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Abstract: The outermost layer of the epidermis, the stratum corneum (SC), ensures protection against
harmful xenobiotics, and alterations in its lipidic matrix composition are related to several cutaneous
dysfunctions. The skin barrier function is usually attributed to ceramides, but the role of free fatty
acids, such as stearic acid, has been increasingly acknowledged. This research work aimed to
develop solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) based on stearic
acid and glyceryl distearate, in order to explore the potential of these materials as the basis of lipid
nanoparticles. Different blends of stearic acid, Precirol® ATO 5, Capryol® 90 and Tween® 80 were
probed to prepare SLN and NLC. These lipid nanoparticles were further characterised according
to particle size, polydispersity index (PDI), pH, and viscosity. Accelerated and long-term stability
tests were also performed for 90 days, as well as in vivo assays to evaluate safety and efficacy.
Overall, most nanoparticles showed interesting properties for topical application if they had sizes
less than 300 nm, PDI below 0.3, pH compatible with skin and viscosity lower than 5 mPa.s. In
long-term stability studies, the SLN_2 and NLC_2 formulations stood out, as they remained stable
over time. In vivo biocompatibility tests conducted in human volunteers showed no negative impact
of the formulations when applied openly or under occlusion. Efficacy studies with the most stable
nanoparticles made of Precirol® ATO 5 showed an increase in skin hydration. The nanoparticles
developed in this study have shown potential to be used for cosmetic purposes, and the blend of
lipids provided good biocompatibility and moisturising properties.

Keywords: solid lipid nanoparticles; nanostructured lipid carriers; stratum corneum; cosmetic
applications; hydration

1. Introduction

The skin is a highly complex organ with specific characteristics that allow it to interact
dynamically with the surrounding environment, performing several vital functions. First
and foremost, it forms a physical and chemical barrier against the entry of harmful external
compounds and prevents water loss [1–3].

The superficial layer of the skin—the epidermis—is formed by four different strata,
however, the skin barrier function relies fundamentally in its outermost layer, the stratum
corneum (SC), mainly due to the composition and organisation of its lipid extracellular
matrix containing ceramides, fatty acids, and cholesterol [4,5].

Depletions or disturbances in the SC lipids may occur due to different intrinsic, envi-
ronmental, occupational and/or physical factors, such as age, humidity and temperature
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conditions, or contact with detergents. In this context, a direct relationship between the
severity of a skin condition and the degree of lipid imbalance in the SC has been established,
and the dysregulation of the epidermal barrier function can lead to the development of
various skin diseases, which have a severe impact on the quality of life of the population,
and are thus considered a progressively emerging public health problem [5–8].

Since the SC, the main skin barrier, often hinders the efficacy of pharmaceuticals and
cosmetics, a promising strategy to improve the penetration of bioactive molecules is the
use of lipid nanoparticles, since their hydrophobic nature facilitates their passage through
this skin layer. Additionally, the application of lipid-based formulations has been found to
improve their safety profile when applied topically [9,10].

Lipid nanoparticles are being increasingly used in the cosmetics industry, assuming a
prominent role due to their broad spectrum of properties, on the one hand, and controlled
release of active substances on the skin surface, on the other. The release of the molecules of
interest encapsulated in these nanosystems depends essentially on the type of matrix and
their location within that matrix. However, factors such as the surfactant concentration,
the lipid composition and parameters related to its production (temperature and agitation
speed) can also influence the delivery of the bioactive molecule [10,11].

Two types of lipid nanoparticles have gained particular prominence: solid lipid
nanoparticles (SLN), formed by solid lipids and a surfactant; and nanostructured lipid
carriers (NLC), containing solid and liquid lipids and a surfactant. Their most distinctive
properties are (1) enabling the transport of hydrophilic and lipophilic substances, (2) having
a biocompatible and biodegradable nature, (3) increasing the solubility of the incorporated
compounds, (4) displaying low toxicity, (5) allowing a controlled release of the actives and
(6) being relatively easy for large-scale production [12–14]. These advantages underlie the
current use of these types of nanoparticles in cosmetic products [15,16].

In spite of the wide set of advantages already achieved with these delivery systems,
nanoparticle design can still be streamlined, especially to reduce formulation costs, boost
stability and widen cosmetic applicability. Lipid nanoparticles can be more than carriers
of bioactive compounds, becoming an interesting strategy to supply lipids to the skin
surface [17]. Moreover, a protective hydrophobic layer can be formed by these lipids,
reducing water loss and thus increasing skin hydration [18].

