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In vivo non-invasive determination of the water concentration
and water bonding properties in the human stratum corneum
using confocal Raman microspectroscopy (mini-review)

M.E. Darvin, C.S. Choe, J. Schleusener, J. Lademann

Abstract. Water plays an important role for normal functioning
of the skin. The stratum corneum (SC) — the outermost layer of
the epidermis — maintains the skin barrier function and regulates
the water balance in the organism. Water is non-homogeneously
distributed in the SC and its correct determination is important in
dermatology and cosmetology. Confocal Raman microspectros-
copy (CRM) is the most suitable non-invasive method to deter-
mine depth profiles of the water concentration, water with differ-
ent mobility and hydrogen bonding states of water molecules in
human skin in vivo, i.e. to study the SC hydration and moisturis-
ing. An in vivo application of CRM on normal human skin for
investigation of the water concentration and water bonding prop-
erties in the SC is reviewed in this paper. Investigations performed
on volunteers of two age groups reveal changes, which show that
the SC of older skin binds water more efficiently compared to
younger skin.

Keywords: skin barrier function, skin hydration, skin moisturising,
water mobility, intercellular lipids, epidermis, ageing.

1. Introduction

The stratum corneum (SC), the uppermost layer of the epi-
dermis, consist of corneocytes embedded with intercellular
lipids, which maintains the skin barrier function, i.e. pro-
vides protection against external physical and chemical
influences, impedes the penetration of pathogens into the
body and plays an important role in regulation of the water
balance in the organism. The main components of the SC
are keratin, lipids, natural moisturising factor (NMF) mol-
ecules and water. The SC also contains carotenoids and
melanin. All SC components are non-homogeneously dis-
tributed throughout the SC depth [1, 2]. The water concen-
tration is minimal in the superficial SC and maximal at the
bottom of the SC [3]; the total water concentration in the SC
varies between 0.20—0.78 g cm~ [4]. Water is necessary for
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the SC, as it serves as a medium for numerous enzymes and
other substances that make the SC metabolically active. The
main centres of water binding in the SC are NMF molecules
[5] and keratin [6] inside the corneocytes, and, to a lesser
extent, the lamellar structure of extracellular lipids [7]
between the corneocytes. The efficacy of water binding is
nonuniform and depends on the SC depth [8, 9].

Water concentration in the skin is an important physio-
logical parameter for controlling the hydration degree of dry
and dehydrated skin, for diagnosing a number of skin dis-
eases, and for the treatment control. The use of non-invasive
in vivo methods is indispensable for this task. For non-inva-
sive in vivo measurement of the water content in human skin,
the electrical (corneometry) [10, 11], optical (IR spectroscopy
[12, 13], reflection spectroscopy in the near-infrared range
[14—16], confocal Raman microspectroscopy (CRM)
[3, 17, 18]) and other methods [19—24] are used.

Electrical methods include measurements of electrical
conductivity and capacitance of the skin. Conductance val-
ues correlate well with the water content in the superficial
depth up to 15 um, i.e. in the SC, while the capacitance val-
ues correlate with the water content in the depth up to
45 um, i.e. in the papillary dermis [25, 26]. Thus, these meth-
ods can be used to determine SC dryness and dermal dehy-
dration, respectively. The advantages of electrical methods
(corneometry) are low costs of the devices and an easy mea-
surement procedure. The disadvantages include the low
measurement stability, which may depend additionally on
external factors such as temperature and humidity, as well
as skin surface moisture, influenced by sweating, transepi-
dermal water loss (TEWL), the presence of cosmetics on the
skin surface, and the quality of contact between the sensor
and the skin surface during measurements. In addition, con-
ductivity and capacitance measurements are carried out
integrally and do not provide information about the water
distribution gradient.

In the red and near-infrared optical range, the skin is char-
acterised by low absorption and scattering coefficients (also
termed ‘spectral transparency window of the skin’) [27] and
by low fluorescence intensity [28], which determine the fre-
quent selection of these wavelengths for skin measurements.
Water absorption is strongly increased in the near-infrared
range starting from ~1 um [29, 30]. For this reason, reflection
spectroscopy of water is mainly performed in this optical
range [14, 16]. Optical laser-based microscopic methods oper-
ated in the red and near-infrared regions are very promising
for non-invasive water measurements and, due to the avail-
ability of intensity stable lasers, are characterised by high
measurement accuracy and the possibility to identify the
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water distribution profile with micron resolution. An advan-
tage of CRM is the possibility to perform non-invasive in vivo
measurements of the water concentration [13, 31, 32] and the
hydrogen bonding state of water molecules [18, 33], as well as
distribution profiles from the SC towards the papillary dermis
layer. In investigation of the SC, it was postulated that kera-
tin, the main protein of the SC, can be used for normalisation
of the depth dependent signal attenuation [34].

