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The outermost region of the epidermis, the stratum corneum (SC), provides an essential barrier to water loss
and protects against exogenous substances. The functional integrity of the SC depends on a complex
maturation and exfoliation process, which is often perturbed in skin diseases. The maturation of corneocytes
isolated from different depths in healthy human SC was investigated using infrared (IR) spectroscopic imaging
and Raman microscopy. Both IR and Raman spectral quality of individual corneocytes was high and revealed
depth-dependent variations in molecular composition. Spectral changes were identified as arising from
alterations in the concentration of the major constituents of natural moisturizing factor (NMF), important in
maintaining SC hydration. A significant decrease in the concentration of NMF was observed for corneocytes
isolated from superficial compared to deeper SC layers (layer 3 vs. layer 11, respectively). An IR parameter that
measures the relative NMF concentration in corneocytes is introduced. The potential role of vibrational imaging
to evaluate corneocyte composition and molecular structure in the treatment of NMF-related diseases is
discussed.
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INTRODUCTION
The superficial region of the epidermis, the stratum corneum
(SC), provides a vital physical barrier that protects against
external insult and maintains water homeostasis. Indeed, a
primary function of the epidermis is to generate the SC. The
basic structure of this thin (B10–20 mm) outer layer consists of
keratin-rich corneocytes embedded in a highly ordered lipid
lamellar phase, analogous in macroscopic architecture to a
brick wall (Elias, 1991; Schaefer and Redelmeier, 1996). The
hydration level in the SC, although low compared to the
underlying viable epidermis and dermis, is key to proper skin
barrier function. Water activity is thought to influence the
maturation of the SC via its impact on enzyme activity and
lipid phase behavior. Continual renewal of the SC is also
essential for its functional integrity.

Corneocytes are generated from terminally differentiated
keratinocytes as the cells make their way from the stratum
granulosum into the SC. During this transition, profilaggrin, a
large, insoluble protein, is converted to filaggrin, which is

associated with the corneocyte keratin filaments in the
deepest layers of the SC. Further processing of filaggrin
appears to be driven by the water gradient within the SC and
in healthy skin, the relatively low hydration level promotes
proteolysis of the protein into its constituent amino acids,
amino-acid derivatives, and salts (Scott and Harding, 1986).
The resulting mixture, known as natural moisturizing factor or
NMF, is highly water soluble and can be as much as 10% of
corneocyte dry weight. Atmospheric water is absorbed by the
hygroscopic NMF providing sufficient hydration to help keep
skin flexible and to facilitate various enzymatic reactions in
the pathway that terminates with corneocyte desquamation
(Rawlings et al., 1994). The molecular nature of this complex
process in healthy and diseased skin continues to be a focus
of skin research.

The aforementioned processes have been investigated
with cell culture and immunohistochemical techniques. In
addition, various optical microscopic methods have been
developed to characterize the morphology of the SC and
underlying epidermis in healthy and diseased skin. Techni-
ques such as confocal laser scanning microscopy (Langley
et al., 2001; Gerger et al., 2005) and two-photon fluores-
cence microscopy (So et al., 2000; Hanson et al., 2002; Yu
et al., 2003) can be applied in a noninvasive manner,
avoiding the need to microtome thin sections while achieving
high spatial resolution (to the submicron level). Optical
microscopic techniques have the potential to become routine
diagnostic tools, although molecular level information is
limited and exogenous probes may perturb native skin.
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Vibrational spectroscopic imaging and microscopy offer
significant advantages in this regard. Probe molecules are
unnecessary and the techniques are sensitive to molecular
composition, structure, and interactions among molecular
components. However, spatial resolution is lower than in
fluorescence-based methods (i.e., B10 mm in the infrared (IR)
and 1–3 mm in the Raman) and the depth of sampling is
limited as well. Confocal Raman microscopic measurements
can be performed on intact skin to depths of B100–150mm
(Caspers et al., 2003; Xiao et al., 2004, 2005). In general,
microtomed samples (B5 mm thick) are required for IR
imaging.

