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ABSTRACT: Two types of nanostructured lipid carrier (NLC) formulations of the antileishmanial DNA minor groove binding
compound 4-(picolinimidamido)-N-(4-(picolinimidamido)phenyl)benzamide (1) were synthesized by the microemulsion method
to evaluate their potential as a delivery system to intracellular forms of the Leishmania parasite. Compound 1-loaded NLC
formulations, functionalized with folic acid (FA) or not, showed good colloidal stability both during storage and after dilution in
biologically relevant media. The drug release, which was not pH dependent, occurred efficiently at 37 °C. Compound 1 and its NLC
formulations displayed a good selectivity index (SI > 40) and were active in the submicromolar range against promastigotes and
metacyclic promastigotes of Leishmania major and in the low micromolar range (∼2 μM) against intramacrophage amastigotes.
However, they were inactive against Leishmania mexicana. This proof-of-concept study showed that compound 1 could be loaded
effectively in NLC and FA-coated NLC whose size and anionic nature (i.e., FA-NLC) are favorable for uptake into macrophages.
NLC functionalization with FA had a beneficial effect on the antileishmanial activity of 1 compared with noncoated NLC
formulations, which resulted in an increase in selectivity toward the parasite.

1. INTRODUCTION
Parasites of the genus Leishmania cause leishmaniasis, a
neglected parasitic disease with clinical manifestations ranging
from cutaneous and mucocutaneous forms to a deadly visceral
form caused by Leishmania donovani and Leishmania infantum.
According to the World Health Organization, approximately
700,000 to 1 million new cases and some 26,000 to 65,000
deaths occur every year.1 The disease affects the poorest
people across the world, mainly in tropical and subtropical
areas. However, its distribution has evolved in recent decades
due to different factors including demography and coinfec-
tions.2,3 Current drugs to treat leishmaniasis are nonspecific
and generally require prolonged therapy, resulting in high
toxicities and low patient compliance. As a result, drug
resistance and therapeutic failure are increasing.3,4

We recently reported the discovery of different families of
AT-specific DNA minor groove binders active against the
kinetoplastid parasites Trypanosoma brucei, T. cruzi, and L.
donovani.5 Among these series, 4-(picolinimidamido)-N-(4-

(picolinimidamido)phenyl)benzamide (1) was chosen as the
lead compound because it fulfils our hit selection criteria for
the 3 parasites (i.e., EC50 < 5 μM and selectivity index (SI) >
50). In particular, compound 1 was the most potent and
selective inhibitor of Leishmania growth (SI > 76) with EC50
values of 0.26 and 0.65 μM against promastigotes and
intracellular amastigotes of L. donovani, respectively (Figure
1). In addition, compound 1 displayed adequate metabolic
stability (t1/2 > 2 h in human and mouse microsomes, and >1 h
in human serum)5 indicating that it is a potential candidate for
in vivo studies.
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We showed that similar to previously reported bis(2-
aminoimidazoline) molecules,6 compound 1 was able to
compete with the HMGA AT-hook 1 domain for binding to
the minor groove of DNA.7 This indicates that AT-hook
proteins such as LamAT-Y,8 which are critical for the normal
biology of Leishmania parasites, are possible targets of this
molecule. The promising antileishmanial activity of 1 against
visceral leishmaniasis (VL) is currently under investigation in
vivo (unpublished data). However, the therapeutic potential of
compound 1 against cutaneous leishmaniasis (CL) has not
been studied so far. CL is a disease caused by more than 15
Leishmania species, which is present in nearly 90 countries
worldwide.1 CL treatment mostly relies on local applications of
antileishmanial drugs (paromomycin ointment, local infiltra-
tion with antimonials), thermotherapy, and cryotherapy for
patients with small and few wounds located in anatomical areas
accessible to topical treatment.9−11 Parenteral administration
of pentavalent antimonials is the first-line therapy for patients
with numerous or large lesions despite its high cardiac, hepatic,
and renal toxicity.9 Other (second line) treatments consist of
oral miltefosine, intravenous pentamidine isethionate, ampho-
tericin B deoxycholate or its liposomal formulation, and
ketoconazole.12 Even so, there is a need for new safe drugs and
formulations for CL.
During infection, Leishmania promastigotes, which are

inoculated in the skin by the sandfly vector, hijack mammalian
host cells (i.e., macrophages and other types of mononuclear
phagocytic cells) where they transform into amastigotes,
replicate, and eventually break the cell to infect other tissues.11

Hence, drugs targeting the mitochondrial DNA (kDNA) of
intracellular amastigotes of Leishmania must cross 4 biological
membranes (host cell membrane, parasitophorous vacuole
membrane, parasite cell membrane, and mitochondrial
membranes) to reach kDNA.

Many nanodrug delivery systems have been studied to
improve the activity, bioavailability, and safety profile of
antileishmanial drugs.13 Nanostructured lipid carriers (NLCs)
are versatile nanoparticles (NPs) made of a mixed matrix
formed by solid and liquid lipids stabilized in water thanks to a
mixture of surfactants. They form an amorphous lipid matrix
that can be loaded with both lipophilic and hydrophilic
drugs.14,15 Furthermore, NLCs can be administered by
different routes (e.g., oral, transdermal, ocular, intranasal,
intravenous) and show very favorable toxicity profiles.14 For
instance, NLCs were used to improve the water solubility and
bioavailability of antileishmanial hydroxymethilnitrofurazone
(p.o. administration),16 carvacrol (i.v.),17 ursolic acid (i.p.18

