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Abstract: Our research focuses on evaluating the preliminary stability of solid lipid nanoparticles
(SLNs) in order to identify an optimal formulation for studying the skin penetration of SLNs loaded
with sesamol, with a view to developing potential cosmetic applications. For this study, SLNs were
prepared with varying lipid and surfactant compositions and produced through homogenization
and ultrasonication. The particle size (PS), polydispersity index (PDI), zeta potential (ZP), and
encapsulation efficiency (EE) were analyzed for the different formulations. We identified OP2Se
as the optimal formulation for skin penetration assessment due to its stable PS, PDI, ZP, and EE
over time, with a Turbiscan Stability Index (TSI) below 1 after a month, indicating favorable stability
conditions. The in vitro skin permeation study compared sesamol-loaded SLNs with a control
sesamol hydrogel, revealing controlled release characteristics ideal for localized skin effects without
significant bloodstream penetration, attributed to the SLNs’ 200 nm particle size. Further exploration
could enhance skin retention and targeting, potentially extending penetration studies and reducing
particle size to improve accumulation in hair follicles. Exploring SLN applications beyond sesamol,
such as incorporating mineral filters for suncare, offers promising avenues, underscoring SLNs’
versatility in cosmetic formulations and skincare applications.

Keywords: solid lipid nanoparticle (SLN); formulation; physical characterization; stability; sesamol;
skin permeation

1. Introduction

In recent years, solid lipid nanoparticles (SLNs) have garnered significant attention
as promising drug delivery carriers due to their unique properties, including enhanced
stability, controlled release, and improved bioavailability [1,2]. These nanoparticles offer a
potential solution for overcoming challenges associated with conventional drug delivery
systems and facilitating targeted delivery to specific tissues, such as the skin [3]. Indeed,
their small size and high surface area allow them to penetrate and accumulate in the
skin layers more effectively compared to larger particles or conventional formulations [4].
Moreover, SLNs are composed of lipids such as fatty acids, triglycerides, and waxes which
enhance their biocompatibility and interaction with the lipophilic stratum corneum layer
of the skin, improving skin permeation [5].
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Furthermore, SLNs have emerged as a promising and innovative delivery system in
the field of cosmetics. SLNs offer several distinct advantages that make them an attractive
option for enhancing the performance and efficacy of cosmetic products [6]. These advan-
tages include improved stability, controlled release of active ingredients, enhanced skin
penetration, and the ability to encapsulate and protect both hydrophilic and hydrophobic
compounds [7]. As reported by Müller et al. [7], the lipid matrix in SLNs provides a
protective environment for encapsulated ingredients, reducing degradation and improving
shelf life. Furthermore, SLNs’ nanoscale size promotes better skin hydration and the tar-
geted delivery of bioactive compounds [8]. Overall, the incorporation of SLNs in cosmetic
formulations holds great potential for advancing the efficacy and functionality of modern
cosmetic products.

The formulation of SLNs is a complex process and is influenced by multiple factors,
such as lipid type, surfactant composition, and processing parameters [9]. To achieve
efficient drug delivery and good stability, it is essential to adapt the SLN formulation to the
specific drug and targeted tissue [10].

In prior research, we presented the results of a novel approach combining mixture
and quantitative variables to optimize an SLN composition for cosmetics application. This
comprehensive investigation explored the influential factors (percentage of polysorbate
80; time of ultrasound; and proportion of carnauba wax, glyceryl behenate, and glyceryl
distearate) and their interactions. These experimentations led us to the identification of an
optimized SLN formulation, with a particle size (PS) of 176.3 ± 2.78 nm, a polydispersity
index (PDI) of 0.268 ± 0.02, and a zeta potential (ZP) of −35.5 ± 0.36 mV. Interestingly, the
experimental design revealed that achieving the desired results could accommodate only
minor variations in emulsifier composition, while substantial flexibility was observed in
lipid composition. This previous study shed light on the critical role of lipid and surfactant
components, as well as on the process parameter to obtain SLNs, offering valuable insights
for the development of efficient cosmetic delivery systems for sesamol [11].

Sesamol, a natural phenolic compound derived from sesame oil, has garnered signifi-
cant attention in the field of cosmetics due to its various properties. Its potent antioxidant
activity, as shown by studies such as those conducted by Srisayam et al. [12] and Geetha
et al. [13], makes sesamol an ideal candidate for combatting oxidative stress-induced skin
damage. Moreover, sesamol has demonstrated anti-inflammatory effects, as highlighted
by Prado et al. [14], which offer potential benefits in soothing and calming inflammatory
skin. The compound’s ability to inhibit melanin production, as indicated by Wu et al. [15]
and Mahendra Kumar et al. [16], also paves the way for addressing hyperpigmentation
concerns. These promising characteristics make sesamol a promising ingredient for innova-
tive topical formulations aimed at promoting skin health, enhancing its appearance, and
reducing hyperpigmentation disorders.

In our study, we chose sesamol for its depigmenting ability. Additionally, its anti-
inflammatory and antioxidant actions are advantageous as these mechanisms also play
a role in pigmentation processes, making sesamol a multifaceted molecule of interest in
our research. Therefore, we chose to incorporate sesamol into our SLNs to enhance its
penetration (because of the deep location of melanocytes in the basal layer of the epidermis),
aiming for improved efficacy.

