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Abstract

Aim: The skin represents a drug delivery portal. The estab-
lishment of a skin model capable of distinguishing between
the follicularand intercellular penetration pathways remains
a challenge. The study described herein was aimed at show-
ing the influence of two nail varnishes as closure material
and four application techniques to spread the active phar-
maceutical ingredient (API) on a successful follicular closure
without inducing penetration-enhancing effects. Materials
and Methods: For all experiments, ex vivo porcine ear skin
was used. In study design A, a standard and a solvent-free
nail varnish were compared. It was tested whether the differ-
ent application techniques (spreading with pipette, careful
finger massage, 5-Hz finger massage, 5-Hz automatic mas-
sage) potentially destroy an intact follicular closure. Laser
scanning microscopy imaging was used to measure if the
model drug (fluorescein sodium salt) penetrated into the

hair follicles. Study design B investigated how the penetra-
tion is affected when applying standard nail varnish contain-
ing solvents to skin. It was tested if the varnish blocks the API
(caffeine) on completely covered areas and if adjacent areas
show increased penetration. Furthermore, lateral diffusion
of the APl was investigated. After 20 h, the skin layers were
separated by tape stripping and heat separation. The tissue
samples were homogenized. Caffeine was quantified by
chromatography. Results: In study design A, the standard
nail varnish showed a secure follicular closure, while the sol-
vent-free nail varnish was not able to prevent follicular pen-
etration. Moreover, rapid application techniques were found
to destroy anintact follicular closure. Only the two most gen-
tle application techniques kept the follicular closing intact.
In study design B, no caffeine was detected in both skin areas
that were completely covered. Since no significant differ-
ence in caffeine penetration between the two uncovered
groups was found, any influence of the applied closure ma-
terial on adjacent areas was excluded. Conclusion: This
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study clearly demonstrates that a standard nail varnish in
combination with a gentle application technique of the API
provides a secure follicular closure. The presented study only
investigated the closure for the substances caffeine and flu-
orescein sodium salt. The results might not be transferable
to all kinds of APIs. © 2020 S. Karger AG, Basel

Introduction

The skin is the physical barrier to our environment [1]
and accounts for approximately 16% of the human body
weight, with a surface area of around 2 m? in human
adults [2]. Due to its strong barrier properties, the skin
represents a challenging drug delivery portal, which re-
quires appropriate technologies for successful dermal or
transdermal drug delivery. There are three main delivery
routes for a percutaneous permeation of targeted phar-
macological molecules through this heterogeneous or-
gan: (I) the intercellular, (II) the transcellular, and (III)
the follicular penetration pathway. For follicular penetra-
tion, two distinct penetration routes are feasible, namely
the intrafollicular and the transfollicular penetration
pathway. While the intercellular penetration pathway has
been investigated in detail, the role of follicular penetra-
tion for transdermal drug delivery has long been under-
estimated due to the small surface area of hair follicles on
the skin [3, 4]. As the hair follicles are heterogeneously
distributed across the skin surface, shunt route penetra-
tion is different in various body regions. It is known that
higher absorption rates are achieved on the forehead
compared to the extremity (forearm and calf) regions [5].
The follicular epithelium can be seen as the enlargement
of the skin surface with similar barrier properties at the
upper portion of the hair follicle. However, the lower part
is more permeable due to less differentiated corneocytes,
which display reduced skin barrier properties compared
to the interfollicular epithelium [4, 5].

The establishment of a skin model that is able to dif-
ferentiate between the follicular and intercellular pene-
tration pathway is a challenge. It is necessary to find a
model system that safely excludes the follicular penetra-
tion shunt route but has the same structural, biochemical,
and barrier properties as normal skin [6]. A relatively ob-
vious approach is to compare skin penetration with dif-
ferent follicular densities or to compare hairy and hairless
species [7, 8]. The problem of this approach is that skin
with different hair follicle densities may also have other
structural properties. Moreover, a comparison of scarred
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skin [9] and normal skin is rather critical to evaluate,
since the barrier properties of the skin are certainly not
comparable.