It is noteworthy that the most abundant free fatty acids (FFA) found in the human
SC are long-chain FFA (C24:0 > C26:0 > C25:0~C28:0), followed by medium-chain FFA
(C18:0 > C16:0) [19]. Considering the high fusion temperatures of long-chain FFA, hamper-
ing the preparation methods, lipid nanoparticles are more easily produced using the most
abundant medium-chain FFA found in the human SC, stearic acid. The use of stearic acid in
SLN and NLC seems to increase the flexibility of the lipid matrix, creating an opportunity to
incorporate a large quantity of actives [20]. This inexpensive lipid could provide additional
benefits, replenishing SC fatty acids to promote skin barrier preservation [4]. However, the
polymorphic behaviour of this FFA increases the risk of active expulsion from the lipid
matrix and poses challenges in the long-term stability of the nanoparticles [21]. The use of
glyceryl distearate (Precirol® ATO 5) presents itself as a viable alternative to stearic acid
for several reasons. Firstly, the hydrolysis of glyceryl distearate results in the release of
stearic acid, thereby providing a source of stearic acid to the skin barrier. Additionally,
the melting range of this material is lower than that of stearic acid, thereby facilitating
the preparation method of lipid nanoparticles. Furthermore, glyceryl distearate has been
extensively investigated for its potential to encapsulate various active compounds for skin
applications, demonstrating its versatility [22,23]. However, Precirol® ATO 5 is also prone
to polymorphic transitions [24]. Thus, it becomes crucial to explore the stability of lipid
nanoparticles prepared using stearic acid and/or its derivatives, allowing researchers to
make informed decisions.

The research work developed herein had as a primary goal the development of SLN
and NLC based on stearic acid and its derivative (Precirol® ATO 5) and further explore
the potential of these materials as the basis of lipid nanoparticles for cosmetic purposes.
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The nanoparticles were produced and then characterised by analysing several critical
parameters, namely, particle size, polydispersity index (PDI), pH and viscosity. Accelerated
and long-term stability studies were also performed. Furthermore, in order to study the
skin compatibility of the formulations, in vivo assays were performed under in-use and
occlusion conditions. Finally, the moisturizing capacity of the developed SLN and NLC
formulations was assessed in vivo.

2. Materials and Methods
2.1. Materials

Stearic acid and Tween® 80 were obtained from Sigma-Aldrich™ (St. Louis, MO,
USA). Capryol® 90 and Precirol® ATO 5 were kindly provided by Gattefossé SAS (Saint-
Priest, France).

2.2. Preparation of Lipid Nanoparticles

To prepare SLN, a mixture of solid lipids (Precirol® ATO 5 and/or stearic acid) and
surfactant (Tween® 80) was heated in a water bath (TERMOFIN, JP Selecta, Spain) at 75 ◦C,
simultaneously with double-distilled water. Subsequently, the aqueous phase (10 mL) was
added to the lipid phase, which was at the same temperature. The emulsion obtained was
sonicated using an ultrasonic sonicator (Q125 Sonicator, Qsonica Sonicators, Newtown,
CT, USA) at 70% amplitude for 5 min. The resulting nanoemulsion was then cooled to
room temperature, enabling the nanoparticles to solidify. For the production of NLC,
the experimental procedure was identical to the one described for SLN, except that the
liquid lipid (Capryol® 90) was added to the lipid phase before heating at 75 ◦C. A total of
6 formulations were prepared in triplicate as shown in Table 1.

Table 1. Qualitative and quantitative composition of the SLN and NLC formulations.

Formulations Stearic Acid
(% w/v)

Precirol® ATO 5
(% w/v)

Capryol® 90
(% w/v)

Tween® 80
(% w/v)

SLN_1 5 - - 2
SLN_2 - 5 - 2
SLN_3 2.5 2.5 - 2

NLC_1 4.17 - 0.83 2
NLC_2 - 4.17 0.83 2
NLC_3 2.08 2.08 0.83 2

2.3. Characterization of Lipid Nanoparticles

Particle size and PDI were analysed using dynamic light scattering using the Delsa
Nano C Particle Analyzer (Beckman Coulter, Brea, CA, USA) equipped with a dual 30 mW
laser and a scattering angle of 165◦. Prior to the analysis, the nanoparticles were diluted 50×
with distilled water to avoid interference at the level of multiple dispersion and viscosity
effects caused by the concentrated composition of the formulations. Each formulation was
analysed throughout 70 cycles and in triplicate.

The pH of the formulations under study was determined using a pH meter (744 pH
Meter, Metrohm AG, Herisau, Switzerland) after calibration at room temperature.

