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Abstract: During the last decade, many studies have been reported on the design and formulation of
novel drug delivery systems proposed for dermal or transdermal administration. The efforts focus on
the development of biocompatible nanodispersions that can be delivered to the skin and treat severe
skin disorders, including cancer. In this context, oil-in-water (O/W) microemulsions have been
developed to encapsulate and deliver lipophilic bioactive molecules for dermal application. An O/W
biocompatible microemulsion composed of PBS buffer, Tween 80, and triacetin was assessed for its
efficacy as a drug carrier of DPS-2, a lead compound, initially designed in-house to inhibit BRAFV600E
oncogenic kinase. The system was evaluated through both in vitro and ex vivo approaches. The
cytotoxic effect, in the presence and absence of DPS-2, was examined through the thiazolyl blue
tetrazolium bromide (MTT) cell proliferation assay using various cell lines. Further investigation
through Western blotting revealed that cells died of necrosis. Porcine ear skin was used as a skin
model to evaluate the degree of permeation of DPS-2 through skin and assess its retention. Through
the ex vivo experiments, it was clarified that encapsulated DPS-2 was distributed within the full
thickness of the stratum corneum (SC) and had a high affinity to hair follicles.

Keywords: drug delivery; cell viability; Franz diffusion cell; chemotherapy; skin permeation;
differential tape stripping

1. Introduction

During the last decade, a lot of efforts have focused on the design and development
of novel drug delivery carriers to address drawbacks such as low solubility, stability and
bioavailability in pharmaceutics and medicine [1-3]. A growing number of studies refer to
the development of drug nanocarriers based on soft nanosized systems. These are nanoscale
materials (10-200 nm) consisting of safe, biodegradable ingredients of relatively low cost
that are capable of encapsulating the bioactive molecule at an effective dosage and designed
in compliance with the desired biological and physicochemical properties [2,3]. Nanosized
colloidal delivery systems, such as liposomes, polymers, nanoparticles, emulsions, and
microemulsions, present many advantages in terms of the effective targeted delivery
of hydrophobic bioactive compounds, mainly due to their high ratio of surface area to
volume and their unique physicochemical properties [4-6]. The bioactive compounds are
administered by such delivery systems to specific tissue or cell targets via oral, parenteral,
topical, transdermal, nasal, and ocular routes [7,8]. Moreover, nanocarriers emerge as a
promising approach for cancer chemotherapy. Despite the significant progress made in
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cancer treatment over the years, many metastatic sites are still not accessible due to the small
size of malignant cell clusters and low chemosensitivity [9]. Most of the chemotherapeutic
drugs that are currently available exhibit a poor water solubility, which leads to increased
dosages and, consequently, toxic side effects. Therefore, efforts have focused on the
development of nanoformulations and related delivery mechanisms in order to improve
the bioavailability and efficacy of chemotherapeutic drugs [10].

Among nanosized colloidal delivery systems, pharmaceutical microemulsions are
becoming very important as drug delivery systems due to their potential to incorporate
a wide range of drug molecules, both hydrophilic and hydrophobic, and their promising
applications in the field of cancer chemotherapy [10-12]. Microemulsions are low viscosity,
optically transparent, thermodynamically stable dispersions of oil and water stabilized by
surfactant molecules. They are isotropic in nature, with typical droplet diameters in the
size range of 10-100 nm. They can be classified into three main categories according to the
ratios of the dispersed phase in relation to the dispersion medium: oil-in-water (O/W),
water-in-oil (W/O), and bicontinuous [13-15]. As they have gained researchers’ interest
during the last decade, up to 1200 publications have reported biomedical drug delivery
applications of microemulsions related to different routes of administration; oral delivery
is suggested in over 42% publications, followed by dermal/topical delivery (>30%) and
parenteral delivery (14.25%) [16].

In this context, we developed and characterized O/W biocompatible microemulsions
composed of PBS buffer, Tween 80, and triacetin [17] as carriers of the benzothiophene
analogue DPS-2 (Figure 1) in skin melanoma (WM 164) and epithelial colorectal adenocar-
cinoma (Caco-2) human cell lines [18].
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Figure 1. Chemical structure of DPS-2.

The encapsulated compound (DPS-2), initially designed to inhibit the BRAFY600E
oncogenic kinase, has not been proven to be a specific BRAFV®YE inhibitor but exhibited
significant cytotoxic activity when encapsulated in O/W microemulsions and delivered
in several colorectal cancer (CRC) and melanoma cell lines, affecting major prolifera-
tive/survival pathways [17-19]. The antitumor activity of DPS-2 has also been validated
in vivo in mouse xenografts of Colo-205 colorectal cancer cells, where it remarkably re-
duced their tumor formation properties [19]. The above findings overall suggest that DPS-2
is a promising lead compound towards developing a novel chemotherapeutic agent.

Based on the above evidence, we further focused on dermal applications. The skin is
the largest organ of the human body, accounting for about 15% of the total body weight,
acting as a barrier between the internal and the external environment and providing
protection against foreign bodies [20]. Many research groups report the enhancement of
penetration and the increase in bioavailability of poorly soluble drugs when administrated
through the skin [21-28]. Moreover, cancer treatment remains a major issue in dermal and
transdermal applications. A variety of anticancer drugs and lead compounds, with potent
anticancer activity, were examined for their efficacy when administrated by microemul-
sions [17,18,29,30]. Both microemulsions and microemulsion-based gels are frequently used
in dermal and transdermal administration, providing an easy, convenient self-treatment for
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patients. The drug’s ability to penetrate through the skin is correlated to its physicochem-
ical properties, as well as the pharmaceutical dosage form; furthermore, it is absolutely
necessary to understand the processes, pathways, and driving forces affecting its transder-
mal permeation [31]. As it is not often possible to conduct in vivo studies to explore new
routes of drug administration at the initial stages due to regulations or ethical concerns
and it is nearly impossible to assess skin permeability using simply in vivo tests [31,32],
ex vivo studies and relevant models are crucial in research on skin formulations for either
topical or systemic drug actions [32]. Porcine ear skin is the most suitable ex vivo model
for human skin in studies on dermal and/or transdermal penetration; thus, it is widely
applied as a tool for topical formulation, evaluation, and optimization studies [33-35].

Therefore, in the present study, the developed O/W biocompatible microemulsion
system was evaluated as a carrier of the cytotoxic lead compound DPS-2 in dermal applica-
tions through both in vitro and ex vivo approaches. The cytotoxic effect in the presence
and absence of DPS-2 was examined through the thiazolyl blue tetrazolium bromide (MTT)
cell proliferation assay using normal skin and melanoma cell lines. Further investigation
of the mode of cell death, through Western blotting, confirmed that cells died of necrosis.
Porcine ear skin was used as a skin model to evaluate the degree of permeation of DPS-2
through skin and assess its retention. The ex vivo approach, using the differential stripping
technique, was focused on the identification of the main penetration route through which
the encapsulated compound was delivered into the skin.

2. Materials and Methods
2.1. Materials

Triacetin (>98%) was purchased from TCI Chemical Industry Co., Ltd. (Tokyo, Japan).
Polyoxyethylene sorbitan mono-oleate (Tween 80) suitable for cell cultures and dimethyl
sulfoxide (DMSO) was purchased from Sigma-Aldrich (Taufkirchen, Germany). All cell
lines used in this study were grown in EMEM medium supplemented with 10% FBS,
antibiotics, and amino acids, all from Invitrogen. Eagle’s Minimum Essential Medium
(EMEM), nonessential amino acids solution (100 x), fetal bovine serum (FBS), L-glutamine
(2 mM), bovine serum albumin (BSA), trypsin 0.25%, and phosphate-buffered saline (PBS)
were purchased from Gibco-Life Technologies (Grand Island, NY, USA). Trypan Blue
solution and thiazolyl blue tetrazolium bromide (MTT) were obtained from Sigma-Aldrich
(Taufkirchen, Germany). DPS-2 was synthesized, as previously described, by the Group of
Pharmaceutical Chemistry at the Institute of Chemical Biology (National Hellenic Research
Foundation) [17].

