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ABSTRACT 
 
Unravelling and modulating human hair morphology features 
 
Hair is a defining characteristic of an individual with an irrefutable significance in the society. 

Cosmetic development is possible due to a continuous scientific understanding of hair 

properties and characteristics as well as of the underlying modulation mechanisms on existing 

and novel hair product, together with their effects on hair fibre and consumer’s health. This 

Ph.D. thesis aimed to uncover information of the morphology of different types of hair, 

supporting the development of new strategies for hair properties modulation using cysteine-

containing peptides. 

Hair’s three major components are proteins, lipids and water. We characterised the content 

and distribution of the lipids among different ethnic hair types (African, Asian and Caucasian 

hair) with a complete set of analytical tools. African hair was found to have a higher internal 

lipids content. From those results, a higher concentration of internal lipids, such as in African 

hair, has been proposed to influence and interfere with the structure of the hair keratin and 

their typical packing arrangement. Also, hair’s capacity to absorb water is well-known, yet the 

behaviour of different types of hair was still underexplored. Hence, Caucasian and Asian hair 

were also evaluated regarding their change in hair tress volume in variable relative humidity 

conditions. Caucasian hair showed a higher volume change in high relative humidity conditions 

which goes accordingly to its inherent endocuticle properties. 

For the development of new modulating strategies of the hair properties, we looked to proteins 

and their derivatives that have been long used in the composition of hair care products. Keratin 

is a family of proteins with high substantivity to the hair and consequently with a high potential 

for hair cosmetics. Hence, a set of 1235 cysteine-containing peptides (10- and 11-mer) were 

selected from the known human proteome of keratins and keratin associated proteins. These 

peptides were screened using protein microarray technology regarding their affinity to the hair, 

specifically hair keratin, as future potential hair cosmetic candidates. To further enlighten the 

interaction mechanisms of these peptides with the hair keratin, we analysed their 

physicochemical properties, including the content of cysteine, of amino acid side chains 

(hydrophobic, polar, basic, acidic, aromatic rings, amide, alcohol side chains), isoelectric point, 

and net charge. Content of cysteine, hydrophobic and polar amino acids, including amino 

acids containing alcohol in their side chains, was found to have significant differences 
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regarding the different degrees of binding of the peptides with the hair keratin. These results 

evidence the importance of the formation of hydrophobic interactions and disulphide bonds as 

the driving forces for the interaction. 

As for novel hair products, chemical hair straightening is one of the most damaging techniques 

to the hair fibre, consumer’s and stylist’s health, being, therefore, one of the hair cosmetics 

areas that needs further improvements. To develop novel advanced functional straightening 

hair products, seven of the peptides with higher affinity to hair keratin were selected from the 

microarray of peptides, together with a peptide previously identified by the research group. 

These peptides were further characterised regarding their potential to straighten curly hair 

fibres. This work showed that all peptides penetrated and bonded to the hair fibre and provided 

a high straightening efficiency of curly hair. Some of the peptides (PepE, PepG, and KP) were 

further tested while being incorporated in a hair formulation and under a high temperature 

treatment, showing a further improvement on the straightening efficiency. The potential of the 

selected peptides to repair and improve the elasticity and strength of chemically damaged hair, 

through over-bleaching, was also analysed. All peptides showed a good ability to recover hair 

fibre properties from chemical damage. One of the peptides, KP, was also analysed regarding 

its ability to control hair volume change in response to environmental humidity conditions, 

while incorporated in two hair volume control formulations. The peptide drastically improved 

the formulations ability to avoid hair volume changes under high relative humidity conditions. 

This thesis provides valuable scientific data about the morphology of the different types of hair 

based on hair’s major components. Moreover, we also proposed which characteristics of 

cysteine-containing peptides lead to a higher affinity to human hair keratin. The application of 

these peptides to control different hair features, such as curliness, volume and strength, 

demonstrated the high potential of the peptides for the development of innovative and 

environment friendly hair cosmetic treatments. 
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RESUMO 
 
Caracterização e modulação da morfologia do cabelo humano 
 
O cabelo é uma característica pessoal importante e com uma relevância irrefutável na 

sociedade. Os desenvolvimentos da cosmética têm sido possíveis devido ao contínuo estudo 

científico das propriedades e das características do cabelo, bem como uma melhor 

compreensão dos mecanismos de modulação dos produtos de cabelo e dos seus efeitos na 

fibra do cabelo, sem esquecer a saúde do consumidor. Assim, esta tese de doutoramento 

pretendia estudar a morfologia de diferentes tipos de cabelos, servindo de suporte para o 

desenvolvimento de novas estratégias para a modulação das propriedades do cabelo usando 

péptidos contendo cisteína. 

Os três principais componentes do cabelo são as proteínas, os lípidos e a água. Através da 

caracterização do conteúdo e da distribuição dos lípidos nos cabelos de diferentes tipos de 

etnias (cabelo africano, asiático e caucasiano), o cabelo africano apresentou o maior teor de 

lípidos internos. Neste estudo foi também proposto que uma maior concentração de lípidos 

internos, tal como a existente no cabelo africano, pode influenciar e interferir com a estrutura 

da queratina do cabelo. A capacidade de absorção de água no cabelo está já bem 

caracterizada, mas o comportamento dos diferentes tipos de cabelo em diferentes ambientes 

de humidade ainda se encontrava por explorar. Assim, os cabelos caucasiano e asiático 

também foram avaliados quanto à sua alteração no volume do cabelo em condições variáveis 

de humidade relativa. O cabelo caucasiano foi o que apresentou uma maior variação de 

volume em condições de humidade elevada, o que se encontra de acordo com as 

propriedades inerentes da endocutícula. 

Para o desenvolvimento de novas estratégias de modulação das propriedades do cabelo, 

consideramos as proteínas e derivados, que têm sido utilizadas na composição de produtos 

cosméticos desde civilizações antigas. A queratina é uma família de proteínas com elevada 

afinidade ao cabelo e, consequentemente, com elevado potencial para cosméticos. Nesse 

sentido, 1235 péptidos contendo cisteínas (10 a 11 aminoácidos, no total), codificados pelo 

proteoma humano de queratinas e proteínas associadas à queratina, foram avaliados 

utilizando um microarray de péptidos para analisar a sua afinidade ao cabelo, e mais 

especificamente, à queratina do cabelo humano. Os mecanismos de interação destes péptidos 

com a queratina foram examinados através do estudo das suas propriedades físico-químicas, 
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incluindo o conteúdo em cisteínas, das cadeias laterais de aminoácidos (anéis hidrofóbicos, 

polares, básicas, ácidas, aromáticas, contendo amidas, e álcool), ponto isoelétrico e carga. 

Verificou-se que o teor em cisteína, aminoácidos hidrofóbicos e polares, incluindo aminoácidos 

contendo álcool, apresentaram diferenças significativas em relação aos diferentes graus de 

ligação dos péptidos à queratina do cabelo. Estes resultados apontam a importância das 

interações hidrofóbicas e pontes dissulfídicas como as principais forças responsáveis pela 

interação destes péptidos com a queratina de cabelo. 

Voltando-nos para produtos inovadores de cabelo, o alisamento químico é uma das técnicas 

mais danosas para a fibra do cabelo, bem como para a saúde do consumidor, sendo uma das 

áreas que mais necessita de inovação. Com base na análise do microarray de péptidos, sete 

péptidos com maior afinidade à queratina do cabelo foram selecionados e analisados, em 

conjunto com um péptido que foi previamente identificado no grupo de investigação. Este 

estudo demonstrou que todos os péptidos foram capazes de penetrar e ligar-se à fibra capilar. 

Estes péptidos demonstraram uma elevada eficiência de alisamento do cabelo encaracolado. 

Alguns dos péptidos (PepE, PepG e KP) foram adicionalmente testados a uma temperatura 

mais elevada, quando incorporados numa formulação cosmética de cabelo. Estas alterações 

demonstraram uma melhoria adicional da eficiência de alisamento. O potencial dos péptidos 

selecionados para reparar e melhorar a elasticidade e resistência de cabelos quimicamente 

danificados (excesso de branqueamento) também foi analisado. Todos os péptidos 

demonstraram capacidade de promover a recuperação dos danos do tratamento químico 

tanto na elasticidade como na resistência do cabelo ao stress. Um dos péptidos, KP, foi 

também analisado quanto à sua capacidade para controlar a alteração do volume do cabelo 

em condições variáveis de humidade relativa, quando incorporado em duas formulações de 

controlo de volume de cabelo. O péptido melhorou drasticamente a capacidade das 

formulações para evitar as alterações de volume do cabelo em condições de elevada 

humidade relativa. 

Esta tese fornece importante informação científica acerca da morfologia dos diferentes tipos 

de cabelo em relação a dois dos seus principais componentes. Além disso, também são 

propostas as características de péptidos contendo cisteína baseados em proteínas naturais ao 

cabelo para uma melhor afinidade ao cabelo humano, bem como a aplicação eficiente de 

péptidos em diferentes procedimentos cosméticos, destacando o seu potencial promissor para 

tratamentos cosméticos inovadores. 
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MOTIVATION AND THESIS OUTLINE 
 

Hair is a defining element of our physical appearance, being one of the few features that can 

be changed regarding length, colour or shape. The cosmetic industry flourishes by fulfilling the 

different requests presented by either modulating hair texture, shape, colour, volume or to 

avoid further hair damage. The developments of cosmetic become possible due to a 

continuous scientific understanding of hair biochemistry that leads to more focused products. 

Despite the continuous growing of cosmetic industry, few products are based on the premises: 

hair safety, consumer health and environment preservation.  

The objective of this Ph.D. thesis was the development of safer strategies for the modulation of 

hair properties, such as curliness, volume and strength, using cysteine-containing peptides, 

supported by new insights of the complex morphology of different types of hair. The goals were 

the following:  

- Characterise the different types of hair regarding its major components;  

- Provide a better understanding of the key characteristics of engineered peptides based 

on hair proteins used to increase affinity to human hair keratin;  

- Characterise and assess the use of selected peptides for hair cosmetic procedures 

including affinity to hair, restoration of the integrity of damaged hair, improvement of 

hair shape modulation, and enhancement of hair moisture resistance. 

This document describes the quest for the accomplishment of these goals, being divided into 

six chapters, five of which are based on published scientific papers or in the process of 

submission. The contents and objectives of each chapter are summarised below. 

 

Chapter I: General introduction 

For the development of strategies to modulate and improve human hair features there is a 

need to fully understand the morphology and characteristics of the hair, from the root to the 

tip. Therefore, this chapter introduces the theoretical knowledge about human hair, including 

an overview of the general aspects of human hair follicle and fibre composition and 

interactions. Due to their inherent characteristics, different hair fibre shapes have different 

cosmetic needs. For a better understanding of these matters, this chapter reviews the 

classification of hair fibre shape and underlying the known structural differences and 

differences of ethnic hair characteristics. Besides, for the development of new strategies there 
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is a need to know the traditional and widespread hair care procedures that transiently or 

permanently affect the hair fibre features, which are also described in detail in this chapter. 

This chapter is based on the following scientific paper: 

Célia F. Cruz, Cristiana Costa, Andreia C. Gomes, Teresa Matamá, Artur Cavaco-Paulo, Human 

Hair and the Impact of Cosmetic Procedures: A Review on Cleansing and Shape-Modulating 

Cosmetics, Cosmetics 2016, 3, 26, doi: 10.3390/cosmetics3030026 

 

Chapter II: Keratins and lipids in ethnic hair 

Hair’s major components are proteins, lipids and water. While hair proteins have been 

thoroughly characterised in the state of the art, hair lipids still require further study. Therefore, 

this chapter discloses the morphologic differences among different types of ethnic hair based 

on a comprehensive analysis of the content and distribution of the lipids on each type. This 

chapter also reports the interaction between the hair protein and lipids, disclosing the influence 

of the lipids on the keratin structure. 

This chapter is based on the following scientific paper: 

Célia F. Cruz, Margarida M. Fernandes, Andreia C. Gomes, Luisa Coderch, Meritxell Martí, 

Sandra Méndez, Luís Gales, Nuno G. Azoia, Ulyana Shimanovich, Artur Cavaco-Paulo, Keratins 

and Lipids in Ethnic Hair, International Journal. Cosmetic Science 2013, 35, 244–9, doi: 

10.1111/ics.12035 

 

Chapter III: Peptide – protein interactions within human hair keratins and keratin 

associated proteins 

Proteins and peptides are long used in the composition of hair care products to improve hair 

properties. However, there is a limited knowledge on the best properties of the peptides that 

lead to a higher affinity to the hair keratin, and therefore modulation effectiveness. Hence, in 

this chapter the interaction between different peptides and human hair keratins is discussed. A 

total of 1235 peptides (10- and 11-mer) containing cysteines encoded by human genome of 

keratins and keratin associated proteins were analysed using microarray technology. The 

nature of the interaction of the hair keratin and these peptides was enlightened through the 

assessment of the peptides’ physicochemical properties. 

This chapter is based on the following scientific paper: 
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Célia F. Cruz, Nuno G. Azoia, Teresa Matamá, Artur Cavaco-Paulo, Peptide – protein 

interactions within human hair keratins, International Journal of Biological Macromolecules 

2017, doi: 10.1016/j.ijbiomac.2017.03.052. 

 

Chapter IV: Straightening of curly hair with peptides of keratin and keratin 

associated proteins: a green chemistry approach 

Several chemical hair treatments may damage the hair, the health of the consumers, the 

health of the stylists, and the environment. This chapter characterises eight peptides as 

alternatives to existing chemicals. These peptides were selected from the microarray, 

described in the previous chapter, plus a peptide previously analysed by our research group. 

The potential of these peptides for curly hair straightening was analysed through different 

techniques, along with their ability to repair and improve the strength of previously chemically 

damaged hair. 

This chapter is based on the following scientific paper: 

Célia F. Cruz, Madalena Martins, José Egipto, Hugo Osório, Artur Ribeiro, Artur Cavaco-Paulo, 

Straightening of curly hair with keratin peptides: a green chemistry approach, to be submitted. 

 

Chapter V: Insights of a peptide in cosmetic formulations for hair volume control 

Hair’s ability to absorb large amounts of water is well-known, yet the behaviour of different 

types of hair has not been thoroughly explored. This chapter reports the behaviour of different 

types of hair, under variable relative humidity conditions. The chapter also analyses the ability 

of one of the cysteine-containing peptides to improve anti-frizz properties of existing hair 

volume control formulations. 

This chapter is based on the following scientific paper: 

Célia F. Cruz, Artur Ribeiro, Madalena Martins, Artur Cavaco-Paulo, Insights of a peptide in 

cosmetic formulations for hair volume control, submitted. 

 

 

Chapter VI: Final remarks 

The last chapter contains the general conclusions of the overall research work, as well as the 

final remarks and future perspectives. 
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I General introduction 
 

 
I.1. Abstract 

Hair can be strategically divided into two distinct parts: the hair follicle, deeply buried in the 

skin, and the visible hair fibre. This chapter reviews the key topics in hair follicle biology and 

hair fibre biochemistry. The traditional and widespread hair care procedures that transiently 

or permanently affect hair fibre texture, shape and colour are described in detail. Hair often 

exposed to some particularly aggressive cosmetic treatments becomes damaged. The future 

of hair cosmetics, which is continuously evolving based on ongoing research, will be the 

development of more efficient and safer procedures according to consumers’ needs and 

concerns. 

 

 

Figure I.1. Graphical abstract of the chapter. 
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I.2. Introduction 

The physicochemical properties and shape of the hair is the direct result of the organisation of 

its various structural elements, proteins being the most significant. Hair shape is defined in the 

hair follicle: large hair follicles produce “terminal” hairs (scalp), small follicles produce fine 

“vellus” hairs (body hair), curved follicles produce curly hair [1, 2]. Particular hair fibre shapes 

can be associated with polymorphisms/mutations in certain genes; furthermore, some 

proteins were shown to be expressed asymmetrically in a curly hair follicle bulb [2–11]. 

While hair styling and hair colouring are ancient practices, permanent wave or hair 

straightening treatments only appeared as a commercially available and reliable service for the 

intentional control of hair shape in the 19th and early 20th centuries. These hair procedures, 

mainly permanently waving, straightening, or hair bleaching can have very negative 

consequences for hair, scalp and even consumer’s health. When hair is systematically exposed 

to permanent chemical treatments, it becomes, sooner or later, damaged. This damage can 

affect only the hair fibre surface attributes like smoothness, porosity and shine or it can affect 

the fibre core texture (thickness), and mechanical properties. Because the hair fibre is a 

non-living structure, the damage caused by cosmetic or environmental factors is irreversible, 

which can only be in part repaired by suitable products. It is critical to have appropriate hair 

care procedures to improve function and prevent further damage, as hair fibres cannot be fully 

restored to their original structure. If the hair follicles are not affected, the subject must wait 

until new hair fibres grow, which can take a long time, depending on their size and growth rate.  

The consumer awareness of these problems is the driving force and the source of many 

potentially major changes occurring in the market, which creates a new niche for alternatives 

to traditional hair procedures. The future of cosmetic science will be the development of more 

powerful hair care treatments that allow the safe and specific control of hair properties. 

 

 

I.3. General aspects of human hair biology 

Hair is an integrated complex system of several morphological components that act as a unit. 

The part of the hair seen above the skin is termed hair fibre and, inside the skin, the hair 

follicle is the live part of the hair, from which the hair grows and where the hair fibre is 

generated [12, 13]. 
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I. 3.1. Hair morphogenesis 

Hair follicles initially form in the skin of a human embryo as invaginations of the epidermis into 

the dermis, between the 8th and 12th week of gestation [14, 15]. Each mammal is born with a 

fixed number of follicles that typically does not increase further, with exception when wound 

healing occurs, though this finding was only demonstrated in mouse skin [16]. The key 

prerequisite for hair follicle development is the interaction between the epidermis and the 

underlying mesenchyme [17], which remains in intimate contact throughout the life of the 

follicular unit. Reciprocal interactions occur between the epidermal keratinocytes, committed to 

the hair follicle and that engage in specific differentiation, and the mesenchymal cells, that 

form follicular papilla. These interactions are governed by the series of inductive events or 

“messages” [18–20]. Once the distribution of the follicles has been established, subsequent 

molecular events in the developing follicle determine the future phenotype of each hair [21]. 

 

 

I. 3.2. Hair life cycle 

During postnatal life, hair follicles exhibit periodic changes in their activity: periods of steady 

growth, approximately 1 cm per month and continuously for 3–5 years (anagen phase) (Figure 

I.2). Growth then stops and is followed by a brief transient stage (catagen) and a 2–4 months 

resting stage (telogen) during which old hair is shed. Moreover, some authors defend the 

existence of an additional phase, during which the hair fibre is actively shed, suggesting that 

the shedding of the hair fibre is an active process (exogen phase). The subsequent interval of 

the hair cycle, in which the hair follicle remains empty after the telogen hair has been extruded 

and before a new anagen hair emerges, has been named kenogen [22–24]. These cyclic 

changes comprise rapid remodelling of both epithelial and dermal components through the 

activation of differentiation of stem cells [25–28]. 
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Figure I.2 Hair life cycle. Reproduced with permission from [29], published by Springer 

Berlin Heidelberg, 2008. 

 

All body hairs undergo a similar life cycle, although its extent, duration of its phases and the 

length of individual fibres vary between different body areas and between persons, depending 

on genetic programming, gender, age and health status [30]. Furthermore, the extent of the 

cycle phases determines the length of the hair and its replacement rate [1]. The hair length is 

defined by the duration of anagen. At any time, around 85% to 90% of all scalp hairs are at the 

anagen stage [18]. In men, the cycle regulates the characteristics of hair across diverse body 

sites and also helps to explain what occurs during hair loss and hirsutism [31]. 

The hair cyclic transformations are controlled by finely tuned changes in the local signalling 

milieu. This signalling is based on altered expression of several growth factors, cytokines, 

hormones, neurotransmitters and their receptors as well as transcription factors and enzymes, 

which act through endocrine, paracrine or autocrine paths. The hair follicle cycling is an 

autonomous phenomenon that is capable of continuing even in isolated hair follicles in organ 

culture [20, 32]. In fact, hair cycling parallels morphogenesis even in multiple signalling events 

incorporating developmental pathways during the different hair cycle stages [33]. 

 

I.4. Hair follicle anatomy 

The hair follicle is a complex epithelial structure, enclosed by an outer root sheath (ORS), 

which helps to support hair growth, and an inner root sheath (IRS), and follows the hair fibre 

up to the opening of the sebaceous gland [34] (Figure I.3). The ORS and IRS are separated by 
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the companion layer. The IRS can be subdivided into three distinct cell layers: Henle’s layer, 

Huxley’s layer and the cuticle of IRS. Besides these two layers, ORS and IRS, the hair follicles 

are composed of four other different epidermal layers: hair matrix, medulla, cortex and cuticle, 

as well as two dermal tissues: dermal papilla and dermal sheath [35, 36]. Among these layers, 

only the medulla is not always present, given that some hairs have no medulla and others have 

a relatively large medulla. Each layer itself can comprise numerous individualised cell layers 

characterised by specific programs of differentiation [28]. 