Recent advances in IR spectroscopic imaging and confocal
Raman microspectroscopy have permitted the acquisition of
spatially resolved chemical composition and structural
information from biologically important samples (for reviews,
see Salzer et al. (2000) and Vibr Spectrosc 2005; 38) The
variety of biological samples and methods have expanded
from tissues and fixed cells to living cells (Moss et al., 2005).
Challenges in data collection and interpretation are being
confronted and surmounted as the work moves from serving
as an adjunct to histopathology to playing a more predictive
role in diagnosing disease, providing insights into the
molecular interactions preceding the onset of disease, and
tracking the effectiveness of therapeutics on a molecular
level.

In the current study, the maturation process of individual
human corneocytes obtained from different depths in the SC
was investigated using IR spectroscopic imaging and Raman
microspectroscopy. The results from experiments conducted
on cells isolated from healthy skin reveal depth-dependent
compositional differences and provide an initial baseline
from which an examination of the variability among subjects,
body sites, age, and a variety of disease states can be made.

RESULTS
A visual micrograph of several unstained corneocytes isolated
from the 11th tape strip is presented in Figure 1a. The
corneocytes display characteristic polygonal shapes and
sizes. An image of the IR Amide I band (B1650 cm�1)
intensity for a single corneocyte from the same layer is shown
in Figure 1b, the outer edges of which also display typical
corneocyte size. In the image, brightness corresponds to a
more intense Amide I band. The small square (solid line)
within the IR image denotes the pixel (6.25�6.25 mm) from
which the spectrum shown to the right (labeled 11th) was
acquired. A representative IR spectrum from the 3rd tape strip
is also presented in Figure 1c. The spectral features provide
information about the composition of the cells and the
molecular structure of particular constituents. The spectra
demonstrate high signal-to-noise ratios. Only a linear base-
line correction was applied to the spectra before statistical
and additional analysis. Several strong bands characteristic of
proteins and lipids are observed in the spectra including, N–H
stretching or Amide A (B3280 cm�1), CH2 and CH3

stretching (2840–3000 cm�1), Amide I (predominantly pep-
tide bond C¼O stretch at B1650 cm�1), and Amide II
(B60% N–H bend and 40% C–N stretch at B1550 cm�1)

bands. In addition, a fairly strong band is observed at
B1400 cm�1 only in the spectrum of the corneocyte
obtained from the 11th tape strip. The origin of this band
and other differences between corneocytes isolated from two
depths within the SC will now be more closely examined.

IR images were acquired from multiple corneocytes
isolated from the 3rd and 11th tape strips. The images were
spatially masked by selecting a 4� 4 pixel area from the
center of each corneocyte as depicted by the dashed box
drawn in Figure 1b. In this way, intensity variations owing to
edge effects are minimized. A mean spectrum was calculated
from the masked images acquired of 36 corneocytes isolated
from each layer. Mean spectra (1180–1430 cm�1) along with
a difference spectrum (layer 11�layer 3) are shown in the top
of Figure 2a. Before subtraction, the mean spectra were
normalized with respect to the intensity of the band observed
at B1245 cm�1. This procedure also effectively normalized
the spectra with respect to both the Amide I and II modes
(shown before normalization in Figure 2b). Thus, the band at
1245 cm�1 is reasonably assigned to the peptide bond Amide
III mode (Krimm and Bandekar, 1986). In Figure 2a,
significant differences are observed between the two mean
spectra, the most prominent being the increased intensity in
the band at 1404 cm�1 in the spectrum acquired from
corneocytes isolated from the deeper layer. The carboxylate
symmetric stretching mode absorbs in this spectral region. As
the breakdown products of filaggrin (NMF), for example,
amino-acid salts and ionized carboxylic acid derivatives, are
rich in this functional group, a spectrum was acquired of a
dried film consisting of major NMF components (Figure 2a,
bottom spectrum). The features observed in the difference
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Figure 1. Optical and IR imaging of human corneocytes. (a) Optical image of

several unstained corneocytes isolated from the 11th tape strip. Bar¼ 20 mm.

(b) IR image of Amide I band intensity at 1650 cm�1 for a single corneocyte

from an 11th layer tape strip. The brighter areas in the image correspond to

higher Amide I band intensities. The large box (dashed line) drawn in the

center of the image marks the 4� 4 pixel area (25� 25mm) from which

corneocyte spectra were analyzed. The small box (solid line) marks the single

pixel from which the corresponding spectrum shown in (c) was obtained.

