers, a longer ulcerative phase and a 

higher degree of connective tissue involvement. (i) LCL in the NW is caused by L. 

mexicana, (lesions often heal spontaneously within 3–4 months) or by L. 

braziliensis, L. panamensis, L. guyanensis and L. peruviana (they may heal without 

treatment after 6 months). Chiclero’s ulcer, caused by L. mexicana, consists of a 

slowly evolving ulcer occurring on the face or pinna of the ear and it may persist 

for 20 years. L. peruviana causes a disease which is predominantly seen in 

preschool age children in Peru. (ii) Disseminated CL presents as extensive, 

numerous nodular or ulcerated lesions and has been described in association with 

L. braziliensis, L. panamensis, L. guyanensis and L. amazonensis infections. Over 20 

and up to hundreds of cutaneous lesions may occur with or without mucosal 

involvement. (iii) NW DCL is clinically and pathologically similar to the OW form. 

There are usually no mucosal lesions and the condition does not heal 

spontaneously. Initially, the disease responds to standard treatment but relapses 

and becomes unresponsive to further treatment. DCL has been associated only 

with L. mexicana and L. amazonensis. (iv) Finally, MCL usually occurs after the 

apparent resolution of cutaneous infection. Despite lesions normally appear within 

2 years of cutaneous infection, they may take as many as 30 years.  L. braziliensis 

accounts for most cases of MCL, although it can also result from L. guyanensis and 

L. panamensis infection. The nasal and oral cavities are preferentially affected and 

ulcerative lesions may extend into the oropharynx and the trachea. Mucocutaneous 

disease can be markedly disfiguring and even life-threatening. In endemic 

countries, the percentage of cases of CL with subsequent mucosal involvement is 

about 3% to 5%, but may be as high as 20% or more in certain regions. Most cases 

are reported in Bolivia, Brazil and Peru (1,2,5). Due to the fact that our 

experiments have been carried out with L. major and L. braziliensis, this 

introduction will focus on the pathogenesis of CL and MCL (not the diffuse and 

disseminated forms of the disease) and on the immune response triggered by these 

strains.  
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Figure 3: The NW cutaneous leishmaniases (from left to right): (i) localized (chiclero’s 

ulcer), (ii) disseminated, (iii) diffuse and (iv) mucocutaneous.  

 

       CL has been neglected as a public health problem because it is not a killing 

disease. However, published disease burden estimates place fourth in morbidity 

among all tropical diseases (6). Also, the impact that CL has on propagating 

poverty is important, since treatment is expensive and is therefore either 

unaffordable or involves a great loss of wages (4). Furthermore, apart from 

impoverishment, the impact on patients and their families includes the social and 

psychological stigma of visible lesions and disfigurement (6). Because CL is a 

potentially severe and disfiguring disease, it can lead to exclusion from society due 

to the mistaken belief that the disease is directly contagious. In fact, mothers may 

refrain or be prohibited from touching their children, young women with scars are 

unable to marry, and the disease may provide the pretext for a husband to 

abandon a wife (7).  

 

       Although leishmaniasis primarily affects poor populations and is considered as 

a tropical disease, two transmission cycles are endemic in the EU: (i) zoonotic VL 

and CL caused by L. infantum throughout the Mediterranean region, having dogs as 

reservoir host (Figure 4, left panel), and (ii) anthroponotic CL caused by L. tropica 

(needing no reservoirs for transmission), that occurs sporadically in Greece and 

probably neighboring  countries, which poses a high risk of introduction by 

migrants and travellers into the rest of the EU (Figure 4, right panel). More 

recently, a third parasite species (L. donovani, anthroponotic) has been recorded in 

Cyprus, where it causes both VL and CL. In the EU, L. infantum represents a latent 

public health threat due to the high prevalence of asymptomatic carriers, to the 

risk of disease reactivation due to human immodeficiency virus (HIV) infection or 

pharmaco-immunosuppression, and to the high canine seroprevalence rates, that 
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are estimated to reach 5-30%, which means that infection rates could reach values 

of 40-80% (8,9).  

               

 

 

Figure 4: Distribution by country of Leishmania species transmitted by phlebotomine 

sandflies in Europe up to 2009. Left panel: L. infantum; right panel: L. tropica. Grey: absent; 

dark grey: present; white: sporadic or untyped infections; black untyped infections. 

Presence in North Africa and Middle East not depicted (9). 

  

1.1 Biological cycle: parasites, vectors and reservoirs 

 

       The leishmaniases can be classified into two categories according to the role of 

human beings in the persistence of the parasite: anthroponotic and zoonotic. In 

anthroponotic leishmaniasis, parasites are transmitted from human to human by 

means of the bite of a sandfly and they can persist for long periods in their 

organism. Therefore, humans become the “reservoir” of Leishmania. In other 

situations, reservoir hosts are domestic or wild animals, mainly dogs and rodent 

species, respectively. In this case, leishmaniasis is zoonotic (4).  

 

       The biological cycle proceeds as following: first, Leishmania parasites are 

transmitted by the bite of infected female phlebotomine sandflies, which inject the 

infective stage (promastigotes) from their proboscis during blood meals.  In the 

skin, promastigotes are phagocytized by the mononuclear phagocytic cells 

neutrophils and macrophages. In macrophages they are transformed into their 
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replicative stage (amastigotes), which multiply by simple division inside new 

organelles called parasitophorous vacuoles (PVs). Some strains live in large 

communal PVs that contain several parasites within one membrane, whereas other 

contain fewer amastigotes. When their maximum capacity is reached, amastigotes 

cause cell lysis and proceed to infect other mononuclear phagocytic cells. The cycle 

is completed when sandflies become infected by ingesting cells containing 

amastigotes during blood meals from an infected host. Whenever sandflies bite 

infected skin, they make a pool: with their mouthparts, which have cutting and 

saw-like edges, they scratch the tissue of the dermis, which contains several 

macrophages full of amastigotes, and mix them with blood. As it can be seen in 

Figure 6, infected macrophages reside in the dermis, the deepest skin layer. Then, 

in sandflies, amastigotes transform into promastigotes, develop in the gut (in the 

hindgut for leishmanial organisms in the Viannia subgenus and in the midgut for 

organisms in the Leishmania subgenus), and migrate to the salivary glands (1,4). 

 

 

 

Figure 5: Biological cycle of Leishmania (10). 
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Figure 6: Hematoxylin–eosin stains of a nodule on the forearm reveal numerous round, 

basophilic intracellular amastigotes using x40 and x1250 magnification, respectively (11). 

 

       The only proven vectors of human disease are species and subspecies of 

Phlebotomus in the OW and Lutzomyia in the NW. The sandfly is a small insect that 

is silent and one-third the size of a mosquito. These insects rest during the day in 

cooler areas of vegetation (where they also breed) and are active between dusk 

and dawn; bites may or may not be painful. The sandfly has a life span of about 30 

days and is actually a poor flier, going up to only approximately 2 meters, covering 

only short distances at a time (1). Females of many species are predominantly 

exophagic (biting outdoors) and exophilic (resting outdoors during maturation of 

eggs) and cannot be controlled by spraying internal walls of habitations with 

insecticide (2). According to some molecular markers studies, in Europe, vectors of 

leishmaniasis have been extending their ranges northward since the last ice age 

(approximately 12,000 years ago) (9). 

 

       Reservoirs include canines and other mammalian species, including rodents, 

bats, baboons, leopards, and hyenas. Domestic and sylvatic mammals infected with 

Leishmania may or may not show obvious signs of infection. Often, there are 

relatively few amastigotes in the skin or viscera and minimal or no detectable host 

response. Some mammals, however, such as dogs, may eventually be killed by the 

infection. In dogs, parasites are abundant in the viscera and dermis, from where 

they are readily picked up by their vectors (2). 
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1.2 Prevalence and incidence. 

 

       A total of 98 countries on all continents except Australia and Antarctica have 

reported endemic leishmaniasis transmission. Approximately 0.7 to 1.2 million CL 

cases occur each year in the epidemiological regions of the Americas, the 

Mediterranean basin (where the highest disease burden is reported, Table 1), and 

western Asia from the Middle East to Central Asia. Although it occurs globally, it 

has a disproportionate impact in Afghanistan, Algeria, Colombia, Brazil, Iran, Syria, 

Ethiopia, North Sudan, Costa Rica and Peru, which together account for 70 to 75% 

of global estimated CL incidence (12). However, it has to be taken into account that 

a high underreporting is to be expected. This is due to the fact that leishmaniasis 

occurs predominantly in remote locations, it is notifiable in only 33 of 98 endemic 

countries, and many cases are treated by non-governmental organizations or the 

private sector. In studies, underreporting has varied from 2-fold to 40-fold (6). For 

this reason, in Table 1 a highly variable incidence in the different endemic regions 

and also globally, has been estimated.  In European countries, cutaneous lesions 

due to L. infantum are often benign and patients are seen by general practitioners 

or dermatologists who generally do not report these cases or notify them even 

when mandatory (8). In non-endemic countries, CL is becoming a growing problem 

in returning travellers and deployed military personel in conflict areas (13). 

Clinical disease in men is reported more frequently than that in women in most 

endemic countries. Although this difference could be due to more frequent 

exposure of males than females, it is also due to underdetection of disease in 

women in traditionally male-dominated societies (2).  

 

       In Spain, leishmaniasis caused by L. infantum is an endemic zoonosis which is 

present in Peninsular Spain and the Balearic Islands. In our country, 3 different 

disease patterns occur: (i) epidemic pattern, (ii) infections associated with HIV 

coinfection or pharmacological immunosuppression, and (iii) epidemic outbreaks. 

In fact, since 2009 there is an ongoing outbreak in the region of Madrid which has 

been linked to the presence of a new reservoir: the hare. From 1996 to 2011 the 

incidence rate in Spain was 0.45/100,000 inhabitants but since 2012 it has risen to 

21.54/100,000 due to this outbreak (14). Also, in the village of Tous (in Valencian 
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Community), a community outbreak caused by L. infantum affected 19 people from 

the 28th week of 2012 to the 30th week of 2013 (15). 

 

Table 1: Global reported and estimated incidence of CL (16).  

 Reported 
cases/year 

Countries with 5 
years of data 

Estimated annual CL 
incidence 

Americas 66,941 14/20 (70%) 187,200 to 307,800 

Sub-Saharan Africa 155 5/15 (33%) 770 to 1500 

East Africa 50 0/6 (0%) 35,300 to 90,500 

Mediterranean 85,555 17/26 (65%) 239,500 to 393,600 

Middle East to 
Central Asia 

61,013 16/18 (89%) 226,200 to 416,400 

South Asia 322 2/2 (100%) 1900 to 3500 

Global total 214,036 53/87 (61%) 690,900 to 1,213,300 

 

 

1.3 Ethiology 

 

1.3.1 Nutritional and genetic susceptibility  

 

       In the developing countries, leishmaniasis often co-exists with protein 

malnutrition, which has been linked to susceptibility to Leishmania infection. It has 

been suggested that this effect is mediated primarily through immune response 

impairment because of (among other possible mechanisms): overexpression of 

arginase in macrophages and monocytes (that leads to the depletion of L-arginine, 

necessary for T-cell activation), and decreased shedding of L-selectin (CD62 L), 

down-regulation of CD11 b expression on the surface of the polymorphonuclear 

neutrophil granulocytes and monocytes (which could hindrance their endothelial 

walls adherence capacity) as well as reduced production of IFN-γ and TNF-α by 

these cells (17-19). 

 

       Given the complexity of the immune response and the disease spectrum of 

clinical phenotypes which lead to variable disease susceptibility, prognosis and 

therapy response, a genetic basis in the host has also been suggested. In fact, 

several studies have supported this hypothesis by showing familial clustering of 

cases, ethnic differences in disease presentation and variable progression between 
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natives and migrants in endemic areas or between different ethnic groups that 

share the same environmental exposure. Besides, common susceptibility foci have 

been identified. For example, funcional genetic variants in cytokine genes such as 

the IL-4 promoter and the first intron of the IFN-γ gene might influence the 

progression of disease and the chronification of CL, respectively. Or genetic 

polimorphisms of the FCN2 gene, which encodes the serum protein ficolin-2 that 

binds to different patogen-associated molecular patterns (PAMPs), may have an 

influence on the susceptibility to leishmaniasis. More recently, analysis IL-10 and 

TNF-α polymorphisms in Brazilian and Venezuelan subjects demonstrated a link 

between a genotype, high levels of IL-10 and severe lesions and an increased 

susceptibility to MCL, respectively.  Also, inheritance of several HLA (Human 

Leukocyte Antigen) alleles has been linked to disease outcome in CL and MCL (20-

23). 

 

1.3.2 Immunity and skin pathology 

 

             When an infected sandfly bites, parasites are deposited into the dermis and 

the skin innate immune system triggers two complementary response pathways: 

(i) recruitment of proinflammatory cells from the innate immune system and (ii) 

promotion and induction of adaptive immunity (24). As the major Leishmania 

species complexes diverged millions of years go, it is unsurprising that different 

virulence factors have been identified for different species and as a consequence, 

the growth of the different species is subject to different immunological controls. 

The immune response against Leishmania parasites in the skin is very complex and 

the relative contribution of the different cutaneous immune cell populations in 

balancing immunity and tolerance is continuosly being debated. What is 

understood is the fact that an excess or a deficit of the immune response 

contributes to the clinical presentations in the different disease forms. In this 

context, recent research works have shown how the different immune cells in 

subsequent infection stages may contribute to establishment of infection and 

pathology in CL and MCL. Understanding the immunological kinetics of lesion 

progression in CL will be critical to achieve a better understanding of the 

establishment of pathology and how it can be prevented. 
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       Firstly, following the detection of parasite invasion in the acute phase of 

infection, a local inflammatory reaction occurs due to the infiltration of dendritic 

cells (neutrophils, macrophages, inflammatory monocytes) and because of the 

release of pro-inflammatory chemokines and cytokines by keratinocytes. No 

macroscopic pathological changes occur during this initial phase (5). Although 

macrophages are the cells predominantly infected in leishmaniasis and the 

primary host cell for Leishmania, evidence has supported the early recruitment of 

neutrophils to the inoculation site. Host, parasite, or vector factors that promote 

sustained neurophil influx and altered neutrophil functions can facilitate 

promastigote infection in the host and parasite spread to other cells (25). Thus, 

neutrophils serve as the first host cells and then, dying neutrophils secrete 

chemotactic factors such as MIP-1 (Macrophage Inflammatory Protein-1) to attract 

macrophages, which remove apoptotic neutrophils containing promastigotes by 

phagocytosis. This silent entry of Leishmania has been called “Trojan horse” 

strategy (26-29).   

 

       After this initial acute inflammation, a silent phase which is characterized by 

the highest parasite loads and a predominant monocytes/macrophages infiltrate, 

starts. Also, at this point, no overt pathology has been recorded in experimental 

animal models of infection (5). When macrophages are infected, different 

responses can be triggered depending on the macrophage activation state, the 

Leishmania species and the host genetics. Upon Leishmania infection, they may 

present leishmanicidal activity (classically activated or M1 phenotype) or they may 

become susceptible to infection (alternatively activated or M2 phenotype). These 

early events will determine the activation of T-effector cells and will therefore 

have an influence on the pathogenesis of the infection and the wound healing 

capacity of the skin cells. The recruitment of M1 macrophages leads to the release 

of cytokines that contribute to macrophage activation (IFN-γ, TNF-α, IL-12) and 

once they have been activated, the oxidative burst is the main mechanism used by 

macrophages for Leishmania eradication (30). However, it has to be taken into 

account that production of antimicrobial molecules such as reactive oxygen species 

(ROS) and nitric oxide (NO), through the action of inducible nitric oxide synthase 

(iNOS) mediates subsequent stages of fibroplasia and formation of granulation 
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tissue in subsequent phases. In fact, a strong positive correlation between NO 

production and lesion size of CL patients has been observed (31). On the contrary, 

release of anti-inflammatory mediators such as TGF-1β (transforming growth 

factor 1β) and PGE2 (prostaglandin E2) blocks macrophage activation (32) and 

leads to the recruitment of M2 macrophages (33) and the production of regulatory 

cytokines like IL-4 and IL-10. This suppressive environment could lead to 

increased growth of intramacrophagic pathogens, as these macrophages produce 

ornithine and polyamines via arginase, which satisfy the parasites’ nutricional 

needs and thus contribute to parasite growth (32). However, this macrophage 

subtype has been reported to favor wound repair and new tissue development 

(34). 

 

       After this initial period of infection, there can be at least three outcomes: 1) 

control of the parasite by the host immune response resulting in asymptomatic 

disease, 2) patent infection and development of a relatively mild form of 

leishmaniasis (LCL), and 3) patent infection and development of severe clinical 

forms (MCL) (5). The factors that will determine the outcome of the infection will 

depend on: the involvement of host immune cells (macrophages, neutrophils, 

dendritics cells, DCs), the intensity of infection, (at the site of the infection) and  on 

the development of the adaptive immune response made up of B and T cells (CD4, 

CD8), whose balance will determine the development of a pro- or anti-

inflammatory response depending on the production of pro- or anti-inflammatory 

mediators (35). 

 

       Because neutrophils, macrophages, and NK cells contribute only partially to 

parasite killing, successful antileishmanial immunity will depend on the 

recruitment of appropriate immune effector cells to the site of infection.  In this 

context, T lymphocytes are generally responsible for intracellular pathogen 

elimination because B lymphocytes are more appropriate for the elimination of 

extracellular pathogens. Both IFN-γ producing CD4 and CD8 T cells are abundant 

in CL lesions and in mucosal lesion biopsy samples in MCL. They are required for 

resolving the infection, along with a balance between Th1 and Th2, preferably a 

Th1 skewed response (27). These ‘Th’ designations are given to CD4+ (T-helper) 
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cells expressing distinct sets of cytokines, which promote either a cell-mediated 

response (Th1) or an antibody-mediated response (Th2) (3,35). The induction of 

an early IFN-γ-producing Th1 cells is initiated by interleukin 12 (IL-12) produced 

by infected dendritic cells. This IFN-γ produced by CD4+ Th1 cells is critical for 

activating infected macrophages to produce NO that is responsible for killing 

Leishmania parasites within infected cells. Oppositely, Th2 cells divert the immune 

response to humoral immunity and down regulation of cellular immunity with Th1 

cell anergy. It is inappropriate for intracellular infection and may perhaps even 

promote parasite entry through opsonized phagocytosis. It is important to note 

that the strict Th1 and Th2 dichotomy in the experimental murine models does not 

reflect human disease, in which a mixed picture is often observed (27).  

 

       In the process of generating an adaptive immune response, cytokines, which 

are polypeptidic cell signaling mediators that that coordinate recruitment of 

leukocytes involved in homeostasis as well as in innate and adaptive immune 

responses, play a crucial role: they affect cell function in an autocrine, paracrine, or 

endocrine manner, thus presenting local and systemic effects. Infection with 

Leishmania induces the expression of a number of cytokines in the host and the 

balance in the production by macrophages and DCs of proinflammatory (Th1), 

antiinflammatory (Th2) and regulatory (Treg) cytokines determines the profile of 

immune response and influences disease severity. Despite there is no mechanism 

available to predict whether or in whom the most serious forms of CL may develop, 

all these cytokines are involved in the clinical course of CL and are likely associated 

with disease outcome, being responsible for either complete healing or remission 

or, on the other hand, the development of relapses and more severe forms of the 

disease (36).   

 

      Individuals that are infected with Leishmania and do not develop the disease 

seem to have a weaker Th1 response. Therefore, it may be possible that parasite 

replication in these patients is controlled by the innate immunity (37). If the 

disease develops, the active phase of the infection starts with the formation of a 

lesion which is infiltrated by CD4+ and CD8+ T cells (38). In CL infection, skin 

immunological responses are greatly driven by Th1 CD4+ T cells producing 
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monocyte and macrophage activating cytokines like IFN-γ and TNF-α together 

with regulatory cytokines like IL-10 and IL-4 (39). At this point, the struggle of the 

immune system to control Leishmania replication may lead to an induction of 

immunopathology by excessive inflammatory responses. The fact that the parasite 

load decreases at this point backs up the hypothesis that skin inflammation is 

caused by the immune response to infection rather than the parasite per se. In 

addition, upregulation of Fas, FasL, and TRAIL precedes the skin ulceration that 

will take place in the next phase (5).     

 

       During the ulcerative phase, there is a prominent CD4+ and CD8+ T cell 

infiltration that contributes to reinforce the status of polarization. Granulomas 

appear and the number of B cells increases. In addition, keratinocyte cell death 

occurs and apoptotic cells appear (38). Interestingly, although TNF-α and IFN-γ 

play a pivotal role in disease resolution in CL, their upregulation is associated with 

promotion of tissue destruction (40). The expression of IL-10 is also higher and the 

IFN-γ/IL-10 balance ratio will determine the intensity of the protective immune 

response. IFN-γ leads to an upregulation of iNOS in infected macrophages, which in 

turn generates NO, leading to killing of the intracellular parasites and the outcome 

is that rapidly growing lesions develop but then heal, with very low persistent 

parasite burdens. However, IL-10 suppresses the IL-12 pathway and prevents 

healing in IL-10 KO mice through the upregulation of arginase1 activity (41,42). In 

ulcerative lesions, there is an exacerbated Th1 immune response that coexists with 

an elevated presence of T-regulatory cells expressing IL-10 and TGF-β, which could 

explain the progression of the disease in spite of high prodution of IFN-γ and TNF-

α (43). In addition, the presence of IL-17 producing cells, as well as IL-17 inducing 

cytokines (IL-1β, IL-6, IL-23, TGF-β), have a protective role in conjunction wih Th1 

cell activation but their detrimental role is related to the mediation of the 

regulation of additional waves of neutrophil recruitment that promotes lesion 

progression and tissue damage (44). Regarding CD8+ T cells, despite they have 

been associated with protective immunity in CL through cytokine production (IFN-

γ, for example), they contribute to the immunopathological responses in CL and 

ML because of their cytotoxic activity. CD8+ T cells are associated with a lytic 

function that is produced by the release of granules containing perforin and 
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granzymes at the immunologic synapse, leading to lysis of the target cell. In fact, 

the levels of CD8+ T cells expressing granzyme B were higher in patients with large 

skin ulcers than those with nodular lesions (28,35,45).  

 

       In many cases, localized CL is self-limiting after patients develop protective 

adaptive immunity, although extensive scarification at the site of resolved lesions 

is typical. When infection resolution takes place in LCL, the healing phase starts 

and there is a gradual decrease of macrophages and parasites, dermal fibrosis 

occurs together with re-epithelialisation and keratinocyte proliferation, and giant 

cell granulomas in which natural killer (NK) cells are found are reported (5). 

Finally, hypo- and hyper-pigmented depressed scars appear. NK cells have been 

involved in infection control because they are able to lead to an early production of 

IFN-γ and TNF-α after the interaction of Leishmania lipophosphoglycan (LPG) with 

their toll-like receptor 2 (TLR-2) (46-48). In LCL, TNF-α, IFN-γ and IL-12 are 

upregulated at this stage. Although the intrinsic macrophage autoregulation 

mechanism through IL-10 and TNF-α production is active in this disease form, IL-

12 expression in also higher and induces naïve CD4+ T cells maturation toward an 

IFN-γ producing Th1 phenotype (resistant to infection), which in turn leads to 

macrophage M1 activation and elimination of parasites (49). 

 

      Contrarily to LCL, MCL is a chronic, non-healing form of Leishmania infection 

which presents epidermal hyperplasia. Pathologically, MCL is characterized by 

aggressive effector T cell responses through the production of excessive amounts 

of proinflammatory cytokines (IFN-γ, TNF-α, IL-6), which is a hallmark of MCL 

(25), and at the same time reduced levels of IL-10. IL-10 is a potent antagonist of 

IFN-γ effects and has been considered as an important regulatory cytokine in 

leishmaniasis. It has anti-inflammatory properties that include inhibition of 

inflammatory mediators and suppression of dendritic cell functions, which could 

be considered a homeostatic mechanism to limit the tissue damage caused by 

excessive inflammation, In MCL, lower expression of IL-10 receptor and IL-10 

compared to the cutaneous form may be related to the more pronounced 

proinflammatory response and tissue damage in this disease form (27,50,51). In 

MCL, lack of response to IL-10 can be in part explained by the down-regulation of 
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the IL-10 receptor in the cells of MCL lesions compared with LCL (52). Also, 

antibody responses are higher in MCL than in LCL. Ligation of antibodies to Fc-

receptors on macrophages has been shown to induce production of IL-10 and drive 

development of alternatively activated macrophages (38).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

Figure 7: Chronology of the immunological events that occur upon Leishmania infection. 

After the inoculation of the metacyclic parasites by the infected sandly, in the acute phase 

of infection (1), a local inflammatory reaction occurs due to the infiltration of neutrophils, 

macrophages, and inflammatory monocytes. The silent phase (2) is characterized by the 

highest parasite loads and a predominant monocyte/macrophage infiltrate. Macrophages 

may present leishmanicidal activity (M1) and lead to asymptomatic disease (3.2) or they 

may become susceptible to infection (M2), favoring infection progression (3.1). In the 
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active phase (3.1) there is a prominent CD4+ and CD8+ T cell infiltration and 

upregulation of Fas, FasL, and TRAIL, which precedes the skin ulceration in the 

next phase (4). During ulceration, production of the proinflammatory cytokines TNF-α 

and IFN-γ and the regulatory cytokines IL-10 and TGF-β is upregulated. CD8+ T cell 

produce granzymes and perforin, which contribute to skin pathology. In LCL, when 

infection resolution takes place (5.1), the number of infected macrophages decreases and 

re-epithelialisation and keratinocyte proliferation are reported. There is a balance 

between the production of pro-inflammatory and regulatory cytokines. In MCL, the 

disseminated form of the disease (5.2 or 6), few infected macrophages persist, excessive 

amounts of TNF-α, IFN-γ, and IL-6 are produced, and IL-10 is down-regulated. 

 

1. Recommended treatments and new treatment options for CL 

and MCL. 

 

       Many different therapeutic interventions, including local, systemic and physical 

treatments (e.g. cryotherapy, thermotherapy), have been used and tested in CL (4). 

But due to the fact that very limited resources are invested in the research of new 

treatments, the antileishmanial therapeutic arsenal still includes prolonged and 

expensive drug treatments which lead to adverse effects and have displayed a 

variable efficacy. No single therapy is 100% effective: current treatments for CL 

are poorly justified and have sub-optimal effectiveness. A principal reason for this 

is that CL exhibits a range of clinical phenotypes with variable prognoses (13). 

Furthermore, the drugs that are available have been further hindered by the 

emergence of resistance (3,11).  

 

       According to the World Health Organization (WHO), the most pressing 

research needs for leishmaniasis control are the search for alternative and cheap 

drugs for oral, parenteral or topical administration in shorter treatment cycles 

(53) and efforts should be made to promote regional evaluation of locally 

appropriate therapies, including topical therapies for CL (2). The development of 

new medicines and formulations for the different forms of leishmaniasis is 

challenging because of the variety of parasite species, pathology and immune 

responses (in particular immunosuppression), but the reformulation of 
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antileishmanial agents so that they can be topically administered, the discovery of 

new molecules for skin administration, and the use of local immunotherapy are 

options that deserved to be studied.   

 

       2.1 WHO local-recommended treatments. Classification, mode of 

action, and costs. 

 

       In CL, systemic treatment is indicated in cases with multiple or large (4 cm) 

lesions, presence on the hands or feet, when the face or joints are affected, in 

immunosuppressed patients, and when mucosal spread might occur (L. braziliensis 

infection) (11). However, CL is best managed by local measures and topical 

administration may be also helpful in combination with oral treatments of more 

complex disease manifestations like MCL. The following drugs that have been 

approved by the WHO may be administered: intralesional (i.l), intramuscular (i.m) 

or topical. Topical paromomycin (PM) plus the penetration enhancer 

methylbenzethonium chloride (MBCl), antimonial compounds and the physical 

therapies thermotherapy and cryotherapy are the recommended treatment 

regimens for OW and NW strains. I.l antimonials and physical therapies may be 

combined or used as a single therapy. The currently available treatments that are 

recommended by the WHO lead to adverse effects: topical PM 15% formulated 

with MBCL 12% causes unacceptable stinging, i.l injections of antimony are painful 

and particularly problematic for children and patients with facial lesions, the 

ThermoMedTM device requires anesthetics to dull the blistering pain that results 

from intense heating of the skin, and cryotherapy creates edema and bullae, which 

necessitate 1–2 weeks of saline compresses and antibiotic creams (54). In addition, 

treatment-cycle costs are very high for many endemic countries. Therefore, the 

fact that the treatments that are recommended by the WHO present serious 

limitations urges us to discover new drugs and/or to develop alternative 

formulation strategies for the available molecules. 
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Figure 8: Treatment decision algorithm for patients with CL. Local WHO-recommended 

treatments of OW- and NWCL should be prescribed if: (i) PKDL is excluded, (ii) there is a 

single lesion, (iii) lesions are small, (iv) lesions are not present in hands, feet, face or joints, 

(v) patients are not immunocompromised, and (vi) no mucosal spread has occurred. 

Currently, it is being studied if CL caused by L. braziliensis should be treated systemically 

(55).  
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       PM (aminosidine) is an aminoglycoside antibiotic. In bacteria, PM inhibits 

protein synthesis, but in Leishmania the exact mechanism is not yet known. It is 

proposed to induce respiratory dysfunction in L. donovani promastigotes and it 

also promoted ribosomal subunit association of both cytoplasmic and 

mitochondrial forms, low Mg+2 which induced dissociation (56). It is not expensive 

and is safer that antimonials, amphotericin B (AmB) and the new drug 

pentamidine.  Its main disadvantage is that due to its poor oral absorption it has to 

be administered parenterally. A role for parenteral PM for CL is less well-

established, having demonstrated a limited efficacy in studies in infected patients 

in the Americas, although it is now moving through phase III trials on India and 

Africa against VL. Topical PM is widely used for the treatment of LCL without the 

potential to disseminate. The only commercialised topical formulation contains 

PM, which was first tested by El-On and colleagues in the 1980s (57). Leshcutan®, 

a commercialized ointment comprising of 15% PM sulphate and 12% MBCl (both 

of which have presented synergistic action in in vitro studies) in soft white paraffin 

(Teva Pharmaceutical Comp. Jerusalem, Israel), was proven to be highly effective 

against a variety of leishmanial strains (13). This topical formulation is easy to 

administer but its side effects include pruritus, burning, and vesicle formation.  In 

addition, a meta-analysis of 14 randomized controlled trials of topical PM 

concluded that its efficacy is similar to that of i.l antimonials for OWCL and that it is 

less efficacious than parenteral antimonials for NWCL (58). The reason why PM 

can be effective remains to be explored, as it is a relatively large molecule with 

molecular mass of 713.71 g/mol with high water solubility and oligosaccharide 

nature, which make it difficult to penetrate through the stratum corneum (SC) of 

the skin. In fact, this has been reflected in the lack of permeation through 

uninfected skin. In contrast, the permeation of PM through infected skin is 

expected because of the higher hydrophilic nature or the epidermis and the 

impaired skin barrier function (59,60). 

 

       The pentavalent antimony products available are sodium stibogluconate (SSG, 

Pentostam®) and meglumine antimoniate (MA, Glucantime®). Three main models 

have been proposed regarding the mechanism of action of pentavalent 

antimonials: (i) prodrug model, which claims that  pentavalent antimony (Sb(V)) 
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behaves as a prodrug, which undergoes biological reduction to much more 

active/toxic trivalent form of antimony (Sb(III)) that exhibits antileishmanial 

activity, (ii) intrinsic antileishmanial activity model, according to which, Sb(V) has 

intrinsic antileishmanial activity, and (iii) the host immune activation model, 

which affirms that which antimonials clear intracellular Leishmania parasites 

through the activation of the host immune system (61). Studies have reported that 

pentavalent antimonials’ parasiticidal activity is related to ROS generation, 

depletion of thiols, modulation of bioenergetic pathways (glycolysis, fatty acid beta 

oxidation, inhibition of adenosine diphosphate phosphorylation, blocking of tiol 

groups of amastigote proteins) and inhibition of topoisomerase II (56). The use of 

i.l antimonial drugs offers the benefits of antimonial therapy while reducing the 

toxicity of systemic therapy (cardiac conduction abnormalities, elevated serum 

transaminase and pancreatic enzyme levels) and the associated costs plus inducing 

a rapid response to treatment but it is painful (Figure 9) and requires the expertise 

of trained personnel to be administered. Furthermore, in the past 15 years, the 

emergence of antimonial acquired resistance in some strains has become a clinical 

threat. Widespread misuse of the drug, impaired host immune status and parasite 

cellular and molecular mechanisms such as thiol metabolism and drug efflux, may 

be involved in the process (2,11,61). In addition, recent studies performed by Perry 

et al. have suggested that high arsenic levels in drinking water could be also 

related to the rise of antimony resistance in Bihar state, India (62). 

 

 

 

Figure 9: Painful i.l administration of pentavalent antimonials (63). 

 

       Heat treatment locally kills the parasite and induces inflammation from a 

secondary burn (87). Thermotherapy can be given as a single session of treatment 

and it is an accepted alternative therapy for OW- and NWCL but requires the use of 
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the specific radio-frequency technology device Thermomed™ (the most supported 

by clinical trials), which can only be used by trained proffessionals. Local 

anesthetic and prophylactic antibiotics are required, as thermotherapy is 

associated with complications such as blistering and secondary infection. In 

addition, the cost of radio-frequency thermotherapy equipment makes it 

economically unaffordable for endemic populations (64,65). Recently, a low-cost 

heat pack named Hand-held Exothermic Crystallization Thermotherapy for 

Cutaneous Leishmaniasis (HECT-CL) device has been developed to delives safe, 

reliable, and renewable conduction heat (66).  

 

       Because all Leishmania species are markedly thermo-sensitive, liquid nitrogen 

can be used as one of the treatment options especially in resource poor settings 

(67). Cryotherapy has several advantages such that it does not have systemic side 

effects and does not require local anesthesia and it is cheap. In patients, it caused 

mild adverse side effects (hypo- and hyperpigmentation) and most of the patients 

were cured with negligible scarring. In addition, it was shown that, statistically, 

lesion size and location significantly affected the clinical response to cryotherapy: 

papules < 1 cm in diameter showed rapid healing in comparison with those of > 1 

cm diameter and the cure rates for lesions on the head and upper limbs were 

greater than those for the lower limbs and trunk (68). So far, there have been very 

few adequately powered, appropriately controlled trials of cryotherapy for CL and 

the best results have seemed to occur when cryotherapy and i.l SbV treatment 

were combined  (65,69).  

 

       2.2 Skin barrier in CL and MCL and topical formulation 

development. 

 

      There is an urgent need for new, effective topical treatments for CL in order to 

avoid: adverse effects resulting from unspecific delivery and systemic exposure, 

pain, compliance issues related to injections, and first-pass metabolism via the oral 

route that can lead to a high loss of drug. Moreover, topical therapy does not need 

infrastructure and trained personals and is easy to administer, which might result 

in high compliance, increased cost-effectiveness and therefore increased 
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acceptability by authorities. The fact that there have been few advances for the 

treatment of simple or complex forms of CL, other than topical PM formulations 

may be related to the complexity of the skin barrier and to the variety of skin 

lesions that are caused by the different Leishmania strains. Thus, it is necessary to 

study the influence of drug characteristics that improve drug transport through the 

different skin layers and the influence of the choice of the formulations upon 

different skin conditions in order to target the infected macrophages in the dermis. 

The overall need for CL are effective, well-tolerated, agents that are active against 

several etiologic species, yield superior cosmetic results, and can be manufactured 

at low-cost and adapted for use in rural areas. Moreover, new topical formulations 

should be able to address pathology and parasite replication but they should also 

help to remodelate the affected tissues, as tissue destruction and scarring are the 

main concern for most people affected (Figure 12) (38). 

 

       Human skin is composed of SC, epidermis (E) and dermis (D), from upwards to 

downwards. The SC (10-20 μm thick) is considered the main barrier to the passage 

of substances through the skin (70). The main obstacle for the development of a 

system that leads to high drug accumulation in the dermis is the complexity of the 

skin barrier, as in order for a drug to be absorbed into the body following dermal 

exposure, first it must be dissolved-dissipated in the SC, then diffuse through the 

remaining sub-layers of the E and into the D, where infected macrophages 

containing the amastigotes reside.                 

 

       First, in order to select a suitable drug, it must show a potent leishmanicidal 

activity and a high selectivity index amastigote:macrophage, which means that it 

should be more selective for the parasite than for the macrophage, which is its host 

cell. Also, its toxicity against skin cells (keratinocytes, fibroblasts) should be low. 

To facilitate drug absorption through the skin, an ideal molecule would have to 

possess a low molecular weight (MW), preferably less than 600 Da, solubility in oil 

and water, i.e., balanced partition coefficient; and a low melting point (70). The 

drug’s chemical properties will have an impact on the skin penetration and the 

permeation, as lipophilicity will dictate the partitioning behavior into corneocytes 

and SC lipids and hydrophilicity will influence the partition into the corneocyte 
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proteins (71,72). Structural changes in both the epidermal and dermal layers occur 

during Leishmania infection. On the one hand, it has to be taken into account that 

in CL, the permeability of the skin is highly variable in comparison to the normal 

skin. When there is no SC, the skin barrier is damaged and the absorption 

hydrophilic drugs used in topical treatment can be enhanced. Also, both in 

keratotic nodules and in scar tissues formed during the treatment, the SC barrier 

function is altered due to the presence of hyperkeratosis. In this case, the barrier 

function is also reduced, as it has been reported that in psoriasis vulgaris, which is 

also characterized by the presence of hyperkeratosis, the cohesiveness of 

corneocytes from the superficial horny layers is lower (73).  Additionally, the 

ingress of inflammatory cells disturbs the continuity of these layers, increases 

trans-epidermal water loss (TEWL), and leads to a higher permeation of the model 

permeants caffeine and ibuprofen, as well as the antileishmanial drugs BPQ and 

PM, for Leishmania-infected skin compared with uninfected skin, which confirms a 

reduction in the skin barrier function. The hydrophilic molecules PM and caffeine 

showed much larger increases in flux compared with the more lipophilic molecules 

ibuprofen and buparvaquone (BPQ) through infected skin. It seems that the 

subsequent oedema, caused by additional fluid accumulating in the interstitial 

spaces, facilitates permeation of the more water-soluble compounds. Another 

possible reason for the enhanced permeation of the water-soluble compounds 

could be the greater concentration gradient from donor to receptor phases for 

compounds with a higher aqueous solubility (74). Finally, although the SC 

constitues the most important barrier skin layer, in the viable layers beneath the 

SC (E and D) various other processes will also become relevant to the overall 

transport, such as drug binding and sequestration, active transport and 

metabolism (71,72).  

 

       Due to the fact that the success of a topical formulation to treat CL will not only 

depend on the antileishmanial potency of the active ingredient but also on the 

amount of drug that reaches the parasites, an adequate formulation design will be 

pivotal to achieve treatment efficacy.  It is important to take into account that, the 

higher the drug concentration in our formulation, the higher the chances that it 

will be capable of reaching the dermis in enough amounts to kill the parasites. 



 

54 

 

Although development of topical treatment for CL is attractive, there are other 

issues that make it difficult, such as the fact that Leishmania amastigotes live in the 

macrophage lineage deep in the dermal layer and also the variety of lesions that 

they cause (Figure 11). Consequently, formulations should allow topically applied 

drugs to access to the parasite and to be retained in the dermis in order to achieve 

the local therapeutic concentration needed. Making the right choice of the topical 

formulation will have a big impact in parasitological and clinical efficacy because 

permeation of chemicals through skin is not only dependent on the chemical 

structure and properties of the penetrant itself, but also it is affected by the 

formulation where it is included, as formulations can alter the permeation profile 

of the therapeutic substances by changing the properties of the lipid and protein 

domains of SC, solubility and partitioning of the drug from the vehicle into the SC 

(71). Thus, formulations can be applied either to thickened lesions, with an 

additional barrier to absorption or, more commonly, to open lesions (e.g., ulcers), 

in which the barrier properties of the epidermis have been completely lost. 

Therefore, on the one hand, lesions of OW L. major or NW CL are usually ulcerative 

and amenable to topical therapy using more hydrophilic formulations that have a 

higher affinity for the epidermis and the dermis, whereas, on the other hand, 

nodular and hyperkeratotic lesions of L. tropica, L. aethiopica and L. donovani 

present poor cutaneous permeability and may need to be treated with occlusive 

hydrophobic formulations in order to allow percutaneous drug penetration. 

Including penetration enhancers could also be helpful in this case. However, an 

ideal formulation for the topical treatment of CL should be used to provide 

improved topical delivery in all antagonistic situations (i.e., intact, partially, or 

completely damaged barrier) (Figure 11) (60,70). 
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Figure 10: Factors affecting the efficacy of topical treatments in CL: skin, formulation, and 

drug properties. The SC and the inflammation status of the skin constitute the first 

challenge for drug transport across the skin. Formulations should be adapted to the type 

of lesion (thickened or damaged), allow the accumulation of high concentrations of drugs, 

and favour drug release and transport through the skin. Drugs need to present potent 

leishmanicidal activity, low MW, and an adequate balance of hydro/lipohilicity to be 

transported through the hydro- and lipophilic structures of the skin, low binding to skin 

components and low chances of being metabolized by skin enzymes.  

 

       In order to test new topical formulations and drugs and withdraw conclusions 

that may pave the path to new effective treatments, the influence of the 

formulations (oil/water cream, ointment and hydrophilic gel) on skin permeation 

and penetration should be carried out through in vitro studies using Franz cells on 

animal skin. In an attempt to mimic the conditions of skin lesions observed in CL, 

permeation studies have been mainly conducted using pig skin (which is the most 

similar to human skin). Different models may be used: intact skin, stripped skin 
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(with removal of the SC) and dermal membranes withouth E Stripped skin and 

dermal membranes are used to mimic the damaged skin and ulcerated skin, 

respectively (70). Regarding in vivo assays, it has to be taken into account that 

there are differences in mouse and human skin that contribute to the higher 

permeability of mouse skin: (i) the thinner mouse skin and SC, (ii) the absence of 

sweat glands in mouse skin, (iii) the higher number of hair follicles in mouse skin, 

and (iv) the different composition of intercelular SC lipids (74). Several animal 

models of CL have attempted to simulate the human disease but they do not reflect 

the correlation between parasitic load and tissue destruction evident in the human 

disease where ulcerative CL is predominantly associated with relatively low 

infectious loads and nonulcerative CL with impaired parasite clearance. For 

example, the susceptible BALB/c murine CL model is associated with widespread 

tissue destruction and uncontrolled parasite replication and the self-healing 

C57BL/6 model is typically associated with low parasitic loads and mild to 

moderate immunopathology (38). However, in mice models, as the skin parasite 

burden correlates well with the severity of disease, it is possible to know 

throughout the course of the animal experiments if the treatments that are being 

tested are being effective (34). Therefore, the method of infection in BALB/c mice 

is highly reproducible and can be used as an in vivo model for CL drug discovery 

because if the BALB/c mice can be protected or cured from the parasite disease, 

then so can the resistant mouse strains (75).  

 

                    

    

Figure 11: Skin lesions in patients with CL: papule, nodule, plaque, ulcer with secondary 

infection, ulcerated crusted nodule, verrucous lesion, (from left to right, from top to 

bottom) (4,24). 
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Figure 12: Scar (63). 

 

2. 3 Experimental topical treatments  

 

       In addition to searching for new molecules, numerous strategies have been 

developed to reformulate already marketed molecules in order to achieve a topical 

administration. Enhancement of dermal absorption has been tested by using: 

penetration enhancers, physical methods, particulate carriers, and simple 

optimisation of standard formulations (76). The most important drugs that have 

been reformulated for the topical treatment of CL include PM, amphotericin B 

(AmB), and miltefosine, all of which have been solubilised using conventional 

formulations such as creams, ointements and gels. Among these, PM is the most 

commonly studied, followed by AmB. In addition, new drugs that have been 

assayed in vivo and in clinical trils include BPQ, sitamaquine, and different 

photosensitizers for photodynamic therapy (PDT). 

 

       Few clinical trials have been appropriately designed and reported, especially 

when compared to the large number of possible combinations of treatments versus 

Leishmania species versus geographic regions. In fact, regarding topical 

formulations, two recent Cochrane analyses of clinical trials of CL in the NW and 

the OW concluded that most clinical studies were not worthy of inclusion in the 

analysis because they did not meet standards of randomized placebo-controlled 

trials (77). For this reason, it is unsurprising that similar trials produced disparate 

results. Although clinical trials on CL have the advantages of easy case definition 

(based on infective Leishmania species) and the use of consistent clinical endpoints 

(complete healing of lesions), differences in aspects of study design, such as sample 

size, therapy duration, follow-up periods, and patient variability, have contributed 
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to difficulties in data interpretation. In addition, some clinical trials did not include 

controls and in the case of L. major and L. mexicana infections, which can cause a 

self-healing cutaneous disease, it was not possible to assess whether therapies had 

an impact with shortening of the healing time. 

