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Confocal Raman spectroscopy: determination of natural moisturizing
factor profile related to skin hydration
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Abstract Introduction: Skin health and skin care to reduce the effects of aging are the main interests of many researchers.
The skin is very important because it protects the body from various effects of the external environment, and
studies of the largest organ of the human body have been conducted since antiquity. In skin, aging effects are
severe enough to promote changes in cell structure and biochemical composition. In this study, we quantitatively
analyzed the water content and natural moisturizing factor of human facial skin in vivo and in real time by
confocal Raman spectroscopy. This non-invasive technique is capable of providing detailed information on the
biochemical composition at different depth profiles in the skin. Methods: We studied 10 volunteers, phototype
II (40 and 50 years old), using a confocal Raman system to examine the skin surface down to 25 µm. Raman
spectra were obtained before product use (T0), and after 30 days of continuous use of cosmetics (T30). Results:
The results show a significant increase of 6.4% in water content in the surface layer of the facial skin after the
cosmetic use. The amounts of natural moisturizing factor (NMF) compounds were also increased. Urocanic
acid underwent a greater change in relation to carboxylic acid pyrrolidone, with a 38.5% increase in the stratum
corneum. Conclusion: Confocal Raman spectroscopy identified changes in the biochemical composition of
the superficial layers of the epidermis, which suggests the anti-aging efficacy of the formulation.
Keywords Skin aging, Cosmetics, Confocal Raman spectroscopy, NMF.

Introduction
The skin, the interface between the biological body
and the environment, is divided into three layers:
the epidermis, dermis, and subcutaneous tissue.
The epidermis is composed of stratified epithelium,
which is regenerated continuously, and it varies in
thickness from 40 µm to 1 mm for different body
regions. Epidermal cells are first keratinocytes, which
during maturation, migrate upward to the surface of
the skin, forming a layer approximately 10 to 15 µm
thick, denominated the stratum corneum. In this layer,
keratinocytes become corneocytes (hydrophilic)
and are stacked into layers interspersed with an
array of intercellular lipid structures (hydrophobic).
These intercellular lipid structures are composed of
ceramides, cholesterol, and fatty acids, which act as
a barrier against dehydration (Grayson and Elias,
1982). The degree of organization of lipids is of
utmost importance in preventing transepidermal water
loss (TEWL) (Costa, 2012). Below the epidermis is
the dermis, which has a thickness ranging from 0.5
to 4 mm and is comprised primarily of collagen and
elastin (Caspers et al., 2003).
The skin aging process is quite complex, as it
is the sum of a series of changes related to intrinsic
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and extrinsic factors. During the skin aging process,
biochemical, cellular, and tissue changes mainly result
in a decrease in the dermal-epidermal interface. These
changes affect the transport of nutrients between
the layers of the skin, causing a decrease in the
extracellular matrix and the fragmentation of elastic
fibers (Votano et al., 2004), while promoting the
reduction of collagen synthesis by impairing the
activity of fibroblasts (Chung et al., 2001). Biochemical
and histological skin alterations cause anatomical
transformations such as melanosis, the formation of
wrinkles, actinic keratoses, loss of elasticity, decreased
hydration, and photodamage (Bagatin, 2008).
Studies of the biomechanical properties of skin
and the influence of active components are usually
performed using invasive techniques that remove the
skin tissue for ex vivo analysis. Currently, scanometry
is the most common method for ex vivo study in the
first sublayers of the skin, performed by successive
applications of adhesive films (Alberti et al., 2001).
However, the standardization of applied force is
difficult with this method, resulting in changes in
the thickness profile of the removed skin. Some
non-invasive methods, such as measurement of
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electrical properties, are employed in the evaluation
of skin hydration. Studies on skin hydration have bee
conducted by measures of skin capacitance, electrical
conductance, transepidermal water loss (TEWL), and
pH electrode (Djabri et al., 2012; Fraser et al., 2012).
Such electrical measurements provide qualitative
information on changes in the general characteristics
of the skin, but they do not measure changes in its
molecular composition.
Due to the limitations of conventional techniques,
various studies have been performed using noninvasive
optical techniques. Among these techniques, in vivo
confocal Raman spectroscopy is a powerful method
to identify and characterize changes in biochemical
structures and molecular conformations resulting
from aging processes in living tissues in real time
(Oliveira et al., 2012; Tosato et al., 2012).
Given the effects of the skin aging process and the
complexity in understanding all the agents involved,
the objective of this study was to identify the Raman
spectral regions where the greatest biochemical changes
occur in the skin, in the absence and presence of a
cosmetic anti-aging formulation. In this work, we
analyzed the water and natural moisturizing factor
(NMF) content. The NMF is found exclusively in
the stratum corneum and comprises amino acids and
their derivatives, such as inorganic ions. The NMF
forms a complex medium responsible for maintaining
the optimum quantity of water in the skin (Rawlings
and Harding, 2004). Analyses were performed in
different layers of the skin by in vivo confocal Raman
spectroscopy to understand the possible changes and
relate these changes to the use of the product.