Viscosity was evaluated using a rotational viscometer attached to concentric cylinders
(DV3T Rheometer, AMETEK Brookfield, Middleborough, MA, USA). Specifically, measure-
ments were performed for 30 s using spindle 18 and 250 rpm for SLN formulations, and
with spindle 18 and 250 rpm or spindle 34 and 30 rpm for NLC formulations, depending
on the resistance (i.e., fluid friction) offered by the formulation particles to cylinder-torque
rotation. All measurements were performed at controlled temperature (25 ◦C) and each
formulation was analysed in triplicate.
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2.4. Stability Studies
2.4.1. Accelerated Stability

The accelerated stability studies have as their main goal the simulation of stress
environments to the formulations, in order to evaluate their physicochemical profile. In
this work, two distinct approaches were applied, the first named the “Centrifugation Test”,
which consisted in centrifuging the formulations (Z323K centrifuge, Hermle, Gosheim,
Germany), in triplicate, at 3000 rpm for 30 min, to evaluate possible signs of physical
instability, i.e., phase separation. The second approach, called the “Gradual Temperature
Increase Test”, consisted in the gradual heating of the formulations, in triplicate, in a water
bath, starting at 40 ◦C and increasing 10 ◦C every 30 min until a final temperature of 80 ◦C
was reached. After cooling down the formulations to 25 ◦C, the following parameters
were characterised: organoleptic characteristics, pH, viscosity and thermal instability
(visual analysis).

2.4.2. Long-Term Stability

To assess the stability of the formulations over time, the formulations, in triplicate,
were stored after production in amber glass vials at room temperature (25 ± 2 ◦C). Subse-
quently, their physicochemical characterisation was performed, including size, PDI, pH and
viscosity analysis as described in Section 2.3, as well as visual analysis (evaluation of ther-
mal instability: precipitation of components and/or phase separation and microbiological
contamination). The study was carried out over 90 days of storage and the measurements
occurred on days 7, 15, 30, 60 and 90.

2.5. In Vivo Tests
2.5.1. Skin Compatibility

Twelve female volunteers participated in the skin compatibility tests, aged between 21
and 55 years (mean age 27 ± 11 years), after being informed of the study objectives and all
procedures involved. The study was approved by the Ethics Committee of the School of
Health Sciences and Technologies of the Universidade Lusófona and fully complied with
the principles of the Declaration of Helsinki.

Seven sites were marked on the volar forearms of each volunteer: (a) SLN_1 formu-
lation; (b) SLN_2 formulation; (c) SLN_3 formulation; (d) NLC_1 formulation; (e) NLC_2
formulation; (f) NLC_3 formulation; and (g) control (untreated area). The formulations
were applied once daily for 2 consecutive days (2 mg/cm2), following a randomization
scheme, as detailed in Wagemaker et. al. [25]. Skin measurements were performed using
the following bioengineering equipment: skin colour (L and a* parameters of the CIE
LAB system)—Chromameter CR-300 (Minolta, Osaka, Japan); transepidermal water loss
(TEWL)—Tewameter® TM300; SC hydration—Corneometer CM825 (Courage Khazaka,
Cologne, Germany). Baseline values were determined on the first day of the study (D0),
and the remaining measurements were made 24 h (D1) and 48 h (D2) after application of
the formulations.

A single application patch test was also performed. Each of the six formulations
(20 µL) described above was applied under occlusion using Finn Chambers® on Scanpor
(Epitest Ltd. Oy, Tuusula, Finland). An additional site containing distilled water was used
as the negative control. The patch was applied to the lower backs of the volunteers for 24 h
and, after removal, a visual scoring was conducted. The scoring was performed by the
same researcher to avoid biases in the results.

2.5.2. Efficacy Assessment

Twenty healthy male and female volunteers aged between 19 and 48 years (mean age
26 ± 9 years) were included in the efficacy studies.

In this case, 3 areas were marked on the volar forearm of each volunteer, following a
randomization scheme: (i) untreated control area; (ii) area with application of SLN_2 and
(iii) area with application of NLC_2 formulation. The formulations in question (200 µL) were
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applied for 4 h using an occlusive patch (Hill Top Chamber®, Cliantha, Saint Petersburg, FL,
USA), due to their low viscosity. SC hydration was measured before and after application
using the Corneometer CM825 (Courage & Khazaka, Cologne, Germany).

