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Inflammatory skin conditions are commonly treated using topical semi-solid formulations such as
creams, ointments, or gels. However, the use of such formulations is often connected to poor patient
adherence due to the greasiness of the formulations and the need to apply different products multiple
times a day. To overcome this challenge, we aimed to develop an anti-inflammatory electrospun dressing
containing two active ingredients with a reduced application frequency of once a day, enhancing the
treatment comfort for the patients. Salicylic acid and hydrocortisone were combined in a polycaprolac-
tone-based electrospun fiber dressing with a dual release functionality, featuring both a burst and sus-
tained release of salicylic acid and hydrocortisone, respectively. While electrospun dressings have been
extensively studied in terms of their material characteristics and drug release behavior, few studies have
explored their release behavior in conjunction with their skin permeation performance. Our study bridges
this gap by providing and comparing both drug release and skin permeation data. We found a rapid
release of salicylic acid and a delayed release of hydrocortisone in our layer-by-layer system. Although
significantly less hydrocortisone was released from the layer-by-layer system in the permeation studies
compared to the release studies, hydrocortisone still permeated through different skin layers. Moreover,
we verified the anti-inflammatory properties of the electrospun dressing in studies on human keratino-
cytes and human skin. Special emphasis was placed on comparing results with standard pharmaceutical
formulations, namely a hydrocortisone cream and a salicylic acid ointment. Permeation studies showed
higher hydrocortisone penetration into the skin from the layer-by-layer fiber dressing compared to stan-
dard formulations. Our findings highlight the feasibility of combining multiple drugs in a single electro-
spun fiber system, while achieving controlled release behavior through tuning the composition of the
drug delivery system. Our study moreover confirms that conducting permeation experiments alongside
release studies is crucial for correlating results and evaluating the effectiveness of a drug delivery system.

topical agents such as keratolytics, corticosteroids, vitamin D
analogues and calcineurin inhibitors.>™* A combination of

Chronic inflammatory skin diseases such as psoriasis are
common in the population, with 0.5-2% of all adults and chil-
dren suffering from this disease.” Psoriasis is characterized by
both small papules and large, sharply defined scaly plaques,
and it is typically treated with creams and ointments using
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drugs can be beneficial for psoriasis treatment. For example,
the keratolytic salicylic acid in combination with topical corti-
costeroids leads to a faster onset of action of the corticoster-
oids due to skin softening, descaling of the plaques and thus
improved drug penetration.” However, in topical skin therapy,
patient adherence to the treatment is frequently a challenge,®
which can be attributed to the need for multiple daily appli-
cations, as well as the greasy and unpleasant sensation that
many formulations impart on the skin. Patient surveys indicate
that an ideal formulation should avoid leaving the skin greasy
or sticky, should not have an unpleasant odor, require an
application only once a day, provide a comfortable moisturiza-
tion, and should generally be easy to apply.”® Electrospun skin
dressings fulfil all these requirements and are, therefore, an
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ideal potential drug delivery system to treat inflammatory
skin diseases.”'® Electrospinning enables the production of
dressings comprising polymer fibers ranging from nano-
meters to micrometers in size, which can contain one or mul-
tiple active ingredients and facilitate either a rapid, delayed,
or on-demand release.” The resulting fiber dressings provide
the benefit of breathability, owing to their high porosity, and
ensure adequate gas exchange and liquid permeability.’* The
electrospinning process (uniaxial, coaxial or layer-by-layer
electrospinning) can be used to tune the release of the active
ingredient from the fibers. In uniaxial electrospinning, the
active ingredient is homogeneously distributed in the fibers
and is usually released quickly due to the distribution close
to the fiber surface (Fig. 1).'* In contrast, in layer-by-layer
electrospinning, consecutive electrospinning of multiple
fiber layers leads to the formation of a diffusion barrier that
affects the release of the active ingredient, hence enabling a
sustained drug release (Fig. 1)."* To provide a more con-
venient option for topical psoriasis therapy compared with
conventional semi-solid formulations, more precisely to
reduce the application frequency and the number of formu-
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lations that need to be applied, we aimed to develop an elec-
trospun skin dressing with dual release functionality, con-
taining both salicylic acid and hydrocortisone. We used the
hydrophobic polymer polycaprolactone (PCL) as the fiber
basis, as it displays biocompatibility, slow degradation, and
compatibility with multiple active ingredients."* For salicylic
acid, serving as a keratolytic to enhance the penetration of
hydrocortisone, we aimed to achieve a rapid release, while
hydrocortisone was to be released over 24 h in a delayed
fashion. Additionally, we investigated the performance of the
electrospun dressing in skin permeation studies and corre-
lated the results with the findings from release studies - a
comparison that is often neglected in studies on electrospun
dressings, however, is of the utmost importance to predict
the in vivo efficacy of drug delivery systems. Semi-solid formu-
lations, namely a salicylic acid ointment and a hydrocorti-
sone-containing cream from a retail pharmacy were used for
comparison. One last goal of our study was to validate the
anti-inflammatory activity and compatibility of the fiber dres-
sing on human skin and in a cell model using human epider-
mal keratinocytes.

