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ABSTRACT

Sesamol is a natural phenolic compound extracted from Sesamum in-

dicum seed oil. Sesamol is endowed with several beneficial effects, but

its use as a topical agent is strongly compromised by unfavorable

chemical-physical properties. Therefore, to improve its characteristics,

the aim of the present work was the formulation of nanostructured lip-

id carriers as drug delivery systems for topical administration of sesa-

mol.

Two different nanostructured lipid carrier systems have been pro-

duced based on the same solid lipid (Compritol® 888 ATO) but in a

mixture with two different kinds of oil phase such as Miglyol® 812

(nanostructured lipid carrier-M) and sesame oil (nanostructured lipid

carrier-PLUS). Morphology and dimensional distribution of nanostruc-

tured lipid carriers have been characterized by differential scanning

calorimetry and photon correlation spectroscopy, respectively. The re-

lease pattern of sesamol from nanostructured lipid carriers was eval-

uated in vitro determining drug percutaneous absorption through ex-

cised human skin. Furthermore, an oxygen radical absorbance ca-

pacity assay was used to determine their antioxidant activity.

From the results obtained, the method used to formulate nano-

structured lipid carriers led to a homogeneous dispersion of particles

in a nanometric range. Sesamol has been encapsulated efficiently in

both nanostructured lipid carriers, with higher encapsulation effi-

ciency values (> 90%) when sesame oil was used as the oil phase (nano-

structured lipid carrier-PLUS).

In vitro evidences show that nanostructured lipid carrier disper-

sions were able to control the rate of sesamol diffusion through the

skin, with respect to the reference formulations.

Furthermore, the oxygen radical absorbance capacity assay

pointed out an interesting and prolonged antioxidant activity of sesa-

mol, especially when vehiculated by nanostructured lipid carrier-PLUS.

Nanostructured Lipid Carriers (NLC) as Vehicles for Topical
Administration of Sesamol: In Vitro Percutaneous Absorption Study
and Evaluation of Antioxidant Activity

ABBREVIATIONS

AAPH 2,2′-azobis(2-amidinopropane) dihydrochloride

DSC differential scanning calorimetry

EE encapsulation efficiency

FL fluorescein

HSH high shear homogenization

NLCs nanostructured lipid carriers

ORAC oxygen radical absorbance capacity

SCE stratum corneum epidermis

SES sesamol

SLNs solid lipid nanoparticles

US ultrasound
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Introduction

Plant-derived active constituents are gaining importance in to-
dayʼs quest for potent and efficacious antioxidant compounds be-
cause of their natural background and lesser toxicity compared to
synthetic molecules. These actives are widely used to formulate
both cosmetic and pharmaceutical products intended for topical
application.

SES (5-hydroxy-1,3-benzodioxole or 3,4-methylenedioxy-
phenol) is a natural phenolic compound extracted from Sesamum
indicum L. (Pedaliaceae) seed oil (▶ Fig. 1). Several beneficial ef-
fects of SES were reported including antioxidation, chemopreven-
tion, antimutagenic, and hepatotoxic properties [1, 2]. These ef-
fects were associated with its hydroxyl radical scavenging and in-
Puglia C et al. Nanostructured Lipid Carriers… Planta Med 2017; 83: 398–404



▶ Fig. 1 Chemical structure of sesamol.
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hibitory activities of lipid peroxidation, although the biological
functions of SES have not entirely been elucidated yet [3].

Cosmetic use of topical SES is also of interest as this agent is
included among the ingredients of anti-wrinkle and antiaging for-
mulations [4]. Recently, it has been used to formulate skin-
whitening products in virtue of a high anti-tyrosinase activity
compared to popular compounds such as kojic acid and β-arbutin
[5, 6].

Notwithstanding these interesting features, SES clinical appli-
cation is limited because of its physicochemical properties. SES
shows a water solubility of 38 ± 1.20mg/mL and a log P value of
1.29 ± 0.01, therefore after topical application, it passes quickly
through all the skin layers with a quick passage into systemic cir-
culation. To overcome these difficulties, this study is proposing an
innovative approach: the delivery of SES formulated in NLCs,
which is suitable for topical administration.