This mini-review represents the depth profiles of the water
concentration, depending on its mobility state and the water
bonding properties in the SC obtained in vivo on healthy
human volunteers of two age groups using CRM. The CRM
method is specified and the obtained results are discussed.

2. Materials and methods

Measurements were performed non-invasively and in vivo
on the volar forearm skin of 11 healthy volunteers aged
from 23 to 62 years using a confocal Raman microscope
(Model 3510, RiverD International B.V., Rotterdam, The
Netherlands). The fingerprint region (FP, 400—2000 cm™)
was excited using a laser at 785 nm (exposure time 5 s,
20 mW); the high wavenumber region (HWN, 2000-
4000 cm™!) was excited using a laser at 671 nm (exposure
time 1 s, 17 mW). The spatial resolution was less than 5 um
and the spectral resolution was less than 2 cm™'. Raman
spectra in the FP and HWN regions were recorded at the
same position on the skin at 2 um increments between the
position of approximately 10 um above the surface and 30
pm below the surface. The exact position of the skin surface
was determined based on half the maximal keratin profile
measured at ~1650 cm™' [3] and the thickness of the SC was
determined at the position, where the water concentration
gradient reached 0.5, which is the border between the SC
and the stratum granulosum [35]. Before processing the
Raman spectra in the HWN region, the fluorescence back-
ground was removed using a piecewise-weighted-least
squares fitting algorithm, described in [18].

A decomposition of the Raman bands in the HWN region
was performed by a multiple nonlinear regression method

using 10 Gaussian functions. Initial centre positions for the
Gaussian functions were indicated at 2850 cm™! (symmetric
CH stretch vibrations of lipids), 2880 cm™! (asymmetric CH
stretch vibrations of lipids), 2930 cm™! (symmetric CHj;
stretching vibrations of keratin), 2980 cm™' (asymmetric
CHj stretching vibrations of keratin), 3005 cm™! (tightly
bound water, DAA), 3060 cm™' (olefinic CH stretching
vibration of keratin), 3280 cm™! (strongly bound water,
DDAA), 3330 cm™' (NH vibration of keratin), 3460 cm™
(weakly bound, DA), and 3604 cm™' (‘free’ water). All data
analysis was performed in Matlab R2015a (The Mathworks,
Inc., Natick, USA).

A positive vote for the measurements had been obtained
fromthe Ethics Committee of the Charité— Universitdtsmedizin
Berlin and all procedures complied with the Declaration of
Helsinki.

3. Results and discussion

Water is characterised by an intensive Raman spectrum in a
broad wavenumber range of abour 3000—-3700 cm™! (valence
vibrations of the OH group). Usually, the water concentra-
tion in the SC is calculated by the ratio between the water-
related Raman band (3350—3550 cm™! region) and the pro-
tein-related Raman band (2910-2965 cm™! region) [3, 34].
The regions are schematically shown in Fig. la. In case of
skin treated with cosmetic formulations, the normalisation
by the Amide I Raman band at 1650 cm™! is generally rec-
ommended due to the absence or controlled superposition
on the 2910-2965 cm™! region [36, 37]. Normalisation on a
keratin-related Raman band is essential to take into account
the depth-dependent signal attenuation (laser excitation and
Raman signals) induced by absorption and diffuse scatter-
ing of the skin. As recently shown, the concentration of ker-
atin decreases from the surface towards the bottom due to
an increase in the water concentration, which can be consid-
ered by modelling the signal attenuation in the SC [38]. The
results show that taking the inhomogeneity of the keratin
concentration in the SC into account results in slightly
decreased values for the water concentration at the
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Figure 1. (a) Raman spectrum of the human volar forearm SC in vivo at 20 um depth (SC thickness is 20 um) in the 2780—3750 cm™! region decom-
posed using Gaussian lines and (b) the depth profile of the water concentration obtained by the I335_3550/12910_2965 ratio taking the inhomogeneity
of keratin distribution in the SC into account. Figures are adapted from [1, 18].
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Figure 2. (a) Human SC depth profiles of the concentration of water molecules with different mobility depending on the strength of hydrogen bonds
and (b) hydrogen bonding state of water measured in vivo using CRM. Figures are adapted from [18].