(c) Representative IR spectra (1180–1750 cm�1 and 2750–3500 cm�1 region)

of corneocytes isolated from the 11th (bottom spectrum) and 3rd (top

spectrum) tape strips. Each spectrum was obtained from a single

6.25� 6.25mm pixel.
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spectrum are quite comparable to those in the spectrum of
the dried film, thus corroborating assignment of the band at
1404 cm�1 to the carboxylate symmetric stretch of NMF
constituents. Qualitatively, the concentration of NMF in
corneocytes appears to increase significantly with SC depth
for the outermost B11 layers.

Mean corneocyte spectra displayed over the
1480–1700 cm�1 region in Figure 2b also support NMF
depth-dependent concentration differences as evidenced by
increased intensity in the corresponding carboxylate asy-
mmetric stretching region (B1590 cm�1) observed for corneo-
cytes from the deeper SC layer. This appears to be the major
difference between the spectra shown in Figure 2b where the
Amide I and II band shape and position are very similar for
the cells from the two SC layers. The similarity between the
two mean spectra indicates that the secondary structure of
keratin, by far the major contributor to absorbance in the
Amide I and II region, is essentially the same in the
corneocytes isolated from the two depths. Helical secondary
structure, as is predominantly found in epidermal keratin, is
indicated by the frequency of the Amide I band centered at
1650 cm�1 in both mean spectra. It should be noted that a
fraction of the intensity in this region might also be due to the
Amide I and II vibrational modes from ceramide polar
regions. A range of frequencies has been reported for
ceramide Amide I modes (B1620–1650 cm�1) depending
on the particular ceramide and/or model system studied
(Moore et al., 1997; Rerek et al., 2005). In isolated
corneocytes, however, absorbance in this region owing to
ceramides is expected to be relatively low compared to
keratin Amide I absorbance.

Masked IR images from 72 corneocytes, 36 from each
layer, were concatenated to produce the images shown in
Figure 3. Within each image, the top two rows are from the
corneocytes isolated from the 3rd tape strip and the bottom
two rows from the 11th tape strip. The images are correlation
coefficient maps calculated over the 1180–1430 cm�1 region
between each mean spectrum (shown in Figure 2a) and the

spectrum from each pixel in the original full data set. The
correlation coefficients range from B0.7 (dark blue) to 1.0
(dark red). Correlation to the mean generated from the 3rd
layer (Figure 3a) and similarly for the mean from the 11th
layer (Figure 3b) clearly differentiates the layer from which
the majority of the corneocytes were isolated. Some
inhomogeneity between the cells isolated from each layer is
evident in the images. In particular, two outliers are apparent
in the spectra of the corneocytes isolated from the 3rd tape
strip (Figure 3b, top two rows, left side of image). The
variability is thought to reflect the range of composition and
structure found in native corneocytes and also to result from
the accrual of artifacts from sequential tape stripping. Finally,
a relatively small degree of variability is observed within
many of the individual corneocytes (each consisting of a
4�4 pixel area within the images).

To investigate the potential effects of hexane washing on
corneocytes, a different protocol was used to isolate and
examine five corneocytes from two SC depths. Using the
procedure referred to as the direct method (see Materials and
Methods), IR images were acquired of the same corneocyte
before and after hexane dousing. Representative mean
spectra from single corneocytes (4�4 pixel area) obtained
after tape stripping two (superficial) and 10 (deeper) times are
displayed in Figure 4 before and after washing with hexane.
Evidently, hexane washing does not produce significant
changes in the spectral region (1180–1430 cm�1) shown in
Figure 4a. Some differences are observed, however, in
spectral regions where lipids have strong absorption bands
(e.g., Figure 4b, 2830–2990 cm�1). For each corneocyte,
Amide I band intensity was essentially unchanged (o1%) by
the hexane treatment (not shown); however, some variation
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Figure 2. Mean IR imaging spectra of multiple corneocytes from two depths

in human SC compared to IR spectrum of model NMF film. (a) Mean IR

spectra (1180–1430 cm�1 region) of 36 corneocytes isolated from 11th layer

and 3rd layer tape strips (top two spectra) along with the difference spectrum

(11th�3rd) and a spectrum of a model NMF film. (b) Mean IR spectra from the

same two layers in the Amide I and II region. The arrow marks the

approximate position of the asymmetric carboxylate stretching mode.
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Figure 3. Correlation coefficient images of multiple corneocytes from two

