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Abstract: Lavender essential oil (LEO) is applied topically for its soothing properties, serving not
only as an antiseptic in wound care but also as an insect repellent. This study investigates the
impact of carrier systems on LEO encapsulation, stability, and release kinetics for potential skincare
applications. The LEO carrier impact on skin hydration and barrier function was also evaluated.
Conventional emulsions (CEs) and nanoemulsions (NEs) with (CELs and NELs, respectively) and
without LEO incorporation were analyzed for physicochemical properties, stability, and release
mechanisms. The droplet size distribution and ζ-potential remained consistent in both CE and
CEL, showing the minimal influence of LEO on those parameters. NE and NEL exhibited enhanced
stability and higher LEO retention compared to CE and CEL (37.38 mg/mL ± 0.48 mg/mL and
50.96 mg/mL ± 2.00 mg/mL, respectively, p < 0.05), suggesting NE as a superior carrier system for
LEO delivery. NEL retained LEO over 60 days at 4 ◦C without a significant reduction while CEL
showed a notable reduction of 94.93% ± 0.08%. Release kinetics analysis showed zero-order release
kinetics of LEO from both CEL and NEL (R2: 0.973 and 0.952, respectively), revealing a diffusion-based
mechanism, particularly evident in NE formulations, supporting the controlled and sustained release
of LEO constituents. NEL also promoted quicker skin barrier repair and enhanced skin hydration,
sustaining effects for up to 120 min post application, surpassing CEL’s performance. These findings
contribute to understanding the carrier system effects on LEO delivery and underscore NE as a
promising vehicle for skincare applications. Further research should explore underlying mechanisms
and conduct long-term safety and efficacy studies to fully exploit the therapeutic potential of NE in
dermatological applications.

Keywords: essential oils; nanoemulsion; emulsion; stability; release; retention

1. Introduction

Essential oils are complex mixtures of a large number of volatile plant secondary
metabolites and are widely used in cosmetic and pharmaceutical products [1–4]. The
diverse range of compounds, even those present in small quantities, contributes not only to
the characteristic aroma but also to the potential biological properties of each essential oil.
However, several inherent challenges limit their practical application. The high lipophilicity
of essential oils complicates their formulation, and their volatility leads to concentration
loss, alterations in sensory attributes, and reduced product performance [5]. Additionally,
some constituents are known allergens, necessitating mandatory labeling as per Cosmetic
Regulation EC 1223/2009 Annex III, where allergen concentrations exceeding 0.01% in
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rinse-off products and 0.001% in leave-on products must be disclosed [6]. Volatility may
also lead to inaccuracies in label claims.

Lavender essential oil (LEO) is obtained from the flowering tops of Lavandula angus-
tifolia Mill. It finds extensive application in cosmetics under the INCI name Lavandula
angustifolia oil (CAS numbers 8000-28-0, 90063-37-9; EC number 289-995-2), and holds
significant value in pharmaceuticals and the food industry [7]. LEO is renowned for its
sedative, antispasmodic, and anti-inflammatory properties. Its calming effects make it
suitable for relieving headache and indigestion, whereas its ability to promote cell growth
makes it suitable for topical use in skin regeneration [8]. Traditionally, lavender oil served
as an antiseptic for wound healing, burns, and insect bites. Furthermore, it exhibits insect-
repellent properties, finding utility in veterinary applications for the prevention of fleas
and other animal parasites [9,10].

LEO demonstrates remarkable efficacy against various bacteria, including antibiotic-
resistant strains like multidrug-resistant microbes [11,12]. Moreover, LEO exhibits antifun-
gal activity against pathogens like Candida albicans [13,14]. The composition and relative
concentration of its ingredients play a pivotal role in determining LEO’s antimicrobial
activity [15].

Nanoemulsions (NEs) are oil-in-water dispersions with droplets typically around
100 nm in size, primarily formed through high-shear-induced rupture. The small droplet
size and the steric stabilization with appropriate surface functionalization confer long-term
stability [16]. NEs are characterized as thermodynamically stable systems, resisting phe-
nomena like creaming, sedimentation, flocculation, or coalescence observed in conventional
emulsions. They exhibit low viscosity and a large surface area [17].

NEs distinguish themselves from conventional emulsions due to their small droplet
size, high kinetic stability, and optical transparency [18]. Their primary advantage stems
from the high surface-to-volume ratio of dispersed phase droplets, which enhances the
solubility of sparingly soluble drugs and the skin penetration of incorporated ingredients [2].
They also protect the incorporated molecules from hydrolysis and enzymatic degradation,
making them ideal carriers for sensitive ingredients, extending chemical stability and
increasing bioavailability [2,19]. This ensures stability, minimizes toxicity during use,
and limits the volatility of volatile components, preserving both the activity and sensory
attributes of the product [5,20]. Recently, the use of nanoemulsions incorporating LEO has
gained great interest due to their enhanced wound-healing properties [21,22].

The primary aim of this research is to investigate the influence of the carrier on the
retention of LEO. Additionally, this study seeks to design and prepare nanoemulsions
incorporating LEO, characterize them physicochemically, assess their stability, and evaluate
their capacity to retain the essential oil. To achieve these objectives, we prepared both
conventional emulsions and nanoemulsions, with or without LEO incorporation. We
measured the size distribution of dispersed-phase droplets and quantified the content of
incorporated LEO. The colloidal stability was studied, and the mechanism of essential oil
component release was investigated. To the best of our knowledge, this is the first time that
the release kinetics of the essential oil components incorporated in lipid nanoparticles have
been studied, allowing for a comparison with conventional emulsions.

