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N o U o W

Abstract: Cutaneous leishmaniasis (CL) and mucocutaneous leishmaniasis (ML) show clinical spectra
that can range from a localized lesion (with a spontaneous healing process) to cases that progress
to a generalized systemic disease with a risk of death. The treatment of leishmaniasis is complex
since most of the available drugs show high toxicity. The development of an effective topical drug
formulation for CL and ML treatment offers advantages as it will improve patient’s compliance to the
therapy given the possibility for self-administration, as well as overcoming the first pass metabolism
and the high costs of currently available alternatives. The most common dosage forms include solid
formulations, such as membranes and semi-solid formulations (e.g., ointments, creams, gels, and
pastes). Topical treatment has been used as a new route of administration for conventional drugs
against leishmaniasis and its combinations, as well as to exploit new substances. In this review, we
discuss the advantages and limitations of using topical drug delivery for the treatment of these two
forms of leishmaniasis and the relevance of combining this approach with other pharmaceutical
dosage forms. Emphasis will also be given to the use of nanomaterials for site-specific delivery.

Keywords: cutaneous leishmaniasis (CL); mucocutaneous leishmaniasis (ML); topical formulations;
drug delivery; nanomaterials

1. Introduction

Leishmaniasis, a chronic parasitic disease is caused by the flagellate protozoa belong-
ing to the genus Leishmania. It is classified as a neglected disease by the World Health
Organization (WHO) and is globally distributed mainly in developing countries reaching
at least 2 million new cases and causing around 30,000 deaths per year [1]. Last few years
have seen an increase in the number of cases mostly because of urban development, de-
forestation, climate change, and the migration of people to endemic areas. According to
the Tropical Diseases Research Program, leishmaniasis is classified as one of the six most
important endemic diseases in the world, due to its complexity in the clinical spectrum and
epidemiological diversity [1].

More than 20 Leishmania species have been described to cause infection in humans,
transmitted by the invertebrate vector of the Psychodidae family [2]. The parasite can adapt
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to different habitats and climate and presents two forms (promastigote and amastigote)
during its life cycle. The promastigotes are flagellated, mobile, and elongated in shape,
and develop in the digestive tract of the invertebrate vector. The amastigotes, on the other
hand, are non-flagellated, measuring about 2-5 pm in diameter and develop inside the
phagocytic cells. There are no morphological differences between parasite species, but
geographical, biological, and clinical criteria, are used to identify them [3].

The clinical manifestations of leishmaniasis vary according to the species of Leishmania
and its virulence, as well as the clinical condition of the host, including their nutritional
status and immune response [4]. Clinical spectrum can range from a localized lesion, with
spontaneous cure, to cases that progress to a generalized systemic disease with a risk of
death. Based on the clinical symptoms leishmaniasis can be classified as visceral leishma-
niasis (VL) or kala-azar, cutaneous leishmaniasis (CL), and mucocutaneous leishmaniasis
(ML), with respect to the infection of macrophages throughout the reticuloendothelial
system, localized in the dermis, or spread in the naso-oropharyngeal mucosa, respectively.
For all three forms, infection can range from asymptomatic to severe. CL and ML can cause
substantial morbidity, whereas VL can be life-threatening [5].

The transmission of the disease occurs when the female sandflies undertake blood
meal in the mammals and inoculate promastigotes in the host. The promastigotes are
encompassed by macrophages and are transformed into amastigotes within a period of 24
to 72 h. The amastigotes, inside the macrophages, multiply intensely until promoting the
rupture of phagocytic cells. The released amastigotes infect other macrophages, completing
the cycle [6]. The opposite is also possible, that is an insect bites an infected host and
ingests the macrophages parasitized by amastigotes. Then, the amastigotes present in the
intestine of the invertebrate are transformed into promastigotes, which are infectious to the
vertebrate host [7].

2. Cutaneous and Mucocutaneous Leishmaniasis

Worldwide cases of CL and ML are estimated to be over 1 million per year. CL is
the most common form of leishmaniasis and is caused mainly by Leishmania (Leishmania)
amazonensis, Leishmania (Viannia) guyanensis, and Leishmania (Viannia) braziliensis [8]. The
skin lesions usually appear within several weeks or months after the exposure especially on
the exposed parts of the body, such as the face, arms, and legs. They evolve from papules to
nodular plaques that may result in ulcerative lesions, showing a raised border and central
depression, that can be covered by scab or crust. Some lesions persist as nodules. The
lesions are usually painless but can become painful, when infected with bacteria or when
present near a joint. The healing process typically results in atrophic scarring [9]. Mucosal
leishmaniasis is a metastatic sequela of the cutaneous form, due to the dissemination of
the parasites from the skin to the naso-oropharyngeal mucosa, caused by species in the
Viannia subgenus (especially L. [V.] braziliensis but also L. [V.] panamensis and sometimes
L. [V.] guyanensis. The risk factors for mucosal dissemination are poorly understood and
reported to vary among geographic regions. ML becomes evident within several years of
the original cutaneous lesions, especially those not treated at all or treated poorly. Nasal
and oral mucosa are the most frequently affected body lesions. The lesions in the oral cavity
can spread to the oropharynx and larynx and may affect cartilage and vocal cords. ML
lesions are ulcerated, and treatment is essential to control infection. ML is a potentially
life-threatening and highly disfiguring condition, due to the late-stage destruction of the
oral-nasopharyngeal mucosa and cartilage.

