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ABSTRACT

The deterioration of the cuticle and cortex hair due to routine cosmetic practices has been identified as a primary fac-
tor contributing to undesirable changes in the esthetic qualities of hair. Chemical and physical treatments can cause
significant damage to hair fibers. In this study, the damage induced by heating in chemically treated hair subjected to
acid straightening, bleaching, and the combination of both treatments is investigated. Previous results published by our
group have already clarified certain aspects of the mechanism of action of acid straightening on hair fibers. In this new work,
we show other relevant aspects to the hair care area with the aim to respond: how can we assist cosmetic product developers
and consumers in understanding the changes caused by the combined use of chemical transformation procedures (specif-
ically acid straightening and bleaching) and exposure to heat? By examining the thermal behavior of chemically treated
hair fibers, we shed light on key aspects of both external (through Fourier transform infrared spectroscopy-attenuated total
reflectance [FTIR/ATR] and scanning electron microscopy [SEM]) and internal (through ultra-small angle x-ray scattering
[USAXS], small angle x-ray scattering [SAXS], and wide-angle x-ray scattering [WAXS]) changes. SAXS and WAXS struc-
tural analyses provided information on the internal structure and hierarchical organization of hair samples. While these
techniques have been widely used to evaluate hair fibers, the effects of heating on their structure have been less explored.
We examined the changes in the hierarchical arrangements as the fibers were heated in situ during the x-ray scattering
experiments. It was possible to evaluate the specific regions where heat causes damage to both the cortex and the cuticle
of the hair fiber, and the extent of these damages. Furthermore, it was observed that the bleached and straightened fiber
undergoes more changes with the use of heat, due to the loss of important surface components, as shown by FTIR and SEM
measurements.

1 | Introduction hydrophobic properties of the hair [2-4]. The medulla consti-
tutes the innermost region of the hair [2].

Human hair is composed of three main regions: the cuticle,

cortex, and medulla. The outermost layer of the cuticle, the so-
called epicuticle, has a coating of lipids (fatty acids) covalently
bonded to the hair surface by thioester links [1, 2]. 18-methyl
eicosanoic acid (18-MEA) is the predominant component of this
lipid layer, playing a crucial role in the protection, lubricity, and

The cortex forms the intermediate layer, organized into macro-
fibrils, microfibrils, and intermediate filaments (IFs), being the
region where most chemical transformations occur. Between
the cuticle layers and in the cortex, one has lipidic structures
called the cell membrane complex (CMC) [2, 5]. The a-keratin
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protein (IFs) defines the mechanical properties of hair, such as
strength and elasticity. However, molecular structural alter-
ations in a-keratin can be utilized to evaluate the effects of cos-
metic treatments on hair [6-9].

Hair a-keratin undergoes alterations when exposed to cosmetic
treatments such as bleaching and acid straightening, as well as
thermal processes like flat ironing. These modifications signifi-
cantly impact the hair's mechanical properties [1, 2, 10]. Some
of these treatments may compromise the mechanical properties
of hair fibers, leading to reduced tensile strength, increased fra-
gility, and higher porosity. These changes can affect the fiber's
water permeability and, in more severe cases, result in irrevers-
ible damage [6, 8, 11, 12].

Gamez-Garcia and Basilan [13] studied the effects of hair blow
drying and hot ironing, which induced significant mechanical
and thermal stress alterations in the hair. Blow drying elevates
the hair temperature to approximately 80°C, leading to rapid
water evaporation from the hair fibers. According to the au-
thors, this process generates intense circumferential contraction
stresses around the cuticle sheath, which can ultimately result
in partial lifting of cuticle cells and the formation of cracks.

The prolonged application of cosmetic treatments such as
bleaching and acid straightening on hair fibers promotes the
degradation of melanin, detachment of cuticle layers, and the
breakdown of 18-MEA and disulfide bonds [1, 14]. This leads to
an increased fragility and porosity of the hair fiber, altering the
fiber's water retention mechanisms and resulting in irreversible
damage. This progression of damage may also affect the hair's
overall appearance and tactile properties (cuticle properties),
making it harder to manage and more prone to breakage [3, 4].

Straightening hair treatments have gained widespread popular-
ity in recent decades. In recent years, some compounds, such
as glyoxylic acid and its derivatives—including glyoxylic acid
combined with carbocysteine and amino acids—have been
used in acid-based formulations for hair straightening and have
emerged as an alternative to formaldehyde, which is known to
be toxic to human health [14-16]. However, glyoxylic acid has
been recently cited as being possibly responsible for calcium ox-
alate-induced nephropathy [17]. In order to formalize a set of
safe active ingredients for hair straightening, in Brazil, ANVISA
(2023) published NI No. 220 of 13/04/2023 (RDC, Resolution
of the Collegiate Board, No. 409 of 27/07/2020), the “List of
Allowed Actives for Cosmetic Products for Hair Straightening
or Waving.” This list specifies the approved straightener ingre-
dients to this moment: thioglycolic acid and its salts, thioglycolic
acid esters, sodium or potassium hydroxide, lithium hydroxide,
calcium hydroxide combined with guanidine salt, sulfites, and
inorganic bisulfites, as well as pyrogallol and thiolactic acid.

Despite this, these acid straighteners are still marketed and used
to change the shape of hair permanently in several countries. In
addition, few studies have been conducted to understand what
these products do to hair and their association with other proce-
dures, such as bleaching and heat tools.

To further study the acid straightening and its association with
bleaching and heat tools, we combined multiple experimental

techniques, including ultra-small angle x-ray scattering
(USAXS), small angle x-ray scattering (SAXS), and wide-angle
x-ray scattering (WAXS), Fourier transform infrared spectros-
copy-attenuated total reflectance (FTIR/ATR), and scanning
electron microscopy (SEM). Straightening and bleaching use
different mechanisms of action and pHs. While bleaching oc-
curs at around pH10 (alkaline conditions), acid straightening
takes place at around pH 1. This difference in mechanisms and
pH, combined with the use of heat from a flat iron (tempera-
ture), leads to irreversible damage in the hair.

Additionally, these hair tresses were subjected to in situ experi-
ments associating x-ray scattering with a temperature-controlled
protocol. These experiments allowed real-time investigation of
crystalline and amorphous structural changes within the hair
fibers induced by temperature variations. This research extends
our previous investigation [1].

