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Abstract: We demonstrate the feasibility of short wave infrared (SWIR) spectroscopy
combined with tape stripping for depth profiling of lipids and water in the stratum corneum of
human skin. The proposed spectroscopic technique relies on differential detection at three
wavelengths of 1720, 1750, and 1770 nm, with varying ratio of the lipid-to-water absorption
coefficient and an ‘isosbestic point’. Comparison of the data acquired using SWIR
spectroscopy with that obtained by a gold standard for non-invasive quantitative molecular-
specific skin measurements, namely confocal Raman spectroscopy (CRS), revealed
specificity of the proposed modality for water and lipid quantification. At the same time, we
provide evidence showing aberrant sensitivity of Corneometer hydration read-outs to the
presence of skin surface lipids, and a lack of sensitivity of the Sebumeter when attempting to
measure the lipids of the cornified lipid envelope and intracellular lipid layers. We conclude
that a spectroscopic SWIR-based spectroscopic method combined with tape stripping has the
potential for depth profiling of the stratum corneum water and lipids, due to superior
measurement sensitivity and specificity compared to the Corneometer and Sebumeter.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

1.1 Stratum corneum structure and composition

From an anatomic and physiological perspective, human skin represents a complete
biologic universe. Not only does it house the skin appendages, such as sweat glands and
pilosebaceous units, but also blood vessels, muscle tissue, nerves, components of immuno-
competence and endocrine function [1]. Furthermore research over the past ten years has
demonstrated the skin's remarkable stress sensing capacity [2].
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While the function of human skin goes far beyond a guardian of water-holding capacity
and mechanical integrity, evidently its most traditional mission remains to be forming a
barrier to the hostile external environment [3], protecting against physical, chemical and
microbial insults, as well as against water- and electrolyte loss [3,4]. The barrier function of
the skin is primarily fulfilled by the stratum corneum (SC), the outermost layer formed by
corneocytes (keratinocytes that have migrated from the basal layer to the very top of the skin
and acquired a phenotype of terminally differentiated, denucleated cells).

The barrier structure of the stratum corneum in human skin has four major components,
from the inside of cornified cells to the outside: (i) keratin, filaggrin, involucrin and loricrin
and their degradation products filling the cytoplasm of cornified cells, (ii) the cornified cell
envelope (CCE), (iii) the corneocyte lipid envelope (CLE) and (iv) the intercellular lipid
layers [5]. Of these structures, the CLE and the intercellular lipid layers consist of essential
epidermal lipid components. Ceramides are one of the three major lipid classes (among free
fatty acids and cholesterol/chol-esters), each representing approximately about one third of
the total SC lipids and this specific composition is required to form the highly ordered lipid
lamellae, which are crucial for the barrier function.

The extracellular space of cornified cell layers is occupied by multiple lipid layers called
“intercellular lipid layers” that consist mainly of ceramides (50%), cholesterol (25%) and free
fatty acids (10%-20%) with very little phospholipid [3,4,6-8] arranged in parallel layers
(lamellae) between the corneocytes and is essential for permeability barrier. Next to the lipid
matrix originating from lamella bodies of corneocytes, sebum secreted by sebaceous gland
also contributes to the overall lipid profile at the surface of the stratum corneum.

The corneocytes are filled with water, keratins and a mixture of highly hygroscopic
substances known as natural moisturizing factor (NMF) [5,9]. The water-binding property of
NMF contributes to the hydration of the stratum corneum, which is essential for hydrolytic
enzymatic processes, required for normal desquamation to take place [5].

The stratum corneum thus is a complex structure, which integrity and barrier function
depends on cohesion of corneocytes, the presence and organization of lipids between them
and their water-holding capacity.

1.2 Importance of skin barrier, lipids and water for cosmetic- and medical
dermatology and skin pharmacology

Characterization of the skin barrier is of central importance in several fields including
dermatology, skin pharmacology and personal care. Skin barrier function is affected in
patients with extensive list of dermatological diseases including lamellar ichthyosis, psoriasis,
Netherton syndrome, Chanarin—Dorfman and atopic dermatitis (AD) [10] and has been
suggested to play a role in sensitive skin [11-13].

