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a b s t r a c t

Conventional chemical treatments imply the use of harsh chemicals which can cause serious adverse
effects on consumers’ health, hair fibre and environment. In this work was reported for the first time the
modelling shape of Asian hair by oligopeptide coating synthesized by a protease. a-Chymotrypsin from
Bovine pancreas catalysed the oligomerization of the tri-peptides, KCL (Lysine-Cysteine-Leucine) ethyl
ester and KSL (Lysine-Serine-Leucine) ethyl ester in aqueous media. The synthesis reaction gave rise to
oligopeptides with DP¼ 6, which were characterized by mass spectra (MALDI-TOF). The in situ synthesis
reaction onto the hair surface, under controlled pH (8.5e9) and temperatures between 25 �C and 55 �C,
formed a coating layer inducing changes in the hair shape from straight to curly. Qualitative and
quantitative characterization of coated hair was performed by image visualization and by perming ef-
ficiency assessment. The developed strategy revealed to be a safer and cleaner alternative to the con-
ventional chemical treatments generally used for hair shape modification. Low cost associated to the
catalyst and lower side effects to the hair fibre, health consumer and environment might lead to the
development of a cost-effective and sustainable approach in the hair care industry.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Keratin proteins derived from several sources including hair,
wool and epithelial tissues, are distinguished by the presence of a
large amount of cysteine residues. Human hair is composed by
around 80% of keratinwith a high amount of sulphur atoms derived
from cysteine amino acid (de C�assia Comis Wagner and Joekes,
2005). Formation of cystines renders high formation of disulphide
bonds between hair keratins promoting valuable mechanical,
chemical and thermal properties (Cruz, C. et al., 2016; Yu et al.,
1993). The formation of disulphide bonds is imperative when
morphological modification of human hair is required. Hence,
controlling the disruption of disulphide crosslinks is crucial to
change the shape of high crosslinked proteins as the human hair
keratin. The inherent stability of macromolecular keratin structure
derives from a range of strong to weak interactions, such as disul-
phide bonds to hydrogen bonds and hydrophobic interactions.
Those covalent bonds remain intact in the presence of water,
otherwise, weaker interactions are easily broken by water
(Wolfram, 2003). Changing properties of natural macromolecules,
ampus de Gualtar, 4710-057,

aulo).
as modifying their appearance and their performance properties
has attracting growing interest, from academic to industrial sci-
entists (Elias, 2013). When modification of natural macromolecules
is required, health care and durability settings are key points in
multiple methodologies. For example, in antimicrobial or anti-
wrinkle properties of cotton, wool and silk in textile applications
(Nogueira et al., 2014; Nourbakhsh and Ashjaran, 2012; Qi et al.,
2016; Shirgholami et al., 2016), and in alternative treatment for
hair in cosmetic styling processes (Cruz et al., 2017a; Fernandes and
Cavaco-Paulo, 2012).

The desire for beautiful and healthy hair has been the driving
force of hair care industry. Huge hair care products have been
developed to improve its structural integrity. However, successful
cosmetic treatments to alter hair shape require chemical processes
(Harrison and Sinclair, 2003; Sinclair, 2007). Usually, the chemical
treatments to change the shape of the hair, straightening or
perming treatments, are based on reductive agents (e.g thioglycolic
acid, sodium hydroxide, guanidine hydroxide, among others) in the
reduction phase, and based on oxidizing agents (e.g hydrogem
peroxide) in the neutralization phase. Other chemical styling
methods as colouring or bleaching can also result in hair fibre
damages altering its properties (Lee et al., 2014). These chemical
processes make permanent changes on the hair structure and lead
to severe hair fibre damaging (Galli et al., 2015; Kaur et al., 2002;
Maneli et al., 2014b; McMichael, 2007; Miranda-Vilela et al.,
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2014). As a result of the damage, hair changes its physical-
mechanical properties leading to reduced cross-linking density
(Dyer et al., 2013; Robbins, 2002). Extremely damaged hair may
suffer from the appearance of crack and lifting of the cuticle,
removal of the hair cuticle hydrophobic top-layer, and consequent
reduction of surface hydrophobicity (Cruz et al., 2017b). Diffusion
rate into keratin fibres, which is dependent on the crosslink density
of the hair, is altered in damaged hair. Hence, excessive or repeated
hair chemical treatments with these harsh chemicals may damage
the hair fibre (Cruz, C.F. et al., 2016; McMichael, 2007; Olasode,
2009), the health of the consumer and stylist and even the
release of toxic elements into the environment (Cruz et al., 2017a;
Galli et al., 2015; Kaur et al., 2002; Maneli et al., 2014a). The use
of peptides for hair keratin treatment has been explored (Fernandes
and Cavaco-Paulo, 2012; Gavazzoni Dias, 2015; Villa et al., 2013).
Their high ability to diffuse into the hair keratin layers and high
cysteine content are intended to improve hair properties.