2 | Materials
2.1 | Sample Preparation

Untreated Caucasian dark brown hair, sourced commercially
from DeMeo Brothers (New York), was fashioned into tresses
(2gand 10cm long), cleansed at 37.0°C + 5.0°C with a 10% (w/w)
solution of sodium lauryl ether sulfate, and air-dried for a mini-
mum of 48h at 22.0°C +2.0°C under 55% relative humidity. The
hair tresses were subsequently categorized into four groups: vir-
gin/untreated hair (VH), bleached hair (BH), straightened hair
(SH), treated with a formulation at pH1.0 (SH), and bleached
and straightened hair treated with a formulation at pH 1.0 (BSH).

2.2 | Straightened Formulation Preparation (Acid
Straightening)

The formulation was prepared as an oil-in-water emulsion,
comprising the following ingredients according to their
International Nomenclature of Cosmetic Ingredients (INCI)
names: Aqua, Behentrimonium Methosulfate (and) Cetearyl
Alcohol, Isopropyl Palmitate, PEG-90M, Polyquaternium-67,
Shea Butter Amidopropyl Trimonium Chloride, Glyoxyloyl
Carbocysteine, and Glyoxyloyl Keratin Amino Acids (15.0%). The
pH of the formulation was adjusted to 1.0 using citric acid.

2.3 | Treatments
2.3.1 | Bleaching

The selected hair tresses were chemically damaged through
bleaching, using a commercial treatment product containing
an alkaline solution (pH 10.5) in an oxidizing medium of hydro-
gen peroxide (20% [v/v]) and ammonium persulfate, applied for
30min at room temperature.

2.3.2 | Acid Straightening

The tresses were treated with a 1:1 ratio of formulation to
hair (1.0g of formulation per 1.0g of hair) based on their
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group classification. The treatment was gently applied to the
tresses using a brush to ensure full contact with all the fibers
for 20min. Subsequently, the tresses were brushed, dried
with a hairdryer, and straightened 10 times using a flat iron
at 180°C.

2.4 | Methods
2.41 | X-Ray Scattering (USAXS, SAXS, and WAXS)

WAXS, SAXS, and USAXS measurements were conducted
using a Xeuss 2.0 system from Xenocs, equipped with microfo-
cus GeniX3D sources (Cu Ka, 1=1.54A; Mo Ka, 1=0.71A; and
Cr Ka, 1=2.26A), FOX3D collimation optics, and two sets of
scatterless slits 2.0. Two-dimensional scattering intensities were
recorded on a PILATUS 300K detector with parameters detailed
in Table 1. The data were collected at the EMUSAXS center at
the Institute of Physics, University of Sdo Paulo (https://portal.
if.usp.br/emu/pt-br/node/323).

X-ray scattering data were collected in transmission geometry,
with all hair fibers carefully aligned parallel to the hair axis. The
apparatus used to mount the hair fibers is shown in Figure S1.
Around 30 fibers are mounted in the support. Due to anisotropic
scattering from the alignment of the hair tresses, sector analysis
was performed on the obtained 2D images.

The FIT2D software package [18] was used to carry out azi-
muthal and radial integrations, generating one-dimensional
curves of scattering intensity as a function of the momentum
transfer modulus, g, where g=4m/A sin(f), with 26 being the
scattering angle. The SUPERSAXS package [19] facilitated stan-
dard data treatment procedures as well as promoted the calcu-
lation of experimental uncertainties for the scattering data. For
the data treatment and background subtraction, the empty cell
was used as “blank.”

2.41.1 | In Situ Temperature-Variation X-Ray Scatter-
ing Measurements. For x-ray scattering measurements
with temperature variation, a hot-stage heating sample holder
from MRI was used in the Xeuss 2.0 chamber for controlled
heating of the sample holder containing the hair fibers. All
measurements were performed in vacuum. This sample holder
is shown in Figure S2. The heating system includes a control

thermal reservoir to cool down the heating control unit. X-ray
measurements with heating were conducted at temperatures
of 30°C, 50°C, 60°C, 70°C, 80°C, 90°C, 100°C, 110°C, 120°C,
130°C, 140°C, 150°C, 175°C, 200°C, 225°C, 230°C, 245°C,
250°C, 260°C, 270°C, and 300°C. Samples exposed to 30°C,
100°C, 150°C, 200°C, 250°C, and 270°C were also collected
and subjected to SEM analysis.

2.4.1.2 | Modeling of X-Ray Scattering Data for Hair Sam-
ples. Hairisacomplexsystem composed ofamulti-hierarchical
arrangement. In this study, we performed USAXS, SAXS,
and WAXS measurements. After various tests, we found out
that the best strategy is to model these regions separately. So,
the final model for the full scattering intensity of the hair is
given by:

Inoa(@) = I (@) + IS0 (q) + TS (@) 6]

For the USAXS region, a fractal model is capable to provide a
reasonable fit, as shown in our previous article [1]:

I[t}lse/gxs(q) = SCf Sfractal(q) Ipoly(q) + Back (2)

where Sg,.a1(q) is the structure factor for a fractal system (2).

1 D;I(D; -1)

(a&,)” &)
e

sin [(D; —1)(g) |

Sfractal(q) =1+

©)
where I,,,(q) is the form factor of a polydisperse system of
spheres with average radius R, and polydispersity o.

0

Ipoly(q) = / D(Rmed’ R, o-) “R°- Isph(q’ R)dR )
0

The function D(R,,eq, R, 6) is a number distribution of sizes and
is given by a Shulz-Zimm distribution (3). Iy, (g, R) is the form
factor of a solid sphere with radius R.

3(sin(gR)— qR cos(qR) ) ]?

Ipn(@, R =F2, [¢.R] =

3
unit, the hot-stage sample holder, and a chiller, which acts as a (qR)
®
TABLE 1 | Sources, sample-detector distance values (D_,) used and The parameters for the USAXS modeling are as follows:
their respective ranges for the scattering-vector values (q) used in this
work. *Qverall scale parameters
Vector modulus
q A Scy — overall scale factor
D, (cm) Source Dmin Amax Back — Constant background
650 (USAXS) Cu 0.005 0.040
*Form factor
57.4 (SAXS) Cu 0.020 0.638
17.3 (WAXS) Cu 0.085 1.951 R eq — average radius of polydisperse spheres
17.3 (WAXS) Mo 0.1924 4.220 o — polydispersity
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*Structure factor

Dy — fractal dimension

& — overall fractal size

R, — fractal subunit radius

For SAXS and WAXS, a tentative model combining peak func-
tions and a background was proposed. This approach is similar
to previous works in the literature and allows the description of
the peak positions and correlation lengths in the hair structure.
Given the high complexity of the hair structure, this model is at
least capable of describing some structural features of the hair.
The theoretical scattering intensity is given by:

Imod(q) = SC Sagg(q) Speaks(q) + Back (6)

where S is an overall scale factor, and Back is a constant
background.

