Ultramicroscopy 259 (2024) 113925

Contents lists available at ScienceDirect

Ultramicroscopy

journal homepage: www.elsevier.com/locate/ultramic

ELSEVIER

Check for

Characterization of the mechanical properties of the cortex region of ol
human hair fibers by multiparametric atomic force microscopy mapping

Raissa Lima de Oblitas™ ", Flavio Bueno de Camargo Junior °, Wagner Vidal Magalhaes ",
Fernanda de Sa Teixeira®, Maria Cecilia Salvadori®

2 Instituto de Fisica, Universidade de Sao Paulo, Sao Paulo, SP 05508090, Brazil
b Departamento de Pesquisa, Desenvolvimento e Inovagao, Chemyunion LTDA, Sorocaba, SP, Brazil

ARTICLE INFO ABSTRACT

Keywords: We show the benefit of the use of atomic force microscopy (AFM) in spectroscopy force mode (FV: force volume)

Hair fiber ) for evaluation of the cosmetic active effectiveness in improving the mechanical properties of human hair fibers

Eortex region cortex region. For this, we characterized human hair fibers without and with chemical damage caused by
orce curve

bleaching process. Fiber and resin (embedding material) data were obtained simultaneously in the mapping in
order to have the resin data as a reference to ensure a coherent comparison between data from the different fiber
groups. Our AFM results, which were evaluated using statistical tests, demonstrated the degradation of fibers
after bleaching, corroborating the findings of transmission electron microscopy analysis and the effectiveness of a
cosmetic active ingredient in improving the Young’s modulus (elastic modulus) (E) of the damaged fibers. We
also found a radial decrease in the natural logarithm of Young’s modulus In(E) along the cross-section of the
active group fiber, which is compatible with confocal Raman spectroscopy analysis by other authors, demon-
strating variation of the active permeation with depth. We note that Young’s modulus was also determined by a
tensile tester (macro-scale technique), in which it was not possible to obtain statistically significant differences
between the groups, evidencing the advantage of the FV-AFM analysis. We also found an increase in In(E)
accompanied by a decrease in maximum adhesion force between tip and sample (negative Pearson correlation
coefficient). This result can be explained by the fact that structures composed of hydrophobic components have a
higher Young’s modulus than structures composed of hydrophilic components.

Young’s modulus
Elastic modulus
Atomic force microscopy

e Bleaching damage and cosmetic hair treatment assessed by AFM, TEM, and tensile tester.
e Young’s modulus by AFM nanoindentation of hair fibers monitored by sample standard.
e Young’s modulus changes radially along the cross-section due to the cosmetic active.

e AFM data show statistically significant differences among sample groups.

o Tensile tester was not able to show statistically significant differences.

1. Introduction

Characterization of mechanical properties plays an important role in
the development of hair care products. Sophisticated micro- and nano-
scale techniques have been used to gain a better understanding of
damage to the fibers caused by treatments or external agents, and to
evaluate the performance of active cosmetic formulas. The search for
reliable tests that provide precise and accurate data presents a constant
challenge for hair fiber evaluation. Characterization of nanostructures
and organization at the cellular level have been explored so as to
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understand the potential roles of cortex cells in determining the me-
chanical properties of hair [1-3].

Macro-scale characteristics, such as mechanical strength and elas-
ticity [4,5], are determined by the internal region of the fiber, called the
cortex; the cystine content (S-S bond of two cysteine amino acids) is
important for these properties. The cortex is composed of cortical cells
and intercellular binding material, called the Cell Membrane Complex
(CMCQ), also present to a lesser degree in the cuticular (external) region.
Cortical cells are generally 1-6 pym thick and 100 um long aligned par-
allel to the fiber axis, and are the major constituent of the cortex.
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Table 2.1
— Sample specifications.
Group Treatment
Virgin (V) No chemical damage and no product application
Control (C)  Chemically damaged® and without product application
Placebo Chemically damaged® and with product” application without cosmetic
® active
Active (A) Chemically damaged® and with product” application with cosmetic

active®

# Chemical damage by discoloration (bleaching) from the application of
hydrogen peroxide and persulfates (3 cycles).

b Cosmetic products: Shampoo (composed of: Water, Sodium Laureth Sulfate,
Citric Acid, Cocamidopropyl Betaine, Cocamide DEA, Sodium Chloride, Xylityl
Sesquicaprylate and Disodium EDTA) and a Conditioner (composed of: Water,
Cetearyl Alcohol, Cetyl Alcohol, Glycerin, Cetrimonium Chloride, Xylityl Ses-
quicaprylate, Lactic Acid, Stearamidopropyl Dimethylamine and Disodium
EDTA).