2. Materials and Methods
2.1. Materials

Miglyol 812 (Crodamol GTCC (S); Croda, Leek, UK, INCI: caprylic/capric triglyc-
erides), Softisan® 154 (Condea, Witten, Germany, INCI: hydrogenated palm oil), Solutol®

HS 15 (BASF; Ludwigshafen, Germany, INCI: PEG-15-hydroxystearate), Emulmetik™ 900
(Lucas Meyer Cosmetics, Massy, France, INCI: Lecithin), water for injection (WFI) (Demo
S.A., Pharmaceutical Industry, Kryoneri, Attica, Greece), lavender essential oil (CHEMCO
by Syndesmos, Acharnai, Greece, INCI: Lavandula Angustifolia Oil).
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2.2. Sample Preparation
2.2.1. Preparation of Conventional Emulsions (CEs) and Nanoemulsions (NEs)

Conventional emulsions (CEs) were formulated by melting the lipid phase ingredi-
ents, including hydrogenated palm oil, caprylic/capric triglycerides, lecithin, and PEG-
15-hydroxystearate, in a 1:2:3:1.44 (w/w) ratio. These ingredients were melted at 75–80 ◦C
and then added to purified water, also heated to the same temperature. The mixture was
vigorously stirred until it reached room temperature. Each CE preparation was repeated
three times.

Nanoemulsions (NEs) were prepared by subjecting CEs to ultrasonication using a
probe sonicator (Vibra cell™, Sonics & Materials, Newtown, CT, USA) with an amplitude
of 83%. Ultrasonication was performed for four cycles, each lasting 30 s, with vortex-
ing at intervals between cycles until the NE reached room temperature. This process
was also repeated three times. Both formulations were allowed to rest for 24 h prior to
any measurement.

2.2.2. Preparation of Conventional Emulsions with Lavender Essential Oil (CELs) and
Nanoemulsions with Lavender Essential Oil (NELs)

One day after the preparation of CE and NE, lavender essential oil (LEO) was added
to each sample and incorporated by vigorous vortexing. The maximum amount of LEO
that could be incorporated was determined by adding it drop by drop and observing the
point at which oil appeared on the sample’s surface.

2.3. Physicochemical Characterization
2.3.1. Droplet Size Distribution of CE and CEL

The droplet size distribution of CE and CEL was determined using Static Light Scat-
tering (Mastersizer S, Malvern Panalytical Ltd., Malvern, UK). One day after preparation,
1 mL of each sample was diluted with WFI until the obscurity fell within the range of 12%
to 30%. The droplet size distribution was characterized by measuring the volume-weighted
mean (D[4,3]) and the uniformity (Span).

2.3.2. Droplet Size distribution of NE and NEL

The droplet size distribution of NE and NEL was assessed using Dynamic Light
Scattering (DLS) with a Zetasizer Nano-ZS (Malvern Panalytical Ltd., Malvern, UK). NE
and NEL were diluted with WFI (100 µL of sample + 600 µL of WFI) and measurements
were conducted at 25 ◦C by setting the refractive index to 1.333 (water). The average
particle size (mean size) and polydispersity index (PdI) were determined.

2.3.3. ζ-Potential Distribution of NE and NEL

The ζ-potential of NE and NEL was measured using Electrophoretic Light Scattering
(ELS) with the Zetasizer Nano-ZS (Malvern Panalytical Ltd., Malvern, UK). Sample prepa-
ration followed the same procedure as for particle size determination, and measurements
were conducted at 25 ◦C. The average ζ-potential value and width of the distribution were
determined based on the Smoluchowski equation.

2.4. Measurement of LEO Incorporation in CEL and NEL

The qualitative and quantitative analysis of LEO, whether free or incorporated into CE
and NE, was conducted using Gas Chromatography–Mass Spectrometry (GC-MS). An Agi-
lent 6890N Gas Chromatographer coupled to an Agilent 5975 B mass spectrometer (Agilent
Technologies, Inc., Santa Clara, CA, USA) was employed for this analysis. The chromato-
graphic system utilized an HP-5MS non-polar column (30 m × 0.25 mm × 0.25 µm film
thickness). Electron impact ionization at 70 eV and helium as a carrier gas at a flow rate of
1 mL/min were employed.

For each sample, 2 mL was diluted with 5 mL of water, and LEO was extracted with
5 mL of hexane through vigorous shaking. The organic phase was collected in a screw-top
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glass vial, and this procedure was repeated three times. The collected organic phase (15 mL)
was washed with a saturated NaCl solution to remove residual moisture. Any remaining
moisture was removed by adding a small quantity of anhydrous Na2SO4 while shaking,
followed by filtering the organic phase through a paper filter. Subsequently, hexane was
removed in vacuo. The extracted LEO was stored at –20 ◦C until further analysis.