NLCs are innovative lipid nanoparticles composed of a binary
mixture of a solid lipid and a liquid lipid and show increased drug
loading compared with SLNs, the first generation of lipid nanopar-
ticles [7]. Furthermore, NLCs minimize other limits of SLNs such as
the drug expulsion phenomena and the excessive particle dilution
in the aqueous dispersion (from 1% to 30%) [8]. NLCs are investi-
gated for different routes of administration with a more recent in-
terest for topical application [9–11].

Therefore, in this study, we have evaluated the potential use of
NLCs for topical administration of SES and the carrier ability to in-
crease the in vitro antioxidant efficacy of this compound. With this
aim, SES loaded NLCs were prepared and characterized on their
physicochemical properties and by the DSC technique to obtain
information regarding the nanostructure of the lipid matrix. Fur-
thermore, in vitro percutaneous absorption studies were affected
using excised human skin membranes (i.e., SCE) to evaluate the
amount of SES permeated through the skin once released from
the lipid nanocarriers. Finally, SES loaded NLCs were studied in or-
der to understand the influence of the vehicle on SES antioxidant
properties using an in vitro ORAC assay.
Results and Discussion

In this study, we evaluated two NLC formulations obtained using
two different oil components, Miglyol 812 (NLC‑M) and sesame oil
(NLC-PLUS). It is widely reported that the inclusion of oil is useful
in the optimization of NLC formulation and to hold higher
amounts of a drug. In fact, the oil, behaving as an impurity in the
solid lipid, reduces the particle crystallinity, conferring better sta-
bility and a higher suitability for the controlled release [7,12,13].
In the present work, we decided to use sesame oil as the oil phase
Puglia C et al. Nanostructured Lipid Carriers… Planta Med 2017; 83: 398–404
of NLCs to study a possible synergism between this natural ingre-
dient and SES.

Sesame oil is an edible vegetable oil derived from sesame
seeds. It is composed of a high amount of fatty acids such as lino-
leic acid (41% of total), oleic acid (39%), palmitic acid (8%), and
stearic acid (5%) and furthermore it contains important active
compounds, such as lignans and tocopherols, which are responsi-
ble for the outstanding antioxidant activity of sesame oil. Recent
studies have pointed out that the synergistic activities of these ac-
tive components, instead of the activity of each one alone, could
well explain the bioactivity of this oil [14–17]. Therefore, the ve-
hicle, called NLC-PLUS, was formulated to be an upgrade of the
conventional NLC system, able, on the one hand, to strengthen
the antioxidant efficacy of SES, in virtue of the pool of antioxidant
substances contained in the sesame oil, and on the other hand, to
optimize its percutaneous absorption by exploiting the techno-
logical strategy represented by the SES encapsulation in NLCs.

Both NLCs and SLNs were prepared by coupling HSH with a US
treatment. This method has many advantages compared to prep-
arations performed using only one of these techniques, such as
high homogeneity and reduced dimensions of nanoparticle dis-
persions [18].

As reported in ▶ Table 1, the HSH/US method used to formu-
late lipid nanocarriers resulted in a suitable way produce systems
characterized by a mean diameter around 200 nm and a
polydispersivity index around 0.30. In particular, the latter param-
eter reflects the presence of homogeneous nanoparticles with
minimum predisposition to aggregation [19]. The use of sesame
oil instead of Miglyol 812 seems to not affect the dimension and
the homogeneity of NLCs (▶ Table 1), while a different trend has
been observed in relation to the drug recovery values. As ex-
pected, SLNs had a lower encapsulation efficiency compared to
NLC‑M and NLC-PLUS, which showed a drug recovery of 82.5%
and 91.2%, respectively. The best performance of NLC-PLUS is
probably due to a high chemical affinity between SES and the
sesame oil with the consequent drug concentration in the lipid
matrix of the NLCs. A DSC analysis was performed to provide
information about the lipid-solid state modification in nanopartic-
ulate form and about SES accommodation into the core of the lip-
id matrix [20]. ▶ Fig. 2 depicts the DSC profile of the pure materi-
als, the empty nanoparticles (empty SLNs, empty NLC‑M, and
empty NLC-PLUS) and SES loaded nanoparticles (SLNs, NLC‑M,
and NLC-PLUS). The melting point peaks of the pure materials
Lutrol, Compritol 888 ATO, and SES are at 54.24, 73.94, and
65.44 °C, respectively. All nanoparticles showed twomelting point
attributable to Lutrol and Compritol 888 ATO, with a slight shift
(to 50–51°C and 71–72.5 °C, respectively) due to the structuring
in the nanoparticulate form [21]. Furthermore, in the thermo-
gram of all the loaded nanoparticles, the SES peak disappears.
This indicates the complete solubilization of SES in the lipid matrix
or the transformation of SES crystal to an amorphous form dis-
persed in the lipid matrix [20].

