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Abstract

Objective: The objective of our research was to investigate the heat-protecting
effect of a product ex vivo and in vivo on human hair fibres.

Methods: A preparatory study was carried out in order to determine an optimal
threshold of thermal stress. For this, the structure of cross-sections of the hair
fibre was observed by optical microscopy. Then, Scanning Electron Microscopy
(SEM) and Confocal Raman Spectroscopy (CRS) were applied to analyse ex vivo
and in vivo morphological and molecular damage in hair structure after heat
stress. Finally, in vivo tests were used to collect consumer perception.

Results: The preparatory study enabled us to determine an optimal stress thresh-
old of 10 heating cycle for SEM and 5 heating cycle for CRS. Based on spectral
hierarchical classification using Ward’s clustering algorithm, the ex vivo Raman
results show that the spectral signature of the hair treated and heated is very close
to the negative control. This shows that the product preserves the keratin struc-
ture after thermal stress. These results were also confirmed by an in vivo Raman
analysis performed on hair samples from 5 donors. In concordance with Raman
results, SEM shows that treated hair presents lesser “bubbles” and “crackling” on
the hair surface. Finally, the in vivo studies proved that hair was more protected
from heat.

Conclusion: The authors concluded that the product shows protective proper-
ties with respect to morphological and molecular heat damage. We also demon-
strate that the product promotes the a-helix keratin conformation and preserves
the S-S disulfide bands.
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Résumé

Objectif: L’objectif de notre étude est d’évaluer ex vivo et in vivo I’effet thermo-
protecteur d’un produit sur les fibres capillaires humaines.

Méthodes: Une étude préparatoire a été réalisée afin de déterminer un seuil op-
timal du stress thermique. Pour cela, la structure des coupes transversales des
cheveux a été observée par microscopie optique. Ensuite, la microscopie électro-
nique a balayage (MEB) et la spectroscopie confocale Raman (SCR) ont été appli-
quées pour analyser les dommages morphologiques et moléculaires (ex vivo et in
vivo) de la structure du cheveu apres un stress thermique. Enfin, des tests in vivo
ont été réalisés pour recueillir la perception des consommateurs.

Résultats: ’étude préparatoire nous a permis de déterminer un seuil de stress
thermique optimal correspondant a 10 cycles de chauffage pour la MEB et 5 cy-
cles de chauffage pour la SCR. Basés sur une classification hiérarchique utilisant
lalgorithme de Ward, les résultats Raman « ex vivo » montrent que la signa-
ture spectrale des cheveux traités et chauffés est tres proche du témoin négatif.
Cela montre que le produit préserve la structure de la kératine apres un stress
thermique. Ces résultats ont également été confirmés par une analyse Raman
« in vivo » réalisée sur des échantillons de cheveux de 5 donneurs. En concord-
ance avec les résultats Raman, la MEB montre que les cheveux traités présentent
moins de « bulles » et de « craquelures » a la surface des cheveux. Enfin, I’étude
in vivo a prouvé que les cheveux sont mieux protégés de la chaleur.
Conclusion: Les auteurs ont conclu que le produit présente des propriétés pro-
tectrices vis-a-vis des dommages thermiques morphologiques et moléculaires.
Nous avons démontré également que le produit favorise la conformation de la
kératine en hélice-a et préserve les bandes disulfures S-S.

INTRODUCTION

The hair, like the skin, undergoes various internal and
external aggressions. Among the external aggressions, we
have the environmental factors but also the accumulation
of numerous chemical or physical treatments [1] that at-
tack and weaken the hair fibre. The use of heat styling
appliances such as straighteners, curling irons and hair
dryers is becoming more and more common. However, the
temperature of these appliances can reach extremely high
levels of heat and this heat stress causes long-term dam-
age to unprotected hair, and this damage is cumulative.
Moreover, this damage is not limited to the surface of the
hair (depletion of the protective lipidic film, cracks in the
cuticle and detachment of the scales) [2], it also damages
the fibre in depth (evaporation of water and appearance of
heat bubbles and degradation of keratin, a heat-sensitive

protein) [3]. The hair then becomes rough, dry, dull and
brittle with split ends.