For the GC-MS analysis, octane was used as an internal standard with a concentration
of 0.1 mg/mL in the sample (diluted in pentane at 1:25, v/v). A 1 µL volume was injected
in splitless mode, with the injector temperature set to 300 ◦C. The initial oven temperature
was set to 40 ◦C and ramped to 80 ◦C at a rate of 2 ◦C/min, where it was maintained for
2 min. The temperature was then further increased to 130 ◦C (at a 4 ◦C/min rate) and then
to 150 ◦C (at a 2 ◦C/min rate). Subsequently, the temperature was raised to 260 ◦C at a rate
of 5 ◦C/min and maintained for 2 min.

The obtained mass spectra were processed using the AMDIS Analysis software (Auto-
mated Mass spectral Deconvolution & Identification System v.2.73, NIST Institute). Iden-
tification was accomplished by comparing the mass spectra with those in the NIST MS
Search v.2.0 spectral library and referencing bibliographic data on the retention index
(Retention/Kovats Index). Quantification was achieved through the construction of cal-
ibration curves using eucalyptol (>99% purity, Sigma-Aldrich, St. Louis, MA, USA) in
concentrations ranging from 0.01 to 12.0 mg/mL and expressed as eucalyptol equivalents.

2.5. Colloidal Stability Assessment

Colloidal stability was evaluated by monitoring the changes in LEO contents using
GC/MS and by examining droplet size and ζ-potential distribution using DLS, SLS, or ELS,
as appropriate. This assessment was performed as follows:

i. Centrifugation: samples were subjected to centrifugation at 3000 rpm for 30 min.
ii. Accelerated aging: samples underwent three consecutive 24 h cycles of storage at

45 ◦C and 25 ◦C.
iii. Storage under various conditions: samples were stored at 4 ◦C, 25 ◦C, and 45 ◦C for a

period of 60 days.

Stability was established if no statistically significant changes were detected in the
above-mentioned physicochemical parameters. If loss of stability was observed, no further
measurements were conducted.

2.6. Release Kinetics of LEO from CEL and NEL

The release mechanism of LEO from CEL and NEL was estimated by fitting data
obtained from the release studies to various mathematical models. Linear regression
analysis in Microsoft Excel was employed to calculate the regression coefficient (R2) for
each model. The mathematical models examined were zero-order, first-order, Higuchi,
Hixson–Crowell, Korsmeyer–Peppas, and Kopcha release kinetic equations, as previously
described [23].

2.7. Study of the Effect of CEL and NEL on Skin Parameters

The effect of the topical application of CEL and NEL on the skin was tested in vivo
on 10 healthy volunteers using non-invasive techniques [23,24]. Ten men and women
between 20 and 60 years were randomly chosen and signed an informed consent form.
Skin conditions like burns and wounds, a history of skin allergies or skin disease, the use of
medication, or other conditions like pregnancy were exclusion criteria. The volunteers who
agreed to participate were instructed to avoid the use of skin care products or washing the
skin of the volar forearms where the study would take place. Three squares (3 cm × 3 cm)
for each sample were marked on the randomly picked left or right forearm of every
volunteer. One additional square was marked and left untreated serving as a control. CEL
or NEL was applied on three squares each at a dose of 2 mg/cm2.

The Transepidermal Water Loss (TEWL) and skin hydration were monitored using
a Tewameter TM 300 (Courage & Khazaka electronic GmbH, Köln Germany) and a Cor-
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neometer CM 825 (Courage & Khazaka electronic GmbH, Köln Germany), respectively.
The baseline was determined by measuring each parameter at each skin site before any
treatment. After the application of the sample, the skin of the first square to which each
sample was applied underwent cleaning using gentle tapping with paper tissue after
30 min. Subsequently, measurements of skin parameters (Transepidermal Water Loss
(TEWL) or skin hydration) were recorded. This process was then repeated after 60 min for
the second square, and again at the 120 min mark for the third square. Throughout the
experiment, measurements of skin parameters were taken for the untreated control square
at each designated time point. For the estimation of the skin barrier function repair action
of CEL and NEL, the skin barrier was disrupted by rubbing the squares with a cotton bud
impregnated with acetone. The TEWL was measured after the skin barrier disruption and
before the application of the samples. Each measurement was performed in triplicate and
the alterations in TEWL and skin hydration over time were calculated. The normalized
values were obtained by subtracting the TEWL and skin hydration values of untreated skin
from the corresponding ones of the treated skin measured at each time point.

2.8. Statistical Analysis

All measurements were conducted in triplicate whenever possible, and the results
are reported as mean values ± standard deviation (SD). The statistical significance of
differences was assessed using Student’s t-test, with a significance threshold of p < 0.05, and
data analysis was performed using Microsoft Office 365 Excel 2016 (Redmond, WA, USA).

3. Results
3.1. Droplet Size Distribution of the Dispersed Phase of CE and CEL

To determine the droplet size distribution of CE and CEL, D[4,3] and the uniformity
were measured one day after their preparation. Both CE and CEL had similar mean droplet
sizes (16.46 ± 5.73 µm, 13.95 ± 0.91 µm, respectively, p > 0.05) and uniformity (0.27 ± 0.08,
0.38 ± 0.25, respectively, p > 0.05).