Methods
This work was developed at the Laboratory of
Biomedical Vibrational Spectroscopy at Universidade
do Vale do Paraíba, following the Guidelines and
Standards for Research Involving Humans, according
to Resolution 196/96 of the National Health Council.
The study was approved by the Research Ethics
Committee (CEP) of the Institute for Research and
Development of Univap, under protocol number H48/
CEP/2008. All subjects signed a consent form before
the start of the study and received information about
study procedures.
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lines on the skin of their face and did not frequently
use products to reduce aging marks, or routinely use
makeup. The following exclusion criteria were used
for the study: presence of skin disease, pregnancy or
lactation, irritation or cosmetic sensitivity to products
with anti-aging active ingredients, and the start of or
changes in medication.

In vivo experimental methodology
To evaluate the possible biochemical changes in the
components of facial skin due to use of the product,
the study was divided into two stages, T0 and T30. The
first measurement, T0, was performed after seven days
without the use of any face cosmetic products by the
volunteers. After initial measurements, the volunteers
were instructed to use the product continuously for 30
consecutive days. We recommended the application
of the cosmetic twice a day (morning and afternoon),
across the face. The final measurement, T30, was
measured after 30 days.
Before starting spectroscopic measurements of the
skin, the volunteers used water to wash the area to be
measured and waited for 30 min in an air-conditioned
environment at 23±1 ○C and relative humidity of 4050%. The analyses were performed at the right side
of the periorbicular region of the face, and Raman
spectra were measured with steps of 5 µm from the
surface of the skin to 25 µm in depth. Raman data
were taken at 2 different points, P1 and P2, separated
by a horizontal distance of approximately 30 µm. To
assess the variance of the results in P1 and P2, two
spectral acquisitions were taken. Each acquisition
was divided into two spectral regions, classified as
high and low frequency, totaling eight readings for
each depth for a single volunteer.

Raman measurements
Non-invasive analyses were performed by confocal
Raman spectroscopy using a system from Rivers
Diagnosis (Model 3510), with laser excitation at
785 nm and 671 nm and power at the sample of
25 mW and 10.6 mW, respectively. The Raman data
were collected by a CCD detector. We analyzed
the spectral fingerprint (400-1800 cm–1) and high
frequency region (2800-3600 cm–1) at the following
depths: 0, 5, 10, 15, 20, 25 mm. The integration time
was 10 seconds for each depth.

Selection of volunteers

Data processing

The study comprised 10 volunteers with phototype II,
classified according to skin color and reaction
to sun exposure (white skin, hardly tans, burns
easily - sensitive), ranging in age between 40 and
50 years. The participants all had wrinkles and fine

