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Abstract

Penetration studies are commonly performed on in vitro models, presumably due to a lack of non-invasive in vivo methods. To date,
it is not clear whether in vitro models are suitable to reflect the in vivo conditions for percutaneous penetration. Apart from inter and
intraspecies skin differences, the excision of a skin sample may influence the penetration rate inter alia as a result of the contraction of the
elastic fibres in the skin during excision. Therefore, the aim of the present study was to investigate the follicular reservoir of the hair
follicles of human skin in vivo and in vitro utilizing the method of differential stripping. The results obtained revealed a significantly
reduced follicular reservoir in vitro, which was only 9.5 ± 10.6% of the in vivo reservoir. These results are important for the interpreta-
tion of earlier and future penetration investigations. It can thus be assumed that excised skin models are suitable for penetration studies
only to a limited extent, as follicular penetration is greatly diminished due to the contraction of the elastic fibres of the skin.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, hair follicles have attracted much atten-
tion as it has been shown that they are important for per-
cutaneous penetration of topically applied substances and
for drug delivery [1–4].

The former assumption that hair follicles are not rele-
vant for penetration as they cover only 0.1% [5] of the skin
surface has been abandoned. Instead, investigations have
shown that the hair follicle reservoir greatly varies on dif-
ferent body sites and is comparable to the reservoir of
the stratum corneum (SC) in some body areas [6]. In addi-
tion, the hair follicles are currently esteemed to represent
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an important target for drug delivery as they are sur-
rounded by a close network of blood capillaries and den-
dritic cells [7]. The relevance of the hair follicles for the
percutaneous penetration process has been identified in
several investigations utilizing a multitude of in vivo and
in vitro models [1,2,4,8–12].

Generally, apart from the tape stripping procedure and
the determination of blood and urine levels, non-invasive
in vivo methods are seldom available for penetration stud-
ies [13]. Therefore, in vitro investigations are usually per-
formed for ethical reasons. Common in vitro models are,
for example, the Franz diffusion cell utilized with split or
full skin, the Saarbruecken penetration model, the porcine
ear skin model, and other animal models [14]. Recently,
two in vivo methods have been introduced to investigate
follicular penetration: the selective blockage of hair follicles
[15] and the differential stripping procedure [11].

Nevertheless, the question remains whether in vitro
models are able to reflect in vivo conditions. Rare inves-
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tigative approaches correlating in vivo and in vitro data
revealed in vitro penetration values, which were twice
the amount of the in vivo values [14]. Differences in size,
type and density of the follicles, lipid composition and
stratum corneum thickness have been used to explain this
discrepancy [14]. In order to obtain a representative com-
parison of in vivo and in vitro data, skin of the same spe-
cies and body area should be used, ideally from the same
donor. Irrespective of inter-and intraindividual skin differ-
ences, the excision of the skin may also have an influence
on the penetration rate. After cutting a piece of skin and

removing the subcutaneous fat tissue, the skin contracts
to a certain degree. This may be due to several physiolog-
ical factors such as water loss and the sudden absence of
blood flow. Additionally, the elastic fibres which endow
the skin with resilience [16] presumably contract after
being cut, acting as a severed rubber band. On the one
hand, this means that the hair follicle density per cm2

increases, possibly influencing the follicular penetration
rate. This could, however, be easily avoided by stretching
the skin to the initial size before investigation. On the
other hand, when considering the distribution of the elas-
tic fibres which closely surround the hair follicles [17], it is
highly probable that after cutting the skin, the hair folli-
cles are constricted by the contracting elastic fibres and,
therefore, are significantly less receptive for the penetra-
tion process. Because of the close network of the elastic
fibres, stretching of the skin would presumably not reopen
the hair follicles.