For example, barrier defect abnormalities (contributing to increased transepidermal water
loss in addition to increased allergen exposure), such as a shared filaggrin mutation were
noted in ichthyosis vulgaris [14] and atopic dermatitis, where reduced structural proteins and
lipids (e.g., ceramides), have been discovered as well [15]. Altered composition of epidermal
lipids was also found to be correlated with Staphylococcus aureus colonization status in
atopic dermatitis [16]. It was also proposed that information on biomarkers including lipids
could be essential in distinguishing allergic contact dermatitis from other types of dermatitis,
for example irritant and atopic dermatitis [17]. In psoriatic skin, a chronic inflammatory
disease associated with a variety of co-morbid conditions, including cardiovascular disease,
heterogeneity in lipid/protein composition at the micrometer scale [18] and changes in
transepidermal water loss (TEWL), free fatty acids and sebum [19] have been reported. In
skin pharmacology, new transdermal drug delivery methods have to overcome the skin barrier
while maintaining its integrity [20] or deliver optimized formulations [21].

In personal care, skin care and shaving routines, such as shaving, exfoliation,
microdermabrasion, and hair removal, need to carefully balance their effectiveness and
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mildness towards SC barrier in order to prevent excessive discomfort and skin irritation.
Looking from a perspective of cosmetic dermatology, alterations in skin water holding
capacity, water and lipids concentrations are thought to be implicated in aging skin [22] and
in dry skin [23]. To continue, in cosmetic industry, skin appearance is traditionally and at
least partly judged based on skin oiliness or/and glossy appearance, where the latter one is
caused by a presence of emulsified film composed of lipids of sebum, cornfield envelope,
cosmetics and environment pollution with sweat [24,25]. While extensive skin oiliness or/and
gloss are often attributed to decreased appearance, their suboptimal levels are associated with
itchy and dry-feeling skin, which looks lusterless, erythematous, and scaly [26,27].

1.3 Need in quantification of skin barrier, lipids and water

All this requires in vivo, non-invasive, quantitative tools assessing skin barrier function and in
particular its water and lipid composition. Furthermore a continuously increasing demand
towards personalized-aesthetics treatments [28], further emphasizes a need for non-invasive,
quantitative skin measurements of the stratum corneum water and lipids.

1.4 State of the art methods for quantification of skin lipids and water

In the past years, quantification of the amount and composition of the extracted stratum
corneum have been performed using a range of different methods such as weighing, optical
spectroscopy, electron microscopy, X-ray diffraction [29]. For example, electron microscopy
and X-ray diffraction studies have been carried out to investigate the degree of organization
of intercellular lipids and its composition [30]. An optical method based on measurement of
the pseudo absorption determined by scattering, reflection and diffraction of the corneocytes
in the visible range was described by Weigmann et al. [31].

Several easy-to-use and high throughput in vivo non-invasive methods for skin barrier
assessment are well accepted in the dermatologist's office and in the mainstream of the
cosmetic industry. They include transepidermal water loss, capacitance- and conductance
measurements for assessment of skin water content and its water-holding capacity and
Sebumeter and gloss meter for assessment of skin lipids and gloss [32,33].

The simplicity of these traditional, easy-to-use techniques comes, however, at a cost of
their specificity. The data interpretation is not straightforward, as read-outs might be affected
by external and internal factors not taken into account by these techniques. In particular, in
the case of the electrical techniques, substances or treatments that interact with the keratin-
water network of the stratum corneum can change the electrical properties of the skin without
actually altering the water content [34]. Moreover, despite the apparent ease of use,
measurements have to be performed under strictly controlled conditions in order to obtain
reliable results, minimizing the influence of biasing factors, such as ambient temperature and
humidity as well as skin appendages [35,36].

Also knowing that the stratum corneum is a non-uniform, inhomogeneous membrane, the
question “whether the lipid and water composition is distributed uniform across the stratum
corneum thickness?” is not well addressed by existing methods. In particular, quantitative
information on how the lipid and water composition changes with the depth in the stratum
corneum is very limited.

In contrast, optical method based on light absorption and/or scattering by specific
molecules, such as Raman microspectroscopy [37,38] is well known for their chemical
specificity and high spatial resolution and, thus, are inherently superior to traditional indirect
electrical methods. Until now, confocal Raman microspectroscopy remains to be the gold
standard for non-invasive quantitative, spatially-resolved measurements of concentration
profiles of molecular components through the skin, including water and lipids. Confocal
Raman microspectroscopy has been successfully used for several dermatological applications.
With further developments for reducing the cost, CRS has the potential to enter the
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mainstream of clinical and dermatological practice with even wider range of applications [39—
42].