 

       Regarding PM, animal and clinical studies using conventional topical 

formulations showed variable results which can be attributed to low skin 

penetration of PM because of its hydrophilicity. Although its penetration across 

highly damaged skin has been enhanced from hydrophilic formulations, PM 

permeation across the intact or partially damaged skin was still quite low (57). 

Studies of PM systemic absorption after topical application in mice have shown 

low absorption (0.5% of dose) across intact skin but 91.5% across stripped skin. 

This degree of absorption represents approximate 5 to 9% of the exposure that is 

expected from standard PM i.m. therapy (78). In order to improve PM topical 

formulations, MBCl (which presents local side effects) has been replaced by urea 

and gentamycin.  The ointment PM/urea cured all L. major lesions on BALB/C mice 

(79). And replacement of MBCL by addition of 0.5% of gentamicin has led to good 

results in patients (80,81). The combination of 15% PM and 0.5% gentamicin in a 

topical cream formulation containing a complex base (WR 279,396) has been 

investigated. Only the PM component has direct antiparasitic activity against 

Leishmania and gentamicin is postulated to act indirectly via immunomodulation 

and reduction of secondary bacterial infections in ulcerated skin lesions (78). In 

fact, research groups have succeeded in producing attenuated Leishmania by 

culturing promastigotes under pressure of gentamicin. Promastigotes of the 

attenuated lines could enter but not survive in macrophages derived from murine 

bone marrow, and mice inoculated subcutaneously with attenuated parasites did 

not develop CL skin lesions. Therefore, in lesions treated with WR 279,396, it may 

be that parasites’ constant exposure to the gentamicin component of WR 279,396 

leads to their attenuation, thereby increasing their vulnerability to both 

paromomycin treatment, and host immune mechanisms (54). A clinical study 

reported a 94% cure rate compared to the placebo-treated group (71%) (82).  In a 

Phase 2 clinical trial in Tunisia, WR 279,396 was significantly more effective than 

vehicle control versus L. major at the same study site at which a WHO topical 



 

59 

 

formulation (PM without gentamicin) was ineffective. Furthermore, the index 

lesion cure rate after 6-month follow-up has been reported to be 13 of 15 (87%) 

for WR 279,396 and 9 of 15 (60%) for PM alone (54). Despite this, in another study 

with patients, both PM-gentamicin (WR 279,396) and PM-alone creams yielded 

similar cure rates for ulcerative CL, with rates of 81% and 82%, respectively  (78). 

Pharmacokinetic studies of the new formulation were carried out in CL patients. In 

the clinical study, parasite loads decreased equally well in the superficial and deep 

dermis after ten days of treatment. At this point, the PM levels that were reported 

in the study were higher than the concentration of PM that was obtained in 

another study after intramuscular administration of the drug (83). In mice, the 

three formulations (PM + MBCl or urea or gentamicin) were compared. For ulcers 

due to L. major, L. mexicana, L. panamensis and L. amazonensis only mice treated 

with PM + gentamicin cured and did not relapse (84). However, in clinical trials, 

the efficacy of either Leshcutan® and the reformulated PM ointments showed 

variable results, with a cure rate of 9–90% against Old- and NWCL.   

 

       AmB is a polyene antibiotic which has been used to treat leishmaniasis 

especially where antimonial resistance is widespread (56). Lipid formulations of 

AmB, including liposomal AmB (Ambisome®), AmB/phospholipid complex 

micelles (Abelcet®) and AmB colloidal dispersion of cholesterol sulfate and AmB 

formed by disk-shaped micelles (AmphotecTM), have been also used in treatment. 

They are similar to AmB deoxycholate in their efficacy but are significantly less 

toxic. However, these lipid formulations are prohibitively expensive for 

widespread use in endemic countries (2,11,85). Although AmB topical 

administration would be a safer therapy because of a lower systemic absorption of 

the drug across mucous membranes would occur, thus avoiding nephrotoxicity, 

topical use of AmB has been also quite limited because of its low skin penetration 

(70). Permeant size is critical to flux through infected skin and AmB, with a MW of 

924 g/mol, has proven to be too large and too water insoluble to permeate through 

uninfected or infected skin. This explains why studies in mice reported no cure of 

leishmaniasis lesions after topical application despite its high efficacy when 

administered through other routes (74). With the aim to overcome this problem, 

skin penetration enhancers (which improve drug permeability through the skin) 
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have been tested. A topical preparation of Fungizone® (conventional formulation 

of AmB) in white paraffin associated with the MBCl was evaluated in experimental 

CL. However, this formulation was not effective (57). AmB was formulated in an 

emulgel containg 5% oleic acid and it seemed to improve drug penetration across 

the skin barrier (86). γ-cyclodextrin (γ-CD) was chosen to solubilize AmB in a 

methylcellulose gel and there was a reduction in the lesion size in golden hamsters 

infected with L. amazonensis, although parasites were not completely eradicated 

(87). Also, the use of solvents that disrupt the skin barrier may be useful. In 

contrast to the mouse study by El-On et al, the fact that a clinical study reported a 

reduction in lesion size of CL lesions following the application of AmB in solvents 

such as ethanol could be due to skin lipid removal by ethanol leading to reduced 

barrier function and a potential increase in drug permeation (74). Thus, in order to 

obtain effective skin penetration of AmB, a more adequate drug-carrier system 

may be required.  Curiously, the liposomal form of AmB (Ambisome®) has not 

been tested for the topical treatment of CL and this should be regarded as an 

interesting issue in future investigations.  

 

       Miltefosine (hexadecylphosphocholine) is a phospholipid derivative. Although 

its mechanism of action remains unclear, it has been reported to: disrupt 

membrane lipids, cause mitochondrial disfunction, and lead to apoptosis (88) 

Miltefosine is the only oral treatment (Impavido®) available to treat CL but it 

presents common side effects such as vomiting and diarrhoea. Skin permeation of 

formulations containing 6% (w/v) miltefosine (same as Miltex®) in the 

appropriate vehicle consisting of a single, binary or ternary solvent mixture 

(dimethyl isosorbide, octyl salicylate, propylene glycol and water) were tested, and 

the overall skin permeation was low regardless of the solvent used. This was 

reflected in limited antileishmanial activity of the drug formulations when applied 

topically in vivo. Besides, treatment had to be halted after 5 days due to skin 

irritation (89). Although topical 6% miltefosine solution in propylene glycol ethers 

(Miltex®, Baxter, UK) has been used to treat superficial metastases of skin cancer 

and reduced parasite burden in experimentally infected mice (90), indicating some 

drug permeation, the fact that cutaneous metastases of breast cancer are of limited 

depth possibly indicates that miltefosine is able to permeate into the superficial 
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layers of the skin where the cancer cells are situated, while it is unable to reach the 

dermis where Leishmania amastigotes reside (89).   

        

       Some of the new molecules that have been tested topically for the treatment of 

CL in animal models of infection in the last years include: buparvaquone (BPQ), 

sitamaquine, and photosensitizers. Only photodynamic therapy (PDT) molecules 

have been assayed in small clinical trials in patients with good outcome. The other 

molecules have been tested in in vivo murine models of infection. 

 

       BPQ, a hydroxynaphthoquinone, has several physicochemical properties 

suitable for topical delivery (low MW, low melting point, etc.). However, it has low 

aqueous solubility and high lipophilicity. Attempting to increase aqueous solubility 

and absorption in topical treatment for CL, a phosphate prodrug approach was 

investigated (70). Different formulations (solution, gels, and w/o emulsion) 

containing BPQ and 3-phosphonooxymethyl-buparvaquone (3-POM-BPQ), a 

prodrug of BPQ, were evaluated in the topical treatment of CL. Studies of in vitro 

permeation demonstrated that BPQ and 3-POM-BPQ can penetrate the skin when 

applied in different formulations. The BPQ penetration was highest from isopropyl 

myristate, hydrophilic gel, and w/o emulsion, whereas 3-POM-BPQ penetration 

was greatest from an anhydrous gel (91). In vivo, the formulations showed 

antileishmanial activity reducing the cutaneous parasite burden and lesion size 

(92).  

 

       Sitamaquine is an 8-aminoquinoline in phase II development for the treatment 

of VL by oral route. The antileishmanial action of its metabolites is not known, but 

they possibly affect mitochondrial electron transport chain. However, phase II 

clinical trials have pointed out some adverse effects such as methemoglobinemia 

and nephrotoxicity (56,93). On L. major cutaneous lesions in BALB/c mice, 

different topical sitamaquine dihydrochloride formulations using topically 

acceptable excipients were evaluated in vivo without success, since no reduction of 

the parasite burden and lesion progression was observed. Because of the lack of 

activity on the in vivo models, no clinical development was performed (94). 
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       PDT is based on the application of topical or systemic non-toxic dye sensitive to 

light irradiation followed by at low doses with visible light of appropriate 

wavelength. In the presence of oxygen found in the cells, photosensitizer enabled 

can react with molecules in their neighborhood by electron transfer or hydrogen, 

leading to production of ROS (95). PDT has already been used for the treatment of 

different premalignant and malignant conditions. It is generally well-tolerated and 

adverse effects include burning sensation and reversible pigmentary changes. It 

usually entails weekly treatments for approximately 1 month (13). Recently, 

photodynamic antimicrobial chemotherapy has been studied for the treatment of 

leishmaniasis. PDT shows no sign of systemic toxicity and presents a better 

cosmetic outcome. However, facilities for PDT might not be available in many 

resource-poor regions, it is a time-consuming procedure, and requires some 

degree of technical expertise, and lesions may require local anaesthetic injections 

(13). The most important molecule that has been used in PDT is 5-aminolevulinic 

acid (5-ALA), which first resulted in significant reductions of the parasite loads and 

vigorous tissue destruction on a murine CL model. The clinical outcome observed 

with 5-ALA-PDT is likely the result of unspecific tissue destruction accompanied by 

depopulation of macrophages rather than direct killing of parasites (96). Also, 

daylight-activated PDT with 16% methyl aminolaevulinate (MAL) led to a high 

cure rate in infected patients (97). Other molecules that have been tested include 

the phenothiazines methylene blue (MB) and toluidine blue, (95) as well as the 

phenothiazine photosensitizer 7-bis(di-n-butylamino)phenothiazin-5-ium 

bromide (PPA904), which was successfully used for topical application as a cream 

to treat CL in vivo (98,99). 

 
 

2.4 Local immunotherapy and potential local targets 

 

       Small molecules with the ability to penetrate the skin and block in situ immune 

responses involved in tissue damage could significantly improve existing therapies 

by speeding up the healing process, reduce scar formation and most importantly 

provide a therapy with less toxic side effects if they are combined with 

parasiticidal drugs at lower doses (38). The use of immune modulating compounds 

may act in conjunction with antileishmanial drugs to produce more effective 
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leishmaniacidal responses while regulating some of the immunopathology induced 

during infection could complement the therapeutic strategy (35). Among the 

different cells, macrophages could be an attractive target, as they are critical 

regulators of the antileishmanial immune response (100). Based on the current 

knowledge of immunopathology during leishmaniasis, it is difficult to predict to 

what extent available immunotherapies could lead to reduction of pathology and 

to what extent the parasite replication could be affected, but both experimental 

and early clinical studies have backed up the hypothesis that immune modulatory 

therapy may be employed to reduce CL pathology (38). So far, the only example of 

a successfully used topical immunomodulatory is Imiquimod® (IMQ). 

               

       IMQ is an imidazolquinoline that acts as an immune-response modifier. It is the 

active ingredient in a 5%-topical cream called Aldara® (3M Pharmaceuticals) 

which is approved for the treatment of genital warts caused by human 

papillomaviruses. It has the advantage of ease of administration and is well-

tolerated. It acts by activating toll-like receptors 7 and 8 (TLR 7/8) on antigen-

presenting cells and mediates the production of cytokines including INF-γ, TNF-α, 

IL-12, IL-1β, IL-6, and IL-8, which lead to the induction of enhanced Th1 responses 

(13,101). The principal target cells for IMQ are monocytes/ macrophages, which is 

the reason why it was also tested in cutaneous lesions caused by Leishmania. 

Although it is not directly toxic to Leishmania species, it displayed leishmanicidal 

activity in the context of infected macrophages. In in vivo studies, L. major infected 

BALB/c mice did not develop ulcers in the footpad after treatment with a 5% IMQ 

cream and the number of parasites in the lesions decreased (101). However, IMQ 

monotherapy produces only an initial transient improvement in OW and NWCL 

lesions with a reduction in lesion size followed by clinical relapse. For this reason, 

it may only be useful in combination with a parasiticidal agent (13). Studies in CL 

patients in Peru showed 75% cure for IMQ plus antimonials compared with 58% 

for antimonials alone (77). Despite this, in another clinical trial, the combination 

treatment of IMQ plus pentavalent antimony performed better than placebo plus 

pentavalent antimony in patients in Peru, but the difference was not statistically 

significant (102). The combination of Aldara® and Leshcutan® has also been tested, 
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but together they were as effective as Leshcutan® given alone in the topical 

treatment of CL caused by L. major in mice.   

        

       But not only small molecules have proven immunomodulating ability. Also, 

some of the antileishmanial drugs that are included in the WHO-treatment 

recommendations have shown to have immunomodulatory mechanisms of action 

in addition to a direct leishmanicidal activity. However, at the same time, this could 

be limiting their efficacy in immunocompromised patients, as it has been reported 

in antimony therapy (103). Therefore, the use of immunomodulators without 

knowledge of the starting point of each patient’s inflammatory bias could be the 

reason for the poor efficacy of antileishmanial therapy in certain cases (3). 

Pentavalent antimonial treatment led to a higher secretion of the pro-

inflammatory cytokines TNF-α, IL-6, IL-1β and IL-8 in patients with PKDL and CL, 

respectively (104). The effect of SSG on oxidate burst seems to be related to the 

induction of the activation of intracellular signaling pathways, as the activation of 

ERK-1 and ERK-2 by SSG resulted in an increased production of ROS, whereas p38 

MAPK (Mitogen-Activated Protein Kinases) activation and subsequent TNF-α 

release resulted in the production NO (105). In addition, this drug increased 

phagocytic capacity of monocytes and neutrophils, enhanced generation of 

superoxide anion and production of TNF and NO (106,107). AmB increased NO, 

ROS, IL-12 and TNF-α production in peritoneal macrophages (108) and down 

regulation of IL-10 and TGF-β production have been also reported (56). PM 

increased NO and ROS production in peritoneal macrophages (108). Miltefosine 

also increased NO, ROS, IL-12 and TNF-α production in peritoneal macrophages 

(108) and enhanced the IFN-γ-induced parasite killing and iNOS2 induction in 

Leishmania-infected macrophages (109). In addition, it was able to suppress IL-10 

and IL-13 secretion in a dose dependent manner (110). Also, a higher expression of 

the costimulatory molecule CD86 on the surface of monocytes was reported. And 

treatment with miltefosine led to a higher secretion of the pro-inflammatory 

cytokines TNF-α, IL-6, IL-1β and IL-8 in patients with PKDL (104). Besides, it 

stimulated T cells and macrophages, enhanced enhanced the oxidative burst and 

expression of STAT (Signal Transducer and Activator of Transcription) receptors, 
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induced Protein kinase C- and phosphatidylinositol 3-kinase-dependent p38MAPK 

phosphorylation and production of CD40-induced IL-12 (56).  

 

       The results that have been obtained in the latest research works suggest that 

the progression of CL lesions from non-ulcerated to ulcerated states is associated 

with the presence of an intense inflammatory infiltrate (111). Besides, the 

presence of infected macrophages, even in low numbers, contributes to the 

chronicity of the infection (112). With the aim to boost parasite killing and limit 

tissue pathology in CL and MCL, 3 strategies could be helpful: (i) local 

immunopotentiation, (ii) inhibition of specific factors involved in parasite 

persistence and tissue damage, and (iii) wound healing promotion.  

 

       Immunopotentiation at the site of infection can be used to improve parasite 

control and to induce cytokine and chemokine secretion leading to attraction of 

DCs and NK cells or macrophages. TLR agonists could be used to activate innate 

immune cells to induce cytokines and co-stimulatory molecules such as CD40 to 

enhance antigen presentation to T cells. TLR agonists such as Poly I:C (PIC) and 

CpG-oligodeoxynucleotides (CpG-ODNs) may help promote disease clearance 

through the induction of TLR9 and TLR3, respectively, which have been linked in 

murine models of leishmaniasis with enhanced IFN-γ and IL-12 production and 

parasite control (113,114). In addition, they are known to modify the expression of 

selectins, integrins, chemokines, and chemokine receptors, which may affect T-cell 

migration to effector sites (115). Despite this, it has to be also taken into account 

that the same immunological mediator of protection TLR9 has been blamed for the 

extreme inflammation associated with mucosal leishmaniasis (48). Both CpG-ODNs 

and PIC have been successfully used in topical formulations and PIC enhanced re-

epithelialization, granulation, and neovascularization, which are required for 

wound closure (116,117). 

 

       The local immunological response that causes tissue damage and favors 

parasite survival involves a complex interplay of cells, mediators, and cytokines. 

Interference with the normal cytokine production is a powerful weapon that can 

be used for the modulation of immune function and promotion of the immune 
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leishmanicidal effects. Blockade of IL-10 or TGF-β may improve parasite control, 

whereas downregulation of TNF-α could reduce tissue damage and pathology. In 

fact, pentoxifylline administered orally down-modulated TNF-α as well as 

proinflammatory chemokines, and when associated with antimony therapy it was 

more effective than antimony alone, accelerating healing time and curing CL and 

MCL patients refractory to antimony therapy (118,119). Regarding wound healing, 

granzymes and matrix metalloproteases (MMPs) have been blamed for interfering 

in the process of wound healing when they are produced excessively. Granzymes 

(granule-secreted enzymes) belong to the family serine proteases and are secreted 

by CD8+ T cells. During excessive or chronic inflammation, granzyme B can 

accumulate in the extracellular milieu and cleave a number of important 

extracellular proteins like epidermal growth factor receptor, which is involved in 

cellular processes such as proliferation and migration (120). MMPs are a family of 

neutral proteases that regulate inflammation, degrade the extracellular matrix to 

facilitate the migration of cells and remodel the new extracellular matrix (121). 

They are produced by inflammatory cells, neutrophils, macrophages, monocytes, 

and keratinocytes. Uncontrolled gelatinase activity may result in intense tissue 

degradation and, consequently, poorly healing wounds. In fact, gelatinase activity 

has been correlated to therapeutic failure of CL lesions (43). Thus, selective control 

of granzyme and MMP activity through the use of specific inhibitors may prove to 

be a valuable therapeutic approach to promote healing (121). 

 

       Topical formulations containing Granulocyte Macrophage Colony-Stimulating 

Factor (GM-CSF) could promote wound healing because this molecule induces the 

differentiation of myofibroblasts (thereby facilitating wound contraction), causes 

local recruitment of inflammatory cells, mediates epidermal cell proliferation, and 

induces keratinocyte proliferation (122). Although systemic administration of GM-

CSF has no effect on wound healing, local application has been shown to enhance 

wound healing in animal models (123). In a clinical study, CL patients receiving 

antimony plus topical GM-CSF, showed a shorter healing time (43 +/- 14 days) 

than those treated with antimonials only (104+/-79 days) (124). In a similar study 

involving 5 refractory patients of CL, GM-CSF solution was applied topically in 
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assotiation with standard parenteral antimony and this treatment led to lesion 

healing in all the patients (125).  

 

    

 

 

     

 

 

 

 

 

 

 

 

 

 

Figure 13: Strategies for the promotion of parasite killing and wound healing in CL and 

MCL. Use of anti-TNFα or GM-CSF could promote re-epithelialisation, specific inhibitors of 

MMPs could block collagen degradation, and granzymes’ inhibitors may hinder 

keratinocyte death. Administration of PIC, CpG-ODNs, and anti-IL-10 and anti-IL-1β could 

promote parasite killing by macrophages. 

 

       Due to the fact that the overall curative effects of anti-leishmanial drugs in vivo 

may not only depend on antiparasitic activities of the agents but also on immune 

responses of the host, understanding the immunopathology in the animal model is 

important when selecting agents for clinical development.  Unfortunately, 

immunomodulation studies in Leishmania infection animal models present serious 

limitations that hamper the withdrawal of reliable conclusions, as when exposed to 

the different Leishmania species, the current in vivo models of CL and MCL differ in 

their immunological responses to the disease and clinical presentation of 

symptoms.  In this context, on the one hand, susceptible BALB/c disease 

susceptibility, as measured by the size of the lesion, was not linked to T cell 

PIC, CpG-ODNs 
Anti- � IL-10, IL-1β  

MMPs   

Granzymes   

Anti-TNFα, GM-CSF   

Degraded collagen   

New keratinocytes   

Apoptotic keratinocytes   

Stratum corneum   

Epidermis   
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immune responses, but depended significantly on the ability of the mice to heal 

skin wounds, suggesting a role for the innate immune system (126). In addition, 

these mice show clinical and immunological features closer to the human visceral 

disease than to CL, except that a skin lesion is also produced. Besides, the L. 

braziliensis parasite has previously been shown not to produce severe or lasting 

cutaneous lesions in the BALB/c mouse strain, which has even been shown to kill 

the L. braziliensis parasite after infection and is therefore highly resistant. On the 

other hand, the inbred, resistant strains (C3H/ He, CBA, C57BL/6, 129Sv/Ev) do 

not have the same pathological features and disease manifestations, such as 

secretions from the wet lesions, chronic persistent lesions, and the variety of 

disease presentation. Furthermore, mouse strains such as C3H/ HeJ, C57BL/6J, and 

CBA/CaJ showed no evidence of infection by L. braziliensis, whereas strains AKR/J 

and CBA/J showed only a slight and transient swelling of the infected tissue. 

Outbred mice challenged by sandfly bites would be closer to human disease, but 

they would lead to complex endpoint evaluation because of different disease 

manifestation (75). Finally, the choice of the route of infection in mice (footpad, tail 

base, ear pinna) will have an effect on the disease pattern and immune responses 

because it will determine to a large extent the severity of the disease. In this 

context, it has been proposed that ear pinna intradermal injection of small 

numbers of metacyclic promastigotes may mimic infection more accurately (34) 

because parasites are transmitted in nature following intradermal deposition 

through the bite of the sand fly. Appart from an adequate selection of the animal 

model of infection, the route of pathogen inoculation by needle has to be chosen 

carefully because it has shown to influence the outcome of infection. Experiments 

carried out using other routes of administration (subcutaneous, intraperitoneal) 

produce variations in the phenotype of infected cells and the number of parasites 

that establish infection (127). 
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2.5 The role of nanotechnology and experimental topical 

nanocarriers  

 

       In leishmaniasis, the parenteral route of administration has been extensively 

explored using a variety of drug delivery systems (DDSs). For example, i.v drug 

delivery has been very successful for treating VL as the liver and spleen are rich in 

macrophages that are responsible for clearing particulates from systemic 

circulation (128). However, little progress has been made in the field of topical 

nanocarriers for the treatment of CL. Antileishmanial drugs must cross multiple 

membranes in order to reach the parasites and, once at the site of infection, drugs 

have to penetrate infected macrophages, the membrane of the parasitophorous 

vacuole and then the plasma membrane of the parasite. Owing to the location of 

this parasite, the use of nanocarrier systems could be very helpful because topical 

DDSs enable: (i) sustained release of the drugs that are administered, (ii) increase 

of the amount of drug arriving to the macrophages (where amastigotes reside), 

(iii) modulation of the permeation rate, thus enhancing treatment efficacy, and (iv) 

changes in their composition or particulate dimensions so that they can exhibit 

immunomodulatory and/or wound healing capabilities, which are of great interest 

in the treatment of CL topical therapy (129). 

 

       In nanocarriers, drugs can be dissolved, entrapped, adsorbed, attached or 

encapsulated in the macromolecular material(s) (76). Vesicle characteristics such 

as composition, size, surface charge, and drug loading all have important 

influences on drug delivery. Recent advances and alteration in the composition and 

structure of vesicles result in vesicles with tailored properties. Besides, modifying 

the surface of the delivery vehicles by incorporating molecules which target 

surface receptors on the target cell can increase their tendency to gather in the 

skin and/or boost their affinity for the parasite, thus increasing their efficacy 

(128,130). Moreover, the fact that Leishmania parasites are located in skin 

macrophages offers a chance for selective drug targeting by particulate drug 

carriers, which are attractive for phagocytosis. And the potential of many materials 

for the preparation of DDSs, which combine additional properties such as 

bioadhesion and absorption-capacity (like chitosan) or skin penetration 
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improvement through the interaction with skin components like the penetration 

enhancers didecyldimethylammonium bromide (DDAB) and oleic acid deserves to 

be studied in depth.   

 

       Currently AmBisome® is the only nanotechnology based antileishmanial drug, 

which has use in the clinical practice for the treatment of VL. However, inhibition 

of cutaneous parasites in CL lesions using DDSs delivered to systemic circulation 

has led to discouraging results (128). Also, it has to be taken into account that, 

when injected i.v, liposomes and nanoparticles (NPs) are unable to escape from the 

circulation because of the endothelial barrier except for tissues with endothelial 

lining in the capillaries (liver, spleen, bone marrow) (76). Furthermore, phagocytic 

cells in these organs remove particles from systemic circulation, so fewer drug-

loaded particles remain for uptake in cutaneous sites.  In the context of topical 

delivery, a variety of nanodelivery systems such as liposomes, metallic polymeric 

NPs, nanoemulsions, cyclodextrins, surfactant vehicles and transferosomes, have 

been studied and tested in vitro and in vivo with the aim to increase the efficacy of 

novel or already existing drugs. Although many of them have been tested in animal 

models of infection, few of these systems have been assayed in patients.  

 

       Of all the nanomedicines implemented for antileishmaniasis treatment, 

liposomes are perhaps the most studied and therefore have the largest number of 

anticipated clinical applications nowadays. They are small artificial vesicles of 

spherical shape that can be created from cholesterol and natural non-toxic 

phospholipids where drugs remain encapsulated in the inner core of the lipid 

bilayer they form. Due to their size, biocompatibility, hydrophobic/hydrophilic 

balance, stability, and flexibility to load various molecules as cargo, liposomes are 

widely drug delivery systems. However, liposomes display some limitations such 

as instability that could lead to toxicity due to the leakage of the drug from the 

nanocarrier into the blood stream (131). The antileishmanial activity of free and 

liposomal PM composed by phosphatidylcholine and phosphatidylcholine plus 

cholesterol was evaluated in L. major-infected BALB/c mice. Drug entrapment 

ranged from 10 to 14%. PM permeation across intact skin was low but drug 

penetration accross stripped skin from the liposomes was higher than solution and 
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it improved the in vivo antileishmanial activity in experimentally infected mice 

(132). Also, topical liposomes with and without oleic acid containing MA were 

developed for the treatment of L. major lesion in BALB/c mice. MA could be 

retained in the skin and reduction in lesion size and in spleen parasite burden was 

achieved, although no significant difference between both groups was obtained 

(133). In another study, Frankenburg et al. reported the antileishmanial effects of 

topically applied lipid-based formulations loaded with AmB in L. major 

experimentally infected mice. The three tested preparations (Fungizone®, 

Amphocil®, and AbelcetTM) were ineffective when applied topically but when 

Amphocil® and AbelcetTM where dispersed in ethanol, improvement in lesion size 

was reported (134). Santos et al. also reported that Amphocil® presented a higher 

penetration ability (135) Rajabi et al. reported the same efficacy of a liposomal 

azithromycin formulation compared to i.l Glucantime® in patients with CL (136).  

 

       Metallic NPs are based on small well-defined aggregates of the noble metals in 

the zero valent state. Inherent properties of the noble metals are enhanced due to 

the greater surface area of the nanoparticulate form and they could be of interest 

for the treatment of leishmaniasis due to the unlikely development of resistance 

against them. As an example, the production of ROS by silver NPs is an 

antibacterial well-known effect and Leishmania parasites seem to be very sensitive 

to it as well. Titanium dioxide (TiO2), silver oxide (Ag2O), zinc oxide (ZnO), and 

magnesium oxide (MgO) NPs, have also been extensively explored (131). In L. 

major-infected BALB/c mice, topical application of different concentration of 

nanosilver solution did not lead to cure (137). 

 

       Besides their potential to overcome the epidermal barrier, nanoemulsions 

present high drug loading, easy preparation/scale-up, and may be composed by 

biocompatible ingredients, among other advantages. A nanoemulsion containing a 

synthetic chalcone showed activity against L. amazonensis. The incorporation of 

synthetic chalcones in the bilayer of small conventional unilamellar liposomes 

disturbs the bilayer structure, which results in the formation of deformable 

liposomes with enhanced epidermal penetration, when compared with pegylated 
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liposomes. Higher drug levels where detected in E and D using nanoemulsions 

compared to the free drug form (138).  

 

      Furthermore, AmB has been aerosolised in non-ionic surfactant vesicles on the 

skin of L. major-infected mice lesions but a reduction in the lesion size was not 

achieved, although the parasite burden decreased. However, their size was about 

1600 nm (139). 

 

       Elastic vesicles consist of phospholipid and an edge activator that is often a 

single chain surfactant, which softens lipid bilayers of these systems. The 

incorporation of surfactants causes their deformability, so they can squeeze 

between the cells in SC in spite of their large average size and pass through intact 

skin under the influence of hydration gradient, carrying therapeutical agents only 

when applied under non-occlusive conditions. Their higher skin penetration 

capacity would be helpful for overcoming the skin barrier and and shuttle their 

inner aqueous content to several tens of microns into the viable epidermis, instead 

of aggregate or coalesce on the skin surface as conventional liposomes do. PM 

elastic formulations were used for the topical delivery of PM in L. major infected 

BALB/c mice, achieving a reduction of the parasite burden in spleen. Skin retention 

of PM using these systems was higher than when using a conventional 10%-PM 

cream (59). Elastic vesicles have also been used to encapsulate the photosensitizer 

chloroaluminum phthalocyanine (ClAlPc) for treatment of CL with PDT and it was 

more photoactive than free ClAlPc (140). Also, systems containing AmB were 

prepared for topical administration. The total accumulation of AmB in human skin 

was 40 times higher when applied as liposomes than as AmBisome® (141). 

 

       Although many different strategies have been studied, few studies have 

compared the efficacy of different convential and nanosize DDSs and the diffussion 

of different drugs through intact and damaged skin using these delivery strategies. 

Topical nanodelivery systems may allow a higher retention of the drugs in the 

superficial skin layers, but they are less likely to be directly phagocytised by 

macrophages (contrarily to what occurs in systemic therapy). The use of nano 

DDSs could be better justified if their aim is to protect labile molecules like 
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monoclonal antibodies or oligonucleotides, but these systems should be carefully 

compared to conventional formulations in order to find out which advantages their 

use may offer. 



 

  

 

7
4

 

Table 2. Examples of topical formulations assayed against CL in preclinical and/or clinical settings. 

Agent Formulation Animal/human studies 

Common drugs   

PM 15% + 12% MBCl ointment Animals: 100% curation in L. major-infected BALB/c mice given twice daily for 6 days 
starting 30 days after infection (142) 
Humans: efficacy similar to i.l SbV in OWCL and inferior in NWCL (58) 

 15% in WR base with 0.5% 
gentamicin  
 

Humans: complete clinical response in 47/50 patients infected with L. major. Applied twice 
daily for 20 days (81) 
Humans: 17/28 patients infected with L. panamensis cured. Applied twice daily for 20 days 
(143) 

 10% + 0.1% MBCl gel Humans: patients with contraindications for treatment with antimonials. 3/14 cured and 
5/8 of the retreated patients cured. Twice daily, 20 days (144) 

 Liposomes Animals: absence of parasite burden in the spleen and complete wound healing 8 weeks 
after infection in BALB/c mice infected with L. major treated twice a day for 4 weeks with 5 - 
7.5 mg PM/mice. No comparison with ointment (145) 

 5% liposomal gel Animals: BALB/c mice infected with L. major cured but 30% relapsed. 12-days treatment 
(146) 

 Transferosomes Animals: more effective than the cream in L. major-infected BALB/c mice after treatment 
twice a day for 4 weeks with absence of parasites in spleen and reduction of lesion size (59) 

 10% gel Animals: similar efficacy (evolution of lesion size) as antimonials after topical application 
twice a day for 20 days in hamsters infected with L. braziliensis and L. amazonensis and 
higher efficacy than parenteral antimony in BALB/c mice infected with L. amazonensis 
(twice daily, 24 days) (147) 
Animals: lesions cured in L. major- and L. amazonensis- infected BALB/c mice, but they 
relapsed. Twice daily, 12 days (148) 

AmB 

 
 

 
 

 

Fungizone®: micellar 
solubilization with DOC-
Ethanolic solution of 
liposomes 

Animals: efficacy of Amphocil® and Albecet® but not Fungizone® in L. major-infected 
BALB/c mice following 21-days administration (134) 
Humans: no evidences of efficacy in OWCL (149) 
Humans: 1 trial with 17 patients in Israel treated with Amphocil® dispersed in 5% ethanol. 
Lesions healed faster than placebo (150) 
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Agent Formulation Animal/human studies 

Common drugs   

AmB Liposomes Humans: application of 3-7 drops twice daily for 8 weeks showed same efficacy as i.l 
Glucantime® (151) 

 γ-CD gel 
 

Animals: lesion reduction in L. amazonensis-infected hamsters. Applied twice daily for 21 
days (152) 

 3% emulgel + 5% oleic acid 
 

Animals: nodules did not ulcerate during treatment (twice daily, 12 days) of L. major- 
infected BALB/c mice, but then ulcers developed (153) 

Sitamaquine Anhydrous gel, emulsions, 
silicon emulsions 
 

Animals: no reduction of lesion size or parasite burden in L. major infected BALB/c after 
treatment with 50 mg formulation per day beginning 10-11 days after infection until day 
25-28 (94) 

BPQ Hydrous gel, Emulsion, 
anhydrous gel 
 

Animals: reduction of lesion size and parasite burden in L. major-infected BALB/C mice after 
daily administration for 13 days starting 23 days postinfection (92) 

MIL Miltex®-Mixture with other 
lipids 

Animals: 1.5 mg daily applied for 5 or 2 weeks reduced parasite load and lesion in BALB/c 
and C57BL/ mice infected with L. major or L. mexicana, although relapse occurred (90) 

 6% solution Animals: no efficacy in L. major-infected BALB/c mice when applied twice daily for 5 days 
(154) 

Glucantime® Liposomes Animals: lesion reduction in BALB/c mice infected with L. major. Applied twice daily for 4 
weeks (133) 

Other drugs:   

Silver Nanosilver Animals: no differences with control group in L. major-infected BALB/c mice (155) 

NO donors GSNO in PBS 
 

Animals: reduction in lesions size, parasite burden and wound healing of BALB/c mice 
infected with L. major and IFN-γ-KO C57BL/6 mice infected with L. braziliensis (156) 

 SNAP Cream (200 μmol/L)  Humans: healing of ulcers after 30 days of application in 16 patients (157) 

 Gel Animals: twice daily application for 4 weeks reduced lesion size in L. major- infected 
C57BL/6 mice (158) 

 NO patch Humans: 37.1 cure rate versus 94.8% Glucantime® in patients infected with L. panamensis 
(159) 

Azithromycin 
 

Liposomes 
 

Humans: same efficacy as i.l Glucantime® applied twice daily for 8 weeks (136) 
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Agent Formulation Animal/human studies 

Other drugs   

Bis-4-

aminophenyldiselenide 

β-CD gel 
 

Animals: no efficacy in L. major-infected BALB/c mice (160) 
 

Fluconazole 1% cream Animals: no efficacy in L. major- and L. amazonensis- infected BALB/c mice. Twice daily, 12 
days (148) 

Kojic acid Solution Animals: decreased parasite burden and promoted collagen production in L. major-infected 
hamsters when applied twice daily for 4 weeks (161) 

Pharmaceutical 
chlorite 

Cream Humans: L. tropica- and L. major- infected patients. 20/23 showed complete 
epithelialization, but 7 suffered re-ulceration after treatment. Treatments schedule changed 
until wound closure (162) 

Solamargine, 

solasonine 

Gel Animals: Lesion size reduction in C57BL/6 mice infected with L. mexicana. Applied daily for 
6 weeks (163) 

Trichloroacetic 

acid 

5% cream Humans: complete cure in all patients after twice daily application for 8 weeks (164) 

β-lapachone Nanoparticles Animals: stopped lesion progression in BALB/c mice infected with L. major, although 
animals did not cure. Daily treatment for 21 days (165) 

PDT: common 
photosensitizers 

  

5-ALA Cream or 20% solution Animals: parasite erradication after 50 J/cm2 4 h irradiation for 1 week in the lesion 
BALB/c mice infected with L. major (96) 
Humans: evidence of the higher efficacy of PDT weekly for 4 weeks than PM + MBCL twice 
daily for 28 days in L. major infections (166) 

MAL 16% cream (Metvix®) Humans: 89% cure in L. major and L. tropica- infected patients. Exposure to day light for 2-5 
h after 30 min- occlusion (97) 

MB Aqueous solution, cream Animals: reduction of lesion size and parasite burden in lymph nodes in hamsters infected 
with L. amazonensis. Application 10 min min before LED irradiation for 1 h 3 times a week 
for 3 months in solution or cream (167) 

 Solution Animals: lesion reduction (but similar to AmB) in hamsters infected with L. braziliensis. 3 
times a week, 12 weeks and irradiated with a LED during 1 h (168) 
Humans: faster wound healing of a patient infected with L. amazonensis compared to 
parenteral SbV alone (169) 
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Agent Formulation Animal/human studies 

PDT: other 
photosensitizers 

  

Hypericin 0.5% cream Animals: lesion cure of 6/8 golden hamsters infected with L. panamensis. 40 mg/day were 
applied for 3 weeks and irradiated with 5 J/cm2 for 15 min (170) 

Gentian violet 1% gel Animals: parasite elimination in lesions of BALB/c mice infected with L. amazonensis. 
Applied twice a day, 20 days (171) 

Immunotherapy   

IMQ Aldara® (5% IMQ 
ointment) 

Animals: no improvement of topical PM in L. major infected mice after 10-days treatment 
twice a day (172) 
Animals: improvement compared with Glucantime® therapy alone in L. major-infected 
BALB/c mice. Application once every 3 days for 2 weeks (173) 
Humans: 90% cure in 12 patients unresponsive to i.m MA alone after daily treatment for 20 
days with 250 mg containing 5% IMQ (174) 
Humans: no evidences of synergistic effect combined with i.m MA in L. tropica and NWCL 
(149,175) 

 
DOC: Sodium deoxycholate; GSNO: S-nitrosoglutatione; LED: Light-emitting diode; SNAP: S-nitroso-N-acetylpenicillamine;  
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Chapter 2: Hypothesis and objectives 

 

The lack of effective topical formulations for the treatment of cutaneous 

leishmaniasis urges the need to develop new therapeutic options for these 

patients. Accordingly, we hypothesized that it was possible to develop novel 

pharmaco- and immunotherapeutic strategies for the treatment of cutaneous 

leishmaniasis through the following specific aims: 

 

1. Enhancement of drug penetration through the design of new topical 

delivery systems. Evaluation of their efficacy in infected mice: 

  

a. Preparation, optimization and evaluation of a chitosan hydrogel 

containing a new chemically-synthesized diselenide drug solubilised 

with cyclodextrins. Evaluation of its efficacy in BALB/c L. major-infected 

mice. 

b. Preparation, optimization and evaluation of lecithin-chitosan 

nanoparticles containing the natural origin drug β-lapachone. 

Evaluation of the efficacy of the system in BALB/c L. major-infected 

mice. 

 

2. Study of different chemoimmunomodulatory strategies based on:  

 

a. Combination of paromomycin with the TLR3 agonist Poly(I:C) 

(immunopotentiation) or the specific inhibitor anti-TNFα (inhibition of 

the immune response). 

b. Use of drugs with dual antileishmanial and anti-inflammatory effects 

(dapsone and curcumin).  

 

   

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 



 

101 

 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

   Chapter 3 

                                                                Research article



 

 

 

  



 

103 

 

 

 

 

 

 

Topical treatment of L. major infected BALB/c mice with a novel 

diselenide chitosan hydrogel formulation. 

 

Schwartz J1, Moreno E2, Fernández C2, Navarro-Blasco I3, Nguewa 

PA2, Palop JA4, Irache JM5, Sanmartín C4, Espuelas S6. 

 

a Institute of Tropical Health, University of Navarra, 31008 Pamplona, Spain 

b Pharmacy and Pharmaceutical Technology Department, University of Navarra, 31008 

Pamplona, Spain 

c Chemistry and Soil Sciences Department, University of Navarra, 31008 Pamplona, Spain 

d Organic and Pharmaceutical Chemistry Department, University of Navarra, 31008 

Pamplona, Spain 

 

Eur J Pharm Sci. 2014 Oct 1;62:309-16 

 

 

 

 

 

 

 



 

 

 

 



 

105 

 

Abstract 

 

Topical therapy is the ideal outpatient treatment of cutaneous leishmaniasis (CL) 

because of the ease of administration and lower cost. It could be suitable as 

monotherapy for localized cutaneous leishmaniasis (LCL) or in combination with 

systemic therapies for more severe forms of the disease. Although paromomycin 

(PM) ointment can be recommended for the treatment of LCL caused by 

Leishmania major, a more effective topical treatment should be achieved regarding 

the physicochemical properties of this aminoglucoside and its rather poor intrinsic 

antileishmanial activity, that hampers the accumulation of enough amount of drug 

in the dermis (where the infected macrophages home) to exert its activity. In this 

work, we determined a 50% effective dose of 5.6 µM for a novel compound, bis-4-

aminophenyldiselenide, against L. major intracellular amastigotes. This compound 

and PM were formulated in chitosan hydrogels and ex vivo permeation and 

retention studies in the different skin layers were performed with pig ear skin in 

Franz diffusion cells. The results showed that less than 2–4% of the diselenide 

drug penetrated and permeated through the skin. In contrast, the percentage of PM 

penetration was about 25–60% without important retention in the skin. When 

topically applied to lesions of L. major infected BALB/c mice, the novel diselenide 

chitosan formulation was unable to slow lesion progression and reduce parasite 

burden. Considerations during the process of novel drug development and 

formulation discovery algorithm for CL are discussed. 
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1. Introduction 

 

       The term leishmaniasis describes a range of diseases caused by different 

species of protozoa of the genus Leishmania which are prevalent in tropical and 

subtropical regions with visceral and tegumentary forms. Cutaneous leishmaniasis 

(CL) is one of the major tropical dermatosis of immense public health significance. 

It is prevalent in 82 countries and it is estimated that 350 million people 

worldwide are at risk of infection, with an estimated prevalence of 12 million cases 

and an annual incidence of be 1.5 million cases per year (WHO, 2010). 

       The clinicopathological picture of CL is mainly divided in three phenotypes: 

localized cutaneous leishmaniasis (LCL), diffuse cutaneous leishmaniasis (DCL) 

and mucocutaneous leishmaniasis (MCL) whose manifestations range from small 

cutaneous nodules to gross mucosal tissue destruction. The nature, magnitude and 

spread of the lesions depend on the Leishmania species but also on endemic 

regions, host factors and immuno-inflammatory responses. In general terms, 

species prevalent in the Old World (Africa, Asia and Southern Europe) (OWCL) 

produce limited clinical manifestations compared with New World species (Latin 

America) (NWCL) that currently develop to MCL. 

       The severity of the lesions and the risk of dissemination determine the 

treatment of choice that can be parenteral or local. Parenteral treatments, such as 

antimonial derivatives or amphotericin B (AmB), have important limitations of 

toxicity, efficacy and cost and, in the case of antimonials, emergence of resistance 

(Monge-Maillo and Lopez-Velez, 2013). 

       Local therapies are attractive options offering reduced systemic toxicity and 

outpatient treatment. Moreover, although their use in the form of monotherapy is 

limited to the less severe forms of CL without risk of dissemination, the application 

of an effective local therapy in combination with the systemic treatment could also 

be useful to accelerate the healing of the lesions and reduce the scar formation in 

more severe tegumentary forms. In fact, topical therapies should be addressed not 

only to eliminate the parasitebut also to promote wound-care and re-epithelization 

without scar formation as well as to prevent super-infection of the lesions. Local 

treatments evaluated in patients included physical therapies, such as cryotherapy 

and thermotherapy, the intralesional (i.l.) injection of antimonial derivatives, the 
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topical administration of a paramomycin–methylbenzethonium chloride (PM-

MBCL) ointment or the immunotherapy with imiquimod in a cream (Gonzalez et 

al., 2009, 2008). The advantages of topical against physical therapies or i.l. 

injections are fewer adverse effects, less pain, ease of administration and lower 

costs. 