2.6. Statistical Analysis

All results are presented as mean ± standard deviation and were statistically analysed
using GraphPad Prism 8.0.2 (GraphPad Software Inc., San Diego, CA, USA). One-way
ANOVA followed by Tukey’s multiple comparison test was performed for the lipid nanopar-
ticle characterization and efficacy results, or followed by Sidak’s multiple comparison test
for the accelerated stability studies. The data obtained from the skin compatibility tests and
long-term stability were statistically analysed with two-way analysis of variance (Two-way
ANOVA) followed by Dunnett’s multiple comparison test. Differences were considered
significant if p-values were lower than 0.05 (p < 0.05).

3. Results
3.1. Characterization of Lipid Nanoparticles

The characterization of the lipid nanoparticles was assessed using several physic-
ochemical parameters, namely particle size, PDI, pH, and viscosity (Figure 1A–D and
Table S1 in Supplementary Materials), in order to analyse the impact of the solid lipid(s)
incorporated in the formulations, namely stearic acid (SLN_1 and NLC_1), Precirol® ATO
5 (SLN_2 and NLC_2) or the mixture of both (stearic acid:Precirol® ATO 5 1:1, SLN_3
and NLC_3).
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Figure 1. Influence of solid lipid composition: stearic acid (SLN_1 and NLC_1), Precirol® ATO 5
(SLN_2 and NLC_2) or stearic acid:Precirol® ATO 5 1:1 (SLN_3 and NLC_3), on the physicochemical
properties of solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC). (A) size,
(B) polydispersity index (PDI), (C) pH, and (D) viscosity. Data are presented as mean ± SD (n = 3
for each formulation) and data sets with significant differences are labeled * p < 0.05, ** p < 0.01 and
**** p < 0.0001.
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Regarding particle size (Figure 1A), it was possible to observe that the SLN and NLC
presented sizes between 200 and 400 nm. SLN_2 and NLC_2 formulations (composed
only of Precirol® ATO 5) exhibited the smallest size: 198 ± 35 nm and 202 ± 30 nm,
respectively. On the other hand, formulation NLC_3 was the one that presented the highest
size (340 ± 49 nm), due to the combination of three lipids (stearic acid, Precirol® ATO 5,
and Capryol® 90).

Concerning PDI (Figure 1B), it was observed for both types of lipid nanoparticles that
stearic acid (SLN_1 and NLC_1) yields nanoparticles with better size uniformity (lower
PDI values), followed by those prepared with Precirol® ATO 5 (SLN_2 and NLC_2). The
nanoparticles prepared by mixing both solid lipids (SLN_3 and NLC_3) displayed PDI
values of around 0.3, indicating that the size homogeneity of these nanosystems is not ideal.

Phase-contrast microscopy (Figure S1 in Supplementary Materials) provided prelim-
inary insights into the morphology of the studied lipid nanoparticles. NLC and SLN
composed of stearic acid and/or Precirol® ATO 5 exhibited the expected spherical shapes.
However, NLC_3 demonstrated a higher tendency to form clusters, consistent with the
reported particle size and PDI data.

The pH of the prepared nanoparticles was also evaluated, as shown in Figure 1C.
Overall, the pH of the developed formulations was around 4, but slightly lower values
were observed for NLC_3 (3.81 ± 0.11) when compared to SLN_3 (4.16 ± 0.05).

From the analysis of Figure 1D, which displays the viscosity of the nanoparticles, it
can be observed that all formulations presented viscosity values between 1 and 5 mPa.s,
except for NLC_3 (1730 ± 70 mPa.s) that presented a viscosity about 1000 times higher
than all the other formulations.

3.2. Stability Studies
3.2.1. Accelerated Stability

The macroscopic organoleptic characteristics of each of the formulations (SLN_1-3
and NLC_1-3) are shown in Figure 2. Through the “Centrifugation Test” it was possible to
observe that after the induction of physical stress, none of the formulations under study
showed any signs of phase separation, maintaining a homogeneous and milky appearance
with white coloration.
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Figure 2. Accelerated stability study—Results of the centrifugation test. Organoleptic characteristics
of lipid nanoparticles before (A,B) and after (C,D) induction of mechanical stress (n = 3 for each type
of nanoparticle under study). Lipid composition of nanoparticles: stearic acid (SLN_1 and NLC_1),
Precirol® ATO 5 (SLN_2 and NLC_2) or stearic acid:Precirol® ATO 5 1:1 (SLN_3 and NLC_3).