This work aims to provide insights into the potential of sesamol-loaded SLNs as
an effective skin delivery system compared to conventional cosmetic vehicles such as
hydrogels. Sesamol-loaded SLNs were selected among four formulations obtained from a
design of experiments (DOE) analysis using desirability tools. The choice of sesamol-loaded
SLNs for the in vitro comparison test (skin permeation) was based on the evaluation of
physicochemical properties, preliminary stability, and encapsulation efficiency.
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2. Materials and Methods
2.1. Materials

Carnauba wax (T-1) provided by IMCD France (Lyon, France) and glyceryl distearate
(Precirol ATO) and glyceryl behenate (Compritol 888 CG pellets) obtained from Gattefossé
(Saint-Priest, France) were used as the lipid materials. Polysorbate 80 (Tween® 80) and
sorbitan oleate (Span® 80) were kindly gifted by Croda (Montigny-le-Bretonneux, France)
and were used as the emulsifiers in the formulation. Disodium phosphate anhydrous and
citric acid were purchased from Cooper (Melun, France) and used for the buffer present in
the hydrogel. Glycerin was kindly gifted by Ies Labo (Oraison, France), as was propanediol
from IMCD France (Lyon, France), and both were used as humectants in the hydrogel. The
gelling agent, xanthan gum, was obtained from AMI ingredient (Tauxigny-Saint-Bauld,
France). Lastly, phenethyl alcohol was used as a preservative and was kindly gifted by
Evonik (Ham, France).

Sesamol, methanol, and DMSO were purchased from Sigma Aldrich (Saint Quentin
Fallavier, France).

2.2. Variation Domain Determination of the Formulations

We based the SLN preparation on the mathematical predictions of an optimized
formulation (OP4) [11] taken from a previous design of experiments (DOE) conducted for
the obtention of SLNs containing no active ingredient. This formulation coincided with the
maximum desirability obtainable with our variables (Table 1).

Table 1. Studied factors with their domains of variation: for X1 variation domain expressed as a
percentage of surfactant and co-surfactant amount representing 10% of the final composition and for
X3 to X5 variation domain expressed from 0 to 1 representing 5% of the final formulation.

Variable Factors Nature of the Factor Variation Domains

X1 Percentage of polysorbate 80 (P80) in P80/SO couple Quantitative variable 0 to 100%

X2 US time Quantitative variable 1 to 10 min

X3 Proportion of carnauba wax (CW) Mixture variable 0 to 1

X4
Proportion of glyceryl

behenate (GB) Mixture variable 0 to 1

X5
Proportion of glyceryl

distearate (GDS) Mixture variable 0 to 1

However, in order to study the stability and the sesamol encapsulation of SLNs over
time, we decided to study the range of desirability around this optimized formulation
while keeping as close as possible to the responses we were expecting, i.e., a particle size as
close as possible to 100 nm, a PDI as close as possible to 0, and a ZP as high as possible in
absolute value and close to 40 mV (Figure 1).
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This is why we decided to choose 3 other formulations that best matched these criteria
in the DOE results. All the chosen formulations matched the target values but with
different compositions. The compositions of the formulations with (OPSe) and without
(OPb) sesamol are presented in Table 2.

Table 2. Composition of the blank (b) and sesamol-loaded (Se) optimized (OP) SLNs.

% Water
%

Carnauba
Wax (CW)

% Glyceryl
Behenate

(GB)

% Glyceryl
Distearate

(GDS)

%
Polysorbate

80 (P80)

%
Sorbitan

Oleate (SO)

%
Sesamol

US Time
(min)

OP1b 85 1.75 1.55 1.7 3.02 6.98 - 7
OP1Se 84.8 1.75 1.55 1.7 3.02 6.98 0.2 7
OP2b 85 3.17 1.73 0.1 3.81 6.19 - 10
OP2Se 84.8 3.17 1.73 0.1 3.81 6.19 0.2 10
OP3b 85 0.44 3.5 1.07 3.2 6.84 - 7.12
OP3Se 84.8 0.44 3.5 1.07 3.2 6.84 0.2 7.12
OP4b 85 2.93 1.1 0.97 4.09 5.91 - 7.5

2.3. HPLC Analysis of Sesamol

The quantification of sesamol was performed through HPLC UltiMate™ 3000 using
a diode array detector (Thermo Scientific™, Dionex, France). Chromeleon HPLC soft-
ware (version 6.8) was used to perform integration of the peaks. Separation was carried
out in an Uptisphere® UP 5PAH column at room temperature (Interchrom-Interchim,
Montluçon, France). Chromatographic separation was carried out with a mobile phase of
water/acetonitrile (40:60) at 1 mL.min−1. The injection volume was 10 µL. Detection was
achieved using a diode array detector (UVD340U Dionex) at wavelengths ranging from
200 to 600 nm, while the sesamol detection was performed at 290 nm. An analytical curve
(n = 6) was prepared in the range of 2.343–300 µg/mL which displayed good linearity (r2 =
0.9998). All the samples were measured in triplicate. HPLC analysis was performed for
both encapsulation efficiency and permeation studies.

2.4. Preparation of Blank Optimized SLNs (OPb) and Sesamol-Loaded Optimized SLNs (OPSe)

The compositions of the blank and sesamol-loaded optimized SLNs are reported in
Table 2.