       Currently, the ointment described already 50 years ago containing 15% of the 

aminoglucoside PM and the cationic surfactant MBCL is the common topical 

treatment (El-On et al., 1984). However, it is far to be satisfactory. It is irritant and 

it can be only considered for lesions produced by Leishmania major, for which the 

efficacy ranges from 17–68% (Kim et al., 2009; Reithinger et al., 2007). Its poor 

efficacy could be ascribed to the amount of PM available in the dermis, insufficient 

for the eradication of the parasite that homes inside the macrophages deeply in the 

skin, or to an inadequate interval of time (Carneiro et al., 2012, 2010; Ferreira et 

al., 2004). Besides, IC50 values reported for PM in vitro are high (Seifert et al., 

2010), indicating a rather poor intrinsic antileishmanial activity that further 

increases the amount of drug needed in the dermis to exert its activity. In fact, the 

location of the parasite in the dermis makes the topical treatment of CL 

particularly problematic: (i) the drug has difficulties to permeate through the 

different skin layers or (ii) it is rapidly eliminated by dermal blood supply. 

Although it was initially though that PM had poor capacity to permeate through the 

skin because of its inconvenient physicochemical properties (high molecular 

weight (MW) and solubility in water) (Carneiro et al., 2010), there are some works 

evidencing its rapid and high permeability through damaged skin (Bavarsad et al., 

2012). Consequently, formulations such as liposomes, that increase the time of PM 

retention in the skin, have shown superior efficacy in mice infected with L. major 

(Bavarsad et al., 2012; Jaafari et al., 2009). 

       This scenario justifies the necessity to investigate new formulations and drugs 

for the topical treatment of CL. We have previously reported the activity of novel 

selenium compounds in vitro against Leishmania infantum. Encouraged by the low 

IC50 values obtained against this strain by these compounds and due to their 

physicochemical characteristics (MW and logP), theoretically well- suitablefor 

topical application, the aim of this work was to explore the potential of these novel 

derivatives for the topical treatment of CL in L. major infected BALB/c mice. 
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       For this purpose, drugs were formulated in chitosan hydrogels. Chitosan is an 

attractive excipient biomaterial widely studied for wound care. It can be of interest 

in the topical treatment of CL because of its biocompatibility, its intrinsic 

antimicrobial activity and penetration enhancer properties (Dai et al., 2011). 

Moreover, its viscosity and bioadhesive capabilities could offer a sort of sustained 

release and prolong the exposition of the drug to the parasite. 

 

2. Materials and methods 

 

2.1. Materials 

 

       Chitosan 95/200 (Q 95/200) was supplied by Heppe Medical Chitosan GmbH 

(Halle, Germany). 2-hydroxipropyl-β-cyclodextrin (HP-β-CD, MW= 1310) and b-

glycerolphosphate (β-GP, MW= 216) were obtained from Sigma–Aldrich (St. Louis, 

MO, Canada). Transcutol (TC) was obtained from Gattefossé (Saint Priest, Cedex, 

France). Lactic acid (MW = 90.08) was supplied by Sharlau (Barcelona, España). 

Paramomycin sulphate (PM, MW= 713.71) was obtained from Fluka (St. Louis, MO, 

Canada). 4-bis-aminophenyldiselenide (2a, MW= 342.2) and bis-benzyldiselenide 

(2o, MW= 340.2) were synthesized by the Organic and Pharmaceutical Chemistry 

Department of the University of Navarra as previously described (Plano et al., 

2011). Ethanol absolute and nitric acid were supplied by Panreac (Barcelona, 

Spain). All other reagents were of analytical grade and were used without further 

purification. 

 

2.2. Parasites 

 

       L. major promastigotes (clone VI, MHOM/IL/80/Friendlin) were maintained at 

26°C in continuous stirred Schneider´s modified medium (Sigma, St Louis, MO, 

USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco, 

Gaithersburg, MD, USA) and 40 mg/mL of gentamicin (Sigma, St Louis, MO, USA) in 

flasks. Procyclics were obtained after 1–2 days cultura and metacyclics were 

purified from 5 to 6 days stationary cultures by treatment with peanut agglutinin 
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(PNA) (Sigma, St Louis, MO, USA). Briefly, stationary promastigote cultures were 

washed twice in phosphate buffered saline (PBS, pH = 7.4, Gibco, Gaithersburg, 

MD, USA), resuspended to 2 mL of RPMI 1640 medium (Invitrogen, Carlsbad, CA, 

USA) and incubated with 20 µg/mL of PNA (5 mg/mL in PBS) to purify metacyclics 

from L. major. After 20 min of incubation, 10 mL of RPMI 1640 were added 

carefully and the suspensión was centrifuged (Allegra X-30 centrifuge, Beckman 

Coulter, Fullerton, CA, USA) at 500 rpm for 5 min. The non-agglutinated 

promastigotes were collected, washed two times in PBS and used throughout the 

work. 

 

2.3. In vitro cytotoxicity assay 

 

       To estimate the toxicity of selected compounds (2a and 2o), an in vitro 

cytotoxicity assay was performed in mouse peritoneal macrophages using Alamar 

Blue (AB). Briefly, BALB/c mice were inoculated with 1 mL of 3% (w/v) 

thioglycolate (Sigma–Aldrich, St Louis, MO, USA). After 3 days, animals were 

euthanized by cervical dislocation and 5 mL of cold RPMI 1640 medium were 

injected into the peritoneal cavity and then recovered with a syringe. Cells were 

collected from the peritoneal fluid by centrifugation (Allegra X-30 centrifuge, 

Beckman Coulter, Fullerton, CA, USA) at 1500 rpm for 10 min. Then, the pellet was 

resuspended in RPMI 1640 supplemented with 10% FBS, 1% of a 100 U/mL 

penicillin and 100 lg/ mL of streptomycin solution (Sigma, St Louis, MO, USA). 

Macrophages were adjusted to 2.5 x 104 cells/well (final volume per well = 200 µL) 

and cultured in supplemented RPMI 1640 in 96-well plates at 37°C under 5% CO2 

for 24 h. Then, different concentrations of 2a or 2o (0.25, 0.5, 1.25, 2.5, 5, 10, 20, 

40, 60, 80, 120 and 150 µg/mL) were added to wells and plates were again 

incubated for 48 h. Previously, compounds were solved in DMSO (Sigma–Aldrich, 

St Louis, MO, USA). Cells without drug were used as control and cells treated with 

AmB (Sigma, St Louis, MO, USA) were used as positive control. After 48 h 

incubation, 20 µL of the AB reagent solution (final concentration of AB = 10% 

(v/v)) (Invitrogen, Carlsbad, CA, USA) were added to wells and plates were 

incubated for 4 h. Finally, sample fluorescences were measured using a microplate 

fluorimeter (k excitation 560 nm; emission 590 nm; Polar Star Galaxy, BMG 



 

113 

 

Labtechnologies, Offenburg, Germany). Results are expressed as mean ± SD for at 

least two independent experiments in quadruplicate. 

 

2.4. Effect of 2a and 2o on L. major amastigotes in vitro 

 

       Peritoneal macrophages of BALB/c mice were collected and cultured as 

described above. Macrophages in a concentration of 5 x 105 were seeded in Labtek 

plates (BD Biosciences, Franklin Lakes, IL, USA) and incubated at 37°C with 

humidified atmosphere containing 5% CO2. After 24 h incubation, macrophages 

were washed twice with RPMI 1640 medium and infected with metacyclic 

promastigotes of L. major, isolated as previously described, in a proportion 5:1 

(parasites:macrophages). Infected cells were incubated overnight at 37°C. Then, 

wells were washed twice with RPMI 1640 and treated with compounds 2a and 2o 

at different concentrations (0.1, 0.5, 1, 5, 10 and 20 lg/mL) for 48 h at 37°C. AmB 

was used as reference drug and untreated infected cells were used as a positive 

control of infection. After 48 h, slides were fixed with methanol and stained with 

Giemsa for evaluation (Merck Darmstadt, Germany) (Giaimis et al., 1992). The 

infected macrophages percentage and the growth inhibitory effect (GI) were 

evaluated by counting 200 macrophages using an optical microscope (Nikon 

Eclipse E400+Y-THM + Y-THR, Chiyoda-ku, Tokyo, Japan). Cultures were 

performed at least in duplicate and results are presented as mean ± SD. 

 

 

 

2.5. Preparation of hydrogels 

 

       Approximately 1 mL of chitosan hydrogel containing the selenocompound 2a 

or PM was prepared according with the following method. Firstly, to solubilize 2a 

(5 mg/mL) and PM (30 mg/mL), 50 µL of EtOH absolute or desionized water were 

needed, respectively. The dissolved drugs were mixed with 250 µL of an aqueous 
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HP-β-CD solution. Then, the mixture was added to 250 µL of an aqueous β-GP 

solution and, after stirring, it was added to 500 µL of Q 95/200, which was 

previously dissolved in an aqueous solution with acid lactic 2% (w/v). For the 2a 

with TC formulations (20 mg/mL), 2a was directly solved in 100 lL of TC. After 

solubilization, 150 µL of desionized water was added and, after stirring, the 

mixture was added to the β-GP and Q 95/200 solutions as previously described. 

Finally, the mixtures were stirred on a vortex and subsequently loaded on a metal 

sample plate to allow gelation process. The final concentration for β-GP, Q 95/200 

and HP-β-CD was 5% (w/v), 1% (w/v) and 12.8% (w/v), respectively. TC was 

added to a final concentration of 10% (v/v). The final pH of the hydrogels was 

always between 6 and 6.4. 

       All formulations were prepared 24 h before the study and were stored, 

protected from light, in glass vials at 4°C. 

 

2.6. Preparation of pig ear skin 

 

       Skin cultures were obtained from domestic pig ears in a local slaughterhouse. 

Ears were taken from the animals and transported to the laboratory in a maximum 

of 2–3 h. After washing with tap water, the outer region of the ear was excised with 

a scalpel and sectioned at a thickness of ca. 1 mm using a dermatome (Aesculap GA 

630, Tuttlingen, Germany). Then, skins were stored in Parafilm_ (Bemis, Neenah, 

WI, USA) at _20 _C for no longer than a month. Studies were carried out with intact 

skin and damaged skin (without stratum corneum or epidermis). Before the 

experiments, the skin was allowed to thaw at room temperature in PBS for 30 min. 

In the case of damaged skin, tape stripping procedure was performed. Adhesive 

tape (Scotch Transparent Tape 845, 3 M, St. Paul, MN, USA) was applied pressing 

onto the skin and then removed with one quick movement (Wu et al., 2009). To 

determine the number of adhesive applications required to eliminate the stratum 

corneum (SC), 0, 15, 30 and 60 tapes were applied. After that, samples were 

staining with Mayer’s hemalum (Merck Darmstadt, Germany) and analyzed under 

a microscope (Olympus BH2, Hamburg, Germany). It was observed that 30 pieces 

of adhesive tape were necessary to remove all the SC. 
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In the studies with dermal membranes (without epidermis), full-thickness skin 

was immersed in water at 60°C for 45 s to separate the epidermal layer. 

 

2.7. In vitro permeation studies 

 

       Permeation studies using Franz diffusion cells were carried out on a 

MicroettePlus™ apparatus (Hanson Research Corp., Chatsworth, CA, USA). 

Transcutaneous diffusion was assessed according to OECD guideline 428 (OECD, 

2004). Franz cell receptor compartment (4 mL) was filled with different fluids 

according to the drug tested. The receptor medium for compounds 2a and PM were 

HP-β-CD 2% (w/v) in PBS or PBS, respectively. Fluids were validated to ensure 

that sink conditions were maintained over the time course of the experiment. 

Moreover, receptor mediums were homogenized by magnetic stirring (400 rpm) 

and maintained at 32 ± 1°C. Skin biopsies were placed horizontally between the 

donor and the receptor compartment with the SC, epidermis or dermis side up, 

ensuring their contact with the receptor medium. The whole device was then fixed 

with a clamp. All Franz diffusion cell experiments were conducted under infinite 

doses conditions: 1 mL of the different hydrogel formulations were deposited with 

a microspatula on 1.74 cm2 of the skin in the donor compartment. The punch areas 

were devoid of any visible structural change (scratches, erosion or scars) as such 

skin damage could affect the diffusion and metabolism of the tested compounds. 

Skin layers and compartment receptor of Franz diffusion cells loaded with 

hydrogel without drugs were considered as negative control for their 

quantification. 

       The drug diffusion kinetics was evaluated by automatically sampling 1 mL 

aliquots of the receptor fluid at the following predetermined times: 0, 0.5, 1, 3, 6, 8 

and 24 h. Each aliquot withdraw was replaced with an equal volume of receptor 

phase. Franz cell blank experiments were conducted with the formulations without 

drug.  At the end of the experiment, the excess of formulation was removed and the 

skin pieces were stored at -80°C for some minutes. Then, the skin samples were 

embedded in OCT compound (Optimal Cutting Temperature compound, Tissue-

Tek, Sakura Finetek, Villeneuve d’Ascq, France) and frozen again to make the cuts 

easier. Skin sections were cut using a microtome cryostat (Leica CM 1900, Leica 
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Microsystems, Schweiz, AG, Germany) and, after separating the SC (20 µm), the 

epidermis (80 µm) and the dermis (rest), the drug concentration in each layer was 

determined. 

       To quantify the selenocompound 2a, skin sections were pretreated with nitric 

acid for 12 h and, after diluting biological samples with desionized water (50:50, 

v/v), selenium was determined by atomic absorption spectrometry (Perkin Elmer 

Analyst 800, Norwalk, CT, USA). The extraction procedure of the drug was 

validated calculating the recovery on adding known amounts of drug (50 and 100 

ng/mL) to skin samples (from 34 to 125 mg) before or after acid digestion. The 

results showed accuracy between 98.1% and 102.7% (n = 3). An internal aqueous 

quality control (56.2 ± 0.2 mg/L, range = 54.5–56.7) was run concurrently with 

blank reagent, throughout the course of the analysis and always previously 

measured to each batch of samples, in order to satisfy the criteria established in 

the quality program (lower and upper action limits: 53.4 and 59.0 mg/L, 

respectively) and to provide on-going quality control information. 

       PM concentration was calculated by a microbiological assay. The SC, epidermis 

and dermis were maintained for 12 h in a 0.1 M phosphate buffer (pH 8.1) for PM 

extraction retained in the skin. Then, skin biopsies were homogenized using an 

ultrasonic cell disruptor (Misonix, Farmingdale, NY, USA). Samples were 

centrifugated (Mini Spin_, Eppendorf AG, Hamburg, Germany) at 3500 rpm for 5 

min and supernatant was filtered through a 0.45 µm filter (Millipore, Billerica, MA, 

USA). PM concentration was determined by an agar-diffusion inhibition assay of 

the growth of Bacillus subtilis (ATCC 6633, Manassas, VA, USA). Firstly, samples 

were seeded in agar plates and, after overnight incubation at 4 °C, plates were 

turned and incubated for 20 h at 36°C. Then, the halo of inhibition was measured 

for each sample (mm). A linear relationship between the diameter of inhibition 

zone and the logarithm of the PM concentration was observed. Standard curves  

(y = 2.64x + 0.25 and y = 4.49x + 0.28) were obtained with concentrations ranging 

from 0.01 to 12 lg/mL in 0.1 M phosphate buffer (pH 8.1) according to the method 

described in the United States Pharmacopoeia (USP 23). The detection limit was 

0.6 µg/mL. Samples containing high concentrations of PM (>12 µg/mL) were 

diluted in phosphate buffer (pH 8.1) for a range of the standard curve. Results are 

expressed as mean ± SD for at least three independent experiments. The extraction   
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procedure of PM from the skin has been previously published (Carneiro et al., 

2010). Recovery results showed an accuracy of 72.9 ± 18.7 (n = 3) and the absence 

of activity against B. subtilis in samples from skin layers and receptor 

compartment of Franz cells loaded with hidrogel without drugs confirmed the 

specificity of the microbiological assay for PM activity determination. 

 

2.8. Animals 

 

       The in vivo assay was carried out in female BALB/c mice (Harlan, Spain) 

weighing approximately 20 g and 8 weeks of age. Animals were kept under 

conventional conditions with free access to food and water. Animals were housed 

in groups of four in plastic cages in controlled environmental conditions (12:12 h 

light/dark cycle and 22 ± 2°C). This study was conducted according to ethical 

standards approved by the Animal Ethics Committee of the University of Navarra 

in strict accordance with the European legislation in animal experiments. 

 

2.9. Infection 

 

       Animals were infected by subcutaneous inoculation of 105 infective metacyclic 

promastigotes of L. major in the base of the tail. Lesions were measured each 2 

days with a digital caliper. 

 

2.10. In vivo evaluation of 2a in L. major-infected mice 

 

       Mice were separated in cages with 4 animals and three different treatments 

were evaluated: (a) 5 mg/mL and (b) 2 mg/mL of 2ª administered topically; and 

(c) 0.5 mg/mL of 2a administered by i.l. route. After 6–8 weeks, lesions of 

measurable size (average diameter of 5 mm) had developed in 15 mice and the 

topical treatment with 5 mg/mL of 2a was initiated (control: 3 mice; treated: 12 

mice). For the rest of the mice (11 mice), lesions took longer to reach a median 

diameter of 5 mm (between 9 and 11 weeks) but, when lesions were ready, topical 

treatment with 2 mg/mL of 2a and the i.l. treatment were initiated (control: 2 

mice; treated topically: 6 mice; treated intralesionally: 3 mice). Lesions were 



 

118 

 

covered with 100 lL of the 2a hydrogel formulation (0.2 or 0.5 mg of 2a) and, in the 

case of the i.l. treatment, 50 µL of an aqueous solution containing 2a (0.5 mg/mL of 

2a solved with HP-β-CD (molar ratio 1:3) in Pluronic F127 25 wt.%) was injected. 

Topical treatment was administered daily for a period of 30 days whereas the i.l. 

treatment was applied on alternative days during 13 days. Once treatments were 

finished, animals were kept for 3 days before sacrifice. Untreated infected mice 

were used as control. Final results were expressed as mean of the lesion diameter 

(mm) ± SD measured with a caliper. Moreover, the parasitic load was calculated. 

 

2.11. Parasite quantification 

 

       Treatment efficacy was evaluated through of the parasite burden 

quantification. 3 days after the interruption of the treatment, mice were sacrificed 

and the number of viable L. major parasites at the site of infection was quantified 

by a limiting-dilution assay. Firstly, skin fragments from ulcerated lesions as well 

as spleen and popliteal lymph of infective mice were aseptically removed and 

treated with collagenase D (Roche, Basel, Switzerland) in collagenase buffer (10 

mM Hepes pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2 and 1.8 mM CaCl2; final 

collagenase concentration: 2 mg/mL) for 20 min at 37°C. Then, samples were 

homogenized in 20 mL of RPMI 1640 medium (Gibco, Gaithersburg, MD, USA) with 

a sterile siringe piston and centrifuged at 1,250 rpm for 5 min for sedimentation 

(Allegra X-30 centrifuge, Beckman Coulter, Fullerton, CA, USA). The pellet was 

resuspended in RPMI 1640 medium and 2 mL of lysis buffer (0.14 

Mammoniumchloride in 17 mMTris–HCl) were added. After 2 min at 37°C, 20 mL 

of RPMI 1640 were added and samples were centrifuged at 1,250 rpm for 5 min. 

The pellet was resuspended in 1 mL of Schneider´s modified medium 

supplemented with 10% heat-inactivated FBS and 40 lg/mL of gentamicin (Sigma, 

St. Louis, MO, Canada). The homogenate was submitted to serial dilutions in 

triplicates in sterile 96 well culture plates and incubated at 26°C in Schneider´s 

modified medium. Each well was examined for the presence of parasites and the 

number of parasites was quantified by the highest dilution at which parasites 

could grow over a 7-day period. The lowest dilution that parasites were detected 

was 10-1, which was considered the limit of quantification. 
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3. Results and discussion 

 

       Currently, therapies for leishmaniasis are far from ideal and the development 

of new therapeutic strategies to treat CL has become a high-priority. In this 

context, major emphasis has been given to the identification of new and less toxic 

compounds and alternative administration routes. Oral effective chemotherapy of 

leishmaniasis would be considered as the greatest progress, especially in endemic 

countries, where geographical and economical issues limit the access of affected 

people to trained personal and hospitalization which parenteral administrations 

require. Topical therapy could also be an attractive cost-efficacy alternative devoid 

of systemic toxicity, being really useful for the treatment of LCL. Moreover, this 

modality could be combined with systemic therapy for more severe forms of the 

disease with the aim to accelerate the healing of the lesions. 

       We have previously reported the synthesis of novel diselenide drugs and their 

activity in vitro against L. infantum transfected GFP (Plano et al., 2011). 

Encouraged by the low toxicity and high antileishmanial efficacy of some of them, 

we decided to continue with the screening process. The compounds chosen in this 

study, 4-bis-aminophenyldiselenide (2a) and bis-benzyldiselenide (2o), as well as 

their physicochemical properties (MW and logP) are showed in Fig. 1. We 

addressed a study of acute toxicity in BALB/c mice with compound 2a according to 

OECD guidelines. The dose-dependent hepatotoxicity, starting from low and single 

doses, precluded the oral or intravenous (i.v.) administration (data not shown). 

For this reason, we moved towards topical therapy. 
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Compound R n MW log P 

2a (4-bis-aminophenyldiselenide) -NH2 0 342.2 1.93-3.14 

2o (bis-benzyldiselenide) -H 1 340.2 3.83 

 

Fig. 1. Structures and physicochemical properties for the compounds 2a and 2o. Molecular weight 

(MW) values were calculated by CHN analysis and logP values were calculated by applying 

Chemaxon software. 

 

       The efficacy of a topical treatment against CL depends on two factors: (i) on the 

intrinsic antileishmanial activity of the compound and (ii) on the amount of drug 

able to reach the dermis, the deepest layer of the skin where the infected 

macrophages reside (Garnier and Croft, 2002; Wiechers et al., 2012). A higher 

antileishmanial activity means that less amount of drug is necessary to exert its 

activity. Furthermore, drug accumulation at the dermis level is particularly 

problematic. Depending on its physicochemical properties and status of the skin 

(Forster et al., 2009), there are drugs that have difficulties to cross the SC and 

epidermis or they are rapidly removed to systemic circulation once they reach the 

dermis. Because of that, our first step was to evaluate the activity of the diselenide 

derivatives 2a and 2o in vitro against L. major, one of the main causative species of 

CL. As summarized in Table 1, their activity against intracellular amastigotes was 

much lower than determined against L. infantum. The IC50 values allow to classify 

compound 2a as moderately active (5.6 lM) whereas compound 2o was inactive 

and discarded (at 20 lMthe percentage of infected macrophages was still 67.7 ± 

19.4%). As shown in Fig. 2, the parasite growth inhibition was concentration 

dependent following a sigmoidal fit. The selectivity or toxicity/activity index, 

calculated as the ratio of the IC50 value of the compound against mouse peritoneal 

macrophages relative to the value against intracelular amastigotes, was lower (1.8) 

than recommended (>10) (Table 1) (Grogl et al., 2013). 
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       However, we decided to thrust the compound 2a forward the pipeline and 

evaluate its penetration and permeation into and through the skin. The amount of 

drug able to reach the dermis is as important as the intrinsic activity of the drug. A 

very active compound without capability to reach the infected macrophages in the 

dermis is merely futile (i.e. case of AmB). On the contrary, drugs with activities 

rather modest but able to accumulate enough in the dermis can be more effective 

in topical treatments. Moreover, common antileishmanial drugs do not fit the 

restrictive criteria currently recommended in the research of new compounds. For 

example, Glucantime, a pentavalent antimonial, had a SI = 0.8 against L. major 

promastigotes and mouse peritoneal macrophages (Poorrajab et al., 2009) or a SI = 

0.5 in L. infantum amastigotes and J774.2 macrophages (Ramirez-Macias et al., 

2012); and miltefosine showed a SI = 0.26 against Leishmania donovani and 

J774A.1 macrophages (Tiwari et al., 2013). 

       We chose chitosan hydrogel as formulation vehicle because its properties as 

antimicrobial and wound-healing enhancer can be of interest for treating CL 

lesions. Moreover, hydrophilic formulations instead of hydrophobic ones are more 

suitable for application in ulcerative lesions produced by L. major (Goncalves et al., 

2005) according with the paradigm ‘‘apply dry on dry and wet on wet’’ (Akomeah, 

2010). 

 

Table 1  

In vitro cytotoxicity and activity of compounds 2a and 2o at 48 h for L. major intracellular 

amastigotes expressed as IC50 values (lM) calculated with GraphPad Prism 6 software. 

 

Compound 
IC50 (µM) 

Selectivity 
Index (SI)* Amastigotes 

Peritoneal 
macrophages 

2a 5.6 10.2 1.8 

2o >20 9.4 - 

AmB 0.1 5 50 
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Fig. 2. Dose–effect study for compound 2a against L. major intracellular amastigotes. Results are 

expressed as mean ± SD for at least two independent experiments in quadruplicate. 

 

       Compound 2a is poorly soluble in water and, for this reason we used HP-β-CD 

or TC for its solubilization and its incorporation into the hydrogel. Both are 

permeation enhancers that can facilitate the arrival of the drug to the dermis and 

beyond (Lane, 2013). On the other hand, as the permeation of drugs through the 

skin is governed by the Fick diffusion law, studies of formulation optimization 

were addressed in order to get the maximal amount of drug solubilized in the 

hydrogel (Lane et al., 2012). A solubilization of 5 mg/mL of 2a was achieved using 

CD whereas 20 mg/mL of 2a were solubilized with TC. The chitosan-CD hydrogel 

was also loaded with PM at 30 mg/mL as control. The permeation studies 

conducted with pig ear skin clearly indicated that PM diffuses from the formulation 

towards the skin (intact, stripped or dermal membranes) and receptor 

compartment better than the compound 2ª (Fig. 3 and Table 2). Previous works 

have also described the high diffusion of PM through damaged skin (40%) in mice 

(Bavarsad et al., 2012; Castro et al., 2003) and 6–20% of PM dose was detected in 

the blood of patients topically treated with a PM cream (Ravis et al., 2013). On the 

other hand, although its physicochemical properties such as MW and logP 

predicted a poor absorption through intact skin (Potts and Guy, 1992) confirmed 

by other authors (Carneiro et al., 2010; Castro et al., 2003), the changes in the skin 

permeability produced by chitosan and CD could facilitate the diffusion of PM 

inside and through the intact skin from the current formulation (Akomeah, 2010; 

Oliveira et al., 2012). 
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Fig. 3. Permeation and penetration for compound 2a (a,b,d,e) and paromomycin (PM) (c,d) across 

pig ear skin from chitosan hydrogel. Compound 2a was solubilized with cyclodextrin (CD) (a,d) or 

transcutol (TC) (b,e). Pig ear skin was intact, partially damaged (without SC) by tape-stripping or 

highly damaged (tissue without epidermis or dermal membranes). Results are expressed as mean ± 

SD for at least three independent experiments. RC = Receptor compartment. 

 

Table 2  

Permeation and penetration (expressed as% of the applied dose) of the compound 2a and 

paramomycin (PM) across pig ear skin from chitosan hydrogel. The compound 2a was solubilized 

with cyclodextrin (CD) or transcutol (TC). Pig ear skin was intact, damaged (without SC) by tape-

stripping or highly damaged (tissue without epidermis or dermal membranes). 

 

 Skin status % skin retention             
(24 h) % permeation 

2a-CD                
(5 mg/mL) 

Intact 0.47 ± 0.17 0.02 ± 0.01 

Tape-stripped 0.28 ± 0.19 1.02 ± 0.79 

Dermal membranes 0.57 ± 0.33 0.69 

2a-TC            
(20 mg/mL) 

Intact 1.38 ± 0.76 0.22 ± 0.23 

Tape-stripped 0.28 ± 0.01 0.29 ± 0.06 

Dermal membranes 0.26 ±  0.14 4.91 ± 1.25 

PM                 
(30 mg/mL) 

Intact < 30.30 ± 41.52 

Tape-stripped < 38.47 ± 48.42 

Dermal membranes < 67.2 ± 78.62 

CD: cyclodextrin; TC: transcutol; PM: paramomycin. 

       In the case of 2a, we suspect that water and TC diffusion to the skin and/or 

water evaporation can provoke the precipitation of the drug which became 
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unavailable on the skin surface). In fact, at the end of the permeation studies, 

precipitated drug was visible in the excess of TC-hydrogels with 2a at 20 mg/mL, 

removed from the skin. The permeation and penetration of 2a from the TC-

chitosan hydrogel was higher than from CD but did not increase proportionally to 

the drug loading. The high lag time observed for the release of 2a from these 

formulations (3 h from CD-chitosan and 6 h from TC-chitosan hydrogels) also 

suggested this possibility (Fig. 3d and e). As summarized in Table 1, the compound 

2a has a low MW and logP 1–3 suitable for topical delivery. Moreover, its pKa 

calculated applying Chemaxon Software, was 3.2. At pH > 5, the major 

microspecies of compound 2a has not net charge. Thus, the solubility of 2a in the 

hydrogel should be the main factor limiting its permeation through the skin 

governed by the Fick diffusion law. 

       As recent studies carried out with PM correlated the drug retention in the skin 

but not their permeation with enhanced efficacy (Bavarsad et al., 2012), in vivo 

efficacy studies in L. major infected BALB/c mice were carried out with CD-

chitosan hydrogel loaded with 2a. Although it was low, this formulation provided 

the highest retention of drug in the dermis. As shown in Fig. 4c, f and Table 2, PM 

rapidly permeated to the RC without detectable retention in the skin. Topically 

daily applied for 30 days, this formulation produced a slight but not significant 

decrease in the lesion size without changes in the skin and draining lymph nodes 

parasite load or significant reduction in the parasite spread to spleen (Figs. 4 and 

5).  

       The poor cession capacity of the formulation was not the sole responsible of 

the failure as the drug intralesionally administered was also ineffective (Figs. 4 and 

5). The complexation of 2a with CD neither affected the activity of the drug because 

IC50 values obtained in the intracellular amastigotes assay were similar than the 

data obtained of the free drug (data not shown). However, we have to stress that 

infected animals receiving the i.l. treatment were those that took more time to 

develop the lesions and with the highest parasitemia in the spleen at the end of the 

experiment (Fig. 5). Therein, we have to underline the differences in the parasite 

burden determined among the different groups (5 mg/mL, 2 mg/mL and 0.5 

mg/mL of 2a) and reflected in the time needed for lesion development (Fig. 4). For 

example, around 5000 parasites/ lymph node were detected in the mice that more 
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rapidly developed lesion with 5 mm diameter (that were treated with 2a hydrogel 

at 5 mg/mL or not received treatment, control group) whereas the burden was 

ten-fold lower for the mice that received lower dose (Fig. 5). 

       The mechanism of antileishmanial activity of 2a is still unknown. The 

interference with trypanotion reductase has been suggested and a high number of 

TR inhibitors have been synthesized. Although they have showed potent in vitro 

antileishmanial activity, their in vivo activity has not been previously analyzed 

(Bernardes et al., 2013). 
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Fig. 4. Progress of lesion size in L. major infected BALB/c mice treated with topical or i.l. 

administrations of compound 2a. Chitosan hydrogel was loaded with 5 mg/mL or 2 mg/mL of 2a 

solubilized with CD. The lesions were treated topically with 100 lL formulation daily for 30 days. 50 

lL of a solution with 0.5 mg/mL of 2a were administered intralesionally on alternative days for 13 

days. The lesion size was recorded twice per week during the treatment. 
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Fig. 5. Spleen (line 5a), draining lymph node (line 5b) and skin (line 5c) parasite burden in L. major 

infected BALB/c mice treated daily with the topical (5 mg/mL or 2 mg/mL) or on alternative days 

with the i.l. (0.5 mg/mL) administration of compound 2a. 

 

       The failure of this formulation allows us to think over the algorithms suggested 

to identify new compounds and topical treatments of leishmania infections (Don 

and Ioset, 2013; Grogl et al., 2013). Firstly, it is certain that the selection of 

compounds with an in vitro antileishmanial activity of IC50 < 1 µM and SI > 10–20 

could be recommended as the first cut-off but it is not mandatory because the 

amount of drug available in its site of action (the dermis in the case of topical 

administration) is as important as the intrinsic activity of the chemical. Obviously, 
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the more active the drug is, the lower amount will be necessary to exert its action. 

Secondly, we could advice to test the in vivo efficacy of the compound by i.l. route 

because it is the fastest way to explore the in vivo activity of a compound. If it is 

active, the development of a formulation for its topical administration can be 

addressed. We consider that testing the intralesional activity of 2a compound after 

topical delivery was one of the failures of the present work. Thus, before testing 

efficacy in animals, studies of permeability ex vivo in Franz diffusion cells can allow 

to estimate if enough amounts of drug and for a correct period of time may access 

near the parasites (Mantyla et al., 2004). The predictions of transdermal 

penetration (Kp) from physicochemical properties of the compound such as MW 

and logP and Potts and Guy equation do not seem to apply in damaged skin models 

(Gattu and Maibach, 2010). Moreover, we underline that many formulation 

optimization processes have been wrong addressed to enhance the permeation 

through the skin or flux (J). Recent studies performed with liposomes of PM found 

correlation between the percentage of drug retained in the skin in ex vivo studies 

and the efficacy of the formulation in infected mice (Bavarsad et al., 2012). The PM 

cream showed higher penetration and lower in vivo activity. Accordingly, 

formulations able to favor the formation of a drug reservoir in the skin and 

increase the time of parasite exposure to the chemical could have more chance to 

eradicate the infection except for drugs that remain retained by interaction with 

skin compounds. Previous studies reported that other antileishmanial agents such 

as sitamaquine or buparvaquone bound to melanin and the interaction reduced or 

abrogated their activity (Garnier et al., 2006, 2007). At the skin pH, sitamaquine 

contains protonated amine groups with a high affinity for melanin (Fukuda et al., 

2000). Although compound 2a has two amine groups, at pH > 5 they are mostly in 

a non-protonated form, more suitable to penetrate into the skin. 

 

4. Conclusions 

 

       Overall, we did not observe a significant activity of chitosan hydrogel loaded 

with the compound bis-4-aminophenyldiselenide after topical application to 

lesions of L. major infected BALB/c mice. Two factors: (i) the moderate in vitro 

antileishmanial activity (IC50 = 5.6 lM) obtained for this novel drug against L. major 
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intracelular amastigotes; and (ii) limitations in the maximal drug concentration 

that can be achieved in the formulation; restrict the targeting of enough amounts 

of the compound in the active form to dermal macrophages and could explain the 

failure in the mice infection. These and other parameters such as the interaction of 

the drug with skin components should be estimated during the screening of novel 

drugs and formulations for the topical therapy of CL. 
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Abstract 

 

       Patients affected by cutaneous leishmaniasis need a topical treatment which 

cures lesions without leaving scars. Lesions are produced not only by the parasite 

but also by an uncontrolled and persistent inflammatory immune response. In this 

study, we proposed the loading of β-lapachone (β-LP) in lecithin-chitosan 

nanoparticles (NP) for targeting the drug to the dermis, where infected 

macrophages reside, and promote wound healing. Although the loading of β-LP in 

NP did not influence the drug antileishmanial activity it was critical to achieve 

important drug accumulation in the dermis and permeation through the skin. 

When topically applied in Leishmania major infected BALB/c mice, β-LP NP 

achieved no parasite reduction but they stopped the lesion progression. Immuno-

histopathological assays in CL lesions and quantitative mRNA studies in draining 

lymph nodes confirmed that β-LP exhibited anti-inflammatory activity leading to 

the down-regulation of IL-1β and COX-2 expression and a decrease of neutrophils 

infiltrate. 

 

From the Clinical Editor: Cutaneous leishmaniasis often leaves patients with 

unsightly scars due to the body's inflammatory response to the infection. The 

authors in this paper described topical treatment using β-lapachone (β- LP) loaded 

in lecithin-chitosan nanoparticles (NP) in an animal model. Results confirmed the 

reduction of inflammatory response without affecting the parasite killing efficacy. 

These findings would pave way for further clinical testing in the near future. 

 

Key words: β-Lapachone; Lecithin-chitosan nanoparticles; Cutaneous 

leishmaniasis; Topical treatment; IL-1β; Cyclooxygenase-2 
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       Currently, cutaneous leishmaniasis (CL) is considered as a major global health 

problem. Over 12 million people suffer from this neglected disease worldwide and, 

approximately, 1.5 million people are infected annually. CL shows different clinical 

manifestations depending on the Leishmania specie implicated in the infection. 

Some forms of the disease can exhibit localized ulcerative skin lesions (LCL) that 

may spontaneously heal while other forms can diffuse (DCL) or lead to significant 

mucosal tissue destruction and disfigurement (MCL).1 In general, species that are 

prevalent in the Old World (OWCL) produce limited clinical manifestations 

compared with New World species (NWCL).2 

       Presently, there is no satisfactory therapy for CL. The World Health 

Organization (WHO) recommends the topical treatment for uncomplicated LCL, 

although if the topical treatment fails or the patient has a more severe forms of the 

disease, the experts advice the parenteral therapy.1,3 Topical treatments present 

advantages such as better patient compliance and lower systemic toxicity and 

costs.4 Among the topical treatments, paromomycin (PM) has been used in several 

formulations for more than 40 years. In spite of the variable cure rate that some 

studies showed (from 9% to 90% against OWCL and NWCL species),2 a meta-

analysis of 14 randomized controlled trials confirmed that topical PM was as 

effective as intralesional antimonials in treating OWCL and less effective against 

NWCL. Besides, the ointment produced skin irritation.5 Thus, recent clinical trials 

confirmed the effectiveness and well-tolerance of the PM-based formulation 

WR279396, which contained 15% PM and 0.5% gentamicin, in ulcerative CL 

lesions produced by Leishmania major6 and Leishmania panamensis.7 However, 

further studies are necessary regarding drug development, delivery, safety, 

efficacy and cost/benefit ratio.  

       New topical products for CL treatment are expected to accelerate parasite 

clearance, prevent parasite dissemination and reduce the chance of relapse. 

Furthermore, they should exhibit more rapid and stable repair processes that do 

not lead to scars and disfigurement.4 These properties rely on the ability of the 

formulation to deliver the active compound in the infected macrophages residing 

in the dermis in amount and time enough to destroy parasites and modulate the 

immune response in a manner that contributes to eradicate the parasite avoiding 

ulcer formation and tissue destruction.8  
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       β-Lapachone (β-LP), a o-naphthoquinone obtained from the bark of the 

Lapacho tree (Bignoniaceae family, Tabebuia sp.) exhibits a wide range of activities 

including antitumor, antifungal, antiviral, antibacterial or antitrypanosomal 

properties.9 Furthermore, its antileishmanial activity has been tested in vitro 

against Leishmania infantum and Leishmania amazonensis with a IC50 < 3 μM.10 β-

LP has intrinsic antileishmanial activity and physicochemical characteristics that 

could be of interested to permeate and penetrate through the skin such as low 

molecular weight (242.3 Da) and suitable log P (2.5). Besides, in vitro and in vivo 

studies have demonstrated the efficacy of β-LP in promoting wound healing.11,12 

However, its poor aqueous solubility prevents it from being topically applied using 

conventional formulations and/or organic solvents. Because of these reasons, we 

decided to evaluate this drug formulated in lecithin (LEC)-chitosan nanoparticles 

(NP) for the topical treatment of CL. Nanocarriers such as polymeric particles, 

microemulsions, liposomes or lipidic NP have demonstrated the ability to increase 

drug solubility and enhance the penetration and permeation of drugs into and 

through the skin. They also offer better controlled release properties than the 

classical topical formulations such as hydrogels, ointments or creams, due to the 

fact that they prevent rapid clearance to systemic circulation and systemic side 

effects.13,14 Formulations based on LEC-chitosan NP have been reported as topical 

delivery systems for drugs. Active agents such as clobetasol-17-propionate,15 

quercetin16 or diflucortolone17 that have been loaded in LEC-chitosan NP have 

enhanced their permeation ability and increased their skin accumulation 

compared with creams or gels. 

       With this purpose, in the present study, LEC-chitosan NP loaded with β-LP 

were prepared and evaluated in vitro against L. major parasites and peritoneal 

macrophages. Moreover, studies to examine the capacity of the formulations to 

permeate and penetrate across pig ear skin as well as their effect on wound healing 

were carried out. Finally, their efficacy was determined for the topical treatment of 

CL lesions in L. major infected BALB/c mice. 
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Methods 

 

Preparation and characterization of β-lapachone nanoparticles 

 

       β-LP NP were prepared following the procedure reported by Sonvico et al. with 

modifications.18 Briefly, chitosan (95/100, 1% w/v) was solubilized in 2% w/v 

lactic acid whereas β-LP (10 mg/mL) was dissolved in an ethanolic solution of LEC. 

The organic phase was prepared by mixing LEC:DDAB solutions (60:30 mM, 

respectively) or LEC:MNL solutions (75:45 mM, respectively) in ethanol:acetone 

(5:4 v/v). Afterwards, β-LP NP suspensions were obtained by injection of 4 mL of 

this organic mixture into 4 mL of the chitosan solution. The organic solvents were 

evaporated and the non-entrapped β-LP was separated by centrifugation. The β-LP 

NP were recovered for further characterization and the encapsulation efficiency 

was determined by UV-visible spectrophotometry. 

 

In vitro permeation studies 

 

       Permeation studies using Franz diffusion cells were carried out in pig ear skin 

according to OECD guideline 428. The amount of β-LP in the skin samples was 

quantified by HPLC-UV. Effect of β-lapachone and β-lapachone nanoparticles on L. 

major amastigotes in vitro. Macrophages were infected with metacyclic 

promastigotes of L. major (clone VI, MHOM/IL/80/Friendlin) in a 7:1 proportion 

(parasites: macrophages). Infected cells were treated with β-LP, β-LP NP or 

unloaded NP with or without imiquimod (IMQ, 0.1 μg/mL). After 48 hours, slides 

were fixed and stained for evaluation.19 The percentage of infected macrophages 

was evaluated by counting 200 macrophages using an optical microscope. Nitric 

oxide (NO) in cell culture supernatants was determined by the Griess reaction. 

 

In vivo evaluation of β-lapachone formulations in L. major infected BALB/c mice 

 

       The infected mice were randomly separated in cages (5 animals per cage) and 

two different treatments were evaluated and compared with non-treatment 

infected mice (control). The groups were: 20 mg/kg of β-LP NP and the equivalent 
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of unloaded NP applied topically. Lesions were covered with 100 μL of the NP 

formulations (β-LP NP (5 mg/mL) or unloaded NP). Topical treatment was applied 

daily for a period of 21 days. 

 

Histological analysis and immunohistochemistry 

 

       Skin sections were stained with hematoxylin and eosin (H&E) and Masson 

trichrome. Immunohistochemistry was applied using the following primary 

antibodies: rat anti-mouse F4/80 (1:400; eBiosciences, 14-4801), rat anti-mouse 

NIMP-R14 (1:10,000; Abcam, ab2557), rabbit anti-CD3 (1:300; Thermo Scientific, 

RM9106) and rabbit anti-iNOS (1:500; Santa Cruz Biotechnology, sc-650). Then, 

the EnVision system (Dako, K4011) was used in all cases according to 

manufacturer’s instructions. For each assay, digital images were obtained and the 

area percentage stained in each image was quantified using Fiji 2.0 software. 

 

Quantitative real time RT-PCR 

 

       IL-1β, cyclooxygenase-2 (COX-2), inducible NO synthase (iNOS), IL-4, TNF-α, 

IFN-γ, TGF-β and β-actin expression were measured in the draining lymph nodes 

of skin lesions by quantitative real time PCR using iQ SYBR Green supermix (Bio-

Rad) and specific primers for each gene (see Supplementary Table 1) in a CFX96 

system from Bio-Rad.  

 

Supplementary material methods 

 

       The in vitro antileishmanial activity against L. major promastigotes, in vitro 

cytotoxicity assay in mouse peritoneal macrophages, wound healing studies, 

statistical analysis and further details of the experiments can be found in the 

Supplementary Materials. 

 

 

 

 



 

147 

 

Results 

 

Preparation and characterization of β-lapachone nanoparticles 

 

       LEC-chitosan NP containing MNL or DDAB were prepared and, particle size (Ø), 

polydispersity index (PDI), Z-potential and encapsulation efficiency (EE) were 

determined in order to characterize the NP (Table 1). The mean size of the NP 

prepared for this study ranged from 317 to 574 nm, showing LEC:DDAB NP 

smaller sizes than LEC:MNL NP. The Z-potential value was higher for the NP 

containing DDAB (around 90 mV) than those containing MNL (around 30 mV) but 

in all cases they were positively charged. Moreover, NP suspensions were found to 

have a suitable PDI, ranging from 0.21 to 0.27. Compared to LEC:MNL NP, 

LEC:DDAB NP were observed to have better EE and exhibited 2-fold higher β-LP 

loadings (25.8 and 52.4, respectively). 

 

Table 1  

Physicochemical properties of unloaded and β-lapachone loaded nanoparticles (NP): 

diameter, polydispersity index (PI), Z-potential and encapsulation efficiency (EE). 

 

NP composition Molar ratio (mM) Diameter (nm) PI Z- potential (mV) EE (%) 

LEC*:MNL † 75:45 574.2 ± 15.2 0.27  28.5 - 

LEC:MNL: β-LP‡ 75:45:36.5 436.5 ± 6.5 0.27 31.8 25.8 ± 7.4 

LEC:DDAB § 90:30 317.1 ± 1.9 0.21 88.3 - 

LEC:DDAB: β-LP 90:30:36.5 330.1 ± 3.5 0.24 90.2 52.4 ± 2.4 

* Lecithin; † Monolaurin; ‡ β-lapachone; § Didecyldimethylammonium bromide. 