Regarding the results obtained during the gradual temperature increase test (Table 2
and Figure 3), the pH remained stable except for the SLN_3 formulation, which showed
a significant decrease in the pH value after gradual heating. As for the viscosity, only
formulation NLC_3 showed statistically significant differences after the heat stress test.
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Table 2. Effect of gradual temperature increase on pH and viscosity of solid lipid nanoparticles (SLN)
and nanostructured lipid carriers (NLC) as a function of their solid lipid composition: stearic acid
(SLN_1 and NLC_1), Precirol® ATO 5 (SLN_2 and NLC_2) or stearic acid:Precirol® ATO 5 1:1 (SLN_3
and NLC_3). All data are represented as mean ± SD (n = 3) and data with significant differences
from the value obtained before gradual heating are identified with * p < 0.05 and **** p < 0.0001.

Formulation
Before Gradual Heating After Gradual Heating

pH Viscosity (mPa.s) pH Viscosity (mPa.s)

SLN_1 4.11 ± 0.07 1.56 ± 0.02 4.3 ± 0.3 1.56 ± 0.02
SLN_2 4.20 ± 0.02 2.3 ± 0.1 4.33 ± 0.04 2.5 ± 0.1
SLN_3 3.85 ± 0.08 6 ± 3 3.6 ± 0.1 * 3.1 ± 0.3

NLC_1 4.07 ± 0.02 1.60 ± 0.03 4.2 ± 0.1 2.05 ± 0.02
NLC_2 4.11 ± 0.06 2.49 ± 0.08 4.3 ± 0.1 3.9 ± 0.7
NLC_3 3.7 ± 0.1 1730 ± 70 3.99 ± 0.06 619 ± 269 ****
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Figure 3. Accelerated stability studies—Results of the gradual temperature increase test. Organoleptic
characteristics of lipid nanoparticles before (A,B) and after (C,D) heat stress induction (n = 3 for
each type of nanoparticle under study). Lipid composition of nanoparticles: stearic acid (SLN_1 and
NLC_1), Precirol® ATO 5 (SLN_2 and NLC_2) or stearic acid:Precirol® ATO 5 1:1 (SLN_3 and NLC_3).

As for the macroscopic organoleptic characteristics analysed after the gradual heating
of the nanoparticles, it was found that all formulations maintained a milky and homoge-
neous appearance, not displaying visual signs of instability (Figure 3).

3.2.2. Long-Term Stability

Long-term stability studies were performed over a period of three months, and par-
ticle size, PDI, pH and viscosity at days 7, 15, 30, 60 and 90 were evaluated as detailed
in Figures 4 and 5.
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In terms of particle size analysis (Figure 4A), it was possible to observe an increase in
this parameter as a function of time for all formulations under study, except for formulation
SLN_2 (only composed of Precirol® ATO 5), where the values remained constant throughout
the 90 days of the study. Specifically, formulations SLN_1 and NLC_1 showed a significant
increase in values as of day 7. Formulation NLC_2 kept the size values constant until
day 30; however, from day 60 on, it showed a significant increase (ca. 6-fold). Formulations
SLN_3 and NLC_3 showed a prominent increase from day 7. It should be noted that in this
case, the measurements were made only until day 30, since at this point the formulation
was already unstable, considering its initial properties.

The PDI data (Figure 4B) showed that only SLN_2 did not exhibit any significant
variations in this parameter over the entire 90-day period of the study. However, SLN_1
showed a statistically significant increase from day 7, but since PDI remained below 0.3
throughout the study period, the size homogeneity was reasonably maintained. NLC_1 and
NLC_2 displayed stable values of PDI for 15 days, but from day 30, a significant increase in
the values was observed. SLN_3 and NLC_3 showed high PDI values and a statistically
significant increase as of day 7.

Considering the pH (Figure 5A), although results showed statistically significant
differences for all formulations compared to the first day of the study, the pH values ranged
between 4 and 5.

Finally, regarding the viscosity (Figure 5B), no significant changes were observed in
the values of SLN_1 and SLN_2 throughout the study, and the values remained between
1 and 3 mPA.s. NLC_1 and NLC_2 showed a statistically significant increase of values
starting on day 30 and day 60, respectively. For SLN_3, there was a statistically significant
increase in viscosity on day 7, and the values obtained for NLC_3 were high during the
30 days.
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3.3. In Vivo Tests
3.3.1. Skin Compatibility

In the first part of the in vivo study to evaluate the skin compatibility, a repeated open
application protocol was conducted. To reduce the impact of inter-individual variability, the
data were analysed as the ratio between the results obtained with 24 h and 48 h application
and the baseline values.