Also, the development of experimental models for the study of leishmaniasis has con-
tributed to understanding the pathogenesis. In recent years, several studies have explored
patterns of resistance and susceptibility of different strains of mice infected with different
species of Leishmania sp. The best-studied model for leishmaniosis tegumentary is the
infection of mice with L. major. This model employs a large number of parasites, which
are inoculated subcutaneously in the paw of the animals. Using this model, susceptibility
and resistance to leishmaniasis were created, due to a Th1-type cellular immune response



Microbiol. Res. 2022, 13

838

in which lymphocytes produce high levels of IFN-oc and low levels of IL-4, there is the
development of a small lesion at the site of inoculum, non-ulcerated that heals sponta-
neously. Otherwise, experimental infections in mice with various species of Leishmania sp.
can mimic several forms of human cutaneous leishmaniasis. Depending on the parasite
species and mouse strain, a considerable disease spectrum can be produced. Some strains
of mice such as BALB/c, are highly susceptible to L. major infection and fail to develop
a Th1 response against the parasite. In contrast, other mouse strains such as C3H and
C57BL/6, infected with L. major, develop spontaneously healing lesions associated with
strong cellular immunity. Infections in mice with other species of Leishmania sp. can lead
to different models of resistance and susceptibility. For example, strains of mice resistant
to L. major infection (such as CBA, C3H or C57BL/6) are susceptible to infection with
L. amazonensis or L. mexicana, suggesting that parasite-specific factors play an important
role in the course of the disease [10].

Although L. braziliensis induces a disease that is serious in public health in South
America, there are few experimental works that characterize the immune response to this
parasite, probably because mice are unlikely. Moura et al., 2005 developed a model of inoc-
ulation of L. braziliensis in the ear dermis of BALB/c mice leading to the development of an
ulcerated lesion, with raised edges and necrotic fundus that heals spontaneously, regional
lymphadenopathy and persistence of the parasite in lymphoid tissues and development of
a Thl response. In this way, this model is used in Brazil as a reference [11].

3. Classical Treatments

The treatment of leishmaniasis is complex [4]. Several drugs are described in the
literature. The primary treatment can be traced back to 1920, based on trivalent antimony
salts (Sb III), but their toxicity, narrow therapeutic window, and resistance to parasites
resulted in their discontinuous use in several countries [12].

Pentavalent antimonials were developed with improved treatment potential and
less toxicity. Antimonials are well-tolerated, but some side effects, such as pain at the
injection site, gastrointestinal dysfunction, muscle pain, stiffening of joints, arrhythmias,
and pancreatitis have been reported [13]. In Brazil, N-methyl glucamine antimonate
(Glucantime®) is the drug distributed by the Ministry of Health. The prescribed dose of
Glucantime® varies between 10-20 mg/kg/day for children and adults for 20 to 30 days
uninterrupted via intravenous or intramuscular administration routes. However, N-methyl-
glucamine antimoniate has been associated with some mutagenic effects [14]. Activation
of antimonial drug through reduction from Sb(V) to Sb(IIl), followed by inhibition of
trypanothione reductase and oxidative stress, is one or the reasons why Leishmania parasites
are susceptible to organic antimonial drugs [15,16]. From the latest version of the guideline
for the treatment of Leishmaniasis in America (2nd Edition), pentavalent antimonials are
yet recommended for the treatment of mucosal or mucocutaneous leishmaniasis, either
with or without oral pentoxifylline [17].

Amphotericin B and pentamidine isethionate are also used especially during treatment
failure with pentavalent antimonial. Amphotericin B is not suggested in patients with heart
disease, liver disease, and nephropathy. Its recommended dose is 1-4 mg/kg/day, admin-
istered intravenously daily until maximal dosage or tolerance. More recently, amphotericin
B was loaded in unilamellar vesicles, consisting of hydrogenated soy phosphatidylcholine,
cholesterol, disteroyl phosphatidyl glycerol, denominated commercially, Ambisome®. This
nanotechnology-based formulation was found useful to reduce undesirable effects, such as
fever, chills, stiffness, drowsiness, slight elevation of liver function tests, renal dysfunction,
and cardiopulmonary toxicity. This drug is effective in VL and ML [18]. Pentamidine
isethionate is also well-tolerated and effective in the treatment of ML caused by L. brazilien-
sis. Pentamidine isethionate is suggested in cases of poor response to N-methyl glucamine
antimonate and intolerance to amphotericin B [19].