The method of selective follicle closure has been devel-
oped to evaluate the impact of the follicular penetration
pathway. In this approach, each hair follicle is closed se-
lectively in the test area, whereas in the control area of the
same skin probe, hair follicles are left open. A comparison
of the percutaneous absorption rates of both skin areas
can be used to calculate the proportion of the hair follicles
to the total absorption [10].

As follicular closing material, different substances like
nail varnish [5, 10, 11], a silicone grease-cyanoacrylate
adhesive mixture [12], waxes [13], and Teflon [10] have
been proposed, with nail varnish being utilized in most of
the studies. Since the use of nail varnish as a closing mate-
rial in particular could have side effects such as penetra-
tion enhancement in the adjacent skin areas, the aim of
the present study was, inter alia, to investigate this poten-
tial effect. Solvents like ethanol and acrylates, which are
frequent ingredients of nail varnish, show a statistically
enhanced deposition of topically applied substances in
the stratum corneum [14] and are known to partially dis-
rupt the skin barrier [15]. Due to this fact, the assessment
of solvent-free closure material is of high interest and was
included in our investigations.

It is known that topically applied substances do not
only penetrate vertically into the skin but that a possible
lateral diffusion can occur [16]. If the test substance were
prone to strong lateral diffusion in the used formulation
after penetration into the viable layers of the skin, the in-
fluence of the hair follicles on the penetration could not
be excluded. To better understand this relationship, lat-
eral diffusion was also considered in the experiments.

Moreover, the correct application protocol of the clos-
ing material on the follicular openings and the model
drug of interest seems to play a major role for a successful
sealing of the hair follicles and therefore, different options
of application were assessed in this study.

The selection of an appropriate skin model has been
demonstrated to have a major impact on the results of fol-
licular penetration investigations. The method of selec-
tive follicular closure has been developed for in vivo stud-
ies in humans [10]. A transfer of the method to ex vivo
skin models is difficult, as the hair follicles tend to con-
tract vigorously in excised skin samples. In a former
study, the follicular reservoir was shown to be reduced by
90% in excised human skin in comparison to in vivo skin
[5]. As a consequence, the ex vivo porcine ear skin model
has been established for follicular penetration studies, as
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Fig. 1. Schematic illustration and photo-
graph of the follicular closure technique.
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porcine skin remains fixed on the cartilage during the ex-
periments and does not contract. Moreover, porcine ear
skin provides similar morphological and barrier abilities
and a comparable composition of corneocytes to human
skin [17]. Furthermore, it has been proven to be a suitable
surrogate for in vivo bioequivalence studies on human
percutaneous penetration [18, 19].

Stahl et al. [20] also investigated the reliability of nail
varnish used for follicular closure. In this study, a variety
of test substances were used. The authors found out that
the efficiency of the follicular closure depends on the in-
vestigated test substance. In the presented investigations,
caffeine was used as active pharmaceutical ingredient
(API). With its naturally occurring purine-based alkaloid
structure, caffeine is widely used for penetration studies
and recommended by the OECD in their guidelines for
testing percutaneous absorption [21]. As caffeine has al-
ready been shown to penetrate faster and at a higher
quantity if the follicular penetration pathway is available
[5], caffeine was selected as active substance in the present
study. In the following, caffeine is also referred to as API.

The aim of the present study was to establish a reliable
protocol for the follicular closing technique to facilitate
the investigation of the follicular penetration path. This
closing technique was tested for its ability to prohibit the
penetration of the applied test substances.

Materials and Methods

Skin Model

For the experiments, ears from 6-month-old German domestic
pigs were provided by a local butcher (Gerald Nusche, Konigs
Wousterhausen, Germany) and stored at 8 °C until use. The exper-
iments were authorized by the Commission of Consumer Protec-
tion and Agriculture, District Dahme-Spreewald, Germany. Be-
fore starting the experiments, the ears were rinsed with cold water
and dried with paper towels. The ex vivo porcine ear skin was used
within 1 or 2 days after slaughtering. To produce a secure follicular
closure by using one of the closure materials described below, the
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hairs had to be cut close to skin surface level by scissors to ensure
that the tips of the hairs were completely covered by the closure
material.