ELECTROSPINNING PROCESS

injection

pump

syringe

power supply

B polycaprolactone solution

© salicylic acid

/. hydrocortisone

ELECTROSPUN LAYERS

TOP — without active agent

)

MIDDLE — with hydrocortisone

BOTTOM — with salicylic acid

layer-by-layer electrospinning

Fig. 1 A schematic illustration demonstrating the electrospinning process for single-layer and layer-by-layer fiber mats, with and without active
ingredients. The part on the left illustrates the electrospinning process, where a polymer solution is injected into an electric field through a syringe
using a pump, leading to the deposition of polymer fibers on the collector. The center of the figure depicts the layered structure of electrospun
materials, which can combine drug-free and drug-loaded layers. An electrospun dressing is produced, shown on the right, that can consist of either

a single layer (blue) or multiple layers (orange, yellow, blue).
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2. Materials and methods
2.1 Materials

PCL with a molecular weight of approximately 80 kDa (Sigma
Aldrich, Darmstadt, Germany) served as the polymer for
electrospinning all fibers. The solvents utilized in the process
were chloroform (CHL) with a purity of >99% and ethanol
(EtOH) with a purity of 96%, both obtained from VWR
Chemicals in Seborg, Denmark. Hydrocortisone (Euro OTC
Pharma GmbH, Bonen, Germany) and salicylic acid (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) were employed
as the active ingredients. For release and permeation studies,
phosphate-buffered saline (PBS) tablets (Medicago AB,
Uppsala, Sweden) were used. These tablets were dissolved in
ultra-pure water and pH-adjusted to 5.2 and 7.4 using formic
acid (>98%, Sigma-Aldrich Chemie GmbH, Steinheim,
Germany). For the permeation studies, two standard pharma-
ceutical products were obtained from a retail pharmacy. The
salicylic acid ointment was composed of salicylic acid (3%
w/w), the additives cetylstearyl alcohol (emulsifying, type A),
polyethylene glycol, lard, white vaseline, macrogol, and the
hydrocortisone cream of hydrocortisone (1%, w/w), as well as
the additives methylparahydroxybenzoate, propylparahydroxy-
benzoate, benzyl alcohol, cetylstearyl alcohol, citric acid,
macrogol, sodium citrate, paraffin wax, purified water, and
vaseline. Acetonitrile (with water content <30 ppm) obtained
from VWR Chemicals (Sgborg, Denmark) and ultra-pure water
with the addition of 0.1% (v/v) formic acid were employed as
solvents for the high-performance liquid chromatography
(HPLC) experiments. Furthermore, methanol (VWR Chemicals,
Seborg, Denmark) served as the extraction medium for the per-
meation studies.

2.2 Electrospinning

A drug-free and two types of drug-loaded fiber dressings were
fabricated either by uniaxial or layer-by-layer electrospinning
from 20% (w/w) PCL dissolved in a mixture of CHL/EtOH (4: 1,
v/v) (Fig. 1). A Fluidnatek LE-50 (Bioinicia, Valencia, Spain)
electrospinner set to a temperature of 25 °C and 40% relative
humidity was used for preparing the fiber dressings. For the
uniaxial fiber mats, drug-free fibers of pure PCL and drug-
loaded fibers containing 6% (w/w, based on the total PCL
weight) of salicylic acid in PCL were electrospun, respectively.
The layer-by-layer fiber mats were composed of three uniaxially
electrospun fiber layers, with the first layer consisting of pure
PCL, the second containing 1% (w/w, based on total PCL
weight) of hydrocortisone incorporated in PCL, and the third

Table 1 Formulations and electrospinning settings
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layer containing 6% (w/w, based on the total PCL weight) of
salicylic acid in PCL.

The active substance concentrations were determined based
on review articles on inflammatory skin disease treatments,>*?
with salicylic acid used at a concentration of 6% for its kerato-
lytic effect and hydrocortisone at a concentration of 1%,'® the
highest over-the-counter concentration available in Danish
pharmacies. For example, a 20 mg fiber mat sample contained
0.2 mg of hydrocortisone (1% w/w polymer) and 1.2 mg of
salicylic acid (6% w/w polymer).