The hair fibre is the visible part of the hair, it is made
up of keratinized cells arranged in three layers: the cu-
ticle, the cortex and the marrow. Human hair is mainly
constituted of keratin: a hard and fibrous protein sub-
stance that gives the hair its strength and elasticity. It is
made up of long chains of amino acids, including cyste-
ine, rich in sulfur, which plays an important role in the
cohesion of the hair. In fact, the keratin chains are sealed
to each other by:

1. Disulfide bridges: stretched between two neighbouring
cysteines, these bonds are very strong and are truly
characteristic of the keratin structure. However, they
are also the weak point of the hair structure because
they are sensitive to attack.
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2. Weak bonds (salt bridges and hydrogen bonds): The
keratin chains are organized into protofibrils, then into
microfibrils which are themselves the constituents of
the macrofibrils.

Several physical techniques have demonstrated the
importance of hair analysis in different fields such as
medical, environmental, cosmetic and forensic sciences.
Some studies report the use of trichoscopy, x-ray diffrac-
tion, solid state nuclear magnetic resonance, circular di-
chroism, scanning electron microscopy and high-pressure
liquid chromatography-mass spectrometry for human
hair fibres analysis [4-9]. Although widely accepted, these
methods lack accuracy and spatial resolution and they
give only surface or structural information without any
accurate molecular information. In addition, these tech-
niques present some technical limitations related to pro-
tocol complexities, prior sample preparation, the need for
extraction and reagent costs. These techniques are there-
fore not suitable for routine application in cosmetic labo-
ratories [10].

Other spectroscopic techniques are finding their way
into the cosmetic field and have been proposed for the
investigation of human hair fibres. Both Fourier trans-
form infrared (FTIR) and Raman spectroscopy have been
extensively used to probe hair chemical composition and
keratin structural changes under different treatments [11-
14]. These powerful approaches represent analytical, non-
destructive and dynamic methods to investigate changes
in whole hair fibre with only little biomass and without
any labeling or sample preparation or extraction. The FTIR
and Raman spectra constitute very specific spectroscopic
fingerprints which reflect the chemical composition and
the structure of the hair fibres. This makes it possible to
investigate the influence of chemical and physical treat-
ments (active ingredient, reduction, heating, UV exposi-
tion and oxidation) on the structure of keratin in human
hair fibres [12, 13, 15]. Previous research suggests that
FTIR spectroscopy can be proposed, for example, for dis-
tinguishing hair follicle tissue layers based on their molec-
ular structure, for discriminating untreated from treated
hair, or also for monitoring the chemical changes related
to the aging effect of human hair fibre [11, 16]. In parallel,
Raman spectroscopy has been used successfully to study
L-Phenylalanine and hydrolyzed egg white protein pene-
tration into keratin fibres, to detect the structural change
in keratin after chemical treatments or more recently by
our team to analyse conformation changes in human hair
keratin after active ingredient application [10, 14, 16].

In the present study, the aim is to evaluate a thermo-
active hair care product that protects the hair from heat,
acting as a heat shield to preserve the fibre of heating
devices. The use of hair irons at high temperatures in

addition to hair dryers causes hair damage. The cuticles
which make up the surfaces of hair are known to have
“lift-ups” and to form “blisters” that are porous flares in
hair caused by the heat treatment [2]. For this, we analyse
the morphological and molecular changes incurred in the
structure of hair samples after thermal treatments with
a straightening iron at 235°C. Different methods have
been investigated in order to assess the hair damage after
the heat stress: (i) for morphological analysis, Scanning
Electron Microscopy (SEM) has been used in order to
examine the surface of hair fibres. (ii) Raman microspec-
troscopy to investigate, ex vivo and in vivo, the molecu-
lar thermal damages of keratin in human hair fibres by
a direct confocal measurement and (iii) finally an in vivo
test to collect the consumer perception combined with a
hairdresser assessment about the efficiency. By comparing
the information provided from those techniques, it will be
possible to correlate keratin molecular changes with the
morphological information and the structural integrity of
the hair fibres as well as the consumer perception of their
hair.

MATERIALS AND METHODS
Hair care product composition (INCI list)

Aqua/water/eau, butylene glycol, glycerin, brassicamido-
propyl dimethylamine, c13-15 alkane, parfum/fragrance,
caprylyl methicone, hydroxyethylcellulose, pentylene
glycol, stearyl alcohol, camellia oleifera seed oil, moringa
oleifera seed oil, hydrolyzed cottonseed protein, polyqua-
ternium-28, dimethicone, citric acid, cetearyl alcohol,
polyquaternium-47, disodium edta, ceteareth-33, pvm/
ma copolymer, dimethiconol, caprylyl glycol, glycine soja
(soybean) oil, sodium hydroxide, sorbic acid, phenoxyeth-
anol, sodium benzoate, potassium sorbate, tocopherol, li-
monene, citral, eugenol, linalool.