3.2. Droplet Size Distribution and ζ-Potential of the Dispersed Phase of NE and NEL

The distribution of the droplet size and ζ-potential of the dispersed phase of NE and
NEL, one day after their preparation, did not differ significantly (p > 0.05). NE and NEL
mean particle sizes were 103.04 ± 12.25 nm and 101.63 ± 13.82 nm, respectively, while their
PdI was 0.22 ± 0.01 and 0.23 ± 0.02, respectively. The results indicate that the incorporation
of LEO did not significantly change the size distribution of the dispersed droplets of both
CE and NE (Figure 1).

The ζ-potential and width of NE were −60.5 ± 2.8 mV and 9.45 ± 1.46 mV, respectively,
and for NEL, the ζ-potential was −71.4 ± 12.7 mV and the width was 8.18 ± 0.43. The
ζ-potential and width values were similar (p > 0.05) for both NE and NEL (Figure 2).
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Figure 1. Stability study of emulsions (I) and nanoemulsions (II) during storage at 4 ◦C (a), 25 ◦C
(b), and 45 ◦C (c) and accelerated aging (three 24 h circles of storage at 45 ◦C and 25 ◦C) (d). Size
distribution: mean droplet size of empty (■) or loaded with LEO (■) and uniformity or PdI describing
size distribution width of emulsions or nanoemulsions, empty (x) or loaded (•) with LEO, respectively.
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Figure 2. Mean ζ-potential and width of NE (■, x) and NEL (■, •) during storage at 4 ◦C (a), 25 ◦C
(b), and 45 ◦C (c) and accelerated aging (three 24 h circles of storage at 45 ◦C and 25 ◦C) (d).

3.3. LEO Content in CEL and NEL

The analysis of LEO revealed that the main ingredients were linalool (33.19%) and
linalool acetate (30.49%) (Table 1). Camphor (7.36%), eucalyptol (5.18%), and borneol
(3.6%) were also identified in substantial quantities, while terpinen-4-ol, caryophyllene
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oxide, α-terpineol, and isoborneol were found in percentages ranging from 1.42% to 1.19%.
Lavandulyl acetate in 0.71% and several other ingredients in traces were also identified.

Table 1. Content (mg/mL) of ingredients of LEO incorporated in CEL (A) and NEL (B) over a period
of 60 days after their preparation and storage at 4 ◦C.

A CEL

Components
Time (days)

1 15 30 45 60

eucalyptol 0.440 ± 0.044 0.403 ± 0.025 0.342 ± 0.010 0.220 ± 0.009 0.097 ± 0.001

cis-linalool oxide (furanoid) 0.063 ± 0.001 0.060 ± 0.001 0.055 ± 0.007 0.033 ± 0.006 0.011 ± 0.000

linalool 24.237 ± 0.976 20.610 ± 0.372 17.198 ± 0.069 9.185 ± 0.035 1.276 ± 0.042

camphor 2.893 ± 0.110 2.587 ± 0.064 2.159 ± 0.257 1.171 ± 0.142 0.144 ± 0.005

isoborneol 0.142 ± 0.008 0.130 ± 0.001 0.107 ± 0.001 0.062 ± 0.001 0.020 ± 0.000

borneol 0.342 ± 0.013 0.262 ± 0.006 0.219 ± 0.028 0.143 ± 0.016 0.060 ± 0.001

terpinen-4-ol 0.206 ± 0.004 0.193 ± 0.012 0.165 ± 0.006 0.107 ± 0.019 0.030 ± 0.001

α-terpineol 0.186 ± 0.012 0.164 ± 0.009 0.138 ± 0.004 0.082 ± 0.001 0.027 ± 0.001

linalool acetate 8.760 ± 0.429 6.756 ± 0.378 4.770 ± 0.218 2.485 ± 0.035 0.217 ± 0.004

lavandulyl acetate 0.042 ± 0.001 0.033 ± 0.005 0.029 ± 0.001 0.017 ± 0.001 0.006 ± 0.000

caryophyllene-oxide 0.042 ± 0.002 0.039 ± 0.005 0.028 ± 0.003 0.015 ± 0.001 0.005 ± 0.000

Total 37.355 ± 0.517 31.235 ± 0.075 25.209 ± 0.048 13.517 ± 0.107 1.893 ± 0.055

B NEL

Components
Time (days)

1 15 30 45 60

eucalyptol 1.605 ± 0.248 1.385 ± 0.219 0.984 ± 0.255 0.730 ± 0.069 0.481 ± 0.129

cis-linalool oxide (furanoid) 0.096 ± 0.001 0.094 ± 0.002 0.092 ± 0.001 0.092 ± 0.003 0.092 ± 0.003

linalool 31.530 ± 2.995 30.854 ± 2.384 30.053 ± 2.995 27.222 ± 0.322 23.371 ± 0.346

camphor 4.711 ± 0.062 4.700 ± 0.057 4.602 ± 0.062 4.154 ± 0.037 3.706 ± 0.038

isoborneol 0.182 ± 0.010 0.176 ± 0.001 0.181 ± 0.010 0.162 ± 0.004 0.145 ± 0.003

borneol 1.316 ± 0.047 1.149 ± 0.021 1.001 ± 0.027 0.715 ± 0.028 0.408 ± 0.001

terpinen-4-ol 0.271 ± 0.028 0.270 ± 0.029 0.269 ± 0.028 0.254 ± 0.019 0.239 ± 0.007

