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Purpose: Acne vulgaris is one of the most prevalent dermal disorders affecting skin health and appearance. To date, there is no 
effective cure for this pathology, and the majority of marketed formulations eliminate both healthy and pathological microbiota. 
Therefore, hereby we propose the encapsulation of an antimicrobial natural compound (thymol) loaded into lipid nanostructured 
systems to be topically used against acne.
Methods: To address this issue, nanostructured lipid carriers (NLC) capable of encapsulating thymol, a natural compound used for the 
treatment of acne vulgaris, were developed either using ultrasonication probe or high-pressure homogenization and optimized using 22- 
star factorial design by analyzing the effect of NLC composition on their physicochemical parameters. These NLC were optimized using 
a design of experiments approach and were characterized using different physicochemical techniques. Moreover, short-term stability and 
cell viability using HaCat cells were assessed. Antimicrobial efficacy of the developed NLC was assessed in vitro and ex vivo.
Results: NLC encapsulating thymol were developed and optimized and demonstrated a prolonged thymol release. The formulation 
was dispersed in gels and a screening of several gels was carried out by studying their rheological properties and their skin retention 
abilities. From them, carbomer demonstrated the capacity to be highly retained in skin tissues, specifically in the epidermis and dermis 
layers. Moreover, antimicrobial assays against healthy and pathological skin pathogens demonstrated the therapeutic efficacy of 
thymol-loaded NLC gelling systems since NLC are more efficient in slowly reducing C. acnes viability, but they possess lower 
antimicrobial activity against S. epidermidis, compared to free thymol.
Conclusion: Thymol was successfully loaded into NLC and dispersed in gelling systems, demonstrating that it is a suitable candidate 
for topical administration against acne vulgaris by eradicating pathogenic bacteria while preserving the healthy skin microbiome.
Keywords: lipid nanoparticles, thymol, acne vulgaris, NLC, gels, antimicrobial

Introduction
Acne vulgaris is one of the most prevalent skin inflammatory disorders affecting approximately 9.5% of the population 
worldwide.1,2 The adolescent affectation is highly prevalent and one of the most common dermatoses (between 28.9 and 
91.3% of teenagers are affected), and it is concomitant with significant impact on the quality of life.3,4 Acne is 
a multifactorial disease with a complex pathophysiology, in which several internal and external factors are involved, 
such as irregular keratinocyte proliferation and differentiation, increased sebum production as well and imbalances in the 
skin microbiota related to Cutibacterium acnes (previously known as Propionibacterium acnes). In addition, exogenous 
factors can also trigger acne development.5,6 This combination leads to skin lesions such as whiteheads, pustules, and 
cysts, resulting in swelling and inflammation.7

International Journal of Nanomedicine 2024:19 1225–1248                                               1225
© 2024 Folle et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 7 September 2023
Accepted: 22 December 2023
Published: 7 February 2024

http://orcid.org/0000-0003-1220-015X
http://orcid.org/0000-0003-2571-108X
http://orcid.org/0000-0002-9238-187X
http://orcid.org/0000-0002-6080-5340
http://orcid.org/0000-0003-1269-3847
http://orcid.org/0000-0002-7678-269X
http://orcid.org/0000-0002-4526-3344
http://orcid.org/0000-0002-4989-4821
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


Skin microbiota is an ecosystem composed of several microorganisms (MOs), which are generally non-pathogenic, on the 
skin surface and internal layers. Their biological function is to protect against external pathogens that can affect the skin and 
overall health. The transient microbiota colonizes the superficial layers of the skin and is likely to be removed by routine 
hygiene. The resident microbiota is consistent with skin survival, mainly found on the surface, under the superficial cells of the 
stratum corneum (SC). Protective microbiota consists of developing microbial antagonism and nutrient competition for the 
stability of the dermal ecosystem. Following this strategy, adherence to pathogens was prevented. There is evidence of 
a relationship between bacteria, skin cells, and immune cells, which reinforces and repairs the skin barrier, improves defense 
against infection, and diminishes excessive inflammation.8 There are two major resident species on the skin: Staphylococcus 
epidermidis, which is the most abundant non-pathogenic bacterium of human skin, that provides a probiotic function by 
preventing colonization of other pathogenic bacteria,9 and C. acnes that acts as non-pathogenic balancing the skin microbiota 
and maintains the acidity and sebum levels of the skin. However, it has been observed that C. acnes also proliferates in acne 
skin, in combination with other factors, leading to mild-to-severe inflammation.

The most common treatment for acne during the past four decades has been the use of an antibiotic drug. However, owing 
to current antibiotic resistance and the fact that some of these antibiotics possess questionable activity against neutrophil- 
derived reactive oxygen species (ROS),10 other strategies are being sought. Moreover, this worldwide increase microbial 
resistance has been caused mainly by the long-term and frequent use of antibiotics, which has led to a decrease in the skin 
protective function against infection and inflammation and the unbalanced skin host-microbiome. In this area, natural products 
are gaining increased attention, since they advocate to be healthier due to their low or non-toxic profile, and therefore, 
decreased side effects or microbial resistance. Among them, thymol (TH) is of special relevance. TH is a natural compound 
associated with several activities, such as antioxidant, antimicrobial, antiseptic, and anti-inflammatory.11–17 Studies developed 
by several authors10 showed the capacity of TH to increase skin elasticity and porosity, which are essential for the healing 
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process to avoid acne scars. In addition, because bacteria involved in acne are hosted throughout the skin layers, as well as near 
the follicle, a carrier capable of reaching these sites through a sustained release and permeation rate, delivering the active 
compound slowly and in a prolonged manner, will be of great relevance.7,18

In this sense, the second generation of lipid nanoparticles, nanostructured lipid carriers (NLC), represent an attractive 
approach because of their increased stability by reducing drug expulsion, high loading capacity, ability to provide prolonged 
drug release, improved permeability through skin tissues, and moisturizing properties.19,20 These may constitute a suitable 
alternative to encapsulate lipophilic compounds such as TH and apply them to the skin. Thymol is a monoterpene, a type of 
molecular structure that is known to act as skin penetration enhancers, by disrupting the lipids of the stratum corneum.21 In 
this sense, the skin permeation of thymol is fast, and therefore, the amount and time retained inside the skin are short. 
Moreover, TH is an antioxidant molecule, which along storage, may undergo degradation by light, oxygen or humidity, if 
formulated in its free-form, specially to preserve other antioxidant molecules. For this reason, encapsulating TH would be an 
advantageous strategy, since it can increase the shelf-life of TH under long-term storage, as well as retained inside the skin. 
Additionally, NLCs would be promising to improve TH properties inside the skin, since the carriers will act as SC barrier 
repair, returning the lipids, disrupted by the non-encapsulated TH, to their packed organization, increasing skin hydration. 
Moreover, the strategy of encapsulating TH into NLC is to develop a nanosystem providing slow-rate release, delivering 
small dosages inside the skin for a prolonged period, increasing the efficacy of the treatment.

The mechanism of the transdermal permeation of lipid nanoparticles remains unclear. However, previous studies have 
suggested that the interactions between lipid nanoparticles and skin lipids occur via a dynamic diffusion process.22 Other 
authors have proposed that the main mechanism of lipid nanoparticles skin penetration is related to their close contact 
with the stratum corneum (SC) superficial junctions, penetrating the corneocyte bricks.23 This permits superficial 
spreading of the active layer, consequently forming an adhesive layer with occlusal properties.24 This would create an 
antimicrobial protective barrier on the skin surface, avoiding the contact of pathogenic microbes into the affected area, as 
well as improving the skin barrier regeneration, healing and hydration. This effect may reduce corneocyte packing due to 
SC hydration, improve drug partitioning, and allow lipid exchange between the nanosystem and the SC. Moreover, if the 
skin barrier is weakened by skin conditions, such as acne, it increases transepidermal water loss from altered barrier 
function and may irritate and dry out the skin.25 The decrease in skin barrier hydration and increased transepidermal 
water loss on skin acne patients have been previously proven.26 Moreover, the same was found for patients treated long- 
term with either topical retinoids or benzoyl peroxide, unless treated in combination with a moisturizer.4 In addition, the 
correlation of poor skin hydration and enhanced severity of acne lesions have been previously reported.27 In fact, recent 
studies have shown the potential of lipid nanoparticles to penetrate hair follicles due to the similar composition of the 
sebum and the lipid nanocarrier,28,29 since both may contain triglycerides, diglycerides, wax esters, free fatty acids, and 
cholesterol.30 For this reason, the combination of occlusive properties of NLCs, the ability to penetrate the skin through 
the hair follicle and the antimicrobial, antioxidant and anti-inflammatory activity of TH would be promising to treat acne 
without side effects, loss of skin hydration or microbial resistance.

Therefore, since previous studies by our group showed promising results encapsulating TH into polymeric 
nanoparticles,31 in this manuscript, the optimization of a formulation based on NLC encapsulating TH (TH-NLC) has 
been carried out. In addition, this formulation was characterized and dispersed into different gelling systems, and its 
biopharmaceutical parameters and antimicrobial efficacy were assessed and compared. Moreover, therapeutic activity 
against Acne vulgaris and its ability to preserve healthy microbiota have been studied.

