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a  b  s  t  r  a  c  t

Solid  lipid  nanoparticles  (SLN)  and nanostructured  lipid  carriers  (NLC)  represent  promising  alternatives
for  drug  delivery  to the  central  nervous  system.  In the  present  work,  four  different  nanoformulations
of  the  antiepileptic  drug  Carbamazepine  (CBZ)  were  designed  and  prepared  by  the  homogeniza-
tion/ultrasonication  method,  with  encapsulation  efficiencies  ranging  from  82.8  to  93.8%.  The  formulations
remained  stable  at 4 ◦C  for at least  3 months.  Physicochemical  and microscopic  characterization  were
performed  by  photon  correlation  spectroscopy  (PCS),  transmission  electron  microscopy  (TEM),  atomic
force  microscopy  (AFM);  thermal  properties  by differential  scanning  calorimetry  (DSC),  thermogravime-
try  (TGA)  and  X-ray  diffraction  analysis  (XRD).  The  results  indicated  the  presence  of  spherical  shape
nanoparticles  with  a mean  particle  diameter  around  160  nm  in  a narrow  size  distribution;  the  entrapped
CBZ  displayed  an  amorphous  state.  The  in vitro  release  profile  of  CBZ fitted  into  a  Baker-Lonsdale  model
for spherical  matrices  and  almost  the  100%  of  the  encapsulated  drug  was  released  in a  controlled  manner
during  the  first  24 h. The  apparent  permeability  of  CBZ-loaded  nanoparticles  through  a  cell  monolayer

model  was  similar  to that  of the  free  drug.  In vivo  experiments  in  a mice  model  of seizure  suggested
protection  by  CBZ-NLC  against  seizures  for at least  2 h  after  intraperitoneal  administration.  The  devel-
oped  CBZ-loaded  lipid nanocarriers  displayed  optimal  characteristics  of size,  shape  and  drug  release
and  possibly  represent  a promising  tool  to improve  the  treatment  of refractory  epilepsy  linked  to  efflux
transporters  upregulation.

©  2018  Published  by  Elsevier  B.V.
. Introduction

The application of nanotechnology in the field of drug delivery is
 growing trend in academy and industry, driven by its many pos-

ibilities and the already achieved successes [1]. The development
f pharmaceutical nanotechnology is now in a more mature age,

∗ Corresponding authors.
E-mail addresses: eruiz@biol.unlp.edu.ar (M.E. Ruiz),

ermanislan@biol.unlp.edu.ar (G.A. Islan).

ttps://doi.org/10.1016/j.colsurfb.2018.03.052
927-7765/© 2018 Published by Elsevier B.V.
dominated by the rational search and design of nanosystems that
can offer improved drug delivery with high margins of safety [2,3].

Drug encapsulation into nanosystems can help to overcome
many of the challenges commonly found in the treatment of Central
Nervous System (CNS) conditions, mainly owed to the presence of
the blood-brain barrier (BBB) [4,5]. This protective barrier presents
not only particularly occlusive tight junctions which limit the para-
cellular diffusion pathway, but also high levels of expression of
poly-specific efflux pumps of the ABC superfamily (i.e. P-gp, BCRP,

MRPs), which restrict the transfer of their substrates through the
transcellular pathway [6].

https://doi.org/10.1016/j.colsurfb.2018.03.052
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2018.03.052&domain=pdf
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7 Surfac

e
s
o
0
5
t
o
u
t
r
i

t
n
h
p
s
a
t
i
a
[

t
p
[
p
k
a
o
a
c
n
i
e
s
i
t
[

n
l
a
t
p
m
a
I
f
a
[

D
e
2
o
t
i
f
p

e
v
i
m

4 S. Scioli Montoto et al. / Colloids and 

In particular, the present work focuses on epilepsy, a brain dis-
ase characterized by the presence of recurrent and spontaneous
eizures [7]. According to the World Health Organization, it is one
f the more frequent neurological diseases, globally affecting near
.4–1.0% of the population, which approximately corresponds to
0 million people [8]. The first-line treatment for epilepsy is symp-
omatic: seizures are inhibited by chronic administration of one
r more antiepileptic drugs (AEDs). However, many patients are
nable to achieve seizure control, owing to drug resistance and
reatment discontinuation [9,10]. Refractory epilepsy (failure to
espond to two appropriately chosen, well-tolerated AEDs) occurs
n around 30% of the patients [11].

Development of new drugs is a classic approach to address
he matter, but although during the last two decades numerous
ovel AEDs were launched, the proportion of refractory patients
as remained unmodified [12,13]. While the last generation drugs
ossess better pharmacokinetics and/or safety profiles and provide
olutions for certain specific types of epilepsy, their market prices
re 10–100 fold higher than classic AEDs [14]. Bearing in mind
hat 80% of the people with epilepsy come from low- and middle-
ncome countries, there is an urgent need for improved therapeutic
pproaches using first- and second-generation, accessible drugs
8,15].

