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Introduction: Resveratrol is a polyphenol found in grapes and red wines. Interest in
this polyphenol has increased due to its pharmacological cardio- and neuroprotective,
chemopreventive, and antiaging effects, among others. Nevertheless, its pharmacokinetic
properties are less favorable, since the compound has poor bioavailability, low water solubility,
and is chemically unstable. To overcome these problems, we developed two novel resveratrol
nanodelivery systems based on lipid nanoparticles to enhance resveratrol’s oral bioavailability
for further use in medicines, supplements, and nutraceuticals.

Methods and materials: Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers
(NLCs) loaded with resveratrol were successfully produced by a modified hot homogeniza-
tion technique. These were completely characterized to evaluate the quality of the developed
resveratrol-loaded nanoparticles.

Results: Cryo-scanning electron microscopy morphology studies showed spherical and
uniform nanoparticles with a smooth surface. An average resveratrol entrapment efficiency
of ~70% was obtained for both SLNs and NLCs. Dynamic light scattering measurements gave
a Z-average of 150-250 nm, polydispersity index of ~0.2, and a highly negative zeta potential
of around —30 mV with no statistically significant differences in the presence of resveratrol.
These characteristics remained unchanged for at least 2 months, suggesting good stability.
Differential scanning calorimetry studies confirmed the solid state of the SLNs and NLCs at
both room and body temperatures. The NLCs had a less ordered crystalline structure conferred
by the inclusion of the liquid lipid, since they had lower values for phase transition tempera-
ture, melting enthalpy, and the recrystallization index. The presence of resveratrol induced a
disorder in the crystal structure of the nanoparticles, suggesting a favoring of its entrapment.
The in vitro release studies on conditions of storage showed a negligible resveratrol release
over several hours for both nanosystems and the in vitro simulation of gastrointestinal transit
showed that the resveratrol remained mostly associated with the lipid nanoparticles after their
incubation in digestive fluids.

Conclusion: Both nanodelivery systems can be considered suitable carriers for oral adminis-
tration, conferring protection to the incorporated resveratrol and allowing a controlled release
after uptake.

Keywords: nanodelivery systems, solid lipid nanoparticles, nanostructured lipid carriers,
polyphenol

Introduction

The last decades have witnessed a rising interest in resveratrol by health professionals.
Resveratrol is a natural polyphenol that is found in grape skin and seeds, among other
places, and is a possible contributor to the cardiovascular protection conferred by red
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wine consumption, the so-called French Paradox. Moreover,
the interest in resveratrol has increased due to several other
pharmacological effects and properties, which include
neuroprotection, anti-inflammatory effects, chemopreventive
and antiaging properties, and its potential role in diabetes
and obesity prevention.!

Despite the beneficial therapeutic effects of resveratrol,
its pharmacokinetic properties are less favorable, since the
compound has poor bioavailability, low water solubility, and
is chemical unstable, being rapidly and extensively metabo-
lized and excreted.'” However, in most studies resveratrol
has been used in its free form, which is not suitable for drug
delivery. Nanocarriers have rarely been considered,*” thus
presenting a challenge still to be pursued. The development
of site-specific drug delivery systems that protect resveratrol
during its transit inside the organism is extremely important
to preserve its pharmacological properties, while enhancing
its bioavailability after oral administration.

For this reason, the main goal of this work was to
develop novel resveratrol nanodelivery systems based on
lipid nanoparticles to enable resveratrol’s further use in
medicines, supplements, and nutraceuticals. These challeng-
ing controlled-release systems are suitable for transporting
and protecting this important bioactive compound against
degradation, increasing its physical stability, and enhancing
its oral bioavailability. Lipid nanoparticles are submicron
colloidal carriers composed of biodegradable and biocompat-
ible lipids that are generally recognized as safe and suitable
for the incorporation of lipophilic and poorly water soluble
active ingredients such as resveratrol, promoting its oral
absorption.'™"" In fact, lipid nanoparticles have a superior
ability to penetrate cell membranes, allowing the increased
cellular uptake of compounds they are loaded with.!?

The lipid nanoparticles tested were solid lipid nano-
particles (SLNs) and nanostructured lipid carriers (NLCs).
These were produced using a relatively simple modified hot
homogenization technique with no use of organic solvents
that would be economically affordable to scale-up.

SLNs are composed of a solid lipid at room and body
temperature, while NLCs differ from SLNs by the incorpora-
tion of a liquid lipid into their solid structure.'!* NLCs have
been developed to overcome some limitations of SLNs due to
their highly ordered crystalline structure that is conferred by
the isolated solid lipid. In general, dispersions with a highly
recrystallized lipid phase like SLNs lead to drug expulsion
and have a lower physical stability. In contrast, less ordered
crystalline structures, such as those of NLCs, exhibit lattice
defects in the lipid core, conferred by the inclusion of the

liquid lipid, that promote greater physical stability and avoid
drug expulsion during storage.'*!

