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A B S T R A C T

17-N-allylamino-17-demethoxygeldanamycin (17-AAG, tanespimycin) is an inhibitor of heat shock protein 90
(Hsp90), which has been studied in the treatment of cancer such as leukemia or solid tumors. Alternatively, 17-
AAG may represent a promising therapeutic agent against leishmaniasis. However, the delivery of 17-AAG is
difficult due to its poor aqueous solubility. For exploring the therapeutic value of 17-AAG, we developed solid
lipid nanoparticles (SLN) by double emulsion method. SLN exhibited ~100 nm, PDI < 0.2 and zeta potential
~20 mV. In addition, SLN were morphologically spherical with negligible aggregation. The entrapment effi-
ciency of 17-AAG into the lipid matrix reached at nearly 80%. In a separate set of experiments, fluorescent SLN
(FITC-labeled) showed a remarkable macrophage uptake, peaking within 2 h of incubation by confocal micro-
scopy. Regarding the drug internalization as critical step for elimination of intracellular Leishmania, this finding
demonstrates an important feature of the developed SLN. Collectively, these data indicate the feasibility of
developing SLN as potential delivery systems for 17-AAG in leishmaniasis chemotherapy.

1. Introduction

The inhibition of heat shock protein 90 (Hsp90) is recognized as an
innovative chemotherapeutic approach against cancer (Bhat et al.,
2014). In turn, the modulation of Hsp90 has been also reported as a
mechanism able to provoke modifications in protozoan parasite dif-
ferentiation processes. In Leishmania spp., inhibition of Hsp90 induces
the arrest of promastigote growth and its transformation into rounded
amastigote-like forms (Wiesgigl, 2001). Therefore, Hsp90 inhibitors
may represent a new generation of anti-leishmanial agents.

Among Hsp90 inhibitors, 17-N-allylamino-17-demethox-
ygeldanamycin (17-AAG, tanespimycin) (Fig. 1A) has been shown to be
able to induce the elimination of intracellular Leishmania
(Petersen et al., 2012). However, the clinical value of 17-AAG has been

limited by the poor aqueous solubility, low stability and short biological
half-life (Saxena and Hussain, 2013). These hindrances have required a
formulation able to improve the therapeutic index of 17-AAG. Never-
theless, parenteral formulations have been prepared with toxic organic
excipients such as polyoxyl castor oil (Cremophor® EL), DMSO or
ethanol (Xiong et al., 2009).

Different strategies for developing Cremophor-free formulations for
17-AAG have been intended for the treatment of cancer (Saxena and
Hussain, 2013; Xiong et al., 2009). On the other hand, a few studies
exploring the Hsp90 inhibition by novel 17-AAG formulations against
leishmaniasis have been reported (Petersen et al., 2018). With the re-
cognition of 17-AAG as a promising antileishmanial compound, an ef-
ficient delivery system able to provide drug internalization into Leish-
mania-infected macrophages is needed, regarding the limitations of 17-
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AAG from formulation standpoint.
Solid lipid nanoparticles (SLN) represent a class of drug delivery

systems composed of biocompatible lipids being solid at both room and
body temperatures (Paliwal et al., 2020). The first generation of SLN
was developed with one solid lipid coated by surfactant. However, due
to the low drug loading capacity, the second generation of SLN added a
liquid lipid to change the polymorphism characteristic of the matrix.
Consequently, an increase on drug solubility and retention into the lipid
matrix can be achieved (Andrade et al., 2020).

SLN have attracted major attention as novel colloidal drug carriers
for antileishmanial agents. For instance, paromomycin-loaded SLN de-
monstrated efficacy against L. major-infected BALB/c mice
(Kharaji et al., 2016). In other approach, lipid-based nanoformulations
of trifluralin analogs showed improved performance against L. infantum
infection in mice (Lopes et al., 2016). Zaioncz and colleagues reviewed
the role of colloidal carriers in amphotericin B delivery, highlighting

the potential of SLN for the treatment of leishmaniasis (Zaioncz et al.,
2017).

In the present study, we have developed and characterized SLN for
17-AAG intravenous delivery. Further, this formulation was tested for
its propensity to be internalized by macrophages, which is mandatory
for antileishmanial effects. This strategy introduces a novel formulation
approach free of toxic excipients, and with potential to provide a safe
and effective treatment of leishmaniasis by Hsp90 inhibition.

