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Abstract: Adenosine (AD), which is used for treating wrinkles, exhibits poor skin permeation. The
aim of the present study was to develop a cross-linked silicone-based cellulose elastomer as an
elastic artificial skin for the treatment of skin wrinkles, a biocompatible lipid-based nano-carrier
for enhancing the skin permeation of AD, and a formulation consisting of the lipid-based carrier
incorporated in the elastic artificial skin. AD-loaded solid lipid nanoparticles (SLNs) were prepared
using a double-emulsion method. Particle characteristics and mechanical properties of SLNs and
elastic artificial skin, respectively, were assessed. Skin permeation was evaluated using SkinEthic
RHE tissue, a reconstructed human epidermis model. The mean particle size and zeta potential for
SLNs ranged from 123.57 to 248.90 nm and −13.23 to −41.23 mV, respectively. The components of
neither SLNs nor the elastic artificial skin were cytotoxic, according to cell- and tissue-viability assays
and EU classification. SLNs and the elastic artificial skin exhibited sustained drug release for 48 h.
The amount of AD released from SLNs and elastic artificial skin was approximately 10 times and
5 times higher, respectively, than that from AD solution. Therefore, elastic artificial skin incorporated
with AD-loaded SLNs may serve as a promising topical delivery system for cosmeceutical treatment
of skin wrinkles.

Keywords: adenosine; solid lipid nanoparticles; elastic artificial skin; anti-wrinkle; skin permeation

1. Introduction

Cosmeceuticals are cosmetic pharmaceutical hybrids formulated as topical drug
delivery systems that improve the appearance of the skin by enhancing its health and
beauty [1–3]. Products that are designed to treat aging or dried skin, including anti-wrinkle
agents, show promising potential in the skin-care market. Wrinkles, an indication of skin
aging, are attributed to loss of skin function by decreasing collagen in the skin, which is
caused by aging of fibroblasts as collagen synthesizing region [4–6]. In addition, a decrease
in collagen results in reduced skin elasticity.

Based on the studies of skin wrinkles, some of the materials were stimulating fibroblast
growth. Adenosine (AD) (molecular weight, 267.24 g/mol; adenine-9-β-D-ribofuranoside)
is an active pharmaceutical ingredient for the treatment of skin wrinkles [6–9]. It exerts its
pharmacological effect through the A2A receptors, which are one of the AD related receptors
in cells and stimulate collagen production from primary human dermal fibroblasts [6,10].
An increase in the amount of collagen promotes dermal wound healing, as well as wrinkle
reduction [6,11].
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Despite its promising pharmacological effects, AD exhibits poor permeation into the
skin owing to its hydrophilic property [10,11]. Various approaches have been reported to
improve permeation of hydrophilic drugs into skin such as inclusion of chemical enhancers
(such as ethanol and dimethyl sulfoxide) [12,13], physical methods utilizing an instrument
(such as electroporation and iontophoresis) [14–16], and optimized formulations (such
as polymer particles, emulsion, and lipid-based particles) [17–19]. However, considering
safety issues associated with the disruption of the skin barrier and the investment in special-
ized facilities, pharmaceutical alternatives are necessary as an alternative to complicated
technologies [20–23].

Adenosine has been delivered by liposomes, lipid emulsions as well as solid lipid
nanoparticles (SLN) [24–26]. SLN systems effectively improve the permeation of hy-
drophilic drugs into the skin with relatively low skin irritation with high loading capacity
compared with liposome and emulsion, and production cost [27,28]. In SLN systems, a
hydrophilic drug is encapsulated in a lipid matrix via preparation of a water-in-oil-in-water
(W/O/W) phase [29,30]. In addition, organic solvents are not used when preparing SLNs
owing to their bio-toxicity [30,31]. The success of a topical drug delivery system depends
on the ability of the drug to permeate the stratum corneum and the maintenance of suf-
ficient drug concentration in the epidermis [32]. In this regard, the nano size and lipid
components of SLNs facilitate the permeation and retention of drugs into the skin [19,32].
The small particle size (less than 500 nm) and the W/O/W phase of lipid-based particles
are particularly advantageous for drug permeation because the stratum corneum is com-
posed of corneocytes layers alternated to intercellular lipid organized in lamellae; therefore,
the affinity between lipid-based particles and the epidermis is enhanced [19,29,33,34]. In
addition, after application, SLNs can form a thin lipid membrane on the skin surface, which
has been reported to prevent trans-epidermal water loss that facilitates stratum corneum
hydration and enable sustained release of the encapsulated drugs [19,32,35].

Researchers continue to search for a cosmeceutical formulation that is closer to the
ideal for treating skin wrinkles. Artificial skin systems composed of polymers have broad
applications in biomedical engineering [36–38]. The term “artificial skin” first appeared
in Yang et al.’s paper to treat wrinkles [39]. Several types of bioengineered skin have
been developed in the cosmetic industry, for wound dressing, and as drug delivery car-
rier systems [40–42]. Commercially available systems are primarily classified into two
categories: Carrier systems prepared using natural biomaterials such as chitin, chitosan,
and hyaluronic acid, and those prepared using synthetic polymer materials such as poly-
dimethyl siloxane [43–45]. Synthetic materials exhibit unique characteristics such as high
elasticity, easy availability, and good biocompatibility [46–48]. Among synthetic materials,
silicone elastomers are the most promising in terms of low toxicity, good biocompatibility,
physiological inertness, excellent thermal and oxidative stability, and removability [49–52].
For anti-wrinkle treatment, Yu et al. recently designed a cross-linked elastic artificial
skin film based on a two-component polysiloxane consisting of a W/O emulsion of
vinyl/hydrogen dimethicone and a catalyst. Upon application to the skin and forma-
tion of the silicone-based elastic artificial skin film, physical and skin adhesive forces pull
the applied skin, which results in reduction of wrinkles [53]. Elastic artificial skin is a
highly convenient topical system because it can be quickly formulated via a cross-linking
reaction by mixing two-components of A (vinyl dimethicone + Karstedt catalyst) and B
(hydrogen dimethicone) [49,52,54].

In the present study, we prepared elastic artificial skins containing AD-encapsulated
SLNs for the treatment of skin wrinkles. AD was loaded into SLNs to improve its perme-
ation into the skin. Moreover, we evaluated the particle characteristics and mechanical
properties of SLNs and elastic artificial skin, respectively. Regarding biological assay,
previous studies have evaluated skin irritation and permeation on rat skin. However,
special attention is contended to be given to possible improvements in animal welfare.
Moreover, EU Cosmetics Directive has prescribed the use of alternative methods to animal
testing [55–57]. Among the various models of reconstructed human epidermis, which
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mimic the biochemical and physiological characteristics of the human epidermis, the
SkinEthic RHE model presents a histological morphology analogous to in vivo human
tissue [56,58]. Therefore, in this study, we evaluated skin irritation and permeation using
the SkinEthic RHE tissue model.