The initial intensity upturn observed on the experimental SAXS
curves indicates the presence of large structures inside the hair.
These large aggregates are modeled by the inclusion of an aggre-
gate structure factor S agg(q).

Sagg(q) =1+ ScaggPellip(qy a,b,c) @)

where Sc, (q) is the

agg
form factor of a three-axial ellipsoid,

is the scale factor for the aggregate and Popiip

n[2m/2

Pyp(q.a,b,0)=1+ 2 / / FSZph |g.7(a,b,c,a, B)| sina da df
z
0 "o

®
where (a,b,c,a, f) = [(a? sin® f+b? cos? §) sin” a+c¢? cos? a 2
and Fsph(q, r) is the form factor of a sphere with radius r, as shown

in Equation (5).

For the description of the internal correlations within the hair
a tentative multipeak model was built, based on the strategy
described by Forster et al. [20] and Freiberger and Glatter [21].
Similar approaches can be found in the literature for the model-
ing of scattering data from hair [22].

N
Speats(@) =1+ Zizl Sc; Peak;(q,d;, D, v) ©)

The peak shape is obtained by the use of a general versatile func-
tion [21],

r[v/z + iyvz(q - q;mk> /ms]

The peak function is normalized such that, /_°:o Peak;(q)dq = 1.
The peak width ¢ is related to the domain size D by the Debye-
Scherrer equation, D = 2z / 6. This peak function is convenient
since the parameter v adjusts the peak shape from Lorentzian
(v—0) to Gaussian (v — o0)

6/2x
x2+(6/2)

2
2 exp [— ﬂ] forv— oo (Gaussian)

forv—0 (Lorentzian)
13)

o 6*

The parameters on the model are given by:

*Qverall scale parameters

S — overall scale factor

Back — Constant background

*Aggregate

Scagg — Scale factor for the aggregate

a, b, c — ellipsoid semi-axis

*Peaks

Sc; — scale factor of peak i

d; — correlation length (periodicity)

D; — domain size

v — peak shape parameter

Typically, three to five peaks are sufficient for a good fit of the
scattering data. In this approach, inner-structure form factors
are not included (P(q)=1.0) since it is very difficult to include
them properly due to the large number of contributions in the
system.

The modeling of the USAXS, SAXS, and WAXS regions was
performed independently, as the number of parameters for the
full fitting would be too large and the modeling would become
unstable.

Due to the intrinsic orientation of hair fibers, the correspond-
ing 2D scattering is also oriented. Therefore, following an

approach proposed for liquid crystal analysis [23, 24], it is
possible to calculate the average order parameter based on the

Peak,(q) = 2 (10 : . . . .
i 705 r[v/2] SAXS data. The orientation order is quantified by the orienta-
tion distribution function f(B) of the long molecular axis rel-
where ative to the director, and the orientation order parameter P,,
. defined as follows:
qpeak = Zﬂ:/di (11)
/2
y = pllv+n/2] 12 P, = / P, (cos p)f (f)d(cos f) (14)
r [v / 2] 0
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where P, (x) is the nth Legendre polynomial. Although the order
parameters P, and can be P, determined by various experimen-
tal methods, the angular function f () cannot be measured di-
rectly. An analytical solution for this integral was proposed by
Deutsch [25] based on x-ray diffraction data and is given by:

/2

P,=1- % I(¢){sin’ ¢ + (sin ¢)(cos® ¢) In|(1 + sin ¢) / cos p] }dep

0

1s)

where the angular origin in this integral is the direction of align-
ment of the diffraction patterns, and the normalization N is de-
fined as follows:

/2 /2

N= / f(B)(sin p)dp = / I(¢)dg (16)
0

0

Therefore, the integral over the angular function is substituted
by the experimental scattering intensity. For the modeling of the
scattering intensity, one has the following equation:

TIop($) =S¢, Loy (1, W, v) +S¢, Loy (1 + 180+, w, v) + back
a7)

where Sc; and Sc, are the scale factors for the two peak posi-
tions (if available), ¢, is the angular peak position, w is the peak
width, v is the shape factor for the peak (see Equation 10), x, is
the correction for the position of the second peak, and Back is a
constant background.

The analysis can be performed for one or two peaks, depending
on the experimental data. This analysis is important to provide
the preferred orientation of the hair fibers in the system. The
peak width w is very useful since it provides the angular aper-
ture for the integral over the preferred directions.

2.4.2 | Thermogravimetric Analysis (TGA)

TGA measurements were performed using a simultaneous
thermal analyzer DSC/TGA, the Discovery SDT 650 from TA
Instruments of the Laboratory of Hybrid Materials (LMH),
Department of Chemistry, Federal University of Sao Paulo
(UNIFESP). TGA curves were obtained at a heating rate of
10°Cmin~, in the temperature range from room temperature
to 900°C, under a dynamic synthetic air and N, (VH, BH, SH,
and BSH) atmosphere (50 mLmin™), using a ceramic crucible
(90uL) and a sample mass of around 6 mg.

2.4.3 | FTIR/ATR Analysis

The hair tresses (in triplicate) were cut into small fractions
and subjected to FTIR spectroscopy. The infrared spec-
tra of hair fibers were recorded in the 400-4000cm™! range
using an Agilent Cary 630 FTIR spectrometer of Max Planck
Laboratory (LAMP). IR measurements were performed in

ATR mode. All the measurements of FTIR were performed at
the Department of Chemistry, Federal University of Sdo Paulo
(UNIFESP), with the support of Prof. Tereza da Silva Martins
and her group.

2.4.4 | SEM Images

2.4.4.1 | Caucasian Dark Brown Hair (VH, BH, SH,
and BSH). The surface images of the hair samples were
investigated on a table-top instrument, TM-3000 Hitachi
(15kV) SEM with tungsten filament and operating at reduced
pressure. The hair samples were glued to specific supports
for SEM using copper tape and then coated with a layer
of 2nm of Au. All the measurements of SEM were performed
at the Laboratory of Microscopy and Microanalysis (LMM) in
IPEN Sao Paulo, Brazil, under the supervision of Dr. Larissa
Otubo and her group.