An increased number of nanosystems have been developed and
ested as potential drug delivery systems for AEDs. Briefly, synthetic
olymer-based nanocarriers have been the most widely studied
16–22]. With the advantage of more control over some system
roperties, like particle size, surface properties and degradation
inetics, the preparation of polymeric nanoparticles (NPs) is usu-
lly complicated, with highly toxic solvents needed [23]. On the
ther hand, biopolymers like chitosan [24,25] or albumin [26] have
lso been used to prepare NPs that carry AEDs, to achieve good bio-
ompatibility and green preparations procedures. However, these
aturally occurring molecules exhibit high batch-to-batch variabil-

ty, and their high water solubility leads to poor encapsulation
fficiencies of lipophilic drugs [27,28]. Moreover, since they are
elf-assembled systems, their stability upon dilution in the phys-
ological environment may  be compromised [5], and crosslinking
echniques may  affect the final particle size and release kinetics
29,30].

Among the different groups of nanosystems, lipid particulate
anosystems (i.e. solid lipid nanoparticles, SLN; and nanostructured

ipid carriers, NLC) seem to be especially suitable for drug delivery
pplications in brain delivery due to their inherent ability to cross
he BBB [31,32]. They possess practically the same advantages of
olymeric NPs, but they can be manufactured with non-toxic lipid
aterials without the use of organic solvents, resulting in safer

nd more stable biodegradable and biocompatible designs [33].
n addition, the surface of these nanocarriers can be tailored by
unctionalization with molecules like Apo-E, anti-Contactin-2 or
nti-Neurofascin that could enhance the passage through the BBB
34,35].

With regard to AEDs, lipid-based nanosystems containing
iazepam [36], Valproate [37] and Clonazepam [38] have been
xplored. In all these cases the resulting nanosystems were above
00 nm of diameter (i.e. in a size range associated with rapid
psonization and uptake by the RES [39]), The in vivo results of
he Clonazepam SLN showed that PK improvements did translate
nto a superior pharmacodynamic behaviour, since the nano-
ormulations enhance the protection against seizures in different
reclinical models of acute epilepsy [38].

Although it is still not well established if CBZ is a substrate of

fflux pumps [40], the inclusion of the drug into NPs could pro-
ide other therapeutic advantages, among the possible reduction
n the conversion rate to its 10,11-epoxide derivative. Such active

etabolite has sometimes been regarded as the responsible for the
es B: Biointerfaces 167 (2018) 73–81

main toxic effects, also being a P-gp substrate with shorter half-life
than the parent drug [41,42].

To our best knowledge, the only previous report of a nanocarrier
for CBZ consisted on chitosan-SLN prepared by the solvent-
injection method [43]. An improved in vivo performance in two
different animal models of seizure using the chitosan-SLN-CBZ for-
mulation was claimed by the authors, though the administered
doses have not been clearly specified and some controls are missing
[27].

Here we present the synthesis, characterization and in vivo
evaluation of lipid NPs containing the first-generation AED CBZ,
with the final goal of increasing the drug bioavailability at the
brain parenchyma. Physicochemical characterization of the for-
mulations was  performed by photon correlation spectroscopy
(PCS), transmission electron (TEM), atomic force microscopy (AFM),
differential scanning calorimetry (DSC), thermogravimetry (TGA)
and X-ray diffraction analysis (XRD). Stability studies have also
been performed. The CBZ in vitro kinetic release was  analysed
by structured models. CBZ permeability studies were performed
in Madin–Darby canine kidney transfected with MDR1 (MDCK-
MDR1) epithelial cells and the in vivo anticonvulsant activity was
studied in mice. To the best of our knowledge, this is the first report
of NLC for the delivery of CBZ.

2. Materials and methods

2.1. Materials

Lipid myristyl myristate (Crodamol
®

MM,  melting
range = 36–40 ◦C), cetyl esters wax  NF (Crodamol

®
SS, melting

point ∼44 ◦C), and the oil (Crodamol
®

GTCC-LQ, a triglyceride with
saturated fatty acids, melting point = −4 ◦C) were kindly donated
by Croda (Argentina). CBZ (98.1% as basis) was  provided by Saporiti
(Argentina). Kolliphor

®
P188 was  provided by Sigma-Aldrich

(Buenos Aires, Argentina). Other reagents were of HPLC/analytical
grade.

2.2. Preparation of CBZ loaded SLN and NLC

CBZ-loaded SLN and NLC were prepared by melt-emulsification
followed by ultrasonication technique [44,45]. Briefly, 400 mg of
lipid MM or SS were melted into a water bath at 70 ◦C and mixed
with 5 mg  of CBZ, as powder or dissolved in 50 �l of dimethyl sul-
foxide (DMSO). For the preparation of NLC, 12 �l of oil were added
to the melted lipid phase before drug incorporation. After 30 min,
20 ml  of an aqueous solution of Kolliphor

®
P188 (3% w/v), preheated

at 70 ◦C, were poured over the lipid phase (2% w/v). Promptly,
mixture was ultrasonicated for 50 min, at 90% amplitude using an
ultrasonic processor (130 W,  Cole-Parmer, USA) equipped with a
3-mm titanium tip. Once the sonication process was  finished, the
resulting suspension was rapidly cooled to room temperature and
the remaining volume was measured.

