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Abstract.

Trans-resveratrol (RSV) is a natural compound with several properties, such as

the ability to inhibit the tyrosinase enzyme, with potential application as a skin-lightning
agent and for the treatment of skin disorders associated with hyperpigmentation and
melanogenesis. However, the drug faces several drawbacks which altogether limit its
therapeutic application. Thus, drug loading into nanocarriers emerge as an alternative to
circumvent these problems. Herein, nanostructured lipid carriers (NLCs) have been
employed for RSV encapsulation, with comparison of two different lipids, glyceryl behenate
(more hydrophobic), and polyoxyethylene 40 (PEG 40) stearate. PEG 40 stearate-containing
NLCs presented smaller particle size and polydispersity compared with glyceryl behenate,
attributed to better emulsification and nanoparticle formation, resulting in higher RSV
encapsulation efficiency. Drug was loaded in both carriers as a molecular dispersion.
Furthermore, the formulations had very low RSV release, which occurred due to the
crystallinity degree of lipid matrix, in accordance with the DSC data. Moreover, RSV
cytotoxicity against L-929 cells was not increased when loaded into nanocarriers. Interest-
ingly, RSV-loaded formulation prepared with PEG-40 stearate resulted on greater tyrosinase
inhibition than RSV solution and formulation containing glyceryl behenate, equivalent to
1.31 and 1.83 times higher, respectively, demonstrating that the incorporation of RSV into
NLC allowed an enhanced tyrosinase inhibitory activity. Overall, the results obtained herein
evidence potential for future in vivo evaluation of RSV-loaded NLCs.

KEY WORDS: glyceryl behenate; nanostructured lipids carriers; polyoxyethylene 40 stearate; trans-
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INTRODUCTION

Human skin can suffer from photoaging due to sun
exposure, causing several effects such as dryness, wrinkles,
elastosis, and telangiectasia, besides leading to hyperpigmen-
tation because of melanin synthesis and accumulation
increase [1, 2]. Furthermore, ultraviolet (UV) light exposure
is correlated with skin cancer occurrence, which represents a
major public health issue [3]. Type A UV radiation causes
mitochondrial mutation and induction of matrix metallopro-
teinases, whereas type B UV radiation is responsible for
sunburn, inflammation, and induction of oxidative stress with
singlet oxygen and free radical participation [4].
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Regarding the mechanism of skin hyperpigmentation
induced by sun exposure, the process initiates with melanin
synthesis from tyrosine catalyzed by tyrosinase [S]. This copper-
contained multi-functional oxidase catalyzes hydroxylation of L-
tyrosine to L-DOPA and further oxidation of L-DOPA to
dopaquinone. Thus, the most frequently employed approach
for skin lightening involves the inhibition of tyrosinase [6, 7].
Within this context, trans-resveratrol (RSV), a widely distrib-
uted natural compound, found in grapes (Vitis vinifera L), has
been demonstrated to prevent and treat skin photoaging due to
its anti-inflammatory and antioxidant properties [3]. Moreover,
RSV acts as melanogenesis inhibitor [7].

Although its promising use, RSV faces drawbacks,
including low bioavailability due to the limited aqueous
solubility and particularly instability under light and heat
exposure, which hampers its use in a formulation [3, 8].
Topical administration could conveniently localize RSV on
its target and previous reports indicate that traditional
vehicles have been employed for RSV topical delivery [9].
Noteworthy, RSV shortcomings could be overcome through
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loading into nanostructured delivery systems, which can
promote sustained drug release, protect drug from degra-
dation triggered by light or temperature, with great
potential in the cosmetic and pharmaceutical fields [10].
Within this context, nanoparticles can be prepared with
different compositions with a wide sort of materials,
including lipid, polymeric, and inorganic materials. Lipid
nanoparticles have particular interest due to their several
advantages for topical therapy, including biocompatibility
and stability. First generation of solid lipid nanoparticles are
composed with solid lipids at room temperature, while
second generation of lipid nanoparticles, also known as
nanostructured lipid carriers (NLCs), are composed by a
mixture of liquid and solid lipids and are able to encapsulate
drug with higher efficiency. Moreover, stability of loaded
drug in NLCs is usually better [11]. Additionally, NLCs
have been already shown as better RSV carriers compared
with solid lipid nanoparticles, resulting in higher encapsula-
tion efficiency and deeper skin penetration [12].