PI/RNase staining solution was purchased from Cell Signaling Technology (Danvers,
MA, USA); radio immunoprecipitation assay (RIPA) lysis buffer was purchased from Santa
Cruz Biotechnology, Inc. (Heidelberg, Germany); and the Super Signal™ West Oico PLUS
chemiluminescent substrate (ECL) Western blotting detection reagent kit was purchased
from Thermo Scientific (Rockford, IL, USA). Antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA) and R&D Systems (Minneapolis, MN, USA). Absolute
ethanol, 2-propanol, methanol, and acetonitrile (HPLC grade) were obtained from Thermo
Fisher Scientific (Kandel, Germany). Porcine ears were kindly donated by a local provider
in Serbia, as the ex vivo experiments were performed in the Faculty of Pharmacy, University
of Belgrade, Belgrade, Serbia.

2.2. Cell Lines, Culture, and Treatments

The human skin normal fibroblasts WS1 and the human skin malignant melanoma
cells SK-MEL 28 (BRAFV®0E) were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). Both cell lines were grown in EMEM (containing 2 mM
L-glutamine, 1 mM sodium pyruvate, and 1500 mg/L sodium bicarbonate), supplemented
with 10% FBS and 1% penicillin/streptomycin (Gibco-Life Technologies), at 37 °C in a
humidified incubator with 5% CO;. The cells were maintained as a monolayer culture
and trypsinized when they reached 70% confluence. Cells were treated with the bioactive
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compound either encapsulated in microemulsions or diluted in DMSO at the final concen-
tration of 5.6 uM. The DMSO concentration in the medium did not exceed 0.2% v/v. Cells
were harvested using 0.25% trypsin solution in PBS at 48 and 72 h after the treatment onset.
Non-treated cells were used in all cases as a control.

2.3. Cell Survival and Cytotoxicity Assays

The inhibition of cell proliferation was assessed 48 and 72 h after treatment by MTT
assay (M5655; Sigma-Aldrich) according to the manufacturer’s standard protocol. Cell
viability was measured at 470 nm (690 nm for background) using a Safire II TECAN
microplate reader (Grodig, Austria). Data were obtained by performing two independent
experiments, and each was carried out in pentaplicate. Non-treated cells were used in all
cases as a control. Statistical analysis was performed by Student’s t-test.

Cytotoxicity was initially assessed 48 and 72 h after treatment by Trypan Blue (Sigma-
Aldrich, St. Louis, MO, USA; T8154) according to the manufacturer’s standard protocol.
The cell count and viability was determined using a Neubauer counter and trypan blue dye
(50 puL + 50 pL cell suspension). Cytotoxicity of DPS-2 was determined from the equation:
% live cells = unstained cells/(stained + unstained cells) x 100.

2.4. Western Blotting

Total protein extracts were prepared using RIPA lysis buffer. Cell lysates (25 pg
protein) were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS—-
PAGE) gel electrophoresis, electro-transferred onto nitrocellulose (0.2 pm), and blocked
as previously described [17,36]. Overnight incubation of the nitrocellulose with primary
antibody at 4 °C was followed by incubation with secondary anti-rabbit IgG antibody
conjugated to horseradish peroxidase (HAF008; R&D Systems, Minneapolis, MN, USA) for
1.5 h at room temperature. Detection was achieved by the Super Signal™ West Oico PLUS
chemiluminescent substrate (Thermo Scientific, Rockford, IL, USA) kit. Primary antibodies
against the following proteins were used at the indicated dilutions: PARP (46D11), rabbit
mAb (Cell Signaling Technology-9532, Danvers, MA, USA), 1:1000; (3-actin (cs-8457, 3-actin
(D6AS), rabbit mAb, Cell Signaling Technology), 1:1000; caspase-3 (D3RXY), rabbit mAb
(cs-14220, Cell Signaling Technology), 1:1000; MLKL (D2I6N), rabbit mAb (cs-14993, Cell
Signaling Technology), 1:1000; phospho-MLKL (ser358) (D6H3V), rabbit mAb (cs-14993,
Cell Signaling Technology), 1:1000; GAPDH (14C10), rabbit mAb (cs-2118, Cell Signaling
Technology), 1:1000.

2.5. Ex Vivo Permeation Study

Ex vivo permeation protocols were applied using porcine ear skin as a skin model
to evaluate the DPS-2 in skin using modified Franz diffusion cells. In particular, each cell
contains a donor compartment and a receptor compartment separated by the membrane.
The permeation motif of DPS-2 from microemulsions was determined by calculating the
percentage of the compound that permeated in the receptor compartment of the cell
over time. The quantity of DPS-2 was determined using a liquid chromatography-mass
spectrometry (LC MS-MS) procedure. Porcine ears, obtained immediately after slaughter
(before scalding), were carefully washed under cold running water, blotted dry with a
soft tissue, wrapped in the aluminum foil, and stored at —20 °C until use (within one
month). To prepare skin membrane, after thawing at room temperature hair was shortened
with an electric trimmer, to avoid destroying hair follicles. The full-thickness skin was
removed from the cartilage using a scalpel and punched to the discs with a diameter
of 25 mm. Concurrently, the trans-epidermal water loss (TEWL) (Tewameter® TM 210;
Couragep Khazaka, Koln, Germany) was measured before the experiment to check the
skin barrier integrity. Skin was placed between the donor and receptor compartment and
left to equilibrate for 30 min before the sample application. The temperature in the Franz
cell waterbath remained constant at 32 °C, as this is the mean temperature of the skin
surface. The receptor chamber of the Franz cell device was filled with a mixture of 80% PBS
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1x solution and 20% ethanol (chamber volume: 12 mL; effective diffusion area: 2.01 cm?)
to guarantee that the DPS-2 permeation through the skin was not affected by the solubility
parameters. The volume of the sample that was applied on skin surface was 500 pL.

According to the relevant guidelines, in order to test substances that penetrate slowly
(OECD, 2004; EMA, 2018) a permeation study was performed for 30 h. Taking into ac-
count scheduling issues having to do with the laboratory infrastructure availability, the
samples were collected from receptor chamber for analysis at 3, 6, 9, 27, and 30 h after treat-
ment [37,38]. After the end of the experiment, the skin content was extracted to evaluate
the quantity of DPS-2 that remained in full-thickness skin and did not permeate the skin
barrier. In particular, skin samples were cleaned using PBS 1x solution and cut in small
pieces to increase the extraction surface. Extraction was performed using methanol (HPLC
grade) and samples were left to shake for 24 h. Then, samples were put in ultrasound
bath for 15 min at room temperature and were centrifuged until the transparence of the
supernatant was observed (3000 rpm, 15-30 min, 25 °C). Supernatant was stored at 4 °C
until analysis and skin was discarded [39].

2.6. Differential Tape Stripping

Differential tape stripping using porcine ear skin contributed to the evaluation of the
quantity of DPS-2 that penetrated through the superficial skin layers. [40]. Opposite to the
in vitro permeation procedure where the skin was excised from the porcine ears, during
this investigation the skin remained on the cartilage. Precisely, on the day of experiment,
after defrosting, hairs were shortened and ears with intact skin were fixed on styrofoam
plates. When the TEWL reached the value of approximately 15 g-m~2-h~! (measured
using a Tewameter® TM 210) [40], the investigated formulation was carefully applied on
assigned skin sites. The investigated microemulsion was applied in skin at an infinite dose
regimen and left for 2 h (sample volume: 1 mL; effective diffusion area: 4.02 cm?). During
this time, the mass of each adhesive tape was measured accurately before use. The TEWL
was measured both before stripping as a baseline value and after the stripping of the 4th,
8th, and 12th tape to standardize the removed SC thickness.