1.5 Short wave infrared spectroscopy for the quantification of lipids and water in the
stratum corneum

Near-infrared microspectroscopy is an alternative lower cost approach to confocal Raman
microspectroscopy for quantification of the molecular composition of the skin. While this
technique offers far less molecular specificity compared to Raman scattering, near-infrared
microspectroscopy can provide quantitative and molecular-specific information on water and
lipids in the skin—two components that play an important role in skin condition (e.g., oily
skin versus dry skin) as well as skin barrier and its disorders.

Recently we reported two highly sensitive optical methods for quantitative assessment of
the skin gloss in the low value regime of relevance for daily applications [43]. Subsequently,
we reported preliminary results demonstrating the feasibility of a novel non-invasive optical
method for simultaneously measuring the hydration and sebum retaining ability of the skin
[44]. The methods rely on the detection of signals at three carefully selected wavelengths in
the spectral region around 1720 nm, with ratio of sebum-to-water absorption coefficient
greater than 1; lower than 1 and an ‘isosbestic point’, where lipids and water absorb equally.

To gain spectroscopic information from the deeper layers of stratum corneum, we used
tape-stripping, a well-established method for the investigation of skin permeability and barrier
function, evaluation of dermatological disorders and assessment of penetration profile and
efficacy of various cosmetic and dermatological formulations.

As a follow-up, in this study, we show the feasibility of short wave infrared spectroscopy
as a novel method for analyzing the stratum corneum components, lipids and water, as a
function of depth where the stratum corneum layers were removed using a double-sided
adhesive tape. We also compared the results with the gold standard of skin measurements,
confocal Raman spectroscopy, and with traditionally accepted, mainstream biophysical
devices such as Corneometer, TEWL and Sebumeter.

2. Materials and methods

The study was approved by an internal ethics committee, the Internal Committee for
Biomedical Experiments (ICBE) and the volunteer provided written informed consent. Data
was acquired in vivo on the forehead (T-zone) of a female volunteer (26 years old) with no
history of atopic dermatitis, asthma, allergy, contact dermatitis, or any other skin disorders.
The forehead region was chosen because it represents a skin area with a high density of
sebaceous glands with medium level of hydration.

D-Squame Sampling Disc (CuDerm Corporation, Dallas, USA) with the diameter 30.16
mm was applied for tape stripping. The exerted pressure on the tape was controlled by the D-
Squame pressure instrument at 225 gr/cm’® for 10 seconds. Tapes were removed by fast
movement with D-Squame angular tweezers to ensure minimal variations in the conditions of
tape stripping and in the amount of skin removed.

The developed infrared spectroscopic setup relies on skin illumination using three laser
sources and utilizes differential detection at 1720 + 4 nm, 1750 = 5 nm and 1770 = 20 nm
wavelength (Fig. 1). These specific wavelengths were previously selected as representative
bands corresponding to the lipid vibrational bands that lay “in between” the prominent water
absorption bands [44]. Following the logic, the wavelengths 1750 nm and 1770 nm were used
for estimating the water content and 1720 nm and 1750 nm were used for estimating the lipid
content. The amount of water and lipids is then calculated based on the ratio of backscattered
light to the incident intensity using an algorithm based on Beer—Lambert’s law. The setup and
algorithms are described in more detail elsewhere [44].
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Fig. 1. Schematic of the short wave infrared experimental set-up [44]: LD1 — Laser Diode
(1720 £ 4 nm, Roithner Laser), LD2 — Laser Diode (1750 + 5 nm nm, Roithner Laser), LD3 —
Laser Diode (1770 + 20 nm, Roithner Laser), F — Narrowband filter (1770 + 5 nm,
Spectrogon), M1, M2, M3, M4 — mirrors, M5 — Mirror with a central aperture, FM1, FM2 —
Flipping mirrors, L1, L3, L5 — Aspheric lenses, L2 (f = 300 mm, L4 (f = 300 mm), L6 (f= 75
mm), L7 (f = 150 mm), L8 (f = 35 mm,)— Plano convex lenses L9 (f = 35 mm) — Biconvex
lens, L10 (f=25.4 mm, LA1951-C) P1°, P2° — polarizers, PD — photodiode (DET30B/M).