α-terpineol 0.241 ± 0.019 0.237 ± 0.021 0.225 ± 0.019 0.223 ± 0.019 0.221 ± 0.003

linalyl acetate 12.244 ± 0.584 10.892 ± 0.328 9.531 ± 0.060 7.671 ± 0.004 5.853 ± 0.047

lavandulyl acetate 0.055 ± 0.002 0.052 ± 0.002 0.047 ± 0.000 0.040 ± 0.000 0.033 ± 0.001

caryophyllene-oxide 0.060 ± 0.004 0.055 ± 0.001 0.047 ± 0.003 0.039 ± 0.004 0.031 ± 0.001

Total 52.311 ± 2.603 49.862 ± 2.249 47.032 ± 1.897 41.302 ± 0.381 34.580 ± 0.245

The maximum content of LEO in CEL was significantly smaller (p < 0.05) compared to
NEL (37.38 ± 0.48 mg/mL and 50.96 ± 2.00 mg/mL, respectively).

The content of each ingredient in CEL and NEL one day after their preparation is
summarized in Table 1. The content of all ingredients did not differ significantly between
CEL and NEL (p > 0.05), except for camphor, borneol, and cis-linalool oxide which were
higher in NEL (p < 0.05).

The major constituents of LEO incorporated in both CEL and NEL one day after prepa-
ration were linalool (24.24 ± 0.98 mg/mL, 31.53 ± 3.00 mg/mL, respectively), linalool ac-
etate (8.76 ± 0.43 mg/mL, 12.24 ± 0.58 mg/mL, respectively), camphor (2.89 ± 0.11 mg/mL,
4.71 ± 0.06 mg/mL), eucalyptol (0.44 ± 0.04 mg/mL, 1.60 ± 0.25 mg/mL, respectively),
and borneol (0.34 ± 0.01 mg/mL, 1.32 ± 0.05 mg/mL). Other minor LEO constituents
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incorporated in CEL and NEL were terpinen-4-ol, α-terpineol, isoborneol, cis-linalool oxide
(furanoid), lavandulyl acetate, and caryophyllene-oxide.

3.4. Stability Study
3.4.1. Colloidal Stability of Nanocarriers

All samples did not show signs of physical instability after centrifugation, a result that
suggests their resistance to mechanical stresses.

Both CE and NE remained stable for 30 days at 4 ◦C, 25 ◦C, and 45 ◦C (Figure 1).
The incorporation of LEO improved the stability of the samples. Both CEL and NEL

were stable at 4 ◦C and 25 ◦C for 60 days (Figure 1a,b). Storage at 45 ◦C did not seem to
favor the stability of both CEL and NEL, as they remained stable for 15 days and 30 days,
respectively (Figure 1c).

The ζ-potential of both NE and NEL remained stable under all tested conditions
without any statistically significant differences (Figure 2).

All samples also successfully passed the accelerated aging test (Figures 1d and 2d).

3.4.2. LEO Retention in CEL and NEL

The concentration of LEO incorporated in CEL and NEL as measured 30 days after
preparation and storage at 4 ◦C was 25.21 ± 0.05 mg/mL and 47.03 ± 1.90 mg/mL,
respectively. At 60 days, the LEO content in CEL and NEL dropped to 1.89 ± 0.06 mg/mL
and 34.58 ± 0.25 mg/mL, respectively (Figure 3a). The reduction in LEO incorporated in
CEL, 30 days after preparation, was 32.51 ± 0.81% (p = 0.01) and reached 94.93 ± 0.08%
(p = 0.004) at 60 days (Figure 3b). The LEO content in NEL was 47.03 ± 1.9 mg/mL at
30 days and 34.58 ± 0.24 mg/mL at 60 days after preparation and storage at 4 ◦C. This
reduction was not statistically significant (p > 0.05) (Figure 3).

Figure 3. The release rate (a) and concentration of LEO incorporated in CEL (■) and NEL (■) (b) over
a period of 60 days after storage. * p < 0.05, ** p < 0.005.
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After 30 days of storage of CEL, the major component that was significantly reduced
(p < 0.05) was linalyl acetate (45.5 ± 0.2%), while at 60 days, all LEO components except
eucalyptol were significantly reduced from 82.59 ± 0.38% for borneol to 97.52 ± 0.17%
for linalyl acetate (p < 0.05, Figure S1). At 30 days of NEL storage, only eucalyptol and
borneol were significantly reduced (39.23 ± 6.45%, 23.95 ± 0.67%, respectively, p < 0.05) in
NEL (Figure S1b), while at 60 days, only camphor, borneol, and linalyl acetate were further
reduced by 21.31 ± 0.23%, 68.99 ± 1.20%, and 52.15 ± 2.66% (Table S1).

Comparing LEO compositions incorporated in CEL and NEL 60 days after storage
at 4 ◦C revealed that only the composition of eucalyptol was similar in both carriers. The
composition of all other ingredients differed significantly (p < 0.05).

3.5. Release Mechanism of Ingredients of LEO Incorporated in CEL and NEL

The fitting of the release data on several mathematical models revealed that the release
kinetics of LEO ingredients from CEL were effectively described by both the zero-order
and Korsmeyer–Peppas models. The zero-order model exhibited R2 ranging from 0.889 to
0.999 for all ingredients, while the R2 values for the Korsmeyer–Peppas model, particularly
for linalool, borneol, α-terpineol, linalool acetate, and lavandulyl acetate, exceeded 0.9,
indicating a highly satisfactory fitting (Table 2a).