The SLNs were produced using hot homogenization followed by the ultrasonication
method. Briefly, the solid lipids (carnauba wax (CW), glyceryl behenate (GB), and/or
glyceryl distearate (GDS)) were melted at 92 ◦C with sorbitan oleate (SO) as an emulsifier.
The sesamol was added to the lipid phase once the latter was completely melted, and mag-
netic agitation continued for few minutes to ensure that the sesamol was solubilized. The
aqueous phase, consisting of a dispersion of polysorbate 80 (P80) in water with magnetic
agitation, was also heated at 92 ◦C. Once both phases were at the required temperature,
the hot aqueous phase was dispersed in the melted lipidic phase using high-speed stirring
with a T 25 ULTRA-TURRAX® disperser (IKA®—Werke GmbH and Co., KG, Staufen,
Germany) at 10,000 rpm for 7 or 10 min at 92 ◦C ± 3 ◦C. Then, the resulting primary
emulsion was sonicated with a probe sonicator (UltrasonicsTM SonifierTM, SFX550, Fisher
Scientific, Illkirch, France) and cooled in an ice bath to obtain the solid nanodispersions.

2.5. Preparation of Sesamol Hydrogel

Given our aim to study the penetration of sesamol for cosmetic applications, we chose
to compare the penetration of SLNs with that of a hydrogel, which is a common base
formulation in cosmetics. Hydrogel was prepared using a cold process. First of all, a citrate
phosphate buffer with a pH of 5.5 was prepared from the European pharmacopeia (Ph.
Eur. 10.0; 4.1.3.4008700), for which 568.5 mL of an anhydrous disodium phosphate solution
R at 28.4 g/L and 43.15 mL of a citric acid monohydrate solution at 21 g/L were mixed
together. Secondly, 1 g of the preservative (phenethyl alcohol) was added to 91.49 g of the
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buffer under agitation and left for 5 min to ensure solubilization. A premix of glycerin (3 g),
propanediol (4 g) and xanthan gum (0.5 g) was then added to the buffer. The sesamol (0.2 g)
was incorporated at the end of the process. The final macroscopic aspect of the hydrogel
was completely transparent, which enabled us to ensure complete solubilization of the
sesamol in addition to its water solubilization limit.

2.6. Analysis of Particle Size (PS) and Polydispersity Index (PDI)

In this section, we outline the methodology used for the analysis of PS and PDI in
our study. The characterization of particles is crucial for understanding their physico-
chemical properties and behavior in various systems. We used dynamic light scattering
(DLS) to determine the PS and PDI of the samples under investigation using a Malver
Zetasizer Nano ZS90 (Malvern Instruments Ltd., Worcestershire, UK). The mean particle
size (z-average diameter) and PDI were obtained by averaging the measurements at an
angle of 90◦.

Prior to the measurement, distilled water was used to dilute all the samples in order
to ensure a suitable scattering intensity. Each sample was then loaded into a disposable
cuvette, and measurements were taken at a controlled temperature of 25 ± 2 ◦C. All the
experiments were carried out in triplicate.

2.7. Zeta Potential (ZP) Analysis

The ZP of particles is a critical parameter that influences stability, aggregation, and
interactions with other entities in a dispersion. To determine the zeta potential, the device
employs two measurement techniques: electrophoresis and laser Doppler to analyze
the electrophoretic mobility measurements. A Malver Zetasizer Nano ZS90 (Malvern
Instruments Ltd., Worcestershire, UK) at a temperature of 25 ± 2 ◦C was used for these
measurements. Prior to analysis, the samples were diluted with distilled water to achieve
the optimal concentration, ensuring that the measured electrophoretic mobility was within
the instrument’s detection range. All the experiments were carried out in triplicate.

2.8. Encapsulation Efficiency (EE)

The EE of sesamol present in the SLN formulations was determined using the ultrafil-
tration method.

We were inspired by the method of Madureira et al. [17] with some modifications.
First, 4 mL of SLNs were introduced into an Amicon Ultra-4 10 K centrifugal device
(Millipore, Carrigtwohill, Ireland), with a 10 kDa molecular weight cut-off. Centrifugation
was performed at 20 ◦C for 1 h at 4400 rpm using an Eppendorf 5702 RH centrifuge. The
ultrafiltrate was then recovered and analyzed using HPLC to determine the concentration
of encapsulated sesamol.

The encapsulation efficiency (EE) values were calculated according to the follow-
ing formula:

(EE)% =
Total amount of sesamol − Free amount of sesamol

Total amount of sesamol
× 100

2.9. Preliminary Stability Studies

The main purpose of these studies is to determine the best SLN candidate with sesamol
for skin permeation evaluation. To achieve this, a preliminary stability study was conducted
over 30 days (at room temperature storage) and supplemented with Turbiscan analysis to
predict long-term stability. However, a more comprehensive stability assessment of the
SLNs will be necessary in subsequent studies.

2.9.1. PS, PDI, ZP, and EE Stability

The physical stability of the SLNs was assessed by recording changes in PS, PDI, ZP,
and EE over a period of 30 days upon storage at room temperature. An aliquot of the
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sample was taken after 0, 15, and 30 days of storage, and PS, PDI, ZP, and EE were explored
as described above.

2.9.2. Turbiscan Stability

The stability of the SLNs was also evaluated using Turbiscan® Lab (Formulaction,
Toulouse, France). Turbiscan® Lab has previously been reported as a reliable technol-
ogy [18] for evaluating the occurrence of instability phenomena such as particle aggregation
and/or migration. The SLNs were transferred immediately after preparation into a cylin-
drical glass cell and analyzed using static multiple light scattering (SMLS) to detect particle
migration and size variation in liquid dispersions. SMLS consists in sending photons in
near infrared (880 nm) wavelength by scanning the sample cell. These photons are detected
by two synchronous detectors: transmission (0◦) from the light source for the transparent
sample and backscattering (135◦) for the opaque sample. The backscattering (BS) is directly
dependent on the particle mean diameter and the particle concentration. [19]

The sample in the cell was scanned for 24 h (at D-0 and D-30) every 15 min at 25 ◦C, and
we looked at the variation in the percentage of backscattering scan and the TSI (Turbiscan
Stability Index) during the experiment to measure the SLN stability.