Peptides have been investigated as alternative to chemicals in
hair cosmetic applications (Cruz et al., 2017b) and components of
soft materials prepared by self-assembly (Li et al., 2008), among
other fields of importance. Current drawback of protease-catalysis
of amino acid esters has been the high expression on oligopep-
tide synthesis. Protease has been used as catalyst for peptide syn-
thesis reaction displaying inherent positive properties as mild
reaction conditions, the activation involves simple formation of
ethyl esters, high regio-specificity and stereo-specificity avoiding
steps of protection and deprotection (Bongers and Heimer, 1994;
Gill et al., 1996; Hans-Dieter et al., 1985; Li et al., 2008). The asso-
ciated cost of these reactions is considerable lower when compared
to the chemical or fermentation methods. Peptide synthesis by
protease-catalysis has been successfully achieved using dipeptides
(Bordusa, 2002; Qin et al., 2011, 2013a, 2013b). Herein the focus was
the oligomerization of two tri-peptides by catalysis with a protease,
a-chymotrypsin, proposing a greener route for the coating of hair
envisaging its shape modelling. Since no hazards reagents are used,
the proposed approach show great potentiality for hair industry
processing.

2. Material and methods

2.1. Materials

Tri-peptide KCL-Oet (Lys-Cys-Leu-OEt) and tri-peptide KSL-OEt
(Lys-Ser-Leu-OEt) were kindly synthesized by Biobasic. Sodium
phosphate dibasic, sodium phosphate monobasic, a-chymotrypsin
from Bovine pancreas (Type II, lyophilized powder, �40 units/mg
protein) and a-cyanohydroxycinnamic acid (CHCA, MALDI-TOF
matrix) were purchased from Sigma-Aldrich and was used as
received. Hair samples were collected from two volunteers (female)
originated from Asia. The Asian hair samples were taken from each
volunteer, collected around 200mg per each sample condition. All
reagents were used as received.

2.2. Characterization of oligopeptides (KCL and KSL) synthesised in
aqueous media by MALDI-TOF (matrix assisted laser desorption
ionization time-of-flight)

The protease selected as catalyst for the tri-peptide ethyl esters
(KCL-OEt and KSL-OEt) oligomerization was the protease, a-
chymotrypsin from bovine pancreas. The oligomerization was
conducted by placing 0.3M both tripeptides individually in 0.2M
phosphate buffer, pH 8.5e9, at 40 �C, for 1min. Afterwards, the a-
chymotrypsin was added (10mg/mL) to this solution and the re-
action proceed by a vortex mixer agitation. The reaction mixture
was analysed by mass spectra. MALDI-TOF spectra was obtained on
a Bruker Autoflex Speed instrument (Bruker Daltonics, GmbH)
equipped with a 337 nm nitrogen laser. To generate the matrix
solutions, a saturated solution of a-cyano-4-hydroxycinnamic acid
(CHCA) and of sinapic acid were prepared in solvent TA30 (30:70[v/
v] acetonitrile:trifluoroacetic acid (1% in water). Oligopeptide
samples were dissolved 100 mL of saturated matrix solution. Then,
samples were mixed with the matrixes (1:1) and applied onto a
ground steel target plate (Bruker part nº 209519). Samples were
analysed in the linear mode using factory-configured instrument
parameters suitable for a 1e10 kDam/z range (ion source 1:
19,5 kV; ion source 2: 18,3 kV). Time delay between laser pulse and
ion extraction was set to 130 ns, and the laser frequency was 5 Hz.
The number average molecular weight (Mn) and weight average
molecular weight (Mw) was obtained directly from MALDI-TOF
analysis according to the well-known equations (Li, 2009).