Similarly, the release kinetics of most LEO ingredients (eucalyptol, borneol, linalool
acetate, lavandulyl acetate, and caryophyllene-oxide) from NEL were found to follow the
zero-order model with R2 values surpassing 0.989 (Table 2b). Additionally, the Korsmeyer–
Peppas model demonstrated a satisfactory fit for eucalyptol, cis-linalool oxide (furanoid),
borneol, linalool acetate, and caryophyllene-oxide with R2 values exceeding 0.9 (Table 2b).

However, for certain compounds such as linalool, camphor, isoborneol, and α-terpineol,
the R2 values were less than 0.880, indicating poor fitting to all tested models (Table 2b).

Notably, the release exponent (n) of the Korsmeyer–Peppas model for all constituents
of either CEL or NEL was below 0.35, indicative of Fickian diffusion release.

Furthermore, when considering LEO as a single entity incorporated in both CEL and
NEL, the release kinetics followed a zero-order pattern, with higher R2 values (0.973 and
0.952, respectively), indicating a superior fit compared to other models.

3.6. Skin Hydration and TEWL Alterations

The effects of NEL and CEL on skin hydration, compared to untreated skin sites,
were investigated. Skin hydration levels were evaluated initially at baseline (t = 0 h) and
subsequently at various time points post-application. Our results indicate that at t = 0 h,
there were no significant differences in skin hydration among the treatment groups (NEL:
26.9 ± 5.5 units, CEL: 25.6 ± 5.0 units, untreated: 27.0 ± 5.3 units, p > 0.05, Table S2).
However, thirty minutes after application, both NEL and CEL formulations exhibited a
significant increase in skin hydration compared to baseline (NEL: 36.4 ± 3.2 units, CEL:
34.7 ± 3.8 units, Table S2). This increase was sustained at 1 h and 2 h post-application
for both formulations (p < 0.05). Notably, NEL demonstrated a greater enhancement in
skin hydration compared to CEL at 1 h (9.6 ± 4.6 units vs. 7.6 ± 3.6 units, p < 0.05), a
difference that persisted for at least 2 h (6.7 ± 4.3 units for NEL vs. 2.4 ± 2.2 units for CEL,
p < 0.05) (Figure 4a). Normalized skin hydration values, obtained by subtracting the values
of untreated sites from the treated ones for each sample, corroborated these findings at
both time points (Figure 4b).
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Table 2. a. Fitting in mathematical models of the release data of LEO ingredients incorporated in CEL. b. Fitting in mathematical models of the release data of LEO
ingredients incorporated in NEL.

Kinetic Model Para-meter Eucalyptol
cis-Linalool

Oxide
(furanoid)

Linalool Camphor Isoborneol Borneol Terpinen-4-ol α-Terpineol Linalool
Acetate

Lavandulyl
Acetate

Caryophyllene-
Oxide LEO

a

Zero-order
R2 0.947 0.889 0.960 0.940 0.951 0.991 0.928 0.957 0.999 0.975 0.972 0.973
K0 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

First-order
R2 0.040 0.050 0.065 0.072 0.060 0.019 0.007 0.047 0.078 0.031 0.080 0.066
K1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Higuchi R2 0.758 0.671 0.790 0.747 0.763 0.900 0.722 0.782 0.899 0.849 0.805 0.817
KH 0.243 0.248 0.296 0.293 0.271 0.261 0.267 0.267 0.318 0.271 0.291 0.299

Hixson–Crowell
R2 0.617 0.638 0.634 0.646 0.629 0.587 0.640 0.618 0.627 0.601 0.635 0.631
KHC 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Korsmeyer–Peppas 1
R2 0.875 0.787 0.940 0.895 0.873 0.986 0.799 0.924 0.988 0.973 0.827 0.950
KKP 1.079 1.096 1.056 1.074 1.083 1.003 1.103 1.062 1.015 1.034 1.010 1.052
n 0.297 0.272 0.328 0.314 0.307 0.344 0.291 0.316 0.339 0.337 0.318 0.335

Kopcha

R2 0.171 0.053 0.349 0.174 0.158 0.820 0.070 0.295 0.680 0.668 0.128 0.423
A 0.059 0.036 0.101 0.071 0.063 0.157 0.043 0.083 0.162 0.138 0.064 0.112
B 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A/B 195.67 119.00 335.00 238.00 211.00 786.50 108.25 277.67 539.33 692.00 160.00 374.00

b

Zero-order
R2 0.989 0.771 0.880 0.852 0.794 0.947 0.831 0.870 0.994 0.963 0.995 0.952
K0 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.000

First-order
R2 0.017 0.771 0.008 0.004 0.034 0.011 0.026 0.140 0.000 0.002 0.000 0.008
K1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Higuchi R2 0.908 0.928 0.662 0.613 0.591 0.823 0.600 0.873 0.872 0.801 0.874 0.773
KH 0.235 0.014 0.075 0.063 0.057 0.217 0.034 0.030 0.168 0.127 0.159 0.104