Adhesive tapes were pressed onto the skin using a roller and then removed. The
procedure was repeated for 15 times. Afterwards, a drop of cyanoacrylate superglue was
applied in the center of the treated site and was covered with an adhesive tape. The
superglue was left for 10 min to polymerize and then the adhesive tape was removed,
containing the follicular content of the drug. After the removal of the SC layers, each
tape was placed into a centrifuge tube and drug was extracted by choosing a suitable
solvent (70% ethanol for tapes containing SC and acetonitrile for tapes containing hair
follicles). Then, samples were put in an ultrasound bath for 15 min at room temperature
and centrifuged until the transparence of the supernatant was observed (4000 rpm, 15 min,
25 °C). Supernatant was kept at 4 °C and skin was discarded. The quantity of DPS-2 was
determined using the LC MS-MS procedure.

2.7. Quantification of DPS-2

The liquid chromatography—mass spectrometry (LC MS-MS) procedure was used to
quantify DPS-2 in all samples obtained through ex vivo permeation study and differential
tape stripping. In the present study, samples that contained DPS-2 were analyzed on a
Thermo Scientific Accela 1000 UPLC system coupled to a Thermo Scientific TSQ Quantum
Access MAX triple quadrupole mass spectrometer. The analysis was performed on a
UHPLC chromatograph ACELLA (Thermo Fisher Scientific Inc., Madison, WI, USA),
coupled to a triple quadrupole mass spectrometer TSQ Quantum Access MAX (Thermo
Fisher Scientific Inc., Madison, WI, USA) with a heated electrospray ionization (HESI)
interface. The column was a Zorbax Eclipse XDB C18 (150 mm x 4.6 mm, 5 um particle
size). The mobile phase was acetonitrile/0.1% formic acid = 60:40 (v/v), the flow rate was
0.5 mL min !, the column temperature was set to 30 °C, and the injection volume was
10 puL. DPS-2 was detected and quantified in positive HESI mode (m/z = 504.4).
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3. Results
3.1. In Vitro Evaluation
3.1.1. Cell Proliferation and Cytotoxicity Assays

Cell viability data are very important as the in vitro assessment of different surfac-
tants or surfactant mixtures in drug delivery systems is required for the investigation of
potential skin irritation and cytotoxic effects [41,42]. The inhibition of cell proliferation was
determined using the MTT assay, a method for the sensitive quantification of viable cells.
As shown in Figures 2 and 3, the lipophilic bioactive compound DPS-2 was either diluted
in DMSO or encapsulated in O/W microemulsions and was administered in human skin
malignant melanoma cells (SK-MEL 28) and normal fibroblasts (WS1).
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Figure 2. Inhibition of cell proliferation in SK-MEL 28 cells 48 and 72 h after the treatment onset.
Culture medium (EMEM) and DMSO 0.2% v/v were used as positive control samples, pe 0.2% refers
to O/W microemulsions without DPS-2 (empty), ue DPS-2 5.6 uM refers to O/W microemulsions
loaded with DPS-2 at a concentration of 5.6 uM. DPS-2 was also solubilized in DMSO at 5.6 uM.
Statistically significant results are indicated by asterisks (***) when p < 0.001 (Student’s t-test).
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Figure 3. Inhibition of cell proliferation in WS1 cells 48 and 72 h after the treatment onset. Culture
medium (EMEM) and DMSO 0.2% v/v were used as positive control samples, pe 0.2% refers to O/W
microemulsions without DPS-2 (empty), pe DPS-2 5.6 uM refers to O/W microemulsions loaded
with DPS-2 at a concentration of 5.6 uM. DPS-2 was also solubilized in DMSO at 5.6 uM. Statistically
significant results are indicated by asterisks (*) when p < 0.05, (**) when p < 0.01, and (***) when
p <0.001 (Student’s t-test).
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Prior to treatment, empty and loaded microemulsions were diluted in the cell culture
medium (EMEM) at a ratio of 0.2% v/v, as previously described [17,19]. The final concen-
tration of DPS-2 in cell culture medium was 5.6 uM, either encapsulated in microemulsion
or diluted in DMSO. Figures 2 and 3 show the percentage of cell viability in SK-MEL 28 and
WST1 cell cultures, respectively, 48 and 72 h after the treatment onset. EMEM and DMSO
0.2% v/v were used as positive control samples in all cases.

The in vitro evaluation data revealed that the O/W microemulsions loaded with
DPS-2 significantly inhibited cell proliferation at 48 and mainly 72 h in both cell lines. In
accordance with previously made observations [18], empty O/W microemulsions at a final
ratio of 0.2% v/v in the culture medium slightly affected cell viability, most likely due
to the transient disturbance of the cellular membrane lipid bilayer in the course of their
penetration within cells [17,43]. Nevertheless, it is important to note that the cytotoxic
effect of O/W microemulsions loaded with DPS-2 was prominent at both time points
and far more prominent in SK-MEL 28 melanoma cells compared to WS1 normal skin
fibroblasts. In any case, the inhibition of cell proliferation induced by O/W microemulsions
loaded with DPS-2 was comparable to the one observed when DPS-2 was administered
via DMSO, with the exception of 48 h in normal skin fibroblasts (WS1), which is probably
due to the slower proliferation rate characterizing normal cells and, hence, the delayed
manifestation of the cytotoxic effect observed at 72 h. Overall, the effect of the loaded
O/W microemulsions, in terms of the inhibition of cell proliferation and cytotoxicity, was
evidently differentiated between melanoma and normal cells.

Subsequently, the % cell death was assessed by trypan blue exclusion assay in WS1
(Table 1) and SK-MEL 28 (Table 2) cells grown in 6-well plates and trypsinized 72 h after
the treatment onset, as previously described [17]. In accordance with the MTT results, only
in SK-MEL 28 cells treated with DPS-2 was the % cell death was considerably increased
(Table 2).

Table 1. Results of the cell death Trypan Blue assay using the WS1 cell line 72 h after the treatment onset.

Sample % of Cell Death +SD
Not treated 4.0 0.4
DMSO/DPS-2 5.6 uM 6.9 0.9
O/W microemulsion empty 3.6 0.6
O/W microemulsion loaded /DPS-2 5.6 uM 12.2 0.6

Table 2. Results of the cell death Trypan Blue assay using the SK-MEL 28 cell line 72 h after the
treatment onset.

Sample % of Cell Death +SD
Not treated 8.7 0.5
DMSO/DPS-2 5.6 uM 9.8 0.4
O/W microemulsion empty 9.0 0.6
O/W microemulsion loaded /DPS-2 5.6 uM 18.7 1.1

3.1.2. Molecular Analysis by Western Blotting

The biochemical analysis of cell death markers was performed by Western blotting
as previously described [18]. The specific cleavage of poly(adenosine diphosphate-ribose)
polymerase 1 (PARP-1), a nuclear protein implicated in DNA repair, to a 89 kDa fragment
as a result of the caspase protease activity associated with the activation of apoptosis is
considered as a sensitive apoptotic marker [44]. As shown in Figure 4, PARP-1 cleavage
was not detected in SK-MEL 28 cells treated with DPS-2.
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Figure 4. Cleavage of poly(adenosine diphosphate-ribose) polymerase 1 (PARP-1) for the assessment
of cell death. Immunoblot of SK-MEL 28 cell extracts (25 ng) with anti-PARP-1 antibody detecting
the 85 kDa PARP fragment (cleav. PARP-1) and the 119 kDa intact PARP-1 form. Cells were either
not treated (EMEM-1) (1), treated with DPS-2 solubilized in DMSO at 5.6 uM (2), or treated with
O/W microemulsion empty 0.2% v/v (3) or O/W microemulsion loaded with DPS-2 at 5.6 uM (4)
and maintained in culture for 72 h. The relative abundance of the total protein applied was measured
by using the amount of actin as a control, as assessed by the anti-p-actin on the same blot.

The additional immunoblotting of the apoptotic marker caspase-3 [45] (data not
shown), as well as necroptotic markers mixed lineage kinase domain-like protein (MLKL)
and phospho-MLKL (Figure 5), confirmed that SK-MEL 28 cells did not die through a
programmed cell death mode but eventually of necrosis [46,47].