The relative amount of water and lipids content in the stratum corneum with respect to the
baseline were measured after each tape stripping with the shortwave infrared spectroscopic
experimental set-up, Corneometer CM825 (Courage & Khazaka, Koln, Germany), AquaFlux
Transepidermal water loss (TEWL) instrument (Biox Systems Ltd, Herts, England) and
Sebumeter SM815 (Courage & Khazaka, Koln, Germany). These reference biophysical
devices were used according to instructions given in the corresponding user manuals. Data
were acquired five times in a row with all devices (SWIR, CRS, Corneometer, TEWL,
Sebumeter) within a small area of investigation (6 cm?).

To obtain benchmark (or gold standard) values for the water and lipids concentrations as a
function of depth, confocal Raman microspectroscopy measurements were performed on the
same volunteer before tape stripping as a reference (using an inverted confocal Raman
microspectrometer gen2-SCA equipped with 785 nm and 671 nm laser sources, model
RiverICon 4.0 instrument control, RiverD International B.V., Rotterdam, The Netherlands).
The system was previously described in detail elsewhere [45,46]. Raman spectra were
obtained over a depth range of 30 um, starting from the skin surface and at an axial resolution
of 2 um. For each depth, measurements were performed at 10 different lateral locations (50
pm apart) to average out the intrinsic spatial variation of molecular composition at a
microscopic scale. SkinTools 2.0 software (RiverD International B.V., Rotterdam, The
Netherlands) was used for spectral analysis. Lipid and water content was calculated based on
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lipid to protein (keratin) and water to protein (keratin) ratio's, respectively (lipid: 2790-2910
cm-1; protein: 2910-2966 cm™'; water: 3350-3550 cm-1) [47].
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Fig. 2. Raman spectra of forehead, palm and differential spectrum of both.

Protein is used as an internal reference and the signal due to water and lipids is normalized
by the protein signal to compensate for the depth dependent losses in Raman signal. The
overlap in the high wavenumber number region between spectral bands for proteins (2910—
2966 cm-1) and lipids (2790-2910 cm-1) can lead to an inexactitude as described by Choe et
al. [49]. To minimize this, a spectrum of the stratum corneum of the palm of hand was
obtained (Fig. 2). Palmar stratum corneum spectra show very little signal contributions of
lipids. The intensity ratio of the lipid-band (2790-2910 cm-1) and the protein-band (2910—
2966 cm-1) was used as baseline value. This baseline value was subtracted from the intensity
ratios obtained from the forehead spectra.

3. Results

Raman spectra measured at three different axial positions in the skin (0, 4 and 16 um with
respect to the surface of the SC) together with spectral regions with preferential signal of
water (3350-3550 cm™), protein (2910-2966 cm™) and sebum/lipid (2790-2910 cm™') are
shown in Fig. 3. It can be seen from the Fig. 3 that there is a very low water signal at the top
surface of the stratum corneum and just below the skin (0 to 4 um depth with corresponding
physiological concentration of approximately 25%). The spectra at 0 and 4 um can also be
measured within the thin layer of sebum or at the sebum-skin interface. A notably strong
water signature is appearing at a depth corresponding to the boundary between the SC and the
viable epidermis (approximately 10-15 um below the skin surface, where the water
concentration in healthy skin reaches about 65%). These experimental findings are fully in
line with what is known from the literature [48].

As for the lipids, their clearly visible spectral signature both at the skin surface and at a
depth of 4 um is notable, while at a deeper location (16 um) the spectral band 2790 - 2966
cm™ becomes dominated by proteins, i.e., lipid content is decreasing. Relatively high
contribution of lipids to the spectra acquired from the superficial layers originates from a
mixture of intercellular lipids of corneocytes and components secreted by the sebaceous
glands. Note that in the regions of high density of sebaceous glands such as T-zone (where
the measurements have been performed), the contribution of epidermal components is very
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low (3-6%). At the same time, at body locations with sparse presence of the sebaceous glands,
epidermal lipids are expected to leverage a larger contribution to the overall lipid signal.
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Fig. 3. Raman spectra of the stratum corneum acquired at three axial positions, 0, 4 and 16 pm.
Spectral regions with preferential contribution of water (3350-3550 cm™), protein (2910-2966
cm™") and sebum/lipid (2790-2910 cm™) are marked.