 

In vitro skin permeation studies 

 

       To assess the influence of the LEC-chitosan NP on the permeation and 

accumulation of β-LP into the skin, in vitro skin studies were performed in pig ear 

skin using Franz diffusion cells. In this study, the two chitosan-NP formulations, 

LEC:DDAB NP and LEC:MNL NP, were also compared with a β-LP chitosan 

hydrogel. It was observed that the β-LP hydrogel cession capacity was the lowest 
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among the different skin layers and the receptor compartment (RC) in the three 

skin models (intact skin, tape stripped and dermal membranes, Figure 1, A-C). This 

cession capacity increased when dermal membranes were used, rising from 0.24% 

to 1.25% the total percentage of β-LP in the hydrogel. As it was expected, the total 

amount of β-LP quantified in the LEC:DDAB NP was higher in the ulcerative skin 

models than in intact skin (1.67%, 4.47% and 16.10% for intact skin, tape stripped 

and dermal membranes, respectively). Although the total amount of β-LP found in 

intact skin was similar if we compare LEC:DDAB NP with LEC:MNL NP (Figure 1, 

A), it is important to point out that the amount of drug determined in the 900 μm 

thick skin layer (that simulates the dermis) was 10-fold higher in the case of 

LEC:DDAB NP (0.09% and 0.95%, respectively). Finally, in the three skin models 

the incorporation of the β-LP into LEC:DDAB NP notably enhanced the retention of 

the drug in the dermis (900 μm) compared with the other formulations. 

 

 

Figure 1. Permeation and penetration studies in pig ear skin for the different formulations 

and percentage of β-LP quantified in the different skin layers and receptor compartment 

(RC). Pig ear skin was intact (A), partially damaged (without SC) by tape stripped (B) or 

highly damaged (tissue without epidermis or dermal membranes, DM) (C). Multiple 

comparison between groups were made with a one-way analysis of variance (ANOVA) 

followed by Tukey post-test. *P < 0.05. Results are expressed as mean ± SD for at least 

three independent experiments. 
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In vitro antileishmanial activity and cytotoxicity studies  

 

       The antileishmanial activity assay in L. major promastigotes treated with β-LP 

and β-LP loaded NP revealed that the encapsulation of the drug into the two NP 

formulations did not affect its leishmanicidal activity (Table 2) because they have 

comparable IC50 values (IC50 = 2.6 μM for LEC:MNL NP and IC50 = 1.9 μM for 

LEC:DAAB NP). Besides, cytotoxicity studies in peritoneal macrophages showed 

that when β-LP was incorporated into the NP, the toxicity increased moderately 

(IC50 = 2.1 μM for LEC:MNL NP and IC50 = 3.4 μM for LEC:DAAB NP compared with 

a IC50 = 6.3 μM for free β-LP). As the LEC-chitosan NP prepared with MNL or DDAB 

had similar promastigotes activity and toxicity, the activity in intracellular 

amastigotes was only performed with LEC:DDAB NP due to their higher EE and 

higher permeation and penetration values through the skin. As it is shown in Table 

3, a 2-fold higher antileishmanial activity of free β-LP in the amastigote form 

compared with the promastigote form can be clearly stated (IC50 = 0.7 and IC50 = 

1.5, respectively). Moreover, β-LP loaded NP, prepared with DDAB, presented 

higher activity in the amastigote form (IC50 = 0.3), being 6 times more potent in the 

amastigote form than in promastigotes (IC50 = 1.9), which suggests a possible 

immunomodulatory effect for the system. Furthermore, β-LP NP showed less 

toxicity than free β-LP because it presents a selectivity index (SI) value of 11.3 

instead of 9.1. A dose–response effect could also be observed when increasing 

concentrations of β-LP or β-LP NP were used (Figure 2, A). This led to a decrease 

from 46 to 11 in the number of amastigotes per 100 macrophages (P < 0.05) at 1 

μM concentration (compared to control). The combination of β-LP NP with the 

immunomodulator IMQ also produced a significant decrease at 1 μM (P < 0.05) 

although an increase in the number of amastigotes was observed at low 

concentrations (0.01 and 0.1 μM) when β-LP was combined with IMQ (Figure 2, B). 

In the case of unloaded NP, concentrations of these NP alone or in combination 

with IMQ reduced L. major infection (Figure 2, C). This reduction was significant at 

1 and 10 μM of unloaded NP and also at 10 and 20 μM of unloaded NP with IMQ (P 

< 0.05). Moreover, unloaded NP at 20 μM caused a very significant decrease in the 

number of amastigotes (P < 0.01). Regarding the NO concentration determined in 

the supernatants of infected macrophages, there were no remarkable changes in 
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the production of NO by infected macrophages after treatment with β-LP or β-LP 

NP alone or combined with IMQ (Figure 2, D and E). However, an increase in the 

production of NO was observed after 48 hours treatment with unloaded NP alone 

or with IMQ at 1, 10 and 20 μM (Figure 2, F). The highest NO production 

corresponded to 20 μM of unloaded NP combined with IMQ, in which NO 

production increased from 4 μM in control cells to 27 μM. These results suggest 

that, at higher concentrations, the system could have an effect in the activation of 

macrophages, leading to NO production. 

 

Table 2  

In vitro activity on L. major promastigotes and toxicity in mouse peritoneal macrophages 

for β-lapachone and nanoparticles (NP) after 48 hours of treatment. 

 

NP composition 
L. major promastigotes 

IC50 (µM) 

Peritoneal macrophages  

IC50 (µM) 

LEC*:MNL † (‡) 80.5 ± 13.5 48.8 ± 2.8 

LEC:MNL: β-LP§ (‖) 2.6 ± 0.7 2.1 ± 1.7 

LEC:DDAB ¶ (#) 117.7 ± 11.3 34.2 ± 2.1 

LEC:DDAB: β-LP (**) 1.9 ± 0.2 3.4 ± 2.1 

β-LP 1.5 ± 0.7 6.3 ± 0.6 

* Lecithin; † Monolaurin; (‡) IC50 expressed as [MNL]; § β-lapachone; (‖) [MNL] =19.2 µM; 

¶ Didecyldimethylammonium bromide; (#) IC50 expressed as [DDAB]; (**) [DDAB] = 1.4 µM.  

 

Table 3  

In vitro activity on L. major amastigotes and selectivity index (SI) for β-lapachone, 

unloaded or β-lapachone loaded lecithin:didecyldimethylammonium bromide (DDAB) 

nanoparticles (NP) after 48 hours of treatment. 

 

 
L. major amastigotes  

IC50 (µM) 
SI 

β-LP* 0.7 ± 0.1 9.1 

Unloaded NP (†) 3.5 ± 0.8 9.8 

β-LP NP (‡) 0.3 ± 0.2 11.3 

* β-lapachone; (†) IC50 expressed as [DDAB]; (‡) [DDAB] =1.2 µM;  

 

 



 

151 

 

 

Figure 2. In vitro efficacy studies and nitrite production. Anti-amastigote activity in mouse 

peritoneal macrophages after 48 hours β-LP and β-LP NP treatment without (A) and with 

imiquimod (IMQ) (B); or unloaded NP without and with IMQ (C). The concentration of 

DDAB in β-LP NP is four-fold higher than the concentration of β-LP. AmB was used as 

positive control of infection. After 1 μM AmB treatment, 3.3 ± 1.2 amastigotes per 100 

macrophages were found. Nitrite production by infected mouse peritoneal macrophages 

after 48 hours of treatment with β-LP and β-LP NP without (D) and with IMQ (E); or 

unloaded NP without and with IMQ (F). The concentration of DDAB in β-LP NP is four-fold 

higher than the concentration of β-LP. Macrophages stimulated with Escherichia coli LPS 

(0.1 μg/mL) were used as positive control. Results are expressed as mean ± SD (n = 3). 

Data were analyzed using a Mann–Whitney test. *P < 0.05; **P < 0.01. 

 

Wound healing studies 

 

       Previous studies showed the activity of β-LP in accelerating wound healing.11,12 

Cytotoxicity studies after 24 hours revealed that after treatment with β-LP at 1 and 

2.5 μMa slightly increase in cell proliferationwas observed (Supplementary Figure 

1, A). It was also observed that with the highest concentrations of unloaded NP 

(100, 250 and 500 μM) cell proliferation increased in a dose-dependent manner 
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(Supplementary Figure 1, B). Moreover, neither the β-LP nor the NP improved the 

healing percentage in 3T3 fibroblasts after 12 hours (Supplementary Figure 1, C). 

 

Efficacy of β-lapachone NP in L. major infected BALB/c mice 

 

       To evaluate the in vivo efficacy of β-LP NP in the treatment of CL lesions, 

BALB/c mice were infected subcutaneously by inoculating 2 × 105 metacyclic 

promastigotes of L. major in the base of the tail. The infection induced a 

progressive increase in the lesion size in all the animals and no statistical 

significant differences were observed between mice before treatment (P < 0.05). 

After 5-7 weeks, treatments were started and, although a slightly reduction in size 

area was observed in mice treated with unloaded NP during the first 2 weeks, 

similar lesions to control group (untreated group) developed at the end of 

treatment (21 days). In contrast, treatment with β-LP NP resulted in a significant 

reduction in lesion size compared with the control group, from 61.2 ± 21.2 (control 

group) to 35.7 ± 29.4 (P b 0.05, topical β-LP NP) (Figure 3, A and B). Moreover, it 

can be seen in Figure 3, C-F that topical treatment with unloaded or β-LP loaded 

NP did not lead to a reduction in the parasite burdens of skin, liver, spleen or 

draining lymph node compared to the control group. 

 

Histopathology and immunohistochemistry of CL lesions 

 

       Histopathological and immunochemistry investigations were performed to 

evaluate the effect of the treatment and to confirm the macroscopic reduction of 

the lesion size. At the end of the experiment, control mice (untreated) showed CL 

lesions in which two different regions were observed: (i) the ulcer focus, 

corresponding to the scab and necrotic and granulation tissue (Supplementary 

Figure 2, D) and (ii) an area characterized by an epidermal hyperkeratosis and 

enormous inflammation that invaded subcutaneous andmuscular tissues 

(Supplementary Figure 2, B and C). Immunohistochemistry showed that the 

inflammatory infíltrate was mainly composed of macrophages (16%), neutrophils 

(39%), and also lymphocytes (2.1%).Whereas the neutrophilsweremainly located 

in the necrotic region (Figure 4, C and G), L. major infected macrophages and free 
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parasites were the dominant cellular infiltrate within the non-necrotic and 

inflamed tissue in both untreated and treated mice (Figure 4, D and H, 

Supplementary Figure 2, B and C). In the β-LP NP treated mice, we observed that 

the necrotic area, the depth of the inflammatory infiltrate that does not reach the 

muscular tissue (Figure 4, E), as well as the neutrophils (Figure 4, G and I), 

decreased. 

 

 

 

Figure 3. In vivo efficacy studies. Lesion size in L. major infected BALB/c mice after 

21 days of treatment with topical β-LP loaded NP (20 mg/kg daily) or the 

equivalent of unloaded NP. Results are expressed as median (n = 10-12, per 

group). Multiple comparison between groups were made with a one-way analysis 

of variance (ANOVA) followed by Dunnet post-test. ***P < 0.001 (A). Photograph 

showing a control mouse (left) and a mouse treated with β-LP NP (right) (B). 

Parasite burden comparison after 21 days treatment in skin (C), liver (D), spleen 

(E) and lymph node (F). Results are expressed as median (n = 10-12, per group). 
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Analysis of gene expression 

 

       The expression at the transcriptional levels of several cytokines (TNF-α, IL-1β, 

IL-4, TGF-β, IFN-γ) and markers (COX-2, iNOS) associated with inflammation or CL 

outcome were analyzed in the draining lymph nodes of skin lesion. Results showed 

that there were significant differences between treated and non-treated mice in 

the IL-1β and COX-2 expression (Figure 5, A and B). The treatment did not affected 

IFN-γ, IL-4, TNF-α, iNOS or TGF-β (data not shown). 

 

 

 

Figure 4. Images of skin sections after 21 days of treatment for control (infected untreated 

mice) (A, B, C and D) and mice treated with β-LP NP (E, F, G and H). Sections were stained 

with H&E (A and E) and with antibodies against CD3 (lymphocytes) (B and F), NIMP-R14 

(neutrophils) (C and G) and F4/80 (macrophages) (D and H), scale bar = 2 mm. Sections 

stained with anti-CD3 at a final magnification of 5× (B and F), scale bar = 200 μm. NIMP-

R14 (neutrophils), F4/80 (macrophages) and CD3 (lymphocytes) staining was quantified 

using the percentage area stained in each image by counting the number of pixels staining 

above a threshold intensity and normalizing to the total number of pixels. Results are 
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expressed as mean ± SD for 8 mice per group (I). Data were analyzed using a Mann–

Whitney test. *P < 0.05. 

 

 

Figure 5. Expression of IL-1β (A) and COX-2 (B) in the draining lymph nodes after 21 days 

of treatment determined by real-time quantitative PCR. Results are expressed as mean ± 

SD (n ≥ 4). Data were analyzed using a Mann–Whitney test. *P < 0.05; **P < 0.01. 

 

Discussion 

 

       Looking for a better CL topical therapy and aiming to explore the goodness of 

NP skin delivery in CL lesions, in the current study, β-LP was encapsulated in NP 

containing LEC, a safe and biocompatible excipient widely used in delivery 

systems, as well as chitosan, an antimicrobial agent with penetration-enhancing 

properties. Moreover, DDAB and MNL, two different lipids with antimicrobial 

activity20,21 and different charge, were also included into the formulations to 

investigate if they could affect either the β-LP skin delivery and/or the anti-

leishmanial activity. Permeation and penetration studies confirmed that β-LP 

loaded in LEC-chitosan NP containing DDAB presented a higher ability than NP 

containing MNL and chitosan hydrogel to penetrate and also to permeate across 

the intact skin or dermal membranes (Figure 1, A and C). The ability of chitosan 

and LEC-chitosan NP to enhance skin penetration has been previously 

demonstrated with several drugs15-17: the positive charge of chitosan ensured close 

contact between the NP and the skin and produced an occlusive barrier that 

increased the hydration. This occlusion is known to facilitate the permeation of the 
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drugs into the skin. Besides, DDAB could disrupt the lipid bilayers of skin and 

further facilitate the drug permeation.22 

       Upon arrival in the dermis, the efficacy of the topical therapy will be 

determined by the activity of the formulation against intramacrophagic 

amastigotes. The results (Table 2) showed a high activity of β-LP against L. major 

parasites and an SI around 9 (Table 2), better than what had been previously 

described with L. infantum and L. amazonensis.10 The encapsulation of the drug in 

the NP slightly modified the drug activity and the therapeutic index although 

unloaded vesicles also showed leishmanicidal effect against promastigotes (Table 

2) and amastigotes (Table 3 and Figure 2, A-C). We hypothesize that the positively 

charged NP may interact with the negatively charged parasites producing 

disruption of the membrane and the death of the parasite. The superior efficacy 

against intramacrophagic amastigotes (IC50 of 117.7 vs 3.5 against promastigotes 

and amastigotes, respectively) would indicate that unloaded NP produced 

macrophagemediated leishmanicidal mechanisms. This immunostimulatory effect 

was confirmed by NO production, which closely correlated with the parasite 

elimination in a concentrationdependent manner (Figure 2, C and D). The role of      

NO production by iNOS in killing L. major parasites in vitro and for controlling the 

infection in vivo is well-known.23 The ability of DDAB liposomes to generate 

reactive oxygen species (ROS) and activate p38 MAPK, implicated in Inos 

expression through IL-12 or TNF-α production, has been previously described.24 

Furthermore, a recent work described the leishmanicidal effect of 

phosphatidylcholine DDAB liposomes against Leishmania donovani promastigotes 

and amastigotes, being their activity superior to other cationic liposomal 

formulations.21 Similarly, other cationic NP, chitosan-nanoemulsion templates, 

improved AmB leishmanicidal activity25 and enhanced iNOS and TNF-α expression 

were determined in the hamster splenocytes.  

       However, although NP induced NO production per se in the infected 

macrophages and the loading of β-LP in NP was addressed with the aim to both 

target the drug to macrophages and concurrently activate their microbial 

mechanisms, β-LP NP had similar antileishmanial activity than the free drug 

(Figure 2, A) and no significant NO production was observed (Figure 2, D). A 

certain anti-inflammatory activity of β-LP has been previously described in vitro in 
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LPS-stimulated alveolar and RAW 264.7 macrophages26 and in vivo in LPS-induced 

lung edema.26 β-LP inhibited NF-κΒ and ERK1/2 activation, down-regulating iNOS 

expression and TNF-α release.26 Our results could indicate that the drug may also 

inhibit cationic NP-mediated macrophage activation and, consequently, the NO 

production (Figure 2, D). 

       Because of the lack of immunostimulatory effect of β-LPNP, we decided to 

study β-LP and β-LP NP efficacy co-administered with the immunomodulator IMQ, 

a TLR7 agonist, known to activate NF-κB transcription factor and produce TNF-α 

and NO. IMQ is currently the only topical immunotherapeutic approach that has 

been assayed in patients affected by CL. However, it has shown variable success.27 

It has been reported that IMQ at 1 μg/mL produced complete elimination L. 

donovani intracellular amastigotes.28 Furthermore, its additive interaction with 

PM allowed to decrease the effective IMQ concentration by ten-fold in L. major 

parasites.29 In the current study, β-LP, β-LP NP or unloaded NP showed the same 

activity with and without the co-administration of IMQ at 0.1 μg/mL (Figure 2, D-

F). There are many antileishmanial drugs with immunomodulatory activities30 

whose loading in immunoadjuvant carriers or their co-administration with 

immunostimulants has been proposed as a mean to both enhance the drug 

targeting and the host immune response.21,25,31 However, there are compounds 

that display dual immune effect depending on the immune environment, i.e. 

berberine32 and 18β-glycyrrhetinic acid33 had antileishmanial activity via 

MAPKinases, iNOS induction and NO up-regulation. However, they showed 

inhibitory effects on LPS-iNOS in macrophages.34,35 Thus, we should keep in mind 

that the loading of immuno-active drugs in NP could greatly affect their activity as 

well as the effect produced by the unloaded carriers.  

       The acceleration of the lesion healing should be another characteristic of 

topical CL therapy and this was one the reasons why β-LP was chosen as the drug 

candidate. Previous studies demonstrated that β-LP promoted the proliferation of 

keratinocytes, fibroblasts and endothelial cells, the migration of fibroblasts and 

endothelial cells, induced macrophages to release VEGF and EGF and thus 

accelerated wound healing in C57BL/6 mice.11,12 On the other hand, several studies 

support the use of chitosan to treat wound infections36 by mechanisms such as 

reduction of TNF-α mRNA expression and induction of VEGF production by 
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macrophages.37 In the current study, although β-LP (1-2.5 μM) and unloaded NP 

(N100 μM DDAB) induced 3T3 fibroblast proliferation (Supplementary Figure 1, A 

and B), no effect was observed in the healing of scratches in fibroblast monolayers 

(Supplementary Figure 1, C). The effects of chitosan in macrophages and 

fibroblasts can be highly affected by factors such as the molecular weight and the 

deacetylation degree (DDA).36,38 In the current study, we used a chitosan with high 

molecular weight and high DDA (95/100) and this type of chitosans has been 

previously reported as stronger activators than small chitosans or their oligomers. 

Currently, it is not known whether their formulation in NP could affect the process 

of wound healing. 

       Based on the good intrinsic antileishmanial activity of β-LP and the 

enhancement in β-LP skin penetration mediated by LEC-chitosan-DDAB NP 

delivery, we addressed the in vivo evaluation of the formulation efficacy in L. major 

infected BALB/c mice. The topical and daily application of β-LP NP did not clear 

the infection but delayed the lesion progression. Unlike humans, where ulcerative 

CL are associated with low infectious loads and non-ulcerative lesions with 

impaired parasite clearance, the BALB/c murine CL model is always associated 

with widespread tissue destruction and uncontrolled parasite replication 

provoked by persistence of Th2 cells and IL-10, resulting in chronic tissue 

remodeling with necrosis and fibrosis. Thus, in BALB/c mice the size of the lesion 

may reflect the parasite burden as well as the degree of inflammation caused by 

the host immune response to the parasite.39 In our work, the immunohistopatology 

of the lesions showed that, after the treatment, the tissue surrounding the ulcers, 

which presented epidermal hyperkeratosis, and massive infiltration of infected 

macrophages were similar (Figure 4, A and E). However, β-LP decreased the 

ulceration area, crust and necrosis with infiltrated neutrophils (Figure 4, E). This 

effect was associated with a significant reduction in the mRNA expression of IL-1β 

and COX-2 (Figure 5, A and B). β-LP was previously described to attenuate the 

expression of IL-1β and COX-2 in vitro in LPS-stimulated BV2 microglia.40 Elevated 

levels of IL-1β and IL-1 mediated inflammasome family proteins are implicated in 

chronic and non-healing wounds of diabetic mice and in several autoinflammatory 

diseases characterized by recurrent episodes of skin lesions.41 Mice with 

hyperactive inflammasome developed a neutrophil rich inflammation of skin42 and 
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the persistence of neutrophils in the wound is associated with delayed healing, 

excessive scar formation and significant tissue damage to the host.43 Therefore, IL-

1 induced COX-2 expression and the synthesis of prostaglandin E2 (PGE2), well-

known lipid mediator of skin inflammation manifestations such as edema and 

increased vascular permeability with influx of neutrophils and macrophages.44 

       On the other hand, studies about the effect of IL-1β in the parasite were only 

made early after parasite infection giving contradictory results depending on the 

Leishmania species. Whereas it contributed to NO-mediated resistance to L. 

amazonensis, L. braziliensis, L. infantum and L. chagasi,45 IL-1 production was 

irrelevant46 or detrimental in early L. major infections and the effect should be 

mediated by Th2-bias adaptive immune response.47 IL-1β was one of the genes 

significantly stronger up-regulated in resistant C57BL/6 mice vs susceptible 

BALB/c mice although the analysis was made from 16 h L. major infected mice.48 

Our study would indicate poor effect of IL-1β in the parasite burden in the chronic 

state of the infection. 

       COX-2 mediated PGE2 production is a mechanism for which Leishmania 

parasite suppressed macrophage activation and COX-2 inhibition could thus favor 

the elimination of Leishmania parasites. However, COX-2 expression was high in 

self-controlled lesions of C57BL/6 mice and in severe lesions in BALB/C mice 

infected with L. amazonensis. Moreover, its expression was not modified in BALB/c 

mice treated with antimonials49; the antileishmanial activity of glycyrrhizic acid 

was mediated by inhibition of COX-2 in L. donovani infected macrophages 

although, in that case, it was concomitant with enhanced expression of iNOS, IL-12, 

TNF-α and down-regulation of IL-10 and TGF-β.50 In our study, β-LP COX-2 

downregulation occurred without any modification of iNOS expression. 

       Finally, the effect of the neutrophils in Leishmania infection progression has 

been analyzed only at the early onset of infection.51 In L. major infected BALB/c 

mice, the early uptake of Leishmania infected neutrophils by macrophages 

exacerbated the infection by PGE2 and TGF-β production.52 The pattern of 

exclusive distribution observed in our study (neutrophils in the necrotic area and 

macrophages in the inflamed tissue, Figure 4, C and G vs D and H) when the 

infection is already well-established suggests that, at this time, neutrophils could 

influence the lesion progression but not the parasitic load evolution.  
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       Overall, our data would indicate that topical β-LP NP treatment of CL lesions in 

BALB/c mice mediated the down-regulation of IL-1β and COX-2. This had no effect 

in the parasite elimination although the neutrophils and tissue necrosis at the site 

of infection decreased. Studies about the influence of skin infiltrate in both parasite 

burden and lesion healing once Leishmania infection has been well-established 

could open new therapeutic strategies in the topical treatment of CL. 
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Supplementary Materials 

 

Methods 

 
Chemicals 

β-lapachone (3,4-dihidro-2,2-dimetil-2H-nafto[1,2-b]piran-5,6-diona, β-LP) was 

obtained from Tocris Bioscience (Bristol, UK). Emulmetik 930 (95% soybean 

lecithin, LEC) was kindly gifted by Lucas Meyer Cosmetics (Champlan, France). 

Chitosan 95/100 (Q 95/100) and chitosan 95/200 (Q 95/200) were supplied by 

Heppe Medical Chitosan GmbH (Halle, Germany). 2-hydroxipropyl-β-cyclodextrin 

(HP-β-CD), β-glycerolphosphate (β-GP), 1-monolaurin (1-lauroyl-glycerol, MNL), 

didecyldimethylammonium bromide (DDAB), sodium hydroxide, 3-(4,5-

dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) and acetonitrile 

were obtained from Sigma-Aldrich (St. Louis, MO, Canada). Propylene glycol (PG) 

was obtained from Acofarma (Barcelona, Spain). Lactic acid was supplied by 

Sharlau (Barcelona, España). Ethanol absolute and acetone absolute were supplied 

by Panreac (Barcelona, Spain). All other reagents were of analytical grade and 

were used without further purification. 

 

Cell culture 

Mouse peritoneal macrophages isolated from BALB/c mice were cultured in RPMI 

1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% heat-

inactivated fetal bovine serum (FBS) (Gibco, Gaithersburg, MD, USA), 100 µg/mL 

penicillin and 100 µg/mL of streptomycin solution (Sigma, St Louis, MO, USA) in 

5% CO2 at 37 °C. 3T3 mouse fibroflast cell line was cultured in Dulbecco´s modified 

Eagle´s medium (DMEM, Gibco) containing 10% FBS, 2 mM L-glutamine (Gibco) 

and 100 µg/mL each of penicillin/streptomycin (Gibco) in 5% CO2 at 37 °C.  

 

Parasites 

Leishmania major promastigotes (clone VI, MHOM/IL/80/Friendlin) were 

maintained at 26 °C in continuos stirred Schneider´s modified medium (Sigma) 

supplemented with 10% FBS and 40 mg/ml of gentamicin (Sigma) in flasks. 

Procyclics were obtained after 1-2 days culture and metacyclics were selected 
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from 5 to 6 days stationary cultures by treatment with peanut agglutinin (PNA) 

(Sigma). Briefly, stationary promastigote cultures were washed twice in phosphate 

buffered saline (PBS, pH=7.4, Gibco), resuspended to 2 mL of RPMI 1640 medium 

and incubated with 20 µg/mL of PNA (5 mg/mL in PBS) to select L. major 

metacyclics. After 20 minutes of incubation, 10 mL of RPMI 1640 were added 

carefully and the suspension was centrifuged (Allegra X-30 centrifuge, Beckman 

Coulter, Fullerton, CA, USA) at 500 rpm for 5 minutes. The non-agglutinated 

promastigotes were collected, washed two times in PBS and used throughout the 

work. 

 

Animals 

BALB/c mice (Harlan, Spain) weighing approximately 20 g and 8 weeks of age 

were kept under conventional conditions with free access to food and water. 

Animals were housed in groups of 5 in plastic cages in controlled environmental 

conditions (12:12 hours light/dark cycle and 22 ± 2 °C). This study was conducted 

according to ethical standards approved by the Animal Ethics Committee of the 

University of Navarra in strict accordance with the European legislation in animal 

experiments. 

 

Preparation and characterization of β-lapachone nanoparticles 

β-LP NP were prepared following the procedure reported by Sonvico et al. with 

modifications [18]. Briefly, different stock solutions of LEC (600 mg/mL), DDAB 

(50 mg/mL) and MNL (100 mg/mL) were dissolved in ethanol absolute and 

filtered (0.22 µm). Chitosan (Q 95/100) was solubilised 2% (w/v) of lactic acid  at 

1% (w/v) concentration and β-LP (10 mg/mL) was also dissolved in the ethanolic 

solution of LEC. The organic phase was prepared by mixing LEC:DDAB solutions 

(60:30 mM, respectively) or LEC:MNL solutions (75:45 mM, respectively) with 

acetone absolute in a 5:4 ratio, respectively. Immediately afterwards, β-LP NP 

suspensions were obtained by injection of 4 mL of this organic mixture (syringe 

inner diameter 0.75 mm) into 4 mL of the chitosan aqueous solution magnetically 

stirred (800 rpm). Then, the organic solvents were evaporated in a rotavapor 

(Buchi R-144, Flawil, Switzerland) at 40 °C and non-entrapped β-LP was separated 

from β-LP-loaded NP by centrifugation at 3,000 rpm for 5 minutes (Hettich Mikro 
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220R, Tuttlingen, Germany). The supernatant, which contained β-LP NP, was 

recovered for further characterization and the pellet was discarded. Moreover, 

unloaded NP were prepared for comparison under the same protocol. 

The particle size distribution and zeta potential of the NP were measured by 

photon correlation spectroscopy (PCS) and electrophoretic laser Doppler 

anemometry, respectively, using a Zetaplus apparatus (Brookhaven Instrument 

Corporation, USA). The diameter of the NP was determined after dispersion in 

distilled water (1:10) and measured at 25 °C with a scattering angle of 90 °C. The 

zeta potential was measured after dispersion of the NP in 1 mM pH 6 KCl solution. 

Formulations were placed in glass vials, stored in the dark at 4°C and kept no more 

than 1 week. 

 

Determination of β-lapachone loading 

The encapsulation efficiency (EE%, amount of β-LP encapsulated/total amount of 

β-LP x 100) was determined for each batch. Ethanol 70% was added to a known 

volume of the recovered supernatant containing β-LP NP and sonicated for 1 

minute in order to digest the NP. Then, the amount of β-LP was quantified in 

duplicate by UV-Visible spectrophotometry at 257 nm (Agilent 8453, Waldbronn, 

Germany). For calculations, calibration curves were designed over the range of 0.5 

and 12 μg/mL (R2> 0.95).  

 

Preparation of β-lapachone hydrogel 

Approximately 1 mL of chitosan hydrogel containing β-LP was prepared according 

with the following method. Firstly, to solubilise β-LP (10 mg/mL), 100 µl of ethanol 

absolute were needed. The dissolved drug was mixed with 250 µL of an aqueous 

HP-β-CD solution. Then, the mixture was added to 250 µL of an aqueous β-GP 

solution containing 20 µL of PG and, after stirring, it was added to 500 µL of 

chitosan (Q 95/200), which was previously dissolved in an aqueous solution with 

lactic acid 2% (w/v). Finally, the mixtures were stirred on a vortex and 

subsequently loaded on a metal sample plate to allow the gelation process. The 

final concentrations for β-GP, chitosan (Q 95/200) and HP-β-CD were 30% (w/v), 

1% (w/v) and 11.6% (w/v), respectively. All formulations were prepared 24 hours 

before the study and were stored, protected from light, in glass vials at 4 °C.  
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Preparation of pig ear skin 

Skin cultures were obtained from domestic pig ears in a local slaughterhouse. Ears 

were taken from the animals and transported to the laboratory in a maximum of 2-

3 hours. After washing with tap water, the outer region of the ear was excised with 

a scalpel and sectioned at a thickness of ca. 1 mm using a dermatome (Aesculap GA 

630, Tuttlingen, Germany). Then, skins were stored in Parafilm® (Bemis, Neenah, 

WI, USA) at − 20 °C for no longer than a month. Studies were carried out with 

intact skin and damaged skin (without stratum corneum or epidermis). Before the 

experiments, the skin was allowed to thaw at room temperature in PBS for 30 

minutes. 

In the case of damaged skin, tape stripping procedure was performed. Adhesive 

tape (Scotch Transparent Tape 600, 3M, St. Paul, MN, USA) was applied pressing 

onto the skin and then removed with one quick movement. To determine the 

number of adhesive applications required to eliminate the stratum corneum (SC), 

0, 15, 30 and 60 tapes were applied. After that, samples were staining with Mayer’s 

hemalun (Merck Darmstadt, Germany) and analyzed under a microscope (Olympus 

BH2, Hamburg, Germany). It was observed that 30 pieces of adhesive tape were 

necessary to remove all the SC.  

In the studies with dermal membranes (without epidermis), full-thickness skin 

was immersed in water at 60 °C for 45 seconds to separate the epidermal layer. 

 

In vitro permeation studies 

Permeation studies using Franz diffusion cells were carried out on a 

MicroettePlusTM apparatus (Hanson Research Corp., Chatsworth, CA, USA). 

Transcutaneous diffusion was assessed according to OECD guideline 428. The 

Franz cell receptor compartments (4 mL) were filled with HP-β-CD 25% (w/v) in 

PBS to ensure that sink conditions were maintained over the time course of the 

experiment. Moreover, the receptor medium was homogenised by magnetic 

stirring (400 rpm) and maintained at 32 ± 1 °C. Skin biopsies were placed 

horizontally between the donor and the receptor compartments with the SC, 

epidermis or dermis side up, ensuring their contact with the receptor medium. The 

whole device was then fixed with a clamp.  
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All Franz diffusion cell experiments were conducted under infinite doses 

conditions: 150 µL of the different β-LP formulations (solution, hydrogel and NP) 

were deposited on 1.74 cm2 of skin in the donor compartment. The punch areas 

were devoid of visible structural changes (scratches, erosion or scars) as such skin 

damage could affect the diffusion and metabolism of the tested compound. 

The drug diffusion kinetic was evaluated by automatically sampling 1 mL aliquots 

of the receptor fluid at the following predetermined times: 0, 0.5, 1, 3, 6, 8 and 24 

hours. Each aliquot withdrawn was replaced with an equal volume of receptor 

phase. Franz cell blank experiments were conducted with the formulations without 

drug. At the end of the experiment, the excess of formulation was removed and the 

skin pieces were stored at – 80 °C for some minutes. Then, the skin samples were 

embedded in OCT compound (Optimal Cutting Temperature compound, Tissue-

Tek, Sakura Finetek, Villeneuve d’Ascq, France) and frozen again to make the cuts 

aesier. Skin sections were cut using a microtome cryostat (Leica CM 1900, Leica 

Microsystems, Schweiz, AG, Germany) and, after separating the SC (20 µm), the 

epidermis (80 µm) and the dermis (900 µm), the drug concentration in each layer 

was determined. 

Skin sections were pretreated with trypsin (1.5% (v/v), Gibco) and collagenase D 

(300 µg/mL, Roche, Basel, Switzerland) in 70% ethanol for 12 hours at 4 °C. Then, 

skin biopsies were homogenized for 1 minute using an ultrasonic cell disruptor 

(Misonix, Farmingdale, NY, USA). The amount of β-LP was quantified by HPLC-UV. 

Analysis was carried out in a 1100 series LC (Agilent, Germany) with a diode-array 

detector set at 257 nm. The chromatographic system was equipped with a 

reversed-phase 150 mm x 2.1 mm C18 Alltima column (5 μm particle size; Altech, 

USA) and a Gemini C18 precolumn (5 μm particle size; Phenomenex, CA, USA). The 

mobile phase, pumped at 0.25 mL/min, was a mixture of acetonitrile and water 

(1:1). Under these conditions, β-LP eluted at 5.8 ± 0.2 min. For calculations, 

calibration curves were designed over the range of 0.5 and 12 μg/mL (R2> 0.999). 

Results are expressed as mean ± SD for at least three independent experiments. 
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In vitro antileishmanial activity against L. major promastigotes  

The antileishmanial effect of β-LP, β-LP NP (with DDAB or MNL) or unloaded NP 

was determined in L. major promastigotes by the MTT assay. Briefly, 2 x 105 

parasites per well were seeded in 96-well plates with different concentrations of β-

LP or NP (ranging from 0 to 200 µM). Plates were then incubated at 26 °C for 48 h. 

Previously, β-LP was disolved in DMSO (Sigma-Aldrich). Untreated cells were used 

as control and cells treated with Amphotericin B (AmB, Sigma) were used as 

positive control. After incubation, 20 µL of a MTT solution (5 mg/mL in PBS) were 

added to each well and plates were incubated at 26 °C for 4 h. To ensure complete 

solubilisation of the formazan crystals, 50 µL of 10% SDS in 0.01 M HCl lysing 

buffer was added and plates were gently shaken for 20 minutes. Parasite viability 

was determined using a microplate reader (iEMS Reader MS, Labsystems) at 570 

nm. Results are expressed as mean ± SD for at least three independent 

experiments in duplicate. 

 

In vitro cytotoxicity assay in mouse peritoneal macrophages 

To estimate the toxicity of β-LP, β-LP NP (with DDAB or MNL) or unloaded NP, an 

in vitro cytotoxicity assay was performed in mouse peritoneal macrophages using 

Alamar Blue (AB). Briefly, BALB/c mice were inoculated with 1 mL of 3% (w/v) 

thioglycolate (Sigma-Aldrich). After 3 days, animals were euthanized by cervical 

dislocation and 5 mL of cold RPMI 1640 medium were injected into the peritoneal 

cavity and then recovered with a syringe. Cells were collected from the peritoneal 

fluid by centrifugation (Allegra X-30 centrifuge, Beckman Coulter, Fullerton, CA, 

USA) at 1,500 rpm for 10 minutes. Then, the pellet was resuspended in RPMI 1640 

supplemented with 10% FBS, 1% of a 100 U/mL penicillin and 100 µg/mL of 

streptomycin solution (Sigma). Macrophages were adjusted to 2.5 x 104 cells per 

well and cultured in supplemented RPMI 1640 in 96-well plates at 37 °C under 5% 

CO2 for 24 hours. Then, different concentrations of β-LP and NP (0 to 300 μM) were 

added to wells and plates were incubated again for 48 hours. After 48 hours 

incubation, 20 μL of the AB reagent solution (final concentration of AB=10% (v/v)) 

(Invitrogen) were added to wells and plates were incubated for 4 hours. Finally, 

sample flourescences were measured using a microplate fluorimeter (λ excitation 

560 nm; λ emission 590 nm; Polar Star Galaxy, BMG Labtechnologies, Offenburg, 
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Germany). Results are expressed as mean ± SD for at least three independent 

experiments in duplicate. 

 

Effect of β-lapachone and β-lapachone nanoparticles on L. major amastigotes in vitro 

Peritoneal macrophages of BALB/c mice were collected and cultured as described 

above. Macrophages in a concentration of 5 x 104 were seeded in Labtek plates (BD 

Biosciences, Franklin Lakes, IL, USA) and incubated at 37 °C with humidified 

atmosphere containing 5% CO2. After 24 hours incubation, macrophages were 

washed with RPMI 1640 medium and infected with metacyclic promastigotes of L. 

major, isolated as previously described, in a 7:1 proportion 

(parasites:macrophages). Infected cells were incubated overnight at 37 °C. Then, 

wells were washed twice with RPMI 1640 and treated with β-LP, β-LP NP or 

unloaded NP at different concentrations for 48 hours at 37 °C. The same 

experiments were also carried out with the addition of 0.1 µg/mL of Imiquimod 

(IMQ, Sigma-Aldrich) to wells. AmB was used as reference drug and untreated 

infected cells were used as a positive control of infection.  After 48 hours, slides 

were fixed with methanol and stained with Giemsa for evaluation (Merck 

Darmstadt, Germany) [19]. The percentage of infected macrophages was evaluated 

by counting 200 macrophages using an optical microscope (Nikon Eclipse E400 + 

Y-THM + Y-THR, Chiyoda-ku, Tokyo, Japan). Experiments were performed at least 

three times in duplicate and results are presented as mean ± SD. 

 

Measurement of nitric oxide 

Nitrite (NO2−) accumulation in cell culture supernatants of infected peritoneal 

macrophages was used as an indicator of nitric oxide (NO) production and it was 

determined by the Griess reaction. Briefly, 100 μL of culture supernatants from 

macrophage culture were dispensed in 96-well plates. Then, 100 μL of the Griess 

reagent (Sigma) were added to each well and plates were incubated at room 

temperature for 20 minutes. The optical density of the coloured product formed 

was measured on a microplate reader (iEMS Reader MS, Labsystems) at 570 nm. 

The amount of NO formed in each sample was calculated by comparing them with 

a standard sodium nitrite (NaNO2) concentration curve. 0.1 µg/mL of Escherichia 
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Coli lipopolysaccharide (E. Coli LPS, Sigma-Aldrich) was use as positive control. 

Results are expressed as mean ± SD for at least three independent experiments. 

 

Wound healing studies  

Firstly, the cytotoxicity of β-LP, β-LP NP or unloaded NP was determined in 3T3 

mouse fibroblasts after 24 hours of treatment by the MTT assay, as described in 

the in vitro antileishmanial studies. For the wound healing studies cells were 

grown to confluence on 6-well plates. Then, cell culture media was gently aspirated 

and single horizontal scratches were done in the centre of each well with a 200 µL 

sterile plastic tip. After washing the wells twice with PBS, different concentrations 

of β-LP, β-LP NP or unloaded NP were suspended in 2 mL of new fresh media and 

added to each well. Plates were maintained at 37 °C and 5% CO2. The filling up of 

the gaps was monitored by taking images (10x) each 15 minutes during 12 hours 

(10 random fields were examined for each well) using an Zeiss observer Z1 

microscope. The wound healing area was determined by computer using the Fiji 

WH 2.0 software. Results are expressed as percentage of wound healing of three 

independent experiments (mean ± SD). 

 

Infection 

Animals were infected by subcutaneous inoculation of 100 µL of PBS containing 2 x 

105 infective metacyclic promastigotes (isolated as previously described) of L. 

major in the base of the tail. Lesions were measured each 2 days with a digital 

caliper.  

 

In vivo evaluation of β-lapachone formulations in L. major-infected BALB/c mice 

After 5-7 weeks, lesions of measurable size (average area of 20 mm2) developed 

and treatment with 20 mg/kg of β-LP NP or the equivalent of unloaded NP were 

initiated (10-12 mice per group). Untreated infected mice were used as control. 

Lesions were covered with 100 µL of the NP formulations (β-LP NP (5 mg/mL) or 

unloaded NP). Topical treatment was applied daily for a period of 21 days. Once 

treatments were finished, animals were kept for 3 days before sacrifice. Final 

results are expressed as mean of the lesion area (mm2) ± SD measured with a 

caliper. Moreover, the parasitic load was quantified by a limiting-dilution assay. 
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Firstly, skin fragments from ulcerated lesions as well as spleen, liver and popliteal 

lymph of infective mice were aseptically removed and treated with collagenase D 

in collagenase buffer (10 mM Hepes pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2 

and 1.8 mM CaCl2; final collagenase concentration: 2 mg/ml) for 20 minutes at 37 

°C. Then, samples were homogenized in 20 mL of RPMI 1640 medium (Gibco) with 

a sterile syringe piston and centrifuged at 1,250 rpm for 5 minutes for 

sedimentation (Allegra X-30 centrifuge, Beckman Coulter, Fullerton, CA, USA). The 

pellet was resuspended in RPMI 1640 medium and 2 mL of lysis buffer (0.14 M 

ammonium chloride in 17 mM Tris-HCl) were added. After 2 minutes at 37 °C, 20 

mL of RPMI 1640 were added and samples were centrifuged at 1,250 rpm for 5 

minutes. The pellet was resuspended in 1 mL of Schneider´s modified medium 

supplemented with 10% heat-inactivated FBS and 40 µg/ml of gentamicin (Sigma, 

St. Louis, MO, Canada). The homogenate was submitted to serial dilutions in 

triplicates in sterile 96 well culture plates and incubated at 26 °C. Each well was 

examined for the presence of parasites and the number of parasites was quantified 

by the highest dilution at which parasites could grow over a 7-10 day period. The 

lowest dilution at which parasites were detected was 10-1, which was considered 

the limit of quantification. Results are expressed as the median calculated per 

group.  

 

Histological analysis and immunohistochemistry 

Skin lesions were formalin-fixed, paraffin-embedded and cut in 3-µm thick 

sections. Some sections were stained with hematoxylin and eosin (HE) and Masson 

trichrome. In addition, immunohistochemistry was applied using the following 

primary antibodies: rat anti-mouse F4/80 (1:400; eBiosciences, 14-4801), rat anti-

mouse NIMP-R14 (1:10000; Abcam, ab2557), rabbit anti-CD3 (1:300; Thermo 

Scientific, RM9106) and rabbit anti-iNOS (1:500; Santa Cruz Biotechnology, sc-

650). Antigen retrieval was applied: 2 µg/ml proteinase K at 37 °C for 30 minutes 

(for F4/80 and NIMP-R14) or heating for 30 minutes at 95 °C in 0,01 M Tris-1 mM 

EDTA pH 9 in a Pascal pressure chamber (Dako, S2800) (for CD3 and iNOS). In the 

case of rat primary antibodies, sections were first incubated with rabbit anti-rat 

(Dako, E0468) secondary antibody. Then, the EnVision system (Dako, K4011) was 

used in all cases according to manufacturer instructions. For each assay, digital 
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images were scanned using a digital microscope system (Aperio ScanScope CS2, 

Leica Biosystems, Nussloch, Germany) and snapshots of higher magnification 

images were captured using image software (Aperio ImageScope, Leica 

Biosystems). Then, the percentage area stained in each image was then quantified 

by counting the number of pixels staining above a threshold intensity and 

normalising to the total number of pixels. Threshold intensity was set such that 

only clearly stained pixels were counted. The software used was Fiji WH 2.0.  