Hixson–Crowell
R2 0.583 0.771 0.582 0.620 0.570 0.591 0.582 0.539 0.572 0.576 0.572 0.573
KHC 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Korsmeyer–Peppas 1
R2 0.936 0.997 0.568 0.156 0.354 0.945 0.172 0.636 0.927 0.833 0.909 0.799
KKP 1.086 1.003 1.177 1.033 1.133 1.051 1.228 1.107 1.085 1.122 1.095 1.125
n 0.346 0.123 0.206 0.151 0.168 0.307 0.111 0.161 0.313 0.276 0.306 0.255

Kopcha

R2 0.525 0.975 0.075 0.000 0.187 0.468 0.018 0.397 0.594 0.306 0.509 0.284
A 0.108 0.018 0.013 0.001 0.018 0.086 0.003 0.015 0.077 0.040 0.067 0.032
B 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A/B 538.50 17,800.00 138.89 6.00 354.00 431.00 77.50 490.00 772.00 403.00 336.50 318.00

1 Calculated for release up to 60%.
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Figure 4. Hydration change (a) and normalized values (b) of skin treated with CEL (■) and NEL (■)
or left untreated (■). * p < 0.05.

Furthermore, we investigated the effects of NEL and CEL on skin barrier repair by
monitoring the restoration of Transepidermal Water Loss (TEWL) after inducing barrier
disruption and comparing it to untreated skin. TEWL measurements of the intact skin were
comparable across all skin sites (NEL: 6.4 ± 2.3 g/h/m2, CEL: 6.8 ± 2.5 g/h/m2, untreated:
6.5 ± 1.8 g/h/m2, p > 0.05, Table S3). Following barrier disruption, TEWL significantly
increased compared to baseline values (p < 0.05), with similar increases observed for all treat-
ment sites (NEL: 10.1 ± 0.9 g/h/m2, CEL: 9.9 ± 1.2 g/h/m2, untreated: 10.5 ± 2.6 g/h/m2,
p > 0.05, Table S3). Notably, only the application of NEL led to a significant reduction in
TEWL (∆TEWL) compared to untreated skin, with this effect becoming more pronounced
over time (Figure 5a). At 30 min, the ∆TEWL of NEL was −2.4 ± 1.8 g/h/m2, while at
2 h, ∆TEWL was −3.7 ± 0.5 g/h/m2, indicating full recovery of the skin barrier as TEWL
approached baseline values (TEWL of NEL at 2 h: 6.3 ± 1.4 g/h/m2, p > 0.05). In contrast,
CEL application did not significantly affect skin barrier repair compared to untreated skin
(p > 0.05). The normalized TEWL values, obtained by subtracting the TEWL values of un-
treated sites from those of treated ones for each sample, demonstrated that NEL application
accelerated barrier repair at all time points (Figure 5b).
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Figure 5. Transepidermal Water Loss (TEWL) change (a) and normalized values (b) of skin treated
with CEL (■) and NEL (■) or left untreated (■). * p < 0.05.

4. Discussion

The present study aimed to evaluate the impact of the carrier on the concentration
of encapsulated LEO and its retention. The physicochemical characteristics (droplet size
distribution, ζ-potential, and LEO content), the stability over time, and the release kinetics
of LEO constituents in conventional emulsions (CEs) and nanoemulsions (NEs) with and
without LEO incorporation (CELs and NELs) were evaluated.

The droplet size distribution of CE and CEL revealed no significant differences in
mean droplet size and uniformity, indicating that the incorporation of LEO did not sig-
nificantly alter the size distribution. This suggests that LEO had minimal influence on
the droplet characteristics in both emulsions. Similarly, the droplet size distribution and
ζ-potential of NE and NEL remained consistent, with no significant variations after LEO
incorporation. This further demonstrates that LEO did not have a substantial impact on the
size distribution or surface charge of the dispersed phase in both NE and NEL. Furthermore,
the high absolute value of the ζ-potential of NE is indicative of long-term stability.

The analysis of LEO content indicated a higher LEO content in NEL compared to CEL
immediately after preparation. The primary LEO constituents, such as linalool, linalool
acetate, camphor, eucalyptol, and borneol, showed comparable concentrations in both
formulations, with only differences observed in eucalyptol and cis-linalool oxide in favor
of NEL. Although these minor ingredients may alter several characteristics of essential oils
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like sensorial properties and pharmacological activity [25,26], these findings suggest that
the droplet size does not significantly affect the incorporation of LEO and its composition.

Colloidal stability assessments revealed that both CE and NE remained stable at
different temperatures (4 ◦C, 25 ◦C, and 45 ◦C) for 30 days, with no signs of physical
instability. Notably, the incorporation of LEO, resulting in CEL and NEL, enhanced the
stability of the emulsions. CEL and NEL demonstrated stability at lower temperatures (4 ◦C
and 25 ◦C) for longer durations compared to storage at 45 ◦C, which appeared to affect the
stability of both formulations. Both CEL and NEL showed signs of phase separation after
storage at 45 ◦C for 15 and 30 days, respectively. The absence of a longer-term stability of
CEL and NEL at the relatively high temperature of 45 ◦C may be attributed to the increased
coalescence frequency with increasing temperature, which has been associated with the
change in viscosity at higher temperatures triggering a stronger perturbation in the thin
aqueous film separating the droplets [27]. The evolution of ζ-potential values of NE and
NEL with storage time at the different temperatures tested followed the respective pattern
of droplet size and did not change significantly with storage time at all three temperatures
tested for the storage time periods where the nanoemulsions kept their physical stability
(did not show signs of phase separation), and it was possible to measure the ζ-potential
of the nanoemulsions. The ζ-potential of NEL did not change significantly after 60 days
of storage at 4 and 25 ◦C, indicating NEL physical stability during storage for at least this
time period (60 days) under fridge and room conditions [28].

