Spectroscopy 22 (2008) 437–457
DOI 10.3233/SPE-2008-0365
IOS Press

437

ATR-FTIR, FT-NIR and near-FT-Raman
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Abstract. ATR-FTIR, FT-NIR and near-FT-Raman spectroscopy were used to characterize the molecular composition of human
skin in vivo and pig ear skin in vitro. Due to different measurement depths the spectroscopic techniques reveal the characteristics
of different layers of the skin. Tape stripping was used with the ATR-FTIR technique. Spectral differences concerning lipid
content and conformation, protein secondary structure or content of water were found with respect to both gender and species
(i.e. human versus pig ear) at all measured skin depths. New assignments of so far unassigned lipid and protein peaks in
the FT-NIR and ATR-FTIR spectra of skin were made. PCA and PLS models were used to investigate the division of the
recorded spectra into groups. With respect to classification of male and female subjects, the PLS discriminant analysis provided
a classification accuracy of 64–93% based on the ATR-FTIR spectra and 83–89% based on the Raman spectra. With respect to
classification of human skin in vivo and pig ear skin in vitro, the PLS discriminant analysis provided a classification accuracy
of 75–100% based on the Raman spectra and 100% based on the ATR-FTIR spectra.
Keywords: Near-FT-Raman, ATR-FTIR, FT-NIR, human skin in vivo, pig ear skin in vitro, PCA

1. Introduction
Human skin is a complex multi-layered organ which acts as a barrier to prevent water loss and to
protect the body from chemical and microbial attack. The skin essentially consists of three layers – the
epidermis, dermis and the subcutaneous fatty layer. The barrier function of skin is mainly dependent
on the stratum corneum (SC) which is a part of the epidermis and is the outermost layer of the skin.
SC is only about 10–20 µm thick and comprises approximately 15 layers [1]. Epidermis has a thickness
of 75–150 µm whereas dermis is in general 1–2 mm thick [1]. The hydration of the skin is approximately 20% in the upper layers of epidermis and increases to 70% (by weight) in the lower epidermal
layers and throughout the dermis [1]. Proteins in the epidermis are keratins, which are predominantly
in the α-helical state [1,2] whereas proteins in the dermis are collagens, which have a triple-helical
structure [3].
*

Corresponding author: T.M. Greve, Spectroscopy and Physical Chemistry, LEO Pharma A/S, 2750 Ballerup, Denmark.
Tel.: +45 7226 2912; Fax: +45 7226 3321; E-mail: tanja.greve@leo-pharma.com.
0712-4813/08/$17.00 © 2008 – IOS Press and the authors. All rights reserved

438

T.M. Greve et al. / ATR-FTIR, FT-NIR and near-FT-Raman spectroscopic studies

Skin properties have been characterized by Raman and IR spectroscopy since the early 1990s [4].
Raman spectroscopy has been used for a molecular characterization of human stratum corneum samples
[5,6] as well as full thickness skin in vitro [7,8] and in vivo [9]. Raman spectroscopy has further been
used to address the characteristics of healthy and diseased skin [10–13] and to compare human and
animal skin [14,15]. IR spectroscopy has been a tool for the general characterization of the stratum
corneum [16,17] and with the use of the Attenuated Total Reflectance (ATR) technique IR spectroscopy
has become greatly used in the skin absorption studies of various chemicals and formulations [18–23].
NIR spectroscopy has predominantly been applied for skin characterizations with respect to water
content [24–30].
Only a few studies tend to distinguish male and female skin [31–33] and these studies are either performed on too few subjects or do not find the results specific enough to assign the observed similarities
and dissimilarities to the components of the skin. Apart from skin studies, Raman spectroscopy was
recently used to classify human gender from finger nails [34] but mainly from a chemometric point of
view and with very few comments on the spectral findings or the relation to the skin components.
In this study we present the combination of Raman, NIR and ATR-FTIR spectroscopy to characterize
all skin layers. Male and female skin in vivo is compared from a spectroscopic as well as a chemometric
point of view with respect to gender and age. A comparison is performed with pig ear skin in vitro
which is a well-accepted and readily available model for the human barrier often used to assess topical
and transdermal pharmaceuticals in vitro [35].
2. Materials and methods
2.1. Skin samples
In vivo spectra were recorded from a total of 92 volunteers (40 males and 52 females) at the age of
20–65 years (the average age was 37 years for females and 36 years for males). Informed consent was
obtained from all subjects. The study was approved by The Danish National Committee on Biomedical
Research Ethics. Forty-two volunteers were measured with all three spectroscopic techniques whereas
the others were only measured using one or two different techniques due to instrumental problems during
the measurement period. Thus, Raman spectra were collected from 28 males and 32 females, ATR-FTIR
spectra were collected from 22 males and 31 females and NIR spectra were collected from 32 males and
49 females. All measurements were performed on the left ventral forearm because this is a relatively
hair-free site, although a few male subjects were shaved prior to measurements. No other pre-treatment
was performed on the sites.
In vitro spectra were recorded from 73 pig ears. Due to conservation reasons and keeping the ears as
fresh as possible it was decided that the same ear should not be used for all three techniques. Therefore Raman and NIR spectra were recorded of 50 pig ears, whereas the last 23 pig ears were used for
ATR-FTIR measurements. The pig ears were obtained from a local abattoir within a few hours postmortem. The skin surface was washed, dried and shaved using an animal clipper (Golden A5 from
Oster, Tennessee, USA). The spectroscopic measurements were performed without further treatment of
the membrane (i.e., the skin remained on the isolated ear).
2.2. Tape stripping
The ATR-FTIR spectra of the 53 human skin samples in vivo and the 23 pig ear skin samples in vitro
were recorded following a sequential tape stripping procedure [36]. This technique uses standard adhe-
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sive tape (type Q-connect, from Interaction Belgium) to remove a layer of stratum corneum with each
sequentially applied piece of tape leaving the skin approximately 0.5 µm thinner [37]. An ATR-FTIR
spectrum was recorded of the skin prior to tape stripping. Hereafter a piece of tape was applied to the
skin for 20 s then stripped off and an ATR-FTIR spectrum was recorded again. This sequence was applied for 4 tape-strips. Subsequently, spectra were recorded every two strips up to a total of 16 strips.
Thus, 11 spectra were recorded on each skin sample, giving a total of 836 ATR-FTIR spectra. The time
delay between each sequentially recorded spectrum is 3 min and 20 s for the first 4 tape strips and 3 min
and 40 s for the following strips.
2.3. Separation of skin layers
For measurements of different skin layers in pig ear skin samples, epidermis and dermis was separated
by heat separation [38]; a 3 × 3 cm skin biopsy was cut off the ear, subcutaneous fat was removed using
a scalpel and the skin was placed in a dessiccator over condensed water steam at 60◦ C. After 5 min
the intact epidermis inclusive SC was gently teased off with forceps which gives epidermal samples
of approximately 200 µm thickness and dermal samples of approximately 2 mm. During the spectral
measurements all samples were placed on stainless steel plates, which do not give rise to any bands in
the Raman spectra.
2.4. ATR-FTIR spectroscopy
ATR-FTIR spectra were recorded on a Bruker Equinox 55 spectrometer equipped with a DLATGS
detector. The spectrometer was coupled with an MKII Golden Gate™ Single Reflection ATR System
(Specac), which has a diamond crystal of approximately 1 mm in diameter. The spectral range of the
acquired spectra was 4000–650 cm−1 . For each sample 200 spectra at 5 cm−1 resolution were collected
for 3 min and averaged. The penetration depth (dp ) of the IR radiation is given by [39]:
dp =