Follicular Closing Technique

In the present study, the hair follicles were closed either with a
standard nail varnish (N°1 Nail Polish 290, trend it up, dm-
drogerie markt GmbH & Co. KG) containing different alcohols,
acrylates, and acetates or a solvent-free nail varnish with the film-
forming agent Syntran®. The hair follicles were plugged by placing
dots of the closure material precisely on top of each follicular ori-
fice by using a cannula (26 G, Dispomed Witt oHG, Gelnhausen,
Germany) and a 1-mL syringe according to Teichmann et al. [10].
After a drying time of 30 min, the model drug was applied. The
method is schematically depicted in Figure 1.

Study Design
The study was divided into two main parts.

Study Design A: Comparison of the Efficiency of a Standard
Nail Varnish and a Solvent-Free Nail Varnish for Selective
Hair Follicle Closure and Investigation of the Impact of the
Application Protocol

Study design A involved two experimental setups, hereinafter
referred to as Al and A2. In setup Al, the follicular closing tech-
nique was performed with standard nail varnish or a solvent-free
nail varnish, as described above. In total, twelve skin areas (a to 1)
were prepared. In four skin areas, all hair follicles were closed with
a standard nail varnish (areas a-d) and in another four skin areas,
all hair follicles were closed with a solvent-free nail varnish (areas
e-h). Four skin areas remained untreated and served as control for
each application technique (areas i-1). Each skin area had a diam-
eter of 1.5 x 1.5 cm. To prevent spreading of the applied gel across
the assigned limit of the area, black window color (Art-Glass,
WACO, Heinrich Wagner, Fulda, Germany) was placed around
the areas. Three hair follicles of each area were investigated.

After follicular closing, 10 uL/cm? of a fluorescein gel (1% fluo-
rescein sodium salt [Sigma-Aldrich, Steinheim, Germany] in H,0O
and 7% hydroxyethyl cellulose [Euro OTC Pharma GmbH, Bénen,
Germany], prepared 24 h before application) was applied onto
each skin area. In the following, fluorescein gel is also referred to
asmodel drug. On areas a, e, and i, the gel was carefully spread with
the tip of a pipette. Areas b, f, and j were treated with a careful fin-
ger massage for 2 min. Areas ¢, d, g, h, k, and 1 were massaged for
2 min ata 5-Hz frequency with support of the smartphone applica-
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3cm

Fig. 2. Graphic illustration and photography of the 3 x 5 cm area with four 1 x 1 cm areas to investigate the im-
pact on substance penetration of a fully covered penetration area (orange) adjacent to a non-covered area (white).

tion “Pro Metronome” (EUMLab Xainin Technology GmbH, Ber-
lin, Germany). While in areas ¢, g, and k the massage was realized
by fingertips, in areas d, h, and 1, a massage device (NOVAFON
pro, NOVAFON GmbH, Weinstadt, Germany) was used.

After 2 min, including the massage time, skin biopsies of 0.5 x
0.5 cm were removed from all skin areas by means of a scalpel,
transferred to cryotubes, and shock-frozen in liquid nitrogen. The
samples were stored at —20 °C until further use. After embedding
the skin biopsies in cryomedium (Tissue Freezing Medium, Leica
Biosystems Richmond Inc., Richmond, IL, USA), vertical sections
of 10 pm in thickness were prepared by means of a cryotome (Mi-
crom Cryo-Star HM 560, MICROM International GmbH, Wall-
dorf, Germany) and transferred onto microscope slides. The cryo-
sections were investigated by laser scanning microscopy (LSM 700,
Carl Zeiss AG, Oberkochen, Germany) at a magnification factor of
10 in both transmission mode and fluorescence mode. By exciting
the probe at a wavelength of 488 nm and applying a laser power of
1 mW, it was possible to visualize the fluorescent dye with a detec-
tion range of the emission from 492 to 700 nm on the skin and in
the hair follicles. This enabled the assessment whether and to what
extent the follicular closure could efficiently prevent the follicular
penetration of the fluorescein gel.