Materials and Methods
Materials
Thymol (TH), Tween 20 (TW), poloxamer 188 (P), caprylic/capric triglyceride (Miglyol 812) (CCTG), benzalkonium 
chloride (BZ), glycerin (GLY), propylene glycol (PG), hydroxypropyl methylcellulose (HPMC), and poloxamer 407 
(Pluronic®F127) (PP) were acquired from Sigma-Aldrich (Madrid, Spain). Glyceryl behenate (GBH) (Compritol CG 888 
ATO), PEG-8 Caprylic/Capric Glycerides (PCCG), and Transcutol P® (Diethylene glycol monoethyl ether) were 
provided by Gattefossé (Cedex, France). Carbomer® 934 (Polyacrylic acid, CB) was purchased from Fagron Iberica 
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(Barcelona, Spain). Double-distilled water was filtered through a Millipore filter (Molsheim, France). All other reagents 
used were of analytical grade.

DMEM (Dulbecco’s Modified Eagle’s medium) was purchased from ThermoFisher, MTT (3-(4,5-Dimethylthiazol- 
2-yl)-2,5-diphenyl tetrazolium bromide) from Sigma-Aldrich (St. Louis, MO, USA) and DMSO (99% dimethyl sulf-
oxide) from Sigma-Aldrich (Barcelona, Spain).

Mueller–Hinton broth (MHB), Brain Heart Infusion (BHI), Clostridium reinforced medium (CRM), Tryptone Soy 
Agar (TSA), and Sabouraud Dextrose Agar (SDA) were purchased from Oxoid (Basingstoke, UK). Beren (cosmetic 
diluent) was acquired from Scharlab (UK).

Preformulating Studies and Optimization of TH-NLC
Prior to the elaboration of TH-NLC, the compatibility of the mixture of total lipids (solid and liquid proportion) and the 
amount of TH to be encapsulated was studied. The selected solid lipid (SL) was GBH and the liquid lipids (LLs) were 
PCCG and CCTG. Briefly, mixtures (SL:LL) were analysed alone (60:40, 70:30, 80:20, and 90:10) as a total lipid portion 
of 2% or TH-loaded with a total amount of 0.5% TH. The mixtures were performed in test tubes heated in a water bath 
(80 °C), then using a vortex, and allowed to cool down prior to further analysis.

The compatibility of the mixture of total lipids (solid and liquid proportions) and the amount of TH to be encapsulated were 
assessed by differential scanning calorimetry (DSC) using a Mettler TA 4000 system (Greifensee, Switzerland).32,33 This 
method is a thermodynamical tool for direct assessment of the heat energy uptake, which occurs in a sample within a regulated 
increase or decrease in temperature. The difference in the input energy required to match the temperature of the sample, would 
be the amount of excess heat absorbed (endothermic) or released (exothermic) by the molecule in the sample.34 The DSC 
measurements were performed, and samples were heated from 5 °C to 100 °C at 10 °C/min under a nitrogen atmosphere. 
Thermograms were obtained using Mettler STARe V 9.01 DB software (Mettler, Toledo, Spain).35,36

Preparation, Characterization and Optimization of TH-NLC
The production of TH-NLC was developed by two different high-energy procedures, ultrasonication probe (US) and 
high-pressure homogenization (HPH), using a Sonics Ultrasonic probe (Sonics & Materials Inc., CT, USA) or a high- 
pressure homogenizer Stansted FPG 12800 (Stansted, United Kingdom), respectively. Briefly, to produce TH-NLC with 
Tween 20 (TW), both the aqueous phase containing TW as well as the lipid phase containing 0.5% of TH and 2% of total 
lipid mixture, ranging from 60:40 to 90:10 ratio (SL:LL), were heated above 80 °C. The aqueous phase was added to the 
lipid phase forming a pre-emulsion using an Ultra-Turrax T25 (IKA, Germany) for 2 min by at 5000 rpm, followed either 
by US for 20 min at 40% amplitude or by HPH (3 cycles at 700 mbar), and immediately cooled down under cold running 
water for 5 min.36,37 Samples were stored overnight for further characterization.

Samples were optimized by design of experiment (DoE) using a 22-star factorial design (two levels, two factors, and 
two central points) developed using the program Statgraphics Centurion XVI.II version 16.2.04 software (Virginia, 
USA). Based on the previously obtained results, a central point (0) was chosen as function of best values obtained trying 
both preparation methods, and two independent variable factors (−1/+1) were selected (SL:LL and TW %) to evaluate 
their influence on TH-NLC properties.36 For this, the concentration of TH was set to 0.5%, the highest dosage reported as 
safe by the cosmetic ingredients review (CIR).38 The lipid mixtures were 60:40 (−1), 70:30 (0) and 80:20 (+1), and the 
concentration of TW was 1.2% (-1), 1.6% (0) and 2% (+1). The dependent variables studied were average particle size 
(Zav), polydispersity index (PI), and encapsulation efficiency (EE).

The physicochemical characterization of TH-NLC (Zav and PI) was performed by dynamic light scattering (DLS) using 
a ZetaSizer Nano ZS (Malvern Instruments, Malvern, UK). This technique allows to determine the morphometrical properties 
of the nanoparticles by photon correlation spectroscopy,39 measuring the scattered light intensity dispersion due to the 
Brownian’s motion. The PI is the measure of particle size distribution where values closer to 0.100 and below are considered 
a monodispersed system.40 For these measurements, the samples were previously diluted with Milli-Q water (1:20).

The EE (%) of TH was indirectly measured. Samples were diluted 1:20 in Milli-Q water:ethanol (90:10) and 
centrifuged (Centrifuge 5415C, Geratebau Eppendorf GmbH, Engelsdorf, Germany) for 10 min at 14,000 rpm using 
a Millipore filter device (Amicon® Ultra, 0.5 mL 100 K, Merck Millipore Corporation, Massachusetts, USA). The filtered 
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fractions were quantified by high performance liquid chromatography (HPLC), and EE was determined using 
Equation (1).

where Ci was the initial concentration of TH and Cf the concentration of the unloaded amount found in the filtered 
fraction.

Quantitative analysis of TH was performed using reverse-phase HPLC as previously described.31 Studies were 
performed using an Acquity Waters System (Waters 2695) with a UV detector (Waters 2996) (Massachusetts, USA). 
Briefly, the mobile phase consisted of acetonitrile:water under gradient conditions (30:70, 58:42, 30:70) for 20 min, using 
a Kromasil® column (C18, 5 μm, 150×4.6 mm, Tecknokroma, Spain). TH was determined at λ275nm and the data were 
processed using Empower 3® software (Waters, Milford, MA, USA).

Preparation of Gels
In this study, three different gelling systems were developed, characterized, and compared for TH-NLC dispersions. For the 
preparation of the gels, TH-NLC (0.25% or 0.5%) were incorporated at 40% or 50% of the total water content, obtaining a final 
TH concentration of 0.1% or 0.25%, respectively. For free TH gels, TH was previously dissolved in 5–10% of glycerin or 
propylene glycol under continuous vigorous stirring, then added to the water phase the equivalent concentration (0.1% or 
0.25% TH). Carbomer gels (GC-TH-NLCs) were formulated by previously dissolving Carbopol 0.5–1% in water under 
constant magnetic stirring and then adding 5% of glycerin or propylene glycol. The mixture was then allowed to stand 
overnight, and the pH was adjusted to 5.0–6.5 with NaOH 2N. For the hydroxypropyl methylcellulose (HPMC) gels (GH-TH- 
NLCs), HPMC was dissolved in the water phase (2–5%), and 5% of glycerin or propylene glycol (5%) were added. For the 
Pluronic gels (GP-TH-NLCs), P407 (20%) was dissolved in cold water under continuous stirring. Then, the mixture was 
allowed to stand overnight at 4 °C and glycerin or propylene glycol (5%) were added and mixed under vigorous stirring. The 
gel was formed at room temperature (RT). All gel mixtures were emulsified using an Unguator® (Microcaya, Bilbao, Spain).

Characterization of TH-NLC and TH-NLC Gels
The morphology of TH-NLC was determined by transmission electron microscopy (TEM) JEOL 1010 (Tokyo, Japan). 
The formulation was negatively stained with 2% uranyl acetate and added to a copper grid coated with carbon film. The 
samples were dried overnight in a desiccator at room temperature.31 Images were obtained using MegaView III software 
(Soft Imaging Systems, GmbH, Münster, Germany).

Scanning electron microscopy (SEM; JSM-7001F, JEOL, Tokyo, Japan) was used to assess the morphology of TH- 
NLC gels. The solid sample was coated with a carbon layer or thin metal layer and deposited on a metal support for 
subsequent sputtering copper coating for analysis.41 The samples of GC-TH-NLC were dehydrated by incubation (30 °C) 
for 5 days.

