
P
b
l

F
K
A
a

b

c

d

B
e

F
f

a

A
R
R
A
A

K
S
A
S
O
M

B

B

a
h
0

Journal of Pharmaceutical and Biomedical Analysis 123 (2016) 195–204

Contents lists available at ScienceDirect

Journal  of  Pharmaceutical  and  Biomedical  Analysis

j o ur na l ho mepage: www.elsev ier .com/ locate / jpba

hysicochemical  characterization  by  AFM,  FT-IR  and  DSC  and
iological  assays  of  a  promising  antileishmania  delivery  system

oaded  with  a  natural  Brazilian  product�

ranciane  Marquele-Oliveiraa,∗,  Elina  Cassia  Torresa, Hernane  da  Silva  Barudb,c,
arina Furlani  Zoccald, Lúcia  Helena  Facciolid,  Juliana  I. Horie,
ndresa  Aparecida  Berrettaa,f,∗
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a  b  s  t  r  a  c  t

The  control  and  treatment  of  Leishmaniasis,  a neglected  and  infectious  disease  affecting  approxi-
mately  12  million  people  worldwide,  are  challenging.  Leishmania  parasites  multiply  intracellularly  within
macrophages  located  in  deep  skin  and  in  visceral  tissues,  and  the currently  employed  treatments  for  this
disease  are  subject  to  significant  drawbacks,  such  as resistance  and toxicity.  Thus,  the  search  for  new
Leishmaniasis  treatments  is  compulsory,  and  Ocotea  duckei  Vattimo,  a plant-derived  product  from  the
biodiverse  Brazilian  flora,  may  be a  promising  new  treatment  for  this  disease.  In  this  regard,  the  aim  of
this  work  was  to develop  and  characterize  a delivery  system  based  on  solid  lipid  nanoparticles  (SLN)
that  contain  the  liposoluble  lignan  fraction  (LF)  of  Ocotea  duckei  Vattimo,  which  targets  the  Leishma-
nia  phagolysosome  of  infected  macrophages.  LF-loaded  SLNs  were  obtained  via the  hot  microemulsion
method,  and their  physical  and  chemical  properties  were  comprehensively  assessed  using  PCS,  AFM,
SEM,  FT-IR,  DSC,  HPLC,  kinetic  drug  release  studies,  and  biological  assays.  The  size  of the  developed
delivery  system  was  218.85  ± 14.2  nm,  its zeta  potential  was  −30 mV  and its  entrapment  efficiency  (EE%)
was  high  (the  EEs%  of  YAN  [yangambin]  and EPI-YAN  [epi-yangambin]  markers  were  94.21  ±  0.40%  and
94.20  ±  0.00%,  respectively).  Microscopy,  FT-IR  and  DSC  assays  confirmed  that  the delivery  system  was
nanosized  and  indicated  a core–shell  encapsulation  model,  which  corroborated  the  measured  kinetics  of
drug release.  The  total  in  vitro release  rates  of  YAN  and  EPI-YAN  in  buffer  (with  sink  conditions  attained)
were  29.6  ±  8.3%  and  34.3  ±  8.9%,  respectively,  via diffusion  through  the  cellulose  acetate  membrane
of  the SLN  over  a period  of 4 h.  After  24  h,  the  release  rates  of both  markers  reached  approximately
45%,  suggesting  a sustained  pattern  of  release.  Mathematical  modeling  indicated  that  both  markers,

YAN  and  EPI-YAN,  followed  matrix  diffusion-based  release  kinetics  (Higuchi’s  model)  with  an  estimated
diffusion  coefficient  (D)  of 1.3.10−6 cm2/s. The  LF-loaded  SLNs  were  non-toxic  to murine  macrophages
(20–80  �g mL−1 range)  and  exerted  a prominent  anti-leishmanial  effect  (20  �g mL−1). These  data  suggest
this  new  and  well-characterized  lipid  nanoparticle  delivery  system  safely  and  effectively  kills  Leishmania
and  warrants  further  clinical  investigation.

� Selected paper from 26th International Symposium on Pharmaceutical and
iomedical Analysis (PBA 2015), July 5th to 8th, 2015, Tbilisi, Georgia.
∗ Corresponding authors at: Triunfo street, 945, Ribeirão Preto/SP, CEP 14020-670,
razil.

E-mail addresses: fmarqueleoliveira@gmail.com (F. Marquele-Oliveira),
ndresaberretta@hotmail.com (A.A. Berretta).
ttp://dx.doi.org/10.1016/j.jpba.2016.01.045
731-7085/© 2016 Published by Elsevier B.V.
© 2016  Published  by  Elsevier  B.V.

1. Introduction
Drug delivery systems based on lipid nanoparticles constitute
an area of extensive development due to the prominent advan-
tages of this colloidal system as a therapeutic. In general, solid
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ipid nanoparticles (SLN) and nanostructured lipid carriers (NLC)
re highly stable and nontoxic. They can encapsulate both lipophilic
nd hydrophilic drugs and have been administered via several
outes [1]. Moreover, they permit controlled and sustained drug
elease [2] and can be employed for organelle-specific disease treat-
ents [3].
Studies of SLNs loaded with lipophilic drugs have yielded

romising results. For example, the antibacterial responses of nor-
oxacin were enhanced when the drug was loaded into SLNs [4].
oreover, Bose and Michniak observed that SLN encapsulation

ncreased the gastrointestinal absorption of quercetin, as indicated
y an increase in the drug bioavailability of 571.4% [5]. Cytotoxic
ompounds, such as topotecan and doxorubicin, have also been
oaded into SLNs and have gained broad acceptance in this formu-
ation as cancer treatment due to increases in drug efficacy and
ecreases in toxicological effects [6,7]. Notably, most lipids used
o manufacture these particles are GRAS (Generally Recognized as
afe) and have low toxicity concerns [8].