In setup A2, three skin areas of 2.5 x 2.5 cm were prepared from
three different pigs. Here, the complete skin areas were treated
with either standard nail varnish (area m) or solvent-free nail var-
nish (area n). The varnish was applied by syringe. One skin area
remained untreated and served as control. After a drying time of
1 h, 10 uL/cm? of a caffeine gel (2% caffeine [Sigma-Aldrich, Stein-
heim, Germany] in H,O and 7% hydroxyethyl cellulose, prepared
24 h before application) were spread onto the center 1 x 1 cm of
the larger area with the tip of a pipette. For later analysis, only this
center 1 x 1 cm area was investigated. This setup ensures that no
caffeine contacts the tissue without having to pass the varnish bar-
rier.

After an incubation time of 20 h, the unabsorbed test substance
and the first layers of the stratum corneum were removed by tak-
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ing five tape strips (tesafilm® 4129, Beiersdorf, Hamburg, Ger-
many). The area of interest was cut out of the tape and placed in a
reaction vessel with 1 mL phosphate-buffered saline (PBS; VWR
LIVE SCIENCE; pH 7.4; sterile). Furthermore, the lower layers of
the stratum corneum and the epidermis were separated from the
dermis and the subcutaneous tissue. This separation step was per-
formed by removing the skin piece from the cartilage with a scalpel
and placing it, dermis facing down, on a 60 °C heating plate for 60
s [22]. Afterwards the epidermis and the dermis were separated by
using tweezers. The epidermis was placed in a reaction vessel with
500 pL PBS. The large amount of dermal tissue was split into two
reaction vessels. To each one, 1 mL of PBS was added. Homogeni-
zation was carried out with a TissueLyser IT (QIAGEN, The Neth-
erlands) in a pre-cooled setup with 5-mm steel beads. The epider-
mis and the supernatant were homogenized using 1 cycle of 30 Hz
and 10 min. The dermis was homogenized by applying this cycle
twice. All samples were placed into an ultrasound bath (SONOREX
SUPER RK 102 H, BANDELIN electronic GmbH & Co. KG, Ber-
lin, Germany) for 10 min and were centrifuged (UNIVERSAL 320
R, Hettich AG, Bich, Switzerland, program: 11,200 rpm; 10 min;
r=85;4°C). The caffeine solution was separated and pipetted into
a new reaction vessel. The samples were filtered afterwards with a
Sterivex™ filter unit (Millipore, USA) and the quantification of
caffeine was carried out by reverse-phase high-performance liquid
chromatography (HPLC), as described below.

Study Design B: Investigation of the Influence of Follicular

Closing Material on the Penetration of Adjacent Skin Areas

In study design B, only the standard nail varnish was tested, as
study design A revealed that the solvent-free nail varnish is not able
to close the hair follicles effectively.

For this experiment, one skin area of 3 x 5 cm was marked. Af-
terwards, one half of the skin area was completely covered with the
standard nail varnish, as demonstrated in Figure 2. After 1 h, 10
pL/cm? of the same caffeine gel as was used in the second setup of
study design A was applied by the tip of a pipette on the whole skin
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area. In this treated space, four 1 x 1 cm areas of interest were in-
vestigated: (I) an area which was completely covered by the closure
material, (II) an area which was completely covered by the closure
material but located at the edge to the uncovered area, (III) an area
which was not covered by the closure material but located at the
edge to the covered area, and (IV) an area which was not covered
by the closure material. After an incubation time of 20 h for each
of these areas, the unabsorbed test material was removed from the
skin surface and skin separation, homogenization, and determina-
tion of caffeine concentration were performed analogous to study
design A.

Determination of Caffeine in Homogenized Skin Extracts by

HPLC

The caffeine concentration in the homogenized samples was
determined using a HPLC VWR-Hitachi ELITE LaChrom system.
The quantity of caffeine was detected at a wavelength of 272 nm
with a DAD 1-2450 detection unit and a column temperature of
30°C. The analytical determination was performed using a Chro-
molith® Performance RP-18e 100-4.6 mm (Merck, Darmstadt)
column as stationary phase. The results were obtained with a flow
rate of 2.0 mL/min and an isocratic method with a mobile phase of
90% water (Milli-Q®) and 10% acetonitrile (HPLC gradient grade,
Merck, Darmstadt).

