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Preparation, Physicochemical and Biopharmaceutical Characterization of
Oxcarbazepine-loaded Nanostructured Lipid Carriers as Potential Antiepileptic

Devices

Abstract

Epilepsy is the second most common chronic central nervous system disorder. Oxcarbazepine
(OXC) is an antiepileptic drug with low solubility in aqueous media but is used for the
treatment of both focal and generalized seizures. Studies of OXC encapsulation in
nanostructured lipid carriers (NLCs) composed of cetyl palmitate and oleic acid coated with
polyvinyl alcohol (PVA) or chitosan (Ch) to obtain nanoparticles with negative and positive
surface charge, respectively, are reported. All NLCs displayed 97%-98% OXC encapsulation
efficiency, 14.5%-14.6% drug loading, 121.8 to 212.3 nm size range, and polydispersity indexes
between 0.248 and 0.282 nm, depending on their composition. The homogeneity of the NLCs
was confirmed by electron microscopy. The OXC release from the NLCs was analyzed by
Higuchi, Baker-Londsdale, and Korsmeyer-Peppas structured models. The Korsmeyer-Peppas
model provides the best data fit (R> 0.98), and n> 0.58, suggesting a mechanism driven by
non-Fickian molecular release. In vitro permeability studies using MDCK-MDR1 cells revealed
enhanced permeability of the encapsulated drug compared with free OXC. Surface plasmon
resonance tested in the presence of BSA, IgG, and IgM, commonly found in human plasma,
revealed no interaction with naked and PVA-coated NLCs. These promising results allow

considering further in vivo studies for efficient delivery of OXC.

Keywords: Oxcarbazepine; Central nervous system (CNS); Biopharmaceutical
characterization;  Chitosan; Lipid nanoparticles  (LNP);  Physical

characterization.



Introduction

Epilepsies are the second most common chronic central nervous system (CNS) disorder,
following dementias. It is estimated that 65 million people today live with epilepsy worldwide
[1]. About 80% of global cases of epilepsy come from low- and middle-income countries,
where due to economic reasons barely a quarter of the patients receive the required
treatment due-te-[2]. Despite the substantial and successful efforts to find new treatments,
with a considerable number of new antiepileptic drugs (AEDs) introduced to the market in the
past two decades, around one-third of the patients still fail to control seizures with the
available drugs [3]. A large volume of evidence from both patients and animal models indicates
that drug resistance in epilepsy is associated with over-expression of ABC transporters (the so-
called “transporter hypothesis”), a superfamily of ATP-dependent carriers (e.g., P-
glycoprotein) that work in a highly concerted manner with biotransformation enzymes to
promote the elimination of xenobiotics from the body [4,5]. Up-regulation of such systems
may lead to subtherapeutic levels of their substrates, among them some AEDs. Most recently,
the “gene variant” hypothesis has also contemplated genetic causes of drug-resistant epilepsy
(e.g., polymorphic variants of drug biotransformation enzymes and/or drug transporters) [6].
Different strategies have been proposed to address the previous issues, among them the use
of drug nanocarriers that could “hide” the AEDs from elimination systems, analogous to Trojan
horses, and thus increase drug bioavailability [7,8]. Multiple nanocarriers have been studied
for such purposes, including polymer and lipid systems [9]. Preclinical studies have shown that
the concentration of AEDs in the brain can be improved by encapsulating such active
pharmaceutical ingredients in diverse vehicles [10].

Among the different colloidal systems, solid lipid nanoparticles (SLNs) have emerged as
promising carriers for the delivery of AEDs and are produced with a solid lipid core stabilized
by emulsifiers [11]. Nanostructured lipid carriers (NLCs) appeared as a second-generation of
SLNs containing both solid (fat) and liquid (oil) lipids inside the nanoparticle. The addition of
the oil into the matrix disrupts the crystal structure of the solid lipid, improving their stability,
drug loading, kinetic release, and preventing drug expulsion during storage [12,13]. Both
lipophilic and hydrophilic compounds could be loaded into NLCs [14,15], and the surface could
be modified to improve their stability and site-specific targeting using Green Chemistry
technologies [12,16].