To evaluate the quality of the developed resveratrol-
loaded nanoparticles, both nanodelivery systems were char-
acterized according to their surface morphology, entrapment
efficiency (EE), average diameter, polydispersity index (PI),
zeta potential, degree of crystallinity, and in vitro release
studies in the shelf conditions of storage and gastrointesti-
nal simulations. The stability of the nanoparticles was also
verified by periodical measurements of particle size and
zeta potential.

It was expected that the physical and chemical protection
conferred to resveratrol by the lipid nanoparticles would
enhance the therapeutic effects of resveratrol by minimizing
its instability in vivo and controlling its release profile.

Materials and methods

Materials

For the nanoparticle synthesis, trans-resveratrol (more than
99% pure) was purchased from Sigma-Aldrich (St Louis,
MO, USA), the solid lipid cetyl palmitate was provided by
Gattefossé (Nanterre, France), polysorbate 60 (Tween® 60)
was supplied by Merck (Darmstadt, Germany), and miglyol-
812 from Acofarma (Madrid, Spain). For the preparation of
pH 1.2 hydrochloric acid (HCI1) and pH 7.4 phosphate buffer
solutions, potassium phosphate monobasic was obtained
from Sigma-Aldrich, sodium hydroxide from Riedel-de Haén
(Seelze, Germany), and hydrochloric acid SG 1.18 (~37%)
from Fisher Chemical (Loughborough, UK).

Preparation of SLNs and NLCs

The method chosen for the preparation of the nanoparticles
was a good compromise between the high shear homog-
enization to produce particles in the micrometer range
and the ultrasound method to reduce the microparticles
to the nanometer range. For the SLNs cetyl palmitate and
polysorbate 60 were added. In the case of NLCs cetyl
palmitate, polysorbate 60, and the liquid lipid miglyol-812
were added (Table 1).

The lipid phase, containing cetyl palmitate, miglyol-812,
the stabilizer polysorbate 60, and the lipophilic resveratrol to
be encapsulated (0, 2, 5, 10, and 15 mg), was melted at 70°C,
which was above the lipid’s melting point. The molten lipid
was then dispersed in Milli-Q water at the same temperature
by high-speed stirring in an Ultra-Turrax T25 (Janke and
Kunkel IKA-Labortechnik, Staufen, Germany) followed by
sonication using a Sonics and Materials Vibra-Cell™ CV18
(Newtown, CT, USA). Some parameters of the high shear
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Table | Preparation of resveratrol-loaded lipid nanoparticles (solid lipid nanoparticles [SLNs] and nanostructured lipid carriers [NLCs])

Formulation code  Resveratrol (mg)  Cetyl palmitate (mg)

Miglyol-812 (mg)  Polysorbate 60 (mg)  Milli-Q water (mL)

SLN-placebo 0 500
SLN-1 2 498
SLN-2 5 495
SLN-3 10 490
SLN-4 15 485
NLC-placebo 0 350
NLC-1 2 348
NLC-2 5 345
NLC-3 10 340
NLC-4 15 335

- 100 44
- 100 44
- 100 44
- 100 44
- 100 44
150 100 44
150 100 44
150 100 44
150 100 44
150 100 44

homogenization and ultrasound method technique for the
lipid nanoparticles production were optimized in order to
establish the best conditions for the production of each type of
formulation. The SLNs were stirred for 30 seconds at 12,000
rpm, followed by 5 minutes of 80% intensity sonication. The
NLCs were homogenized for 2 minutes then sonicated during
15 minutes at 70% intensity.

The formulations appeared white and milky and had
low viscosity. The cooling of the nanoemulsions at room
temperature allowed the crystallization of the lipid and sub-
sequent formation of the lipid nanoparticles. To assess the
stability of the formulations, they were stored for 2 months
at room temperature and the particle size and zeta potential
were measured periodically.

Morphology determination

To characterize the morphology of the SLNs and NLCs,
the nanosystems were observed by cryo-scanning electron
microscopy (SEM) using variously a JEOL JSM-6301F
(Tokyo, Japan), an Oxford Instruments INCA Energy 350
(Abingdon, UK), and an Gatan Alto 2500 (Pleasanton, CA,
USA). Cryo preparation techniques for SEM have become
essential for the observation of wet or beam-sensitive
specimens to minimize potential morphological particle
changes. The nanoparticle dispersions were dropped on a
grid, rapidly cooled in a liquid nitrogen slush (—210°C), and
transferred under vacuum to the cold stage of the preparation
chamber. Here, the samples were fractured, sublimated
(4 minutes, —90°C) to reveal greater detail, and coated with
a gold-palladium alloy. Finally, the specimens were moved
under vacuum into the SEM chamber where they were
observed at —150°C.