¢ Cosmetic active composed of water, Polyquaternium-7, Fibroin (silk protein)
- main component of the active ingredient -, Hidroxypropyl Starch Phosphate,
Glycerin and Guar Hydroxypropyltrimonium Chloride.

Cortical cells are composed of macrofibrils, which are connected by
intermacrofibrillar material, cytoplasmic remnant, and melanin gran-
ules. The melanin granule determines the fiber color, according to the
size and amount and type of melanin present. Macrofibrils (with diam-
eter between 0.1 and 0.4 pm) have a substructured of intermediate fil-
aments (with diameter approximately 7.5 nm) with low cystine content
~6%, and a matrix rich in cystine (~21%). The CMC consists of cell
membranes and adhesive material that bind cortical cells together and
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consists primarily of non-keratinous protein, and has low cystine content
(~2%) [6].

The structural content can be changed by treatments or external
agents. Damage caused by bleaching is common, since it is a usual step
prior to dye application. Bleaching [5,7] is done using oxidizing agents,
mainly hydrogen peroxide and persulfate salts. The bleaching occurs
due to reaction of the oxidizing agents with melanin granules, degrading
and/or solubilizing the structures, making the pigmentation color
diffuse. Although the hydrogen peroxide reaction occurs predominantly
with melanin granules and less with keratin [8], it is not fully selective,
causing damage to other structures. The bleaching process mainly cau-
ses oxidation of cystine, generating cysteic acid, since breakdown of the
amino acid cystine occurs mostly by rupture of disulfide bonds. Damage
caused by oxidative processes is reflected in the chemical, structural and
mechanical characteristics of the hair fiber [9].

The mechanical properties of hair fibers are typically determined
macroscopically, as mentioned above. However, data obtained from
macroscopic characterization does not reveal the complex ultrastructure
of the fibers [10,11]. Thus, we have adopted nanoscale evaluation using
atomic force microscopy (AFM).

Work has been reported using micro- and nano scale approaches —
hair fiber characterization by AFM, mainly cuticle analysis [12-17];
morphological properties of the cortex region [18-20]; nanoindentation
measurements and transmission electron microscopy (TEM) imaging of
biological fiber cross-sections (wool) have been carried out by Parbhu,
Bryson and Lal, 1999 [21], associating local measures of elasticity with
ultrastructure imaging; Kitano et al. [2] have reported AFM investiga-
tion of changes in the elastic properties of human hair fiber substructure
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Fig. 1. Schematic representation of the sample preparation process for obtaining ultrathin sections of hair fiber embedded in epoxy resin using ultramicrotomy. An
example of a TEM image (bottom-right — 2 pm scale bar) and FV-AFM maps (top-left — 72 pm x 72 pm scan size) of the hair fiber cross-section is also shown. The color
scale for AFM maps corresponds to the following parameters: a) (gray scale) height values, b) (blue scale) In(Young’s modulus), c) (green scale) maximum adhesion

force, and d) (red scale) sample deformation.
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Fig. 2. Example of AFM tip data fitted to an elliptical paraboloid using OriginPro®. The black dots correspond to experimental data from the AFM tip image.

caused by chemical damage, evaluating the repairing effect of condi-
tioning agents.

In the work described here, we have investigated hair fibers, chem-
ically damaged or not by bleaching, with and without active cosmetic
treatment. Mechanical properties of the structures were acquired col-
lecting force curves (FC) using AFM in force volume mode. The force
volume (FV) mode records a force curve [22] at each point of the sample
surface scan. Surface mechanical properties on the nanometer scale

Table 2.2

— RMS roughness Rgys (nm) for each sample, fitting Height-Height Correlation
Function (HHCF - unidimensional), identified by treatment group (Table 2.1): V
(virgin), C (control), P (placebo), and A (active) group; followed by a sample
number from 1 to 8; and group average Rpys.

