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Abstract

Background: During the final stage of differentiation of cornified squamous epithelia like the human skin
epidermis, anucleated corneocytes are formed. Formation of the horny layer and its ongoing desquamation are
fundamental processes leading to the formation of an efficient epidermal barrier.

Materials and methods: For a better understanding of the desquamation process, the role of corneocyte
surface ultra-structure has been investigated using a special preparation technique for scanning electron microscopy
(SEM). Human morphologically different corneocytes from the stratum corneum of the fingertip, the thenar eminence
(thick skin), and the wrist below the carpus (thin skin) of normal and diabetic subjects were obtained by adhesive
tape stripping.

Results: The inside surface structure of corneocytes from thick skin shows prominent nubs, which are broader
and more extended than those of thin skin. Towards their outside, corneocytes were flat with cavities as indentations
of the nubs from neighboured cells providing clues on the mechanical strength of the ‘intercellular stickiness’. As
the size of thin skin corneocytes for diabetic subjects was also studied, it was found that their area was slightly non-
linearly dependent on age.

Conclusion: Accordingly to a reduced proliferation and differentiation rate, as postulated for diabetic persons,
differences in size were as expected but statistically not significant, compared with corneocytes under normal
homeostasis conditions. For discussion is a model, for which the interwoven cellular connectivity provides additional

mechanical strength for the stratum corneum in thick skin.
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Introduction

The stratum corneum (SC) is composed of keratinocytes at
different stages, joined together with corneodesmosomes, embedded
in a hydrophobic lipid matrix. During the final stage of differentiation
of cornified squamous epithelia, such as the skin epidermis, anucleated
corneocytes are formed. Formation of the horny layer and its ongoing
desquamation, i.e. the shedding of superficial corneocytes from the skin
surface, are fundamental processes leading to the establishment of an
efficient epidermal barrier. In the past, cohesion and desquamation of
cells within the upper stratum corneum layers have often been studied
allowing us to understand its formation and homeostasis [1-3].

The SC integrity as discussed in earlier publications mainly depends
on three elements: 1) the physico-chemical quality of the cornified
cells, 2) the persistence of mechanical junctions (corneodesmosomes)
connecting these cells and 3) the organization and composition of
the lipid “mortar” in the intercellular spaces. The stratum corneum
can be shedded into single squames in different ways; these include
mechanical desquamation as well as the use of agents such as detergents
and enzymes.

In the lower SC, called stratum corneum compactum, corneocytes
are tightly superimposed and attached by several corneodesmosomes
(modified stratum corneum desmosomes). Further towards the
SC surface, corneodesmosomes located in the central parts of the
corneocyte disks start to disappear rapidly and the cells detach at these
regions, forming a much loosely SC structure - the stratum corneum
disjunctum. Corneocyte desquamation follows the degradation of

the cell-cell junctions, including the lateral corneodesmosomes. The
desquamation process is a precisely-controlled cascade of proteolytic
events. Ultimately, the breakdown of the intracellular connections
allows normal desquamation [4]. Note that the corneosomal structure
represents the primary cohesive force, which must be degraded for
desquamation according to Harding [5].

Ultrastructural aspects using electron microscopic methods for
investigating the stratum corneum have been reviewed by Haftek [6].
Such studies have been previously carried out on various occasions
using scanning electron microscopy (SEM) [7-9]. Despite the demands
for highest quality, usually electron microscopic techniques show
some deficiencies for the characterisation of the corneocyte surface
structures [10]. Native corneocytes are found in hydrated form, but
for transmission electron microscopy (TEM) a previous exposure to
organic solvents and the vacuum implicate morphological changes
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[11]. Often the SEM studies show the stratum corneum as a cross-
section of the tissue with gaps between the corneocytes. With SEM
freeze-fracture measurements, the three-dimensional structure of the
squamous epithelium cells is only partially elucidated as detailed by
Warner et al. [12].

For preparing SC samples for SEM, skin surface biopsy techniques
are used. For collecting integral SC layers, a cyanoacrylate adhesive
can also be employed for detaching such material, as described by
Plewig et al. [10] and Marks [13]. However, for our investigations the
adhesive tape stripping method was applied, which allows to study
isolated corneocytes. The tape stripping method has been described in
detail by Lindemann et al. [14] with a particular view to the density
of corneocytes on the adhesive tape and their quantitative assessment.
For chemical penetration and bioavailability studies, skin surface
stripping with adhesive tapes has been used within dermatology,
pharmacology, and cosmetics (skin care) on various occasions. With
multiple strippings, even a complete removal of the stratum corneum
of the epidermis can be achieved [15,16].