Miltefosine is the first oral drug used for both CL and ML. Its mechanism of action is
not clear, however, Lux et al. (2000) [20] demonstrated that this drug inhibits the enzyme 1-
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acyl-2-lysoglycero-3- phosphocholine acyltransferase in promastigote stage. Some adverse
effects such as nephrotoxicity, hepatotoxicity, and teratogenicity have been observed [21].

The current therapeutic options for the treatment of leishmaniasis are linked to high
toxicity, low efficacy, difficulty in administration, and parasitic drug resistance [4]. The
pharmacotherapy has been mostly unchanged for decades, with few drug options, in
spite of species diversity and numerous forms of disease manifestation [22]. Over the
last decades, new drugs for leishmaniosis treatment have been developed focusing on
the improvement of efficiency, while keeping low cost and reduced collateral effects. An
example is isopentyl caffeate which was described as promising against the mechanisms
that parasites undertake for their survival [23-26]. More recently, Novais et al. (2021) [27]
discussed the use of host-directed therapies either to enhance protective immune responses
or to ameliorate excessive cutaneous inflammation, i.e., host-specific delivery is thus
proposed to be tailored according to the type of leishmaniosis.

The loading of conventional drugs into innovative formulations (e.g., topical solid
dosage forms, films and membranes, nanomaterials) has been proposed to improve the
clinical outcomes, reduce the toxicological risk and costs, with the ultimate aim to im-
prove the patients’ life quality (Figure 1). Table 1 summarizes relevant examples of drugs
commonly used for the classical treatment of CL and ML.

. R Membrane
Lelshm'aanIS e oparticle _
Topical o, %
Treatment -'
Strategies Hydrogel

Advantages
Cutaneous and Mucocutaneous
Leishmaniosis Increased Safety

Increased effectiveness
Reduced toxicity
Facility of administration

Figure 1. Examples of topical strategies for the treatment of cutaneous and mucocutaneous Leish-
maniosis and their advantages.
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Table 1. Drugs used for the classical treatment of cutaneous (CL) and mucocutaneous leishmaniasis (ML).
Drug Administration Route Dose Mechanism of Action Side Effects References
Two mechanisms: (i) it binds with ribonucleosides forming a complex,
N-methylglucamine Intravenous, or CL: 15mg/kg/day (20 days); preventmfg topmsonﬁera@s from carrying F)ut. thg1T f.unctlon in the Myalglfel, liver.changes, .
antimoniate intramuscular ML: 20 mg/kg/day; process of DNA replication and transcription; (ii) it increases abdominal pain and cardiac [28]
’ ! pro-inflammatory cytokines in the host, enhancing the phagocytic disorders.
action of neutrophils and monocytes.
It binds with the ergosterol of the pathogens’ plasma membrane. It will ~ Fever and chills at the moment
Amphotericin B cause the dysfunction of the cells through forming of ion pore channels.  of the infusion. Anemia,
P Intravenous CL and ML: 1 mg/kg/day; The pore formation will cause inhibition of glycolysis and rapid efflux  neutropenia, [29-31]
deoxycholate L . . PR .
of K+ and Mg+ ions inside cells leading to an increase in acidity of thrombocytopenia, and
these cells and cells death changes in liver enzymes.
It is the same as Amphotericin B deoxycholate, the difference happens  Loss of potassium and
Amphotericin B Intravenous CL .and ML: 1-4 mg/kg/day  with the addition of lipid .formulat.lons tha.t help to decreasg side effects  magnesium, a.naphylax1s, [29,31]
(daily); and to reach only target tissues with maximum concentration and fevers. Anemia and
selectivity, serum concentration of the drug should be kept low. nephrotoxicity
It interferes production of polyamine, RNA polymerase activity, Hypoglygemla, hypotension,
- HET . - arrhythmias, prolonged QT
causing the inhibition of protein and RNA synthesis. interval, fatizue. night sweats
Pentamidine isethionate Intravenous or intramuscular ~ CL and ML: 4mg/kg/day; It has ability to enter the pathogen’s cell and bind the RNA transfer is |/ fatigue, TUght 81 / [32]
. . : S anorexia, nausea, vomiting,
carried out and thus block the synthesis of proteins, nucleic acids, i
L syncope, rash, nephrotoxicity,
phospholipids and folate. h .
epatotoxicity.
It activates cytotoxic macrophages, the ability to interfere with cell
signaling pathways, carry out modifications in the lipid membrane, as  Anorexia, nausea, vomiting
well as programmed cell death (apoptosis). When administering the and diarrhea, skin allergy, high
Miltefosine Oral CL and ML: 2.5mg/kg/day. drug, it will have the ability to interfere with the pathogen’s cell concentrations of liver [33]
membrane, influence the lipid composition, permeability, and fluidity =~ transaminases and, in rarer
of the membrane, as well as the metabolism of phospholipids, causing  cases, renal failure.
apoptosis to be stimulated.
The off-label use of topical imiquimod has been evaluated as an agent
in the treatment of several infectious diseases. In cutaneous Some local side effects may
Imiquimod Topical 59, leishmaniasis, it acts on the stimulation process, causing TCD4 occur in high dose situations, [34,35]
! P ? lymphocytes to secrete interferon-y, activating the release of such as itching, erythema, "
macrophages that will follow the infection site to phagocytose the burning, local irritation.
amastigote forms of leishmania.
It inhibits the synthesis of proteins present in the protozoan structure. Nephrotoxicity, ototoxicity and
Paromomycin Topical and parenteral It binds to the 30S ribosomal unit causing an accumulation of abnormal P v, y [21,36,37]