Short-Term Stability
The short-term physical stability of the developed formulations was studied using an optical analyzer (Turbiscan®Lab 
Expert; Iesmat, Madrid, Spain) based on the analysis of multiple light scattering to identify any destabilization phenomena 
of the colloidal suspension. The method is based on the variation of the droplet volume fraction (migration) or the diameter 
(coalescence) that results in a variation of the scattered or transmitted lights.42 A glass measurement cell containing 
approximately 20 mL or 20 g of sample was used, and a light source corresponding to pulsed near-infrared light was 
applied. The backscattering (BS) signal was measured using a detector at an angle of 45° from the incident beam.40

Selected samples were evaluated during storage at room temperature (RT) for up to six months by measuring the pH 
and observing the organoleptic properties (appearance, colour, and odour).

The microbial preservative stability of GC-TH and GC-TH-NLCs was evaluated after storage at RT for 6 months 
using the plate inclusion technique. For this, 100 mg of gel was transferred onto TSA or SDA plates for bacteria, fungi, 
or yeast. The total microbial viable count was determined after incubation at 35 ± 2 °C for 3 days or at 28 ± 2 °C for 7 
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days, respectively. This method was developed based on the specifications of the European Pharmacopeia monograph 
(2.6.12. Microbiological examination of non-sterile products: total viable aerobic count) as previously described.31

Rheology Studies of TH-NLC Gels
Rheological measurements study the viscosity of the system and the fluid behaviour according to the shear force used, 
where formulations are subjected to variable controlled deformations measuring the stress. This assay was performed 
using a Haake Rheostress® 1 rheometer (Thermo Fisher Scientific, Karlsruhe, Germany) connected to a thermostatic 
circulator (Thermo Haake Phoenix II + Haake C25P) and a computer Pc provided with the Haake RheoWin® Job 
Manager and Data Manager software v. 4.91. The measurements were performed in rotational mode with a cone-and- 
plate geometry (C60/2°Ti: 60 mm diameter, 2° angle). The shear stress (τ) was measured as a function of the shear rate 
(γ). Viscosity curves (η = f(γ)) and flow curves (τ = f(γ)) were recorded at 25 ± 0.1°C. The shear rate ramp program 
included a 3 min ramp-up period from 1 to 100 s−1, a 1 min constant shear rate period at 100 s−1, and a 3 min ramp-down 
from 100 to 1 s−1. The data from the flow curves were fitted using mathematical models to identify the model that 
provided the best overall match with the experimentally observed rheological data. The adequacy of the rheological 
profiles for the mathematical models was based on the correlation coefficient (r) and the chi-square values. The viscosity 
(η, Pas) was determined from the constant shear section at 100 s−1.43

In vitro Drug Release
The biopharmaceutical behaviour of the aqueous formulations (TH and TH-NLC) and their respective gelling systems 
was evaluated using the same method as previously described.31 The study was carried out using vertical diffusion Franz 
cells (FDC-400, Crown Glass, NJ, USA) with a thermal bath set to 32 °C, to mimic skin in vivo conditions, under 
constant stirring. For this study, methylcellulose membranes (Dialysis Tubing Visking, MW 12.000–14.000 Da, London, 
UK) were placed between the donor and receptor compartments (2.54 cm2). The receptor phase was filled with 
Diethylene glycol monoethyl ether: water (50:50) to maintain the sink conditions. Samples (300 μL) were collected at 
selected times (3, 8, 12, 20, 24, 28, 34, 40, 48, 64, 72 min), and replaced with the same volume of receptor medium.44 

Data were analysed using HPLC (as described previously), and the results were processed using GraphPad. Variable 
mathematical models were applied to determine the best-fit kinetic profile: zero order, first order, hyperbole, Higuchi, 
Korsmeyer Peppas, and Boltzmann Sigmoidal.45 Statistical analysis was performed using one-way ANOVA and Tukey’s 
multiple comparison test.

Ex vivo Skin Permeation Studies
Ex vivo permeation experiments were performed using human skin explants obtained from the plastic surgery of the 
abdominal region of a healthy female (Barcelona-SCIAS Hospital, Barcelona, Spain) and were performed in accordance 
with the Declaration of Helsinki. The donors provided written informed consent and the experimental protocol was 
approved by the Research Commission of Barcelona SCIAS Hospital (Barcelona, Spain).46,47 The experimental proce-
dure and quantitative analysis of TH were carried out according to a previously described method, with 
modifications.31,48 This study consisted of three experiments set up to find comparable analysis and they were all 
performed in Franz cells using the same conditions described above. Skin samples (0.64 or 2.54 cm², 0.4 or 1 mm thick) 
were placed with the SC facing up, and the donor compartment was filled with TH, TH-NLC, or their gel formulations (at 
0.25% of TH). The amount of TH penetrating the skin at selected times (4, 8, 12, 15, 18, 20, 24 h), at 32 °C, was 
measured by HPLC, and data were analysed using GraphPad Prism. Statistical analysis was performed using one-way 
ANOVA Tukey’s multiple comparison test, or unpaired t-test. The skin permeation parameters were calculated using 
Equation (2):

where J is the flux, Kp is the permeability coefficient, and C0 the initial active-component concentration.20
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To determine the total amount retained inside the skin (Qs), samples were cut, weighed, perforated with needles, 1 or 
2 mL of ethanol: water (50:50) were added and kept in an ultrasonic bath for 20 min.49 The amount of TH extracted was 
determined using HPLC and calculated using a previously obtained recovery factor.31

Another experiment was conducted to evaluate the skin penetration of the TH-NLC using SEM. Fresh ex vivo skin 
explants were obtained and the fat tissue was immediately removed with sterile surgical razors. Skin samples were cut 
and placed on Franz cells (0.64 cm2) using PBS as the receptor medium. GC-TH-NLCs were applied to the skin and 
incubation was performed for 24 h at 32 °C. Thus, skin samples were washed and cut into small pieces, fixed for 2 h with 
4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4), post-fixed with 1% osmium 
tetroxide for 2 h at 4 °C, and stained in 0.5% uranyl acetate for 45 min at 4 °C. After dehydration with alcohol gradients, 
the samples were dried at the critical point (Emitech K850) and mounted on a conductive adhesive disc (carbon tabs, 
Agar Scientific), followed by carbon coating under evaporation (Emitech 950). The images were analyzed using SEM 
(Jeol JSM-7001F).50

Cell Viability Assay
The cytotoxicity of TH-NLCs was determined by the viability of human epidermal keratinocyte cell lines (HaCaT, 
spontaneously immortalized human keratinocytes, Addexbio catalog %:T0020001) at several concentrations, as pre-
viously described elsewhere.31 In the case of washed particles (-w), they were washed three times to remove excess TW 
(centrifugation at 14,000 rpm for 15 min). Briefly, HaCaT cells were cultured in high glucose supplemented DMEM 
(10% foetal bovine serum (FBS), 2 mM l-glutamine, 100 units/mL penicillin G, and 100 μL/mL streptomycin). The cells 
were adjusted to a density of 2×105 cells/well using an automated cell counter (Invitrogen Countess, ThermoFisher) and 
seeded (100 μL) in 96-well plates. Diluted samples were added and incubated for 24 h at 37°C and 5% CO2. Then, MTT 
(0.25%) was added to determine the cell viability. After 2 h of incubation, the medium was replaced with 100 µL 
DMSO.51 Cell viability was measured at λ570 nm using a Modulus Microplate Photometer (Turner BioSystems Inc., 
Sunnyvale, CA, USA). Results were expressed as the percentage of cell survival relative to untreated cells, and statistical 
analysis was performed by t-test, comparing each concentration used.

In vitro Antimicrobial Efficacy
The antimicrobial activities of TH and TH-NLC were studied as previously described,31 using an inoculum of 
Cutibacterium acnes (C. acnes) or Staphylococcus epidermidis (S. epidermidis). C. acnes was cultured in BHI medium 
for 48 h at 37 °C under anaerobic conditions, using parches AnaeroGen® and indicator (Oxoid, Basingstoke, UK). 
S. epidermidis was cultured in MHB medium for 24 h at 37 °C. Prior to each experiment, each inoculum was prepared in 
PBS adjusted to 0.5 MacFarland (McF) standard to obtain 1.5×108 colony forming units/mL (CFU/mL). Microbial 
counts were performed on CRM or TSA plates.

The minimal inhibitory concentrations (MIC) of TH and TH-NLC were determined using the broth microdilution 
assay.52 Briefly, double-concentrated sample dilutions were prepared and added (100 μL) to a double-concentrated 
culture medium (100 μL) in a 96-well polypropylene microtiter plate (Costar, Corning Incorporated, Corning, USA). 
Then, S. epidermidis (10 µL) or C. acnes (20 µL) was added to inoculate wells at final TH concentrations from 2 to 1024 
µg/mL or 2 to 1000 µg/mL, followed by incubation at 37 °C for 24 or 48 h, respectively. Additionally, the minimal 
bactericidal concentration (MBC) was determined by transferring 10 µL of each sample without C. acnes into BHI agar 
plates, followed by further incubation. Positive and negative growth controls were used.31

The decimal reduction time assay (D) was used to determine the reduction in bacterial viability at determined contact 
times53 using TH or TH-NLC and their carbomer gels (GC-TH and GC-TH-NLCs), using the same method as previously 
described.31 Inoculum of C. acnes or S. epidermidis was prepared in PBS (108 CFU/mL) and added (100 µL) to each 
experimental test tube (10 mL) containing several dilutions of TH or TH-NLC. For C. acnes, the formulations were 
diluted with water (250, 500, and 1000 µg/mL), corresponding to the MIC, 2X MIC and 4X MIC, respectively. The gel 
was assessed at a concentration of 1000 µg/mL. For S. epidermidis, formulations (aqueous and gel) were used at 1000 
µg/mL, representing 2X MIC. Tubes were incubated at 32 °C for predetermined times, and samples were neutralized 
(1:10) in Beren’s diluent for 15 min. They were subsequently diluted in PBS and microbial counts were performed on 
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CRM or TSA agar plates. Bacterial viability was expressed as log CFU versus time (h). The decimal reduction time (D), 
which is the time taken to reduce the decimal value to the initial value, was determined by calculating the inverse of the 
slope (1/b). Statistical analysis was performed using one-way ANOVA, Tukey’s multiple comparison test, and an 
unpaired t-test.