The results of water and lipid content measurement as a function of tape strip number
using the proposed SWIR method, together with the corresponding data acquired using
Corneometer, TEWL are shown in Fig. 4-5. The water content is normalized with respect to
the maximum value corresponding to 70% water content in viable epidermis and lipid content
is normalized with respect to the maximum value corresponding to the lipid content measured
at the skin surface before tape stripping. Corresponding depth resolved water and lipid
measurements using confocal Raman micro spectrometer is shown for comparison. Except for
Raman spectroscopy, all other methods require tape stripping to obtain depth resolved
information because these measurement systems do not have inherent depth resolution
required for depth profiling.

As was expected, one can observe an increase in the level of the SC hydration with an
increase in the number of the removed tape strips, as corneocytes with higher amount of water
become ‘exposed’ to the probes used in SWIR, Cornecometer and TEWL measurements. As
for the overall shape of the water concentration profile, it shows a very steep initial rise
corresponding to the first 6-8 tapes, where the barrier function got impaired as shown by
corresponding TEWL readings, which shows abrupt increase in water flux [49]. Our findings
are fully in line with previously reported water concentration profile across the SC of human
subjects obtained using electron-probe analysis [50] and confocal Raman microscopy [51].
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Fig. 4. Relative Stratum corneum water content normalized with respect to the maximum value
(70% water) as a function of tape-strip number measured with SWIR, Corneometer and
TEWL.

In contrast to the profiles measured using SWIR, capacitance increase with depth is
almost linear in the low hydration regime of the nearly intact skin (corresponding to up to five
tapes removed), while changes to exponential growth when the barrier function is impaired
(in a depth region corresponding to ~30% increase of TEWL values [52]). Similar results for
the capacitance measurements were previously demonstrated by Boncheva et. al, where the
authors hypothesized that these linear and exponential regions reflect different proton
mobilities in bound and liquid/free water (where the water molecules are tightly bound to SC
keratins at lower water content up to 40 mass% and are present in unbound state at high water
content [53]). This suggests that once the skin barrier has been impaired by tape stripping, it
is not clear whether the increase in capacitance and SWIR measurements are related to a
higher water content of the deeper layers or to an increased water flux induced by tape
stripping, as shown by the increased TEWL readings. Therefore, the electrical and SWIR
measurements when used in combination with tape stripping for depth profiling need to be
applied in combination with the measurement of TEWL [54].

The results of lipid content measurement as a function of tape strip number using the
proposed SWIR method, together with the corresponding data acquired using Sebumeter are
shown in Fig. 5. Each data set shows a relative lipid content, where the data were normalized
with respect to the maximum value measured at the very surface of the skin, prior to tape
stripping, where lipids of the SC envelope, of corneocytes and of sebum contribute to the
overall signal). The corresponding depth-resolved profile acquired using confocal Raman
micro-spectrometer in non-disturbed intact skin is shown for comparison as a gold
standard/ground truth in Fig. 6.

One notices a very similar trend in the depth-resolved data obtained using the SWIR and
the Raman spectroscopy methods: both show an almost linear decrease in the lipid signal over
the first 10 micrometers, followed by a nearly steady-state plateau. This is specific for the T-
zone where physiologically a thin layer of sebum content is expected.

This lipid signal across the SC measured using SWIR after a thin layer of sebum was
removed is in line with what is known about their deposition by epidermal keratinocytes. The
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latter are delivering lipids to construct the cornified envelope by exocytosis of lamella bodies
organelles at the boundary between the SC and the viable epidermis [55,56].
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Figure 7 shows the dependence of capacitance based skin hydration measurements using
the Corneometer to measure the presence of lipids. The baseline skin hydration value was
measured on the T-zone having casual sebum levels (250-300 units measured with
Sebumeter) and hydration measurements were repeated while the amount of sebum on the
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skin surface was gradually removed. We observe that skin hydration values increases (Fig. 7,
black line) by a factor of two as the sebum levels drops from 250 to 300 to 50-60 Sebum units
measured with the Sebumeter. Figure 6 (red line) shows the decrease in the baseline skin
hydration measured with the Corneometer as we gradually apply a thin layer of artificial
sebum on the skin surface, in a range relevant for physiological values. We observe that skin
hydration drops by a factor of three as the amount of sebum was increased from 0 to 1.2
ul/cm?® on the skin surface, indicating the influence of sebum on hydration measurements.
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Fig. 7. Dependence of capacitance based skin hydration measurements using Corneometer on
the presence of skin surface lipids (sebum).