The concentration of the stratum corneum components
at different depths was calculated semi-quantitatively
in relation to keratin concentration using the software
Skin Tools®. This method is well described by
Caspers et al. (2001).
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The concentration profile of water in skin (water
content) as a function of depth was determined in
the high-frequency Raman spectra region. This was
performed using the ratio between the integrated area
of the keratin peaks (between 2910 and 2960 cm–1) and
water molecule peaks (between 3350 and 3550 cm–1)
resulting from –CH3 stretching vibrations and OH
stretch. The integration was performed assuming
a linear baseline between 2600 and 3800 cm–1
(Bergholt et al., 2013; Caspers et al., 2000; De
Carvalho et al., 2011). The water content (% by
mass) is expressed in grams of water per 100 g of
skin tissue and was calculated from the ratio of the
water-band protein. The first derivative of the average
profiles of the curves for water concentration (T0
and T30) was used to determine the approximate
thickness of the stratum corneum, indicated by the
minimum x-value point. Beyond this value, the rate
of change became zero.
For the low-frequency region of the Raman
spectrum, known as the fingerprint region, the
calculation of the overall NMF was performed.
This region comprises amino acids such as PCA
(pyrrolidone carboxylic acid), urocanic acid (AUC),
lactate, urea, serine, glycine, arginine, citrulline,
ornithine, alanine, histidine, and phenylalanine. PCA
and AUC are considered the main components of NMF.
Therefore, they were chosen for the analysis of NMF
in the skin. The semi-quantitative determination of
the molecular concentration of each amino acid for
different depths was performed using the least square
fit of the spectra and compared to the pure spectra of
each constituent (Caspers et al., 2001).

NMF profile and skin hydration

Figure 1. Average Raman spectra of the high-frequency region (2600
to 4000 cm–1) for T0 (black) and T30 (gray) for different depths. For
clarity, the spectra have been shifted vertically.

Results
Determination of water concentration
Figure 1 shows the average confocal Raman spectra of
T0 and T30 at different depths in the high frequency
region. Compared to T0, there is a notable increase
in the intensity of the band centered at 3420 cm–1
for T30 from the surface to 20 mm in depth. The
calculated water concentration profile is shown in
Figure 2. The spectral region at 2800-3000 cm–1,
assigned to the stretch vibrations of CH and CH3
in keratin, is better discriminated for T30, at up to 5
micrometers in depth.
The calculated values (Figure 2) indicate that the
water content at the skin surface is approximately
35%. The water content gradually increases with
depth until reaching a constant value equal to 70%
for T30 near 15 µm (intersection of the gray line).

Figure 2. Average water concentration (% of mass) at different depths
for T0 and T30. The point of intersection for the gray lines gives an
estimate of the stratum corneum thickness.

Figure 3 shows the water content variation between
T0 and T30, which was calculated using Equation (1):
Water Contet ( % ) =

T 0average − T 30average
T 0average

× 100

(1)

For T30, an increase in water content was found
with a maximum equal to approximately 6.4% at a
depth of 10 µm. Between 0 and 15 µm in depth is the
stratum corneum, which acts as a protective barrier
against water loss.
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Figure 3. Difference in the average water concentration between
T0 and T30.

NMF (Natural Moisture Factor)
Figure 4 shows the average Raman spectra obtained
for the fingerprint region at depths of 0-25 µm for
T0 and T30. Using these data, we performed the
calculation of NMF concentrations, as described in
the methodology.
Figure 5 shows the changes in the NMF content at
different depths for T0 and T30. As expected for both
time points, the amount of NMF decreases at greater
depths. However, for T0, the NMF shows practically
the same values at 10 and 15 µm. These results can
be correlated with the water concentration in the
skin. The semi-quantitative concentration profile of
NMF shows an increasing gradient up to 5 µm from
the skin surface after use of the product as well as an
increase in the NMF content from 0.9 to 1.2 (a.u.) at
the surface. The calculated NMF average content for
T0 and T30 was 30.93 ± 1.09 (a.u.) at the skin surface
and 12.76 ± 0.48 (a.u.) at 5 µm in depth.
To understand the behavior of the natural
moisturizing factor of skin, we compared the levels
of two key components of NMF, PCA (pyrrolidone
carboxylic acid) and UCA (urocanic acid). Analysis
of the in vivo Raman spectra using the spectral model
described in the methodology revealed an increase
in the amounts of PCA and UCA at the skin surface.
Figures 6a and b show the average contents of PCA
and UCA for volunteers at T0 and T30. For UCA,
the increase between T0 and T30 was approximately
38.5% at the skin surface, approximately 1.5% at
5 µm in depth, constant up to 10 µm, and decreasing
thereafter. The PCA content of the NMF showed a
small increase of approximately 2.4% between T0
and T30 at the skin surface (0 µm), and decreased
for greater depths.