Resveratrol EE
The EE of the drug was determined by calculating the differ-
ence between the total amount of resveratrol used to prepare

the formulation and the amount of free resveratrol that
was still present in the aqueous phase.!"!® The formulation
samples were diluted in Milli-Q water (1:200) and transferred
into Amicon® Ultra-4 Centrifugal Filter Devices (Millipore,
Billerica, MA, USA). Centrifugation was performed using a
Jouan BR4i multifunction centrifuge with a KeyWrite-D™
interface (Thermo Electron, Waltham, MA, USA) with a
fixed 23°-angle rotor and 3300 g spin for 5 minutes. The
unentrapped resveratrol was present in the supernatant,
which was stored in the centrifuge tube and quantified using
a V-660 spectrophotometer (Jasco, Easton, MD, USA) at
200-600 nm. The EE was calculated as follows:

_ Totalamount of resveratrol — Unentrapped resveratrol

EE x100

Totalamount of resveratrol

Particle size measurements

Particle size analysis was performed by dynamic light scat-
tering (DLS), also known as photon correlation spectroscopy,
using a particle size analyzer (Brookhaven Instruments,
Holtsville, NY, USA). Prior to the measurements, all samples
were diluted (1:360) using Milli-Q water to yield a suitable
scattering intensity. DLS data were analyzed at 25°C and
with a fixed light incidence angle of 90°. The mean hydro-
dynamic diameter (Z-average) and the PI were determined as
a measure of the width of the particle size distribution. The
Z-average and PI of the analyzed samples were obtained by
calculating the average of ten runs. The measurements were
performed in triplicate.

Zeta potential measurements

The zeta potential was determined by measurement of the
electrophoretic mobility using a zeta potential analyzer
(Brookhaven Instruments, Holtsville, NY, USA). Samples
were diluted (1:360) with Milli-Q water and were analyzed
at 25°C. The zeta potential of the analyzed samples was
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obtained by calculating the average of six runs (each one
with ten cycles). The measurements were performed in
triplicate.

Differential scanning calorimetry (DSC)
analysis

The study of the degree of crystallinity and the lipid poly-
morphism of the SLNs and NLCs was performed by DSC
using a PerkinElmer Pyris 1 differential scanning calorimeter
(Waltham, MA, USA). The samples were weighed (5-10 mg)
directly in aluminum pans and scanned between 25°C and
65°C at a heating rate of 5°C-min™' and cooling rate of
40°C-min~! under nitrogen. An empty aluminum pan was
used as reference. DSC analyses were performed on the lipid
nanoparticles under investigation as well as on the bulk mate-
rials used in the preparation of the nanoparticles. The onset
temperature, melting point (peak maximum), and melting
enthalpy (AH) were calculated using the software provided by
PerkinElmer. The degree of crystallinity or recrystallization
index (RI) was determined by the following equation:'

AHSLN or NLC(J/ g) y
AH bulk material (J / g) x Concentration lipid phase (%)

RI(%) = 100

In vitro resveratrol release studies

Release simulation in liquid dosage forms

In vitro resveratrol release studies were performed using a
cellulose dialysis bag diffusion technique (Cellu.Sep® T1
with a nominal molecular weight cut off of 3500 [Frilabo,
Milheirés, Maia, Portugal]) filled with 2 mL of the sample
(SLN-1 or NLC-1).

We were interested in simulating the shelf conditions
of storage (room temperature) to simulate the release of
resveratrol from nanoparticles during the packing time and
while they are not being administrated. It was important to
determine the nanoparticles’ stability over this time to find
out whether the resveratrol remained encapsulated in the
core of the nanoparticles during storage. Thus, the samples
were incubated in Milli-Q water (the same water used in
their preparation) at 25°C with stirring at 100 rpm. At regu-
lar intervals, sample aliquots were withdrawn and replaced
with the same volume of fresh Milli-Q water to maintain
the sink conditions. The resveratrol release was quantified
using a V-660 spectrophotometer (Jasco) at 200—600 nm.
The studies were conducted in triplicate and the cumula-
tive percentage of released compound was determined by
calculating the average, indicating the standard deviations
(SDs).

Release simulation in gastrointestinal transit

We were also interested in simulating the transit from stomach
to intestine that would occur following oral administration.
To this end, we incubated samples for 3 hours in simulated
gastric fluid (HCI solution, pH 1.2) before placing them
in simulated intestinal fluid (a buffer solution containing
potassium dihydrogen phosphate, pH 7.4, as described in
the United States Pharmacopeia, USP-NP 26), at body tem-
perature (37°C) while being stirred at 100 rpm. At regular
intervals, aliquots were collected and replaced with the same
volume of fresh medium to maintain the sink conditions.
The resveratrol release was quantified using a V-660 spec-
trophotometer (Jasco) at 200-600 nm. Again, the cumulative
percentage of released compound was determined using the
average of the triplicate samples, indicating the SDs.

Statistical analysis

Statistical analyses were performed using SPSS software
(v 18.0; IBM, Armonk, NY, USA). The measurements
were repeated at least three times and data were expressed
as mean * SD. Data were analyzed using one-way analysis
of variance. A P value of <(.05 was considered statistically
significant.