Many nanometric systems could be eliminated through opsonization followed by recognition
by macrophages, which can markedly limit the therapeutic activity of the transported drugs

and could induce undesirable side effects. This process is activated immediately after the



particles enter in contact with the blood when they undergo decoration with opsonins (i.e.,
immunoglobulins, complement factors, etc.) that flag them and promote their elimination by
the mononuclear phagocytic system [17,18]. Abundant evidence indicates, however, that this
phenomenon can be reduced by coating the nanoparticles with different polymeric substances
[19]. Polyvinyl alcohol (PVA) and chitosan (Ch) coating could provide increased nanoparticle
stability but also changes in the residual surface charge. Ch is a positively charged biopolymer
composed of partially deacetylated 3-(1—>4) glucosamine and N-acetylglucosamine and, on the
other hand, PVA provides the nanoparticles residual negative surface charge.

OXC is a Biopharmaceutical Classification System class Il AED used for both focal and
generalized seizures, either alone or as add-on therapy. It is, in fact, a prodrug that is rapidly
converted into its main metabolite, the active 10-monohydroxy derivative licarbazepine. OXC
displays a short half-life of 1 to 5 h [20]. Both OXC and licarbazepine have been reported as P-
glycoprotein substrates [21], and thus encapsulation of OXC within pharmaceutical
nanocarriers is likely to have a considerable impact on its disposition and pharmacokinetics.

In this sense, kinetic analysis of OXC release from the nanoparticles using structured models
could reveal the main characteristic of the drug release system. Some of the typical models
used for controlled drug release were postulated by Baker-Londsdale, Higuchi and
collaborators, and Korsmeyer-Peppas [22]. Particularly, the Korsmeyer-Peppas structured
model is interesting because it allows determining the main release mechanism of the
encapsulated drug from the device through the exponential value (n). The Korsmeyer-Peppas
kinetic release model for spheres establishes that n < 0.43 can be associated with a Fickian
diffusional mechanism, 0.43 < n < 0.89 is correlated with non-Fickian drug release, a
combination of diffusional, swelling, and erodibility mechanisms, n= 0.89 can be associated
with the relaxational transport (case Il type), and n> 0.89 is assigned to super case Il

In previous works the encapsulation of OXC intended for nasal administration, including its
formulation as polymeric nanoparticles [23,24] and as emulsomes [25,26], was reported. To
the best of our knowledge, SLN/NLC formulations of OXC have not been reported yet. The
advantage of these systems, compared to those reported by other authors, is the lack of
organic solvents (which can be potentially toxic if they are not eliminated) during the
preparation process. Moreover, this type of nanovehicle has been assayed for the related AED
carbamazepine (CBZ), with encouraging results, as an improved biodistribution and/or
anticonvulsant effect of the drug has been previously reported [11,27,28]. Therefore, the aim
of the present work was the preparation and subsequent physicochemical and in vitro

biopharmaceutical characterization of OXC-loaded in three NLC systems: naked, coated with



PVA, and Ch. In vitro studies included nanoparticle characterization by dynamic light scattering
(DLS) and transmission electron microscopy, kinetic drug release and modeling, and
permeability studies in the MDCK-MDR1 cell line. Furthermore, the interaction of the prepared

formulations with opsonins was analyzed by surface plasmon resonance (SPR).

Materials and methods

Chemicals

Cetyl palmitate (Crodamol CP’, M.P.= 50-53°C) was kindly donated by Croda (Argentina). OXC
(98.1% as basis) and bidistilled oleic acid were provided by Saporiti (Buenos Aires, Argentina).
Poloxamer 188 (P188, Kolliphor'), polyvinyl alcohol (PVA, MW= 13-23 kDa, 98.0% hydrolyzed),
medium molecular weight Chitosan (mCh, MW= 190-310 kDa, 75%—85% deacetylated), bovine
serum albumin (BSA, MW= 66.5 kDa), 1gG and IgM antibodies, 11-mercaptoundecanoic acid
(MUA),  N-hydroxysuccinimide  (NHS), ethanolamine  hydrochloride, and  N-(3-
dimethylaminopropyl)-N’-ethyl carbodiimide hydrochloride (EDC) were purchased from Sigma-
Aldrich (Buenos Aires, Argentina). Potassium chloride, sodium chloride, sodium dihydrogen
phosphate, and disodium hydrogen phosphate were obtained from J. T. Baker (Pasadena, CA,
USA). Sodium carbonate was purchased from Biopack (Buenos Aires, Argentina). Commercial
gold substrates (SPR102-AU) were obtained from BioNavis (Tampere, Finland). All reagents

were of HPLC/analytical grade unless specified otherwise.