Figure 4. Average Raman spectra T0 (black) and T30 (gray) for different
skin depths. For clarification, the spectra have been shifted vertically.

Figure 5. Average NMF concentration for T0 (black) and T30 (gray).
The inset shows the semi-quantitative concentration of NMF.

Discussion
The amount of water content in the skin obtained by
confocal Raman spectroscopy for different depths is
in agreement with the results in the literature obtained
using other techniques, which reports the water content
in the stratum corneum to be approximately 70% (by
weight) for healthy skin. The outer skin layer is more
susceptible to suffer the aggressions of the environment,
such as relative humidity variations. Therefore, these
outer layers are largely dependent on ambient humidity
and are hydrated to a much lesser degree than deeper
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Figure 6. In vivo semi-quantitative concentration of UCA (a) and
PCA (b) for the particular region.

layers. In previous work, Raman spectroscopic results
showed a water content of approximately 30 ± 5% at
the skin surface and a continuous increase to 65 ± 8%
at a depth of approximately 15 µm (Caspers et al.,
2003). The water content in the deeper layers of the
stratum corneum is not easily influenced by changes
in external conditions, such as those caused by
seasonal variations (Egawa et al., 2007). Normal
skin, which has no aspect of dryness, must contain
a water content value above 10%, stored both in the
intercellular medium and in corneocytes (surface skin
cells). Dehydrated skin can present different disorders,
including the malfunction of enzymes involved in the
desquamation process. These hydrophilic enzymes
require water to promote the reactions that will break
the cohesive force existing between the corneocytes
that are connected by corneodesmosomes bound
to protein S. When protease enzymes degrade the
protein, the desquamation process occurs. Thus,
water acts directly in enzymatic reactions that occur
in the stratum corneum, ensuring the functioning and
integrity of the tissue (Rawlings and Harding, 2004).
Therefore, the significant increase in hydration from
5 to 35 µm showed that use of the cosmetic promoted

NMF profile and skin hydration

water retention, which is associated with the barrier
effect in controlling transepidermal water loss. In the
tested product formulation, we found a humidifying
active function, which contributes to the retention of
water in these layers.
The NMF was increased at the surface and
5 µm in depth (Figure 5), which could be related
to the hydration at these depths. The NMF is
responsible for maintaining the level of hydration
of the stratum corneum because it is composed of
different hygroscopic molecules. Increases in natural
moisturizing factor in the stratum corneum occur
when the skin needs water (Wu and Kilpatrick, 2011).
The increase in the production of NMF starts with
the synthesis of filaggrin from the dephosphorylation
of the profilaggrin keratinocytes protein, which is
located in the upper layers of viable epidermis.
When filaggrin moves to the interface between the
stratum granulosum and the stratum corneum, the
filaggrin is hydrolyzed (Kezic et al., 2008). This
process is confirmed by the content variation in
NMF obtained by Raman spectroscopy because it
showed a greater increase at the skin surface with a
slight decrease to 5 mm. During the aging process of
skin, cell renewal is slower, facilitating the action of
hydrolytic enzymes that are responsible for breaking
the chains of the filaggrin protein. The disruption of
these protein chains results in the release of amino
acids and their derivatives, such as pyrrolidone
carboxylic acid (PCA) and urocanic acid (UCA),
which are responsible for composing the NMF
(Bouwstra et al., 2008). Urocanic acid is the result
of the metabolic degradation of histidine, an amino
acid found in human skin that has a high absorption
capacity for UVB rays. However, this component
of NMF is water soluble and can be easily removed
from the skin surface in different ways, such as
perspiration. After 30 days of constant use of the
product, an increase in the concentration of UCA
in the skin surface was observed.
The methodology of confocal Raman spectroscopy
was used to determine the water content and NMF of
facial skin in different layers in real time. Using this
technique, we found that the cosmetic modified the
biochemical composition of the skin by increasing
the water concentration and NMF. These changes
were positive and suggest mitigation of the effects
of skin aging.
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