 

 

Figure I.3. Schematic cross-section of a hair follicle (the width of the layers are not at scale). 

 

Within the skin, the terminal region of the hair follicle is called hair bulb, which is the structure 

formed by actively growing cells that produce the long, thin and cylindrically shaped hair fibres. 

The keratinocytes of the hair bulb have the highest proliferation rate among cells in the human 

body. The hair bulb comprises the hair matrix that will differentiate into the different precursors 

of the hair fibre, dermal papilla and surrounding dermal sheath. Additionally, the hair bulb also 

contains very specialised cells, the melanocytes, which produce the pigment melanin that gives 

colour to the hair fibre [26, 27, 37]. 

In combination with its associated structures (sebaceous and apocrine gland and arrector pili 

muscle), the hair follicle forms the pilosebaceous unit. The hair follicle primarily acts as a 

factory for pigmented, multifunctional and exceptionally durable proteinaceous fibres—hair [38]. 
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I.5. Hair fibre structure 

The hair fibre, about 50–100 µm in diameter, has both protective and cosmetic functions [39]. 

Hair protects the scalp from sunburn and mechanical abrasion, provides thermoregulation and 

social communication [39]. The human hair scalp, eyebrows, and lashes are long, thick and 

pigmented terminal hair fibres. However, the body is covered with hairs of 2–4 cm in length, 

under 40 µm in diameter, and often unpigmented “vellus” hairs [39–41]. Human hair fibres 

are divided into three main morphological constituents, also components of the hair follicle: 

cuticle, cortex and, in some cases, medulla (Figure I.4). 

 

 

Figure I.4. Schematic cross-section of a hair fibre. 

 

I. 5.1. Cuticle 

The hair fibre is enclosed in the cuticle, a barrier protecting the underlying cortex from external 

environmental damage. It contains 6–10 layers of overlapping scales, in a way that only 

approximately one-sixth of each surface is exposed. The cuticle’s proximal end is firmly 

attached to the cortex and the distal open end of the overlapping tiles points towards the tip of 

the fibre [42, 43]. Adjacent hairs grow and move outwards in relation to each other, facilitating 

the elevation of dirt and scales and assisting dirt easy removal [42]. The shape and orientation 

of the cuticle cells are responsible for limiting friction between hair fibres. 

The outermost layer of cuticle cells is the epicuticle, a lipid layer that includes 

18-methyleicosanoic acid (18-MEA) and free lipids, providing lubricity to the hair and 

consequently constituting the first line of defence against environmental assaults. Immediately 

below is the A-layer, with approximately 30% cystine content, highly cross-linked, which confers 

structural strength and rigidity to the cuticle. The following layers gradually have less cystine 
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content and consequently less rigidity. The B-layer, or the exocuticle, is immediately below with 

approximately 15% cystine content. The last layer corresponds to the endocuticle, which is 

mainly composed by remaining cell organelles, and consists of proteins with low cystine 

content (3% cystine content). Hence, this layer swells more in water than the layers richer in 

cystine, and it is mechanically softer. Finally, the cellular membrane complex (CMC) is the 

intercellular cement that holds the cuticle cells together, primarily composed of non-keratinous 

protein with low cystine content (2%) [43, 44]. The CMC comprises the δ-layer enclosed on 

both sides by 2-lipid endowed β-layers [42]. 

 

I. 5.2. Cortex 

The cuticle encircles the cortex, the major part of the hair mass. The cortex is composed of 

cortical cells and the CMC [44]. The elongated cortical cells enclose melanosomes containing 

eumelanin (brown/black pigment) and/or pheomelanin (red pigment), responsible for the hair 

colour. These cells are tightly packed and contain macrofibrils which are parallel and 

longitudinal oriented to the hair fibre axis [44]. Each macrofibril is arranged in a spiral 

formation and comprises intermediate filaments proteins (IFPs), also called microfibrils, and 

keratin associated proteins (KAPs), also known as matrix proteins. The matrix is formed by 

crystalline proteins of high cystine content (~21%). The intermediate filaments, low in cysteine 

(~6%), contain subfilamentous units, protofilaments, incorporating short sections of α-helical 

polypeptide chains in coiled-coil formation. The cortex is responsible for the great hair tensile 

strength. 

Three types of cortical cells have been observed in the hair fibre with different ratio of 

intermediate filaments and matrix arrangements: orthocortical, paracortical and mesocortical 

cells. Orthocortical cells contain less matrix among the intermediate filaments composed of 

keratin and a low cystine content (~3%); paracortical cells have higher matrix content and 

more regular intermediate filaments, have smooth and rounded edges, are smaller in diameter 

and have a higher cystine content (~5%); and mesocortical cells contain an intermediate level 

of cysteine [9, 39, 45, 46]. The bilateral asymmetric structure of these fibres is one possible 

factor contributing to the shape of the hair. However, recent studies describe the orientation of 

the keratins in human hair and divide them into different cell types. They proposed a different 

nomenclature not based on wool-cell types ortho, meso and paracortical, as human hair 

macrofibril-cell type relationships are less clear. In these studies, the classifications of cortical 
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cells are type A (small discrete high-intensity double-twist macrofibrils), type B (close-packed 

macrofibrils with a mixture of intensities) and type C (large distorted fused macrofibrils) [45, 

46]. 

 

I. 5.3. Medulla 

Fine hair fibres are composed only by cuticle and cortex. With an increase in the hair fibre 

diameter, a third region, the medulla, may be found in the core of the hair fibre. Cells from 

medulla are spherical hollow vacuoles, which are loosely packed along the fibre, being bound 

together by a CMC-type framework. These cells only constitute a small percentage of the mass 

of keratin fibres. Medulla may be continuous, discontinuous or even entirely absent in the hair 

fibre [39, 47]. Medulla is believed to contribute negligibly to the mechanical properties of hair 

fibres [44]. 

 

 

I.6. Hair fibre chemical composition 

Human hair fibres are composed of different morphologic components and several different 

chemical species, acting together [42, 47]. The main component is protein, corresponding to 

65%–95% of the hair weight. Other constituents are water, lipids, pigment, and trace elements 

[47]. 

 

I. 6.1. Hair proteins 

The main components of human hair are keratin proteins. Keratins are complex natural 

composites with a heterogeneous morphological structure that belong to the family of fibrous 

structural proteins. They are the building block of fibres such as hair and wool and are part of 

the structural material of the human skin and nails [48]. 

During hair formation, keratin existing inside the cells becomes more crystalline as the cells 

differentiate, giving rise to the hair fibre. These keratinized cells comprise an extremely 

organised material intended to provide significant resistance to countless environmental 

constraints and attacks, such as friction, tension, flexion, chemical assault and UV radiation 

[49]. 

As keratin is the main content of hair fibre and its isoelectric point is acidic, under most pH 

conditions the surface of hair carries a negative charge. Keratins have a molecular weight 
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ranging from 40 to 70 kDa. Alpha-keratins are found in tissues such as hair, nails, claws of 

mammals, including humans, and are mainly in α-helix conformation. Beta-keratins are found 

in reptiles and birds in tissues such as claws, shells, feathers and beaks, and are mainly in β-

sheets conformations. However, both secondary protein conformations can be found in both α- 

and β-keratins. Alpha-keratins can be divided in type I and type II. Type I keratins have, in 

general, smaller size (44 to 46 kDa molecular weight) with acidic isoelectric points (pI) (pI 

range: 4.5–5.5) as compared to type II keratins, which are larger (50 to 60 kDa) and neutral to 

slightly basic (pI range: 6.5–7.5) [39, 50]. Conway and Parry [51] proposed to further divide 

keratins into “a” (type Ia and type IIa) for “hard” keratins, such as in hair and nails, and “b” 

(type Ib and IIb) for epidermal and other “soft” keratins, such as in epidermis. The 

intermediate filament proteins in keratin fibres are formed by type Ia and type IIa “hard” 

keratin chains, arranged parallel to one another and in the axial register, to form a dimer [39]. 

The amino acid composition of human hair keratins is typically different from the remaining 

keratins. The most significant difference corresponds to the cysteine residue content (7.6% in 

human hair keratin and 2.9% for stratum corneum keratin) and glycine content (5.6% in human 

hair keratin and 11.6% for stratum corneum keratin) [50]. The higher amount of cysteines in 

human hair keratins translates into a higher amount of disulphide bonds, producing a tougher 

and more durable structure with good mechanical, thermal and chemical properties. 

Notwithstanding, all keratin types have a high content of aspartic and glutamic acid residues, 

accounting for the relatively acidic character of these proteins [50]. Several factors can induce 

changes in amino acid hair content, such as gender, genetic variation, weathering, diet, 

cosmetic treatment, as well as the extraction and analytical methods used. For example, in 

general, male hair contains more cystine than female hair and the tip of scalp hair contains, 

owing to weathering, significantly less cystine and cysteine than the root end; the converse 

applies for cysteic acid [47]. 

KAPs have been less characterised than keratins, as they do not include well-defined spatial 

organisation in the hair. They include high sulphur proteins, that contain in average 20% 

cystine residues and have a very high molecular weight (50–75 kDa); ultra-high sulphur 

proteins, with a higher content of cystine (30%–40%) and a lower molecular weight (15–50 

kDa); high glycine tyrosine proteins, containing large amounts of these two amino acids and a 

low molecular weight (10 kDa) [49]. 
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I. 6.2. Water content 

Water is an essential factor for the stabilisation of proteins structure [49]. Therefore, hair water 

content is an important parameter regarding its physical and cosmetic properties. The water 

moisture content of keratin fibres depends on the conditions of dryness of the fibre as well as 

on the air relative humidity (RH) [39]. Hair is hygroscopic, capable of absorbing large amounts 

of water [49]. Hair readily absorbs water, as 75% of the maximum amount of water is 

absorbed within a few minutes [47]. Hair swelling is anisotropic, since hair fibre length 

increases approximately 2%, while hair fibre diameter increases more than 15%, from 0% to 

100% RH [49]. This occurs because water is assumed to adsorb to the hydrophilic matrix of 

the cortical cells, in the boundary with the microfibrils. Hence, water is able to slightly distort 

the structure of microfibrils: they oppose the longitudinal swelling of the matrix and so hair 

fibre volume is increased by diametric swelling [49]. There are numerous water binding sites in 

keratin including peptide bonds and acidic and basic side chains. Although water permeates 

the hair readily, there is some binding selectivity within the molecular structure of the hair 

cortex [47, 49]. 

 

I. 6.3. Hair lipids 

Hair lipids are distributed across the hair fibre; its average content is of the order of 4% of the 

fibre weight. Lipids can be external or internal, and the latter can be free or part of the 

structure of the CMC [39]. Internal lipids are thought to be located in the intercellular spaces, 

as a part of the β-layers [49]. The majority of lipids are cholesterol, cholesterol esters, 

cholesterol sulphate, free fatty acids, triglycerides, paraffins, squalene and ceramides [49]. A 

major component of exogenous lipids is 18-MEA, covalently attached to the cuticle surface. 

This lipid works as a lubricant decreasing friction between hair fibres and its absence 

influences the sensory perception of hair such as dry hair or difficulty in combing [52]. Lipid 

content may vary depending on several factors, such as ethnicity, gender and age [47, 53]. 

 

I. 6.4. Trace elements 

Besides the elements already referred, hair also contains a variable amount of inorganic 

elements, usually lower than 1% of the content [49]. The most frequent are alkaline elements 

(K and Na), alkaline earth metals (Mg, Ca, and Sr), other metals (Ca, Zn, Fe, Mn; Hg, Cd, Pb, 

As, and Se) and metalloids (Si and P) [49]. 
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The detection of trace elements can be used for diagnostic medicine, as the accumulation of 

several elements may be a symptom of a systemic disease and correlate to the amount of 

those trace elements in internal organs [39]. Also, hair analysis can be used for detection of 

drugs, such as cocaine, opium, amphetamines, and environmental toxics, as its collection is 

non-invasive and relatively easy to perform. Hair may provide a long-term information of drug 

intake and toxin exposure, extended from months or even years if the scalp hair is long [54]. 

However, the limits of such methods are still controversial [55, 56] and may be affected by 

hair care practices. Hair can also be used to sensor air pollution, as pollutants can be 

absorbed by hair fibres. Likewise, hair cosmetics may provide additional trace elements to the 

hair fibre [47]. 

The incorporation of drugs or pollutants into hair can be due to three different processes, 

including exogenous or endogenous ones. When the incorporation occurs from internal origins, 

the compound can pass through passive diffusion from the blood into the hair matrix, being 

incorporated in the hair fibre during keratinization, where they are bound to proteins, lipids or 

pigments. Another process, external, corresponds to the transfer from the sebum and sweat. 

The drug or toxics can also be taken up by the hair in contact with the environment, such as 

atmospheric dust, water ions, and elements from cosmetics [49]. 

 

 

I.7. Chemical interactions within hair fibres 

The macromolecular structure of keratins is characterised by the presence of a broad range of 

functional groups such as amine, amide, carboxyl, carboxyamide, hydroxyl, sulfhydryl, among 

others [48]. The stability of the macromolecular structure derives from a variety of interactions 

between and within the protein chains among these functional groups. These interactions 

range from covalent bonds, such as disulphide bonds and peptide crosslinks, to weaker 

interactions such as hydrogen bonds, salt links, van der Waals forces and hydrophobic 

interactions, represented on Figure I.5. These interactions depend on the presence of reactive 

groups in the fibre, but also on their availability due to the fibre morphology and molecular 

structure [39, 42]. 

Hydrogen bonds, although weak and easily broken by water, are the most frequent bonds in 

the hair. The inter-chain hydrogen bonding along the polypeptide chain is essential for the 

α-keratin structure stability. Salt links, or coulombic interactions, due to the high content of 
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acidic and basic side chains, are relatively stable in an aqueous environment, but are easily 

broken by acids or alkalis. Hydrophobic interactions occur between non-polar groups along the 

keratin [42]. 

 

 

Figure I.5. Chemical bonds in hair. “R” represents the radical chain of an amino acid 

residue. 

 

Disulphide bonds are key to the stability of the keratin. Two adjacent cysteines are linked 

together, generating cystine, forming a bridge between two chains or two portions of the same 

chain (Figure I.6). These bonds are susceptible to rupture due to ultraviolet light, oxidising or 

reducing agents, strong acids or alkali agents or prolonged exposure to high temperatures 

[57]. The susceptibility of these bonds to reduction and oxidation are the basis of most 

chemical modifications of hair and consequent change in its physicochemical properties. Some 

of these changes are the goal of the cosmetic procedures, such as hair waving or 

straightening. Some other cosmetic processes, such as oxidative hair colouring, bleaching and 

hair weathering, involve changes in the disulphide bonds as an undesired side effect. In both 

cases, intentionally or not, during the procedures involving redox chemistry the 

physicochemical properties of hair are affected [39, 42]. 

 



Chapter I: General introduction 

	 15	

 

Figure I.6. Cystine formation due to disulphide bond between two cysteines. 

 

 

I.8. Classification of hair fibre shape and underlying structural 

differences 

The classification of hair shape is not free of controversy. Hair can be classified generically into 

straight, waved, curly or kinky hair, and regarding hair ethnicity into Asian, Caucasian and 

African hair. However, further studies analysed hair among various world populations to 

classify the hair geometry based on a more rigorous criteria [58, 59]. De La Mettrie et al. [58, 

60] divided the human hair types into eight classes, based on the parameters hair curve 

diameter, curl index and number of waves (Figure I.7). 

 

 

Figure I.7. Partitioning of hair into the eight curliness types. Reproduced with permission 

from [60], John Wiley & Sons, Inc., 2007. 

 

In this chapter, the typical hair from different ethnicity will be considered as it corresponds to 

very distinct partitions of the hair shape classification: Asian hair as indubitably straight hair, 

African hair as kinky hair and, the intermediate between those two, Caucasian hair as waved 

hair. 

Some authors have proposed that the origin of human hair shape is based on morphological 

features [2, 12, 18, 61]. In the hair follicle bulb, fibre shape has been thought to be 

determined by the hardening of the IRS layers inside the follicle [62]. In line with this, it is 

logical to suggest that the shape of the follicle in the zone of keratinization determines the 
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shape of the hair fibre and not the angle or emergence from the skin surface. It is a single 

characteristic enabled by communication among stem cell populations and is programmed 

within the hair bulb [2]. Thus, if the follicle where the fibre is formed is curved in the area of 

keratinization, the emerging hair fibre will be highly wavy, but if the follicle is straight, the 

emerging hair will be straight [53, 63]. 

Possibly due to these different shapes of the hair follicle, there is a heterogeneous distribution 

of cortical cells in different hair fibre shapes (Figure I.8). Straight hair has a homogeneous and 

annular distribution of these cells, with the orthocortical cells delimitating the fibre externally, 

surrounding a putative part of mesocortical cells, that are in turn around the core of 

paracortical cells [9, 39, 64, 65]. Curliness of Merino wool originates primarily from the 

heterogeneity of the intermediate filaments, with paracortical cells on the concave side of the 

capillary curve, orthocortical cells in a higher proportion on the convex side, and absence of 

mesocortical cells [9, 39, 65]. The smaller the interior angle of the hair fibre curvature, the 

more paracortical cells are restricted to the concave side of the curvature [9]. The different 

halves of the hair fibre grow at different rates, generating the curvature driving force and, 

consequently, a curled fibre [39]. Nevertheless, the exact processes underlying curly pattern of 

the hair are still undefined. 

 

 

Figure I.8. Scheme of distribution of orthocortical (O), mesocortical (M) and paracortical (P) 

cells in straight (a) and curly (b) hair fibres, as suggested in the study of Thibaut et al. [9]. 

 

 

I.9. Differences on ethnic hair fibre characteristics and 

properties 

Each individual is unique regarding hair production rate, size and shape, but there are general 

properties of the hair fibre that differ in a typical way according to ethnic background [66, 67]. 

(a) (b)
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Regarding hair geometry, Asian hair is almost invariably straight while African hair is invariably 

curly [68]. The geometrical form of Caucasian hair varies from straight to wavy, with 

approximately 45% being straight hair, 40% wavy hair, and 15% curly hair [4, 69]. The curly 

nature of African hair is attributed to the curved shape of the follicle.  

Asian hair fibre has the greatest diameter with circular geometry [69, 70]. African hair has 

elliptical cross section diameters changing along the hair fibre length; it is a flattening twisted 

oval rod-shaped fibre with random reversals in direction [69]. Caucasian hair has an 

intermediate diameter and section shape. The hair cuticle is usually 6–10 scales thick in Asian 

hair, slightly less in Caucasian and even less in African hair [39]. The density of African hair 

follicles is also, on average, slightly lower (90 000) than in Caucasians typical hair (120 000) 

[71–73].  

The different ethnic hair types have considerably different mechanical properties associated. 

Asian hair has better mechanical properties than any of the other ethnic hair groups. African 

hair has the lowest tensile strength and is more brittle than Caucasian hair [43]. At a similar 

relative humidity, African hair exhibits lower water uptake than Caucasian and Asian hair fibres. 

This is reflected in hair diameter swelling [49, 74]. 

In spite of all the differences in hair physical properties, when analysing their protein 

composition, it is remarkable how uniform the amino acid makeup of protein components is 

across ethnic hair groups [42, 64, 74–76]. 

The hair lipid content across different ethnic groups is still a subject under study. People with 

curly and wavy hairs are more likely to have oily scalp but less oil on the hair fibre surface. 

Sebaceous glands of African descendants are frequently less active when compared to the 

Caucasian ones [77]. 

Factors such as genetic variation, weathering, diet or cosmetic treatments affect the 

constitution of the hair and underlie the variations in hair characteristics across ethnic hair 

groups, such as diameter, ellipticity and curliness. 

 

I.10. Hair cosmetic treatments 

Hair is one of the physical features easier to modify. Hair care industry has developed plenty 

products to provide beauty and change some hair characteristics. In this chapter, we focus on 

hair cleansing products and cosmetic treatments that impact on hair shape, and hair colour 

and their influence on hair fibre and consumers’ health.  
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I. 10.1. Hair cleansing 

Hair cleansing products are extensively used, affecting mainly the features of hair fibre 

surface (smoothness, shine, combability and hydrophobicity). They are also used in the 

finishing of hair shape and colour chemical modifications to recover hair properties, such as pI, 

hydrophobicity and hair fibre surface features. 

 

i. Shampoo 

The arrangement of the hair cuticles allows self-cleaning properties of the hair fibres, repelling 

by itself some dirt and greasy residues. However, with time accumulation of grease and dirt 

the hair needs to be cleaned. Shampoos’ primary goal is to clean the hair and scalp of these 

residues. Nowadays, it is expected that shampoos have secondary benefits, such as to prevent 

hair fibre damage, keep the hair aesthetically presentable, preserve its softness, combability 

and shine [39]. These secondary functions are usually the reason to purchase a particular 

shampoo. The most significant interactions for shampoos are the ones happening near the 

fibre surface and first few cuticle layers. Nonetheless, if the hair surface is damaged and the 

cortex exposed, shampoos interact also with the exposed cortex [39]. 

A shampoo usually has an average of 80% water content and pH from 5 to 7 [78]. They are 

typically composed of 10 to 30 ingredients; that can be grouped into cleansing agents, 

conditioning agents, special care ingredients, additives, preservatives and aesthetic agents 

(Table I.1) [44, 78–80]. 