Preparation of OXC- NLCs

OXC-loaded NLCs were prepared by melt-emulsification procedures followed by
ultrasonication technique [29]. Briefly, 400 mg of cetyl palmitate (Crodamol CP®) was melted
inte in a water bath at 70 °C and mixed with 60 mg of OXC dissolved in a mixture containing 50
uL of dimethyl sulfoxide (DMSO), 2.0 mL of propylene glycol, and 112 uL of oleic acid. After 30
min, 20 mL of a preheated (70 °C) 3.0% (w/v) Poloxamer 188 (Kolliphor’ P188) aqueous
solution was were mixed with the lipid/drug phase (2.0%, w/v). The formulation was finally
obtained by ultrasonication at 90% amplitude for 30 min. An ultrasonic processor (130 W,
Cole-Parmer, USA) equipped with a 3 mm titanium tip was used. The resulting suspension
(NLC-P188) was rapidly cooled down to room temperature, and the remaining volume was
measured. Two additional formulations (NLC-PVA and NLC-mCh) including coating polymers
were prepared, by adding PVA or mCh to the aqueous phase, respectively. In the case of NLC-
mCh, the procedure involved the dissolution of 2.0% (w/v) mCh in 0.1% acetic acid (pH= 4.0)



and then preheating to 70 °C before the addition of the polymer to the aqueous phase. Non-

loaded control NLCs (i.e., without OXC) of each formulation was also prepared.

Particle size, zeta potential, and polydispersity index

The mean diameter and size distribution were measured by DLS (Nano ZS Zetasizer, Malvern
Instruments Corp, U.K.) at 25 °C in polystyrene cuvettes with a path length of 10 mm. The zeta
potential ({) was determined by laser Doppler anemometry using the same equipment.
Measurements were performed in 10 mm path length capillary cells, using ultrapure water
(MiIIi-O,®, Millipore, MA, USA). As a dimensionless measure of the size dispersion, the

polydispersity index (Pl) was determined. All measurements were carried out in triplicate.

Measurement of entrapment efficiency and drug loading

The entrapment efficiency (EE, %) and drug loading (DL, %) of all formulations were
determined by measuring the concentration of the nonencapsulated drug in the solution [11].
The final suspension of 500 pL was filtered using 10 kDa cut-off filters (Microcon®, Merck
Millipore, Billerica, MA, USA). The concentration of free OXC was then assessed using an HPLC

method. The EE and DL were calculated as:

Wo-(CrrxVy)

0

EE (%) = x 100 (1)

Wo

DL (%) =

X 100 (2)

Wiipia

where Wjand W4 are the initial amounts (in mg) of OXC and lipid added to the formulation,
respectively, C; is the free drug concentration in mg/mL in the ultrafiltrate, and Vis the final

volume (mL) of formulation obtained after ultrasonication.

HPLC analysis

A Dionex Ultimate 3000 UHPLC (Thermo Scientific, Sunnyvale, CA, USA) equipped with a dual
gradient tertiary pump (DGP-3000) and a DAD-3000 diode array detector was used for
chromatographic analysis. A Lichrosphere” 100 RP-18 (250 mm x 4 mm, 5 um, Merck KGaA,
Darmstadt, Germany) column was used for chromatographic separation. The mobile phase

consisted of methanol and KH,PO, buffer (70:30). The system was operated isocratically at a
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flow rate of 1.0 mL/min, with detection being performed at 285 nm. The mobile phase was
used to dilute the samples, which were then centrifuged at 13,000 xg for 5 min (4 °C) before
injection (20 uL). Method validation was carried out through the determination of the
precision, specificity, and linearity over the range of expected concentrations. Precision was
determined at three different concentrations: 0.1, 20.0, and 50.0 mg/L. The calculated relative
standard deviations were below 3% in all cases. The method was specific for the drug in the
lipid matrix; no interfering peaks were observed near the OXC retention time. A linear
correlation (p< 0.0001) was observed in the concentration range of 0.1 — 50.0 mg/L, with a
coefficient of determination R’= 0.997 and a 95% confidence interval of the intercept of

[-1.2322 - 0.6447].