3 | Results and Discussion

3.1 | In Situ X-Ray Scattering
Measurements for Hair Tresses Subjected to
Temperature-Controlled Program

USAXS, SAXS, and WAXS patterns were obtained to evaluate
changes in the nanostructure of the hair (e.g., IFs and CMC) due
to heating. Hair samples before and after cosmetic treatments
such as bleaching, acid straightening (and their combination)
were subjected to heating.

For the determination of the correct angular slices, radial in-
tegrations were performed on the 2D images, and the fitting
indicated in Section 2.4.1.2 (Equation 17) was performed. As a
result, the fiber orientation and angular aperture for the slices
were obtained, allowing correct integrations. These results are
shown in Figures S11-S26.

The modeling results of the equatorial and meridional slices using
Equations (2) and (6) are fully presented in Figures S27-S59.

3.1.1 | Virgin Hair (VH)

Figure 1a presents 2D images from USAXS, SAXS, and WAXS
scattering of the evolution of behavior of the Caucasian hair
fiber under heating for 20min at 30°C, 100°C, 150°C, 250°C,
and 270°C, in situ x-ray measurements. The angular sectors of
the 2D images were taken and combined into single 1D curves
as presented in Figure 1b,c. Figure 2b shows the scattering
across the fiber (equatorial direction) and Figure 1c along the
fiber (meridional direction) for virgin hair (VH) samples. The
main signs resulting from the spreading of USAXS, SAXS, and
WAXS on the VH fibers are shown in Figure S3.

The peaks in the SAXS region, around g ~0.071 A~! (89 A—equa-
torial direction) and q~0.093 A~! (67 A—meridional direction),
showed a clear decrease in their intensities after 260°C (see
Figure S3). In the 220°C-250°C range, the literature shows an
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g
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]
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102 107 10°
q[A7]

FIGURE1 | (a)2D images of USAXS, SAXS, WAXS—Cu and WAXS—Mo of virgin hair at temperatures: 30°C, 100°C, 150°C, 250°C, and 270°C.
USAXS, SAXS, and WAXS curves in the equatorial (b) and meridional (c) cuts (section) of virgin hair at temperatures: 30°C, 100°C, 150°C, 250°C,

and 270°C.

occurrence of several thermal degradations in the cortex, more
precisely at the keratin chains, such as melting and denaturation
of the alpha-helix (IFs) and pyrolysis of the amorphous matrix
[26-28].

Figure 2 shows the SEM imaging of the VH tresses at 250°C,
which clearly indicates this phenomenon, already reported
in the literature [29]. This indicated that the cortex was
degrading, decreasing the SAXS peak heights at 89 A (equa-
torial) and 67A (meridional), both associated with IFs.
Baias et al. [30] investigated the phenomenon of thermal
denaturation of wool keratin (very similar to hair keratin) in
deuterated water by 'H NMR and DSC. The authors reported
that the mechanism of thermal denaturation of keratin chains
follows several steps, with an increase in temperature leading
to the breakdown of the IF structure, promoting a metasta-
ble state.

According to Istrate et al. [31], although both the cortex
(which consists of 21%-22% crystalline IFs) and cuticle
(amorphous cross-linked material) are composed of similar
keratin chains, their distinct morphologies result in differ-
ent thermal stabilities for each component (cortex melts and
evaporates above 230°C, and the cuticle remains stable
above 250°C). This phenomenon can also be observed in
all chemically treated hair samples (BH, SH, and BSH) (see
Figures S4-S6).

Figures S7-S10 show the SEM imaging of the evolution of the
degradation of the hair samples at 100°C (Figure S7), 200°C
(Figure S8), and 250°C (Figures S9 and S10).

The scattering intensity provided by the lipid ring at
q~0.14A-1 (45A) shows a decrease in intensity and broad-
ening (Figure 1b), suggesting an alteration in the ordering of
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VH-2500002 AL

VH-2500003

AL x500 200 um

FIGURE2 | SEM images of virgin hair (VH) tresses at 250°C. Details to (a) the cortex degraded and the cuticle intact, and (b) the cortex melting

out of the cuticle.

the CMC [32, 33]. Interestingly, this peak becomes broader
at 130°C (see Figure S3a), until it disappears after 260°C.
Deeper discussions are presented later in the text. Wade et al.
[34] evaluated the changes caused by humidity in hair using
SAXS/WAXS measurements. The authors observed that the
lipid ring signal for 45 A appears weaker in some types of hair
than others and attributed this to a difference in the lipid con-
tent of each type, contributing to the weaker diffraction for
the CMC ring [34]. Coderch et al. [33] evaluated the lamel-
lar rearrangement of internal lipids from hair by SAXS, ther-
mogravimetry (TG), and differential scanning calorimetry
(DSC). The authors demonstrated that the distance between
lipid bilayers is dependent on the amount of polar lipids and
water content. The higher permeability of wet fibers leads to
a rise in the disorder of the lipid structure [33]. Consequently,
our data suggest that, with heating, the water molecules
evaporate, decreasing the spacing between the bilayers after
120°C (Figure 1b). Furthermore, TGA data from [33] exhibited
the primary degradation step for the extracted hair lipids at
237°C-247°C, which means that they degrade near the range
of pyrolysis, denaturation of alpha-helix chains, and decom-
position of cystine bonds. This fact agrees with the SAXS data
obtained in this study, which indicates the disappearance
of the peak at 45A above at 260°C (SAXS diffractogram in
Figure S3a).

The thermal behavior of the hair fiber was described and previ-
ously published TG-MS data [27, 28], corroborating the fact that
in this temperature range, the highest levels of sulfur-containing
gases (SCO and H,S), CO,, and NH, are eliminated, indicating
the range where the decomposition of the structures of the fiber
occurs. Bertrand et al. [35] used XRD experiments and infrared
microscopy to evaluate hair strands from two Egyptian mum-
mies of the Greco-Roman period. Curiously, the authors showed
the preservation of the molecular and supramolecular structure
of fibrillar keratins (a sharp axial arc at 5.15A and broad equa-
torial spots centered at 9.8 A) while the lipid diffraction ring was
not observed for these ancient hairs. This suggests that the orga-
nized lipid fraction has been destroyed or disorganized during
the 2000-year aging process.