Results and discussion

Morphology determination

SEM is the easiest visual technique with which to obtain
information about the mean size and the surface morphology
of particles.!” The morphology of the resveratrol-loaded lipid
nanoparticles determined by cryo-SEM is shown in Figure 1.
The images reveal that the SLNs (A) and NLCs (B) loaded
with resveratrol were almost spherical and uniform in shape
with smooth surfaces. The mean diameter was in the range of
100—200 nm and there was no visible aggregation of particles.
Furthermore, the incorporation of resveratrol did not seem to
cause morphological changes or crystal formation.

1 um

1 pum

Figure | Cryo-scanning electron microscopy images of (A) solid lipid nanoparticles
and (B) nanostructured lipid carriers loaded with resveratrol at 20,000x
magnification.
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Resveratrol EE

Lipid nanoparticles are known to be suitable systems for drug
incorporation that can prevent degradation. The lipophilic
nature of resveratrol (octanol/water partition coefficient —
log P of 3.1, predicted by the PubChem database) suggested
its preferential partition into the lipid nanoparticles matrix
instead of remaining in the aqueous media.

The EE of each SLN and NLC formulation with a dif-
ferent resveratrol concentration is shown in Table 2. The
percentage of encapsulation of both SLNs and NLCs was
found to be satisfactorily high, with an average EE of about
70%. The statistical analysis showed that the resveratrol con-
centration used in the preparation of the formulations had no
significant effect on the percentage of entrapment obtained
(P > 0.05). Furthermore, comparing SLNs and NLCs, there
was no statistically significant variations in the encapsulation
efficiency of each formulation (P > 0.05), thus both types
of lipid nanoparticles could be considered suitable systems
for resveratrol incorporation.

Particle size measurements

The mean particle sizes of the lipid nanoparticles (SLNs
and NLCs) measured by DLS are presented in Table 2.
Both unloaded and resveratrol-loaded nanoparticles showed
a homogenous size distribution with a mean diameter of
150-250 nm and no statistically significant differences were
observed (P > 0.05), suggesting that resveratrol incorpora-
tion does not influence the nanoparticles size.

The particle sizes obtained by DLS are in agreement
with the results obtained by cryo-SEM, with slightly smaller
sizes observed using the microscopic technique. It should
be noted that these methods are based on totally different
sample preparation processes, which might lead to a small
difference between them. The size detection of nanoparticles
by DLS is carried out in aqueous state meaning that the lipid

nanospheres are highly hydrated, so the diameters detected
by this technique are usually larger than the non-hydrated
diameters. In addition, it should be mentioned that DLS
does not directly measure the diameter of particles, but
rather detects the fluctuations of light signals caused by the
Brownian motion of the particles to calculate their sizes.!®
In contrast, when preparing samples for cryo-SEM, both the
surface water and the water present inside the nanoparticle
matrix are externally removed by sublimation, causing par-
ticle shrinkage that results in a slightly smaller size being
determined by this method."

When comparing SLN and NLC nanoparticles (Table 2),
no significant changes in hydrodynamic mean diameters were
observed (P > 0.05) when a liquid lipid was added to the
NLCs. In fact, the liquid lipid may have been entrapped inside
the core of the nanoparticles, instead of accumulating on their
surface,” and thus may have meant no significant change in
the nanoparticles’ size. The mean diameters confirmed that
both lipid nanoparticles produced are submicron colloidal
carriers, suitable for oral administration and gastrointestinal
absorption.?!

The physical stability of the lipid nanoparticles was also
evaluated by examining changes of mean particle sizes dur-
ing storage conditions for 2 months at room temperature. As
shown in Figure 2, both lipid nanoparticles (SLNs and NLCs)
with and without resveratrol did not show statistically signifi-
cant changes in their mean diameter and PI values (P > 0.05)
when stored as aqueous suspensions at room temperature for
2 months. This long-term stability study indicates good physi-
cal stability of the lipid nanoparticles, which is probably due
to the polysorbate surfactant used in their preparation.? This
observation anticipates that these particles will remain stable
and at a good dispersion quality in long-term storage.

Meanwhile, PI values obtained were around 0.2 for all
nanoformulations (Table 2 and Figure 2), suggesting that the

Table 2 Characterization of resveratrol-loaded solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs)

Formulation code Resveratrol (mg)

Entrapment efficiency (%)

Z-average (nm) Polydispersity index Zeta potential (mV)

SLN-placebo - -

SLN-1 2 88.5+5.1
SLN-2 5 792+24
SLN-3 10 67.8+42
SLN-4 15 642 +97
NLC-placebo - -

NLC-1 2 753+ 6.4
NLC-2 5 76.5+7.1
NLC-3 10 68.0+79
NLC-4 15 65.1 £9.6

184.9 +£20.6 0.204 £ 0.031 -343x72
164.7 + 15.7 0.209 + 0.035 -34.6+6.7
164.1 +20.6 0.211 +£0.029 -335+7.1
187.3+18.8 0.196 +0.037 -268+6.9
1945+ 183 0.212 £0.035 -254+6.6
167.6 £25.2 0.201 +£0.035 279163
168.5 + 15.3 0.199 +0.035 —285+6.9
154.1 £ 14.2 0.210£0.030 -26.6 + 6.4
1524 £25.2 0.206 = 0.027 —24.6 £ 6.5
167.4+21.0 0.192 £ 0.034 -24.1+64

Notes: All values represent the mean * standard deviation (n = 3). No statistically significant differences were observed between any of the nanoparticle formulations (P > 0.05).