4. Discussion

We quantify the depth profile of SC lipids and hydration using short wave infrared
spectroscopy combined with tape stripping and compare the results with conventional
biophysical devices such as Corneometer, Sebumeter, AquaFlux TEWL and Confocal Raman
spectrometry, which provides the gold standard. The method of tape stripping in combination
with short wave infrared spectral analysis presented in this study demonstrate a simple and
noninvasive method for the analysis of intercellular lipids and the degree of hydrogen
bonding (or hydration) as a function of depth in the SC. The results show that the SC is a non-
uniform membrane, characterized by gradients of the water and lipid content.

Regarding non-invasive methods reported for monitoring water content in the skin in
vivo, instruments based on transepidermal water loss properties [57], dielectric properties
such as conductance and capacitance [58] and spectroscopic techniques, such as near-infrared
spectroscopy [38], and Confocal Raman microscopy [40,59] have been used. Even though
conductance and capacitance based hydration measurements are cheap and portable, these
measurements give only relative water content, not absolute values as in the case of Confocal
Raman. The relationship between electrical properties and water content is highly complex
and nonlinear. The device readings using electrical measurements are affected by the
presence of sebum, sweat, hairs, surface microtopography and other environmental factors
such as humidity and temperature. The measurement of hydration level of the stratum
corneum obtained with the capacitance method can be affected by the presence of a thin layer
of lipids (sebum) and also moisturized creams, having lower value of dielectric constant. This
is expected because when a thin layer of oil or artificial sebum having very low dielectric
constant (g~3) is present in the probing depth of the Corneometer, which is typically in the
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range of few tens of microns, the hydration of skin based on the relatively high dielectric
constant of water (g~80) can be influenced. Furthermore, the sensitivity of the capacitance-
based method in the low hydration regime is limited. In addition, water present in the skin can
be tightly bind, bind and not bind and therefore the variation in water binding strength can
lead to poor correlation between total water content and electrical conductance [58]. The
electrical methods based on capacitance and conductance give an integrated value of the SC
hydration, rather than the actual water distribution of the superficial epidermal layers. In
addition, it is not clear whether the increased water content measured with electrical
measurements during tape stripping is due to high water content of the deeper SC layers or
because of the water flux induced by tape stripping [54]. However, electrical devices and
methods can be used to distinguish between dry SC, normal SC and highly hydrated SC.

The transepidermal water loss (TEWL) is used as an indirect measure to characterize the
thickness of the SC layer. This method is inaccurate, especially for tape strips removed from
the superficial layers of the stratum corneum. In addition, emulsions or creams applied on the
skin surface can influence the TEWL. TEWL measurements suggest a high influx of water
after about striping half of the stratum corneum.

Unlike depth resolved Confocal Raman measurements, the amount of lipids and water
content measured with SWIR and other biophysical devices do not directly reflect the
individual layer contents because of the probing depth of these devices. The results rather
correspond to a weighted average over the outermost few layers because these measurement
systems do not have inherent depth resolution like Confocal Raman. Except for Raman
measurements that was done in intact skin, all other measurements were done in combination
with tape stripping to get depth information and this will impair the barrier function and in
particular can influence the water content compared to intact water measurements performed
with Confocal Raman. In addition, as the skin hydration changes with SC depth, the refractive
index of the skin, its absorption and consequently the penetration depth of the beam also
change. The amount of lipid and water content per layer could be quantitatively determined
by measuring the attenuation characteristics of each tape as a function of depth. Compared to
Raman measurements, all other devices have to be used in combination with tape stripping to
get depth information. Nevertheless, the trends observed in the measurements and the general
nature of the behavior obtained remain unchanged.