Ex vivo Antimicrobial Activity
Bacterial viability was evaluated in human skin explants obtained from abdominal plastic surgery (Hospital de Barcelona, 
SCIAS, Barcelona, Spain), based on previous studies and in accordance with the Declaration of Helsinki.31,54 Briefly, 
skin samples (0.6 cm2) were placed into petri dishes with the SC on the top adding PBS-wet sterile filter paper to keep 
dermis moisture. A fresh overnight culture of C. acnes was prepared in PBS (1.5 × 108 CFU/mL), and skin samples were 
inoculated with 10 µL. To study the prevention of the antimicrobial activity, TH or TH-NLC (30 µL) were applied to the 
skin surface and incubated at 32 °C for 8 h. Subsequently, C. acnes (30 µL) was inoculated and incubated for 16 h. To 
study the treatment capacity, C. acnes (30 µL) was first applied to the skin for 30 min and then treated with products for 
24 h. For both experiments, PBS was used as the control. Skin samples were neutralized in Beren’s diluent (1 mL) for 15 
min, extracted under sonication for 10 min, then further 10-fold diluted. Microbial counts were performed the spread 
count method (100 µL of each sample) in CRM agar plates, incubated under anaerobic at 37 °C for 48 h. To study the 
dose-dependent antimicrobial activity, C. acnes (10 µL) was applied to the skin. After 30 min, 30 µL of TH or TH-NLC 
was applied as a single or multiple dose (1, 2, or 3) at predetermined timepoints (0, 12, and 18 h) and incubated at 32 °C. 
After 24 h, neutralization and sample dilution were performed, as described above. The microbial count was determined 
using the drop count method (10 µL) on CRM agar plates. Viable bacterial counts were expressed as log/CFU per treated 
skin. Statistical analysis was performed using one-way ANOVA, Tukey’s multiple comparison test, and an unpaired 
t-test.

Results
Preformulation Experiments
The selection of NLC lipid components and their ratios was optimized by means of their thermal interactions, and the results 
are shown in Figure 1. SL was GBH because of its excellent skin emollient and smoothing properties.55 A screening of several 
combinations of GBH with two different LL was carried out. Therefore, PCCG and CCTG were studied.

In the case of PCCG, it can be observed that in the lipid mixtures without TH (blank mixtures) (Figure 1A), different 
ratios of lipids did not alter the melting point of the lipid structure, presenting values around 70 ± 0.9 °C. However, after 
adding TH at 0.5% (Figure 1B), the melting point of the mixtures was slightly decreased to 69 ± 0.5 °C. In addition, no 
melting point modifications were observed at other ratios (60:40 to 90:10).

In the case of CCTG, it can be observed that the blank mixture provided melting point values ranging from 67 to 71 °C 
(Figure 1C), and by adding TH, these values also decreased up to 64 to 69 °C (Figure 1D). Additionally, for both combinations 
of lipids, the incorporation of TH was suitably blended because no peaks of TH were observed at 51 °C in the lipid mixture 
thermograms. Therefore, both liquid lipids were suitable for the development of TH NLC. Despite this, PCCG exhibited less 
variation in the NLC melting point, and TH exhibited better solubility in PCCG than in CCTG; therefore, PCCG was chosen as 
the liquid lipid. Moreover, the different SL:LL ratios showed different textures, being thicker at higher ratios (soft at 60:40, 
medium-soft at 70:30, and hard at 80:20).

Optimization by Design of Experiments
Prior to development of DoE, an optimization process was carried out by preparing NLC using HPH and US, to establish 
the most suitable method for producing TH-NLC evaluating the physicochemical parameters. Therefore, increasing ratios 
of solid and liquid lipids and two concentrations of TW were used. The combination of these parameters was analyzed 
using Zav and PI. The results obtained by TH-NLC comparing both preparation methods showed that the Zav of the TH- 
NLC obtained using HPH was smaller (Table 1). To obtain Zav suitable for skin applications, NLC values between 200 
and 400 nm were obtained.56 The most suitable results were obtained using a lipid mixture of 70:30, which also 
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corresponded to a medium-soft texture. In the case of the other SL:LL proportions, 60:40 texture was found slightly soft, 
while 90:10 presented a hard structure and lower solubility of TH in the LL. The solubility of TH in the LL is important 
to maintain the advantages of the NLC towards solid lipid nanoparticles (SLN), since the latter possess diminished 
loading capacity and Th may suffer from a crystallization process being expelled from the lipidic carrier. Therefore, the 
selection of the SL:LL proportion was considered to obtain the highest amount of TH encapsulated. Moreover, the 
comparison of the physicochemical parameters (Zav and PI) was based on obtaining suitable size for skin application, 

Figure 1 DSC thermograms of lipid mixtures using the solid lipid with two different liquid lipids, with or without thymol: (A) GBH-PCCG, (B) GBH-PCCG-TH, (C) GBH- 
CCTG and (D) GBH-CCTG -TH.

Table 1 Comparative Physicochemical Characterization of TH-NLC Produced with Two Variable 
Factors (Lipid Proportion and Surfactant Concentration) and Two Variable Preparation Methods 
(HPH and US)

GBH:PCCG TW (%) High Pressure Homogenization Ultrasound

Zav ± SD PI ± SD Zav ± SD PI ± SD

90:10 1 173.6 ± 2.2 0.227 ± 0.021 301.7 ± 2.1 0.259 ± 0.013

80:20 1 176.6 ± 3.3 0.280 ± 0.030 206.0 ± 4.5 0.218 ± 0.027

70:30 1 156.9 ± 3.7 0.192 ± 0.010 246.7 ± 5.5 0.189 ± 0.030
60:40 1 217.8 ± 5.1 0.175 ± 0.029 298.8 ± 32.2 0.359 ± 0.045

90:10 1.6 123.8 ± 3.0 0.139 ± 0.021 326.8 ± 4.9 0.271 ± 0.007
80:20 1.6 197.4 ± 3.9 0.113 ± 0.039 265.1 ± 6.4 0.181 ± 0.022

70:30 1.6 218.4 ± 3.4 0.135 ± 0.018 250.9 ± 2.9 0.139 ± 0.023
60:40 1.6 263.7 ± 0.7 0.186 ± 0.016 360.0 ± 17.9 0.223 ± 0.020

Notes: Bold formulation corresponds to the formulation used for the following factorial design. 
Abbreviations: GBH, Glyceryl behenate; PCCG, PEG-8 Caprylic/Capric Glycerides; Zav, average size; PI, polydispersity index.
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where the range of particle size should be higher than 200 nm, in contrast to others route of administration. In addition to 
small particle diameter, a monodispersed system should also be accomplished since a monomodal population will be 
obtained as long as PI values remain around 0.1. For this reason, we found that the values obtained for 70:30 (SL:LL) 
and 1.6% TW possess low PI and both obtention methods showed similar characteristics.

Based on the obtained results and following the DoE, a central factorial design with two levels and two factors was 
conducted and US was the selected method to prepare the formulations. The central points of the design corresponded 
to the formulation with the best physicochemical parameters (Table 1), and a design space was established. The 
amount of TH was set to a fixed concentration (0.5%), corresponding to the highest dosage described as safe in the 
Cosmetics Ingredients Review (CIR). Therefore, we aimed to find suitable ratios of lipid mixtures and surfactant 
concentrations to stabilize the NLC obtaining maximum therapeutic efficacy. The results obtained by analyzing the 
dependent variables Zav, PI, and EE are shown in Table 2, and the surface responses of the DoE are shown in 
Figure 2A–C, respectively. Despite the fact that no statistically significant differences were obtained (Figure 2D and 
Figure S1 of Supporting Information), for a Zav of approximately 200 nm and PI corresponding to homogeneous 
systems, an intermediate amount of TW as well as ratios of GBH:PCCG of approximately 70:30 should be obtained. 
According to the surface response plotted, using these intermediate concentrations, EE of more than 80% will be 
obtained. Therefore, optimized TH-NLC contained 1.6% TW and ratio of GBH:PCCG of 70:30, with Zav below 300 
nm, PI corresponding to monomodal systems, and EE values of more than 80%.