Leishmaniasis, one of the main neglected and infectious dis-
ases worldwide, is caused by parasites of the genus Leishmania,
hich multiply within macrophages to cause cutaneous and vis-

eral pathologies. Leishmaniasis affects approximately 12 million
eople in 88 countries and its control is an important challenge for
he scientific community, government and industry initiatives [9].
entavalent antimonials, the antimoniate of N-methyl-glucamine
Glucantime®) and sodium stibogluconate (Pentostan®) [9] fol-
owed by pentamidine and amphotericin B are currently the main
trategies for leishmaniasis treatment. However, these drugs are
ntravenously administered for prolonged periods (at least 20
ays), and they are associated with off-target toxicity and occa-
ional low effectiveness, which may  lead to treatment failure.

In the search for new anti-leishmania products, Ocotea duckei
attimo, a plant originating from Brazilian biodiversity, is con-
idered a promising lignan-based drug that targets Leishmaniasis.

 purified fraction (lignan Fraction—LF) from Ocotea duckei Vat-
imo is highly lipophilic and rich in yangambin lignan (YAN) and
ts epimer, epi-yangambin (EPI-YAN), which have demonstrated
romising activity against Leishmania amazonensis and Leishmania
hagasi. Monte-Neto and collaborators showed that LF inhibited
he growth of the parasite in vitro at a higher rate than the current
eference drug, Glucantime® [10]. Significant alterations in cellular
orphology and physiology associated with apoptotic cell death

nd autophagic characteristics have been observed in yangambin-
reated parasites [11]. In addition, this lignan has demonstrated low
ytotoxicity in macrophages, with CC50 values of 246.7 �g mL−1

n an MTT  assay, and low antimitotic and teratogenic potential at
oses not exceeding 500 �g mL−1 [12].

To administer the drug to an intracellular target, this work pro-
oses loading SLNs with LF to safely treat cutaneous and visceral

eishmaniasis. In addition to permitting administration via several
outes, LF-loaded SLN may  also reach the Leishmania phagolyso-
ome [13] of infected macrophages in deep tissues. Data from the
iterature indicate that SLN can penetrate cell membranes [14],

hich permits the sustained intracellular release of LF.
A report focusing on LF composition, main compounds achieve-

ent and characterization (YAN and EPI-YAN) has recently been
eleased. A RP-HPLC-DAD method was developed and validated:
pecifically, the identity and purity of markers were assessed based
n their UV profile, IR, ESI-IT MS, 13C NMR, 1H NMR  and the melt-
ng point range. Additionally, preliminary cytotoxicity analyses of

urine macrophages demonstrated the safety of LF, but not of a
F-loaded nanoparticle formulation [15]. As a consequence, the

resent work aimed to develop a new and safe LF carrier system,
s well as, to fully characterize it by PCS, AFM, SEM, FT-IR, DSC,
PLC and kinetic drug release studies. The present carrier system

s supposed to target not only the pathophysiology of leishmania-
l and Biomedical Analysis 123 (2016) 195–204

sis but also to examine the properties of LF to improve the in vivo
distribution and absorption of LF. Therefore, to this end, this work
also presents for the first time the in vitro safety and efficacy proto-
cols to highlight the potential medicinal uses of this new approach
for Leishmaniasis treatment. The development of a safe and non-
toxic lignan-based nanomedicine may  provide numerous benefits
for patients suffering from the side effects of the current treatments
for Leishmaniasis.

2. Materials and methods

2.1. Material and reagents

The lignan fraction and the isolated pure yangambin (YAN)
and epi-yangambin (EPI-YAN) compounds were obtained from
the dried leaves and stem bark of Ocotea duckei Vattimo (Lau-
raceae) according to a previously described methodology [10,15].
The plant material was collected in February of 2010 in the state of
Paraíba (Northeast from Brazil) and identified by Prof. Dr.  Maria de
Fátima Agra (Cbiotec/UFPB). A voucher specimen (AGRA 4309) was
deposited in the Lauro Pires Xavier herbarium at the Federal Uni-
versity of Paraíba (UFPB). The experimental data from the isolated
compounds confirmed the YAN and EPI-YAN identity as previously
described [15].

The acetonitrile and methanol used herein were of HPLC grade
(JT Baker, Philipsburg, NJ, USA). Acetic acid, dichloromethane and
ethanol were of analytical grade (Vetec, Duque de Caxias, RJ, Brazil).
Reagent-grade methanol was used to isolate yangambin (YAN) and
epi-yangambin (EPI-YAN) and obtained from Merck (Darmstadt,
Germany). Ultrapure water (Type I) was used for HPLC and obtained
using a Milli-Q water purification system (Millipore, Bedford, MA,
USA).