depths in human SC. Spatially masked (4� 4 pixel area) concatenated IR

images of correlation coefficients calculated for 72 corneocytes. In each

image, the top two rows (total of 8 pixels vertically) contain correlation

coefficients for corneocytes isolated from 3rd layer tape strips and the bottom

two rows are for corneocytes from 11th layer tape strips. (a) Correlation to the

mean spectrum (1180–1430 cm�1 region) from the 3rd layer. (b) Correlation to

the mean spectrum (1180–1430 cm�1 region) from the 11th layer. The color

bar shows the range of calculated correlation coefficients.
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between corneocytes within each layer was observed
(B10%). In addition, Amide I and II band positions and
shapes did not change, indicating that the secondary structure
of keratin is unaltered by hexane. The band area ratio of the
1404 cm�1 carboxylate mode to the Amide I vibration was
calculated and averaged for the five cells isolated from each
layer providing a semiquantitative analysis of relative NMF
concentration. After hexane treatment, the relative NMF
concentration decreased by B1.5% for corneocytes from the
superficial layer and B3.0% for the deeper layer. When
compared to the differences in the relative NMF concentra-
tion between the two layers (4100%) for cells isolated using
both methods, the decrease owing to hexane is insignificant.
Upon examination of the CH stretching region (Figure 4b), a
lipid loss of 25–30% is detected in the spectra of corneocytes
from both layers as determined from the band area ratio of the
symmetric methylene stretching mode (B2848 cm�1) to the
Amide I. It is clear from the figure that the asymmetric
methylene stretching mode (B2920 cm�1) behaves similarly.
Evidently, this hexane-induced partial loss of noncovalently
bound lipid does not promote significant leaching of the NMF
components. In addition, the frequencies of both methylene
stretching modes indicative of acyl chain conformational
order do not change significantly (o0.5 cm�1) after hexane
washing. Overall, hexane was found to affect the corneocytes
from both layers in a similar manner.

Further confirmation of the depth-dependent NMF loss
was provided by Raman microspectroscopic measurements
of several corneocytes isolated from the 3rd and 11th tape
strips. Mean Raman spectra for B8 corneocytes isolated from
each of two SC layers (3rd and 11th tape strips) are presented
in Figure 5. In the figure, the asterisks mark four spectral
regions (882, 1342, 1400–1420, and 1650 cm�1) where
increased band intensities are observed for corneocytes
isolated from deeper SC layers. Previous reports from the
Puppels’ lab based on Raman measurements of predominant
NMF components have assigned the feature at B1415 cm�1

to the amino acids, serine, glycine, and alanine, and the
feature at B885 cm�1 to pyrrolidone-5-carboxylic acid
(Caspers et al., 1998, 2002), a metabolic product derived

from the glutamate and/or glutamine residues found in
filaggrin. The band at B1650 cm�1 arises from various skin
constituents and at least two overlapped vibrational modes.
Contributions to the Amide I mode are made by proteins,
ceramides, and specific NMF constituents such as, pyrroli-
done carboxylic acid, which contains an amide group. The
C¼C stretching mode also produces a band in this region,
relatively sharper and stronger than the Amide I band. A
major NMF component, urocanic acid, derived from the
amino acid histidine, contains a C–C double bond conjugated
with the histidine imidazole ring. The amino-acid composi-
tion of filaggrin includes approximately 5% histidine residues
(Scott et al., 1982). The significant difference observed in the
Raman intensity of the B1650 cm�1 band may in part be due
to depth-dependent changes in protein, ceramide, and
pyrrolidone carboxylic acid concentrations; however, a
larger portion of the variation is suggested to arise from a
decrease in the amount of urocanic acid present in the most
superficial SC layers. The relatively smaller depth-dependent
change observed in the IR Amide I band intensity (Figure 2b)
supports this interpretation given that the C¼C stretching
vibration is very weak in the IR.

In related reports from the Puppels group, in vivo confocal
Raman measurements provided relative concentration depth
profiles for total NMF and several of its individual compo-
nents in human skin from two different body sites both with
relatively thick SC (B70–100 mm) (Caspers et al., 2001,
2003). Concurrent with the in vivo measurements, the
increase in the intensity of the bands with depth observed
in the current Raman and IR experiments almost certainly
reflects an increase in corneocyte NMF concentration in
going from superficial SC regions (3rd tape strip) to the B11th
layer of cells.