RSV has been loaded into solid lipid nanoparticles for
several purposes, including oral, brain, and cutaneous deliv-
ery [13-15]. Teskec and Kristl (2010) showed that solid lipid
nanoparticles caused higher uptake of RSV in keratinocytes,
which could suggest their potential for topical application
[16]. Furthermore, RSV and curcumin have been co-loaded in
lipid-core nanoparticles for skin delivery [17]. Previously, our
group synthesized RSV-loaded solid lipid nanoparticles for
skin delivery; however, NLCs are likely more promising for
RSV delivery due to improved stability of these nanocarriers
[18]. Recently, NLCs based on cetyl palmitate and miglyol-
812 were loaded with RSV [19]. Furthermore, similar
formulations were evaluated regarding their role on RSV
delivery to modulate human dendritic cell NLCs [20].
However, to our knowledge, NCLs based on glyceryl
behenate, polyoxyethylene 40 stearate, capric/caprylic acid
triglycerides, and castor oil have not been reported as RSV
delivery systems. The physicochemical properties of materials
could influence NLC characteristics. PEG-40 stearate is a
synthetic polyethyleneglycol lipid based on stearic acid, with
18 carbons in its chain, and glyceryl behenate is a lipid formed
by glycerides of 22 carbon fatty acid and behenic acid.
Previous reports indicated that stearic acid was able to
emulsify with both poloxamer 188 and 407 in presence of
PEG 4000 for lopinavir-loaded solid lipid nanoparticle
formation, whereas glyceryl behenate, more hydrophobic,
only emulsified with poloxamer 407, used herein, which has a
larger proportion of more hydrophobic polyoxypropylene
portion than polyoxyethylene [21-23]. Noteworthy, the use of
these delivery systems for tyrosinase inhibition is an innova-
tive aspect addressed herein. Therefore, the purpose of this
work is to prepare NLCs with different compositions for RSV
loading, based on glyceryl behenate or polyoxyethylene 40
stearate, characterize the formulations, investigate the cyto-
toxicity, and evaluate the tyrosinase inhibition activity.

MATERIAL AND METHODS

Material

For formulation preparation, Milli-Q water (Merck
Millipore, Germany) was employed. Polyoxyethylene
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stearate (40) (PEG-40 stearate), poloxamer 407 (Pluronic®
F127), methyl, and propyl parabens were supplied by Clariant
(Switzerland). Glyceryl behenate (Compritol® 888 CG ATO)
was purchased from Gattefossé (France), and caprylic/capric
triglycerides (CRODAMOL CCTG) was obtained from
Croda (UK). RSV was supplied by Suzhou Vitajoy (China).
Castor oil was purchased from Dhaymers Solvay (Brazil).
HPLC grade acetonitrile and methanol supplied by J.T.
Baker, USA. Tyrosinase was purchased from Sigma-Aldrich.
L-929 cells (ATCC®) were employed. DMEM medium, fetal
bovine serum (FBS), and trypsin were obtained from Sigma-
Aldrich.

Formulation Development

NLCs were prepared by the high shear homogenization
technique [24]. First, components of the lipid phase (PEG-40
stearate or glyceryl behenate, CCTG, and castor oil) and
components of the aqueous phase (poloxamer 407,
methylparaben, propylparaben, and Milli-Q water) were
heated separately at 70 °C. RSN (0.1%) was added to the
lipid phase. The aqueous phase was kept under stirring for
methylparaben and propylparaben solubilization. After com-
plete solubilization, the aqueous phase was dipped into the
oily phase that it was heated at the same temperature to form
a pre-emulsion, which was dispersed using a ultraturrax
homogenizer at 10,000 rpm for 10 min. Afterwards, the
dispersion was cooled using an ice bath for lipid crystalliza-
tion and NLC formation. Twelve formulations were prepared,
composed either of PEG-40 stearate or glyceryl behenate.
Poloxamer concentration effect was also investigated
(Table I).