The aim of the present study was to verify the assump-
tion that in excised skin, the hair follicle reservoir is signif-
icantly reduced. Therefore, we utilized the recently
introduced method of differential stripping [11] to compare
the follicular reservoir of human skin, in vivo and in vitro,
on the same donor and body site. Furthermore, histologi-
cal investigations were performed to show the distribution
of elastic fibres in human skin.
2. Materials and methods

In the present study, the reservoir of the hair follicles
was investigated in vivo and in vitro. Therefore, the skin
of the same patients and the same skin sites was utilized
both for the in vivo and the in vitro investigations. Two
study designs were applied and histological investigations
followed subsequently.

Study design A: In vivo investigation of the hair follicle
reservoir of humans in the region of the abdomen or the
inside of the thigh by means of differential stripping.
Study design B: In vitro investigation of the hair follicle
reservoir of the corresponding contralateral excised skin
sample of the same volunteers by means of differential
stripping.
Study design C: Histological investigation of the fibre
distribution around and between the hair follicles.
2.1. Volunteers/excised skin

The study was performed in vivo on six female volun-
teers, mean age 43.5 ± 11.3 years. The volunteers were all
patients at the Department of Surgery, Charité – Universi-
tätsmedizin Berlin, suffering from adiposis, and planned to
receive a reduction of their adipose tissue in the region of
the abdomen (5 volunteers) or the inside of the thigh (1
volunteer).

One day prior to the surgical intervention, study design
A was applied in vivo on one body side. After surgery, the
excised skin of the corresponding contralateral body area
was utilized for performing the in vitro investigations
(study design B). The excised skin was analyzed immedi-
ately after removal and, therefore, there was no necessity
for fixation or inlaying.

Approval for these investigations had been obtained
from the Ethics Committee of the Charité. The study was
conducted in compliance with the ethical rules stated in
the Declaration of Helsinki Principles. The volunteers par-
ticipating in the study had given their informed and written
consent.

2.2. Topically applied substance

For investigation of the follicular reservoir, an o/w for-
mulation containing nanoparticles of 100 nm was applied.
The formulation contained 0.12% of the lipophilic dye cur-
cumin. A particle containing substance was chosen because
of its preferential penetration into the hair follicles [18].

2.3. Study design A, in vivo, preoperative

2.3.1. Application of the topically applied substance

A skin area of 4 � 4 cm was marked in the region of the
abdomen or the inside of the thigh using a permanent mar-
ker. Subsequently, 2 mg/cm2 of the emulsion was applied
and distributed homogeneously within the demarcated skin
area utilizing a saturated glove finger.

2.3.2. Differential stripping

After a penetration time of 30 min, differential stripping
was applied to determine the follicular reservoir as described
previously [11]. Differential stripping is a combined method
of tape stripping and cyanoacrylate skin surface biopsies.
The tape stripping procedure was performed as described
by Weigmann et al. [19]. Adhesive tape strips (tesa No.
5529, Beiersdorf, Germany) were pressed onto the skin using
a roller, which stretches the skin surface hereby avoiding the
influence of furrows and wrinkles [20]. The tape strips were
then removed with a quick movement. This process was
repeated until the topically applied substance was com-
pletely removed from the stratum corneum (after an average
of 10 tape strips). This could be detected visually by a disap-
pearing fluorescent signal, using laser scanning microscopy
(LSM 2000, Carl Zeiss, Jena, Germany). Subsequent to the
SC removal, a drop of cyanoacrylate superglue (UHU
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Fig. 1. Comparison of the recovered concentrations of curcumin in vivo
and in vitro.
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GmbH, Brühl, Germany) was applied onto the stripped skin
area and was covered with a further tape strip using light
pressure. After polymerization of the superglue (approxi-
mately after 5 min), the tape strip was removed and a cyano-
acrylate skin surface biopsy was obtained containing the
follicular casts and corneocytes.