Prior to the analysis, the samples were mixed and transferred
into auto sampler screw micro-vials (VWR) and analyzed with an
injection volume of 10-30 pL of each sample. The chemical stabil-
ity was confirmed by analyzing the caffeine samples after 7 days at
the latest. The specificity of the HPLC run was controlled with a
blank injection for internal standard.

The quantification linearity for caffeine was confirmed by a caf-
feine standard solution and quality control of 0.5-250.0 pg/mL in
the caffeine samples. A graphic linear regression conformation was
determined by an R? >0.99. Accuracy and precision of the HPLC
run was determined within the acceptance criteria of a variation of
less than 2%.

Statistical Analysis

The calculation of mean values and standard deviations of the
penetration as well as corresponding statistical tests (Wilcoxon
test) were carried out via SPSS® (IBM® SPSS® Statistics, version
23.0.0.2, IBM® Corporation, New York, NY, USA). Statistical out-
liers were determined using the “Grubbs test” via Origin (Origin-
Pro, version 2019, Origin Lab Corporation, Northampton, MA,
USA). A significance of p < 0.05 was considered as being signifi-
cantly different in this study.

Results and Discussion

Study Design A: Comparison of the Efficacy of a
Standard Nail Varnish and a Solvent-Free Nail
Varnish for Selective Hair Follicle Closure and
Investigation of the Impact of the Application Protocol
The aim of study design A was to determine an effi-
cient hair follicle closure material that reliably inhibits
substances from penetrating into the hair follicles. Teich-
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mann et al. [10] established a follicular closure method
where nail varnish is used to block the follicular penetra-
tion pathway. As concerns had been raised that the sol-
vents of nail varnishes might enhance the penetration be-
havior of substances in adjacent skin areas, the present
study compares the efficacy and potential side effects of a
standard nail varnish and a solvent-free nail varnish.
Moreover, different application techniques of the model
drug were evaluated for their potential to destroy an in-
tact follicular closure. A detection of fluorescein gel in the
hair follicle below the nail varnish was evaluated as inef-
ficient closure. After spreading the fluorescein gel with
the tip of the pipette, the standard nail varnish was able
to prevent the model drug from penetrating into the hair
follicle (Fig. 3a). No fluorescent signal could be detected
in the hair follicle. When the same application technique
was used in combination with the solvent-free nail var-
nish (Fig. 3e), the nail varnish itself was penetrated by the
fluorescein gel and could not provide an intact closure.
The combination of the standard nail varnish and a care-
ful finger massage (Fig. 3b) resulted in an efficient closure
of the hair follicle, while the 5-Hz massage with a finger
(Fig. 3c) or massage device (Fig. 3d) destroyed the nail
varnish structure.

For each combination of closing material and applica-
tion protocol of the model drug, similar results were ob-
tained. In Figure 3, laser scanning microscopic images are
exemplarily presented showing the efficacy of the stan-
dard nail varnish and the solvent-free nail varnish when
the fluorescein gel was applied using different techniques.

The results of study design A1 clearly demonstrate that
the standard nail varnish was able to prevent the model
drug from penetration into the hair follicle. The solvent-
free nail varnish did not ensure a full blocking of the hair
follicles. This could be due to the microscopic structures
of the varnishes, which are strongly different, as can be
seen in Figure 3, top row. It is obvious that the standard
nail varnish has an extremely fine structure, whereas the
texture of the solvent-free nail varnish is rather porous.
This might be the reason why the fluorescein gel was able
to penetrate the solvent-free nail varnish and to fill the
pores, which resulted in an inefficient closure indepen-
dent of the application technique. The absence of certain
solvents in the solvent-free formulations could explain
this observation. Solvent systems are indispensable for an
improved quality of the dried enamel surface [23].

