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Abstract

The aim of this study is to characterize the ability of multiphoton microscopy in monitoring the
transdermal penetration enhancing effect of a depilatory agent and the associated structural
alterations of stratum corneum. The result is compared with the electron microscopic findings. Our
results show that the penetration of both hydrophilic and hydrophobic agents can be enhanced. The
morphology of corneocytes becomes a homogenized pattern with focal detachment of surface
corneocytes. In combination with Nile red staining, multiphoton imaging also shows that the regular
motar-like distribution of lipid matrix was disrupted into a homogenized pattern of lipid distribution.
These results are well correlated with the findings of ultrastructural analysis by electron micrographs
showing disintegration of the protein envelope of coenocytes, disruption of intracellular keratin and
loss of the regular lamellar packing of intercellular lipids. We conclude that, in addition to
quantifying the permeation profiles of model drugs, multiphoton microscopy is able to detect the

penetration enhancer-induced structural alterations of stratum corneum.
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Introduction

Barrier function is one of the most important functions of skin. The outermost layer of skin,
stratum corneum, contributes to most of this protective function due to its unique chemical
composition and delicate structures.' In addition to avoiding water loss from the body surface, it also
protects our body from the potential insults from environmental toxic or irritant agents.

Structurally, stratum corneum barrier can be divided into two compartments: protein rich
corneocytes embedded in continuous intercellular lipids.> A brick and mortar model has long been
proposed to depict this specialized structure- corneocytes as the brick and mortar as the intercellular
lipids. Corneocytes have peripheral disulfide bond-rich cornified cell envelope (CE). Keratin
filaments, rich in intermolecular disulfide bond cross-links, are the major intracellular structural
proteins of the corneocytes and are linked to the inner surface of the CE. On the outer surface of
corneocytes exists a thin layer of lipid envelope (LE). LE is covalently anchored to the CE and also
interacts with intercellular lipid lamellae. The regular compact packing of the intercellular lipid
lamellaec is key to the barrier function, rendering intercellular space of stratum corneum
impermeable.

Therapeutically, drug delivery via transcutaneous route is of great interest due to its easy
accessibility, increased patient compliance, and avoidance of possible drug degradation via parental
route delivery.”* However, the barrier function of skin also hiders transcutaneous penetration of
molecules. To increase the permeation of drugs across skin, various approaches aimed at reversibly
reducing the resistance of stratum corneum to drug penetration have been investigated.” Among the
penetration enhancing agents and methods, chemical penetration enhancers can theoretically increase
drug permeation by disrupting either one of or the combination of the intercellular lipid lamellae,
intracellular keratin, and intercellular linking proteins of stratum corneum.

Depilatory creams, composed of potassium thioglycolate or calcium thioglycolate in base, have
been widely used for removal of unwanted hair for decades. The thioglycolate composition of a
depilatory cream can disrupt the disulfide bonds of hair keratin and the weakened hair keratin can be
removed by gentle rubbing. Interestingly, depilatory creams have been identified as a unique
enhancer for transcutaneous drug delivery.”” By the pretreatment of a depilatory agent, the
transdermal penetration of theophylline and even insulin can be greatly enhanced in rats.”” The
penetration enhancing effect of a depilatory agent can persist for one day.’ This suggests that the
structural alterations induced by the treatment of a depilatory agent can not fully recover within a
window of one day. This is of great clinical significance in terms of the convenience, because the
drug of interest can be efficiently delivered without the repeated applications of the depilatory within

this window. However, like a double-edged sword, this window may also predispose depilatory
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cream users to a higher risk of transcutaneous absorption of toxic agents from the environment. Up
to date, the mechanism of depilatory as a penetration enhancer has not been characterized.
Multiphoton microscopy utilizing femtosecond laser for non-linear excitation of fluorescent

molecules has been applied to the filed of dermatological imaging.'*"?

Recently, it is also applied to
the dynamical analysis of percutaneous drug delivery.'>'* Conventionally, the structural alterations
of stratum corneum associated with chemical penetration enhancers are investigated by electron
microscopy and the quantification of drug penetration is determined by diffusion chamber.'

