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Abstract
The skin barrier function is mostly provided by the stratum 
corneum (SC), the uppermost layer of the epidermis. To non-
invasively analyze the physiological properties of the skin 
barrier function in vivo, it is important to determine the SC 
thickness. Confocal Raman microscopy (CRM) is widely used 
for this task. In the present in vivo study, a new method 
based on the determination of the DNA concentration pro-
file using CRM is introduced for determining the SC thick-
ness. The obtained SC thickness values are compared with 
those obtained using other CRM-based methods determin-
ing the water and lipid depth profiles. The obtained results 
show almost no significant differences in SC thickness for the 
utilized methods. Therefore, the results indicate that it is pos-
sible to calculate the SC thickness by using the DNA profile 
in the fingerprint region, which is comparable with the SC 
thickness calculated by the water depth profiles (ANOVA test 
p = 0.77) and the lipid depth profile (ANOVA test p = 0.74). 
This provides the possibility to measure the SC thickness by 

using the DNA profile, in case the water or lipid profile analy-
ses are influenced by a topically applied formulation. The in-
crease in DNA concentration in the superficial SC (0–2 µm) is 
related to the DNA presence in the microbiome of the skin, 
which was not present in the SC depth below 4 µm.

© 2019 S. Karger AG, Basel

Introduction

Since the 19th century, it has been widely accepted that 
the mammalian skin is provided with a skin barrier func-
tion to control the evaporation of water and to protect the 
organism against the penetration of exogenous substanc-
es [1]. The skin is composed of three major layers, i.e. 
epidermis, dermis, and hypodermis [2], and the skin bar-
rier function is mostly ensured by the stratum corneum 
(SC), the uppermost layer of the epidermis [3–6]. The SC 
consists of 10−20 layers of corneocytes, which are enucle-
ated flattened cells embedded in lipid lamellar regions 
[7–9]. The SC thickness is determined as the distance 
from the skin surface to the boundary between the SC and 
the stratum granulosum (SG) [10]; it varies according to 
the area and individual. The SC thickness is used to esti-
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mate a swelling effect [11–15] in formulation-treated skin 
and employed for comparison of depth profiles of the la-
mellar and lateral organization of intercellular lipids [16, 
17], water bonding state [18], concentration of natural 
moisturizing factor molecules [17, 19], keratin [20], and 
carotenoids [21, 22] in the SC. The SC thickness value is 
also a parameter for estimating whether the topically ap-
plied substances can overcome the skin barrier [23–27].

The SC thickness has been determined ex vivo by con-
focal microscopy [28], light microscopy [29], near-infra-
red densitometry [29, 30], and tape stripping + attenu-
ated total reflectance-Fourier transform IR spectroscopy 
(ATR-FTIR) [31, 32], as well as in vivo by transepidermal 
water loss (TEWL) measurements/tape stripping [33] 
and confocal Raman microscopy (CRM) [10, 27, 34–38]. 
The possibility to track morphological changes of the epi-
dermal layers visually has also been shown using two-
photon tomography and laser scanning microscopy in 
vivo [39].

Although the infrared imaging technique is able to 
measure the amount of water and skin hydration, it nei-
ther provides depth-resolved information on skin hydra-
tion [40] nor the clinical in vivo applicability, because of 
the strong absorption of mid-infrared light by water [41, 
42]. TEWL also provides valuable information on the ef-
fects of moisturizers, but almost no information about the 
dynamic mechanisms of the moisturizers [43], as well as 
depth-dependent characteristics of the permeability bar-
rier [13, 44]. In vivo CRM is one of the few noninvasive 
tools to obtain full information on water concentration in 
the SC quantitatively [16, 45–47]. In order to calculate the 
SC thickness of depth-dependent CRM measurements, 
the water concentration profile has been analyzed using 
different algorithms [29, 35, 48], which was calculated 
from the Raman spectra in the high wavenumber (HWN, 
2,000–4,000 cm–1) region. Therefore, even if only the Ra-
man spectra in the fingerprint (FP; 400–2,000 cm–1) re-
gion are of interest, e.g. in order to analyze the penetra-
tion of a certain substance, the HWN spectra of the skin 
had to be acquired in order to determine the SC thickness. 
This could entail a more sophisticated experimental set-
up, requiring movable gratings or multiple excitation 
sources, and in the latter case, might induce artifacts due 
to varying excitation intensities in both regions. There-
fore, it is desirable to determine the SC thickness based 
on Raman profiles in the FP region by analyzing bands 
specific to molecules with different characteristics in the 
SC than at deeper skin layers. As the corneocytes in the 
SC are enucleated keratinocytes, a criterion to differenti-
ate the SC from the SG could be the DNA content.