2.2. Lipid carrier preparation

SLNs were obtained via the microemulsion method as previ-
ously described [6,7] with minor modifications. Specifically, the
SLNs were prepared using stearic acid (Sigma–Aldrich, St. Louis,
MO,  USA) as the internal phase, soy lecithin (Lipoid GMBH,  Lud-
wigshafen, German) as the surfactant, sodium taurodeoxycholate
(Sigma–Aldrich, St. Louis, MO,  USA) as a co-surfactant and puri-
fied water as the continuous phase. The microemulsion for the
SLNs was  prepared as follows: stearic acid (20%) was first melted
at 10 ◦C above its melting point (65.0–70.0 ◦C), surfactant (10%)
was then added and stirred until it was  completely dissolved. The
aqueous phase (sufficient to prepare 1 g of microemulsion) contain-
ing the co-surfactant (2.5%) was  then heated to 80 ◦C and added
to the melted lipid mixture. The mixture was  maintained stir-
ring at 80 ◦C until the microemulsion formed. Subsequently, 2% LF
was added to the resulting microemulsion, which was  dispersed
in purified water at 2–5 ◦C under mechanical stirring (20,000 rpm
for 10 min, Ultra Turrax, AT15, IKA-Werke, Staufen, Germany). The
LF-unloaded SLNs were also prepared in the absence of the lig-
nan extract. In some cases, as described below, the SLNs were
lyophilized using sucrose as cryoprotector (7.5%). The lyophilized
SLNs were readily resuspended in ultrapure water when necessary.

2.3. Photon correlation spectroscopy and zeta potential

The average diameter and polydispersivity index (PdI) of the
SLNs were measured by photon correlation spectroscopy (PCS)

(Malvern Zetasizer Nano ZS90, Malvern instruments Ltd., Worces-
tershire UK) with a 50 mV  laser. The SLN suspensions were diluted
1000× in purified water before analysis. The measurements were
performed at 25 ◦C at a fixed angle of 173◦. The SLN zeta potential
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as measured using the same equipment. Prior to the measure-
ents, the SLN samples were diluted with 1:10 in NaCl (10%)

olution. Each sample was analyzed in triplicate.

.4. SLN morphology—scanning electron microscopy (SEM) and
tomic force microscopy (ATM)

The SLN morphology was viewed using a field emission gun
canning electron microscope (FEG-SEM) (FEG XL30, Philips, Ams-
erdam, The Netherlands) at an accelerating voltage of 20 kV. One
rop of the nanoparticle suspension was placed on a graphite sur-
ace. After drying at room temperature, the sample was coated with
old using ion sputtering. To evaluate the morphology and confirm
he size of the nanoparticles, the samples were also analyzed by
tomic force microscopy (AFM). To this end, samples were placed
n a plate of mica and dried at room temperature. The samples
ere then examined on a model 9600-SPM atomic force micro-

cope (Scanning Probe Microscopy—Shimadzu, Kyoto, Japan).

.5. FT-IR

FT-IR spectra were obtained with a PerkinElmer spectrometer,
odel 2000 (Waltham, MA,  USA). The samples were milled, mixed
ith dried KBr in known proportions and pressed into pellets.

.6. DSC

DSC assays were carried out using an SDT 2960 instrument from
A Instruments (New Castle, DE, USA). The samples were heated
rom 25 ◦C to 450 ◦C at a constant rate of 10 ◦C min−1 under a nitro-
en flow of 70 mL  min−1.

.7. HPLC analysis

YAN and EPI-YAN were assessed as previously described [15].
riefly, the analyses were conducted using a Shimadzu (Kyoto,

apan) liquid chromatograph equipped with a CBM-20A controller,
 LC-20AT quaternary pump, a SPD-M 20A diode-array detec-
or, and the Shimadzu LC solution software, version 1.21 SP1.

 Shimadzu Shim-Pack CLC-ODS column (4.6 mm × 250 mm,  par-
icle diameter of 5 �m,  pore diameter of 100 Å) was used. The

obile phase consisted of 50:50 acetonitrile:water at a flow rate
f 1 mL  min−1. The injection volume was 20 �l. The column oven
as set to 30 ◦C, and detection was set to 215 nm.

The standard solutions were prepared in acetonitrile by dis-
olving the appropriate amount of YAN and EPI-YAN, which were
reviously isolated by semi-preparative HPLC-DAD, using an ultra-
onic bath (2 min) and vortex agitation. Mixtures of 100 �g mL−1

AN and EPI-YAN were prepared from stock solutions and used
o prepare working solutions. Working solutions were prepared
aily in acetonitrile:water (50:50) and ranged in concentration
rom 0.5–20 �g mL−1. For further details and method validation,
lease, see reference [15]. Additional, validation parameters were
lso studied, in this case, for the epimers determination in SLNs,
.g. selectivity and recovery.

.8. Entrapment efficiency, drug loading and drug recovery

YAN and EPI-YAN were quantified by HPLC as previously
escribed. The entrapment efficiency (EE), which corresponded
o the percentage of YAN and EPI-YAN encapsulated within and
dsorbed on the nanoparticles, was determined via Eq. (1) [7].

pecifically, 1 mL  of SLN dispersion was transferred to the upper
hamber of ultrafilter (NWCO100KD) in an AMICON ultracentrifuge
ube (Millipore, Bedford, MA,  USA), and the tubes were centrifuged
t 3200 × g (Eppendorf centrifuge, 5810R, Hamburg, Germany) for
l and Biomedical Analysis 123 (2016) 195–204 197

20 min. The amounts of free YAN and EPI-YAN were then measured
in the filtrate. The total amount of drug in the aqueous dispersion
was obtained by solubilizing an SLN dispersion aliquot in methanol
and then diluting it with purified water, filtering, and injecting
it into the HPLC apparatus. The entrapment efficiency (EE), drug
loading (DL) and drug recovery (DR) were determined using the
following equations:

EE
(

%w/w
)

=
[

Mtotal drug−Mfree drug

Mtotaldrug

]
(1)

where “Mtotaldrug” is the mass of total drug detected in the total
aqueous dispersion and the “Mfreedrug” is the mass of free drug
detected in the filtrate of the aqueous dispersion.

DL (%w/w) =
[

Mtotal drug − Mfree drug

Mlipids

]
× 100 (2)

where “M lipid” is the mass of total lipid in the formulation contain-
ing the lignan fraction.