The results were close to 1, which indicates that none of the lipid nanoparticles caused
significant perturbations in TEWL and hydration (Figure 6A,B). Additionally, no statistically
significant differences were observed between the sites treated with the formulations and
the untreated control.

The measurements with the Chromameter CR-300 (Minolta, Osaka, Japan) provided
results in two variables of the CIE LAB system: L, which is an indicator of color changes
in the black and white axis (skin luminosity); and a*, an erythema indicator because
it represents the intensity of the red coloration. Once again, the results showed that the
formulations did not significantly affect skin colour and luminosity over time (Figure 6C,D).

A further in vivo compatibility test was performed using an application under occlu-
sion protocol. No redness or other skin changes were observed in any of the test sites, and
none of the volunteers reported any discomfort.



Cosmetics 2023, 10, 99 10 of 15

Cosmetics 2023, 10, x FOR PEER REVIEW 11 of 16 
 

 

 
Figure 6. Effect of solid lipid composition: stearic acid (SLN_1 and NLC_1), Precirol® ATO 5 (SLN_2 
and NLC_2) or stearic acid:Precirol® ATO 5 1:1 (SLN_3 and NLC_3) on the skin compatibility of 
solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC). The results obtained in the 
untreated area (C) are also presented. (A) Hydration, (B) Transepidermal Water Loss (TEWL), (C) 
Luminosity, and (D) Erythema. The obtained data (n = 12) are presented as mean ± SD of the ratio 
between the values obtained at 24 h or 48 h compared to baseline values. 

The measurements with the Chromameter CR-300 (Minolta, Osaka, Japan) provided 
results in two variables of the CIE LAB system: L, which is an indicator of color changes 
in the black and white axis (skin luminosity); and a*, an erythema indicator because it 
represents the intensity of the red coloration. Once again, the results showed that the 
formulations did not significantly affect skin colour and luminosity over time (Figure 
6C,D). 

A further in vivo compatibility test was performed using an application under 
occlusion protocol. No redness or other skin changes were observed in any of the test sites, 
and none of the volunteers reported any discomfort. 

3.3.2. Skin Hydration 
To assess the efficacy of the SLN and NLC developed, the impact on skin hydration 

after application under occlusion was studied. It should be noted that, taking into account 
the stability results, only the SLN_2 and NLC_2 formulations were selected for further 
analysis. The formulations were applied under occlusion for 4 h, and the results were also 
analysed as the ratio of hydration obtained after and before treatment. 

At the control site, the results were close to 1, whereas values of 2.5 ± 0.7 for the SLN_2 
formulation and values of 2.7 ± 0.7 for the NLC_2 formulation were obtained in the treated 
sites. Thus, a significant increase (almost 3-fold) in the hydration parameter was observed 
(p < 0.0001). 

Figure 6. Effect of solid lipid composition: stearic acid (SLN_1 and NLC_1), Precirol® ATO 5 (SLN_2
and NLC_2) or stearic acid:Precirol® ATO 5 1:1 (SLN_3 and NLC_3) on the skin compatibility of
solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC). The results obtained in
the untreated area (C) are also presented. (A) Hydration, (B) Transepidermal Water Loss (TEWL),
(C) Luminosity, and (D) Erythema. The obtained data (n = 12) are presented as mean ± SD of the
ratio between the values obtained at 24 h or 48 h compared to baseline values.

3.3.2. Skin Hydration

To assess the efficacy of the SLN and NLC developed, the impact on skin hydration
after application under occlusion was studied. It should be noted that, taking into account
the stability results, only the SLN_2 and NLC_2 formulations were selected for further
analysis. The formulations were applied under occlusion for 4 h, and the results were also
analysed as the ratio of hydration obtained after and before treatment.

At the control site, the results were close to 1, whereas values of 2.5 ± 0.7 for the
SLN_2 formulation and values of 2.7 ± 0.7 for the NLC_2 formulation were obtained in the
treated sites. Thus, a significant increase (almost 3-fold) in the hydration parameter was
observed (p < 0.0001).

4. Discussion

To understand the effect of incorporating stearic acid (SLN_1 and NLC_1), Precirol® ATO
5 (SLN_2 and NLC_2) or a mixture of both (SLN_3 and NLC_3) in lipid nanoparticles (SLN
and NLC), various physicochemical parameters were assessed over time (particle size, PDI,
pH, and viscosity). These parameters correspond to important properties that reflect a strong
influence on the stability, biological performance and release rate of nanosystems [26–29].
These properties are dependent not only on the nanoparticles’ composition but also on
the production method. When using the hot ultrasonication method as herein, it is key to
know the melting range temperature of the lipid phase provided by the manufactures, or,
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for unknown lipids, as determined by calorimetric studies [30]. To ensure that the lipid
phase is properly melted before adding the aqueous phase, it is crucial to select a target
temperature higher than the reported melting range and to visually verify this critical
process parameter.