In case of drug-induced water profile altering [11, 12, 
43, 49], the methods based on the water concentration in 
the SC might determine the SC thickness erroneously. In 
these cases, the DNA-based method will be a good option 
for the determination of the SC thickness.

The aim of this study is to depth-dependently track the 
vibrational modes of DNA molecules [50] in the epider-
mis to determine the SC thickness in the FP region and to 
compare these results with the ones acquired by using the 
conventional water-derived SC thickness determination 
methods. This work also provides collective insight into 
the methodologies to determine the SC thickness by using 
CRM. Additionally, the determination of the DNA con-
centration in the epidermis could be useful for analyzing 
DNA-related diseases or the microbiome of the skin.

Materials and Methods

Volunteers
Six healthy Caucasian volunteers (3 females: 32, 45, and 62 

years old, and 3 males: 23, 27, and 34 years old; average age, 37 
years old) participated in this proof-of-concept study. The volun-
teers did not use any cosmetics on their forearms for more than  
72 h and did not bath at least 4 h before the beginning of the ex-
periments. After an acclimatization period of 20 min to the stan-
dardized laboratory conditions, skin areas of 2 × 2 cm2 were 
marked on the volar forearms using a rubber barrier. Ten depth 
profiles were collected by using a CRM. 

Confocal Raman Microscopy 
The Raman spectra were acquired using a Model 3510 CRM for 

in vivo/ex vivo skin measurements (RiverD International B.V., 
Rotterdam, The Netherlands). By using two different lasers, the 
spectra were recorded in the FP (400–2,000 cm–1, laser excitation 
wavelength 785 nm; power 20 mW, exposure time 5 s) and in the 
HWN region (2,000–4,000 cm–1, laser excitation wavelength 671 
nm; power 17 mW, exposure time 1 s). The Raman spectra were 
recorded starting 4–10 μm above the skin surface down to 30–36 
μm in the skin, at 2-μm increments. The axial resolution was < 5 
μm and the spectral resolution was 2 cm–1. The utilized CRM sys-
tem has been described in detail elsewhere [10, 51, 52].

Data Analysis
For compensating the depth-dependent attenuation of the Ra-

man signal, the area under the curve (AUC) of the Amide I band, 
located at 1,650 cm–1 in the FP region, and the keratin band, lo-
cated at 2,930 cm–1 in the HWN region, were used as internal cri-
teria, respectively [10, 53–55].

Determination of the Skin Surface in the FP and HWN Regions
In the FP region, the skin surface is defined as the position 

where the AUC of the Amide I band at 1,650 cm–1 reaches the half 
of its maximum [16]. In the HWN region, the surface of the skin 
is determined as the position, where the AUC of the keratin band 
(2,910–2,965 cm–1) reaches the half of its maximum [34]. If skin is 
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untreated, i.e. the Raman spectrum of the skin and of formulations 
are not overlaid, the depth profiles of both Raman peaks show sim-
ilar results [55].

Determination of the SC Thickness Using the Water Profile
Normally, the water mass percentage in the SC gradually in-

creases from the skin surface towards the SG and below, where the 
water concentration is maximal and constant [35, 56, 57]. Caspers 
et al. [10, 34] showed that the water mass percentage in the SC is 
proportional to the ratio of the OH vibration of water AUC (3,350–
3,550 cm–1) and the CH3 vibration of protein AUC (2,910–2,965 
cm–1). In previous studies, three water profile-based methods to 
detect the boundary between the SC and the SG were applied. The 
first was to define it as the point where the first derivation of the 
water concentration reaches 0 [35]; the second was to define where 
it is 0.5 [48], and the third was to define it as the intersection point 
of two tangent lines of the increasing and almost constant regions 
[29]. In this study, the SC thickness was determined using these 
three methods abbreviated as SC-OH0, SC-OH0.5, and SC-OHint, 
respectively. Figure 1a shows an exemplary water profile to illus-
trate the application of these methods.