2.3. In situ coating of Asian hair with oligopeptides

Before coatings, the hair samples were shampooed, rinsed and
dried at room temperature. Coating of tri-peptides involved two
main events, namely swelling and oligomerization/coating. The tri-
peptide ethyl esters catalyzed by a-chymotrypsin were applied
onto Asian hair fibre and the oligomerization process occurred
directly onto the hair fibre following twomethodologies. Firstly, the
straight Asian hair was rolled onto a glass rod followed by a pre-
treatment at alkaline pH (adjusted with phosphate buffer), and
dried with a blow-dry (with temperature control 25e55 �C); then
the tri-peptide was applied at pH 8.8 and the catalyst was added;
afterwards, the hair samples were blow-dried at temperatures from
25 to 55 �C for the coating development; the drying step was
finalized with higher temperatures (55e85 �C). The hair was then
removed from the glass rod and the length and the number of loops
after and before coating treatment was measured. The second
methodology applied was similar to the described previously
differing in the generation of the curls. A babyliss equipment with
fixed temperature at 200 �C was used. After coating perming effi-
ciency for each hair sample was calculated (Equation (1)).

The hair samples were also subjected to the conventional
chemical treatment as a control process consisting in a strong alkali
which breaks the disulphide bonds. From the broken disulphide
bonds, the state of hair fibre's changes to a new hair shape style
which in turns in a permanent style after neutralization to rear-
range the disulphide bonds. Thus, the chemical treatment, con-
sisted in two main steps: reduction and neutralizing. In the first
step, the straight hair was wrapped around rods to generate curls,
and a basic solution of ammonium thioglycolate was applied for
20min. The reduced hair was rinsed with water and dried with a
towel. The second step involved the oxidation reaction using a
neutralizer agent (based on hydrogen peroxide). Finally, the hair
was rinsed thoroughly with water and dried with blow drier.

Perming efficiency (PE) was calculated using equation (4).

PE¼ nºloopsafter treatment=fiber lenght after treatment
nºloopsbeforetreatment=fiber lenght beforetreatment

�100

(1)

2.4. Morphological evaluation of coated hair by scanning electron
microscopy (SEM)

Hair samples were placed onto a specimen slide followed by
coating with a thin layer of gold. Slides were examined by SEM
(Phenom-World BV, Netherlands) at 3000x magnification. The hair
surface damage was evaluated by a SEM standard grading system
described by Kim et al. (2010).



Table 1
Characterization of oligopeptides: number average molecular weight (Mn) and
weight average molecular weight (Mw), polydispersity (PDI) and average degree of
polymerization (DPavg) and maximum degree of polymerization (DPmax) (calcu-
lated by MALDI-TOF).

Mn Mw Mw =Mn DPavg DPmax

KCL - oligopeptide 518 1021 1.97 2.6 5.6
KSL - oligopeptide 789 1149 1.45 3 6.7
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2.5. Free thiol and disulphide bonds determination

The total content of free thiol groups in the hair samples was
carried out according to the spectrophotometric method using 5,50-
dithiobis(2-nitrobenzoic acid) (Ellman's reagent) described by Ell-
man (1959). Briefly, hair samples (10mg) were suspended in 5mL
of phosphate buffer (0.5M, pH 8.0) containing 100 mL of 4mg/mL
Ellman's reagent solution. Samples were incubated in dark at room
temperature for 1 h. Then, its absorbance was read at a wavelength
of 412 nm using a UV/vis spectrometer. Determination of free thiol
groups were obtained from a calibration curve using L-cysteine
standards. Similar reaction method using Ellman's reagent was
performed to determine the total amount of sulphur in the hair
samples. To that, a complete reduction of disulphide bonds was
performed using sodium borohydride (Hansen et al., 2007). Briefly,
about 10mg of hair sample was hydrated in water (350 mL, for
10min) following 150 mL of Tris buffer (0.05M, pH 6.8) and 4% (w/v)
of sodium borohydride in NaOH (0.2M). Samples were incubated at
37 �C in a shaking water bath for 1 h. The inactivation of residual
sodium borohydride was performed adding HCl (5M, for 10min) to
the reaction mixture. The pH of the final reaction solution was
adjusted to 8.0 with phosphate buffer (1M) and was added Ell-
man's reagent (4mg/mL). Samples were incubated at room tem-
perature for 15min. The amount of thiol groups were obtained as
described above measuring the absorbance at 412 nm of wave-
length. Three replica experiments were conducted for each data
point.