Transmission electron microscopy

A ten-fold dilution of each nanoparticle formulation was obtained using ultrapure water; a
drop of the resulting dispersion was spread onto a collodion-coated Cu grid (400 mesh). Liquid
excess was drained with filter paper. One drop of phosphotungstic acid was added for contrast
enhancement. Transmission electron microscopy (TEM) analysis was performed using Jeol-

1200 EX II-TEM microscope (Jeol, MA, USA.).

In vitro cell permeability studies

Parental MDR1-transfected Madin—Darby canine kidney (MDCK) epithelial cells were a gentle
donation from the Netherlands Cancer Institute (Amsterdam, The Netherlands). Along with
Caco-2 cells, MDCK cells are the most broadly used cells to assess drug permeability in vitro.
Under standard culture conditions, MDCK cells form monolayers of polarized cells and develop
tight junctions [30]. Here, MDCK-MDR1 cells expressing human P-gp were selected, so that the
observed apparent permeability coefficients (Papp) reflect the contribution of P-gp to drug
transport [31]. Cells were grown in 25 cm? culture flasks using DMEM with 10% fetal bovine
serum, 1% L-glutamine, 1% nonessential amino acids, and penicillin and streptomycin at 37 °C
in 5% CO, atmosphere. Cells were split twice a week at 70%—-80% range confluence in a ratio of
1:20 or 1:30 using Trypsin-EDTA solution (0.25%). Transport assays were performed with cells
from passages 19 — 43. Cells were kept at 37 °C in 5% CO, and seeded in 6-well Costar Snapwell
plates with polycarbonate membrane inserts at a density of 50,000 cells per insert (1.12 cm?),
which is grown for 4 days in the culture medium. The medium was replaced every day. The
apical medium volume was 0.5 mL, and the basal volume was 2.0 mL. The transepithelial

electrical resistance (TEER, Q.cm?) was measured to assess the integrity of the monolayer,
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using an epithelial voltammeter (Millicell-ERS; Millipore Corporation). On the day of the
experiment, the culture medium was removed, and cells were washed three times with
transport medium Hanks’ balanced salt solution (HBSS, pH= 7.4; Gibco-BRL, IN, USA). The filter
inserts containing the cell monolayers were placed in a using chamber and kept at 37 °C under
constant gassing with carbogen. Test formulations were NLC-P188, NLC-PVA, NLC-mCh
prepared in transport media to a final concentration of 1.0 uM. Then 4.0 mL of each
formulation was added to the apical chamber. At 20, 40, 60, 80, 100, and 120 min, samples
(400 pL) were taken from the basolateral compartment followed by the addition of 400 pL of
HBSS. A solution of free OXC was used as control. P,,, was calculated by using the following

equation:

1 .d
Papp = TCOX Q/dt (3)

where A is the membrane surface area (1.12 cm?), C,is the initial concentration in the donor

compartment at t= 0, and dQ/dt is the amount of drug transported within a given time.

In vitro release studies

Dissolution studies of the OXC released from nanoparticles were performed in & rotating
paddle apparatus [32] (Vision Classic 6, Hanson Research, Chatsworth, CA, USA) at 100 rpm
using 500 mL of KH,PO, buffer (pH= 6.8) as dissolution media. Such dissolution media was
previously filtered and deaerated with a 0.45 um nylon filter. The heating temperature was
established at 37.0 + 0.5 °C. A suitable volume of each formulation (5.0 mL) was placed in
dialysis membranes (MWCO= 10 kDa), which were prehydrated for 24 h, and submerged in a
vessel. Pure OXC solution at a similar concentration was used as a control. Samples were taken
at regular intervals of time and immediately centrifuged at 2200 xg for 24 h. The quantity of
the released drug was determined spectrophotometrically at A= 285 nm (Helios Beta
spectrophotometer, Thermo Fisher Scientific, Waltham, MA, USA). Experiments were
performed in duplicate; the mean values were used for data analysis. Different mathematical
models of drug release were considered to describe the drug dissolution profile from NLC

formulations [33].

SPR Measurements

Single thiol self-assembled monolayers (SAMs) were obtained by overnight incubation of the



gold substrates in 50 uM MUA ethanolic solution at room temperature. The as-prepared
surfaces were washed with Milli-Q" water and dried in a stream of nitrogen before SPR
measurements.