Determination of SC Thickness Using the Lipid Profile
Choe et al. [58] reported that the sharpness of the lipid peak at 

2,880 cm–1 can also be employed in determining the SC thickness. 
This is related to the crystallographic properties of the lipids. The 
sharpness of the peak at 2,880 cm–1 decreases towards the deeper 
layers of the SC and almost vanishes at the boundary between the 
SC and the SG. Based on our previous research, the point where 
the sharpness of the lipid-related Raman band at 2,880 cm–1 reach-
es a value of 0.05 could be considered as the boundary between the 
SC and the SG [58] (Fig. 1b). In this study, the SC thickness deter-
mined by this method was abbreviated as SC-CH2.

Determination of the DNA Concentration
DNA exists in the nuclei of the cells. The SC consists of corneo-

cytes, which are enucleated keratinocytes, while the SG contains 
nucleated keratinocytes in the last proliferation stage [59]. There-
fore, the presence of DNA-related molecular vibrations was con-
sidered to indicate the boundary between the SC and the SG. The 
Raman bands located at 481, 678, 722, 746, 785, 828, and 1,090 
cm–1 are related to the DNA molecules [60, 61]. It was found that 
the 481, 678, 722, 746, and 828 cm–1 bands have too small intensi-
ties, and the 1,090 cm–1 band is superimposed with the lipid-de-
rived peak at 1,080 cm–1 [62]. Therefore, only the 785 cm–1 band 
was evaluated for further calculations (online suppl. Fig. 1a–e; see 
www.karger.com/doi/10.1159/000503262 for all online suppl. ma-
terial). The intensity of the prominent DNA-related Raman band 
at 785 cm–1, corresponding to O–P–O stretch vibrations of DNA 
[60], was examined depth-dependently. The spectral data was 
smoothened using a “moving average” filter. A linear baseline was 
drawn for the 774–800 cm–1 range (Fig. 2a, b). Subsequently, an 
AUC of the Raman bands in the 780–788 cm–1 range was deter-
mined. In order to compensate the depth-dependent signal attenu-
ation of light by the skin, these AUCs were divided by that of the 
Amide I band (1640–1670 cm–1) [17] taking the nonhomogeneous 
distribution of keratin in the SC into consideration [55, 63]. The 
detailed algorithm for the determination of the SC thickness is pre-
sented in the Results and Discussion section.

Statistical Analysis
Statistical evaluation was performed using the MATLAB 

R2013b software (MathWorks Inc., Natick, MA, USA). To con-
firm significant differences in the mean values of SC thicknesses 
determined by the different methods, balanced one-way ANOVA 
and paired t tests were applied. p < 0.05 was considered signifi-
cantly different. Correlation tests were also carried out, where p < 
0.01 was considered to be significantly correlated.
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Fig. 1. The schematic of the existing methods to determine the SC 
thickness based on the water and lipid profiles. a In the water pro-
file, the SC thickness is defined at the intersection (point SC-OHint) 
[29] of the two dotted tangential lines in the increasing and con-
stant region. The derivation values 0.5 and 0 are also determined 

as the boundary point, denoted as SC-OH0.5 [48] and SC-OH0 [35], 
respectively. b In the lipid profile, the position where the sharpness 
value is 0.05 is determined as the boundary between SC and SG 
(SC-CH2) [58].
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Results and Discussion

Determination of SC Thickness by the DNA Profile
According to previous research [60, 61], the Raman 

bands located at 481, 678, 722, 746, 785, 828, and 1,090 
cm–1 are related to the DNA molecules. The most prom-
inent DNA-related Raman peak occurs at 1,090 cm–1 
and originates from O–P–O stretching vibrations of 
DNA molecules. This peak is close to the lipid-derived 

peak at 1,080 cm–1 [62], which makes it difficult to sep-
arate the DNA peak from the lipid peak. The DNA peaks 
at 481 and 828 cm–1 show disordered tendencies with 
varying skin depths, which is probably due to the con-
tribution of other substances. The peaks at 678, 722, and 
746 cm–1 cannot be used to determine the SC thickness, 
as these intensities are too weak to be considered and 
are comparable with the noise levels (online suppl. 
Fig. 1a–e).
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Fig. 2. Exemplary in vivo Raman spectra of one volunteer (male, 
27 years old, volar forearm) in the 750–810 cm–1 range of skin 
depths of 6–14 µm (a) and 22–26 µm (b) and the corresponding 
depth profile of the DNA-related 785 cm–1 Raman band AUC (c), 
showing schematically the procedure to determine the boundary 
between the SC and the SG (point h denotes the starting point of 
the plateau, point l the point where the DNA concentration starts 

