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Abstract: Electrospun polycaprolactone nanofibers with embedded magnetic nanoparticles were
developed for use in the topical delivery of antipsoriatic drugs. To test a hydrophobic drug, a
tazarotene has been used, which is an efficient retinoid derivative. Such a smart hyperthermia
nanofiber system with self-generated heat from the incorporated magnetic nanoparticles induced
drug release in response to on-off switching of alternating magnetic fields for the delivery of
tazarotene through the skin, as quantified using Franz cells. This highly efficient external field-
controllable system with minimal skin irritation could create a new avenue for the topical therapy
of psoriasis.
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1. Introduction

Psoriasis is a hereditary, chronic, and recurrent immune-based disease, which is char-
acterized by the incomplete maturation and differentiation of skin cells. It affects about
2-4% of the European population. It occurs in the same percentage in women as in men.
Morbidity varies based on geographical and ethnic conditions. The incidence of psoriasis is
higher in the Nordic countries of Europe than in the southern countries. Psoriasis is practi-
cally absent in Inuit and South American Indian peoples. The etiopathogenesis of psoriasis
is not yet fully understood. The genetic component plays an important role. Inheritance
is polygenic. Family history is confirmed in approximately 30% of cases. Exogenous and
endogenous factors play a significant role in the development of clinical manifestations of
psoriasis, as they can induce a clinical manifestation of psoriasis in patients with a latent
form of the disease. These factors include infections, inflammatory skin diseases, hormonal
effects, poor lifestyle, physical and chemical effects, and other serious general diseases.
In addition, commonly used drugs can trigger the disease, which include, for example:
beta-blockers, non-steroidal anti-inflammatory drugs, ACE inhibitors, antimalarials, and
lithium. Psoriasis treatment can be divided into topical and systemic types of treatment.
Topical therapy is used by up to 90% of patients with psoriasis. The first step of treatment
is to remove the scales by utilizing the keratolytic effect of salicylic acid. After the removal
of the scales, corticosteroids in the form of solutions are most often used in topical therapy
as creams and ointments. They have a non-specific anti-inflammatory, immunomodulatory,
antiproliferative, and vasoconstrictive effects. The disadvantage of corticosteroids in long-
term application is skin atrophy, hypertrichosis, and telangiectasia. The disease can become
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unstable and more difficult to manage. Other widely used topical antipsoriatic drugs in-
clude anthralin, coal tar, analogues of D3 vitamin, and retinoids. Local retinoids react with
the nuclear receptors of cells and affect the transcription of genes. They have antiphlogistic,
immunomodulatory, antiproliferative, and differentiating effects on keratinocytes, lym-
phocytes, and sebocytes [1]. the most popular topical therapy is tazarotene [2-17], which,
chemically, is ethyl-[2-(4,4-dimethylthiochroman-6-yl)-ethynyl] nicotinate. Tazarotene is
in organism rapidly hydrolysed by esterases to a biologically active form—tazarotenic
acid 6-[2-(4,4-dimethylthiochroman-6-yl)ethynyl] nicotinic acid (Figure 1). Tazarotene is
a retinoic-acid-specific receptor such as RARf and RARy, downregulating markers of
keratinocyte differentiation and proliferation, as well as inflammation. The drug also
upregulates three genes, TIG-1 (tazarotene-induced gene-1), TIG-2, and TIG-3, which can
mediate antiproliferative activity.

HO —N
Tazarotenic acid

Figure 1. Structure of the tazarotene and its main degradation product, tazarotenic acid.

For therapeutic purposes, several formulations (gel, cream, aerosol, and foam) of
tazarotene are commonly used. As has been found recently, the most useful forms are
microemulsions containing surfactant, as they display suitable skin permeation rates and
skin uptake, which are appreciated in dermatology due to their transparency, stability,
and minimal energy consumption and simplicity of preparation due to their spontaneous
formation when oil, water, and surfactant are mixed together [18,19].