2. Materials and Methods
2.1. Materials

We purchased AD, potassium dihydrogen phosphate (potassium phosphate monoba-
sic, KH2PO4), isopropanol, sodium dodecyl sulfate (SDS), thiazolyl blue tetrazolium bro-
mide (MTT), niacinamide, glycerin, edetate disodium, 1,2-hexanediol, and 1,3-propanediol
from Sigma-Aldrich (St. Louis, MO, USA); lauric acid, myristic acid, palmitic acid, and
stearic acid (SA) from SAMCHUN (Pyeongtaek, Korea); glycerol monostearate from Kanto
Chemical Co. Inc. (Tokyo, Japan); poloxamer (PX) 188 and PX 407 from BASF (Lud-
wigshafen, Germany); Span® 80 (SP 80), Span® 40 (SP 40), Span® 20 (SP 20), and Tween® 80
from Dae Jung Co. Ltd. (Busan, Korea); and HRC-LS-2830/1A and HRC-LS-2830/1B from
HRS Co. Ltd. (Seoul, Korea). Cellulose nanofiber-graft-vinyltrimethoxysilane was a gener-
ous gift from Korea Institute of Industrial Technology (KITECH, Incheon, Korea). Serasense
SF1 was purchased from KCC Basildon Chemicals Ltd. (Abingdon, UK); DC® RM 2051
from Dow Corning (Midland, MI, USA); M-Hydro EG from INKOS Co. LTD. (Incheon,
Korea); Sepimax Zen and Sepiplus 400 from SEPPIC (Paris, France); Aristoflex AVC from
Clariant (Muttenz, Switzerland); Olivem 1000 and Olivem 900 from HallStar (Arcore, Italy);
phosphate-buffered saline (PBS) from Tech & Innovation (Chuncheon, Korea); Dulbecco’s
modified eagle medium (DMEM) from WelGENE (Gyeongsan, Korea); and Roswell Park
Memorial Institute (RPMI) 1640 medium, Dulbecco’s PBS (DPBS), fetal bovine serum (FBS),
and penicillin-streptomycin solution 100× from BioWest (Nuaillé, France). Fibroblast cell
lines (CCD 986sk and Detroit 551) were purchased from the Korea Cell Line Bank (Seoul,
Korea) and SkinEthic RHE tissue from SkinEthic Laboratories (Nice, France). Methanol of
high-performance liquid chromatography (HPLC) grade was purchased from Honeywell
(Seelze, Germany). All other chemicals utilized were of HPLC grade.

2.2. Preparation of AD-Loaded SLNs

AD-loaded SLNs were prepared using a modified double-emulsion method
(W1/O/W2) via a hot high-pressure homogenization (HPH) technique. Briefly, the oil
phase containing SA and SP 80 was melted at 10 ◦C above the lipid melting point. The inner
aqueous phase containing AD was poured into the molten oil phase and homogenized
using Ultra-Turrax T18 (IKA, Staufen, Germany) at 5000 rpm, which resulted in a primary
W1/O emulsion. Then, the W1/O/W2 nano-emulsion was prepared via a two-step ho-
mogenization method, that is, high-speed homogenization and HPH. The primary W1/O
emulsion was added to the hot aqueous surfactant solution (W2) consisting of PX 188
and homogenized using Ultra-Turrax T18 at 1000 rpm. To fabricate nanoparticles, the
W1/O/W2 emulsion was homogenized in a NanoDeBEE homogenizer (BEE international,
South Easton, MA, USA) for 3 cycles under 20,000 psi. The nano-sized emulsion was rapidly
cooled using an ice bath and stored under 4 ◦C for further use. To evaluate the effects of
different compositions of AD-loaded SLNs, different SLN compositions were assessed, as
presented in Table 1. Additionally, the effect of various HPH parameters (homogenization
pressure and number of homogenization cycles) were evaluated, as presented in Table 2.
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Table 1. Composition of adenosine (AD)-loaded solid lipid nanoparticles.

Formulation

Drug
(mg) Lipid (g) Lipophilic

Surfactant (g)
Hydrophilic

Surfactant (g)

AD LUA MA PA SA GMS
SP PX TW

80 40 20 188 407 80

F1 75 0.5 0.02 1
F2 75 0.5 0.02 1
F3 75 0.5 0.02 1
F4 75 0.5 0.02 1
F5 75 0.5 0.02 1
F6 75 0.5 0.02 1
F7 75 0.5 0.02 1
F8 75 0.5 0.02 1
F9 75 0.5 0.02 1

F10 25 0.5 0.02 1
F11 50 0.5 0.02 1
F12 75 0.5 0.1 1
F13 75 0.5 0.5 1
F14 75 1.5 0.06 1
F15 75 1.5 0.3 1
F16 75 1.5 1.5 1
F17 75 2.5 0.1 1
F18 75 2.5 0.5 1
F19 75 2.5 2.5 1

AD, adenosine; LUA, lauric acid; MA, myristic acid; PA, palmitic acid; SA, stearic acid; GMS, glycerol monos-
tearate; SP 80, Span® 80; SP 40, Span® 40; SP 20, Span® 20, PX 188, Poloxamer 188; PX 407, Poloxamer 407; TW 80,
Tween® 80.

Table 2. Variations in homogenization pressure and number of cycles assessed while fabricating
solid lipid nanoparticles.

Pressure. Number of Cycles

Number of Cycles Pressure (psi) Pressure (psi) Cycles

3

10,000

20,000

1
15,000 2
20,000 3
25,000 4
30,000 5

F4 was used to study the effect of high-pressure homogenization parameters.

2.3. Synthesis of Elastic Artificial Skin

The composition of the elastic artificial skin is shown in Tables 3 and 4. The elastic
artificial skin was prepared by dissolving HRC-LS-2830/1A in Serasense SF1, which formed
component A, and HRC-LS-2830/1B, Sepimax Zen, and Aristoflex AVC in distilled water
(DI water), which formed component B. Thereafter, each remaining ingredients were added
to components A and B, respectively, and completely dissolved until the mixture was
transparent and a viscous gel was obtained. The two-compositions should be separated
during storage to prevent cross-link reaction prior to using them. When applying the
elastic artificial skin compositions to the reconstructed skin models, the components A and
B were mixed in a ratio of 7:3 to react cross-link reaction.
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Table 3. Composition of component A in the elastic artificial skin.

Ingredients % Composition

HRC-LS-2830/1A 80
Serasense SF1 10
DC® RM 2051 5

Cellulose nanofiber-graft-vinyltrimethoxysilane 5
Total 100

Table 4. Composition of component B in the elastic artificial skin.

Ingredients % Composition

DI water 69.84
Edetate disodium 0.02

1,2-Hexanediol 2
1,3-Propanediol 5

Glycerin 5
M-Hydro EG 5
Sepimax Zen 0.5

Aristoflex AVC 0.1
HRC-LS-2830/1B 5

Olivem 1000 3
Olivem 900 1.5

Niacinamide 2
Adenosine 0.04

Sepiplus 400 1
Total 100

DI water, distilled water.

2.4. Preparation of Elastic Artificial Skin Containing AD-Loaded SLNs

The elastic artificial skin containing AD-loaded SLNs was prepared by adding AD-
loaded SLNs to component B at proportions indicated in Table 5 and homogenized using a
high-speed homogenizer at 10,000 rpm. The prepared elastic artificial skins incorporated
with AD-loaded SLNs were stored in a refrigerator at 4 ◦C to eliminate bubbles.

Table 5. Composition of the elastic artificial skin incorporated with adenosine-loaded solid
lipid nanoparticles.