An NMF concentration profile was constructed from IR
images of individual corneocytes isolated from the 3rd, 6th,
and 11th tape strips using the ratio of integrated band areas,
1404 cm�1/Amide I. IR images of the band area ratio for the
three corneocytes are shown in Figure 6a. A plot of this
spectral parameter acquired along the white line drawn in
Figure 6a along with the mean value for each corneocyte are
displayed in Figure 6b. The data from the three corneocytes
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Figure 4. Mean IR spectra of corneocytes from two depths in human SC

isolated using the direct method before and after washing with hexane.

Mean IR spectra from a 4�4 pixel area of the same corneocyte obtained after
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treatment. (a) 1180–1430 cm�1 spectral region and (b) 2830–2990 cm�1

spectral region.

500 11th

3rd

600

R
am

an
 in

te
ns

ity
(p

ho
to

n 
co

un
ts

/s
ec

on
d)

800 1000 1200 1400 1600

∗

∗
∗

∗

Raman shift (cm–1)

Figure 5. Mean Raman spectra of human corneocytes from two SC layers.
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show that the relative concentration of NMF more than
doubles with depth in the outermost approximately 11 layers
of the SC (from 0.41 to 0.88). These results are in general
agreement with the outer layers sampled in the confocal
Raman study mentioned above (Caspers et al., 2003) and in
excellent agreement with an earlier review depicting the
concentration of one of the major components of NMF,
pyrollidone carboxylic acid, in the outer 8 mm of the SC
(Rawlings et al., 1994). An image of the same band area ratio,
calculated for the full corneocyte data set used herein, is
presented in Figure 6c with the range of values shown in the
color bar. The mean ratio for the 3rd layer is 0.041 with a
standard deviation of 0.007 and 0.08670.010 for the 11th
layer. The IR spectral parameter provides a measure of
relative NMF concentration that is observed to differ
significantly with SC depth.

DISCUSSION
Significant efforts are underway to develop vibrational
spectroscopic imaging applications that are useful to the

biomedical community. Several approaches are being taken
to investigate the competency of the techniques for detecting
the initial stages of disease, understanding molecular changes
accompanying disease, and defining the effects of therapeutic
intervention on a molecular level. Towards this end, the
ability to delineate biochemical composition and molecular
events within a single cell should prove very useful.
Acquiring molecular level information using in vivo sampling
is another valuable approach.

The current work demonstrates the feasibility of acquiring
molecular level biochemical and structural information from
single corneocytes sampled at different points in the
maturation and exfoliation process. In healthy skin, the
complex process of complete cell turnover takes B30 days.
Most notably, the present work reveals the depth dependence
of NMF concentration in the outer B6 mm of the SC.

NMF components are thought to facilitate critical bio-
chemical events in the SC. Perturbations in NMF concentra-
tion have been linked to aging, surfactant exposure, and
disease states of varying severity. Thus, the quantification of
the NMF concentration gradient in the SC will provide
meaningful information to the medical, pharmaceutical, and
cosmetic industries. In vivo confocal Raman measurements of
human skin have been reported delineating NMF and water
concentration profiles at body sites known to have a thick SC
(Caspers et al., 2002, 2003). This noninvasive approach
coupled with confocal laser scanning microscopy has shown
that both profiles are directly related to skin architecture
(Caspers et al., 2003). The results are consistent with an
earlier report finding that a decrease in water concentration is
required before filaggrin proteolysis to form NMF (Scott and
Harding, 1986) as occurs at the junction of the SC and viable
epidermis. The in vivo Raman measurements were conducted
using depth increments of 10 mm up to a total depth of
B150mm from the skin surface. The methodology used in the
current work essentially increases the axial resolution (in the
superficial SC region sampled), as one tape strip removes
approximately one layer of corneocytes (B0.5 mm). In
general, the consistency between the results of the different
sampling protocols and spectroscopic methods provides a
high level of confidence in the sampling and measurement
protocols used in both laboratories.