50%—100% SC depth (p < 0.05) [1]. The water concentra-
tion profile in the SC, calculated by taking the inhomogene-
ity of the keratin distribution in the SC into account is pre-
sented in Fig. 1b. The water concentration is non-homoge-
neous in the SC: the minimum concentration (~33%) is
achieved in the superficial depth (0-20% SC depth).
Further, the water concentration uniformly increases and
reaches its maximum (~62%) at the boundary between the
SC and stratum granulosum (100% SC depth).

The Raman spectrum of water in the ~3000—3750 cm™!
region contains information about the water mobility as fol-
lows: lower/higher wavenumbers correspond to highest/low-
est hydrogen bonding strength of water with surrounding
molecules, i.e. lowest/highest water mobility [39, 40]. A
Gaussian function-based decomposition of the Raman spec-
trum of the human SC is presented in Fig. la, showing the
superposition of the keratin-related Raman bands at
~3063 cm™! and at ~3330 cm™! on the water spectrum. The
decomposed Raman spectrum describes the water molecules
with different mobility, i.e. with different hydrogen bonding
states: ~3005 cm™!, tightly bound water; ~3277 cm™,
strongly-bound water; ~3458 cm™!, weakly-bound water; and
~3604 cm™!, unbound water [18].

Tracking the intensity of the corresponding Gaussian
functions provides information about the distribution of dif-
ferent water types depending on the strength of the hydrogen
bonds in the SC, which are presented in Fig. 2a. As can be
seen, strongly and weakly bound water types represent more
than 90% of the total water in the SC. The remaining part
(less than 10%) represents tightly bound and unbound water
types. The weakly-to-strongly bound water ratio represents a
hydrogen bonding state of water molecules in the SC, which is
shown in Fig. 2b. This is an important physiological parame-
ter, which shows the bonding efficacy of water molecules in
different SC depths. A lower value describes a better efficacy
to bind water with surrounding SC molecules, which is
observed at 20%—-40% SC depth.

Human skin undergoes changes with increasing age
[41, 42], which has an influence on water bonding in the SC
[43]. Volunteers of a ‘younger group’ (23—34, mean 29 year
old) and an ‘older group’ (45-62, mean 50 year old) were

recruited to take part in a pilot study using CRM. With 21 *
2 um, the SC thickness in the older group was modestly
thicker than in the younger group, where it was 19 £ 1 um on
the volar forearm (p < 0.1) [44]. Figure 3 shows the obtained
results for distributions of the water concentration as func-
tions its mobility state and the water bonding properties in
the SC.

The distribution of the weakly and strongly bound water
in the SC shows significant differences (p < 0.05) between the
younger and older groups at 10%—30% SC depths. The SC of
the ‘younger group’ contains more weakly and less strongly
bound water compared to the ‘older group’ (Figs 3a and 3b).
No differences were found in the distribution of tightly bound
and unbound water (Figs 3¢ and 3d). The hydrogen bonding
state of water is significantly higher in the 10%-30% SC
depth of the ‘older group’ (Fig. 3e) that means a more effi-
cient water binding compared to the ‘younger group’ at these
depths. Thus, an increase of age results in increasing the water
binding at exemplary SC depths, which can be related to
increase of NMF concentration and orthorhombic organisa-
tion of intercellular lipids at 10%-30% SC depths [44]. These
results are in agreement with findings of slightly lower TEWL
in aged skin, indicating increased barrier function [45, 46].
However, TEWL does not contain information about skin
hydration. It should be taken into consideration that the
water binding in the SC could be different to that presented in
Fig. 3 for volunteers of age over 70 years old., as at this age
the intrinsic ageing is better pronounced and manifested clini-
cally [47].

In conclusion, it can be summarised that depth profiles of
the water concentration, water with different mobility, as well
as the hydrogen bonding state of water molecules can be
successfully and non-invasively determined in vivo in the
human SC.
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Figure 3. Depth profiles of (a) weakly bound, (b) strongly-bound, (c) tightly bound and (d) unbound water molecules and (e) the hydrogen bonding
state of water in the SC of the ‘younger group’ (filled squares) and the ‘older group’ (empty squares) measured in vivo using CRM. The asterisk

represents significant differences, p < 0.05. Figures are adapted from [44].
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