Formulation Adenosine-Loaded Solid
Lipid Nanoparticles (%)

B component of the Elastic
Artificial Skin (%)

B0 0 100
B1 1 99
B5 5 95

B10 10 90
B15 15 85

2.5. Characterization of Ad-Loaded SLNs
2.5.1. Determination of Nanoparticle Size, Polydispersity Index (PDI), and Zeta Potential

Particle size and PDI of the prepared SLNs were determined at 25 ◦C via dynamic light
scattering using Zetasizer Nano ZS (Malvern instruments Ltd., Worcestershire, Malvern,
UK). The samples were diluted 10 times with DI water before measurement. For particle
size, the instrument was equilibrated prior to every measurement. Each value reported
was the average of three measurements.

The zeta potential of the SLN was measured at 25 ◦C using Zetasizer Nano ZS and
estimated from the electrophoretic mobility of the particle surface. The samples were
diluted 10 times with DI water before measurement. The instrument was equilibrated prior
to every measurement. Each measurement was performed in triplicate.
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2.5.2. Determination of Drug-Loading Capacity

The loading efficiency (LE) and loading amount (LA) of AD-loaded SLNs were de-
termined using centrifuge (Gyrozen 1580 MGR, Gyrozen Ltd., Daejeon, Korea). SLN
preparations were diluted 10 times with DI water to a final volume of 2 mL and then gently
vortexed. The suspension was then centrifuged at 14,000 rpm, 4 ◦C for 2 h. The free drug
concentration in the supernatant was analyzed using HPLC, as described in Section 2.8. LE
and LA were calculated from Equations (1) and (2), respectively.

LE (%) =
Mass of encapsulated drug
Mass of drug initially added

× 100 (1)

LA (%) =
Mass of encapsulated drug

Mass of nanoparticles
× 100 (2)

2.6. Mechanical Properties of the Elastic Artificial Skin
2.6.1. Viscosity Behaviors of Synthesized Elastic Artificial Skin

The rotational rheometer (HAAKETM Rheostress 1, Thermo Fisher Scientific Inc.,
Karlsruhe, Germany) was operated with P 35 Ti L geometry and MPC 35 plate for measur-
ing zero-shear viscosity. Before measurement, the equilibrium condition was maintained
for 10 min at an interval of 1 mm and a shear stress of 0.01 Pa. The zero-shear viscosity was
determined at a shear stress of 5 Pa and ambient temperature.

2.6.2. Thickness Evaluation of Elastic Artificial Skin

The artificial skin film was formed using a rheometer to control the spread force to
apply. Two milliliters of A and B were carefully placed on a stage of the rheometer and
P 35 Ti L geometry was applied until intimate contact. The rheometer was operated for
20 min at an interval of 1 mm and a shear stress of 10 Pa. We evaluated the average thickness
of one film by measuring the thickness of the formed elastic artificial skin at three different
selected locations using a digimatic caliper (Mitutoyo, Tokyo, Japan). The data were
represented as the means ± standard deviations (SD) of three replicates measurements.

2.6.3. Tensile Strength (TS), Elongation at Break (EAB), and Young’s Modulus (YM)

TS, EAB, and YM of the elastic artificial skins were determined using a texture ana-
lyzer (Stable Microsystem, TA.XT Plus, Godalming, Surrey, UK), according to the method
described by Hazirah et al. [59] and Schmid [60] with slight modification. Briefly, elastic
artificial skins from each film formulation were cut into 1 cm× 5 cm strips that were placed
onto grip pairs of AT/G probe, which were then attached to the texture analyzer with
a 5 kg load cell. The initial gap was set to 50 mm. The elastic artificial skin strips were
subsequently stretched by moving the upper grip at a head speed of 1 mm/s until the
elastic artificial skin broke.

TS was calculated using Equation (3). Fmax is the maximum load (N) needed to pull
the sample apart, and A is the cross-sectional area (mm2) of the film sample.

TS (MPa) =
Fmax (N)

A (mm2)
(3)

EAB was calculated from Equation (4), where Lmax is the film elongation (mm) at the
moment of rupture, and L0 is the initial grip length (mm) of the sample.

EAB (%) =
Lmax

L0
× 100 (4)
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YM was calculated from Equation (5). Stress is the load (N) divided by the area (mm2),
and strain is the change in length (mm) divided by the original length (mm).

YM (MPa) =
Stress (MPa)

Strain
(5)

2.7. In Vitro AD-Release Studies

An in vitro AD release study was performed using the dialysis bag method. Dialysis
bags, with a molecular weight cut-off of 12–14 kDa (Spectrum Laboratories, Inc., Compton,
CA, USA), were soaked in deionized water for 12 h prior to the experiment. The initial
amount of AD in SLN was obtained based on the loading amount values. Initially 1 mL
of SLN dispersions (equivalent to 10 mg of lipid) was placed into the dialysis bag, and
both ends were sealed using a string. Dialysis bags were then immersed in 70 mL vials
containing 50 mL of PBS (pH 7.4) as release medium, according to the method described
by Pritchard et al. with modification [61]. The vials were then placed in a shaking water bath
(BS-21, LAB companion, Seoul, Korea) and shaken at 70 rpm and 37± 0.5 ◦C. At predetermined
time intervals (1, 2, 4, 8, 12, 24, and 48 h), aliquots of 1 mL were withdrawn from the vial,
passed through 0.45-µm membrane filters (PTFE Syringe Filters, Membrane-solutions, Plano,
TX, USA), and immediately analyzed using HPLC, as described in Section 2.8.

2.8. HPLC Analysis

The concentration of AD was determined using a Waters HPLC with the Breeze
2 analysis program (Waters, Milford, MA, USA) with a CapCell Pak C18 MG column (5 µm,
4.6 mm × 250 mm Shiseido, Tokyo, Japan) at ambient temperature. We detected AD by
measuring its absorbance at 260 nm using a UV–Visible spectrophotometer with a Waters
2487 Dual λ Absorbance Detector (Waters, Milford, MA, USA). The mobile phase was
prepared by mixing 0.05 M KH2PO4 buffer and methanol at a ratio of 85:15 (v/v), filtering
the solution through a 0.45-µm nylon membrane filter, and subsequently degassing it in a
sonicator for 10 min. The mobile phase was allowed to pass at a flow rate of 1.0 mL/min.
The composition of the mobile phase was selected based on the proper separation of AD
and appropriate retention time. The injection volume was 10 µL. A calibration curve was
constructed for AD. The exact amount of 4 mg of adenosine powder was added to 100 mL
of mobile phase and completely dissolved. Then the solution was serially diluted with the
mobile phase to prepare five standard solutions with concentrations of 0.5–8 µg/mL. Each
adenosine standard solution was injected into HPLC after passing through 0.45-µm PTFE
membrane filters (R2 = 0.9999).