Nanotechnology, although only recently emerged, has already provided considerable
opportunities to address the limitations of traditional drug delivery systems’ mechanisms,
as well as with regard to biotechnology, biomedicine, and other fields. Nanocarriers with
the appropriate characteristics can effectively target and release drugs, including retinoids,
at the desired location [20]. Recently, we developed a smart hyperthermia nanofiber system
with self-generated heat from the incorporated magnetic nanoparticles, which induced drug
release in response to on—off switching of alternating magnetic fields for the delivery of wa-
ter soluble antipsoriatics, e.g., methotrexate [21]. An electrospinning method was employed
to fabricate the mesh. The treatment of psoriasis is usually prolonged (weeks or months)
and may lead to adverse reactions such as pruritus, burning, and erythema. Low solubility
limits tazarotene incorporation into drug carriers and often results in poor compliance in
patients. Therefore, we investigated the possibility of a dressing for topical application
prepared via the electrospinning of nanofibers. This dressing has the desired skin targeting
properties that may reduce the occurrence of adverse reactions and biomimetic scaffolds
that mimic the natural hierarchical structure of tissues, which may be used for a prolonged
time, as has been already shown through the use of tretinoin-loaded polycaprolactone
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nanofibers as a potential anti-acne patch [22], antibacterial poly(ethylene oxide) nanofibers
containing cinnamon [23], or 5-fluorouracil-loaded poly(vinyl alcohol) nanofibers for the
treatment of skin cancer [24]. In this study, we address a more challenging task, namely the
delivery of a drug with poor water solubility, tazarotene, using a nanofiber patch made of
hydrophobic polycaprolactone polymer (Figure 2), an FDA-approved, biocompatible, and
non-immunogenic semi-crystalline polymer with good biodegradability.

Figure 2. Polycaprolactone is a biodegradable polyester and ideal material for preparation of
electrospun nanofibers.

2. Materials and Methods
2.1. Materials

Polycaprolactone (PCL) (Mw = 80,000), tazarotene (99%), 1,1,1,2,2,2-hexafluoro-2-
propanol (HFIP), and, if not otherwise stated, all other chemicals and material were ob-
tained from Sigma-Aldrich company (Saint Louis, MO, USA). Franz cells were purchased
from Across Barriers GmbH (Saarbruecken, Germany). XenoSkin H—Ex vivo dermatomed
skin discs for permeation experiments using Franz cells—were obtained from Xenomet-
rics AG (Allschwil, Switzerland). PCL-stabilized magnetic nanoparticles were prepared
according to [25].

2.2. Electrospinning Process

Tazarotene (20 mg) and PCL (0.8 g) were dissolved in 10 mL of HFIP to obtain 8%
(w/v) drug-mixed solution for use in spinning the drug-loaded fibrous patch. The mixed
tazarotene solution, various amounts of PCL-stabilized magnetic nanoparticles, and the
mixture were then stirred overnight in the dark (due to the photo-instability of tazarotene).
This mixture filled a 10 mL syringe and was inserted with a 20 G stainless steel blunt
needle. A Terumo TE-331 syringe pump (Terumo, Shibuya City, Tokyo, Japan) at a rate of
flow 0.5 mL/h expelled the mixture from a syringe needle to which a voltage of 12 kV was
connected; the other pole was attached to aluminum foil located 15 cm from the needle, or
the nanofibers were deposited directly on the skin (Figure 3).
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to the skin.

(a) (b)

Figure 3. Electrospinning of polycaprolactone nanofibers: (a) experimental setup; (b) nanofibers can be deposited directly

2.3. Structural Characterization of Nanofibers

Scanning electron microscopy (SEM) combines a large depth of field, high contrast,
and spatial resolution to characterize nanofiber structures. Electron microscope images
were taken on a Tescan Lyra3 (Brno, Czech Republic) SEM microscope. Since the prepared
nanofibers were not conductive, they had to be metallized first, so a 20 nm layer of a
mixture of platinum and gold (20/80) was applied to all fibers. Subsequently, samples
were measured in the secondary electron emission mode in the working depth mode with
at a distance of 15 mm and a voltage of 10-30 kV.

2.4. Colorimetric Assay of Iron

When drop of potassium ferrocyanide was added to a nanofiber patch containing ferric
ions (Fe?*), insoluble crystals of with blue pigment (so-called Prussian blue) were formed.