International Journal of Nanomedicine 2013:8

submit your manuscript 181

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Neves et al Dove
250 0.40 T 5
SLN NLC stable due to the electrostatic repulsion conferred by the
o 17T - oss . chemical nature of the lipid matrix, the polysorbate surfactant
A (-} . . . .
E ;g g il I | 030 2 used, and possibly the adsorption of negatively charged ions
S50 M - W i ! i > .. .
° Rk =l iy £ onto the surface of the lipid nanoparticles.
e B RIR aa oz §
g 100 g %g g aone a The physical stability of the lipid nanoparticles was also
ol e Ll 4 o7l Sl Y =
© el 7 ol b1 ?w 7re 020 © . . . . « .
N Z;ﬁ %gl g;l ’ %gﬁ Zﬁl % 2 verified periodically by analyzing the variation of the zeta
so L v
Tk 4 Kol 7 8l % 15 O : 1 1t1
g;g Z'é g g;ﬁ Z% %Eﬁ 018 potential during storage conditions for 2 months at room
A a1 -
e e e e 0.0 temperature. As shown in Figure 3, no tendency for zeta

S
N
3

10

o
N
3
5
o

15
Resveratrol (mg)

Figure 2 Effect of time of storage (at 25°C) on particle size of solid lipid nanoparticles
(SLNs) and nanostructured lipid carriers (NLCs) at different concentrations of
resveratrol.

Notes: Z-average after | week (M), | month (%), 2 months (24), and polydispersity
index (Q). All data represent the mean * standard deviation (n = 3). No statistically
significant differences were observed over the time for any resveratrol concentration
and type of lipid nanoparticle (P > 0.05).

nanoparticles were in a state of acceptable monodispersity
distribution, with low variability and no aggregation. In
fact, this type of distribution is usual in SLNs and NLCs
made using the high shear homogenization and ultrasound
method, as it is very difficult to achieve a unimodal distribu-
tion of sizes. Other parameters besides the PI were continu-
ally verified, including the baseline index and the average
count rate, ensuring good quality results. A baseline index
that was always between 8.5 and 10 also indicated that the
correlogram was not affected by occasional larger particles
or aggregates. The average count rate was always between
100 and 500 kcps, showing that the dilution applied to the
formulations was appropriate.

Zeta potential measurements

Zeta potential is a key factor in the evaluation of the stability
of colloidal dispersions, since it is a function of the surface
charge that gives the magnitude of the electrostatic repulsive
interactions between particles.® In general, particles can
be considered stably dispersed when the absolute value of
the zeta potential is above 30 mV due to the electric repul-
sion between the particles,'*?* while potentials between
5mV and 15 mV result in limited flocculation and potentials
between 0 mV and 5 mV yield a maximum flocculation.?
As shown in Table 2, all nanoformulations presented a high
negative average zeta potential of around —30 mV, regard-
less of resveratrol incorporation, suggesting that resveratrol
did not significantly change the zeta potential of the lipid
nanoparticles (P > 0.05). Likewise, no statistically signifi-
cant changes in zeta potential were observed between SLN's
and NLCs (P > 0.05). Therefore, the lipid nanoparticles that
were developed in the present work are considered physically

potential to change was found during storage conditions for
the lipid nanoparticles (SLNs and NLCs) with and without
resveratrol (P > 0.05). This long-term stability study dem-
onstrates that the nanoparticles obtained in this study were
dynamic stable systems capable of being used as controlled-
release schemes for the oral administration of resveratrol.

DSC analysis

DSC is one method used to investigate the polymorphic form
types, transition states, and crystallization behaviors of col-
loidal SLN and NLC matrices by determining the variation
of temperature and energy at phase transitions. DSC uses
the fact that different lipid modifications possess different
melting points and melting enthalpies.'®* Therefore, we
used DSC analysis to determine the physical state of the
core lipid in our prepared SLNs and NLCs and to correlate
these parameters with the resveratrol incorporation and
release rates.

Bulk solid lipid analysis

We first analyzed the bulk solid lipid used to prepare the
formulations — namely, cetyl palmitate. The thermal analy-
sis was performed and the obtained thermogram is shown
in Figure 4.