The calculation of the TSI (Turbiscan Stability Index) is based on the comparison of
each scan with the previous, according to the following formula:

TSI = ∑
i

∑h[scani(h) − scani−1(h)]
H

Each scan at a given height is subtracted from the previous scan at the same height;
the whole is summed and divided by the total height of the sample. The result is therefore
independent of the amount of product present in the cell.

2.10. Scanning Electron Microscopy (SEM) Analysis

The morphology of the nanoparticles was evaluated using the scanning electron mi-
croscopy (SEM) technique. A JEOL JSM-7900F microscope (Tokyo, Japan) was used. Briefly,
a small amount of diluted SLNs were placed on a silicium wafer support attached to a stub
and placed under vacuum for several minutes to dry the sample using a turbomolecular
pump. SEM was operated in standard mode (SEM) at 5 kV (WD = 11 mm using chamber
secondary electron detector) and using 2 kV decelerating GB (gentle beam) mode for a final
accelerating voltage of 1 kV (WD = 4 mm using in-lens secondary electron detector), which
is a specific mode to analyze isolated materials without carbon deposition. All analyses
were performed at room temperature (20 ◦C). Digital images were acquired using already
owned JEOL SEM-PC software (version 3.0).

2.11. Differential Scanning Calorimetry (DSC) Analysis

DSC was performed to characterize the thermal behavior of the OP2 SLNs by using
a DSC 25 instrument (TA instrument, New Castle, DE, USA). The nanoparticles were
lyophilized using an Alpha 1–4 LCS (Christ, Fisher Scientific, France). Then, 50 mL of
SLNs were placed in a 100 mL glass bottle. The entire bottle containing the nanoparticle
preparations was placed at −25 ◦C overnight. To be freeze-dried, the samples underwent
an initial primary desiccation phase with a condenser temperature of −55 ◦C and a vacuum
set at 1.030 mbar, followed by a secondary desiccation phase lasting approximately 6 h
with a plateau temperature set to 30 ◦C and a maximum vacuum of 0.0054 mbar.

Briefly, 5–7 mg of freeze-dried SLNs were placed in a hermetic aluminum pan. The
system was calibrated using an indium standard, and the sample was run against a hermetic
empty reference pan. The analyses were performed from 20 ◦C to 100 ◦C at a heating rate
of 10 ◦C min−1 by flushing with nitrogen at a rate of 80 mL/min to obtain an inert gas
atmosphere in the DSC cell. TRIOS software (version 5.1) was used to obtain the DSC
thermograms.
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The OP2b and OP2Se SLNs, as well as all the raw materials used in the formulations,
were tested.

2.12. In Vitro Skin Permeation Study

The penetration studies were carried out on non-dermatomed human skin discs taken
from breast with a diameter of 18 mm.

The skin discs came from Caucasian and African donors aged between 27 and 51 years
old and were purchased from the Alphenyx company (Marseille, France). The skin discs
were stored at −20 ◦C while awaiting the experiment.

Permeation studies using non-dermatomed human breast skin were performed on
Franz diffusion cells with an effective diffusion area of 1 cm2 and a receiving chamber
volume of approximately 8 mL. The skin was mounted on Franz cells with the stratum
corneum side up, and the temperature to be reached was 32 ◦C. Transepidermal water
loss was measured using a Tewameter TM 300 (Monaderm, Monaco) before starting the
experiment to ensure skin integrity. The receptor compartment contained PBS (pH 7.4)
at 37 ◦C. A volume of 500 µL of the formulations (gel or SLN) was applied to the skin
surface. At various times over an 8-hour period, 200 µL of the receptor compartment was
removed and replaced with the same amount of fresh PBS. After the last sample collection,
the cells were dismantled and the skin of each cell was wiped with cotton buds to remove
any remaining formulation. The cotton buds were mixed with 2 mL of methanol or DMSO
overnight to extract the active ingredients and then filtered using a 0.45 µm filter. Methanol
was used for the extraction of sesamol from the hydrogel and DMSO was used to extract
sesamol from the SLNs.

To measure the amount of sesamol that was retained in the stratum corneum, tape
stripping was then performed [20,21]. D-Squame tape discs (D-Squame tapes, Monaderm,
Monaco) were applied to the exposed skin surface 21 times for approximately 5 s using an
applicator (225 g/cm2) before being carefully removed. The first tape was set aside with
1.4 mL of methanol or DMSO, and the 20 remaining tapes were placed in separate falcons
and stored overnight with 2 mL of methanol or DMSO to extract the sesamol removed from
the stratum corneum (SC) by the tapes. The rest of the skin was also put in a flacon with
2 mL of methanol or DMSO and stored overnight to extract the sesamol. All the samples
were then vortexed for 2 min and exposed to 1 cycle of ultrasonic bath for 30 min before
being filtered with a 0.45 µm filter and analyzed by HPLC.

2.13. Data Analysis

In this study, all experiments were conducted in triplicate to ensure the accuracy and
reliability of the results. The measured differences were analyzed using Student’s t-test,
with the significance level set at 0.05. During stability testing, we initially assessed if there
was a difference between D-0 and D-30. If a difference was observed, it was considered
significant; however, if no difference was detected, we further examined if there were any
temporal variations over the storage period.