The number of disulphide bonds presented in hair samples was
determined by subtraction between free thiol group content before
and after sodium borohydride reduction.

3. Results and discussion

3.1. Oligopeptides characterization

Proteases as papain, bromelain and a-chymotrypsin, have been
used as catalysts for the co-oligomerization of hydrophobic amino
acid ethyl esters, namely L-leucine ethyl ester with L-glutamic acid
diethyl ester hydrochloride or L-phenylalanine ethyl ester (Li et al.,
2008; Qin et al., 2013a; Uyama et al., 2002; Viswanathan et al.,
2010). In the last years, there is significant progress in protease-
catalyzed methods to synthesize oligopeptides (Illanes et al.,
2010; Kobayashi and Makino, 2009; Li et al., 2008; Qin et al.,
2013b). The enzymatic-triggered self-assembly based on the olig-
omerization of Lys-Leu ethyl esters (KL-ethyl ester) catalysed by a-
chymotrypsin was introduced by Gross and co-workers (Qin et al.,
2013a, 2013b). Gross et al. described the catalysed synthesis of
dipeptide in aqueous reaction medium by protease (Li et al., 2008;
Qin et al., 2011, 2013a; Viswanathan et al., 2010). They obtained
mixed chain oligomers self-assembled into b-sheets. Herein a-
chymotrypsin was used for the assisted oligomerization of a tri-
peptide ethyl ester Lys-Cys-Leu (KCL) ethyl ester. As postulated
previously by Gross, the peptide synthesis reaction is pH depen-
dent, being the formation of the oligopeptide favoured at alkaline
conditions in the presence of protease (Bao-juan et al., 2010;
Capellas et al., 1996; Meng et al., 2007). a-Chymotrypsin was
selected as catalyst due to its high specificity for the hydrolysis of
peptide bonds between L (Leu) and K (Lys) (Polaina and MacCabe,
2007). The high specificity of the catalyst for aminolysis chain
propagationwas the crucial factor in the oligomerizationwhere the
leaving group was the ethanol. The competition between ami-
nolysis and hydrolysis reaction at the terminal oligopeptide-OEt
moieties will affect the chain length distribution.

After oligomerization, the oligopeptides were characterized by
MALDI-TOF to evaluate the level of conversion (Table 1). The data
achieved reveal molecular peaks for both oligopeptides corre-
sponding to average polymerization degree of 2.6 and 3 for KCL-
and KSL-oligopeptide, respectively. Both peptides reached similar
DPavg of around 3, with a polydispersity index between 1,5 and 2.
The MALDI-TOF spectra of both oligopeptides, KCL and KSL, are
presented in Fig. 1 which shows a distribution of the peaks up to
2228 and 2568m/z, corresponding to 6 and 7 tripeptide units,
respectively.

3.2. In-situ coating characterization

The stability of hair fibre derives from a variety of intra- and
intermolecular crosslinks holding them together. Hydrogen, ionic
and hydrophobic bonding type interactions are the most frequent
bonds in the hair fibre (Ribeiro et al., 2013; Robbins, 2002;
Wolfram, 2003). Disulphide crosslinks are the basis of the human
hair fibre stability. Their disruption and formation is associated to
changes on the physicochemical properties of the hair (Robbins,
2002). Here the ability of oligopeptide coating as modulator of
hair fibre replacing the usual of chemical agents was explored. To
that, tri-peptides KCL-OEt and KSL-OEt, in independent experi-
ments, were polymerized in situ by a-chymotrypsin onto Asian hair
fibre. This reaction occurred under two different methods: in the
first one, the hair was exposed at a temperature ranging from 25 �C
to 55 �C and in the second method, the Asian hair was exposed at
200 �C. From qualitative and quantitative assessment, the oligo-
peptide KSL exhibited a very low ability to modify the shape of
Asian hairy showing a perming efficiency of around 8%, and for this
reason was discarded for further experiments. The re-arrangement
of disulphide bonds between cysteine residues of hair keratin
protein determines changes in the structure of the hair (Cruz et al.,
2017b). The absence of cysteine amino acid in KSL oligopeptide
would be determinant for a negligible effect on hair shape modi-
fication, and for this reason this oligopeptide was excluded from
further experiments. On the other hand, the similar DPmax obtained
for KCL oligopeptide, revealed high ability for hair shape modelling.
The evaluation of visual and quantitative perming efficiencies of
hair fibre confirm this assumption (Figs. 2 and 3, respectively).