Surfactants, as cleaning agents, are among the most important ingredients on shampoos, 

providing foaming and detergent properties. Typically, dirt is an excess of sebum produced by 

the scalp, together with dirt residues adsorbed to this sebum. Surfactants weaken the 

physicochemical adhesive force that binds lipid to the hair, transfer it into the aqueous rinse, 

and disperse them, avoiding redeposition on the hair fibre. Surfactants have, generally, a tail of 

fatty hydrocarbons and a polar head. In contact with water, they attain the structure formation 

of a micelle, with hydrophilic exterior and hydrophobic interior, where the residues are trapped 

and kept in a dispersed form within the aqueous rinse [39, 47, 79].  

The surfactants can be classified into four groups according to the electric charge of the polar 

extremity: anionic, cationic, amphoteric and nonionic [77, 78]. Modern shampoos contain a 

mixture of surfactants to provide different cleaning levels according to hair type [78]. Usually, a 
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primary surfactant for cleaning and foaming and a secondary surfactant for foam and/or 

viscosity enhancement [39]. 

The anionics are the primary cleansing agents, while the cationics, amphoterics and nonionics 

are additives that give certain product attributes. The main anionic detergent used is soap, 

which corresponds to a salt of a fatty acid obtained from alkali treatment of vegetable or 

animal fats. Soap tends to hydrolyse in water, releasing an alkali residue, harmful to the skin 

and hair. This residue precipitates as calcium salts and attaches to the hair fibre, leading to a 

tangled and opaque appearance [79]. Therefore, anionic detergents are excellent cleansers but 

may leave the hair feeling dry and coarse, as well as cause an increase in negative electrical 

charges on the hair surface, and consequently increase frizz and friction. Oily-hair shampoos 

generally employ anionic detergents for an improved removal of sebum [81]. Other anionic 

surfactants, derived from sulphonating fatty alcohols and polyoxyethylene analogs, impart less 

damage to the hair and skin, but have less efficient cleansing and foaming properties [77, 79, 

81]. 

Cationic surfactants have a high affinity for hair fibre. They provide softness to the hair and 

make hair combing easier. Yet, they are poor cleansing surfactants. Therefore, they are usually 

combined with nonionic surfactants in specific shampoos specially designed for damaged hair; 

they also reduce the static electricity effects cause by anionic surfactants, decreasing the frizz 

effect [77, 79]. 

Amphoteric surfactants, such as betaines and amphoacetates, reduce the anionics tendency to 

adsorb onto proteins. They are mild cleansers, leave the hair manageable but do not irritate 

the eyes. Hence, they are usually combined with other surfactants of mild shampoos to 

modulate cleansing efficiency. Baby shampoos employ amphoteric surfactants to minimise 

irritation of the eyes [79, 81]. 

Nonionics, such as ethoxylated fatty alcohols, tweens and alkyl polyglucosides, are the mildest 

surfactants. They are not so effective at removing dirt and sebum but leave the hair more 

manageable. They have good dispersing, emulsifying and detergent properties but poor 

foaming capacity. Consequently, they are usually auxiliary cleansing agents [79, 81]. 

The primary functions of conditioning agents are to provide softness and gloss, resistance to 

static electricity, and to facilitate combing and manageability. They are particularly beneficial 

for the care of dry and damaged hair [79, 81]. 
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Special care ingredients are addressed to specific problems relating to the superficial condition 

of the scalp or hair; for example, they can reduce unaesthetic consequences of dandruff and 

excess greasiness, for example [79]. 

Additives and preservatives agents, such as foam stabilisers, viscosity builders (gum, salt, and 

amide), chelating agents, pearlescents or opacifiers for visual effects, other colourants also for 

visual effects, fragrances, and UV absorbers, contribute to the stability and aesthetic sensibility 

of the shampoo [39, 79]. 

 

Table I.1. Shampoo formulation components [44, 78–80]. 

Components Function Example 

Cleaning 
agent 

(surfactant) 

Anionic 
Primary cleansing of the hair with improved 
removal of lipids 

Soap 

Cationic 
Provide softness to the hair and improves 
combability. Reduce hair static electricity 

Quaternary 
ammonium 
salts  

Amphoteric 
Mild cleansers, reduce the anionics tendency to 
adsorb onto proteins 

Betaines, 
amphoacetates 

Non-ionic 
Improves hair manageability. Provide dispersing, 
emulsifying and detergent properties 

Ethoxylated 
fatty alcohols, 
tweens, alkyl 
polyglucosides, 

Conditioning agent 
Imparts softness and gloss, reduce flyaway and 
enhance disentangling facility 

– 

Special Care ingredients 
Treat specific hair or scalp conditions, such as 
dandruff and greasy hair, dermatitis, seborrhea, 
alopecia, psoriasis 

– 

Additives 
Contribute to the stability and comfort of the 
product, adjust pH and viscosity 

Foam 
stabilisers, 
chelating 
agents, 
viscosity 
builders (gum, 
salt, amide) 

Preservatives Reduce possible microbial contamination – 

Aesthetic agents 
Provide aesthetic to the shampoo, either colour 
or fragrance 

Fragrance, 
colourants, 
pearlescent or 
opacifiers 
agents 
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ii. Conditioners 

Conditioners reduce friction, detangle the hair, minimise frizz and improve combability, restore 

hydrophobicity, enhance shine, smoothness and manageability [39].  

The mechanism by which conditioners work to provide hair manageability relies on decreasing 

static electricity and reducing friction among hair fibres. Static electricity is reduced through the 

deposition of positively charged ions/molecules on the hair fibre surface which possesses a 

natural negative dipole moment; besides negative charges are induced by combing, brushing 

and are more exposed on damaged hair. Friction is reduced by some components that flatten 

cuticles along the longitudinal axis of the fibre. Smooth cuticles reflect more light which 

improves hair shine and colour and provides softness to the hair. Conditioners may also seal 

the gaps that expose the cortex to environmental damage. The substances that compose the 

conditioner may reach the cuticle surface or the inner part of the cortex, depending mainly on 

their molecular weight [13, 39, 44]. Therefore, bleached and chemical treated hair have a 

higher affinity to conditioning ingredients due to their lower isoelectric point (higher 

concentration of negative sites) and higher porosity when compared to virgin hair [39, 77]. 

Conditioners are usually emulsions of oil or wax in water, with a cationic charge. Conditioners 

usually contain polymers, oils or waxes, cationic agents, additives, preservatives and aesthetic 

agents (Table I.2). Some cationic molecules are also combined with bridging agents to 

enhance the adsorption of hydrophobic ingredients to the hair [39]. Conditioners may include 

UV filters for colour protection [78]. The most frequently used hair conditioners are based 

primarily on cationic surfactants with additives like silicones or cationic polymers. 

The most used conditioner agent are silicones [82, 83]. Silicones may be of different types, 

having different deposition, adherence and wash out capacities. They spread over the hair 

surface and form a uniform, thin, hydrophobic layer that increases lustre and gloss and reduce 

the combing force. Cationic polymers are highly substantive to hair due to the hair's low 

isoelectric point (pI ~3.67), therefore, negative charge. Cationic polymers differ from cationic 

surfactants as the cationic ends are part of a macromolecular structure and are not attached 

to a fatty hydrocarbon chain [79]. Alkaline cosmetics intensify the net negative charge of hair 

surface which attracts the cationic charged molecules of conditioners [39, 47]. Typically, there 

is no need for preservatives in the final composition of a conditioner since its pH is usually 

between 3 and 5, and that is a harsh environment for microorganisms [78]. Besides ionic and 
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electrostatic interactions, other forces like van der Waals forces and entropy are important to 

bind the conditioner molecules to the fibre [39]. 

 

Table I.2. Conditioner formulation components [39, 78]. 

Components Function Example 

Polymers 

Increases lustre and gloss, reduce the 

combing force, reduce static electricity 

(due to hydrophobic agents) 

Silicone 

Oils/waxes and 

cationic molecules 

Reduces static electricity (due to 

hydrophobic agents) 

Mineral oil, long chain 

alcohols, triglycerides, 

esters 

Additives, 

preservatives and 

aesthetic agents 

Provides aesthetic to the shampoo, either 

colour or fragrance 

Fragrance, colourants, 

pearlescent or opacifiers 

agents, viscosity builders, 

pH adjusters, colours 

 

iii. Health and Hair Hazards of Hair Cleansing Procedures 

Shampoos and hair conditioners are usually perceived as products that do not damage hair. 

However, there is evidence indicating these products may contribute to hair damage through 

abrasive or erosive actions. They may result in the degradation of the non-keratinous 

components of the endocuticle and CMC [39]. Regarding scalp, shampoos are not a frequent 

cause of irritant or allergic contact dermatitis due to their short contact time with the skin. 

Shampoo’s components, such as anionic surfactants can still contribute to xerosis and 

eczematous dermatoses due to the ability to remove sebum [81]. Common allergens in 

shampoos are: cocamidopropyl betaine, formaldehyde-releasing preservatives, 

methylchloroisothiazolinone, propylene glycol, vitamin E (tocopherol), parabens and 

benzophenones [77]. 

Even below the maximum amount legally allowed, shampoos may also contain preservatives, 

such as quaternium-15, imidiazolidinyl urea, and diazolidinyl urea, with antimicrobial effect 

that function through the release of trace amounts of formaldehyde, a potential sensitizer and 

an inhalation carcinogenic [84]. 
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I. 10.2. Chemical hair cosmetics procedures that modulate hair shape 

Hair waving and straightening are procedures that change hair physical appearance, regarding 

shape, in a durable way. There is an essential difference between these procedures and hair 

setting. Temporary straightening or waving requires physicochemical techniques such as dryer, 

flat iron, hot comb and lasts only until the next wash. Hair has to be wetted to break the 

hydrogen bonds of keratin, allowing a temporary opening of its original structure. Fast hair 

drying and mechanical aid maintain the flat or waved strand of the hair. Consequently, the new 

shape is moisture sensitive [12, 42].  

Permanent hair straightening or waving requires changes in hair disulphide bonds. These 

techniques involve manipulation of the physicochemical interactions that stabilise the keratin 

structure, through keratin softening, moulding to the intended shape and providing a new 

geometry. This occurs through breakage of disulphide bonds between keratin filaments and 

their posterior rearrangement into the desired shape, affecting the structural integrity and hair 

cystine content [42] (Figure I.9). 

These products can be classified into normal temperatures or high temperature-required; one 

straightening/waving agent or two straightening/waving agents; mixing to produce heat or no 

mixing. The majority of the products consists of two straightening/waving agents. 

 

 

Figure I.9. Summarized reaction of hair keratin with treatment of reducing and oxidising 

agent treatments. 

 

i. Hair straightening 

It is common that people with characteristically tightly curled African hair seek methods to 

straighten the hair in a durable way. This procedure uses an alkaline agent, an oil phase and a 

water phase of a high-viscosity emulsion to relax and reforms disulphide bonds [85]. 

There are two classes of nucleophilic agents that are applied to the hair to straighten it: 

reductive agents, such as mercaptans, sulphites, and agents containing hydroxide. Mercaptans 

and sulphites cleave the disulphide bonds selectively so that they can be recombined at the 

end of the process, instead of disrupting the entire protein [42]. For example, in the procedure 
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with the mercaptan ammonium thioglycolate, the disulphide bonds are converted to sulfhydryl 

groups to allow the mechanical relaxation of the keratins. After relaxation, free sulfhydryl 

groups are reoxidized to reestablish the disulphide bonds with the desired conformation. A hot 

iron may be used to induce enough additional stress to permanently straight the hair [12, 86]. 

By using mercaptans or sulphites, 90% of the cysteine content is retained with 10% additional 

cystine transformed to cysteic acid. This process causes less protein loss than the use of 

alkaline agents [77]. 

Alkaline agents containing hydroxides, usually higher than pH 9.0, cleave disulphide bonds 

less selectively with a permanent fission. The high pH induces hair swelling, cuticle scales 

opening and, consequently, a deep penetration of the alkaline agent up to the hair cortex. 

There, the hydroxyl ions disrupt the disulphide bonds of the hair keratins so that a 

rearrangement of disulphide bridges can occur. In some cases, there is a conversion of the 

disulphide bonds into monosulphide cross-links. The late reaction, lanthionisation, consists in 

substituting part of the amino acid cystine for lanthionine (Figure I.10). This process results in 

a more effective straightening, although with an impairment of the fibre integrity, as 

approximately one-third of the disulphide bonds are permanently converted into lanthionine 

bonds. This results in a decrease of elasticity and tensile strength along with cuticular damage 

[13, 42]. Salt bridges and other ionic bonds are also easily broken at such high pH [39, 78, 

87]. With this procedure, due to supercontraction, there is no need of heat. This phenomenon 

provides enough stress to straighten the fibre permanently [39]. At the molecular level, fibre 

supercontraction is the result of changes in the secondary structure, due to the transition of α 

to β phase [88]. It is believed that the irreversible molecular conformational changes due to 

supercontraction lead to permanent hair straightening [88]. 

 

 

Figure I.10. Summarized reaction showing disulphide bond and lanthionine bond before 

and after alkali treatment. 
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When the alkali agents contain sodium or potassium hydroxide (1%–10% content) are 

designated lye relaxers, Table I.3. If they contain other substances, such as lithium hydroxide, 

guanidine, ammonium thioglycolate, or calcium hydroxide, they are designated no-lye relaxers. 

Each category may be further sub-divided. The no-lye relaxers can be divided into two sub-

categories: mix relaxers (base containing calcium hydroxide and an activator of the relaxation 

reaction containing guanidine carbonate) and no-mix relaxers (lithium hydroxide). Within the lye 

relaxers, there are the sub-categories no-base relaxers (high-oil-content emulsions, and less 

damaging for hair scalp) and base relaxers (low oil content and relatively high percentage of 

lye) [78]. 

Besides the nucleophilic agent to straighten the hair, these products also contain two more 

main components: an oil phase and a water phase in an emulsion form. The oil phase 

contains lipophilic components, such as oils and waxes, and also, surfactants to provide shine, 

hair combability and a barrier-type protection to the scalp. The water phase is the vehicle for 

the alkaline component. The stability of the formulation, the potential to irritate the scalp and 

the ability to straighten hair are highly dependent on the type and the proportion of the 

emulsifying agent used [87]. 

Following the hair relaxer, the hair is mechanically straightened with a comb to realign the 

position of disulphide bonds between the keratins fibres. The new bonds are consolidated with 

an oxidising agent, Table I.3z [13]. Finally, a neutralising shampoo should be used to bring the 

pH back to normal, usually acidic shampoos (pH 4.5–6.0) or a neutralizer to aid closing the 

cuticle scales. A conditioner is usually also applied [13, 78].  

The straightening procedure must be repeated after 12 weeks, on average, due to hair growth. 

The treatment should be focused in this new part of the hair, as repeated treatments lead to 

hair breakage. Therefore, usually, hair breakage occurs at the junction between the previously 

treated hair and the new part of the hair fibre [77]. 

Cysteine has also been used as reducing agent for hair waving and straightening, being mainly 

commercialized in Japan. However, cysteine is difficult to stabilize in solution, as it precipitates 

easily. It is typically combined also with a strong reducer and agent to swell the hair [89, 90]. 

Brazilian keratin treatment has recently been introduced also as a method for hair 

straightening. In this technique, formaldehyde or glutaraldehyde disrupt the disulphide bonds 

and promote the cross-link between hair keratin and the keratin introduced in the treatment, 
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re-establishing the disulphide bonds and allowing hair straightening. This method is cheaper 

and provides quick results, but health problems have been reported from the use of this type 

of straightening [39,	90,	91]. 

 

Table I.3. Typical chemical hair straightening agents [39, 78, 87, 89, 92, 93]. 

Agents Function Example 

Reducing 

agents 

Reductive 

agents 

(mercaptans 

and 

sulphites) 

Cleavage of disulphide 

bonds and possible 

rearrangement into 

sulfhydryl groups or 

disulphide-mercaptan  

interchange process 

Ammonium thioglycolate, thioglycolic 

acid, cysteamine hydrochloride, 

glycerylmonothioglycolate, 

ammonium sulphite, ammonium 

bisulphite 

Alkaline 

(hydroxide 

agents) 

Disruption of disulphide 

bonds and possible 

rearrangement into 

lanthionine bonds. 

Lye relaxers: potassium hydroxide, 

sodium hydroxide (base and no-base 

depends on the concentration of the 

hydroxide) 

No-lye mix relaxers: calcium 

hydroxide and an activator of the 

relaxation reaction containing 

guanidine carbonate;  

No-lye no-mix relaxer: lithium 

hydroxide 

Oxidising agents 

Formation of the new 

disulphide/lanthionine 

bonds  

Sodium bromate, hydrogen peroxide 

 

ii. Hair Waving 

Similar to hair straightening, most hair waving procedures includes a reducing agent to break 

the disulphide bonds, and a posterior oxidising agent to create new disulphide bonds in the 

positions mechanically set to fix the hair curl, Table I.4 [93]. 

The chemical principle involved is similar in all perming solutions. The hair is initially washed 

and styled in hair curlers according to the degree of curl desired. Afterwards, the permanent 
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waving solution, usually ammonium salts of reducing agents such as thioglycolic acid or 

sulphite, is applied on the hair [13]. The permanent waving solution also includes ammonium 

salts or ammonia to induce as alkaline agent to provide appropriate swelling to the hair, 

chelating agents as stabilisers, non-ionic surfactants to aid permeation and emsulsification and 

cationic surfactants and oils to raise utility [93]. This solution passes through the hair cuticle 

into the hair cortex cleaving some of the disulphide bonds, in an equilibrium process. Once the 

bonds are broken, there is a molecular rearrangement and the new bonds are created 

according to the new shape of the hair set. The perm solution is then rinsed off, and the bonds 

are solidified by re-oxidation using a neutralising solution, containing an oxidising agent, Table 

I.4. The neutralising solution besides the oxidising agent includes pH buffer for the reaction to 

occur under a constant pH and surfactants and oils to raise utility [13]. 

 

Table I.4. Typical Chemical hair waving agents [13, 39, 87, 93]. 

Agents Function Example 

Reducing 
agents 

Sulphites 
Breakage of the 
disulphide bonds 

Sodium hydrogen sulphite, cysteine, 
glycerylmonothioglycolate 

Alkaline 
Thioglycolic acid * and its salts 
(ammonium salts, monoethanol 
amine salts, sodium salts) 

Oxidising agents 
Formation of the new 
disulphide bonds  

Hydrogen peroxide, potassium 
bromate, sodium bromate or sodium 
perborate 

* Considered alkaline due to the final pH of the products. 

 

Cysteine waving lotions, as reported for hair straightening, are also used for mild hair waving. 

Generally, they are used at alkaline pH and are combined with hydrochloride salts or 

ammonium thioglycolate at the time of the use [89, 90]. 

 

iii. Health and Hair Hazards of Hair Shape Modification 

One side effect of hair straightening or waving is the damage to the hair fibre. The chemical 

procedures affect the structure of the hair fibre and weaken it, as the rearrangement of the 

disulphide bonds may incur in hair fibre structural distortion and damage [47]. Both processes 

leave the hair with reduced tensile strength, and drier, as they induce the removal of the 

monomolecular layer of fatty acids covalently bound to the cuticle, including 18-MEA. 
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Elimination of this lipid decreases the lustre of the hair and makes it more hydrophilic, more 

susceptible to static electricity and with frizz induction by humidity, as that hydrophobic layer 

reduces water penetration in the hair fibre [12, 47]. 

Nevertheless, the hair damage caused can be minimised or even avoided with a correct usage 

of the products and few repetitions of the procedure [77]. Incorrect or over usage of hair 

straightening and waving products may lead to problems including hair thinning and 

weakening, discolouration, scalp irritation, itching, skin burn, scalp damage, lack of hair growth 

and hair loss, apart from skin sensitization and allergic reactions to chemicals [89, 94–98]. 

The strong alkaline pH of lye-based straighteners is caustic to the skin, scalp, and eyes [77, 

99]. Therefore, chemical relaxers should not be applied directly to the scalp to avoid skin burn. 

Petrolatum should be applied to the skin along the hair line and to the ears before the 

application of the relaxers [77]. 

Typically, alkaline straighteners, due to their high pH can make the hair susceptible to friction 

and reduce its resistance and strength, as they can crack the endocuticle and the CMC [77]. 

Formaldehyde for hair straightening was found to be generally used in higher concentration 

that the allowed [100]. Despite providing fewer damage to the hair fibre, it may cause skin and 

mucosal irritation and severe damage to the tissues of the upper respiratory tract for the user 

and the hair care professional, specially if used at higher concentration. They also have 

carcinogenic and teratogenic potential [12, 100–102]. 