The collection of all samples took place on a drum collector
covered with aluminum foil. The exact production parameters
and sample abbreviations are shown in Table 1. For example,
the sample name (PCL+S) indicates that the uniaxially electro-
spun PCL fibers contained salicylic acid (S). The electro-
spinning parameters are based on the insights of a previous
study using PCL'” and were fine-tuned during an optimization
phase, including adjustments of polymer concentration, injec-
tor, and collector voltage, as well as the distance between the
needle and collector. Our goal was to ensure a consistent
electrospinning process without the formation of droplets.

2.3 Fiber morphology, diameter, and diameter distribution

Fiber morphology, diameter, and diameter distribution were
assessed using a scanning electron microscope (SEM)
(TM3030 model from Hitachi, Tokyo, Japan). Prior to analysis,
three samples per fiber dressing were coated with gold using a
sputter coater (Cressington 108 auto from Ted Pella Inc.,
Redding, USA). Images were captured at 15 kV and analyzed
using Image] software at a magnification of 2000x.

2.4 Mechanical characteristics of electrospun fiber dressings

A texture analyzer TAXT plus (Stable Micro Systems,
Godalming, UK) was employed to assess the mechanical pro-
perties of the electrospun fiber dressings. Rectangular samples
measuring 30 x 10 mm were utilized for the analysis. These
samples were elongated to a total length of 200 mm by apply-
ing a force of 49.0 mN at a strain rate of 20 mm s™'. Young’s
moduli and tensile strengths were determined from the stress—
strain curves. All measurements were carried out in triplicate.

2.5 Invitro studies on drug release and drug loading

Circular fiber mat samples (d = 6 mm) were utilized for both
drug loading and release experiments. To assess drug loading,
the fiber mats were dissolved in a mixture of CHL/EtOH (4: 1,
v/v). For release studies, the samples were placed in 1.5 mL
Eppendorf tubes filled with PBS pH 5.2'® and then subjected

Fiber PCL Flow Injector Collector Distance injector
Abbreviation layers [% (wiv)] rate [uL h™"] voltage [kV] voltage [kV] collector [cm]
(PCL) 1 20 1300 6.5 —4.5 22.5
(PCL+S) 1 20 1300 6.5 —4.5 22.5
(PCL+H+S) layer 3 20 1300 7.0 -4.5 22.5

572 | RSC Pharm., 2024, 1, 570-580

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4pm00147h

Open Access Article. Published on 01 August 2024. Downloaded on 11.06.2026 21:39:55.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

to agitation at 32 °C and 300 rpm for 7 d. By testing the solubi-
lity of hydrocortisone (300 ug mL™) and salicylic acid (3 mg
mL ") beforehand, we ensured that sink conditions were met.
50 pL samples were withdrawn at specific time points (5 min,
15 min, 30 min, 1 h, 3 h, 8 h, 24 h, 72 h, 7 d), and replaced
with fresh PBS. Drug quantification of the samples was per-
formed using HPLC on an Agilent 1260 Infinity system (Agilent
Technologies, Santa Clara, CA, USA) equipped with a C18
column (Infinitylab Poroshell 120 C18 column, 4.6 x 150 mm,
Agilent Technologies, Santa Clara, CA, USA) and a UV detector
set at a wavelength of 254 nm (limit of detection: 0.35 pg mL™"
for hydrocortisone and 7.64 pg mL ™" for salicylic acid, limit of
quantification: 1.17 pg mL ™" for hydrocortisone and 25.47 g
mL " for salicylic acid). The flow rate for all analyses was set to
1 mL min~". Drug loading analysis utilized a gradient method
involving a mixture of ultra-pure water with 0.1% (v/v) formic
acid (A) and acetonitrile with 0.1% (v/v) formic acid (B). The
gradient sequence was as follows: 80% A and 20% B to 60% A
and 40% B within 8 min, followed by 10% A and 90% B for
4 min, and then maintenance at 80% A and 20% B for an
additional 3 min. Release samples were quantified using an
isocratic method with the mobile phases in a ratio of 60% (v/v)
A and 40% (v/v) B.