and p.o.19), or a diselenide compound (p.o.).20 Other NLC
formulations of miltefosine (p.o.),21 amphotericin B (top-
ical),22 or annatto oil23 demonstrated improved efficacy and
lower toxicity against Leishmania major CL. In this study, we
envisioned the use of NLC to improve the delivery of the DNA
minor groove binding compound 1 to intracellular Leishmania
parasites.
The selective targeting of drugs and NP formulations to

parasites using specific nutrient transporters and receptors is a
promising strategy to enhance the chemotherapeutic potential
of drugs.13,24−27 On the one hand, Leishmania species are
folate auxotrophs and salvage folic acid (FA) via at least two
high-affinity folate transporters (FT1 and FT2) which could be
used for specific drug delivery to the parasite interior.28 ,29 On
the other hand, macrophages are key to the Leishmania life
cycle; thus, a targeting approach that uses macrophage’s ability
to internalize specific biomolecules should improve the
delivery of lead compound 1 to the parasite.26 The surface
of activated macrophages expresses the β isoform of the folate
receptor (FR-β), a high-affinity receptor for FA.30 As shown in
the field of cancer chemotherapy, NP functionalized with FA is
effectively internalized by activated macrophages by receptor-
mediated endocytosis without promoting their uptake by other
healthy cells and tissues.31 Hence, NP decorated with FA can
be exploited to target therapeutic agents to activated
macrophages and, therefore, to sites of inflammation.32,33

Although the expression of FR-β during Leishmania infection is
dependent on various factors, including macrophage activation,
we wanted to test whether NLC functionalization with FA
would have a beneficial effect on the antileishmanial activity of
1 compared with noncoated NLC formulations.

Figure 1. Structure of antileishmanial lead compound 1.

Scheme 1. Synthesis of Drug-Loaded NLC (Partially Created with a Free Version of biorender.com)
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In this study, plain and FA-functionalized NLC were
synthesized by a warm microemulsion method, and a
combination of techniques was used for their physicochemical
characterization. Both sets were loaded with compound 1, and
two sets of blank NLC without payload (both plain and FA
functionalized) were prepared as controls. All these NPs were
tested against the promastigote, axenic amastigote (or
metacyclic promastigote), and intracellular amastigote forms
of two cutaneous Leishmania cell lines (Leishmania major and
L. mexicana). The effect of these formulations on macrophages
was also tested to determine the therapeutic index.

2. RESULTS
2.1. Synthesis and Characterization of the NLC. NLCs

were synthesized by modifying the warm microemulsion
method using a microwave reactor. After the synthesis,
NLCs were purified by tangential flow filtration (TFF). The
whole process is summarized in Scheme 1. Physicochemical
characterization data for purified NLC are displayed in Table
1. The synthesized NLC, either loaded with compound 1 or
blank, showed particles with hydrodynamic diameter (HDD)
<200 nm but with a slightly larger size for loaded NLC (193 ±
18 nm) versus blank NLC (160 ± 15 nm) and with
polydispersity index (PDI) values of approximately 0.3,
which indicates a homogeneous size distribution. The zeta
potential was positive (+33 and +35 mV, respectively), which
confirmed the presence of octadecylamine (ODA) on the
surface. The incorporation of FA on the NLC’s surface was
achieved by incubation of NLC with FA in the presence of
EDC and sulfo-NHS at a slightly basic pH (7.5−8.0). NLC
functionalization led to a reduction in particle size (≈130 nm)
compared to nonfunctionalized NLC. Optimization of the
incubation time needed to complete the functionalization with
FA was determined by monitoring the zeta potential over 4 h,
as the addition of FA caused an inversion in the zeta potential
from positive to negative, reaching a plateau after 2 h of
incubation (Figure S1, Supporting Information). The concen-
tration of FA on the NLC’s surface was determined
spectrophotometrically (160 ± 1.8 μg/mL for blank NLC
and 163 ± 0.2 μg/mL for 1-loaded NLC). Although this
concentration represented ≈16% of the initial amount of FA
used in the incubation process, it proved to be enough to
ensure particle functionalization, as demonstrated by zeta
potential inversion. The entrapment efficiency of compound 1
was ≈15% for both plain and FA-functionalized NLC,
providing a final concentration of compound 1 of 21.3 ± 8.8
μM and 17.6 ± 8.7 μM, respectively.
Morphological analysis of the developed NLC was

performed by using transmission electron microscopy
(TEM). Both compound 1-loaded and blank NLC showed a
spherical shape with a uniform size distribution (Figure 2),
confirming the data obtained by DLS. Furthermore, no large
aggregates were observed.

The evaluation of the physical state of the NLC lipid matrix
was carried out by differential scanning calorimetry (DSC)
(Figure 3). The 1-NLC lipid matrix was totally amorphous,
contrary to the solid lipids contained in the composition,
which, analyzed in bulk conditions, showed a transition
temperature corresponding to their melting point at 57 °C
(glycerol monolaurate) and 51.5 °C (ODA), respectively.

2.1.1. In Vitro Drug Release. The release behavior at 37 °C
was studied with formulation 1-NLC at acidic (pH 5.5) and
physiological pH (7.4). The stability of the NPs at these pH
values was previously evaluated at room temperature (RT),
with no signs of aggregation or colloidal instability during the
release study (Figure S2, Supporting Information). A burst
release of compound 1 was observed after 2 h of incubation at
37 °C regardless of the pH of the buffer, with 98% of the
encapsulated drug released at pH 7.4 and 95% released at pH
5.5.