Rheological Studies
To design a suitable vehicle to disperse TH-NLCs on the skin and increase TH-NLC therapeutic efficacy, three gel 
formulations were developed and characterized. The aim of this study was to evaluate the rheological flow of an 
excipient containing free TH vs TH-NLCs, as well as comparing different types of vehicles for TH-NLCs, based on 
different gelling materials and increased viscosities. The rheological flow and viscosity of GC, GH, and GP were studied 
by dispersing thymol (A) GC-TH, (B) GH-TH, (C) GP-TH, or dispersing NLC, (D) GC-TH-NLCs, (E) GH-TH-NLCs, 
and (F) GP-TH-NLCs. The results obtained are analyzed and are shown in Figure 3. Rheological measurements showed 
that the formulations were dependent on the shear rate. All formulations exhibited non-Newtonian behavior, with 
a consistent decrease in viscosity with increasing of shear rate from 1 to 100 s−1. The mathematical model that best 
fitted the experimental data is Cross equation (3) for the GC and GH formulations, which provides a general model for 
shear thinning materials (pseudoplastic). For the GP formulations, the best fit is the Herschel-Bulkley equation (4), which 
characterizes plastic materials. These findings could also be confirmed by the appearance and texture of the gels, where 

Table 2 DoE with Two Levels and Two Factors with Two Central Points

Levels Independent Factors Response Factors

SL:LL TW SL:LL (%) TW (%) Zav ± SD (nm) PI ± SD EE ± SD (%)

−1 −1 60:40 1.2 361.3 ± 34.1 0.213 ± 0.017 81.26 ± 0.09

−1 0 60:40 1.6 350.6 ± 20.1 0.202 ± 0.003 76.98 ± 1.98
−1 +1 60:40 2.0 327.3 ± 45.1 0.215 ± 0.052 77.82 ± 1.71

+1 −1 80:20 1.2 236.5 ± 21.4 0.288 ± 0.048 76.38 ± 0.15

+1 0 80:20 1.6 286.5 ± 50.9 0.272 ± 0.035 76.53 ± 0.35
+1 +1 80:20 2.0 244.3 ± 21.1 0.216 ± 0.048 79.06 ± 1.59

0 −1 70:30 1.2 351.8 ± 29.5 0.266 ± 0.031 77.33 ± 1.21

0 +1 70:30 2.0 238.6 ± 5.3 0.218 ± 0.013 76.96 ± 1.36
0 0 70:30 1.6 259.3 ± 29.4 0.119 ± 0.031 80.42 ± 1.40
0 0 70:30 1.6 280.0 ± 23.5 0.121 ± 0.042 81.41 ± 0.62

Notes: Responses of physicochemical characterization of TH-NLC produced by two variable factors (lipid proportion and 
surfactant concentration) using ultrasound are shown as Zav (average size), PI (polydispersity index) and EE (entrapment 
efficiency) % achieved. SL indicates solid lipid and TW indicates tween 20. Bold values indicate the optimized formulation.
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GCs and GHs provided an easy spreading application onto the skin and, in contrast, GPs showed a more dried touch and 
non-easy spreadable application. The viscosity of each formulation was determined as 100 s−1 (Pa · s), as shown in 
Table 3.

Figure 2 Surface response of TH-NLC by DoE using TH 0.5% plotted for (A) Zav (nm), (B) PI and (C) EE (%). (D) Pareto’s chart of Zav.

Figure 3 Rheograms of gel formulations of thymol (A) GC-TH, (B) GH-TH and (C) GP-TH, or optimized thymol-NLCs (D) GC-TH-NLC, (E) GH-TH-NLC and (F) GP- 
TH-NLC. Data was adjusted to Cross (A, B, D and E) and Herschel-Bulkley (C–F) mathematical models, corresponding to a pseudoplastic or plastic flux, respectively.
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Where ƞ is the apparent viscosity, ƞ0 and ƞ∞ are asymptotic values of viscosity at very low and high shear rate, 
respectively, τ is the shear stress (Pa), ץ is shear rate (1/s) and m is the flow index.

Where ƞ is the apparent viscosity, τ0 is the shear stress (Pa) when deformation velocity tends to zero, y is the deformation 
velocity, K consistency coefficient and N is the flow behavior index.

Morphology Observation by Transmission Electron Microscopy
In addition to the measurements carried out by dynamic light scattering, TH-NLC were analyzed by TEM, confirming 
that the NLC droplets had a semi-spherical soft shape (Figure 4A), which is characteristic of this type of nanocarrier.36 

Moreover, SEM was used to analyze GC-TH-NLC (the carbomer gel containing TH-NLC). The gel matrix structure is 
shown in Figure 4B and a closer image (Figure 4C). It can be observed that the gel threads have a lipidic texture/ 
appearance, around 1 µm diameter, where the NLCs were found embedded within. It presented an amorphous lipidic 
(waxy-like) appearance, similar to an emulgel (non-grease, easy spreadability and easy removable).57

Stability of TH-NLC Formulations
Short-term stability was predicted by analyzing the BS profile of TH-NLC and TH-NLC dispersed into the gelling systems, 
measured by the Turbiscan®Lab (Figure 5). This technique allows us to evaluate the NLC stability in solution and the manner 
the gelling systems stabilize them. The scan runs from bottom-to-top of the vial measuring BS, evaluating the trends of 

Table 3 Rheology of TH-NLC Gel Formulations

Sample Viscosity (Pa.s) Flow Math Model

GC-TH 1.57 ± 0.00 Pseudoplastic Cross
GC-TH-NLC 1,23 ± 0.00 Pseudoplastic Cross

GH-TH 2,01 ± 0.00 Pseudoplastic Cross
GH-TH-NLC 2,25 ± 0.00 Pseudoplastic Cross

GP-TH 3,08 ± 0.00 Plastic Herschel-Bulkley

GP-TH-NLC 3,16 ± 0.00 Plastic Herschel-Bulkley

Notes: GC-TH indicates thymol dispersed in a carbomer gel, GH indicates thymol dispersed 
in a hydroxypropyl methylcellulose gel, GC-TH-NLC indicates thymol loaded nanostructured 
lipid carriers dispersed in a carbomer gel and GH-TH-NLC indicates thymol loaded nanos-
tructured lipid carriers dispersed in a hydroxypropyl methylcellulose gel.

Figure 4 Micrographs obtained by different techniques: (A) TEM of TH-NLC (scale bar 500 nm), (B) SEM image of TH-NLC incorporated into carbomer gel (GC-TH-NLC, 
scale bar 10 µm) and (C) SEM image of GC-TH-NLC (scale bar 1 µm).
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possible sedimentation, aggregation, flocculation, or creaming. The results showed that TH-NLC, as aqueous suspensions 
during storage, might lead to flocculation (Figure 5A). However, when these particles were incorporated into gel formulations 
(Figure 5B–5D) (GC-TH-NLC, GH-TH-NLC, and GP-TH-NLC, respectively), the TH-NLC particles were stabilized, 
making them suitable for storage to avoid creaming or flocculation phenomena. The BS of TH-NLC and GC-TH-NLCs 
was also measured after 1-month storage at 4 ± 2 °C and 23 ± 2 °C, respectively (Figure S2). Furthermore, the pH of the gel 
formulations was measured for 6 months at room temperature (RT) (23 ± 2 °C) (information can be found in Table S1), 
remaining stable, and no color, odor, or appearance variations were observed.

The microbial preservative stability studied for GC-TH-NLCs showed no microbial growth after 6 months of storage 
at RT, as evaluated for bacteria, fungi, and yeast. Therefore, the antimicrobial activity of thymol exhibited good microbial 
preservative activity for the carbomer gel during storage, confirming the sterility of the samples throughout the 
experiments.

In vitro Release of TH-NLC Formulations
The TH release profile was evaluated for 72 h and adjusted to a hyperbola equation (best fit). In Figure 5 (E-F), it can be 
observed that a sustained release of TH-NLC was found either in the aqueous or gel forms, compared to TH. In both 
cases, the steady state of non-particulate TH was reached before 12 h, whereas TH-NLC and GC-TH-NLCs provided 

Figure 5 Short-term stability of TH-NLC (A), analyzed by the backscattering signal and those incorporated into variable gel formulations: (B) GC-TH-NLC, (C) GH-TH- 
NLC and (D) GP-TH-NLC. Scans were performed from the bottom to the top of the vial, measured every hour for 24 h, represented from blue to red lines. In vitro release 
profile of (E) TH and TH-NLC and (F) GC-TH and GC-TH-NLC, plotted as cumulative amount released (Qs) adjusted to hyperbole mathematic model.
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prolonged release for 72 h. Statistical analysis showed significant differences in TH-NLC in both aqueous and gel forms 
at 24 h (Table 4). These findings provide a potential skin treatment using TH-NLCs, since the release inside the skin 
layers would be prolonged and continuous, and therefore, enhancing the release of TH inside the skin, requiring less 
dosages and applications.

Ex vivo Skin Permeation of TH-NLC
Skin penetration of TH and TH-NLC was evaluated in human abdominal skin explants using variable dosage forms. 
First, the three gel formulations with dispersed TH-NLC were compared (Table 5 and Figure 6). The results showed that, 
depending on the vehicle used, the permeation rate parameters found varied (Table 5). In order to be able to quantify the 
skin permeation kinetics (by means of amounts collected at selected times in the receptor fluid), we used PG. This 
compound is an humectant and co-solvent, commonly used in dermal application, but also considered a permeation 
enhancer. For these reasons, we have selected this compound to be added to the gel formulations, in order to obtain 
detectable values in the receptor fluid, and hence, quantify the kinetic parameters.