▶ Fig. 3 shows the cumulative amount (Q24) of SES permeated
through human SCE membranes after 24 h of monitoring. Statis-
tical analysis revealed a significant difference (p < 0.01) between
the Q24 value obtained for SES‑GEL and the other formulations.
Moreover, both NLC‑M and NLC-PLUS showed Q24 values consider-
399



▶ Table 1 Particle size, polydispersivity index (PDI), zeta potential, and drug recovery values of different lipid nanoparticle formulations.

Sample Particle size
(nm, mean ± SD)

Polydispersivity index
(PDI, mean ± SD)

Zeta potential
(-mV, mean ± SD)

Drug recovery
(%, mean ± SD)

Empty SLN 206.1 ± 18.5 0.282 ± 0.021 − 33.8 ± 2.70 –

SLN 224.7 ± 17.4 0.287 ± 0.040 − 35.0 ± 2.41 78.5 ± 5.2

Empty NLC‑M 169.1 ± 20.2 0.284 ± 0.023 − 38.9 ± 2.32 –

NLC‑M 171.6 ± 13.7 0.277 ± 0.032 − 36.1 ± 2.14 82.5 ± 3.6

Empty NLC-Plus 169.0 ± 10.1 0.293 ± 0.034 − 36.2 ± 2.91 –

NLC-Plus 169.2 ± 18.6 0.317 ± 0.043 − 38.0 ± 2.62 91.2 ± 2.2

▶ Fig. 2 DSC thermogram scans of components and of empty or
SES loaded lipid nanoparticles.

▶ Fig. 3 Cumulative amount (Q24) of SES permeated through SCE
membranes during 24 h from SES‑GEL, SLN, NLC‑M, and NLC-PLUS.
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ably lower than SLNs (p < 0.01), this decreased permeation of SES
when formulated in an NLC system could be explained by hy-
pothesizing a drug accumulation in the horny layer. Both SLNs
and NLCs have shown the peculiarity to reduce and/or suppress
the permeation (transdermal delivery) through the skin while en-
hancing the penetration (dermal delivery) into the upper skin
layers [22,23]. Geetha and coworkers have studied the anticancer
effects of SES after incorporation into SLNs, demonstrating an in-
teresting localized effect of the active compound in the skin [24].

In our study, the differences observed between SLNs and NLCs
could be explained considering the key role of the oil phase being
able, on the one hand, to retain the active compound inside the
NLC matrix and, on the other hand, to release it in a controlled
fashion.

Surprisingly, no significant differences (p > 0.05) were ob-
served between the Q24 values obtained with NLC‑M and NLC-
PLUS, although the latter showed the highest encapsulation effi-
ciency (> 90%). This result seems to demonstrate that the oil
phase characteristics did not affect the release of sesamol from
the NLC matrix and therefore the chemical affinity between ses-
ame oil and SES did not have an important role in this process.