2.6 Ex vivo permeation studies

Ex vivo permeation studies were performed on dorsal porcine
skin (obtained from the Department of Veterinary and Animal
Sciences, University of Copenhagen, Denmark) mounted on ver-
tical Franz diffusion cells (Phoenix DB-6 Dry Heat Diffusion
Cells, Teledyne Hanson Research, Chatsworth, CA, USA) with a
diffusional surface area of 1 cm® Fresh porcine skin was hair-
trimmed and dermatomed (Zimmer Dermatome AN, Zimmer
Biomet Denmark, Albertslund, Denmark) to a thickness of
500 pm, stored at —20 °C, and cut into circular pieces (d =
1.5 cm) just before the experiment. To ensure that the skin was
intact, transepidermal water loss (TEWL) (AquaFlux™ AF200,
Biox Systems Limited, London, UK) was measured after equili-
bration for 30 min on the Franz cell with the dermis being in
contact with the acceptor compartment filled with 10 mL PBS,
PH 7.4, at 35 °C £ 0.1 °C and shaken at 300 rpm. Intact skin with
TEWL < 15 g m~> h™" was included in the experiments. Circular
fiber dressing samples (d = 1.5 cm) were applied to the skin in
contact with the stratum corneum and wetted on both sides with
100 pL PBS to ensure the release of the incorporated drugs. After
24 h of permeation, 1 mL of PBS was withdrawn from the accep-
tor compartment to determine the amount of drug that had per-
meated through the skin. To detect the amount of unreleased
drug, fiber dressings were dissolved in CHL/EtOH (4:1, v/v). To
investigate drug retention in the skin, skin samples were
wrapped in aluminum foil and submerged in ultra-pure water at
60 °C for 2.5 min. Following this, the samples were carefully sep-
arated into epidermis and dermis using a scalpel, mixed with
2 mL methanol to extract the drugs, and placed in an ultrasonic
bath and on a shaking board for 15 min each. Prior to quantifi-
cation by HPLC, all samples were centrifuged for 15 min at
16 162g and cleaned using 0.2 pm PTFE filters.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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To compare the performance of the fiber dressings with
standard semi-solid formulations, the experiments described
above were carried out using both a 3% (w/w) salicylic acid
ointment (approx. 20 mg, Lygal® Kopfsalbe N 3%, Almirall
Hermal GmbH, Reinbek, Germany) and a 1% (w/w) hydrocorti-
sone cream (approx. 10 mg, Mildison Lipid Creme®, Karo
Pharma AB, Stockholm, Sweden).

2.7 Anti-inflammatory characteristics of the electrospun fiber
dressings

2.7.1 Invitro cell studies. The anti-inflammatory effects of
the electrospun fiber dressings were assessed using a human
epidermal keratinocyte (HEKa) (Invitrogen, C-005-5C) cell
culture model. One day prior to the experiment, primary HEKa
cells were seeded at a density of 2 x 10° cells per mL in 48-well
plates in 250 pL medium to reach 80% confluence on the day
of treatment. Fiber dressing samples (d = 6 mm), sterilized
with UV-C light (254 nm), were placed in the wells and incu-
bated for 24 h and 48 h at 37 °C with 5% CO,. Untreated cells
were used as negative controls. After incubation, cell culture
supernatants were collected and interleukin-6 (IL-6) levels were
quantified using an enzyme-linked immunosorbent assay
(ELISA) kit (ELISA MAX™ Deluxe Set Human IL-6, BioLegend,
San Diego, California, USA) in 96-well half area Costar assay
plates (Corning, New York, USA) according to manufacturer’s
protocol with halved volumes. The corrected optical density,
obtained after colorimetric reaction at OD = 450 nm (adjusted
with OD = 570 nm), was measured using a Tecan Infinite®
M1000 pro (Tecan Trading AG, Ménnedorf, Switzerland) and
analyzed using Excel (version 16.79.1) and GraphPad Prism
(version 10.1.2, Dotmatics, La Jolla, CA, USA). Furthermore,
cell morphology was observed after incubation with the fiber
dressings using an Olympus CKX41 microscope (Olympus,
Tokyo, Japan). The cytocompatibility of PCL by skin cells was
confirmed in a previous study conducted by our research
group.'® Additionally, hydrocortisone at the concentration
used is a widely accepted drug in skin therapy, with its safety
confirmed by other studies*® and numerous approved formu-
lations for skin applications. The same rationale applies to the
topical application of salicylic acid, whose cytocompatibility
has also been demonstrated*’ and various skin products are
on the market. All experiments were performed as three bio-
logical replicates with two technical replicates each.

