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Abstract: An atomic force microscope (AFM) and a tunable
infrared (IR) laser source have been combined in a single
instrument (AFM-IR) capable of producing ~200-nm spatial
resolution IR spectra and absorption images. This new capability
enables IR spectroscopic characterization of human stratum
corneum at unprecendented levels. Samples of normal and
delipidized stratum corneum were embedded, cross-sectioned
and mounted on ZnSe prisms. A pulsed tunable IR laser source
produces thermomechanical expansion upon absorption, which
is detected through excitation of contact resonance modes in the
AFM cantilever. In addition to reducing the total lipid content,

the delipidization process damages the stratum corneum
morphological structure. The delipidized stratum corneum shows
substantially less long-chain CH2-stretching IR absorption band
intensity than normal skin. AFM-IR images that compare
absorbances at 2930/cm (lipid) and 3290/cm (keratin) suggest that
regions of higher lipid concentration are located at the perimeter
of corneocytes in the normal stratum corneum.

Background

Questions addressed

The stratum corneum (SC), the outermost layer of the epidermis
of human skin, fulfils the important functions of helping to regulate water loss and acting as a barrier to foreign substances. It
consists of corneocytes surrounded by an intercellular lipid
matrix, sometimes referred to as a ‘bricks and mortar’ structure
(1–3). The SC is typically about 10–25 cell layers thick (~5–
50 lm). Corneocytes are cells without nuclei filled with keratin
filaments, amino acids and other small molecules collectively
referred to as natural moisturizing factor (NMF), which are
derived from the breakdown of filaggrin, a protein that surrounds
keratin filaments. A highly cross-linked protein shell surrounds
the corneocyte, which together with the keratin filaments
accounts for both the flexibility and mechanical resilience of the
SC. The SC contains about 20% water, part of which is tightly
bound to hygroscopic molecules (the NMF) and lipids in the
skin. This fraction of water content is proportional to external
relative humidity. The remaining not free water is bound within
the intracellular keratin and usually does not change much in
healthy humans.
It is believed that many ingredients in topically applied drugs
act through penetrating the SC barrier layer via a winding route
through the thin lipid matrix phase (‘mortar’) that surrounds corneocytes (‘bricks’). Thus, the ability to visualize the distribution of
lipidic components of the SC is important for gaining a better
understanding of how chemical substances penetrate through
the skin. For additional background, see Data S1, Supporting
Information (4–17).

The main aim of this study is to demonstrate how the new methodology of AFM-IR spectroscopy and imaging can be used to provide unprecedented insights, although higher spatial resolution
and chemical specificity, into the location of lipid components in
stratum corneum cross-sections.
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Experimental design
For experimental design, see Data S1, Supporting Information (18).

Results
Figure 1 shows AFM topography images (a, c) and IR spectra
(b, d) collected from the locations indicated on the image for the
delipidized SC sample (a, b) and the normal SC sample that has
not been delipidized (c, d). The colour of the spectrum corresponds to the colour of the marker location on the AFM image,
and the number label on the marker location represents the ratio
of the 2856/cm baseline-corrected integrated band intensity
divided by the 3290/cm baseline-corrected integrated band area.
The boxes drawn on the spectra outline the spectral regions used
for determining the band areas, and the dark blue lines represent
the approximate baseline used.
As seen with other treatments (19), the delipidization procedure is observed to degrade the morphological structure of the
SC. The normal SC sample also exhibits evidence of substantially
more long-chain CH2 groups due to the lipid component in all
the 18 IR spectra shown. It also appears from these spectra that
the lipid component is evenly distributed within the limited selection of spectra. When a single spectrum representing the average
of all 18 spectra for the normal SC sample shown in Fig. 1b is
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Figure 1. Contact-mode AFM height image (a) and 13 AFM-IR spectra (b) of a
delipidized SC cross-section. Contact-mode AFM height image (c) and 18 AFM-IR
spectra (d) of a normal SC cross-section. The coloured marker locations (each
representing a 20 9 100 nm area of the sample) on the AFM images (a, c) are
labelled with the ratio of the baseline-corrected band intensities of the 2856 and
3290/cm peaks corresponding to the spectrum of the same colour.