Theoretical drug loading (DL, %) was calculated as follows:

DL (%) = Mass of drug incorporated (mg)
Lipid mass (mg)

x100 (1)

In this way, four different formulations were obtained: two with
CBZ incorporated as a powder (SLN-CBZ and NLC-CBZ) and other
two formulations with the drug previously dissolved in DMSO [SLN-
CBZ (DMSO) and NLC-CBZ (DMSO)].
2.3. Measurement of entrapment efficiency

Entrapment efficiency (EE, %) of all formulations was deter-
mined by measuring the concentration of the non-encapsulated
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rug in solution [45]. A suitable volume (ca.500 �l) of the final sus-
ension was placed in Microcon

®
centrifugal filters (10 kDa, Merck

illipore, Billerica, MA,  USA). After centrifugation, the concentra-
ion of free CBZ was measured using a HPLC method. Considering
he initial amount of CBZ added to each formulation, the EE was
alculated as:

E (%) =
W0 −

(
Cfr × Vf

)

W0
× 100 (2)

here W0 is the initial amount of CBZ added to the formulation, Cfr
s the free drug concentration in �g/ml, and Vf is the final volume
n ml,  after ultrasonication.

.4. HPLC analysis of CBZ

Chromatographic analysis was performed using a Dionex Ulti-
ate 3000 UHPLC (Thermo Scientific, Sunnyvale, CA) equipped
ith a dual gradient tertiary pump (DGP-3000) and a DAD-3000

iode array detector. Chromatographic separation was performed
n a Lichrosphere

®
100 RP-18 (250 mm × 4 mm,  5 �m,  Merck KGaA,

armstadt, Germany) column. The mobile phase consisted of
ethanol and KH2PO4 buffer (70:30). The system was operated iso-

ratically at a flow rate of 1.0 ml/min, and detection was performed
t 285 nm.  Samples were diluted with mobile phase and centrifuged
15,000g for 5 min  at 4 ◦C) prior to their injection (20 �l).

The method was validated in terms of linearity, precision and
pecificity, over the range of expected concentrations. A linear cor-
elation (p < 0.0001) was observed in the concentration range of
.1–50.0 mg/L, with a coefficient of determination r2 = 0.997. The
5% confidence interval of the intercept was [−1.2322–0.6447].
recision of the method was established at three concentration lev-
ls: 0.1, 20.0 and 50.0 mg/L, and in all cases RSD values were below
%. The method was specific for the lipid matrix and no interfering
eaks were observed near CBZ retention time.

.5. Particle size distribution, zeta potential and polydispersity
ndex (PI)

Particle size distribution and mean diameter were measured by
ynamic light scattering (DLS) using a Nano ZS Zetasizer (Malvern

nstruments, Worcestershire, UK) at 25 ◦C in polystyrene cuvettes
ith a path length of 10 mm.  Zeta potential was determined by
oppler anemometry using the equipment previously described.
easurements were performed in 10 mm  path length capillary

ells, using ultrapure water (Milli-Q
®

, Millipore, Ma., USA). As a
imensionless measure of the size dispersion, PI was determined.
ll measurements were carried out in triplicate.

.6. Transmission electron microscopy (TEM)

TEM analysis was performed using a Jeol-1200 EX II-TEM micro-
cope (Jeol, Columbia, MD,  USA). Nanoparticles dispersions were
:100 diluted with ultra-pure Milli-Q

®
water and 10 �l of each for-

ulation was spread onto a Cu grid of 400 mesh. After incubation,
he sample excess was removed with filter paper. One drop of phos-
hotungstic acid was added to the grid, for contrast enhancement
nd incubated for 1 min  at 25 ◦C before excess removal. Finally, the
rid was dried at room temperature.

.7. Atomic force microscopy (AFM)

Milli-Q water aliquots of 1:100 dilutions of the nanoparticles

ispersions were dropped on freshly cleaved mica plates, and 10 �l
f Cl2Ca (10 mM)  were added. After 15 min, plates were washed
ith ultrapure water and excess removed with paper filter (What-
an, Germany).
es B: Biointerfaces 167 (2018) 73–81 75

All images were obtained at room temperature using a
Multimode-Nanoscope V (Veeco, Santa Barbara, CA, USA) operating
in tapping mode with an etched silicon probe model RTesp-Bruker
(cantilever resonance frequency: 300 kHz, Force constant 42 N/m;
tip radius 8–12 nm). Typical scan rates were 1 Hz.