DR (%w/w) =
[

Mtotal drug × 100
Madded drug

]
(3)

where “Madded drug” is the total theoretical mass drug in the entire
aqueous dispersion.

2.9. In vitro kinetics of YAN and EPI-YAN release from LF-loaded
SLN

In vitro release studies were performed using a modified Franz
diffusion cell at 37 ◦C. A cellulose acetate membrane (MWCO
12,000–14,000, Fisher Scientific, Hampton, NH, USA) was  used as
a support for the formulations. First, 250 �L of the SLN suspension
at a concentration of 484.3 �g mL−1 of YAN and 591.5 �g mL−1 of
EPI-YAN was  placed in the donor compartment (sink conditions
considered), and the receiving compartment (10 mL) was  filled
with phosphate buffer (10 mmol  L−1, containing 133 mmol L−1

NaCl at pH 7.4, from Merck, Darmstadt, Germany) containing
PEG-40 hydrogenated castor oil (6%, from Croda, East Yorkshire,
UK). Samples from the receiving solution (500 �L) were collected
from the Franz cells at predetermined intervals and replaced with
fresh receiving solution. The samples were analyzed by HPLC as
described above. Mathematical dilution adjustments were fur-
ther considered to correctly determine the marker contents in the
samples. The release profile of the formulations (LF-loaded SLNs
and solution) was evaluated mathematically following the mod-
els of zero-order (concentration versus time), pseudo first order
(Higuchi’s model, concentration versus square root of time) and
first order (Log concentration versus time). The correlation coeffi-
cients (r) of the linear fraction of the release curves were established
through the slope of the line obtained by linear regression of the
release curve constructed following the different release models.
LF-unloaded SLNs were similarly treated and used as blank for the
measurements. The experiments were carried out five times. LF
solution was also assessed by solubilizing it in propyleneglycol at
a concentration similar to the SLNs.

2.10. Bone marrow-derived macrophages (BMDMs) preparation

Bone marrow-derived macrophages (BMDMs) from C57BL/6
mice were prepared as previously described [16]. Briefly, bone mar-
row cells from the femurs of adult mice were cultured for 7 days in

RPMI 1640 containing 20% fetal bovine serum (FBS) and 30% L-929
cell conditioned media (LCCM). The macrophages were replated
one day prior the treatment and maintained at 37 ◦C in an atmo-
sphere of 5% CO2 in RPMI 1640 media containing 10% FBS and
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% LCCM. Cell culture medium and FBS were provided by Gibco,
nvitrogen, (Carlsbada, CA, USA).

.11. Cytotoxicity assay

The toxicity LF-loaded and unloaded nanoparticles was assessed
ased on the pore formation in the cell plasma membrane of
ammalian macrophages. The pore formation was  measured by

uantifying propidium iodide uptake via fluorescence measure-
ents. To this end, BMDMs  (1 × 105) were seeded in black/white

6-well plates (Corning, NY, USA) and treated with LF, LF-loaded
anoparticles and unloaded nanoparticles at various concentra-
ions for 18 h. The treatments were carried out in phenol-red
ree RPMI 1640 media containing 20 mM HEPES and 6 �g mL−1

ropidium iodide (Sigma–Aldrich, St. Louis, MO,  USA). Legionella
neumophila was employed as positive control because this
acterium is known to produce pores in the macrophage cell mem-
rane after a few hours of infection [17]. The plates were incubated
t 37 ◦C in a FlexStation3 Microplate Reader (Molecular Devices,
unnyvale, CA, USA), and the propidium iodide fluorescence was
easured every 10 min.

.12. Leishmanicidal activity

The inhibition of cell growth was assayed in 96-well plates
y cultivating promastigote Leishmania amazonensis (1 × 105)

n 200 �L of RPMI medium in the absence of phenol red
Sigma–Aldrich, St. Louis, MO,  USA) with LF and LF-loaded
anoparticles at a concentration of 20 �g mL−1. DMSO was
mployed as a positive control. After 24 h, 10 �L of 3-(4,5-
imethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
as added (Sigma–Aldrich, St. Louis, MO,  USA) [18], and the cells
ere incubated for 4 h. Subsequently, 50 �L of 20% sodium dodecyl

ulfate (SDS, Sigma–Aldrich, St. Louis, MO,  USA) in 0.01 M HCl was
dded to each well, and the plate was incubated at room tem-
erature until all precipitates had dissolved. The absorbance was
hen measured at 570 nm with a spectrophotometer (mQuanti,
io-Tek Instruments, Inc., Winooski, VT, USA) and was  directly
roportional to the cell viability. The stimuli are expressed as
he percentage of the observed cytotoxicity compared with the
nstimulated control Leishmania parasite.

. Results and discussion

.1. Photon correlation spectroscopy and zeta potential

The average diameter of the LF-loaded SLNs was  on the order
f nanometers (Table 1), which corroborated the findings of other
tudies that examined similar SLN formulation and production
rocess [9]. Moreover, the polydispersity index (approximately
.4–0.5) suggest that the suspension may  require high-pressure
omogenization to decrease its distribution. This type of pro-
edure has been shown to improve this parameter as already
emonstrated for a similar lipid nanocarrier [19]. Nevertheless, our
esults were promising despite the unavailability of a high-pressure
omogenizer.