compared with a corresponding plot showing the average of the
13 IR spectra shown in Fig. 1d, it becomes clear there is much less
lipid component in the delipidized SC sample, as evidenced by a
much weaker absorbance signal at 2856/cm due to the long-chain
CH2 symmetric stretching band (data not shown, see Figure S1,
Supporting Information).
Figure 2 shows four separate AFM-detected images of the same
area of the normal SC sample including the upper left corner of
Fig. 1c. Figure 2a,b shows individual IR images collected using
AFM detection with the pulsed IR laser source held at the fixed
wavenumbers of 2930 and 3290/cm, respectively. An image representing the ratio of absorbances at 2930 and 3290/cm is shown in
Fig. 2c, and the corresponding AFM topography image is shown in
Fig. 2d. Although the keratin/protein and NMF components in the
corneocytes do show significant IR absorbance in the aliphatic
CH2-stretching region between 3000 and 2800/cm, the IR absorbance at 2930/cm becomes much stronger when lipids are present.
This is because an IR absorption band due to the CH2 antisymmetric stretching vibrational modes in long hydrocarbon chains occurs
near 2930/cm. Thus, IR absorption intensity at this wavelength will
be stronger where there is a higher lipid content. The broad IR band
centred at 3290/cm is mostly due to the amide A (NH-stretching)
vibration from the keratin/protein component of SC, although
OH-stretching vibrations also absorb in this region. The red arrows
on each of the four images point to locations with high lipid content.
These locations are all found at the perimeter of the corneocytes.
Interestingly, the lipid component in the ‘mortar’ region between
the corneocytes does not appear to be continuous in the normal SC
sample, but rather exists in specific pockets of higher concentration.
This may be the result of sample preparation, embedding, and

Figure 2. AFM-detected IR images collected from the same area near the upper
left corner of the normal SC sample shown in Fig. 1c. (a) IR absorbance image
collected with the laser source tuned to the fixed wavenumber of 2932/cm; (b) IR
absorbance image collected with the laser source tuned to the fixed wavenumber
of 3290/cm; (c) ratio of IR images shown in (a) and (b) (2932/cm per 3290/cm); (d)
AFM topography image. Red arrows indicate locations of high lipid concentration.
The blue arrow on the AFM image (d) indicates a region where the bare ZnSe
prism is exposed.

sectioning processing producing air gaps and a pooling of lipids
around the perimeter of the corneocytes. The detailed distribution
of the lipid content reported here goes well beyond what has been
previously obtained using other spectroscopy techniques.

Conclusions
A new approach using AFM to detect light absorption from a
pulsed tunable IR laser source enables spectroscopic characterization of the human stratum corneum to be spectroscopically characterized at unprecedented levels. Studies of thin cross-sections of
the normal and delipidized stratum corneum indicate that in addition to reducing the total lipid content, the delipidization process
damages the stratum corneum structure as measured by AFM. The
delipidized stratum corneum shows substantially less long-chain
CH2-stretching IR absorption band intensity than normal stratum
corneum. AFM-IR images, which compare absorbances at 2930/cm
(lipid) and 3290/cm (keratin), suggest that regions of higher lipid
concentration are located at the perimeter of the corneocytes in
normal stratum corneum. This work suggests that future AFM-IR
studies may prove useful for understanding penetration pathways
through the stratum corneum of specific ingredients in topically
applied drugs or skin care products.
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Supporting Information
Additional Supporting Information may be found in
the online version of this article:
Figure S1. Average of the 13 dilipidated SC AFM-IR
spectra shown in Fig. 1b (top).
Data S1. Additional background and experimental
design sections.
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