λ
,
2π · n2 · (sin θ − (n1 /n2 )2 )1/2
2

where λ is the wavelength; θ is the angle of incidence of the IR beam into the sample; n1 is the refractive
index of the sample and n2 is the refractive index of the ATR crystal. The specification for the Golden
Gate ATR system gives an incident angle of 45◦ and a refractive index of 2.4. The refractive index of
skin is 1.55 [40] and hence the penetration depth in the spectral range is 0.6–3.5 µm. This means that
only vibrations from molecules in the outermost layers of the stratum corneum can be seen in the spectra.
By the tape stripping procedure each spectrum contains information about new skin layers within the
stratum corneum.
2.5. FT-NIR spectroscopy
A Bruker Equinox 55 spectrometer equipped with a DLATGS detector was used to obtain FT-NIR
spectra in the region 4000–400 cm−1 . The spectrometer was coupled with a fiber-optic probe which has
a circular measurement area of approximately 4 mm in diameter. For each sample 64 scans at 8 cm−1
resolution were collected for 1 min and averaged. The measurements are based on diffuse reflectance.
The measurement depth was reported to 150–200 µm [41]. However, there are also reports using the 50%
measurement depth (i.e. half of all the absorbed energy is absorbed above this depth) which is 120 µm
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at 6700 cm−1 and 30 µm at 5250 cm−1 [30]. Yet another report states that the penetration depth of the
incident NIR light is up to 2 mm but due to scattering the majority of the light returning from the skin
and contributing to the spectra will come from the upper layers of the skin, as that fraction of light will
be the least attenuated [26]. Thus, although the arguments differ and the exact statements of the depth
vary, it is agreed that the measurement depth is wavelength dependent but within the epidermal layers of
the skin.
2.6. Near-FT-Raman spectroscopy
A Bruker RFS 100/S Raman spectrometer was used, equipped with a nitrogen cooled Ge-detector
and a Nd:YAG-laser providing a power of 1500 mW. The spectrometer was coupled with a fibre optic
probe. During measurements the probe head was placed in contact with the skin, the laser was delivered
to the tissue via an optical fibre and the scattered radiation was returned to the spectrometer via a fibre
bundle. Due to loss of power to the fibres, the actual laser power at the sample surface was approximately
900 mW. The spectral range of the acquired spectra was 3500–250 cm−1 . For each sample 500 scans
at 4 cm−1 resolution were collected for 15 min and averaged. The measurement depth of the Raman
spectrometer is up to several hundred micrometers [9], which is beyond the boundary of epidermis but
within the boundary of dermis. Hence each spectrum is in essence the average spectrum across the
various skin layers.
2.7. Curve fitting
Prior to curve fitting the data were converted to ASCII files and curves were then fitted using Origin
Pro 7.5 software (OriginLab Corporation). We used the Lorentzian band shape as this gave the best
fit. The appropriate number of bands for the curve fitting procedure was determined from the second
derivative of the spectra. The program fitted a linear baseline to each spectrum and then used iterations
to find the best combination of heights, positions and widths that fitted the data.
The Raman spectra were normalized by use of the band at approximately 2940 cm−1 . This predominantly protein band is relatively unaffected by the protein secondary structure and hence are expected to
show similar intensities in all skin samples.
The O–H bending vibration band at 1640 cm−1 is relatively stronger in the IR-spectra than in the
Raman spectra. Thus this band interferes with the amide I bands in the ATR-FTIR spectra. In order
to avoid this, a water spectrum was subtracted prior to curve fitting. The spectrum subtraction was
performed to suppress the intensity of the O–H stretching vibration mode around 3400 cm−1 . Examples
of this curve fitting procedure were recently reported by us [23].
2.8. Chemometrics
Prior to multivariate data analysis all spectral data sets were converted to JCAMP files and pretreated
with multiplicative scatter correction (MSC) to avoid differences in baseline offset. The Raman spectra
were further baseline corrected to eliminate background scattering.
The Unscrambler ver. 8.0 (CAMO, Norway) was used for the PCA and PLS models.
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3. Results and discussion
There are no visually detectable differences or gradual changes in the spectra with respect to age. Age
will therefore only be used as a variable in the chemometrics section. The ability of analyzing such a
gradual change across all the recorded spectra is one of the advantages of the chemometric tools.
3.1. Near-FT-Raman spectra
Raman spectra were recorded from 29 males, 31 females and 50 pig ears. An average of the spectra for
each group is given in Fig. 1. Prior to further analysis the spectra are divided into smaller regions with
different characteristic features: the 3500–2800 cm−1 region contains the O–H stretching vibration band
from water around 3220 cm−1 [9,42,43] and the C–H stretching vibration bands of which the bands at
2985 and 2938 cm−1 are predominantly from the skin proteins whereas the 2885 and 2856 cm−1 are
from the skin lipids [5,10,44]. The 1780–1580 cm−1 region contains the C=O stretching vibration band
from lipid esters at 1750 cm−1 [4] and the amide I bands from proteins around 1650 cm−1 composed
of several overlapping bands characteristic of different secondary structures [45]. Band assignments are
given in Table 1. The 1365–1215 cm−1 region contains 5 overlapping bands, of which the two around
1340 and 1320 cm−1 are assigned to CH2 wagging and twisting vibrations, respectively, of proteins
in the epidermis (i.e. keratins). The one around 1300 cm−1 is assigned to the CH2 twisting vibration
of lipids [5] and the last two around 1270 and 1245 cm−1 are the amide III bands from proteins with
different secondary structures [4].
Curve fitting procedures reveal the peak positions and areas in Table 1. The individual peaks are found
at the same wavenumber positions for the various skin types – except for the 1750 cm−1 that in general
could not be observed in the pig ear spectra. The areas of the individual bands show significant gender
variation and the in vitro pig ear areas significantly differ from the human in vivo band areas. In vivo
spectra of female skin have larger peak areas around 2885, 2855, 1750, 1300 cm−1 than does the in