The concentration of LEO incorporated in CE and NE was measured over time. LEO
in CEL was gradually reduced over time. Particularly within the first 30 days, about 33%
of LEO was lost, and after 60 days, CEL showed a substantial reduction in LEO content,
which reached about 95%. All constituents (major and minor) of LEO incorporated in CEL
noted significant decreases after 60 days of storage.

Notably, NEL exhibited a statistically non-significant change in LEO content up to
60 days after preparation, indicating its superior ability to retain LEO compared to CEL.
The observed change in LEO content was more noticeable between the 30- and 60-day
storage periods at 4 ◦C, particularly evident in the case of the CEL. Although not statistically
significant, this phenomenon coincided with a trend of increasing droplet size in CEL over
time, as depicted in Figure 1a (I). Small fluctuations in average droplet size may suggest
a degree of instability within the emulsion, potentially leading to the leakage of contents
over time. This gradual accumulation of leakage could account for the significant differ-
ence observed in LEO content between the 30- and 60-day time points (Figures 4 and S1).
Further investigation into this phenomenon is warranted to fully elucidate its underlying
mechanisms and implications.

The release mechanisms of LEO constituents were assessed, for both CEL and NEL.
The best fit for most LEO ingredients incorporated in CE and NEL were as follows:

i. The zero-order model that describes the release of incorporated ingredients as a
function of time, at a constant rate that is independent of its concentration [29].

ii. The Korsmeyer–Peppas model that is employed to characterize the release of incorpo-
rated ingredients in systems where non-Fickian mechanisms occur [30]. This model
proves especially valuable in situations where the release mechanism is not known or
when multiple types of drug release phenomena occur. This model is most suitable
for analyzing the initial 60% of the release curve [29,31].

In all cases, the release exponent n of the Korsmeyer–Peppas model was <0.35, indicat-
ing a Fickian diffusion release [32,33]. This suggests that the release of LEO constituents
follows a diffusion-based mechanism. The Korsmeyer–Peppas model is not suitable for
releases over 60% [30]. The release from CEL was well above this limit, so the fitting of the
release profile of LEO constituents from it may not be considered accurate. The next best
fitting was the zero-order model for all LEO constituents incorporated in CEL.

In our study, we also evaluated the effects of NEL and CEL formulations on skin
hydration and barrier repair as characterized by TEWL. Both formulations led to significant
increases in skin hydration levels, sustained for at least 2 h post application. However,
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NEL demonstrated a greater enhancement in skin hydration compared to CEL, suggesting
differences in their hydrating potential. The enhanced skin hydration effect of NEL in
comparison to CEL has been previously reported [34]. Furthermore, while both formula-
tions showed similar increases in TEWL post-barrier disruption, only NEL significantly
reduced TEWL compared to untreated skin, indicating accelerated barrier repair. These
results are in accordance with recent research concerning the interaction of LEO on skin
characteristics [35]. According to the results of Infante et al., LEO was found to improve the
skin barrier with minimum skin penetration, despite the fact its main ingredient is linalool,
a known penetration enhancer [35,36].

Our findings suggest that NEL may offer distinct advantages in promoting both
hydration and barrier function, highlighting its potential as a promising ingredient in
skincare formulations aimed at enhancing skin hydration and facilitating barrier repair.

Further investigations into the underlying mechanisms driving these effects, as well
as long-term safety and efficacy studies, are warranted to fully elucidate the therapeutic
potential of NEL in dermatological applications.

5. Conclusions

In this study, we explored the impact of carrier systems on lavender essential oil (LEO)
encapsulation, stability, and release kinetics. The incorporation of LEO into conventional
emulsions (CEs) and nanoemulsions (NEs) had minimal influence on the physical prop-
erties of the emulsions, such as droplet size distribution and ζ-potential. However, the
incorporation of LEO in nanoemulsions (NELs) significantly improved the stability of NEL
and the loading percentage and retention of LEO compared to conventional emulsions
(CELs). The release kinetics revealed diffusion-based mechanisms for LEO constituents
in both formulations. In addition, our study investigated the effects of NE and CE on
skin hydration and barrier function. We observed distinct advantages of NEL over CEL in
promoting hydration and accelerating barrier repair, highlighting the potential of NE as a
promising carrier of LEO and ingredient in skincare formulations.

These results underline the potential of LEO-incorporated nanoemulsions for en-
hanced stability and controlled release, with implications for applications in cosmetics and
pharmaceuticals. Further research can focus on optimizing LEO delivery and tailoring
emulsion formulations for specific applications.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/cosmetics11030065/s1, Figure S1: Content (mg/mL) of ingredients
of LEO incorporated in CEL and NEL, one day after preparation (a) and after 30 days (b) and
60 days (c) of storage at 4 ◦C. Table S1: Percentage change in LEO content over time in CEL and
NEL. Table S2: Skin hydration (arbitrary units) monitoring of each volunteer at every time point.
Table S3: Monitoring of TEWL (g/m2/h) of each volunteer at every time point.
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