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The depilatory cream thioglycolate has been shown to be an effective enhancer for transdermal drug delivery.
However the mechanism remains unknown. In addition, it may also increase the risk of permeation of exogenous
toxic agents across skin in depilatory cream users. The aim of this study was to characterize its effect on the
transepidermal route and the associated structural alterations. Fresh human skin was treated with a depilatory
cream for 10 minutes and then permeated with fluorescent model drugs. The penetration of model drugs was
then imaged and quantified. The structural alternations of stratum corneum were assessed by multi-photon
imaging, histology, Nile red staining, and electron microscopy. Our results show that penetration of both
hydrophilic and hydrophobic model drugs across stratum corneum was enhanced. Disruption of cellular integrity
and focal detachment of superficial corneocytes was observed in multi-photon imaging. In addition, nile red
staining showed disorganized lipid distribution. Finally, ultrastructural analysis revealed disruption of intracellular
keratin matrix, protein cell envelope, and regular lamellar intercellular lipid packing. Because intracellular and
intercellular structures were altered, our results suggest that depilatory agents enhance transepidermal drug
delivery by reducing resistance in both transcellular and intercellular routes of stratum corneum.
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INTRODUCTION
Skin contributes to physiological homeostasis by insulating
the body from the external environment to prevent water loss
(Madison, 2003). This barrier also hinders transcutaneous
penetration of molecules from the external environment. The
outermost layer of skin, the stratum corneum, provides most
of the barrier function due to its unique structures.

The stratum corneum barrier is made up of protein-rich
corneocytes embedded in continuous intercellular lipids. A
brick-and-mortar model has long been proposed to depict
this specialized structure, with corneocytes as the brick and
intercellular lipids as the mortar (Elias, 1983). Corneocytes
have a peripheral cornified cell envelope (CE), which is
composed of structural proteins cross-linked by disulfide
bonds and Ne(g-glutamyl)lysine isopeptide bonds (Madison,
2003). Linked to the inner surface of the CE are keratin
filaments with intermolecular disulfide bond cross-links, which

are the major intracellular structural proteins of the corneo-
cytes. The tough structure of corneocytes provides a mechan-
ical support for the intercellular lipid lamellae. On the outer
surface of corneocytes exists a thin layer of lipid envelope,
which consists of long-chain o-hydroxyceramides covalently
anchored to the CE. The lipid envelope interacts with
intercellular lipid lamellae, and acts as a template for the
formation of intercellular lipid lamellae. It is believed that the
regular compact packing of the intercellular lipid lamellae is
key to the barrier function, rendering intercellular space of
stratum corneum impermeable (Marjukka Suhonen et al.,
1999; Bouwstra et al., 2000). The ultrastructure of intercellular
lipid lamellae cannot be seen in conventional electron
microscopy, and post-fixation with ruthenium tetroxide can
help to highlight the ordered stacking of intercellular lipid
lamellae (Madison et al., 1987; Swartzendruber et al., 1995).

Pharmacologically, skin is an attractive route for drug
delivery because of its easy access, readier patient compli-
ance, and avoidance of problems associated with parenteral
delivery (Balfour and Heel, 1990; Marjukka Suhonen et al.,
1999; Cevc, 2003). To increase permeation of drugs across
the skin, various approaches aimed at reversibly decreasing
the skin’s inherent resistance to drug penetration have been
investigated (Marjukka Suhonen et al., 1999; Williams
and Barry, 2004). Chemical penetration enhancers can
theoretically achieve this goal by disrupting the intercellular
lipid lamellae, intracellular keratin, or other proteins (Oertel,
1977; Marjukka Suhonen et al., 1999; Barry, 2004). For
example, we have shown that oleic acid can disturb the
regular packing of intercellular lipid of stratum corneum and
facilitate transcutaneous permeation of drugs (Sun et al.,
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2004). The penetration-enhancing effect will be greatly
ameliorated if one chemical agent can simultaneously disrupt
the intercellular and intracellular structures of stratum corneum.