Fig. 1. Average Raman spectra of male (bottom) and female (middle) skin in vivo and pig ear skin samples in vitro (top).
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Table 1
Assignments (following the comments in the text), peak position and areas of selected bands in the Raman spectra of male and
female in vivo and pig ear in vitro skin spectra. Values given as mean ± standard deviation
Assignment

Wavenumbers (cm−1 )

Areas

ν(OH), water
νas (CH3 ), protein
νs (CH3 ), protein
νs (CH2 ), lipid
νas (CH2 ), lipid

Female
3217 ± 2
2985 ± 2
2937 ± 2
2886 ± 1
2858 ± 3

Male
3218 ± 1
2986 ± 1
2939 ± 1
2885 ± 1
2855 ± 4

Pig ears
3218 ± 2
2984 ± 2
2938 ± 2
2882 ± 2
2857 ± 8

Female
112.9 ± 20.4
15.6 ± 2.2
78.2 ± 1.8
24.0 ± 5.2
4.0 ± 2.3

Male
128.2 ± 20.1
15.4 ± 1.6
77.7 ± 1.5
17.2 ± 3.6
1.4 ± 1.0

Pig ears
128.8 ± 23
15.8 ± 3.0
76.8 ± 3.2
13.7 ± 2.2
0.4 ± 0.2

ν(C=O), lipid
ν(C=O), amid I, β-sheet
ν(C=O), amid I, β-sheet or collagen
ν(C=O), amid I, α-helix
ν(C=O), amid I, β-sheet or collagen
ν(C=O), amid I

1747 ± 4
1687 ± 4
1673 ± 3
1655 ± 1
1632 ± 3
1608 ± 6

1750 ± 3
1687 ± 4
1672 ± 4
1656 ± 2
1635 ± 3
1610 ± 6

1687 ± 3
1672 ± 4
1657 ± 3
1635 ± 3
1609 ± 4

1.5 ± 0.5
1.3 ± 0.7
3.5 ± 1.1
13.5 ± 2.1
2.9 ± 0.8
0.6 ± 0.5

0.9 ± 0.5
2.0 ± 1.0
4.4 ± 1.0
10.9 ± 2.3
4.7 ± 1.4
0.8 ± 0.6

2.0 ± 1.0
5.3 ± 1.8
8.7 ± 2.3
5.2 ± 1.5
0.6 ± 0.4

δ(CH2 ), protein
δ(CH2 ), protein
δ(CH2 ), lipid
ν(CN), amid III, α-helix
ν(CN), amid III, disordered