An early extensive SEM study on the structure and organisation
of human stratum corneum was carried out by Menton and Eisen [9],
who looked at horny cells, e.g. from palm and limb surfaces, focussing
much on the cornecyte overlapped and interdigitated junctions. They
observed a villous structure of cells from thick skin with their surface
pointing towards the dermis, but did not study the counterpart surface.
Here, by means of a simple procedure using a conductive adhesive tape,
SEM measurements of the dehydrated corneocytes surface, towards
the in- and outside of the body, were carried out successfully for thick
and thin skin samples, showing significant morphological differences
in their ultra-structures [17-23]. Ex vivo corneocyte structures were
investigated in order to better understand also the mechanisms that
regulate desquamation at the epidermal surface, as well as mechanical
stability of the stratum corneum as studied shortly before by Wu et al.
[24].

Materials and Methods

The skin below the wrist of six subjects of age between 25 and 84,
without any skin diseases known, was studied. After cleansing the skin
surface with ethanol and a short elapsed time required for ethanol
evaporation, adhesive tape (Tesa No. 4204, Beiersdorf AG, Hamburg,
Germany) was pressed onto the skin and torn away. The tape stripping
procedure was applied twice. The tapes were stored on a clean
microscope slide. For two subjects, the same procedure was carried out
for the thick skin of the fingertip and that of the heel of hand. The study
had been approved by the ethics committee of the medical faculty of the
Ruhr-University, Bochum, Germany. Informed consent was obtained
from all subjects (N=17) before the study.

The adhering corneocytes, single or as an ensemble of cells, were
sticking to the tape with their surfaces that were pointing towards the
body outside. Part of the tape was transferred with the non-adhesive
side to a Leit-Tab tape (Plano Wetzlar Germany), so that corneocyte
surfaces that were pointing towards the body inside were prepaired for
the SEM scan. Another part of the tape with the adhering corneocytes
was brought in contact with the Leit-Tab tape in such a manner that
some less squamous epithelium cells, e.g. part of the cell ensemble,
became adhered to the Leit-Tab tape. Consequently, the corneocyte
surface pointing towards the body outside became nonattached
and was observable with the electron microscope. The samples were
gold-sputtered for 120s with a current of 40 mA (SCDO050 Balzers,
Liechtenstein) and subsequently studied using a scanning electron
microscope (440i Leo, Oberkochen, Germany).

Results

The investigated corneocytes show an ordered three-dimensional
architecture. The corneocyte outer surface (pointing towards the body
outside) is different from the inner surface (towards inside) for both
skin categories (Figure 1). It is obvious that the outside corneocyte
surface is rather smooth, aside from some indentations.

Homogeneously distributed over the inner corneocyte surface,
one finds small nubs in contrast to the outer surface arrangement.
These nubs, described already by Menton and Eisen [9], show a unique
appearance, similar to microvillis. Normally, the nubs height is not
taller than their width. For the squamous epithelium cells selected, the
base area of a representatively selected nub is about 600 x 200 nm?. The
negative indentations on the apical side show similar dimensions, e.g.,
475 x 275 nm?. Exemplary corneocyte thickness was determined for
four different, half-skewed cells, providing a mean value including a
standard deviation of 0.8 um #* 0.2 ym.

A representative squamous epithelium cell of thin skin is shown
in Figures 1a and c. The polyhedron of the basal cell can be recognized
from its outer contour. However, the latter shape is no longer found in
the corneocytes of thick skin samples.

Morphology differences between corneocytes from thick and
thin skin

The tape stripping technique has the benefit to generate part of the
fingerprint image. Therefore, it is possible to attribute most of shown
corneocytes and corneocyte ensembles to a position at the fingertip.
Here, the differences between the corneocytes structure in the skin
recess are shown. The base area and shape of the corneocytes of thick
skin varies according to the position in a ridge or fold of the skin recess.
In general, these corneocytes possess a larger thickness than those
obtained from thin skin samples. The architecture of these cells is also
more complex. The outer surface of corneocytes from the heel of hand
is rather flat, but showing a micro-structure (Figure 2). Many almost
vertical indentations show similarities with a tyre profile (Figure 2b). In