. b 1 2 3 a4

54 KD — MLKL

54 KD — p-MLKL

GRS ;7 o - GAorH
M S S SRS 37 KD — GADPH

Figure 5. Immunodetection of necroptotic cell death markers. Phosphorylation of mixed lineage kinase domain-like protein
(MLKL) at ser358. Immunoblot of SK-MEL 28 cell extracts (25 ug) with (a) anti-MLKL antibody detecting all forms of the
MLKL protein (54 kDa) and (b) anti-phosho-MLKL antibody detecting the phosphorylation of MLKL at serine 358 (54 kDa)
upon the activation of necroptosis. Cells were either not treated (EMEM-1) (1), treated with DPS-2 solubilized in DMSO at
5.6 uM (2), or treated with O/W microemulsion empty 0.2% v/v (3) or O/W microemulsion loaded with DPS-2 at 5.6 uM
(4) and maintained in culture for 72 h. The relative abundance of total protein applied was measured by using the amount
of GAPDH as a control, as assessed by the anti-GAPDH on the same blot.

3.2. Ex Vivo Evaluation
3.2.1. Ex Vivo Permeation Study

An ex vivo permeation protocol was applied to determine the quantity of DPS-2
passing into the receiving compartment as well to assess its retention in the skin. In other
words, the experimental settings used enabled the evaluation of DPS-2 skin uptake, as well
as the assessment of the microemulsion’s potential to target skin. Permeability experiments
were carried out using modified Franz diffusion cells, and porcine ear skin was used as the
selected biological membrane. The permeated quantity of DPS-2 was determined using
LC-MS/MS and the samples were taken at 3, 6, 9, 27, and 30 h after administration. The
study was performed in three independent experiments, each time in duplicate, and the
total amount of porcine ear skin samples tested was six.
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DPS-2 was not detected in samples taken from receptor’s compartment in any time
point during the study—i.e., the amount of DPS-2 in the receptor medium was below the
LC MS-MS detection limit. On the other hand, DPS-2 was detected in all skin extracts
obtained at the end of the experiment—i.e., 30 h after the administration. Precisely, the
total quantity of DPS-2 that was deposited in the full-thickness porcine ear skin within 30 h
was determined as 10.92 & 7.55 ug/cm?. The obtained relatively high standard deviation
was highly expected and is frequently reported in the literature, since porcine ear skin was
used as the biological membrane. It is well known that it is difficult to control the breeding
and diet conditions of pigs, which can affect, inter alia, the skin properties (the ears are
usually obtained from local abattoir immediately after slaughter). Here, it is important to
note that the ex vivo permeation test was performed under an infinite-dosing regimen (the
alterations in the donor chamber caused by evaporation and diffusion were negligible) to
achieve steady-state conditions. The ex vivo permeation results obtained unequivocally
indicate that DPS-2 is predominately located within the full-thickness skin, implying that
the proposed O/W microemulsion is suitable to be used for the skin targeting of lipophilic
bioactive compounds, such as DPS-2.

3.2.2. Differential Tape Stripping

Differential Tape Stripping was performed on porcine ear skin to quantify the amount
of DPS-2 that had penetrated the SC layer and hair follicles. Thus, this method enabled the
identification of the preferable penetration pathway(s) contributing to DPS-2 delivery to
the skin via the developed O/W microemulsion. Although there are specific differences in
anatomy among human and porcine hair follicles, several similarities are also identified.
Thus, the ex vivo model of porcine ear is an applicable and reliable model to evaluate the
penetration of bioactive compounds in SC and hair follicles [48]. The quantity of DPS-2
was detected using LC-MS/MS and samples were taken 2 h after the administration of the
loaded O/W microemulsion under infinite dose conditions. The study was performed in
five independent experiments. Here, it is important to note that we firstly performed a
preliminary study to determine the number of tape strips required in order to completely
remove the DPS-2 localized in the SC. The results obtained revealed that fifteen (15) tapes
were enough to remove the DPS-2 from the SC. As observed in Figure 6, the last tape
contained almost 2 ng/mL, which was the lowest detection limit (LOD) of LC MS/MS
used in this study. Hence, the quantity of DPS-2 extracted from the cyanoacrylate biopsies
can be defined as the quantity present in hair follicles.
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Figure 6. Representation of the quantity of DPS-2 (ng/cm?) in relation to the normalized SC depth.
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DPS-2 was detected in all samples taken from SC in decreasing concentrations as
the SC layers were removed (Figure 6) with an increasing tape number. The relatively
high variability of data obtained for the first five tapes could be ascribed to the specific
structure of porcine ear skin, the inherent variability between porcine ear skin thicknesses,
and the influence of the tested sample affecting the amount of SC (corneocyte clusters)
removed through the tape stripping procedure. Precisely, the irregular surface structure of
the porcine skin with loose cell clusters and canyons has been described in the literature
and could be responsible for the variable amount of SC removed with the first adhesive
tapes. Additionally, the presence of residual humidity and microemulsion components in
the surface layers of SC can affect tape tackiness—i.e., the ability of the tapes to adhere
to the skin surface properly. On the other hand, the lower variability of data obtained
with an increasing tape number could be attributed to the increasing corneocyte adhesion
in the deeper SC layers and an increasingly homogeneous structure [49]. The results
of the cyanoacrylate biopsies revealed that DPS-2 penetrated into the hair follicles to a
considerable extent (a quantity of 72.9 4 45.5 ng/cm? reached the hair follicles, while a
quantity of 292.4 4 101.6 ng/cm? was detected in the SC). This finding clearly implies that
the transfollicular pathway has an important role in the overall skin penetration of DPS-2
carried by the tested O/W microemulsions.

4. Discussion

During the last five years, researchers have reported promising results in developing
pharmaceutically accepted O/W microemulsions as delivery systems of lipophilic drugs
for oral or topical administration [1,2,50]. Such biocompatible microemulsion formulations
could be extremely effective in the selective delivery of chemotherapeutics to cancer cells,
a major issue in cancer research worldwide [2,51].

Therefore, pharmaceutically applicable microemulsions based on Tween 80, triacetin,
and PBS buffer solution were previously developed as matrices for the encapsulation of
DPS-2, a novel lipophilic benzothiophene analogue. Due to its potent cytotoxic activity
in various human cancer cell lines, DPS-2 is currently being developed as a new lead
compound in drug design [17,18]. In a previous study, the developed O/W microemul-
sions were subjected to two different analytical techniques, Dynamic Light Scattering
(DLS) and Electron Paramagnetic Resonance (EPR) spectroscopy, to assess their structural
characteristics and also the influence of the drug on the microstructure [17,19]. Following
the structural characterization, the developed microemulsions, empty as well as loaded
with DPS-2, were submitted to in vitro biological evaluation in MW 164 skin melanoma
and Caco-2 human epithelial colorectal adenocarcinoma cell lines. The choice of these
cancer cell lines was justified by the use of microemulsions for transdermal and oral drug
delivery [2,52-54]. The proposed O/W microemulsions were proven suitable as carriers of
DPS-2 into human cancer cell lines and DPS-2 exerted its cytotoxic activity through stalling
and, finally, collapse of the replication fork [17]. It is worth mentioning that DPS-2 encap-
sulated in microemulsions showed a response comparable to the one observed when the
compound, at the same concentration (5.6 tM), was administered via DMSO, commonly
used as solvent and carrier of small molecules through cell membranes [17,19].

Guided by the encouraging results on WM 164 melanoma cell lines, in the context of
the present work, we focused on dermal/transdermal applications as effective skin cancer
treatment remains a major challenge. A variety of anticancer drugs and lead compounds,
with potent anticancer activity, have already been examined for their efficacy when ad-
ministrated by microemulsions [17,19,29,30]. Therefore, following in vitro evaluation in
the human skin normal fibroblasts WS1 and the malignant melanoma cells SK-MEL 28,
the previously developed O/W biocompatible microemulsion system was evaluated as
DPS-2 carrier in potential dermal/transdermal delivery through the porcine ear skin ex
vivo model.