1342 ± 2
1319 ± 3
1301 ± 1
1268 ± 2
1245 ± 2

1342 ± 2
1319 ± 3
1300 ± 3
1270 ± 2
1245 ± 1

1341 ± 2
1320 ± 2
1299 ± 4
1271 ± 2
1245 ± 1

0.8 ± 0.3
2.1 ± 0.7
7.2 ± 1.9
7.9 ± 1.2
3.1 ± 1.0

1.1 ± 0.3
2.7 ± 1.1
4.5 ± 1.9
7.3 ± 1.2
3.9 ± 0.8

1.3 ± 0.4
2.6 ± 0.7
2.1 ± 0.8
5.7 ± 1.3
4.0 ± 1.0

vivo male and in vitro pig ear skin spectra. These peaks are all assigned to the lipid content of the skin
and hence it is shown that female skin contains more lipids than male or pig ear skin. When comparing
female and pig ear skin only, further differences are found at 3218, 1673, 1632 and 1245 cm−1 , where
the pig ear skin spectra show larger peak areas for each peak. The 3218 cm−1 peak is assigned to water
and the others are assigned to either epidermal keratins with a β-sheet structure [44] or to the collagens
in dermis [3] and hence it is shown that pig ear skin contains more water and more proteins that are not
the epidermal α-keratins. Unfortunately, the bands around 1673 and 1632 cm−1 cannot be specifically
assigned to either β-keratin or collagen, because both proteins are reported to give amide I bands around
1670 and 1640–1630 cm [3,47].
Pig ear skin is described to be generally of the same thickness as human skin with respect to SC and
epidermis [35]. However, male skin is described to be thicker than female skin [48] and the differences
found between male, female and pig ear skin spectra may in part be explained by differences in skin
thicknesses. In the thinner female skin, the measurement depth is beyond the boundary of the dermis
and thus the subcutaneous fat contributes to the spectra. For the thicker male skin the spectra contain
only a small contribution from the subcutaneous fat but a larger contribution from the collagens in
dermis. But differences in skin thicknesses do not account for all spectral differences: the 1340, 1320,
1270 and 1245 cm−1 bands are assigned to proteins in general [4]. By separating epidermis and dermis
in pig ear skin samples (Fig. 2) we find, that the bands at 1340 and 1320 cm−1 are predominantly
from the epidermal keratins whereas the bands at 1270 and 1245 cm−1 are predominantly from the
dermal collagens. This assignment is supported by previously reported spectra [7]. Hence the 1340 and
1320 cm−1 bands are most likely assigned to the amid III bands of α-keratin, since α-helices in general
show amide III bands at 1320–1260 cm−1 [45]. However, the lipids also contribute to the 1270 cm−1
band [6,7] and hence this band cannot solely be assigned to the proteins in dermis. The 1340, 1320 and
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Fig. 2. Raman spectra of epidermis and dermis from pig ear skin in vitro.

1245 cm−1 band areas are on an average the same in the male and pig ear spectra and therefore both the
epidermal and the dermal skin layer must be of the same thickness for male and pig ear skin. The higher
intensity of the 2855, 1750 and 1300 cm−1 bands in the male spectra show that male skin relative to pig
ear skin shows higher lipid content. Since the male and pig ear skin layers are of the same thicknesses,
the increased amount of lipids can not be explained by an increased contribution from the subcutaneous
layer but must be found within the skin. Likewise, because the male and pig ear skin thicknesses are
equal the relative increase of the areas of β-keratin or collagen bands in pig ear skin must arise from
variations within the skin as well. When comparing male and female skin spectra the 1340, 1320 and
1245 cm−1 band areas are smaller in the female spectra and hence the variations with respect to gender
in this spectral region corroborates the known differences in skin thicknesses. The 1340, 1320 and 1245
cm−1 band areas are all approximately 23% increased in the male skin spectra compared to the female
skin spectra, hence showing that the epidermal and dermal layers are both approximately 23% thicker
in male skin. Thus all other spectral signals assigned to either layer should have a 23% percentage
increase in the male skin spectra compared to female skin spectra. The 3200 cm−1 water band is only
approximately 12% increased in the male skin spectra compared to female skin, hence showing that male
skin must contain a relatively lower amount of water than female skin, which is supported by previously
reported findings [33]. The 1673 and 1632 cm−1 bands – assigned to either β-keratin or collagen or a
combination of both – are approximately 35% increased in the male skin spectra compared to female skin
spectra, which is more than the increase in skin thickness, hence showing a higher amount of proteins
with those structures in male skin than in female skin.
3.2. FT-NIR spectra
Average NIR spectra of 32 male and 49 female in vivo and 50 pig ear in vitro skin spectra are shown in
Fig. 3. The dominating features of the spectra are the two water peaks at 6900 and 5180 cm−1 assigned
to the first overtone of the OH stretching vibration and the combination mode of the OH stretching and
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Fig. 3. Average NIR spectra of male and female skin samples, in vivo, and pig ear skin samples, in vitro.

HOH bending vibrations [24]. The 5180 cm−1 band consists of several overlapping bands assigned to
protein-bound water, bulk water and water associated with the lipid bilayers [25]. There are no specific
assignments of the 6900 cm−1 band. A correlation of water intensity variations and skin types cannot be
performed.
Weaker overlapping bands are found at 8550, 8410, 8220, 5925, 5780, 5675 and 5600 cm−1 (Fig. 3).
The 5780 and 5600 cm−1 bands are assigned to CH groups in skin lipids and proteins, respectively [25].
No assignments have been found for the remaining bands. Comparison of the male, female and pig ear
skin spectra in the 8800–8000 and 6050–5450 cm−1 regions shows great variations, as can be seen in
Fig. 3. For each of the bands at 8410, 8220, 5925, 5780 and 5675 cm−1 the female spectra show the
highest peak intensities and the pig ear skin spectra the lowest peak intensities. The male spectra show
intensities in between the two. The 5780 cm−1 band was assigned to skin lipids [25] and according to
the intensity variations it seems justified to assign the bands at 8410, 8220, 5925 and 5675 cm−1 to skin
lipids as well. All skin spectra in Fig. 3 show essentially the same intensities of the 8550 and 5600 cm−1
bands. The latter was assigned to skin proteins [25] and due to the similar intensity variations for the
two bands the 8550 cm−1 band is also assigned to skin proteins.
The NIR spectra show that in the epidermal layers of the skin, females have a greater amount of lipids
as compared to male and pig ears, whereas all skin types have the same content of proteins. The NIR
spectra hence corroborates the Raman spectroscopic results in showing that of the three skin types –
male, female and pig ear skin – female in vivo and pig ear in vitro skin spectra differs the most whereas
male spectra are found somewhere in between.
3.3. ATR FT-IR spectra
Average ATR FT-IR spectra of 22 male and 31 female in vivo and 23 pig ear in vitro skin spectra
are shown in Fig. 4. The spectra are recorded after 2 tape strips as the first spectra in the sequence
may be influenced by factors from outside the skin. The ATR technique is very sensitive to the contact

T.M. Greve et al. / ATR-FTIR, FT-NIR and near-FT-Raman spectroscopic studies

445

Fig. 4. Average ATR FT-IR spectra of female (solid), male (dotted) and pig ear (dashed) skin spectra. Spectra recorded after
2 tape strips.