3. Results and Discussion
3.1. Chemical Structure and Physicochemical Properties of Sesamol

In addition to its biological properties, the choice of sesamol as the agent studied for
skin penetration is supported by its chemical structure and physicochemical properties.
Sesamol, with a molecular weight of 138.12 g/mol, is relatively small, which facilitates its
permeation through the skin. Its partial solubility in water and a moderate Log P value
of 1.29 indicate a balanced hydrophilic–lipophilic nature, which is advantageous for skin
absorption (Table 3).
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Table 3. Chemical structure and physicochemical properties of sesamol [15].

Cas
Number

Chemical
Structure

Molecular
Weight

Water
Solubility Log P Melting Point Protection

Condition

533–31–3
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3.2. Preparation of Blank Optimized SLNs (OPb) and Sesamol-Loaded Optimized SLNs (OPSe)

In order to select suitable compositions for sesamol-loaded SLNs, a multiplicative
model of experimental design was created by crossing a mixture design with quantitative
design [11]. For the OPSe, sesamol powder was well dispersed in the waxy phase under
magnetic stirring. A rapid visual check of the sesamol solubilization was performed
at the end, and no sesamol precipitation was observed. We found that the lipid and
surfactant composition and the ultrasound time had an impact on the PS, PDI, and ZP of
both nanoparticles. However, each constituent of the formulation impacts the results in a
different way. This is why we decided to select four optimized formulations with the best
desirability and different lipid compositions and ultrasound times to observe their stability
over a one-month period. Indeed, the surfactant composition was kept between 30 and
40% for all the formulations according to the results obtained from the experimental design
conducted in the first article [11]. The ultrasonication method for homogenization of the
SLNs was selected because it is a reproducible and efficient method to produce SLNs.

3.3. Analysis of Particle Size (PS) and Polydispersity Index (PDI)

The particle size (PS) and polydispersity index (PDI) of the formulations are given in
Table 4.

Table 4. Mean values ± SD of the physical properties of particle size (PS), polydispersity index (PDI),
and zeta potential (ZP) of the produced nanoparticles on D-0.

OP1b OP1Se OP2b OP2Se OP3b OP3Se OP4b OP4Se

PS (nm) 227.37
± 2.85

239.47
± 13.49

182.77 *
± 6.07

213.5 *
± 7.07

215.63
± 2.12

225.43
± 6.79

176.3 *
± 2.78

194.27 *
± 3.86

PDI 0.27
± 0.02

0.293
± 0.01

0.274
± 0.04

0.28
± 0.01

0.265
± 0.02

0.295
± 0.05

0.268
± 0.02

0.296
± 0.02

ZP (mV) −29.93 *
± 1.83

−35.82 *
± 2.57

−31.67
± 0.50

−36.42
± 2.36

−32.7*
± 0.70

−39.5 *
± 1.37

−35.5
± 0.36

−36.14
± 0.28

* The differences between the means of OPb and OPSe are statistically significant (p < 0.05) (n = 3).

The PS on D-0 of the optimized SLNs varied from 176.3 ± 2.78 to 239.47 ± 13.49 nm
over the eight experiments depending on the formulation composition. For OP2 and OP4,
there was a significant size difference between SLNs that contained sesamol and their
counterparts that did not. This could be explained by the fact that sesamol is inside the
lipidic core, causing an increase in particle size [22]. On the other hand, for OP1 and OP3,
no significant size difference was observed. Indeed, the %EE was smaller than that of OP2
and OP4 (Figure 2), so there was less sesamol inside the lipidic core, which may explain the
absence of a difference in size.

PDI values between 0.1 and 0.3 are considered to indicate narrow dispersion, and
broad dispersions are reflected by PDI values > 0.3 [23]. Hence, all the formulations can
be described as narrow dispersions, because for the majority of the experiments, the PDIs
were between 0.25 and 0.3. These PDI values indicate good homogeneity in terms of SLN
size. Moreover, there was no significant difference regarding the PDI with the addition of
sesamol in the SLNs.
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3.4. Analysis of Zeta Potential (ZP)

The zeta potential indicates the repulsion between charged particles in a dispersion.
To prevent the aggregation of suspended particles and thus ensure good physicochemical
stability, it is necessary to have a relatively high absolute value of zeta potential [24]. On the
other hand, in cases where the magnitude of the zeta potential approaches a low absolute
value, the resultant reduction in interparticle repulsive forces leads to particle aggregation.
Hence, the zeta potential serves as a valuable metric for assessing formulation stability [25].
The incorporation of sesamol into SLNs showed a significant difference regarding the
zeta potentials of the nanoparticles (p < 0.05), except for the OP4 and OP2 formulations.
As we can see, the encapsulation of sesamol sometimes induces a charge increase in the
electrical double layer forming at the SLN surface. Notwithstanding the contribution of
sesamol in the ZP, all formulations were negatively charged (Table 4), and the zeta potential
varied from −29.93 ± 1.83 mV to −39.5 ± 1.37 mV, indicating a relatively good stability of
the system.

The threshold of particle agglomeration is indicated at a zeta potential range between
–20 mV and −11 mV [26]. Here, the modification of the surfactant composition is shown
to have had a significant influence on the zeta potential of the nanoparticles (OPb) [11],
enhanced by the encapsulation of sesamol (OPSe), as we can see in Table 4. The ZP
mainly increased due to the inclusion of a higher proportion of SO compared to P80 in all
formulations [11]. The combination of these two phenomena is aimed at improving the
stability of the SLNs by increasing the zeta potential.