As shown in Figures 2 and 3, DPS-2 encapsulated in O/W microemulsions at 5.6 uM
affected the cell proliferation rate in both cell lines tested at 72 h, however, the inhibition of
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cell proliferation in SK-MEL 28 melanoma cells was far more prominent compared to WS1
skin normal fibroblasts. This is in line with previous results observed in WM 164 melanoma
cells and the compound’s mechanism of cytotoxic action through stalling and collapse
of the replication fork, according to which, it is expected to kill rapidly proliferating
cancer cells more effectively. In order to confirm that cells died of necrosis, as previously
shown [17], the immunoblotting of several markers of programmed cell death [42-45] was
subsequently performed. Indeed, as shown in Figures 4 and 5, the cell death induced by
DPS-2 encapsulated in O/W microemulsions in SK-MEL 28 cells was neither apoptotic nor
necroptotic. DPS-2 has been proven a potent cytotoxic agent in a wide range of cancer cell
lines so far [17,18], among them melanoma cell lines which are often extremely resistant
to cytotoxic agents due to a heavy burden of critical mutations in cell proliferation/death
pathways and severe genomic instability [55]. Drug’s encapsulation in the oil cores of
microemulsions, being effective in terms of cytotoxicity, could pave the way for its use in
targeted, topical delivery against skin cancers, in combination with surgical excision or
whenever surgery is not an option [56].

The ex vivo model of porcine ear is a suitable and reliable model to evaluate the
penetration of bioactive compounds into the skin. As described above, the permeability
motif of DPS-2 was clarified by determining its quantity in cell receptor compartment
during time, using Franz diffusion cell. Under the experimental setting used, DPS-2 was
not detected in all samples taken from receptor’s medium and was predominantly located
within the full-thickness skin. This finding indicates the low risk for systemic absorption
of DPS-2 and consequently, the compound is not likely to be distributed to other tissues,
causing side effects. In other words, if DPS-2 develops into a potent chemotherapeutic
agent against skin cancer, the proposed O/W microemulsion is suitable to be used for
targeted skin delivery. Here, it is interesting to note that in the literature there is certain
evidence that SC and epidermis are more lipophilic compared to other skin layers such
as the dermis [57]. Based on this statement, the higher affinity of a lipophilic compound,
such as DPS-2 (logP = 6.489) could be expected for the SC and epidermis compared to the
dermis. However, this assumption requires further experimental confirmation.

Differential tape stripping revealed information on both the amount of DPS-2 that
penetrated through the surface layers of the skin and the affinity of DPS-2 to the hair follicles.
DPS-2 was detected in all samples taken from SC in decreasing concentrations. Likewise, a
relatively high amount of DPS-2 was found in the hair follicles. Namely, the amount of DPS-
2 in the hair follicles was only four times lower compared to the amount deposited in the SC.
Recently, our research group has investigated the penetration of aceclofenac into the hair
follicles from nanoemulsions using the same methodology. We observed that the amount
of aceclofenac in hair follicles was more than 10 times lower compared to the amount
deposited in the SC. The findings of the current work clearly confirm that the transfollicular
pathway has an important role in the overall skin penetration of DPS-2 carried by the
tested microemulsion. There are many reports suggesting that microemulsions can be
delivered more efficiently and more deeply into the hair follicles compared to conventional
formulations (solutions, creams). This might be due to the very low interfacial tension
of microemulsion leading to an outstanding contact with the skin surface, in that way
the microemulsion might be able to reach the interior of the follicles more easily [58—60].
Recently, Subongkot and Sirirak (2020) have observed that drug-loaded microemulsion
particles penetrate into the hair follicles before releasing the entrapped drug [59]. In this
context, it is important to emphasize that no transfollicular penetration of nanoparticles
through the barrier of the hair follicles into the living epidermis has been demonstrated
so far [60]. However, owing to specific structure of hair follicles (SC is only present in the
upper part), the drug released from the microemulsion can independently translocate into
the viable tissues, epidermis, and dermis more efficiently.

Several factors are involved in the penetration of the skin by DPS-2 carried within
the oil core of the developed O/W microemulsion: (1) the low surface tension of the
microemulsion, and, consequently, the close and prolonged contact with the skin, ensuring
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high concentration gradient for drug skin uptake; (2) the improved penetration of the
microemulsion into the hair follicles, leading to improved delivery into viable skin layers
(epidermis and/or dermis); (3) the perturbation of SC lipid matrix by interactions of the
microemulsion’s components with the SC, leading to improved permeability through the
SC lipid bilayers [59]. Actually, numerous studies have recently confirmed that, owing to
relatively high surfactant concentration, microemulsions lead to alterations in skin barrier
function, such as the disruption of intercellular regions of SC, due to the fluidization and/or
extraction of the SC lipid matrix [61-63]. Dermal irritation is one of the most common
adverse effects when applying formulations topically, therefore, when developing novel
topical formulations, apart from efficacy, the assessment of the dermal irritation potential
is a critical factor. In view of the development of DPS-2 to an anticancer formulation for
topical administration when encapsulated in O/W microemulsions, further thorough in-
vestigation of the degree of disturbance of skin barrier integrity by the O/W microemulsion
components, particularly during prolonged use, will be undertaken in our next study.

5. Conclusions

O/W nanodispersions based on safe materials were formulated as effective delivery
vehicles of bioactive compounds of pharmacological interest. DPS-2, a potent cytotoxic
benzothiophene analogue in a wide range of cancer cell lines, was encapsulated, as it is
currently being developed as a new lead compound in drug design. Following the in vitro
validation of the system as to its potent cytotoxicity in melanoma cell lines compared to
normal skin fibroblasts, the ex vivo porcine ear skin approach was applied to evaluate the
penetration of the encapsulated DPS-2 in SC. Through the ex vivo model, it was clarified
that encapsulated DPS-2 was distributed within full-thickness skin and performed with a
relatively high affinity to hair follicles.

In conclusion, the developed O/W nanodispersions could contribute to overcoming
major problems related to administration through the skin barrier and the low water sol-
ubility of lipophilic compounds, enhancing their penetration through skin layers. Data
revealed that DPS-2 is retained in the skin, which indicates that the developed nanofor-
mulation is not suitable for transdermal delivery. However, the evidence generated in this
study paves the way for the development of nanoformulations based on biocompatible
colloids being used for the targeted delivery of lipophilic anticancer drugs against skin
cancer, including melanoma.

Author Contributions: Conceptualization, V.P. (Vassiliki Papadimitriou), A.X., and V.P. (Vasiliki
Pletsa); Methodology, I.T., V.P. (Vassiliki Papadimitriou), S.S., A.X., and V.P. (Vasiliki Pletsa); Val-
idation, I.T., TL, V.D., A.T,, and LN.; Formal Analysis, L.T., T.I., V.D., A.T,, and LN.; Investigation
LT, T.IL, LN, and A.T.; Resources, V.P. (Vassiliki Papadimitriou), A.X., S.S., and V.P. (Vasiliki Pletsa);
Writing—original draft, I.T., V.P. (Vasiliki Pletsa); Writing—review and editing, I.T., V.P. (Vassiliki
Papadimitriou), S.S., D.P., A.X., and V.P. (Vasiliki Pletsa); Visualization, I.T., V.P. (Vassiliki Papadim-
itriou), and V.P. (Vasiliki Pletsa); Supervision, V.P. (Vassiliki Papadimitriou), A.X., S.S. and V.P. (Vasiliki
Pletsa); Project Administration, V.P. (Vassiliki Papadimitriou) and V.P. (Vasiliki Pletsa); Funding Ac-
quisition, V.P. (Vassiliki Papadimitriou), A.X., and V.P. (Vasiliki Pletsa). All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the project “STHENOS-b: Targeted therapeutic approaches
against degenerative diseases with special focus on cancer and ageing-optimization of the targeted
bioactive molecules” (MIS 5002398), which is implemented under the “Action for the Strategic
Development on the Research and Technological Sector”, funded by the Operational Program
“Competitiveness, Entrepreneurship and Innovation” (NSRF 2014-2020) and co-financed by the
Greece and the European Regional Development Fund of the European Union. Part of this research
was supported by the Ministry of Education, Science and Technological Development of the Republic
of Serbia (Grant No. 451-03-68/2020-14/200161).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Biomimetics 2021, 6, 10 13 of 15

Data Availability Statement: Not applicable.