Human hair samples
collection and treatment

Standardized hair tresses were provided by Kerling
International (KERLING INTERNATIONAL
HAARFABRIK GMBH; D-71522 Backnang - Waldrems
Postfach 1330). These standardized tresses mean that the
hair fibres were obtained from several donors and stand-
ardized according to the origin, colour, treatment and
length. For the present study, the work was done with
standardized stresses of European origin (several donors),
13cm long and 2mm large and shade 9/0 (blond) (ref-
erence Glued Hair Weft). In order to limit fluorescence
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interference during Raman measurements, we used natu-
ral light blond hair. The care product was applied at 10%
of the tresses weight for 5min (mean weight of tresses:
336+13mg; mean quantity of test product applied:
34 +2 mg). The tresses received the application of heat di-
rectly from the straightening iron at 235°C over the entire
length of the hair shaft. Five or 10 cycles of the heating
process were done (one cycle is equivalent to 5s of heating
at 235°C followed by 15 s of cooling at room temperature).
In this work, a flat iron model Babyliss i-pro 235 ionic XL
Wet&Dry was used.

Preparatory study

A study of a wide range of deterioration with heat was ini-
tially studied. Different heating cycles (0, 5 and 10) were
applied to hair fibres in order to reveal the conditions al-
lowing visualization of molecular changes without harm-
ful effects on hair fibre morphology.

In the first step, the cross sections of the hair fibres
were carried out after applying different heating cycles.
In order to evaluate the degree of deterioration of the
hair fibre after heat stress and to choose an optimal stress
threshold to conduct the study, a comparison of the hair
sections was carried out by an optical microscope with
a 100x objective. For this, Optimal Cutting Temperature
(OCT) compound was used to embed hair samples prior to
frozen sectioning on a cryostat (—20°C). After the heating
cycles, the hair samples become brittle and break easily.
For this, they must be handled and included gently in the
OCT to avoid morphological deformations and curvatures.
After rapid freezing at —80°C, 10 pm-thick transverse sec-
tions were cut by cryostat, and three sections per sam-
ple were placed onto CaF2 slides for optical microscope
analysis. These observations were also correlated with the
images observed with SEM in order to choose the degree
of heat stress to be applied in the study. For this purpose,
hair fibres after (0, 5, and 10) heating cycles were observed
with SEM for evaluation of morphological changes after
heat stress.

Scanning electron microscopy observation

Hair tresses were shampooed (with a classic lauryl sulfate
based shampoo) in order to eliminate residues on hair be-
fore SEM observations as following procedure:

Tresses were wet with tap water. Excess water was re-
moved with gloved fingers. The shampoo was then de-
posed onto the hair tresses and 20 rotations over the entire
length of the tresses were done until foaming. Finally,
hair tresses were rinsed before ambient air drying. Several

hair fibres per case were observed (at least 4 per case).
The morphology of hair samples after thermal treatment
was examined by a scanning electron microscope (MEB-
FEG ZEISS GeminiSEM 300). The samples were placed on
specimen mounts using double-sided adhesive tape and
were made electrically conductive by coating them with
a thin layer (2 nm) of gold (Agar manual Sputter Coater).
The pictures were taken at a working distance (WD) be-
tween 6.2 and 6.5mm and EHT (Electron High Tension)
between 2 and 8 kV.

Raman spectroscopic analysis
Raman spectrometer

Raman spectral acquisitions of hair samples were re-
corded using a Labram microspectrometer (Horiba Jobin
Yvon). The set-up included a microscope (Olympus,
BX41) equipped with a computer-controlled motorized
x-y stage, which enabled automatic scanning of the
sample with a spatial resolution of 1 pm. Raman meas-
urements were recorded by using a dispersive Raman
spectrograph (Labram, Horiba Jobin Yvon) via a 100x
(0.8 N.A) long working distance objective (Olympus)
operating in air. The objective was mounted on a high-
precision piezoelectric device (Physics instrument,
Germany) which allowed focusing the laser light on
each measuring point of the hair sample. This objective
collected light that was scattered by the sample, which
was then detected by a charge-coupled device (CCD) de-
tector of 1024 X256 elements cooled by Peltier effect at
—65°C. The spectrometer comprises also a grating of 950
grooves/mm permitted to collect data with a spectral res-
olution of 4 cm™". The confocal hole was set at 150 pm,
assuring an axial resolution of approximately 2 pm.