The results obtained after treatment (Fig. 3) revealed that hair
samples coated with KCL oligopeptide presented similar perming
efficiencies as when treated with the commercial product, as dried
with glass rod or with babyliss. After washing, the coated hair fibre
wrapped in glass rod maintained its efficiency for around 60%, hair
wrapped in babyliss maintained for around 28% while with com-
mercial product kept 100%. This behaviour is associated to the
temperature in which hair was exposed. When using the glass rod
the hair was dried with a blow-drier at temperatures ranging from
25 �C to 55 �C followed by an increase of temperature up to 85 �C.
While with babyliss, the hair samples were subjected to a constant
temperature of 200 �C, which did not favoured the in situ enzymatic
oligomerization of the KCL-OEt. Despite the decrease of the
perming efficiency after washing, these results reveal a promising
approach for hair modelling. The methodology developed presents
several advantages compared with the commercial ones, no
chemical agents are applied and it requires only one coupling step,



Fig. 2. Overview of the oligopeptide coating process (tri-peptide at 0.3M with a-chymotrypsin 10mg/mL) onto Asian hair fibre: (A) Hair wrapped and dried in a glass rod (25ºC-
55 �C, pH 8.5e9) and (B) Hair wrapped and dried with babyliss (200 �C, pH 8.5e9).

Fig. 1. MALDI-TOF spectrum of (A) KCL-OET and (B) KSL-OET oligopeptides synthesised by a-chymotrypsin. Values of m/z are ±1 Da of those expected for the molecular ions peaks.
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contrarily to commercial perming methods which require two
steps, an high alkaline solution and a neutralization step. The use of
chemicals, as alkaline reducing agents, based on thioglycolate so-
lution, are applied to cleave and rearrange disulphide bonds
rendering hair fibres more vulnerable to friction and conducting to
the loss of resistance and strength (Fernandes et al., 2012; Secchi,
2008). All of these harmful effects can be avoided by using a
green and controlled coating treatment based on oligomerization
synthesis.

It is well-known that chemical perming agents can induce se-
vere damage in hair fibre driving from their repeated or prolonged
use. For this reason, it was imperative to evaluate the eventual
damage resultant from the perming treatments developed. Table 2
presents the morphologic characterization of hair samples by
scanning electron microscopy image (SEM). As expected, hair
samples subjected to chemical perming treatment exhibit high
patterns of damage. Lift and loss of cuticle edge was observed only
in hair samples chemically permed, otherwise intact and tightly
overlapping cuticle scales were observed on hair samples curled
with the oligopeptide. Hair samples’ surface were evaluated ac-
cording a SEM standard grading system described by Kim et al.
(2010). The grading scores were similar for original (virgin) and
oligopeptide permed hair, both displaying a regular and intact
overlay of the cuticle. For chemical permed hair was attributed the
higher score corresponding to an irregular overlay of the cuticle.

The inherent benefits of oligopeptide approach to curl Asian hair
are the lower treatment time and the deeply reduction of the side
effects associated to health and environmental issues. The curliness
efficiency after washing obtained with KCL oligopeptide coating
was lower than with the chemical perming, however inducing
enough morphological changes to curl the hair samples. As previ-
ously mentioned, the oligopeptide coating process is highly
affected by the handling temperature. The babyliss method uses
temperatures close to 200 �C which did not favoured the coating of
the oligopeptide, and after a washing step the hair samples loose
almost all the curliness. Thus, the temperature was an essential
parameter to control in order to induce the coating interactions
between the oligopeptide and the hair keratin surface. These



Fig. 3. Perming efficiency of hair coated in situ with oligopeptide (KCL) catalysed by a-chymotrypsin, after drying using different devices: hair dried on glass rod from 25 �C to 55 �C
and hair dried with babyliss 200 �C; the controls presented correspond to the treatment in the presence of buffer and with the commercial chemical compound.