Rgus (nm)
Vi1 5.74 + C1 7.83 + P1 31.03 Al 9.03 +
0.04 0.06 + 0.27 0.04
V2 9.09 + C2 14.80 P2 4.616 A2 7.01 £
0.09 + 0.22 +0.016 0.05
V3 5.63 + C3 10.30 P3 11.18 A3 9.30 +
0.11 + 0.18 + 0.12 0.12
V4 4.09 + c4 15.74 P4 51.6 + A4 29.3 +
0.06 + 0.26 0.4 0.3
V5 4.413 C5 7.880 P5 6.688 A5 7.86 +
+0.010 +0.022 +0.016 0.03
V6 16.7 + C6 20.9 + P6 28.06 A6 15.04
0.6 0.5 +0.13 + 0.07
v7 5.44 + Cc7 17.8 £ P7 5.94 + A7 8.7 +
0.04 0.7 0.03 0.2
V8 3.93 + Cc8 9.86 + P8 8.914 A8 7.98 +
0.06 0.12 +0.017 0.08
Rusm)  4.60 £ 0.25 8.1+ 0.4 6.8+ 1.0 8.6+ 0.8

were obtained by processing each curve. Young’s modulus (elastic
modulus) and maximum adhesion force between the AFM probe and
surface were obtained, these parameters being associated with each
point of the topographic image. The AFM results were correlated with
macroscopic measurements (tensile tester) and TEM micrographs.

2. Materials and methods
2.1. Sample preparation

Samples of human hair fibers were from standardized tresses of
Caucasian hair (International Hair Importers). The virgin group samples
correspond to fibers without chemical damage and without cosmetic
product application. Samples from the control, placebo and active
groups correspond to fibers which have suffered chemical damage by
bleaching (3 cycles) and were treated as in Table 2.1.

Human hair fibers were embedded in epoxy resin (STRUERS
Specifix-20) and cut by ultramicrotomy (LEICA UC7 Ultramicrotome)
using a glass knife to trim and a diamond knife to obtain thin cross-
sections. These cross-sections were then placed on a grid for TEM
observation (JEOL 1010) with beam acceleration voltage of 80 kV. To
enhance contrast of the TEM micrographs, the resin block was stained
with osmium tetroxide (1% per 1 h) and uranyl acetate (1% per 4 h).
Additionally, ultrathin sections obtained by ultramicrotomy were
stained with uranyl acetate (1% per 2 min) and lead citrate (0.2% per 1
min) to further improve the contrast. The surface of the resin block that
contained the exposed hair fiber cross-section, without any staining
procedures, was used for AFM characterization. Both imaging and FV
mapping were performed on this surface. Fig. 1 shows a schematic
representation of the procedure.
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Fig. 3. (a) Example of force curve as a function as scanner position of cross-section of the hair fiber sample, showing the maximum adhesion force F,4; and (b) as a
function of surface deformation, showing in detail the contact region (deformation region). Blue lines represent the approach curves between surface and tip, while

red lines represent the withdraw (retract) curves between surface and tip.

2.2. Atomic force microscopy analysis

AFM was performed in air using a BRUKER Multimode 8 with silicon
rectangular cantilevers (NANOSENSORS PPP-NCH-W). In order to
assess the mechanical properties quantitatively, we performed calibra-
tion procedures; i.e., we measured the deflection sensitivity and pa-
rameters of the probe (cantilever/tip). The deflection sensitivity
(InvOLS) was obtained from a force curve on a rigid sample (Sapphire-
15 M BRUKER PFQNM-SMKit). The spring constants k. of the cantilevers
used were determined by the Sader method [23,24], yielding values
from 10 to 20 N/m. Tip radii were measured using a rough titanium
standard sample (RS-15M BRUKER PFQNM SMKit) and fitting the tip
surface as an elliptical paraboloid, yielding values from 10 to 70 nm
(Fig. 2).

In order to evaluate the sample surface quality, the root-mean-square
roughness Rgys was obtained for each cross-section of hair fiber sample
by AFM (Tapping mode) image, fitting Height-Height Correlation

24.5

Function (HHCF - unidimensional) [25], according to Table 2.2.
From the data shown in Table 2.2, the average roughness Rrys = 6.2

+ 0.4 nm. Note that both the average for each sample group and the
average of all samples are smaller than the maximum surface defor-
mation/indentation average dpo= 10.4 & 0.8 nm, resulting in suitable
surfaces for evaluation of mechanical properties by force curves [22].