3.5. Encapsulation Efficiency (EE)

The encapsulation percentage is an essential parameter to be calculated concerning
SLNs. Indeed, this parameter allows for a precise evaluation of the efficiency with which
the active compound—in this case, sesamol—is trapped within the SLNs. By quantifying
the percentage of encapsulated sesamol, we gain insights into the formulation’s ability to
deliver the active ingredient to its target with precision. This information plays a decisive
role in optimizing SLNs, with the aim of enhancing the bioavailability of sesamol and
advancing the potential cosmetic applications of SLNs. In this context, evaluating the
sesamol encapsulation percentage within SLNs becomes a crucial step in assessing the
influence of lipid composition on EE.

This parameter was measured using HPLC after ultrafiltration with Amicon as de-
scribed above.

After the Student t-test, we could see a significant difference in the %EE between
each group pair, except for OP2Se and OP4Se (Figure 2). Indeed, the composition of the
SLNs leads to a variation in the %EE. The group pair OP2Se/OP4Se, which presented
the same behavior regarding sesamol encapsulation from the Student t-test, exhibited the
highest percentage of EE at 76.19 and 76.56%, respectively. This could be explained by
their higher amount of carnauba wax. The good affinity between the active ingredient
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and the lipid mixture might result in the high percentage of sesamol encapsulation. The
Student t-test results show that with CW proportions between 0.44% and 2.93%, the
%EE was significatively different for each group and higher than 70%. Furthermore,
with CW ≥ 2.93%, the %EE was similar for each group. However, all four formulations
presented an acceptable percentage of encapsulation superior to 73%.

3.6. Preliminary Stability Studies

The physical preliminary stability of the SLNs was evaluated over a period of 30 days
of storage at 25 ◦C.

3.6.1. Particle Size (PS) and PDI Stability

Figure 3 represents the variation in PS and Figure 4 the variation in PDI over the
storage period.
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As shown in Figure 3, all blank formulations showed significant PS variations, except
OP2b, and most of the loaded SLNs with sesamol showed no significant PS variation
during storage. As we can see, the OP3 SLNs showed a significant variation in size in both
conditions, which is probably a sign of instability. In this case, sesamol probably had an
influence on the size variation. This could be due to its amphiphilic properties, which allow
it to be adsorbed on the SLNs’ surface and thus stabilize the size variation [27].

As previously mentioned, when the PDI is below 0.3, it indicates a narrow particle
size distribution. Upon examination of the different formulations, it became apparent that
only OP1b and OP3b SLNs exhibited a significant variation in PDI, which probably points
towards an additional indicator of instability (in addition to size variation) (Figure 4).

Sesamol encapsulation leads to stabilization of the particle size and PDI. This phe-
nomenon was visible for OP1Se and OP3Se. In this last case, OP3Se was the only one
exhibiting a PDI > 0.4 during storage without a significant variation. An increase or a
variation in PDI indicates that the nanoparticle distribution is becoming progressively more
dispersed, reinforcing the risk of instability (such as flocculation, Oswald ripening, and
sedimentation).

3.6.2. Zeta Potential (ZP) Stability

An analysis of the different formulations over the 30 days of storage revealed that
all formulations containing sesamol presented no significant variation in zeta potential
(Figure 5). On the other hand, almost all blank SLNs (except OP4b) presented a variation
in zeta potential during storage. It is possible that sesamol, as an amphiphilic molecule,
could be adsorbed on the surface of SLNs and could contribute to the electrostatic stability
of the particles [27]. In addition, sesamol can also help stabilize SLNs by preventing
the migration of water through the lipid membrane. Although sesamol can potentially
influence the stabilization of zeta potential when encapsulated in SLNs, specific studies
and experimental analyses would be needed to confirm this effect and fully understand its
mechanism of action.
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3.6.3. Encapsulation Efficiency Stability

The encapsulation efficiency percentages remained consistently high across all for-
mulations (72–77%) even after a 30-day storage period (Figure 6). The incorporation of
sesamol proved to be effective and remained unchanged for OP2Se throughout the storage
duration (p > 0.05). The worst case, with a release of sesamol close to 1%, was observed
for OP3Se.
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Carnauba wax is a complex lipid material with different amounts of primarily acid
esters, free acids, fatty alcohols, and hydrocarbons. Moreover, carnauba wax contains
few free fatty acids (acid value: 2–7) and 5% resins. Due to its composition and chemical
properties, carnauba wax probably hardly allows any water to penetrate into the pores of
the lipidic structure, which lowers the release of sesamol [28]. Indeed, OP2Se exhibited
the smallest variation in the percentage of encapsulation, around 0.39%, with the highest
amount of carnauba wax in the SLN core.

3.6.4. Turbiscan Stability

To compare and characterize the physical stability of various formulations, a specific
parameter was utilized: the Turbiscan Stability Index (TSI). The principle of this technique
is to measure both the transmission and backscattering of infrared light from the bottom
to the top of the glass container, which makes it possible to evaluate the stability of the
system from the scans. The TSI is a cumulative sum of all the backscattering or transmission
variations of the entire sample due to destabilization. Therefore, the higher the TSI is, the
more unstable the sample is.

It is important to understand the three stages of TSI: When below 1, no visual desta-
bilization is observed; only very early destabilizations are detected, such as migration or
size variation.

Between 1 and 3, the detected variations coincide with the early stages of destabiliza-
tion but are, for the most part, still not visible. When the TSI is above 3, this is important
or extreme destabilization, such as large sedimentation or creaming, wide particle size
variation, or phase separation [29].