2.1.2. Stability Studies. Several stability studies were carried
out, including colloidal stability during storage at RT and after
dilution in biologically relevant buffers and media. As shown in
Figure 4, both blank NLC and 1-loaded NLC maintained their
initial size during the 60 days of storage at RT, whereas the
zeta potential decreased over the study period, reaching
negative values at the end of the study. The same behavior in
terms of size was observed for FA-functionalized NLC,
maintaining the initial values during the study, whereas
modifications in the zeta potential were not observed during
the entire study period. After 35 days, the study with FA-
functionalized NLC was interrupted because a yellow
precipitate was observed at the bottom of the vial, and the
percentage of remaining particles in the suspension was below
40%, although no changes in size or zeta potential were
observed.
Additionally, the colloidal stability of 1-NLC and FA-1-NLC

in the culture media used for macrophage and parasite growth
in vitro (i.e., Dulbecco’s Modified Eagle’s Medium (DMEM)
and Schneider’s insect medium (SIM), respectively) was
evaluated at 37 °C for 24 h. The nonfunctionalized
formulation 1-NLC was very stable in DMEM at smaller
dilutions (1:20, 1:50, and 1:100), maintaining the HDD of the

Table 1. Nanoparticle Characterization Data (n = 3−6 ± SD): HDD, PDI, and Zeta Potential Were Determined by DLS

formulation HDD (nm) PDI Z potential (mV) compound 1 (μM) entrapment efficiency (%) FA amount on NLC (w/w %)

B-NLCa 160 ± 15 0.289 ± 0.024 +33 ± 3
1-NLCb 193 ± 18 0.315 ± 0.035 +35 ± 4 21.3 ± 8.8 16.5 ± 4.8
FA-B-NLCc 131 ± 16 0.263 ± 0.039 −18 ± 2 0.85 ± 0.08
FA-1-NLCd 125 ± 18 0.257 ± 0.022 −16 ± 2 17.6 ± 8.7 14.4 ± 6.2 0.86 ± 0.01

aBlank NLC. bNLC loaded with 1. cFolic acid-functionalized blank NLC. dFolic acid-functionalized NLC loaded with 1.

Figure 2. TEM images for blank NLC (A) and compound 1-loaded
NLC (B) formulations.
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particles unaltered during the entire study, whereas at higher
dilutions (1:500 and 1:1000), progressive aggregation of 1-
NLC was observed after 15 h of incubation (Figure 5A). On
the other hand, the dilution in SIM barely affected the HDD of
1-NLC (Figure 6A). The FA-functionalized formulation FA-1-
NLC diluted in DMEM maintained the initial HDD of the
particles up to 8 h at all dilutions. After that point, progressive
aggregation was observed (Figure 5B). This effect was less
dramatic after dilution in SIM, where only dilution 1:100
reached HDD > 1000 nm at 24 h. In contrast, the other
dilutions showed limited aggregation at the end of the study
(Figure 6B).
2.2. Biology. 2.2.1. Antiprotozoal Activity. Compound 1,

either alone or loaded in the two different types of NLC

formulations, was assayed in vitro against L. major and L.
mexicana, two cell lines causing CL in the Old- and New
World, respectively. Blank (unloaded) NLC formulations were
also tested as controls. Compound 1 inhibited the growth of
promastigotes and metacyclic promastigotes of L. major with
submicromolar EC50 values (0.287 and 0.438 μM), whereas it
was approximately 9-times less potent against intracellular
amastigotes (EC50 = 2.52 μM). These data were congruent
with the previous results obtained against L. donovani
(EC50(promast.) = 0.25 μM; EC50(intra.amast.) = 0.65 μM).5 In
contrast, compound 1 was completely inactive against L.
mexicana (EC50 > 50 μM). Congruently, 1−NLC, FA-1-NLC,
B-NLC, and FA-B-NLC were tested on L. mexicana
promastigotes and amastigotes but were found to be,

Figure 3. DSC melting curves of compound 1-loaded NLC (red line) and bulk solid lipids: glycerol monolaurate (blue line) and ODA (black line).

Figure 4. Evaluation of colloidal stability of the synthesized NLC formulations during storage: evolution of HDD and zeta potential over time at
RT (n = 3−6 ± SD).

Figure 5. Colloidal stability monitoring of 1-NLC formulation (A) and FA-functionalized 1-NLC formulation (FA-1-NLC) (B) in DMEM at 37
°C. Evolution of HDD over time (n = 3 ± SD).
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respectively, inactive (EC50 > 50 μM) (result not shown). This
contrasting antileishmanial activity could be explained by
differences between the biology of L. mexicana and L.
major.34,35

The 1−NLC and FA-1−NLC formulations produced a
minimal, although significant, increase in activity against
intracellular amastigotes of L. major (EC50 = 2.07 and 1.97
μM, respectively) compared to free compound 1 (EC50 = 2.52,
P = 0.028 and 0.012, respectively, n = 4). In contrast, no
significant increase in activity against extracellular promasti-
gotes and metacyclic promastigotes was observed with these
formulations (P > 0.05), except for FA-1−NLC (EC50 = 0.221
μM), which was marginally more effective against promasti-
gotes than 1 (EC50 = 0.287 μM; P = 0.014).
Surprisingly, blank NLC (B-NLC), which contains no active

compound 1, displayed intrinsic activity in the low micromolar
range against L. major, with similar EC50 values against
promastigotes and metacyclic promastigotes (≈5.5 μM) and a
3-times higher EC50 value (18.9 μM) against intracellular
amastigotes. In all cases, FA-B-NLCs were marginally more
active (EC50 = 4.55 and 4.64 μM) than B-NLC (5.49 and 5.59
μM, P < 0.05) against promastigotes and metacyclic
promastigotes, respectively. Likewise, FA-B-NLC was slightly
more potent against intracellular amastigotes (EC50 = 3.58
μM) than against metacyclic promastigotes (EC50 = 4.64 μM,
P = 0.028). The most dramatic effect of FA functionalization
was observed with intracellular amastigotes, which were 5.3-

fold more sensitive to blank FA-B-NLC (EC50 = 3.58 μM)
than blank B-NLC (18.9 μM, P = 0.004, n = 4). Altogether,
these results indicate that the FA coating had a positive effect
on NLC uptake by macrophages (Table 2). Importantly,
compound 1 and the different NLC formulations were
nontoxic to macrophages up to 100 μM, indicating low
toxicity with a SI > 40.