2.8. Differential scanning calorimetry (DSC) analysis

Thermal analysis of CBZ, SLN-CBZ, SLN-CBZ (DMSO), NLC-CBZ,
and NLC-CBZ (DMSO) was  assessed by DSC (PerkinElmer INC.,
model Parys 1, Waltham, MA,  USA) under nitrogen atmosphere.
The heating rate was 10 ◦C/min in the range of 25–260 ◦C. A stan-
dard aluminium sample cells were used and filled with 5 mg of dry
sample. Variations in the crystallinity index (CI, %) of cetyl palmi-
tate (the main component in the wax was  taken as reference) after
the synthesis process were determined according to the equation
proposed by Makwana et al. [46], considering the melting heat of
pure stearyl stearate (�HCP = 172.70 J g−1) and a 2.0% lipid concen-
tration:

CI (%) =
�HSLN dispersion

[
J.g−1

]

�HCP
[
J.g−1

]
× Clipid phase [%]

× 100 (3)

where �HSLN,dispersion is the melting heat of cetyl palmitate in
nanoparticles, �HSS is the melting heat of pure cetyl palmitate, and
Clipidphase is the percentage lipid concentration within the formula-
tion.

2.9. Thermogravimetric analysis (TGA)

To assess the thermal stability of CBZ, SLN-CBZ, SLN-CBZ
(DMSO), NLC-CBZ, and NLC-CBZ (DMSO) nanoparticles, TGA was
performed on a TGA Q500 apparatus (TA Instruments, New Cas-
tle, DE, USA). Samples of 6–12 mg  were accurately weighed in a
platinum pan and measurements conducted at a heating rate of
10 ◦C/min under nitrogen atmosphere.

2.10. X-ray diffraction (XRD)

The characterization of nanoparticles crystalline structure was
obtained from XRD spectra data recorded in PANalytical X’Pert
PRO diffractometer equipped with an X-ray source (PANalytical,
Philips PW 1830, The Netherlands) with CuK� radiation at 40 kV
and 40 mA.  Diffraction spectra data were collected over the 2�
range of 1–30◦ with an acquisition time of 1 sat each step of 0.02◦.

2.11. In vitro release assay

Dissolution studies of the CBZ released from nanoparticles were
performed in a rotating paddle apparatus [47] (Vision Classic 6,
Hanson Research, Chatsworth, CA, USA) at 100 rpm using 500 ml  of
KH2PO4 buffer (pH = 6.8) as dissolution media, filtered and deaer-
ated with a 0.45-�m nylon filter before use. Bath temperature was
set at 37.0 ± 0.5 ◦C.

Five millilitres of each formulation were placed in a pre-
hydrated dialysis membrane (MWCO  10 kDa) and submerged in
a vessel. A solution of free CBZ (without nanoparticles) of the same
concentration was  used as control. Samples were taken during
24 h at regular intervals of time, and immediately centrifuged at

3500 rpm. The amount released was  determined spectrophotomet-
rically at 285 nm (Helios Beta spectrophotometer, Thermo Fisher
Scientific, Waltham, MA,  USA). Trials were performed in triplicate,
and the mean values were used for data analysis.
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Fig. 1. TEM images of S

.12. In vitro cell permeability studies

Parentand MDR1 transfected Madin–Darby canine kidney
MDCK) epithelial cells were obtained from the Netherlands Cancer
nstitute (Amsterdam, The Netherlands). Along with Caco-2 cells,

DCK cells are the most extensively used cells to assess drug per-
eability in vitro. Under standard culture conditions, MDCK cells

evelop tight junctions and form monolayers of polarized cells [48].
ere, MDCK-MDR1 cells were selected, which express human P-gp,

o that the observed apparent permeability coefficients (Papp) also
eflect the possible contribution of P-gp to drug transport across
he epithelial cells [49,50].

Cells were grown in 25 cm2 culture flasks using DMEM with 10%
etal bovine serum, 1% L-glutamine, 1% non-essential amino acids
nd penicillin and streptomycin at 37 ◦C in 5% CO2 atmosphere.
ells were split twice a week at 70–80% confluence in a ratio of
:20 or 1:30 using s Trypsin-EDTA solution (0.25%). All transport
ssays were done with cells from passages 19–43. Cells were kept
t 37 ◦C in 5% CO2.

The cells were seeded in 6-well Costar Snapwell plates with
olycarbonate membrane inserts at a density of 50,000 cells per

nsert (1.12 cm2) and grown for 4 days in culture medium. The
edium was replaced every day. The apical media volume was

.5 ml,  and the basal volume was 2 ml.  Integrity of the cell mono-
ayers was determined by measuring the trans-epithelial electrical
esistance (TEER, � cm2) using an epithelial voltammeter (Millicell-
RS; Millipore Corporation).