Another interesting finding is that the peak at 45A in the me-
ridional direction (along the fiber) disappears at temperatures
lower than those in the equatorial direction (cross section),
about 110°C (see Figure S3). This behavior is, probably, related
to the fact that in the equatorial direction, there is a greater con-
tribution from the cuticle, which degrades at higher tempera-
tures than the cortex [26]. As already mentioned, it was reported
that the hair cortex melts and evaporates above 230°C, while the
cuticle resists over 250°C.

One can note a peak appearing at q=0.1975A~! (32A) in the
equatorial direction, around 130°C, and shifting to higher q
values (shorter interplanar distances) after 150°C (Figure 1b).
The origin of this ring scattering is not clear, but Bertrand et al.
[35] observed the existence of one diffuse ring at 29 A, strongly
intensified when the hair is heated around 80°C-90°C, being
weakly observed at room temperature. The authors reported
that this ring is related to the resulting secondary less ordered
liquid crystalline phase, which is reversible after cooling down
the hair sample.

Figures S27-S30 (equatorial cuts) and Figures S31-S35 (meridio-
nal cuts) present the modeling of x-ray scattering data for the spe-
cific regions USAXS, SAXS, and WAXS (applied for each peak
identified in Figure 1a,b) obtained for the VH samples using
Equations (2) and (6) at different temperatures (30°C-300°C).
The evolution of the modeling parameters are in agreement with
the above discussions.

3.1.2 | SH, BH, and BSH Hair

To explore the effect of the temperature associated with the
cosmetic treatments on the protein and lipid structures within
the hair samples, the BH, SH and BSH groups were also an-
alyzed using USAXS, SAXS and WAXS experiments under
controlled heating at 30°C, 50°C, 60°C, 70°C, 80°C, 90°C,
100°C, 110°C, 120°C, 130°C, 140°C, 150°C, 175°C, 200°C,
225°C, 230°C, 245°C, 250°C, 260°C, 270°C, and 300°C (see
Figures S4-S6). In this configuration, it is possible to evaluate
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FIGURE 3 | Integrations of the 2D scattering data from equatorial reflections in the SAXS and WAXS zone planes (sample-detector distance:
574 and 173 cm, respectively, Cu source). (a) 30°C, (b) 100°C, (c) 150°C, (d) 200°C, (e) 230°C, (f) 250°C, and (g) 270°C. Virgin hair (VH, in black line),
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bleached hair (BH, in blue line), straightened hair (SH, in red line), and bleached and straightened hair (BSH, in green line).
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different regions in the microstructure of hair as well as in-
vestigate length scales between 1 and 4000 A, that is, almost
four orders of magnitude. Figure 3a-g shows the combined
integrations obtained from in situ measurements of the SAXS
and WAXS regions (at 30°C, 100°C, 150°C, 200°C, 230°C,
250°C, and 270°C) of hair structures in the equatorial direc-
tion, and Figure 4a-g in the meridional direction (see Table 1).
Similar panels for the treated hair samples are shown in
Figures S4-S6.

First, an important observation is the smaller variation in the
peak at 89 A (organization of IFs) of VH compared to chemi-
cally treated hair throughout all heating processes, from 30°C to
270°C. This occurs in the equatorial (Figure 3a-g) and meridio-
nal (Figure 4a-g) directions. This showed that, one more time,
the hair tresses subjected to chemical transformation procedures
such as bleaching and straightening become less resistant to
temperature [2]. Other studies have shown that procedures such
as acid straightening cause changes in the properties of the hair
fiber, such as decreased mechanical resistance [16] and increased
porosity in the hair fiber when associated with bleaching [1].

Upon heating, the peaks change, similarly to the VH samples.
At the SAXS region, three characteristic peaks are clearly iden-
tified: q~0.07A~' (89A), q~0.14A~! (45A), and q~0.225A1
(28 A). The peak for 89 A periodicity is less pronounced for the
SH tresses (SH and BSH). Interestingly, the peak height of these
tresses is similar to VH and BH. Therefore, one can conclude that
there is an additional contribution at low q values for SH and
BSH that is not present for the other samples. As shown in our
previous work [1], the acid straightening (using heat flat ironing
at 200°C) leads to a significant increase in hair porosity, which
affects mainly the low-angle region. Lima et al. [1] also showed
that the porosity can be described by a fractal model, which leads
to a characteristic power law and a linear trend in a log X log plot.
Therefore, a higher level of porosity leads to an increased contri-
bution to the scattering intensity, which levels off the beginning
part of the scattering intensity [1].

Some authors suggest that the cosmetic treatments can alter the
IFs of the hair fiber and, consequently, the distances between
the microfibrils themselves [36, 37]. This would lead to a change
in the peak position, which is not seen in our results. This some-
what corroborates the results from [26], which demonstrated
that a decrease in denaturation enthalpy measured by DSC or
changes in chemical groups (such as those observed through
infrared microscopy by [35]) may suggest alterations to the IFs,
but does not necessarily correlate with a loss of crystallinity
measured by x-ray.

Along the meridian axis (Figure 4a-g), one sees the strong and nar-
row scattering arc at =0.096 A=1 (67 A). For the acid-straightened
samples (SH and BSH), one can clearly see the additional contri-
bution from the increased porosity, which levels off the scattering
intensity. At 30°C, the SAXS data for VH, BH, and SH show the
presence of peaks at 67 A in the same position and with similar
width. However, for the BSH sample, one can see a shift to higher
angles and peak broadening, indicating that bleaching combined
with acid straightening changes the axial stagger between mole-
cules or groups of molecules along the microfibril, that is, changes
the periodic architecture of the molecules along the IFs [8]. The

overall behavior remains similar until 200°C. At 250°C, one sees
an important loss of ordering for all treated hair tresses, while the
structural feature is still visible in the VH (Figure 4b,c). Still along
the meridian axis (Figure 4a-g), a small shift to higher q values
of the peak at q~1.230A~! (510 A—VH and BH) to g~1.234 A
(5.09A) for the BSH and SH, suggesting a change in the alpha-
helix (along the fiber) structure upon the treatments. This overall
trend remains until 200°C.