Finally, we evaluated the antioxidant efficiency of all the differ-
ent vehicles SLNs and NLCs. In particular, we assayed the capabil-
ity of the empty SLNs and NLCs in comparison with SES alone and
loaded formulations to prolong and/or to maintain the antioxi-
dant activity of SES in the function of time using a standard ORAC
assay. The results are shown in ▶ Figs. 4–7. The FL signal disap-
pears just to 2 h in the presence of a radical generator, such as
AAPH. Indeed, it decreases in the presence of a sample endowed
with a radical scavenging activity. The results showed that the
empty SLNs were not active (▶ Fig. 4), while the empty NLCs
(▶ Figs. 5 and 6) showed an antioxidant activity under 19 h. In
particular, the presence of Miglyol 812 in empty NLC‑M (▶ Fig. 5)
gave a slight activity [25]. This increased activity in empty NLC-
PLUS (▶ Fig. 6) is attributable to the intrinsic antioxidant activity
of the sesame oil [26,27]. Nevertheless, also in this case, all the
produced formulations were able to preserve and prolong the
SES antioxidant activity until 40 h (▶ Fig. 7). In particular, the bet-
ter result was obtained for the NLC-PLUS. In fact, the fluorescence
value of NLC‑M was 11400 nm (▶ Fig. 5), while that of NLC-PLUS
was 17081 nm (▶ Fig. 6), both higher than the SLN value
(5581 nm) (▶ Fig. 4).
400 Puglia C et al. Nanostructured Lipid Carriers… Planta Med 2017; 83: 398–404



▶ Fig. 4 Antioxidant efficiency of SLN. Data represent the mean of
three independent experiments ± SD. *P < 0.05.

▶ Fig. 5 Antioxidant efficiency of NLC‑M. Data represent the mean
of three independent experiments ± SD. *P < 0.05.

▶ Fig. 6 Antioxidant efficiency of NLC-PLUS. Data represent the
mean of three independent experiments ± SD. *P < 0.05.

▶ Fig. 7 Antioxidant efficiency values at 40 h of all the formulations
tested. Data represent the mean of three independent experi-
ments ± SD. *P < 0.05.

Puglia C et al. Nanostructured Lipid Carriers… Planta Med 2017; 83: 398–404
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Materials and Methods

Materials

SES (purity: 98%) and sesame oil were purchased from Sigma-Al-
drich srl. Compritol 888 ATO (glyceryl behenate, tribehenin), a
mixture of mono-, di-, and triglycerides of behenic acid (C22),
was provided by Gattefossè. Miglyol 812 (caprylic/capric triglycer-
ides) was provided by Eigenmann&Veronelli S. p.A. Lutrol F68 (Po-
loxamer 188) was obtained from BASF. Sodium polyacrylate was
provided by Cognis S.p.A. Care Chemicals. All of the other chem-
icals and reagents were of the highest purity grade commercially
available.

Lipid nanoparticles production

In this study, both NLCs and SLNs were formulated by using HSH
and US methods [9–13,18]. In particular, SLNs were prepared as
a reference vehicle to point out the advantages of SES incorpora-
tion in NLCs. In ▶ Table 2, the compositions of the SLNs and NLCs
are reported. A weighted amount of Compritol© 888 ATO was
melted at 80 °C adding SES to formulate SES loaded SLN. The
melted lipid phase was dispersed in a hot (80 °C) aqueous solution
containing Lutrol© F68 by using a high-speed stirrer (UltraTur-
raxT25; IKA-Werke GmbH & Co. KG); the obtained pre-emulsion
was ultrasonified by using a UP 400 S Ultraschallprozessor (Dr.
Hielscher GmbH), maintaining the temperature at least 5 °C above
the lipid melting point. Then, the obtained hot dispersions were
cooled in an ice bath under high-speed homogenization (UltraTur-
rax T25; IKA-Werke GmbH & Co. KG) in order to solidify the lipid
matrix and to form the SLNs. Empty SLNs were obtained following
the previous protocol but without the addition of SES to the solid
lipid. In this study, we evaluated two different kinds of NLCs whose
composition is reported in ▶ Table 2. NLC‑M was formulated add-
ing, at 80 °C, a weighted amount of SES to Miglyol 812 and then to
the melted solid lipid Compritol 888. The obtained lipid phase was
dispersed in a hot (80 °C) aqueous solution containing Lutrol© F68
and then the protocol followed the steps described for SLN prepa-
ration. NLC-PLUS was formulated using a weighted amount of ses-
401



▶ Table 2 Composition (% w/w) of NLC- and SLN-based formulations.