On the day of the experiment, culture medium was removed,
nd cells were washed three times with media transport (HBSS,
anks’ balance salt solution, pH 7.4, Gibco-BRL). The filter inserts

ontaining the cell monolayers were placed in a Using chamber, and
ere maintained at 37 ◦C under constant gassing with carbogen.

ested formulations were SLN, SLN-DMSO, NLC and NLC-DMSO,
DL=1.25%) prepared in transport media to a final concentration of
.0 mM.  Formulations were added to the apical chamber (4.0 ml).
t 20, 40, 60, 80, 100 and 120 m,  samples (400 �l) were taken from
asolateral compartment followed by addition of 400 �l of trans-
ort media. A solution of free CBZ of the same concentration was
sed as control. Apparent permeability (Papp) was calculated with
he equation:
app = 1
A · C0

x
(
dQ/dt

)
(4)
Z (A) and NLC-CBZ (B).

where A is membrane surface area (1.12 cm2), C0 is the initial con-
centration in the donor compartment at t = 0, and dQ/dt is amount
of drug transported within a given period of time.

2.13. Stability studies

Stability studies of all formulations were performed under stor-
age conditions. Samples were kept at 2–8 ◦C. For these studies,
individual vials for each replicate and time were used. Immedi-
ately after synthesis and every 30 days of storage for 90 days, CBZ
content, particle size, PI and zeta potential were evaluated using
the procedures described in the above sections.

2.14. Anticonvulsant activity

Pharmacological tests followed the standard procedures pro-
vided by the Antiepileptic Drug Development (ADD) Program of
the National Institute of Neurological and Communicative Disor-
ders and Stroke [51]. Swiss albino mice weighing between 18 and
25 g at time of testing were provided by the College of Veterinary
of the National University of La Plata. Mice were housed in colony
cages with a maximum of 10 mice per cage, with controlled room
temperature at 20–22 ◦C. Cycles of 12 h light/dark were established,
and ad libitum food and water provided. Mice adaptation to new
environment was  carried out for 5 days. Each day, 0.1 ml  of phys-
iological solution (PS) was  administered intraperitoneally (ip)  to
every mouse.

Maximal electroshock seizures (MES) were elicited in mice by
delivering a 60 Hz/50 mA electrical stimulus for 0.2 s via ear clip
electrodes using the Ugo Basile electro-convulsive device. High
conductivity gel was applied on each electrode to ensure an ade-
quate electrical contact. In these conditions, maximal seizures are
produced in virtually all normal mice. Maximal seizures typically
consist in a short period of tonic flexion followed by a longer period
of tonic extension of the hind limbs and a final clonic episode. It is
considered as endpoint, for anticonvulsant protection, the inhibi-
tion of tonic hind limbs extension beyond a 90◦ angle to the torso.

One positive control (CBZ solution 30 mg/kg), two  negative con-
trols (PS and unloaded NLC-DMSO) and nanoparticle suspension
(NLC DMSO, 30 mg/kg) were injected. Anticonvulsant activity was
tested at 0.25, 0.5, 1.0, 2.0 and 4.0 h. A maximal volume of 10 ml/kg

of freshly made solutions was  ip administered.

RotoRod test was  used to determine possible neurotoxic effects
of formulation in test. A normal mouse can maintain its equilibrium
on a rotating rod (6 rpm) for long periods of time. Failure to main-
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Table  1
Composition and encapsulation efficiency (EE, %) of different SLN and NLC formulation containing CBZ in solid state or dissolved in 50 �l of DMSO, obtained by melt-
emulsification/ultrasonication technique (MM:  myristyl myristate, SS: cetyl esters wax). DL: theoretical drug load; EE: entrapment efficiency.

Samples Lipid Phase DL (%) EE (%)*

Lipid (g) Oil (�l) CBZ (mg)

SLNMM-CBZ 0.4 – 5 1.25 68.4
NLCMM-CBZ 0.4 12 5 1.25 79.2
SLNMM-CBZ (DMSO) 0.4 – 5 1.25 87.3
NLCMM-CBZ (DMSO) 0.4 12 5 1.25 66.8
SLNSS-CBZ 0.4 – 5 1.25 95.3 (0.6)d

SLNSS-CBZ 0.4 – 25 6.25 89.3 (3.2)a

SLNSS-CBZ (DMSO) 0.4 – 5 1.25 95.6 (0.4)d

SLNSS-CBZ (DMSO) 0.4 – 15 3.75 91.1 (1.1)abc

SLNSS-CBZ (DMSO) 0.4 – 20 5.00 90.8 (2.1)ab

NLCSS-CBZ 0.4 12 5 1.25 94.8 (0.6)d

NLC -CBZ(DMSO) 0.4 12 5 1.25 94.7 (1.0)bcd

25 6.25 96.5 (0.3)d

ificant difference (p > 0.05, Tukey HSD test).
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Table 2
Thermal properties of CBZ, bulk cetyl palmitate, and nanoparticles [SLN, SLN-CBZ,
SLN-CBZ (DMSO) and NLC-CBZ (DMSO)]: melting enthalpy (�Hm); melting temper-
ature (Tm); and crystallinity index (CI, %).