Depilatory creams, which have potassium thioglycolate or
calcium thioglycolate in the base, are unique penetration
enhancers (Kushida et al., 1984; Zakzewski et al., 1998;
Kanikkannan et al., 1999). The hair keratin is structurally
sturdy due to the rich disulfide bonds between the cystine
groups. The thioglycolate component of a depilatory agent
disrupts the disulfide bonds of hair keratin, and the weakened
hair keratin can then be removed by gentle rubbing. This
agent can be safely used for hair removal, causing no
detectable irritation to the skin if exposure is brief. Interest-
ingly, pretreatment with a depilatory agent can greatly
enhance transdermal penetration of theophylline and even
insulin in rats (Kushida et al., 1984; Zakzewski et al., 1998;
Kanikkannan et al., 1999). The penetration-enhancing effect
can persist for 1 day (Zakzewski et al., 1998). This
observation suggests that structural alterations induced by
treatment with a depilatory agent cannot fully recover within
a window of 1 day. This is of great clinical significance in
terms of convenience, because the drug of interest can be
efficiently delivered without repeated applications of the
depilatory within this time window. However, this effect may
also predispose depilatory cream users to a higher risk of
transcutaneous absorption of contact substance.

The mechanism of penetration enhancement by a depilatory
agent has not been systemically examined. It is likely the
removal of hair may enhance drug penetration via the
transfollicular route (Lauer et al., 1995; Marjukka Suhonen
et al., 1999). The depilatory agent may also exert a direct
penetration-enhancing effect on the transepidermal routes
(Marjukka Suhonen et al., 1999). Understanding the mechan-
ism of the penetration-enhancing effect of a depilatory agent
may help to elaborate a clinical strategy to enhance
percutaneous delivery of macromolecules or protein drugs. It
would also help to clarify the possible safety concerns of
routine depilatory cream users. It should be noted that the rat
models in the above-mentioned studies may not reflect the
conditions in humans (Zakzewski et al., 1998; Kanikkannan
et al., 1999). To be specific, the follicular density of rat skin is
much higher than that of human skin. Therefore in human skin,
the transepidermal route may play a more important role for
efficient transcutaneous drug delivery.

In this study, we focused on the effect of a depilatory agent on
the transepidermal delivery route. We employed multi-photon
imaging to examine the depilatory agent’s effect on the
transepidermal delivery of model fluorescent drugs. The asso-
ciated changes of corneocytes and intercellular lipid lamellae
were also examined by histology, Nile red staining, and electron
microscopy, employing post-fixation with ruthenium tetroxide.

RESULTS
Multi-photon imaging revealed morphological changes of
corneocytes and focal detachment of corneocytes in the
depilatory agent–treated skin

We and others have previously shown that corneocyte is
autofluorescent under multi-photon excitation and that the

morphology of corneocytes can be monitored without
staining or further processing (Yu et al., 2001; Konig and
Riemann, 2003; Lin et al., 2007). This avoids possible cell
detachment and distortion of the morphology of corneocytes
during the fixation, dehydration, sectioning, and staining
procedures in conventional histological examinations. In
Figure 1, the morphology of normal corneocytes (Figure 1a) is
disrupted by treatment with a depilatory agent (Figure 1b).
The stratum corneum often shows a ‘‘homogenized’’ pattern
without distinctive intercellular borders (Figure 1b), making it
difficult to identify individual corneocytes. In addition to
morphological alteration, detachment of surface corneocytes
can also be observed after treatment with a depilatory agent
(Figure 1c, arrow). The focal detachment of corneocytes can
be observed in the homogenized area or the area that still
preserves normal corneocyte morphology. The results show
that the structures of corneocytes are altered by treatment
with a depilatory agent and also suggest that intercellular

a

b c

Figure 1. Multiphoton autofluorescence images of the stratum corneum of

the depilatory agent–treated specimen and the untreated specimen.

Autofluorescence from the corneocytes allows direct imaging without any

fixation or staining procedures. The en-face images of the stratum corneum

are shown. (a) Untreated specimen. Corneocytes appear as pentagonal or

hexagonal flat cells with distinctive intercellular borders. The cells are tightly

packed together. (b) Depilatory agent–treated skin specimen. The stratum

corneum often attains a homogenized morphology and intercellular borders

cannot be delineated clearly. (c) In addition to the homogenized morphology,

detachment of corneocytes (arrow), seen as halos in the multi-photon

autofluorescence image, can be frequently seen in the depilatory

agent–treated skin. In this area, the normal cell morphology of the remaining

corneocytes is still preserved (green, autofluorescence from corneocytes,

500–550 nm). Bars¼ 100mm.
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adhesion of corneocytes might be weakened, leading to focal
detachment of surface corneocytes.