IR RN

Zeta potential (mV)

Resveratrol (mg)

Figure 3 Effect of time of storage (at 25°C) on zeta potential of solid lipid
nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) at different
concentrations of resveratrol.

Notes: Zeta potential after | week (M), | month (%), and 2 months (z). All data
represent the mean = standard deviation (n = 3). No statistically significant differences
were observed over the time for any resveratrol concentration or type of lipid
nanoparticle (P > 0.05).
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Endothermal flow —

35 40 45 50 55 60
Temperature (°C)

Figure 4 Differential scanning calorimetry thermogram of the bulk cetyl palmitate.

The heating curve of cetyl palmitate revealed two distinct
polymorphic modifications with two separate melting point
peaks. The first peak with lower melting point (45.1°C) was
attributed to the a-polymorphic form (meta-stable), whereas
the second peak (53.1°C) was attributed to the B-polymorphic
form (stable form).?

Comparing the nanoparticles with the bulk mixtures

DSC thermograms for the bulk materials, unloaded nano-
particles (SLN-placebo and NLC-placebo), and resveratrol-
loaded nanoparticles (SLN-RSV and NLC-RSV) are depicted

A
N
r\
/] \
/7 \
e \ — SRSV
/
3 /\
8 o
5 /] \
S A N
S
[e]
T
c
11]
Bulk material
T T T T T T T T T T T T T T

40 42 44 46 48 50 52 54 56 58 60

Temperature (°C)

in Figure 5, while the respective melting parameters are
shown in Table 3.

For the bulk materials, the melting process took place
with a maximum peak at 52.7°C for SLNs and 50.6°C for
NLCs (see Table 3), which correlated with the B-form of
the cetyl palmitate (53.1°C), appearing almost with the
same value.

When processed as lipid nanoparticles, the SLNs and
NLCs showed a main melting transition peak and onset
temperature 2°C—3°C lower than that of the bulk material
(see Table 3 and Figure 5). Likewise, the melting enthalpy
values decreased drastically — from 189.0 to 21.5 J/g in the
case of the SLNs and from 137.3 to 11.1 J/g in the NLCs (see
Table 3). In Figure 5 such a large difference cannot be seen
because the endothermal flow is not given in joules per gram.
Therefore, the melting enthalpy values were calculated from
the area under the peaks by integrating the peak above the
baseline and dividing by the mass of sample in each case.

The decrease of the onset temperature, maximum temper-
ature, and melting enthalpy can be attributed to the presence
of surfactant'>*" and to the colloidal low dimensions of the
particles, in particular to their high surface area to volume
ratio described by the Thomson equation.?® This was attrib-
uted to the creation of lattice defects onto the lipid matrices,
following a decrease in their crystallinity in comparison to
their bulk counterparts.” Therefore, one could conclude that
the lipid within nanoparticles should be in a less ordered

B
A
/\
P
= \/\_,_&Cis_
/
3 /\
= / \
g // \
I N .
K= -
o
T
c
w
Bulk material
LI R R I B L B B |

40 42 44 46 48 50 52 54 56 58 60

Temperature (°C)

Figure 5 Differential scanning calorimetry thermograms of (A) solid lipid nanoparticles (SLNs) and (B) nanostructured lipid carriers (NLCs).
Notes: — bulk material, — - — unloaded nanoparticles, — — resveratrol (RSV)-loaded nanoparticles.
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Table 3 Differential scanning calorimetry parameters of bulk
cetyl palmitate, unloaded and resveratrol (RSV)-loaded solid
lipid nanoparticles (SLNs) and nanostructured lipid carriers
(NLCs): onset and melting temperatures, melting enthalpies, and
recrystallization index (RI)

Onset Melting point Enthalpy RI (%)
(°©) (°©) U/g)
Cetyl palmitate 51.9 53.1 191.9 100
SLNs
Bulk material 49.9 52.7 189.0 100
SLN-placebo 48.6 51.0 21.5 95
SLN-RSV 48.7 51.2 19.9 87
NLCs
Bulk material 45.1 50.6 137.3 100
NLC-placebo 46.8 49.2 1.1 71
NLC-RSV 47.1 49.4 83 51

arrangement than that of the crystalline bulk materials, requir-
ing much less energy to overcome lattice forces.

To confirm this statement, we calculated the degree of
crystallinity or RI of each of the SLN and NLC formulations.
The RIs were calculated from the melting enthalpy of the
lipid nanoparticles dispersions compared with the enthalpy
of the physical mixture of their excipients. The enthalpy
value of the physical mixture was set at 100% crystallinity
and this was used as a reference to determine the degree of
crystallinity of the nanoformulations. As shown in Table 3,
the RIs of the SLNs and NLCs had decreased by 5% and
29%, respectively, in comparison with their bulk materials.
This means that the lipid nanoparticles have a lower crystal
organization than their reference, confirming what has been
said up to this point.