2.5. Application of Alternating Magnetic Field

When measuring the high-frequency heating of the samples, we used the apparatus
based on the high-frequency generator GV6A (Zavody elektrotepelnych zafizeni, Rychnov
u Jablonce nad Nisou, Czech Republic) with a frequency of 3.5 MHz and an induction of
1.2 kAm~! when water was cooled with three coil turns with a diameter of 15 cm (Figure 4).

—M— With magnetic nanoparticles
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Figure 4. Alternating magnetic field was used for heating of nanofibers with embedded magnetic nanoparticles:
(a) experimental setup; (b) kinetics of temperature increase in nanofiber patch with magnetic nanoparticles.
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alternating magnetic field.

Absorbance

2.6. Ex Vivo Drug Permeation Study

The standard vertical Franz cell (Figure 5) method was used to quantify skin perme-
ability for tazarotene. A cell with a receptor portion volume of 5 mL was used. Permeation
testing was performed on circular sections of human abdominal skin firmly fastened be-
tween donor and acceptor chambers. After equilibration for 2 h with phosphate buffer (PBS,
1mM, pH 7.4) at 32 °C (average skin surface temperature), the collection chamber was filled
with 7.5 mL of ethanol/PBS solution (50:50 v/v), which maintained a descending position
and was rotated continuously with a magnetic field (100 rpm). The tazarotene-containing
nanofiber was attached to the skin and the tazarotene-free sample was used as a control.
After sampling from the receptor compartment of the Franz cell, it was subsequently sup-
plemented with an aliquot of the ethanol/PBS solution. The determination of tazarotene
concentration in the receptor liquid was made spectrophotometrically (at 351 nm) using
a UV-Vis spectrophotometer and the calibration curve (Figure 6). The experiments were
performed by avoiding light exposure due to the inherent tazarotene photo-instability.
For applications with alternating magnetic fields, it was not possible to use a metal clip
(Figure 5a), which would have been extensively heated in this field; therefore, we used
modified Franz cells without the metal parts (Figure 5b).

(b)

Figure 5. (a) Standard Franz cell with metal clip; (b) Franz cell fastened with an elastic band suitable for application with
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Figure 6. (a) UV-Vis absorption spectra of tazarotene; (b) calibration curve at wavelength of 351 nm.
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SEM HV: 10.0 kV
View field: 40.6 pm

WD: 8.99 mm
Det: SE

The actual amount of tazarotene in the nanofibrous mat (cut into rectangles
1.5 cm x 1.5 cm) was quantified by dissolving each sample in 4 mL of HFIP. Then, 0.5 mL
of the solution was added to 8 mL of phosphate-buffered solution. The concentration of
tazarotene was quantified using the calibration curve (Figure 6) obtained from absorbance
(at wavelength 351 nm) measurement using a UV MINI 1240 UV-VIS spectrophotometer
(Shimadzu, Kyoto, Japan). The tazarotene entrapment efficiency was calculated as:

Entrapment efficiency (%) = (tazarotene_fib/tazarotene_th) x 100

where tazarotene_fib is the amount of embedded magnetic nanoparticles in fibers, and
tazarotene_th is the theoretical amount of tazarotene (used for their preparation) loaded into
the fibers.

3. Results and Discussion

For efficient drug delivery and psoriasis treatment, sustained drug release for a
prolonged time is important. Recently, a new medication concept called “dose-dense
chemotherapy” has been introduced and successfully used, especially in cancer therapy,
based on the technique of increasing dosage for a short time [26].

The smart nanofiber patch presented here has the potential to be used for temporal
drug release triggered by external stimuli. For these purposes, we used nanofibers with
embedded magnetic nanoparticles [27]. These nanoparticles are extensively heated when
exposed to an alternating magnetic field [28-33].

The second key physical principle we used was the low melting temperature of PCL
polymer (45-52 °C) [25] attainable by alternating magnetic-field-mediated hyperthermia.
It is analogous to gel-liquid crystal phase transition in liposomes, exploited in liposomal
temperature-sensitive drug delivery systems [32].