We also performed histological examination of the speci-
mens. Compared with the tightly packed stratum corneum in
an untreated skin specimen (Figure 2a), the depilatory agent
loosened the superficial part of the stratum corneum and
focal loss of superficial corneocytes could frequently be
revealed (Figure 2b). Consistent with the observation from
multi-photon imaging, intercellular adhesion or the structure
of surface corneocytes themselves could be weakened by
treatment with the depilatory agent, leading to easy detach-
ment of superficial corneocytes during processing for
histological examination.

Pretreatment with a depilatory agent enhances penetration of
both hydrophilic and hydrophobic model drugs

Although it has been shown that pretreatment with a depilatory
agent enhances transcutaneous delivery of drugs, the effect of a
depilatory agent on drug penetration via the transepidermal
route has not been characterized. We examined whether
pretreatment with a depilatory agent enhances penetration of
model drugs across the stratum corneum. Pretreatment of
human foreskin with the depilatory agent for 10 minutes
enhanced penetration of both hydrophilic and hydrophobic
model drugs (Figure 3a and b). From the surface down to a
depth of about 30mm, the average fluorescence intensity of
both sulforhodamine B (SRB) and rhodamine B hexyl ester
perchlorate (RBHE) was higher in the depilatory agent–treated
skin than in the control skin specimen. This trend of increasing
penetration of model fluorescent drugs can be easily appre-
ciated in the diagrams of three-dimensional reconstruction
(Figure 4). The results indicate that treatment with a depilatory
agent can enhance permeation of both hydrophilic and
hydrophobic molecules across the stratum corneum.

Intracellular bubbling and detachment of corneocytes in
depilatory agent–treated skin

In addition to the quantitative change in the penetration
profile of the model drugs, analysis of serial multi-photon
images revealed other important morphological changes
associated with treatment with a depilatory agent. In the
control group, fluorescence from SRB and RBHE could be
detected in the intracellular and extracellular space
of corneocytes (Figure 5a and c). The distribution of
fluorescence within the intracellular space of corneocytes
seemed even.

On the other hand, structural alterations of corneocytes
associated with pretreatment with a depilatory agent were
revealed. Non-fluorescent small intracellular bubbles could
frequently be seen in the corneocytes (Figure 5b). The
bubbling effect upon pretreatment with a depilatory agent
suggests that intact compact intracellular structures of
corneocytes were disrupted and fine pores were generated
within the corneocytes. It also indicates that the depilatory
agent was able to disrupt the compact intracellular keratin
networks of corneocytes. Further, single corneocytes

a b

Figure 2. Histology of untreated skin specimen and the depilatory

agent–treated skin specimen. (a) Untreated skin specimen. The stratum

corneum shows a layered compact structure. (b) Depilatory agent–treated skin

specimen. The stratum corneum becomes thinner and focal detachment of

corneocytes is revealed. The pores and focal cell loss in the epidermis are

artifacts from specimen preparation for the histological examination

(hematoxylin and eosin staining). Bars¼ 50mm.
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Figure 3. Enhanced penetration of model fluorescent drugs across stratum

corneum by pretreatment with a depilatory agent. The average photon

counts per pixel are plotted versus the corresponding skin depth from the

surface. (a) Penetration of hydrophilic model drug SRB is increased in the skin

specimen pretreated with a depilatory agent. From the surface down to a

depth of 30 mm, average fluorescent density of SRB is higher in the depilatory-

pretreated skin specimen as compared with the control specimen. (b) Similar

to SRB, penetration of hydrophobic RBHE is also increased in the skin

specimen pretreated with the depilatory agent (m, skin specimen pretreated

with a depilatory agent; ’, control skin specimen without the pretreatment of

the depilatory agent). Error bars indicate SDs.
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appeared as halos in the stratum corneum in the skin specimen
pretreated with a depilatory agent (Figure 5d). This shows that
entire corneocytes were detached from the surrounding
corneocytes by treatment with a depilatory agent.

Disturbance of regular mortar-like distribution of intercellular
lipids

The regular packing of intercellular lipids of the stratum
corneum is very important for its barrier function. To examine

whether the organization of intercellular lipids was affected
by treatment with a depilatory agent, we performed Nile red
staining (Sheu et al., 2003). In the control group, intercellular
lipids were regularly arranged around the corneocytes (Figure 6a),
mostly with a horizontal orientation (Figure 6b, arrow).
Treatment with a depilatory agent disrupts this regular lipid
packing, and the stratum corneum, in contrast to a brick-and-
mortar picture, is ‘‘homogenized’’ to resemble ground glass
(Figure 6c). Embedded in the homogenized stratum corneum
are short, intensely fluorescent, linear structures, which we
believe to be remnants of fractured intercellular lipids
(Figure 6d, arrows). The results here indicate that the regular
distribution of intercellular lipids is disrupted by treatment
with a depilatory agent and that they become fractured and
mix with the corneocytes.