3. DISCUSSION
We have shown earlier that the DNA minor groove binding
compound 1 is very effective against L. donovani, the parasite
causing VL in the New World.5 Here, we have shown that 1 is
also active in vitro against promastigotes and amastigotes of L.
major, a cell line causing the cutaneous form of the disease. CL
treatment is challenging due to the variations in host treatment
responses, which are largely due to factors that are parasite
species specific. Most of the antileishmanial drugs that have
been in use for decades have become ineffective with species-
level insensitivity. This notwithstanding, L. major appears
largely susceptible to most drugs currently used for treating
CL. Although differences in susceptibility of Old-World (L.
donovani,5 L. major: submicromolar EC50) and New-World (L.
mexicana: inactive) Leishmania species toward compound 1
were observed, this was not unexpected because the
importance of speciation in the treatment of leishmaniasis is
well documented.36,37 For instance, L. mexicana was shown to
be more susceptible to azoles38 than L. major, whereas it was

Figure 6. Colloidal stability monitoring of 1-NLC formulation (A) and FA-functionalized 1-NLC formulation (FA-1-NLC) (B) in SIM at 37 °C.
Evolution of HDD over time (n = 3 ± SD).

Table 2. In Vitro Antiprotozoal Activity (EC50; μM)a and Cytotoxicity (CC50; μM) against Macrophage Cells of Compound 1
and NLC Formulations

EC50 (μM) CC50 (μM)

formulation L. major macrophaged

promastigotea metacyclic promastigoteb intracellular amastigotec

1 0.287 ± 0.07 0.438 ± 0.016 2.52 ± 0.22 >100
1−NLCe 0.253 ± 0.019 0.398 ± 0.006 2.07 ± 0.04*f >100
FA-1-NLCg 0.221 ± 0.019*f 0.397 ± 0.012f 1.97 ± 0.03*f >100
B-NLCh 5.49 ± 0.18***i 5.59 ± 0.25***i 18.9 ± 0.94***i >100
FA-B-NLCh 4.55 ± 0.06***i 4.64 ± 0.05***i 3.58 ± 0.51**j >100
AmBk 0.034 ± 0.003 0.056 ± 0.002 0.080 ± 0.010 >100

aPromastigotes of L. major (MHOM/IL/81/Friedlin). bMetacyclic promastigotes of L. major (MHOM/IL/81/Friedlin). cIntracellular amastigotes
of L. major (MHOM/IL/81/Friedlin). dMus musculus leukemia virus-transformed macrophage (RAW267.4) cells (ATCC TIB-71). eUncoated
NLC containing 1. fP-values calculated using the unpaired Students t-test against compound 1. gFolic acid-functionalized NLC containing 1.
hBlank NLC: control NLC without payload, both plain (B-NLC) and FA functionalized (FA-B-NLC). iP-values calculated using the unpaired
Students t-test against compound 1, 1-NLC, and FA-1-NLC. jP-values calculated using the unpaired Students t-test against FA-1-NLC.
kAmphotericin B. *P < 0.05; **P < 0.01; ***P < 0.001.
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less sensitive to Amphotericin B deoxycholate39 or stibogluc-
onate.37 Therefore, it could be hypothesized that a genetic
variation in these parasites was responsible for the observed
difference in sensitivity.
Based on several literature reports on the application of

lipid-based NP to deliver leishmanicidal drugs,40−42 we tested
whether plain and FA-functionalized NLC formulations could
improve the delivery (and in vitro activity) of compound 1 to
intracellular Leishmania parasites. The in vivo fate of lipid-
based NPs depends on various factors including the particle
size, lipid composition, and surface decoration.15 The particle
size is a determinant in the biodistribution because NP smaller
than 100 nm can escape capture by circulating macrophages.
As a consequence, they can circulate in the blood for a longer
time.43 −45 As far as leishmaniasis is concerned, a particle size
>100 nm is required to favor the uptake (via endocytosis) by
infected macrophages. The release of encapsulated bioactive
compounds from the NLC is believed to occur through
simultaneous diffusion from the NLC and degradation of the
lipid particles in the late endosome.
In general, the NLC formulations of 1 (1-NLC)

(EC50(promast.) ≈ 0.25 μM, EC50(metacyclic promast.) ≈ 0.4 μM, and
EC50(intra.amast.) = 2.0 μM, respectively) displayed in vitro
potency in the same range as the free compound 1 showing
that encapsulation had a modest beneficial effect on its
antileishmanial activity in vitro. However, this small difference
may be amplified in vivo, as was observed with other
nanocarrier formulations of antileishmanial drugs. For instance,
NLC formulations of cedrol resulted in a moderate 2-fold
increase in SI for L. donovani strains versus free cedrol. In
contrast, in vivo studies by oral administration in a mouse
model of leishmaniasis revealed that the bioactivity of cedrol-
loaded NLC increased 2.3- to 3.8-fold in the wild type and 3-
to 4.9-fold in drug-resistant strains as opposed to free cedrol.42