state during the measurements and the overall intensity of the spectra varies a lot. Hence it is necessary
to normalize the spectra. The most intense protein bands are the amide I and II bands at 1650 and
1540 cm−1 , respectively, but these are overlapping with the OH water bending vibration at 1640 cm−1
and none of them are ideal as internal standards. However, the spectra were normalized after the amide II
band since this is least influenced by water. Obviously the intensities of the water bands at 3400 cm−1
vary between species. The intensity is strongest in the pig ear spectra and weakest in the female spectra.
Figure 4 shows in some details spectral variations in the region from 1480 to 1010 cm−1 .
All spectra recorded after 2 tape strips were curve fitted in the 1710–1590, 1480–1215 and 1185–
1010 cm−1 regions. Table 2 shows band assignments, fitted peak positions and relative percentages of
the band areas. In calculations of the relative content of different secondary structures an average of the
two bands at 1679 and 1630 cm−1 , assigned to keratins with a β-sheet secondary structure, was used
[23,46,47]. The secondary protein structures determined from areas of the four overlapping bands in the
amide I region at 1710–1590 cm−1 are very similar for female, male and pig ears skin. The content is
approximately 63% α-helix, 23% β-sheet and 14% turns for each of the three groups.
In the 1480–1215 cm−1 region, the bands at 1465 and 1455 cm−1 are assigned to the CH2 bending
vibrations of lipids and proteins, respectively [4,45]. A reliable curve fitting of these two closely overlapping bands is not possible and the calculated areas must be analyzed in combination with a visual
inspection. Figure 4 shows that the lipid band at 1465 cm−1 varies in intensity relative to the protein
band at 1455 cm−1 for the different skin types. The protein band is the more intense in the pig ear spectra whereas the lipid band is the more intense in the female spectra and in the male spectra the bands
have equal intensities. The amide III band at 1245 cm−1 shows similar intensity for the three groups
corroborating a very similar content of proteins and a varying content of lipids with the female group
showing the highest content. A large variation in intensity is observed for the 1340 cm−1 band, which
has previously been reported, although no assignment was given [4,6]. This band is barely seen in the
pig ear skin spectra, whereas it is relatively intense in the female skin spectra and of medium intensity in
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Table 2
Assignments [4,6,46], peak position and percentage areas of selected bands in the ATR IR spectra of male and female in vivo
and pig ear in vitro skin, which have been tape stripped twice. Values are given as mean ± standard deviation
Wavenumbers (cm−1 )

Assignment
ν(C=O), amid I, β
ν(C=O), amid I, turns
ν(C=O), amid I, α
ν(C=O), amid I, β
δ(CH2 ), lipid
δ(CH2 ), protein
δ[C(CH3 )2 ] sym
δ(CH2 ), lipid
ν(CN), amid III
ν(CC), δ(COH)
ν(CC), lipid, trans

ν(CC), lipid, cis

Areas (%)