It has been proposed that a penetration enhancer can exert
its effect on either the intercellular lipids or the corneocytes of
stratum corneum (Barry, 2004). Our results suggest that both
the intracellular integrity and the intercellular lipids of
corneocytes are disrupted by treatment with a depilatory agent.

Electron microscopy revealed disruption of both intracellular
structure and intercellular lipid lamellae of corneocytes

To further test whether both corneocytes and intercellular
lipid organization were disrupted by a depilatory agent, we
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Figure 4. Three-dimensional mapping of the penetration profiles of model

fluorescent drugs in skin specimens. (a) Untreated skinþ SRB. (b) Depilatory

agent–treated skinþ SRB. (c) Untreated skinþRBHE. (d) Depilatory

agent–treated skinþRBHE. The dimension of each image is 110 (x-axis)�
110 (y-axis)� 50mm (z-axis) .The color scales are adjusted for better visual

appreciation of the penetration profiles of SRB and RBHE, respectively. The

color scales indicate increase of model drug concentrations as the color

progresses from 0 to 170 (a, b) and from 0 to 400 (c, d).

a b

c d

Figure 5. Multi-photon images of skin specimens after application of the

model drugs. (a) Untreated skinþ SRB. (b) Depilatory agent–treated

skinþ SRB. (c) Untreated skinþRBHE. (d) Depilatory agent–treated

skinþRBHE. After incubation in SRB or RBHE for 10 hours, fluorescent

corneocytes with hexagonal or pentagonal morphology can be seen (a, c).

The presence of fluorescence within the intracellular areas of corneocytes

indicates distribution of SRB and RBHE in the corneocytes. However, in the

depilatory agent–treated skin, fine non-fluorescent bubbling structures can

often be seen in the intracellular area of corneocytes (b, arrow), and

sometimes single corneocytes appear as large halos without fluorescence

(d, arrow) (red, fluorescence from the model drugs of SRB and RBHE,

550–630 nm). Bars¼ 50mm.
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performed electron microscopic examination of the speci-
mens. Post-fixation procedures used treatment with ruthe-
nium tetroxide to identify the intercellular lipid lamellae
(Madison et al., 1987; Swartzendruber et al., 1995).

In the control group, intact keratin networks were present in
the intracellular space of corneocytes (Figure 7a), and regular
packing of intercellular lipid lamellae was observed (Figure 7b).
The intercellular lipid lamellae were closely connected with
the CE of corneocytes (Figure 7c). When the skin specimen
was treated with a depilatory agent for 10 minutes, the integrity
of individual corneocytes and intercellular lipid lamellae were
disrupted (Figure 8). In the intracellular space, the keratin
network was altered. Loosening change of keratin could be
seen and focal absence of intracellular keratin matrix was
revealed (Figure 8a). This correlates with the bubbling
appearance of corneocytes in the multi-photon image (Figure 5b).
Fractures and even absence of distinctive electron-dense CE
could be seen (Figure 8a). Further, lamellar organization of
intercellular lipids was also compromised (Figure 8b). The
lipid lamellae became fractured and often mixed with
weakened corneocyte CEs to which the lipid lamellae are
anchored under normal circumstances (Figure 8b). These
findings correspond to the results of disorganized intercellular
lipid structures revealed by Nile red staining (Figure 6d).

DISCUSSION
The stratum corneum is the major barrier to transcutaneous
delivery of drugs. Although depilatory creams have been
shown to be able to enhance drug permeation through skin,
the detailed mechanism has not been characterized. In the
animal study, the penetration-enhancing effect of pretreat-
ment with a depilatory agent was reversible and could last for
as long as 1 day after single application of a depilatory cream.
Understanding the mechanism of its penetration-enhancing
effect can help us to develop effective strategies for
percutaneous delivery of drugs, medical macromolecules,
and even nanoparticles.