AmBisome, the liposomal formulation of amphotericin B, is
another example of the amplification of the antileishmanial
activity and safety in vivo by a nanocarrier formulation.
AmBisome, which was three to six times less active in vitro
than free amphotericin B against both L. major promastigotes
and intramacrophage amastigotes, produced a dose−response
effect between 6.25 and 50 mg/kg when administered once a
day (i.v.) on six alternate days. In contrast, the free drug was
ineffective at nontoxic doses.46 More recently, NLC
formulation of amphotericin B, which displayed similar IC50
values against Leishmania braziliensis as free AmB, showed a
higher SI and lower toxicity to host cells and effectively
reduced both lesion size and parasite load in a murine model of
CL.47 Thus, NLC formulations appear as a promising (and
possibly cheaper) alternative to existing liposomal formulations
of antileishmanial drugs. Altogether, the fact that the in vitro
activity of 1-NLC and FA-1-NLC was maintained, and slightly
improved against infected cells in vitro, shows that the in vivo
analysis of the NLC formulations of compound 1 is warranted.
A closer analysis of the in vitro results showed an interesting

difference between plain and FA-functionalized NLC. On the
one hand, the slightly lower EC50 values (1.3-fold, P < 0.05)
against extracellular parasites of FA-1-NLC (EC50(promast.) =
0.221 μM) versus 1 (EC50(promast.) = 0.287 μM), compared to
1-NLC versus 1 (∼1.1-fold, P > 0.05) support the hypothesis
that NP uptake into parasite cells depends on a different
mechanism that might involve, in part, the folate transporters
of Leishmania.48,49 On the other hand, the higher potency
improvement of the FA-1-NLC encapsulated drug toward

intracellular amastigotes (EC50(intra.amast.) = 2.07 μM) is possibly
linked to increased uptake by macrophages. On one side, a
specific interaction with the folate receptor of macrophages
would be expected to provide a high potency enhancement
toward FR-positive cells, as observed in the field of FR-targeted
anticancer chemotherapy,50−52 unless a reduced expression of
the FR is present on resident macrophages. However, the
activity enhancement could also occur via an unspecific
mechanism related to the size and surface charge of these
NPs. It is well established that solid lipid nanoparticles (SLNs)
with a size <200 nm are efficiently phagocytosed by
macrophages and can be uptaken by Leishmania-infected
macrophages.53 Pires et al. observed that the lipidic nature,
negative charge, and diameter of particles (∼100 nm) are the
main characteristics that favored internalization of their SLN
into macrophages.54 Furthermore, phagocytic cells take up
anionic NP to a higher extent than nonphagocytic cells which
have a preference for cationic NP.55 Hence, the size (∼125
nm) and negative nature (Z ∼ −16 mV) of the FA-
functionalized compound 1-loaded formulation, FA-1-NLC,
probably favor its internalization into macrophages versus
nonfunctionalized NLCs which are cationic (∼190 nm; Z ∼
+35 mV). This trend is illustrated by the 5.3-fold lower EC50
value of unloaded FA-B-NLC (3.58 μM) versus B-NLC (18.9
μM) against intracellular amastigotes (Table 2). The fact that
FA-B-NLC was slightly more potent against intracellular
amastigotes (3.58 μM) than metacyclic promastigotes (4.64
μM; P = 0.028) is also consistent with these observations.
Notably, the intrinsic micromolar in vitro antileishmanial

activity of the blank NPs against extracellular and intracellular
L. major parasites (Table 2) could be due to the lipid matrix
composition, the presence of 12% surfactants in the
formulation, and the combination of both. Oliveira et al.56

linked the antileishmanial activity of essential oils from Scheelea
phalerata to their lipid composition, whereas Ferreira et al.
attributed the antileishmanial effect of unloaded cetyl palmitate
and myristyl myristate-based SLN to the high surfactant
content (i.e., ca. 11% w/w poloxamer) of their formulations.23

Moreover, Serrano et al.57 have shown a strong leishmanicidal
activity of lauric acid and a moderate activity of polysorbate 20
on three different extracellular forms of the parasite Leishmania
amazonensis, L. braziliensis, and L. donovani. Remarkably, the
leishmanicidal activity displayed by the compounds present in
the NLC composition is a potential advantage that might boost
the activity of compound 1 once it has been taken up by the
cells.
DSC experiments showed that the prepared NLCs have an

amorphous matrix, suggesting that a high incorporation of the
compound into the NLC core should occur, as previously
demonstrated when comparing SLN with NLC in terms of
drug loading and entrapment efficiency.58,59 However, the
entrapment efficiency of compound 1 was limited (≈15%),
even though the incorporated amount (21.3 and 17.6 μM for
plain and FA-derivatized NLC, respectively) was >40 times
and >7 times higher than compound’s 1 EC50 value against
metacyclic promastigotes and intracellular amastigotes of L.
major, respectively. Hence, the measured colloidal stability
behavior of the NLC and the release profile of 1 should ensure
the appropriate availability of compound 1 once it is taken up
by the cells. The incorporation of compound 1 in NLC did not
substantially change the physicochemical properties of the
NLC, with a HDD (193 ± 18 nm) similar to that of the blank
formulation (160 ± 15 nm). However, FA functionalization of
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the NLC surface caused a reduction in particle size (125 ± 18
and 131 ± 16 nm, respectively).