Acknowledgments: We thank Irene Kolonti for excellent technical assistance (National Hellenic
Research Foundation) and Margarita Bekyrou for excellent technical guidance and the critical review
and editing of the manuscript (National Hellenic Research Foundation).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Moshikur, R-M.; Chowdhury, M.R.; Moniruzzaman, M.; Goto, M. Biocompatible ionic liquids and their applications in pharma-
ceutics. Green Chem. 2020. [CrossRef]

2. Rawat, M,; Singh, D.; Saraf, S.; Saraf, S. Nanocarriers: Promising Vehicle for Bioactive Drugs. Biol. Pharm. Bull. 2006, 29, 1790-1798.
[CrossRef] [PubMed]

3. Xu, X.;Ho, W.; Zhang, X.; Bertrand, N.; Farokhzad, O. Cancer nanomedicine: From targeted delivery to combination therapy.
Trends Mol. Med. 2015, 21, 223-232. [CrossRef] [PubMed]

4. Gullotti, E.; Yeo, Y.; Gullotti, E.; Yeo, Y. Extracellularly Activated Nanocarriers: A New Paradigm of Tumor Targeted Drug
Delivery reviews Extracellularly Activated Nanocarriers: A New Paradigm of Tumor Targeted Drug Delivery. Mol. Pharm. 2009,
6,1041-1051. [CrossRef]

5. Gupta, S.; Moulik, S.P. Biocompatible microemulsions and their prospective uses in drug delivery. ]. Pharm. Sci. 2008, 97, 22-45.
[CrossRef]

6.  Farokhzad, O.C; Langer, R. Impact of Nanotechnology on Drug Delivery. ACS Nano 2009, 3, 16-20. [CrossRef]

7. Fanun, M. Microemulsions as delivery systems. Curr. Opin. Colloid Interface Sci. 2012, 17, 306-313. [CrossRef]

8.  Ravi, TPU,; Padma, T. Nanoemulsions for drug delivery through different routes. Res. Biotechnol. 2011, 2, 1-13.

9.  Schroeder, A.; Heller, D.A.; Winslow, M.M.; Dahlman, J.E.; Pratt, G.W,; Langer, R.; Jacks, T.; Anderson, D.G. Treating metastatic
cancer with nanotechnology. Nat. Rev. Cancer 2012, 12, 39-50. [CrossRef]

10. Karasulu, E.; Karaca, B.; Alparslan, L.; Karasulu, H.Y. Places of microemulsion and emulsion in cancer therapy: In vitro and
in vivo evaluation. In Microemulsions; Fanun, M., Ed.; CRC Press: Boca Raton, FL, USA, 2009; pp. 313-330.

11. Callender, S.P; Mathews, ].A.; Kobernyk, K.; Wettig, S.D. Microemulsion utility in pharmaceuticals: Implications for multi-drug
delivery. Int. J. Pharm. 2017, 526, 425—442. [CrossRef]

12.  Williams, R.O.; Taft, D.R.; McConville, ].T. Strategies of delivery for cancer chemotherapy. In Advanced Drug Formulation Design to
Optimize Therapeutic Outcomes; CRC Press: Boca Raton, FL, USA, 2007.

13. Spernath, A.; Aserin, A. Microemulsions as carriers for drugs and nutraceuticals. Adv. Colloid Interface Sci. 2006, 128, 47-64.
[CrossRef]

14. Danielsson, I.; Lindman, B. The definition of microemulsion. Colloids Surf. 1981, 3, 391-392. [CrossRef]

15. Narang, A.S.; Delmarre, D.; Gao, D. Stable drug encapsulation in micelles and microemulsions. Int. . Pharm. 2007, 345, 9-25.
[CrossRef] [PubMed]

16. Theochari, I.; Xenakis, A.; Papadimitriou, V. Nanocarriers for effective drug delivery. Smart Nanocontain. 2020, 315-341. [CrossRef]

17.  Theochari, I.; Papadimitriou, V.; Papahatjis, D.; Assimomytis, N.; Pappou, E.; Pratsinis, H.; Xenakis, A.; Pletsa, V. Oil-In-Water
Microemulsions as Hosts for Benzothiophene-Based Cytotoxic Compounds: An Effective Combination. Biomimetics 2018, 3, 13.
[CrossRef] [PubMed]

18. Goulielmaki, M.; Assimomytis, N.; Rozang, J.; Taki, E.; Christodoulou, I.; Alexopoulos, L.G.; Zoumpourlis, V.; Pintzas, A.;
Papahatjis, D. DPS-2: A Novel Dual MEK/ERK and PI3K/AKT Pathway Inhibitor with Powerful Ex Vivo and In Vivo Anticancer
Properties. Transl. Oncol. 2019, 12, 932-950. [CrossRef]

19. Theochari, I.; Goulielmaki, M.; Danino, D.; Papadimitriou, V.; Pintzas, A.; Xenakis, A. Drug nanocarriers for cancer chemotherapy
based on microemulsions: The case of Vemurafenib analog PLX4720. Colloids Surf. B Biointerfaces 2017, 154, 350-356. [CrossRef]

20. Kamble, P; Sadarani, B.; Majumdar, A.; Bhullar, S. Nanofiber based drug delivery systems for skin: A promising therapeutic
approach. |. Drug Deliv. Sci. Technol. 2017, 41, 124-133. [CrossRef]

21. Shinde, U.A.; Modani, S.H.; Singh, K.H. Design and Development of Repaglinide Microemulsion Gel for Transdermal Delivery.
AAPS PharmSciTech 2018, 19, 315-325. [CrossRef]

22. Shaimaa, R.; Ali, A.; Nabil, E.A.; Aly, S.R. Microemulsion loaded hydrogel as a promising vehicle for dermal delivery of the
antifungal sertaconazole: Design, optimization and ex vivo evaluation. Drug Dev. Ind. Pharm. 2017, 43, 1351-1365. [CrossRef]

23. Rastogi, V.; Yadav, P; Verma, A.; Pandit, ].K. Ex vivo and in vivo evaluation of microemulsion based transdermal delivery of E.
coli specific T4 bacteriophage: A rationale approach to treat bacterial infection. Eur. J. Pharm. Sci. 2017, 107, 168-182. [CrossRef]
[PubMed]

24. Savi¢, V.; Todosijevi¢, M.; 1li¢, T.; Luki¢, M.; Mitsou, E.; Papadimitriou, V.; Avramiotis, S.; Markovi¢, B.; Ceki¢, N.; Savi¢, S.
Tacrolimus loaded biocompatible lecithin-based microemulsions with improved skin penetration: Structure characterization and
in vitro/in vivo performances. Int. J. Pharm. 2017, 529, 491-505. [CrossRef] [PubMed]

25. Kumari, K.; Kesavan, B. Effect of chitosan coating on microemulsion for effective dermal clotrimazole delivery. Pharm. Dev.