Physicochemical Characterization of NLCs

Determination of Particle Size and Zeta Potential

Particle size was evaluated through dynamic light scat-
tering technique (Zetasizer Nano NS, Malvern Instruments,
Malvern, UK). Dispersions of NLCs were diluted in Milli-Q
water (10 pl/mL). Analysis were done in triplicate using
scattering angle at 90°, temperature at 25 °C, laser wave-
length at 633 nm, and refraction index at 1.311. Zeta potential
was investigated using the same equipment. Measurements
were done in triplicate with diluted formulations in purified
water (10 pL/mL), with conductivity adjusted to 50 pS/cm
with 0.1% KCI. Results were reported as mean + standard
deviation.

Scanning Electron Microscopy Analysis

Determination of morphology of NLCs was done using
JEOL JSM-7500F scanning electron microscope. A drop of
formulation was distributed onto a carbon grid, dried, and
gold coated under vacuum. Photomicrographs were obtained
using 10 and 20 kV electron beam.

Diffraction Scanning Calorimetry

Diffraction scanning calorimetry (DSC) analysis were
carried out using the Jade DSC Perkin Elmer equipment. For
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Table I. Compositions of the Formulations in the Development of NLCs
Formulations ~ Components (%)
PEG-40 stearate ~ Glyceryl behenate CCTG  Castor oil Poloxamer Methylparaben Propylparaben = Water q.s.
1 2.07 2.05 0.88 1 0.18 0.02 100
2 2.07 2.05 0.88 0.18 0.02 100
3 2.07 2.05 0.88 25 0.18 0.02 100
4 2.07 2.05 0.88 3 0.18 0.02 100
5 2.07 2.05 0.88 35 0.18 0.02 100
6 2.07 2.05 0.88 0.18 0.02 100
7 2.07 2.05 0.88 1 0.18 0.02 100
8 2.07 2.05 0.88 0.18 0.02 100
9 2.07 2.05 0.88 2.5 0.18 0.02 100
10 2.07 2.05 0.88 3 0.18 0.02 100
11 2.07 2.05 0.88 35 0.18 0.02 100
12 2.07 2.05 0.88 4 0.18 0.02 100

analysis, samples were lyophilized and 5 mg of samples were
used. Samples were heated from 15 to 300 °C, at a rate of
10 °C/min. The sample scans were obtained under N,
pressure of 2 kgf/cm?.

Thermogravimetry Analysis

Thermogravimetry analysis (TGA) was carried out with
a PerkinElmer 4000 instrument calibrated with standard
weights. The lyophilized samples were weighted and then
submitted to heating from 15 to 500 °C at a rate of 10 °C/min,
under nitrogen pressure of 2 kgf/cm?.

Encapsulation Efficiency Determination

For evaluation of the encapsulation efficiency of formu-
lations, a high-pressure liquid chromatography (HPLC)
method was employed using the 2695 Waters Alliance
equipment, with a US/Vis photodiode array detector. After
scanning, the wave length was fixed at 306.6 nm. Experiments
were conducted using a C-18 column (250 mm x 4,6 mm; Sum;
Phenomenex). Mobile phase was composed of a gradient of
water:acetonitrile (75:25, v/v) from 0 to 3.5 min,
water:methanol:acetonitrile (32.5:30:37.5, v/v) from 3.6 to
5.8 min, and water:acetonitrile (75:25, v/v) from 5.9 to
10 min [18]. The method was validated for linearity,
selectivity, precision, accuracy, limit of detection, and limit
of quantification (ICH 2005). For encapsulation efficiency
determination, a method previously published was followed
with modifications [25]. Briefly, total formulation was solubi-
lized in DMSO (1:1, v/v) for nanocarrier disruption and drug
solubilization, followed by dilution with acetonitrile (1:20,
v/v). Samples were then submitted to ultrasound bath for
10 min and filtered (0.45 pm), using PTFE membrane filters,
before quantification in HPLC. Non-encapsulated precipitate
drug was separated from encapsulated drug by filtration using
0.45 um PVDF membrane filters to obtain the filtrated NLC.
This sample was disrupted with DMSO, diluted with aceto-
nitrile, and quantified by HPLC. Furthermore, considering
that the unloaded RSV can be present not only as a
precipitate but can be soluble due to high surfactant content

in the formulation, we obtained the soluble fraction using the
ultrafiltration method. For that, we employed Amicon
50.000 Da molecular-weight cut-off ultrafilters, with centrifu-
gation at 4000xg for 15 min to separate free drug fraction in
the filtrate, which was then diluted in acetonitrile prior to
quantification. All the samples were quantified by HPLC.
Thus, RSV encapsulation efficiency was calculated as follows:

RSV (filtrated NLC)—RSV(soluble)

Total RSV x 100

EE (%)

In Vitro RSV Release Studies

Experiments were conducted in sextuplicate using mod-
ified diffusion cells (Franz cells). Cellulose ester membranes
with pore size of 12-14 kDa molecular weight cut-off
(MWCO) were placed between the donor and recipient
compartments. Thereafter, 300 pL of formulations were
added onto the membrane in the donor compartment.
Recipient solution was composed of a 2% polysorbate 80
aqueous solution and remained under stirring (300 rpm) at 32
+2 °C. Samples were withdrawn, with replenishment of fresh
medium, at 5, 15 and 30 min, and after 1, 2, 4, 6, 8, 12, 16, 20,
and 24 h in order to evaluate the release kinetics. Quantifi-
cation of RSV in the recipient compartment employed the
HPLC method previously described.

Determination of Tyrosinase Inhibition by RSV-Loaded
Formulations

On 96-well microplates, 10 pL. of tyrosinase aqueous
solution (480 TU/mL), 70 uL of pH 6.8 phosphate buffer, and
70 pL of tyrosine aqueous solution (0.3 mg/mL) were added
[18, 26]. Thereafter, 60 pL of blank NLCs (control), RSV-
loaded NLCs, RSV in suspension in different concentrations
(5, 10, 20, 40, and 80 pg/mL), or kojic acid solution (5.0, 4.0,
3.0, 2.5, 1.25, 0.625, and 0.3125 pg/mL), used as a positive
control in different concentrations, were added. Then,
microplates were incubated at 30 1 °C for 120 min. Absor-
bance was measured at 490 nm in a microplate reader
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(Thermoplate) at time zero and at the end of the reaction.
The percentage of tyrosinase inhibition (TT) was calculated as
follows:

(A-T0)~(B-T0)

TI = )

x 100

where A is control absorbance, B is sample absorbance,
and 70 is absorbance time 0.

All the analyses were done in triplicate (n =3), and data
are given as the average values and standard deviations.

Cytotoxicity Study

For cytotoxicity evaluation of blank NLCs and RSV-
loaded NLCS, the agar overlay qualitative assay was
employed [27]. For that, L-929 cell line was cultivated in
DMEM medium supplemented with 10% FBS at 37 °C with
5% CO, in a 75-cm” flask After reaching 75-80% confluence,
cells were trypsinized and cultivated in 6-well plates for 48 h
for monolayer formation. After 48 h, wells were washed with
pH 7.4 PBS and medium composed by 1.8% agar and
DMEM (1:1) with 0.01% neutral red. Following agar
solidification, sterile filter paper disks were embedded with
formulations and placed at the center of each well, in
triplicate. After 24 h, the wells were macroscopically exam-
ined and the formation of a clear inhibition halo was
observed and measured with a caliper. Sample cytotoxicity
is correlated with the halo diameter. For instance, moderate
cytotoxicity results from halo inhibition in the range of 0.5 to
1.0 cm.

Statistical Analysis

The results were presented as mean =+ standard deviation
(SD). Student’s ¢ test was used, and statistical significance was
set at P 0.05.

RESULTS AND DISCUSSION

Table II shows that formulations composed by PEG-40
stearate have particle size ranging from 164.6 to 329.3 nm,
whereas formulations composed by glyceryl behenate pre-
sented considerably larger particle size, varying from 380.9 to
783.1 nm. Therefore, not only glyceryl behenate generated
larger particles, but it also resulted in higher polydispersity,
ranging from 0.241 +0.019 to 0.597 +0.023, probably due to
its higher lipophilicity compared with PEG-40 stearate, which
may result in poor emulsification with the aqueous phase.
Behanic acid is a fatty acid with a longer chain length (C22
fatty acid) than either stearic acid (C18 fatty acid). Further-
more, the longer the chain length of the former would ensure
a higher degree of lipophilicity [28]. Noteworthy, the polydis-
persity index (PdI) is a parameter related to particle size
distribution and, in this context, PdI values higher than 0.7
indicates very broad distribution, while PdI values close to 0.2
are usually associated with more homogeneous particle size
distribution [29]. Formulations NLC1 and NLC8 were not
characterized because they presented phase separation right
after preparation.