2.9. In Vitro Irritation Studies
2.9.1. Irritation Study Using Skin Fibroblast Cell Lines

To evaluate skin irritation, we investigated the cytotoxic effects of each component of
the nanoparticles in human fibroblast cell lines. Two fibroblast cell lines (CCD 986sk and
Detroit 551) were seeded into 96-well plates at 1 × 104–1 × 106 cells/well, respectively;
the number of cells were calculated using the hemocytometer method. Prior to each
cytotoxicity experiment, the cells were incubated to adhere for 24 h at 37 ± 0.5 ◦C in
a humidified atmosphere with 5% CO2. Then, the incubated cells were exposed to the
samples at 20 µL/well for 15 min at room temperature. The negative control (NC) and
positive control (PC) used were DPBS and 5% SDS solution, respectively, according to the
method described by Alépée et al. [55]. The exposed cells were subsequently rinsed with
sterile PBS. The treated cells were incubated for 24 h at 37 ± 0.5 ◦C, 5% CO2 in 200 µL of
growth medium for the MTT reduction experiment, as described in Section 2.9.3.

2.9.2. Irritation Study Using SkinEthic RHE Tissue Model

Upon receipt of the SkinEthic RHE tissues, which had been grown in a 24-well plate
format, culture inserts were removed from the nutrient gel and transferred under aseptic
conditions into a new sterile 6-well plate containing 1 mL of a growth medium provided by the
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manufacturer. The tissues were incubated at 37 ± 0.5 ◦C in a humidified atmosphere with 5%
CO2. After 24 h, the RHE tissues were topically exposed to the samples at 16 ± 0.5 µL/well
for 42 min at room temperature. The tissues were then subsequently rinsed 25 times using
sterile DPBS. Then, they were incubated for 42 h at 37 ± 0.5 ◦C under 5% CO2 in 2 mL of
growth medium for the MTT reduction experiment, as described in Section 2.9.3.

2.9.3. Viability of Skin Fibroblast Cells and SkinEthic RHE Tissue

Cytotoxicity was determined by measuring the dehydrogenase activity of viable
keratinocytes following a 42 h post-incubation. The activity was determined after incor-
poration of MTT, as described previously [55]. Each cell line and RHE tissue was treated
with 1 mg/mL MTT solution for 3 h. The blue formazan crystals were subsequently ex-
tracted from the cells and tissues using isopropanol for at least 2 h. The concentration
of formazan was measured by determining the optical density (OD) at 570 nm using a
spectrophotometer (FlexStation 3, Molecular Devices, California, CA, USA).

Each experiment was performed in triplicate. After subtracting the blank OD from all
raw data, the mean OD values ± SDs were calculated using three measurements per test
substance, and the percentage of cell viability was expressed using Equation (6), relative to
that for the NC. The NC value was set at 100%.

Viability (%) =
Mean ODtreated
Mean ODcontrol

× 100 (6)

2.9.4. Morphological Evaluation

Morphological evaluation was performed to compare the morphologies of the native
and nanoparticle-treated two-fibroblasts during irritation studies. To obtain morphologies
of nanoparticle-treated fibroblast, after the process of sample exposure for 15 min as
described in Section 2.9.1, the fibroblasts were observed under a Zeiss Axiovert 40 C
microscope (Carl Zeiss, Göttingen, Germany) with a 100× objective.

2.10. In Vitro Permeation and Retention Studies Using SkinEthic RHE Tissue
2.10.1. Tissue Preparation

Upon receipt of the SkinEthic RHE tissues, which had been grown in a 24-well plate
format, culture inserts were removed from the nutrient gel and transferred under aseptic
conditions into a new sterile 24-well plate containing 1.5 mL of a maintenance medium
provided by the manufacturer. The tissues were incubated at 37 ± 0.5 ◦C in a humidified
atmosphere with 5% CO2. After 48 h, the culture inserts were placed into a new sterile
6-well plate containing 3 mL of PBS (pH 7.4, receptor medium), following which the
permeation tests were conducted.

2.10.2. In Vitro Permeation Studies

Permeation tests were performed using SkinEthic RHE tissues in 6-well plates contain-
ing 3 mL of the receptor medium. We placed 0.3 mL of each sample on the epidermal surface
and then placed the well plates containing tissues in an incubator at 37 ± 0.5 ◦C under
a humidified atmosphere with 5% CO2 and shaken at 100 rpm (NB-101SRC, N-BIOTEK,
Gyeonggi-do, Korea). At predetermined time intervals (0.5, 1, 2, 4, and 8 h), aliquots of 1 mL
were withdrawn from the basolateral side in the well of the plate, passed through 0.45-µm
membrane filters, and immediately analyzed using HPLC, as described in Section 2.8.

2.10.3. In vitro Skin Tissue Retention Studies

Following in vitro permeation study, the amount of AD retained in the SkinEthic RHE
tissues was investigated using HPLC. Following the skin permeation experiments, the
tissues were transferred to a glass vial (5 mL) and mixed with 2 mL of maintenance media.
Then the tissue suspension was homogenized using high speed homogenizer at 10,000 rpm.
Aliquots of 1 mL were withdrawn from the vial, passed through 0.45-µm PTFE membrane
filters, and immediately analyzed for AD using HPLC, as described in Section 2.8.
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2.11. Statistical Analysis

All experiments were performed in triplicates. The presented data (means ± SDs)
were compared by one-way analysis of variance and Student’s t-tests. A value of p < 0.05
was considered statistically significant.

3. Results and Discussion
3.1. Characterization of AD-Loaded SLNs
3.1.1. Nanoparticle Size, PDI, and Zeta Potential

We evaluated the effects of various materials and AD, lipid, and surfactant compo-
sitions on the formation of nanoparticles. Zeta potential is an important parameter that
provides information regarding the storage stability of nanoparticles [62]. High zeta po-
tential ensures high energy barrier and favors high storage stability, whereas low zeta
potential implies easy release the encapsulated drugs [63]. Therefore, a moderated zeta
potential plays an important role in a balance between storage stability and drug release.
Figure 1 presents the particle size, PDI, and zeta potential of SLNs F1 to F5, which were
prepared using different solid lipids. Among these lipids, those with a longer carbon chain
tended to produce smaller and more homogeneous particles; additionally, these particles
were more stable, as indicated by their higher zeta potential. This suggests that lipids with
longer carbon chains present a greater inherent negative charge from the carboxyl end
group of saturated fatty acids [64]. The higher negative charge on the particle surface leads
to increased repulsion among the particles; therefore, the tendency for aggregation is lower
in these particles than in those with a lower negative charge.

The particle size, PDI, and zeta potential of F4, F6, F7, F8, and F9, which were formed
using different surfactants, demonstrated that F4 had the smallest particle size and the most
homogeneous and stable formulation. Lower particle size and higher zeta potential were
obtained by either decreasing the hydrophilic–lipophilic balance (HLB) of the lipophilic
surfactant or increasing the HLB of the hydrophilic surfactant. In addition, hydrophilic sur-
factants induced a higher influence on particle characteristics (size, PDI, and zeta potential)
than lipophilic surfactants. This suggests that hydrophilic surfactants stabilize the interface
between W1/O and W2, whereas lipophilic surfactants stabilize the interface between W1
and O; therefore, the effect of the hydrophilic surfactant on particle characteristics was
stronger.