 

I. 10.3. Chemical hair cosmetics procedures that change hair colour 

Typical human hair has melanin granules dispersed throughout the structure of the cortex. The 

hair shade of colour depends on the quantity of each melanin (eumelanin and pheomelanin), 

their site and shape of pigment granules in the hair cortex [42]. Hair dyes allow to lighten, 

darken or change the hair colour for different lengths of time [81]. There are various products 

and techniques whose chemistry depends on the type of dyeing agents [13]. Hair dyes are 

usually classified as permanent, gradual, semi-permanent and temporary, Table I.5 [13, 30, 

81]. 
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i. Permanent hair dyes 

Permanent hair dyes allows long-lasting colour change for either lighter or darker the natural 

hair colour or cover any amount of grey hair colour [81]. This dye type is the most popular on 

the market accounting for approximately 70% of hair dye sales [81]. 

This dye type is irreversible and remains until the hair grows out [13]. Therefore, re-dying is 

typical every 4 to 6 weeks to colour the new proximal hair growth [81]. Primary intermediates, 

also known as para dyes or oxidation dyes, such as p-phenylenediamines, p-toluenediamine, 

p-aminophenol, undergo oxidation typically with hydrogen peroxide in a high alkaline 

environment [13, 78, 81]. This alkaline environment, usually due to ammonia, together with 

the low molecular weight of the primary intermediates, allow the penetration of the 

intermediates into the hair cortex [13]. Couplers, such as resorcinol, I-naphthol, 

m-aminophenol and m-diaminobenzenes, react with these intermediates resulting in a broad 

range of dyes [81]. These dyes are large molecules and cannot pass through the hair cuticle 

[103]. Many factors can influence the intensity of the hair colouring, such as the selected 

primary intermediate and couplers, the concentrations of the dye and hydrogen peroxide, 

temperature and pH [81]. A much lighter shade of the hair colour would need a previous hair 

bleaching [13].  

To ensure easy use, safe storage, and better hair texture, the permanent oxidative dye 

preparation contains other agents, such as surfactants, solvents, thickeners, antioxidants, 

metal chelating and conditioning agents [13]. These hair dying types provide the best hair 

colouring results but cause significant hair cuticle and cortex damage due to the high levels of 

hydrogen peroxide used [44]. 

 

ii. Hair bleaching 

Bleaching involves a partial or complete decolouring of the hair. It may be performed to provide 

a lighter shade of the hair colour or as a preparation phase for the application of a lighter or 

more vivid dye than the natural one [104]. Bleaching lightens the shade of the hair through 

oxidation of the hair pigments [78]. Typically, a bleaching formulation is an alkaline solution 

containing hydrogen peroxide (H2O2), in a concentration up to 12%, as bleaching decreases 

with acidic pH [13]. The hydrogen peroxide releases oxygen which binds hair pigments. The 

degree of bleaching may vary with the contact time and the colour of the hair. Typically 

pheomelanin is more resistant to removal than eumelanin pigment [81]. 
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Bleaching involves a first step with dispersion and dissolution of melanin granules and a 

second step of a slower de-colouring phase of the hair. The biochemistry underlying this 

process is not completely understood. However, it is believed that the first phase involves 

disruption of the disulphide bonds of the hair cortex that may maintain the pigments while the 

second phase involves the breakdown of the melanin structure [13]. The disruption of the 

disulphide bonds of the hair cortex may impart hair damage, weakening the hair structure and 

allowing easier breakage of the hair fibre [13]. Some KAPs may even be eluted from the hair 

cortex together with the disconnection of the disulphide bonds [105]. Also, the hair cuticle may 

be damaged due to the removal of the hydrophobic top layer, leading to a more porous fibre 

and more susceptible to the humidity of the air [106, 107]. Therefore, hair texture may be 

altered due to hair bleaching. The primary chemical differences between extensively bleached 

hair and unaltered hair are severe redox damage over several amino acids residues [108]. It 

includes lower cystine content and a higher cysteic acid content due to cysteine oxidation [39, 

105, 108]. Lower amounts of tyrosine and methionine can also be found in the bleached hair 

due to their degradation [108]. 

Bleaching formulations may include boosters, such as ammonium persulphate or potassium 

sulphate, to achieve great degrees of hair colour lightening. The formulations may also include 

a thickener to provide a thicker consistency of the formulation. Also, a conditioner is usually 

used after or within the bleaching solutions to minimise the hair damage [13]. 

 

iii. Gradual hair dyes 

Gradual hair dyes, also known as metallic or progressive, require a repeated treatment 

resulting in a gradual darkening of the hair fibre [81]. This hair dye type only darkens the hair 

in a limited range and over a continuous use for a few weeks [81]. Gradual hair colouring is 

most popular among men who wish a home product for a subtle darkening of their hair colour 

[13, 81]. It is composed by metallic dyes, such as salts of lead, bismuth, or silver. The metal 

particles are believed to react with cysteine of the hair cuticle resulting in metal sulphides, 

which have a characteristic sulphur smell. The particles slowly accumulate on the hair fibre 

[13]. After the use of these dyes, the hair often becomes stiff, dull, and brittle [81]. Other 

chemical treatments, such as permanent waving or permanent dyeing, are not advised due to 

existing hair damage and to the presence of trace metals on the fibre which interferes with 

other treatments in unpredictable ways and with possible further hair damage [81]. For other 
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hair cosmetic procedures, it is advised to let the hair grow [13]. 

 

iv. Semi-permanent hair dyes 

Semi-permanent dyes are composed by nitroanilines, nitrophenylenediamines, 

nitroaminophenols, azos, and anthraquinones [81]. The molecular size of the different dyes 

varies, allowing larger molecules to enter only damaged fibres, while smaller molecules enter 

the healthy hair fibres and diffuse freely in and out of the cortex of damaged hair fibre. This 

explains their effect longer than temporary dyes, although they can be washed off after 6 to 8 

shampooing. This type of hair dyeing can only darken the hair, without drastic colour changes 

[81]. These dyes are available as lotions or mousses and their formulation includes different 

agents such as solvents, surfactants, thickeners, and alkaline agents. Although these dyes may 

penetrate into the hair cortex, they are minimally damaging to the hair fibre [13]. 

 

v. Temporary hair dyes 

Temporary hair dyes are molecules too large to diffuse into the hair cortex, acting on the hair 

cuticle [30]. They are dyes of high molecular weight, adapted from the textile industry [13]. 

They but can only brighten a natural or dyed shade, subtly colour the hair to a darker tone or 

create special hair effects [13, 81]. The dye is mostly removed after one shampooing unless 

the hair has suffered previous chemical treatments, which increase hair porosity allowing 

further penetration of the dye into the hair fibre [13]. Temporary dyes can be rinses, gel, 

mousses, or spray. Once again, the application of dye on chemically processed hair can result 

in unexpected colours [81]. 

 

vi. Health hazards of hair colour modification 

Primary inducers of permanent hair dyeing are known sensitizers and may induce contact 

allergic dermatitis [78, 98, 102]. Reaction skin testing is recommended before each dye 

application [78]. The genotoxicity of several components of this type of hair dyes has overall 

mixed results and findings [84]. Boosters of hair bleaching and semi-permanent dyes are also 

a possible source of contact allergic dermatitis [13, 81]. Gradual hair dyes are believed to be 

safe with minimal risk of contact dermatitis [13]. Temporary dyes are generally hypoallergenic, 

seldom causing irritant or contact allergic dermatitis, and do not produce hair fibre damage 

due to the absence of alkaline oxidative conditions [13, 30, 81]. 
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Table I.5. Hair colouring methods agents [13, 78, 81, 93]. 

Method Function Agents Function Example 
Pe

rm
an

en
t d

ye
s Long-lasting 

hair colour 
change for 
a lighter or 
darker tone 

Primary 
intermediates 

Undergo oxidation in a 
high alkaline environment 
to originate a secondary 
intermediate 

p-phenylenediamines,  
p-toluenediamine,  
p-aminophenol 

Couplers 

React with the secondary 
intermediate resulting in 
a dye that binds to the 
hair cortex 

resorcinol, I-naphthol,  
m-aminophenol,  
m-diaminobenzenes 

Bl
ea

ch
in

g 

Lighter the 
hair colour 

Oxidising 
agent 

Oxidize of the hair 
melanin, lightening the 
hair colour 

Hydrogen peroxide 

Alkaline 
agent 

Improve penetration of 
the agents into the hair 
cortex 

Ammonia 

Boosters 
Provide greater degree of 
colour lightening 

Ammonium 
persulphate, potassium 
sulphate 

Gr
ad

ua
l d

ye
s Subtle 

gradual 
darkening 
of the hair 
colour 

Metallic dyes 

React with cysteine of the 
hair cuticle resulting in 
metal sulphides, which 
slowly accumulate on the 
hair fibre 

Salts of lead, bismuth, 
silver 

Se
m

i-
pe

rm
an

en
t 

dy
es

 

Darkening 
of the hair 
for some 
weeks 

Dyes 
The dyes are able to 
enter to parts of the 
cuticle and cortex 

Nitoanilines, 
nitrophenylenediamines, 
nitroaminophenols, 
azos, anthraquinones 

Te
m

po
ra

ry
 

dy
es

 

Darkening 
the hair for 
one 
shampooing 

High 
molecular 
weight dyes 

These dyes attach to the 
hair cuticle, not being 
able to penetrate into hair 
cortex 

Carbon black, pigments, 
acid dyes 

 

 

I.11. Proteins and derivatives in hair cosmetics 

Protein materials have been used for cosmetic purposes since several ancient civilisations, 

including Babylon, Egypt, Greece, Rome, China and India [109]. Substances such as cereal 

flours, milk and eggs, have been instinctively and empirically used for hair and skin [109]. 

However, scientific investigations of binding properties of proteins and peptides to hair only 

begun in 1950’s [110]. 
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Proteins and their derivatives have, in general, high chemical affinity to hair keratin due to their 

numerous binding sites and reactive groups. From weaker bonds or interactions, such as ionic, 

hydrophobic and hydrogen bonds to stronger bonds, such as covalent bonds as disulphide 

bonds can be established between exogenous and hair keratin under appropriate conditions 

[42, 109–112]. Hence, there are several critical parameters for their cosmetic efficiency. One 

of them is protein hydrophobicity, which depends on the amino acid composition and 

influences many cosmetic relevant parameters, such as solubility, substantivity to the hair, 

tenside binding capacity, foaming and emulsifying performance and interaction with another 

species. Also, the presence of cysteines in the exogenous proteins is key to the formation of 

disulphide bonds. The susceptibility of the formation of disulphide bonds depends on their 

location in the polypeptide structure and cysteines accessibility and reactivity. The molecular 

weight of proteins and peptides is another relevant parameter that affects the physicochemical 

behaviour in cosmetic applications. Several studies have tried to identify the best molecular 

size for a cosmetic effect, but the results obtained are contradictory. One reason is that the 

molecular size of a protein/peptide is not directly related to its actual dimension, as they may 

have different conformations in the cosmetic formulation. This parameter is essential for a 

further penetration of the protein into hair cortex. The currently used cosmetic proteins can 

range from a hundred to a million Daltons. As ionic interactions represent numerous 

interactions that cosmetics have with hair, isoelectric point and pH of the medium have a basic 

role of the cosmetic effects. Water solubility and its stability are another indispensable requisite 

for water-based cosmetic formulations as several cosmetic effects are only possible when in an 

aqueous medium [109]. 

Proteins were considered useful cosmetics as they provide gloss, softness, elasticity, and 

manageability and protect from adverse effects due to their substantivity, amphoteric 

properties, ability to interact with the hair and buffering properties. Also, they, generally, have 

the capacity to improve tensile strength and elasticity of the hair protecting it from the adverse 

effects of chemical treatments [77, 78, 110, 111, 113–117]. 

The protein derivatives mainly used are obtained from simple fibrous or globular proteins, from 

both animal and vegetable sources. Collagen, keratin, milk and silk protein derivatives have 

been the most widely employed [109, 118]. Unlike some other animal proteins, keratin 

derivatives in cosmetics are well accepted, as they can be obtained from animals without 

cruelty. Also, they are considered as having higher substantivity to hair keratin than other 
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animal and vegetable proteins [109]. Examples of hair cosmetic applications of different 

proteins and their derivatives are described in Table I.6. 

Further applications of proteins can be still studied and exploited as alternatives for hair 

cosmetic harsh chemical treatments. 

 

Table I.6. Example of hair cosmetic application of proteins and derivatives [107, 109, 113–

115, 118–133]. 

Original Protein Protein derivatives used Function 

Keratin 

Hydrolysed keratin Hair conditioner 

Keratin hydrolysates; peptides derived 

from keratin 
Hair repair and protect 

Collagen 
Hydrolysed collagen and peptides of 

hydrolysed collagen 

Hair repair; hair moisture 

retention 

Casein 
Amino acids and peptides of milk and 

yogurt protein hydrolysates 
Hair repair and protect 

Fibroin Silk protein hydrolysate and amino acids Hair conditioner 

Crystallin γ D-crystallin Hair repair 

Wheat 

Hydrolysed wheat protein Hair conditioner 

Hydrolysed wheat protein and wheat 

oligosaccharides, wheat amino acids 

Hair repair; hair moisture 

retention 

Soy 
Soy protein isolated from trypsin 

digestion 

Suppress alopecia, inducing 

hair growth 

 

 

I.12. Final remarks 

Hair is a very distinctive personal feature playing a major role in self-perception. However, 

common chemical styling processes are known to induce changes in hair cuticle and cortex, 

damaging the fibre and in some cases the health of the person or the hair care professional. 

Studies on hair fibre, together with the development of improved formulation components, will 

be essential to develop new and safer hair cosmetics. 
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II Keratins and lipids in ethnic hair 
 

 

II.1. Abstract 

Hair is mainly composed of structural proteins, mainly keratin and keratin associated proteins, 

and lipids. Herein, we report a comprehensive study of the content and distribution of the lipids 

among ethnic hair, African, Asian and Caucasian hair. More interestingly, we also report the 

study of the interaction between those two main components of hair, specifically the influence 

of the hair internal lipids in the structure of the hair keratin. This was achieved by the use of a 

complete set of analytical tools such as thin layer chromatography-flame ionisation detector, X-

ray analysis, molecular dynamics simulation and confocal microscopy. The experimental 

results indicated different amounts of lipids on ethnic hair compositions and a higher 

percentage of hair internal lipids in African hair. In this type of hair, the meridian reflections 

correspondent to keratin were not observed in X-ray analysis, but after hair lipids removal, the 

keratin returned to its typical packing arrangement. In molecular dynamic simulations, lipids 

were shown to intercalate dimers of keratin, changing its structure. From those results, we 

assume that keratin structure may be influenced by the higher concentration of lipids in African 

hair. 

 

 

Figure II.1. Graphical abstract of the chapter. 
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II.2. Introduction 

Human hair is composed by approximately 90% proteins and 1-9% lipids (dry weight). Hair is 

constituted by follicle and fibre [134]. The hair fibre, the part of the hair seen above the skin, 

has a thickness of 50-100 µm. It is composed of three main parts: medulla, cortex and cuticle. 

The medulla, with a thickness of 5-10 µm, is made from loosely packed cells and is not always 

present in the hair. The cortex, which is 45-90 µm thick, corresponds to 90% of the total hair 

mass. It is composed of macrofibrils, constituted by seven to ten tetramers spiral units - the 

intermediate filaments. Those tetramers are comprised by antiparallel coiled-coil dimers of 

individual filament keratin chains, with low sulphur content, ultra-high sulphur proteins and 

high glycine-tyrosine proteins [39]. Those proteins interact with the intermediate filaments 

through intermolecular disulphide bonds, which provide the high mechanical strength, 

inertness and rigidity to the keratin fibres [134, 135]. The tetramers of intermediate filaments 

are comprised by anti-parallel coiled-coil dimers of individual filament keratin chains, with low 

sulphur content [39]. The cuticle, at the surface of the hair, corresponds to a 5 µm thickness 

protective covering consisting of seven to ten superimposed layers of flat overlapping 

structures [136–138]. 

Hair lipids are scattered all over the hair fibre and mainly consist of cholesterol esters (ChE), 

free fatty acids (FFA), cholesterol (Ch), ceramides (Cer) and cholesterol sulphate (ChS). Those 

can be separated in exogeneous and endogeneous lipids according to their origin, sebaceous 

glands or hair matrix cells, respectively [139]. 

Virgin human hair accounts for a large part of the phenotypic variation between different 

human ethnicities. Therefore, it is usually categorised into three major distinct ethnic groups: 

Asian, Caucasian and African. Looking from the perspective of biological variability, 

environmental effects and diversity of fibre texture, the amino acid makeup of protein 

components across ethnic groups is remarkably uniform [30, 74, 75]. Although a considerable 

amount of data on human hair has been reported, very few data on the influence of lipids on 

ethnic hair is available. Some studies regarding the lipid composition on human hair have been 

published [138–144]. However, they do not correlate the ethnicity of the hair and their lipid 

content and, in those, results were not always consensual, or the differences between 

ethnicities completely explained [138]. Still, there is one indication that the African hair has 

more hair lipids compared to other ethnic hair types [142]. 
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Herein, we report for the first time a comprehensive study of lipids content among ethnic hair, 

their distribution along the different parts of the hair and more interestingly, the influence of 

the hair internal lipids with the structure of the keratin in the hair, achieved by the use of a 

complete set of analytical tools such as thin layer chromatography-flame ionisation detector, 

X–ray analysis and confocal microscopy. 

 

 

II.3. Experimental procedures 

 

II. 3.1. Materials 

Natural Caucasian, African and Asian virgin human hair samples were provided by 

International Hair Importers and Products, Inc. (New York, USA). Prior to analysis, the hair 

tresses were previously subjected to a washing procedure with a commercial shampoo. All 

chemicals were supplied by Sigma Aldrich (Madrid, Spain), unless stated otherwise. 

 

II. 3.2. Methods 

i. Extraction of lipids from ethnic hair 

Hair fibres from different hair tresses were randomly collected in the three ethnicities of hair. 

The removal of external surface lipids from the virgin hair surface was accomplished using a 

soxhlet extraction either with t-butanol or n-hexane for 4 hours [145]. The internal lipids were 

removed by extraction with different mixtures of chloroform/methanol (2:1 v/v, 1:1 v/v and 

1:2 v/v) for 2 hours and 100% methanol overnight, at room temperature and in a stirring 

system, using the same hair samples. The different extracts of each hair were then evaporated 

to a volume of approximately 15 mL and dissolved in methanol to a final volume of 50 mL 

prior to analysis.  

 

ii. Thin Layer Chromatography- Flame Ionisation Detector (TLC-FID) 

The quantification of lipids on ethnic hair was performed with thin-layer chromatography (TLC) 

coupled to automated flame ionisation detection (FID) system (Iatroscan MK-5, Iatron Lab. 

Inc., Tokyo, Japan). Samples were applied on Silica gel S-III Chromarods using a SES 

(Nieder-Olm, Germany) 3202/15-01 sample spotter. The determination of lipid content was 
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performed with an optimised TLC-FID protocol [137] using a methodology where rods (in a set 

of 10) were developed using the following mobile phases: 

(1) n-Hexane/diethyl ether/formic acid (53:17:0.3, v/v/v) for 10 cm and analysed by a partial 

scan of 72% to quantify the non-polar lipids. 

(2) Chloroform/n-hexane/acetone/methanol (55:5:7:3, v/v/v) for 10 cm and another partial 

scan of 85% to quantify ceramides. 

(3) Chloroform/methanol/formic acid (57:12:0.3, v/v/v) for 10 cm and a total scan (100%) to 

quantify the most polar lipids. 

 

iii. X-ray diffraction of ethnic hair 

X-ray diffraction experiments were performed in virgin Asian, Caucasian and African hair 

samples with lipids and after its extraction. Diffraction data was collected using a Gemini PX 

Ultra (Oxford Diffraction) equipped with CuKα radiation (λ=1.54 184 Å), a four-circle kappa 

goniometer and a charge-couple device (CCD) detector. Data collection and processing was 

carried out using CrysAlisPro Software System (Oxford Diffraction). X-ray exposition time was 

3000 s for all the experiments. 

 

iv. Molecular dynamics simulation 

The simulations were performed with GROMACS 4.0.7 [146] package using the Martini force 

field [147]. The system size was chosen according to the minimum image convention taking 

into account a cut-off of 1.2 nm. The bonds lengths were constrained with LINCS [148]. 

No-bonded interactions were calculated using a twin-range method, with short and long range 

cut-offs of 0.9 and 1.2 nm, respectively. Neighbour searching was carried out up to 1.2 nm 

and updated every ten steps. A time step of integration of 30 fs was used. A reaction field 

correction for the electrostatic interactions was applied using a dielectric constant of 15. 

Pressure control was implemented using the Berendsen barostat [149], with a reference 

pressure of 1 bar, 3.0 ps of relaxation time and isothermal compressibility of 3.0×10-5 bar-1. 

Temperature control was set using the Berendsen thermostat [149] at 300 K. The keratin, free 

fatty acids and the water were included in separated heat bath, with temperatures coupling 

constants of 0.30 ps. Two replica simulations of 480 ns in length were carried out using 

different initial velocities taken from a Maxwell-Boltzmann distribution at 300 K, leading to a 
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total simulation time of 960 ns for each system. The initial structures for the simulations 

without the lipids were the final structures from the simulations with lipids. 