2.7.2 Experiments on human skin and skin histology.
Healthy human skin samples were obtained as excess from
elective plastic surgeries with written patient consent (ethical
permits: 2015/432-31 and 2023-00567-02). Skin was cleaned
with 70% (v/v) aqueous ethanol upon collection. Full-thickness
biopsies measuring 10 mm were prepared using a biopsy
punch, and subcutaneous fat tissue was removed. The biopsies
were cleaned another time with 70% (v/v) aqueous EtOH and
PBS. Biopsies were placed in 12-well transwell inserts (Sarstedt,
Niimbrecht, Germany), supported with 650 pl of CO,-indepen-
dent medium supplemented with 10% fetal bovine serum and
1% GlutaMaxTM (Thermo Fisher Scientific, Waltham, USA),
and incubated overnight at 37 °C. On the next day, sterilized
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fiber dressing samples (d = 8 mm) moistened with 25 pL of
PBS, or approximately 10 mg of hydrocortisone cream and/or
15 mg salicylic acid ointment were applied to the surface of
the biopsies. After 48 h of incubation at 37 °C with a daily
medium change, the fiber dressings were removed. The tissue
was homogenized in 500 pl of PBS, supplemented with 1x HALT
protease inhibitor (Thermo Fisher Scientific, Waltham, USA)
using FastPrep lysing matrix A tubes at a speed of 6.5 m s™* for 3
cycles of 20 s with 5 min intervals between cycles in a FastPrep-
24 homogenizer (MP Biomedicals, Eschwege, Germany).
Subsequently, all samples were centrifuged twice for 10 min at
16 000g, and the collected supernatants were stored at —20 °C for
further analysis. IL-6 levels were quantified from the supernatant
as described above in section 2.7.1. Three individual skin donors
were analyzed (n = 3), with two technical replicates per donor. For
skin histology experiments, tissue was fixed after the 48 h incu-
bation using 4% paraformaldehyde, washed with PBS, cryopre-
served in Optimal Cutting Temperature embedding matrix (OCT,
Cell Path, Newtown, UK), and stored at —80 °C. Sections of 12 pm
were sliced using a CryoStarTM NX70 cryostat (Thermo Fisher
Scientific, Waltham, USA) and collected on SuperFrost® Plus
microscopy slides (Thermo Fisher Scientific, Waltham, USA). The
sections were stained with hematoxylin and eosin (H&E)
(Histolab, Askim, Sweden) following manufacturer’s protocol,
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cleared with xylene (Histolab), and mounted with Pertex®
(Histolab). Imaging was conducted using a LionHeart FX auto-
mated microscope (BioTek, AH Diagnostics, Sweden) with a 4x
objective.

2.8 Statistical analysis

The analysis of all data was conducted using GraphPad Prism
software version 10.1.2 (Dotmatics). To compare mean values, the
one-way ANOVA test followed by Tukey's test was employed.
Results are expressed as means with their corresponding stan-
dard deviations, and statistical significance is denoted by p-values
(p < 0.0001 (***%), p < 0.0002 (**¥), p < 0.0021 (*¥), p < 0.0332 (¥)).

3. Results and discussion

3.1 Fabrication and morphological characterization of
electrospun fiber mats

Uniaxial (with and without salicylic acid) and layer-by-layer
PCL fibers loaded with hydrocortisone and salicylic acid con-
sisting of three layers (Fig. 2) were produced using the settings
described in Table 1. Homogeneous, artifact-free and tubular-
shaped fibers with similar diameters between 3.2 pm and
3.6 um were obtained (Fig. 3). In the case of the uniaxial

>

(PCL) (PCL+S) (PCL+H+S) layer
; s s 5 Pristine PCL
—— PCL with salicylic acoufa:{:;:: layer \

PCL layer with

. hydrocortisone
PCL layer with

salicylic acid

Fig. 2 Schematic fiber structure of drug-free and drug-loaded samples: (PCL) as uniaxially electrospun PCL fibers, (PCL+S) as uniaxially electro-
spun, salicylic acid-loaded PCL fibers, and (PCL+H+S) layer as layer-by-layer electrospun PCL fibers loaded with hydrocortisone (middle layer) and

salicylic acid (outer layer). Created in BioRender.com.

Fig. 3 SEM analysis of the fiber morphology for drug-free and drug-loaded samples. (A) uniaxially electrospun PCL fibers, (B) uniaxially electrospun,
salicylic acid-loaded PCL fibers, and (C) layer-by-layer electrospun PCL fibers loaded with hydrocortisone (middle layer) and salicylic acid (outer

layer).
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Table 2 Characterization of drug-free and drug-loaded electrospun fibers. The data are given as mean values with standard deviations (n = 3), stat-

istical significance is shown in brackets

Mean diameter + SD

Young’s modulus + SD Tensile strength + SD

Sample [pm] [kPa] [kPa]

(PCL) 3.2+1.0 3.0£0.21 24.9 +3.19
(PCL+S) 3.2+0.5 3.4+0.34 30.2 +5.84
(PCL+H+S) layer 3.6 £ 0.6 (**) 4.8 +0.94 (¥) 57.4 + 8.53 (*¥)

fibers, the incorporation of 6% salicylic acid (w/w, based on
PCL) had no effect on the fiber morphology and the fiber dia-
meter (Fig. 3B). This was different for the layer-by-layer fiber
system, where the inclusion of salicylic acid resulted in minor
cracks on the fiber surface (Fig. 3C). In conclusion, we success-
fully produced uniform drug-loaded fibers. Such uniformity is
crucial for ensuring consistent drug release, uniform mechani-
cal properties, and reproducible in vivo efficacy.