2.3.3. Quantitative analysis of the cyanoacrylate skin surface

biopsies

After removal, the cyanoacrylate skin surface biopsies
were punched to a constant size of 15 mm diameter and
extracted in ethanol (Uvasol, Merck, Darmstadt, Ger-
many) using ultrasound (Sonorex Super RK102H, Bande-
lin Electronic, Berlin, Germany) and centrifugation (at
rcf = 1487, 36g fr 10 min at 20 �C, Centrifuge MR1812,
Jouan GmbH, Unterhaching, Germany). This was fol-
lowed by the determination of the relative concentration
in arbitrary units of the curcumin using fluorescent mea-
surements (Luminescent LS 50B, PerkinElmer, Überlingen,
Germany). The maximum fluorescence intensity was
detected at a wavelength of 510 nm.

2.4. Study design B, in vitro, postoperative

2.4.1. Excision of skin

After anaesthesia of the patient, but before excision of
the skin, a jig of 4 � 4 cm was applied onto the correspond-
ing contralateral skin region to that used for the in vivo
experiments, and the contour of the jig was carved into
the skin. The skin was then excised during surgery.

2.4.2. Preparation of excised skin

After excision of the skin, the majority of the adipose tis-
sue was removed apart from the upper 1 cm. As the skin con-
tracts after excision, in order to receive the original skin size,
the jig of 4 � 4 cm was applied again and the skin was
stretched until the carved skin area was of identical size with
that of the jig. The excised skin was fixed in this position.

2.4.3. Application of the topically applied substance

Within the carved skin area of 4 � 4 cm, 2 mg/cm2 of
the formulation was distributed on the skin surface utiliz-
ing a saturated glove finger. In contrast to the in vivo
experiments, the formulation was applied by means of a
massage appliance, as it has been shown that massage sub-
stitutes the physiological movement of the hairs in the fol-
licles, which is essential for an optimal penetration of
particles into the hair follicles [18].

Then, differential stripping was performed analogously
to study design A.

2.5. Study design C

Biopsies of 8 mm in diameter were sampled from human
skin in vivo under local anaesthesia. The samples were
fixed in a formaldehyde solution and embedded in paraffin.
Sections were cut vertically to the skin surface and stained
with Elastica-van-Gieson-staining, conforming to histolog-
ical standard procedures.

2.6. Data analysis

For a better comparison of the obtained data, the rela-
tive preoperative concentrations of curcumin were set at
100% and compared with the postoperative values.

For statistical analysis, we utilized the Kolmogorov–
Smirnov test (SPSS 11.0) to demonstrate that the obtained
data were not not-normal distributed (p > 0.05). We then
calculated the mean values and standard deviations of
the recovered concentrations of the curcumin. Further-
more, we utilized the Wilcoxon test to show significant dif-
ferences between pre-and postoperative values (p < 0.05).

3. Results

The aim of the present investigation was to demon-
strate differences between the follicular reservoir in vivo
and in vitro by means of differential stripping. Further-
more, histological analysis was performed to characterize
the fibre distribution between and around the hair
follicles.

The comparison of the follicular reservoir of in vivo and
in vitro skin revealed that the follicular reservoir of excised
in vitro skin is only 9.5 ± 10.6% of the follicular reservoir
in vivo. These results are presented graphically in Fig. 1.
Statistical evaluation of the data exposed a significantly
decreased follicular reservoir in vitro (p < 0.05).

The evaluation of histological sections (see Fig. 2)
revealed that the elastic fibres are circular in the region of
the hair follicles (see white arrow), while they are straighter
and more parallel in the interfollicular region of the skin
(see black arrows).

4. Discussion

The present investigation of the follicular reservoir using
in vivo and in vitro methods confirmed the assumption that