Fachinetti er al.

Particles from a colloidal dispersion can adsorb ions or
contain groups which are able to confer charge to particle
surface, reflected by zeta potential, which is directly related to
physicochemical stability. Thus, it is desirable that the
nanostructured system presents high surface charge or zeta
potential, usually higher than + 30 mV or lower than —30 mV,
once forces of repulsion tend to avoid aggregation between
adjacent particles [30]. As evidenced from Table II, formula-
tions presented zeta potential between —1.21 and —2.25 mV.
However, despite near-neutral characteristic of NLCs, stabi-
lization was achieved with poloxamer 407, which confers
stability owing to steric hindrance rather than electric
repulsion [31]. In this regard, Jain et al. [32] reported the
role of poloxamer adsorption onto nanoparticle surface to
modify the aggregation state and impart stability to formula-
tions. This process is largely dependent on the adsorbed
amount and is influenced by polymer structure, molar mass
and adsorption energy [32].

NLC 4, containing PEG-40 stearate, and NLC 7, containing
glyceryl behenate were selected for further studies because they
showed the smallest values of particle size and PdI of each
group. Particle size was increased from 164.6 +36.61 to 225.8 +
40.99 (blank NLC 4 and RSV-loaded NLC 4, respectively), but
zeta potential remained unchanged and almost neutral
(Table IT). For comparison, particle size of RSV-loaded NLC 7
corresponded to 386.82 +26.14. Encapsulation efficiency
corresponded to 61.58 + 0.19 and 44.66 + 0.19% for formulations
containing PEG-40 stearate and glyceryl behenate, respectively,
indicating that PEG-40 stearate enabled higher loading of RSV
in a smaller and more homogenous formulation. The value of
encapsulation efficiency of NLC based on PEG-40 stearate was
comparable with RSV-loaded NLCs prepared with cetyl palmi-
tate, miglyol-812, and polysorbate 60, previously reported [19].
One hundred micrograms of RSV was loaded into 1 mL of NLC
suspension, therefore the drug loading in the formulations 4-
NLC and 7-NLC, considering the encapsulation efficiency
values, corresponded to 61.52 and 44.66 pg/mL, respectively.

Electron microscopy is useful for morphology character-
ization of nanostructures [10]. Microphotographs depicted in
Fig. 1 showed the spherical nature with smooth surface of
NLCs prepared with PEG-40 stearate, which was not
compromised by RSV loading. RSV-loaded NLCs prepared

Table II. Characterization of Blank NLCs and 0.1% RSV-loaded
NLCs: Particle Size, PdI, and Zeta Potential

NLC Particle size (nm)  PdI Zeta potential (mV)
2 308.0 £ 225.4 0.412 £ 0.065 —2.01 + 0.265
3 329.3 £24.14 0297 £0.026 —1.21 +0.116
4 164.6 + 36.61 0218 £ 0.007 —1.49 + 0.282
4 RSV 225.8 +40.99 0.365 £0.023  —1.41 +£0.234
5 172.4 + 37.77 0.244 £ 0.002 —1.84 +0.195
6 236.5 + 37.10 0.278 £ 0.016  —1.65 = 0.402
7 380.9 + 84.72 0.241 £0.019  —1.56 + 0.604
7 RSV 386.82 +26.14 0.386 £ 0.015 —1.55 +0.786
9 620.8 +330.3 0472 £0.043 —1.79 £ 0.144
10 530.0 £ 295.6 0.469 £ 0.077 —2.25+0.712
11 547.5 £ 432.8 0.542 £ 0.060 —1.89 + 0.740
12 783.1 £ 213.1 0.597 £ 0.023  —1.82 + 0.497
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Fig. 1. SEM microphotographs of formulations blank NLC-4 (a), RSV-loaded NLC-4 (b), blank
NLC-7 (¢), and RSV-loaded NLC-7 (d)

with different materials were reported with similar character-
istics [19]. Conversely, formulations prepared with glyceryl
behenate presented structures with irregular shape, probably
due to its higher instability.