The excitation source was provided by titanium-
sapphire laser (Model 3900S, Spectra-Physics, France)
generating a laser beam with a 785 nm wavelength and op-
erating at 50 mW under the microscope objective, which is
non-destructive for hair samples and does not cause any
thermal or photochemical degradation. The laser wave-
length excitation was chosen as the optimal compromise
to ensure the reduction of parasitic fluorescence genera-
tion, good penetration of the light deep into the hair sam-
ples and sensitivity of the CCD detector over the spectral
range.

Confocal measurements (Z) on hair fibres

The axial Z profiles were recorded directly on a hair fibre
for each sample and without any particular preparation.
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For the choice of the mapping (Z) profile, we visualized
the hair fibre with 3 objectives (10X, 50x and 100x) of the
camera microscope (Figure 1).

The mapping (Z) profiles consist of an in-depth scan-
ning through the hair fibre. Raman spectra were collected
at different focus points, from the surface Z = 0 pm to
30pm with a 3 pm step. The spectral acquisitions were
recorded on the 400-4000 cm™ spectral range at different
focus points, taking into consideration the cortex and the
cuticle of the fibres in each measurement. Figure 2 shows
the spectra corresponding to each depth of the hair fibre
up to 30 pum and with a step of 3 pm. The areas under the
curve (AUC) of the full spectrum for each depth are dis-
played in this figure.

For each spectrum, one accumulation of 50 s of laser
exposure was taken. Data acquisition was performed using
LabSpec 5 software (Horiba Jobin Yvon). Prior to data ac-
quisition, the instrument was calibrated to the 520.7 cm!
Raman line of silicon and the laser power at the sample
level was regularly controlled.

Data pre-processing and profiles analysis

The spectral data processing methods used in this study
were previously described in our work based on the anal-
ysis of human hair fibre by Raman spectroscopy [10].
Briefly, in the current study the spectral acquisitions were
recorded on the 400-4000cm™" spectral range. Prior to
data processing on all Raman spectra, the 400-3600cm ™"
spectral range was extracted. Beyond 3600cm™' Raman
spectra do not present any molecular information. The pre-
processing of spectral data was performed using LabSpec
5 software (Horiba Jobin Yvon). First, cosmic radiation
was removed and all aberrant profiles were excluded
from the database. Each remaining profile was subjected
to corrections to clean up the Raman signal for the hair
fibres. These corrections applied to the raw spectral data

Length Y (um)

included the correction of spectral shifts, noise reduction
using a 5-point average Savitzky-Golay smoothing filter,
and baseline correction using a polynomial function of de-
gree 5 to remove the fluorescence background. Finally, for
spectral data processing, the set of spectra were vector nor-
malized across the entire spectral range (400-3600cm ™).
Three axial Z profiles were recorded for each hair sample,
and mean Raman spectra were calculated to ensure that
the Raman measurements were reproducible. Due to the
irregularity of the flatness of the hair surface, the surface
point can slightly vary and no longer corresponds to the
zero position (Z = 0) of the objective lens shift operated
by the piezoelectric device. The surface point is estimated
at the half-maximal intensity of CH vibration (2800-
3000cm™!) when the lower half of the laser beam is in the
hair fibre and the upper half is in the air. In this case, the
maximum focal point is located exactly at the hair surface.
The offset calculated at the surface position was also used
to correct the depth of all spectra of the same profile. For
further data processing, the average spectra from surface
point (Z = 0) to 30 um of depth (Z = 30 pm) were calculated
for each profile. These average spectra from 30 um have
been used in the analysis, taking into account the molecu-
lar information of hair in the cortex and the cuticle.