When comparing the variable gelling excipients containing dispersed TH-NLCs, the highest penetration values were 
observed for GC-TH-NLCs and GH-TH-NLCs. However, HPMC increased the penetration kinetics (flux and Kp) 
compared to the carbomer, although, these values were not statistically significant between them. Comparing the total 
amount retained inside the skin, GC-TH-NLCs and GH-TH-NLCs obtained higher and similar values, which were 
statistically significant compared to those of GP-TH-NLCs (p<0.0001) (Figure 6A). In the case of GP, this gel type 
exhibited a very slow penetration rate with statistically significant differences (p<0.01). However, it provides a sticky gel 
film on the skin with lower spreading ability, resulting in very low amounts retained inside the skin. However, comparing 

Table 4 Kinetics Release of TH Adjusted to Hyperbole Equation and Comparison of the 
Total Amount Released (Qr) in 24 H. Data are Expressed as Mean ± SD

dQ
dt ¼

Vm�Q
KmþQ

TH TH-NLC GC-TH GC-TH-NLC

Vm 517.6 ± 14.16 1218.0 ± 141.5 a c 399.7 ± 8.09 1673.0 ± 290.3 a c
Km 4.543 ± 0.46 80.39 ± 17.13 a c 1.102 ± 0.059 148.7 ± 19.91 a c

r² 0.9971 0.9948 0.9997 0.9992

Qr_24h_(µg) 420.1 ± 41.9 284.3 ± 28.1 a c 382.5 ± 38.2 225.0 ± 22.4 a c

SSD (p < 0.05) a b c d

Notes: Qr: amount of TH released; t: time; Vm: maximum process speed; Km: amount of TH relative to half of the 
maximum speed; kd: dissociation constant; SSD: statistically significant differences (One-way ANOVA, 
Tukey’s multiple comparison test). GC-TH indicates thymol dispersed in a carbomer gel and GC-TH-NLC indicates 
thymol loaded nanostructured lipid carriers dispersed in a carbomer gel.

Table 5 Ex vivo Skin Penetration Parameters of TH-NLC in Gel Formulations 
(CG-TH-NLC, GH-TH-NLC and GP-TH-NLC)

Parameter GC-TH-NLC GH-TH-NLC GP-TH-NLC

J (μg/cm2/h) 2.79 ± 0.66 3.47 ± 0.14 1.25 ± 0.21 a b
Kp (cm

2/h) 1.11E-03 ± 2.66E-04 1.39E-03 ± 5.50E-05 5.00E-04 ± 8.25E-05 a b
Qp (μg/cm2) 85.50 ± 3.91 b 109.45 ± 9.21 48.70 ± 3.54 a b

SSD (p<0.01) a b c

Notes: J: flux; Kp: permeability constant; Qp: total amount penetrated; SSD: statistically significant 
differences (One-way ANOVA, Tukey’s multiple comparison test). GC-TH-NLC indicates thymol loaded 
nanostructured lipid carriers dispersed in a carbomer gel, and GH-TH-NLC indicates thymol loaded 
nanostructured lipid carriers dispersed in a hydroxypropyl methylcellulose gel and GP-TH-NLC indicates 
thymol loaded nanostructured lipid carriers dispersed in a Pluronic gel.
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GC and GH, their performance on skin penetration of TH-NLC was similar, providing more suitable results. Due to the 
fact that carbomer gels (GC-TH-NLC) show to increased skin TH-NLC retention and have the advantages of ease of 
spreading, wide viscosity intervals, good organoleptic characteristics, and very low concentrations needed,58,59 this gel 
was chosen for further penetration studies. Therefore, carbomer gel was also used to incorporate TH in its free form, and 
this was compared to aqueous free TH and TH-NLC (Figure 6B).

As shown in Table 6, TH-NLC showed a more sustained penetration rate compared to that of TH in aqueous forms, in 
this case, absent of any additional enhancer. Statistically significant differences were observed in the flux (J), permeation 
constant (Kp), and total amount penetrated within 24 h (Qp). In contrast, the permeation parameters obtained for the 
carbomer gels were similar for the GC-TH and GC-TH-NLCs, with no statistically significant differences between them. 
Moreover, the amount retained inside the skin was found to be higher for TH-NLC (aqueous and gel) than for TH, 
presenting statistically significant differences (Figure 6B).

Figure 6 Ex vivo skin penetration for 24 h with quantification of the total amount retained inside the skin via extraction technique. (A) GC-TH-NLC, GH-TH-NLC and GP- 
TH-NLC (B), TH and TH-NLC aqueous and carbomer gels, (C) GC-TH and GC-TH-NLC (full-fat skin tissue). Data are expressed as mean ± SD (n=3). SEM images of ex 
vivo human skin (D) untreated and (E) GC-TH-NLC permeation for 24 h. Scale bar: 10 µm (x300) and (x750), respectively. (F) Cell viability assay performed by MTT in 
HaCaT-cell lines treated with TH-NLC and washed particles (TH-NLC-w). Statistical analysis (t-test) analyzed for each concentration (*p<0.05, **p<0.01, *** p<0.001, 
****p<0.0001).
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An additional study was developed using different skin donors than in the previous experiments, and the full skin 
layers, including the fat tissue, were used (1 mm thick) to access information on the penetration depth until the 
hypodermis. The TH and TH-NLC dispersed in carbomer gels were compared. The total amount of GC-TH found in 
the receptor fluid was significantly higher than that in the GC-TH-NLCs (Table 7). Moreover, the total amount retained 
inside the skin (Figure 6C) was significantly higher for GC-TH, which may indicate that free TH can be retained inside 
the fat tissue and attain blood circulation in a rapid manner, which is not convenient for this application. However, GC- 
TH-NLCs were retained only along the epidermis and dermis layers, resulting in a lower total amount found inside the 
total skin sample.

The skin penetration performed in fresh human explants by SEM is illustrated qualitatively in Figure 6D and 6E. 
A skin image (control) is shown in Figure 6D and the GC-TH-NLC matrix penetrating the skin tissue is shown in 
Figure 6E.

In vitro Cell Viability of TH-NLCs
The cell viability was assayed in HaCaT-cell line (human epidermal keratinocyte) using MTT for TH-NLC and also the 
same particles washed thrice to remove the excess of TW (TH-NLC-w). Figure 6F shows that the cytotoxicity of TH- 
NLC was dose dependent. However, after removing excess TW, cell viability was significantly increased (p < 0.05). 
Similar results were obtained for our previously developed thymol nanoparticles using TW.31 In fact, the occlusive 
properties of NLCs must be taken into account at the cellular level as well, since they are delivered directly onto the cell- 
culture monolayer along 24 h.

In vitro Antimicrobial Efficacy of TH-NLC
The antimicrobial activity was evaluated by calculating the MIC and D. MIC against C. acnes showed the same value for 
TH and TH-NLC at 250 µg/mL. This demonstrated that the TH-NLC were able to preserve TH activity by guaranteeing 
prolonged release. Moreover, the time to reduce 1/10 of the initial microbial concentration was evaluated at different 
dilutions. Therefore, the effect of the TH-NLC was slightly more sustained than that of TH (Figure 7A–7C).

Table 6 Ex vivo Skin Penetration Parameters of TH and TH-NLC Aqueous and Carbomer Gels

Parameter TH TH-NLC GC-TH GC-TH-NLC

J (μg/cm2/h) 9.36 ± 0.31 b c d 1.66 ± 0.35 c d 2.53 ± 0.77 2.50 ± 0.06
Kp (cm

2/h) 3.74E-03 ± 1.240E-04 b c d 6.66E-04 ± 1.39E-04 c d 1.01E-03 ± 3.08E-04 9.9E-04 ± 2.25E-05

Qp (μg/cm2) 85.45 ± 9.63 b c d 42.34 ± 3.20 c d 38.79 ± 2.98 34.50 ± 4.53

SSD (p<0.01) a b c d

Notes: J: flux; Kp: permeability constant; Qp: total amount penetrated; SSD: statistically significant differences (One-way ANOVA, 
Tukey’s multiple comparison test). GC-TH indicates thymol dispersed in a carbomer gel and GC-TH-NLC indicates thymol loaded 
nanostructured lipid carriers dispersed in a carbomer gel.

Table 7 Ex vivo Skin Penetration Parameters 
of GC-TH versus GC-TH-NLC Using Full-Fat 
Skin Tissue

Parameter GC-TH GC-TH-NLC

J (μg/cm2/h) n.t n.t

Kp (cm
2/h) n.t n.t

Qp (μg/cm2) 33.56 ± 3.67 23.75 ± 1.75*

Notes: J: flux; Kp: permeability constant; Qp: total amount 
penetrated; n.t: not tested; *p<0.05. GC-TH indicates thy-
mol dispersed in a carbomer gel and GC-TH-NLC indi-
cates thymol loaded nanostructured lipid carriers 
dispersed in a carbomer gel.
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However, when the formulations were incorporated into carbomer gels, slightly faster antimicrobial activity was 
observed (Figure 7D). In fact, when evaluating the release and permeation kinetics of the gels, comparing with their 
respective aqueous forms, it is clear that the activity in vivo will be more sustained, specifically for the encapsulated TH, 
being more favorable for the desired efficacy of the treatment, where the controlled release will aid to decrease dosage 
along time, not disturbing the entire skin microbiome.