T

Figure 1: Representative corneocytes showing the different surfaces of thin
skin. a) Surface towards the body outside: at the edges of the corneocytes
one can clearly notice that the cells are layer-wise arranged. b) Enlargement
of the cell outside surface; compared with the many nubs found on the inner
cell surface, only a small number of indentations exists on the outer surface.
c) Surface towards the body inside: Small ridges cross the cell from upper
left to down right. On the top, bottom and in the middle of the photograph,
the uniform black gluey surface of the tape can be identified; d) Enlargement
of the inner surface part of the cell shown in (c).
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contrast to this, the inner surface consists of a collection of small nubs
with a height of about 1 pm, ordered densely and filigree-wise.

With their origin from thin skin, several corneoytes form an
ensemble of a one-cell layer on the adhesive tape. On the other hand,
given the complex architecture of the thick skin corneocytes, a uniform
arrangement of cells cannot be determined for samples attached
to the adhesive tape, as one or more cell layers are interwoven. The
Figures 3 and 4 show a vis-a-vis of the outer and inner surfaces of such
corneocytes.

Morphology differences between thin skin corneocytes of
healthy and diabetic subjects

Concerning the skin ultrastructure, as found in thin skin of a
diabetic patient, the nub structure on the inner corneocyte surface is
showing a noticeably reduced contrast compared to skin samples from
healthy subjects. The bottom side is covered by several ridges. The outer

e A . Figure 3: Representative corneocyte surfaces of thick skin (finger tip).
surface is still structured, but the indentations are less developed and a) Surface towards the body outside: large parts of the surface show

lead to a softish appearance. In addition, the edges are frayed and tiny indentations. b) Enlargement of the outside cell surface as shown in (a).

In the middle of the photo a basketry-like structure is evident. c) Surface
towards inside: The nubs have partially been flattened by the preparation.
d) Another corneocytes surface towards body inside is viewed. The cell
ensemble is extremely interwoven, so that the individual cell edges cannot
be observed.

fragments can be found on the surface.
Factors influencing mean corneocyte area

As studied already in earlier publications, the corneocyte area has
been found dependent on age or diabetic status. This has been traced
back to differences in cell proliferation by Plewig [17], Kashibuchi et al.
[18] and Sakai et al. [19]. In this study we also investigated two classes
of subjects, i.e., healthy and diabetic subjects. For both categories we
found an increase in the confidence interval of thin skin corneocytes
after the age of seventy (Figure 5). When the individual classes were
investigated separately, a relative augmentation of 14% of the average
area of corneocytes from diabetic subjects as compared to the data
obtained from healthy subjects can be stated (mean + SD area of
corneocytes from healthy subjects: 886 um?* + 297 um? and for diabetic

Figure 4: Examples of corneocyte surfaces of thin skin from a diabetic
person. a) and b) Surface towards the body outside: Parts of the corneocytes
show small fragmentation at the cell edges. c) and d) Surface towards the
body inside: The nubs show less contrast than found for corneocytes from
healthy persons.

subjects: 1007 um?* + 377 um?). However, this difference between the
mean areas was found not to be significant (P>0.05).

Discussion and Conclusion

Figure 2: Representative corneocyte surfaces of thick skin (heel of hand). As discussed above, desquamation is influenced by several factors.

a) Surface towards the body outside. This corneocyte shows a smooth In this context, the mechanical stability between corneocytes of the

coverage with many irregular indentations on the whole outer surface. Many . . .
other corneocytes possess a smaller outside area than found for the inside upper horny layer has been studied, which may be influenced by an

surface. Smaller pale fragments can be identified as contamination on the interdigitation due to ultrastructural features found at both cell surfaces.
surface (possibly from the interwoven, previously superimposed cell). The At first it should be pointed out that the cells prepared by sputtering
single cell is covered with pieces of glue from the tape, shown at the upper .

left to lower left side of the photo. b) Enlargement of the surface towards have been dehydr ated in the vacuum. By the roughness depth of the
the body outside shown in (a). Here, the indentations show sharp edges. c) thin skin corneocytes studied, it is realized that dehydration does not
Surface towards the body inside of a single cell. Similar to a coral reef, the bring about a large morphological change with regard to cells that have

surface consists of many nobs. d) Enlargement of the inside surface shown

in (c): Individual nobs possess a width of about 0.6 um at their outmost end. been kept dry at normal atmosphere. The thickness of such thin skin

corneocytes, according to measurements by Richter et al. [20], has been
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Figure 5: Mean corneocytes’ area with dependency of subject age. Besides
the mean area of corneocytes of thin skin, their 95 % confidence intervals

are also given.

