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Synopsis

It has been experimentally shown that hair subjected to permanent wave treatment quickly changes into
uncurled hair during daily hair-care activities. However, the mechanism of curl fallout has not been clarified.
In previous studies, the relationship between permanent wave treatment and disulfide bonds in hair has been
studied. Because permed hair falls out its waves without any chemical treatment, we focused on the hair
microstructure rather than the disulfide bonds. To examine the relationship between the hair curl shape and
the intermediate filament (IF) organization in hairs, scanning microbeam small-angle X-ray scattering
measurements were performed. It was found that in permed hairs, the IF orientation on the convex side of the
curvature was different from that on the concave side. By contrast, for permed hairs with curl fallout, the IF
orientation on the convex curvature side was not significantly different from that on the concave side. Our
findings suggest that the curl shape of permed hairs is related to its anisotropic IF orientation between the
convex and concave side of the curl, and control of this IF orientation will allow for effective reduction of curl
fallout.

INTRODUCTION

A permanent wave (perm) can produce a hairstyle of one’s choice, and is familiar to people
around the world. Basically, the perm treatment consists of two processes. In the first
process, the hair is wrapped around perm rods, and is treated with a reducing agent such
as thioglycolic acid. These agent molecules break some of the disulfide cross-links
between polypeptide bonds in keratin, a protein present in hair. In the second process, the
hair is treated with oxidizing agents while it is still wrapped around the rods. These
agents reform the previously broken disulfide bonds, but in such a way that it stabilizes
the hair in their position around the rod. As a result, the hair exhibits waves even when
the rods are removed. Disulfide bonds in hair are, thus, central in these processes, and
their role in permanent wave treatments has, therefore, been extensively studied (1-5).
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However, many of these studies have dealt with the effect of permanent wave treatment
on hair that was not wrapped around perm rods. For this reason, the relationship between
hair curl shapes and disulfide bonds may not have been fully understood. One factor is
curl fallout: Curl fallout is the phenomenon by which, through daily hair care, the waves
formed through perm treatment begin to deteriorate after roughly 1 mo. Although this
issue of hairstyle maintenance poses problems to many, this phenomenon has not been
studied, and the cause of curl fallout has not yet been clarified. Because permed hair falls
out its waves without any chemical treatment, we investigated changes in the microstructure
of the hair rather than in disulfide bonds.

Because of recent developments of scanning microbeam small angle X-ray scattering
(SAXS) technology, it is now possible to examine the inner microstructures of hair (6-11).
The relationship between the shape of hair curls in naturally curly hair and the orienta-
tion of intermediate filaments (IFs) in the hair could, thus, be explored (12). The present
study aims to clarify the cause of curl fallout, by investigating the relationship between
the IF’s orientation and the curl shape of permed hair. To investigate the relationship, five
types of hair samples were prepared. The first samples were hairs without perm treatment. The
second samples were permed hair. The third samples were permed hairs repeatedly
stretched. The forth samples were permed hair immersed sodium lauryl sulphate (SLS)
solution. The Last samples were permed hairs stretched and immersed SLS solution. These
samples were examined by scanning microbeam SAXS for structural analysis, and the
relationship between curl shape and microstructure was discussed.

MATERIALS AND METHODS
CURL DIAMETER EFFICIENCY MEASUREMENTS

Asian blended untreated hairs were used. Each hair bundle curl diameter was measured
in a room where the temperature and humidity were adjusted to 25°C and 50% Relative
Humidity (RH), respectively.

The “curl diameter efficiency” was calculated using the formula:

Curl diameter efficiency (%) = Rod diameter (mm)/Curl diameter (mm) X 100.

Fifteen millimeter diameter spiral rods were used. The curl diameter efficiency was deter-
mined after the perm treatment and after each subsequent treatment (described in the
following text). Each treatment was performed five times, and average data was used for
analysis.