 

v. Staining hair lipids with Nile Red 

Two different Nile Red formulations were used to incorporate in ethnic hair samples: dissolved 

in t-butanol and in a mixture of chloroform/methanol (1:1 v/v), both in a concentration of 0.1 

mg/mL. Ethnic hair tresses were treated with both formulations for 1 hour. The hair fibres 

were embedded into an epoxy resin. Transversal cuts with 15 μm were prepared using a 

microtome (Microtome Leitz).  

 

vi. Confocal microscopy on hair transversal cuts and 3D reconstruction 

Hair cross sections were analysed on a confocal laser scanning microscopy (CLSM, Olympus 

IX81) using ×60 amplification. The images were processed with Olympus Fluoview FV1000 

software. The images were collected with the same conditions of brightness, time of exposure 

and gain. The Nile Red fluorescence was examined at the spectral setting of the green 

fluorescent protein (GFP) (λex=488 nm; λem=520 nm) and a rhodamine filter (λex=559 nm; 

λem=618 nm) for all the images collected. The confocal reconstructions were made using 

IMARIS image analysis software. 

 

II.4. Results and discussion 

Despite the recent advances in the characterisation of hair lipids, little progress has been made 

in extending our understanding of lipids composition and their distribution among ethnic hair. 

Herein, a complete set of analytical tools were used to characterise it with the objective to 

broaden the knowledge related to the lipids role on the different types of hair. 

 

II. 4.1. Thin Layer Chromatography – Flame Ionisation Detector (TLC-

FID) 

To determine the difference on internal lipids between ethnicities, their extraction from hair 

was performed, and the resulting adducts were analysed by TLC-FID. The external lipids were 

not analysed due to the interference of hair products used in daily care. Three independent 

experiments were performed for quantitative lipids analysis. Internal hair lipids are constitutive 

lipids biosynthesised in the hair matrix cells, which includes polar-like components, such as 
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ceramides and cholesterol sulphate, and non-polar components [139–141]. The analysis of 

the overall content of extracted hair lipids among ethnic hair is shown in Table II.1. 

 

Table II.1. Quantification of internal hair lipids in ethnic hair (percentage over weight of hair 

fibre, % o.w.f., and percentage over the total lipid analysed): cholesterol ester, free fatty acids, 

fatty alcohol, cholesterol, ceramide, glucosyl ceramide and cholesterol sulphate, by TLC-FID. 

 Asian African Caucasian 

Lipids % Hair % Lipids %Hair % Lipids %Hair % Lipids 

ChE 0.20 16.39 0.32 19.05 0.21 14.29 

FFA 0.66 54.10 0.92 54.76 0.85 57.82 

R-OH 0.04 3.28 0.05 2.98 0.05 3.40 

Ch 0.06 4.92 0.06 3.57 0.07 4.76 

Cer 0.16 13.11 0.15 8.93 0.15 10.21 

GC 0.03 2.46 0.04 2.38 0.03 2.04 

ChS 0.07 5.74 0.14 8.33 0.11 7.48 

Total lipids analysed 1.22 1.68 1.47 

Total lipids extracted 2.07 3.48 2.05 

 

The major lipid classes analysed in ethnic hair were cholesterol ester (ChE), free fatty acid 

(FFA), fatty alcohol (R-OH), cholesterol (Ch), ceramide (Cer), glucosyl ceramide (GC) and 

cholesterol sulphate (ChS). Analysing the percentage of each lipid component over the total 

lipid analysed it is possible to observe that the three hair types have similar lipid distribution. 

The major differences are in the cholesterol ester, ceramides and cholesterol sulphate content. 

African hair is richer in cholesterol ester and cholesterol sulphate, but on the other hand it 

presents a smaller amount of ceramides. The level on free fatty acid is slightly higher for the 

Caucasian hair and for cholesterol a slightly lower amount was found for African hair. Also, 

regarding the percentage over weight of the hair fibre, the content of free fatty acid is higher in 

African hair. However, the main difference in terms of lipid content is the total amount of lipids 

extracted: African hair have 1.7 times more internal lipids than the other two ethnicities, which 

corresponds to around 70% higher internal lipid content. 

The most abundant lipids in all the hair types are the free fatty acids and the cholesterol ester. 

The high percentage of fatty acid in the hair was already expected, as reported in other studies 

[141, 143], which did not include the analysis of cholesterol esters. Previous studies indicate 
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lower hydration properties in the African hair [74]. The higher percentage of lipids is putatively 

related to this property; as hydrophobic domains avoid the entrance of water into the hair bulk 

thus preventing its swelling. 

 

II. 4.2. X-ray determination 

X-ray diffraction was performed to verify differences in the architecture of the hair filaments. 

These measurements were performed in both natural and delipided hair samples to determine 

the lipidic influence on hair structure and to verify which diffractions were exclusively from the 

lipids, Table II.2. 

The structure formed by the α-keratin chains corresponds to a supercoiled-coil structure and 

provides some typical reflections. The reflections 12.3 Å and 24.6 Å are characteristics of the 

unit length of α-keratin, which corresponds to 450 Å. Previous studies refer that those 

molecules are assembled into dimers with a rod-like central part comprised of α-helical coils 

[150–152]. Due to the degree of packing of those helices, authors indicate an axial reflection 

located at 5.15 Å [151, 153]. In this study, this reflection does not change between samples, 

with exception of the African hair with lipids, which does not possess this reflection or other low 

order reflections.  

The reflections 9.5 Å and 27 Å are related with the lateral packing of the helices, where 9.5 Å 

was reported to be due to interferences between coiled-coil chains and 27 Å due to a dense 

lateral of intermediate filaments [151, 154, 155]. 

The results reveal that there are reflections which exist in the samples with lipids and do not 

exist in the samples without lipids (3.7 Å, 4.1 Å, 5.0 Å, 15.0 Å), which indicates that those 

reflections are characteristics of hair lipids. Besides, in the lipid-rich African hair no meridian 

reflections correspondent to keratin were found, indicating that the degree of organisation of 

the α-helices is not high enough to generate usable data in the diffraction patterns. 

Considering that this behaviour is only observed in African hair and that only free lipids were 

removed in this procedure, we could assume that the excess of internal free hair lipids causes 

a great interference to the keratin structure, providing some disturbance to the spatial 

organisation of the hair regarding the unit length of α-keratin and to the degree of packing of 

the α-helix coils. 
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Table II.2. Scattering of the ethnic hair fibres before and after lipids’ extraction, in Å. (M –

 Meridian, E – Equator). 

Before lipids’ extraction After lipids’ extraction 

African Asian Caucasian African Asian Caucasian 

M E M E M E M E M E M E 

4.1 9.5 5.0 9.5 3.7 9.5 5.15 9.6 5.15 9.5 5.15 9.5 

5.0 27 5.15 28 5.0 28 12.3 28 12.3 28 12.3 28 

  12.3  5.15  24.6  24.5  24.5  

  15.0  12.3        

  24.6  15.0        

    24.5        

 

II. 4.3. Molecular dynamics simulation 

It was possible to observe in the X-ray diffraction experiments that, in African hair, the keratin 

structure is somehow different from the keratin found in Asian or Caucasian hair, and this 

difference was assumed to be caused by the higher amount of lipids present in African hair. To 

better understand the lipidic influence on keratin structure, molecular dynamics simulations 

were performed.  

For these simulations, we used Martini force field [147]. A simplified model of the hair 

structure was constructed, based on the sequence of natural hair keratins. For the 

representation of hair lipids a model of a free fatty acid was used, as this is the major lipids 

present in all kinds of hair. 

The presence of lipids seems to disorganise the ordered structure of keratin, intercalating a 

dimer of keratin, as can be visualised in Figure II.2a and Figure II.3a. The disorganisation is 

able to change the X-ray diffraction. Thus, the presence of higher concentration of lipids in the 

African hair may influence a higher disorganisation of the keratin structure. This is a 

confirmation of the results of X-ray analysis, as there is an absence of those reflections related 

to the keratin structure, such as the packing of keratin. 

Just like what happens in the X-ray, the removal of the lipids from the simulated keratin/lipids 

mixture allows the keratin to organise itself, returning to its typical packing structure, Figure 

II.2c and Figure II.3b. Together with the results from X-ray diffraction, the results from the 

simulations demonstrate the importance of the hair lipids in the structure of hair keratin. This 
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effect should be dependent on the quantity of lipids, explaining why it is only possible to 

observe this behaviour for African hair. 

 

 

Figure II.2. Model of hair keratin using Martini force field: a) and b) with the presence of 

hair lipids (free fatty acids), represented in a) with the spheres, c) after the removal of the 

lipids. 
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Figure II.3. Detail of a dimer of keratin model of keratin dimers using Martini force field 

a) with the presence of lipids and b) after the lipids removal.  

 

II. 4.4. Confocal microscopy on hair transversal cuts 

The lipidic effect demonstrated by molecular dynamics simulations should be dependent on 

the distributions of the lipids at the cortex. The ability of the lipids to intercalate the keratins 

dimers should be more significant in the lipids that do not form aggregates in the cortex. 

Hence, it is important to verify the distributions of the lipids in the hair. To achieve this, the 

hair stained with a fluorescence dye was observed under confocal microscopy. These 

experiments were also conducted using fluorescence microscopy, which provided similar 

results. 

Nile Red is a phenoxazone dye that fluoresces intensely, and in varying colour, in organic 

solvents and hydrophobic lipids, being able to detect some lipid deposits not usually seen in 

traditional fat stains [156]. Therefore, it is an excellent probe for the detection of lipids using 

confocal microscopy because its spectra of excitation and emission vary according to the 

surrounding environment, being shifted to shorter wavelengths with decreasing solvent polarity. 

The fluorescence wavelength of Nile Red is, therefore, due to the chemical environment where 

it is inserted [157]. The solvents where Nile Red was solved in are used to have information 

about the chemical environment at different depths in the hair fibre. 
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Figure II.4. Confocal microscopy of ethnic hair (a) African hair, b) Asian hair and c) 

Caucasian hair) treated with Nile Red solved in: .1) chloroform/methanol and .2) t-butanol. All 

the images present the result with the filter with GFP filter, rhodamine filter (“Rhod.”) and the 

combination of both filters (“Merge (GFP+Rhod)”), as well as 3D reconstruction from 

“IMARIS” software.  

 

From Figure II.4 it is clear that there is a polar region located at the cuticle, as indicated by the 

red fluorescence of Nile Red. The exogenous hair lipids are mainly constituted by free fatty 

acids and cholesterol esters [139], and these lipids are essentially non-polar. However, it is 
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known that the major component of exogenous lipids, 18-MEA, is covalently attached to the 

cuticle surface, with the tails align to each other [158]. This particular arrangement leads to 

the formation of a very polar region at the lipid/protein interface. The polarity of this region is 

responsible for the red fluorescence observed in Figure II.4.  

In the remaining hair fibre, it is not possible to observe polar regions. Regarding the similarities 

in the fluorescence levels in Nile Red solved in chloroform/methanol, they do not indicate 

similar levels of lipids, but a similarity in the chemical environment. As it can be observed in 

Table II.1, there are some polar lipids at the hair’s interior, but as they are scattered all over 

the cortex, apparently they do not have the ability to form polar aggregates enough to shift the 

Nile Red fluorescence to red. This result is in accordance with the results from X-ray analysis 

and from molecular dynamics simulations. If the lipids do not form aggregates within the 

cortex they will have the ability to interact strongly with keratin fibres, interfering with its 

structural arrangement. However, this phenomenon was only observed in the African hair, 

which has a higher internal lipid concentration, indicating that a higher concentration of hair 

lipids influences the keratin structure. The X-ray results showing meridian reflection 

characteristics of hair lipids can be in accordance with the lack of lipid polar aggregates. The 

lipids can be organised in such a way that they give usable data in the X-ray experiments and 

at the same time present a fully hydrophobic character. 

 

 

II.5. Conclusions 

In summary, ethnic hair presents different amounts of lipids on its composition, where African 

hair has higher overall lipid content and specifically cholesterol ester and cholesterol sulphate.  

In the X-ray analysis of the African hair, the presence of lipids was assumed to interfere with 

the keratin structure, as no meridian reflections correspondent to keratin were found. After the 

removal of the lipids, the structure of keratin returned to its typical arrangement. To better 

understand this influence, molecular dynamics simulations of keratin and lipids were 

performed, where lipids were shown to intercalate dimers of keratin, changing its structure. 

Therefore, we can assume that higher lipid content, mainly from lipids that do not aggregate 

within the cortex, will have the ability to interact and interfere with the structure of keratin 

fibres, which might have influences in the texture of the hair. 
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interactions within human hair keratins, International Journal of Biological Macromolecules 
2017, doi: 10.1016/j.ijbiomac.2017.03.052. 
 

 

 

 

 



Chapter III: Peptide – protein interactions within human hair keratins and KAPs 

	 51	

III Peptide – protein interactions within 
human hair keratins and keratin 
associated proteins 

 

 

III.1. Abstract 

Over one thousand decapeptides from human hair proteins encoded by human genes of 

keratins and keratin associated proteins were studied. The peptides were linked to glass arrays 

and screened for their affinity towards extracted human hair keratin. Based on the 

physicochemical properties of the peptides, ten variables were analysed: content of cysteine, 

content of different types of amino acid side chains (hydrophobic, polar, basic, acidic, aromatic 

rings, amide, alcohol side chains), isoelectric point, and net charge. We found statistically 

significant differences on the binding affinity of peptides based on their content of cysteine, 

hydrophobic and polar amino acids, mainly containing alcohols. These results point to the 

formation of hydrophobic interactions and disulphide bonds between small peptides and 

human hair keratins as the main driving forces for the interaction of peptides and hair. As so, 

our results enlighten the nature of the interaction of keratin based materials with human hair, 

which are claimed to modulate hair properties, and enable a more directed and sustained hair 

care peptide design. 

 

 

Figure III.1. Graphical abstract of the chapter. 
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III.2. Introduction 

Keratin is a fibrous structural protein, member of the superfamily of intermediate filament 

proteins, and one of the most important biopolymers in animals. Keratin has one of the high 

toughness among biomaterials [159]. This protein composes the hard integuments in 

mammals, such as hair, epidermis, wool, horns and also feathers, claws, and beaks of birds 

and reptiles. Traditionally, keratins can be classified, according to their tissue of origin and 

amount of sulphur. Soft keratins (e.g. from epidermis) have low sulphur content, and hard 

keratins (e.g. hair, nails, claws, beaks, quills) have a more coherent structure with a higher 

amount of sulphur [51, 159]. Taking into account the classification of intermediate filament 

proteins (into six types based on sequence homology), keratins belong to the acidic type I and 

neutral-basic type II. Therefore, keratin protein family can be divided into type Ia and type IIa 

(acidic or neutral-basic “hard” keratins) and type Ib and IIb (acidic or neutral-basic “soft” 

keratins) [51]. The formation of a heterodimer by the parallel alignment of a single pair of type 

I and type II keratin polypeptides is the first step in the assembly of a keratin intermediate 

filament [160]. The heterodimers then aggregate into an antiparallel and shifted arrangement 

to form structural units of a higher order. 

Approximately 80% of total mass of the hair fibre is composed of keratin [39]. The hair fibre is 

a stratified hard-cornified epithelium, continuously produced by the hair follicle [160]. The hair 

fibre consists of three concentric morphological constituents that act mechanically as a whole 

[161]. The cuticle, the outer protective layer of the hair, consists of plate-shaped cells that 

overlap longitudinally and peripherally. The cortex, the thickest part of the hair fibre, is 

composed of spindle-shaped cells containing macrofibrils and intermacrofibrillar material. The 

medulla, the innermost part of the coarser hairs that do not always exist, consists of hollow 

cells with a cytoskeleton of amorphous proteins and fine filaments [39, 161]. The cell 

membrane complex works as cement that glues overlapping cuticle cells, cuticle and cortex 

cells, and neighbouring cortex cells together and is mainly composed of lipids and proteins 

[161]. Hair fibre is mostly constituted by hard keratins type Ia and IIa that aggregate into 

macrofibrils imbibed in a protein material called the matrix. The matrix is composed by the 

keratin associated proteins (KAPs). KAPs include high molecular weight sulphur proteins 
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(50-75 kDa; 20% cystine); ultra-high sulphur proteins (30–40% cystine); and a lower molecular 

weight glycine-tyrosine rich proteins (15–50 kDa) [49, 162]. 

The mechanical properties of hair fibres depend on the interactions between its several 

morphological components, particularly, the interactions that stabilise the macromolecular 

structure of keratin fibres. These physicochemical interactions occur within and between 

keratin chains, between keratin and KAPs and within KAPs. They range from covalent bonds, 

such as disulphide and isopeptide bonds, to weaker interactions, such as hydrophobic 

interactions, hydrogen bonds, coulombic and van der Waals forces. The disulphide bond is the 

major covalent bond, providing great chemical stability and the characteristic mechanical 

properties of hair. The weaker non-covalent polar bonds also represent important hair 

interactions. As they can be easily broken by water, they explain the dependence of the 

mechanical behaviour of hair on humidity [161, 163, 164]. Bornschlögl and co-workers [165] 

have recently showed and proposed a sequence of events that explain the huge increase in the 

mechanical stiffening of keratin fibres during the keratinization and cornification process, which 

occurs above the follicle over the course of just 1 mm. In an early stage, the mechanical 

stiffening is due to the increase in diameter of the keratin macrofibrils, their continuous 

compaction and parallel orientation, driven by the formation of isopeptide bonds, followed, in 

later stages, by the establishment of the disulphide network. 

The desire for a healthy hair has created and sustains a huge industry of hair care products. 

To improve hair look and feel, several proteins, protein lysates, peptides and free amino acids 

are used in the composition of hair care products, mainly for hair strengthening and hair 

conditioning [110]. Low molecular weight peptides and amino acids can diffuse into hair 

cortex, assisting in the reduction of protein damage during repeated washing and chemical 

treatments and even improving physical and mechanical properties of hair fibres [78, 113–

116]. However, there is a limited knowledge and testing on how these peptides work, namely 

the nature of their interactions with hair and the best characteristics that these peptides should 

have to lead to a higher affinity to hair keratins and a higher performance according to their 

initial purpose. 

In this study, we aim to understand better the properties of such peptides that can improve 

and reinforce the characteristics of the hair fibre. This work is motivated by the fact that typical 

and most common hair cosmetic procedures affect in greater or less extent the 

physicochemical and mechanical properties of hair, which often result in hair damage, and in 
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more severe cases in scalp damage [39, 42, 108]. For this purpose, we designed an array of 

low molecular weight peptides from the entire proteome of human keratin and KAPs. The aim 

is to assess the ones with higher affinity and interaction with hair keratins and, consequently, 

with a putative ability to improve and modify the properties and characteristics of the hair fibre, 

as both small peptides and keratin derivatives are considered the peptides/proteins with higher 

hair substantivity [109]. This is an innovative approach to the peptide design in hair care for 

two reasons: (1) it is based on a technique that allows a large screen and a global perspective 

on the interaction between the peptides and the keratin and (2) it is based on the human hair 

proteome. Several parameters were used to determine the peptide features that have statistical 

significance regarding their affinity to the hair. With a better understanding of the 

characteristics of the peptides with higher affinity to hair keratin, better cosmetic procedures 

can be created with inferior damage to the hair fibre and consumer’s health. 

 

 

III.3. Experimental procedures 

 

III. 3.1. Materials 

Human hair was acquired from the International Hair Importers and Products, Inc. (New York, 

USA). Peptide microarray slides and the peptides were supplied from JPT Peptide Technologies 

GmbH (Berlin, Germany). All chemicals were purchased from Sigma Aldrich (Madrid, Spain). 

Filtration systems were acquired from Merck Millipore (Germany) and Alexa Fluor® 647 

carboxylic acid, succinimidyl ester was obtained from Thermo Fischer Scientific (Portugal). 

Electrophoresis reagents were purchased from Bio-Rad (Portugal). 

 

III. 3.2. Methods 

i. Hair proteins extraction 

Keratin was extracted from human hair following a procedure adapted from Vasconcelos et al. 

[166] and Kazunori et al. [167]. Briefly, hair was immersed in a solution, in a ratio 1:10, 

containing 8 M urea as a chaotropic agent, 0.2 M sodium dodecyl sulphate to stabilise the 

keratin solution and 0.5 M sodium metabisulphite as reductant that allows keratin 

solubilization [167, 168]. The mixture was heated to 50°C for 24 hours with constant 

agitation, for better desegregation of the hair fibres, and then filtered through a glass filter. The 
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filtrate was dialysed against distilled water using cellulose tubing molecular with a weight 

cut-off of 12-14 kDa. The mixture was further concentrated by ultrafiltration using an Amicon® 

system with 3 kDa nominal molecular weight limit. 

 

ii. Characterisation of hair keratin extracted: SDS-PAGE electrophoresis 

Sodium dodecyl sulphate-polyacrylamide (SDS-PAGE) gel electrophoresis was performed in 

accordance with the Bio-Rad manufacturer protocols, using a 12% of resolving gel and 4% of 

stacking gel, under denaturing conditions. A volume of 10 µL of keratin extracted was 

electrophoresed on an SDS-PAGE gel at 20 mA. Proteins were stained using Coomassie blue 

staining and destained with a solution 75% water, 15% methanol, and 10% acetic acid. 