Sample Tm (◦C) �Hm (J g−1) CI (%)

Cetyl palmitate 49.2 192.1 100.0
CBZ  190.0–192.0 108.0 100.0
SLN  42.9–48.3 102.3 22.3
SLN-CBZ 44.2–49.6 120.0 26.1
SLN-CBZ (DMSO) 44.5–49.7 105.2 22.9
SS

NLCSS-CBZ (DMSO) 0.4 12 

* Mean (n = 3) and SD are presented. Means with common letter indicates no sign

ain balance during 1 min  is an indication of possible neurological
eficit [51].

In vivo animal testing was performed according to the guidelines
f the Institutional Committee on Care and Use of Experimental
nimals (CICUAL, Facultad de Ciencias Exactas, Universidad Nacional
e La Plata, Argentina).

.15. Statistical analysis

Experiments were carried out with a minimum of 3 indepen-
ent replicas. When a different number of replicas were used, the
umber is specified in the corresponding section. According to the
umber of groups to be compared, comparisons of the means were
erformed by Student t-test or by analysis of variance (ANOVA, fol-

owed by Tukey’s HSD test or Dunnet test for comparison to the
ontrol). A significance level of 0.05 was used. Prior to every para-
etric analysis, the assumptions of normality and homogeneity of

ariance were checked.

. Results and discussion

.1. Synthesis and characterization of SLN and NLC

SLN and NLC were prepared with different types and amounts of
ipids, changing the tensioactive/lipid ratio and the initial amount
f CBZ (Table 1). In two formulations (SLN-CBZ DMSO and NLC-
BZ DMSO) CBZ was previously dissolved in a minimum volume
f DMSO (0.25%,v/v, which is below the maximum allowable limit
stablished by FDA) and later incorporated to lipid phase [52]. Cetyl
sters (SS) wax as main lipid component showed higher EE, com-
ared to myristyl myristate (MM)  formulation (Table 1). For this
eason, only formulations containing SS were considered for fur-
her testing. In every case, the addition of 3.0% (wt) of the oil to
LCs formulations improved the encapsulation significantly, while
igher amount of CBZ in SLN and SLN/DMSO produced a decrease

n the EE. Besides, the EE of CBZ in all formulated lipid carriers were
igher compared to previous reports [43].

.2. Physicochemical characterization by DLS, DSC, TGA and DRX
nalysis

DLS analysis was performed in order to determine the mean
article size of the formulations (Table 1S). Results showed no
ignificant differences (p > 0.05) in the mean diameter among the

elected formulations, which displayed a narrow size distribution
round160 nm.  The zeta potential of all formulations was  between
2.4 and −6.3 mV,  where lower values corresponded to NLC for-
ulation. The low zeta potential values observed can be explained
NLC-CBZ (DMSO) 44.6–49.8 88.9 19.4

considering the stabilization with a non-ionic surfactant (Pluronic
F68). The steric stabilization is playing a key role to avoid the
agglomeration of nanoparticles in suspension. On the other hand,
particle size was  slightly dispersed, with PI values below the opti-
mal  maximal limit of 0.3 similar to previously reported [53,54].

Thermal characterization of nanoparticles was performed by
DSC and TGA analysis to establish changes in the crystalline degree
of the components after drug encapsulation. Overlaid DSC curves
corresponding to CBZ, SLN, SLN-CBZ, SLN-CBZ (DMSO) and NLC-CBZ
(DMSO) are shown in Fig. S2. All formulations showed an endother-
mic  peak in the range of 44–49 ◦C that could be attributed to the
melting point of the solid lipids. CBZ DSC thermogram exhibited a
characteristic endothermic peak around its melting point (192 ◦C).
Since none of the formulations showed a peak at such temperature,
CBZ could be considered to be molecularly dispersed within the
lipid matrix or in an amorphous state which can be explained con-
sidering the dissolution of CBZ in the molten lipid during loading
[44].

CI (%)was estimatedassuming a lipid concentration of 2%by Eq.
(4). CI (%)values of lipid dispersionsdecreased compared to bulk
cetyl palmitate value (Table 2). Thatresult could be attributed to
the addition of both oil and DMSO, which generates a lower stiff-
ness of the matrix array than the original material. In concordance,
calculation of meting enthalpies showed lower values,which are
suggestinglower ordered and rigid structures and consequently,
lower energies to overcome the lattice forces [55].

As a complement, TGA was performed to visualize changes in the
thermal properties ofthe nanoparticles due to the incorporation of
CBZ (Fig. 2).Thermal decomposition of CBZ proceeded in two  steps
of mass loss, between 88 ◦C to 342 ◦Cin nitrogen atmosphere. The
first mass loss (88.0%) occurred in a single thermal event in the
range 188–284 ◦C and corresponds to the thermal decomposition

◦
of anhydrous CBZ. The second mass loss (11.80%) between 284 C
and 342 ◦C, can be attributed to the decomposition of residual car-
bonaceous materials [56].
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Fig. 3. XRD patterns of CBZ, SLN, SLN-CBZ, SLN-CBZ (DMSO) and NLC-CBZ (DMSO).
ig. 2. Thermogravimetric curves (a) and derived thermogravimetric curves (b) of
BZ,  SLN, SLN-CBZ, SLN-CBZ (DMSO) and NLC-CBZ.