Skin pathologies such as psoriasis, atopic dermatitis, and
ichthyosis vulgaris display abnormal desquamation processes
where the amount of NMF is greatly decreased or is absent
(Rawlings et al., 1994). In a report comparing SC biopsies
from the heels of healthy subjects and from the symptom-free
heels of patients with active psoriasis, Raman spectra show a
significant decrease in the relative intensity of a band at
B1418 cm�1 (Wohlrab et al., 2001), which may be inter-
preted as a decrease in NMF. A more recent Raman study
comparing healthy and psoriatic skin reported disruption in
lipid conformational order and suggested unfolding of
proteins in psoriatic samples (Osada et al., 2004). In psoriasis,
it is not entirely clear whether a malfunctioning barrier is the
driving force or the consequence of keratinocyte hyperpro-
liferation and immune-mediated inflammatory responses
(Ghadially et al., 1996; Lebwohl, 2003). In either case,

Pixels

0.10

0.08

0.06

0.04

0 5 10 15 20 25

3rd

6th

11th

R
el

at
iv

e 
N

M
F

co
nc

en
tr

at
io

n
2

4

6

8
5 10 15 20 25

P
ix

el
s

Pixels

10 20 30 40 50 60 70
Pixels

P
ix

el
s

5

10

15

0.1

0.08

0.06

0.04

c

b

a

Figure 6. Relative NMF concentration profile determined from IR imaging of

corneocytes isolated from different depths in human SC. (a) Relative NMF

concentration image determined from the ratio of integrated band areas

(1404 cm�1/Amide I) in three corneocytes isolated from the 3rd, 6th, and 11th

tape strips. The color red corresponds to higher concentration and blue to

lower. (b) Relative NMF concentration as determined by the integrated band

area ratio (1404 cm�1/Amide I) along the white line drawn in (a). The

individual data points represent the measured ratio obtained from each pixel

in the image and the solid lines are the mean values for each corneocyte.

(c) Image of relative NMF concentration for the full corneocyte data set as

described in the caption for Figure 3.
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spectral parameters such as that derived to measure relative
NMF concentrations, along with established markers of
protein secondary structure and lipid order could be used
to evaluate therapeutic interventions.

Vibrational imaging techniques may not only prove useful
in evaluating disease states, but as demonstrated here, may
also clarify results obtained using common procedures.
Organic solvents and other agents are often used as
permeation enhancers or in experimental protocols to
evaluate barrier function. The effects of particular agents on
extracting SC lipids have been reported (Abrams et al., 1993),
but it is generally more difficult to access molecular structure
alterations. In the current work, use of the solvent hexane is
shown to preserve corneocyte NMF concentration and
keratin secondary structure while partial removal of non-
covalently bound lipid occurs (Figure 4). Although the
hexane-induced extraction of some SC lipids was anticipated
from previous reports on skin biopsies (Abrams et al., 1993),
the maintenance of keratin structure and NMF concentration
was unknown.

These initial studies identify several IR and Raman spectral
parameters to evaluate relative NMF and lipid concentrations
together with lipid and protein conformation in individual
corneocytes. Additional sampling with variations in gender
and age of subjects, for instance, will aid in assessing the
statistical robustness of the parameters. Further investigations
may also provide a clearer picture of the corneocyte
maturation process from which various therapeutic interven-
tions in the treatment of skin disorders can be evaluated.

MATERIALS AND METHODS
Preparation of corneocytes
The Rutgers University Internal Review Board has approved all

protocols used herein. The ethical principles for nonclinical

biomedical research involving human subjects as declared in the

Declaration of Helsinki Principles were adhered to and consent from

the subject was obtained. Corneocytes from different layers of the SC

were collected from the same site of human forearm skin by

sequential tape stripping (Sellotape, 3 M Scotchguard) an area of

approximately 2.5� 15 cm. The forearm area was flushed with water

for several minutes before tape stripping. The first two tape strips

were discarded and corneocytes collected from the 3rd, 6th, and

11th tape strips were prepared as follows. Corneocytes were flushed

off the tape into a beaker using HPLC grade hexane. The corneocyte/

hexane suspension was sonicated for 5 minutes to break up the

desmosomal and lipid cohesion between individual corneocytes.

The corneocytes were then isolated using nitrocellulose membrane

filters (GE Osmonics Labstore, Minnetonka, MN; pore size 0.22 mm).

Corneocytes were rinsed and resuspended using fresh hexane. This

procedure was repeated three times to ensure that all glue had

been removed. Corneocytes were harvested and isolated on

several separate occasions. Aliquots of this corneocyte suspension,

containing some noncovalently bound lipids, were deposited on

either CaF2 windows for IR imaging or gold-coated silicon substrates

for Raman measurements. The majority of the results presented

herein used this method for corneocyte isolation. All samples were

dried overnight under house vacuum before measurements were

made.