Constituents Formulation code

Empty SLN SLN Empty NLC‑M NLC‑M Empty NLC-Plus NLC-Plus

Sesamol – 0.10 – 0.04 – 0.04

Sesame oil – – – – 0.21 0.21

Compritol 888 ATO 0.79 0.79 1.12 1.12 1.12 1.12

Miglyol 812 – – 0.21 0.21 – –

Lutrol F68 0.30 0.30 0.63 0.63 0.63 0.63

Water 98.91 98.81 98.04 98.00 98.04 98.00
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ame oil instead of Mygliol 812 (see ▶ Table 2). Blank NLC‑M and
NLC-PLUS were formulated to be used as reference vehicles.

Particle size distribution and zeta potential
measurements

Photon correlation spectroscopy (PCS) was used to measure mean
particle size and the zeta potential of the lipid dispersions. A Zeta-
master (Malvern Instrument Ltd.), equipped with a solid state la-
ser having a nominal power of 4.5mW with a maximum output of
5mW 670 nm and a 90° scattering angle at 20 ± 0.20 °C, was em-
ployed. Samples (10 µL of the suspension) were diluted with 2mL
of deionized water previously filtered through a 0.2-µm Acrodisc
LC 13 PVDF filter (Pall-Gelman Laboratory). During the experi-
ment, the refractive index of the samples always matched the liq-
uid (toluene) to avoid stray light. The electrophoretic mobility was
calculated using Smoluchowskiʼs equation (Eq. 1) to determine
the zeta (ξ) potential value.

v ¼ " � E
�

� �
� (1)

where v is the measured electrophoretic velocity, η is the viscosity,
ε is the electrical permittivity of the electrolytic solution, and E is
the electric field. The accuracy was 0.12 µm cm/V s for the aque-
ous systems. Samples were suspended in distilled water and the
measures were recorded at 25 °C.

Determination of drug loading

The percentage of SES entrapped in the lipid matrix was deter-
mined as follows: a fixed amount of SLN or NLC dispersion was fil-
tered using a Pellicon XL tangential ultrafiltration system (Milli-
pore) equipped with a polyethersulfone Biomax 1000 membrane
(Millipore) with a 1000000 Da molecular weight cutoff. An
amount of retained material was freeze-dried, dissolved in dichlo-
romethane, and analyzed by UV spectrophotometry at 290 nm
(Lambda 52, PerkinElmer). Calibration curves for the validated
UV assays of SES were performed on six solutions in the concen-
tration range of 10–100 µg/mL. The correlation coefficient was
> 0.99.

Each point represented the average of three measurements,
and the error was calculated as the standard deviation (± SD).
402
SES incorporation efficiency was expressed as active recovery
and calculated using equation 2 (Eq. 2):

Drug recovery %ð Þ ¼ Mass of SES in nanoparticles
Mass of SES fed to the system

� 100 (2)

Possible lipid interferences during UV determination of SES were
also investigated by comparing the two standard curves of the
substance alone and in the presence of lipids. The differences
observed between the standard curves were within the experi-
mental error, thus inferring that no lipid interference occurred
(data not shown).

Differential scanning calorimetry

Raw materials and unloaded and loaded nanoparticles were ana-
lyzed by differential scanning calorimetry on an indium calibrated
Mettler Toledo DSC 822e (Mettler Toledo). Thermograms were re-
corded by placing accurately given quantities (6–7mg weighed
with a microbalance MTS Mettler Toledo) of each sample in a 40-
µL aluminium pan that was sealed and pierced. The sample was
scanned (10 °C/min) between 25–125°C. From the heated cycle,
the melting temperature Tm and heats of fusion (ΔHm) were
measured.

In vitro percutaneous absorption studies

Gel preparation: For in vitro studies, SLNs, NLC‑M, and NLC-PLUS
were formulated into hydrogel using sodium polyacrylate (1% w/
w) as a thickener agent. Furthermore, an SES-based hydrogel
(SES‑GEL) was formulated and used as a reference vehicle. The
final concentration of SES in the hydrogel formulations was 0.1%
w/w. All the formulations were stored at 4 °C before use.