4. CONCLUSIONS
This proof-of-concept study showed that compound 1 can be
loaded effectively in NLC and FA-coated NLC in which the
size and anionic nature (i.e., FA-NLC) are favorable for uptake
into macrophages. These formulations retained an excellent
antileishmanial in vitro activity (EC50 ≤ 2 μM) against
promastigotes, metacyclic promastigotes, and intracellular
amastigotes of L. major, indicating an effective release of the
active compound. This was accompanied by a small (statisti-
cally significant) improvement in the therapeutic index of 1
against L. major-infected macrophages. Since it is expected that
activity enhancement and/or safety profile may be amplified in
vivo, as was observed with other nanocarrier formulations of
antileishmanial drugs (e.g., amphotericin B), further studies of
this kind of formulations are warranted to optimize the delivery
of this class of compounds in vivo. Of note, the lack of activity
of 1 toward L. mexicana seems to indicate that Old World
Leishmania cell lines (e.g., L. donovani,5 L. major) are
particularly susceptible to this compound.

5. MATERIALS AND METHODS
5.1. General. Lauroglycol 90 (propylene glycol mono-

laurate) was a gift from Gattefosse ́ Spain (Madrid, Spain),
whereas Tween 20 (polyoxyethylene (20) sorbitan mono-
laurate) and Myrj 40 (polyoxyethylene (40) Stearate) were
kindly donated by Croda Iberica (Barcelona, Spain).
SUNSOFT 750 (glycerol monolaurate) was a gift from Kagaku
(Japan). ODA, FA, 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide (EDC) hydrochloride, and sulfo-N-hydroxysuc-
cinimide were purchased from Sigma-Aldrich (Madrid, Spain).
Lipoid S75 (Phospholipids with 70% phosphatidylcholine) was
purchased from Lipoid GmbH (Germany). Acetic acid
(Scharlab, Barcelona, Spain), potassium hydroxide (Sigma-
Aldrich, Madrid, Spain), potassium phosphate monobasic
(Sigma-Aldrich, Madrid, Spain), and sodium phosphate dibasic
(Sigma-Aldrich, Madrid, Spain) were used to prepare buffers of
different pH. Vivaflow 50 Cassettes (Regenerated Cellulose,
100 kDa) and 0.2 μm filters (Regenerated Cellulose) were
purchased from Sartorius Stedim Biotech (Göttingen,
Germany). Acetonitrile HPLC Supragradient was purchased
from Scharlab (Barcelona, Spain). Other chemicals were of
analytical reagent grade and used without further purification.
5.2. Chemistry. Compound 1 was synthesized previously

as a free base (23% yield, 98% purity) from 4-amino-N-(4-
aminophenyl)benzamide and S-(2-naphthylmethyl)-2-pyri-
dylthioimidate hydrobromide (Scheme 2).5

5.3. NLC Synthesis and Characterization. 5.3.1. Syn-
thesis and Functionalization of NLC. NLCs were synthesized
by a modification of the warm microemulsion method
previously described60 using a microwave reactor (MW)

(Biotage Initiator+) (Scheme 1). Briefly, all components
(Table S1) were weighed and placed in a microwave tube
that was sealed. The reaction was then carried out in the MW
reactor at 68 °C for 20 min, obtaining a clear microemulsion.
The warm microemulsion was then dispersed in water at the
same temperature (68 °C) at a ratio of 1:20 (v/v) under
magnetic stirring (1250 rpm), and then it was left to cool down
under magnetic stirring. A temperature <25 °C was achieved
after 30 min. Obtained NLC dispersion was washed 3 times by
TFF to eliminate nonincorporated drugs and excess excipients,
using this technique also for volume reduction, reaching a final
volume of NLC dispersion of 10 mL. In the case of NLC
synthesized for later functionalization with FA, at this first step,
the NLC dispersion was only concentrated by TFF until the
reduction of initial volume to 10 mL.
The NLC surface was functionalized with FA by covalent

linkage to the amine residues present on the NLC surface.61,62

To do so, FA was added in a 2:1 molar ratio to ODA in
HEPES 1 M (pH 7.5−8.0) in the presence of EDC and sulfo-
N-hydroxysuccinimide (sulfo-NHS). The molar ratio between
FA, EDC, and sulfo-NHS was 1:3:3.3. The reaction was left
under magnetic stirring (700 rpm) for 4 h. At pre-established
time points (0, 1, 2, 3, and 4 h), a sample was taken (0.5 mL)
to evaluate the incorporation of FA. The sample was washed 3
times with an Amicon filtration system (100 kDa), and the
HDD and zeta potential were measured. An effective addition
of FA should cause an inversion of the NLC zeta potential
from positive to negative.
At the end of the reaction, FA-functionalized NLCs were

purified by washing 3 times by TFF as previously described to
remove the excess reagents, obtaining a final volume of 10 mL.
The amount of FA attached to the NLC was determined

spectrophotometrically at 280 nm by using a CLARIOstar Plus
Microplate reader with a UV detector. To do so, FA-
functionalized NLC was destroyed by dilution with methanol
(1:20, v/v) to release attached FA. Then, the concentration of
FA in FA-functionalized NLC was calculated with a calibration
curve of FA in methanol (in the range of 1−42 μg/mL).