After the pre-processing steps were completed, the cor-
rected average spectra from 30 pm were processed using
self-coded software based on a hierarchical classifica-
tion algorithm and Amide I band curve-fitting methods
operating in the Matlab environment (The Math Works
Inc.). The average spectra from axial (Z) profiles of hair
fibres were classified using Ward's clustering algorithm.
This function calculates Euclidean distances between the
spectra and groups them into clusters according to their
similarities. This method of cluster analysis allows for the
classification of hair fibres with a similar keratin structure.
The results are shown as a dendrogram. Curve fitting may
be used when the resolved features of overlapping Raman
bands are difficult to observe. In our analysis, curve-fitting

200 -0
Length X (um)

Length X (um)

Length X (um)

FIGURE 1 Light microscopy image of a hair fibre (10x, 50x and 100x) with the position of mapping (Z) profile (central dot position)

[Colour figure can be viewed at wileyonlinelibrary.com]
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analysis was used to extract unresolved o-helix and f-
sheet keratin conformations from the hair fibres' spectra
in the Amide I spectral band. This procedure was based on
the least-squares method using Gaussian and Lorentzian
functions. After the curve fitting, we have integrated o-
helix and f-sheets keratin marker, respectively, at (1640-
1660cm ™) and (1660-1685cm ™) spectral regions. For S-S
cysteine keratin cross-links bands, we have integrated the
peak at 510cm ™" [10].

In-vivo tests

Two studies were conducted in accordance with the
International Council for Harmonization (ICH), the
Guidelines for Good Clinical Practice and the Declaration
of Helsinki. All participants provided written informed
consent prior to study beginning.

Both in use tests, of a 1-month duration, were per-
formed on either 23 Caucasian subjects or 23 Asian sub-
jects. They used the heat protective hair treatment on hair
lengths and ends, under the normal condition of use, 3
times a week before using their own straightening iron or
hair dryer.

Among the Caucasian subjects using a straightening
iron, 5 of them with natural blond or light brown hair (in
order to limit fluorescence interference during Raman
measurements) were selected for the Raman spectroscopy
analysis. A sampling of their hair (about 15-20 hair and
5-6 cm of length) was collected for analysis before hair
treatment and after 1 month of use (with the last applica-
tion 2days before). The subjects answered a satisfaction
questionnaire about hair care effect after 1 month of use,
the percentage was calculated taking into account the pos-
itive answers.

An evaluation by a hairdresser, on the whole hair,
was performed on the Caucasian panel based on a sen-
sory analysis of 4 descriptors (brittle aspect, split aspect,
repaired aspect of the hair and hair shininess) before
and after 1 month. This evaluation was carried out using

Depth (um)

structured scales defined by the references “no inten-
sity” (limit 0) and “maximum intensity” (limit 10). The
hairdresser evaluates the intensity of each descriptor by
attributed a mark on the scale displayed on a computer
screen on a specific software developed.

The improvement percentage was calculated and vali-
dated by statistical analysis. The results of both the satis-
faction questionnaire and hairdresser assessment could be
a support to claim that the product can beautify the hair
despite having been heated.

Statistical analysis

The results that followed a parametric distribution were
subjected to statistical analysis using Student's ¢-test, while
those that did not follow a parametric distribution were
subjected to statistical analysis using the Mann-Whitney
test. p values from significance scores are presented in fig-
ures as follows: *p value <0.05; **p value <0.01; ***p value
<0.001.

RESULTS
Preparatory study

In order to determine a heat stress threshold suitable for
our study without causing significant damage on the hair
fibre, different heat stress cycles (0, 5 and 10) were applied
to hair fibres followed by morphological analysis by con-
ventional microscopy on cross sections and by SEM on in-
tact fibres. The heat stress cycles were applied using a hair
iron straightener at 235°C.

Compared to untreated hair fibre, the results (Figure 3)
of the conventional microscopy and the SEM show a sig-
nificant degradation of the fibre structure at 10 stress cy-
cles by the formation of bubbles and cracks.

These results show that 10 heat stress cycles are too
aggressive on the hair structure and cause significant
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Control: No heating

5 heat cycles

10 heat cycles
Bubbles and cracks formation (white arrow)

FIGURE 3 Light microscopy images (100x) of cross section of hair fibres subjected to (0, 5 and 10) heat stress cycles (a) and SEM
images (x1000) of hair fibres subjected to (0, 5 and 10) heat stress cycles (b) (formation bubbles and cracks indicated by white arrows)

morphological alteration of the fibres by the appearance
of bubbles and cracks. Based on these results, we chose to
conduct our study with two different heat stress thresh-
olds. For the SEM technique, a 10 heat cycle threshold was
chosen because this threshold allows observing morpho-
logical modifications on the hair structure fibre. For the
CRS technique, a lower heat stress threshold at 5 cycles
was chosen to preserve the morphological integrity of
the hair fibres in order to focus the study on molecular
changes after heat stress.