The peak related to the q~1.532A~! arc (4.1A) becomes more
intense and thinner for the acid-straightened samples (SH and
BSH) (Figure 4a). Zhang et al. [38] refer to the arc at 4.1A as in-
dicating lipid packing. This suggests that the acid straightening
followed by the flat ironing (~180°C) somewhat leads to a local
ordering of the lipidic tails along the CMC, which is assumed
to be related to this periodicity. Interestingly, this narrow peak
disappears already above 70°C (Figures 4b, S5c, and S6c), indi-
cating that it is a metastable induced state. At 250°C and 270°C,
one sees a broadening of the 5.1 A peak, which is expected due
to the melting of the structure. This was not observed for the
peak at 4.6A, related to distances between B-sheets [7, 39],
which remains at 270°C. This fact corroborates other studies
that consider the morphology of the cuticle containing {3 keratin
sheets [27, 40, 41] as being more thermally stable, which was
observed in the microscopy images (Figure 2a).

Figures S36-S39 (equatorial cuts) and Figures S40-S43 (meridio-
nal cuts) present the modeling of x-ray scattering data for the spe-
cific regions USAXS, SAXS, and WAXS (applied for each peak
identified in Figures 3 and 4) obtained for the BH samples using
Equations (2) and (6) at different temperatures (30°C-300°C).

Figures S44-S47 (equatorial cuts) and Figures S48-S51 (me-
ridional cuts) present the modeling of x-ray scattering data
for the specific regions USAXS, SAXS, and WAXS (applied for
each peak identified in Figures 3 and 4) obtained for the SH
samples using Equations (2) and (6) at different temperatures
(30°C-300°C).

Figures S52-S55 (equatorial cuts) and Figures S56-S59 (me-
ridional cuts) present the modeling of x-ray scattering data for
the specific regions USAXS, SAXS, and WAXS (applied for
each peak identified in Figures 3 and 4) obtained for the BSH
samples using Equations (2) and (6) at different temperatures
(30°C-300°C). In all cases, the evolution of the modeling param-
eters are in agreement with the above discussions.

3.1.3 | Investigation of Changes in Lipid Ring at 45A

The ring for q~0.14 A~! is related to the first peak for the lamel-
lar CMC structure. Along the equatorial direction, Figure 5a-c
shows an interesting behavior of the peak around this region.
While for the VH and BH one sees a single peak, for the chem-
ically SHs (SH and BSH), one can see two peaks—one for dis-
tances of ~45A and another for distances of ~59A (SH) and
~61 A (BSH). This fact has already been discussed in the litera-
ture, showing that the CMC peaks of the SH and BH hair tresses
shifted to lower q values, indicating that their lipid structures
underwent some type of transformation in the lipid packing
[1]. It was concluded that straightening based on the blend of
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Integrations of the 2D scattering data from meridional reflections in the SAXS and WAXS zone planes (sample-detector distance:

574 and 173 cm, respectively, Cu source). (a) 30°C, (b) 100°C, (c) 150°C, (d) 200°C, (e) 230°C, (f) 250°C, and (g) 270°C. Virgin hair (VH, in black line),
bleached hair (BH, in blue line), straightened hair (SH, in red line), and bleached and straightened hair (BSH, in green line).
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FIGURE 5 | (a) 2D images of USAXS, SAXS, and WAXS zone planes (sample—detector distance: 574 and 173 cm, respectively, Cu source). (b)
Equatorial reflection at 30°C, (c) meridional reflection at 150°C. Virgin hair (VH, in black line), straightened hair (SH, in red line), and bleached and

straightened hair (BSH, in green line).

carbonyl-based compounds associated with flat ironing caused
an increase in the lamellar distances by higher retention of water
in the CMC due to the formation of the film around the fiber [1].

In this case, it appears that there is a tendency for the crystal-
line (lipid) planes to orient themselves parallel to the fiber axis.
This shift of the peak to lower values of the SH and BSH hair
tresses appears to be caused by the increase in the distances be-
tween the multilamellar lipid bilayers [13]. This fact leads us to
understand that acid straightening causes this change, and this
fact may be related to the greater hydrophobicity of this type of
chemically transformed hair. To evaluate these changes in SH
and BSH hair tresses, we calculated the variations in the peri-
odicity and width of the diffraction peaks related to CMC. For

the calculation of the periodicity (dpeak) and crystalline domain
size (Dpeak), we used Bragg and Debye-Sherrer laws [42], as men-
tioned in Section 2.4.1.2. The number of planes is estimated by
the ratio Dpeak/dpeak.
For VH at 30°C, the periodicity is approximately 45 A (Table 2)
and the crystalline domain size is ~340 A, which corresponds
to ~7 planes. However, for the treated hair tresses, BH, SH, and
BSH, the CMC peak shifted to around 46 A (Figure 3a), 59.7A
(Figure 3a), and 61A (Figure 3a), respectively. These data are
shown in Table 2.

Interestingly, for BH, the periodicity and crystalline domain size
were very close to those of VH, while for the hair fiber subjected
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TABLE 2 | Comparison between variations in periodicity and crystalline domain between VH, SH, BH, and BSH hair fibers.

Crystalline
Peak position 1CMC CMC peak_‘lvidth Periodicity domain Number
Sample @peai) A7) @ @A) (o) (A) D) (A) of plans
VH 0.13788 £0.00001 0.0187+0.007 45.57+0.05 340+120 7+3
SH 0.10521+0.00001 0.00533+£0.00009 59.72+0.07 1200+20 19+1
BSH 0.10280+0.00004 0.0052+0.0030 61.12+0.21 1200+ 600 20+10
BH 0.13655+0.00001 0.01554+0.0039 46.01+£0.05 400+100 9+2

Weight (%)

«] (a)

T T T T T T T T T T 1
25 50 75 100 125 150 175 200 225 250 275 300
Temperature ('C)
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60 (b)

T T T T T T T T 1
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FIGURE 6 | TG/DSC curves obtained at 10°C min~ under dynamic (a) nitrogen (N,) and (b) air atmosphere (air); of the samples of hair (virgin

and chemically treated hair).