Experiments were performed with an SPR Navi’ 210A (BioNavis, Tampere, Finland) instrument
at 22 °C using an incident laser of A= 785 nm and a flow rate of 10 uL/min. The working mode
was “in parallel” by immobilizing blood plasma proteins (BSA, IgG, or IgM) in one flow cell of
the sensor chip and keeping the other fluidic cell as a control surface without protein.
Immobilization of the proteins to the single SAMs was performed by the carbodiimide coupling
reaction [34]. Activation of the MUA-carboxyl groups on the surface was implemented with a
mixture of 0.1 M EDC and 0.1 M NHS to give reactive succinimide esters. Then 10 mM sodium
acetate solutions of 50 pug/mL IgG (pH= 4.6), 100 ug/mL BSA (pH= 4.0) or 20 ug/mL IgM (pH=
4.0) were injected through fluidic cell 1 in three different individual experiments. The esters
reacted spontaneously with primary amine groups of the proteins. The immobilization process
finished by blocking the remaining succinimide esters with 1.0 M ethanolamine (pH= 8.5). An
identical procedure of carbodiimide coupling reaction, but flowing buffer solution instead of
protein solution, was performed for the control assay (fluidic cell 2).

To monitor the interaction of NPs with the immobilized proteins, a ten-fold dilution of NLC
formulations in PBS (pH= 7.4) was injected for 10 min onto the sensor chip followed by a
regeneration step with 1% Triton X-100. The SPR signal assigned to each NLC solution
corresponded to the plateau of the SPR response in the time between the end of the NLC
injection and the start of the regeneration step (around 730 s of each cycle). All sensorgrams

are displayed as mean x SD from 3 independent experiments.

Results and discussion

Synthesis and characterization of NLC formulations

Different NLC formulations were prepared by the ultrasonication method using a common lipid
core composed of cetyl palmitate and oleic acid as liquid oil, as well as PVA or mCh as coating
polymers. Due to the low solubility of OXC in a wide range of solvents [35], it was partially
dissolved in a minimal volume of 0.25% (v/v) DMSO, which is below the maximum allowable
concentration limit established by the FDA [36]. Dissolution was completed with propylene
glycol. The resulting mixture was incorporated into the melted lipid phase before preparation.
The composition of different NLCs is shown in Table 1.

Table 2 summarizes the main properties of the NLCs. All NLC formulations displayed a high EE
(%) ranging 97%-98% and DL (%) between 14.5% and 14.6%. All formulations are expected to



have a similar encapsulation performance because all NLCs contain the same lipid core. The
high encapsulation performance relates to the nature of the NLC systems, where the drug is
highly located in the interstices generated by the liquid lipid component of the oleic acid core,
which alters the reticular crystalline structure of the solid lipid (in this case, cetyl palmitate)
[37]. It is worth mentioning that the drug loads of the herein reported systems are much
higher than those of previously reported polymeric nanoparticles encapsulating OXC [22, 23].

The particle size of the NLCs ranges between 121.8 and 212.3 nm; the increase in particle size
is directly correlated with the MW of the coating polymer, as expected. The residual positive
charge of mCh, which results in electrical repulsion between the polymeric chains, also
contributes to size expansion. The Pl of the obtained nanoparticles ranged between 0.248 and
0.282 (Table 2), verifying, in all cases, the small polydispersion of the NLC solutions [38,39],
which suggests a monomodal dispersion that is optimal for pharmaceutical applications.
Concerning the surface charge of the formulations, NLC-P188 and NLC-PVA appear to be
slightly negative (Table 2), which is an interesting feature to maintain their stability and avoid
potential aggregations, added to the fact that the use of the nonionic surfactant P188
enhances nanoparticle stability by steric hindrance [40]. This result is in agreement with works
reported elsewhere [41,42]. On the other hand, a switch to a positive surface for nanoparticles
coated with mCh was observed (NLC-mCh), a feature that makes them potentially useful for
alternative administration routes of AEDs such as intranasal administration, in which the
mucoadhesive properties of the particles are highly required [43]. The positive charge
conferred by mCh coating could also be useful for a passive targeting strategy to overcome

the blood-brain barrier by adsorptive-mediated transport [44,45].

TEM analysis

The size and morphological structure of the three different NLC formulations were evaluated
by TEM and analyzed using Imagel) software. Images obtained by this methodology showed
spherical shape with a mean particle size (+ SD) of 120 £ 32 nm, 153 £ 12 nm, and 212 £+ 24 nm
for NLC-P188, NLC-PVA, and NLC-mCh, respectively. These results are in the order of those
obtained by DLS (Table 2). Figure 1 shows the images obtained by TEM and used for the mean
particle size analysis. These results are in agreement with previous reports where it is shown
that DLS measurements could be similar to those obtained by TEM when using the DLS

number instead of intensity [46].