ribosomal complexes leading to the death of the protozoan.

liver dysfunction
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Table 1. Cont.
Drug Administration Route Dose Mechanism of Action Side Effects References
It is an antibacterial that works by preventing protein production and
. . 500 mg/day interfering with bacterial growth. Its antiparasitic action is possibly - .
Azithromycin Oral (20 days) associated with its immunomodulatory activity preventing the nausea, vomiting and diarrhea [38]
production of cytokines and pro-inflammatory mediators.
Ketoconazole: 200 to
400 mg/twice a day (for
three months) Its mechanism of action is based on blocking the synthesis of ergosterol,  Itching, nausea, vomiting,
Azoles Oral Fluconazole: 5 to 8 mg/kg . . . . . : . [21]
an essential molecule for bioregulation and cell membrane integrity. allergic and anorexia
(for 4-12 weeks)
Itraconazole: ML:
4 mg/kg/day (for 6 weeks)
. Lo o . Nausea, vomiting, abdominal
Sodium Stibogluconate Intravenous [or 20 mg/kg/day (for 20 days) Its~me§hamsm of action is based on the inhibition of glycolysis and pain, fatigue, muscle pain, [39]
Intramuscular oxidation of fatty acids in protozoan cells. > . -
arrhythmias, liver disorders.
The effect of zinc sulfate shows relatively positive but variable results
in the treatment of leishmaniasis. The evaluation of the effect of zinc
Zinc sulfate Oral 10 mg/kg/day sulphate in the treatment of leishmaniasis is still not well understood, - [40]

the effect may be related to the action of zinc sulphate on protozoan
enzymes interfering with DNA synthesis.
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4. Topical Treatment Strategies

The skin is a barrier to external environmental conditions, protecting the body against
ultraviolet radiation, chemical agents, microorganisms, and allergens. In addition to
regulating the loss of moisture and some nutrients, it maintains body homeostasis, controls
body temperature and blood pressure, and allows the administration of pharmaceuticals
for a systemic effect.

The development of an effective topical dosage forms for the treatment of CL and
ML would represent a significant advance in the therapy of this neglected disease [4].
The drug must be released from the formulation and remain retained in the wound. The
action of a drug into wound healing depends on a range of factors, including the drug’s
physicochemical properties, the characteristics of the pharmaceutical dosage form, and the
conditions of the skin [41].

While challenging to treat topical leishmaniasis, several advantages can be pointed out
for the topical treatment, such as the possibility for self-administration, avoidance of the
first-pass metabolism which helps to increase the drug’s bioavailability, in particular, those
with a short half-life and a narrow therapeutic window, less plasma fluctuation, improved
effectiveness with a lower dosage, reduced costs, all promoting patient’s [42,43]. Moreover,
the possibility to target the drug into the site of action (e.g., with nanomaterials) reduces
the toxicological risks. The most common dosage forms include films/membranes and
semi-solid formulations (e.g., ointments, oil-in-water emulsions and hydrogels). Topical
treatment has been used as a new route of administration for conventional drugs against
leishmaniasis and its combinations, and also for the delivery of new compounds with
anti-leishmaniosis activity [41]. Table 2 summarizes CL treatments according to the type of
formulation for skin route of administration.

5. Semi-Solid Formulations

Ointments are stable, semi-solid pharmaceutical dosage forms, soft in consistency,
intended for external use, consisting of one or more drugs and monophasic excipients
with lipophilic or hydrophilic characteristics. Ointments must be plastic and thermo-
reversible, so that with the increase of the temperature upon topical application, they
become less viscous, allowing the drug to be released and reach the skin. According to
the degree of penetration and the excipient used, they are classified as epidermal (if the
drug acts superficially on the skin and the excipients used are petroleum and mineral
oil), endodermal (the drug penetrates deeper into the skin reaching the dermis, and the
excipient is a vegetable oil) and hypodermic (it absorbed and can trigger a systemic effect;
the excipient is lanolin).