A zeta potential analysis representing the SLN electric poten-
ial at the plane of shear is demonstrated in Table 1. Zeta potential
alues higher than [30] mV are stable and exhibit a long shelf life,

ndicating that these colloidal systems are physically stable during
torage [7]. In the present study, the zeta potential of the LF-loaded
LN suspensions was approximately −30 mV  both before and after
yophilization.
l and Biomedical Analysis 123 (2016) 195–204

3.2. SLN morphology–SEM and AFM analysis

Fig. 1(A and B) show the SEM images of the LF-loaded SLNs,
which were similar to those of the unloaded lipid delivery sys-
tem. As demonstrated in literature [7], particles were anisometric in
shape and approximately 200–300 nm in size. Moreover, the par-
ticles generally agglomerated due to the lipid nature of carriers,
the presence of the surfactant and the sample preparation prior to
SEM analysis (Fig. 1A). Spherical and non-spherical shapes [20] of
SLN have also been observed by transmission electron microscopy
(TEM). Fig. 1C shows the atomic force microscopy images of the
particle surface and confirms the nanometric size of both the
lyophilized and non-lyophilized particles, as corroborated by data
in Table 1. Additionally, no roughness is observed on the particle
surface.

3.3. FT-IR

FT-IR spectroscopy was  used to investigate possible interactions
between solid-state pre-cursors of the solid lipid nanoparticles.
Fig. 2 shows the FT-IR spectra of the stearic acid, soy lecithin, LF-
loaded SLN, unloaded SLN and LF.

Specifically, it was  observed that stearic acid consists of two
important sections, a carboxylic head and hydrocarbon tail (Fig. 2A).
The signal at 1701 cm−1 was due to the absorption of the C O bond
stretching in the carboxylic group (COOH). Other peaks included
hydrogen-bonded O H stretching at 3500 cm−1, C H stretching at
2918 cm−1 and 1424 cm−1, and C H bending at 1500 cm−1 [21].

The FT-IR spectrum of lecithin shows peaks at 3710 cm−1 and
3400 cm−1, which indicates the presence of N H stretching and
O H stretching of amino group and hydroxyl group, respectively
(Fig. 2B). Another band at 2960–2860 cm−1 indicates the presence
of C H group of alkane. The band at 1745 cm−1 (C O) indicates
the ester linkage. Another band at 1640 cm−1 was attributed to
aliphatic alkanes. Finally, the band at 1245 cm−1 was attributed to
a P O (phosphomoyl) group [22].

Overall, the spectra of the unloaded SLN in Fig. 2C can be con-
sidered the sum of the stearic acid and lecithin spectra. Strong
chemical interactions between the precursors were not evident.
These results indicate that the chemical structure of stearic acid
and lecithin did not change, i.e., the initial structures are preserved
on the nanoparticle preparation [21].

As expected, the spectrum of the LF-loaded SLN sample was very
similar to that of the unloaded SLN. As illustrated in Fig. 2D, the
main peaks were at 3500 cm−1 (hydrogen-bonded O H stretching)
and 2919 cm−1 (aliphatic C H stretching). The peak at 1700 cm−1

observed in the spectra of pure stearic acid, lecithin and extract
was almost absent in the SLN spectrum and had slightly shifted
to 1761 cm−1. These studies corroborated that LF and SLN did not
significantly interact.

The FT-IR spectra also suggest that LF is well dispersed in the
SLN particles. Specifically, LF bands could not be clearly identified
in the nanoparticle spectra due to the small amount of drug in the
system and because a part of the spectrum may  be covered by the
bands of the precursors localized in the same region.

3.4. DSC

Solid lipid nanoparticles (SLNs) were produced by cooling the
hot microemulsion from 75 to 5 ◦C because this temperature is
below the crystallization temperature of the mixed lipid phase. DSC
confirmed that this process effectively produced nanoparticles. The

sample was cooled in the DSC to monitor crystallization (Fig. 3).

The DSC curve of stearic acid (Fig. 3A) shows an endothermic
peak attributed to melting point detected at 71.82 ◦C and corre-
sponding crystallization peak at 52.16 ◦C during the second run.
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Table  1-
Average diameter, polidispersivity index (PdI) and zeta potential obtained for LF-loaded SLN lyophilized or not (n = 3).

Nanoparticle Average diameter (nm) PdI Zeta potential (mV)

LF-loaded SLN, not lyophilized 218.8 ± 14.2 0.44 ± 0.4 −30.0 ± 0.0
LF-loaded SLN, lyophilized 288.1 ± 18.9 0.56 ± 0.1 −29.0 ± 0.0
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Fig. 1. SEM and ATM micrographs of LF-loaded SLN. (A) and (B) SEM m

ased on a comparison with the DSC curve of lecithin, it was
bserved a mixture of complex endotherm peaks between 150 ◦C
nd 300 ◦C, which was likely due to the melting point and degra-
ation processes (Fig. 3B).

The LF extract consisted primarily of organic components, i.e.,
angambin and epi-yangambin, as observed by HPLC. The DSC
urve revealed a mixture of complex endotherm peaks between
mbient temperature (25 ◦C) and 350 ◦C (Fig. 3C). These endother-
ic  peaks attributed to volatile solvent evaporation and the

ifferent degradation processes characteristic to the nature of
rganic compounds.

DSC curves for unloaded SLN and LF-loaded SNL are shown in
ig. 3D and E. Concerning to LF-loaded SLN curve, the profile was
imilar to the unloaded SLN curve and it is also suggested that incor-
oration of LF extract did not provoke any changes on the structure
f prepared NLS.

Two intense endothermic peaks were observed for both samples
Fig. 3D and E). The first peak was attributed to lecithin melting, and

he second peak was associated with the melting of the sodium tau-
odeoxycolate counterpart (data not shown). Discreet endotherm
eaks were also observed using a special zoom in the determined
raphs (C) AFM micrograph (2 mm x 2 mm,  three-dimensional image).

region of the DSC curve (Fig. 3E). These peaks were attributed to
the melting point of the stearic acid.