CHEMICAL TREATMENTS FOR CURL DIAMETER EFFICIENCY MEASUREMENTS

Bleached hair. A bleach treatment was carried out for 35 min at 30°C using 1.0 wt%
ammonia aq. and 3.0 wt% hydrogen peroxide aq. (pH 10.2) (= bleached hairs). The scale
of curl fallout was not sufficiently large in virgin hairs after only a perm treatment to
get reliable results. Hairs were, therefore, first bleached and then permed, making the
measured differences more prominent. We used bleached hairs as a control.
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Permed hair. Bleached hairs were wrapped around a 15-mm-diameter spiral rod, and were
treated for 15 min at 30°C using 6.0 wt% thioglycolic acid aq. and 0.8 wt% ammonia
aq. (pH 9.4). After washing with water, the hairs were treated for 15 min at 30°C using
7.0 wt% sodium bromate aq. (pH 6.9) (= permed hairs).

Stretched hairs. The permed hairs were combed through five times. This treatment was
repeated 30 times.

SLS-immersed hair. The permed hairs were immersed in 5.0 wt% SLS aq. (pH 8.5) for
3 min. This subsequent treatment was repeated 30 times.

Stretched SLS-immersed hair. The permed hairs were immersed in 5.0 wt% SLS aq. (pH 8.5)
for 3 min. After immersing the hairs in water for 2 min, they were combed through five
times. This subsequent treatment was repeated 30 times.

SAXS MEASUREMENTS

Asian untreated hairs, with a diameter of 70-90 pm, from a single head were used. In
addition, naturally curly hairs were excluded and only straight hairs ware selected. Con-
cerning naturally curly hair, it has been commonly believed that the biased distribution
of the paracortex-like structure on the concave side and the orthocortex-like structure on
the convex side was related to curl (13). On the other hand, it is known that straight hair
possesses the homogenous distribution of two types of cortical cells (13).

The hair samples (15 hairs per specimen) described in the following text were measured
using a scanning microbeam SAXS (beamline BLA0XU) at the large synchrotron radiation
facility SPring-8 (Proposal No. 2012B1388). The temperature and humidity in the facility
were 26°C and 30% RH, respectively. The measurement conditions were as follows: X-ray
wavelength: 0.083 nm (X-ray energy: 15 keV), camera length: approx. 1612 mm, beam size
diameter: approx. Five micrometre (1st pinhole: 5 pm, 2nd pinhole: 200 pm), beam stop
diameter: 6 mm, exposure time: 3 s. An imaging intensifier (4 inch) and CCD camera
(ORCA-II-ER; Hamamatsu Photonics Co., Ltd., Hamamatsu, Japan) were used as detec-
tors. Calibration was carried out using silver behenate (4= 5.838 nm). X-rays were radiated
perpendicularly to the fiber axis. The sample position with respect to the X-ray microbeam
was moved by steps of 5 pm from the fiber periphery to the center of the fiber. The measure-
ment of the perm-treated hairs started from the convex side of the curl. We then extracted
a scattering intensity profile from the two-dimensional SAXS pattern, and simulated the
equatorial intensity profile around the scattering vector $ = 0.118 nm ™" to obtain the dis-
tance between IFs by using the method proposed by Briki ez 2/. (14). Based on the scattering
intensity profile in an azimuthal direction around § = 0.118 nm ™, the full width at half
maximum (FWHM) of the peak derived from IFs was obtained and used as an index of the
IF orientation with respect to the hair longitudinal axis (expressed in degrees).

The #-test was used to evaluate significant differences in all the statistical analyses (bilateral
distribution, 0= 0.05, *p < 0.05, ¥¥p < 0.01, ¥¥#p < 0.001).

CHEMICAL TREATMENTS FOR SAXS MEASUREMENTS

Bleached hair. Bleached hairs were prepared in the same manner as described previously.

Permed hair. Permed hairs were prepared in the same manner as described previously.
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Stretched hairs. The permed hairs were repeatedly stretched 50 times with a force of 0.1 N
using a SV-201N type tension/compression testing machine IMADA SEISAKUSHO
Co., Ltd., Toyohashi, Japan) to restore their original state.

SLS immersed hair. The permed hairs were immersed in 5.0 wt% SLS aq. (pH 8.5) for
3 min, 30 times.

Stretched SLS immersed hair. After immersing permed hairs in 5.0 wt% SLS aq. (pH 8.5),
the hairs were repeatedly stretched 50 times with a force of 0.1 N using a SV-201N type
tension/compression testing machine to restore their original state.