 

iii. Characterisation of hair keratin extracted: free thiol and disulphide bond 

quantification 

The concentration of free thiol groups and disulphide bonds in the keratin extracted from 

human hair was determined following a procedure adapted by Fernandes et al. [114] and on 

Ellman [169]. Succinctly, 1 mL of keratin solution was added to 5 mL of 0.5 M phosphate 

buffer, pH 8.0, containing 100 µL of 4 mg/mL Ellman’s reagent 

(5,5’-dithiobis(2-nitrobenzoic acid)) solution and incubated for 1 hour at room temperature in 

the dark. Absorbance was measured at a wavelength of 412 nm. The free thiol content was 

determined from a calibration curve of L-cysteine standards.  

The total amount of sulphur and, consequently, of disulphide bond was determined using a 

similar reaction with Ellman’s reagent after complete reduction of the keratin using sodium 

borohydride [170]. Briefly, a volume of 1 mL of extracted keratin was added to 150 µL of 

0.05 M Tris buffer, pH 6.8 and 1 mL of freshly prepared 4% (w/v) sodium borohydride in 

0.2 M sodium hydroxide solution. These reagents were incubated for 1 hour in a shaking water 

bath at 37ºC. Residual sodium borohydride was, then, inactivated with 200 µL of 5 M 

hydrochloric acid for 10 minutes, under agitation. The pH of the resulting reaction mixture was 

adjusted to 8.0 with 2 mL of 1 M phosphate buffer, pH 8.0. A volume of 100 µL of 4 mg/mL 

Ellman’s reagent was added and incubated for 15 minutes at room temperature. Absorbance 

at 412 nm was measured. The number of disulphide bonds present in the keratin was 

indirectly determined by subtracting the amount of free thiol groups present before sodium 
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borohydride reduction from the amount of free thiols present after this reduction. The 

experiment was performed in triplicate. 

 

iv. Labelling of hair keratin extracted with Alexa Fluor® 647 carboxylic acid, 

succinimidyl ester 

The hair keratin, 4.5 mg/mL in 0.1 M sodium bicarbonate pH 8.3, was labelled with Alexa 

Fluor® 647 carboxylic acid, succinimidyl ester in 5% anhydrous dimethyl sulphoxide (DMSO), in 

a ratio 5:1 [171]. The reaction was incubated for 90 minutes in the dark at room temperature. 

Non-linked Alexa Fluor® 647 carboxylic acid, succinimidyl ester was separated by centrifugation 

using Amicon® ultra centrifugal filter with 3 kDa porosity for 1 hour at 5000xg at room 

temperature. The degree of labelling (DOL), the number of moles of dye coupled per mole of 

protein, was determined by Equation III.1, where Amax is the absorption of the dye at maximum 

absorption wavelength, A280 is the absorption of the protein at wavelength 280 nm,  emax is the 

molar extinction coefficient of the dye at the maximum absorption wavelength (650 nm),  e280 is 

the molar extinction coefficient of the keratin at wavelength 280 nm, calculated through 

Beer-Lambert law, Equation III.2, where lcuvette is the cuvette pathlength and Cprotein is the keratin 

concentration, and CF280 is the correction factor used in the determination of degree of 

labelling, calculated through Equation III.3., determined to be 0.03. 

 

!"#	 = 	
&'()e*+,

(&*+, −	&'()	×	01*+,)	e'()
 

Equation III.1. Degree of labelling. 

 

&*+, =  e*+,	3456788709:;87<= 

Equation III.2. Beer-Lambert law. 

 

01*+, = &*+,	;>	?@7	/&BCD;>	?@7 

Equation III.3. Determination of correction factor. 

 

v. Peptides’ affinity to keratin 

Each peptide microarray slide included three replicas of 1235 peptides, based on the proteins 

resulting from the translation of the genes of keratin associated proteins KRTAP1 to KRTAP13, 
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KRTAP15 to KRTAP17, KRTAP19 to KRTAP27, KRTAP29, keratin type I genes KRT31 to 

KRT40 and keratin type II genes KRT81 to KRT86. Briefly, the microarray slides, provided from 

JPT, had the peptides synthesised by spot-technique, where a reactivity tag was attached to the 

N-terminus of each peptide enabling chemoselective immobilisation and peptide purification. 

The peptides, with a concentration of 15 fmol/mm2, were attached to glass through a 

hydrophilic linked moiety. The microarrays also included 49 spots with printed buffer as 

control. 

According to the slide’s manufacturer JPT protocols, the keratin labelled was diluted to 

5 µg/mL in blocking buffer containing 3% (w/v) BSA (bovine serum albumin) and PBST 

(Phosphate-buffered saline, pH 7.4 with 0.05% Tween 20). The slides were incubated with the 

labelled solution of extracted keratins in an incubation chamber for 2 hours at 37ºC. 

Posteriorly, the slides were rinsed successively in PBST and blocking buffer, for 3 minutes in 

each solution, to remove unbound keratin and salt residues. The slides were dried by blowing 

with a gentle stream of nitrogen on the microarray surface. 

 

vi. Microarray imaging and analysis 

Fluorescence scans of the slides were performed using the scan Agilent G2565CA Microarray 

scanner system, with a red emission filter (650 nm to 750 nm) after monochrome excitation at 

633 nm. The image was generated with a scan resolution of 5 µm. The features of the 

microarray slides were extracted and normalised using an adaptation of MicroArray Image 

Processing Case Study code from The MathWorks, Inc. and Bioinformatics Toolbox from The 

MathWorks, Inc., MATLAB. Summarily, an estimation of the spots spacing and detection of the 

spots was obtained by autocorrelation, as in practice, microarrays spots have different 

intensities and sizes. From this estimation, the background noise was reduced at a safety 

margin to the spot region. The spots were detected by image segmentation and its intensity 

was considered the median of the central area of the spot. Standardisation was accomplished 

by scaling the intensities from zero to one. 

 

vii. Statistical analysis 

A total of ten variables were studied (Table III.1) [172], based on the physicochemical 

properties of the peptides in the microarray and selected by considering the most relevant 

interactions for the stabilisation of keratin networks. We performed an analysis of the variables, 
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checking for the normality of the distributions of the variables through Shapiro-Wilk test. 

Subsequently, Spearman’s correlation was used to determine possible two-way associations 

between two variables.  

 

Table III.1. Description of the peptide variables studied. 

Name of the variable Peptide property description 

Cysteine Content of cysteine residues 

Hydrophobic 
Content of hydrophobic amino acids (phenylalanine, alanine, methionine, 
leucine, isoleucine, tryptophan, proline, valine) 

Polar 
Content of amino acids with polar side chains  

(glutamine, glycine, asparagine, serine, tyrosine, threonine) 

Basic 
Content of amino acids with basic side chains at pH 7  

(histidine, arginine, lysine) 

Acidic 
Content of amino acids with acidic side chains at pH 7  

(aspartic acid, glutamic acid) 

Aroma 
Content of amino acids with aromatic ring  

(phenylalanine, tryptophan, tyrosine) 

Amide 
Content of amino acids with amide side chains  

(asparagine, glutamine) 

Alcohol 
Content of amino acids with alcohol side chains  

(serine, tyrosine) 

pI Isoelectric point 

Net Net charge of the peptide at pH 7 

 

To further analyse the peptides properties and to compare the peptides with highest and 

lowest affinity to keratin, the linkage of keratin to the peptides in the microarray was split into 

five ranks of intensity (Table III.2). These ranks were created by grouping similar intensities of 

keratin in the spots of peptides that could best describe their different distributions along all 

the range of possible intensities. A non-parametric Kruskal-Wallis test was performed for each 

of the peptide variables using these five ranks of intensity as dependent variable (Table III.2) to 

determine if there were significant differences between them. Bonferroni correction was 

applied to correct for multiple testing. Posteriorly, the overall span of the keratin linked to the 

peptides was divided into just two ranks (Table III.3) to better understand the characteristic 
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differences of the very high affinity peptides. Mann-Whitney was performed to the same 

variables but regarding these two ranks of intensities. For all the statistical analysis, 

p-values ≤ 0.05 were considered statistically significant. All the statistical analysis and results 

were produced in IBM® SPSS® Statistics, version 22.  

 

Table III.2. Division of the peptides into five ranks, according to the average intensity of the 

keratin in that microarray spot. 

Rank of intensity Intensity 

0 0.00 

1 Between 0.00 and 0.25 

2 Between 0.25 and 0.50 

3 Between 0.50 and 0.75 

4 Between 0.75 and 1.00 

 

Table III.3. Division of the peptides into two ranks, according to the average intensity of the 

keratin in that microarray spot. 

Rank of intensity Intensity 

A Between 0.00 and 0.75 

B Between 0.75 and 1.00 

 

 

III.4. Results and Discussion 

III. 4.1. General characteristics of the keratin extracted from human hair 

Aiming to test the characteristics of peptides that lead to a higher affinity and interaction to the 

human hair keratins, we first extracted and analysed the keratin from human hair fibres. The 

yield of the keratin extraction was approximately 30%, as expected from similar extractions 

[166]. This method of extraction does not provide a high yield but allows a better keratin 

solubility. The keratin extracted contained two types of keratins (Figure III.2). The most 

prominent band is at ~40 kDa. This band is inside the expected range of molecular weight for 

the human α-keratins (~40 to ~68 kDa), mainly type I acidic keratins [173]. The other band is 

in the range of around 60 kDa, characteristic of type II keratins. As this band is slightly less 

visible, it suggests an inferior content of this type of keratin when compared with type I. Along 

the chapter we will designate this extracted protein mixture as keratin solution.  
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Figure III.2. SDS-PAGE electrophoresis of keratin extracted. 

 

We further characterised the keratin solution regarding the content of sulphur and its redox 

state. Sulphur analysis reflects the cysteine redox status of the keratin extracted. The majority 

of the sulphur (96%) was in the form of disulphide bonds (2.944 ± 0.497 µM). Free thiol was 

only 4% of the sulphur of the extracted keratin (0.103 ± 0.002 µM). This ratio between 

disulphide bonds and free thiol are similar to the cystine and cysteine found in Clay et al. [174] 

and Ward et al. studies [175]. This suggests the keratin extracted is in a redox status similar to 

the native one of an unaltered human hair, allowing the study of the interactions between the 

peptides and the keratin of the human hair in a similar context as the unaltered human hair. 

 

III. 4.2. Peptide microarray design 

A high-density peptide dot matrix was used for simultaneous and parallel screening of the 

chemical interactions of a vast number of peptides with the hair keratin within a single 

experiment [176]. These interactions occur between two different types of species, one 

immobilised on a solid support, in our case, 10 to 11-mer peptides whose sequences were 

derived from human hair keratins and KAPs, and another solubilized in a liquid sample, in our 

case, a solution of keratins extracted from human hair [177].  
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The design of the array peptides was based on the amino acid sequence of human hair 

keratins and KAPs, whose domains are known to participate in intra- and inter-molecular 

interactions. The major bond present in these interactions is the disulphide bond, playing an 

important role in the stabilisation of the keratin network and structure [39, 49]. For this 

reason, all the selected array peptides contained cysteines. The small size of the peptides, 

apart from being advisable concerning synthesis purity, serves another future aim which is to 

enable an easier diffusion into the hair cortex, when are to be applied to hair. 

All the selected 10-11mer peptide sequences (1235 different sequences) contained 20% to 

45% cysteines. Most peptides had hydrophobic amino acids (78%) and amino acids with polar 

side chains (70%); the number of these amino acids in the total sequence varied from one to 

eight. Approximately half of the peptides did not have in their sequence basic amino acids 

(50%) neither amino acids with an amide side chain (53%); the other half of peptides contained 

one to four of these amino acids. Most peptides had no amino acid with acidic (81%) nor 

aromatic side chains (92%); a few percentage contained one, two or in a residual percentage 

three of these amino acids in their sequence. Most peptides contained amino acids with an 

alcohol side chain (83%), which contained from one to six of these amino acids. 

The peptides have isoelectric point (pI) from acidic to basic, divided into four major groups: two 

acidic, pI from 3.67 to 4.00 and pI from 5.48 to 5.55, one slightly acid with pI from 6.70 to 

6.72 and one slightly basic with pI from 7.79 to 8.43. The net charge varied from -0.3 to 0.3. 

The detection of the affinity of the peptides to the keratin solution was achieved with a 

fluorescence labelled probe, Alexa Fluor® 647 carboxylic acid, succinimidyl ester conjugated 

with the extracted hair keratins [177]. This fluorescent dye was chosen due to its photostability 

and intense fluorescence [171, 178]. In this conjugation, we obtained a degree of labelling of 

0.9 moles of Alexa Fluor® 647 carboxylic acid, succinimidyl ester per mole of keratin. This 

value is not higher due to the primary amine present in the keratin composition, which reduces 

the labelling of the dye to the keratin. 

The negative control spots of the microarray with printed buffer had a normalised intensity of 

0.085±0.049 out of 1 in the scale of intensity. This intensity is most likely due to hydrogen 

bonds between the keratin extracted to the printed buffer indicating that even though the 

microarray slides were washed, this type of interactions remained. 

Brief data quality diagnostics were performed: variability was reasonably moderate between the 

different arrays, and there is no significant visual evidence of spatial patterns over the 
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microarray slide surfaces due to a putative incorrect distribution of the keratin-labelled along 

the slide. As so, for the analysis of the microarray, we assume that a higher intensity of each 

spot in the microarray corresponds to a higher affinity of that peptide to the hair keratin, as it 

indicates a higher concentration of the hair keratin solution linked to that specific spot. A 

representative image of one of the peptide microarrays is depicted on Figure III.3. 

 

 

Figure III.3. Representative image of one of the peptide microarrays. 

 

III. 4.3. Correlation of peptides characteristics 

All the selected peptide variables are not expected to be independent amongst themselves 

since some of them derive from the existence of similar structures and composition. As so, a 

first analysis aimed to study how the different characteristics correlated between them. 

None of the other variables was normally distributed, not even the distribution within each 

rank, according to Shapiro-Wilk test (data not shown, all variables with a p-value ≤ 0.05). 

Therefore, all the subsequent statistical analyses were performed with non-parametric tests.  

The first approach was the use of Spearman’s correlation test as a filter to assess the strength 

of the putative correlation between the different variables [179]. This test was chosen as it is 

less sensitive to data outliers. Considering very high correlated variables when correlation 

coefficients above 0.75, in absolute value, the content of amino acids with basic side chains, 

isoelectric point and net charge were found to be highly correlated variables (Table III.4). This 

was expected as the basic side chains are ionisable, affecting the peptide net surface charge, 

which is reflected in both net charge at pH 7 and isoelectric point (the pH at which the charge 

is neutral). However, it is interesting to note that the isoelectric point and net charge were not 

found to be very highly correlated with the content of amino acids with acidic side chains, 

although their side chains are also ionisable. This can be explained by the fact that the 
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selected peptides had a very low content of amino acids with acidic side chains (only 19% of 

designed peptides had acidic amino acids in their sequence). However, amino acids with acidic 

side chains and net charge are also considered highly correlated, as their correlation is, in 

absolute value, below 0.75 and above 0.50. The amino acids with polar and alcohol side 

chains are also highly related. This is expected as amino acids with alcohol side chains (serine 

and tyrosine) are also considered amino acids with polar side chains. The content of amino 

acids with polar side chains and hydrophobic amino acid are high inversely correlated. This 

result is expected as, for molecular stability purposes, amino acids with similar behaviour in 

aqueous media should be in a nearby location in the keratin and keratin associated proteins. 

As these peptides are based on these proteins, it is expected that their relation is similar. 

It should also be noted that there are no perfectly correlated variables (with correlation 

coefficients above 0.950, in absolute value). Variables with low correlation (below 0.25, in 

absolute value) coefficient are considered independent variables. 

 

Table III.4. Spearman’s Rho correlation coefficient matrix. The variables are peptide content 

of: cysteine, hydrophobic amino acids, amino acids with polar side chains, basic side chains 

and acidic side chains, aromatic rings, amide side chains or alcohol side chains, isoelectric 

point and net charge. The symbol * indicates a significant correlation for p-value ≤ 0.05 level 

and ** for p-value ≤ 0.01. If there is no indication, it is not 2-tailed significant. 
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Cysteine  -0.302** -0.327** -0.041 -0.208** -0.149** -0.025 -.0209** 0.058* -0.096** 

Hydrophobic   -0.642** -0.021 -0.007 0.229** -0.115** -0.325** 0.000 0.020 

Polar    -0.310** -0.073* -0.105** 0.282** 0.584** -0.252** 0.203** 

Basic     -0.116** 0.038 -0.213** -0.190** 0.844** -0.776** 

Acidic      -0.013 -0.016 -0.009 -0.487** 0.577** 

Aroma       -.056* -0.045 0.052 -0.038 

Amide        0.082** -0.173** 0.170** 

Alcohol         -0.181** 0.148** 

pI          -0.934** 
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III. 4.4. Multivariable analysis of peptide characteristics with keratin 

affinity 

The degree of keratin affinity to the peptides in the microarray was divided into five ranks 

based on normalised fluorescence intensity to determine the peptides with highest and lowest 

affinities to keratin, statistically significant (Table III.2). 

A non-parametric Kruskal-Wallis test was performed for the different variables (Table III.1) with 

the spot intensity as the dependent variable, to determine if there were significant differences 

between the ranks (Table III.5 and Figure III.4). Dunn-Bonferroni correction was implemented 

for multiple testing between the variables. 

 

Table III.5. Non-parametric Kruskal-Wallis test and Dunn-Bonferroni correction for multiple 

testing. The tests were performed considering the division of intensities into five ranks. The 

variables are peptide content of: cysteine, hydrophobic amino acids, amino acids with polar 

side chains, basic side chains and acidic side chains, aromatic rings, amide side chains or 

alcohol side chains, isoelectric point and net charge. 

Variables 

Kruskal-Wallis test Dun-Bonferroni correction 

Chi-

square 
Asymp sig 

Rank of 

intensity 

Mean statistical 

rank 

Adjusted significance between 

ranks 

0 1 2 3 4 

Cysteine 38.4 0.00 

0 677.6   0.00 0.33 1.00 1.00 

1 565.3    0.70 0.00 0.09 

2 610.8     0.01 0.21 

3 733.4      1.00 

4 729.8      

Hydrophobicity 11.0 0.03 

0 651.5       

1 608.1    1.00 1.00 0.02 

2 580.7    0.86 0.07 

3 647.7      1.00 

4 722.6      

Polar 50.5 0.00 

0 572.0   0.00 0.62 0.29 0.08 

1 673.6   1.00 0.00 0.00 

2 631.9    0.00 0.00 

3 483.0      

4 426.8      

Basic 77.5 0.00 0 472.7   0.00 0.00 0.00 0.02 
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1 603.6   0.00 0.02 1.00 

2 718.7     1.00 0.65 

3 707.6      

4 627.5      

Acidic 70.3 0.00 

0 736.5  0.00 0.00 0.00 0.01 

1 609.6   0.04 1.00 1.00 

2 558.4    1.00 1.00 

3 589.3     1.00 

4 610.2      

Aroma 1.3 0.86 

0 627.2      

1 613.2      

2 624.7      

3 603.2      

4 629.5      

Amide 2.3 0.68 

0 632.9      

1 622.5      

2 608.5      

3 617.7      

4 560.8      

Alcohol 16.5 0.00 

0 618.5  1.00 1.00 0.59 0.11 

1 643.4   1.00 0.05 0.01 

2 623.3    0.36 0.07 

3 542.0      

4 481.0      

pI 139.8 0.00 

0 403.2  0.00 0.00 0.00 0.00 

1 600.6   0.00 0.01 1.00 

2 766.8    1.00 0.23 

3 725.1     0.00 

4 645.9      

Net charge 148.5 0.00 

0 826.0  0.00 0.00 0.00 0.00 

1 636.7   0.00 0.00 1.00 

2 474.4    1.00 0.69 

3 515.7     0.00 

4 565.5      
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Figure III.4. Boxplot of the characteristics of the peptides for the division of intensities into 

five ranks (from 0 to 4, described at Table III.2). The variables are, from top left to bottom 

right, peptide content of: cysteine, hydrophobic amino acids, amino acids with polar side 

chains, basic side chains and acidic side chains, aromatic rings, amide side chains or alcohol 

side chains, isoelectric point and net charge. 

 

For all variables, except amide and aromatic side chains, the different ranks of intensity 

representing ranks of affinity of keratin to the peptides are statistically different (p-value ≤ 0.05) 

(Table III.5). As amide and aromatic side chains did not show statistical difference between the 
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different ranks of affinity of keratin to the peptides, Dunn-Bonferroni correction could not be 

performed in these variables. 

Regarding the cysteine content of the peptides, there was statistically significant differences 

between the middle and the highest affinity of hair keratin to the peptides (statistically different 

ranks: rank 0 and rank 1, rank 1 and rank 3, rank 1 and rank 4, rank 2 and rank 3), but 

without a clear understanding of the relation between the affinity of hair keratin and the 

peptides. 

Peptides with the highest affinity to keratin had, in general, higher content of hydrophobic 

amino acids. Hydrophobic interactions are known to be major forces that maintain the 

coiled-coil structure of keratin in intermediate filaments formation [39, 180]. This type of 

interactions can also favour the affinity of synthetic peptides to hair keratin. 