Female
1679 ± 1
1664 ± 1
1648 ± 0
1630 ± 0

Male
1678 ± 2
1664 ± 2
1648 ± 1
1630 ± 0

Pig ears
1679 ± 1
1664 ± 1
1647 ± 1
1630 ± 1

Female
4.8 ± 0.8
11.8 ± 0.9
49.4 ± 1.9
34.0 ± 1.4

Male
5.0 ± 1.1
11.9 ± 1.1
49.4 ± 2.2
33.6 ± 1.4

Pig ears
5.3 ± 0.8
12.9 ± 1.4
50.6 ± 2.5
31.2 ± 1.4

1466 ± 1
1455 ± 1
1399 ± 1
1339 ± 1
1295 ± 1
1245 ± 1

1465 ± 1
1454 ± 1
1400 ± 1
1340 ± 3
1297 ± 2
1245 ± 1

1466 ± 0
1453 ± 1
1402 ± 1
1334 ± 4
1294 ± 2
1245 ± 1

4.3 ± 0.9
2.3 ± 0.8
45.0 ± 1.4
9.2 ± 3.7
24.7 ± 1.4
14.3 ± 2.0

4.0 ± 0.6
3.8 ± 2.0
44.5 ± 2.5
6.1 ± 4.1
24.2 ± 2.2
17.4 ± 4.5

2.3 ± 0.7
9.2 ± 2.2
42.3 ± 2.2
0.9 ± 0.6
25.0 ± 1.5
19.5 ± 1.4

1170 ± 1
1156 ± 3
1118 ± 2
1081 ± 1
1048 ± 1
1031 ± 1

1170 ± 1
1157 ± 3
1120 ± 2
1080 ± 1
1046 ± 2
1031 ± 1

1171 ± 1
1159 ± 3
1120 ± 2
1079 ± 1
1052 ± 1
1029 ± 1

1.4 ± 0.5
3.3 ± 1.8
23.6 ± 3.7
28.9 ± 4.1
32.2 ± 3.9
10.5 ± 1.3

1.6 ± 0.8
2.4 ± 1.7
29.8 ± 6.3
29.0 ± 5.1
29.0 ± 4.3
8.3 ± 1.3

2.9 ± 0.8
1.1 ± 0.6
14.7 ± 4.7
46.7 ± 6.6
28.2 ± 4.1
6.1 ± 1.3

the male skin spectra showing that variations in chemical composition of the skin types occur although
changes in a chemical species cannot be specified.
In the wavenumber region from 1185 to 1010 cm−1 the bands are assigned to different conformations
of lipid chains [45]. The areas and the entire shape of the spectra are very similar for the human in vivo
skin spectra but different in the in vitro pig ear skin spectra. In particular the 1120 cm−1 band is relatively
very much weaker, whereas the 1080 cm−1 band is more intense in the pig ear spectra. The 1120 cm−1
band is assigned to lipids with a trans configuration [6] and thus pig ear skin contains fewer lipids in
trans configuration than human male and female skin. No assignment of the band at 1080 cm−1 has
been found in the literature concerning IR spectra. However, using the assignments given for the Raman
spectra [45] a lipid band at 1080 cm−1 band is connected to lipids mainly in the gauche configuration.
Assuming this interpretation for the 1080 cm−1 IR band reveals that pig ear skin has a higher content of
lipids with a gauche configuration than human skin. When comparing male and female skin spectra, male
tends to have a larger peak at 1120 cm−1 – and hence a larger amount of lipids in the trans configuration.
Following sequential tape stripping male and female skin spectra undergo very much the same
changes: the intensity of the water band at 3400 cm−1 increases with an increasing number of tape
strips removed, because the water content becomes higher [16]. After 2 strips the water content was
slightly higher in male than in female skin (Fig. 4). The increase in the intensity of the 3400 cm−1 water
band is slightly faster in the female than the male spectra. Hence, after 6 tape strips this water band has
the same intensity in male and female spectra and after further tape stripping there seems to be on an
average slightly more water in the female skin. The amide I and II bands around 1650 and 1540 cm−1
broadens with tape stripping. This broadening can be explained by an increasing amount of proteins
with a β-sheet secondary structure in the lower layers of stratum corneum. Broadening could also reflect
a change in the physical state of the skin [49] and the amount of β-sheet would then be overestimated.
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The relative amount of β-sheet proteins we have just given for skin (tape stripped twice) is thus slightly
increased compared to our recently reported results based on skin that has not been tape stripped [23].
With an increasing number of strips the content decreases of lipids with a trans configuration, determined
from the intensity decrease at 1120 cm−1 . For pig ear skin spectra the tape stripping sequence does not
induce nearly the same changes and only a strong increase of the water band is seen. This means that
after removal of 16 tape strips male and female spectra has become more alike whereas the pig ear skin
is still very different to the human skin.
3.4. Chemometrics
PCA models were performed to give a better view of how each spectrum correlates to the others in
the entire spectral range instead of just looking at average values at selected wavenumbers like we did
with the curve fitting results. PLS models were performed to correlate the found differences to species
or gender and to test the classification accuracy.
3.4.1. NIR-FT-Raman spectra
In the PCA model on Raman spectra of male and female skin in vivo and pig ear skin in vitro wavenumbers from 2700 to 1800 cm−1 were eliminated because no spectral information is found here. Wavenumbers below 900 cm−1 were also kept out of the model because the fiber optic probe gives rise to some
peaks from quartz with varying intensities. The scoreplot of PC1 versus PC2 for all skin spectra is given
in Fig. 5. In this plot pig ear skin is clearly differentiated from the human skin and in agreement with the
curve fitting results pig ear and female spectra differs the most and male spectra are found somewhere

Fig. 5. (Top row) Scoreplot of PC1 vs. PC2 for Raman spectra of male and female skin in vivo and pig ear skin in vitro (left) and
the corresponding loading of PC1 (right). (Bottom row) Scoreplot of PC1 vs. PC2 for Raman spectra of male and female skin
in vivo (left). Subjects are marked by age and divided into groups of the youngest (20–34 years), middle-aged (35–49 years)
and oldest (50–65 years). Corresponding loading of PC2 (right).
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between them. The loading of PC1, which is given in Fig. 5, is almost a pure lipid spectrum showing
a higher contribution from lipids in the female skin and a higher contribution from water in the pig ear
skin spectra.
Performing PCA on male and female spectra alone clearly shows a tendency of separation with respect
to gender in the first PC: 78% of the female spectra are given positive PC1 values whereas 82% of the
male spectra are given negative values. The loading of PC1 is very much the same as for the PCA of all
spectra (Fig. 5), and hence shows that female skin contains more lipids whereas male skin have a higher
content of water. PC2 correlates to the age of the volunteers (Fig. 5). The PC2 loading (Fig. 5) shows
an increase in both water and lipids with age while the protein content is decreased or the structure
is changed. This correlates well with the previously discussed difference in skin thickness which is
expected to decrease with age [50], although it has been stated that the skin maintains its thickness up
to the seventh decade [48]. However, a difference or change in skin thickness still does not cover for all
of the spectral differences – especially since water and lipids both increase with age: a decrease in skin
thickness would only increase the lipid content in the spectra with respect to an increased contribution
from subcutaneous fat.
In addition, PCA and PLS models were performed on the dataset of calculated areas from the curve fitting procedure, of which the mean values are given in Table 1. The areas were calculated for normalized
spectra and hence no pretreatment was necessary to perform the models. The variables were weighted
with 1/Sdev (standard deviation) to get them in the same range and let them contribute equally to the
model, which would otherwise be dominated by the amide I band areas. In the PCA model on calculated areas from all human and pig ear skin spectra, pig ear in vitro and female in vivo skin samples are
completely separated in the first PC, whereas male in vivo skin samples are found in between (Fig. 6).
The corresponding loadings (Fig. 6) show that the areas defining the female spectra are from the peaks
at 1300, 2885, 2854, 1654, 1750 and 1270 cm−1 , which are all characteristic of lipids. The 1654 cm−1