A map of 64x64 pixels was obtained for each cross-section of hair
fiber sample in force volume mode - AFM, corresponding to 64 x 64 force
curves, of which a portion refers to curves from the resin region. A
random resampling method was applied to the group dataset in order to
obtain the same amount of data, so as to provide equality of variance
among the different groups. The amount of data per group was deter-
mined by the group with the smallest sample size, resulting in 6214 data
points from fiber region for each group, since only curves with statistical
measure R-Squared R? > 0.95 were used. The deflection trigger was set
to 40 nm. An example of a hair fiber force curve is shown in Fig. 3.
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Fig. 4. Boxplots displaying In(Young’s modulus) for the different treatment groups. Statistical analysis: significance level a = 0.05 (Tukey’s Multiple Comparison

Test - ANOVA method).
* Statistically significant difference with Virgin group.
t Statistically significant difference with Control and Placebo group.
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Fig. 5. TEM micrograph of 80 nm-thick hair fiber cross-section of the virgin fiber showing cuticles (external region), cortex (internal region), and resin (embedding
material) regions. The arrows point to melanin granules structures and Cell Membrane Complex (CMC) structures.

The adhesion force corresponds to the point where the force begins
to decrease in the retraction portion of the curve, indicating detachment
of the tip from the sample due to attractive forces. To obtain Young’s
modulus E, it is necessary to model the relationship between the depth of
indentation & and the force applied F on the sample surface, adopting a
mechanical contact model for the contact region of the force curve. In
our case, the contact radius (a) could not be neglected concerning the tip
radius and therefore the Hertz theory is not applicable. Thus, the
Sneddon model (transcendental equation 1) [26] was used, since the
ratio between maximum adhesion force and maximum load was less
than 5% [27]. The curves were processed by software AtomicJ v1.8
[28], considering spherical tip radius R and Poisson ratio of the sample
vs= 0.38 [29]. The initial contact point was automatically determined
using AtomicJ software, using a ‘'model-independent’ approach to fit the
force curve during the in-contact portion and a straight-line approxi-
mation for the off-contact portion. The software finds the contact point
through successive searches. The process involves minimizing the total
sum of squares of the fitting of both the off-contact force curve portion
and the in-contact force indentation data considering trial contact
points, with the lowest sum of squares being accepted as the contact
point.
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3. Results and discussion
3.1. Analysis of the cross-section of human hair fiber

Fig. 4 shows the natural logarithm of Young’s modulus In(E) boxplot
for each treatment group of the hair fiber samples. To compare the
treatment groups, statistical evaluations were performed using Tukey’s
Multiple Comparison Test - ANOVA (Analysis of Variance) method, with
significance level @ = 0.05 (5 %).

As can be seen in Fig. 4, there is a statistically significant decrease in
the In(E) mean value for chemically damaged fibers (control, placebo
and active groups) and fibers without chemical damage (virgin group).
This statistically significant decrease is consistent with well-established
data in the literature [5], since disulfide bonds are broken in the
bleaching process, resulting in loss of stiffness. The statistically signifi-
cant increase in the In(E) values for fibers of the active group (chem-
ically-damaged and product application with cosmetic active) compared
to fibers of the control and placebo groups shows the cosmetic active
effectiveness, improving Young’s modulus. As expected, there is no
statistically significant difference in Young’s modulus between the pla-
cebo and control groups, since non-activity is assumed in the placebo
product.

Fig. 5 shows an example of a transmission electron microscopy
(TEM) micrograph for a cross-section of virgin hair fiber, showing the
external (cuticles) and internal (cortex) region, evidencing melanin
granules and Cell Membrane Complex structures.

Fig. 6 shows transmission electron microscopy (TEM) micrographs
for hair fiber cross-section samples belonging to the virgin and control
group.

In Fig. 6a and b (virgin group micrographs) one can see that melanin
granules are visualized as dark while in Fig. 7c and 7d (control group
micrographs) as light, which must be holes, since the bleaching pro-
cedure degrades the melanin granules. Holes are a predominant form of
damage to the cuticle and cortex of chemically modified fibers [30,31],
since reactions occur not only selecting melanin granules, but also acts
on other substructures as described in the Introduction, above. The same
difference in contrast can be observed in the Complex Membrane
Cellular (CMC). The CMC structures are visualized as dark in the virgin
fiber and as light in the control fiber, evidencing the structural degra-
dation, corroborating the Young’s modulus analysis (force volume mode
- AFM).