 

RNA extraction and quantitative real time RT-PCR 

Before RNA extraction, lymph nodes were homogenized in 1 mL of Tri Reagent 

(Sigma-Aldrich) and total RNA was obtained following the Tri Reagent protocol. 

Total RNA (1 μg) was treated with DNase (Gibco-BRL) prior to RT with M-MLV 

reverse transcriptase (Gibco-BRL) in the presence of RNaseOUT (Gibco-BRL). IL-

1β, Cox-2, iNOS, IL-4, TNF-α, IFN-Υ, TGF-β and β-actin expression were measured 

by quantitative real time PCR using iQ SYBR Green supermix (Bio-Rad) and specific 

primers for each gene (see Supplementary Table 1) in a CFX96 system from Bio-

Rad. The amount of each transcript was expressed by the formula: 2ct(β-

actin)−ct(gene), being ct the point at which the yluorescence rises appreciably 

above the background fluorescence. 

 

Statistical Analysis 

Statistical significance was analyzed using Prism 6.0 software (Graphpad Software 

Inc., San Diego, CA, USA). Differences were tested using the Mann–Whitney test for 

two groups comparison or the One–Way ANOVA with Dunn´s post-test for multiple 

comparison (in vivo study of efficacy). * p < 0.05; ** p < 0.01; *** p < 0.001. 

 

Supplementary Tables  

 

Supplementary Table 1. Primers used in this study. 

Gene Sense primer (5´-3´) Antisense primer (5´-3´) 

Cox-2 CAAAAGCTGGGAAGCCTTCTC CCTCGCTTATGATCTGTCTTG 

IL-1β GCCACCTTTTGACAGTGATG TAATGGGAACGTCACACACC 

iNOS TCCTACACCACACCAAACTG AATCTCTGCCTATCCGTCTC 
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IL-4 GCTATTGATGGGTCTCAACC TCTGTGGTGTTCTTGTTGC 

TNF-α CTTCCAGAACTCCAGGCGGT GGTTTGCTACGACGTGGG 

IFN-Υ TCAAGTGGCATAGATGTGGAAGAA TGGCTCTGCAGGATTTTCATG 

TGF-β CGGCAGCTGTACATTGAC TCAGCTGCACTTGCAGGAGC 

β-actin CGCGTCCACCCGCGAG CCTGGTGCCTAGGGCG 

 

Supplementary Figures 

 

Supplementary Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

175 

 

Supplementary Figure 2 

 

 

Supplementary Figure Legends 

 

Supplementary Figure 1. Proliferative and wound healing studies. Percentage of 

3T3 fibroblasts viability after 24 hours treatment with β-LP and β-LP NP (A) or 

unloaded NP (B). Percentage of wound healing in 3T3 fibroblasts treated with β-

LP, β-LP NP or unloaded NP after 12 hours (C). The concentration of DDAB in β-LP 

NP is four-fold higher than the concentration of β-LP. Results are expressed as 

mean ± SD (n=3). 

Supplementary Figure 2. H&E stained skin sections obtained for a control mouse 

(infected and non-treated, A, B, C and D) and healthy mouse (non-infected and 

non-treated, E and F). (A) Scanned CL lesion shows two clear areas: an inflamed 

region (magnified in B and C), and the necrotic tissue (magnified in D), scale bar = 

2 mm. (B) Inflamed area with epidermal hyperplasia (green arrow) and impressive 
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infiltration of infected macrophages and free parasites (magnified in C) that 

disturb the subcutaneous and muscular layers, final magnification of 10x, scale bar 

= 300 µm. (C) Detail of infected macrophages and parasites, final magnification of 

20x, scale bar = 200 µm. (D) Detail of necrotic and granulation tissue, final 

magnification of 20x, scale bar = 200 µm. (E, F) Scanned healthy skin to clearly 

appreciate the hyperkeratosis and inflammation, E, scale bar = 2 mm and F, final 

magnification of 10x, scale bar = 300 µm. 
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Chapter 5 

Local immunotherapeutic strategies for the 

topical treatment of cutaneous leishmaniasis 

caused by L. major and L. braziliensis.   
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Abstract 

 

       The immune and inflammatory responses induced by Leishmania infection 

determine the pathogenesis of cutaneous and mucosal disease (1). As a 

consequence, in order to overcome the interdependent relationship between the 

host immune response and the efficacy of antileishmanial treatment, 

immunochemotherapy is arising as a promising strategy. In this work, we 

proposed using two different therapeutic strategies for both killing Leishmania 

parasites and promote wound healing through immunomodulation in the context 

of cutaneous leishmaniasis: (i) on the one hand, the use of drugs that display both 

roles (dapsone, curcumin, and glyzyrrhic acid), and on the other hand, the 

combination of the antileishmanial drug paromomycin with the small biological 

molecules poly(I:C) or anti-TNFα, which only show immunomodulating ability. 

Both paromomycin and anti-TNFα were able to reduce inflammation locally in a 

BALB/c mouse model of diseased skin. Athough both paromomycin alone and the 

combination of paromomycin with anti-TNFα led to a sharp infection reduction in 

L. major infected BALB/c mice, the combination therapy had a stronger anti-

inflammatory activity that was confirmed by the down-regulation of TNF-α, IL-1β, 

iNOS, IL-17, and CCL3, whereas paromomycin alone only decreased the expression 

of iNOS. Also, immunohistochemistry studies confirmed a decrease of the 

neutrophilic infiltrate during infection after treatment with paromomycin and anti-

TNFα. 
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Introduction 

 

       Different subspecies of Leishmania are associated with heterogeneous 

immonopathological features. On the one hand, localized cutaneous leishmaniasis 

(LCL) caused by L. major infection is characterized by erosive ulcers and a strong 

T-cell-mediated response which typically results in spontaneous healing within a 

year, scar formation, and solid protection against re-infection. On the other hand, 

in the Americas, L. braziliensis causes ulcerating CL and devastating 

mucocutaneous lesions (mucocutaneous leishmaniasis, MCL), which also show 

pronounced T-cell infiltration into the affected skin. In both cases, parasites in the 

affected tissue are scanty and therefore ulceration and tissue destruction are a 

consequence of the vigorous local inflammatory response triggered by the 

infection (2). Thus, an obvious strategy seems to be to modulate the immune 

response to Leishmania with the aim to boost antileishmanial mechanisms and 

minimize tissue destruction that leads to scar formation, which is a major concern 

for most people affected (3). 

       In leishmaniasis, in an attempt to avoid the adverse side effects associated with 

the use of traditional chemotherapy and to control the inflammation processes 

related to skin necrosis and ulcer formation LCL and MCL, respectively, several 

studies have been carried out using biologicals either alone (immunotherapy) or in 

combination with chemotherapy (immunochemotherapy) (4). Some examples 

include the use of cytokines such as interferon gamma (IFN-γ), (5,6) 

pentoxyphilline, (7-9) granulocyte macrophage colony-stimulating factor (GM-

CSF) (10-12), and the toll-receptor (TLR) agonist Imiquimod® (IMQ) (13,14), 

although only IMQ has been tested topically. This strategy presents many 

advantages, such as induction of more rapid effector immune responses and 

decreased drug therapy dose and duration, which would decrease the risks of 

toxicity and the development of drug resistance (15).  

       Studies have shown that in CL and MCL parasite erradication occurs when 

there is a predominant cellular (Th1) immune response which also leads to ulcer 

formation and skin necrosis. Oppositely, a predominantly humoral (Th2) immune 

response has been linked to the absence of inflammation but with parasite 

persistence (16). The general aim of this study was to evaluate which strategy 
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could favor infection control through parasite death and modulation of skin 

microenvironment: (i) the use of drugs that are antileishmanial and anti-

inflammatory (double mechanism of action), (ii) combination of a leishmanicidal 

drug such as paromomycin (PM) with small biological molecules that have anti- or 

proinflammatory effects (anti-TNFα or Poly I:C, respectively). In vitro studies were 

carried out using L. major and L. braziliensis strains, which cause CL in the Old 

World and in the New World, respectively. Both strains were used because 

treatment outcome differs between species and L. braziliensis has the potential to 

cause MCL, a more severe form of the disease. 

       In this work, we first evaluated the antileishmanial activity of the drugs and 

their cytotoxicity against macrophages (the parasite’s host cell), as well as the skin 

cells keratinocytes and fibroblasts. Among them, curcumin (CUR) (17), dapsone 

(DAP) (18,19), and 18-β-glycyrrhizic acid (GA) (20) were selected because of their 

additional immunomodulating activity, and PM was also assayed not only because 

it is the reference drug for the topical treatment of CL, but also due to the fact that 

there are no enough data about the immunomodulatory profile of PM, in 

comparison for example with antimonials, amphotericin B (AmB) or miltefosine 

(21). Then, skin permeability of the compounds and their antiinflammatory 

activity were assessed in a mouse model of IMQ-induced psoariasis. Because 

previous works had described in this same model the antiinflammatory action of 

CUR, this drug was not assayed in our in vivo experiment (22).  Finally, the 

different drugs and combinations were tested in a L. major BALB/c model of 

infection. Immunomodulation and immunohistochemistry tests were also carried 

out in skin lesions to observe if there were changes in the expression of genes that 

are involved in inflammation and wound healing.  

 

Materials and methods 

 

Materials 

 

       PM, CUR, ethylenediaminetetraacetic acid (EDTA), and dimethyl sulphoxide 

(DMSO) were obtained from Sigma (Italy) and sodium hydroxide, 3-(4,5-
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dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) was obtained 

from Sigma-Aldrich (Canada). DAP, GA, stearic acid, cetylic alcohol, glycerol 

monoestearate, solid paraffin and white vaselin were supplied by Fagron (Spain). 

Liquid paraffin was obtained from Guinama (Spain). Remicade® (anti-TNFα) was 

obtained from Janssen Biotech (The Netherlands) and low molecular weight 

poly(I:C) (PIC) was supplied by Invivogen (USA).  Aldara® (IMQ 5%) was supplied 

by 3M Pharmaceuticals (USA). All other reagents were of analytical grade and were 

used without further purification.  

 

Parasites 

 

       L. major (clone VI, MHOM/IL/80/Friendlin) and L. braziliensis (clone BA788) 

were maintained at 26°C in continuous stirred M199 or Schneider´s modified 

medium (Sigma, St Louis, MO, USA) supplemented with 10% heat-inactivated fetal 

bovine serum (FBS) (Gibco, Gaithersburg, MD, USA) and 100 UI/mL of 

penicillin/streptomycin (Sigma, St Louis, MO, USA) in flasks. M199 medium was 

supplemented with 25 mM HEPES (pH 7.2), 0.1 mM adenine, 0.0005% (wt/vol) 

hemin, 0.0001% (wt/vol) biotin, 10% (vol/vol) heat-inactivated fetal calf serum 

(FCS), and 100 UI/ml of penicillin/streptomycin. Procyclics were obtained after 1–

2-days culture and metacyclics were purified in the case of L. major from 5 to 6 

days stationary cultures by treatment with peanut agglutinin (PNA) (Sigma, St 

Louis, MO, USA) in order to infect peritoneal macrophages and animals. L. 

braziliensis metacyclics were not purified. Briefly, stationary promastigote cultures 

were washed twice in phosphate buffered saline (PBS, pH = 7.4, Gibco, 

Gaithersburg, MD, USA), resuspended to 2 mL of simple RPMI 1640 medium 

(Invitrogen, Carlsbad, CA, USA) and incubated with 20 µg/mL of PNA (5 mg/mL in 

PBS) to purify metacyclics from L. major. After 20 min of incubation, 10 mL of 

RPMI 1640 were added carefully and the suspension was centrifuged (Allegra X-30 

centrifuge, Beckman Coulter, Fullerton, CA, USA) at 500 rpm for 5 min. The non-

agglutinated promastigotes were collected from the supernatant, washed two 

times in PBS and used to infect the macrophages or the animals afterwards.  
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In vitro activity assays against Leishmania promastigotes (L. major and 

L. braziliensis) 

 

       To estimate the antileishmanial effect of the selected drugs, MTT assays were 

carried out. Briefly, 2 x 105 parasites per well were seeded in 96- well plates with 

different concentrations of the drugs (the ranges were calculated according the to 

previous studies in the bibliography and were variable). Plates were then 

incubated at 26 °C for 48 h. Drugs were disolved in either DMSO (Sigma-Aldrich) or 

type II water, depending on their solubility. Untreated cells were used as control. 

After incubation, 20 µL of a MTT solution (5 mg/mL in PBS) were added to each 

well and plates were incubated at 26 °C for 4 h. Finally, 90 µL of DMSO was added 

and plates were gently shaken for 30 minutes. Parasite viability was determined 

using a microplate reader (iEMS Reader MS, Labsystems) at 570 nm. Results are 

expressed as mean ± SD for at least three independent experiments in sextuplicate 

wells. 

 

Obtention of mouse peritoneal macrophages and cell cultures 

 

       For the obtention of mice peritoneal macrophages, BALB/c mice were 

inoculated with 1 mL of 3% (w/v) thioglycolate (Sigma–Aldrich, St Louis, MO, 

USA). After 3 days, animals were euthanized and 5 mL of cold, simple RPMI 1640 

medium were injected into the peritoneal cavity and then recovered with a 

syringe. Cells were collected from the peritoneal fluid by centrifugation (Allegra X-

30 centrifuge, Beckman Coulter, Fullerton, CA, USA) at 1500 rpm for 10 min. Then, 

the pellet was resuspended in RPMI 1640 supplemented with 10% FBS, 100 UI/mL 

of penicillin/streptomycin (Sigma, St Louis, MO, USA).  

 

       3T3 mouse fibroflast and HaCaT keratinocytes cell lines were cultured in 

Dulbecco´s modified Eagle´s medium (DMEM, Gibco) containing 10% FBS, 2 mM L-

glutamine (Gibco) and and 100 UI/mL of penicillin/streptomycin in 5% CO2 at 

37°C.  
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In vitro cytotoxicity assays in macrophages, keratinocytes and fibroblasts 

 

       In vitro cytotoxicity assays were performed in mouse peritoneal macrophages, 

fibroblasts and keratinocytes using MTT. Peritoneal macrophages, fibroblasts and 

keratinocytes were adjusted to 2 x 104 cells/well (final volume per well = 200 µL). 

Peritoneal macrophages were cultured in supplemented RPMI 1640 in 96-well 

plates at 37°C under 5% CO2 for 24 h whereas fibroblasts and keratinocytes were 

cultured in the same conditions but in Dulbecco´s modified Eagle´s medium 

(DMEM, Gibco) containing 10% FBS, 2 mM L-glutamine (Gibco) and and 100 

UI/mL of penicillin/streptomycin. Then, different concentrations of the drugs were 

added to wells and plates were again incubated for 48 h. For the concentration 

ranges, we first looked up at other results in previous published studies. 

Compounds were disssolved in either DMSO (Sigma–Aldrich, St Louis, MO, USA) or 

type II water. Cells without drug treatment were used as control. After 48 h 

incubation, 20 µL of the MTT reagent solution (final concentration of 5 mg/mL) 

were added to wells and plates were incubated for 4 h. To ensure complete 

solubilisation of the formazan crystals, 90 µL of DMSO was added after removing 

the medium from each well and plates were gently shaken for 30 minutes. Cell 

viability was determined using a microplate reader (iEMS Reader MS, Labsystems) 

at 570 nm. Results are expressed as mean ± SD for at least two independent 

experiments in sextuplicate wells.  

 

Effect of drugs on Leishmania amastigotes (L. major and L. braziliensis) 

 

       Peritoneal macrophages of BALB/c mice were collected as described above. 

Macrophages in a concentration of 3 x 105 were seeded in Labtek plates (BD 

Biosciences, Franklin Lakes, IL, USA) and incubated at 37°C with humidified 

atmosphere containing 5% CO2. After 24 h incubation, macrophages were washed 

twice with suplemented RPMI 1640 medium and infected with metacyclic 

promastigotes of L. major, isolated as previously described, in a proportion 7:1 

(parasites:macrophages). For L. braziliensis infection, the infection rate was 10:1. 

Infected cells were incubated overnight at 37°C and 5% CO2. Then, wells were 
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washed at least three times with complete RPMI 1640 and treated with CUR, DAP, 

PM, anti-TNFα, PiC, and the combinations PM + antiTNFα and PM + PIC at different 

concentrations for 48 h at 37°C. Untreated infected cells were used as a negative 

control of infection and AmB at 2 µM was the positive control. After 48 h, the wells 

were washed twice using PBS and then slides were fixed with cold methanol and 

stained with Giemsa for evaluation (Merck Darmstadt, Germany) (Giaimis et al., 

1992). The infected macrophage percentage and the numer of amastigotes per 100 

macrophages were evaluated by counting 200 macrophages using an optical 

microscope (Nikon Eclipse E400+Y-THM + Y-THR, Chiyoda-ku, Tokyo, Japan). 

Cultures were performed at least in duplicate and results are presented as mean ± 

SD. 

 

The selectivity index (SI) for each compound was calculated as the ratio between 

cytotoxicity (CC50) against peritoneal macrophages and activity (IC50) against 

Leishmania amastigotes. 

 

Preparation of formulations for the in vivo inflammation and infection 

assays   

 

       To obtain the water in oil creams that were applied on the infected mice skin, 

25 g of oily phase cointaining cetyl alcohol (13%), stearic acid (20%), solid paraffin 

(5%), liquid paraffin (25%), glyceryl monoestearate (22%), and white vaseline 

(15%) were melt in a mortar that was heated in a bath at 70°C. Then, water (Q.S. 

for 50 g), preservatives (0.16%) and EDTA (0.07%) were added on the oily phase 

under agitation with a pistil until the mixture had cooled. CUR (7.5%) and GA 

(10%) were solubilized in the oily phase, PM (15%) and methyl benzethonium 

chloride (MBCl) (10%) were disolved in the water, and DAP (10%, micronised 

powder), PIC (5 mg/ml), and antiTNF-α (20 mg/mL) were added after formulation 

preparation. All formulations were stored, protected from light in plastic container 

at 4°C. Anti-TNFα and PIC allicuots were kept frozen and mixed up with the cream 

only before application on the animals to avoid degradation. When combined with 

PM, they were added to the formulation containing PM and when used alone, they 

were added to the cream base. 
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Animals, animal models and in vivo assays 

 

       The in vivo assays were carried out in female BALB/c mice (Harlan, Spain) 

weighing approximately 20 g and being 8 weeks of age. Animals were kept under 

conventional conditions with free access to food and water. Animals were housed 

in groups of five in plastic cages in controlled environmental conditions (12:12 h 

light/dark cycle and 22 ± 2°C). This study was conducted according to ethical 

standards approved by the Animal Ethics Committee of the University of Navarra 

in strict accordance with the European legislation in animal experiments. 

       In order to induce inflammation in mice, an in vivo model of mouse psoariasis 

was used. To set the inflammatory process, 5% imiquimod (IMQ) cream (Aldara®) 

was applied once daily before treatment on the right ear of the mice for one week. 

The left ear was kept as a control. 4 different treatments were tested for 7 days: 

PM, DAP, GA and anti-TNFα. In the morning, once the Aldara® cream was 

absorbed, the different formulations were applied to the right mouse ear to assess 

their influence in the inflammation process. 6 hours later, the new formulations 

were applied again. Throughout the experiment, the thickness of both ears were 

measured using a digital calliper. At the end of the treatment, mice were sacrificed 

their ears were cut into slices and placed in square mesh cassettes (Simport, 

Canada) and fixed in 4% formaldehyde (Panreac, Spain) for 48 h. Finally, they were 

washed with tap water and put in 70% ethanol until they were processed.  

 

       Animals were infected by subcutaneous inoculation of 105 infective metacyclic 

promastigotes of L. major in the base of the tail. Lesions were measured each 2 

days with a digital caliper. 7 different treatments were evaluated: PM only, PM plus 

MBCl, PM plus anti-TNFα, PM plus PIC, DAP, and CUR. After 6–8 weeks, lesions of 

measurable size (average surface of 12 mm2) had developed in mice and topical 

treatments were initiated. 10 mice were used in each group (negative control 

untreated mice, positive control mice which were treated with PM plus MBCl, and 

the rest of the groups, which included the other tested drugs and combinations 

with immunomodulatory molecules). Lesions in mice took different times to reach 

the same median surface, so different groups were incorporated to the efficacy 

assay at different times. Topical treatment was administered twice daily for a 
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period of 30 days. Once treatments were finished, animals were kept for 3 days 

before sacrifice. Final results were expressed as mean of the lesion diameter 

(mm2) ± SD measured with the digital caliper. The parasitic load and cytokine 

expression were quantified by PCR. For this purpose, skin fragments from lesions 

as well as spleen, liver and popliteal lymph nodes of infective mice were aseptically 

removed. Those used for DNA quantification were put in cryotubes and conserved 

at -80°C, whereas samples used for cytokine quantification were immersed in 0.5 

mL of RNAse buffer to preserve samples from RNA degradation and conserved at 

2-4°C. 

 

Scoring Severity of Skin Inflammation 

 

       To score the severity of the inflammation of the ear skin, an objective scoring 

system was developed based on the clinical Psoriasis Area and Severity Index 

(PASI). Erythema, scaling, and thickening were scored independently from 0 to 4 

as follows: 0, none; 1, slight; 2, moderate; 3, marked; 4, very marked. The 

cumulative score (erythema plus scaling plus thickening) served to indicate the 

severity of inflammation (scale 0–12). 

 

Histological analysis and immunohistochemistry  

 

       Skin lesions were formalin-fixed, paraffin-embedded and cut in 3-µm thick 

sections. Some sections were stained with hematoxylin and eosin (HE) and Masson 

trichrome. Immunohistochemistry was applied using the following primary 

antibodies: rat anti-mouse F4/80 (1:400; eBiosciences, 14-4801), rat anti-mouse 

NIMP-R14 (1:10000; Abcam, ab2557), rabbit anti-CD3 (1:300; Thermo Scientific, 

RM9106), rabbit anti-iNOS (1:500; Santa Cruz Biotechnology, sc-650), rabbit anti-

Arg-1 (1:4000; Sigma, HPA003595), and rabbit anti-KRT6A (1:800; Proteintech, 

10590-1-AP). Antigen retrieval was applied: 2 µg/ml proteinase K at 37 °C for 30 

minutes (for F4/80, NIMP-R14 andKRT6A) or heating for 30 minutes at 95 °C in 

0,01 M Tris-1 mM EDTA pH 9 in a Pascal pressure chamber (Dako, S2800) (for 

CD3, iNOS andArg-1). In the case of rat primary antibodies, sections were first 
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incubated with rabbit anti-rat (Dako, E0468) secondary antibody. Then, the 

EnVision system (Dako, K4011) was used in all cases according to manufacturer 

instructions. For each assay, digital images were scanned using a digital 

microscope system (Aperio ScanScope CS2, Leica Biosystems, Nussloch, Germany) 

and snapshots of higher magnification images were captured using image software 

(Aperio ImageScope, Leica Biosystems). Then, the percentage area stained in each 

image was then quantified by counting the number of pixels staining above a 

threshold intensity and normalising to the total number of pixels. Threshold 

intensity was set such that only clearly stained pixels were counted. The software 

used was Fiji 2.0.  

 

Quantitative and real time PCR 

 

       Parasite DNA from lesion tissue, spleen, liver and popliteal lymph nodes was 

obtained following the Genomic DNA tissue protocol of Nucleospin. (NucleoSpin 

Tissue Macherey Nagel). After DNA obtention, concentrations were measured with 

a nanodrop (ND-1000 spectrophotometer). One nanogram of DNA was used to 

quantify Leishmania with PCR system (Applied Biosystems) by using a Leishmania 

major plasmid (107copies/ng DNA) and specific primers. 

       

       Gene expression was measured in the skin lesions and in the mice ears by 

quantitative real time PCR using iQ SYBR Green supermix (Bio-Rad) and specific 

primers for each gene in a CFX96 system from Bio-Rad. The amount of each 

transcript was expressed by the formula: 2ct(β-actin)− ct(gene), being ct the point 

at which the fluorescence rises appreciably above the background fluorescence.  

 

Statistical Analysis 

 

       Statistical significance was analyzed using Prism 6.0 software (Graphpad 

Software Inc., San Diego, CA, USA). Differences were tested using the Mann–

Whitney test for two groups comparison or the One–Way ANOVA with Dunnett´s 

post hoc test for multiple comparison (in vivo study of efficacy). *p < 0.05;  

**p < 0.01; ***p < 0.001. 
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Results 

 

In vitro activity assays (L. major and L. braziliensis promastigotes) and 

cytotoxicity tests 

 

       The antileishmanial activity assay in L. major promastigotes treated with DAP, 

CUR, PM, and GA revealed that CUR was the most active molecule (IC50 = 3.8 to 7.1 

μM) compared to PM, DAP, and GA, which were moderately active (with IC50 values 

raging from 21.6 to 147.2 μM). Obviating PM, which is the reference drug, DAP 

exhibited the lowest toxicity against the skin cells fibroblasts and keratinocytes 

(IC50 = 432.6 and 3186.9 μM, respctively.  (Table 1).  

 

Table 1 

In vitro activity on L. major and L. braziliensis promastigotes and toxicity in mouse 

peritoneal macrophages, fibroblasts and keratinocytes for DAP, CUR, PM, and GA after 48 

hours of treatment.  

           

    IC50 (µM)   

Drugs  
Promastigotes 

L. major 

Promastigotes 

L. braziliensis 

Peritoneal 

macrophages 

Fibroblasts  

3T3 

Keratinocytes 

HaCaT 

DAP 91.8 ± 28.4 147.2 ± 42.6 1490 ± 300 432.6 ±109 3186.9±208 

CUR 7.1 ± 0.9 3.8 ± 1.0 47.2 ± 0.9 29.3 ± 1.3 14.4 ± 1.2 

PM 215.6 ±47.3 21.6 ± 6.7 >20000 >20000 >20000 

GA 124.4 ± 14.9 Nd* Nd* 177.3 ± 8.8 234.7 ± 1.4 

 

 

* Not determined 
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In vivo permeation through skin and pro/anti-inflammatory effects in 

mice 

 

       Before testing the activity in the amastigote-infected macrophages, the 

permeability of DAP, CUR, PM, GA, and anti-TNFα through the skin was evaluated in 

the inflammatory context of a psoriasis-like induced skin inflammation mouse 

model. Among the compounds tested, DAP, PM, and anti-TNFα were the most 

effective to prevent the skin inflammation induced by the TLR agonist IMQ. As we 

can see in Figure 1 A, the three compounds were able to decrease ear thickness by 

0.2 mm compared to the control (ear thickness was reduced from 0.58 mm in mice 

treated with IMQ to 0.38 mm in the case of DAP and PM and 0,29 by anti-TNFα).  

The PASI score graph (Figure 1 B) shows that although treatment with GA reduced 

erythema, thickness and scaling (score = 7 compared to positive control = 9), PM, 

DAP, and anti-TNFα reduced these symptoms of inflammation by nearly 5 points 

(PM and DAP score = approximately 2 and anti-TNFα approximately 0.8). 

 

                                                                                                             

 

 

 

 

 

 

 

 

Figure 1. In vivo skin permeation and inflammation-related effects in mice. Ear thickness 

(mm) (A) in BALB/c mice after 7 days of topical treatment with PM, DAP, GA, and anti-

TNFα.  IMQ was used as a positive control for inflammation. On the right (B), PASI score 

graph, which evaluates erythema+thickness+scaling and assigns them values from 0 to 4 

throughout the treatment. All results are expressed as median ± SD (n = 6 per group). 
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Histological analysis and immunohistochemistry of mouse inflammated 

skin 

 

       Histopathological and immunochemistry investigations were performed to 

evaluate the effect of the topical treatment with the formulations containing the 

different drugs and to confirm the macroscopic reduction of the ear thickness. As it 

can be seen in Figure 2, PM and DAP significantly reduced epidermal thickness (*p 

< 0.05). At the end of the treatment, epidermal thickness was 40.8 µm in the case of 

PM and 38.7 µm in mice treated with DAP compared to 92.6 µm, which was the 

value in positive control mice. The hematoxylin-eosin staining (Figure 3) revealed 

that the skin was thickened following treatment with GA (Figure 3 C), as the 

epidermis layer staining is very similar to the positive control (treatment with 

IMQ, Figure 3 B). However, epidermis staining is much lower (and very similar to 

the negative control image 3 A) in the skin sections of the mice treated with DAP 

(Figure 3 D), PM (Figure 3 E), and anti-TNFα (Figure 3 F). On day 8, a lower 

number of neutrophils after treatment with PM, DAP and anti-TNFα is shown in 

Figure 4 A (**p < 0.01 for anti-TNFα and *p < 0.05 for PM and DAP). Also, mice that 

received topical PM and anti-TNFα presented a significantly lower number of 

macrophages (percetage of staining area = 0.2 and 0.005, respectively, compared 

to 1.2% in IMQ-treated mice (**p < 0.01) (Figure 4 B). Finally, the reduction that 

was observed in the number of lymphocytes was statistically significant for anti-

TNFα (*p < 0.05) (Figure 4 C).  

 

                                          

 

 

 

 

 

 

 

Figure 2. Epidermal thickness (µm) in BALB/c mice after 7 days of topical treatment with 

PM, DAP, GA, and anti-TNFα. Epidermis keratin was stained with KRT6A. Staining was 
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quantified using the percentage of area stained in each image by counting the number of 

pixels staining above a threshold intensity and normalizing to the total number of pixels. 

Results are expressed as median (n = 6 per group). Multiple comparison between groups 

were made with a one-way analysis of variance (ANOVA) followed by Dunnett’s post hoc 

test. *p < 0.05 and **p < 0.01.  

 

    

     

    

 

Figure 3. Images of skin sections after 7 days of treatment for negative control (A), 

positive control (B, mice treated with IMQ), and mice treated with GA (C), DAP (D), PM (E) 

and anti-TNFα (F).  Sections were stained with H&E.  
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Figure 4. From left to right, percentage of stained area for macrophages (F4/80 antibody 

staining), neutrophils (NIMP14 staining) and lymphocytes (anti-CD3). Staining was 

quantified using the percentage of area stained in each image by counting the number of 

pixels staining above a threshold intensity and normalizing to the total number of pixels. 

Results are expressed as mean ± SD for 6 mice per group. Data were analyzed using a 

Mann–Whitney test. *p < 0.05 and **p < 0.01.  

 

Analysis of gene expression 

 

       In order to elucidate the mechanisms of the anti-inflammatory action of DAP, 

PM, and anti-TNFα, the analysis of gene expression of several cytokines involved in 

inflammation was carried out.  In mouse skin ears, topical treatment with DAP 

significantly decreased the expression of IL-6 and IL-17 (* p < 0.05), PM 

downregulated chemokine (C-C motif) ligand 3 (CCL3) also known as macrophage 

inflammatory protein 1-alpha (MIP-1-alpha) (** p < 0.01), and anti-TNFα led to a 

reduction in TNFα expression (** p < 0.01). Although the expression of IL-1β and 

cyclooxygenase-2 (COX-2) decreased after treatment with DAP, PM, and anti-TNFα, 

this result was not statistically significant.      
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Figure 5. Expression of TNFα, IL-1β, IL-6, IL-17, IL-6, COX-2, and CCL3 in the skin ear after 

4 days of treatment with DAP, PM, and anti-TNFα determined by real-time quantitative 

PCR. Results are expressed as mean ± SD (n = 6 per group). Multiple comparison between 

groups were made with a one-way analysis of variance (ANOVA) followed by Dunnett’s 

post hoc test. *p < 0.05 and **p < 0.01.  
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In vitro anti-amastigote assays (L. major and L. braziliensis)  

 

      Because GA was not able to reduce inflammation effectively in our mouse 

model, it was discarded. The antileishmanial activity against intracellular 

amastigotes was performed with DAP and CUR and also the combinations PM plus 

the biological molecules anti-TNFα and PIC at a range of different concentrations 

under the IC50 of peritoneal macrophages. As it is shown in Figures 6 and 7, the 

three drugs presented antileishmanial activity in the L. major and L. braziliensis 

amastigote form that rose at increasing doses. For DAP, CUR, and PM, an 

amastigote reduction higher than 50% was obtained at concentrations above 250, 

25, and 500 µM, respectively in L. major infected macrophages (Figure 6). In the 

case of L. braziliensis infection, more tan 50% of amastigotes were killed at the 

following concentrations after treatment with the same drugs: 100, 20 and 300 µM, 

respectively (Figure 7). As it can be seen in Figure 6, the combination of PM plus 

anti-TNFα did not lead to a reduction in the number of L. major amastigotes, but 

PM plus PIC produced a reduction in macrophage infection higher than 60% at the 

highest concentrations (250 µM for PM and 10 µg/mL por PIC). Figure 7 shows 

that only the combination PM at 100 µM and PIC at 10 µg/mL led to a reduction of 

L. braziliensis amastigotes above 50%. CUR was the most effective, as it led to the 

highest parasite reduction at a lower concentration compared to DAP and PM 

(Figures 6 and 7). PM showed the highest selectivity index against both parasite 

strains (SI > 81.8 for L. major and higher than 82.8 for L. braziliensis), but except 

for L. major and L. braziliensis treated with CUR (SI was the lowest, 2.05 and 1.56, 

respectively), the compounds were more than 10 fold more selective for the 

parasite than for macrophages (SI values were higher than 10) (Table 2). 
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Figure 6. In vitro anti-L. major amastigote activity for DAP, CUR, PM and the combinations 

of PM plus anti-TNFα or PIC after 48 hours of treatment.  
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Figure 7. In vitro activity on L. braziliensis amastigotes for DAP, CUR, PM and the 

combinations of PM plus anti-TNFα or PIC after 48 hours of treatment. 
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Table 2  

Selectivity index (SI) for DAP, CUR, and PM in L. major and L. braziliensis strains.  

 Selectivity index (SI) 

Drugs L. major L. braziliensis 

Dapsone 15.90 27.32 

Curcumin 2.05 1.56 

Paromomycin >81.80 >82.80 

 

 

In vivo efficacy study in L. major infected BALB/c mice 

 

       To evaluate the in vivo efficacy of the previously selected compounds, BALB/c 

mice were infected subcutaneously by inoculating 2 x 105 metacyclic 

promastigotes of L. major in the base of the tail. The infection induced a 

progressive increase in the lesion size in all the animals. After 5-7 weeks, topical 

application of the creams started and finished at day 30. The efficacy was 

compared with a formulation containing PM plus the penetration enhancer MBCl, 

that is the standard topical treatment (Figure 8) Mice treated with CUR and 

dapsone DAP showed a continuous increase in lesion size. In fact, on day 30, lesion 

sizes of DAP-treated mice were higher than in the untreated mice group, whereas 

sizes in the CUR-treated group were very similar to those of untreated mice 

(Figure 8 B). Also, mice treated with formulations containing only PIC or anti-TNFα 

did not show improvement. Even though PIC alone initially delayed the 

progression of the lesion, it was similar to control mice at the end of the study 

(around 150 mm2) (Figure 8 C). However, treatment with PM and its combinations 

lead to smaller size lesions: PM plus MBCl = 5.71 mm2, PM only = 39.73 mm2, PM 

combined with either PIC = 22.60 mm2 or anti-TNFα = 2.32 mm2. (Figures 8 A and 

D). Therefore, at the end of the experiment, lesion size in the case of PM plus anti-

TNFα was smaller than in mice treated with the reference formulation containing 

PM plus MBCl.  

       The size of the lesions in the different treatment groups was more or less well-

correlated with parasite burden determined in the skin (smaller sizes = lower 

parasite burden and viceversa), except for the fact that combination of PM plus PIC 
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led to a lower parasite burden than the PM plus anti-TNFα group, which had led to 

smaller lesion sizes (4.3 x 104 parasites/mg skin in the PM + PIC group and 1.7 x 

105 parasites/mg skin in the PM + anti-TNFα-treated mice). However, the 

differences between both groups were not statistically significant. The reduction of 

the parasite number in both groups compared to the negative control was 

statistically significant (*** p < 0.001 for PM + PIC and * p < 0.05 for PM + anti-

TNFα) (Figure 9 A).  Regarding parasite burden in lymph node (Figure 9 B), liver 

(Figure 9 C) and spleen (Figure 9 D), treatment of PM plus the small biological 

molecules PIC and anti-TNFα also led to a significant reduction of the parasite 

number. In the lymph nodes, parasite burden in the PM + MBCl group (the 

reference formulation) was 9,112/mg of organ and it decreased to 1,373 and 296 

in the PM + PIC and PM + anti-TNFα groups, respectively. These three data were 

compared between them statistically, but the reduction was not significant. (Figure 

9 B). In the liver, a 3- and 6-fold decrease in the number of parasites was reported 

in the PM + PIC and PM + anti-TNF groups (respectively) compared to the 

reference formulation also (Figure 9 C), whereas in the spleen the reduction of 

infection was the following: 4- and 6-fold less parasites in PM + PIC and PM + anti-

TNFα groups also compared to this positive control group (Figure 9 D).  
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Figure 8. In vivo efficacy studies. Lesion size in L. major infected BALB/c mice after 30 

days of treatment with topical W/O emulsions containing PM + MBCl, PM only, PM plus 

PIC, PM plus anti-TNFα, PIC only, anti-TNFα only, CUR, and DAP. Results are expressed as 

median ± SD (n = 10-12 per group).  
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Figure 9. In vivo efficacy studies. Parasite burden comparison after 30-days treatment in 

skin (A), liver (B), spleen (C) and lymph node (D). Results are expressed as median ± SD (n 

= 10-12 per group). Multiple comparison between groups were made with a one-way 

analysis of variance (ANOVA) followed by Dunnett’s post hoc test. *p < 0.05, **p < 0.01 and 

***p < 0.001.  

 

Histological analysis and immunohistochemistry of animal lesion 

 

       Histopathological and immunochemistry investigations were performed to 

evaluate the microscopical effect of the different treatments in the skin and to 

observe if differences in skin regeneration effect could be stated. At the end of the 

experiment, hematoxylin-eosin staining of the control mice (untreated) lesions in 

the base of the tail showed two different regions: an ulcer focus, corresponding to 

the scab and necrotic and granulation tissue and an area characterized by an 

epidermal hyperkeratosis and enormous inflammation that invaded subcutaneous 
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and muscular tissues (Figure 10 A). Treatment with DAP (Figure 10 F) and CUR 

(Figure 10 G) also led to ulcer formation and hyperkeratosis. The regenerative 

effect after treatment with the different emulsions containing PM, specially the one 

containing anti-TNFα, can be observed in figure 10. Images of skin sections 

corresponding to treatments with PM plus MBCl (Figure 10 C) and PM plus the 

pro-inflammatory PIC (Figure 10 D) show a mild hyperproliferation of the 

epidermis, whereas treatment with PM only (Figure 10 B) or PM administered 

together with the antiinflammatory anti-TNFα did not (Figure 10 E).  

       The immunohistochemistry characterization of the inflamatory cells shows 

that neutrophils were the predominant cells population, followed by macrophages 

and CD3 lymphocytes in the case of the control mice (16.30%), DAP (16.47%), PM 

only (5.62%), PM plus MBCl (4.06%), and PM with PIC (12.28%), PIC only 

(31.61%), and anti-TNFα only (16.83%). For PM plus anti-TNFα, macrophage 

population was the largest (4.44% compared to 1.23% and 0.5%- staining areas 

for neutrophils and lymphocytes) (Figure 11). The % of stained area for 

neutrophils was the lowest in the group treated with PM plus anti-TNFα 

(approximately 13-fold decrease in the staining). This result was statistically 

significant (** p < 0.01) (Figure 12 A).        
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Figure 10. Images of skin sections after 30 days: negative control (A), PM (B), PM plus 

MBCl (C), PM plus PIC (D), PM combined with anti-TNFα (E), DAP (F), and CUR (G). 

Sections were stained with H&E.   
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Figure 11. Skin sections were stained with with antibodies against CD3 (lymphocytes), 

NIMP-R14 (neutrophils), and F4/80 (macrophages). NIMP-R14 (neutrophils), F4/80 

(macrophages) and CD3 (lymphocytes) staining was quantified using the percentage area 

stained in each image by counting the number of pixels staining above a threshold 

intensity and normalizing to the total number of pixels. Results are expressed as mean ± 

SD for 10-12 mice per group.  
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Figure 12. Single representation of the different treatments and staining results for the 

immune cells. Skin sections were stained with antibodies against NIMP-14 (neutrophils) 

(A), F4/80 (macrophages) (B), and CD3 (lymphocytes) (C). NIMP-R14 (neutrophils), 

F4/80 (macrophages) and CD3 (lymphocytes) staining was quantified using the 
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percentage area stained in each image by counting the number of pixels staining above a 

threshold intensity and normalizing to the total number of pixels. Results are expressed as 

mean ± SD for 5-10 mice per group. Multiple comparison between groups were made with 

a one-way analysis of variance (ANOVA) followed by Dunnett’s post hoc test. **p < 0.01 

 

Analysis of gene expression 

 

       As it is shown in Figure 13, in L. major infected mice, treatment with PM alone 

significantly decreased the expression of iNOS and IL-17 (* p < 0,05) and 

combination of PM + PIC led to a lower production of Arg-1 (* p <0,05). Finally, the 

expression of the cytokines IL-1β and IL-17, as well as the molecule TNFα and the 

enzyme iNOS was reduced after treatment with the formulation containing PM + 

anti-TNFα. These results were also statistically significant.  
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Figure 13. Expression of TNFα, IL-1β, iNOS, ARG-1, IL-17, and TGF-β in the skin lesions 

after 30 days of treatment determined by real-time quantitative PCR. Results are 

expressed as mean ± SD (n = 6 per group). Data were analyzed using a Mann–Whitney test. 

*p < 0.05; **p < 0.01. 
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Discussion 

 

       In CL and MCL there is a delicate balance between immune-mediated tissue 

destruction and successful parasite clearance, as the ulcerative process has been 

proposed to be a result of the infiltration of activated immune cells into the skin 

(2). Therefore, the efficacy of an antileishmanial treatment will depend on its 

capacity to reach the parasite and kill it and also on its ability to induce an immune 

response that favours parasite clearance but at the same time suppressing tisular 

damage that leads to scar formation. On the one hand, pro-inflammatory 

treatments may lead to the production of cytokines that have been linked to skin 

pathology, but they could also activate leishmanicidal mechanisms in infected 

macrophages (such as oxidative burst) that favor infection resolution. On the other 

hand, anti-inflammatory treatments could promote parasite persistence, but they 

may control the excessive inflammatory response that causes ulcer and scar 

formation. Thus, our aim was to find out which strategy (promotion of pro- or anti-

inflammatory responses) could give rise to parasite elimination and reduction of 

skin pathology. Previous in vitro studies have shown that human macrophages that 

had been stimulated with either pro- (TNF-α) or anti-inflammatory (IL-10) 

cytokines and then cultured with a counterstimulatory cytokine or medium alone, 

could switch their phenotype rapidly when given counterstimulatory signals (23). 

Consequently, we hypothesized that targeting specific immune deviation not only 

with drugs but also with small biological molecules, may be a feasible option to 

influence the wound healing process in the context of CL and MCL. 

       Clinical studies have shown that the use of immunomodulators alone does not 

lead to parasite clearance. For example, pentoxifylline, in vitro, did not affect 

parasite survival in peripheral blood mononuclear cells (24).  Although IMQ, a TLR 

7 agonist, inhibited parasite development in vitro (47.7% at the highest dose 

tested), it was only partially successful when applied as a topical cream on the 

lesion (Aldara®, 5% IMQ) in mice (1). In patients, it was ineffective when applied 

alone, as it barely affected the parasite load or the size of the lesion (25,26). 

However, the use of this cream in conjunction with meglumine antimoniate or 

Leshcutan® (PM ointment) has been more successful and results comparable to 

those observed with combination therapy with IL-12 or IFN-γ (1). Therefore, a 
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combination of leishmanicidal and immunomodulating properties is required to 

achieve effectivity, which is supported by the fact that some of the antileishmanial 

drugs that are included in the WHO-treatment recommendations have shown to 

have immunomodulatory mechanisms of action in addition to a direct 

leishmanicidal activity (27). For this reason, we decided, on the one hand, to 

explore the potential of molecules that exhibit both activities (DAP, CUR, and GA), 

and, on the other hand, to combine the reference antileishmanial drug PM either 

with the pro-inflammatory small biomolecule PIC (a TLR 3 agonist) or the anti-

inflammatory molecule anti-TNFα. However, a deeper analysis of the interplay of 

anti-leishmanial drugs and co-adjuvant immunotherapeutic agents is still 

necessary and for this reason, we carried out these studies. 