A key factor in the successful use of nanofibers for the controlled release of a drug
is the need for its effective incorporation. We used tazarotene, whose water solubility is
0.75mg/L, so it is a hydrophobic drug. Nevertheless, the solubility of another drug from
the retinoid class—tretinoin—is only 0.025 mg/L. This was also a reason why we used
the hydrophobic polymer, PCL, which is in contrast to our previous study [21], where
we incorporated methotrexate—a drug well soluble in water—into polyvinyl alcohol, a
hydrophilic polymer. By using PCL, we managed to achieve an incorporation efficiency of
96.7%. This makes it possible to use a smaller patch that can be applied for a longer time.

Scanning electron microscopy (Figure 7) was used to characterize the structure of the
nanofibers. The fabricated nanofibers had diameters from 220 to 640 nm and a uniform
smooth structure of their surface.

SEM HV: 10.0 kV WD: 8.61 mm LYRA3 TESCA|

View field: 201 pm Det: BSE 50 ym
(b)

Figure 7. Scanning electron microscopy of nanofibrous patch: (a) higher magnification; (b) lower magnification.
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To effectively embed them, we used magnetic nanoparticles stabilized in PCL, which
allowed us not only to incorporate them effectively into the structure of a nanofiber from
the same polymer, but also to achieve their homogeneous distribution in nanofiber patches,
as shown in Figure 8, using colorimetric Prussian blue staining.

(b)

Figure 8. Colorimetric assay of magnetic nanoparticles in nanofiber patch: (a) optical microscopy image of patch without

Prussian blue; (b) patch immediately after staining when Prussian blue crystals are formed.

For successful transdermal therapy, it is necessary for the drug to be concentrated
rapidly on the skin surface in a therapeutically effective dose. To evaluate the ability of
this formulation to cross the skin, we used human abdominal skin (obtained as frozen
discs from Xenometrics) as a sample to measure tazarotene permeation using a vertical
Franz cell (Figure 9). An analysis of the experimental data was carried out using the
sigmoidal function proposed by Boltzmann in 1879 [34], which is based on the logistic
sigmoidal equation, an appropriate starting point for the description of phase transition
phenomena. As shown in Figure 9, the release of tazarotene is excellently described by
this sigmoidal release pattern, which is therapeutically beneficial for timed release [35].
In addition to the phase transition of polycaprolactone, the release of tazarotene slightly
increased, probably via the Arrhenius mechanism, in contrast to tazarotene permeation
without heating with alternating magnetic field, where after 24 h, release of 70% tazarotene
was observed. The sigmoidal curve reflects the experimental fact [33,36] that the phase
transition temperature for polycaprolactone is 52.1 & 2 °C, with an initial phase transition
temperature of 45.4 £ 2 °C, which means that the melting point of the polycaprolactone
nanofiber and the subsequent drug release can be easily achieved by means of hyperthermia
induced by an alternating magnetic field (Figure 4b).

80 7 . T : 1 . : - : : : - :

704 m  With magnetic field _
1 —@— Without magnetic field

60
4 A -A

A .
50 Y= T fea=xy/dx + 4,

40 Data: Datai_B

Model: Boltzman

Chi*2 = 6.00642

30 Al 255855 £1.07797
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Figure 9. In vitro permeation profile of tazarotene through the abdominal human skin form nanofiber
patch and the effect of alternating magnetic field on time course of tazarotene permeation.
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Moreover, the heat produced by AMF heating may also synergistically increase the
efficiency of psoriasis therapy via superficial hyperthermia [37].

4. Conclusions

In this paper, we prepared an electrospun PCL nanofiber patch with embedded mag-
netic nanoparticles and the antipsoriatic drug, tazarotene. These fabrics were characterized
by scanning electron microscopy and Prussian blue staining and tested with regard to drug
delivery and permeation using Franz cells.

We showed that these electrospun nanofibers have promising potential as future
candidates in remote-controlled drug delivery systems for the more efficient treatment of
psoriasis. An attractive approach for their application would be a handheld electrospinning
device activated at a short distance from psoriatic plaque, which is under investigation in
our laboratory.
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