The endothermic melting peak of soy lecithin was  shifted to
a higher temperature, from 174.5 ◦C to 184.5 ◦C. Additionally, the
absence of any degradation event of the LF extract in the LF-loaded
SLN suggests that it is molecularly dispersed within the lipid matrix.

3.5. Entrapment efficiency, drug loading and drug recovery

The LF encapsulation efficiency was determined based on the
quantification of YAN and EPI-YAN in the SLN suspension. Firstly,
the method was  fully validated demonstrating its applicability.
Therefore, YAN and EPI-YAN were employed as markers, and the
obtained results demonstrate the effectiveness of the markers
in the formulation. The SLNs prepared in this study using the
microemulsion technique showed high entrapment efficiency val-
ues for both markers, suggesting that the lipid and surfactant
composition employed were suitable for the entrapment of mark-

ers in solid lipid nanoparticles. The obtained data are provided in
Table 2.

The YAN and EPI-YAN encapsulation efficiencies were
94.21 ± 0.40% and 94.20 ± 0.00%, respectively. These results
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Fig. 2. Fourier Transformed Spectra for stearic acid (A), soy lecithin (B), unloaded-SLN (C), LF loaded-SLN (D) and LF (E).

Table 2
Entrapment efficiency, drug loading and drug recovery of LF-loaded SLN.

Marker Nominal
concentration
(mg  mL−1)

Obtained
concentration
(mg  mL−1)

Free drug (mg  mL−1) Entrapment efficiency
(% w/w)

Drug loading (% w/w) Drug recovery (% w/w)

00 

00 

a
r
c
i

YAN 0.398 0.242 ± 0.007 0.014 ± 0.0
EPI-YAN 0.500 0.295 ± 0.010 0.017 ± 0.0

0.898a 0.537a 0.031a
re higher than our previous work, in which these markers
eached maximum EE% 66.11 [15]. To date, the physical and
hemical parameters of YAN or EPI-YAN have not been described
n the literature, however, the high lipid solubility of these lignans
94.21 ± 0.40 0.88 ± 0.00 60.77 ± 1.99
94.20 ± 0.00 1.07 ± 0.00 59.21 ± 2.08
94.21b 1.95a 59.80b
has been observed by our group (data not shown). Three drug
incorporation models are available for SLNs: (1) the solid solution
model, (2) the core–shell model for a drug-enriched shell, and
(3) the core–shell model for a drug-enriched core. melting point
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Fig. 3. Differential scanning calorimetric thermograms of (A) stearic acid

ifferences between the lipids and drug agents may  indicate the
rug distribution in the SLNs [1]. Based on this discussion and the
esults of the characterization step, i.e., no changes in the zeta
otential, FTIR and DSC data, the developed lipid carriers may
ollow the core-shell model (drug-enriched shell) of drug incorpo-
ation, which corroborates the release profiles of YAN and EPI-YAN
rom the lipid carriers (reported below). The drug-enriched core
orms when the cooling of the hot oil/water emulsion precipitates
he drug first. This phenomenon preferentially occurs in lipid
olutions that are saturated with the drug at the lipid at production
emperature, which facilitates supersaturation and subsequent
recipitation during cooling [23].

The drug loading capacity is a very relevant parameter for judg-

ng the suitability of a particular drug-carrier system. In this study,
he DL values reached 1.95% (w/w) (see Table 2) when both mark-
rs were combined. However, this DL value was calculated only
ased on the amounts of markers. The estimated DL value for the
y lecithin, (C) Lignan Fraction (LF), (D) unloaded SLN and (E) loaded SLN.

entire lignan fraction was  9.0%; this value is interesting because
1.83–5.51% loads of topotecan (a hydrophilic anti-neoplastic agent)
[24] and 2.0–5.84% loads of tamoxifen (a lipophilic anti-neoplastic
agent) [25] have previously been reported. Moreover, although the
loading of SLNs with natural extracts has been reported [26], the
DL value has not yet been reported. This DL value may  also be
useful to produce drug preparations with acceptable weight and
dimensions after the powder form of the suspension has been gen-
erated by lyophilization. In addition, data from the literature show
that LF presents IC50 values for leishmania that are 20- to 40-fold
lower than those of the reference drug [10], Glucantime® (meglu-
mine antimoniate), which is marketed at a dose of 300 mg  mL−1 i.v.
Specifically, the reported IC50 values for LF are 26.5 �g mL−1 against

−1
L. chagasi and 48.2 �g mL against L. amazonensis, whereas these
values exceed 1000 �g mL−1 for Glucantime® [12].

Regarding drug recovery (DR), the obtained value (approx-
imately 60%) is considered low, however, it could be mainly



202 F. Marquele-Oliveira et al. / Journal of Pharmaceutica

F
a

a
s
a
o
t
i
r

3

p
o
m
o
M
c
w
b
b
t

l
d
f
c
o
t
s
l
S
a
c
a
r
t
c
i
t
o
p

f
m
a
Y
m
a
t
w

alone and LF-loaded SLN. The leishmanicidal activity of LF-loaded
ig. 4. In vitro YAN and EPI-YAN release profile in pH 7.4 buffer for LF-loaded SLN,
s  well as LF alone (sink conditions attended). Data are given as means ± SD (n = 5).

ttributed to the laboratorial scale. At this scale, the microemul-
ion, prior to SLN suspension obtention, is prepared in very small
mounts, leading to important microemulsion mass loss in the lab-
ratories utilities. Scaling-up will probably solve this problem. On
he other hand, concerns regarding temperature must be taken
nto account, once it may  also be responsible for low YAN and EPI
ecovery, due to possible degradations.