We evaluated the effect of drug, lipid, and lipophilic surfactant concentrations on
the particle size of F4 and F10 to F19. An increase in the concentration of AD or SA
increased the particle size. For lipophilic surfactants, an increase in the concentration of
SP 80 decreased the particle size. The PDI was low for all aforementioned formulations.
The use of different concentrations of SA and SP 80 did not produce any significant effect
on the PDI. The zeta potential increased with an increase in the concentration of SA or SP
80. This suggests that the effect of lipid composition on the particle size could be related
to the interaction between the selected lipid and surfactant [65]. The zeta potential values
indicated that a higher amount of SA or SP 80 tended to improve the stability of SLNs.
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Figure 1. Physicochemical characteristics (average particle size, polydispersity index (PDI), and zeta
potential) of adenosine-loaded solid lipid nanoparticles (SLNs). Results are expressed as the means
± standard deviations of three independent experiments (n = 3). (A) Particle size and PDI and (B)
zeta potential of adenosine-loaded SLNs prepared using different materials and compositions of
adenosine, lipids, and surfactants. PDI, polydispersity index; SLNs, solid lipid nanoparticles.

The effect of HPH parameters (homogenization pressure and number of homogeniza-
tion cycles) was also evaluated. HPH has been widely used to prepare nanoparticles and
nano-emulsions [66,67]. Reduction of particle size improves the shelf life of such products
by reducing aggregation and creaming rate [68]. Figure 2 presents the particle size, PDI,
and zeta potential of SLNs prepared using different HPH parameters. Upon increasing
the homogenization pressure and number of homogenization cycles to 20,000 psi and 3, re-
spectively, the particle size and PDI of SLNs decreased, followed by a slight increase, while
the zeta potential increased, followed by a slight decrease. This suggests that although the
HPH process contributed to particle size reduction and improvement in particle stability,
over-processes, such as excessive pressure and cycles, lead to reduction in process efficiency.
Particle size and size distribution were significantly affected by HPH pressure. Therefore,
excessive pressure may lead to droplets cracking, as reported in other studies [69,70]. In
case of excessive cycles, increasing number of homogenization cycles lead to formation of
rapidly aggregating droplets during HPH [71,72].
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Figure 2. Physicochemical characteristics (average particle size, polydispersity index (PDI), and zeta potential) of adenosine-
loaded solid lipid nanoparticles (SLNs). Results are expressed as the means ± standard deviations of three independent
experiments (n = 3). (A) Particle size and PDI and (B) zeta potential of adenosine-loaded SLNs prepared using different
pressures. (C) Particle size and PDI and (D) zeta potential of adenosine-loaded SLNs prepared using different number of
cycles. PDI, polydispersity index; SLNs, solid lipid nanoparticles.

3.1.2. Determination of Drug-Loading Capacity

Loading capacity (LE and LA) is an important parameter in the formulation of lipid
nanoparticles as it affects drug diffusion in the lipid matrix and drug retention in the
skin [73]. In addition, a high loading capacity might be beneficial for reducing skin irritation
caused by the drug by avoiding direct contact between the drug and skin surface [74]. In
our study, loading capacity was evaluated by determining the LE and LA of AD-loaded
SLNs using the centrifugation method followed by concentration estimation using the
HPLC method. Figure 3 presents the LE and LA of SLNs prepared by different solid
lipids. Our results for F1 to F5 revealed that F4 had the highest LE and LA at 66.86%
and 9.11%, respectively. The LE and LA of F3 were the second highest at 61.87% and
8.49%, respectively. This suggests that longer chain fatty acids entrap a greater amount
of AD despite the fact that the log p value of AD is −1.05. The reason for this might be
because of the second emulsification process to form W1/O/W2 phase with high-speed
homogenization and to control particle sizes with high-pressure homogenization. In this
process, the drug in-water phase might be lost but we speculate that the lipids with longer
fatty acid chains efficiently prevented the loss of the drug because the liberation of the
hydrophilic drug might be more difficult within the lipids with longer fatty acid chains
than within those with shorter fatty acid chains.
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Figure 3. Loading efficiency and loading amount of AD-loaded SLNs. Results are expressed as
the means ± standard deviations of three independent experiments (n = 3). (A) Loading efficiency
and (B) loading amount of AD-loaded SLNs prepared using different compositions of AD, lipids,
surfactants. AD, adenosine; PDI, polydispersity index; SLNs, solid lipid nanoparticles.

Among F4, F6, F7, F8, and F9, which were prepared using different surfactants,
F4 exhibited the highest loading capacity. Higher loading capacity was attributed to either
lower HLB of the lipophilic surfactants or higher HLB of the hydrophilic surfactants.
Additionally, lipophilic surfactants induced greater influence on the loading capacity than
hydrophilic surfactants. This suggested that lipophilic surfactants stabilized the interface
between W1 and O and, therefore, a higher amount of AD was stably dispersed in the lipid
matrix when preparing the primary W1/O emulsion.

Considering the effects of the concentrations of the drug, lipid, and lipophilic sur-
factant, the overall percentages of LE and LA of F4 and F10 to F19 were 64.85–78.12%
and 2.11–9.61%, respectively. An increase in drug, lipid, and surfactant concentrations
increased the LE of AD in SLNs. However, although the LA of AD increased with an
increase in the drug and surfactant concentrations, it decreased with an increase in the lipid
concentration. According to HLB scale, primary W1/O emulsions prepared at SA-to-SP
80 ratios of 1:0.04, 1:0.2, and 1:1 exhibited HLB values of 5.93, 5.72, and 5.15 respectively.
Among the W1/O/W2 emulsions, F14 to F19 had HLB values ranging from 9.13 to 14.94,
which are part of O/W emulsifier, while that of the formulations F4, F12, and F13 ranged
from 17.08 to 21.11, which are part of solubilizer or hydrotrope [75]. When preparing the
primary W1/O and W1/O/W2 emulsions, the emulsion with higher lipophilicity exhibited
higher LE and LA. However, the LA decreased with an increase in the SA concentration.
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Therefore, although AD is a hydrophilic drug (log P = −1.05), an emulsion with high
lipophilicity can stably encapsulate hydrophilic drugs into lipophilic materials [76,77].

Figure 4 shows the effect of different homogenization pressures and number of ho-
mogenization cycles on SLNs. Both LE and LA increased with an increase in both the
homogenization pressure and number of homogenization cycles to 20,000 psi and 3 cycles,
respectively, followed by a slight decrease. The particle size showed an inverse relationship
with the loading capacity. This suggests that the reduction in particle size induces an
increase in the number of particles. Therefore, although the drug-loading capacity of a
lipid particle decreases due to reduction of the lipid matrix, the drug-loading capacity for
the entire SLN increases. Considering the effects of over processes, the induction of droplet
cracking [69,70] and rapid droplet aggregation [71,72] leads to a decrease in the loading
capacity. Indeed, Yang et al. reported similar results that the loading capacity of emulsions
increased with an increase in the homogenization pressure and number of homogenization
cycles up to 100 MPa and 4 cycles, respectively, and subsequently decreased with further
increase in these parameters [71].

Figure 4. Loading capacity of AD-loaded SLNs prepared using different parameters for homogenization. Results are
expressed as the means ± standard deviations of three independent experiments (n = 3). (A) Loading efficiency (LE) and
particle size and (B) LA and particle size of AD-loaded SLNs prepared using different pressures. (C) LE and particle size and
(D) loading amount (LA) and particle size of AD-loaded SLNs prepared using different number of cycles. AD, adenosine;
SLNs, solid lipid nanoparticles; LE, loading efficiency; LA, loading amount.