Evaluation of thermal stress on the hair by
SEM method

This technique was used to evaluate the effect of expos-
ing the surface of the hair fibre to excess heat (235°C).
Figure 4 shows the SEM images of hair fibres that were
subjected to 10 cycles of thermal treatment using a hair
iron straightener at 235°C. The SEM pictures below are
representative of the obtained effect of heat on untreated
and treated hair with the hair care product.

The pictures show substantial damage of heat on
untreated hair fibres by the appearance of bubbles and
cracks. These phenomena were as expected: the inner part
of hair contains about 10% of “bound water” (water bound
to keratin chains). This water contained in hair fibres

gives the hair its elasticity and suppleness. Heat stress in-
duces the “boiling” of this water and tiny vapour bubbles
(also called heat bubbles) are formed inside the hair fibres.
These water vapour bubbles deform the hair from the in-
side by exerting pressure on the constituent parts of the
fibre and hair loses its flexibility and becomes very brittle
[3]. Heating devices induce crackles on hair fibres by al-
tering the natural lipidic film that protects the hair fibre
surface.

The tested hair care product clearly shows protective
properties with respect to heat damage. Hair treatment
with the test product before heat damage systematically
showed lesser “bubbles” and “crackling” on the hair
surface.

Evaluation of thermal stress on the hair by
Raman spectroscopy

Assignments of keratin markers in Raman
spectra of human hair fibre

The first step of this work was to determine the reference
Raman spectra of all hair samples and to compare them
with reference human keratin Raman signal. The corre-
sponding Raman spectrum is shown in Figure 5. The com-
parison between Raman spectra of human hair fibres and
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FIGURE 4 SEM image of hair
fibres after 10 cycles of thermal stress
(%500 a and b), (x1000 ¢ and d) with and
without treatment with the hair care
product (formation of bubbles and cracks
indicated by white arrows)
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FIGURE 5 Raman spectrum of human hair fibre showing keratin molecular markers (highlighted) after thermal stress

pure keratin molecules allowed us to evaluate the contri-
bution of the keratin molecule to the hair fibre spectrum
and the assignment of specific keratin bands in the global
spectrum of human hair. The results show very close spec-
tral signatures between hair samples and reference kera-
tin Raman signal. In the spectra, several peaks specific to
keratin molecules can be distinguished (highlighted bands
in Figure 5) and the major bands are found in two spectral
windows: 400-1700cm ™" and 2700-3000cm ™" [10].

Raman ex-vivo analysis

To investigate the influence of treatments with hair prod-
uct and thermal stress with straightening process on hair
fibres; the keratin structure of 4 samples [S1: untreated
and unheated (Control), S2: treated and unheated (T UH),
S3: untreated and heated (5x) (UT H) and S4: treated and
heated (5x) hair sample (T H)] of natural human hair was
directly analysed by using confocal Raman spectroscopy.
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We recorded 3 Raman (Z) profiles directly on the human
hair fibre resulting from each treatment. Before the
data analysis, the Raman signal of the product has been
checked and does not show any interference with the hair
keratin signal in the spectral region of interest (Amide I
and S-S disulfide bands). The spectral comparison of the
hair samples with the product is shown in Figure 6.

To estimate the spectral difference, the mean Raman
spectra of the 4 hair samples were compared and the cor-
responding spectra were classified by using a hierarchical
cluster analysis algorithm. The function used calculates
Euclidean distances between the spectra and the group
according to their similarities in a cluster. The results are
shown in Figure 7.

The results of this spectral classification based on the
mean spectra, allowed to distinguish four spectral groups
corresponding, respectively, to the S1, S2 S3 and S4 sam-
ples. These results show that the Raman spectral signa-
ture of the treated and heated hair fibre (S4 sample) is
very close to the negative control (untreated and unheated
S1 sample) (framed samples) compared to the S2 and
S3 samples. The S3 hair sample (untreated and heated)
shows the maximum spectral heterogeneity threshold (5)
compared to the other hair samples (S1, S2 and S4). This
classification suggests that the keratin spectral signature
is preserved by hair product after thermal stress with the
straightening process.