DSC was employed to elucidate details of drug loaded
into nanocarriers, if crystalline or amorphous, and the
technique also provides structural information of the dis-
persed particles, given that structural alterations are accom-
panied by heat exchanges [33, 34]. Whereas crystalline
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Fig. 2. DSC characterization. A—E RSV, blank NLC-4, RSV-loaded
NLC-4, blank NLC-7, and RSV-loaded NLC-7, respectively

materials are associated with a well-defined endothermic
peak, amorphous materials show a phase transition, equiva-
lent to a more broadened DSC peak [35].

In Fig. 2, DSC curves of RSV, blank NLCs, and RSV-
loaded NLCs were shown. RSV showed an endothermic peak
at 266.47 °C (AH 303.5351 J/g), in agreement with previous
observations reporting its crystalline nature [36]. DSC curves
of both blank and RSV-loaded formulations were similar,
regarding both their endothermic peaks and the enthalpy
values. The fact that RSV endothermic peak was not present
could mean that the drug is present in the amorphous state or
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Fig. 3. TGA characterization. A-E RSV, blank NLC-4, RSV-loaded
NLC-4, blank NLC-7, and RSV-loaded NLC-7, respectively
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Fig. 4. RSV-loaded NLC 4 (a) and NLC 7 (b) release profile
evaluated using modified diffusion cells method until 16 h of analyses

present as a molecular dispersion. Moreover, it is possible
that the surfactants may have dissolved the drug, therefore
corroborating the hypothesis of molecular dispersion [37]. In
this context, NLCs have been previously prepared with cetyl
palmitate exhibited decrease in melting enthalpy suggesting a
lower level organization in crystal lattice after RSV incorpo-
ration [19].

TGA analysis is used for nanoparticle characterization
and indicates degradation behavior of formulations [38].
Herein, we found that RSV has undergone thermal degrada-
tion after approximately 250 °C, similarly to previous
observations [39]. In a subsequent experiment (data not
shown), the drug was heated until 900 °C and only 10% of
mass remained. But the curve did not finish in a constant
mass either. Blank NLC-4 and NLC-7 presented similar
behavior, with thermal degradation occurring between ap-
proximately 220 and 400 °C, meaning that the blank
formulations were thermally more unstable than RSV. In
comparison, RSV-loaded NLC-4 formulation had a shift in its
TGA curve, which is likely to be correlated with the higher
amount of drug loaded (Fig. 3).

In vitro release studies play an important role on the
investigation and establishment of product behavior during
the various stages of product development. Furthermore, they
can reveal information on the dosage form behavior and drug
release kinetics. For complex dosage forms, such as nanopar-
ticles, in vitro release assays assume greater significance [40].

Table III. Kinetics Evaluation of RSV Release from NLCs

Kinetic modeling 7 value

NLC 04 NLC 07
Zero order 0.9743 0.9726
First order 0.9131 0.9817
Higuchi 0.6798 0.8505
Korsmeyer-Peppas 0.9374 0.9782
Weibull 0.9861 0.9907
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Table IV. Halo Inhibition of Formulations in Agar Overlay Diffusion
Test

Formulation Halo + SD (cm)
Blank NLC4 0.57 + 0.058
RSV-loaded NLC4 0.97 + 0.058
Blank NLC7 0.73 + 0.058
RSV-loaded NLC7 1.07 + 0.058

It is known that drug release from nanoparticles can
follow different mechanisms, depending on their composition,
including matrix erosion, drug release from nanoparticle
surface, and drug diffusion from nanoparticle matrix [41]
Hence, solubility, diffusion, and biodegradation of the particle
matrix govern the release process. Nanoparticles advanta-
geously allow for drug-sustained release within the target site
and the release profile is affected by the incorporation
method of drug into the formulation and depends on the
type of carriers and the drug physicochemical properties [42].