On the other hand, SLN, SLN-CBZ, SLN-CBZ (DMSO) and NLC-
BZ (DMSO) showed biphasic thermal behaviour. The first thermal
vent occurred in the range of 190–337 ◦C with a weight loss of
5.2%, 40.7%, 41.5% and 37.4%, respectively. The second thermal
vent occurred between 337 and 425 ◦C with a weight loss of
5.1%, 58.9%, 58.2%, and 62.7%, respectively.None of the formu-

ations showed significant differences in terms of their thermal
ehaviour compared to SLN without CBZ (SLN), and all of them
aintained their stability at temperatures up to 180 ◦C. Those

esults are strongly suggesting the efficient encapsulation of CBZ
n an amorphous state, which is an interesting point to allow its
omplete release in the physiological media.

Finally, to corroborate the previous observations, the X-ray
iffraction patterns of CBZ, SLN, SLN-CBZ, SLN-CBZ (DMSO) and
LC-CBZ (DMSO) were analysed to get more insights of SLN struc-

ure (Fig. 3). CBZ pattern exposed multiple characteristic peaks at
� corresponding to 12.36◦, 13.20◦, 14.00◦ and 20.00◦. However,
hose peaks were not observed in the XRD patterns of nanoparticles
ormulation, confirming that CBZ would be distributed in an amor-
hous state within the lipid matrix or molecularly dispersed in this
ne, in agreement with the previous results obtained in thermal
nalysis. On the other side, patterns corresponding to nanoparti-
les formulations exhibited peaks correlative to cetyl esters wax
19.18◦, 21.44◦ and 23.25◦) and confirm the solid crystalline struc-
ure of SLNs. Different polymorphisms of the lipid matrix were
bserved after preparation. Combination of � motifs (the most sta-
le) and �ı́ (a metastable form) of the lipids were displayed at

9.18◦ and 21.44◦ respectively, indicating the presence of partially
isordered regions but maintaining a certain degree of crystallinity
57].
Fig. 4. Release profiles of SLN-CBZ, SLN-CBZ (DMSO), NLC-CBZ, NLC-CBZ (DMSO)
and  free CBZ.
Note: The experimental points represent the mean and SD values of n = 3.

3.3. TEM and AFM analysis

Size and morphological structure were further evaluated by dif-
ferent microscopy techniques. Images obtained by TEM (Fig. 1)
showed spherical particles with a narrow particle size distribution.
Image analysis using ImageJ software showed a mean particle size
of 162 ± 27 nm for Fig. 1A and 140 ± 26 nm for Fig. 1B (N = 100 each).
Furthermore, no morphological differences were observed among
the developed formulations. These results are in accordance with
the DLS analysis.

Those results were complemented by AFM analysis (Fig. S1).
This technique was  considered as a complementary morphologic
characterization of the samples due to the fact that soft particles
are likely flatten and broaden due to the occurrence of attractive
forces with the support (as well as to the weak forces of the probe,
even in tapping mode). Effectively, size analysis by AFM showed
flattened particles, with heights ranging from 15 to 70 nm. How-
ever, the sizes observed in the xy plane were in the range of the
diameters observed by TEM images (187 ±60 nm).

3.4. In vitro release assay
The in vitro release profiles of CBZ from nanoparticles are shown
in Fig. 4. In comparison with free CBZ, all formulations showed a
controlled release of CBZ during 24 h, with an initial burst release
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Fig. 5. Permeability coefficients of tested formulations.
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Fig. 6. In vivo evaluation of anticonvulsant activity represented by the percentage of
ote: * and ** represents significant and very significant differences (p < 0.05 and
 < 0.01, respectively, Dunnet test) in comparison with the control (free drug, FD).
esults are shown the mean and SD of n = 5.

ssociated to free drug contained in the suspension and drug
dsorbed at the nanoparticles surface [58]. The less pronounced
elease rate observed afterwards could be attributed to the diffu-
ion of the drug from the lipid matrix to the media. A relatively
igher release rate of SLN CBZ (DMSO), NLC-CBZ and NLC-CBZ
DMSO) (in comparison with SLN-CBZ) was observed and could
e explained by the increased mobility of the drug dispersed in

 more amorphous matrix (due to the incorporation of oil, DMSO
r both), which results in a fast diffusion [33]. Nevertheless, the
elease kinetic achieved by the nanoparticles is in close agreement
ith the pharmacopoeial requirements for CBZ extended-release

roducts (between 65 and 90% of the drug must dissolve in 12 hs,
nd not less than 75% in 24 hs) [47].