Bilbao-Ramos et al. (2020) [44] described the first-time in vivo study reporting the use
of ursolic acid to treat leishmania. Ursolic acid was loaded in a semi-solid formulation
(e.g., cream or ointment) and compared to the commercial Orabase® (Fagron) in which
the ursolic acid was dispersed with glycerin:propylene glycol. The semi-solid formulation
using 0.2% of ursolic acid promoted a reduction of ~50% of lesion size compared control
group, after 28 consecutive days. The treatment was however not efficient in completely
reducing the L. amazonensis infection, attribute to the occlusive effect of the ointment which
promoted ursolic acid permeability across the skin with a prolonged the drug delivery.

In another study, Copas-Lopez et al. (2016) [45] infect foot of Syrian hamster model
using L. tropica strain. The effect of (—)-oa-bisabolol by topical, oral and intralesional
administration was evaluated. The ointment was composed of cetyl alcohol, lanolin, white
petroleum jelly and (—)-a-bisabolol (1%, 2.5%, 5%) was applied on the footpad lesion to
prevent microbial infection and reduce the risk of scars. (—)-o-bisabolol is a natural origin
with anti-inflammatory, anti-microbial and healing properties.
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Table 2. Examples of formulations proposed for cutaneous leishmaniosis, type of drug, production

method and main results.

Type of

. Drug Production Method Results References
Formulation
The formulation was able to control
Polymeric Meglumine e a leishmaniasis infection as the same
. ¢ . Nanoemulsification .. [46]
nanoparticles antimoniate level than the reference injected
Glucantime®.
Dispersion in The formulation reduced the
Film-Forming Nitroimidazole P . parasites in the skin, but did not
. water/ethanol medium of - . . [47]
(spray formulation) DNDI-0690 - influence the lesion size compared
polymer and plasticizer .
with the control.
Emulsions (PEI25-CAN-y-Fe203 Emulsion The elimination of infection by L. [48]
NPs) Nano-Leish-IL major in vivo assays was observed.
Cure rates of 39.4% were observed,
. . . showing that topical Amphotericin
Emulsion Amphotericin B Emulsion B was not effective for the treatment [49]
of CL.
Nanostructured NLC was produced by the
lipid carriers emulsification method, The formulation was around five
(NLCs) Amphotericin B polymer and plasticized times slower in the IC50 values [50]
incorporated into a was added and in vivo assays.
hydrogel homogenized.
Nanotransfersomes were more
Nanotransfersomes Film hydration method effective compared to drug pristine.
incorporated in Rifampicin follow, chitosan added and  Furthermore, the nanotransfersomes [51]
chitosan gel homogenized incorporate in chitosan gel reduced
the wound healing significantly.
. Bacterial cellulose Reduction in significance of parasite
Diethyl .
- membranes were obtained  load and
Membranes dithiocarbamate . . . e [52]
from cultivation of of infection of L. braziliensis in
(DETC) ..
Gluconacetobacter hansenii macrophages
The leishmanicidal, antifungal, and
cytotoxic activity of the system
A polyiyt el i) 520ed i D e nled
Membranes amphotericin B(AmB)  hydrogel produced by P . giea actvity [53]
castin and adequate biocompatibility of
& PVA-AmB hydrogels with great
potential in the topical treatment
of CL.
Self-
nanoemulsifying Dispersion of drug, oil, Reduction of parasitism and
drug delivery buparvaquone (BPQ) surfactant in solvent indicated healing in animals [54]
systems
Liposomal formulation was
Liposomes Amphotericin B(AmB)  Film hydration method considerably higher than that [55]
observed for pristine AmB
Liposomes stibogluconate and Film hydration method In vitro and in vivo anti- indicated a [56]

ketoconazole

10.67-fold lower IC5 value
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Table 2. Cont.
Type Of Drug Production Method Results References
Formulation
dehydration-rehydration
vesicle; (DRV) method
Azithromvein and dehydration-rehydration In vivo assays showed a cure rate of
Liposomes my vesicle; (DRV) method 77% for azithromycin and 76% for [57]
glucantine . .
Dehydratation- glucantime.
rehydratation vesicle
method
Liposomal formulation was stable
. . and showed capacity to penetrate
Liposomes Amphotericin B i into the skin. It was also efficient 581
against L. major in vitro and in vivo.
The topical 0.5% miltefosine gel
Hydrogels Miltefosine D1spers19n of drug and formula.non was efﬁc.agous and [59]
polymer in water. non-toxic when administered
topically in vivo assays.
Meglumine Polvmer homogenization It showed high retention on the skin
Hydrogels & U oY & and reduction of IC50 compared [60]
antimoniate in aqueous medium
the control.
Homogenization of .
olvmer with constant No cytotoxic effects were observed
Hydrogels Amphotericin B potymer o in macrophages. No in vitro and [61]
mechanical stirring in .
. in vivo assays were done yet.
aqueous medium
Reducing the L. amazonensis
infection, attribute to the occlusive
Ointment Ursolic acid melting effect of the om’Fmer}t, which . [44]
promoted ursolic acid permeability
across the skin with a prolonged the
drug delivery
In vivo assays prevented microbial
Ointment (—)-a-bisabolol Melting infection and inflammation, [45]

leishmanial and healing properties.