Both formulations presented very low RSV release,
particularly the PEG-40-based nanocarrier, equivalent to
2.67%, compared with 17.67% obtained with the nanocarrier
containing glyceryl behenate (Fig. 4), which occurred due to
the crystallinity degree of lipid matrix, in agreement with the
DSC data. In a previous paper on RSV-loaded NLCs
prepared with different materials, authors suggested that
drug release might be dependent on the crystallinity degree
of lipid matrix and the presence of the liquid lipid in NLC
resulted on less-ordered matrix which better accommodated
drug within the nanostructure, preventing its expulsion. On
that occasion, NLC released around 8% of RSV after 24 h,
which is comparable with the release profile of NLCs
reported in the present paper [19]. Thus, herein, RSV might
have stronger affinity with PEG-40 stearate-based NLCs than
with formulations prepared with glyceryl behenate, which
explains the slower release. Regarding the dissolution profile
of the pure drug, recently it was shown that encapsulated
RSV had threefold higher dissolution than pure drug [43].

Some models are useful to describe the drug release
kinetics from nanoparticles, including the zero order, first order,
Higuchi, Korsmeyer-Peppas, and Weibull models. For non-
degradable dosage forms that release the same amount of drug
over time, zero order is commonly achieved and is desirable,
considering the slow release suitable for prolonged action [44].
First-order kinetics is applied for dosage forms which release
drug proportionally to the remaining amount. Higuchi model is
often employed for lipophilic and hydrophilic drugs that diffuse
through non-swellable matrices [45]. Korsmeyer and Peppas
kinetics model, however, is based on release combining
Fickinian diffusion and non-Fickinian transport [46]. Finally,
the Weidbull method is successfully applied for various release
profiles and it was the model that best fitted for RSV-loaded
NLCs (Table III). This model suggests a complex release
mechanism, involving erosion and relaxation of matrix network,
which might be due to the presence of Poloxamer 407 which is
able to jellify at 37 °C [47].

Biocompatibility is represented by the ability of a
formulation to accomplish its intended function without
inducing a negative response in a host organism, in order to
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Fig. 5. Tyrosinase inhibition assay of RSV, RSV-4, NLC, and RSV-7, NLC, employing

enzyme at 480 IU/mL. *p 0.05

ensure its safety and tolerance to the body. The ISO 10993-5
guideline represents the standard for such in vitro biocom-
patibility determination. In this context, the agar overlay
diffusion test, a qualitative method included in this guideline,
allows to measure cytotoxicity by indirect contact. Herein, L-
929 cell line was employed herein for cytotoxicity evaluation,
a very important study of cosmetic formulations [48]. Results
showed that all groups tested, blank nanoparticles, and RSV-
loaded nanoparticles caused moderate cell toxicity in terms of
halo inhibition growth (inhibition halo 1 cm). Although not
causing severe cytotoxicity, it seemed that RSV-loaded
formulations presented greater halo inhibition (Table IV).
Quantitative evaluation of formulations cytotoxicity could be
assessed in future studies; however, the viscosity of NLCs
could be a potential influencing factor, creating the need of
using high formulation dilutions, which could lead to inaccu-
rate observations. In this context, Rigon et al. [18] evaluated
RSV-loaded solid lipid nanoparticles using the quantitative 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) method. Although most formulations were regarded
as presenting low cytotoxicity, some formulations presented
higher cytotoxicity owing to their high viscosity, promoting
insufficient oxygen supply and hypoxia. The agar overlay
diffusion test, employed herein, could be an option for
viscous formulations due to indirect contact between the
formulations and the cells. Furthermore, in a previous paper,
the agar overlay diffusion test and the MTT assay were used
to evaluate the cytotoxicity of Fe;O, submicron particles,
with comparable results [49]. On the other hand, additional
studies, following official guidelines, for example, those of the
Food and Drug Administration (FDA), are needed to
confirm the safety and biocompatibility of formulations
intended for cosmetic use.

Tyrosinase is a well-described target for inhibition to
achieve skin whitening not only with cosmetic purpose but
also for clinical treatment of pigmentary disorders such as
melasma or post-inflammatory hyperpigmentation [50].
Within this context, RSV has been reported as a potent
tyrosinase inhibitor, through several mechanisms, including
inhibition of the catalytic activity, gene expression, and post-
translational maturation of tyrosinase in melanocytes [50-52].