       The drugs PM, DAP, and CUR showed anti-promastigote and anti-amastigote 

activity in vitro against the strains L. major and L. braziliensis (Table 1 and Figures 

6 and 7). Neither PIC nor anti-TNFα displayed an antiparasitic effect alone (data 

not shown). However, PIC combined with PM led to a higher reduction (more than 

50%) in the number of macrophages than PM alone at the same concentration 

(250 μM for L. major and 100 μM for L. braziliensis) (Figures 6 and 7). The IMQ-

induced psoriasis mouse model was chosen to evaluate the percutaneous 

absorption of the drugs, as it has been established as a good approach to test drug 

permeability, and also to evaluate the anti-inflammatory potential of the different 

compounds. In addition, local application of IMQ leads to the production of 

hyperkeratosis, which is a characteristic of the skin lesions caused by L. major in 

BALB/c mice. This is important in order to study the potential of new candidates 

for the topical treatment of CL and MCL, as products should also be examined via 

diseased skin. Besides, the genomic and proteomic profile of psoriasis and 

American tegumentary leishmaniasis patients’ lesions have shown some common 

features, and the inflammatory process is the main responsible for lesion 

generation in both pathologies (28,29). In our study, mice were not treated with a 

CUR formulation because Sun et al. had already used this mouse model to evaluate 

its anti-inflammatory potential and reported a decrease in skin thickness and 

inflammation probably due to a decrease in the mRNA levels of IL-1β, TNF-α, IL-6, 

and IL-17A and F, which contribute to inflammation (22). Inflammation studies 

confirmed that PM, DAP, and anti-TNFα reduced ear thickness (Figure 1 A) and 
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decreased the anti-inflammatory infiltrating cells (Figure 3). Epidermal thickness 

was reduced by PM and DAP (Figure 2). Regarding PM, even though a previous 

study by Ghosh et al. showed that PM increased NO and ROS production in infected 

peritoneal macrophages (27) and despite computational studies described that 

induction of TNFα and NO release by PM was done in a TLR4-dependent manner, 

(30) in our work, PM led to a decrease in the neutrophilic and macrophagic 

infiltrate (Figure 4). The downregulation of CCL3 expression in the mice ears that 

was reported in our study after 4-days treatment with PM could be related to this 

effect (Figure 5). DAP has been utilized for its anti-inflammatory properties in a 

number of skin conditions including pustural psoriasis, dermatitis herpetiformis, 

bullous diseases, pyoderma gangrenosum, and acne. The anti-inflammatory and 

antioxidant effects of DAP have been related to interference with neutrophil 

adhesion and chemotaxis to extravascklar sites, inhibition of inflammatory 

mediators-release (prostaglandins, leukotrienes and lysosomal acid hydrolases) 

and inhibition of myeloperoxidase in neutrophils and eosinophils, preventing 

tissue injury from oxygen radicals (31-33). In our study, DAP also reduced the 

neutrophil infiltrate in the mice ear (Figure 4) and also down-regulated the 

expression of IL-1β and IL-17 (Figure 5), both of which have been related to 

pathological responses in CL, MCL, and psoriasis (34-37).  

       Systemic administration of the powerful immunosuppressant therapeutic 

antibody anti-TNFα has linked to reactivation of latent Leishmania infections in 

patients who were treated against severe forms of psoriasis, rheumathoid arthritis, 

ankylosing spondylitis, ulcerative colitis, and Crohn’s disease (38-40). Local 

application of anti-TNFα could reduce side effects and trigger the anti-

inflammatory effect only at the site of administration. In fact, some studies, with 

patients have already reported good results from local administration of anti-

TNFα, such as intraarticular injection of the therapeutic antibody for persistent 

inflammatory monoarthritis (41) and topical administration of a gel containing 

anti-TNFα for chronic therapy-resistant leg ulcers (42). Besides, TNF levels have 

influenced lesion size in patients with CL (43) and have been also linked to 

keratinocyte apoptosis (44). Therefore, anti-TNFα may have favored the process of 

wound healing during infection. In our work, the application of this molecule led to 

a significant reduction in the inflammatory cell infiltrate (macrophages, 
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neutrophils, and lymphocytes) (Figure 4). Because the skin constitutes a barrier to 

topical antibody delivery, the presence of barrier damage in the mouse model of 

skin psoriasis could explain the fact that an easier penetration of this larger 

molecule could have taken place (45). Also, anti-TNFα may have had an indirect 

effect by reducing keratinocyte death. 

             Based on the good intrinsic antileishmanial activity of the drugs and on their 

anti-inflammatory action, we addressed the in vivo evaluation of the formulation 

efficacy in L. major infected BALB/c mice. In L. major infected mice, DAP and CUR 

were not effective (Figure 8 B). Although in the case of DAP no topical formulations 

have been tested in the context of CL, oral therapy in patients infected with Old 

World and New World strains had led to partially favourable results (25,33). In 

addition, even though systemic DAP has been associated with notable risks, such as 

hemotoxicity (methemoglobinemia), in clinical trials, twice-daily topical 

application of DAP for the treatment of acne led to successful results and did not 

induce significant changes in hemoglobin or other hematologic indicators, even in 

G6PD-deficient patients (46). Therefore, topical formulations of DAP could be a 

feasible and interesting alternative. However, percutaneous absorption of DAP 

could have been hindered in our study because we had to solubilize it as a 

suspension due to its poor solubility and/or due to the fact that skin permeability 

could be lower in the mice tail base than in the ear skin. Therefore, the 

development of an alternative formulation and/or testing the formulation in the 

model of Leishmania-infected mouse ear could be required to achieve a higher 

efficacy. Similarly, CUR topical delivery may have been hindered by low solubility 

and poor permeation and stability (22). A study by Chan et al. reported that CUR 

had the potential to be detrimental or beneficial, depending on whether 

inflammation is needed (as in visceral leishmaniasis), or destructive to the host 

(for example, in CL and MCL).  Therefore, if the immune response is causing more 

tissue destruction than the pathogens, attenuating inflammation may be necessary. 

In that work, the anti-inflammatory effect of CUR was related to an enhancement of 

peroxisome-proliferator-activated-receptor-γ (PPAR-γ) expression in Leishmania-

infected spleen, liver, and macrophages, that led to suppression of iNOS gene 

expression (47). Although CUR is a scavenger of NO, which is the major cause of 

inflammation in the skin repair process and impairment of wound healing activity 
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(48) in BALB/c mice, this could have protected Leishmania parasites against 

oxidative processes. In fact, it has been reported that long-term, low dose, oral 

consumption of CUR exacerbates the pathogenesis of Leishmania infection in vivo 

in both the BALB/c and C3H/He mice (49). 

              Toll-like receptors (TLRs) recognize various molecular patterns on 

pathogens and activate the cells of the innate immune system, such as 

macrophages and dendritic cells, both of which are antigen-presenting cells. In 

vaccination, TLR synergy has been used in an attempt to induce a strong effective T 

cell response during disease (1). PIC, a TLR-3 ligand, has shown to enhance CD40 

expression in L. major infected macrophages, thus inducing signals that lead to the 

production of proinflammatory cytokines. In a study, PIC was an active anti-

leishmanial TLR ligand, following CpG and IMQ (50). Additionally, Lin et al. 

reported that topical application of PIC upregulated CCL2 and promoted 

neutrophil and macrophage recruitment and also the acceleration of wound 

healing in human and mouse wounds (51). In our study, combination of PM plus 

PIC significantly reduced the parasite burden in skin, lymph nodes, liver, and 

spleen, (Figure 9) but in L. major infected BALB/c mice, this treatment was not 

able to reduce the inflammatory cell infiltrate. In addition, it downregulated the 

expression of Arg-1, (Figure 13), which has been associated with the polarization 

of macrophages towards a pro-inflammatory subset with inflammatory cytokine 

production (52).  Although other previously mentioned studies had shown that PIC 

exhibited wound healing abilities, other works have explained that, depending on 

the location, timing, and degree of activation, TLR activation may have a promoting 

or inhibiting effect on the process of wound healing and tissue regeneration (53). 

       PM combined with anti-TNFα was also effective in terms of parasite clearance, 

as it significantly reduced parasite burden not only in skin, but also in the popliteal 

lymph nodes, liver, and spleen (Figure 9). This reduction was close to the one 

achieved by the treatment with the reference formulation, which contains PM plus 

the penetration enhancer methylbenzethonium chloride (MBCl), that is 

commercially formulated as Leishcutan®. Although MBCl exhibits an own 

parasiticidal activity and favours the penetration of PM into the skin because it 

disrupts the skin barrier, it causes local side effects such as itching, redness and 

burning sensation (54,55). In an opposite manner to the combination of PM and 
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PIC, this combination of the leishmanicidal and anti-inflammatory PM with the 

anti-inflammatory molecule anti-TNFα led to significant changes in the skin 

immune response. In our work, anti-TNFα applied alone in a formulation reduced 

hyperkeratosis (Figure 3 F). Finally, combination of PM plus anti-TNFα led to a 

decrease of the skin neutrophilic infiltrate (Figure 12 A) and to a significant 

reduction in the mRNA expression of TNFα, IL-1β, IL-17, and CCL3 (Figure 13). 

Therefore, this combination improved the anti-inflammatory potential of PM 

applied alone, that was only able to reduce iNOS significantly, which probably 

occurred indirectly mediated by parasite clearance. Overall, although the 

immunoactivation ability of the currently used antileishmanial drugs and pro- 

inflammatory mediators have been regarded as advantageous because they may 

promote parasite elimination, in the local treatment of CL lesions of our studies, 

suppression of immune factors that are implicated in tissue damage seemed to be a 

suitable strategy in the topical treatment of CL because it favored lesion healing 

without blocking parasite elimination. This was confirmed by the results shown in 

the current study with the combination of PM and anti-TNFα. Unlike human 

beings, where evolution of the lesion is related to the immune response, in the 

BALB/c model of infection, lesion size is dominated by the parasite load. Therefore, 

further studies with our topical formulations should be tested in a more 

appropriate in vivo model of infection.  

 

Conclusions 

 

       Despite neither DAP nor CUR topical formulations were effective, combinations 

of PM and PIC or anti-TNFα were similar to PM+MBCl in terms of parasite 

clearance. Topical treatment of CL lesions in BALB/c mice with PM and anti-TNFα 

was the most successful approach because it significantly decreased the 

neutrophilic infiltrate and it mediated the down-regulation of TNFα, IL-1β, IL-17, 

and CCL3. Therefore, topical application of formulations combining leishmanicidal 

drugs with small biological anti-inflammatory molecules could be useful to reduce 

inflammation and scarring in CL.  
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       Chapter 6 

   General discussion 
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       The topical treatment scenario of CL and MCL has not changed significantly in 

the past years, as no new formulations have been incorporated to the WHO-

recommended list. New drug development is slow and therefore efforts have been 

mainly focused on reformulating currently used therapies and exploring the 

potential of combination therapy, which reduces the side effects that are 

associated with the currently available drugs and the economic costs, that 

constitutes an important barrier for most of the Leishmania endemic countries.  

 

       Discovering a drug that may be suitable for topical delivery is a challenge due 

to the fact that, in order to be effective against the different Leishmania strains, it 

must fulfill 3 important requirements: (i) a potent antileishmanial activity and low 

toxicity against mammalian cells, (ii) the ability to permeate through the skin in 

order to reach the infected macrophages residing in the dermis, and (iii) an 

immunoprofile that favours the shift of the local skin microenvironment to an 

immune response that favors wound healing. Drugs should not only be strongly 

leishmanicidal, but they should also be able to penetrate through the skin. Other 

wise, their effect could be negligible. For example, the reference drug amphotericin 

B is able to kill Leishmania parasites in a single dose when it is administered 

intravenously for the treatment of visceral leishmaniasis (1). However, no topical 

formulations of amphotericin B have been successful in animal models of infection 

and in patients. But the drug paromomycin, which is not as potent as amphotericin 

B, seems to be able to penetrate easily through impaired skin and is very effective 

when administered topically (2). In fact, in our studies, even without adding the 

permeation enhancer methylbenzethonium chloride, paromomycin was able to 

reduce the parasite burden in skin, lymph nodes, liver, and spleen (Chapter 5, 

Figure 9). In addition, in our work the importance of skin permeability was also 

confirmed, as both the diselenide drugs (Chapter 3) and β-lapachone (Chapter 4) 

showed antileishmanial activity in vitro but were not effective in an in vivo model 

of L. major infection.  

 

       The drugs that are currently used for the treatment of CL and MCL 

(paromomycin, pentavalent antimonials, amphotericin B, miltefosine) have shown 

to have an immunoestimulating effect in addition to their antileishmanial 
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mechanism of action (3) that may help in the process of parasite elimination. 

However, immunoestimulation in CL and MCL has been linked to skin pathology. 

Thus, with the aim to find out which consequences could have the promotion or 

inhibition of local inflammatory responses on parasite killing and lesion cure, two 

biological molecules (Poly(I:C) and anti-TNFα) were combined with paromomycin. 

Previously, the effect of the TLR agonist Poly(I:C) on wound healing promotion had 

been reported (4). In our work, although the combination of paromomycin plus the 

pro-inflammatory TLR agonist Poly(I:C) reduced the parasite burden, it did not 

lead to a decrease of the inflammatory cell infiltrate or cytokines that have been 

described to hamper the process of wound healing. In addition, results showed 

that this combination could be involved in the macrophage functional switch 

towards a pro-inflammatory phenotype that interferes with skin regeneration. 

Contrarily, the results that derived from combining paromomycin with the anti-

inflammatory monoclonal antibody anti-TNFα supported the hypothesis that 

modulation of the local immune microenvironment of the skin in L. major infection 

with anti-inflammatory drugs and molecules may be more suitable for promoting 

wound healing and skin regeneration, as scarring is a result of the strong immune 

response derived from Leishmania infection in CL. In addition, the use of anti-TNFα 

did not hamper infection resolution (Chapter 5, Figure 9).  

 

       Although the selection of an adequate formulation or delivery system could be 

critical to advantage drug delivery to the infected macrophages, little research has 

been carried out to predict the outcome that may be expected from the topical 

application of drugs exhibiting different chemical characteristics, and on the effect 

of the selection of a delivery system on treatment response. The presence of 

barrier damage caused by hyperkeratosis or ulceration should determine the 

choice of the formulation, as the hypeproliferative stratum corneum in 

hyperkeratosis is lipophilic and thus requires a more lipophilic formulation, 

whereas in ulcers, the epidermis, which is hydrophilic, is exposed, and these 

wounds require the application of a hydrophilic formulation. In this context, 

despite new nanodelivery systems are been investigated to reformulate already 

existing antileishmanial drugs, their advantage remains controversial, as they do 

not seem to be able to cross the different skin layers and thus, they may not be 
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directly phagocytised by the infected macrophages residing in the dermis 

(Annexes I and II). Conventional topical formulations such as creams, ointments, 

and gels could allow the solubilization of very high amounts of drug compared to 

nanodelivery systems. Therefore, considering that very small concentrations of 

drugs may be able to cross the skin barrier, and that the major force driving 

diffusion through the skin is drug concentration, they may be a more adequate 

choice and especially in Leishmania cutaneous infection, as parasites are located at 

the bottom of the dermis.  For example, our β-lapachone nanoformulation showed 

a high encapsulation efficiency of the compound (Chapter 4, Table 1), but the total 

amount of drug may have been negligible compared to the high drug 

concentrations that could be incorporated in conventional topical formulations, 

e.g. with appropriate organic solvents. Additionally, in vitro studies of drug 

penetration and permeation are very far from recreating the skin lesions that 

result from Leishmania infections and this limits the withdrawal of conclusions in 

order to decide whether a drug may or may not be a good candidate for being 

tested in an in vivo model of infection. It is posible to reproduce barrier damage in 

pig skin, but only mouse skin infected lesions can be used in Franz diffussion cells. 

However, mouse is very different from human skin. In our studies, despite the  

diselenide drugs (Chapter 3, Figure 3) and β-lapachone (Chapter 4, Figure 1) 

accumulated in the skin dermis in the in vitro studies, they did not lead to parasite 

cure. Consequently, in our last experiments with dapsone, curcumin, paromomycin 

and anti-TNFα we decided to use an in vivo model of barrier damage (Chapter 5). 

 

       Finally, the selection of an appropriate in vivo model for the new topical agents 

and formulations will be essential to address the questions that are formulated.  

Currently, there are no mice models of CL and MCL infection that mimic both the 

pathology and the immune response that are observed in human beings.  BALB/c 

mice are the most commonly used for evaluating new treatments. On the one hand, 

although they allow an easy reproduction of results, their high susceptiblity to 

Leishmania infection (parasites viceralise rapidly) could be concealing the 

effectiveness of potentially good formulations. On the other hand, resistant mice 

can self-cure and this could lead to the conclusion that a formulation was effective 

but it was not. Regarding immunology, the fact that susceptible BALB/c mice show 
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a predominant anti-inflammatory response that benefits parasite replication (5), 

the choice of BALB/c mice for our in vivo experiments could have hidden the 

obtention of better results for all the tested formulations.   

 

       The concept that leishmaniasis may be more properly defined as a diverse 

group of syndromes has recently emerged and, certainly, has implications for 

development of effective treatment alternatives. The deeper understanding of the 

species diversity and host immune responses have left a door open to discuss 

whether drug therapy for CL and MCL should be tailored according to infective 

species, endemic region, and host responses. Considering this hypothesis topical 

treatment of CL and MCL could require a range of different therapies and 

modalities. Therefore, the search of new drugs must continue, the evaluation of 

new combination therapies will be required, suitable animal models must be 

chosen, and robust and comparative trials of the new agents and formulations 

need to take place with the aim to adequately assess their efficacy. 
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       In order to conclude this thesis and publish the results shown in Chapter 5, 

several experiments will be carried out. Firstly, completing the in vitro 

immunomodulation experiments may allow us to determine the cellular 

mechanisms that could be involved in the response to the different treatmets in L. 

major- and L. braziliensis- infected macrophages that will be treated with the 

different drugs and combinations. Cytokines that have been linked to the 

inflammatory response in CL will be quantified and macrophages will be 

functionally characterized because they may suffer functional and phenotypic 

changes which could have an influence in the process of wound healing. Then, 

BALB/c mice will be infected in the ear with L. major and L. braziliensis to test the 

formulations that were previously used in mice infected with L. major in the 

tailbase. Thus, we will be able to compare the efficacy of our formulations in New- 

and Old-World Leishmania strains and find out whether lesion localization and site 

of formulation application could have an impact on drug absorption and, therefore, 

on the efficacy of the topical formulations that we have prepared. Finally, the cells 

that are implicated in the response to infection in the mice will be characterized. 

When we will obtain these results we will decide whether we could improve the 

dapsone formulation and/or prepare a more suitable delivery system for the labile 

anti-TNFα.  
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241 

 

       The experimental work collected in this dissertation has been centered on the 

design and optimization, in vitro evaluation and evaluation of in vivo efficacy of 

formulations containing chemical and/or immunomodulating agents for the 

topical treatment of cutaneous leishmaniasis. 

 

       The results retrieved from this work have brought us to the following 

conclusions: 

 

1. Topical treatment of L. major infected BALB/c mice with a novel diselenide 

chitosan hydrogel formulation 

 

a. The novel compound bis-4-aminophenyldiselenide showed activity against L. 

major amastigotes in vitro (IC50 = 5.6 µM) and presented suitable molecular weight 

and logP for cutaneous administration. Candidate 2a was chosen on behalf of 

candidate 2o because it showed a higher parasite:macrophage selectivity index (SI 

= 1.8)   

b. Bis-4-aminophenyldiselenide was dissolved using HP-β-cyclodextrins and 

incorporated in chitosan hydrogels. Ex vivo skin retention and permeation studies 

in pig ear skin showed that the drug could be retained in the dermis and that little 

amount of the drug would be able to diffuse to systemic circulation, in contrast to 

paromomycin, the reference drug.  

c. In L. major infected BALB/c mice, the novel formulation could not slow lesion 

progression and reduce parasite burden, which was attributed to the moderate 

drug in vitro activity and to the fact that limited amount of the drug could get to be 

dissolved in the formulation.  

 

2. Assessment of β-lapachone loaded in lecithin-chitosan nanoparticles for the 

topical treatment of cutaneous leishmaniasis in L. major infected BALB/c mice 

 

a.  β-lapachone lecithin:DDAB chitosan nanoparticles were the system of choice for 

β-lapachone delivery because they were smaller and they presented a lower 

polydispersity index and a higher encapsulation efficiency than  β-lapachone 

lecithin:MNL nanoparticles. 
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b. β-lapachone lecithin:DDAB chitosan nanoparticles were more than two fold 

more active than β-lapachone alone against L. major amastigotes in vitro and 

showed the highest activity and selectivity index (IC50 = 0.3 µM and SI = 11.3 

compared to IC50 = 0.7 µM and SI = 9.1). 

c. Ex vivo Franz diffusion cells studies using pig ear skin showed that the β-

lapachone delivered to the skin by the lecithin:DDAB nanoparticles was retained in 

the dermis in a higher percentage than β-lapachone from the hydrogel formulation.  

d. When topically applied in L. major infected BALB/c mice, no parasite reduction 

was achieved after the use of the formulation. However, it was able to stop lesion 

progression and showed anti-inflammatory activity, which was associated with the 

reduction of IL-1β and COX-2 mRNA. 

 

3. Local immunotherapeutic strategies for the topical treatment of cutaneous 

leishmaniasis caused by L. major and L. braziliensis  

 

a. Dapsone and curcumin were active against L. major (IC50 = 93.71 and 23.37 µM, 

respectively) and L. braziliensis amastigotes (IC50 = 54.53 and 30.26 µM, 

respectively), in vitro. Combinations of paramomycin with PIC or anti-TNFα 

reduced the parasite load in the macrophages similarly to paromomycin alone 

(IC50 = 244.50 µM for L. major and IC50 = 241.55 µM for L. braziliensis). 

b. The in vivo model of Imiquimod®-induced inflammation confirmed the ability of 

dapsone, curcumin, paromomycin and anti-TNFα to permeate through damaged 

skin. The four molecules exhibited anti-inflammatory potential. In L. major BALB/c 

infected mice, neither dapsone nor curcumin topical formulations were effective. 

Combinations of paromomycin and PIC or anti-TNFα were not significantly better 

than paromomycin + methylbenzethonium chloride in terms of parasite clearance, 

but paromomycin with anti-TNFα significantly decreased the neutrophils 

infiltration and down-regulated the expression of TNFα, IL-1β, IL-17, and CCL3.  
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       El trabajo experimental recogido en esta memoria ha estado centrado en el 

diseño y optimización, evaluación in vitro y evaluación de la eficacia in vivo de 

formulaciones con agentes químicos y/o inmunomoduladores para el tratamiento 

tópico de la leishmaniosis cutánea. 

 

       Los resultados obtenidos nos han llevado a concluir lo siguiente: 

 

1. Tratamiento tópico de ratones BALB/c infectados con L. major con una nueva 

formulación de hidrogel de quitosano con un agente diseleniuro 

a. El nuevo compuesto bis-4-aminofenildiseleniuro mostró actividad in vitro frente 

a L. major (IC50 = 5.6 µM) y presentó buenos valores de peso molecular y logP para 

su administración tópica. Se escogió al candidato 2a en lugar de al 2o por su mayor 

índice de selectividad parásito:macrófago (IS = 1.8).   

b. Se disolvió el bis-4-aminofenildiseleniuro utilizando HP-β-cyclodextrinas y se 

incorporó en hidrogeles de quitosano. Estudios ex vivo de retención y 

permeabilidad en piel de oreja de cerdo mostraron que el fármaco podía ser 

retenido en la dermis y que una poca cantidad del mismo pasaría a circulación 

sistémica, en contraste con la paramomicina, el fármaco de referencia.  

c. En ratones BALB/c infectados con L. major, la nueva formulación no logró parar 

la progression de la lesión y reducir la carga parasitaria, lo cual fue atribuido a su 

moderada actividad in vitro y al hecho de que una limitada cantidad del fármaco 

podía solubilizarse en la formulación.   

 

2. Evaluación de nanopartículas de lecitina-quitosano cargadas con β-lapachona 

para el tratamiento tópico de la leishmaniosis cutánea en ratones BALB/c 

infectados con L major 

 

a. Las nanopartículas de β-lapachona lecitina:DDAB quitosano constituyeron el 

sistema de elección para la solubilización de β-lapachona  porque presentaron un 

menor tamaño, un índice de polidispersión más bajo y una eficiencia de 

encapsulación más alta que las nanopartículas de β-lapachona lecitina:MNL 

quitosano.  
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b. Las nanopartículas de β-lapachona lecitina:DDAB quitosano fueron más de dos 

veces más activas que la β-lapachona sola frente a amastigotes de L. major in vitro 

y mostraron la actividad y el índice de selectividad más altos (IC50 = 0.3 µM e IS = 

11.3 en comparación con IC50 = 0.7 µM e IS = 9.1) 

c. Los estudios ex vivo en las celdas de difusión de Franz donde se utilizó piel de 

oreja de cerdo mostraron que la β-lapachona que llegó a la piel tras la 

administración de las nanopartículas de lecitina:DDAB se retuvo en mayor 

porcentaje en la dermis que la  β-lapachone sola.   

d. Cuando se aplicó la formulación tópica en los ratones BALB/c infectados con L. 

major no se conseguió reducir la carga parasitaria. Sin embargo, fue capaz de parar 

la progression de la lesión y mostró actividad anti-inflamatoria, lo cual se asoció a 

la reducción de RNAm de IL-1β y COX-2.  

 

3. Estrategias de inmunomodulación local para el tratamiento tópico de la 

leishmaniosis cutánea causada por L. major y L. braziliensis 

a. Dapsona y curcumina presentaron actividad in vitro frente a amastigotes de L. 

major  (IC50 = 93.71 y 23.37 µM, respectivamente) y L. braziliensis (IC50 = 54.53 y 

30.26 µM, respectivamente). Las combinaciones de paramomicina con PIC o anti-

TNFα redujeron la carga parasitaria en los macrófagos de forma similar a la 

paramomicina sola (IC50 = 244.50 µM para L. major e IC50 = 241.55 µM para L. 

braziliensis). 

b. Con el modelo in vivo de inflamación inducida por Imiquimod® se confirmó la 

capacidad de la dapsona, curcumina, paramomicina y anti-TNFα de penetrar a 

través de piel lesionada. Las cuatro moléculas mostraron potencial anti-

inflamatorio. En ratones BALB/c infectados por L. major las formulaciones de 

dapsona y curcumina no fueron efectivas. Las combinaciones de PM y PIC o anti-

TNFα no fueron significativamente mejores que PM+MBCl en cuanto a reducción 

de la carga parasitaria, pero PM combinada con anti-TNFα redujo 

significativamente el infiltrado de neutrófilos y disminuyó la expresión de TNFα, 

IL-1β, IL-17, y CCL3.  
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A BRIEF INTRODUCTION TO
CUTANEOUS LEISHMANIASIS:

CURRENT STATUS OF THE DISEASE
AND THE THERAPY

The term “leishmaniasis” includes a range of diseases
caused by different species of protozoa of the genus
Leishmania that are transmitted by phlebotomine
(blood-sucking) sandflies. Leishmania parasites are
injected into the vertebrate host as a promastigote (the
elongated form with an external flagellum), which is

uptaken by different phagocytic cells. Within the cells
of the mononuclear phagocyte system (their natural
habitat), promastigotes differentiate into amastigotes
(the round form without an external flagellum) and
proliferate, thus establishing the infection [1].

Leishmaniasis encompasses visceral and tegumen-
tary forms [2]. Visceral leishmaniasis (VL), which is
fatal if untreated, is the most severe form in which par-
asites migrate to vital organs. Tegumentary leishmani-
asis is one of the major tropical dermatoses of
immense public health significance. It is endemic in 88
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countries and it is estimated that 350 million people
worldwide are at risk of infection, with an estimated
prevalence of 12 million cases and an annual incidence
of 1.5 million cases per year. Most of the cases (90%)
are reported in Africa (mainly Morocco, Ethiopia, and
Tunisia), the Middle East (Afghanistan, Pakistan, Iran,
Iraq, Syria, and Saudi Arabia), and Latin America
(Brazil, Bolivia, Colombia, Ecuador, Peru, and
Venezuela) [2,3]. It is also increasing in travelers return-
ing from endemic areas [4]. Despite the fact that cuta-
neous leishmaniasis (CL) is a growing social and
health problem worldwide, it receives less attention
than VL because it is not directly fatal [2].

CL [3] is divided into three major clinical pheno-
types: localized cutaneous leishmaniasis (LCL), diffuse
cutaneous leishmaniasis (DCL), and mucocutaneous
leishmaniasis (MCL) whose manifestations range
from small cutaneous nodules to gross mucosal tissue
destruction. A fourth form of CL, happens as a sequel
of VL, known as post-kala-azar dermal leishmaniasis
(PKDL). This clinical diversity is a consequence of the
numerous Leishmania species responsible for the dis-
ease pathogenesis as well as the degree of immune
response and the genetic susceptibility of the host to
infection. In general terms, species that are prevalent
in the Old World (OWCL; Africa, Asia, and Southern
Europe) produce limited clinical manifestations
compared to New World species (NWCL; Latin
America).

Current treatment of CL can be topical, systemic, or
none in the self-curing form (“wait and see”) [5]. In any
case, treatment is recommended to expedite healing,
reduce the risk of scarring, prevent parasite dissemina-
tion, and reduce the chance of relapse [6,7]. In general,
parenteral treatment is required for severe CL and
establishedMCL. It mainly consists of antimonial deriv-
atives, which are the first line treatment and that are
given daily for 21 days. However, systemic antimonials
are associated with considerable toxicity and need close
monitoring. In addition, there are reports of emerging
leishmanial resistance. Amphotericin B (AmB),
pentamidine, or paromomycin (PM) can be used as first
line agents because they have been found to be as effec-
tive as the antimonials, but their use is also limited by
toxicity and route of administration.

The choice for local therapy is usually determined
by the following factors: (1) low risk of developing
MCL; (2) few in number (<4) and small in size
(<4 cm) lesions; (3) lesions not localized on joints or
on esthetically compromised areas like nose,
eyelashes, or lips; and (4) no signs of lymphangitic
dissemination or immunosuppression [6] In OWCL
caused by species such as Leishmania major, Leishmania
tropica, and Leishmania aethiopica, topical treatments are

the chosen option because lesions may heal spontane-
ously without dissemination. Furthermore, in NWCL
due to Leishmania mexicana, Leishmania panamensis, or
Leishmania amazonensis, the possibility of developing
MCL is rare and topical treatments are a reasonable
preference [8].

Local therapies tested in clinical practice include
local chemotherapy [9] that can be either topical or
intralesional or physical therapies that include intrale-
sional antimonials, topical PM with 12% methylbenze-
thonium chloride (PM-MBCL), cryotherapy, or
thermotherapy. More recently, photodynamic therapy
(PDT) with 5-aminolevulonic acid (5-ALA) or immuno-
therapy with imiquimod (IMQ) in a cream have also
been evaluated. However, there are several difficulties
in determining which of these local therapies were
really effective, mainly because of the heterogeneity in
the clinical features of CL lesions. Moreover, clinical tri-
als usually failed to define common clinical end-points
or follow-up periods, and they rarely included placebo
controls, which are important given the potential of CL
to resolve spontaneously, making it difficult to assess
their relative merits [10,11].

In general, most studies have found the highest clin-
ical efficacy and lowest recurrence rates with intrale-
sional antimonials [12,13]. Thermotherapy was more
effective than or as effective as parenteral antimonials
for the treatment of L. major and NWCL infections,
respectively. Furthermore, PDT was superior to topical
PM-MBCL in L. major infections.

As far as topical PM-MBCL is concerned, a metaa-
nalysis of 14 randomized controlled trials published
in 2009 confirmed that the efficacy of topical PM was
similar to intralesional antimonials in treating OWCL,
and was inferior against NWCL, although the ointment
produced skin irritation [14]. Other formulations were
further designed to be effective but also nonirritative,
for example, WR279396, prepared with a hydrophilic
vehicle containing 15% PM and 0.5% gentamicin. A
recent clinical trial confirmed this was effective and
well-tolerated in ulcerative CL infections produced by
L. major [15] and L. panamensis [16]. There are not suffi-
cient clinical trials to support the use of topical immu-
notherapy with 5% IMQ although the treatment led to
higher cure rates than placebo and a cure rate of 90%
when given in combination with systemic antimonials
at the beginning of the therapy. Besides, clinical trials
using topical AmB did not provide sufficient evidence
for its use in OWCL or NWCL [12,13].

The World Health Organization (WHO) and other or-
ganizations such as the Drugs for Neglected Diseases
initiative (DNDi) encourage the topical treatment of
CL and advise using parenteral treatment only if the
topical therapy fails or cannot be performed. This is
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due to the fact that topical therapies can facilitate treat-
ment access, decrease the risk-benefit ratio, improve pa-
tient compliance, and reduce costs [2].

Thus, topical therapy of CL needs new, better, and
safer treatment options. Concerning new topical prod-
ucts, it is expected not only that they are able to accel-
erate the clearance of the parasites, but also lead to
more rapid and stable healing processes that do not
lead to scars and disfigurement. In addition, new treat-
ments should prevent the occurrence of mucosal lesions
[7]. By achieving these benefits, local therapy could
extend its range of application, currently restricted to
LCL, to more severe forms of tegumentary leishmaniasis
possibly in combination with parenteral drugs.

This book chapter describes the histological and
immunological skin alterations that characterize CL
lesions and makes an effort to understand the success
or failure of previously reported therapies on the
basis of both pharmacokinetic and immunological
considerations.

The role of nanotechnology in improving the current
topical therapy is discussed taking into consideration its
benefits (as sustained release systems and skin perme-
ation enhancers), its risks (as inductors of proinflamma-
tory cytokines and oxidation), and limitations (ability to
penetrate deeply into the skin).

SKIN FEATURES IN CUTANEOUS
LEISHMANIASIS LESIONS: A CHRONIC

INFLAMMATION

As we have previously discussed, there are four main
types of CL: LCL, DCL, MCL, and PKDL [2]. These clin-
ical manifestations and their severity degree are deter-
mined by factors related to the parasite (species) and
the host (immune status and genetic susceptibility)
[3,7]. LCL is caused by L.major, L. tropica and L. aethiopica
in the regions of North and East Africa, Central Asia,
and the Middle East. L. mexicana and L. amazonensis
cause LCL in parts of Central and South America, the
United States, and Mexico [3]. CL lesions vary in size,
appearance (papule, plaque, nodule, or ulcer), time of
lesion development, progression, and resolution time af-
ter disease onset. LCL lesions start with the develop-
ment of erythema that develops after a variable period
at the site where an infected sandfly has bitten the
host. It eventually evolves into an asymptomatic, small,
pink, or red papule. The papule slowly evolves to a firm,
inflamed, smooth nodule with an “iceberg” configura-
tion. It ulcerates over a period of weeks to months,
when the parasite spreads to lymph nodes and triggers
an immunological response. Indeed, papules, nodules,
and ulcers appear progressively in the period after

infection as the extent of the inflammatory response to
the parasite progresses. The nodule enlarges progres-
sively and eventually ulcerates over a period of 2 weeks
to 6 months, becoming crusted in the center. The contour
of the lesion from the margin toward the central ulcer or
crust slopes upwards smoothly. Thus, the shallow ulcer
with its raised indurated border has the characteristic
appearance of a volcanic crater. Peripheral extension
usually stops after 2 months. Gradually, the nodule loses
its turgid feel and becomes firmer, indicating the
replacement of the macrophage granulomas by fibrosis
in the process of spontaneous healing. Ulcerated nod-
ules persist for another 3e6 months. Five to twelve
months after the initial appearance, the noduloulcera-
tive lesions begin to regress from the center and, with
time, will resolve completely, leaving a sharply demar-
cated and irregular scar which is often hyperpigmented
and disfiguring [17].

Under certain conditions, L. aethiopica, L. Mexicana,
and L. amazonensis also cause a diffuse form of the dis-
ease which is characterized by the development of non-
ulcerative lesions away from the initial site of infection
(DCL). These lesions do not have a tendency to self-
cure. On the other hand, the migration of parasites to
oropharyngeal mucosal sites leads to disfiguring
mucosal lesions (in MCL) which is typically caused
by Leishmania braziliensis in South America, parts of
Central America, and Mexico [3]. MCL, like DCL,
does not heal spontaneously and can be fatal. In addi-
tion, lesions are usually seen months or years after
the first CL symptom [2].

A sandfly is a very small insect, and it seems that the
labrum of Phlebotomus spp. is just long enough to obtain
a blood meal in the subpapillary plexus of the human
skin. Thus, the depth of occurrence of the leishmanial
granuloma (ie, papule or nodule) does not depend on
the sandfly, but is most likely governed by the specific
features of the lymphatic and blood microvasculature
in the particular anatomic sites of exposure. The pecu-
liar properties of lymphatic drainage lead to the forma-
tion of an area of limited parasitic replication in the
papillary dermis (leading to the formation of a
papule/plaque) or in the reticular dermis (a nodule)
[17]. Further morphological alterations are a conse-
quence of the intensity of the immune response.
Accordingly, the higher the tissue damage, the higher
the inflammatory response [18]. Currently, it is well
accepted that tissue necrosis observed in CL lesions is
provoked by the immune response and not directly by
the parasite. Ulcerative lesions are associated with rela-
tively low infectious loads and nonulcerative CL or
DCL with impaired parasite clearance. However, the
role of the immune cells and factors responsible for
the pathology as well as if it is possible to reduce the
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skin pathology without affecting the parasite control
need to be further investigated.

Microscopic and histological examinations show sig-
nificant alterations in the skin structure in CL lesions
(Fig. 11.1). The center of the ulcer is composed by the
dermis layer, either directly exposed to the surface or
protected by a fibrin crust. A profound necrosis charac-
terizes this region. The induration that contours the
ulcer (or the nonulcerative lesions as papules, plaques,
or nodules) presents a thickened epidermis due to acan-
thosis and spongiosis [19]. The dermis beneath harbors
the infiltrate of immune cells (macrophages, plasma
cells, and T lymphocytes) and parasites forming granu-
lomas [20,21]. In any case, the stratum corneum (SC) has
been removed. The neutrophils are detected in the
necrotic and perinecrotic areas [22].

The importance of T cells bias in the resolution of
Leishmania spp. infections is well known [23e26]. The
paradigm of Th1-protection versus Th2-susceptible
was determined in works using animal models. Thus,
while in BALB/c mice infected with L. major a Th2
immune response prevails and allows parasite

multiplication, C57BL/6 mice are able to control
infection with a strong Th1 immune response. However,
in other Leishmania species and in humans, the Th1/Th2
paradigm does not quite explain the natural outcome of
the disease, while a misbalance among the different Th
subsets may be involved. In ulcerative lesions, there is
an exacerbated Th1 immune response that coexists
with an elevated presence of T-regulatory cells express-
ing IL-10 and TGF-b that could explain the progression
of the disease in spite of the high production of IFN-g
and TNF-a, detected both in blood and tissue. However,
lymphocytes from DLC patients (characterized by
nodular lesions) show anergy and do not produce
IFN-g upon in vitro stimulation with Leishmania
antigens. Thus, a Th1 bias may be desired for parasite
killing although it is also mainly responsible for skin ul-
ceration in CL. Accordingly, the size of CL lesions and
the healing time are well-correlated with IFN-g and
TNF-a levels in patients with CL [27]. CD8þ T cells
and their cytolytic activity seem to be also implicated
in the pathology of the disease. These cells express
granzyme B and perforin and the expression of these

FIGURE 11.1 H&E stained skin sections obtained from the tail vein of an Leishmania major infected BALB/c mouse. In the cutaneous leish-
maniasis lesion, two clear areas can be distinguished: the necrotic tissue and the inflamed area with epidermal hyperplasia and impressive
infiltration of infected macrophages and free parasites (magnified) in dermis.
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proteases is positively correlated with necrosis intensity
and lesion size [28].

Leishmania parasites have developed several
mechanisms for immune evasion [29]. Firstly, upon
infection of the host, parasites induce the recruitment
of neutrophils and delay their death by apoptosis [29].
This delay may be beneficial for the arrival of more
macrophages. The uptake of apoptotic neutrophils by
macrophages induces their differentiation toward an
“M2-like” macrophage phenotype characterized by
depressed killing functions such as the oxidative burst
and nitric oxide (NO) production [30]. This phenotype
also exhibits low IL2p70 and high IL-10, TGF-b
production, cytokines that promote Th17, and T
regulatory immune response, rendering the area of
infection an immune-privileged site for parasite survival
and replication. However, the production of TNF-a
remains high. TNF-a and Th17 cells can induce the
recruitment of new waves of neutrophils that amplify
and loop the immune circuit. This inflammatory
scenario upregulates Fas and TNF-related apoptosis-
inudced ligand (TRAIL) in keratinocytes [31,32], induces
their hyperproliferation and the production of more
TNF-a and other inflammatory cytokines such as IL-6,
IL-1, and IL-8. Then, they act as instigators of inflamma-
tion [33] and attract more neutrophils, macrophages,
FasL-expression T cells, and TRAIL-expressing inflam-
matory cells that lead to keratinocyte apoptosis and ul-
ceration. The persistence of neutrophils contributes to
the chronicity of the inflammatory reaction as these cells
harbor the most destructive potency for host cells and
their apoptosis is required for macrophages to switch
from M1 to M2 phenotypes in a normal process of
wound repair [34]. On the other hand, M1-
macrophages are initially required in the process of
wound repair to clear infection and dying cells as well
as to stimulate the proliferation of keratinocytes and fi-
broblasts. However, their accumulation and persistence
have been detected in pathological healing conditions
[35]. The proinflamatory cytokines produced by these
macrophages stimulate the production of several matrix
metalloproteinases (MMPs), such as MMP-2 [36] and
MMP-9 [37], while inhibiting the synthesis of tissue in-
hibitors of matrix metalloproteinases (TIMPs). Their
elevated and prolonged expression lead to excessive
extracellular matrix (ECM) degradation and impaired
wound healing [38], as occurs in CL lesions.

Overall, the description of CL lesions and their
immunopathology allow us to estimate the complexity
of designing an effective topical therapy against CL
aiming at both parasite elimination and scarless wound
healing. The immunological modulation required for the
eradication of the parasite (a clear Th1eM1 polarization)
contrasts with the Th2 immune polarization required for
avoiding residual scarring. Scarless fetal wounds are

characterized by absence of an inflammatory phase
[39] and their prolongationdobserved, for instance, in
venous leg ulcersdhas been related to excessive scar
formation [40].

Another major drawback is the deep location of the
parasites (Fig. 11.1). The infected macrophages remain
either in the papillary or reticular dermis below thick-
ened and hypertrophic epidermis. Even in ulcerative
lesions without epidermis, parasites do not appear
directly exposed to the surface, or immediately under
the fibrotic scab, but rather are hidden under the
elevated borders of the induration area. In skin delivery,
the accumulation of a drug in the dermis is only possible
if the drug (through its interaction with skin compo-
nents or leached plasma proteins) has a low rate of
dermal clearance, or else the physiopathological skin
conditions decrease the blood flow or lymphatic efflux
because the dermis, compared to the epidermis, is
highly perfused.

TURNING AROUND PAROMOMYCIN
EFFICACY: OPTIMIZING THE THERAPY

Pharmacokinetic Considerations: Penetration
or Permeation?

The aminoglycoside PM was originally formulated in
an ointment with the surfactant MBCL and in the
hydrophilic vehicle WR279396 [15,16,41]. PM is
currently the only effective topical chemotherapy in
use against ulcerative OWCL lesions [14].

Many studies in topical therapy have been devoted to
theoretically predict the dermatopharmacokinetics of
drugs and their therapeutic potential after local
application. The selection of optimal candidate drugs
should take into consideration their physicochemical
properties, their intrinsic activity, and their dermal
clearance (Cl). A higher ratio between input(flux, J)
and output (Cl) allows the accumulation of the drug in
the skin [42]. Drugs retained at concentrations higher
than those required for activity could be candidates for
topical therapy. Thus, the higher the drug potency, the
lower the concentration required to penetrate into the
skin for efficacy. J o flux depends of the parameter Kp,
the concentration of the drug in the formulation, the
area and time of application. According to the empirical
PottseGuy equation [43], Kp increases with the
liphophilicity of the permeant and decreases with its
molecular weight (MW). In intact skin, MW < 500 Da,
logP w 1e3, low melting point, solubility parameter
9e10, and few functional groups capable of hydrogen
binding are considered to be the ideal physicochemical
properties for a topical drug candidate [44]. Finally, a
high drug concentration in the formulation in parallel
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with a tendency to escape from the vehicle into the skin
or the thermodynamic activity [45,46] will dictate the ki-
netic diffusion process through the skin or J.

The shortcomings of these guidelines for selecting
candidates for CL topical therapy could perhaps explain
the unexpected efficacy of PM, in comparison with other
tested drugs such as AmB or miltefosine (MIL) [47]. PM
is a drug with a high MW (800), freely soluble in water
(logP w �8.3), with more than 11 functional groups
capable of hydrogen binding and positively charged at
physiological pH. It shows a low penetration rate into
and through the intact skin because the SC prevents
the penetration of highly hydrophilic drugs. Moreover,
its antileishmanial activity (expressed in terms of half
maximal effective concentration, EC50) is rather low
compared to many other antileishmanial agents. Thus,
high PM accumulation (higher than EC50) is necessary
for efficacy.