For S. epidermidis, the activity of TH was rapid, whereas that of TH-NLC was highly sustained. TH achieved 
complete abolishment of the microorganism within 8 h, whereas TH-NLC still presented bacterial viability after 48 
h (Figure 7E). Similar results were obtained for the carbomer gels, although the effect was slightly stronger in both cases, 
where bacterial viability was depleted within 3 h and 24 h for GC-TH and GC-TH-NLCs, respectively (Figure 7F).

The data for D are presented in Table 8. The kinetic data presented statistically significant differences for TH-NLC 
against TH for each evaluated dosage and microorganism (p < 0.05 and p < 0.0001) for C. acnes and S. epidermidis. The 
results showed that TH-NLC are more efficient in slowly reducing C. acnes viability, although they possess lower 
antimicrobial activity against S. epidermidis, compared to TH. These results are favorable for maintaining a healthy skin 
microbiota along with acne treatment.

Figure 7 Bacterial viability assay with C. acnes inoculated with (A) TH and TH-NLC at 0.25 mg/mL up to 6 h, (B) TH and TH-NLC at 0.50 mg/mL up to 6 h, (C) (A) TH and 
TH-NLC at 1 mg/mL up to 6 h; (D) GC-TH and GC-TH-NLC for 3 h (at 1 mg/mL); and S. epidermidis inoculated for 48 h with 1 mg/mL of (E) TH and TH-NLC and (F) GC- 
TH and GC-TH-NLC.
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Ex vivo Skin Antimicrobial Efficacy of TH-NLC
The antimicrobial activities of TH and TH-NLC were evaluated ex vivo using porcine skin. In every study performed, all 
formulations showed significant bacterial reduction compared to the control (p < 0.0001). The results of the prevention or 
treatment of antimicrobial effects are shown in Figure 8A. In both cases, better antimicrobial activity was obtained for 
prevention than treatment. In both protocols, the effect of TH-NLC was slightly higher than that of TH, and statistically 
significant differences were observed in the prevention study. On the other hand, when comparing the doses applied 
(Figure 8B), it can be observed that TH-NLC significantly increased the activity, with each additional dose applied, 
compared to a single dose. Meanwhile, TH was significant only after applying a 3-fold-dose increase. Comparing TH- 
NLC with TH at the same dose, a single administration did not show any differences between them. However, after 
multiple applications of each formulation, antimicrobial activity was statistically different. This can be explained by the 
rate of skin penetration, which agrees with the results of the present study. TH rapidly penetrated the skin layers, and TH- 

Table 8 Decimal Reduction Time Data for C. Acnes and S. Epidermidis Treated 
with TH or TH-NLC

mg/mL r² Slope D (Min) SSD

C. acnes

TH 0.25 0.9948 −1.645 ± 0.1184 36.47 ± 2.63 **p < 0.01
TH-NLC 0.9763 0.7629 ± 0.1188 78.65 ± 12.25

TH 0.5 0.9960 2.256 ± 0.1435 26.60 ± 1.69 *p < 0.05
TH-NLC 0.9817 1.421 ± 0.1942 42.22 ± 5.77

TH 1 0.9810 3.425 ± 0.4763 17.52 ± 2.44 **p < 0.01
TH-NLC 0.9973 2.261 ± 0.1175 26.54 ± 1.38

S. epidermidis

TH 1 0.9944 1.744 ± 0.1311 34.40 ± 2.59 ****p < 0.0001

TH-NLC 0.9913 0.5130 ± 0.03395 116.96 ± 7.74

Notes: *indicates p < 0.05, **indicates p < 0.01, ****indicates p < 0.0001. 
Abbreviations: SSD, Statistically significant differences (one-way ANOVA, t-test).

Figure 8 Bacteria viability on ex vivo treated skin with TH or TH-NLC for 24 h. Values represent viable count of C. acnes as the Mean ± SD (n=3). (A) Prevention and treatment 
assessments. Statistical analysis was performed with one-way ANOVA Tukey’s Multiple Comparison Test. **indicates p < 0.01 compared to control; $$indicates p < 0.01 comparing 
TH and TH-NLC and #indicates p < 0.05 comparing prevention versus treatments. (B) Dose-dependent with 3 applied doses at times 0, 12 and 18 h of incubation. Statistical 
significance are represented as: ****p < 0.0001 treated groups compared to control; $p < 0.05 are comparing TH and TH-NLC (at the same dose); unpaired t-test carried out are 
represented as # indicates p < 0.05 and ##indicates p < 0.01 comparing multiple doses against single dose.
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NLC permeability was sustained. Therefore, within 24 h of the total treatment period with multiple dosages, TH can be 
released from TH-NLC inside the skin, resulting in prolonged and higher activity compared to non-encapsulated TH.

Discussion
In this study, a formulation loaded with TH based on the last generation of lipid nanoparticles was developed, optimized, and 
dispersed in a gel matrix. Therefore, TH-loaded NLCs were successfully optimized. The solubility of TH in PCCG was higher 
than that in CCCG; therefore, PCCG was selected as the liquid lipid. Additionally, it presented less variability in the melting 
point, whereas the CCCG showed a higher temperature displacement. Moreover, two different preparation methods, HPH and 
US, had been used and compared. Observing the results obtained Zav and PI were lower when HPH was used. However, there 
were no significant differences compared to the US method. The optimization of TH-NLC was based on the best solubility of 
TH in the liquid lipid, as well as the best values of Zav and PI, by adjusting the correct concentration of TW. Moreover, TH- 
NLC optimized formulation presented minimal variations among the preparation methods. Observing the DoE, Zav was 
smaller for 80:20 and 70:30, than for 60:40 GBH:PCCG proportions. This could be attributed to their medium-soft structures 
compared with their soft structures. The best values were found at 70:30 at TW levels 0 and +1, and the PI increased at levels 
−1 and +1 compared to 0, which must be due to the correct proportion of lipids and surfactant. The EE values were found in the 
range of 75–82%, and the highest was found for the central point. This is because of the correct proportion of lipids and 
surfactants that stabilize the system and encapsulate the active substance. The analysis of the results obtained led to an 
optimized formulation with an average size around 260 nm and a PI below 0.2, with more than 80% of TH encapsulated. 
Previous authors have also found that NLCs produced with HPH presented smaller Zav and PI, than those produced with US, 
presented in two different articles.37,60 Moreover, a similar finding with their work was that the proportion of 70:30 (SL:LL) 
with the highest amount of TW presented the lower PI using US.60

Gel formulations of TH-NLC have been developed using different gelling agents and viscosities. Carbomer and 
HPMC gels exhibit pseudoplastic flow behaviour, which is suitable for cosmetic formulations to achieve good spreading 
ability on the skin (Lee et al, 2009). On the other hand, Pluronic gels exhibit plastic flow behaviours, which can also 
explain the sensorial plastic film, presenting a dry opaque and rough appearance, formed on the skin surface when 
applied.45 The sensorial properties of skin products are highly relevant for their applications, depending on the strategy 
developed. Therefore, it is important to test different vehicles and study their rheological behaviour, in other to provide 
the most suitable characteristics for the treatment and application.

The short-term stability of the developed TH-NLC, showed broad variability in the backscattering signals measured 
for the TH-NLC. However, when incorporated into gel formulations (GC-TH-NLCs), this phenomenon was stabilized. 
The sterility of the GC-TH-NLCs was confirmed by testing the microbial growth of bacteria, fungi, and yeast, which 
were absent after 12 months of storage at RT. For this reason, TH has provided microbial preservative activity for gel 
formulations, which is in agreement with other authors.61 In addition, the morphology of TH-NLC was analyzed by 
TEM, which showed a semi-spherical soft shape, characteristic of this type of nanocarrier.36

The in vitro release of TH-NLC was sustained being similar for its aqueous and gel formulations, whereas TH 
presented a fast release, also similar for its both formulation types. In fact, there were statistically significant differences 
found for TH compared to TH-NLC (p<0.01) and GC-TH-NLC (p<0.001), as well as for GC-TH compared to TH-NLC 
(P<0.05) and GC-TH-NLC (p<0.01), data analysed at 24 h. In the other hand, TH vs GC-TH or TH-NLC vs GC-TH- 
NLC comparison were not significant, meaning that both products (free or encapsulated) present similar release kinetics 
as both formulation types (aqueous and gel). Therefore, the fast release of TH can be observed independent of the 
vehicle, meanwhile, the sustained release of TH-NLC is also maintained when found as gel formulation. This means that 
our developed carbomer gel excipients do not alter the release nature of the products.