Fig. 6. (Left) Scoreplot of PC1 vs. PC2 from PCA of calculated areas in Raman spectra of male and female skin in vivo and pig
ear skin in vitro. (Right) Corresponding loadings plot of PC1 vs. PC2.
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band is predominantly from the α-helical keratines but also has some contribution from the amide I
mode of the ceramides, which is one of the primary lipid classes [5]. The areas defining the pig ear skin
spectra are from the peaks assigned to water (3215 cm−1 ), β-sheets or collagen in general (1630, 1670
and 1685 cm−1 ) or proteins specified to the epidermis (1345 and 1320 cm−1 ) or dermis (1245 cm−1 ).
In the PLS model of human skin in vivo, discrimination was made by assigning male subjects to
class 0 and female subjects to class 1. Interpretation of the prediction is simple, as a predicted value
below 0.5 means male and a predicted value above 0.5 means female. Only the first component seems
to be related to gender and the corresponding loadings of the x-variables are very much the same as just
described for the PCA of all spectra, except that the band at 1270 cm−1 does not have much influence
on the model. The model correctly predicts 89% of the female skin samples and 83% of the males.
In the PLS model of male skin in vivo and pig ear skin in vitro discrimination was again made by assigning male subjects to class 0 and pig ear samples to class 1. Hence, a predicted value below 0.5 means
male and a predicted value above 0.5 means pig ear. The scoreplot shows a high degree of separation,
and the corresponding loadings are primarily based on the areas of the lipid characteristic peaks at 1300,
2884 and 2850 cm−1 (male) and the protein characteristic peaks at 1344, 1670, 1630 and 1245 cm−1
(pig ear). Using 1 component the model correctly predicts 75% of the male subjects and 98% of the pig
ears.
The first two loadings in the PLS model of female skin in vivo and pig ear skin in vitro are essentially
the same as given in Fig. 6 for the PCA on all skin spectra. Using 2 components the model correctly
predicts 97% of the female subjects and 100% of the pig ear skin samples.
3.4.2. FT-NIR-spectra
In several of the human skin spectra, all incident NIR light is absorbed around 5180 cm−1 and hence
the 5180 cm−1 water band cannot be used for modeling. Hence this band is eliminated in the PCA model
of the NIR spectra. The PCA of the NIR spectra (Fig. 7) even more clearly differentiates the pig ear in
vitro skin spectra from the human in vivo skin spectra. However, male skin spectra still get scores closer
to those of the pig ear skin than does the female skin spectra. The loading of PC1 is given in Fig. 7 and
shows very much the same peaks as the recorded NIR spectra. However, the relative intensities are not
the same in the loading as in the original spectra. The lipid bands at 8220, 5780 and 5675 cm−1 are
much more intense in the loading than in the skin spectra compared to the intensity of the water band at
6900 cm−1 . Hence, the loading shows that human skin contains a higher amount of lipids and also that
the amount or bonding of the water differs for human in vivo and pig ear in vitro skin. Making the PCA
on male and female spectra alone further separates the two genders: based on the first PC alone, 67% of
the female spectra are given positive values whereas 77% of the male spectra are given negative values
(Fig. 7). The loading of PC1 (not shown) is very much the same as for the PCA of all spectra (Fig. 7)
except that the water band at 6900 cm−1 is even less intense in this loading whereas the intensity of lipid
bands is further increased. Hence this loading shows that the separation of male and female spectra is
mainly due to the lipid content of the skin. The third PC shows some dependency on age and the spectra
of the oldest participants are given positive PC3 scores whereas the youngest are mainly given negative
scores (Fig. 7).
3.4.3. ATR-FTIR spectra
In the PCA model of the ATR-FTIR spectra recorded after removal of 2 tape strips, spectra of pig ear
skin in vitro are again completely separated from human skin with male PC1 scores lying between the
scores of females and pig ears (Fig. 8). The corresponding PC1 loading is almost sufficient to perform
the separation as it spans 75% of the variation in the data set. This loading shows that the pig ear skin has
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Fig. 7. (Top row) Scoreplot of PC1 vs. PC2 for NIR spectra of male and female skin in vivo and pig ear skin in vitro (left) and
the corresponding loading of PC1 (right). (Bottom row) Scoreplots from PCA for NIR spectra of male and female skin in vivo.
(Left) PC1 vs. PC2; subjects marked by gender. (Right) PC3 vs. PC4; subjects marked by age and divided into groups of the
youngest (20–35 years), middle-aged (36–50 years) and oldest (51–65 years).

Fig. 8. (Left) Scoreplot of PC1 vs. PC2 for ATR-FTIR spectra of male and female skin in vivo and pig ear skin in vitro – spectra
are recorded after removal of 2 tape strips. (Right) Loading of PC1.
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a higher content of water – given by the peak at 3200 cm−1 – whereas the human skin contains a higher
amount of lipids – given by the peaks at 2920, 2850, 1400 and 1030 cm−1 . Based on the PC1 loading the
protein structure may vary as well, as the relative intensities of the amide I and II bands differ from the
recorded spectra and hence does not correspond to the overall contribution from proteins in the spectra.
The separation of pig ear and human skin is also found for the spectra recorded prior to tape stripping
as well as for the spectra recorded at any given step in the tape stripping sequence. This separation with
respect to species or in vivo/in vitro differences is increased with the number of tape strips. In Fig. 9 is
given the scoreplots of the first two PCs in the PCAs made on the recorded spectra of human skin in
vivo at the first 8 steps of the tape stripping sequence. Prior to tape stripping gender is not related to the
greatest variation in the recorded spectra and separation only occurs in the fourth PC (not shown). In
the PCA on spectra recorded after removal of 1 tape strip the second PC seems to be slightly related to
gender since 68% of the females get positive PC2 scores and 71% of the males are given negative scores.
In the PCAs on spectra recorded after 2–8 tape strips the same 71% of the male spectra is consistently
getting negative scores whereas the female spectra are assigned to positive scores for 56–68% of the
samples – with the separation getting weaker with the number of tape strips. In the PCA models made
on spectra recorded after removal of 10–16 tape strips no separation with respect to gender is seen. This
lack of separation may well be explained by the before mentioned inter personal differences in sensitivity
towards the tape stripping procedure. However, when focusing on the lipid bands in the 1185–1010 cm−1
region, the gender separation is regained as 65% of the female subjects are given negative PC1 scores
and 62% of the male subjects are assigned positive scores. The corresponding loading shows a higher
intensity of the 1118 cm−1 peak in the male spectra revealing that there are more lipids in the male
skin in the trans conformation. Making a PCA model on all of the recorded male and female in vivo
skin spectra – following the sequential tape stripping procedure – the spectra recorded after removal
of none or a few tape strips are separated from those recorded after removal of several tape strips. The
primary part of the separation lies in the first PC and the corresponding loading shows that the majority
of change is the increase of water with the number of strips, whereas all other peaks are apparently more
intense before tape stripping (Fig. 10). This goes especially for the CH stretching vibration bands from
lipids at 2920 and 2850 cm−1 and the amide III band at 1245 cm−1 : the relative intensity of these bands
are increased in the loading compared to the recorded spectra and hence may have a relatively larger
variation following the sequential tape stripping. The scoreplot further shows that inter and intra gender
differences are decreased with the number of tape strips as the samples are much more widespread prior
to tape stripping than after.
PLS models were performed on the data set of calculated areas from the curve fitting procedure. The
average values of the relative areas are given in Table 2. In the chemometric models the numeric areas are
used as the MSC pretreatment corrects for the general intensity variations. Like for the Raman spectra,
the variables were weighted with 1/Sdev to get them in the same range and let them contribute equally
to the model, which would otherwise be dominated by the amide I band areas. Discrimination was again
made by assigning male subjects to class 0 and pig ear samples to class 1. In the scoreplot of the PLS
regression on male in vivo and pig ear in vitro skin spectra recorded after removal of 2 tape strips, the
male and pig ear samples are completely separated in the first 2 components (Fig. 11). The loading of
the first component (Fig. 11) is spanned by the areas of the peaks at 1338, 1119, 1400, 1297, 1338, 1047
and 1120 cm−1 (important in human skin spectra) and the areas of the peaks at 1170, 1676, 1157, 1453,
1648, 1664 and 1032 cm−1 (important in pig ear skin spectra). The peaks at both poles of the loading
are assigned to several different skin constituents and hence no further correlations can be specified. The
loading shows no correlation between the 1620 cm−1 amide I band of β-keratins and the 1244 amide III
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Fig. 9. Scoreplot of PC1 vs. PC2 for ATR-FTIR spectra of male and female in vivo skin spectra. Spectra are recorded after
removal of 0, 1, 2, 3, 4, 6, 8 and 10 tape strips, respectively – starting at 0 in the upper left corner and going from left to right.
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Fig. 10. Scoreplot of PC1 vs. PC2 for ATR-FTIR spectra of human skin in vivo following every second step of the tape stripping
sequence.