Technol. 2016, 2, 617-626. [CrossRef] [PubMed]


http://doi.org/10.1039/D0GC02387F
http://doi.org/10.1248/bpb.29.1790
http://www.ncbi.nlm.nih.gov/pubmed/16946487
http://doi.org/10.1016/j.molmed.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25656384
http://doi.org/10.1021/mp900090z
http://doi.org/10.1002/jps.21177
http://doi.org/10.1021/nn900002m
http://doi.org/10.1016/j.cocis.2012.06.001
http://doi.org/10.1038/nrc3180
http://doi.org/10.1016/j.ijpharm.2017.05.005
http://doi.org/10.1016/j.cis.2006.11.016
http://doi.org/10.1016/0166-6622(81)80064-9
http://doi.org/10.1016/j.ijpharm.2007.08.057
http://www.ncbi.nlm.nih.gov/pubmed/17945446
http://doi.org/10.1016/B978-0-12-816770-0.00019-8
http://doi.org/10.3390/biomimetics3020013
http://www.ncbi.nlm.nih.gov/pubmed/31105235
http://doi.org/10.1016/j.tranon.2019.04.005
http://doi.org/10.1016/j.colsurfb.2017.03.032
http://doi.org/10.1016/j.jddst.2017.07.003
http://doi.org/10.1208/s12249-017-0811-4
http://doi.org/10.1080/03639045.2017.1318899
http://doi.org/10.1016/j.ejps.2017.07.014
http://www.ncbi.nlm.nih.gov/pubmed/28711712
http://doi.org/10.1016/j.ijpharm.2017.07.036
http://www.ncbi.nlm.nih.gov/pubmed/28711641
http://doi.org/10.1080/10837450.2016.1230629
http://www.ncbi.nlm.nih.gov/pubmed/27574791

Biomimetics 2021, 6, 10 14 of 15

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Sood, J.; Sapra, B.; Tiwary, A.K. Microemulsion Transdermal Formulation for Simultaneous Delivery of Valsartan and Nifedipine:
Formulation by Design. AAPS PharmSciTech 2017, 18, 1901-1916. [CrossRef] [PubMed]

Zhang, J.; Michniak-Kohn, B.B. Investigation of microemulsion and microemulsion gel formulations for dermal delivery of
clotrimazole. Int. |. Pharm. 2018, 536, 345-352. [CrossRef] [PubMed]

Zhang, Y.; Li, Z.; Zhang, K.; Zhang, H.; He, Z.; Xia, Q.; Zhao, ].; Feng, N. Co-delivery of evodiamine and rutaecarpine in a
microemulsion-based hyaluronic acid hydrogel for enhanced analgesic effects on mouse pain models. Int. J. Pharm. 2017, 528,
100-106. [CrossRef]

Yehia, N.D.; Hathout, R.; Attia, M.R.; Elmazar, A.D.; Mortada, M.M. Anti-tumor efficacy of an integrated Methyl Dihydrojas-
monate transdermal microemulsion system targeting breast cancer cells: In-vitro and In-vivo studies. Colloids Surf. B Biointerfaces
2017, 155, 512-521. [CrossRef]

Cao, M.; Ren, L.; Chen, G. Formulation Optimization and Ex Vivo and In Vivo Evaluation of Celecoxib Microemulsion-Based Gel
for Transdermal Delivery. AAPS PharmSciTech 2017, 18, 1960-1971. [CrossRef]

Parra, A.; Clares, B.; Rosselld, A.; Gardufio-Ramirez, M.L.; Abrego, G.; Garcia, M.L.; Calpena, A.C. Ex vivo permeation of
carprofen from nanoparticles: A comprehensive study through human, porcine and bovine skin as anti-inflammatory agent. Int.
J. Pharm. 2016, 501, 10-17. [CrossRef]

Flaten, G.E.; Palac, Z.; Engesland, A.; Filipovi¢-Gr¢i¢, J.; Vanié, 7.; Skalko-Basnet, N. In vitro skin models as a tool in optimization
of drug formulation. Eur. J. Pharm. Sci. 2015, 75, 10-24. [CrossRef]

Taofiq, O.; Rodrigues, F,; Barros, L.; Barreiro, M.E; Ferreira, I.C.ER.; Oliveira, M.B.P.P. Mushroom ethanolic extracts as cos-
meceuticals ingredients: Safety and ex vivo skin permeation studies. Food Chem. Toxicol. 2019, 127, 228-236. [CrossRef]
[PubMed]

Pany, A.; Klang, V.; Peinhopf, C.; Zecevic, A.; Ruthofer, J.; Valenta, C. Hair removal and bioavailability of chemicals: Effect of
physicochemical properties of drugs and surfactants on skin permeation ex vivo. Int. J. Pharm. 2019, 567, 118477. [CrossRef]
[PubMed]

Herkenne, C.; Naik, A.; Kalia, Y.N.; Hadgraft, J.; Guy, R.H. Pig ear skin ex vivo as a model for in vivo dermatopharmacokinetic
studies in man. Pharm. Res. 2006, 23, 1850-1856. [CrossRef] [PubMed]

Koryllou, A.; Patrinou-Georgoula, M.; Troungos, C.; Pletsa, V. Cell death induced by N-methyl-N-nitrosourea, a model SN1
methylating agent, in two lung cancer cell lines of human origin. Apoptosis 2009, 14, 1121-1133. [CrossRef]

OECD. OECD Guidline for the Testing of Chemicals; Skin Absorption: In Vitro Method (Test No. 428); OECD Publishing: Paris,
France, 2004.

Committee for Medicinal Products for Human Use (CHMP), European Medicine Agency. Draft Guideline on Quality and Equivalence
of Topical Products; Committee for Medicinal Products for Human Use (CHMP), European Medicine Agency: London, UK, 2018.
Pantelic, L; Ilic, T.; Markovic, B.; Savic, S.; Lukic, M.; Savic, S. A stepwise protocol for drug permeation assessment that combines
heat-separated porcine ear epidermis and vertical diffusion cells. Hem. Ind. Ind. 2017, 72, 47-53. [CrossRef]

Ili¢, T.; Savi¢, S.; Batini¢, B.; Markovi¢, B.; Schmidberger, M.; Lunter, D.; Savi¢, M.; Savi¢, S. Combined use of biocompatible
nanoemulsions and solid microneedles to improve transport of a model NSAID across the skin: In vitro and in vivo studies. Eur.
J. Pharm. Sci. 2018, 125, 110-119. [CrossRef]

Vlachy, N.; Touraud, D.; Heilmann, J.; Kunz, W. Determining the cytotoxicity of catanionic surfactant mixtures on HeLa cells.
Colloids Surf. B Biointerfaces 2009, 70, 278-280. [CrossRef]

Ujhelyi, Z.; Fenyvesi, F.; Varadi, ].; Fehér, P; Kiss, T.; Veszelka, S.; Deli, M.; Vecsernyés, M.; Bacskay, I. Evaluation of cytotoxicity
of surfactants used in self-micro emulsifying drug delivery systems and their effects on paracellular transport in Caco-2 cell
monolayer. Eur. J. Pharm. Sci. 2012, 47, 564-573. [CrossRef]

Lopes, L.B. Overcoming the cutaneous barrier with microemulsions. Pharmaceutics 2014, 6, 52-77. [CrossRef]

Oliver, FJ.; de la Rubia, G.; Rolli, V.; Ruiz-Ruiz, M.C.; de Murcia, G.; Ménissier-De Murcia, J. Importance of poly(ADP-ribose)
polymerase and its cleavage in apoptosis: Lesson from an uncleavable mutant. J. Biol. Chem. 1998, 273, 33533-33539. [CrossRef]
Nicholson, D.W.; Ali, A.; Thornberry, N.A.; Vaillancourt, ].P; Ding, C.K,; Gallant, M.; Gareau, Y.; Griffin, PR.; Labelle, M.;
Lazebnik, Y.A ; et al. Identification and inhibition of the ICE/CED-3 protease necessary for mammalian apoptosis. Nature 1995,
376, 37-43. [CrossRef] [PubMed]

Chen, X; Li, W.; Ren, J.; Huang, D.; He, W.T.; Song, Y.; Yang, C.; Li, W.; Zheng, X.; Chen, P,; et al. Translocation of mixed lineage
kinase domain-like protein to plasma membrane leads to necrotic cell death. Cell Res. 2014, 24, 105-121. [CrossRef] [PubMed]
Dondelinger, Y.; Declercq, W.; Montessuit, S.; Roelandt, R.; Goncalves, A.; Bruggeman, I.; Hulpiau, P.; Weber, K.; Sehon, C.A;
Marquis, RW.; et al. MLKL Compromises Plasma Membrane Integrity by Binding to Phosphatidylinositol Phosphates. Cell Rep.
2014, 7, 971-981. [CrossRef] [PubMed]

Jacobi, U.; Kaiser, M.; Toll, R.; Mangelsdorf, S.; Audring, H.; Otberg, N.; Sterry, W.; Lademann, J. Porcine ear skin: An in vitro
model for human skin. Ski. Res. Technol. 2007, 13, 19-24. [CrossRef] [PubMed]