Skin permeation kinetics (flux and permeation constant) of TH-NLC were slower than that of free TH, which agrees with 
the prolonged release of TH-NLCs. In the case of the carbomer gel formulations, data were similar for both (GC-TH and GC- 
TH-NLC), presenting significant differences compared to their aqueous forms. The highest amount found in the receptor fluid 
was for TH, presenting significant differences (p<0.0001) compared with all other formulations. TH is also considered 
a penetration enhancer compound, and under ex vivo evaluation, differences in penetration parameters can be observed.62 

Moreover, the total amount found inside the skin was significantly higher for the TH-NLC than for the TH. Also, the amount of 
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GC-TH-NLC was slightly higher than that of GC-TH, although the difference was not statistically significant. When 
comparing the permeation of TH-NLC in several gel formulations, carbomer vehicles presented slower skin permeation 
rates than HPMC but faster than Pluronic. In fact, GC-TH-NLCs and GH-TH-NLCs retained similar amounts inside the skin, 
which was statistically significant compared to GP-TH-NLCs. Since lipid nanoparticles are known to perform fill-forming on 
the skin surface, they can also delay entry across the entire skin depth. Other authors have also confirmed that carbomers and 
HPMC are suitable vehicles for NLC gel formulations.58 On the other hand, Pluronic presents thermo-reversible gelling 
properties between room temperature and body temperature, which may benefit dermal applications. For this reason, the gel 
became thicker in contact with the skin, presenting increased bioadhesive properties and providing an even more sustained 
permeation of TH-NLC, which was statistically significant compared to the other gels (p<0.001 and p<0.0001, for GC-TH- 
NLC and GH-TH-NLC, respectively). In a study performed with full skin thickness, including the fat tissue, the total amount 
of TH found in the receptor fluid for GC-TH and GC-TH was similar, whereas the total amount retained inside the skin was 
higher for GC-TH than for GC-TH-NP. This may be attributed to the fact that the TH-NLC dispersed in the gel were retained 
along the epidermis and dermis layers, resulting in a lower total amount found inside the total skin sample. Previous authors 
have stated that fat tissue may serve as a deep compartment for the drug, delaying its entry into the blood.63 Therefore, this 
increases the time retained inside the target skin layer. Additionally, considering that glycerin and propylene glycol are used in 
cosmetics formulations at 0–50% as solubilizer or viscosity decreasing agent, but most commonly found at 1–5% as 
humectant, conditioning agent, among other properties,64,65 there have been several studies reporting the use of PG as skin 
penetration enhancers.66–69 In this work, we have selected this type of compounds to evaluate the penetration capacity of gels 
containing TH or TH-NLC, considering that TH is also a skin penetration enhancer, to compare both dermal excipients. When 
evaluating their aqueous form, absent of additional ingredients, the skin penetration rate of TH was extremely faster (5.6X). 
When we tested the gel formulations containing TH-NLCs, we could obtain high amounts retained inside the skin, but not 
enough amounts in the receptor fluid, which is a positive effect, since they remain inside the skin, not reaching the systemic 
circulation. For this reason, we formulated all the gel dosage forms with PG, to be able to collect data from the receptor fluid 
and calculate the skin permeation kinetics, to compare the variable behavior among the excipients tested. Thus, comparing 
GC-TH vs GC-TH-NLC under these conditions, we have found that the permeation rate was similar for both formulations, 
however, still presenting higher amounts of retained inside the skin for GC-TH-NLC. Nevertheless, we have studied the 
permeation of the gels using full-skin sample containing the fat layer and we found that, in this case, the amount inside the skin 
was higher for GC-TH, considering that the fat tissue acts as a deep compartment for the nanoparticles, while TH rapidly 
reaches the underlying tissues, as well as reaching the blood circulation.63 Based on these findings, we have encapsulated TH 
into NLC to successfully maintain TH release inside the skin, slowly and prolonged and with the aim to be retained near the 
hair follicle, and therefore, lower dosages can be applied, resulting in higher activity designed for acne treatment.

The cell viability assay performed on HaCaT cells showed that the developed TH-NLC were cytotoxic at high doses. 
However, at lower doses and removal of excess free TW from the formulation, cell viability increased significantly. 
Previous studies have reported that the cytotoxicity of lipid NPs in HaCaT cells is dependent on surfactant type and 
concentration.70 Additionally, other authors have stated that lipid NPs cytotoxicity may be attributed to lipid peroxidation 
and ROS generation, depending on the cell type and concentration used.71 In addition, previously developed polymeric 
nanoparticles of thymol using Tween 20 as stabilizer at 0.4% (four times lower than of the present TH-NLC) showed no 
cytotoxicity in HaCaT cells at the same concentrations studied (2–100 µg/mL), presenting only significant differences 
between washed and non-washed particles at 100 µg/mL.31 Therefore, the lipidic structure and a higher amount of TW 
required slightly lower doses to obtain higher cell viability. Nevertheless, the most important is that TH-NLCs 
formulations were not cytotoxic, and additionally, their slow-rate penetration inside the skin would also provide lower 
concentrations without reaching systemic circulation, being considered as safe.

The antimicrobial activity of TH-NLCs against C. acnes was slightly higher than that of TH. There were statistically 
significant differences (p<0.01, p<0.05 and p<0.01) for the decimal reduction times for each dosage (0.25, 0.5 and 1 mg/ 
mL), being 2X, 1.6X and 1.5X times slower, respectively. When the gel formulations were applied at 1 mg/mL, the 
activity was similar to that of the aqueous forms, but slightly faster effects were observed for their gels (GC-TH and GC- 
TH-NLC). When comparing the formulations, aqueous and carbomer gels, against S. epidermidis (at 2X MIC), both 
formulations presented a prolonged time to detain microorganism viability compared to C. acnes (at 4X MIC). Moreover, 
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the time taken to reduce bacterial viability was found to be 3.4 times slower for the TH-NLC than for the TH. Therefore, 
the results obtained demonstrated the efficacy of TH-NLC in efficiently decreasing C. acnes proliferation without 
affecting the aggressiveness of the skin microbiota. Moreover, these findings can also be associated with the slow-rate 
release of TH-NLCs, and additionally, by counting with a slow-rate skin penetration, the mild anti-microbial activity 
would be prolonged as more efficient.

Ex vivo antimicrobial activity has been successfully investigated in human skin explants for prevention and treatment. The 
antimicrobial activity of the TH-NLCs was found higher than that of TH. In the study of multiple doses applied, there were 
only significant differences for TH when comparing the three doses with a single dose (p<0.05). However, for TH-NLC, there 
were statistically significant differences at each multiple doses applied compared with a single dose (p<0.05 and p<0.01 for 
the second and third dosage, respectively). These results agree with the skin permeation parameters, where the TH-NLC can 
be maintained for a longer time inside the skin, whereas TH penetrates across all layers in a fast manner. Therefore, long-term 
treatment is expected to provide more efficient results with TH-NLC than with TH alone. Therefore, the development TH- 
NLCs can be considered a great approach for a natural skin treatment, avoiding the use of antibiotics as active ingredients, as 
well as the need of strong chemical molecules as cosmetic preservative.

Nevertheless, TH is also an antioxidant molecule, therefore, when used in cosmetic formulations, along time it may oxidize 
to preserve other compounds. It has also been also used as cosmetic preservative due to its antimicrobial properties.61,72 

Moreover, due to TH antioxidant properties, its encapsulation is highly recommended to extend their shelf-life. For these 
reasons, there has also been a variety of recent research developing TH-loaded NLC structures providing antimicrobial and 
antioxidant activity.73–75 In fact, those are all mainly applied to the food industry as antioxidants and preservatives. Although, 
these were all made of lipid mixtures of non-pure nature, where they also contained a variety of others nutritional ingredients 
inside its composition, such as proteins and sugars, among others, proving completely different characteristics than those for 
cosmetics applications. Additionally, in food science, the antimicrobial activity for food additive must abolish the micro-
organism, in order to act as a food preservative, since nutritional components must not present living pathogens, to avoid food 
poisoning. In contrast, when dealing with an antimicrobial for skin treatment, the activity must not be so aggressive eradicating 
all living organisms, since there is a microbiome system which maintains the skin optimal functions. Meanwhile, our work is 
based on natural products, all based on plant origin or synthetic origin (non-animal) and the ingredients used are pure grade, 
making our product a simple and efficient formulation, suitable for topical acne treatment. Moreover, our production method 
only used water as solvent, without organic solvents, being a natural and sustainable fabrication. Furthermore, all the 
ingredients were sustainable and from non-animal sources.

Conclusions
In this study, a nanostructured carrier capable of encapsulating thymol, a natural compound, for the treatment of 
Acne vulgaris was developed and optimized. Therefore, thymol was loaded into nanostructured lipid carriers 
possessing emollient and moisturizing properties, and the formulation was optimized using a design of experi-
ments approach. TH-NLC have been shown to provide a prolonged TH release. In addition, the TH-NLC and free 
TH were dispersed into several gelling formulations increasing NLC stability and showing to form gel threads 
with NLC embedded within them. Between all tested gels, carbomers were highly retained in skin tissues and 
provided a low permeation rate. In addition, carbomer gels provided a prolonged release up to 72 h and 
penetration parameters and therapeutic efficacy demonstrated their suitability for application in the skin against 
Acne vulgaris preserving the healthy skin microbiota, and being suitable for replacing antibiotic treatments.
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