3.2. Mechanical Properties of Elastic Artificial Skin
3.2.1. Viscosity Behaviors of Synthesized Elastic Artificial Skin

Viscosity was measured to evaluate the possible effect of variations in the formulation
of elastic artificial skin with/without AD-loaded SLNs. Spreadability plays an important
role in topical formulations. When applying elastic artificial skin to the desired skin
area, good spreadability is desirable [78]. However, to reduce the cross-link reaction time
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between components A and B when synthesizing elastic artificial skin, an increase in the
viscosity profiles of formulations is beneficial. The viscosity profiles of elastic artificial skin
were evaluated using shear experiments. Figure 5 shows results regarding the viscosity
of elastic artificial skin with/without AD-loaded SLNs. An increase in the proportion of
SLNs in the elastic artificial skin significantly increased the viscosity. The viscosity value
of the formulation containing SLN 1% was lower compared to that without SLN but the
difference was not statistically significant. Reportedly, an increase in the composition of
SLN gradually increased the viscosity of the elastic artificial skin due to an increase in the
oil phase in SLNs [77]. In addition, among the evaluated elastic artificial skin formulations,
AB5, AB10, and AB15 showed a significant increase in viscosity at p < 0.05, p < 0.01,
and p < 0.01, respectively.

Figure 5. Viscosity of the elastic artificial skin. Results are expressed as the means ± standard
deviations of three independent experiments (n = 3). AB0: Non-SLN artificial skin; AB1: Artificial
skin with 1% SLNs; AB5: Artificial skin with 5% SLNs; AB10: The artificial skin with 10% SLNs;
AB15: Artificial skin with 15% SLNs. Statistical significance of the difference in viscosity between
the formulation without SLNs, and formulations with SLNs is indicated by either a single asterisk
(p < 0.05) or double asterisks (p < 0.01). SLNs, solid lipid nanoparticles.

3.2.2. Thickness of Elastic Artificial Skin

Figure 6 presents the thickness of the elastic artificial skin with/without AD-loaded
SLNs at different concentrations. The thickness tended to gradually increase with increasing
SLN concentration exceeding 5%. The main reason for this might be that the increased
concentration of SLN in the elastic artificial skin increased the viscosities. A higher viscosity
of the elastic artificial skin compositions could demonstrate stronger resistance against
the spread forces applied to the compositions when the artificial skins were synthesized.
Therefore, the thickness of the elastic artificial skin was increased when the viscosity of
the formulations was increased [79,80]. The difference in thickness of AB0 and of AB15
exhibited a statistical significance of p < 0.05.

3.2.3. Tensile Strength (TS), Elongation at Break (EAB), and Young’s Moulus (YM)

The mechanical properties (TS, EAB, and YM) of the elastic artificial skin with/without
AD-loaded SLNs are presented in Table 6. We found that the addition of 1% SLNs increased
the TS of the elastic artificial skin, while an increase in the concentration of SLNs decreased
the TS. EAB is usually related to the cross-linked network of the elastic artificial akin and
the intermolecular force [81]. An increase in the concentration of SLNs increased the EAB of
the elastic artificial skin. This suggests that the effect of viscosity was stronger than that of
the cross-linked network. Generally, increased TS values are followed by a decrease in EAB
values [82]. Moreover, we noted that an increase in the concentration of SLN decreased the YM
of the elastic artificial skin. This suggests that the effect of TS was stronger than that of EAB.
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Figure 6. Thickness of the elastic artificial skin. Results are expressed as the means ± standard
deviations of three independent experiments (n = 3). AB0: Non-SLN artificial skin; AB1: Artificial
skin with 1% SLNs; AB5: Artificial skin with 5% SLNs; AB10: Artificial skin with 10% SLNs; AB15:
Artificial skin with 15% SLNs. Statistical significance of the difference in thickness between the
elastic artificial skin without SLNs and the formulations with SLNs was indicated by a single asterisk
(p < 0.05).

Table 6. Tensile strength, elongation at break, and Young’s modulus of the elastic artificial skins
with/without adenosine-loaded solid lipid nanoparticles.

Formulation Tensile Strength (MPa) Elongation at Break (%) Young’s Modulus (MPa)

AB0 1.78 ± 0.15 12.00 ± 5.89 14.81 ± 1.28
AB1 1.90 ± 0.08 21.33 ± 3.40 8.93 ± 0.38
AB5 1.43 ± 0.09 35.33 ± 1.89 4.05 ± 0.24

AB10 1.11 ± 0.13 50.67 ± 2.49 2.19 ± 0.25
AB15 0.76 ± 0.14 58.67 ± 2.49 1.29 ± 0.24

Results are expressed as the means ± standard deviation of three independent experiments (n = 3).

3.3. In Vitro AD-Release Studies

The in vitro release profile of AD-loaded SLNs and the elastic artificial skins was
determined using the dialysis membrane method. Figure 7A shows the drug release from
F4 and F12 to F19. F4, F12, and F13, which contained 0.5 g of SA, demonstrated burst
release. F14 to F19, which contained 1.5 g and 2.5 g of SA, showed burst release over 12 h
and then sustained release until 48 h. Considering the effect of the oil-phase concentration
in the SLNs, an increase in SA and SP 80 concentrations increasingly resulted in sustained
release. This suggests that increased concentrations of SA and SP 80 can enable higher drug
loading into the particle core; therefore, the enriched amount of AD in the particle core
may prolong the release rate [83,84]. In addition, the lipophilic surfactant might act as an
obstacle of drug diffusion, which resulted in the slower drug release [85,86]. The biphasic
release profiles of the formulations F14 to F19, which contained 1.5 g and 2.5 g of SA, might
be attributed to the type of AD loaded into the SLN. The first release, which was burst, was
attributed to AD on the surface of lipid nanoparticles that enabled rapid release. Following
initial burst release, the release of AD encapsulated in the inner core of SLNs was delayed
and occurred in a sustained manner. This suggests that an increase in the lipophilicity of
the formulation, as indicated by HLB values, leads to delayed drug release because the
amount of AD loaded in the particle core is higher than that on the particle surface [87,88].
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Figure 7. Cumulative percentage release profiles of adenosine from (A) solid lipid nanoparticles and
(B) the synthesized elastic artificial skin with/without SLNs in release medium, as determined using
dialysis bag method. Results are expressed as the means ± standard errors of three independent
experiments (n = 3). B0: non-SLN B formulation; B1: B formulation with 1% SLNs; B5: B formulation
with 5% SLNs; B10: B formulation with 10% SLNs; B15: B formulation with 15% SLNs; AB0: Non-SLN
artificial skin; AB1: Artificial skin with 1% SLNs; AB5: Artificial skin with 5% SLNs; AB10: Artificial
skin with 10% SLNs; AB15: The artificial skin with 15% SLNs.