Fig. 11. Scoreplot (left) and loadings plot (right) of component 1 vs. component 2 from PLS-DA of calculated areas in
ATR-FTIR spectra of male skin in vivo and pig ear skin in vitro, recorded after removal of 2 tape strips.

band as the former is characteristic of male spectra whereas the latter is characteristic of pig ear skin
spectra. Thus males tend to have a higher content of keratins with a β-sheet secondary structure, which
could not be read from the relative areas in Table 2. Using 2 components the model correctly predicts
100% of both male and pig ear skin samples. A PLS discriminant analysis performed on female and pig
ear skin spectra showed essentially the same scores and loadings as those just described for males versus
pig ears, and this model also 100% correctly predicts the species of all samples.
In the PLS model on all human in vivo spectra discrimination was made by assigning female subjects
to class 0 and male samples to class 1. In the scoreplot of component 1 versus component 2, male
and female subjects are largely separated (Fig. 12). The corresponding loadings (Fig. 12) show that the
female spectral characteristics are primarily made up by the areas of the 1338, 1297 and 1400 cm−1
bands. Hence it seems reasonable that these peaks are correlated to the same lipid classes, which gives
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Fig. 12. Scoreplot (left) and loadings plot (right) of component 1 vs. component 2 from PLS-DA of calculated areas in
ATR-FTIR spectra of male and female skin in vivo recorded after removal of 2 tape strips.

a new assignment of the so far unassigned 1338 cm−1 band. The PLS discriminant analysis correctly
classifies 64% of the male subjects and 93% of the females.
4. Conclusion
The combination of near-FT-Raman, FT-NIR and ATR-FTIR spectroscopy on human skin in vivo and
pig ear skin in vitro reveals information about the composition of different layers in the skin. With all of
the spectroscopic techniques differences and similarities were found between spectra of pig ear skin in
vitro and human skin in vivo and also between male and female skin.
Signals in the near-FT-Raman spectra are predominantly coming from the deeper layers of the skin and
some of the described spectral differences may well reflect a difference in skin thickness. We found that
male skin and pig ear skin have the same thicknesses whereas female skin is slightly thinner. Male skin
in vivo and pig ear skin in vitro was found to have similar contents of water whereas males had higher
lipid content and pig ear skin contained a higher amount of β-keratin or collagen. Besides from the
difference in skin thicknesses for male and female skin in vivo we found that female skin contains more
lipids and more water whereas male skin contains more β-keratin or collagen relative to skin thickness.
That is, though the overall spectral contribution from water was higher in male than female skin, it does
not compare to the increased thickness of the skin and thus female skin contains relatively more water.
Signals in the FT-NIR spectra arise from the epidermal skin layer where the primary spectral differences were found with respect to bands assigned to lipids. The NIR spectra corroborated the Raman
spectroscopic results in showing that female skin has the highest content of lipids and pig ear skin has
the lowest lipid content. The NIR spectra showed no differences with respect to skin proteins, thus suggesting that the differences in the amount of non-α-helical proteins found in the Raman spectra, can be
assigned to the dermal layers of the skin; i.e. collagens.
The ATR-FTIR spectra, which were recorded following sequential tape stripping, reveals information
about the outermost layers of the skin within a few microns from the skin surface. These spectra shows
that water content for all skin types increases in the lower layers of SC, though pig ear skin in vitro
contains more water than human skin at any layer. Male skin contains more water than female in the
outermost layers of SC but the increase is smaller and thus female skin tends to have a slightly higher
content of water in the lower layers. Further, differences were found with respect to conformation of
lipid chains. Female skin tends to contain a higher amount of lipids but this could not be assigned to
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specific configurations. Pig ear skin contains the highest content of lipids with a gauche configuration
whereas male skin shows a higher content of lipids with a trans conformation.
The PCA and PLS models showed an almost complete separation of pig ear skin in vitro and human
skin in vivo, and also gave a 65–93% separation with respect to gender in all layers of the skin. Further,
the PCA models on Raman and NIR spectra, respectively, showed a dependency of age where the spectral
intensities of bands from lipids and water was increased with age.
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