In line with the previous results referred, a slightly inferior content in polar amino acids, such 

as amino acids containing alcohols, leads to a higher affinity of the peptides to the keratin. The 

content of polar amino acids and amino acids containing alcohols was statistically different 

between the ranks corresponding to middle and highest intensity. These results indicate that, 

although in hair the formation of hydrogen bonds is important for keratin structure, they are 

not the ones that provide the highest affinity between small peptides and hair keratin. For the 

highest affinities, other forces and hence other peptide features must be considered.  

The variables content of amino acids with basic side chains, isoelectric point and net charge, 

previously considered highly correlated, presented statistically significant differences between 

the lower intensity ranks. But concerning the ranks of higher intensity values, there were no 

significant differences. Peptides with higher content of basic side chains, higher isoelectric 

points and more negative net charges have, in general, moderate to higher affinity to keratins 

extracted from human hair. 

The presence of acidic amino acids in the peptide sequence decrease or eliminates the affinity 

to hair keratin, except for a few outliers corresponding to peptides containing these types of 

amino acids. In the case of these outliers, other amino acids or their particular position in the 

peptide sequence can be a determinant factor. As observed in the electrophoresis, the majority 

of the hair keratins extracted are type I keratins, with an acidic isoelectric point (pI 4.7–5.4) 

[181, 182]. Consequently, peptides with higher isoelectric point and more negative charges 

and basic will have more affinity to hair keratin. Looking to rank 4 (the peptides in the spots 

with highest keratin concentration, hence fluorescence intensity) the same tendency does not 
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occur. This may be explained by the fact that for moderate to high affinities, denoted by ranks 

3 and 4, one of the major bonding could be ionic. As referred for the variables polar side 

chains or alcohol-containing side chains (able to participate in hydrogen bonding), to obtain the 

highest affinities other forces than coulombic forces could be more important. Therefore, in the 

design of hair care peptides, basic amino acids content, pI and net charge could be reduced to 

certain level without influencing the affinity to hair keratin. 

To assess if the high affinity peptide profile is different from the remaining peptides, a new 

division of intensities was established: rank A for peptides with intensities between 0.00 and 

0.75; rank B for peptides with intensities between 0.75 and 1.00.  

According to the Mann-Whitney analysis for the new division criteria the two ranks of intensity 

were statistically different regarding the content of cysteine, hydrophobic amino acids, polar 

amino acids and amino acids containing alcohol (Table III.6 and Figure III.5). The peptides with 

higher affinity for the keratin solution had higher cysteine and hydrophobic content, and less 

polar amino acids and amino acids containing alcohols (Figure III.5). In this analysis, the 

impact of the presence of cysteine was evident. This result is expected: a higher content of 

cysteine leads to a higher affinity of the peptide to the keratin, most likely due to the propensity 

of the formation of disulphide bonds between cysteines among inter- and intra- chains of the 

keratin [39, 180]. A higher affinity to hair keratins in peptides with higher content in amino 

acids with higher hydrophobic side chains and cysteines and fewer amino acids with polar side 

chains, including alcohols, suggest that the main driving forces for the observed affinity are the 

formation of hydrophobic interactions and disulphide bonds between the peptides and 

extracted keratin. 

The main interactions observed between keratins and KAPs correspond to extensive disulphide 

bond cross-linking with the abundant cysteine residue of KAPs and hair keratins [183–186]. 

Hydrophobic interactions are also known to stabilise the coiled-coils of a-helix keratins [186]. 

Also, KAPs are thought to be associated by hydrophobic interactions. Consequently, as these 

peptides are based in hair keratins and KAPs, the small peptides and the keratin extracted 

from hair should have similar interactions. 

The array analysis here reported suggests that the design of small peptides with high affinity to 

human hair keratin, therefore with good probability to interact and reinforce keratin properties, 

must be performed considering the main players: hydrophobic interactions and disulphide 

bonds. 
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Therefore, this type of peptides could be used for hair cosmetic purposes. Hair can become 

damaged due to cosmetic procedures such as bleaching, hair dyeing, and shape-modulating 

cosmetics, with consequent impaired chemical and mechanical properties [39, 108]. Peptides 

with these characteristics could be used for penetration into the hair cortex due to the small 

size and damaged cuticle, and for enabling reinforcement and restructuring of the hair fibre 

structure due to disulphide bonding and hydrophobic interactions [77, 110, 114, 116]. 

 

 

 

 

Table III.6. Non-parametric Mann-Whitney. The test was performed considering the division of 

intensities into two ranks. 

 

Variables Mann-Whitney U Asymp sig. 

Cysteine 25398.0 0.02 

Hydrophobicity 25780.0 0.03 

Polar 21190.0 0.00 

Basic 30822.0 0.83 

Acidic 30908.0 0.81 

Aroma 30711.5 0.72 

Amide 28288.5 0.20 

Alcohol 24061.5 0.00 

pI 29843.5 0.56 

Net 28539.0 0.24 
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Figure III.5. Boxplot of the variables for the division of intensities into two ranks (A and B, 

described at Table III.3). The variables are, from top left to bottom right, peptide content of: 

cysteine, hydrophobic amino acids, amino acids with polar side chains, basic side chains and 

acidic side chains, aromatic rings, amide side chains or alcohol side chains, isoelectric point 

and net charge. The symbol * indicates a statistical significance for a p-value ≤ 0.05. 
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III.5. Conclusions 

In this study, we performed a screening on a peptide microarray to assess the characteristics 

of small peptides containing cysteines, based on hair keratin and KAPs, and to determine their 

affinity to hair keratin. 

Content of cysteine, hydrophobic amino acids and polar amino acids, mainly containing 

alcohols, variables related to the charge of peptide (content of basic and acidic amino acids, 

isoelectric point and net charge) showed statistically significant differences between the 

different pre-established intensity ranks related to peptide affinity to hair extracted keratins, 

thus corresponding to features that have determining roles in keratin affinity. 

When the number of intensity ranks was reduced to two, considering the differences between 

peptides of very high affinity to keratin and the remaining, only content of cysteine, hydrophobic 

amino acids, and polar amino acids, mainly containing alcohols, were statistically different. This 

suggests the formation of hydrophobic interactions and disulphide bonds as major players in 

the interaction of such small peptides and keratin. However, they do not indicate that other 

peptides-hair interactions do not take place, such as hydrogen bonds, coulombic and van der 

Waals forces, but those are of inferior binding affinity. Further experimental studies are needed 

to prove these interactions and to demonstrate if they provide the peptides with the essential 

features to recover keratin damage in hair fibres or even to restructure the hair disulphide 

network. Also, the formulations of the peptides should contain hair swelling agents as well 

surfactants to increase the penetration of peptides into hair fibre cortex. Another future 

experimental study would be the analysis of the location of each amino acid in the peptide 

sequence.  

Decapeptides based in human keratins and KAPs are a promising approach to develop 

formulations that can be used to enhance hair keratin strength or even change hair 

characteristics. Due to the ability of small peptides to penetrate hair fibre cortex, peptides with 

the characteristics determined by us are strong candidates to improve and modulate hair 

properties. 
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This chapter is based on the following scientific paper: 

Célia F. Cruz, Madalena Martins, José Egipto, Hugo Osório, Artur Ribeiro, Artur Cavaco-Paulo. 
Straightening of curly hair with keratin peptides: a green chemistry approach, to be submitted 
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IV Straightening of curly hair with 
peptides of keratin and keratin associated 
proteins: a green chemistry approach 

 
 

IV.1. Abstract 

Chemical straightening curly human hair fibres involves the use of strong reducing agents. 

Human hair is made of keratin and the fixation of fibre shape involve the reduction and 

reformation of new disulphide bonds between keratin filaments. Here, we propose an 

alternative and green methodology using peptide sequences (10-13 residues) derived from 

human keratin proteome. Previously, we selected 1235 peptides representing all known 

human proteome of keratin and keratin associated proteins, containing two or more cysteine 

residues in their composition. These peptide fragments have been designed by nature to 

interact with keratin and penetrate into hair reforming disulphide bonds. We tested eight 

decapeptides, selected based on their affinity for human hair keratins solution. Most of those 

peptides have shown the ability to form aggregates with a large hair protein chain. We found 

that three of the eight selected peptides (1) have high affinity towards hair keratin, (2) can 

re-shape disulphide bonds in hair keratin and (3) can be used for straightening of hair fibres, 

by efficiently re-shaping hair. The proposed solutions here presented will replace harsh 

reducing agents for peptide formulations acting to change the shape of the hair. These green 

solutions are therefore expected to have a high impact on hair care cosmetic industry with 

direct benefits for environment and humans.  

 

 

Figure IV.1. Graphical abstract of the chapter. 
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IV.2. Introduction 

Hair care industry has developed a plethora of products to modify hair characteristics being the 

hair straightening one of the most popular processes. Many of these products contain toxic or 

environmentally hazardous chemicals such as strong alkaline agents among others, including 

thioglycolates, sodium or lithium hydroxide, guanidine or even formaldehyde. These chemicals 

have high toxicity, potential to generate poisonous gas and have a negative impact on human 

health from complications regarding skin, eyes, respiratory system, reproductive system to 

even be potentially carcinogenic [12, 84, 94–96, 100, 101].  

In Table IV.1. are presented the common methods for hair straightening. These treatments 

damage the hair fibre, reduce the cross-linking density and decrease hair’s physicomechanical 

properties [39, 108]. Extremely damaged hair suffer several negative impacts such as the 

appearance of cracks and lifting of the cuticle, the removal of the hydrophobic top-layer of hair 

cuticle and consequent reduction of surface hydrophobicity [77, 106, 107]. Other 

consequence is the alteration of the diffusion rate into keratin fibres, dependent on the 

crosslink density of the hair. Excessive or repeated hair chemical treatments produce 

irreversible changes in hair texture, and can result in the fracture of the hair fibre once the 

cuticle is removed and the cortex exposed [13, 47, 77, 78, 85, 94, 107, 108, 114, 187]. The 

use of chemicals also represents an eminent concern for the health of the consumer and 

stylist, as well as for the environment.  

Biologically, the human hair is a complex fibre with various morphological components. Hair is 

essentially constituted by keratin, a fibrous structural protein family, member of the 

superfamily of intermediate filament proteins, containing 18% cysteine from the overall amino 

acid composition [188, 189]. The hair fibre is divided in three main regions: cuticle, cortex, 

and medulla [42, 74]. The medulla is located in the core of the hair fibre, and may be partially 

or entirely absent in fine hair fibres. The cortex is the major bulk of the hair fibre and is 

constituted by macrofibrils of intermediate filaments, which are in turn composed by 

α-keratins, found in the form of α-helix, acting as mechanical support [151]. The individual 

filaments of cortical cells are separated by cell membrane complex of keratin associated 

proteins (KAPs), with a high cysteine content and without a well-defined spatial organisation 

[49]. Keratin α-helices are coiled by ionic forces, hydrogen bonds, van der Waal forces and 
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disulphide bonds. The cuticle, enclosing the hair cortex, is composed of superimposed layers 

of cells in a scaled structure. Each cuticle cell contains various sub lamellar layers (epicuticle, 

A-layer, exocuticle, endocuticle and inner layer) with cross-linked proteins. The outer epicuticle 

layer contributes to the lubricity of the hair and acts as a barrier to the penetration of 

compounds into hair [39, 74]. The free lipids on the surface and the involvement of proteins 

are critical factors in the overall structure of the hair fibre.  

Hair proteins are able to create strong and weak interactions [57, 190]. For example, the 

presence of disulphide bonds in cysteine residues determine the maintenance of the shape of 

the hair, and can be altered by perming or relaxing. Hair fibre is sensitive to changes in the pH: 

alkaline reducing agents are able to swell the hair fibre opening the cuticle scales. The alkaline 

reducing agents when in contact with the cortex break and rearrange the disulphide bonds 

stretching the spiral coil of keratin molecules [77]. This makes the hair more susceptible to 

friction leading it to lower strength and resistance. However, the hair damage caused by the 

use of chemicals can be minimised, avoided or repaired by the controlled use of proteins or 

peptides. [111]. The use of peptides for hair treatments including hair gloss, hair softness, 

manageability and hair damage repair is well described. Peptides and amino acids have high 

ability to diffuse into the hair fibre cortex, high substantivity on an adequate pH of the medium, 

and ability to aid the recovery from hair cuticle damage [77, 78, 110, 111, 113–117]. 

Numerous bounds such as ionic, hydrophobic and hydrogen bonds, can be established 

between the exogenous proteins and the hair keratin. Covalent binding, like disulphide bonds, 

may also occur [42, 110–112].  

Disulphide bonds disruption and formation are known to be associated with the changes of 

shape in hair [39]. Here, we explore the use of peptides as substitutes of alkaline and 

thio-relaxers which are commonly used for hair straightening. Our goal is to present a novel 

green approach to validate peptides sequences as eco-friendly alternatives for the control of 

hair morphological changes. Seven of those peptides were selected from the previous study of 

Chapter III, which analysed over one thousand different peptides containing two to five 

cysteines based on the human hair proteome of keratin and KAPs. The other peptide was 

selected from previous research group studies [113, 114]. It is known that cysteine has been 

applied as a reducing agent for the substitution of environmentally harmful chemicals [191]. 

The peptides origin, their high cysteine content, and hydrophobicity are intended to improve 

hair properties, enabling the restructuring and reinforcement of hair fibre structure. A deep 
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characterization of the peptides was established regarding their ability as hair straightening 

agents and ability to recover and/or increase hair tensile strength and elasticity. Herein, we 

explore the application of peptides as innovative ecological and healthy alternatives for hair 

straightening, without compromising hair integrity, opening an innovative way to change the 

shape of the hair fibre.  

 

Table IV.1. Common methods and reducing agents used in hair straightening. 

Reducing Methods Agents Methodologies References 

Method with reductive 
agents  

(thio-relaxers) 

ammonium thioglycolate, 
thioglycolic acid, 

cysteamine hydrochloride, 
glycerylmonothioglycolate, 

ammonium sulphite, 
ammonium bisulphite 

Disruption of disulphide 
bonds and possible 

rearrangement through 
disulphide interchange 

processes 

[39, 87, 92, 
90, 192] 

Method with 
alkaline 
agents  

(hydroxides) 

lye 
relaxer 

potassium hydroxide, 
sodium hydroxide Disruption of disulphide 

bonds and possible 
rearrangement to 

disulphide bonds or 
lanthionine bonds 
(lye relaxer with 

pH ≥ 12) 

[39, 87, 90] 

no-lye 
mix 

relaxers 

calcium hydroxide and an 
activator of the relaxation 

reaction containing 
guanidine carbonate 

no-lye 
no-mix 
relaxer 

lithium hydroxide 

Brazilian keratin method formaldehyde 

Cross links hair keratin 
with the keratin 

introduced in the 
formulation 

[39, 90, 91] 

 

 

IV.3. Experimental procedures 

IV. 3.1. Materials 

Human virgin hair samples were provided by International Hair Importers and Products, Inc. 

(New York, USA). All chemicals were purchased from Sigma Aldrich (Madrid, Spain), except 

when stated otherwise.  

A total of eight peptides were designed to interact with hair keratin. These peptides are based 

on fragments of human hair keratin and KAPs and were selected grounded in the previous 

study using a microarray of peptides, Chapter III, plus the KP peptide, which was already 

analysed for other purposes in the research group [113, 114]. Specifically, the peptides 
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sequences are based on keratin associated protein 5-3 (PepA), keratin associated protein 4-8 

(PepB), keratin associated protein 9-7 (PepC), keratin type I cuticular Ha4 (PepD), keratin type 

I cuticular Ha5 (PepE), keratin associated protein 16-1 (PepF), keratin associated protein 5-9 

(PepG) and keratin type II cuticular Hb5 (KP). The peptides were synthesised by JPT Peptide 

Technologies GmbH (Berlin, Germany). PepA, PepB, PepC, PepD, PepE, PepF, and PepG were 

covalently linked via their N-terminal amines to the fluorescent dye 5(6)-carboxyfluorescein 

(λex=492 nm; λem=517 nm), while KP was covalently linked via their N-terminal amines to the 

fluorescent dye 5(6)-carboxytetramethyl-rhodaminesuccinimidyl ester, 5(6)-TAMRA (λex=544 nm 

and λem=572 nm), to facilitate the analysis of peptide penetration. The peptides were supplied 

as a lyophilized material. They were analysed by high-performance liquid chromatography 

(HPLC) and mass spectrometry (MS), and their purity was over 70% (HPLC, 220 nm, C18, 

linear gradient). Peptides’ characteristics are shown in Table IV.2.  

The hair protein-like peptide, KeraPep, (peptide sequence from N-terminal to C-terminal: 

DDDDDKPCCCSSGCGSSCCQSSCCKPCCSQSSCCVPVCCQCKIDDDDD), has its sequence 

based on the gene of human hair keratin associated protein 5-1, and was synthesised by 

GenScript Inc. (Piscataway, USA). The selected sequence contains a high content of cysteine to 

model the cysteine of the hair and it can be considered a good representation to study the 

redox behaviour of disulphide bonding of hair proteins and smaller peptides. The 

penta-aspartate sequences at each extremity were added to induce solubility to the peptide. 

 

 

IV. 3.1. Methods 

i. Matrix-Assisted Laser-Desorption Ionization Time-of-Flight Mass 

Spectrometry (MALDI-TOF/TOF) analysis of peptides 

Each peptide was processed for Matrix-Assisted Laser-Desorption Ionization Time-of-Flight Mass 

Spectrometry (MALDI-TOF/TOF) analysis. The peptides were desalted, concentrated and 

spotted onto the MALDI plate using reversed-phase C18 Zip Tips (Millipore, MA, USA), 

according to the manufacturer’s instructions. The matrix used was a solution of 7-8 mg mL-1 

α-cyano-4-hydroxycinnamic acid, prepared in 50% (v/v) acetonitrile and 0.1% (v/v) 

trifluoroacetic acid. Samples were analysed using a 4800 Proteomics Analyzer 

MALDI-TOF/TOF (AB SCIEX, Framingham, MA, USA). The peptide mass fingerprint data was 
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collected in positive MS reflector mode for the mass-to-charge ratio (m/z) 700-4000 using 

trypsin autolysis peaks as internal calibration. 

 

Table IV.2. Peptides nomenclature and characteristics: name, number of amino acids 

(N.a.a), molecular weight (MW), isoelectric point (pI), percentage of cysteines (Cys), percentage 

of hydrophobic (Hydr.) and polar amino acids in the sequence, and peptides chemical 

structure. 

Name 
N. 
aa 

MW 
(Da) 

pI 
Cys 
(%) 

Hydr. 
(%) 

Polar 
(%) 

Peptides chemical structure 

PepA 11 1507 7.83 45% 9% 36% 
	

PepB 11 1519 7.83 45% 18% 27% 
	

PepC 10 1670 9.00 20% 20% 30% 
	

PepD 10 1422 5.82 30% 40% 10% 
	

PepE 10 1336 5.50 30% 60% 10% 
	

PepF 10 1410 3.79 30% 40% 10% 
	

PepG 11 1583 5.49 45% 9% 36% 
	

KP 13 1601 5.51 15% 38% 46% 
	

Amino	acids	legend:	  
	
	

ii. Interaction analysis of peptides with a peptide model of hair proteins by 

MALDI-TOF/TOF 

The peptides were also analysed by MALDI-TOF/TOF regarding their binding ability to a peptide 

model of hair proteins, a 45-mer peptide based on human hair KAP, abbreviated as KeraPep 

for an easier identification of the binding of the peptides and a closer comparison to the 

molecular dynamic simulations. Each peptide was incubated with the KeraPep (1 mg/mL in 
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phosphate buffer pH 7), in a ratio 2:1 (w/w) for 1 hour. This incubation was tested at two 

temperatures: 37°C (for all peptides) and 120°C (for PepE, PepG and KP). For this analysis, a 

solution of 8-10 mg/mL sinapic acid, prepared in 50% (v/v) acetonitrile and 0.1% (v/v) 

trifluoroacetic acid was used as matrix. The samples were spotted onto the MALDI plate and 

analysed using a 4800 Proteomics Analyzer MALDI-TOF/TOF (AB SCIEX, Framingham, MA, 

USA). The peptide mass fingerprint data was collected in linear mode for the mass-to-charge 

ratio (m/z) 4000-30000 using trypsin autolysis peaks as internal calibration. The ratio of the 

different peaks was determined using Equation IV.1. 

	

FGHIJ	 % = 	
LMNGONGP	

QRS	(LMNGGTT	ONGPU)
×VWW	

	

Equation IV.1. Determination of the ratio of the MALDI-TOF/TOF peaks. 

 

iii. Qualitative and quantitative analysis of peptides penetration into hair fibre 

The penetration of the peptides into African hair was assessed qualitatively by fluorescence 

microscopy. The hair fibres treated with the peptides were embedded in an epoxy resin. 