For standard nail varnish, the application protocol of
the model drug was demonstrated to have an impact on
the efficiency of the follicular closure. Only spreading the
model drug with the tip of a pipette or applying a careful
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(For legend see next page.)
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finger massage keeps the follicular closing intact, stronger
mechanical manipulations such as faster finger massage
or the utilization of a massage device resulted in a de-
struction of the follicle closure. In this case, also an en-
hanced follicular penetration might occur due to capillary
forces. Liquids penetrate faster due to higher adhesive
forces in the furrows, which are dependent on the surface
tension, contact angle, and viscosity at smaller diameters
[24].

In the study design using setup A2, one area was com-
pletely covered with the closing materials to clarify wheth-
er the closure material is able to reliably prevent caffeine
penetration also during a longer incubation time.

The results of this experiment support the hypothesis
that the standard nail varnish is able to act as an efficient
barrier, as no caffeine was detectable in the epidermis and
dermis. In contrast, the solvent-free nail varnish was not
able to prevent caffeine penetration, as 0.6 + 0.1% of the
totally recovered caffeine was found in the tissue, even
though the area was covered with the solvent-free varnish.

2.5

2.0 1

1.5

1.0

0.5 H

Caffeine in dermis and epidermis, %

T T T T
| Il 1l \%
Skin areas

Fig. 4. Boxplot diagram displaying the relative caffeine concentra-
tions in epidermis and dermis in all skin areas I, II, III, and IV. No
caffeine concentration was detected in epidermis and dermis of
skin areas I and II, which were completely covered with the stan-
dard nail varnish. No significant differences were detected be-
tween the caffeine penetration rates of skin areas Il and IV, which
were not covered by the standard nail varnish, but which were at
different distances to the covered skin areas (p = 0.138).

Fig. 3. Laser scanning microscopic images of hair follicles closed
with either a standard nail varnish or a solvent-free nail varnish
and unclosed hair follicles (control).
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Based on the presented results, it can be assumed that
previously published data of the follicular closing tech-
nique with standard nail varnish can be considered as re-
liable. The nail varnish used in the study by Otberg et al.
[5] and Blume-Peytavi et al. [25] for follicular penetration
studies was comparable to the standard nail varnish uti-
lized in this study. Additionally, the drug formulations
under investigation in these studies were applied by care-
ful finger massage; therefore, a disruption of the artifi-
cially created barrier has unlikely occurred during their
experiments. Besides nail varnish, other researchers also
utilized other materials for blocking hair follicles, such as
equal amounts of silicone grease and a-cyanoacrylate ad-
hesives [26]. This plugging mixture is considered a tool
for follicle closure. Several investigations analyzed the fol-
licular penetration pathway successfully on porcine ear
skin that was removed from the cartilage and placed on
Franz diffusion cells. Indeed, the higher viscosity of the
used closure material and the use of a 0.5-mm-diameter
polypropylene stick for the application [27] could lead to
a less precise follicular closure, since the closure material
does not enter the follicular shunt but rather sits on top
of the skin.

It is important to estimate whether certain ingredients
of follicular closing material, such as solvents, might have
an impact on the penetration of the drug under investiga-
tion, which was the aim of study design B.

Study Design B: Investigation of the Influence of
Follicular Closing Material on the Penetration of
Adjacent Skin Areas

Isopropyl alcohol, butyl, and ethyl acetates are known
to increase the fluidity due to a formation of a solvation
shell around the polar groups, which could lead to aloose
packing of the stratum corneum lipid [28] resulting in
skin barrier disruption. Therefore, study design B inves-
tigated whether nail varnish solvents could possibly have
penetration-enhancing effects, e.g., on adjacent skin ar-
eas.

The caffeine concentration was determined in skin ar-
eas which were sealed completely with the standard nail
varnish (I and IT) or which were directly next to the sealed
area (III) or ata distance of 1 cm from the sealed area (IV),
as illustrated in Figure 2.

In case of a penetration-enhancing effect of the stan-
dard nail varnish, an increased concentration of caffeine
in area III would be expected. Since area II was com-
pletely covered by the standard nail varnish, it was as-
sumed that no caffeine should be detected in this area.
However, due to potential effects of lateral diffusion, it
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could not be excluded that area IT shows a small caffeine
concentration.