To investigate which molecular component of keratin
the product has a significant effect, the Raman spectra of
the 4 hair samples are submitted to a statistical analysis
to determine whether there are significant differences
between them. The comparison between mean spectra of
negative control (S1) and the means spectra of each hair
sample (S2, S3 or S4) by using the Mann-Whitney statisti-
cal test (p = 0.05) allowed possible to determine the most
pertinent spectral markers for detecting the molecular
changes in the keratin. The spectral comparisons show a
specific and non-specific spectral variability, the amide I
and disulfide S-S cysteine keratin bands are identified as
a discriminant between the samples after hair treatment
with the product and after thermal stress; these results
suggest that the hair product has a molecular effect on
these molecular bands. For this, the spectral analysis was
particularly focused on the amide I and disulfide S-S cys-
teine bands. The more keratin hair fibres are constructed
almost exclusively of a-helices and are rich in cysteine
which provides covalent disulfide (S-S at 510cm™) cross-
links between adjacent polypeptide chains.

The amide I region allows detecting the change in a—
helix and p-sheet keratin conformation. To evaluate the
influence of treatment and thermal stress on hair fibres
two molecular spectral markers were calculated: the ratio

of a-helix (1640-1660cm™") to p-sheets (1660-1685cm™)
on amide I region and disulfide S-S cysteine keratin cross-
links bands (510cm™).

The results are shown in Figure 8. These results show
that the thermal stress has a tendency to decrease the
a-helix keratin conformation (for S3 and S4 samples)
(Figure 8, graph a). In parallel, significant increase in -
sheets keratin conformation is observed for S3 sample (un-
treated and heated) (Figure 8, graph b), and this increase
is not significant for treated hair samples (S2 and S4).
These variations in a-helix and p-sheets keratin conforma-
tion cause a significant decrease in the ratio of a-helix to
B-helix sheets keratin band for S3 sample (untreated and
heated) (Figure 8, graph c). This result can be explained
by the fact that the product provides thermal protection
of the hair fibres by promoting the a-helix keratin confor-
mation and inhibits the transition to the f-sheets keratin
conformation.

Disulfide bonds are important for the stabilization of
folding structure of keratin. The stability of S-S disulfide
bonds in keratin can be assessed by calculating the confor-
mational order of disulfide S-S cysteine bonds in the 474-
578cm™" spectral range. The results are shown in graph
(Figure 9).

These results show that the thermal stress decreases
the intensity of covalent cross-links bands of cysteine for
S3 sample (untreated and heated). This can be explained
by a fragility in the keratin structure caused by thermal
stress. In parallel, for S4 sample (treated and heated), we
observe stability in the S-S disulfide keratin bands, sug-
gesting that the product preserves the (S-S) disulfide ker-
atin bands from thermal damage and stabilize the tertiary
structure of keratin hair fibre.

Raman in-vivo analysis

In order to confirm the results obtained from ex vivo
analysis, a complementary in vivo study was carried out
on volunteers. For this, 5 volunteers with light blond
hair were included in this analysis and two hair sam-
ples per subject were taken. The first hair sample on DO
before product application and the second hair sample
at 28days (D28) after product applications and ther-
mal stress. As for ex vivo analysis, the molecular analy-
sis was particularly focused on the disulfide S-S and
amide I keratin bands. The results are shown in graphs
(Figure 10). As observed for ex vivo analysis, the ratio
of a-helix to B- sheets keratin conformation increases
significantly at D28 after hair treatment and a tendency
(limit to significance) to decrease in the S-S disulfide
keratin bands was observed. These results confirm our
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FIGURE 6 Spectral comparison between hairs samples spectra (S1, S2, S3 and S4) and tested product spectrum. The highlighted peaks
represent the spectral regions of interest [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 Hierarchical cluster
analysis of mean Raman spectra of 4 hair
samples. S1: untreated and unheated
(Control), S2: treated and unheated

(T UH), S3: untreated and heated (5x%)

S2-1
S2-2
S2-3

S2 (T UH)

(UT H) and S4: treated and heated (5x)
(T H) [Colour figure can be viewed at
wileyonlinelibrary.com]
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hypothesis, suggesting that the hair product promotes
the a-helix keratin conformation and contributes to the
stability of its tertiary structure.