3.2 Mechanical characteristics of electrospun fiber dressings

The mechanical characteristics of electrospun fiber dressings
primarily depend on factors such as the polymer used, the
fiber diameter, and the manufacturing conditions.>”> For a
comfortable application and feel on the skin, the fiber dres-
sings should be stretchy and flexible, easy to remove but still
have enough firmness for a 24 h application.”® A significant
difference in the mechanical characteristics was found
between the layer-by-layer fibers and the uniaxial fibers
(Table 2). The layer-by-layer dressing displayed a higher
Young’s modulus and higher tensile strength, indicating that
the fibers are more ductile than the uniaxial fibers (Fig. 4). No
change in the mechanical properties of the uniaxial fibers was
observed upon incorporation of salicylic acid. In summary, the
analysis demonstrated the stretchability of the fibers, which is
reproducible and potentially implies a comfortable wearing
sensation on the skin.

80
(PCL)
—— (PCLAS)

60| — (PCL+H+S) layer
=
-5
—
w 40
3
=]
wn

20

0 / T l L} l""' l L} l L) l T I

0 40 80 200
Strain [%)]

400 600 800

Fig. 4 Stress—strain profiles of uniaxially electrospun PCL fibers (PCL),
salicylic acid-loaded uniaxially electrospun fibers (PCL+S), and a layer-
by-layer electrospun fiber dressing containing both hydrocortisone and
salicylic acid (PCL+H+S) layer. The data are shown as representative
values (n = 1).

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.3 Invitro studies on drug release and drug loading

The objective of this research was to incorporate the keratolytic
salicylic acid alongside the anti-inflammatory corticosteroid
hydrocortisone into an electrospun dressing, aiming for rapid
release of salicylic acid in a burst manner, while ensuring a
delayed release of hydrocortisone over a 24 h period. To
achieve this, salicylic acid was initially electrospun into uniax-
ial fibers (PCL+S) to confirm the intended burst release.
Subsequently, it was electrospun as a third, bottom layer of a
layer-by-layer electrospun dressing, with hydrocortisone posi-
tioned in the middle layer (sample “(PCL+H+S) layer”) (Fig. 2).
The encapsulation efficiency exceeded 80% for all electrospun
fiber types, with nearly 100% for hydrocortisone in the layer-
by-layer electrospun dressing, indicating successful drug incor-
poration (Fig. 5).

The release studies revealed that the uniaxially electrospun
PCL+S fibers exhibited an initial burst release, with 80% of the
encapsulated salicylic acid being released within the first hour
(Fig. 6A). The layer-by-layer electrospun fibers demonstrated a
comparable pattern, releasing over 70% of the salicylic acid
content within the first hour (Fig. 6B). In contrast, as desired

100

50—

Encapsulation efficiency [%]

Fig. 5 Encapsulation efficiency of salicylic acid (S) in uniaxially
((PCL+S)) and layer-by-layer electrospun fiber dressings containing sal-
icylic acid in the bottom layer ((PCL+H+S) layer (S)), respectively, as well
as encapsulation efficiency of hydrocortisone (H) in the middle layer of
the layer-by-layer electrospun fiber dressing ((PCL+H+S) layer (H)). The
data are shown as mean values with standard deviations (n = 3).
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Fig. 6 Release study of (A) uniaxially electrospun fibers loaded with salicylic acid ((PCL+S)) and (B) layer-by-layer electrospun fibers containing sal-
icylic acid in the outer layer ((PCL+H+S) layer) and hydrocortisone in the middle layer ((PCL+H+S) layer). The data are given as mean values with

standard deviations (n = 3).

the release of hydrocortisone proceeded at a slower rate.
Approximately 40% of the hydrocortisone content was released
within the initial hour, followed by a delayed release, where
80% of the hydrocortisone content was released after 3 days,
and 90% after 7 days. The delayed release of hydrocortisone
can be attributed to the layered structure of the fiber dressing,

where the outer layers serve as a diffusion barrier,"***

requir-
ing the release medium PBS to permeate the fiber dressing to
dissolve the active ingredient before it can be released. In con-
trast, the salicylic acid present in the outermost layer of the
fiber mat can be released rapidly, as it comes into contact with
the release medium more quickly.”* This meets the require-
ments for the release of the incorporated drugs in two distinct
phases: salicylic acid in an initial burst release and hydrocorti-

sone in a sustained release over a 24 h period.