Klang, V.; Schwarz, ].C.; Lenobel, B.; Nadj, M.; Aubdck, J.; Wolzt, M.; Valenta, C. In vitro vs. in vivo tape stripping: Validation of
the porcine ear model and penetration assessment of novel sucrose stearate emulsions. Eur. J. Pharm. Biopharm. 2012, 80, 604-614.
[CrossRef]

Desmet, E.; van Gele, M.; Lambert, J. Topically applied lipid- and surfactant-based nanoparticles in the treatment of skin disorders.
Expert Opin. Drug Deliv. 2017, 14, 109-122. [CrossRef] [PubMed]


http://doi.org/10.1208/s12249-016-0658-0
http://www.ncbi.nlm.nih.gov/pubmed/27858253
http://doi.org/10.1016/j.ijpharm.2017.11.041
http://www.ncbi.nlm.nih.gov/pubmed/29170117
http://doi.org/10.1016/j.ijpharm.2017.05.064
http://doi.org/10.1016/j.colsurfb.2017.04.031
http://doi.org/10.1208/s12249-016-0667-z
http://doi.org/10.1016/j.ijpharm.2016.01.056
http://doi.org/10.1016/j.ejps.2015.02.018
http://doi.org/10.1016/j.fct.2019.03.045
http://www.ncbi.nlm.nih.gov/pubmed/30922966
http://doi.org/10.1016/j.ijpharm.2019.118477
http://www.ncbi.nlm.nih.gov/pubmed/31255775
http://doi.org/10.1007/s11095-006-9011-8
http://www.ncbi.nlm.nih.gov/pubmed/16841197
http://doi.org/10.1007/s10495-009-0379-x
http://doi.org/10.2298/HEMIND170726019P
http://doi.org/10.1016/j.ejps.2018.09.023
http://doi.org/10.1016/j.colsurfb.2008.12.038
http://doi.org/10.1016/j.ejps.2012.07.005
http://doi.org/10.3390/pharmaceutics6010052
http://doi.org/10.1074/jbc.273.50.33533
http://doi.org/10.1038/376037a0
http://www.ncbi.nlm.nih.gov/pubmed/7596430
http://doi.org/10.1038/cr.2013.171
http://www.ncbi.nlm.nih.gov/pubmed/24366341
http://doi.org/10.1016/j.celrep.2014.04.026
http://www.ncbi.nlm.nih.gov/pubmed/24813885
http://doi.org/10.1111/j.1600-0846.2006.00179.x
http://www.ncbi.nlm.nih.gov/pubmed/17250528
http://doi.org/10.1016/j.ejpb.2011.11.009
http://doi.org/10.1080/17425247.2016.1206073
http://www.ncbi.nlm.nih.gov/pubmed/27348356

Biomimetics 2021, 6, 10 15 of 15

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Santos, P.; Watkinson, A.C.; Hadgraft, ].; Lane, M.E. Application of microemulsions in dermal and transdermal drug delivery.
Skin Pharmacol. Physiol. 2008, 21, 246-259. [CrossRef]

He, C.-X.; He, Z.-G.; Gao, ].-Q. Microemulsions as drug delivery systems to improve the solubility and the bioavailability of
poorly water-soluble drugs. Expert Opin. Drug Deliv. 2010, 7, 445-460. [CrossRef]

Kogan, A.; Garti, N. Microemulsions as transdermal drug delivery vehicles. Adv. Colloid Interface Sci. 2006, 123, 369-385.
[CrossRef]

Talegaonkar, S.; Azeem, A.; Ahmad, FJ.; Khar, RK,; Pathan, S.A.; Khan, Z.I. Microemulsions: A Novel Approach to Enhanced
Drug Delivery. Recent Pat. Drug Deliv. Formul. 2008, 2, 238-257. [CrossRef]

de Moura, M.; van Houten, B. Mechanims of chromosomal instability in melanoma. Environ. Mol. Mutagen. 2010, 405, 391-405.
[CrossRef]

Csanyi, E.; Bakonyi, M.; Kovacs, A.; Budai-Sztics, M.; Csoka, L; Berko, S. Development of Topical Nanocarriers for Skin Cancer
Treatment Using Quality by Design Approach. Curr. Med. Chem. 2019, 26, 6440-6458. [CrossRef] [PubMed]

Todo, H. Transdermal permeation of drugs in various animal species. Pharmaceutics 2017, 9, 33. [CrossRef] [PubMed]
Teichmann, A.; Heuschkel, S.; Jacobi, U.; Presse, G.; Neubert, R H.H.; Sterry, W.; Lademann, J. Comparison of stratum corneum
penetration and localization of a lipophilic model drug applied in an o/w microemulsion and an amphiphilic cream. Eur. J.
Pharm. Biopharm. 2007, 67, 699-706. [CrossRef] [PubMed]

Subongkot, T.; Sirirak, T. Development and skin penetration pathway evaluation of microemulsions for enhancing the dermal
delivery of celecoxib. Colloids Surf. B Biointerfaces 2020, 19. [CrossRef] [PubMed]

Patzelt, A.; Mak, W.C.; Jung, S.; Knorr, F.; Meinke, M.C.; Richter, H.; Riihl, E.; Cheung, K.Y.; Tran, N.B.N.N.; Lademann, J. Do
nanoparticles have a future in dermal drug delivery? |. Control. Release 2017, 246, 174-182. [CrossRef]

Islam, M.R.; Chowdhury, M.R.; Wakabayashi, R.; Kamiya, N.; Moniruzzaman, M.; Goto, M. Ionic liquid-in-oil microemulsions
prepared with biocompatible choline carboxylic acids for improving the transdermal delivery of a sparingly soluble drug.
Pharmaceutics 2020, 12, 392. [CrossRef]

Todosijevi¢, M.N.; Brezesinski, G.; Savi¢, S.D.; Neubert, R H.H. Sucrose esters as biocompatible surfactants for penetration
enhancement: An insight into the mechanism of penetration enhancement studied using stratum corneum model lipids and
Langmuir monolayers. Eur. |. Pharm. Sci. 2017, 99, 161-172. [CrossRef]

Paji¢, N.B.; 1li¢, T.; Nikoli¢, I.; Dobrici¢, V.; Panteli¢, I.; Savi¢, S. Alkyl polyglucoside-based adapalene-loaded microemulsions for
targeted dermal delivery: Structure, stability and comparative biopharmaceutical characterization with a conventional dosage
form. J. Drug Deliv. Sci. Technol. 2019, 54, 101245. [CrossRef]


http://doi.org/10.1159/000140228
http://doi.org/10.1517/17425241003596337
http://doi.org/10.1016/j.cis.2006.05.014
http://doi.org/10.2174/187221108786241679
http://doi.org/10.1002/em
http://doi.org/10.2174/0929867325666181116143713
http://www.ncbi.nlm.nih.gov/pubmed/30444194
http://doi.org/10.3390/pharmaceutics9030033
http://www.ncbi.nlm.nih.gov/pubmed/28878145
http://doi.org/10.1016/j.ejpb.2007.04.006
http://www.ncbi.nlm.nih.gov/pubmed/17537622
http://doi.org/10.1016/j.colsurfb.2020.111103
http://www.ncbi.nlm.nih.gov/pubmed/32438237
http://doi.org/10.1016/j.jconrel.2016.09.015
http://doi.org/10.3390/pharmaceutics12040392
http://doi.org/10.1016/j.ejps.2016.12.002
http://doi.org/10.1016/j.jddst.2019.101245

	Introduction 
	Materials and Methods 
	Materials 
	Cell Lines, Culture, and Treatments 
	Cell Survival and Cytotoxicity Assays 
	Western Blotting 
	Ex Vivo Permeation Study 
	Differential Tape Stripping 
	Quantification of DPS-2 

	Results 
	In Vitro Evaluation 
	Cell Proliferation and Cytotoxicity Assays 
	Molecular Analysis by Western Blotting 

	Ex Vivo Evaluation 
	Ex Vivo Permeation Study 
	Differential Tape Stripping 


	Discussion 
	Conclusions 
	References