The results demonstrate that no caffeine could be de-
tected in areas I and II, which were completely covered by
the standard nail varnish. Lateral diffusion effects into
area II were not observed. Moreover, the penetration
rates of caffeine detected in areas III and IV were statisti-
cally of no significant difference (p > 0.05). The Grubb’s
test revealed one statistically relevant outlier each, in
three of the groups displayed in Figure 4, but they were
not considered when testing differences in caffeine con-
centrations with the Wilcoxon test. Figure 4 shows the
caffeine concentrations detected in the epidermis and
dermis of each skin area (I-1V).

The experiments of study design B show that when the
area is completely covered with the standard nail varnish,
caffeine can be found neither in the epidermis nor in the
dermis. Therefore, it can be concluded that the applica-
tion of the standard nail varnish leads to a secure blocking
of the hair follicles and/or the skin without affecting the
penetration behavior in adjacent skin areas. The nail var-
nish exposure when performing the follicular closing
technique is much smaller and of shorter duration than
in the setup of Friend et al. [28], which was referred to
earlier. Effects on stratum corneum lipids are therefore
much less likely. It is therefore understandable why our
study does not come to the same conclusion as the cited
study.

The experiments presented in this study reveal a 1%
caffeine recovery as percutaneous absorption in the tis-
sue. In most studies, the investigation of ex vivo caffeine
penetration is performed by using the Franz diffusion
cell. In these studies, the penetration rates of caffeine into
the epidermis and dermis of 2-5% were mostly higher
than in the present study [13, 29]. One possible explana-
tion for this variation could be the method used. For the
caffeine extraction, no organic solvent was used. In other
studies, the Franz diffusion cell is mostly used for quan-
titative measurements [13]. This study was performed on
intact skin on cartilage. It would be of value to compare
results directly with in vivo microdialysis or in vitro Franz
cell measurements using the same techniques. Another
explanation for this higher value could be explained by a
hydration effect which could occur in Franz diffusion cell
experiments [30], eventually leading to a loosening of the
desmosomes between the corneocytes [31]. Differences
in the application time on human ex vivo skin (24 h)
could also account for this finding. Rubio et al. [32] re-
ported a percutaneous absorption of caffeine into the tis-
sue of 1% by applying a liquid caffeine formulation. It can
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be summarized that the achieved recovery in the dermis
is comparable to the published data.

The study confirms a benefit in follicle closure tech-
niques with a solvent-containing nail varnish. Solvent
systems containing polyvinyl acetates, acetate copoly-
mers, and multiple acrylate-type polymers assure an ac-
ceptable product viscosity, fast drying time, and a quality
of the dried enamel to ensure a non-bubbling nail enam-
el composition with a good water and oil resistance and a
strong coating [23]. So far, the follicular closing technique
by varnish has always been performed with products that
were comparable to the standard nail varnish used in the
present study. The results of previous studies demon-
strated that the penetration is affected by excluding the
follicular pathway. Otberg et al. [5] showed that by block-
ing the hair follicle by the varnish in vivo, caffeine be-
comes bioavailable later and at a smaller amount than in
the control area. The same effect was monitored in fur-
ther studies using the here investigated technique in vivo
[25] as well as in vitro [5, 33].

Conclusion

This study clearly demonstrates that a standard nail
varnish in combination with a gentle application tech-
nique of the model drug is able to prevent follicular pen-
etration successfully and provides a secure follicular clo-
sure. Although solvents are a standard ingredient of stan-
dard nail varnishes, this ingredient is not expected to
cause penetration-enhancing effects in adjacent skin ar-
eas. Since comparable solvent-containing nail varnishes
have widely been used for evaluating follicular penetra-
tion impacts, those studies can be considered to show re-
liable penetration data and closure of the follicle. The pre-
sented study only investigated the closure for the sub-
stances caffeine and fluorescein sodium salt. The results
might not be transferable to all kinds of APIs.
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