to increase, which is indicated by the intersection of the two dotted 
tangential lines, one from the constant region of the upper layers 
and one from the rapidly increasing region. The middle point m 
between h and l, is set as the boundary between the SC and the SG, 
and the SC thickness calculated by the DNA profile is denoted as 
SC-DNA. d The SC thickness values (mean ± SD for 6 volunteers) 
according to water, lipid, and DNA profiles.
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The strongest peak among the DNA-related Raman 
peaks is the peak around 785 cm–1. As shown in Figure 
2a, there are almost no peaks around 785 cm–1 in the up-
per layers and intermediate layers (0–14 µm), while in the 
deeper layers, there is a prominent peak at 785 cm–1 as 
shown in Figure 2b. Figure 2c shows the depth profile of 
the DNA concentration in the skin in vivo. The AUC of 
the peak at 785 cm–1 is lower and almost constant in the 
upper layers of the SC, which can be explained by the SC 
composition of enucleated cells. Near the boundary be-
tween SC and SG, it rapidly increases and remains nearly 
constant in the SG layer. There is a transition zone be-
tween the points marked as l and h, which implies that the 
disruption of keratinocytes’ nuclei does not occur in-
stantly from the SG to the SC, rather there are some rem-
nant DNA molecules in the bottom layers of the SC. An-
other possible reason for the transition zone is the sam-
pling volume of the CRM, which has a diameter of approx. 
5 µm [55]. Thus, the sampling volume starts to approach 
the SG still being present mostly in the SC, which results 
in an increase in the DNA-related Raman peak intensity. 
Hereby, the boundary between the SC and the SG was de-
termined as follows. Based on preliminary tests with 
known SC thickness values, point h is located deeper, and 
point l, which is the starting point of the increasing zone, 
is located too shallow compared with the boundary be-
tween the SC and the SG. Taking the existence of this 
transition zone (h–l) into consideration, the selection of 
the middle point (m) might be the most reasonable option 
for determining the boundary between the SC and the SG. 
In this study, the SC thickness determined using this pro-
cedure was abbreviated as SC-DNA.

DNA-Related Distribution of the Microbiome in the SC
The slight increase in the DNA concentration ob-

served at the skin surface (Fig. 2c) can be explained by an 
influence of the microbiome of the skin, containing DNA 
[64]. Figure 2c shows that the microbiome has a maximal 
concentration in the superficial SC depths (0–2 µm) and 
is not present below 4 µm in healthy skin.

Determination of the SC Thickness Calculated Using 
CRM-Based Methods
Figure 1 shows the methods to determine the SC thick-

ness by different criteria. As shown in Figure 1a, normal-
ly the values of the SC-OH0 thickness are the largest, fol-
lowed by the SC-OH0.5 thickness and finally the SC-OHint 
thickness. The difference between the SC-OH0 and SC-
OH0.5 thickness is approx. 1.2–2.6 μm and the SC-OHint 
thickness is approx. 3–5 μm from SC-OH0. All of the ob-

tained water-derived SC thickness values correlate linear-
ly (p < 0.01, R > 0.9; Table 1). The water-, lipid- and DNA-
derived SC thickness values (SC-OHint, SC-CH2, and SC-
DNA) show no differences, as summarized in Figure 2d 
(ANOVA analysis, p > 0.05). This also applies to the SC 
thickness determined by the SC-OH0.5, SC-CH2, and SC-
DNA methods. All correlation coefficients are > 0.62 (Ta-
ble 1), which indicates that the presented SC thickness 
values correlate linearly. The highest correlation is ob-
tained between the SC-OH0, SC-OH0.5, and SC-OHint 
groups (R > 0.9). The nonhomogeneity of keratin distri-
bution in the SC [55] can potentially influence the deter-
mined water and lipid profiles used for calculating the SC 
thickness (Fig. 1), which can result in minor changes of 
the values.

As shown in Table 1, the correlations between the SC-
OHint and the other methods are highest. Also, the SC-
OH0.5 method shows higher correlations, which indicates 
that the SC-OHint and SC-OH0.5 methods are good crite-
ria for determining the SC thickness.