5.3.2. NLC Physicochemical Characterization. The HDD
and PDI of all sets of NLC synthesized were assessed by
photon correlation spectroscopy using a Zetasizer nano ZS90
instrument (Malvern Panalytical, UK). All measurements were
performed in triplicate at RT. The surface charge or zeta
potential of NLC was determined by Electrophoretic Light
Scattering using a Zetasizer Nano ZS90 (Malvern Instruments,
UK). For this, the NLCs were diluted in sodium chloride 100
mM (1:50) before the analyses. Each sample was analyzed in
triplicate at RT.
The physical state of the lipid matrix was evaluated by DSC

using a DSC 1 Star System Mettler-Toledo (Germany). An
amount between 5−10 mg of raw lipid components, ODA, and
glycerol monolaurate was weighted in an aluminum pan that
was later sealed. A volume of NLC containing the equivalent

Scheme 2. Synthesis of Compound 1
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amount of these lipids was put in an aluminum pan, that was
later sealed. DSC was carried out under N2 flux using a
temperature ramp of 5 °C/min from 30 to 90 °C.

5.3.3. Morphology Determination by TEM. The morphol-
ogy of blank NLC and compound 1-loaded NLC was
examined by TEM. TEM analyses were performed at the
National Centre of Electronic Microscopy of the Complutense
University of Madrid (Madrid, Spain). NLCs were diluted 1:50
in water and placed on the surface of carbon-coated copper
grids, negatively stained with 2% uranyl acetate, and observed
under TEM using a JEOL JEM 1400 instrument operated at
100 kV equipped with a CCD camera Gatan Orius Sc 200.

5.3.4. Determination of Entrapment Efficiency. The
concentration of compound 1-loaded NLC, plain, and FA-
functionalized NLC was determined before and after the
purification process using TFF by means of HPLC−MS
analysis using a SunFire C18 3.5 μm 2.1 × 50 mm column.
The chromatography was carried out at a flow rate of 1 mL/
min, using a gradient of water/acetonitrile (containing 0.02%
formic acid) from 95/5 to 5/95 in t = 5 min. A calibration
curve was obtained by dissolving 1 in ethyl acetate and diluting
it in acetonitrile at different concentrations (0.5 μg/mL−15
μg/mL). The theoretical concentration of compound 1 loaded
in the NLC is 150 μg/mL (10 mL of reaction volume). The
analytical samples were prepared by dilution (1:50, v/v) of
final NLC dispersion with acetonitrile (containing 0.02%
formic acid) and then filtered with a 0.2 μm poly(ether
sulfone) (PES) filter before analysis. This dilution step is
required in the first instance to destroy the NLC and release
the encapsulated compound 1 (analyte), using the selected
dilution factor in order to fit the concentration of the analytical
samples within the concentration range of the calibration
curve. Entrapment efficiency (EE %) was calculated using the
following formula

= ×C
C

EE% 100AP

BP

where CAP is the concentration of 1 obtained after the
purification process, and CBP is the concentration of 1 before
the purification process.

5.3.5. Drug Release In Vitro Evaluation. Compound 1
release from NLC at acidic and physiological pH was evaluated
using low ionic strength buffers (pH 5.5 and 7.4) in order to
ensure NLC stability during the study. NLCs were diluted 1:5
(v/v) in the corresponding buffer and incubated at 37 °C for
24 h. At pre-established time points, the released compound 1
was removed by centrifugation using an Amicon filtration
system (membrane cutoff 100 kDa) and the remaining
compound 1 was determined by NLC disruption and
quantification by HPLC-MS, as described in Section 5.3.4.
Moreover, the HDD at each time point was measured by DLS
to check the integrity of the particles during the in vitro release
study.

5.3.6. Stability Studies. All sets of prepared NLC
formulations were subjected to stability studies in triplicate.
NLC colloidal stability during storage was evaluated at RT by
measurement of HDD, PDI, and zeta potential at pre-
established time points over 60 days. Moreover, the behavior
of 1-loaded NLC in the culture medium selected for biological
studies was also evaluated. To do so, NLCs were diluted 1:20,
1:50, 1:100, 1:500, and 1:1000 (v/v) and incubated at 37 °C
for 24 h in not-supplemented DMEM, used for macrophages

culture, and in SIM, used for Leishmania strain growth. At pre-
established time points, the HDD and count rate were
measured by DLS.
5.4. Biology. 5.4.1. Determination of Cellular Toxicity.

Cytotoxicity was carried out as previously described.63−65

Briefly, counterscreening was performed against Mus musculus
leukemia virus-transformed macrophage (RAW267.4) cells
(ATCC TIB-71) cultured in DMEM (Fisher Scientific)
supplemented with 10% HIFBS (Biosera). Cells were counted
using a Neubauer Improved Hemocytometer. Plates were
seeded with 5 × 103 cells per well. Following overnight
incubation at 37 °C and 5% CO2, cells were incubated with
test compounds in 100 μL of media for 24 h in the same
conditions and then for a further 4 h after adding 10 μL of
alamarBlue. Subsequently, cell viability was assessed using a
fluorescent plate reader (BioTek; 560EX nm/600 EM nm).
5.4.2. Assessing the Efficacy of Test Compounds

against L. mexicana- or L. major-Infected Macrophages.
L. mexicana (MNYC/BZ/62/M379) and L. major (MHOM/
IL/81/Friedlin) were separately maintained at 26 °C in
Schneider’s Drosophila media (Sigma-Aldrich) supplemented
with heat-inactivated fetal bovine serum (HIFBS; 15% for
promastigotes, and 20% for amastigotes; Gibco). As previously
described, L. mexicana promastigotes were transformed into
axenic amastigotes by a pH and temperature shift.64 On the
other hand, metacyclic promastigotes of L. major were
recovered during the stationary phase from the L. major
promastigote cultures.
The efficacy of the NP, compound 1 alone, or control drug