Table 2
Scanning electron microscopy images and grades according to SEM (Scu) of hair samples surface. Grades of hair samples surface by SEM: Scu0- Virgin, intact hair, regular
overlay of the cuticle. Scu1- Irregular overlay of the cuticle, crack (�), hole (�). Scu2- Severe lifting-up of the cuticle, crack (þ) or hole (þ), cortex (�). Scu3- Cortex (partial þ),
cuticle (þ). Scu4- Cortex (þ), cuticle (�).

Control (buffer) Chemical treatment KCL oligopeptide coating (dried in glass rod)

Grades according to SEM Scu0 Scu2 Scu0
SEM images
3000x
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interactions were evaluated by means of disulphide bonds deter-
mination on treated hair samples. In Fig. 4 the concentration of
disulphide bonds of Asian hair coated with the oligopeptide is very
close to the original (raw) hair indicating that the rearrangement of
the disulphide bonds after coating occurred. As expected, the
chemical treatment procedure breaks the naturally occurred
disulphide bonds of the hair and thereafter restores the bonds
efficiently, displaying high concentration of disulphide bonds. The
rearranged amount of disulphide bonds is directly related with the
formation of a new configuration of the hair fibre (Lau, 1997). KCL
oligopeptide-coated hair fibre changed the shape of hair fibre,
however the re-formation of disulphide bonds was not as efficient
as for chemical treatment. Despite this, the reformed bonds were
able to confer some curliness to the hair fibre preserving its
integrity. Typically, the chemical treatment is based on ammonium
thioglycolate solution (perm salt) allowing the release of ammonia,
which breaks the disulphide bonds by the addition of an hydrogen
atom to each sulfur atom (reduction reaction). The excess of
ammonia will induce the swelling of the hair keratin and thereafter
the broken disulphide bonds are reformed by the action of a
neutralizing agent, oxidation reaction, conferring to the hair a new
shape (Bhushan, 2010; de Guzman et al., 2015).

The in situ oligopeptide coating of hair here described endow a
new shape to Asian hair by creating a thin film deposition onto the
hair fibre surface, fixing a new hair morphology. The pre-treatment
with phosphate buffer at pH 9 prior to coating, allowed the swelling
of the fibre for a better diffusion and coating efficiency. The selected
tri-peptide, KCL-OEt, contains lysine-cysteine-leucine amino acids,
which after oligomerization, propagates obtaining a DP of around
six [KCL]6 (described in more detail in MALDI-TOF results section).
Peptides containing cysteine residues are able to interact covalently
with hair keratin proteins involving partial reconnection or
disruption of disulphide linkages on hair keratin (Goddard, 1999).
Cysteine is a standard amino acid with a thiol group which has a
strong reducibility of disulphide bonds (Goddard, 1999; Ma et al.,
2016) which can be formed spontaneously by an acceptor avail-
able, like molecular oxygen, oxidising sulfhydryl groups of the
cysteine residues into disulphide bonds. The alkaline pH of the



Fig. 4. Concentration of disulphide bonds in Asian hair after treatment with commercial chemical product and with KCL oligopeptide coating (dried in glass rod).
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peptide reaction favoured the [KCL]6 oligomerization process and
the eventual rearrangement of the disulphide bonds on hair kera-
tin. A similar amount of disulphide bonds obtained for both, coated
hair and virgin hair, confirmed the disulphide bonds rearrange-
ment and the establishment of a new hair fibre shape.

4. Conclusions

The oligomerization of tri-peptide Lys-Cys-Leu (KCL) ethyl ester
was successfully achieved by a-chymotrypsin catalysis in alkaline
conditions and controlled temperature. Oligopeptides with
DPmax¼ 6 and DPavg¼ 3 were obtained as confirmed byMALDI-TOF
evaluation. The in situ oligopeptide coating onto keratin hair fibre
induced morphological changes on its structure evidenced by vi-
sual curliness and perming efficiency. Despite the decrease of the
perming efficiency after washing comparing with the chemical
product, KCL oligopeptide coating demonstrates high potential in
the area of hair care since no hazard chemicals are applied, the
time-consuming is lower, the temperature is moderate and no is
induced on hair fibre. Modelling hair shape still remains an opening
and exciting challenge, and the newapproach here presented offers
a new perspective on induce changes in the shape of keratin hair
fibre.
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