A mismatch currently found in the research for CL
topical therapy is the selection of drugs and formula-
tions with high J [47]. Candidates for CL treatment
should penetrate into the skin instead of permeate
through it. The dermal location of the infected macro-
phages is probably responsible for the confusion in
this issue, because drugs that reach the dermis are
assumed to reach the systemic circulation later in time,
taking into consideration the high blood and lymphatic
irrigation of this skin layer.

Next, the dermal Cl parameter of drugs has been
ignored. The computational models for Cl estimation
[48] and/or its experimental determination by the
microdialysis technique are tedious and not easy to
address [49]. Some of these theoretical approaches calcu-
late the Cl on the basis of the fact that diffusion is the
only mode of transport, and they ignore the blood and
lymphatic transport and the possible interactions of
the drugs with skin compounds or plasma proteins
[50]. Once the convective transport is involved, a cross-
over at approximately 16 KDa has been established.
Further, the interactions with plasma or skin com-
pounds greatly changes this cutoff [50].

The fate of the drugs in healthy or intact skin is a huge
gap in knowledge that involves all these estimations.
The skin barrier properties are currently oversimplified
to just include the SC layer, because it is certain that SC is
the main barrier responsible for the protection exerted
by the skin against the environment. Moreover, the SC
is more liphophilic than both the epidermis and the
dermis, which resemble more an aqueous hydrogel. In
skin lesions, the SC and even the epidermis (in ulcers)
have been removed. Although the papules or nodules
show a thickened epidermis, the SC removal and
epidermal alterations tend to increase the permeability
of drugs and most significantly for hydrophilic com-
pounds that have low penetration rates into the intact

skin [51e54]. On the other hand, the blood and
lymphatic clearance are profoundly altered in CL lesions
characterized by a more or less intense influx of inflam-
matory cells and leakage of plasma proteins from the
blood. This inflammatory status has a strong effect on
the lymphatic/blood clearance of drugs that bind to
proteins and can drastically modify the Cl theoretical
estimation [55].

Thus, we can suppose that the removal of the SC
makes skin CL lesions more permeable to PM than ex-
pected. In fact, it was determined that PM permeation
increases between 2 and 52 times when different formu-
lations of the drug were evaluated with intact or
stripped hairless skin (skin without SC) of mice, respec-
tively [56]. On the other hand, the cationic charge of PM
at physiological pH could delay its rapid removal from
the skin, and enable its accumulation in time enough
to exert its activity. In fact, the drug was detected in
the epidermis and dermis of patients that received
WR279,396 containing 15% of PM and 0.5% of genta-
micin after 10 days of daily application [57]. The phar-
macokinetics of PM systemic absorption, five times
more on day 20 than on day 1, also indicated the pro-
gressive accumulation of the drug in the skin and its
saturation after daily application [58].

Other common drugs that have been tested for topical
therapy of CL include AmB [59], buparvaquone [60],
sitamaquine [61], MIL [62], fluconazole [63], allopurinol
[59], or pentamidin [59]. In spite of their general higher
intrinsic antileishmanial activity and lower hydrophilic-
ity they were not significantly more effective in clinical
practice [47]. The critical influence of formulation in
topical delivery was ignored. For example, El-On et al.
used the same cream (prepared by adding water to Ceto-
macrogol Ointment BP) for the more than 20 drugs
tested [59]. The vehicle and its interaction with the
drug and the skin will dictate the thermodynamic activ-
ity of the drug and its tendency to move from the formu-
lation into the skin.

Immunological Considerations: Activation
or Suppression?

Another aspect that has been disregarded in leish-
maniasis treatment is the local immunomodulatory ef-
fect of the drugs, as well as their effects on other cells
apart from the parasites and macrophages. After topical
application, the drugs first encounter the keratinocytes
present in the papules, nodules, and indurations around
the ulcers. From the center of the ulcer (necrotic and
fibrotic dermal tissue), the drug should diffuse toward
the edges to reach the granulomas composed of infected
macrophages and T cells. Thus, any stimulating or toxic
effects on the keratinocytes (strong instigators of
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inflammation) will affect the overall therapeutic effect of
the drug. Despite this fact, little data about the effects on
keratinocytes has been reported so far for the current
antileishmanial drugs. In the lesions of L. tropicae
infected patients that received intralesional meglumine
antimoniate, the decrease in parasite load was concom-
itant with upregulation of T cells and a decrease in the
number of macrophages and neutrophils [64].

The type of cell death induced by the different drugs
(necrosis, apoptosis, and many others [65]) could also
affect their immunomodulatory effect. Apoptosis is a
general way of causing cell death avoiding excessive
inflammation. Neutrophil apoptosis shifts the inflam-
matory response toward the resolution phase during
the process of wound healing [34]. The ability of the
parasite to induce apoptosis in several immune cells
has been described as a mechanism of immune
evasion [29].

The immunostimulatory effect of antileishmanial
agents [66,67] is currently considered as positive, and
this has already been well-described for many of them,
such as AmB, antimonials, and MIL, both in vitro and
in vivo after systemic administration. Immunomodula-
tion, as a treatment option, could counteract the mecha-
nisms of immune evasion and immunosuppression
caused by Leishmania parasites, such as abrogation of
the oxidative burst, suppression of MHC II mediated an-
tigen presentation, and inhibition of Th1 immune
response [68]. Antimonials increase phagocytosis, pro-
duction of proinflammatory cytokines (IL-6, IL-1b, and
TNF-a) and production of oxidants (reactive oxygen
species [ROS] and NO) in Leishmania infected phago-
cytes, human monocytes, and neutrophils. MIL stimu-
lates T cells and macrophages, increases secretion of
proinflammatory cytokines, including IFN-g, and en-
hances the production of oxidants. An increase in
IFN-g has been observed in vivo after MIL therapy.
The antileishmanial effect of AmB was also partially
due to a proinflammatory activity.

Thus, although a Th1-bias, and a proinflammatory ef-
fect or suppression of antiinflammatory cytokines such
as IL-10, could be helpful in the eradication of parasites
[23], antileishmanial drugs with antiinflammatory ef-
fects, when locally applied, could be more suitable for
the healing of the lesions without scarring [35]. It is
important to keep in mind that tissue injury is produced
by an exacerbated immune response [40] and scarless
fetal wound healing occurs without inflammation [39].
In that sense, aminoglycosides had ROS scavenging ac-
tivities [67] and reduced oxidation. They also reduced
the neutrophil chemotaxis through inhibition of protein
kinase C (PKC) and phospholipase A2 (PLA2). In
contrast, peritoneal macrophages from PM-treated
BALB/c mice showed an enhanced T cellestimulating
ability and generation of ROS, NO, and TNF-a. In

Leishmania donovani in vitro infected macrophages, PM
killed the parasites by inducing release of TNF-a and
NO in a TLR4-dependent manner. The immunosuppres-
sion should be locally and temporally restricted and
combined with a direct antileishmanial effect to achieve
the elimination of the parasite [23]. Otherwise, systemic
immunosuppression would predispose people to Leish-
mania infections or reactivation of healing infections, as
previously reported [69,70].

On the other hand, previous works have not sup-
ported the use of immunomodulators as a monotherapy
for CL. The combination of immunomodulators with
chemotherapy was always required. IMQ, originally
approved for the topical treatment of external anogenital
warts, has been evaluated with success in combination
with pentavalent antimonials for the treatment of
NWCL (L. braziliensis), and is awaiting further studies
to obtain robust clinical evidence of the synergistic com-
bination [71]. The benefit of IMQwas less clear in OWCL
infections (L. tropica) although the compound was active
in vitro and in vivo against L. major infected mice [72,73].
Differences in the permeability of skin to IMQ (higher in
ulcers of patients infected with L. braziliensis than in
nodular lesions of L. tropica), as well immunopathogical
differences in the response between both species could
explain the variations in the efficacy [74]. In that sense,
data about the local immunomodulatory effect of IMQ
in CL lesions are scarce. Topical administration of IMQ
in patients with OWCL produced by L. tropica had a
similar effect, although less intense than that previously
described with intralesional antimonials. Therefore,
IMQ monotherapy is less effective than intralesional
chemotherapy alone or in combination with IMQ [64].

More studies with IMQ and other Toll-like receptor
(TLR) agonists should be undertaken. TLR9 and TLR3
agonists have successfully been tested as adjuvants in
leishmania vaccines [75]. Furthermore, TLRs are not
only expressed onmacrophages and DC, but also by ker-
atinocytes and fibroblasts, and could benefit the healing
of the lesions without need of deep skin penetration
[76,77]. Furthermore, wound healing studies utilizing
TLR3 [78] or TLR9 [79] deficient mice resulted in signif-
icantly delayed wound healing compared to wild-type
controls. In addition, topical application of poly(I:C) or
CpG oligonucleotides (CpG ODN) to human and mouse
wounds resulted in significantly improved healing
times and increased macrophage infiltration. Con-
straints to the therapeutic effect of poly(I:C) and CpG
ODN will be the need of intracellular penetration
because TLR9 and TLR3, in contrast to other TLR, are
endosomal receptors, whose function is to detect intra-
cellular infections.

Another possible therapeutic option is the combina-
tion of antileishmanial drugs with compounds that spe-
cifically inhibit inflammatory cells or factors implicated
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in tissue injury that do not themselves have significant
effect in parasite clearance [18]. Currently, the negative
effect of TNF-a, the protease granzyme B, and several
metalloproteinases such as MMP-2 and MMP-9 are
clearly established. Apoptosis of keratinocytes and
FasL expression is also a hallmark of ulcerative lesions.
Monoclonal antibodies, antisense oligonucleotides, or
siRNA specifically designed to block these factors
involved in the pathogenesis of tissue damage could
significantly improve the healing process and reduce
the scar formation.

Oral pentoxyfylline, a TNF-a inhibitor, has also been
successfully used as an adjuvant to intramuscular
meglumine antimoniate (IMMA) in the treatment of
OWCL and NWCL [80]. Although intact skin constitutes
a barrier to topical delivery of antibodies, some alter-
ations to the skin barrier as a result of diseases have
been reported to allow their penetration [81]. Repeated
administrations of the TNF-a specific antibody Inflixi-
mab (a chimeric IgG) as a solution onto the skin covered
with an adhesive sheet, or as a gel formulation under a
hydrofiber dressing, were able to cure leg ulcers [82],
and there was a report of a rapid improvement in
pyoderma gangrenosum, a reaction causing local skin
ulceration [83]. Thus, application of Infliximab could
be tested in CL lesions (Fig. 11.2).

PDT is a therapeutic modality whereby diseased cells
and tissues are destroyed by a combination of special
drugs, called photosensitizers (PS), and light of the
correct wavelength to be absorbed by the PS, in the
presence of oxygen. The excited PS transfers energy to
molecular oxygen and produces ROS such as singlet
oxygen and hydroxyl radicals, killing the cells and tis-
sues where the PS is localized prior to photoactivation.
According to the Cochrane database [12,13], a weekly
session of PDT with 5-ALA or its derivative methyl-
ALA (MAL) for 4 weeks against L. major/L. tropica
infections showed higher cure rates and similar cosmetic
results compared to topical daily treatment with PM for
28 days. A recent study has corroborated the efficacy of
another inexpensive PDT regimen based on methylene
blue (MB) as a PS and a noncoherent light source to treat
CL caused by L. amazonensis [84].

As 5-ALA has no direct phototoxic effect on the
parasites themselves, its efficacy seems to be indirectly
mediated by the PDT effect on the immune cells,
although there are some disagreements about whether
5-ALA PDT produced macrophage cytotoxicity or
Th1-immunostimulating effects. The good cosmetic
results observed in patients [85,86] contrasts with the
tissue destruction, depopulation of macrophages, and
increased levels of MCP-1 and IL-6 previously reported

FIGURE 11.2 Types of cutaneous leishmaniasis (CL) lesions and options for their treatment. CL lesions range from papules, nodules to ulcers.
Nodular lesions show high parasite load and low skin-tissue necrosis. On the contrary, parasites are scanty and tissue destruction is prominent in
ulcerative lesions. In accordance with these two extreme situations, the local therapy of CL could range from Th1-immunostimulation addressed
to eliminate the parasite in nodular lesions to immunosupression in ulcers where the overinflammation produced tissue destruction. Immuno-
therapy should be able to modulate the delicate balance between protection and overinflammation as well as the immune response to Leishmania
so that the antileishmanial effects are maximized but tissue destruction minimized. Then, instead of inespecific immunosupression, the specific
inhibition of factors directly implicated in the tissue destruction, such as TNF-a, matrix metalloproteinase, and FasL, would be a safer therapeutic
option. Combining immunomodulatory agents with a parasitotoxic drug (a drug with direct and nonmacrophage-mediated effect) is mandatory
for all types of lesions. Poly(I:C), Polyinosinic:polycytidylic acid; CpG ODN, Oligonucleotides with CpG motifs; MMPs, Metalloproteinases.
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in the skin of L. major infected BALB/c mice that
received 5-ALA PDT [87,88]. This mismatch in results
is probably due to dose-dependent and light
wavelength-dependent effects of PDT in the immune
system [89]. Low levels of irradiance reduced inflamma-
tion and stimulated tissue repair (reduction of IL-6 and
increased expression of IL-10) whereas high light inten-
sity induced high IL-6, low IL-10 production, and
cytotoxic effects. 5-ALA PDTand phototherapy of psori-
asis induced FaseFasL mediated apoptosis in keratino-
cytes and T cells, inhibition of proinflammatory
cytokines, reduction of the inflammatory cell infiltrate
in the dermis, and normalization of keratinocyte prolif-
eration [90]. Low light and low PS doses accelerated the
healing of chronic wounds by upregulating the expres-
sion of growth factors and antiinflammatory cytokines
(TGF-b, IL-10, vascular endothelial growth factor
[VEGF], and other growth factors).

Strategies designed to improve the current PDT
protocols against CL involve the synthesis of novel PS
with better parasiticidal effect in vitro, as well as
improved photoactivable properties.

New generation of PS, such as chlorins or phthalocy-
anine derivatives are more effective in the generation of
singlet oxygen after light exposure, compared to tradi-
tional phenothiazinium derivatives and are activated
at longer wavelengths. The ideal PS should be photoac-
tivated mainly in the red and far-red spectral regions. PS
that absorb light at longer wavelengths may be
photoactivated in deeper tissue layers and promote a
more effective photoactivation in these regions [91].
This is especially important in CL because parasites
reside deeply in the dermis. Several PS with confirmed
in vitro activity against Leishmania spp. promastigotes
and amastigotes have been previously reported [92,93].
However, phototoxicity was still higher for the macro-
phages than for the parasites. Moreover, the new gener-
ation PS have higher MWs. Either they are highly
hydrophobic molecules, tending to form inactive
aggregated complexes, or they are highly hydrophilic
molecules. Anyway, the new generations of PS are
likely to have more problems to move across the skin
and to interact with biological membranes. The most
challenging issue in the development of PS for PDT
against CL would be to ensure the intracellular
localization of the PS and its selective parasite
destruction [94].

Finally, one of the biggest handicaps in the research
of novel topical therapies, is the fact that the animal
models of CL and MCL do not accurately mimic the
human disease [18]. Injecting a low dose of infective
promastigotes intradermally leads to a natural course
of disease that mimics the human pathological changes
during CL. However, this model does not reflect the
correlation between parasitic load and tissue destruction

evident in the human disease, where ulcerative CL is
predominantly associated with relatively low infectious
loads, and nonulcerative CL is associated with impaired
parasite clearance. In contrast, the susceptible BALB/c
murine CL model is associated with widespread tissue
destruction and uncontrolled parasite replication. The
self-healing C57BL/6 L. major model is typically associ-
ated with low parasitic loads and mild to moderate
immunopathology.

NANOPARTICLES IN THE TOPICAL
THERAPY OF CUTANEOUS

LEISHMANIASIS

Current topical therapy application is limited by its
variation in its clinical efficacy, as well as by the fact
that it has no effect on the process of reepithelialization
and healing of the lesions with reduced scarring. We
discuss now if nanotechnology-based products could
overcome the drawbacks of the current therapy.

Nanoparticles and Their Interaction With
Pathological Skin Lesions: Translation
to Cutaneous Leishmaniasis Lesions

The application of nanotechnology for the design of
novel drug delivery systems has provided topical drug
delivery with new opportunities. Many types of
nanoparticles (NPs), mostly lipid-based in nature, have
been evaluated as drug carriers aiming at an improve-
ment either in local (dermal delivery) [95] or systemic ef-
fect (transdermal delivery) [96]. As a function of their
physicochemical properties, composition, and interac-
tion with the drug and the skin, NPs can enhance the
solubility of poorly soluble drugs [97], promote drug
penetration into the SC [98], or permeate through the
skin and/or serve as rate-limiting membrane barriers
that control the drug release rate [99]. This may result
in an increased amount of drug accumulated in the
different skin layers and a sustained drug release that
reduce the absorption into the blood and systemic side
effects [95].

The mechanisms by which NPs act as drug perme-
ation enhancers, drug transporters, or agents that
localize drugs in the skin have not yet been clearly
established. There is no consensus about the penetra-
tion/permeation pathways for nanomaterials and their
ability to penetrate into the skin [100]. These difficulties
are due to the different types of NPs tested, the different
experimental skin materials, as well as variations in the
conditions and techniques used for the determination.

In general, NPs can be divided into two large groups:
(1) biodegradable and (2) nonbiodegradable. The
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different types of vehicles intended for drug delivery
are: lipid-based, such as liposomes, solid lipid NP
(SLNPs), nanostructured lipid carriers (NLCs), or poly-
meric NPs, such as poly lactic-co-glycolic acid (PLGA)
NPs or niosomes. They all belong to the first group
[45,96]. In this category, we can also include highly
deformable vesicles such as transfersomes and highly
elastic vesicles like ethosomes or invasomes. Among
the nonbiodegradable NPs, we can distinguish noble
metallic NPs (silver (Ag) and gold), magnetic NPs, semi-
conductor metal oxide TiO2, ZnO, SiO2 (silica NPs)
currently incorporated in cosmetic sunscreen products,
quantum dots (QDs) under investigation for diagnostics,
or fullerenes, which are NPs discovered to be present in
atmospheric aerosols [101].

Their mechanism and skin penetration depth of NPs
as well as their biological effects (toxicity, immune
interactions) depend on their composition and their
physicochemical properties such as size, aggregation,
surface charge, hydrophobicity, solubility of the
particles in the skin, solubilizing properties of particles
toward skin lipids, and whether the particles change
on passing from the product to the skin (film forming
ability and deformability [99]). The particular status of
the skin is also a decisive factor. The interaction of these
carriers has usually been investigated only in healthy
skin, and this is surprising because many topical
products are designed to be applied for the treatment
of localized skin disorders (psoriasis, eczema, skin can-
cer, fungal infections, wounds, scars, or CL in our
case). Even cosmetic products are often applied in non-
healthy skin. Skin structure and permeability are signif-
icantly altered under pathological conditions as in CL
lesions, which was explained at the beginning of this
chapter.

In healthy skin, the general trend is that inorganic
[101] and biodegradable polymeric NPs [102] tend to
accumulate in the hair follicle openings and on the SC
surface. Some studies reported the localization of NPs
in the deepest layers of the SC, the viable epidermis
and in the lowest section of the hair follicles. Sporadi-
cally, penetration into the dermis has been reported for
very small NPs [103,104]. These NPs are supposed to
use the transepidermal intercellular lipidic route. On
the other hand, particles can persist in the hair follicles
10 times longer than in the SC [105].

The mechanism of skin interaction with soft matter
nanocarriers is also highly affected by their composition
[106]. Rigid liposomes such as those containing choles-
terol or saturated lipids, tend to act as depot formula-
tions and produce sustained local delivery of drugs.
Several studies have excluded the possibility that intact
liposomes may permeate through the skin layers. It is
more likely that a disintegration of the liposome at
the skin surface occurs, and that their individual

components integrate into the skin lipids [107]. This
may lead to an overall increase in the skin permeability
to topically applied drugs that overcome the SC and
diffuse to deeper skin layers at a rate that depends on
drug-partitioning properties.

SLNPs and NLCs have also demonstrated their abil-
ity to enhance epidermal drug accumulation, but their
mechanism seems to be different [108]. Due to their solid
nature, water evaporation that occurs after application
of the preparation to the skin produces the formation
of an occlusive film that has a hydrating effect and
enhanced drug permeation. Also, their lipid transition
at skin temperature could expel the drug from the
matrix facing the skin forming a supersaturated solution
that increased the drug penetration to a great extent.

In a step forward, highly flexible and highly deform-
able vesicles were designed aiming to enhance the pene-
tration depth of conventional liposomes, and thus
increase delivery of the loaded drugs [109]. Transfer-
somes are characterized by a high degree of elasticity/
deformability that allows them to penetrate biological
pores much smaller than their own size. The driving
force for movement from the skin surface should be
the transdermal osmotic skin gradient, that exclusively
occurs under nonocclusive conditions, independently
of the diffusion gradient for the drug concentration
[109]. Compared to conventional liposomes that
accumulate in the upper layers of the SC, transfersomes
accumulate in the viable epidermis. The loaded drugs
are then released and can diffuse into systemic circula-
tion. The permeation enhancer properties of ethosomes
occur by a different mechanism. Ethosomes contain
phospholipids, and alcohol in relative high concentra-
tions and water. Theoretically, the ethanol initially
disturbs the lipid organization of the SC. Ethosomes,
which are much more flexible than conventional lipo-
somes, squeeze through the compromised horny layer.
Compared to classical vesicles, ethosomes enable drugs
to reach deeper skin layers and/or the systemic
circulation. Ethosomes showed much more stability
than transfersomes [110].

Studies of NP interactions with pathological skin
conditions have started to be addressed [106], although
they have been focused on inorganic NPs that are
incorporated in cosmetics [111,112]. Skin barrier
impairment tends to increase the cutaneous uptake of
NPs in the same way as it does for drugs, and gives
better access to the viable epidermis. This trend also
applied in hyperkeratosis disorders; although the SC is
thicker, the barrier function is weakened due to loose
connection between the corneocytes. In artificially
damaged skin (ie, delipidized by treatment with organic
solvents or tape-stripped), psoriatic, or atopic dermatitis
skin lesions, NPs were never detected in significant
amounts in the dermis.
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Possible health concerns associated with the penetra-
tion of NPs into skin is also a hot topic [113]. Most NPs
(and especially inorganic NP) have been shown to
induce oxidative stress [114], had a proinflammatory
effect, and showed cytotoxicity in fibroblasts and kerati-
nocytes [115]. In vivo studies with normal skin indicate
that NPs did not cause phototoxicity, acute cutaneous
irritation, or skin sensitization, probably due to the pro-
tection provided by the SC layer. However, neither
in vitro studies nor acute administration of high doses
of NP correlated with the more realistic scenario of
chronic exposure to lower amounts of NPs. In these
conditions, 50-nm silver (Ag) NPs did not induce a
cytotoxic response but activated sustained stress and
signaling responses [116]. Compared to inorganic and
nonbiodegradable NPs, the toxic and inflammatory
effects of biodegradable and soft matter nanocarriers
should be lower. However, they are not inert carriers.

The activation of NALP-3 inflammasome is a common
feature of NPs because of particulate dimensions
[117,118]. Besides, many cationic lipids have been
described to activate NF-kb signaling pathways [119].

From this quick overview of current status of NPs for
topical administration to the skin, we can estimate
their possible benefits and risks upon application in
CL therapy. The major drawback should be their
inability to selectively target the dermal infected macro-
phages. Even applied onto ulcerative lesions they
should diffuse through the necrotic and fibrotic dermal
tissue to reach the infected cells accumulated in the bor-
ders of the ulcers. NPs could have difficulties to move
through the dermis in this state (Fig. 11.3). Another
concern is their toxic or proinflammatory effects in
keratinocytes and fibroblasts through induction of
oxidative stress and NALP-3 signaling pathways.
Although they could have a positive effect for the

FIGURE 11.3 Interaction of nanoparticles (NPs) with cutaneous leishmaniasis lesions and effect on their resolution. Nodular lesions show
high parasite load, poor lymphocytes infiltrate, and low skin tissue necrosis. On the contrary, in the ulcerative lesions the parasite load is low,
whereas the infiltrate of lymphocytes and tissue injury are strong. Infected macrophages and lymphocytes are located in the indurated border of
the ulcers whereas the neutrophils accumulate in the necrotic area. In nodular lesions, NPs first encounter with hypertrophic epidermis and
keratinocytes whereas in the ulcers (center), NPs face to fibrotic and necrotic dermal tissue with infiltration of neutrophils. In nodular lesions,
according to their physicochemical properties, NPs remain in the surface, penetrate into the epidermis (small, deformable NPs), and/or fuse with
the epidermis. The drug is then released and will diffuse to the dermis where it will encounter the infected macrophage and it will be removed by
blood and lymphatic clearance. The time of dermal retention is critical for the activity. In ulcerative lesions, NPs have a higher chance to directly
contact infected macrophages. Either through their direct effect in macrophages or indirectly mediated by their effect in keratinocytes and
neutrophils and according to their physicochemical properties, NPs can induce stress and proinflammatory signaling that can promote parasite
elimination, wound healing, or exacerbate the tissue necrosis. NPs should be engineered to maximize the parasite elimination and minimize the
tissue injury.
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elimination of the parasite, they may not benefit the
healing of the lesions without scarring. The solubiliza-
tion, sustained release, and permeation enhancer
properties of NPs can improve and prolong the accumu-
lation of the drug in the dermis. As no NPs that can
penetrate through the dermis have been designed so
far, the drugs will get into the dermis in their free
form. Thus, compounds with high dermal clearance
are not good candidates for topical therapy of CL even
if they are administrated in topical NPs, because the car-
riers cannot prevent their rapid removal.

Reports of Nanoparticles for Topical Therapy
of Cutaneous Leishmaniasis: Facts

Liposomal Conventional Drugs

Studies performed with NPs in the particular context
of CL are scarce, and mostly concerned with drugs
currently in use for the treatment of the disease by the
parenteral route: PM, AmB, or antimonials (Table 11.1).
It means that two of the three critical factors condition-
ing the topical efficacy, namely flux into the skin (J)
and dermal clearance (Cl), are not really taken into
consideration before their evaluation. Thus, these drugs
could be said to have “entered blind” into topical NP
delivery.

The clearest example is PM and its formulation into
NPs. Because of the physicochemical properties of the
drug (high MW, hydrophilic, and cationic character), it
was supposed that PM would show low penetration
and permeation through the skin. Then, it was loaded

into different liposomal formulations [120e122].
Ex vivo permeation studies across mouse skin however
indicated that the enhancement in PM topical efficacy
correlated with higher skin drug retention, because the
permeation of PMwhen applied in a creamwas superior
[122,123]. In fact, a nontoxic systemic absorption of PM
has been reported in humans after 20 days of daily
treatment with a cream containing 15% of PM and
0.5% of gentamicin in the base WR279396 [58].

Although liposomal PM was successfully tested in
L. major infected BALB/c mice (ulcerative lesions), we
have not found any information about the results in
clinical trials that were apparently completed in 2012.

The wrong idea, that PM suffered difficulties to pene-
trate deeply into the skin and target the infected macro-
phages in the dermis, was also used to justify the use of
transfersomes (highly deformable vesicles) [123].
However, if in fact PM needs better retention instead
of better penetration, the use of rigid liposomes could
be more beneficial. On the other hand, the water
gradient of skin hydration, the driving force for
movement of transfersomes, probably does not exist in
CL lesions.

For delivery of AmB by liposomes, three different
AmB lipidic formulations (AmBisome, Amphocil,
Albecet) were successfully commercialized for the
parenteral treatment of VL and then moved toward
topical CL therapy. In L. major infected mice, their
administration in 2e25% ethanolic solution was neces-
sary to observe a reduction in the lesion size. Subse-
quently, the ethanolic Amphocil solution was used to
treat CL lesions caused by L. major in patients from

TABLE 11.1 Preclinical or Clinical Studies Addressed With Nanocarriers

Agent

Nanoparticle

formulation Composition size Preclinical/clinical studies

PM Liposomes PC:Chol
w500 nm

Animals: Absence of parasite burden in the spleen and complete wound healing
8 weeks after infection in BALB/c mice infected with Leishmania major treated twice a
day for 4 weeks with 5e7.5 mg PM/mice. No comparison with ointment [120,122].

Transfersomes PC:Chol: DOC
w200 nm

Animals: More effective than the cream in L. majoreinfected BALB/c mice after
treatment twice a day for 4 weeks with absence of parasites in spleen and reduction of
lesion size [123].

AmB Ethanolic solution of
lipidic carriers

Amphocil: CS:AmB
w100 nm nanodisks
Abelcet: DMPC:DMPG:
AmB
2e5 mm ribbon-like

Animals: Efficacy of Amphocil and Abelcet in L. majoreinfected BALB/c mice
following 21-day administration [158] compared with Fungizone.
Humans: No evidences of efficacy in OWCL [13].
Humans: One trial with 17 patients in Israel treated with Amphocil dispersed in 5%
ethanol. Lesions healed faster than placebo [124,125].

Silver Nanosilver w100 nm in solution Animals: No differences with control group in L. majoreinfected BALB/c mice [140].

SbV Liposomes PC:Chol
PC:CHOL:OA
w100 nm

Animals: Decrease of spleen parasite burden and smaller lesion size after twice a day
treatment of L. majoreinfected BALB/c mice for 4 weeks. No differences were
observed between both formulations. The antimonial derivative was meglumine
antimoniate [159]

AmB, amphotericin B; Chol, cholesterol; CS, cholesterol sulfate; DMPC, dimethyl phosphatidyl choline; DMPG, dimethylphasphatidyl glycerol; DOC, sodium

deoxycholate; OA, oleic acid; OWCL, old world CL; PC, phosphatidylcholine; PM, paromomycin; SbV, pentavalent antimonial compounds.

11. TOPICAL NANO-ANTILEISHMANIAL AGENTS146



Israel. The Amphocil treated lesions healed faster
compared with the placebo lesions [124,125]. An in-
house liposomal AmB formulation showed similar effi-
cacy compared to intralesional antimonials in a clinical
trial launched with 110 patients in Iran [126]. Ex vivo
penetration studies conducted with skin from pig ears
confirmed the higher retention of AmB in the skin after
application of Amphocil compared with Fungizone (a
micellar solution of AmB with sodium deoxycholate)
[127]. However, no differences between aqueous and
ethanolic Amphocil were reported. AmB is one of the
most active antileishmanial drugs. Its destabilizing ef-
fect on the cell membranes could account for this drug’s
skin penetration ability. Furthermore, a strong interac-
tion and affinity with lipid compounds in the liposomes
can decrease AmB’s thermodynamical activity and
affect the tendency to move from the formulation to
the skin. It is still worth investigating AmB for CL
topical therapy.

Nitric Oxide Delivery Systems

The use of NO as a therapeutic agent is particularly
appealing for the topical treatment of CL because of
two of its important therapeutic properties. Among
the microbicidal mechanisms exhibited by phagocytic
cells, NO production by activated macrophages has
been shown to be one of the most important for elim-
inating Leishmania parasites. IFN-g produced by Th1
cells induces the expression of the NO synthase enzyme
(iNOS) by macrophages. This enzyme catalyzes NO
production, which kills the parasite [128,129]. Howev-
er, Leishmania reduced NO production in macrophages
by increasing the expression of arginase [130]. Thus, the
exogenous supply of NO using several different NO
donors has been evaluated with more or less success
in mice [131] and in humans [132]. The limitations of
these molecules (NO donors) such as their limited
concentration and too rapid release can be improved
with the use of nanotechnology-based NO release
systems [133]. In topical application, NO is a small
molecule that can easily permeate into and through
the skin [134]. Thus, the sustained release over time
that can be provided by NPs [135] is the major advan-
tage over other NO donors or NO-generating creams
[136] that produce burst release of large or low
amounts of NO with a rapid return to baseline. A
wide range of organic and inorganic (silica) NPs have
been developed as carriers of NO donors [133,137],
and one of them, more specifically a patch, has been
tested for the topical treatment of CL. In patients
infected with L. panamensis, the cure rates after
3 months were 94.8% for the group that received paren-
teral Glucantime compared with 37.1% in the group
topically treated with the patch [138].

On the other hand, NO has also emerged as an
important molecule in the process of wound healing
and not only for its antimicrobial activity [139]. Because
of the program for changes in M1eM2 polarization
during the process of infection resolution and wound
healing, NO levels increased rapidly after skin damage
and gradually decreased as the healing process
progressed. NO participates in several events involved
in the wound-healing process, including angiogenesis,
chemoattraction of cytokines, monocytes, and neutro-
phils, control of collagen deposition, and fibroblast
migration. Thus, it has been reported that a decrease in
NO production resulted in impairment of wound
healing and conversely, the supplementation of NO
levels using L-arginine or NO donors increased
wound closure. In vitro and in vivo studies have demon-
strated that NO-NPs enhanced the wound-healing
process [139].

NO-based therapy raises some concerns when it is
exploited in topical CL therapy. The concentrations of
NO in the affected area should change during the course
of the treatment. A high NO concentration will be
initially needed to eliminate the parasite. However,
prolonged high NO levels may needlessly prolong the
inflammatory phase of wound healing, leading to scar-
ring. Thus, NP should be designed to tightly control
the amount of NO released over time.

Failure of Silver Nanoparticles (AgNPs) in
Leishmania majoreInfected BALB/c Mice

Within the context of inorganic metallic NPs, the ef-
ficacy of AgNPs has been investigated in L. majore
infected BALB/c mice without success, probably due
to the limited capacity of these NP to penetrate into
the skin and reach the infected macrophages [140]. In
fact, it has been previously reported that the penetra-
tion profile of metallic NPs through the skin is greatly
affected by the particle size and skin state. At most,
small AgNPs (around 10 nm) could be detected in the
deepest layers of the SC and the uppermost strata of
the viable epidermis of abraded human skin samples
[141]. In human samples of burned skin treated with
an AgNP-containing dressing, AgNPs were found in
the upper part of the dermis of unhealed and healed
lesions [142]. Because of the localization of infected
macrophages in CL, we can assume that only silver
ions released from AgNPs from the skin surface could
diffuse through the skin deep enough to eliminate the
parasites. Their antileishmanial effect should be
produced by Agþ ions released from AgNPs that
accumulate in the skin surface. Thus, in the context of
CL, the main advantage of AgNPs is their lower toxicity
compared to other forms of Ag administration [143].
Other factors limiting the benefits of metallic NPs for
the topical treatment of CL will be their low selectivity
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index with regard to parasites versus macrophages
[144]. In general, mechanisms of activity mediated by
generation of ROS are usually unspecific and tightly
associated with inflammatory and cytotoxic constrains.
The persistent sustained oxidative stress produced by
AgNPs in vitro in HaCaT cells contrasts [116] with the
antiinflammatory effect recorded by other authors
during burn wound healing [142]. Topical administra-
tion of AgNPs reduced the neutrophil infiltration and
local MMP levels. AgNP also decreased the expression
of IL-6 and TGF-b1, whereas levels of IL-10, VEGF, and
IFN-gwere higher, which explains why wound healing
was enhanced [145].

Liposomes in Photodynamic Therapy: Only
In Vitro Studies

NPs have been extensively investigated to improve
the performance of PDT [146,147] in skin cancer treat-
ment. One of the advantages of delivering PS by means
of NPs is, as previously described for chemotherapeutic
drugs, the enhancement of their penetration through
the skin. In fact, improved 5-ALA penetration and
higher skin production and accumulation of protopor-
phyrin IX has been demonstrated with several types
of ALA-containing NPs [148]. Additionally, NPs can
avoid the tendency toward aggregation and subse-
quent inactivation of the novel second-generation PS.
Ultradeformable liposomes (UDL) enhanced the
amount and depth of penetration of a hydrophobic
PS, zinc phthalocyanine (ZnPC), in ex vivo studies per-
formed with abdominal human skin. In vitro studies
with L. braziliensis infected macrophages indicated an
enhancement of PS activity from 20% after light irradi-
ation for the PS alone until 80% antiamastigote activity
at the same light dose applied with these ZnPC NPs
[149]. The same system (UDL) encapsulating cloroalu-
minum phthalocyanine (a hydrophilic cationic phtha-
locyanine) also enhanced 10-times the photoactivity of
the free PS against intracellular amastigotes of
L. chagasi and L. panamensis [150]. However, the effect
was indirectly mediated by macrophage toxicity and
loss of membrane integrity. In vivo studies evaluating
the performance of NP in PDT against CL have not
been addressed yet.

The encapsulation of PS has been described as a strat-
egy to favor their mitochondrial and lysosomal accumu-
lation and shifts the tumoral cell death mechanism of PS
from necrosis to apoptosis [151]. The necrosis would be
produced by PS ROS generation outside the target cells
and further cytoplasmic membrane alteration. The pro-
cess of apoptosis is a general way of causing cell death
avoiding excessive inflammation. Thus, NP delivery of
PS to cause PDT-induced macrophage apoptosis could

mitigate the tissue damage caused by PS administered
in conventional formulations.

PERSPECTIVES IN NANOPARTICLES
FOR CUTANEOUS LEISHMANIASIS

TOPICAL THERAPY

CL lesions are produced by the infection with the
parasite Leishmania and the induced immune response
which tries to eliminate the parasite eventually pro-
duces tissue destruction. Certainly, the parasite infec-
tion is ultimately responsible for the immunological
deregulation. However, as the ulcerative lesions are
characterized by a low parasite load, and nonulcerative
lesions have a high number of infected macrophages,
the clinical cure of CL should be designed to clear the
parasite load and also to modulate the immune
response or at least to avoid skin destruction, ulcera-
tion, scarring, and disfiguration. It poses a challenge
because the immune response required to eliminate
the parasite (IFN-g, NO, TNF-a) is the opposite of the
response that favors lesion healing without scarring
(IL-10, TGF-b). The best way to avoid residual scarring
is suppressing the inflammatory response or to shorten
its duration. Because general immunosuppressive envi-
ronments have risks, the combination of antileishma-
nial drugs with specific inhibitors of cytokines and
factors directly responsible for the ulceration would
be safer. There are still many gaps in our knowledge
of how to achieve this goal. Currently, the negative ef-
fect of TNF-a, the protease granzyme B, and several
metalloproteinases such as MMP-2 and MMP-9 are
clearly established. Apoptosis of keratinocytes and
FasL expression is also a hallmark of ulcerative lesions.
Monoclonal antibodies, antisense oligonucleotides, or
siRNA specifically designed to block these factors
involved in the pathogenesis of tissue damage could
significantly improve the healing process and reduce
the scar formation.

The key issue is the access of these compounds to
their targets. In nonulcerative CL lesions, the first inter-
action of a topically applied drug and the vehicle takes
place with the keratinocytes that form the hypertrophic
and thicker epidermis. Beneath the epidermis, the
dermis houses an intense infiltrate of infected macro-
phages and Tcells. In ulcerative lesions, infected macro-
phages are scanty and restricted to the prominent
indurated edges. In the center of the ulcers, NPs first
encounter neutrophils and could also have the chance
to encounter the target, the infected macrophages,
although the fibrotic and necrotic status of the dermis
does not facilitate their diffusion. The border of the
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ulcers has also a thicker epidermis with apoptotic
keratinocytes.

There is still no evidence that NPs are able to reach
the dermis and selectively target the antileishmanial
drugs to the parasite located inside the infected dermal
macrophages. However, NPs can protect labile biotech-
nological products (DNA, RNA, proteins, and pep-
tides) from degradation, and sustain their release
over time from the skin surface or deeper epidermal
layers, where flexible or deformable vesicles can access.
Thus, NPs open the opportunity to enhance the thera-
peutic efficacy of these labile molecules, ie, anti-TNF-a
antibodies.

In view of the free access of NPs to keratinocytes in
CL lesions (the SC has been removed), the effect of NPs
in these cells should be analyzed in detail, not only to
avoid toxicity but also for profiting the indirect effects
that alteration of the keratinocytes may have in the im-
mune system, healing of the lesion, and evolution of
the infection. Inorganic NPs tend to induce the produc-
tion of ROS and the production of proinflammatory cy-
tokines (IL-6, IL-8, IL-1) by keratinocytes. However,
their composition and their physicochemical properties
can tightly modulate their inflammatory effects. For
example the proinflammatory effects of AgNPs (ROS
and TNF-a production) was downregulated by their
coating with tannic acid [152]. Cationic lysineebased
surfactants in SLNP induced the production of IL-1a
by keratinocytes, which was inhibited with the incorpo-
ration of cholesterol [153]. Lipids participate in skin ho-
meostasis because of their effect on skin permeability.
Moreover, some lipids act as specific lipid mediators
(ie, eicosanoids or sphingolipids, lipoxins, resolvins,
maresins) involved in skin inflammation and immunity
[154,155]. Cationic lipids or polymers (ie, chitosan) have
been shown to activate NF-kb and/or NALP3-
inflammosome system and induce IL-1 production,
implicated in inflammatory skin diseases.

NPs can also enhance the endosomal delivery of
poly(I:C) and CpG ODN and improve their skin pene-
tration in the same degree. We have previously
demonstrated their beneficial effect in processes of
wound healing and Th1-bias. However, we are not
sure how their loading into NP will influence their ef-
fect in keratinocytes as cells with limited capacity of
endocytosis.

Neutrophils can also be considered as a therapeutic
target in view of their localization near to the surface in
ulcerative lesions (Fig. 11.3), their high phagocytic
capacity, and the harmful effect of their persistence in
chronic skin lesions. A recent work reported the
inhibition of neutrophil chemotaxis by albumin NP de-
livery as a strategy to prevent vascular inflammation
[156]. We have recently conducted a study in which

b-lapachone was loaded in lecithin-chitosan NP that
were topically applied in L. major infected BALB/c
mice. This treatment decreased the number of the neu-
trophils in the skin lesion and lessened the tissue
damage although the parasite load was not actually
reduced [157].

Glossary

Cutaneous leishmaniasis The most common form of leishmaniasis.
Usually cutaneous leishmaniasis (CL) refers to localized cutaneous
leishmaniasis (LCL) rather than to much less common forms, such
as diffuse cutaneous leishmaniasis (DCL) and disseminated CL.
Different Leishmania species cause Old World and New World
(American) CL. In the Old World, etiological agents include
L. tropica, L. major, and L. aethiopica, as well as L. infantum and
L. donovani. The main species in the New World belong either to
the L. mexicana species complex (L. mexicana, L. amazonensis, and
L. venezuelensis) or to the subgenus Viannia (L. (V.) braziliensis spe-
cies complex.) In general, CL causes skin lesions, which can persist
for months or sometimes years. Skin lesions usually develop within
several weeks or months after the exposure to the parasites but oc-
casionally first appear years later. Lesions typically evolve from
papules to nodular plaques to ulcerative lesions with a raised
border and central depression and which can be covered by scab
or crust. However, some lesions persist as nodules.

Ethosomes Highly fluid vesicles prepared from phospholipids, a high
proportion of the permeation enhancer ethanol and water. The
presence of ethanol enhances the ability of these vesicles to pene-
trate into the skin compared to liposomes.

Inflammasome A molecular complex of several proteins, including
members of the NOD-like receptor family (such as NALP3) that
upon assembly cleaves pro-interleukin-1-b (pro-IL-1b) and pro-
IL-18, thereby producing active cytokines. Nanoparticles, depend-
ing on their physicochemical properties, can activate NALP3.

Leishmaniases Diseases caused by protozoan parasites from more
than 20 Leishmania species that are transmitted to humans by the
bites of infected female phlebotomine sandflies. There are three
main forms of the disease: CL, mucocutanoeus leishmaniasis,
and VL, or kala-azar. According to the WHO, leishmaniasis is a
category 1 disease, which means that it is emergent and
uncontrolled.

Liposomes Vesicular particles consisting of one or more lipid bilayers
enclosing an aqueous phase. They can be classified as large multi-
lamellar liposomes (MVL), small unilamellar vesicles (SUV), and
large unilamellar vesicles (LUV) depending on their size and the
number of lipid bilayers.Water soluble compounds can be included
within the aqueous compartment and lipophilic and amphiphilic
compounds can be associated with the lipid bilayer.

Metalloproteinases A family of zinc endopeptidases which are
expressed by a number of cell types during different phases of heal-
ing (including inflammatory cells, fibroblasts, endothelial cells, and
keratinocytes). They are capable of degrading the components of
the ECM and facilitate many of the pathways leading to the regen-
eration of injured tissues, including the clearance of damaged pro-
tein and destruction of the provisional matrix, facilitation of cellular
migration to the wound area, and granulation tissue formation.
MMPs do not only act in the direct remodeling of ECM compo-
nents, but also degrade growth factors and their receptors as well
as angiogenic factors and ultimately influence cellular behavior.
The control of their expression is a critical part of normal wound
healing. Elevated and prolonged expression can lead to excessive
ECM degradation associated with impaired wound healing.
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Nanoparticles Microscopic particles whose size is measured in nano-
meters. In general, NPs can be divided into two large groups:
biodegradable and nonbiodegradable NPs. Biodegradable NPs
can be lipidic, such as liposomes, solid lipid nanoparticles, or
NLCs, or they can be polymeric. Among the nonbiodegradable
nanoparticles we can distinguish metallic NPs (silver and gold),
magnetic NPs, semiconductive metal oxide TiO2, ZnO, SiO2 (silica
NPs)dcurrently incorporated in cosmetic sunscreen productsd
quantum dots (QDs)dunder investigation for diagnosticsdor ful-
lerenes, which are accidental NPs presented in atmospheric
aerosols.