against L. mexicana- or L. major-infected macrophages was
assessed as previously described66 with modifications. Briefly,
RAW264.7 (TIB-71, ATCC) cells were routinely cultured in
DMEM10 (10% FBS; 1% Penicillin−Streptomycin and 1%
nonessential amino acids). Cells were later seeded in 96-well
plates at 5 × 105 cells mL−1 (100 μL/well) density and
incubated overnight at 37 °C, 5% CO2, before being washed
twice with 100 μL DMEM2 (2% FBS, 1% PS). L. mexicana
amastigotes or L. major metacyclic promastigotes at a
concentration of 50 × 105 cells mL−1 (100 μL/well)
resuspended in DMEM2 were used to infect RAW264.7 cells,
and plates were later incubated for another 24 h at 37 °C, 5%
CO2. Subsequently, infected L. mexicana or L. major cells were
washed five times with DMEM2 before being treated with
serial dilutions of the test compounds in DMEM2 in 100 μL
final volume for a further 24 h incubation at 37 °C, 5% CO2.
Finally, the infected RAW264.7 cells were washed three times
with serum-free SIM and lysed with 20 μL/well of SDS
(0.05%, v/v in Schneider’s media) for 30 s before addition of
180 μL/well of SIM (pH 7, 15% FBS). Plates were later
Parafilm sealed and incubated for 48 h at 26 °C. Then, 10 μL
of Resazurin (125 μg/mL) was added to each well before a 4 h
incubation at 26 °C before assessing parasite viability using a
fluorescent plate reader (BioTek; 560EX nm/600 EM nm). All
of the experiments described above were carried out in
triplicates.
5.4.3. Screening against Promastigotes and Amasti-

gotes (or Metacyclic Promastigotes). Four ×104 parasites
per well were seeded in a clear flat bottom 96-well microplate
(Nunc Microwell; Fisher Scientific UK), excluding the outer
wells. For the positive and negative controls, 0.5 μL of 1 mM
Amphotericin B (Amp B; Sigma-Aldrich) or DMSO was added
to each well. Serial dilutions of the NPs, compound 1 alone, or
control drug were later introduced to a final volume of 100 μL
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in each well and incubated at 26 °C for 24 h. Ten μL of
Resazurin (125 μg/mL) was added to each well, followed by a
further 24 h incubation. Plates were then read using the
BioTek FLx800 fluorescence microplate reader (BioTek;
560EX nm/600 EM nm).
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and biophysical and biological studies of N-phenylbenzamide
derivatives targeting kinetoplastid parasites. J. Med. Chem. 2023, 66
(19), 13452−13480.
(6) Millan, C. R.; Acosta-Reyes, F. J.; Lagartera, L.; Ebiloma, G.;
Lemgruber, L.; Nué-Martinez, J. J.; Saperas, N.; Dardonville, C.; de
Koning, H.; Campos, J. L. Functional and structural analysis of AT-
specific minor groove binders that disrupt DNA-protein interactions

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c08138
ACS Omega 2025, 10, 7795−7805

7803

https://pubs.acs.org/doi/10.1021/acsomega.4c08138?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08138/suppl_file/ao4c08138_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christophe+Dardonville"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5395-1932
https://orcid.org/0000-0001-5395-1932
mailto:dardonville@iqm.csic.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Gonza%CC%81lez-Paredes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3504-0841
https://orcid.org/0000-0002-3504-0841
mailto:ana.gonzalez@iqm.csic.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+Jonathan+Nue%CC%81-Martinez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6483-6892
https://orcid.org/0000-0001-6483-6892
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+Leo-Barriga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4853-5250
https://orcid.org/0000-0003-4853-5250
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernando+Herranz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3743-0050
https://orcid.org/0000-0002-3743-0050
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zisis+Koutsogiannis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+W.+Denny"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5051-1613
https://orcid.org/0000-0002-5051-1613
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Godwin+U.+Ebiloma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4072-9800
https://pubs.acs.org/doi/10.1021/acsomega.4c08138?ref=pdf
https://www.who.int/news-room/fact-sheets/detail/leishmaniasis
http://www.who.int/neglected_diseases/2010report/NTD_2010report_embargoed.pdf
http://www.who.int/neglected_diseases/2010report/NTD_2010report_embargoed.pdf
http://www.who.int/neglected_diseases/2010report/NTD_2010report_embargoed.pdf
https://doi.org/10.1016/S0140-6736(18)31204-2
https://doi.org/10.1371/journal.pntd.0006052
https://doi.org/10.1371/journal.pntd.0006052
https://doi.org/10.1021/acs.jmedchem.3c00697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.3c00697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.3c00697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkx521
https://doi.org/10.1093/nar/gkx521
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and cause disintegration of the Trypanosoma brucei kinetoplast.
Nucleic Acids Res. 2017, 45 (14), 8378−8391.
(7) Nué-Martinez, J. J.; Maturana, M.; Lagartera, L.; Rodríguez-
Gutiérrez, J.-A.; Boer, R.; Campos, J. L.; Saperas, N.; Dardonville, C.
Crystal structure of the HMGA AT-hook 1 domain bound to the
minor groove of AT-rich DNA and inhibition by antikinetoplastid
drugs. Sci. Rep. 2024, 14 (1), 26173.
(8) Kelly, B. L.; Singh, G.; Aiyar, A. Molecular and cellular
characterization of an AT-hook protein from Leishmania. PLoS One
2011, 6 (6), No. e21412.
(9) Alvar, J.; Arana, B. Leishmaniasis, impact and therapeutic needs.
In Drug Discovery for Leishmaniasis; Rivas, L., Gil, C., Eds.; The Royal
Society of Chemistry, 2017.
(10) Leishmaniasis en las Ameŕicas, Recomendaciones para el
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