The aim of this study is to characterize the ability of multiphoton microscopy in monitoring the
transdermal penetration enhancing effect of a depilatory agent and the associated structural
alterations of stratum corneum. We employed multiphoton imaging to examine its effect on the
transepidermal delivery of model fluorescent drugs. The associated changes of corneocytes and
intercellular lipid lamellae were also examined by histology, Nile red staining and electron

microscopy employing post-fixation with ruthenium tetroxide.
Materials and methods

Foreskin specimens obtained from young adults undergoing routine circumcision were used in
this study. The experimental protocol was approved by an Institutional Review Board and informed
consent was obtained from each individual. The skin was stored at -80°C and utilized within 2 weeks.
Before the each experiment, skin specimens were thawed at room temperature and cut into pieces of
about 2.25 cm’. In the depilatory treated group, a commercially available depilatory cream (Neet,
Reckitt & Colman) was gently applied to the epidermal side of the skin specimen. After 10 mins, the
depilatory was removed by gentle rinse in phosphate buffered saline (PBS). In the non-treated skin,
skin specimens were treated the same except the depilatory was replaced by PBS.

Two fluorescent molecules (Molecular Probes, Eugene, OR, USA), hydrophobic rhodamine B
hexyl ester perchlorate (RBHE) and hydrophilic sulforhodamine B (SRB) were chosen as model
drugs in this study. Donor solutions of SRB and RBHE were prepared at 0.005 mg/ml in PBS for
determination of the diffusion profiles of each drug. To investigate the penetration profile of
fluorescent probes, each experiment is divided into four groups: depilatory treated skin + RBHE,
non-treated skin + RBHE, depilatory treated skin + SRB, non-treated skin + SRB. Skin specimens
were mounted in a home-made diffusion cell as we previously described.'® Skin specimens were left
in contact with donor solutions in the diffusion cells for 12 hr. Then the skin specimens were
removed and washed with PBS to remove the excess donor solutions on the surface of skin

specimens before being viewed under a multiphoton microscope.
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The setup of the microscope is modified from the multiphoton microscope we described
previously.!” Briefly, the 780-nm output from a titanium-sapphire laser (Tsunami, Spectra Physics,
Mountain View, California) pumped by a diode-pumped solid-state laser (Millennia X, Spectra
Physics) was used for excitation. The laser was scanned by an x-y mirror scanning system (Model
6220, Cambridge Technology, Cambridge, Massachusetts) and guided toward the modified inverted
microscope. The laser was beam expanded and reflected into an oil immersion objective (S Fluor,
NA 1.3, Nikon) by a primary dichroic mirror (700DCSPXRUV-3p, Chroma Technology,
Rockingham, Vermont). Sample luminescence was collected in the epi-illuminated geometry. After
passing through the primary dichroic mirror, the second harmonic generation (SHG) and
fluorescence signals are separated into four simultaneous detection channels by secondary dichroic
mirrors (435DCXR, 495DCXR, 555DCLP, Chroma Technology) and additional bandpass filters
(HQ390/20, HQ460/50, HQ525/50, HQ590/80, Chroma Technology). The detection bandwidths for
the second harmonic generation (SHG), blue, green, and red fluorescence are 390+10, 460+25,
525425, and 590+40 nm, respectively. Autofluorescence signals of 500-550 nm were utilized for
observation of morphological alterations after the treatment of a depilatory cream. For investigation
of penetration profile of fluorescent model drugs, fluorescence signals of 550-630 nm from SRB and
RBHE were collected for analysis. For image processing, we used the software of ImageJ (National
Institute of Health, Bethesda, Maryland).

The depilatory treated and non-treated skin specimens were processed for histological
examination. Thin frozen sections of the specimens (Sum thick) were obtained and air dried in room
temperature before the Hematoxylin and Eosin (H&E) staining. For the observation of the lipid
distribution in stratum corneum, Nile red staining was performed as previously described.'® Briefly,
the stock solution of Nile red (Molecular Probes, Inc.) (500 pg/ml in acetone) was prepared, stored at
-200C and protected from light exposure. A fresh Nile red staining solution was prepared by adding
15 pl stock solution to 1 ml of 75% glycerol, followed by vortexing. For staining, a drop of staining
solution was added to frozen sections (5 pm thick) of each specimen. After 10 min at room
temperature in darkness, the sections were rinsed in distilled water, followed by the treatment of a
drop of 4% KOH solution for 2 min. The excess KOH was then wiped off, and the sections were
mounted in glycerol and examined by the multiphoton microscope.