Figure 6: Extended skin model for the stratum corneum. Desmosomes are
presented as black ellipses between the individual corneocytes furnished
with a distinguished ultrastructure (shown as grey “bricks®). The lipid
“mortar” substances are shown as light gray layers.

reported with values between 208 nm and 349 nm at normal humidity;
this is significantly below the values that have been obtained by our
measurements of the dehydrated and half-tilted corneocytes which
allowed a thickness determination.

The ultrastructural phenomena as observed in thin skin of diabetic
subjects can be described by slight changes in the way that the “nubs
and indentation “structure is less developed and the surface appears to
be more softish and frayed at the cellular edges than for corneocytes
of healthy subjects. More studies have to be carried out for verifying
this observation. For cell cultures of keratinocytes cultivated at
elevated glucose concentrations it was observed that the keratinocytes
became flattened and lost part of their orientation towards each other,
furthermore, their proliferation was slowed down and an increased cell
area was found by Spravchikov et al. [21].

For the human stratum corneum, the corneocyte area is certainly
also dependent of the in-vivo cellular proliferation rate as evident under
the presence of the skin disease of Lichen ruber planus. Under such
conditions, the corneocytes, for which a reduced proliferation rate can
be manifested, grow significantly larger; Plewig et al. [10]. On the other
hand, in skin diseases such as Psoriasis vulgaris, for which an increase
in proliferation rate can be found, a smaller corneocyte area on average
is the consequence. Yajima et al. [22] found a significant correlation
between corneocyte surface area and chronological age intervals

in non-diabetic subjects (N=7), whereas there was no significant
correlation in diabetic patients (N=7) with the 4%, 7% and 8" decades
of life. We also found insignificant differences of cell areas between
non-diabetic and diabetic subjects. Our data show an age-dependent
increase in cell area up to the 7" decade of age. According to studies by
Marks [23] and Plewig [17], the cell area has been claimed to be linearly
dependent on age. The observed distribution of corneocyte areas may
be the result of a combined effect from ageing and disease for diabetic
subjects. In addition to the mean values, also an increase in variance
can be observed based on the data set studied.

Responsible factors for ageing are certainly genetic, immune and
“wear and tear” effects combined with repair-alteration. Glycation,
cross-linking, oxidation and other chemical modifications all act to
impair the molecular functioning of vital components such as DNA
and structural proteins. Glycation of proteins contributes strongly too
many progressive diseases, including complications from diabetes.
Changes due to the latter disease have been monitored in conjunctive
tissues, as manifested also by skin ageing.

Coming back to the corneocyte surface morphology, several
positive aspects probably result from the differences in the surface
ultrastructures. By the rather smooth external surface of our skin,
the dynamic friction may be reduced and the evaporation surface for
water vapour is essentially smaller than for a surface with increased
roughness (Figure 6).

Different SC models have been discussed and illustrated in the
literature. According to the “brick and mortar “model, lipids have an
important role for the skin barrier formation and its stability. Here,
lipid bilayers are glueing the different corneocyte bricks as described by
Forslind [11]. An extension has been recently presented by Bernard et al.
[4], detailing the corneosomal cohesion model. An important function
is played by enzymes allowing a precisely controlled desquamation
process. For the latter model, the corneocytes are still connected by
desmosomes, which increase in numbers along a larger stratum
corneum depth. Despite the identical cholesterol sulfate concentration
in the SC of thick skin within the palm and the thin skin, e.g., of the
upper arm, a seven-fold larger stability is found for the skin type
mentioned first; Serizawa et al. [24]. Another fact is that for the thick
skin, 50 % of the intercellular gaps are equipped with desmosomes,
whereas only a coverage of 20% is found for thin skin corneocytes
as pointed out by Sheu and Tsai [25]. The much larger strength and
cohesiveness of thick skin cannot be explained by the two factors only
as discussed above. Our hypothesis is that additional interdigitation
through the “nubs and indentation” ultrastructure of the corneocytes
leads to the improved mechanical barrier characteristics observed for
thick skin (Figure 6). Similar studies as presented by Wu et al. [26]
must be carried out to quantify the intercellular delamination energy
for the horny cells from different skin types as studied by us.
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