Permeability studies
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The calculated Papp for the three assayed nanosystems ranged between 0.0212 (+/-0.01),
0.0186 (+/-0.01), and 0.0137 (+/-0.006) cm s™* for NLC-P188, NLC-PVA, and NLC-mCh,
respectively. These NLC Papp values are significantly different from the estimated Papp for the
OXC solution, which was 0.0006 (+/-0.0004) cm s* (Kruskal-Wallis test followed by
nonparametric pairwise comparisons, 0.05 significance level [47]). This result suggests that the
encapsulated drug could be cross the MDCK-MDR1 cell monolayer. Consequently, the delivery
of OXC in NLCs has been efficacious to circumvent MDR1-mediated efflux and significantly
enhances the permeability of the drug in the in vitro permeability studies. An inverse
correlation between the size of the nanosystem and the permeability coefficient was
observed, as expected.

These results are in agreement with previously published ones, according to which the
permeability of OXC across cell monolayers, as in vitro models of the BBB, is enhanced by its
encapsulation into a nanosystem [23]. A similar result was previously reported by our group

for NLCs containing the AED carbamazepine [11].

In vitro release studies

The in vitro OXC release profiles from the nanocarriers are shown in Figure 2. In comparison
with free OXC, all NLCs showed a kinetically controlled release of OXC. The drug release
achieved by NLC-PVA and NLC-mCh was is approximately twice compared to NLC-P188 after 12
h incubation. In decreasing order, the drug release performance was NLC-PVA (34.2%) > NLC-
mCh (30.9%) > NLC-P188 (16.9%). According to the observed profiles, the data were analyzed
with three mathematical models: Higuchi, Korsmeyer-Peppas, and Baker-Lonsdale [48]. The
goodness of fit measures for the three models is presented in Table 3.

The model developed by Korsmeyer and Peppas was the best fit for the data for all the
formulations (Table 3), and thus the parameters and their standard error were calculated
(Table 4). In this model, kg is a constant incorporating structural and geometric characteristics
of the drug dosage form, and n is the release exponent, indicative of the drug release
mechanism [49]. All the estimations were highly significant, but no statistical differences (p>
0.05) were found among formulations either in terms of kg or n. The three formulations
displayed exponential values (n) in the range of 0.58 to 0.76, which are indicative of a non-
Fickian or anomalous transport from spherical devices. In this case, the mechanism of drug
release is governed by diffusion and swelling of the coating. In purely polymeric devices, the
simultaneous rearrangement of the polymeric chains and the diffusion process could cause

time-dependent anomalous effects [50]. These results show the particular relevance of
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swelling for those nanosystems in the presence of polymeric coatings, which positively
contribute to the release of the OXC from the nanoparticles to the surrounding environment.
The observed percentage release "order" was NLC-PVA > NLC-mCh> NLC-P188, which provides
further evidence of the role of the coatings in drug release kinetics. The effect of polymers on
NLC structure was previously reported in other works of our group [16], where it was
observed, by X-ray diffraction, that the addition of a chitosan cover, decreases the diffraction
pattern signals corresponding to B and B’ lipid polymorphic structure, which could suggest that
this polymer could have an interaction with the lipid components and modify the structure of
the crystalline surface of NLC [51]. This effect could explain the differences in the release
profiles of OXC in the presence of coating polymers.

The OXC release profiles observed in the current study are very similar to those reported
previously from emulsomes[24], which were also assayed and improved in vivo drug
bioavailability. In contrast, OXC release profiles from NLCs indicated a delayed and sustained
release compared with previous data published elsewhere [22].

The drug release behavior discussed above-involving release dependence on diffusion,
swelling, and the lack of evidence of burst release in all SLNs studied could indicate that the
drug was incorporated into the lipid matrix since burst release is associated with fast release
and the drug enrichment of nanoparticles surface [52]. In a previous work carried out by our
group, the drug carbamazepine was incorporated into the lipid matrix of solid lipid
nanoparticles [53]. The similarity that this drug has with oxcarbazepine in terms of its
lipophilicity and molecular structure could support this hypothesis. However, more studies are

required for further understanding of the system.