RESULTS

CURL DIAMETER EFFICIENCY

As shown in Figure 1, the phenomenon of curl fallout was validated in the three types of hair
samples. Among them, the stretched SLS immersed hair had the lowest value of curl diameter
efficiency (82.6%). There was a significant difference between the permed hair and the

stretched SLS-immersed hair (p = 0.007). The stretched hair (90.8%) or SLS-immersed hair
(95.3%) also had lower values of curl diameter efhciency than the permed hair (97.1%).

SAXS MEASUREMENTS

Figure 2 shows a typical 2-D profile measured using SAXS. A strong scattering peak
derived from the IFs was observed on the equatorial axis. To examine if the IF’s organization
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Figure 1. Rate of change of curl diameter efficiency because of each treated hair. #-test was used for
statistical analysis with *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Typical 2-D profile measured using SAXS (bleached hair).

was different in our differently treated hair samples, a scattering intensity profile was
extracted from the 2-D profile.

Figure 3 shows typical scattering intensity profiles for four different hair samples. The
bleached hairs displayed the highest scattering intensity, followed by the permed hairs,
and finally the permed hairs with curl fallout.

The IF organization in the various hair samples was analyzed in detail. The distance be-
tween IFs and the FWHM of the scattering intensity profile peak were found to be larger
in the permed hairs compared with the bleached hairs (control sample) as is shown in
Figure 4. Therefore, we could conclude that the IF orientation of the permed hairs was
anisotropic. In addition, it was found that the distance between IFs on the convex side of the
hair curvature was different from that on its concave side, and the IFs on the convex side
were aligned anisotropically, whereas those on the concave side were aligned isotropically.
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Figure 3. Change of scattering intensity profile extracted from the equatorial axis.

On the other hand, the distance between IFs and the FWHM in the bleached hair were
observed in the symmetry with the center of hair shaft as an axis, as expected.

Figure 5 shows the results of the analysis for the permed hair and the stretched hair. Al-
though distance between IFs in the stretched hairs had no difference with that in the
permed hairs, the FWHM in the stretched hair was smaller than that in the permed hair.

Figure 6 shows the results of the SLS-immersed hair compared with the permed hair. The

distance between IFs and the FWHM in the SLS-immersed hairs was smaller than those
in the permed hairs.

Figure 7 shows the results of the stretched SLS-immersed hair compared with the permed
hair. Although distance between IFs in the stretched SLS immersed hairs had no differ-
ence compared with that in the permed hairs, the FWHM in the stretched SLS immersed
hair was smaller than that in the permed hair. Thus, the IF orientation was isotropic for

Purchased for the exclusive use of nofirst nolast (unknown)
From: SCC Media Library & Resource Center (library.scconline.org)



STRUCTURAL ANALYSIS OF PERMANENT WAVED HAIR BY SAXS 127

0.4 — 30 P<0.1
k1

£ *kk | Kk
£ 92 28 T
7 B
= Kook 2 -
5 9.0 1 2 2
2 W 900 | =
32 = 258
L 88 ftn e Z 2 :
§ 8.83 =
a =
% 86 | T ........ ] W N W— 23.0___
a 8.62 22.0

8.4 L L 20 . .

1 2 3 1 2 3

Figure 4. Distance between IFs and FWHM for bleached hair and permed hair. 1: Mean values for the cortex
of bleached hair. 2: Mean values for the convex curvature side of permed hair. 3: Mean values for the concave
curvature side of permed hair. 7-test was used for statistical analysis with *p < 0.05, **p < 0.01, **¥*p < 0.001.

the permed hair with these treatments. As a result, the difference in IFs orientation found
between the convex and concave side of the stretched SLS-immersed hairs were narrowed.

DISCUSSION

The distance between IFs was found to be larger in permed hair compared with bleached
hair. This is believed to be because of changes in intermolecular bonds, including disul-
fide bonds, due to the chemicals used in perming. Furthermore, on comparing the convex
and concave sides of permed hair, the FWWHM were found to be significantly larger on the
convex side. This is possibly because IFs exist in different orientations on the concave and
convex sides, as it is wrapped around the rod. According to previous research on naturally
curly hair using SAXS, lack of homogeneity in IF orientation between the convex and
concave sides of the curl plays a major role in affecting hair curl morphology (10). In case
of permed hair, anisotropic IF orientation between the convex and concave sides of the
curl seemed to be similarly related to macroscopic hair curl.
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Figure 5. Distance between IFs and FWHM for permed hair and stretched hair. Black filled square convex
sides and gray filled square concave side. #-test was used for statistical analysis with *p < 0.05, **p < 0.01,
#kp < 0.001.