Figure 7B presents the in vitro release profile curves of AD in the elastic artificial
skins synthesized via the reaction between components A and B (AB0, AB1, AB5, AB10,
and AB15) and component B (B0, B1, B5, B10, and B15). The AD-release profile for
the synthesized elastic artificial skin and B component with/without AD-loaded SLNs
demonstrated sustained release for 48 h. Concretely, the AD-release profiles of synthesized
elastic artificial skins and component B showed burst release for 12 h, followed by sustained
release until 48 h. The amount of AD released was lower for the synthesized elastic artificial
skin than that for the component B, that is, the AD release was faster for component B.
After 48 h, the highest release of AD was exhibited by B0 at 59.10%, followed by B1 at
55.57%. For the synthesized elastic artificial skin, the highest concentration of AD released
was from AB0 at 37.13%, followed by that from AB1 at 34.94%. The delayed release with
an increase in SLN concentration might be attributed to the increase in viscosity of the
elastic artificial skin. This suggests that the high viscosity of the formulation decreased
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drug diffusion. Therefore, the anti-wrinkle effect could be prolonged. When comparing
the synthesized elastic artificial skin with the B component, the release rate of AD from
the synthesized elastic artificial skin was lower than that from component B. This result
might be attributed to the formed membrane provided by the elastic artificial skin. The
lag in AD release is attributed to the reaction between component A and B because the
migration of AD in the cross-linked elastic artificial skin was more difficult than that in
component B alone [89]. In a drug-release study by Prokopowicz et al., the higher viscosity
of polydimethylsiloxane film led to a decrease in drug-release rate [90]. Consequently, the
release of AD in the elastic artificial skin was delayed.

3.4. In Vitro Irritation Studies
3.4.1. Irritation Study and Morphological Evaluation Using Skin Fibroblast Cell Lines

The cytotoxicity of SLN components and AD at various concentrations was investi-
gated by MTT assay as shown in Figures 8 and 9. The prediction model for skin irritants
was based on the European classification system (ECS). According to ECS, all test sub-
stances were demonstrated to be non-skin irritants for the fibroblast cell lines CCD 986sk
and Detroit 551, because the mean cell viability for each test substance was over 50%
(Figures 8A and 9A). Microscopy was used to compare the morphology of native and
nanoparticle-treated fibroblast. Figures 8B and 9B shows the native fibroblasts, respec-
tively, while Figures 8C and 9C shows the nanoparticle-treated fibroblasts, respectively.
The morphology of nanoparticle-treated fibroblasts was almost the same as the initial
morphology.

Figure 8. Irritation study and morphological evaluation using Detroit 551 cell line. (A) Viability
of Detroit 551 cells treated with SLN components and AD solution, (B) the native morphology of
Detroit 551 cells, and (C) nanoparticle-treated morphology of Detroit 551 cells. Cell viability was
measured using MTT assay. The values greater than 50% (dotted line) indicate that test materials are
non-irritant to the skin. Results are expressed as mean ± standard deviation of three independent
experiments (n = 3). NC: DPBS; PC: 5% SDS solution; SA: Stearic acid; DW: Distilled water; SP 80:
Span 80; PX 188: Poloxamer 188, AD: Adenosine.
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Figure 9. Irritation study and morphological evaluation using CCD 986sk cell line. (A) Viability
of CCD 986sk cells treated with SLN components and AD solution, (B) the native morphology of
CCD 986sk cells, and (C) nanoparticle-treated morphology of CCD 986sk cells. Cell viability was
measured using MTT assay. The values greater than 50% (dotted line) indicate that test materials
are non-irritant to the skin. Results are expressed as the means ± standard deviations of three
independent experiments (n = 3). NC: DPBS; PC: 5% SDS solution; SA: Stearic acid; DW: Distilled
water; SP 80: Span 80; PX 188: Poloxamer 188; AD: Adenosine.

In this study, the mean OD values for DPBS, the NC, were 1.37± 1.11 (CCD 986sk) and
1.69 ± 0.11 (Detroit 551), meeting the acceptance criteria of OD > 1.2. The mean viability
values for 5% SDS solution, the PC, were 8.71 ± 0.46% (CCD 986sk) and 4.64 ± 0.14%
(Detroit 551), which satisfied the acceptance criteria of viability < 40%.

3.4.2. Irritation Study Using SkinEthic RHE Tissue Model

The SkinEthic RHE, a reconstructed human skin model, is being evaluated in the
ECVAM Skin Irritation Validation Study [55]. The MTT assay was used to measure cell
viability in the epidermis and was expressed as the percentage normalized to the viability
with the NC (DPBS), which was set at 100%. According to the EU classification, if the
percentage viability is >50%, the substance is classified as non-irritant. However, if the
percentage viability is ≤50%, the substance is classified as an irritant. All test substances
were non-skin-irritating substances, as shown in Figures 10 and 11, as the mean tissue
viability for each test substance was greater than 50%.



Pharmaceutics 2021, 13, 33 19 of 26

Figure 10. Viability of SkinEthic RHE tissue treated with SLN components and AD solution. The cell
viability was measured using MTT assay. The values greater than 50% (dotted line) indicate that test
materials are non-irritant to the skin. Results are expressed as means ± standard deviations of three
independent experiments (n = 3). NC: DPBS; PC: 5% SDS solution; SA: Stearic acid; DW: Distilled
water; SP 80: Span 80; PX 188: Poloxamer 188; AD: Adenosine.

Figure 11. Viability of SkinEthic RHE tissue treated with components of the elastic artificial skin. The
cell viability was measured using MTT assay. The values greater than 50% (dotted line) indicate that
test materials are non-irritant to the skin. Results are expressed as means ± standard deviations of
three independent experiments (n = 3).

In accordance with the SkinEthic Skin Irritation Test SOP, results of MTT assay for the
NC (DPBS) and PC (5% SDS) should meet the acceptance criteria. The mean absorbance
value of NC should be ≥1.2 at 570 nm. For PC, the mean viability expressed as percentage
of the NC should be <40%. In this study, the mean absorbance value of NC was 1.57 ± 0.01,
and the mean viability following treatment with PC was 4.84 ± 0.09%; both values met the
acceptance criteria, as per the SkinEthic Skin Irritation Test SOP.
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3.5. In Vitro Permeation Studies Using SkinEthic RHE Tissue
3.5.1. In Vitro Permeation Studies

In this study, the formulations of AD-loaded SLNs, the elastic artificial skin with/without
SLNs, and AD solution compared those AD permeation effects. The SkinEthic RHE model
was cultured as a 0.5 cm2 insert. Figure 12 presents the permeation profiles of AD incor-
porated in SLNs F4 and F12 to F19 for 8 h. All SLNs could cause greater permeation of
AD across the SkinEthic RHE tissue compared to AD solution. The cumulative amount
of AD permeation of F15 was the highest among the tested SLNs and was approximately
13 times higher than that for the AD solution. The cumulative amount of AD permeation
of F16 was the second highest at approximately 12 times that of AD solution. The order of
permeation amount of AD after 8 h was F15 > F16 > F14 > F17 > F18 > F19 > F13 > F12 > F4
> AD solution. Considering the surfactants in SLN, an increase in the concentration of SP
80 tended to increase the cumulative amount of AD permeation when the concentration
of SA was increased up to 1.5 g, that is, for F4 and F12 to F15. However, AD permeation
from the F16 to F19 tended to decrease with increasing SP 80 concentration. This suggests
that an increase in the amount of oil phase increased the viscosity of the formulation and,
therefore, the permeation of AD from SLNs was delayed [83]. Regarding the lipids in SLNs,
the cumulative amount of AD permeation into the SkinEthic RHE tissue increased when
the concentration of SA was increased up to 1.5 g, that is, for F4 and F16; however, the
cumulative amount of AD permeation decreased for the formulations containing 2.5 g of
SA, that is, F17 to F19. This suggests that SLNs with higher lipophilicity improved the
permeation of AD into the epidermis owing to the affinity between SLNs and intercellular
lipids in stratum corneum [91]. However, the SLNs comprising 2.5 g of SA, as a high
amount of lipids, were the high viscosity and therefore delayed drug permeation into the
epidermis [31,83]. Therefore, although SA can enhance the permeation of active ingredients,
optimization of the SA-to-SP 80 ratio is crucial for developing SA-based SLNs with high
permeation into the epidermis.