After infection, the animals were treated for 7 days. The most promising result was

obtained with the topical treatment using 2.5% (—)-a-bisabolol ointment, which reduced
~83% the lesion size and 80% parasite load. This outcome was attributed to the anti-
inflammatory activity of drug, together with the enhanced drug bioavailability upon
topical administration in the wound.

Regarding the use of ointments for leishmaniasis treatment Soto et al. (2019) [62]
reported a relevant result with topical application of pentamidine in leishmaniasis caused
by L. brazilensis. A 15% pentamidine ointment was formulated in a hydrophilic vehicle
give adsorption properties. The hydrophilic formulation of pentamidine had a cure rate of
77.5% compared to the positive control (intralesional injection of pentamidine administered
on days 1, 3 and 5 at a dose of 120 pg/mm? at the lesion site) which had a rate of 70%.
These results suggest that the ointment acts positively, increasing the drug bioavailability.
In a Phase III trial described by Sosa et al. (2019) [63], an efficacy of 79% and 78% was
observed for the group treated with 15% pentamidine and 0.5% gentamicin ointment and
15% pentamidine ointment, respectively, when applied once a day for 20 days [35].

The first medicine containing paromomycin to treat CL was an ointment based on
15% of paromomycin and 12% of methyl benzethonium showing a satisfactory result
in vivo, eliminating the parasites and healing the lesion in 100% of the animals [64]. This
formulation is available commercially in Israel, as Leoshcutan®. More recently, Veraldi et al.
(2020) [65] developed paromomycin (15%) ointment content glycerin, vaseline, sepigel 305,
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sodium bicarbonate, and sodium hydrate. The clinical assays tested ointment occlusive
dressing with two applications/day for 3 weeks. In some patients, the treatment was
ineffective, suggesting drug resistance; thus not demonstrating that drug delivery could
influence the release profile, suggesting a low dose concentration.

Emulsions are a mixture between two immiscible liquids, one of which is in the form
of fine globules within the other liquid, forming a stable mixture. Emulsions show reduced
viscosity being easier to spread, and the drug can be dissolved or suspended in the aqueous
or oily phases, and this versatility is one of their main advantages. Lopez et al. (2018) [49]
studied the effect of an oil-in-water (0/w) emulsion containing 3% Amphotericin B cream
evaluated in patients with CL caused by L. panamensis, L. braziliensis and L. guyanensis in
Colombia. Cure rates of 39.4% were observed, showing that topical Amphotericin B was
not effective for the treatment of CL. Kawakami et al. (2021) [66] evaluated the efficacy
of emulsion with Pterodon emarginatus Vogel oleoresin for the treatment of tegumentary
leishmaniasis and observed that the topical use of a nanoemulsion combination with
Pterodon emarginatus Vogel oleoresin and intraperitoneal meglumine antimoniate reduced
the size of the lesion. mice by 41%. Despite these results, more studies need to be carried
out based on new formulations with the aim of improving results in clinical practice.

Another pharmaceutical form, hydrogels are networks of three-dimensional polymers,
with a hydrophilic structure, capable of absorbing and releasing water in response to
environmental conditions, that is, they have the ability to swell in an aqueous medium
without dissolving it [67]. The amount of water retained in the hydrogel network mesh
is defined by the structure of the polymer network and other factors such as temperature,
pH and ionic strength of the water solution in contact with the polymer. Due to this water-
absorbing property, polymeric hydrogels began to be used for several applications: aid in
wound healing, substrate for cell growth and substrate for controlled release of chemical
substances. Such hydrogels have many advantageous characteristics regarding their use in
medical applications, such as: non-toxicity; ability to swell in water and biological fluids,
which resembles living tissue; elastomeric consistency, which reduces friction between
the tissues and the hydrogel; high permeability; ease of obtaining in different forms and
possibility of incorporation and controlled release of drugs of different polarities [68].

A study was also found, evaluating the effect of miltefosine in the 0.5% Carbopol
gel pharmaceutical form [59]. The authors observed that this formulation reduced lesion
size by 84% to 100% without parasite detection in BALB/c mice infected with LC species,
L. (Viannia) braziliensis and L. (Viannia) panamensis. Although effective, there was some
variation in results which may be due to different causative species, treatment duration
and formulation components.

6. Films and Membranes

The recovery and healing process of damaged skin tissue involves several molecules
such as growth factors, chemokines, cytokines, different cell lines, and other tissues [69,70].
The stages involved in the healing process can be divided into four, which overlap with time
and space, namely, inflammation, migration, proliferation, maturation and additionally,
hemostasis, which should be considered a fifth step if the lesion reaches capillaries or larger
blood vessels and causes bleeding [70,71].