To characterize the effects of a depilatory cream on the
structures of the stratum corneum, the alterations of corneocytes
and intercellular lipids were investigated in this study. Since
multi-photon autofluorescence imaging requires no fixation and
staining procedures (Yu et al., 2001, 2003; Konig and Riemann,

a b c

d

Figure 6. Multi-photon images of Nile red staining. (a) Control skin specimen. (b) Enlarged view of the rectangle-outlined area in panel (a). (c) Depilatory

agent–treated skin specimen. (d) Enlarged view of the rectangle-outlined area in panel (c). Intercellular lipids can be seen as a yellow fluorescent matrix

surrounding the halo flat corneocytes in (a, b) (arrow). After treatment with a depilatory agent, intercellular lipid organization was disrupted into a homogenized

pattern in the stratum corneum (c). Some finer disoriented lipid remnants can be seen in the magnified image (d) (arrows) (intercellular lipids are yellow in the

image). Blue represents second-harmonic-generation signals from dermal collagen fibers. Bars¼ 30 mm.

a

b c

Figure 7. Electron micrographs of control skin specimen. (a) Regular packing

of intercellular lamellae can be seen and intact intracellular keratin matrix is

observed ($). (b) In the intercellular space, lipids are regularly packed as

multilayered structures (inset, arrow). (c) The intercellular lipids are anchored

to the electron-dense cornified CE (n). Bars¼ 70 nm.
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2003; Konig et al., 2006; Lin et al., 2006a, b), the structural
alterations associated with pretreatment with the depilatory
cream can be immediately determined noninvasively. The
possible structural alterations and loss of corneocytes associated
with the fixation and staining procedures can be avoided by
using multi-photon techniques. Multi-photon autofluorescence
imaging revealed local detachment of surface corneocytes and
a homogenized pattern of corneocyte morphology before
specimens were subjected to application of fluorescent model
drugs (Figure 1). The detachment of surface corneocytes was
also observed in the histology (Figure 2). Detachment of
superficial corneocytes seemed to be more severe in the
histological image than in the multi-photon images. This may be
an artifact associated with the sectioning and staining proce-
dures for histological examination.

When model fluorescent drugs were applied, multi-
photon imaging revealed intracellular halo ‘‘bubbles’’ in the
corneocytes of the specimens pretreated with a depilatory
agent (Figure 5), and detached corneocytes appeared as halos
without detectable fluorescent signals from the model drugs

(Figure 5). These intracellular halo bubbles may represent
pores within the intra-corneocyte keratin matrix generated by
the depilatory agent. This result is compatible with those of
electron microscopic examination in which loosening and
local absence of intracellular keratin matrix were revealed
(Figure 8). Further, electron-dense cornified CE, which is
believed to be the toughest structure of corneocytes, was
also disrupted (Figure 8). The intercellular adhesion of
corneocytes was loosened and disintegration of adjacent
corneocytes was observed. Both detached corneocytes and
intra-corneocyte pores may provide shunts for permeation
and thus reduce resistance to transcellular drug penetration.
These results suggest that treatment with a depilatory agent
weakens intercellular adhesion of corneocytes and also
induces intracellular structural alterations to corneocytes.

To investigate the possible effect of a depilatory agent on
intercellular lipids, which cannot be readily detected in
multi-photon autofluorescence imaging, Nile red staining
was performed. Intercellular lipids, surrounding the corneo-
cytes mainly in a horizontal orientation (Figure 6a), formed a
homogenized pattern and were mixed with the corneocytes
(Figure 6c). Scattered fine, shorter, disoriented lipid structures
could be seen in the stratum corneum (Figure 6d). Ultra-
structurally, intercellular lipids were no longer anchored to
the cornified CE and the multilamellar packing of inter-
cellular lipid was disrupted (Figure 8b). Only a few short
lamellar intercellular lipids could be seen, and they were
randomly distributed among the altered intracellular protein
structures (Figure 8b). Whether a depilatory agent directly
disrupts the intercellular lipid lamellae requires further
investigation. Because intercellular lipid lamellae are an-
chored to the corneocyte surface via interaction with lipid
envelopes, which are covalently bound to CEs, disruption of
the support from intact CEs may also disintegrate the regular
packing of intercellular lipid lamellae. Hence, treatment with
a depilatory agent not only affects the intracellular structures
of corneocytes but also compromises the regular packing of
intercellular lipid. We believe that altered intercellular lipid
structures can no longer convey normal resistance to
intercellular penetration of model drugs.