Fig. 7 shows a map acquired by AFM in the spectroscopy force mode
(FV: force volume) for a cross-section of an active group fiber. Radial
variation of In(E) can be seen in the map, exemplified by two profiles
traced radially along the cross section (Fig. 7), fitted by a sigmoid
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Fig. 6. TEM micrographs of 80 nm-thick hair fiber cross-section of (a)/(b) virgin and (c)/(d) control group; (a)/(c) showing the cuticles and (b)/(d) the cortex.

function. This evidences the radial permeability of the active ingredient
along the fiber cross-section. Camargo et al., 2016 [32] presented a
permeability study of the same active ingredient based on confocal
Raman spectroscopy analysis, in which a decrease in the presence of
active ingredient is reported in the region ~ 16 um from the edge. This
finding corroborates our results, considering that the Young’s modulus
increase is due to the presence of the active cosmetic (Fig. 7).
Different substructures that compose the cortex have different
cystine contents, which could result in different mechanical properties,
as previously mentioned. Remembering that for each point on the map
collected in Force Volume mode a force curve is associated, and for each
curve several parameters can be extracted. Taking advantage of this, the
Pearson correlation coefficient r between In(E) and the maximum
adhesion force between tip and sample (F,4) (Fig. 3a) was evaluated. The
Pearson correlation coefficient measures the linear correlation between
two variables, ranging from —1 to 1. The closer the |r| value is to 1, the

stronger the correlation. Positive correlation values indicate a simulta-
neous increase in both variables, whereas negative correlation values
indicate an increase in one variable accompanied by a decrease in the
other variable [33]. Fig. 8 shows an example of a dispersion graph of In
(E) as a function of F,4 for a virgin group fiber. Fig. 9 shows the Person
correlation coefficient r for all samples, grouped by treatments, showing
the linear relationship strength for each measure.

It can be seen from Fig. 9 that the linear correlation coefficients are
predominantly negative (=72%), indicating higher values of Young’s
modulus for lower values of adhesion force. The prevalence of negative
linear correlation coefficients can be explained by the difference be-
tween hydrophobic (lower surface energy) and hydrophilic (higher
surface energy) structures. When the capillary force dominates the
interaction, more hydrophilic surfaces in humid environments favor
capillary condensation and liquid film formation, which can result in a
significant increase in the adhesion force between surfaces [34,35].
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Fig. 7. Examples of profiles traced radially on the In(E) map along a cross-section of the active group fiber, showing In(E) as a function of distance from the edge,

fitted by a sigmoid function.
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Fig. 8. Example of dispersion plot of In(E) as a function of maximum adhesion force between tip and sample (Fy;), showing the calculated Person correlation co-

efficient r, for a virgin group fiber.

Considering this, our result agrees with Kitano et al., 2009 [2], that in
general structures of hydrophilic components have a lower Young’s
modulus compared to structures of hydrophobic components of human
hair fiber.

3.1.1. AFM versus tensile tester data
In this subsection, we describe the application of a technique in

which we obtain the same parameter concerning the mechanical prop-
erty of hair fiber (Young’s modulus), but in macro-scale, called tensile
tester. The instrument applies a controlled pulling force to the sample
and records its tension response, which is the variation in its length due
to sample deformation, until it breaks [36].

To obtain the Young’s modulus (elastic modulus), the automated
DIA-STRON MTT680 equipment was employed. Samples consisting of
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Fig. 9. Pearson’s correlation coefficient r between In(Young’s modulus) and maximum adhesion force, for each map (sample), grouped by treatment group. Each
measure was classified as very weak, weak, moderate or strong (linear relationship).
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Fig. 10. Ln(Young’s modulus) boxplot of measurements performed by tensile tester for each treatment group. Significance level a = 0.05 (Tukey’s Multiple
Comparison Test).
(No statistically significant difference).