To avoid agglomeration during storage, the particle size should remain within a narrow
range of values [31–33]. Literature data also suggest that it should be lower than 300 nm,
as this is considered the most appropriate size for SLN and NLC for skin applications [31].
When analysing the values obtained for particle size, it was possible to observe that all
formulations presented a diameter appropriate for the intended cutaneous application. It
is noteworthy that formulation NLC_3 showed a larger size compared to SLN_3, which
means that although both formulations have the same solid lipid composition, the addition
of Capryol® 90 (a liquid lipid) in the case of NLC_3 caused an increase in particle size, as
reported in the literature by Zhang et al. [34]. These data suggest that the incorporation
of the lipid blend—stearic acid:Precirol® ATO 5 1:1—favoured an increase in particle size,
which may be caused by the presence of multiple components forming an imperfect matrix.

The PDI is another important parameter in the physical stability of nanoparticles, as
it describes the particle size distribution. Low PDI values (<0.3) indicate a narrow size
distribution, and PDI values higher than 0.5 indicate a low homogeneity of particle size
and sometimes suggest the presence of particle aggregates [31,35]. In this study, the lipid
nanoparticles composed of only one solid lipid displayed particle size uniformity, while
the presence of two solid lipids reduced the homogeneity of this parameter.

In the development of topical formulations, pH determination is of paramount im-
portance because products for dermal application must remain within a specific pH range.
The skin normally has a pH between 4.6 and 5.8, although it can vary depending on the
anatomical region [36]. Literature studies suggest that low pH values in the epidermal
extracellular space may also contribute to the regulation of enzyme activity, especially at
the level of keratinization and skin barrier regeneration. Results showed that the nanopar-
ticles present pH values that are compatible with the intended topical application. It is
noteworthy that the lower pH observed for the NLC_3 formulation compared with that of
SLN_3 can be explained by the addition of the liquid lipid Capryol® 90. This finding may
be due to the presence of small amounts of caprylic acid in the liquid lipid, leading to a
decrease in the pH of the formulation. Similar results were reported by Savić et al. [37].

The rheological properties play a key role In the efficacy of topical formulations.
Regarding the analysis of this parameter, it is noteworthy that the lipid nanoparticles had a
low viscosity, except for NLC_3. This result may be related to the complexity of the lipid
system, being in agreement with the previously discussed particle size values. In future
studies, the nanosystems should be included in a semisolid matrix to facilitate topical
application and improve consumer acceptance.

Accelerated stability studies are considered an alternative to long-term stability studies
and have the primary objective of simulating and inducing extreme stress environments
in formulations. In this way, it is possible to evaluate the physicochemical profile of
the developed nanoparticles and to predict possible changes in these parameters during
storage. These changes may be due to the qualitative composition and/or the selected
production process/method. Overall, the results obtained herein revealed that most of the
formulations under study remained stable under mechanical and thermal stress. However,
NLC_3 showed statistically significant differences in viscosity after induction of heat stress.
Comparing the NLC_3 and SLN_3 compositions, it is possible that the incorporation
of Capryol® 90 in NLC_3 may contribute to this change in viscosity. As observed by
phase-contrast microscopy, NLC_3 particles are more prone to agglomerate. By increasing
temperature, the Browning motion also increases, thereby augmenting the probability of
particles to form clusters. Ultimately, the formation of these clusters may contribute to the
elevated viscosity of the formulation.

Still, long-term stability studies were conducted with the main objective of simulating
the behaviour of the formulations under shelf-life conditions during storage. Overall, the
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results showed that some of the formulations did not remain stable over time. SLN_2
showed to be the most promising nanoparticle, remaining unchanged throughout the
90-day study in all 4 parameters analysed. NLC_2 showed superior stability compared
to the other NLC, displaying suitable properties for 30 days. For both types of lipid
nanoparticles, the most stable formulations were those composed of Precirol® ATO 5, which
can be explained by the fact that it is a hydrophobic solid lipid that has the ability to give
the system greater resistance to erosion, thus avoiding surface disintegration and possible
problems of physical instability [38]. The stability profile of Precirol® ATO 5-containing
SLN and NLC may also be related to a low-rate transition to the more-ordered β polymorph,
as previously suggested [39]. The least stable formulations were SLN_3 and NLC_3, again
due to possible instability in the synergy between the two solid lipids.