Skin membrane preparation: Samples of adult human skin
(mean age 36 ± 8 years) were obtained from breast reduction op-
erations. Subcutaneous fat was carefully trimmed and the skin
was immersed in distilled water at 60 ± 1.0 °C for 2min [28], after
which SCE was removed from the dermis using a dull scalpel
blade. Epidermal membranes were dried in a desiccator at 25%
relative humidity. The dried samples were wrapped in aluminum
foil and stored at 4 ± 1.0 °C until use. Previous research work dem-
onstrated the maintenance of SC barrier characteristics after stor-
age under the reported conditions [29]. Besides, preliminary ex-
periments were carried out in order to assess the barrier integrity
Puglia C et al. Nanostructured Lipid Carriers… Planta Med 2017; 83: 398–404
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of SCE samples by measuring the in vitro permeability of [3H]
water through the membranes using the Franz cell method
described below. The value of the calculated permeability coeffi-
cient (Pm) for [3H] water agreed well with those previously re-
ported [30].

In vitro skin permeation experiments

Samples of dried SCE were rehydrated by immersion in distilled
water at room temperature for 1 h before being mounted in
Franz-type diffusion cells supplied by LGA. The exposed skin sur-
face area was 0.75 cm2 and the receiver compartment volume
was 4.5mL.

The receptor compartment was filled with a water-ethanol so-
lution (50 :50) to allow the establishment of the sink conditions
and to sustain permeant solubilization [31]. Furthermore, it was
stirred at 500 rpm and thermostated at 35 ± 1.0 °C throughout all
of the experiments [12]. A weighted amount of SLNs, NLC‑M, NLC-
PLUS, and SES‑GEL was placed on the skin surface in the donor
compartment and the latter was covered with Parafilm©. Each ex-
periment was run in duplicate for 24 h using three different do-
nors (n = 6). The samples were analyzed for SES content by HPLC
as described below. The results are expressed as the cumulative
amount of SES permeating the SCE membranes after 24 h.

HPLC

The HPLC apparatus consisted of a Shimadzu LC10 AT Vp
equipped with a 20-µL loop injector and an SPD‑M 10 A Vp
Shimadzu photodiode array UV detector. Chromatography was
performed using an Ascentis Express C18 column (particle size,
2.7 µm; 150 × 4.6mm i.d.; Supelco, Sigma-Aldrich). The mobile
phase was composed of water and methanol (30 :70) and the de-
tection was effected at 290 nm. The flow rate was set at 0.8mL/
min and the retention time was 5.9 minutes.

Antioxidant efficiency

A modified ORAC assay was used to qualitatively determine the
antioxidant activity of SLNs, NLC‑M, and NLC-PLUS [32]. SES and
empty and loaded vehicles (25 µL) were placed in 96-well tissue
culture plates. 150 µL of FL (10 nM) was used as the probe to as-
sess the antioxidant activity. 25 µL of the water-soluble azo-com-
pound AAPH (100mM) was used as a radical initiator to generate
free radicals at a constant rate. A positive control (FL solution con-
taining AAPH), a negative control (FL solution containing no
AAPH), SES (0.1%), and unloaded and loaded SLNs and NLCs in
PBS were run simultaneously. A timer was started upon introduc-
tion of the free radical generator and the plate was stored in the
dark at 37 °C. At each specified time point, the fluorescence of the
solution was measured (excitation 492 nm, emission 535 nm)
using a Wallac 1420 Victor 3 96-well plate reader (Perkin Elmer)
fluorimeter and plotted as a function of time with Origin®7 soft-
ware (Origin Lab Corporation). The Y axis graph was split as follow:
6000 to 8000 RFU (▶ Figs. 4–6) and from 12000 to 13000 RFU
(▶ Fig. 7).
Puglia C et al. Nanostructured Lipid Carriers… Planta Med 2017; 83: 398–404
Statistical analysis

Statistical analysis of the data was performed using the Studentʼs
t-test. A probability (p) of less than 0.05 is considered significant
in this study.
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