In our case, the OP3b and OP3Se SLNs (in light blue and dark blue, respectively) were
clearly not stable. The TSI value was above 3 after 1 day of analysis and increased with
time, especially for the SLNs containing sesamol (Figure 7). Moreover, the percentage of
variation of the delta retrodiffusion was around 5% for both formulations, which is also a
sign of instability.

The same conclusion can be made for the OP1b and OP1Se SLNs, although the TSIs
were between 1 and 3. It is important to note that for the OP1b SLNs, the TSI continued to
increase sharply after 1 month of analysis, which is a sign that destabilization was still not
over. Indeed, in addition to a high TSI, an increase in the percentage of backscattering can
be observed at the top of the glass container around 9% (Figure 8), which could be a sign of
creaming even though it was not visible to the naked eye.
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The OP2 and OP4 SLNs seemed stable with a TSI below or around 1 throughout the
duration of the experiment. Moreover, the percentage of variation of backscattering was
stable throughout the container (Figure 9). The only difference between the two is that the
OP4Se SLNs showed a slight increase in TSI during the last 24 h of analysis, which may be
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Cosmetics 2024, 11, x FOR PEER REVIEW 14 of 22 
 

 

 
Figure 8. Representation of the delta retrodiffusion of OP1Se during storage (example of an unstable 
formulation). 

 
Figure 9. Representation of the delta retrodiffusion of OP2Se during storage (example of a stable 
formulation). 

To conclude, at the end of this stability study, we decided to choose the most stable 
formulation and used it for the microscopy and DSC analyses and the skin penetration 
study. 

If we look at all the stability studies, we can see that the formulations OP1Se and 
OP3Se showed the poorest results. Indeed, we can see a variation in PS, PDI, and ZP over 
the storage period for these two formulations. In addition, the TSI graphs do not suggest 
good stability for these two. 

Regarding the TSI, it was more difficult to choose between OP2Se and OP4Se (Figure 
7). However, if we look more closely at the stability results, we can see that there was a PS 
variation for OP4b but not for OP2b, and a slight variation was observed in the %EE for 
OP4Se. Moreover, we can see that the TSI for OP4Se tended to increase beyond 1.5 over 
the last 24 h of storage. All these data indicate a poorer stability than OP2Se. 

Thus, after careful analysis of all results, the OP2Se formulation was chosen for the 
electron microscopy, DSC, and skin penetration studies. 

Figure 9. Representation of the delta retrodiffusion of OP2Se during storage (example of a
stable formulation).



Cosmetics 2024, 11, 120 14 of 20

To conclude, at the end of this stability study, we decided to choose the most stable for-
mulation and used it for the microscopy and DSC analyses and the skin penetration study.

If we look at all the stability studies, we can see that the formulations OP1Se and
OP3Se showed the poorest results. Indeed, we can see a variation in PS, PDI, and ZP over
the storage period for these two formulations. In addition, the TSI graphs do not suggest
good stability for these two.

Regarding the TSI, it was more difficult to choose between OP2Se and OP4Se (Figure 7).
However, if we look more closely at the stability results, we can see that there was a PS
variation for OP4b but not for OP2b, and a slight variation was observed in the %EE for
OP4Se. Moreover, we can see that the TSI for OP4Se tended to increase beyond 1.5 over the
last 24 h of storage. All these data indicate a poorer stability than OP2Se.

Thus, after careful analysis of all results, the OP2Se formulation was chosen for the
electron microscopy, DSC, and skin penetration studies.

3.7. Scanning Electron Microscopy (SEM)

To obtain more information on the particle size and morphology, SEM analysis was
also performed.

Figures 10 and 11 show images of the OP2b and OP2Se SLNs, respectively. Most
of the particles present a spherical shape, but we can see that this is not always the case.
Moreover, the sizes of the SLNs observed by SEM (250 ± 50 nm for OP2b) were shown
to be slightly bigger than those obtained by DLS (182.77 ± 6.07 nm). These phenomena
can be explained by the lipid deformation that took place during the drying process of the
sample. In addition, the particle shape also depends on the purity of the lipid [3,30]. On
the other hand, the SEM confirmed the increase in size between the OP2b and OP2Se SLNs
(Figure 10B,C and Figure 11B,C) also observed in DLS (Table 4).
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3.8. Differential Scanning Calorimetry (DSC)

DSC determined the solid-state characterization of OP2 SLNs. DSC was performed
for the assessment of the drug–lipid interactions and the crystallinity of sesamol and
lipid matrices.

Lipid crystallization is an important point for the performance of SLN carriers. In
fact, less perfect crystals with many imperfections can offer space to accommodate the
drug [2] and may also modulate the mobility of the drug during the release process. As
illustrated in Figure 12, the following samples are analyzed: pure GDS (red), GB (green),
CW (blue), and sesamol (brown); in Figure 13, the results for unloaded (blue) and loaded
(green) OP2 SLNs can be seen. In Figure 12, a sharp endothermic peak can be observed at
around 65–72 ◦C, which represents the temperature range corresponding to the melting
point of sesamol. No such peak was observed in the case of SLNs OP2Se (Figure 13).
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glyceryl distearate (GDS) (red), and sesamol (Se) (brown).
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Figure 13. DSC thermographs of unloaded (OP2b) and loaded (OP2Se) solid lipid nanoparticles
(loaded with 0.2% sesamol and obtained after 10 min of sonication).

The absence of the endothermic peak related to the free drug in the case of OP2Se
SLNs substantiated the presumption that the drug was effectively encapsulated within the
solid lipid matrix, either in a molecularly dispersed form or in an amorphous state.