SLN and NLC are usually regarded as delivery systems with a favourable safety
profile, but some authors have reported on the potential toxicity of the use of nanoparticles
in cosmetic products due to the possibility of systemic absorption of the incorporated in-
gredients, owing to their nanometric size [40]. Still, numerous studies showed no evidence
of a link between toxicity and the reduction in particle size and, further, indicated that
nanoparticles remain in the SC and/or upper epidermis after application to the skin and
are eliminated without systemic absorption [41]. Nevertheless, even if the lipid-based
nanosystems have a favourable toxicity profile, it is of utmost importance to evaluate their
suitability for cutaneous applicability. For this purpose, in vivo tolerance assays were
conducted, which have confirmed that the nanoparticles have a low potential for irritation,
even when applied under occlusion, thus corroborating their good skin compatibility.

Regarding the efficacy studies, the results showed an approximately 3-fold increase
in hydration after application of the lipid nanoparticles. This increase may be due to the
occlusive properties of the SLN and NLC formulations, which can form a film on the skin
surface with the consequent decrease in cutaneous TEWL, thus promoting an increase in
the hydration of the SC [42]. Stearic acid is known to diffuse into the SC intercellular lipid
domains, potentially contributing to reinforcing the skin barrier [43], unlike occlusive or
emollient ingredients that form a film at the SC surface [4]. The moisturising properties
of SLN and NLC containing Precirol® ATO 5 have been previously reported as being
attributable to its film forming properties [44].

Overall, this study showed the advantages of using glyceryl distearate (Precirol®

ATO 5) instead of stearic acid to produce lipid nanoparticles for cutaneous applications
with suitable stability, skin compatibility and moisturizing properties. Importantly, this
work provides a comprehensive analysis of the stability of the developed nanoparticles
over a period of 3 months, filling a critical knowledge gap left by previous studies that
either incompletely described stability results or omitted them altogether [22,39,45,46].
Furthermore, this report reveals that a straightforward SLN formulation, comprising
Precirol® ATO 5 and a widely available and affordable anionic surfactant, displays suitable
physicochemical properties for skin application. Notably, SLN_2 displayed smaller particle
size and lower PDI values compared with the SLN made of the same components reported
by Butani et al. 39]. Additionally, SLN_2 demonstrated superior stability when compared
with both NLC_2 and the NLC formulation described by Espinosa-Olivares et al. [22],
utilizing the same solid lipid and surfactant. These findings highlight the feasibility of
designing uncomplicated and cost-effective lipid nanoparticles for cosmetic applications,
facilitating the potential translation of such products to the market.

5. Conclusions

In the present work, lipid nanoparticles based on stearic acid, one of the fatty acids
found in the SC, and its derivative glyceryl distearate, were developed, with the main
objective of further exploring their physicochemical stability and cosmetic applicability.
The lipid nanoparticles made of Precirol® ATO 5 (SLN_2 and NLC_2) displayed superior
physicochemical properties for skin applications, together with a good performance in
accelerated and long-term stability studies for at least 1 month. Beyond exhibiting good
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skin compatibility, even when applied under occlusion, these lipid nanoparticles were
also able to improve skin hydration. Therefore, this study suggests that the design of
nanoparticles based on these materials may be a valuable strategy with intrinsic cosmetic
benefits. Further studies are foreseen using a Quality-by-Design approach to fine-tune the
lipid/surfactant blend, to load active compounds into these nanoparticles and to further
evaluate their cosmetic benefits.
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https://www.mdpi.com/article/10.3390/cosmetics10040099/s1, Table S1: Physicochemical prop-
erties of solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) according to their
solid lipid composition: stearic acid (SLN_1 and NLC_1), Precirol® ATO 5 (SLN_2 and NLC_2) or
stearic acid:Precirol® ATO 5 1:1 (SLN_3 and NLC_3). Data are presented as mean ± SD (n = 3).
Figure S1: Phase-contrast images of solid lipid nanoparticles (SLN) and nanostructured lipid carriers
(NLC) according to their solid lipid composition: stearic acid (SLN_1 and NLC_1), Precirol® ATO
5 (SLN_2 and NLC_2) or stearic acid:Precirol® ATO 5 1:1 (SLN_3 and NLC_3). Lipid nanoparticles
were diluted 1:100 prior to image acquisition with a Zeiss Axio Observer microscope (White Plains,
NY, USA) with a LD A-Plan x40 objective using ZEN blue software. Scale bar 5 µm.
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