Comparing the long-term stability

of SLNs and NLCs

It has been reported that the RI is directly related to the long-
term stability of lipid nanoparticle aqueous dispersions.'* In
general, dispersions with a highly recrystallized lipid phase
like SLNSs result in drug expulsion and have a lower physical
stability,'* whereas less ordered crystalline structures like
NLCs exhibit lattice defects in the lipid core that could offer
spaces to accommodate drugs.'’

In this study, the RI of the NLCs (71% [see Table 3]) was
smaller than that of the SLNs (95% [see Table 3]), indicat-
ing that the NLCs could have a higher physical stability.
Similarly, the values of onset temperature, melting transition
temperature, and enthalpy also decrease from SLNs to NLCs
(see Table 3). This is in agreement with the theory that NLCs
are characterized by a less ordered crystalline structure,
which is a special feature conferred by the inclusion of the

liquid lipid in their composition.” In fact, the liquid lipid
miglyol-812 reduces particle crystallinity, conferring better
stability and higher suitability for controlled release.

Despite the presence of the liquid lipid, it is important
to ensure the required solid physical state of the NLCs after
production. It has been verified that supercooled melts
(emulsions) are produced instead of nanoparticles disper-
sions when the melting point of the formulation is below the
room temperature. Thus, determining the physical state of
the lipid matrix is essential for the development of nanopar-
ticles based on solid lipids. In this study, the solid state of
SLNs as well as NLCs was confirmed for both room (25°C)
and body (37°C) temperatures, since the onset temperatures
and the melting peaks were well above these temperatures
(see Table 3 and Figure 5).

Effect of resveratrol in the crystalline

state of nanoparticles

Finally, it was important to establish the effect of the res-
veratrol incorporation on the melting behavior of these lipid
nanoparticles. The DSC thermograms (Figure 5) and the DSC
parameters (Table 3), suggest that no significant variations
were observed in the melting point of the lipid nanoparticles,
regardless of resveratrol incorporation. In the case of SLNGs,
the melting points were 51.0°C and 51.2°C with and with-
out resveratrol, respectively. For NLCs, the transition phase
occurred at 49.2°C and 49.4°C in the absence and presence
of resveratrol, respectively.

However, the presence of resveratrol caused a decrease
in the melting enthalpy, from 21.5 to 19.9 J/g in SLNs and
from 11.1 to 8.3 J/g in NLCs (Table 3), suggesting a lower
level of organization in the crystal lattice in the presence of
resveratrol. Similarly, the RI value also decreased in SLNs
(from 95% to 87%) and in NLCs (from 71% to 51%) when
resveratrol was incorporated, suggesting that resveratrol
induces disorder in the crystal structure of the nanoparticles,
thereby increasing their physical stability. As the lipid crys-
talline structure is a key factor in determining whether the
resveratrol is expelled or firmly incorporated into the carrier
systems, this less ordered crystalline structure conferred by
the presence of resveratrol may also prevent the premature
release of the compound from the nanoparticles, promoting
a more controlled release.

In vitro resveratrol release studies

Release simulation in liquid dosage forms

In vitro resveratrol release studies were performed in shelf
conditions of storage at room temperature to access the
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stability of the incorporated compound inside the lipid
nanoparticles over time. Both SLN and NLC nanoformula-
tions showed a biphasic drug-release pattern: that is, a burst
release at the initial state followed by a sustained release (see
Figure 6). The burst release characteristics indicated that
some resveratrol molecules (6%—8% for SLNs and 3%—4%
for NLCs) were adsorbed onto the particle surface, while the
sustained release characteristics suggested the diffusion of
resveratrol from the core of the lipid matrix. This biphasic
behavior is related to the physico-chemical nature of res-
veratrol and its interaction with the lipid nanoparticles.?®3!
Resveratrol is predominantly lipophilic, hence its tendency
to localize at the core of the nanoparticle, but it also has three
hydroxyl groups, which tend to localize at the interface near
the shell, favoring the initial burst release within 5 hours.!

A slower resveratrol release profile was observed in
the case of NLCs in comparison to SLNs (see Figure 6;
P < 0.05). The results suggested that the release rate of res-
veratrol might depend on the crystallinity of the lipid matrix.
In the presence of the liquid lipid, a less ordered lipid matrix
was obtained, which helped the drug to be accommodated
inside the cavities that were formed in the core matrix of the
NLCs, preventing its expulsion. In contrast, the solid lipid
forming a highly crystalline lattice in the SLNs may have
triggered a premature release of resveratrol.*>* These results
correlate well with the DSC analysis, thus we inferred that
the NLCs, with less ordered arrangements, would beneficially
enhance the stability of resveratrol inside the nanoparticles.
Nevertheless, both lipid nanoparticles showed a negligible
resveratrol release over several hours, reaching a maximum
release of 12% and 10% for SLNs and NLCs, respectively
(see Figure 6).
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Figure 6 In vitro resveratrol release profiles from solid lipid nanoparticles (M) and
nanostructured lipid carriers () (P < 0.05), in shelf conditions of storage at room
temperature.