100 E Amino acid and lipid
. degradation releasing:
80 3 COg; NH3; CSO; H,S and H20.
DEHYDRATION;
25~160°C &
X 60 ]
A 3
m L]
N -
S 40 3
. PYROLYSIS
% Elimination of gases
20 ' CO,; NHy; CSO; HyS;
. > 200°C
(o} 200 400 600
Temperature/°C

FIGURE 7 | Diagram of the thermal degradation events with mass
loss and some gases eliminated during the pyrolysis/denaturation of the
hair fiber structures.

to acid straightening (SH and BSH), an increase in the crys-
talline domain size (~1200A) was observed, corresponding to
~20 planes. In other words, the acid straightening process pro-
motes an increase in the size of the crystalline domain, probably
due to a greater ordering of the CMC planes that were initially
disordered.

As shown in Figures 5b,c, S5b, and S6b, as the temperature in-
creases, the CMC peak of the SH and BSH hair tresses, which
were in lower “q” positions (higher interplanar distances),
shifts to higher q values. For values larger than 70°C, the posi-
tion of the peaks of SH and BSH is already close to that of VH.
In fact, Rafik et al. [43] reported that the signals due to lipids
are the only variable scattering signals displayed by hair; the
signals due to keratin are sample independent. It is important
to emphasize that there are no reports in the literature indi-
cating whether this type of cosmetic formulation modifies the
interaction of the fiber with other cosmetic products.

3.2 | TGA

TG curves (Figure 6) show the thermal behavior of virgin and
chemically treated hair samples within the 25°C-300°C tem-
perature range, under nitrogen (inert) (Figure 6a) and synthetic
air (oxidative) (Figure 6b) atmospheres. This temperature range
mainly corresponds to dehydration (water loss) and the onset of
keratin degradation, accompanied by the release of volatile com-
pounds (CO,, H,0, SCO, H,S, and NH,). These processes enable
the evaluation of the changes induced by chemical treatments in
the thermal stability of hair fibers. Figure 7 presents a diagram
showing these thermal degradation events with mass loss and
the gases that are eliminated with the pyrolysis/denaturation of
the hair fiber structures.
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According to the TG results, up to 300°C, all hair types exhib-
ited two distinct mass loss events (Table 3), corresponding to
a similar thermal decomposition profile, characterized by (1)
dehydration (moisture loss) and (2) subsequent thermal degra-
dation. These observations align with previous findings in the
literature [26-28, 44, 45].

Under both atmospheres (N, and air) (Figure 6a), all samples
exhibited a predominant mass loss between 30°C and 150°C,
attributed to dehydration. A second event occurred from about
210°C (VH and BH) to the hair samples at N,, corresponding to
the early stages of keratin chain degradation. Comparing these re-
sults obtained (Table 3) with those under an oxidative atmosphere
(synthetic air), it is observed that the degradation temperature
for all samples shifted to lower initial temperatures, which high-
lights the influence of air on the greater degradation/oxidation of
the hair fiber. The results showed changes in the decomposition

start temperature for all samples (BH, SH, and especially BSH),
specifically, the SH hair samples (T,;;,,;=175°C) started decom-
position 25°C before the VH samples (T ;,;,,=200°C), highlight-
ing the greater damage and decrease in thermal stability of the SH
tresses hair.

3.3 | Alterations on the Chemical Groups of Hair
due to Straightening and Bleaching Processes
Obtained by FTIR/ATR

The obtained spectra are characteristic of hair, which is mainly
composed of biomolecules such as alpha-keratin chains, asso-
ciated proteins, lipids, and other compounds [46]. Even though
FTIR/ATR is not a fully quantitative technique, it can give in-
dications about the variation in the lipid levels [32] as well as
important changes in the fiber due to the cosmetic treatments.

TABLE 3 | TG results: Range temperature (A7, in °C) and mass loss (4m, in %) of each event of the hair samples.
Nitrogen (N,) Synthetic air
Dehydration Decomposition Dehydration Decomposition
Sample T,eax Mass Tpitiar (°C) L Mass Tipitia1 (°C)
VH 54 9 210 52 9 200
BH 55 10 210 55 9 205
SH 60 11 200 62 10 175
BSH 56 11 200 55 8 200

Amida | u(C=0), u(C-N) & 5(N-H) (1633 cm™")

_CH, (2919 cm™") & CH, (2850 cm™)
U,(C-H) & u,(C-H)

Transmittance [%]

/L
T 4 I = T E I J LIE 4 2

Amida Il u(C-N) & 5(N-H) (1526 cm™)

C-0(1320- 1210 cm™)

Amida 11l 3(N-H), u(C-H), u(C=0)
& 5(0=C=H) (1235 cm"")

-S0, (1041 cm™)

Out-of-plane N-H bend
& NH, Out-of-opalne bend

(801 cm™)

BSH
| | . \BH

3600 3400 3200 3000 2800

1600

1
1400 1200 1000 800 600

Wavelength (cm™)

FIGURES8 | Non-normalized FTIR/ATR spectra at 500-4000cm~! comparing virgin and treated hair. The curves were shifted for clarity. Virgin
hair (VH, in black line), bleached hair (BH, in green line), straightened hair (SH, in red line), and bleached and straightened hair (BSH, in blue line).
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TABLE 4 | Assignment of the main spectra bands in the hair samples.

Wavenumber (cm™!)

Bleached Straightening Bleached and
Functional group Virgin hair (VH) hair (BH) hair (SH) straightening hair (BSH)
Amide A 3280 3280 3280 3280
Amide B 3065 3065 3065 3065
CH, Assym 2919 2921 2917 2917
CH, Sym 2850 2850 2850 2850
Amide I 1633 1633 1633 1633
Amide IT 1525 1526 1526 1526
Amide IT 1450 1450 1450 1450
Amide ITI 1235 1235 1235 1235
Sulfonic acid 1042 1041 1041 1040
Deformation in NH, 801 804 801 802

Figure 8 shows the major bands present in the absorption spec-
tra, as well as the average (triplicate) of each hair type sample
evaluated. Table 4 presents the main peaks found in our char-
acterization. The obtained spectral data agree with those seen
in the literature. Barton [37] studied samples of different types
of hair by FTIR/ATR. The author demonstrated that ATR spec-
tra have been obtained with better quality compared to other
techniques, allowing the identification of the components of
the cuticle and the more peripheral regions of the cortex.

At 800cm™, one sees a strong increase in the peaks for SH and
BSH, which was promoted to acid straightening in the hair
fiber. The primary amines have NH, stretching bands (out-
of-plane NH,) from 850 to 750 cm™ and can involve saturated
and aromatic amines. The out-of-plane NH, bend involves
both hydrogens “wagging” above and below the plane defined
by the C-N bond. An out-of-plane N-H bend was found at
812cm™! [47].