3.4 Ex vivo permeation studies

Semi-solid formulations such as creams and ointments are
commonly used in the treatment of inflammatory skin con-
ditions.® To gain a more comprehensive understanding of the
performance of electrospun fiber dressings, we compared
them in ex vivo permeation studies with a standard cream and
ointment obtained from a retail pharmacy. Dorsal porcine
skin was utilized for this purpose, and its integrity was con-
firmed through TEWL measurements conducted before the
study. Fig. 7 illustrates the results of the permeation study,
including the percentage of drug content remaining (Residue)
in either the electrospun fibers, cream, or ointment, and the
drug percentage detected in the epidermis, dermis, or beneath
the skin sample in the PBS medium (Acceptor). The “total”
bars represent the total drug recovery. Notably, for the layer-by-
layer electrospun fibers, it was found that a higher amount of
hydrocortisone had penetrated into the skin compared to the
combination of salicylic acid ointment and hydrocortisone
cream in both the epidermis and dermis. In detail, 4.5% of
hydrocortisone was found in the epidermis and dermis,
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respectively, for the electrospun fibers, as opposed to just
under 1.5% found in the epidermis and dermis, respectively,
for hydrocortisone cream. In contrast, there was only a
minimal difference in the permeation of salicylic acid pene-
trated from the salicylic acid ointment or the electrospun
fibers. To draw conclusions on a potential in vivo efficacy of
the drug delivery systems, it is relevant to compare the per-
meation data with the in vitro release studies, with the latter
clearly showing a burst release of salicylic acid and delayed
release of hydrocortisone. Following the application of the
layer-by-layer fiber dressing to the skin for 24 h, over 60% of
the hydrocortisone remained within the electrospun fibers
(Fig. 7), as opposed to just 30% after 24 h in the release study
(Fig. 6B). This stands in contrast to the quantity of salicylic
acid released and penetrated from both types of fibers. While
the release studies indicated that nearly all salicylic acid was
rapidly released from the fibers, only a negligible amount was
detectable in the skin, which is desirable as salicylic acid is
intended to act as a keratolytic on the top layer of the skin.
This difference emphasizes the importance to conduct per-
meation studies, as skin permeation is a highly complex
process®® that cannot be concluded on by only carrying out
release studies.”®?’

3.5 Anti-inflammatory characteristics of the electrospun fiber
dressings

The anti-inflammatory properties of the electrospun fibers
were evaluated in cell culture using human epidermal kerati-
nocytes. After co-culturing the cells with the fiber dressings for
24 h and 48 h, a decrease in the pro-inflammatory cytokine
IL-6, commonly secreted in inflammatory skin conditions,?®
was seen in response to the electrospun fiber dressings
(Fig. 8A). Notably, even the drug-free PCL electrospun fibers
resulted in a reduction in IL-6 levels, which can be attributed
to the binding of IL-6 from the cell culture medium by the
fiber mats (ESI Fig. S11). However, fibers containing either sal-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Anti-inflammatory effect of electrospun fiber dressings. (A) IL-6 response from HEKa cells following 24 h or 48 h incubation with different
electrospun fiber types, presented as log,-fold change relative to untreated control. The bars represent mean values with standard deviations (n =
3). (B) IL-6 response from human skin following 48 h incubation with electrospun fiber dressings, as well as salicylic acid ointment alone or in com-
bination with hydrocortisone cream, represented as log,-fold change relative to untreated human skin. The bars represent mean values with stan-
dard deviations, dots show individual data points (n = 3 with two technical replicates each).

icylic acid or both salicylic acid and hydrocortisone demon- action can be attributed to the hydrocortisone within the
strated a more pronounced reduction in released IL-6 com- fibers, which effectively reduces inflammation in the skin by
pared to the baseline of untreated controls, confirming their suppressing the release of pro-inflammatory substances such
anti-inflammatory efficacy. The primary anti-inflammatory as IL-6 and by inhibiting the activity of immune cells impli-
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cated in inflammation.”® To further investigate this anti-
inflammatory effect, the fiber dressings were incubated for
48 h on healthy human skin obtained from plastic surgery.
This was to provide information on whether the fibers are
compatible with human skin and confirm the reduction in the
IL-6 from the cell studies. For this purpose, the slightly mois-
tened fiber samples or the standard semi-solid formulations
were applied to human skin biopsies, and after 48 h the levels
of cytokine IL-6 were determined in skin homogenates.
Interestingly, only the layer-by-layer electrospun fiber dressing,
containing hydrocortisone alongside salicylic acid, exhibited a
notable reduction in IL-6 compared to both the baseline and
the control sample of drug-free PCL (Fig. 8B). Moreover, it was
evident that the conventional therapy involving the combi-
nation of salicylic acid ointment and hydrocortisone cream
did not demonstrate an anti-inflammatory effect comparable
to that of the electrospun layer-by-layer fibers.