Therefore, both nanosystems seem to be suitable for
resveratrol incorporation and for release prevention during
shelf conditions of storage at room temperature.

Release simulation in gastrointestinal transit

We also performed an in vitro resveratrol release study
simulating the gastrointestinal transit of the resveratrol-
loaded lipid nanoparticles at body temperature (37°C) to
predict the in vivo kinetics.!® A burst release at the initial
state followed by a sustained release can be observed and
verified in Figure 7, which is similar to what was observed
in the release assay in storage conditions. After 3 hours in
simulated gastric fluid (pH 1.2), there was a low release of
8% resveratrol that was adsorbed onto the surface of the
SLNs and a very low release of 5% resveratrol adsorbed on
the NLCs (see Figure 7). Thus, the acidic pH of the gastric
juices, as well as the higher temperature in this study, favored
a slight release of resveratrol from the lipid nanoparticles
within 3 hours.

When the nanoformulations were moved to the simulated
intestinal fluid (pH 7.4), they began a sustained release.
Considering that the digestion process does not usually take
longer than 12 hours, the SLNs had lost 18% and the NLCs
only 13% of their encapsulated resveratrol (see Figure 7;
P < 0.05). The difference observed between the SLNs and
NLCs is again related to the less ordered lipid matrix con-
ferred by the liquid lipid in the NLCs that promotes a more
sustained and controlled release.

Nevertheless, these results show that the resveratrol
remained mostly associated to the lipid nanoparticles
after their incubation in digestive fluids. Therefore, both
nanodelivery systems can be considered suitable for oral

Resveratrol release/%
=

Time/hours

Figure 7 In vitro resveratrol release profiles from solid lipid nanoparticles (M) and
nanostructured lipid carriers () (P < 0.05), simulating the gastrointestinal transit
conditions, at body temperature (37°C).

Note: The first 3 hours show release in the stomach (pH 1.2) and intestinal release
(pH 7.4) thereafter.

International Journal of Nanomedicine 2013:8

submit your manuscript

185

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Neves et al

Dove

administration, conferring protection to the incorporated
resveratrol and allowing controlled release after uptake.

Conclusion

Lipid nanoparticles have been reported to possess a full range
of positive effects as controlled nanodelivery systems.'* This
work focused on the development of lipid nanoparticles
for the incorporation of resveratrol to improve the oral
bioavailability of this poorly soluble lipophilic compound.
Resveratrol-loaded lipid nanoparticles (SLNs and NLCs)
were successfully produced by a modified hot homogeniza-
tion technique. Polysorbate 60 was used as the surfactant
when preparing the lipid nanoparticles to increase their
stability and to avoid the aggregation phenomena.**

Morphology studies showed spherical and uniform nano-
particles with smooth surfaces. The percentage of encapsula-
tion of both SLNs and NLCs was found to be satisfactorily
high, with an average EE of around 70%. The physical
properties of SLNs and NLCs did not differ significantly.
DLS measurements gave an average hydrodynamic diameter
of 150-250 nm and both unloaded and resveratrol-loaded
nanoparticles showed a homogenous size distribution with
no statistically significant differences, suggesting that
resveratrol incorporation does not influence the size of the
nanoparticles. The PI of around 0.2 for all nanoformula-
tions also indicates a satisfactory homogeneity, and the high
negative zeta potential of around —30 mV suggests physical
stability. These characteristics remained unchanged for at
least 2 months (P > 0.05). DSC studies confirmed the solid
state of SLNs and NLCs for both room (25°C) and body
temperatures (37°C).

The NLCs had a less ordered crystalline structure than
the SLNs, which was conferred by the inclusion of the
liquid lipid, since they had lower values for phase transi-
tion temperature, melting enthalpy, and RI. These findings
suggest that the NLCs had a higher physical stability. The
presence of resveratrol had no effect on the melting point of
the lipid nanoparticles. However, it did induce a disorder in
the crystal structure of the nanoparticles, decreasing the melt-
ing enthalpy and RI of the lipid nanoparticles. Resveratrol
seems to decrease the order of the crystalline structure of the
SLNs and NLCs, promoting physical stability and a more
controlled release.

Finally, the in vitro release studies in shelf conditions of
storage showed a negligible resveratrol release over several
hours for both nanosystems, which led us to conclude that
both lipid nanoparticles are highly stable systems. The in vitro
simulation of gastrointestinal transit showed that resveratrol

remained mostly associated to the lipid nanoparticles after
their incubation in digestive fluids. Therefore, both nanode-
livery systems can be considered suitable carriers for oral
administration, conferring protection to the incorporated
resveratrol and allowing a controlled release after uptake.

In summary, we expect that the physical and chemical
protection conferred to resveratrol by these lipid nanopar-
ticles will enhance the therapeutic effects of resveratrol by
minimizing its instability in vivo and controlling its release
profile.
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