2. Material and methods

17-AAG was purchased from InvivoGen (San Diego, California,
EUA). Glyceryl palmitostearate (Precirol® ATO 5) was kindly gifted by
Gattefossé (Saint-Priest, France). β-cyclodextrin, polysorbate 80
(Tween® 80), sorbitan monostearate (Span® 60), fluorescein 5-iso-
thiocyanate (FITC, F7250) and glycerol were provided by Sigma-
Aldrich (São Paulo, Brazil). Thioglycollate was purchased from Gibco
(Gaithersburg, MD, USA). Dulbecco's modified Eagle's medium (DMEM)
was supplied by Lonza (Slough, UK). Ultrapure water (Milli-Q® quality)
was used in all the experiments. All other chemicals used were of re-
agent or pharmaceutical grade.

2.1. Preparation of SLN

17AAG-loaded SLN were obtained by double emulsion method ac-
cording to composition showed in Table 1. Briefly, both the internal
water phase (W1) and the lipid phase (LP) were, separately, heated to a
temperature 10 °C above the lipid phase transition (melting range for
Precirol® ATO 5, 50 – 60 °C). Previously, 17-AAG was solubilized into
the LP under magnetic stirring overnight, yielding a clear purple and
viscous drug-containing LP. Next, W1 was added to LP under high-shear
homogenization using an Ultra-Turrax® T25 homogenizer (IKA, Ger-
many) for 10 min at 10,000 rpm. Then, a primary emulsion was formed,
about which a volume of the external water phase (W2) previously
cooled (3 °C) was added. This multiple emulsion was homogenized for
2 min at 10,000 rpm. The final volume of W2 was added to multiple
emulsion and it was maintained under magnetic stirring for 20 min. For
nanoparticle collection, diluted SLN suspensions were placed into Oak
Ridge centrifuge tubes and washed two times with ultrapure water by
centrifugation at 4 °C (17,000 × g, 30 min). Finally, the particles were
resuspended in 5 ml of ultrapure water, frozen at –80 °C and lyophilized
in a benchtop freeze dryer (FreeZone 2.5, Labconco, USA). All batches
were stored at –4 °C. The same procedure was also used to prepare
empty SLN (drug-free) and fluorescent SLN containing FITC (10 mg into
W1).

2.2. Nanoparticle characterization

SLN were characterized by particle size, zeta potential and trans-
mission electron microscopy (TEM) as described in the Supplementary
materials section.

Fig. 1. Chemical structure of 17-AAG (A). Particle size distribution of 17-AAG-
loaded SLN by dynamic light scattering (B). TEM microphotograph of SLN
loaded with 17-AAG (C). Scale bar: 200 nm.

Table 1
Composition of SLN prepared by double emulsion method (w/o/w).

Constituents Internal water
phase

Lipid
phase

External water
phase

(W1) (LP) (W2)

β-cyclodextrin 50 mg
Precirol® ATO 5 100 mg
Glycerol 10 ml
Sorbitan monostearate 50 mg
17-AAG 10 mg
Polysorbate 80 250 mg
Distilled water 25 ml 40 ml
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2.3. Encapsulation efficiency and drug loading

The 17-AAG encapsulation efficiency (EE) was determined using an
indirect method. For that, 17-AAG into SLN was quantified by UV–Vis
spectroscopy after separation of free and nanoparticle-associated drug.
Samples were obtained by ultra-centrifugation and disruption of SLN
with ethanol and vortexing.%EE was calculated by (total drug added –
free non-entrapped drug) divided by the total drug added.

2.4. Long-term stability of SLN

Physical stability of SLN suspensions was determined by monitoring
pH, electron conductivity and turbidity during 120 storage days at
25 ± 3 °C.

2.5. Uptake assay with fluorescent SLN

Thioglycollate-elicited CBA mouse macrophages were co-incubated
with FITC-loaded SLN (1:50 diluted) during 2 h. Thereafter, cells were
washed twice with PBS, fixed for 15 min with 2% paraformaldehyde
and rinsed in PBS. To visualize nuclei, material was mounted with
Vectashield containing DAPI (Vector Laboratories, Burlingame, CA).
The slides were examined with a Leica TCS SP8 confocal laser-scanning
microscope (Leica Microsystems, Mannheim, Germany).

3. Results and discussion

In this work, we have hypothesized that SLN could provide 17-AAG
solubilization without use of toxic excipients. Consequently, this novel
formulation could improve the 17-AAG therapeutic index. Herein, SLN
were fluid suspensions with white color for empty-SLN or clear purple
for 17AAG-loaded SLN. No aggregates or debris were visualized in the
nanosuspensions. SLN formulations exhibited sizes around 100 nm with
no differences between drug and empty nanoparticles. Narrow particle
size distributions were also found, with PDI values < 0.2 (Fig. 1B). Of
note, incorporation of 17-AAG into SLN did not alter their surface
charge, as indicated by similar measurements of zeta potential (ca.
–20 mV; Table 2). TEM micrographs of SLN revealed the spherical
shape of the particles and negligible aggregation (Fig. 1C).