A smaller number of corneocytes were isolated using a more

difficult protocol, referred to as the direct method, to specifically

evaluate the effect of hexane on individual corneocyte composition

and the molecular structure of cell constituents. This method is

inconvenient for scaling up to evaluate the numbers of corneocytes

necessary for statistical data analysis, but it does serve as an

appropriate protocol for the analysis of control samples. Corneocytes

were directly collected from human forearm skin by pressing a CaF2

window on the site after tape stripping and gently rubbing the skin

with a cotton tip. A few free corneocytes stuck to the window after

tape stripping the site two and 10 times. Corneocytes are designated

as being isolated from either a superficial or deeper SC layer (see

Results), as it seems as if the assignment of corneocytes to a specific

SC layer is less certain compared to the first tape stripping protocol

described above. Using the light microscope portion of the Perkin-

Elmer Spotlight instrument, single corneocytes were marked and IR

images were acquired of the same corneocyte before and after

continuously soaking the cell with small aliquots of hexane (total

volume 50 ml) for approximately 10 minutes. A final 10 ml hexane

flush was applied to each corneocyte before drying the sample

and IR data collection. Residual hexane was not detected in the

spectra.

Preparation of NMF film

Chemicals were purchased from Sigma-Aldrich (St Louis, MO) and

the dry powders were combined as follows (in weight %): serine

(30%), glycine (18%), pyrrolidone carboxylic acid (16%), alanine

(11%), histidine (7%), ornithine (6%), citruline (5%), arginine (5%),

and proline (2%). These relative concentrations roughly reflect the

amino-acid composition of filaggrin (Rawlings et al., 1994) and are

in general agreement with previously published in vivo studies of

human NMF composition (Caspers et al., 2001). A solution was

prepared in distilled water at pH 5.5, spread on to a CaF2 window,

and allowed to dry overnight at room temperature to a gel-like film.

IR imaging

IR microscopic images were acquired with the Perkin-Elmer Spot-

light system, which consists of an essentially linear array (16� 1

detector elements) mercury–cadmium–telluride detector along with

an automated high-precision XY sample stage. About 50 corneocytes

from each layer were randomly selected and IR images

(B60� 60 mm2) were acquired with a pixel size of 6.25 mm and

spatial resolution of 10–12mm. Thirty-two scans were collected for

each spectrum using 8 cm�1 spectral resolution and one level of

zero-filling yielding data encoded at 4 cm�1 intervals. Each

corneocyte image was acquired in B20 minutes.

Raman microscopy

Raman spectra of corneocytes were acquired with a Kaiser Optical

Systems Raman Microprobe. The instrument has confocal sampling

capability and has been previously described in detail (Xiao et al.,

2004). A solid-state diode laser (785 nm excitation wavelength)

generates B4–7 mW of single mode power at the sample. The back-

scattered light is collected from a spot size of B2mm and illuminates

a thermoelectrically cooled, near-IR CCD (ANDOR Technology,

Model DU 401-BR-DD). Spectral coverage is from 100 to 3450 cm�1

at spectral resolution of 4 cm�1 and data are encoded every 0.3 cm�1.

Acquisition time for each spectrum was B10 minutes (including
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cosmic-ray correction) and 10–15 corneocytes from each layer were

sampled.

Data analysis

Grams/32 AI software version 6.0 (Thermo Galactic, Salem, NH) was

used for processing Raman spectra. Raman spectra from each layer

were averaged, Fourier smoothed (80%), and linear baselines were

applied. Processed mean spectra were compared to the raw data to

ensure that spectral features were not misrepresented. As the original

data are encoded every 0.3 cm�1, the relatively large degree of

Fourier smoothing could be applied without distorting the spectra.

Spectral Dimensions (Olney, MD) ISys 3.0 software was used for

the analysis and construction of the IR images. Linear baselines were

applied over spectral regions of interest. Data interpretation was

facilitated by averaging the spectra of corneocytes from particular SC

layers to improve signal-to-noise ratios. Correlation coefficients were

then calculated between the mean spectrum of each layer and each

spectrum contained in an image to generate correlation maps.
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