Herein, we used kojic acid as a positive control to inhibit
480 IU/mL of tyrosinase, resulting in 50% of enzyme
inhibition for kojic acid concentration of 8.66 pg/mL.
Thereafter, we evaluated tyrosinase inhibition of RSV and
RSV-loaded NLCs. Maximum enzyme inhibition for RSV
suspension, PEG-40 stearate containing NLC (RSV-4), and
behenate glyceryl containing NLC (RSV-7) corresponded,
respectively, to 74.18 +25.10, 96.88 +12.72, and 62.20 +3.19,
in percentage. Although, RSV and formulations were re-
vealed to be less potent than kojic acid (data not shown), the
RSV-loaded formulation prepared with PEG-40 stearate
(RSV-4) was significantly more effective (p 0.05) than RSV
suspension and behenate glyceryl RSV-7 formulation,
resulting on greater tyrosinase inhibition, equivalent to 1.31
and 1.83 times higher, respectively (Fig. 4). It is important to
consider that RSV is very lipophilic, with water solubility of
3 mg/100 mL, and therefore it was herein employed as an
aqueous suspension. Thus, considering the very low aqueous
solubility of RSV, the poor enzyme inhibition was expected.
Regarding other concentrations of RSV, 20 and 40 pg/mL, we
observed lower tyrosinase inhibition for the formulation
RSV-4 NLC, particularly for the 20 pg/mL concentration,
indication dose-dependent response. For comparison, the
tyrosinase inhibition of RSV-4 NLC increased form ~40 to
~90% at 20 and 40 pg/mL, respectively.

Similar results were achieved by Rigon et al. [18], who
found that the incorporation of RSV in solid lipid nanopar-
ticles enhanced its tyrosinase inhibitory activity. Protection
against degradation and sustained release were factors likely
responsible from enhanced enzyme inhibiting ability of RSV-
loaded nanocarriers. Likewise, resveratrol-enriched rice calli
was incorporated into nanoparticles and evaluated regarding
its depigmentation following topical administration to ultra-
violet B (UVB)-stimulated hyperpigmented guinea pig dorsal
skin, resulting in repression of UVB-promoted melanin
granules, thereby suppressing hyperpigmentation [53]. More-
over, Ryu and co-workers studied the human skin-whitening
effects of a RSV derivative, resveratryl triacetate (RTA). The
whitening efficacy of a formulation containing 0.4% RTA was
evaluated in an artificial tanning model in human volunteers,
resulting in reduction of hyperpigmented spots [52] (Fig. 5).
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Furthermore, it is known that tyrosinase enzyme inhibi-
tion has a role on melanogenesis control, hypothetically
applied to reduce melanoma resistance to treatment [54].
For instance, the inhibition of melanogenesis by blocking
tyrosinase activity has been demonstrated to sensitize mela-
noma cells toward cytotoxicity of cyclophosphamide, besides
enhancing immunotoxic activity of IL-2 activated lympho-
cytes [55]. Therefore, RSV-loaded nanoparticles could poten-
tially influence the process of reduction of melanoma
resistance to treatment, which needs to be further investi-
gated. For in vivo use, the formulation would need to
penetrate into the skin, but not permeate, to reach the
melanocytes in the basal membrane. In this context, Sato
et al., 2007 investigated the skin penetration of kojic acid-
loaded emulsion and they observed high skin retention of
kojic acid, which is commercially employed as a skin lighting
formulation for several applications, including for the treat-
ment of melasma [56].

CONCLUSION

Taken together, the results presented herein demon-
strated the successful encapsulation of trans-resveratrol in
nanostructured lipid carriers. Compared with glyceryl
behenate, polyoxyethylene 40 stearate was shown to produce
nanocarriers with smaller particle size and polydispersity,
higher drug encapsulation and more sustained release, due
the superior emulsifying ability of polyoxyethylene 40.
Furthermore, trans-resveratrol was likely present as a molec-
ular dispersion in nanocarriers. The cytotoxicity of trans-
resveratrol against a keratinocyte cell line was not enhanced
when loaded into nanostructured lipid carriers; however, for
evaluation of the safety of formulations, in vitro skin
penetration/permeation studies should be conducted. Finally,
the better results achieved with nanocarriers prepared with
polyoxyethylene 40 resulted in higher tyrosinase inhibition,
which could be promising for cosmetic use in skin lightening
or for the topical treatment of human cutaneous disorders
associated with hyperpigmentation or melanogenesis, which
need to be addressed in future studies.
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