17 fibers per group were prepared using a standard crimping block and Fig. 10 shows a In(Young’s modulus) boxplot of measurements per-
press. Prior to the tensile test, evaluation of the dimensional properties formed by tensile tester for each treatment group. To compare the
of the fibers was conducted using the DIA-STRON FDAS770 equipment. treatment groups, statistical evaluations were performed using Tukey’s
Young’s modulus for each fiber was then derived from the cross- Multiple Comparison Test - ANOVA (Analysis of Variance) method,
sectional area values. considering the significance level a = 0.05 (5%).
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the mean value X, while the dashed black lines denote values within X + 30, assuming a (right) Gaussian distribution for all In(E) values.

Fig. 10 shows that there are no statistically significant differences in
Young’s modulus data obtained by tensile tester. Therefore, it is not
possible to assess differences between the different treatment groups
concerning Young’s modulus, based on values obtained by the tensile
tester. Since the elastic modulus is calculated from the cross-sectional
area of the fiber, we note that the controlled pulling force is applied to
the fiber ends and propagates to a region of a few centimeters of the
fiber, and the diameter, in order to calculate the cross-sectional area, is
measured at some points of the fiber using a laser scanning micrometer
technique. This could be one of the sources affecting the tensile testing
measurement precision. In the literature, as reported by Wortmann et al.
[37], the Young’s modulus of dry human hair tends to have low sensi-
tivity to treatments. Therefore, quantification by AFM is crucial, in
which statistically significant differences are found between treatment
groups.

3.2. Resin data

In an ideal situation, in order to compare different samples it is
desirable to use the same cantilever/tip (probe) . This procedure is
usually adopted because the force curves depend on two probe param-
eters: cantilever spring constant k. and tip radius R, as well as the
deflection sensitivity applied in each data collection. Nonetheless, given
the extent of this work we had to use several probes. Accordingly, we
evaluated the resin Young’s modulus data, knowing that they must be
constant for all samples, since it is the same material. Thus, the resin
data were monitored to ensure that the use of multiple cantilevers/tips
does not interfere with comparison between the different treatment
groups. Resin data were analyzed for the different probes used, even if
they were of the same type. Fig. 11 shows average values of In(E) of the
resin for each sample (map) indexed by probe.

As can be seen from Fig. 11, the data show a random variation of In
(E) for the different probes used, thus confirming that the calibration
procedures were performed properly. Note that this method assures a

regular procedure for the use of multiple probes, as it can contain many
sources of error due to several calibration steps, as reported by Schiller
et al. [38].

4. Conclusions

We have demonstrated the application of AFM (force-volume mode)
for the characterization of the mechanical properties of the human hair
fiber cortex region. Although macroscale techniques are more widely
applied to characterize mechanical properties, for instance a tensile
tester, we have demonstrated that AFM offers a more accurate approach
to evaluate damage and cosmetic active performance. We have also
shown that it is feasible to acquire information about the structure,
gaining better understanding about damage due to treatments or
external agents.

We have analyzed samples without and with chemical damage
caused by bleaching (virgin and control group, respectively) and
chemically damaged and treated samples by product without and with
cosmetic active (placebo and active group, respectively). We find that
chemically damaged samples have reduced Young’s modulus E (AFM
results) and structural damage (TEM micrographs). The active group
samples show a statistically significant increase of In(E) between control
and placebo groups, indicating the effectiveness of the cosmetic active.
Young’s modulus was also determined by a tensile tester (macroscale
technique), with which it is not possible to identify statistically signifi-
cant differences, demonstrating the advantage of AFM analysis. AFM is a
technique that allows obtaining mechanical properties with high spatial
resolution, as force curves can be acquired for each pixel during scan-
ning. We also find a radial decrease of In(E) along the cross-section
(starting from the external region) for the active group sample, which
suggests a radial variation of the active permeation. This result is
compatible with confocal Raman spectroscopy analysis, obtained by
other authors, identifying the same radial variation of the active
permeation.
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We observe the prevalence of a negative Pearson correlation coeffi-
cient between In(E) and maximum adhesion force F,q. This result can be
explained by the fact that structures composed of hydrophobic compo-
nents have a higher Young’s modulus than structures composed of hy-
drophilic components, as found by Kitano et al. [2], considering the
prevalence of capillary forces.

We conclude that systematic studies of the mechanical properties of
human hair fibers using AFM, identifying nanostructures, is appropriate
for cosmetic development. Effort to better understand the chemical and
physical damage caused by environmental agents or treatments can
elucidate interactions between cosmetic active components and internal
substructures of the fibers.
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