Release kinetic models of the developed nanosystems fitting
he experimental points were evaluated. In all cases, the model
eveloped by Baker and Lonsdale was the one that best fit to the
ata (R2 = 0.94, 0.97, 0.97 and 0.97 for SLN-CBZ, SLN CBZ (DMSO),
LC-CBZ and NLC-CBZ (DMSO) respectively). The model describes

ontrolled drug release from spherical shape matrices, with a com-
ination of diffusion and degradation as factors responsible for the
elease mechanism and derived from Higuchi model [59,60].

.5. In vitro cell permeability studies

The results of in vitro cell permeability studies are displayed in
ig. 5 as the mean and SD values of the permeability coefficient of
ll formulations (n = 5). Wells with a CBZ solution in Hank’s buffer
ere evaluated as controls. The Dunnet test was applied to com-

are the mean values with a control (free drug). Formulations SLN
MSO and NLC DMSO showed significantly enhanced permeability

espect to free drug with a confidence of 95% and 99%, respectively.
n contrast, SLN without DMSO displayed a reduced permeability
oefficient in comparison with free drug. Although all formulations
ossessed similar entrapment efficiency, particle size distribution
nd zeta potential, formulations containing a liquid lipid (nanos-
ructured) and DMSO could modify lipid matrix making it more
eformable and allowing nanoparticles to across the cell monolayer
ore easily, leading to an increase of CBZ permeation. Neves et al.

ave demonstrated that TEER values in the presence of NLC were

ecreased in 10% regarding the presence of fresh medium. This
ffect could indicate a partial opening of tight junctions between
pithelial cells [61].
mice protected at each time post-dose, for physiological solution (PS), vehicle [NLC
(DMSO)], solution of CBZ and the formulation tested [NLC CBZ (DMSO)] at a dose of
30  mg/kg.

3.6. Stability studies

All SLN and NLC formulations were stored at 2–8 ◦C for 90 days
and no significant changes (p > 0.05) in CBZ content (%), particle size,
zeta potential and PI were found along the tested period, suggesting
that nanoparticles are stable under the storage conditions (Fig. S3).

3.7. Anticonvulsant activity

The results of the anticonvulsant assays in mice models are
shown in Fig. 6. Negative control (PS) did not present anticonvul-
sant activity, while the vehicle control displayed protection in at
least one animal in almost all times. On the other hand, positive con-
trol (free drug: FD) presented activity in almost all animals at each
time except at 4 h, where no anticonvulsant activity was  observed.
Similarly, nanoparticle formulations showed anticonvulsant activ-
ity like the free drug. The NLC showed protection against seizures
in 1 out of 5 mice (20%) at 4 h, whereas no protection was observed
with the free drug. This preliminary result are in agreement with
recent reports [62,63] that suggest an enhanced duration of the
therapeutic effects of drugs encapsulated into lipid nanoparticles.
Taking advantage of the fact that these nanosystems have a lower
intrinsic toxicity and that they deliver the drug in a prolonged man-
ner, further evaluation at higher doses and prolonged times will
be performed to study this possible advantage of the NLC system
over the free drug. On the other hand, all tested formulations did
not show neurotoxic effects in any tested animal evaluated by the
RotoRod test.

In addition, the feasibility of these NLC to increase the anti-
convulsant activity of the drug could be further explored by other
administrations routes, and particularly intranasal delivery as was
proposed by other recent works for brain targeting [64,65].

4. Conclusion

The CBZ-SLN and CBZ-NLC presented in this work are original
in terms of their technology, since they comprise only lipid com-
ponents, they are prepared by the melt-emulsification technique
and achieve high drug loading capacity even without the use of

organic solvents. On the other hand, these novel formulations pos-
sess several advantages over the only previously reported nanolipid
system [43], such as optimum particle size to avoid their removal by
the mononuclear phagocyte system [54] (ca.160 nm), with low PI
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lower than 0.3) and high encapsulation efficiency (higher than 85%
or all the selected formulations). Moreover, formulations proved
o be stable in terms of their EE, particle size, zeta potential and PI
t 4 ◦C for 90 days.

In addition, thermal and crystallographic experiments sug-
ested that CBZ was incorporated into the lipid matrix in
morphous state which facilitates the dissolution of the drug in
hysiological simulated medium. As an additional feature, the sys-
ems exhibited a sustained CBZ release profile, determined under
iopharmaceutically relevant conditions for at least 24 h, fitting

 model that describes the drug release from a spherical matrix.
ome of the prepared systems also achieved an enhanced CBZ per-
eability through MDCK cell monolayer. Finally, our CBZ-loaded

anolipid systems have shown a comparable protective effect to
ree CBZ in the MES  seizure model.

The developed system represents a novel and interesting
pproach to improve the bioavailability of AEDs and overcome
ome of the challenges commonly found in the treatment of CNS
onditions.
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