Because depilatory creams are widely used for hair
removal, our study also sheds light on the potential risk of
harm by a depilatory cream. In addition to enhancing drug
delivery, depilatory creams can also facilitate permeation of
exogenous toxic agents across skin. For example, individuals
who routinely use depilatory creams for hair removal may
have a higher risk of contact sensitization to exogenous
chemicals on the depilated skin due to compromised barrier
function. The duration of the time window for this enhanced
permeation after a single application of depilatory cream has
not been determined for human skin in vivo.

Our study was limited by the nature of the skin specimens
that were used. Because the barrier function of stratum corneum
can vary from one anatomical site to another, the penetration-
enhancing effect of a depilatory cream can also vary in different
parts of the body. Further, the hairless foreskin specimens did
not allow us to examine the effect of a depilatory cream on the
transfollicular route of transdermal drug delivery.

Figure 8. Electron micrographs of depilatory agent–treated skin. (a) 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 CE often becomes fractured and separated from the

intracellular keratin network (m). (b) The regular packing of multilamellar

structure of intercellular lipids is lost (arrows) and intercellular lipids are no

longer tightly anchored to the cornified CE. Instead, only fractured, short,

single-lamellar intercellular lipids can be seen locally (insert). Bars¼200 nm.
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In conclusion, this work demonstrates the ability of a
depilatory agent to enhance transepidermal penetration of
both hydrophilic and hydrophobic model drugs. Pretreatment
with a depilatory agent disrupts the structural integrity of both
corneocytes and the intercellular lipid lamellae of the stratum
corneum. The compact intracellular keratin matrix and
cornified CEs of corneocytes are disrupted, and pores are
generated within the corneocytes. Weakened intercellular
adhesion also leads to focal detachment of surface corneo-
cytes. The pores within the remaining corneocytes and the
empty space previously occupied by the detached corneo-
cytes may provide shunts for drug penetration through the
transcellular routes. Disruption of regular packing of inter-
cellular lipid structures can also contribute to enhanced drug
permeation by reducing resistance to drug penetration
through the intercellular route of stratum corneum.

MATERIALS AND METHODS
Skin specimen preparations

Foreskin specimens were obtained from young adults (age 20–35)

undergoing routine circumcision. The study was conducted in

accordance with the Declaration of Helsinki Principles, and the

experimental protocol was approved by an Institutional Review

Board and the Ethics Committee at National Taiwan University

Hospital (NTUH 9100206857). Informed consent was obtained from

each individual. Skin was stored at �80 1C and used within 2 weeks.

Before each experiment, skin specimens were thawed at room

temperature and cut into pieces of about 2.25 cm2. In the depilatory

agent–treated group, 40 mg/cm2 of a commercially available

depilatory cream containing calcium thioglycolate in the base

(Neet; Reckitt & Colman, Wayne, NJ) was gently applied to the

epidermal side of the skin specimen with a smooth plastic

applicator, entirely covering the skin surface. After 10 minutes, the

depilatory agent was removed by a gentle rinse with phosphate-

buffered saline. In the untreated group, skin specimens were treated

the same way except that the depilatory was replaced with

phosphate-buffered saline.

Model drug preparation and diffusion cells

Two fluorescent molecules (Molecular Probes Inc., Eugene, OR),

hydrophobic RBHE and hydrophilic SRB, were chosen as model

drugs in this study due to their similarity in molecular structure,

molecular weight, fluorescence emission range, and minimal

overlap with skin autofluorescence (Yu et al., 2001). These two

fluorescent probes allowed investigation of the effect of a depilatory

agent on the penetration enhancement of hydrophilic and hydro-

phobic drugs. Donor solutions of SRB and RBHE were prepared at

0.005 mg ml�1 in phosphate-buffered saline for determination of the

diffusion profiles of each drug. To investigate the penetration profile

of fluorescent probes, each experiment was organized into four

groups: depilatory agent–treated skinþRBHE, untreated

skinþRBHE, depilatory agent–treated skinþ SRB, and untreated

skinþ SRB. A skin specimen from the same individual was used for

all four groups in the same experiment. The specimens were

mounted in a homemade diffusion cell as described previously (Sun

et al., 2004) and left in contact with donor solutions in the diffusion

cells for 12 hours. The specimens were then removed and washed

with phosphate-buffered saline to remove excess donor solutions

from the surface before being viewed with a multi-photon

microscope. The experiment was repeated three times.