Figure 12. Cumulative permeation profiles for adenosine from solid lipid nanoparticles into the
medium. Results are expressed as the means± standard deviations of three independent experiments
(n = 3).

Figure 13 shows the permeation of AD from component B (B0, B1, B5, B10, and B15)
and the synthesized elastic artificial skin formed through the reaction between components
A and B (AB0, AB1, AB5, AB10, and AB15) in the SkinEthic RHE model. The cumulative
amount of AD permeation for all tested formulations of the elastic artificial skin over 8 h
was higher than that for AD solution. The cumulative amount of AD permeation from the
elastic artificial skins with SLNs into the SkinEthic RHE tissue were higher than those for
formulations without SLNs. The order of permeation of AD after 8 h was B10 > B15 > B5
> B1 > B0 > AB10 > AB15 > AB5 > AB1 > AB0 > AD solution. This suggests that nano-
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sized SLNs provided a larger interfacial surface area, enabling close contact between SLNs
and the skin, thus facilitating AD permeation into the skin [77,92]. In addition, the lipid
property of SLNs enabled effective permeation of AD into the skin via intercellular lipid
route through the epidermis and then exhibited sustained drug release [83,91]. Therefore,
the elastic artificial skins using SLNs effectively delivered AD into the skin. Increasing
SLN concentration in the elastic artificial skin tended to increase AD permeation. After 8 h,
B10 exhibited the greatest amount of AD permeation at 50.59 µg/cm2, followed by B15 at
48.13 µg/cm2; these values were approximately 6 and 5.5 times higher, respectively, than
those of AD solution. In case of the synthesized elastic artificial skin, AB10 exhibited the
highest amount of AD permeation at 37.14 µg/cm2, followed by AB 15 at 34.79 µg/cm2;
the values were approximately 5 and 4 times higher, respectively, than those for the AD
solution. This suggests that the high amount of lipid increased the viscosity and, thereby,
limited the independent migration of SLNs [31]. Therefore, the formulations B15 and AB15
exhibited delayed permeation profiles in the epidermis than B10 and AB10. The amount
of AD permeated from the synthesized elastic artificial skin was lower than that from B
component formulations. This result might be attributed to the membrane effect provided
by the elastic artificial skin [89,90].

Figure 13. Cumulative permeation profiles of AD from the synthesized elastic artificial skin with/without SLNs in the
medium. Results are expressed as the means ± standard errors of three independent experiments (n = 3). B0: non-SLN B
formulation; B1: B formulation with 1% SLNs; B5: B formulation with 5% SLNs; B10: B formulation with 10% SLNs; B15: B
formulation with 15% SLNs; AB0: Non-SLN artificial skin; AB1: The artificial skin with 1% SLNs; AB5: The artificial skin
with 5% SLNs; AB10: The artificial skin with 10% SLNs; AB15: The artificial skin with 15% SLNs.

3.5.2. Skin Tissue Retention Studies

The retention results demonstrated that an increase in the composition of SA and
SP 80 tended to increase the amount of AD retained (Figure 14). In this sense, F17 to
F19 ensured a higher amount of AD in the tissues, ranging from 55.89 µg/cm2 (23.29%)
to 59.06 µg/cm2 (24.61%). This suggests that owing to the lipid property of SLNs, they
physically interacted with intercellular lipids in the stratum corneum and then effectively
created a drug reservoir [77,93]. Owing to this reservoir, the drug was consistently released.
Because lipids can form a thin lipid membrane on the skin, use of large lipid amount could
not improve permeation of the active ingredient; however, this approach could achieve
sustained release of the active ingredient and prevent water loss from the skin [91,93].



Pharmaceutics 2021, 13, 33 22 of 26

Figure 14. Results for AD retention from AD-loaded SLNs in SkinEthic RHE tissue after permeation
studies. Results are expressed as means± standard deviation of three independent experiments (n = 3).

Figure 15 presents the amount of AD retained in the skin for both component B (B0,
B1, B5, B10, and B15) and synthesized elastic artificial skins formed by reaction between
components A and B (AB0, AB1, AB5, AB10, and AB15). An increase in SLN concentration
in the elastic artificial skin increased the amount of AD retained. Among component B
formulations, B15 showed the highest AD retention at 121.15 µg/cm2 (25.24%), followed
by B10 at 100.43 µg/cm2. For the synthesized elastic artificial skin, AB15 showed the
highest AD retention at 112.27 µg/cm2 (23.39%) followed by AB10 at 103.39 µg/cm2. In
addition, the results showed that the amount of AD retained from B15 and AB15 was
approximately 2 and 4 times higher than that from B0 and AB0, respectively. This result
might be attributed to SLNs because lipid-based nanoparticles exhibit effective permeation
and retention in the intercellular lipids of the stratum corneum [77,91,93]. In this regard,
after applying the elastic artificial skins to the skin, AD was consistently released from
the reservoir of the intercellular lipids. In addition, such elastic artificial skins might help
prevent water loss from the skin because of insufficient intercellular lipids in the stratum
corneum were supplied [91,93].

Figure 15. Retention studies for the synthesized elastic artificial skin with/without SLNs in SkinEthic
RHE model after permeation studies. Results are expressed as means ± standard deviations of three
independent experiments (n = 3). B0: Non-SLN B formulation; B1: B formulation with 1% SLNs; B5:
B formulation with 5% SLNs; B10: B formulation with 10% SLNs; B15: B formulation with 15% SLNs;
AB0: Non-SLN artificial skin; AB1: Artificial skin with 1% SLNs; AB5: Artificial skin with 5% SLNs;
AB10: Artificial skin with 10% SLNs; AB 15: Artificial skin with 15% SLNs.
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4. Conclusions

The objective of this study was to prepare SLNs and elastic artificial skin using non-
skin-irritating ingredients and improve the permeation of AD into the reconstructed human
epidermal model. All components of SLNs and the elastic artificial skin were determined as
non-skin-irritating substances. AD was successfully entrapped in SLNs using the modified
double-emulsion method via a hot HPH technique. Evaluation of the loading capacity
demonstrated that the higher the lipophilicity of the emulsion, the greater the amount
of AD loaded in SLNs. In the elastic artificial skin containing SLNs, an increase in SLN
concentration increased skin viscosity, thickness, EAB, and YM but decreased TS. The SLNs
and elastic artificial skins exhibited sustained drug release profile in vitro. Particularly, the
permeation study showed that all formulations improved the permeation of AD into the
skin. Therefore, elastic artificial skin incorporated with AD-loaded SLN could serve as a
highly promising topical drug delivery system for promoting AD permeation.
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