Egawa et al. [35] adapted the SC-OH0 thickness as the 
SC thickness without any comparison to other methods. 
Crowther et al. [48] used the SC-OH0.5 thickness and 
compared it with results of optical coherence tomogra-
phy (OCT). They revealed that the OCT-derived thick-
ness values are 4% smaller compared to the CRM-derived 
thickness values, which implies that the SC thickness 
measured by CRM might be larger than that determined 
by OCT. Recently, Teixeira et al. [65] and Mahrhauser et 
al. [29] adapted the SC-OHint thickness and compared it 
with near-infrared densitometry and microscopy. Ac-
cording to the presented results, the SC-OH0.5 thickness 
has a tendency to be slightly larger than the respective 
values obtained using the other methods. The values de-
termined by the SC-OH0.5 method are about 1.8–2.4 µm 
larger than those determined by the SC-OHint method. 
However, the differences are comparable with the depth 
resolution of the CRM. The evaluated order of deter-
mined SC thickness values using different methods is: 

Table 1. Correlation coefficients for the SC thickness values calcu-
lated using the five different methods

SC-OH0 SC-OH0.5 SC-OHint SC-CH2 SC-DNA

SC-OH0 1 0.96 0.91 0.79 0.62
SC-OH0.5 0.96 1 0.97 0.83 0.69
SC-OHint 0.91 0.97 1 0.85 0.75
SC-CH2 0.79 0.83 0.85 1 0.68
SC-DNA 0.62 0.69 0.75 0.68 1
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SC-OH0 > SC-OH0.5 ≈ SC-OHint = SC-CH2 = SC-DNA, 
based on the statistical significance. The SC-DNA thick-
ness is a good option for SC thickness measurements in 
the FP region and also verifies that the SC has no DNA. 
Further, the SC-CH2 thickness is a good choice in the 
HWN region, particularly when the range of OH vibra-
tions (3,350–3,550 cm–1) is superimposed by substance-
related Raman bands or cannot be measured.

The Importance of Using Different CRM-Based 
Methods to Measure the SC Thicknesses
The methods for measuring the SC thickness are com-

plementary and can be used interchangeably, when one 
of them cannot be applied, for example when skin is treat-
ed with water- or lipid-containing lotions or substances 
enforcing hydration (i.e., oils). In this case, the water pro-
files in the SC transform into more flat/less gradient-
shaped profiles [48, 49]. This water accumulation in the 
SC does not easily evaporate, although the water supply 
is discontinued [49]. In this case, it is difficult to deter-
mine the SC thickness based on the water profiles, and the 
SC-DNA or SC-CH2 method will serve as a good option. 
The proposed method could also be successfully applied 
when Raman spectra are measured only in the FP region 
without the possibility to acquire spectra in the HWN re-
gion, due to limitations of the device or to decrease the 
total acquisition time. The presented SC-DNA method 
will complement the existing methods to measure the SC 
thickness without the need for measurements in the 
HWN region. The SC-CH2 method can also be used com-
plementarily, in cases where Raman spectra are only ob-
tained in the HWN region, e.g. to speed up the total data 
acquisition times, or when the water profiles cannot be 
calculated by enforcing hydration, i.e. excessive water ac-
cumulation [49]. The differences between the SC-CH2 
and the other methods can also be useful for analyzing 
skin diseases with lipid depletion, i.e. atopic dermatitis 
[66].

Conclusion

In the present study, five different methods to deter-
mine the SC thickness using CRM were investigated: 
three methods based on the water profile (SC-OH0, SC-
OH0.5, and SC-OHint), the lipid profile (SC-CH2), and 
the DNA profile (SC-DNA). It was revealed that when 
using the water profile methods, the SC-OH0 thickness 
was 1.2–2.6 μm larger than the SC-OH0.5 thickness, and 
3–5 μm larger than the SC-OHint thickness values. 

Meanwhile, the SC-CH2 and SC-DNA thickness values 
were similar to the value determined by the SC-OHint 
method. The SC-OH0.5 method is similar to the SC-
OHint method. No significant differences were found 
between the SC thickness values calculated by the SC-
DNA, the SC-OHint, and the SC-CH2 methods. The SC-
CH2 or SC-DNA methods have their own validity, based 
on the skin’s biochemical structures. The SC-DNA 
method can also be used to differentiate between the 
normal skin and the pathologic skin with DNA muta-
tions. Spectroscopically, it also provides new possibili-
ties to determine the SC thickness with only Raman 
spectra of the FP region. The comparison between the 
different SC thickness determination methods reveals 
that the SC-OHint and SC-OH0.5 methods are more rea-
sonable than the SC-OH0 method in determining the 
SC thickness. As a drawback, the methods based on the 
water profiles cannot be employed when the skin for-
mulations, which are altering water concentration or 
artificially force hydration of the SC, are applied. The 
SC-DNA method is a good option for determining the 
SC thickness if the water or lipid profile is influenced or 
one of the methods is not applicable.
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