American CL (ACL) is a disease known to trigger limited ulcerative skin lesions and
disfiguring lesions in the mucous membranes of the nose, mouth, and pharynx in the
mucocutaneous form [72]. The diverse patterns of the disease may vary with the phle-
botomine sand flies, the human population involved, and the level of exposure or/and
the diversity of hosts [73]. Topical, dermal, transdermal treatment of ACL lesions repre-
sents an up-and-coming alternative to reduce systemic toxicity associated with the use
of available pharmaceutical forms administered intravenously, aiming at removing the
parasite load, skin regeneration, protection against infections secondary without the need
for hospitalization, that is, the entire procedure performed on an outpatient basis safely
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and efficiently [53,74]. In addition, the treatment cost is reduced and provides increased
patient compliance to treatment by the ease of drug administration.

Nowadays, the so-called “smart” wound dressings have also been extensively studied
to treat skin lesions, including ACL treatment. Wound dressings can provide an additionally
moist environment, remove excess exudate with the possibility of mucoadhesion, avoid
maceration, protect the damage against secondary fungal and bacterial infections and
maintain an adequate gas exchange (i.e., exchange of O, and H,O) are great features for
innovative CL treatment [75,76]. In addition, these dressings can also have an adjusted
drug release profile, high porosity, and malleability [53].

Several studies have demonstrated the potential of these systems as support matrices
for drug delivery systems as well. Among the materials used in the production of dressings,
examples include the use of clays [71], natural [77-80] or synthetic polymers [78,81,82] or a
combination of both that can form thin films and gels, classified as hydrocolloid dressings,
alginate dressings [83,84] and chitosan-based dressings [76,85].

Alexandrino-Junior et al. (2019) [53] developed a poly(vinyl alcohol, PVA) hydrogel
loaded with amphotericin B (AmB) to be used as a dressing system for the treatment of CL.
The microstructure of the hydrogel was characterized by evaluating the state of AmB ag-
gregation to the system, surface morphology, degree of swelling, drug release kinetics, and
water and microbial permeability. The leishmanicidal, antifungal, and cytotoxic activity of
the system loaded with AmB were signaled an efficient pharmacological activity and ade-
quate biocompatibility of PVA-AmB hydrogels with great potential in the topical treatment
of CL. Seeking the exact purpose of developing a new dressing to treat ulcers caused by L.
braziliensis, Celes et al. (2016) [52] evaluated bacterial cellulose and diethyldithiocarbamate
membranes with parasite reduction after three weeks of treatment.

Pereira et al. (2020) [86] used anti-leishmanial drugs in their studies, provided by
the Brazilian Ministry of Health (Glucantime, Amphotericin B, Pentamidine) to develop
alternatives to the treatment of CL, administered through flexible Band-Aid-type dressings
based on a porous non-woven fabric (TNT) covered with Polyvinyl Acetate (PVA) and
glycerol. The authors demonstrated good results from a topical treatment containing
Glucantime and Pentamidine reduction of the promastigote forms of L. amazonensis.

Another innovative treatment based on wound dressings is nanofibers, designed
with larger pores; however, with an adequate and necessary barrier against opportunistic
infections [87]. Additionally, the surfaces and microstructures of electrotrophied nanofibers
enable a significant absorption of fibroblasts in the epidermis, boosting the regeneration
of damaged tissue, accelerating the formation of extracellular matrix [88]. Alishahi et al.
(2020) [89] developed a topical drug delivery system that can release glucantime at the site
of Leishmania skin wounds. Therefore, the electrospinning method was used to prepare
core-shell nanofibers composed of polyethylene oxide, gelatin, poly (vinyl alcohol), and
chitosan. The proposed system can eliminate more than 78% of the Leishmania (L. major)
promastigotes forms and is cyto-compatible with assays with fibroblast cells.

7. Nanomaterials

For the topical treatment of leishmaniasis, nanotechnology has been exploited as an
optimization tool, and the reported results using liposomes and polymeric nanoparticles
are promising as drug delivery strategies. The reduced size favors internalization into the
infected cell macrophages; moreover, the positive surface electrical charge (i.e., positive zeta
potential values) promote complexation with nucleic acids through electrostatic interactions.
Furthermore, it promotes the condensation of it structure, decreasing its size, and also
neutralizes the negative charge, favoring the entry of nucleic acids into the cell through the
cell membrane [90].

Various other nanocarrier strategies have been used for leishmaniasis treatment
demonstrating their own advantages and disadvantages. As is known, the main cell
targets in leishmaniasis are macrophages. Thence, the most employed nanoparticles in the
disease are polymeric nanoparticles and liposomes because of the easy and fast way of
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internalization by the infected cells. Liposomes are nanocarriers that have unique proper-
ties to load and deliver hydrophobic and/or hydrophilic molecules by surface activation.
Moreover, because they are positively charged, liposomes are promptly internalized by the
macrophages. Due to these properties, they are the most commonly nanocarriers employed
in leishmaniasis (Saleem et al. (2019) [90]).