.6. In vitro kinetics of YAN and EPI-YAN release

The YAN and EPI-YAN release profiles in buffer medium are
resented in Fig. 4. Specifically 29.6 ± 8.3% of YAN and 34.3 ± 8.9%
f EPI-YAN loaded in SLN diffuses through the cellulose acetate
embrane (dialysis membrane) over 4 h, reaching release rates

f 45.5 ± 10.5% for YAN and 45.9 ± 11.0% for EPI-IAN after 24 h.
oreover, both the YAN and EPI-YAN release rates from the lipid

arrier are highly similar. Equilibrium was attained within 20 h,
hich was confirmed by the plateau observed in the release profile

etween 20 and 30 h. The differences in the release rates from SLN
etween these markers were not significant (p > 0.05) throughout
he 20–30 h experiment.

The observed release pattern of the SLN could be due to the fol-
owing sequence of events: the diffusion of free YAN and EPI-YAN
uring the first hour, diffusion from the solid lipid surface in the
ollowing hours and, subsequently, diffusion from the core. As indi-
ated in Fig. 4, the YAN and EPI-YAN encapsulated within the core
f the solid lipid are not completely released, even after 30 h, i.e.,
he net drug release was only approximately 50%. A quercetin-SLNs
uspension reportedly exhibited sustained release and an accumu-
ated drug release percentage of approximately 87.5% at 48 h. The
LNs could reduce quercetin release in the latter stage, which was
ttributed to the fact that the solubilized or dispersed quercetin
ould only be slowly released from the lipid matrices via dissolution
nd diffusion [27]. This result was similar to those of many studies
eporting that drug-loaded SLNs provided a controlled release pat-
ern [2,5]. Both burst release as well as sustained release could be
onsidered interesting for leishmaniasis treatment. Burst release
s useful for improving the penetration of drug and accelerating
he onset of action, whereas a sustained release supplies the drug
ver a prolonged period of time. On the other hand, the LF solution
ermitted to observe around 50% of each marker in 4-h study.

The drug release data from the LF-loaded SLN was  fitted to dif-
erent models (Table 3). The Higuchi model (pseudo first order

odel) yielded the highest r value (r = 0.9950 and 0.9945 for YAN
nd EPI-YAN, respectively), which indicates that the YAN and EPI-
AN follow matrix diffusion-based release. After determining the
odel release, the diffusion coefficient of both markers (D) was
lso determined. The diffusion coefficients were calculated using
he Higuchi equation [28]. This parameter reflects the ease with
hich the molecules move through the formulation. The YAN and
l and Biomedical Analysis 123 (2016) 195–204

EPI-YAN diffusion coefficient (D) estimated after 8 h of experiment
was 1.3.10−6 cm2/s for both markers.

3.7. Macrophage cytotoxicity assay

Because the physical properties of the LF-loaded SLN nanopar-
ticles were promising, the toxicity of the LF-loaded SLNs to
mammalian macrophages was investigated, which are the pre-
ferred cells for infection by Leishmania. To this end, murine
bone marrow-derived macrophages (BMDMs) were continuously
treated with different concentrations of LF-loaded SLNs and
unloaded SLNs 18 h, and the cell viability was  analyzed by quanti-
fying membrane rupture via propidium iodide incorporation using
a fluorometer device (Fig. 5). Specifically, intact membranes fail to
internalize propidium iodide, whereas cells containing a pore or
ruptured plasma membranes, as observed in dying cells, become
permeable to this dye.

Previously, our research group verified that LF alone and its
main constituents, YAN and EPI-YAN, were not cytotoxic to BMDMs,
except when used at very high concentrations (equivalent to
80 �g mL−1 of LF fraction) [15]. At the present work, the same study
was performed for unloaded SLNs or LF-loaded SLNs. Specifically,
stimulating macrophages with 20 and 40 �g mL−1 unloaded SLNs
or LF-loaded SLNs did not elicit cytotoxic effects, similar to the
effect of free LF. But, interestingly, unloaded SLN or LF-loaded SLN
remained nontoxic to macrophages at 80 �g mL−1, whereas free LF
was toxic at this concentration (Fig. 5A–C). At first glance, these data
suggest that the encapsulation of LF from Ocotea duckei Vattimo
reduced the toxicity of this drug, but the amount of LF delivered
to the cells per treatment period should be considered (approxi-
mately 40% of the compounds at 18 h, Fig. 4). Thus, the theoretical
maximum concentration of 80 �g mL−1 is not available. Therefore,
the safety of the high-dose LF-loaded SLN is not only related to the
encapsulation effects but also to the decreased amount of LF avail-
able in the medium. Notably, macrophages were selected for this
cytotoxicity assay, which are true immune cells. Thus, classical cell
death, such as apoptosis or necrosis, and inflammatory cell death,
known as pyroptosis can be evaluated [29]. Moreover, macrophages
are the most suitable cells for studying new leishmanicidal drugs
because the parasites establish and multiply within these cells.

3.8. Anti-leishmanial activity of LF-loaded SLN

After confirming the nontoxic and safe nature of LF-loaded SLNs,
overcoming our previous results, their effect on the Leishmania
parasite were assessed. To this end, Leishmania amazonensis was
incubated with LF alone and LF-loaded SLNs for 24 h and their abil-
ity to kill the parasite was  evaluated.