Medium-intensity peaks around 2921 and 2851cm™' are re-
lated to C-H from asymmetric stretching of CH, and symmet-
ric stretching of CH, (modes of lipids from methylene groups)
[31, 39, 40]. Reference [39] related the peak at 2852cm™! to
the existence of lipids and fatty acids, indicated by symmetric
stretching of the C-H group. Several articles [48, 49] compared
the cuticle, cortex, and medulla of human hair based on lipid
composition analysis by synchrotron FTIR microspectroscopy.
They reported the CH, symmetric stretching peak around
2850cm™" and CH, asymmetric stretching (near 2921cm™) as
being influenced by lipid organization and long-range ordering.

There was an increase in the intensity of the asymmetric and
symmetric CH, bands at 2920 and 2851cm™ signals, respec-
tively [32, 37, 50] to SH (subjected to acid straightening) and
BSH (subjected to bleaching and acid straightening) hair sam-
ples. The acid straightening associated with heat flat ironing
promotes alteration/degradation of the surface lipids, causing
irreversible damage to the hair surface. Figures 9d and S7d show
some of these alterations.

Analysis of oxidized keratin using infrared instruments has
been reported by several authors. Sandt and Borondics [48]
showed that while the medulla has elevated lipid levels, the cu-
ticle spectra show an intermediate level of lipids and stronger
cysteic acid and sulfonate peaks at 1175 and 1040 cm™" due to the
oxidative hair treatment [49]. Bands of residues from the break-
down of cystine bonds were also detected, mainly in chemically
treated hair tresses. The intensity of the band at 1042cm™ (-
SO,H) increased. It is known that oxidizing agents and thermal
treatment disrupt keratin disulfide bonds, forming cysteic acid
and other subproducts [12, 27, 37, 50]. These species result in
a reduction in keratin structural rigidity and resistance of the
hair fiber. Furthermore, the increase in negative charges on the
surface of the hair fiber generates an increase in hydrophilicity
and consequently in frizz [11, 51, 52]. Korte et al. [53] evaluated
the emergence of chemical groups at the surface of hair fibers
subjected to bleaching. They found signals of cysteic acid resi-
dues by 18-MEA breaking, enhancing the hair's hydrophilicity.
These changes observed in FTIR on the chemical groups in the
surface of the fibers suggest that the surface became more jag-
ged and oxidized with the treatments. This can promote cracks
or wear on the cuticle, which can be explored by microscopy.
The images in Figure 9 show some changes in the surface of the
fibers, which show the differences in the surfaces of samples of
VH, BH, SH, and BSH.

The yellow arrow indicates the healthy and regular alignment of
cuticle layers in the VH. The red arrows indicate regions where
the cuticle layers were ripped. Compared to VH, most of the hair
cuticle was removed in the case of bleached and straightened
hair (BH and SH), indicating a high degree of damage to the hair
surface subjected to chemical overlapping treatments (BSH) and
heat. With the breakdown of cystine bonds and 18-MEA break-
ing in the surface of the hair, the surface is negatively charged
and chemically damaged, which causes parts of the scales to
fracture and reveal underlying cuticle remnants [2, 49].

A band at 1324 cm™! appeared for the hair samples SH and BSH.
The C-O stretch around 1320-1210cm™! is related to carboxylic
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FIGURE9 | SEM images of virgin (VH; a), bleached (BH; b), straightening (SH; c), and bleached and straightening (BSH; d) at 30°C.

acids [54], which can justify the presence of these groups in SH
[55]. It is reported that the stretch at 1340cm™! corresponds to
S=0 stretching due to sulfonic acid, which also results from the
breaking of sulfur bonds (cystine). It is known that acid straight-
ening causes denaturation of the IFs and pyrolysis above 200°C,
promoting the decomposition of sulfur-containing amino acids
(including cystine) in the cuticle and/or cortex of the hair,
thereby weakening the fiber [1, 27].

The amide III band (VH) displayed a similar line shape and
maxima, exhibiting a strong, sharp absorption at approximately
1235cm™! (N-H bending) [56-58]. However, the peak maximum
position of all treated hair spectra (BH, SH, and BSH) exhibited
an alteration in intensity, suggesting a change in protein confor-
mation. According to Kuzuhara [12], an increase in the amide
III (unordered) band suggests changes in protein structures to
random coil form.

4 | Conclusions

This study systematically explored the thermal behavior of nat-
ural and chemically treated Caucasian hair fiber and correlated
it with superficial (cuticle) and internal (cortex). It was possible
to analyze alterations in the cuticle (surface region) and cortex

(internal region) of hair tresses subjected to chemical treatments
and then heating. Combining SAXS and WAXS with SEM, we
evaluated the alterations in the microstructures of the hair cor-
tex. Combining FTIR/ATR with SEM, it was possible to iden-
tify the chemical groups and surface damage due to multiple
cosmetic treatments. Acid straightening promotes alteration of
the lipids and proteins, either in the cortex (observed by SAXS
and WAXS) or in the cuticle (observed by FTIR/ATR and SEM).
Our results showed that beta-keratin, primarily present in the
cuticle, is more resistant to temperature than alpha-helix chains,
supporting the findings in the literature.

It was clearly observed that the hair structure and temperature
response are modified when it is subjected to cosmetic treat-
ments, such as bleaching and acid straightening. Our results
demonstrate that straightening leads to metastable structural
states that are relaxed when subjected to temperatures above
70°C. Therefore, at least from the structural point of view, it
is not recommended to expose straightened hair fibers to high
temperatures since it compromises the cosmetic treatment. This
can influence the temperature used in the hair blower for hair
drying procedures.

The combination of the techniques shown in this work allowed
the evaluation of the structural, thermodynamic, vibrational,
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and microscopic properties of hair. Moreover, this work provides
new insights into the lipid arrangement within the hair fiber and
how the structure is modified by common cosmetic procedures
in the beauty industry.

Our study reaffirmed that the use of a multifactorial approach,
combining x-ray scattering methods (USAXS, SAXS, and
WAXS) with other analytical methods, such as SEM, DSC, TG,
and FTIR/ATR, can provide structural details on a broad range
of length scales. These results allow a better understanding of
the effects of cosmetic procedures, optimize treatments, and can
be used to validate claims made by the hair care industry.
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