Fig. 2. Histological section of human skin in Elastica-van-Gieson-
staining. The distribution of elastic fibres is rather circular in the region
of the hair follicles (see white arrow) while they are straighter and more
parallel in the interfollicular region (see black arrows).
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the follicular reservoir is significantly reduced in the in vitro
skin model. Histological investigations gave implications
for a possible explanation of this phenomenon. The section
of the hair follicles (Fig. 2) shows that the hair follicle is
surrounded by a relatively close network of elastic fibres,
whereas the elastic fibres in between the hair follicles are
straighter and more parallel. This observation is in concor-
dance with investigations of Starcher et al. [17]. They inves-
tigated the distribution of elastic fibres in avian and
mammalian skin including human skin. Avian skin is an
exaggerated example of how elastic fibres in the skin pos-
sess a primary role in the movement of skin covering. Elas-
tic fibres surround the feather follicles and connect them to
large smooth muscle bundles with an elastic fibre linkage.
The follicles are also connected to each other with elastic
fibres. No additional elastic fibres throughout the skin were
found which might contribute to skin elasticity.

The elastic fibres in mammalian skin essentially perform
the same function as the elastic fibres in avian skin. The
muscle M. arrector pili is more slender in mammals, how-
ever, possibly due to the fact that the forces required to
raise a hair are lower than those needed to move and keep
a feather in place during flight. The hair follicles of most
animals are surrounded by an elastic fibre network, which
connects the follicles to each other. This is also the case in
humans and pigs but to a lesser degree, as the fibres not
only surround the hair follicles but also lie as parallel fibres
throughout the entire dermis. This different pattern of elas-
tic fibres suggests an important role in the elasticity of skin
[17].

The present investigation and the observations by Star-
cher et al. [17] emphasize the assumption that the elastic
fibres surrounding the hair follicles contract if the skin is
excised, possibly leading to a significant reduction of the
follicular penetration pathway. However, other factors
concerning the reduced follicular penetration must also
be taken into consideration, such as loss of humidity and
the absence of blood flow in excised skin. These aspects
presumably additionally contribute to the differences in
the penetration pathways to a certain extent.

Although the mechanisms leading to the reduced follic-
ular reservoir have not been fully clarified, the reality of the
topic cannot be disregarded. Nevertheless, several conse-
quences for in vitro investigations should be derived from
the observations of the present investigation. For penetra-
tion studies, excised human skin is suitable only to a lim-
ited extent as the follicular reservoir for penetration is
significantly reduced. This is especially valid in regard to
follicular penetration studies, or if substances are applied
which preferentially penetrate into the hair follicles, such
as particulate substances [18,21]; or caffeine [17,22], which
utilizes the hair follicles as a fast penetration pathway into
the blood.

Generally, porcine skin is a frequently used model for
human skin [23], showing a similar composition and pene-
tration behaviour for topically applied substances [24] as
well as a comparable arrangement of elastic fibres [17].
Nevertheless, it must be admitted that stratum corneum
thickness, follicular density and size are increased in por-
cine skin [14]. Such variations can, however, also be
observed in the different body regions of humans [6]. In this
context, Feldmann et al. [25] for example observed that the
absorption of hydrocortisone is increased in regions with
large or numerous hair follicles.

In regard to the difficulties concerning elastic fibre con-
traction, the porcine ear skin model – if not utilized in Franz
diffusion cells – is probably the most advantageous, as the
skin is not excised but, rather more, fixed on the cartilage
which inhibits contraction. For other in vitro animal models,
the contracting phenomenon of the elastic fibres may even be
increased as studies have reported the concentration of elas-
tic fibres mainly around the hair follicles [17]. In general, the
present investigation revealed that results of in vitro penetra-
tion studies utilizing excised skin such as Franz diffusion cell
experiments must be regarded critically.

In conclusion, the results of this investigation revealed
that excised human skin is suitable only to a limited extent
for penetration investigations, as the elastic fibres, which
are cut during excision, seem to constrict the follicular
openings and thus reduce the follicular reservoir and pene-
tration pathway. To overcome this problem, the develop-
ment of non-invasive in vivo methods should be
emphasized. If the application of in vivo models is not fea-
sible, the utilization of the skin of a complete porcine ear
seems to represent an appropriate alternative. However, a
reduction in the follicular reservoir is highly presumable
for Franz diffusion cells requiring the removal of the skin
from the cartilage, as well as in excised skin.
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