Evaluation of the hair care effect during the
clinical study

Furthermore, these results were also completed
with another analysis and enable to validate the effi-
ciency of the hair care from a consumer and a hairdresser
point of view.

3 2 1 (
spectral heterogeneity

The hairdresser assessed an immediate decrease of 37%
of the brittle aspect of the hair and of 30% of split hair as
well as an increase, after 1 month of use, of 17% of the
hair shininess and of 26% of a repaired hair aspect. After
1 month of use, the satisfaction questionnaire revealed the
following results (Figure 11).

DISCUSSION

In this study, the evaluation of a thermal protection of a
cosmetic finished product with several methods provided
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interesting information on the effect of the thermal stress
on hair fibres. This hair care product acts through ther-
moactive technology formed by two ionic polymers.
Activated by heat, this product forms an adhesive micro-
gel that helps the appearance of hair by closing scales and
filling in breaks. Thus, the fibre should be protected from
the heat, the hair is shinier, softer and more supple with
less split ends and less brittle hair.

The SEM method enabled the evaluation of the ef-
fect of excess heat on hair fibres. The obtained images
showed changes in the hair surface after a thermal stress.
Two main deformation patterns were observed: cracks on

j

S4(T H)

hair cuticles and bubble formation in the hair fibres. The
treatment of the hair fibres with the hair care product de-
creased the heat associated damage.

At the molecular level, the results of Raman spectros-
copy showed, on the one hand, that the product provides
thermal protection of the hair fibres by promoting the o-
helix keratin conformation and inhibits the transition to
the pB-sheets keratin conformation. On the other hand, for
treated and heated hair samples, we observed stability in the
S-S disulfide keratin bands and this suggests that the prod-
uct preserves the (S-S) disulfide keratin bands from thermal
damage.
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According to our results, we can suppose that the prod-
uct provides thermal protection of the hair fibres by acting
at two levels of keratin molecular structure: (i) at secondary
structure by promoting the o-helix keratin conformation
and (ii) at tertiary structure by protecting hydrogen keratin
bonds and stabilization of disulfide bridges. These results are
consistent with the thermal protective claims of the product
and with the morphological observations made in SEM.

However, we have confirmed the Raman and SEM re-
sults with other techniques, such as the repairing effect on
the split ends of the hair fibres, the evaluation of the pro-
tection of hair's lipid envelope by fluorescence microscopy
on hair fibres cross-sections and Differential Scanning
Calorimetry (DSC) (Supplementary Data: S1).

Furthermore, these results were also confirmed by
the Asian and Caucasian consumers and a hairdresser.
After 1 month of use, most of the consumers found
that their hair was protected from the heat of styling

appliances by protecting hair against split ends and brit-
tle hair. The hair was shinier, softer, more supple and
thus more beautiful; those improvements were also
found by the hairdresser. However, these results need to
be confirmed on more donors by combining other fac-
tors affecting heat-protecting effect of product such as
(origin, colour, age and sex ...).

CONCLUSIONS

Through the results obtained in this work, we have dem-
onstrated by the Raman spectroscopy technique that the
hair care product has thermal protective activity by act-
ing on the conformation and disulfide bridges of keratin.
However, by SEM analysis, we established a link between
the molecular action of the product and the preservation
of hair fibre morphology against thermal damage, such as
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FIGURE 10 Evolution of a- helix/p- sheets keratin conformation (a) and disulfide (S-S) cross-links band (b) of in-vivo hair samples
(**p<0.01, *p<0.05, NS: not significant p>0.05). DO before product application, D28 after product application and thermal stress
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FIGURE 11 Satisfaction results of
the in use tests on the Asian and on the
Caucasian panels. Percentage of positive
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bubbles and cracks. Moreover, a complementary clinical
study confirms the results obtained with the SEM and the
Raman spectroscopy by showing a good perception by the
subjects of the thermo-protective effect provided by the
hair care treatment as well as the overall beautifying ef-
fect on the hair.

According to our results, Raman spectroscopy is a
technique with a great molecular potential that offers
the opportunity to evaluate other important aspects re-
lated to the effectiveness of cosmetics on human hair
such as hydration, active penetration, oxidative and UV
stress and this without performing any labeling or sam-
ple extraction.
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