SPR sensor chip modification with blood plasma proteins

BSA, 1gG, and IgM were covalently immobilized onto the SPR chip covered with EDC/NHS-
activated single MUA SAMs. The immobilization was carried out inside the SPR device and i
was monitored by the shift of the SPR angle. Mean angular shifts (ABspg) and the corresponding
protein surface coverage (Ip), calculated through the Feijter equation, together with the
hydrodynamic diameters (D;) and molecular weights (MW) employed to calculate the close-
packed coverage ([p*), are listed in Table 5. According to these estimations, the surface
coverage for BSA, 1gG, and IgM was 31%, 15%, and 28% (considering a close-packed array as
100% of coverage) respectively, which is compatible with an adequate protein - NP interaction
in terms of the availability of capturing sites in the immobilized molecules. Because of these

data, proteins were successfully immobilized onto the activated MUA SAMs.
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SPR measurement of NLC-protein interactions

Considering that the surface coverage for BSA, IgG, and IgM ranges 15%-31% of the close-
packed array (Table 5), it can be assumed that both nanocarrier-protein and nanocarrier-bare
chip surface interactions can occur on the chip surface. To cover these possible interactions,
parallel SPR experiments were performed by immobilizing proteins in one flow cell and
keeping the other cell as a control surface without protein.

Representative SPR sensorgrams resulting from the flow of NLC-P188 or -PVA onto protein-
modified chips or control surfaces are shown in Figure 3. These NLC formulations showed a
negligible interaction in the control experiments as the ABspR that characterizes the surface
after the passage of the NPs is essentially the same as before the injection of the NLCs (black
curves in Figure 3). The ABspr that results after the injection of NLC-P188 or -PVA onto the
protein-covered sensor surfaces (blue, red, and green curves in Figure 3 for IgM, BSA, and IgG
respectively) overlaps with the ABsp; that characterizes the interaction of these NLCs and the
bare sensor surfaces, indicating that no interaction between NLC-P188 or NLC-PVA and the
tested proteins occurs in the experimental conditions. These results are following a negligible
immune system clearance of the nanocarriers. The fact that a reduction of plasma protein
adsorption is achieved could lead to a decrease in the clearance of nanoparticles by the
reticuloendothelial system, and therefore, an increase in the circulation time of the
nanoparticles, which would improve their arrival at the site of action [54]. However, this
hypothesis should be further investigated by in vivo experiments. Strong interaction with the
bare sensor surface was observed in the case of mCh nanocarriers (with or without OXC),
preventing the evaluation of the NLC-protein interaction using this experimental design, as

observed for other Ch-coated nanoparticles [55].

CONCLUSIONS

Three stable NLC formulations containing OXC were successfully prepared, two of which had
additional coating polymers. The systems are spherical with a particle size in the range of 120
to 210 nm, depending on the surface charge of the polymer used, and with a small
polydispersity index in all of them.

The permeability studies using MDCK-MDR1 cells indicated enhanced permeability of the
encapsulated drug in comparison with OXC free OXC. This is an especially relevant result taking
into consideration that OXC is an MDR1 substrate, and thus it is subjected to efflux transport.

It is hypothesized that encapsulated OXC molecules are hidden from MDR1 copies, resulting in
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increased permeability. Considering that overexpression of MDR1 and other ABC transporters
has been associated with refractory epilepsy, this is a promising result to further explore the
use of nanocarriers to deliver AEDs more efficiently (e.g., by future assessment of our delivery
systems in vivo models of drug-resistant seizures and/or epilepsy).

In vitro release results showed modified OXC release, compared to nonencapsulated OXC, with
an excellent fit to the Korsmeyer-Peppas model. The release exponent suggested a mixed
release mechanism driven both by diffusion and by the rearrangement of polymeric chains of
the coatings.

In the case of Ch-coated NLC (NLC-mCh), the SPR studies did not yield results that could
provide information about the affinity between the nanoparticles and the studied proteins. In
contrast, the SPR in vitro experiments verified that there was no interaction of NLC-P188 or
NLC-PVA with IgM, 1gG, or BSA. This fact may have an impact on the circulation times of the
formulations in the bloodstream. Due to the complexity and the relative number of plasma

proteins, this hypothesis should be confirmed by future in vivo studies.
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Tables

Scioli Montoto et al.

Table 1. Composition of different NLC obtained by melt emulsification/ ultrasonication

technique.
Lipid Phase Aqueous Phase
Crodamol Oleic Acid PG DMSO OXC Kolliphor mCh PVA (meg)
CP (mg) (1) (mL) (1) (mg) P188(mg) (mg)
Oxcarbazepine loaded NLC i
NLC-P188 400 112 2 50 60 600 - -
NLC-PVA 400 112 2 50 60 500 - 100
NLC-mCh 400 112 2 50 60 500 100 -
Non-loaded NLC"
NLC-P188 400 112 2 50 - 600 - -
NLC-PVA 400 112 2 50 - 500 - 100
NLC-mCh 400 112 2 50 - 500 100 -

* Final volume of 20 ml.