Purchased for the exclusive use of nofirst nolast (unknown)
From: SCC Media Library & Resource Center (library.scconline.org)



128 JOURNAL OF COSMETIC SCIENCE

L] n.s.

l* -
bl
ELEY _9 ok 1n.s.
27
I 25

LR
%
& 23 -
' 21
8.7 9.00 e 25.1
86 - Z 19 23.0
8.5 17
8.4 15

Permed hair SLS-immersed hair Permed hair SLS-immersed hair

Distance betweenIF's / nm
oo
oo
FWHM / degree

W :convex sides 1: concave side
Figure 6. Distance between IFs and FWHM for permed hair and SLS immersed hair. Black filled square
convex sides and gray filled square concave side. 7-test was used for statistical analysis with *p < 0.05,
*#*p < 0.01, #**¥p <0.001.

It was observed that curl diameter efficiency of the stretched hair, SLS-immersed hair, and
stretched SLS-immersed hair was significantly lower than that of permed hair. Therefore,
the changes in microstructure that occur when a permed curl falls out are discussed.

First, stretched hair was compared with permed hair. No differences were present in the
distances between IFs, whereas FWHM of stretched hair was significantly smaller than
that of permed hair. A previous study reported that the sliding of keratin molecule along
the IF axis when the hair was stretched (15). It was considered that the stretched treat-
ment affected leading IF orientation by causing it to become isotropic.

Subsequently, comparison of SLS-immersed hair and permed hair revealed that the dis-
tance between IFs in SLS-immersed hair was significantly smaller than that of permed
hair. In addition, FWHM in the convex side of the curl in SLS-immersed hair was signifi-
cantly smaller than that in permed hair. Therefore, SLS immersion affected leading IF orienta-
tion by causing it to become isotropic. Concerning the distance between IFs, it was thought
a possibility that the flow-out or swelling of Intermediate filament associated protein (IFAP)
occurred in SLS immersion. Concerning the FWHM, a hypothesis was substantiated; in
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Figure 7. Distance between IFs and FWHM for permed hair and stretched SLS-immersed hair. Black filled
square convex sides and gray filled square concave side. 7-test was used for statistical analysis with *p < 0.05,
#¥p < 0.01, ¥**p <0.001.
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case of inclined IFs as seen in the orthocortex (12), swelling of IFAP longitudinally aligned
the slope of the IFs, which led to the IF orientation becoming isotropic.

Last, in the comparison of stretched SLS-immersed hair and permed hair, there were no
differences in distance between IFs, whereas FWHM in the convex side of the curl in
stretched SLS-immersed hair was significantly smaller than that of the permed hair.
Responsiveness on the convex side of the curl was more noticeable because of the difference
in the stretching strain between the convex and concave sides of the curl when making
the curl shapes (16). Therefore, it was conjectured that the change in the convex side was
more noticeable when the strain was relieved. According to previous research, it was reported
that IF orientation in straight hair was isotropic (12), and isotropic IF orientation was
related to macroscopic hair straightening (10). Our research similarly clarified that the
macroscopic curl fallout of permed hair was related to an isotropic IF orientation between
the convex and concave sides of the curl.

CONCLUSIONS

Using microbeam SAXS measurements to change the shape of permed hair, it was clari-
fied that IF orientation plays a major role in hair morphology; anisotropic IF orientation
between the convex and concave sides of the curl are related to curl shape. On the
contrary, isotropic IF orientation between the convex and concave sides of the curl corre-
lated with the macroscopic curl fallout.

It was found that stretching and SLS immersion leads to isotropic of IF orientation.
Furthermore, a combination of both treatments narrows the difference in the IF orienta-
tion between the convex and concave sides of the curl. It is hoped that maintenance of
anisotropic IF orientation between the convex and concave sides of the curl will allow for
effective amelioration of curl fallout.
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