Several non-invasive in vivo methods such as solvent extraction, cigarette paper pads,
photometric assessment, bentonite clay, and lipid-sensitive tapes have been developed to
quantify skin surface lipid parameters: sebum casual level, sebum excretion rate, sebum
replacement time, instant sebum delivery, follicular excretion rate, and sustainable rate of
sebum excretion. Sebumetry, based on photometric measurement technique is an established
photometric method in the diagnostic practice and in clinical trials, as they are time-saving
and highly reproducible. The lipids near the surface represent a mixture of true intercellular
lipids and sebaceous lipids. The amount and composition of the skin surface lipids is a
mixture of epidermal and sebaceous components. Epidermal lipids originate from the
maturing corneocytes and are liberated at the skin surface during the normal desquamation
process where the terminal keratinocytes exfoliate. The amount and composition of the
intracellular lipids change during the maturation process of the keratinocyte [60]. Sebaceous
lipids containing large quantities of relatively low -melting-point fatty acids delivered to the
skin surface is attenuated quite quickly as one proceeds (through the sequential tape-
stripping) into the membrane [61]. The relative ratio of these two components depends on the
density of sebaceous glands and therefore on the body locations. In the regions of high
density of sebaceous glands such as in the T-zone, the contribution of epidermal components
is very low (3-6%) whereas in sebaceous glands sparse body regions epidermal lipids have a
more significant influence on the lipid mixture [62]. Sebum present on the surface may be
high as 100 to 500 pg/cm2, compared with the low quantities of epidermal lipids, which can
vary in the range of 5-10 to 25-40 pg/cm’” [62]. Sebumeter is sensitive only to the non-bound
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skin surface sebaceous lipids and epidermal lipids present in the first one or two layers. The
decreases in SC lipid content observed in spectroscopic measurements may be also reflected
due to the increase in the fractional volume occupied by the corneocytes with increasing
depth. This observation is consistent with previously reported microscopic histology, which
showed dense corneocytes surrounded by relatively large amounts of lipid near the skin
surface and larger corneocytes with smaller intercellular spaces deeper in the membrane
[63,64].

Until now, no non-invasive devices and methods except confocal Raman spectroscopy
have been reported for the quantitative and simultaneous measurement of stratum corneum
lipids and water content. Development of a non- or minimally invasive method for measuring
stratum corneum hydration and lipids simultaneously will enable to assess the balance
between these factors related to skin health and to select the appropriate dermatological
treatment and provide personalized skin treatment solutions. This will also enable to classify
the skin types into Normal skin (N), Dry skin (D), Oily Skin (O), Oily-Hydrated skin (OH)
and oily-dry skin (OD) and select appropriate water or oil based skin care products and to
monitor the progress during treatment. Confocal Raman microscopy has developed as a
powerful tool for analyzing the depth dependent physio-chemical properties of the SC,
providing valuable information on the water and intercellular content [65]. Even though
Confocal Raman is a highly reliable method for direct and spatially resolved depth profiling
of water and lipid content, the commercially available devices are expensive. More recently,
this technique was further applied for analyzing the intercellular lipid conformation and the
lipid lateral packing order which are directly linked to an impaired skin barrier function and
skin diseases, such as atopic eczema, psoriasis [66].

Compared to Sebumeter measurements that is sensitive to surface lipids only, short wave
infrared spectroscopic method is sensitive to both bound and non-bound lipids and therefore
makes it possible to measure the changes for lipids present in stratum corneum during tape
stripping. One of the potential advantages of the proposed optical method is that it is
insensitive to the presence and variation of other skin chromophores such as blood and
melanin and can be applied independent of skin type. Moreover, the probe does not need to be
in contact with the skin so that the repeated measurements can be performed on the same
location without changing the skin conditions.

5. Conclusions

In this manuscript, we quantify changes in skin hydration and lipids using short wave infrared
spectroscopic set-up combined with tape stripping and compare the results with conventional
biophysical devices such as Corneometer, Sebumeter and AquaFlux TEWL. The preliminary
results demonstrate the feasibility of the novel optical method for simultaneously measuring
the hydration and sebum retaining ability of the skin as a function of tape strip number during
tape stripping. Compared to Confocal Raman measurements, all other measurement devices
including SWIR need to be used in combination with tape stripping, as these measurement
devices do not have inherent depth resolution. Furthermore, changes in the stratum corneum
barrier function and the corresponding increase in the flux of water occurring during tape
stripping suggest that these measurement devices need to be used in combination with TEWL
for quantitative estimation of water content. Confocal Raman and shortwave infrared
spectroscopic measurements show that the SC barrier in terms of the intercellular lipid and
the degree of hydration is not uniform across the entire thickness: the outer few layers appear
to be less hydrated and contains increased amount of intercellular lipids than the deeper layers
of the membrane. We conclude that the short wave infrared spectroscopic technique
combined with tape stripping can be used for analyzing the stratum corneum components and
thereby provide more quantitative and more reliable skin barrier function information than
conventionally employed electrical methods.
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