Nanostructured lipid carriers Nanoparticles composed of a lipid core
consisting of amixture or solid and liquid lipids stabilizedwith sur-
factants. They stand between solid lipid nanoparticles and nanoe-
mulsions. The lipids that are used to prepare them are
triglycerides, fatty acids, and waxes. They minimize some prob-
lems associated with solid lipid nanoparticles such as low payloads
for some drugs and drug expulsion on storage.

Nodule A nodule is a raised solid lesion that measures more than
1 cm.

Papule A small circumscribed, superficial, solid elevation of the skin
with a diameter of less than 1 cm (0.5 cm according to some
authorities).

Polymeric nanoparticles Nanoparticles that are constituted of biode-
gradable or nonbiodegradable polymers, such as polysaccharides
(ie, chitosan) or polyesters (ie, poly(ε-caprolactone) or PLGA
copolymers.

Skin wound healing The restoration of structure and function of
injured skin. The process of skin wound healing proceeds in four
phases: (1) hemostasis; (2) inflammation; (3) granulation tissue for-
mation and myofibroblast-driven wound contraction and; (4) ma-
trix deposition and remodeling. This sequence is orchestrated via
the movement of neutrophils, macrophages and fibroblasts, and
secretion of signaling molecules, such as IL-1, TNF-a, metallopro-
teinases, nitric oxide, ROS, TGF-b, IL-10, and growth factors.

Solid lipid nanoparticles Nanoparticles composed of a solid lipid
core and that is stabilized with surfactants. Lipid matrices can be
composed of fats and waxes or other solids at room temperature.
Common disadvantages are inherent poor drug loading due to
the crystalline structure of the solid lipid and poor stability on
storage.

Toll-like receptor Cell surface molecules on phagocytes and other cell
types (such as keratinocytes) that are involved in the recognition of
microbial structures such as endotoxin and the generation of sig-
nals that lead to the activation of innate immune responses

Transfersomes Ultradeformable vesicular particles, consisting of at
least one inner aqueous compartment surrounded by a lipid bilayer
able to penetrate pores much smaller than their own size. They are
made of phospholipids but the addition of surfactants facilitates
their deformability.

Ulcer A local defect or excavation of the surface of an organ or tissue
which is produced by sloughing of necrotic inflammatory tissue.

List of Abbreviations

5-ALA 5-Aminolevulinic acid
Ag Silver
AgNPs Silver nanoparticles
AmB Amphotericin B
CD8 Cluster of Differentiation 8
Cl Clearance
CL Cutaneous leishmaniasis
CpG ODN Oligonucleotides containing CpG motifs

(cytosine-guanine)
DCL Diffuse cutaneous leishmaniasis

DNDi Drugs for Neglected Diseases initiative
EC50 Half maximal effective concentration
ECM Extracellular matrix
FasL Fas ligand
IFN-g Interferon gamma
IgG Immunoglobulin G
IL Interleukin
IMMA Intramuscular meglumine antimoniate
IMQ Imiquimod
iNOS Inducible nitric oxide synthase
J Flux
Kp Permeability coefficient
LCL Localized Cutaneous Leishmaniasis
M1, M2 Macrophage type 1 or 2
MAL Methyl-ALA
MB Methylene blue
MBCL Methyl benzethonium chloride
MCL Mucocutaneous leishmaniasis
MHCII Major histocompatibility complex II
MIL Miltefosine
MMP Matrix metalloprotease
MW Molecular weight
NALP-3 NACHT, LRR, and PYD domains-containing protein 3

(NALP3) or cryopyrin
NF-kb Nuclear factor kappa-light-chain-enhancer of activated B cells
NLCs Nanostructured lipid carriers
NO Nitric oxide
NPs Nanoparticles
NWCL New world cutaneous leishmaniasis
ODN Oligodeoxynucleotides
OWCL Old world cutaneous leishmaniasis
PDT Photodynamic therapy
PKC Protein kinase C
PKDL Post-kala-azar dermal leishmaniasis
PLA2 Phospholipase A2
PLGA Poly lactic-co-glycolic acid
PM Paromomycin
Poly(I:C) Polyinosinic-polycytidylic acid
PS Photosensitizers
QDs Quantum dots
ROS Reactive oxygen species
SC Stratum corneum
siRNA Small interfering RNA
SLNPs Solid lipid nanoparticles
TGF-b Tumor growth factor-b
Th T-helper cell (1, 2, 17)
TIMPS Tissue inhibitors of matrix metalloproteinases
TLR Toll-like receptor
TNF-a Tumor necrosis factor alpha
TRAIL TNF-related apoptosis-inducing ligand
UDL Ultradeformable liposomes
VEGF Vascular endothelial growth factor
VL Visceral leishmaniasis
WHO World Health Organization
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a  b  s  t  r  a  c  t

Thermosensitive  hydrogels  are  of  a  great  interest  due  to their  many  biomedical  and  pharmaceutical
applications.  In  this  study,  we  synthesized  a  new  series  of  random  poly  (methyl  vinyl  ether-co-maleic
anhydride)  (Gantrez® AN,  GZ)  and  Pluronic® F127  (PF127)  copolymers  (GZ–PF127),  that  formed  ther-
mosensitive  hydrogels  whose  gelation  temperature  and  mechanical  properties  could  be  controlled  by
the molar  ratio  of  GZ  and PF127  polymers  and  the  copolymer  concentration  in  water.  Gelation  tempera-
tures tended  to decrease  when  the GZm/PF127  ratio  increased.  Thus,  at a fixed  GZm/PF127  value,  sol–gel
temperatures  decreased  at higher  copolymer  concentrations.  Moreover,  these  hydrogels  controlled  the
release  of proteins  such  as bovine  serum  albumin  (BSA)  and  recombinant  recombinant  kinetoplastid
membrane  protein  of  Leishmania  (rKMP-11)  more  than the  PF127  system.  Toxicity  studies  carried  out
in  J774.2  macrophages  showed  that  cell  viability  was  higher  than  80%.  Finally,  histopathological  anal-
ysis  revealed  that subcutaneous  administration  of  low volumes  of  these  hydrogels  elicited  a  tolerable
inflammatory  response  that could  be useful  to induce  immune  responses  against  the protein  cargo  in the
development  of  vaccine  adjuvants.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogels are polymer-based systems that have received much
more attention because of their numerous biomedical and pharma-
ceutical applications, including drug delivery, cell encapsulation
and tissue repair (Appel et al., 2012; Jeong et al., 2000; Ruel
Gariépy and Leroux, 2004; Wang et al., 2010; Yu et al., 2010).
Hydrogels that exhibit the specific property of increased viscosity
with increased temperature are known as thermosensitive hydro-
gels. These hydrogels have shown easier application and longer
survival periods at the site of application as compared to non-
thermosensitive hydrogels (Cheaburu et al., 2013; Douglas et al.,
2013). However, there is an important need in the development of
new systems with shorter gelation times, higher biodegradability,
stronger mechanical strength, better bioadhesive properties and
extended sustained compounds release (Liu et al., 2007; Park et al.,
2009; Sosnik and Cohn, 2004).

∗ Corresponding author at: Pharmacy and Pharmaceutical Technology Depart-
ment, University of Navarra, Irunlarrea 1, E-31008 Pamplona, Spain.
Tel.: +34 948425600; fax: +34 948425619.

E-mail address: sespuelas@unav.es (S. Espuelas).

Pluronic® F127 (PF127), also named poloxamer, is a
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)
(PEO–PPO–PEO) triblock copolymer that has interest because it can
form a gel in situ depending on its concentration and temperature
(Alexandridis et al., 1995). Due to the presence of hydrophobic
propylene oxide blocks, concentrated solutions of PF127 (20–30%
w/v) can pass from low viscosity solutions (sol) to solid gels (gel)
upon heating to body temperature, resulting in a reverse thermal
gelation (Moore et al., 2000; You and Van Winkle, 2010). Thus,
it has been reported to be one of the less toxic of commercially
available copolymers and its biocompatibility makes PF127 an
attractive candidate as a pharmaceutical vehicle for drugs through
different ways of administration (Escobar Chávez et al., 2006; Lee
and Tae, 2007). Despite its multiple benefits, PF127 has yet weak
mechanical properties and this limits its application because it is
not stable and easily destroyed when diluted after its adminis-
tration into the human body (Chun et al., 2005; Sosnik and Cohn,
2004).

To circumvent these problems, physical or chemical modifica-
tions of PF127 have been previously reported. Hydrogels composed
of linoleic acid (Guo et al., 2009), hyaluronic acid (Hsu et al., 2009)
or alginate (Fang et al., 2009) linked to Pluronic F127 sustained
the release of paclitaxel, cisplatin and carboplatin, respectively, for
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longer period of time than Pluronic alone. V.g. at 6 h 20% of cis-
platin was released from hyaluronic acid–Pluronic F127 hydrogels
while PF127 hydrogels released more than 60% (Hsu et al., 2009).
Park et al. developed a chitosan–Pluronic F127 hydrogel suitable
as an injectable chondrocite delivery carrier for cartilage regen-
eration (Park et al., 2009) whereas hydrogels based on conjugated
catechol-functionalized chitosan to PF127 showed strong adhesion
to soft tissues and mucous layers that could be useful for tissue
engineering (Ryu et al., 2011).

In this study, PF127 was crosslinked with Gantrez® AN (GZ) aim-
ing to preserve the thermogelling properties of the former as well
as to reinforce its mechanical stability and bioadhesiveness. This
poly(methyl vinyl ether-co-maleic anhydride) copolymer has been
used for pharmaceutical and medical purposes due to its biocom-
patibility and good bioadhesive properties (Arbós et al., 2003). It is
included within the list of GRAS excipients and used in denture
adhesive bases, enteric coatings, ostomy adhesives, toothpastes
and mouthwashes (Andrade Acevedo et al., 2009). Moreover, GZ
has been employed to manufacture bioadhesive nanoparticles able
to improve the gastrointestinal retention and oral absorption of
drugs with poor oral biodisponibility (Agüeros et al., 2010; Arbós
et al., 2002; Porfire et al., 2010). Due to the reactivity of the poly-
anhydride groups, GZ can easily react with different molecules
reaching novel derivatives that present interesting new abilities
(Agüeros et al., 2010; Yoncheva et al., 2012). Furthermore, when
the anhydride group degrades hydrolytically, the resulting product
contains two carboxylic acid groups which enhance its bioadhesive
properties (Arbós et al., 2002).

The general aim of this work was the design, synthesis and char-
acterization of new GZ–PF127 hydrogels. Thermosensitive sol–gel
phase transitions and viscosity properties were examined and in
vitro release studies were carried out. In vitro and in vivo studies
determined their toxicity and biocompatibility.

2. Materials and methods

2.1. Materials

Poly(methy vinyl ether-co-maleic anhydride) (Gantrez®

AN-119, MW = 213,000) was kindly gifted by ISP (Barcelona,
Spain). Pluronic® F127 and 3-(4,5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide (MTT) were purchased from
Sigma (St. Louis, MO,  USA). Anhydrous tetrahydrofuran (THF),
ethyl ether and sodium hydroxide were obtained from Panreac
(Barcelona, Spain). Amicon® Ultra tubes were purchased from
Millipore (Cork, Ireland). Transwell® Permeable Supports were
obtained from Corning (NY, USA). All other reagents were of
analytical grade and were used without further purification.

2.2. Synthesis of Gantrez® AN–Pluronic® F127 colopymer

Briefly, 2.0 g of PF127 (MW  = 12,500) were added into a
one-necked glass flask and dissolved in 150 mL  of anhydrous
tetrahydrofuran with a mechanical stirrer. Then, different amounts
of GZ (MW  = 213,000) were added to the solution (GZm/PF127
molar ratios = 1, 2, 5, 10 and 20; GZm = GZ monomer) and reacted
for 48 h at room temperature under magnetic stirring. A reaction
between the hydroxyl groups of PF127 and the carboxyl groups of
the maleic anhydride of GZ resulted in the formation of ester groups
(Fig. 1). The organic solvent was eliminated by evaporation and the
residue was  mixed with cold ethyl ether to precipitate the copoly-
mer. Later, the copolymer precipitate was  filtered and dried at room
temperature under vacuum. Finally, the different copolymers were
characterized without further purification.

2.3. FT-IR analysis

IR spectra were obtained on a Thermo Nicolet FT-IR Nexus spec-
trophotometer in a scanning range of 600–4000 cm−1 for 32 scans
at a spectra resolution of 4 cm−1. Spectra were run as dry KBr
(Aldrich, Germany) pellets and were analyzed using OMNIC E.S.P.
software.

2.4. NMR  analysis

1H NMR  spectra were recorded on a Bruker 400 Ultrashield TM
spectrometer (Rheinstetten, Germany) using Tetra-methylsilane
(TMS) as the internal standard. (CD3)2SO and CDCl3 were used as
solvents. Chemical shifts were expressed as parts per million, ppm
(ı).

Fig. 1. Reaction for the synthesis of the new GZ–PF127 copolymers.
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2.5. Gel permeation chromatography (GPC) analysis

GPC measurements were carried out with a Water LC separation
module equipped with a Aquagel OH-30 column and a refractive
index detector. Water was used as a mobile phase and the flow
rate was 1 mL/min at a room temperature.

2.6. Differential thermal analysis (DTA)

Thermal analysis data were obtained using a simultaneous TGA-
sDTA 851 Mettler Toledo thermoanalyzer. Samples (10–20 mg)
were sealed in pierced aluminum crucible pans and were subjected
to a heating program from 25 to 300 ◦C at a heating rate of 5 ◦C/min
under a static air atmosphere and N2 (20 mL/min) as purge gas.

2.7. X-ray diffractometry (XRD) analysis

Power X-ray diffraction patterns were collected on a X Bruker
axs D8 Advance diffractometer (Karlsruhe, Germany) using a Ni
filter, CuK� radiation, a voltage of 40 kV and a current of 30 mA.
The scanning rate was 1◦/min, the time constant 3 s/step over a 2�
interval of 2–40◦.

2.8. Preparation of GZ–PF127 hydrogels and sol–gel phase
transition measurements in vitro

Solutions of different molar ratios (GZm/PF127) of the new
colopymers (1, 2, 5, 10 and 20) were prepared in 10 mL  glass vials
at concentrations of 0.5, 1, 2, 2.5, 3, 5, 7.5 and 10 wt.% in deion-
ized water to a final volume of 2 mL.  Vials were kept in continuous
stirring at room temperature until complete dissolution (24–48 h).
Then, 0.2 N NaOH was added carefully in order to adjust pH between
6 and 7.5. Finally, solutions were kept in a water bath at differ-
ent temperatures to allow gel formation. Temperatures at which
copolymer solutions stopped flowing upon the vial inversions, dur-
ing at least 30 s, were visually observed and recorded as gelation
temperatures. The new hydrogels were compared with different
concentrations of physical mixtures of GZ and PF127. Data were
performed in triplicate and results were expressed as mean ± SD.

2.9. Viscosity analysis

Viscosity measurements of GZ–PF127 hydrogels were car-
ried out at different temperatures using a Haake Viscotester 550
rotational viscometer with a SV2 rotor and equipped with a ther-
mostatic bath Thermo Phoenix II. 6 mL  of hydrogel samples were
prepared in water and placed on the plate of the viscometer
where temperature was increased at 2 ◦C intervals over the range
25–45 ◦C. After a stabilization time of 30 s, 100 data points were
recorded during a measuring period of 60 s.

2.10. In vitro release studies

Release from GZ–PF127 hydrogels (molar ratio = 5; 5 and
10 wt.%) was evaluated using dextran (Dextran-Texas Red®, 10 kDa,
Neutral; Invitrogen) and two different proteins, bovine serum
albumin (BSA, 66 kDa, Sigma) and recombinant kinetoplastid mem-
brane protein of Leishmania (rKMP-11 kDa, kindly provided by
Manuel Soto), as examples of molecules with different properties.
Briefly, copolymers were dissolved in 2 mL  of deioned water in
30 mL  vials (diameter 2.5 cm). After total dissolution, a 1% w/w
(drug weight vs. colopymer weight) of each drug was  added and
incubated for 5 min  at 37 ◦C on a water bath shaker. Then, PBS (pH
7.4) at 37 ◦C was carefully added to the samples to a final volume
of 20 mL.  The content in PBS was analyzed at different times using

a spectrofluorometer (FP-6300, Jasco) for dextran samples (� exci-
tation: 595 nm;  � emission: 615 nm;  band excitation width: 5 nm;
band emission width: 10 nm;  number of cycles: 3) and Microbicin-
choninic acid (MicroBCA) protein assay kit (obtained from Pierce
USA) for BSA and rKMP-11 samples. These samples were incubated
with the MicroBCA reagent for 2 h at 37 ◦C. After that, solutions
were measured in a spectrophotometer (iEMS Reader MS,  Labsys-
tems) at 570 nm and compared with the absorbance data obtained
for a BSA and rKMP-11 control calibration curve (0–200 �g/mL) dis-
solved in PBS. Samples were assessed in duplicate and results were
expressed as mean of cumulative release (%) ± SD.

2.11. Analysis of release data

Data obtained from the in vitro release experiments were fitted
to different mathematical models of drug release. Models used for
this study were the Korsmeyer–Peppas equation (Eq. (1)) and the
Higuchi equation (Eq. (2)). Korsmeyer–Peppas et al. (Ritger et al.,
1987) developed a simple semiempirical model which exponen-
tially relates drug release with the elapsed time (Eq. (1)).

Mt

M∞
= KKP · tn (1)

where Mt/M∞ is the drug release fraction at time t, KKP is a con-
stant incorporating the structural and geometric characteristics of
the matrix tablets and n is the release exponent indicative of the
drug release mechanism. The value of n indicates the mechanism
of the release (Peppas and Sahlin, 1989). If this value is around
0.5 (the exact value depends of the geometry) the mechanism is
Case I (Fickian) diffusion and a value between 0.5 and 0.89 indi-
cates anomalous (non-Fickian) diffusion. Values of n equal to 0.89
indicate Case II transport.

Mt

M∞
= KH · t1/2 (2)

When the obtained release mechanism is mainly a Fickian dif-
fusion, a dimensionless expression of the Higuchi model was  used
(Eq. (2)) (Costa et al., 2001). Mt/M∞ is the drug release fraction at
time t, and KH is the Higuchi constant. In the original Higuchi equa-
tion the Mt (amount of drug released at time t) term is found instead
of Mt/M∞.

2.12. In vitro cytotoxicity of GZ–PF127 copolymer in J774.2
macrophages

For the determination of the hydrogels cytotoxicity, a modifi-
cation of ISO 10993-5:2009(E) was carried out. An indirect contact
methodology was developed using Transwell® microplates (Trudel
and Massia, 2002). The use of Transwell® inserts to contain hydro-
gels and polymeric solutions is an excellent method for screening
new materials. GZ/PF127 = 5 copolymer aqueous solutions (3 and
5 wt.%) were obtained by dissolving the copolymer in water and
adjusting the pH around 6–7.5. Then, Transwell® inserts (8 �m
pore size polycarbonate membrane filter) were filled with 1.5 mL
of the aqueous solutions and, after heating for 5 min at 37 ◦C in the
incubator, hydrogels were formed.

J774.2 macrophages were grown and maintained in RPMI 1640
medium (Invitrogen) supplemented with 10% fetal bovin serum
(Gibco), 2 mM L-glutamine, 100 units/mL penicillin and 100 mg/mL
streptomycin (Gibco) at 37 ◦C in 5% CO2. 1.5 mL  of cultured cells
were carefully seeded in the lower chamber of 6 well plates
(7.5 × 105 cells per well) using the pipette tip access ports of the
Transwell® inserts. After that, cultured plates were returned to the
incubator for 20 h. As negative control no hydrogel was  added to
wells. Thereafter, hydrogels were removed and the MTT assay was
performed. Briefly, the MTT  reagent was solubilized in PBS at a
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concentration of 2 mg/mL  and sterile-filtered. A 300 �L portion of
reagent was added to each well and cells were incubated for 3 h
at 37 ◦C. To ensure complete solubilization of the formazan crys-
tals, 1.5 mL  of 10% SDS in 0.01 M HCl lysing buffer was  added and
plates were gently shaken for 30 min. Finally, sample absorbances
were measured at 570 nm using a plate reader (iEMS Reader MS,
Labsystems). Data were obtained from at least three independent
experiments.

2.13. Gel integrity and biocompatibility in vivo

Female Wistar rats (average weight 200 g; Harlan, Spain) were
used to study gel integrity and biocompatibility of GZ–PF127 aque-
ous copolymer solutions (molar ratio = 5; 5 wt.%, pH 6.5–7) in vivo.
Animal experiments were performed in compliance with regula-
tions of the responsible Ethical Committee of the University of
Navarra in strict accordance with the European legislation in animal
experiments. Rats were anesthetized with 3–4% isofluorane in oxy-
gen. After shaving and disinfecting, different volumes of hydrogel
(50, 100, 250, 500, 750 and 1500 �L) at 20 ◦C were injected subcuta-
neously into the sides of the back using a syringe with a 22G needle.
Moreover, 1500 �L of PBS or PF127 25% (w/v) were also injected.
Ratsı́ bulges were measured every 2 days during the experiment
and animals were killed 1 day, 7 days, 14 days or 30 days after the
injection of the hydrogel. Then, tissues containing the implants as
well as the surrounding tissue were harvested and cut into slices.
For histological examination, samples were fixed in 4% phosphate-
buffered formaldehyde solution for 48 h and dehydrated through
a graded ethanol series. After embedding in paraffin, tissue sec-
tions (4–5 �m thick) were stained with hematoxylin and eosin by
standard techniques. In order to assess the histological changes,
samples were evaluated using light microscopy.

3. Results

3.1. Synthesis and characterization of the copolymers

GZ–PF127 copolymers were synthesized by means of ring-
opening polymerization of the anhydride groups of GZ through the
reaction with the hydroxyl groups of PF127 (Fig. 1). PF127, which
has two interconnectable functional groups, is used as a crosslink-
ing agent and allows the formation of chemical bonds between the
macromolecular chains.

FT-IR spectra of the crosslinked GZ showed the C–H vibrations
distributed between 2951 and 2886 cm−1. The typical band of the
ester carbonyl, that confirmed the introduction of PF127 blocks,
appeared at 1735 cm−1 and the absorption band of the carboxylic
group, resulting from the opened maleic anhydride, at 1770 cm−1.
The high intensity of a band at 1112 cm−1 is due to the C O C
vibration (data not shown).

1H-NMR and GPC analysis of GZ–PF127 copolymers were per-
formed in order to calculate total and free amounts of PF127,
respectively. Protons assignments for crosslinked GZ in CDCl3 (ı
7.28 ppm) used in the determination were: ı 1.13 ppm = CH3 of
PF127 and ı 2.25 ppm = CH2 of GZ. The same analysis was conducted
for all the GZ–PF127 copolymers and the degree of substitution
obtained for the copolymers appears in Table 1. It was  observed that
when molar ratios increased the degree of substitution decreased,
revealing that although more GZ was added the reaction yield did
not increase.

Differential thermal analyses were carried out to examine the
thermal behavior of the new copolymers. The DTA thermograms of
PF127 showed a sharp endothermic peak corresponding to its melt-
ing temperature (Tm) at 55 ◦C. Furthermore, the same endothermic
peak was obtained in the case of the physical mixture of PF127

Table 1
Characteristics of the synthesized copolymers.

GZm/PF127 molar
ratio

Free PF127 (%) Degree of
substitution (%)

Tm
a (◦C)

1 70.81 29.12 53
2  76.63 13.11 50
5  54.23 8.13 53

10  24.01 6.71 52
20  13.92 4.13 52

a Tm: melting temperature; PF127 Tm = 55 ◦C; GZ Tm > 300 ◦C; physical mixture of
GZm/PF127 = 55 ◦C.

and GZ. In contrast, GZ samples exhibited no thermal signals in the
temperature interval studied, revealing a great thermal stability
(Table 1).

Additionally, the thermograms for the synthesized copolymers
showed a different behavior than the initial polymers and the phys-
ical mixture, confirming that a reaction between PF127 and GZ
occurred. These samples melted at a slightly lower temperature,
between 50 and 53 ◦C (Table 1), and attained wider endothermic
peaks in the case of copolymers with a molar ratio of 10 and 20
(data not shown).

X-ray diffractograms indicated that the different GZ–PF127
copolymers maintained a crystal structure similar to PF127 and
different from the amorphous structure of GZ, suggesting that the
crystallinity is, apparently, not affected by the reaction (data not
shown).

3.2. Sol–gel transition phases

Sol–gel transitions of GZ–PF127 copolymer solutions were
determined by the vial inversion method using deionized water.
All synthesized copolymers showed pH-dependent gelation behav-
ior. After complete dissolution of the copolymers in water, an acid
aqueous medium (pH 2–4.5) was obtained due to the hydrolysis
of unreacted anhydride groups and the appearance of carboxylic
acids. In these aqueous conditions of pH, the hydroxyl groups were
ionized and the hydrogels could not be formed although the solu-
tion temperature was increased until 50 ◦C.

It was necessary to add an appropriate amount of NaOH to form
the hydrogels. This change in pH was needed because a small pro-
portion of the carboxylic groups of the polymer were dissociated
at low pH values, resulting in a flexible spiral. By adding a base,
the dissociation of carboxylic groups was  enhanced and an electro-
static repulsion was  created between charged regions. Molecules
were expanded, the system was more rigid and gelation occurred.
Gelations took place at a pH between 6 and 7.5 (near the physiolog-
ical pH) in all cases. A change in the behavior of the hydrogels was
also observed when the pH rose above 8.5. This pH increase did not
produce hydrogel gelation due to an excess of alkali and the disap-
pearance of electrostatic charges when the carboxylic groups were
neutralized, as well as a viscosity loss. Moreover, it was  seen that the
gelation temperature remained constant if the pH varied between
6 and 7.5. In all cases, gels reverted to solution upon cooling. As
shown in Fig. 2C, the system was  liquid at 20 ◦C and, upon heating
around 37 ◦C, the system in the test vial was  physically gelled and
could not flow out even by inversion of the tube.

Fig. 2A shows that gel formation could be modulated by manip-
ulation of the molar ratios and concentrations of the copolymers.
It was  observed that gelation occurred at lower weight percent-
ages of the copolymers when molar ratios increased, e.g. for a 2
molar ratio copolymer gelation occurred at a concentration of 7.5%
(w/v) whereas only a concentration of 2% (w/v) was  needed in
the case of copolymers with a molar ratio of 10. Moreover, gela-
tion temperatures tended to decrease when the GZm/PF127 ratio
increased till GZm/PF127 of 20, when gelation occurred at room
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Fig. 2. (A) Influence of GZm/PF127 molar ratio and concentration in sol–gel transition phases. (B) Gelation temperatures as function of GZm/PF127 molar ratio and con-
centration. (C) The GZ–PF127 composite (Gm/PF127 = 5 at a concentration of 2.5 wt.%) was  fluid at 20 ◦C but was physically gelled at 37 ◦C (© indicates sol. and � indicates
gel).

temperature (Fig. 2B). For example, a gelation temperature of 37 ◦C
was obtained for copolymers with GZm/PF127 = 2 at 7.5% (w/v)
while copolymers with a molar ratio of 10, at the same con-
centration, gelled at 26.2 ◦C. At a fixed GZm/PF127 value, sol–gel
temperatures decreased at higher copolymer concentrations, e.g.
copolymers with GZm/PF127 = 5 at 2.5% (w/v) gelled at 36.3 ◦C
whereas if the weight percentage was increased until 10% (w/v),
gelation occurred at 26.2 ◦C.

Interestingly, gelation for the initial polymer GZ (Fig. 3A) and
physical mixtures of these polymers (GZ and PF127) without reac-
tion at a final concentration of 10% w/v (abbreviated as 10% mix
in Fig. 3B and C) did not happen in a range between 20 and 50 ◦C,
showing a different behavior than the corresponding synthesized
copolymers. Moreover, although there was an amount of free PF127
(Table 1), the new copolymers exhibited distinct properties than
the PF127 alone.

3.3. Viscosity studies

Gelation temperatures were confirmed by viscosity measure-
ments. Fig. 3 presents the viscosity vs. temperature profile obtained
for the different copolymers. While GZ (10% w/v) and polymer
mixtures without reaction in a molar ratio of 2 and 5 (10%
w/v) attained a viscosity of 0 Pa·s  at the temperatures tested
(Fig. 3A–C), new copolymers presented a gradual viscosity increase
as a function of temperature. This increase clearly indicates that
the liquid solution turned into a gel in the vicinity of 37 ◦C. As
expected, viscosities sharply increased around the gelation tem-
perature, reaching higher values at high polymer concentrations

(e.g. 3.5 Pa s for the GZm/PF127 = 5 copolymer at 10 wt.% vs. 1.2 Pa s
at 3 wt.%, Fig. 3C). Therefore, it has been observed that the sys-
tem reaches a point where the viscosity decreases although the
temperature increases. This could be due to the fact that the
rotational viscosimeter used in the determination breaks the gel
continuously, being this effect more appreciable at higher viscosi-
ties.

After determination of the sol–gel transition temperatures
and viscosities, the copolymer with GZm/PF127 of 5 was  cho-
sen for further investigation due to its properties. Purification
of the copolymer was carried out by spin centrifugation using
centrifugal concentrator tubes at 5000 rpm for 30 min. Finally,
the purified copolymer was obtained by lyophilization. It was
observed that purified copolymer showed different behavior
than the corresponding copolymer without purification and also
different properties than its physical mixture, forming a gel at
room temperature. For this reason, the following studies were
done with the copolymer without purification.

3.4. In vitro release studies

BSA, rKPM-11 and dextran were used as examples of molecules
with different molecular weights, molecular volumes and com-
positions (a 66 KDa protein, a 11 KDa glycoprotein and 10 KDa
polysaccharide, respectively) in order to investigate the release
behavior from GZm/PF127 = 5 hydrogels in PBS (pH 7.4) at 37 ◦C.
Three distinct systems were prepared, two using the synthesized
hydrogel at two different concentrations (5 and 10% w/v) and a
control hydrogel made of PF127 (at 25% w/v).
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Fig. 4. In vitro release studies in PBS at 37 ◦C. (A) Cumulative release of BSA from PF127 (25 wt.%). Cumulative release of (B) BSA, (C) rKMP-11 and (D) dextran from
GZm/PF127 = 5; 5 and 10 wt.%). The results represent the means ± SD for n = 2.

All the studied systems presented a sustained release, with the
exception of the PF127 hydrogel loaded with BSA that showed
almost 70% cumulative release after 1 h (Fig. 4). A distinctive pro-
file could be observed for the three molecules. At the initial time,
it is important to point out that a burst release of BSA and dextran
was observed because of their rapid diffusion through the hydro-
gels when the buffer solution was put. However, no burst effect was
determined in the case of rKMP-11 samples.

Fig. 4A and B shows the release profiles of BSA from new
hydrogels (5 and 10% w/v) and PF127 (25% w/v). After 30 min, the
cumulative release of BSA was 23.1 and 18.6% for 5 and 10 wt.% gels,
respectively. However, a 66.7% was obtained for PF127 samples.
3 h later, the cumulative release of BSA found for the synthe-
sized hydrogels was around 35% while 86% was obtained for PF127
systems. After 24 h, a complete release was reached in PF127 hydro-
gels whereas lower percentages, 83.8 and 66.3%, were found for
GZ–PF127 hydrogels (at 5 and 10 wt.%, respectively). These obser-
vations confirm that new synthesized hydrogels could sustain
the release of BSA more than uncrosslinked PF127. This can be
explained taking into account the nature of PF127 hydrogels. PF127
forms gels by the weak hydrophobic interactions that take place
between the poly(propylene oxide) blocks at elevated tempera-
tures. Because of these weak interactions, hydrogels can be easily
dissolved when they are in contact with a certain amount of water
(Cohn et al., 2006). On the contrary; the cross-linked GZ–PF127
hydrogels may  possess greater ability to preserve its structure and
could retain the protein longer. Furthermore, quantitative (100%)
release of entrapped protein was observed, meaning that BSA is not
precipitated or aggregated.

The release of dextran at 37 ◦C appears in Fig. 4D. After 30 min,
the releases for 5 and 10 wt.% hydrogels were 14.8 and 8.4%, respec-
tively. A 52% release was reached within 24 h for both polymer
concentrations. Furthermore, dextran was released gradually up
to 80–90% of the initial load. By quantifying the amount of residual
dextran, it was demonstrated that a fraction (10–20%) was  trapped
inside the hydrogel network.

At 37 ◦C and pH 7.4, the rKMP-11 diffused from the hydrogels
with more difficulty (Fig. 4C). After 2 weeks, only a 35.5 and a 42.3%
were released, respectively. It was determined that a quantity of the
initial protein (57–71%) was inside the hydrogels at the end of the
experiment. The recombinant protein rKMP-11 presents 6 histidine
residues in its terminal C that could strongly interact with free acid
groups within the hydrogel hampering its release.

In contrast to expectations, it was observed that, although BSA
has a higher molecular weight, it was released faster from hydrogels
at all polymer concentrations than dextran or rKMP-11.

Another important fact is that the release was  slightly quicker
in all cases when the concentration of the synthesized gel was  5%
(w/v). The hydrogel matrix was more consistent when it was pre-
pared using a 10% (w/v) of the product. This fact slows the release

because the gel matrix presents a more entangled structure, which
hinders the diffusion of the loaded macromolecule.

3.5. In vitro release studies from the hydrogels

Release profiles of the synthesized hydrogels loaded with BSA
and dextran were fitted to different mathematical release models
(Table 2). The results for the Korsmeyer–Peppas equation showed
that the release mechanism of BSA and dextran from hydrogels
prepared with a 10% (w/v) concentration could occur through dif-
fusion because of the values found for the n parameter (ca. 0.5).
On the other hand, the n values obtained for the release of these
compounds from gels prepared with a 5% (w/v) concentration were
lower than 0.5 so they were beyond the limits of Korsmeyer–Peppas
model, probably due to observed faster release in the first part of
the curves.rKMP-11 protein release curves were not fitted to any
mathematical release models because its cumulative release was
far from reaching the 100% and only a 40% of release was found
after 14 days.

3.6. In vitro cytotoxicity on J774.2 macrophages

The effect of GZm/PF127 = 5 copolymer with a molar ratio of 5
was assessed in vitro on J774.2 macrophages with the MTT assay.
After 20 h, samples under test were removed and cell survival was
measured. The results (Fig. 5) indicated that, when compared with
the negative control, more than 80% of cells treated with hydro-
gels were viable. Furthermore, an increase in the concentration of
copolymer (from 3 to 5% w/v) did not affect cell viability.
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Fig. 5. Cell viability (%) in J774.2 macrophages after incubation of 1.5 mL  of
GZm/PF127 = 5 hydrogel at two different concentrations (3 and 5 wt.%). Cells in the
absence of hydrogel were used as control samples. The results were obtained from
the  MTT  assay and represent the means ± SD for n = 4.
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Table 2
Constants of the Korsmeyer–Peppas and the Higuchi equations calculated from the in vitro release studies.

Korsmeyer–Peppas Higuchi

Formulation k × 10−6 (h−n) n R2 k × 10−6 (h−0.5) R2

Dextran (GZ/PF127 = 5; 5%) 19 ± 1 0.31 ± 0.01 0.998 12 ± 1 0.861
Dextran (GZ/PF127 = 5; 10%) 10 ± 1 0.48 ± 0.02 0.997 10 ± 1 0.997
BSA  (GZ/PF127 = 5; 5%) 27 ± 1 0.30 ± 0.04 0.983 21 ± 2 0.895
BSA  (GZ/PF127 = 5; 10%) 22 ± 2 0.51 ± 0.05 0.983 23 ± 1 0.987

3.7. Gel integrity and biocompatibility in vivo

Different polymer solution volumes (molar ratio = 5; 5% v/w)
were subcutaneously injected into the ratsı́ back and, as shown
in Fig. 6A, at body conditions the polymer solution changed instan-
taneously to a gel due to an increase of the temperature. Capsule
thicknesses were measured every 2 days during the experiment.
30 days after implantation, the capsule thicknesses had hardly
changed (Fig. 6B and C).

Histopathological analysis at different time points revealed that
the capsule thickness was produced by the persistence of the
injected material and the infiltration of inflammatory cells during
the course of a foreign body reaction to the hydrogel (Fig. 7).

As compared with negative control group (1.5 mL  of PBS)
(Fig. 7A) tissue samples of mice injected with PF127 (1.5 mL;  25%
w/v) presented normal epidermis and dermis with discrete subcu-
taneous tissue fibrosis after 1 month of injection, considering this
polymer as well tolerated (Fig. 7B).

However, an acute inflammatory reaction was observed 1 day
post implantation of 50 �L of GZ–PF127 hydrogel. Epidermis and
dermis layers of the skin were normal while, in the subcutaneous
tissue, the injected material was surrounded by necrotic neu-
trophils (Fig. 7C). The acute reaction was followed by sub-acute
inflammatory signs 7 and 15 days after administration. At the site
of infection, there were rests of materials surrounded by a discrete
(after 7 days, Fig. 7D) or more severe (after 15 days, Fig. 7E) halo of
mononuclear cells, macrophages and foreign-body giant cells. The
immune response was resolved 30 days after implantation (Fig. 7E)
with the formation of a fibrous capsule around the almost negligible
remaining material.

It was observed that the inflammation intensity depended
of the administered volumes, being this inflammation higher at

higher volumes of injected hydrogel. Histopathological studies
after the implantation of 500 �L of hydrogel showed a very intense
increase in the subcutaneous tissue thickness due to an enor-
mous chronic inflammatory response. A great inflammatory halo
with mononuclear cells, macrophages and foreign-body giant cells
phagocyting the material was also observed at the different times
of sacrifice (Fig. 7G–J).

The degree of inflammation for tissues injected with 100, 250,
750 and 1500 �L of the hydrogel was  also strong and showed a deep
foreign body reaction (data not shown).

4. Discussion

Pluronic® F127 is one of the most widely studied copolymers.
However, its poor mechanical properties, high permeability to
solutes and short residence time have limited its use (He et al.,
2008; Ruel Gariépy and Leroux, 2004). With the aim of improv-
ing its characteristics, in the present work, we  have developed
novel thermosensitive hydrogels based in the reaction between
PF127, used as cross-linker, and GZ. The reason for introducing GZ
was to enhance the mechanical properties of PF127 as well as to
increase its bioadhesiveness. The reverse thermal gelation behavior
of PF127 has been attributed to temperature-dependant changes
in water structure around the PPO blocks (Fusco et al., 2006; He
et al., 2008). This PPO blocks start to aggregate when tempera-
ture increases and water becomes a poor solvent, reaching a gel.
The new PF127-GZ hydrogels characterized in the current study
possess thermogelation properties that may  enhance the biomed-
ical and pharmaceutical applications of PF127 alone (Glatter et al.,
1994). Thus, a near instantaneous gelation was also observed. This
property could prevent runoff and allow a more precise application.
All the systems, with the exception of GZm/PF127 = 20 copolymer

Fig. 6. (A) Subcutaneous gel implants after the injection of 50, 100, 250 and 500 �L, respectively, of GZm/PF127 = 5 hydrogel at 5% (w/v). (B) Gel  implants remained in the
site  of injection 1 month post-implantation. (C) Implant areas after the injection of 1500 �L of PBS and PF127 (25 wt.%) and 50, 500 and 1500 �L of GZm/PF127 = 5 hydrogel
at  5 wt.% measured at different times after implantation (0, 1, 7, 14 and 30 days).
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Fig. 7. Hematoxylin-eosin stains (30×). (A) Tissue injected with 1.5 mL of PBS 1 month after injection. (B) Tissue injected with 1.5 mL of PF127 at 25 wt.% 1 month post-
injection. (C–F) Tissues injected with 50 �L of GZm/PF127 = 5 hydrogel at 5 wt.% after 1, 7, 15 and 30 days post-implantation, respectively. (G–J) Tissues injected with 500 �L
of  GZm/PF127 = 5 hydrogel at 5 wt.% after 1, 7, 15 and 30 days post-implantation, respectively.

that gels at room temperature, underwent a thermodynamically
reversible transition. They were flowing solutions at low tempera-
tures and turned into gels at temperatures between 24 and 37 ◦C,
depending on the concentration and molar ratio used (Fig. 2B). It is
well known that PF127 gels at concentration >20% (w/v) whereas
only a 2.5% (w/v) concentration of GZm/PF127 = 5 copolymer was
enough to produce a gel.

A feasible viscosity of a thermosensitive vehicle can play an
important role in maintaining a non-flowing organization in body
tissues. Viscosity studies revealed a sharp viscosity increase around
the gelation temperatures in the samples tested (Fig. 3). Further-
more, it is important to point out that, at 37 ◦C, similar viscosity
values were obtained for a 25% (w/v) PF127 solution and a 5% (w/v)
GZm/PF127 = 5 copolymer solution (around 2 Pa s), which implies
a noticeable reduction of the amount needed for the gelation pro-
cess (Fig. 3A and B). Despite the similar viscosities, GZm/PF127 = 5
hydrogel sustained the BSA release longer than PF127 system
(Fig. 4A and B). As compared with PF127, the cross-linked PF127-
GZ copolymers should form more stable and entangled hydrogel
networks, showing more mechanical strength to sustain BSA,
rKMP-11 and dextran release. For example, after 30 min, the cumu-
lative release of BSA was 23.1 and 18.6% for 5 and 10 wt.% gels,
respectively (Fig. 4A and B). However, a 66.7% was obtained for
PF127 samples. 3 h later, the cumulative release of BSA found for
the synthesized hydrogels was around 35% while 86% was  obtained
for PF127 systems (Fig. 4A and B). In deep, BSA and dextran release
from hydrogels prepared with a 10% (w/v) concentration was  con-
trolled by a diffusion mechanism as reflected the n values (ca.
0.5) obtained with the Korsmeyer–Peppas model (Table 2). Lower
copolymer concentration (5% w/v) showed more noticeable burst
release effect at the beginning. V.g. 5% (w/v) hydrogels presented a
dextran cumulative release of 28% after 1 h whereas the cumulative
release in hydrogels at 10% (w/v) was 15%. The observation could
explain the n values <0.45 obtained on fitting the release studies
from 5 wt.% GZ–PF127 hydrogels to the Korsmeyer–Peppas model.

Thereafter, we evaluated the biocompatibility of the hydrogels
in vitro and in vivo. MTT  assays addressed with J447.2 macrophages
revealed that, when GZ is crosslinked at a 5 molar ratio, gel extracts
did not significantly reduce cell viability and demonstrated good
cytocompatibility (Fig. 5). In vivo, the subcutaneous injection of the
hydrogels elicits in a sequential fashion acute, subacute, chronic
inflammatory responses and, finally, a foreign body reaction whose

severity at high volumes of injection could compromise its biomed-
ical application as sustained release devices (Fig. 7).

However, the inflammatory response produced after the admin-
istration of 50 �L hydrogel with the presence of a discrete
granuloma 1 month later (Fig. 7F) could be exploited to elicit spe-
cific immune responses against the protein loaded in the hydrogel
(i.e. rKMP-11). The inflammation and innate immune response is
behind of mechanism of action of all known vaccine adjuvants
(Levitz and Golenbock, 2012). Therein, rKMP-11 is a surface protein
found in the cytoplasmic membrane of Leishmania and is expressed
both in the promastigote and amastigote forms (Matos et al., 2010).
Importantly, vaccination with rKMP-11 was able to prevent disease
development in different experimental models of leishmaniasis
(Bhaumik et al., 2009).

Furthermore, by varying the GZ-Pluronic F127 molar ratio and
concentration we can manipulate the gelation temperature (Fig. 2).
The hydrogels that gel at 32–34 ◦C could find application after top-
ical or mucosal administration.

5. Conclusions

The current study details the development of new thermosensi-
tive hydrogels from GZ and PF127. Both polymers were cross-linked
with the aim to improve the weak mechanism properties of
PF127 hydrogels. Viscosity testing demonstrated that GZ–PF127
hydrogels exhibit excellent flexible and thermally induced gelling
properties. GZ–PF127 was a solution at room temperature and
became a very rapid reverse thermal gelation and also a sharp
increase in viscosity upon heating in the vicinity of 37 ◦C at lower
concentrations than PF127 alone (v.g. 5% vs. 25%). This fact could
be advantageous for maintaining the solution form before applica-
tion to the human body and allow their ease of injection. We also
demonstrated that by varying the molar ratio and concentration of
copolymers we  could modify the gelling temperature and viscosity
of the resulting hydrogels. GZ–PF127 composites allow sustained
release of proteins and induce an inflammatory response that can
be useful for vaccination purposes.
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