The formulation parameters were optimized in order to obtain
stable SLN with high 17-AAG loading (not shown). 17-AAG is practi-
cally insoluble in water, but soluble in DMSO, methanol and chloroform
(~10 mg/ml). To avoid these toxic excipients, glyceryl palmitostearate
was selected to produce a lipid matrix able to solubilize properly 17-
AAG. Herein, the entrapment efficiency reached at nearly 80% at the
drug/lipid ratio of 1:10, resulting in a drug loading around 4%w/w.
These results of encapsulation efficiency and drug loading were similar
those previously reported for 17-AAG loaded-Pluronic® P-123/F-127
mixed micelles, namely about 88% and 4%, respectively (Saxena and
Hussain, 2013). But it is worth mentioning these micelles have been
designed to deliver 17-AAG in cancer chemotherapy, not for leishma-
niasis.

Concerning to SLN stability, Fig. 2 shows temporal changes in pH,
conductivity and turbidity of non-loaded (blank) and 17-AAG-loaded
SLN formulations. Consistent reductions on turbidity were determined,
with a pronounced effect of 17-AAG on turbidity dropping. These
findings correlate with TEM, particle size distribution and surface

charge of the SLN formulations, whereas the reduced turbidity of the
nanosuspensions could probably indicate a negligible agglomeration of
particles in suspension. Therefore, SLN containing 17-AAG were stable
for 120 days at 25± °C.

As macrophage uptake is a key process for antileishmanial effects,
the developed SLN were tested for their propensity for internalization
by macrophages. Fig. 3 shows the macrophage uptake of SLN (green
FITC-marked). Intense green fluorescence of SLN could be seen inside
the cells. Macrophages recognized SLN as material to be internalized,
whereas fluorescent SLN could be seen in projections from the cell
surface. In addition, cells displayed a uniform cytoplasmic green
fluorescence signal, indicating an effective engulfment of SLN. Hence,
the internalization profile of SLN formulations by mouse peritoneal
macrophages clearly showed that SLN were highly captured as in-
dicated by the accumulation of the fluorescent marker in cell cyto-
plasm.

The evaluation of cellular uptake of nanoformulations can be useful
to predict their interaction with macrophages in vivo (Lopes et al.,
2016). Still, toxicity of anti-Leishmania drugs can be reduced by em-
ploying macrophage-directed delivery systems. Indeed, targeting an-
tileishmanial agents to macrophages has been reported through various
methods, including nanosized drug delivery systems (Van de Ven et al.,
2012; Kar et al., 2017). Van de Ven et al. provided in vitro evidence for
the passive targeting potential of fluorescently labeled PLGA particles,
which were uptake by J774A.1 macrophages infected with L. donovani
(Van de Ven et al., 2012). Fluorescent coumarin-6-loaded nanos-
tructured lipid carrier also showed considerable internalization in iso-
lated peritoneal macrophage cells, which led to greater antileishmanial
activity (Kar et al., 2017). Nanoparticle cellular uptake is markedly
dependent on size and surface charge. Nanoparticles in a size range
below 200 nm are associated with increased phagocytosis and can be
internalized within Leishmania-infected macrophages (Jain et al.,
2014). In general, nonphagocytic cells ingest cationic nanoparticles to a
higher extent, while phagocytic cells preferentially take up anionic
nanoparticles (Fröhlich, 2012). In the present study, macrophages re-
cognized ~100 nm-sized negatively charged SLN as a material to be
internalized, probably due to their size, surface charge and lipid nature.
Unlike most studies on nanoparticle uptake, we performed an ex vivo
evaluation of cellular entry of lipid nanoparticles using primary mouse
peritoneal macrophages. This is an advantageous uptake evaluation
compared to in vitro assays with murine monocyte-macrophage cell
lines (e.g. IC-21, J774A.1, RAW 264.7) because it could better reflect
the process in vivo.

Seen all together, this investigation led to a SLN-based 17-AAG
formulation, which exhibited high 17-AAG loading and stability, and
ability for internalization by macrophages. These results indicate the
feasibility of SLN as potential delivery systems for 17-AAG, representing
an innovative strategy to tackle 17-AAG formulation hurdles.
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