3.9. In Vitro Skin Permeation Studies

In vitro release studies and skin permeation studies were performed to compare
the release from sesamol-loaded SLNs and solubilized sesamol in hydrogel using Franz
diffusion cells. The hydrogel was used as a control to evaluate the skin-targeting ability
of sesamol-loaded SLNs. All formulations were prepared with 0.2% sesamol, and the
content of sesamol permeated in the skin was analyzed by HPLC. According to the clinical
application time, the formulations were applied on the skin surface for a duration of 8 h.
The kinetic profile obtained from the hydrogel was compared to the one obtained with
OP2Se, which was the most stable optimized SLN formulation (Figure 14).
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Figure 14. Permeation profile of sesamol throughout human skin explant (hydrogel vs. OP2Se SLNs).

Both profiles present the same kinetic release rate of sesamol during the first 4 h. After
this period, the release rate from the hydrogel shows a significant increase, whereas the
release rate from SLNs stay almost constant.

The amount of sesamol permeated through the skin using the hydrogel and OP2Se
SLNs was 137.50 and 68.66 µg/cm2, respectively, after 8 h of permeation.
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The primary purpose of topically applied cosmetic actives is to provide superficial
action or a local effect, as most of these substances are not designed to penetrate the skin
deeply or be absorbed into the bloodstream. With time, polymorphic transition and subse-
quent active ingredient expulsion from SLNs become more likely to occur, reducing the
sesamol permeation into deeper skin layers [31]. Indeed, the moderate Log P value sug-
gests that sesamol possesses both lipophilic and hydrophilic characteristics, enabling it to
interact with the lipid-rich stratum corneum as well as the aqueous environment of deeper
skin layers [32]. Moreover, as mentioned in Table 3, sesamol, with a molecular weight of
138.12 g/mol, is relatively small, which facilitates its permeation through the skin [33].
These factors potentially explain why the penetration of sesamol is more significant in the
donor compartment with the hydrogel alone compared to the SLNs. Indeed, the use of
lipid nanoparticle dispersions enables us to control the rate at which these actives penetrate
the skin [34].

With the use of the SLN system, a significant decrease in sesamol penetration into the
receptor compartment could be observed after 8 h of skin penetration. Indeed, Student’s
t-test was applied to the kinetic profiles and a p-value < 0.05 was determined. Hence,
this system can be useful for cosmetic applications, and careful selection of the SLN wax
composition could lead to the desired approach providing active ingredient levels in specific
layers of the skin [31].

The results of the permeation studies are reported in Figure 15, which represents the
sesamol retention in different parts of the skin and in the receptor fluid of Franz diffusion
cells. As can be seen from Figure 15, a higher skin penetration of sesamol can be observed
with the hydrogel (with a higher sesamol concentration in the receptor compartment)
compared to the SLNs. The SLN system reduces the passage of sesamol through the skin
and, by consequence, into the bloodstream. This can be explained in part by the fact that
the hydrogel contains some ingredients (such as glycerin and propanediol) which increase
skin hydration and promote the penetration of the active by faster diffusion compared to
the SLNs (Figure 14) [26].
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Moreover, the size of the SLNs has an impact on skin penetration. Since the size of the
SLNs was approximately 200 nm, they were probably too big to achieve good penetration
into the deeper layer of the skin, and the penetration of the sesamol probably occurred via
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a simple slow diffusion. Indeed, the sub-100 nm size range is crucial for the onset of action
in dermal drug delivery [4]. However, SLN systems are still an interesting approach.

In fact, this decrease in sesamol penetration is not really a problem. On the contrary,
these formulations are destined for cosmetic applications, which means that the most
important thing is to reduce bloodstream penetration before increasing skin penetration,
which is exactly the case in this study.

To finish, it will be interesting to investigate what happens if we increase the penetra-
tion time, for example, to 24 h. Indeed, the amount of sesamol in the receiving compartment
tended to stabilize after 8 h of penetration. Moreover, nanoparticles possess a notable char-
acteristic that renders them interesting for topical use: they have a tendency to diffuse and
accumulate within hair follicles. These particles can aggregate at the follicular opening
and penetrate along the follicular duct when applied to the skin surface [35]. With a 24-h
penetration time, the sesamol could reveal better repartition into the skin without a sig-
nificant increase in bloodstream absorption. Furthermore, it could be interesting to refine
the lipidic composition of the SLNs to make them biocompatible in order to promote the
intracellular pathway.

Finally, it is also possible to rethink the application of these SLNs for other cosmetic
products such as suncare products, which require the presence of SLNs containing mineral
filters on the skin surface for optimal skin protection.

4. Conclusions

In conclusion, the present study focused on the potential of sesamol-loaded SLNs
as an effective skin delivery system compared to conventional cosmetic vehicles such as
our hydrogel.

The results of our stability study revealed that OP2Se was the most suitable in the skin
penetration test. Indeed, it presented a stable PS, PDI, ZP, and EE during storage and the
TSI value remained below 1 after 1 month, which is a good sign of stability.

The in vitro kinetic release and skin permeation studies provided important insights
into the behavior of sesamol-loaded SLNs compared to a control hydrogel. The results
indicated that the SLNs slowed down the penetration of sesamol through the skin compared
to the hydrogel. This controlled release profile is advantageous for cosmetic applications,
where localized effects on the skin are desired without significant penetration into the
bloodstream. The size of the SLNs, around 200 nm, may have contributed to this controlled
release profile.

While the present study has demonstrated the potential benefits of SLNs in con-
trolling the release and penetration of sesamol for cosmetic purposes, further investi-
gations can be carried out to increase sesamol retention in the skin without increasing
bloodstream assimilation.
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