Monteiro et al. (2019) [91] described the preparation and evaluated in vitro a modi-
fied nanostructured lipid carrier using chitosan and dextran for the co-administration of
buparvaquone and polymyxin B against leishmaniasis. The carrier developed proved to
be a promising formulation to overcome the disadvantages of the current treatment of
leishmaniasis by co-delivering two distinct drugs.

Redesigning the use of sodium stibogluconate, Dar et al. (2018) [92] integrated it into
a nanodeformable liposomal drug delivery system for topical application among BALB/c
mice infected with L. tropica. The authors observed effectiveness in this treatment from
the significant reduction in the size of the lesion (four-fold increase in activity) and also by
the reduction in the IC50 value, which was 1.65 mg/mL for ointment with a simple drug
delivery system, but in this new formulation it was 1.3 mg/mL. Kavian et al. (2019) [93]
showed that a 4% liposomal miltefosine formulation had no significant effects on cure rate.
Further investigation is needed for its use in the treatment of CL.

Another study also showed a similar result from the use of a nanodeformable liposo-
mal drug delivery system combining sodium stibogluconate with ketoconazole, evaluated
in BALB/c mice infected with L. mexicana. This combination exhibited synergistic interac-
tion and flow cytometry revealed greater clearance of L. mexicana in infected macrophages.
In vitro and in vivo anti-leishmania experiments indicated a 10.67-fold lower IC50 value
and a 35.33-fold lower parasite load compared to the plain sodium stibogluconate solu-
tion [92]. Using a deformable lipid vesicle, Carvalheiro et al. (2021) [55] observed that
the formulation of Amphotericin B with this lipid vesicle was able to dose-dependently
reduce the viability of the promastigote, as well as the number of intracellular amastigotes
in THP-macrophages 1. The value of the selectivity index observed for Amphotericin B
included in the deformable lipid drug delivery system was considerably higher than that
observed for free Amphotericin B.

Peralta et al. (2021) [94] prepared dispersions containing miltefosine and liposomes
of different compositions to optimize transepidermal penetration and in vitro and in vivo
experiments evaluated the efficacy and toxicity, the drug release rate and the stability of
particle size over time. Treatments were administered topically to BALB/c mice infected
with Leishmania amazonensis. Dispersions containing 0.5% miltefosine eliminated 99% of
the parasites and healed the lesions with complete re-epithelialization, no visible scarring
and hair growth.

Dare et al. (2020) [95] with the aim of optimizing and evaluating amphotericin B
and miltefosine co-loaded in second-generation ultra-deformable liposomes for the topical
treatment of CL, observed a synergistic interaction between amphotericin B, miltefosine
and their anti-leishmanial activity liposomes against Leishmania mexicana amastigotes. The
results indicated IC50 values about 8.62 to 6.12 times lower of this co-load compared to
free-form drug solutions. Regarding the in vivo results, it was observed that there was a
significant reduction in the parasite load in an experimental BALB/c model with LC.

Another recent study aiming to develop topical nano-liposomal Amphotericin B (AmB)
for the treatment of CL suggested the topical use of this formulation at 0.4% Amphotericin
could be a very useful tool [58]. The authors developed and characterized liposomes
containing 0.1, 0.2 and 0.4% Amphotericin B for size, trapping efficiency, long-term stability
and skin penetration properties using Franz diffusion cells. Since the 0.4% formulation
had an ED50 (necessary to kill 50% of L. major amastigotes) of 0.0856 (ng/mL), it caused
an 80% reduction in the fluorescence intensity of macrophages infected with GFP +. They
applied all formulations twice daily for 4 weeks to the skin of BALB/c mice to treat lesions
caused by L. major and observed superiority of the 0.4% nano-liposomal Amphotericin
B formulation compared to Lip-AmB 0.2 and 0.1%, so that the parasite was completely
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eliminated from the site of infection of the skin and spleen at weeks 8 and 12 post-infection
in treated mice. Thus, the use of liposomal delivery systems has been shown to be a
promising approach for the cutaneous delivery of substances, representing a new safe and
low-cost therapeutic option in the treatment of leishmaniasis.

Miltefosine, meglumine antimoniate and imiquimod were loaded in cationic nano-
vesicles (cNVs) for combined therapy, producing cNVs of mean size of approximately
85 nm [96]. A synergic activity of drugs was described to be efficient to reduce local skin
irritation, reduce cytotoxicity and reduce local parasites.

8. Conclusions

CL and ML pathologies are complex, therefore, when proposing a possible treatment
for the disease, it is necessary to jointly evaluate both the elimination of the parasite and the
intense inflammatory process. Topical drug administration or in combination with other
therapies may be an important strategy for the treatment of leishmaniasis. In addition, it
should be noted that the topical treatment does not require the patient to be hospitalized,
it is easy to apply and is of low-cost. It is emphasized that a simple modification of the
pharmaceutical dosage form can improve the treatment of leishmaniasis and promote the
quality of life of patients.
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