The optimum concentration of the LF fraction for anti-
leishmanial action was  based on previous studies. Monte-Neto and
collaborators reported the anti-leishmanial activity of the crude
ethanolic extract (CEE), lignan fraction (LF) and an isolated powder
(called yangambin, containing both YAN and EPI-YAN as well as
impurities) of Ocotea duckei.  These authors observed that all three
preparations exhibited high anti-leishmania activity. The lowest
concentration of the LF fraction (20 �g mL−1) was significantly
effective against both L. chagasi and L. amazonensis and presented
an efficacy similar to that of Glucantime® at 500 and 1000 �g mL−1

[10]. Therefore, the 20 �g mL−1 of LF extract was assessed in the
present study.

Fig. 6 shows the observed anti-leishmania activity of free LF
SLN and free LF were similar. Nevertheless, the release rate of LF
from the particles over 24 h (approximately 40–45%) constitutes
an improvement in the action of LF (Fig. 6).
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Table  3
Mathematical model of the drug release behavior of YAN and EPI-YAN present in LF-loaded SLNs.

Model YAN EPI-YAN

Flux (J) r Flux (J) r

Zero-Order (J = �g/cm2 h−1) 3.34 ± 0,5 0.9780 4.12 ± 0.6 0.9756
Pseudo First-Order (J = �g/cm2.

√
h−1) 9.88 ± 0.7 0.9950 12.24 ± 0.9 0.9945

First-Order (J = Log �g/cm2 h−1) 0.17 ± 0.1 0.8482 0.18 ± 0.1 0.8312

Fig. 5. Cytotoxicity assay of LF-loaded SLN and unloaded SLN. BMDMs from C57BL/6 mice were treated with LF-loaded SLN and unloaded SLN at different concentrations for
18  h: (A) 20 �g mL−1, (B) 40 �g mL−1 and (C) 80 �g mL−1. Fluorometric plots show the propidium iodide uptake [relative fluorescence units (RFUs)], which was  continuously
measured every 10 min. Positive control indicates macrophages infected with the bacterium L. pneumophila, which is known to induce pore formation in the cell membrane.
Unloaded SLN indicates infected cells treated with SLN without LF. Non-infected cells (or n
SLN  group. LF alone demonstrated cytoxicity at the highest concentration tested (80 �g m
observed in this figure.

Fig. 6. Anti-leishmanial activity of LF-loaded SLN by MTT  assay. Promastigote Leish-
mania amazonensis were seeded in 96-well plates at an initial density of 1 × 105
parasites/well and incubated with LF-loaded SLN and LF alone at 20 �g mL−1 for
24  h at 26 ◦C. The MTT  was  then, added and the resultant formazan was  dissolved in
SDS containing 0.01 M HCl after 4 h. The absorbance was then measured at 570 nm.
Each column represents the mean ± SD of at least three experiments. DMSO was
employed as a positive control. No significant difference was  observed among the
s
f

L
d
c
s
c
d
b
m
u
o
h
i

tudied groups (significance set to P ≤ 0.05 in relation to pure LF, One-way ANOVA,
ollowed by Dunn’s Multiple Comparison Test).

In addition to increasing the selectivity, safety and efficacy
F against Leishmania, SLN carriers may  also permit intracellular
elivery to macrophages, as reported elsewhere. Although intra-
ellular drug transport has been extensively studied, high target
electivity and therapeutic concentrations at the target subcellular
ompartments remain elusive due to intracellular complexity and
ynamic conditions of nanoparticle release. Nevertheless, SLN have
een shown to rapidly penetrate the keratinocyte membrane and
ove continuously through the cytoplasm after internalization to

ltimately be delivered near the cell nucleus [14]. Via a combination

f various experimental techniques, Kristl et al. have suggested the
igh dynamic trafficking of SLN in the cells and their localization

n various subcellular compartments. SLN were not homogenously
o treated) were also assessed, and the results were similar to those of the unloaded
L−1, Fig. C, as already published, Rosseti et al., 2014), and its estimated RFUs can be

distributed in the cells but were localized predominantly between
actin filaments and within mitochondria [30].

Overall, the data shown here demonstrate that the new car-
rier system presents safety and maintains or even improved the
anti-leishmanial effect of Ocotea duckei Vattimo, which may be
used to develop new plant-based drugs for Leishmaniasis treat-
ment. Because Leishmania parasites survive intracellularly in host
macrophages, the success of the encapsulation process of LF
extracts and the promising results showed by LF-loaded SLN rep-
resent an important step in the development of a new treatment
for this neglected disease.

4. Conclusions

The proposed LF-loaded lipid nanoparticle delivery system was
demonstrated to be nanometer-sized with a zeta potential of
−30 mV.  Furthermore, this system presents a high entrapment
efficiency, as evidenced by a comprehensive physico-chemical
assessment by FT-IR and DSC. The in vitro kinetics of YAN and EPI-
YAN release demonstrated that this delivery system follows the
Higuchi model (pseudo first order model), indicating that YAN and
EPI-YAN follow matrix diffusion-based release kinetics. Addition-
ally, sustained drug-release was observed, as well as, LF-loaded SLN
demonstrated to be safe for use in biological assays. Specifically, the
cytotoxicity experiment indicated that these particles were non-
toxic to mammalian macrophages, differently from our previous
work. Finally, the lipid nanoparticle system improved the LF frac-
tion effects because the anti-leishmanial effects of both loaded and
unloaded LF were similar. However, only 40% of the loaded LF was
released. Therefore, the LF-loaded SLN efficiently kills Leishmania,
indicating that the lignan fraction of Ocotea duckei Vattimo asso-
ciated with the solid nanoparticle delivery system is a promising
new leishmanial drug.
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