The morphology of the skin after 48 h treatment with the
different fiber dressings was validated by H&E staining (Fig. 9).
While the stratum corneum was not obviously affected by the
PCL control fiber mats (Fig. 9B), all the samples containing
salicylic acid, either in electrospun fiber mats (Fig. 9C and D)
or standard ointment (Fig. 9E and F), showed a disrupted
stratum corneum and even epidermis (Fig. 9E). The disrupted
stratum corneum could be seen by the loose tissue remnants
above the stratum corneum. This indicates that salicylic acid
displays its keratolytic effect by detaching the keratinized cells
of the uppermost layer of the stratum corneum, consistent
with another study in which a considerable amount of kerati-
nized cells were removed after just 3 h of salicylic acid appli-

A| Control

B| (PCL)

E| S ointment

<%, % i R & y S
5 “ ;J'[} \ {f Taoss

F| S ointment + H cream

Fig. 9 HG&E staining of human skin sections following a 48-hour incu-
bation with (A) an untreated control, (B) uniaxially electrospun PCL
fibers, (C) uniaxially electrospun PCL fibers containing salicylic acid, (D)
uniaxially, layer-by-layer electrospun PCL fibers containing hydrocorti-
sone and salicylic acid, (E) salicylic acid ointment, and (F) salicylic acid
ointment combined with hydrocortisone cream. Scale bar = 200 pm.
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cation.*® In addition, salicylic acid stimulates cell regeneration
during long-term application, for example by leading to
increased basal cell proliferation.?" This has been observed in
other studies by a thickening of the epidermis following
stratum corneum detachment,**??* but was not significantly
observed in our study.

4. Conclusions

This study was carried out to design an electrospun polycapro-
lactone-based fiber dressing against inflammatory skin dis-
eases as an alternative to conventional semi-solid formu-
lations. Specifically, we aimed to develop a drug delivery
system with a dual release functionality containing salicylic
acid as a keratolytic (to be released immediately) alongside
hydrocortisone as an inflammatory agent (delivered continu-
ously over a 24 h period), thus requiring an application of a
single drug delivery system only once a day instead of different
semi-solid formulations twice a day. Initially, we successfully
manufactured uniform electrospun microfiber dressings
without artifacts and similar diameters between 3.2 pm and
3.6 um. Mechanical tests demonstrated favorable ductility,
potentially allowing for a comfortable application on the skin.
Our study further revealed that the layer-by-layer system fulfils
the release requirements, exhibiting rapid release of salicylic
acid from the bottom layer followed by a delayed release of
hydrocortisone from the middle layer of the fiber dressing.
Permeation studies revealed a higher penetration of hydro-
cortisone into the skin from the layer-by-layer fiber dressing
compared to the standard formulations, a salicylic acid oint-
ment and a hydrocortisone cream. HEKa cell studies
demonstrated anti-inflammatory effects for both the uniaxial
salicylic acid fibers and the layer-by-layer electrospun fibers
containing salicylic acid and hydrocortisone. Moreover, skin
studies revealed an anti-inflammatory effect of the hydrocor-
tisone-containing fibers, while none of the standard thera-
pies exhibited such an effect. H&E staining of the skin fol-
lowing 48 h of incubation with the electrospun fibers
revealed that all formulations containing salicylic acid (both
fiber dressings and ointment) exhibited a keratolytic effect,
evidenced by the disruption and detachment of the super-
ficial skin layer. Conversely, the layer-by-layer fibers contain-
ing hydrocortisone preserved the integrity of the skin
barrier. Moistened and applied onto the skin, these electro-
spun fiber mats present a potential alternative to traditional
semi-solid formulations requiring less frequent application,
offering convenience and effectiveness, which is likely to
enhance patient adherence.
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H&E staining Hematoxylin and eosin

HEKa Human epidermal keratinocyte

HPLC High-performance liquid chromatography
1L-6 Interleukin-6

PBS Phosphate-buffered saline

PCL Polycaprolactone

SEM Scanning electron microscope

TEWL Transepidermal water loss
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