Multi-photon microscopy

The microscope was a modification of the multi-photon microscope

we described previously (Liu et al., 2007). Briefly, 780-nm output

from a titanium–sapphire laser (Tsunami; Spectra Physics, Mountain

View, CA), 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, MA) and guided toward the modified

inverted microscope. The laser beam was expanded and reflected

into an oil-immersion objective (S Fluor, NA 1.3; Nikon, Melville,

NY) by a primary dichroic mirror (700DCSPXRUV-3p; Chroma

Technology, Rockingham, VT). Sample luminescence was collected

in the epi-illuminated geometry. After passing through the primary

dichroic mirror, second-harmonic-generation and fluorescence

signals were 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 second-harmonic generation and blue,

green, and red fluorescence were 390±10, 460±25, 525±25, and

590±40 nm, respectively. This system allows spectral separation of

the detected signals. Autofluorescence signals of 500–550 nm were

used to observe morphological alterations after treatment with a

depilatory cream. For investigation of the penetration profile of

fluorescent model drugs, fluorescence signals of 550–630 nm from

SRB and RBHE were collected for analysis. Single-photon counting

photomultiplier tubes (R7400P; Hamamatsu, Hamamatsu City,

Japan) were used as optical detectors. Each optical scan was

composed of 256� 256 pixels. For image processing, we used

ImageJ software (National Institutes of Health, Bethesda, MD).

Data collection and analysis
Laser power was adjusted to keep fluorescence intensity from

the skin specimen below the saturation threshold of our microscopic

system, as described previously (Yu et al., 2001). Below

the saturation threshold, there was a linear correlation between

the quantity of fluorescent model drugs and the detected fluores-

cence intensity. To acquire fluorescent probe-penetrating informa-

tion, a z-step motor-driven auto-stage (ProScan II, H101E; Prior

Scientific Instrument, Cambridge, UK) was used for axial

movement. Ten randomly selected skin sites (each an area of 110

by 110mm2) in about a 2 by 2 mm area of each skin sample were

serially scanned, at 2-mm intervals from the skin surface down to the

dermo-epidermal junction, with a multi-photon microscope. The

penetration profiles of fluorescent drugs were analyzed as previously

described (Yu et al., 2001). At each depth from the skin surface, the

average fluorescent counts were calculated from the 10 randomly

selected skin sites. The average fluorescent counts versus skin depths

was plotted to analyze the spatial distribution of fluorescent probes

in the depilatory agent–treated and untreated skin specimens. For

determination of cell morphological alterations, large-area

multi-photon imaging was performed for each specimen

and representative large-area images composed of arrays of

individual images were assembled as described earlier (Lin et al.,

2005, 2006a; Tan et al., 2007).
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Histology and Nile red staining
The depilatory agent–treated and untreated skin specimens were

processed for histological examination. Thin frozen sections of the

specimens (5mm thick) were obtained and air-dried at room

temperature before hematoxylin and eosin staining.

For observation of lipid distribution in the stratum corneum, Nile

red staining was performed as previously described (Sheu et al.,

2003). Briefly, stock solution of Nile red (Molecular Probes Inc.)

(500mg ml�1 in acetone) was prepared, stored at �20 1C, and

protected from light. A fresh Nile red staining solution was prepared

by adding 15ml of stock solution to 1 ml of 75% glycerol, followed by

vortexing. A drop of staining solution was added to frozen sections

(5mm thick) of each specimen. After 10 minutes at room temperature

in darkness, the sections were rinsed in distilled water, followed by

treatment with a drop of 4% KOH solution for 2 minutes. Excess KOH

was then wiped off and the sections were mounted in glycerol and

examined with the multi-photon microscope.

Electron microscopic examination

To visualize the alignment of intercellular lipids of the stratum

corneum, the skin specimen was processed for electron microscopic

examination as described previously (Madison et al., 1987). Each

skin specimen was cut into 1-mm pieces and first fixed in a solution

containing 2.5% glutaraldehyde in cacodylate buffer for 2 hours. The

specimens were then post-fixed in 0.2% ruthenium tetroxide in

cacodylate buffer for 1 hour. Next, the specimens were serially

dehydrated in a series of ethanol solutions before being embedded in

Spurr’s resin. Ultrathin sectioning was then performed. The sections

were floated onto carbon-stabilized Formvar-coated grids and

stained with uranyl acetate and lead citrate before examination

with a Hitachi model H-7501ss electron microscope.
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