Table 2. Particle Size (PS), polydispersity index (Pl), zeta potential ({) and Entrapment

Efficiency (EE%) of different formulations of NLC. Mean (and sd) of 3 determinations are

presented.

PS (nm) PI ¢ (mV) EE% DL%
Oxcarbazepine loaded NLC
NLC-P188 122.4 (0.3) 0.282 (0.010) -1.68 (0.79) 97.5 14.6
NLC-PVA 162.6 (1.1) 0.262 (0.007) -2.50 (0.18) 97.5 14.5
NLC-mCh 206.4 (2.1) 0.282 (0.006) 26.5(1.1) 96.9 14.5
Non-loaded NLC
NLC-P188 121.8(1.4) 0.251 (0.009) -3.23(0.16) - -
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NLC-PVA 154.6 (1.2)

NLC-mCh 212.3 (1.0)

0.248 (0.001)

0.271 (0.009)

-2.49 (0.20)

24.1(1.3)

Table 3. Goodness-of-fit measures used as model selection criteria for fitting of the in vitro

release profiles of OXC from NLC systems. MISE = mean squared error; AIC = Akaike’s

information criteria; F= fraction dissolved (%).

Rsqr Rsqr-adj MSE AlC Resid. sum
Higuchi model - F = ky; - t%°
NLC-P188 0.983 0.983 0.94 8.60 -3.16
NLC-PVA 0.948 0.948 12.17 20.85 -13.02
NLC-mCh 0.966 0.966 5.91 17.79 -9.78
Korsmeyer-Peppas model - F = kygp - t™
NLC-P188 0.988 0.986 0.66 7.88 -0.65
NLC-PVA 0.979 0.976 4.70 4.10 0.37
NLC-mCh 0.997 0.997 0.53 11.58 -0.27
_\2/3
Baker-Londsdale model - > [1 — (M) ] -L= kg, -t
2 100 100
NLC-P188 0.979 0.979 1.12 9.49 -5.58
NLC-PVA 0.910 0.910 21.61 23.23 -22.82
NLC-mCh 0.955 0.955 7.92 19.27 -4.93

Table 4. Parameters estimation for the best fitting model (Korsmeyer-Peppas).

kgp n
Est. SE p-value Est. SE p-value
NLC-P188 4.15 0.38 <0.0001 0.58 0.04 <0.0001
NLC-PVA 5.23 0.95 0.0006 0.76 0.08 <0.0001
NLC-mCh 5.63 0.33 <0.0001 0.69 0.03 <0.0001

Abbreviations: SE: standard error; kyp: Korsmeyer-Peppas model constant; n: model exponent.
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Table 5. Mean angular shifts (AB) achieved to estimate the surface coverage (I'p),

hydrodynamic diameters (Dh) and molecular weights (MW) employed to calculate the close

packed coverage (I'p*)

a9

Protein [deg] o] boul  [nglemdl  Ingjem? "o
BSA 0.133 5.3 66.5 139 453 31
I1gG 0.083 7.0 150 87 590 15
IgM 0.287 13.2 990 302 1060 28
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Figures

Scioli Montoto et al.

Figure 1. Images obtained through TEM of ANLC-P188 (A), NLC-PVA (B), and NLC-mCh (C).




Figure 2. Release profiles of NLC-P188, NLC-PVA, NLC-mCh, and free OXC. Each experimental point

represents the mean * SD values of two independent determinations.
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Figure 3. Sensorgrams showing the SPR signal resulting from the injection of non-loaded NLC (a, c) and
oxcarbazepine loaded NLC (b, d) onto the control surface. Each cycle included a ten-minute injection

of the NLC suspension followed by a washing step with PBS (pH= 7.4). ABSPR corresponding to each
NLC measured at 730 s of each cycle (arrows). Symbols: control (— ), immobilized IgM (), BSA (),

and I1gG (A ), respectively.
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HIGHLIGHTS

V V V V V

Oxcarbazepine (OXC) is a class Il AED used for both focal and generalized seizures
Development nanostructured lipid carriers for oxcarbazepine delivery.

NLC coated with PVA and chitosan displayed physicochemical properties
Enhanced permeability in MDCK-MDR1 cells was found with OXC loaded in NLC.

No interaction between NLCs and blood proteins were observed by SPR experiments
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