To visualize the alignment of intercellular lipid of stratum corneum, the skin specimen was
processed for electron microscopic examination as previously described.' Each skin specimen was
cut into 1-mm pieces and first fixed in the solution of 2.5% glutaraldyhyde in cacodylate buffer for 2
hours. The specimens were then post-fixed in 0.2% ruthenium tetroxide in cacodylate buffer for 1
hour. The specimens were then serially dehydrated in a series of ethanol solutions before being

embedded in Spurr’s resin. Ultrathin sectioning was performed. The sections were floated onto
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carbon-stabilized Formvar-coated grids and stained with uranyl acetate and lead citrate before the

examination in a Hitachi model H-7501ss electron microscope.
Results and discussion

Figure 1 and Figure 2 show the penetration profile of the hydrophilic model drug SRB and
hydrophobic RBHE. The normalized average photon counts per pixel are plotted vs the
corresponding skin depth from the surface. The penetration of hydrophilic model drug SRB is
increased in the skin specimen pretreated with a depilatory agent (Figure 1). From the surface down
to the depth of 30um, the average fluorescent density of SRB is higher in the depilatory pretreated
skin specimen as compared with the control specimen. Similar to SRB, the penetration of
hydrophobic RBHE is also increased in the skin specimen pretreated with a depilatory agent (Figure
2).
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Figure 1. Penetration profile of SRB.
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Figure 2. Penetration profile of RBHE.

Figure 3 shows the multiphoton images of stratum corneum from depilatory cream treated and
non-depilatory cream treated skin specimens. The autofluorescence from the corneocytes allows
direct imaging without any fixation or staining procedures. In the control group (Figure 3a),
corneocytes are tightly packed as hexagonal cells with distinctive intercellular borders. Whe the skin
is treated by a depilatory cream, stratum corneum becomes a homogenized morphology and
intercellular borders can not be clearly delineated. The results show that the structures of corneocytes

are disrupted altered by the treatment of a depilatory agent.

(a) (b)

Figure 3. Multiphoton imaging of stratum corneum. (a) Control skin specimen (b) Depilatory
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treated skin specimen. (bar: 100pm)

Figure 4 shows the lipid structures by Nile red staining. In the control group (Figure 4a),
intercellular lipid can be seen as yellow fluorescent matrix surrounding the halo flat corneocytes.

After the treatment of a depilatory agent, the intercellular lipid organization was disrupted into a

homogenized pattern in the stratum corneum (Figure 4b).

Figure 4. Multiphoton images of Nile red staining. (a) Control skin specimen (b) Depilatory

treated skin specimen. (bar: 30pm)

Figure 5 shows the electron micrographs of intracellular structures and intercellular lipid
structures of stratum corneum. In the control group (Figure 5a), regular packing of intercellular
lamellae can be seen and the intact intracellular keratin matrix is observed. In the intercellular space,
lipids are regularly packed as multilayered structures. The intercellular lipids are anchored on the
electron-dense cornified cell envelope. In the depilatory cream treated skin (Figure 5b), the
intracellular keratin matrix is disrupted and keratin is lost in the intracellular compartment of some

corneocytes. It is also notable that the electron dense cornified cell envelope often become fractured
and separated from the intracellular keratin network. The regular packing of multilamellar structure

of intercellular lipid is lost.

These results of multiphoton images are well correlated with the findings of ultrastructural
analysis by electron micrographs showing disintegration of the protein envelope of coenocytes,
disruption of intracellular keratin and loss of the regular lamellar packing of intercellular lipids. The
results also demonstrate the ability of a depilatory agent to enhance the transepidermal penetration of
both the hydrophilic and hydrophobic models drugs. The pretreatment of a depilatory agent disrupts
the structural integrity of both corneocytes and intercellular lipid lamellae of the stratum corneum.
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The compact intracellular keratin matrix of corneocytes is disrupted. The disruption of regular
packing of intercellular lipid structures can also contribute to the enhanced drug permeation by
reducing the resistance to the drug penetration through the intercellular route of stratum corneum.

We conclude that, in addition to quantifying the permeation profiles of model drugs,
multiphoton microscopy is able to detect the penetration enhancer-induced structural alterations of

stratum corneum.

(2)

Figure 5. Electron micrographs of stratum corneum. (a) Control skin specimen (b) Depilatory

treated skin specimen.
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