Transversal cuts with 15 μm width were prepared using a microtome (Microtome Leitz) and 

the hair cross sections were analysed on a fluorescence microscopy (Olympus BX51) using 

×40 amplification. The images were collected with the same conditions of brightness, time of 

exposure and gain. The samples were examined at the spectral setting of the 

4',6-diamidino-2-phenylindole (DAPI - λex=358 nm; λem=461 nm) for the peptides PepA, PepB, 

PepC, PepD, PepE, PepF and PepG and spectral setting of tetramethylrhodamine 

(TRITC - λex=557 nm; λem=576 nm) for the peptide KP. As auto-fluorescence was unavoidable 

for these samples, the auto-fluorescence of the control sample was measured and subtracted 

from the fluorescence of the samples of the different variables. For homogenization purposes, 

the KP, labelled with 5(6)-TAMRA and observed with TRITC spectral settings, is depicted as 

blue. The most representative images were chosen.  

The quantification of peptides uptake by hair fibres was assessed through the variation of 

concentration of each peptide after the hair treatments with the peptides, procedure adapted 

from Fernandes et al. [114]. Briefly, the hair-peptide solution was monitored by the 

measurements of the absorbance at 497 nm and 555 nm for peptides PepA, PepB, PepC, 

PepD, PepE, PepF, PepG, and for KP respectively, before and after the hair treatment. 
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Calibration curves for each peptide were obtained. Three independent experiments were 

performed for each peptide condition. The percentage of concentration variation or peptide 

uptake was calculated using Equation IV.2.  

 

XYZ[\]Y	^Z[_`Y	(%) 	= 	
0abcYb[d_[\ab<=<8<(e − 0abcYb[d_[\ab><=(e

0abcYb[d_[\ab<=<8<(e
	×	100 

 

Equation IV.2. Determination of the peptide uptake by the hair fibre. 

	
iv. Molecular dynamics simulations of the interaction between the peptides 

with peptide model of hair proteins 

All molecular dynamics simulations were performed with the GROMACS 4.0.7 package using 

the GROMOS 54A7 united-atom force-field [193–197], with periodic boundary conditions, 

applying the LINCS [148] and the SETTLE [198] algorithms to constrain the peptide and water 

bonds respectively. The simulations ran with a time step of integration of 2 fs and the single 

point charge (SPC) model [199] was used to represent the waters. The temperature was 

maintained at 300 K with the V-rescale thermostat [149, 200] whereas the Parrinello-Rahman 

barostat [201, 202] (with isotropic coupling) was used to maintain the pressure at 1 atm. Van 

der Waals and electrostatic interactions were treated by a twin-range method, with short and 

long range cutoffs (0.8 and 1.4 nm, respectively), with a reaction field correction for 

electrostatic using a dielectric constant of 54 [203], and the neighbour list was updated every 

10 steps. The molecular model of the KeraPep was built through PYMOL software using its 

amino acid sequence and assigning the KeraPep secondary structure as α-helix, as its 

sequence is based on a coiled-coil structured protein. The same procedure was used to build 

the remaining PepC, PepD, PepG and KP computational models, but in these models no 

secondary structure was defined due to their small size. The software VMD (Visual Molecular 

Dynamics) [204] was used to create all simulation pictures presented. 

All simulated systems were initially energy minimised for around 2000 steps with the steepest 

descent method. Posteriorly, the systems initiated a series of three short equilibration 

simulations (500 ps in each simulation), with positions restraints allowing the slow relaxation of 

the structures for the final production run (the atoms were restrained with a harmonic force of 

103kJ/mol.nm2). The first was performed in the NVT ensemble (number of particles, volume 

and temperature constant) applying positions restraints to all heavy atoms. The second 
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simulation was performed in the NPT ensemble (number of particles, pressure and 

temperature constant) with positions restraints to the same atoms. Lastly, the third simulation 

ran also in NPT ensemble but with positions restrains only in the α-carbons atoms of all the 

amino acids. After the equilibration of the systems by the preparatory simulations, 100 ns of 

NPT simulations in aqueous systems were performed.  

 

v. Mechanical properties evaluation of over-bleaching straight hair treated with 

the peptides 

The recovery of severe chemically damaged straight hair mechanical properties was performed 

using straight Caucasian hair (curliness type II [60]). Before the bleaching treatment, hair 

tresses were washed with a solution of 0.5% sodium dodecyl sulphate (SDS) with constant 

agitation for 1 hour and dried naturally. Chemically damaged hair undergone eight cycles of 

bleaching. The bleaching process consisted in the application of 12% (v/v) H2O2 in the 

presence of 0.1 mol/L Na2CO3/NaHCO3 buffer, pH 9.0 at 50°C for 1 hour, in a bath ratio 1:10. 

The hair tresses were washed after each cycle of bleaching with distilled water. After that, hair 

tresses were treated with 0.01% (w/v) of each peptide (PepA, PepB, PepC, PepD, PepE, PepF, 

PepG, KP) in phosphate buffer pH 7, for 1 hour at 37°C with agitation. After hair treatment, 

the peptides roughly bounded were washed off in distilled water.  

Mechanical properties of the chemically damaged hair samples were evaluated following 

guidelines outlined in ASTM D1445-95 for fibre tensile testing. The measurements were 

performed in an Instron 4505 tensile tester, with a 2.5 N load cell. For each type of hair 

treatment, fifteen single hair fibres with low variability in diameter were randomly taken from 

the hair tress and individually mounted in the tensile jig, using a paper device with a fixed 

gauge length of 20 mm. All the hair samples were kept under the same conditions before the 

measurements. The measurements were performed with a constant rate of 1.5 mm/min until 

breakage. The measurements were performed assuming an average mean fibre diameter of 

70 µm, value that was obtained through previous measurements with light microscopy. The 

data recorded in the equipment (applied load against extension) was converted to stress 

(load/unit area) against strain (% extension). 

Statistical significances were determined using SPSS, using the one-way ANOVA test, followed 

by the Tukey’s post-hoc test. P-values ≤ 0.05 were considered statistically significant, 
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expressed in the figures with an asterisk (*) and p-values ≤ 0.01 were considered very 

significant (**). 

 

vi. Straightening evaluation of single curly hair treated with peptides 

The hair straightening was performed using curly African hair (curliness type VII). Hair tresses 

were washed with a solution of 0.5% SDS with constant agitation for 1 hour and dried naturally. 

The procedure to straight the curly hair was adapted from Kirby method [205, 206]. Single 

hair fibres of curly hair were forced straightened by glueing the root ends on the frame to 

ensure the straight shape. Hair was kept evenly straight without any twist. While straightened, 

the hair was incubated at 37°C for 1 hour in phosphate pH 7 with 0.01% (w/v) of each peptide 

(PepA, PepB, PepC, PepD, PepE, PepF, PepG and KP). After treatment hair was washed with 

distilled water and let dry naturally, still straightened. In order to evaluate the effect of the 

peptides, three sequential treatments with the same concentration (0.01% (w/v)) and other 

treatment with higher peptide concentration (0.1% (w/v)) were performed. Hair straightened by 

chemical relaxing treatment was made as a positive control. Briefly, in the chemical treatment 

hair tresses were washed with 0.75 M sodium hydroxide pH 12-14 for 30 minutes, followed by 

combing and washing with water. Then, the hair was washed with 0.1 M acetic acid, as a 

neutralising agent, and finally hair was washed with a commercial shampoo. Three 

independent experiments were performed for each treatment with the peptides.  

Straightening efficiency was calculated based on the change of the hair twists and length after 

the treatments as depicted in Figure IV.2, using Equation IV.3.  

 

 

h[d_\iℎ[bYkk	Yll\c\Ybcm	 % = 	100 −	

b^noYd	al	[p\k[k(>87:	8:7(8'7=8	
ℎ_\d	3Ybi[ℎ(>87:	8:7(8'7=8		

b^noYd	al	[p\k[kq7>;:7	8:7(8'7=8
ℎ_\d	3Ybi[ℎq7>;:7	8:7('7=8

	×	100 

 

Equation IV.3. Determination of the straightness efficiency of the hair, in percentage. 
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Figure IV.2. Scheme of hair measurement and twists counting.  

 

vii. Straightening evaluation of curly hair tresses treated with peptides while 

incorporated in a hair serum formulation 

The straightening curly hair efficiency of the peptides was evaluated in an alcoholic based 

formulation. The effect of the formulation have been computationally reproduced in a previous 

study [207], regarding the strong interaction between hair and alcoholic components. The 

peptides (PepE, PepG and KP) were incorporated into the alcoholic formulation at pH 7.5 

(1.5% propylene glycol, 10% ethanol, and 0.5% benzyl alcohol). The serum formulation was 

applied onto hair tress and leave-in during 15 minutes. The hair straightening process was 

induced using a flat iron at 200°C. The method was repeated until the hair tress was dried and 

straight. Then, the hair tresses were washed with distilled water and dried at 50°C. The 

straightening efficiency was calculated using Equation IV.3.  

 

 

IV.4. Results and discussion 

IV. 4.1. Characteristics of the peptides  

The modification of hair shape was the driving force for the selection of appropriated 

engineered peptides based on the sequences of keratin and KAPs. These peptides were 

selected based on a study of 1235 cysteine-containing peptides of the entire known proteome 

of human hair keratin and KAPs, Chapter III. This study analysed the interaction of the 

peptides with keratins extracted from human hair, from where the peptides with the best 

characteristics were selected for further analysis. Additional to these peptides, KP, 

characterised in previous research group studies, was also further analysed regarding the 

purposes of this chapter. Due to their high cysteine content and hydrophobicity properties, 

these peptides are expected to present higher affinity towards the hair. Being small peptides, 



Unravelling and modulating human hair morphology features 

	86	

from 10 to 13 amino acids residues, they are expected to have increased ability to penetrate 

into hair cortex and aid the support and restructure of the hair proteins linkages network [77, 

110, 114, 116].  

Firstly, we made a comparative analysis of the best peptides based on their amino acid 

sequences, isoelectric point, cysteine content, hydrophobic and polar amino acids (Table IV.2). 

The affinity towards the hair fibre is determined by the specific characteristics of each peptide. 

All peptides are amphipathic, which increases their affinity for biological membranes [208, 

209]. The isoelectric point of the peptides influences the interaction profile with the hair 

keratin. The isoelectric point of human hair has been reported to be around 3.7 [210], 

indicating that hair presents a negative net surface charge under the treatments performed at 

pH 7. At this pH, the peptides PepD, PepE, PepF, PepG and KP also present a negative net 

charge, which did not favour their adsorption mechanism onto the hair fibre. The 

hydrophobicity character of the peptides is other important parameter for their cosmetic effect 

[77]. Hydrophobic and hydrogen interactions contribute to the overall binding force between 

peptide-hair interactions. In terms of hydrophobic amino acids content, PepE is the most 

hydrophobic (60%), PepD, PepF and KP present medium hydrophobicity (around 40%), while 

PepA and PepG are the less hydrophobic (inferior to 10%). Due to the presence of some 

reactive groups in the amino acids sequence, other interactions such as polar interactions may 

be formed enhancing their ability to specific and directional binding [42]. The content on polar 

amino acid side chain has also been reported, in Chapter III, to be statistically different 

between peptides with low and very high affinity to hair keratins. KP peptide presents the 

higher content of polar amino acids (46%). Peptides containing cysteine may also interact 

covalently with hair keratin where partial recombination or disruption of disulphide bonds of 

hair keratin is involved [109]. Cysteine is a standard amino acid with a thiol group which has a 

strong reducibility of disulphide bonds in hair keratins [109]. Disulphide bonds can be formed 

with an available acceptor of the loss of electrons, such as molecular oxygen in the solution, 

oxidising the sulfhydryl groups of the cysteine residues into disulphide bonds. The peptides 

analysed contained two to five cysteines, Table IV.2. The relative ratio of species was analysed 

by MALDI-TOF/TOF (Table IV.3) revealing that PepA, PepB, PepD, PepF, PepG, and KP are 

found as dimers. PepA, PepB, PepD, and KP showed a ratio of approximately 50% in dimer 

configuration. PepG was mainly found as dimer (around 94%). PepC and PepE were only found 

as monomeric configuration while PepF was found as monomer with a ratio around 87%. 



Chapter IV: Straightening of curly hair with peptides of keratin and KAPs: a green chemistry approach 

	 87	

 

Table IV.3. Relative ratio of peptides’ species from MALDI-TOF/TOF spectra. 

 Peptides  

Peptides monomer dimer 

PepA 47.06 % 52.94 % 

PepB 43.21 % 56.79 % 

PepC 100 % ---- 

PepD 48.06 % 51.04 % 

PepE 100 % ---- 

PepF 87.29 % 12.71 % 

PepG 6.15 % 93.85 % 

KP 45.40 % 54.60 % 

 

To further analyse the peptides conformation and their predisposition for the formation of 

internal disulphide bonds, molecular dynamics simulations were performed for PepC, PepD, 

PepG and KP. The selection of these peptides was based on their ability to form a monomeric 

configuration (PepC), a dimeric configuration (PepG) and two peptides with ability to form both 

configurations (PepD and KP). At the end of the simulations with these peptides in water, the 

GROMACS tool “g_cluster” was used to determine the most frequent spatial conformation of 

these peptides that most frequently occurs in the analysed simulation time. The tool was 

applied to 100 ns of simulation for each peptide, using 0.1 nm of root mean square cut-off for 

the calculations. The distances between the β-carbons of cysteine residues in the peptides 

were measured in the most common spatial conformation according to the “g_cluster” results. 

In addition, the same distance was measured along the simulation time using the “g_dist” 

GROMACS tool. This could provide some insights about the possible propensity to these 

peptides to form intra disulphide bonds.  

Several properties such as the variation of temperature, pressure and potential energy of the 

systems were calculated using GROMACS tools at the end of the interaction simulations. The 

parameters evaluated indicated that the systems were well equilibrated during the simulation 

time. The average distance between the β-carbons of the cysteine residues of each peptide 

was measured for the last 50 ns, Table IV.4, time that allows the simulation to reach 

equilibrium. Although the distances obtained are much longer than the distances occurring in 

nature, as disulphide bond lengthening at a transition state has been described as from 0.24 Å 
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to 0.78 Å [211]. Also, as the bond cannot be established in the simulation, these distances are 

not as reduced as when the bond is already established. These distances may indicate a 

peptide conformation with a predisposition for internal bonds formation. PepD may have a 

predisposition for the formation of intra-disulphide bonds. PepG has five close cysteines in a 

total of eleven amino acids which may form several bonds between them, such as Cys1-Cys3, 

Cys1-Cys10, Cys3-Cys5, Cys3-Cys6, Cys3-Cys10, and Cys5-Cys6. The distances between the 

cysteines of PepC and KP did not indicate a propensity for the formation of bonds between the 

cysteines. All peptides showed predisposition to form either internal or external disulphide 

bonds between the cysteines. 

 

Table IV.4. Distance between β-carbons of the cysteines of the peptides PepC, PepD, PepG, 

and KP on the last 50 ns of simulation. 

PepC PepD PepG KP 

    
Cys4-Cys8: 1.60±0.26 Cys2-Cys6: 1.20±0.17 

Cys6-Cys9: 1.12±0.10 

Cys2-Cys9: 0.83±0.42 

Cys1-Cys3: 0.615±0.09 
Cys1-Cys5: 1.063±0.24 

Cys1-Cys6: 1.154±0.27 
Cys1-Cys10: 0.768±0.17 

Cys3-Cys5: 0.768±0.11 
Cys3-Cys6: 0.869±0.23 

Cys3-Cys10: 0.662±0.18 
Cys5-Cys6: 0.542±0.04 

Cys5:Cys10: 1.044±0.26 
Cys6-Cys10: 0.898±0.23 

Cys4-Cys10: 1.58±0.03  

 

 

IV. 4.2. Interaction of peptides with hair fibre 

From the previous study with the microarray, Chapter III, the peptides were already shown to 

interact with keratins extracted from human hair. Here, the peptides were analysed regarding 

their ability to interact with the entire hair fibre, as well as their capability to recover the 

strength and elasticity of damaged hair and to aid on curly straightening. The affinity towards 

human hair fibre was analysed for all peptides encompassing fluorescent microscopy analysis 

and peptide uptake by the hair fibre. These approaches were performed to confirm the 

penetration and binding of peptides along the structure of African hair (Figure IV.3 and IV.4). 
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For a broader study, the peptides ability to penetrate and bind into straight over-bleached 

Caucasian hair was also verified (Supplementary data, Figure IV.S3 and IV.S4). The peptides 

had the ability to penetrate into hair cuticle and cortex on both types of hair as shown by the 

transversal cuts of hair treated with the peptides (Figure IV.3 and IV.S3) and by peptide uptake 

determined by variation of absorbance of peptides solution before and after hair treatments 

(Figure IV.4 and IV.S4) [114]. The peptide uptake is dependent on hair fibre peptide binding 

ability and the extent of the hair damage. The obtained results were as expected, the damaged 

hair resultant by the over-bleaching treatment allows a higher peptide uptake since the access 

to hair cortex is easier in a hydrophilic fibre. 

 

 

Figure IV.3. Fluorescence microscopy of cross sections of curly African hair treated with the 

0.01% (w/v) of the peptides indicated (PepA, PepB, PepC, PepD, PepE, PepF, PepG and KP).  
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Figure IV.4. Peptide uptake by curly African hair measured in terms of absorbance at 

497 nm for peptides PepA, PepB, PepC, PepD, PepE, PepF, PepG, and for KP at 555 nm. 

The hair samples were treated with 0.01% (w/v) of each peptide. Data represents the 

mean ± standard deviation of independent experiments. 

 

Hair’s physical structure and interactions between hair components endow the hair with 

remarkable mechanical properties. Chemical over-bleaching of hair affects hair’s structure and 

interactions leading to a significant loss of strength and elasticity [44, 106, 212]. The 

treatment of the hair fibres with the peptides may re-establish some of the hydrogen and 

disulphide bonds lost during chemical treatment, improving hair’ mechanical properties. The 

effect of peptides over hair mechanical properties was assessed through the evaluation of hair 

elasticity (Young’s Modulus) and stress at peak (Figure IV.5). Young’s Modulus results from 

α-keratin stretching, whose resistance is due to disulphide bond and by hydrogen bonds 

between turns that stabilize the helical structure of the keratin. After α-keratin stretching, a 

transition of α-keratin to ß-keratin occurs, where the keratin chains unfold without a high level 

of resistance. The measurement of the stress at peak corresponds to the resistance of 

ß-keratin to stretching until reaching the rupture point [161, 213, 214]. 

The treatments with the peptides increased the mechanical properties of hair, both for Young’s 

Modulus and stress at peak. PepA, PepB, PepC, PepD, PepE, PepF, PepG and KP improved 

the Young’s modulus resistance up to 40% when compared with the over-bleached hair. PepC 

has high substantivity with a positive net charge during the hair treatments which increases its 

resistance to wash and its attraction to the hair surface, especially in damaged hair due to a 

more negative net charge of its cuticle. In addition, this peptide did not show propensity to 
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form intra-disulphide bonds being able to interact with hair proteins. Both properties have 

contributed to the high efficiency of this peptide to improve the mechanical properties of 

damaged hair. Otherwise, PepD has propensity to form intra-disulphide bonds providing it a 

close conformation, which contribute for it low fibre uptake and low improvement in the 

mechanical properties. 

 

Figure IV.5. Young’s modulus (A) and stress at peak (B) of Caucasian over-bleached hair 

(from left to the right): virgin hair; over-bleached hair; over-bleached hair treated with 0.01% 

(w/v): PepA; PepB; PepC; PepD; PepE; PepF; PepG; KP. P-values ≤ 0.05 were considered 

statistically significant (*) and p-values ≤ 0.01, very significant (**), while compared with over-

bleached hair. Data represents the mean ± standard deviation of independent experiments.  
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The modification of African hair shape was demonstrated through the ability of the peptides in 

restructuring the disulphide bonds between peptide and hair fibre. The straightening of the 

African hair was ensured with the binding of the peptides to the hair keratin which created new 

bonds, fixed the protein conformation and, consequently, straightened the hair. The 

straightening effect of all peptides was clearly demonstrated by quantitative (Figure IV.6) and 

by visual analysis (for low peptide concentration, 0.01% (w/v) in Supplementary data, Figure 

IV.S5). 

 

 

Figure IV.6. Straightness efficiency of single curly African hair treated with 0.01% (w/v) and 

0.1% (w/v) of each peptide: control (phosphate buffer), PepA; PepB; PepC; PepD; PepE; 

PepF; PepG; KP, and the chemical relaxing (from left to the right). Data represents the 

mean ± standard deviation of independent experiments. 

 

The straightening efficiency of curly African hair ranged between 17% and 52%, with the best 

result obtained for the KP peptide. In contrast, the hair treated with phosphate buffer in the 

absence of peptides presented a straightening efficiency around 5%. The typical chemical 

relaxing treatment using sodium hydroxide as relaxing agent led to a straightening efficiency of 

approximately 65%. For PepC, PepD, PepF, PepG and KP the straightening effect was 

dependent on concentration, as higher straightening efficiency was obtained for a higher 

peptide concentration. For 0.1% (w/v) peptide concentration, the straightening efficiency of 
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these peptides was around 60%, close to the result obtained with the chemical relaxing 

treatment. The sequential treatment which consisted on series of three treatments using the 

same initial concentration (0.01% (w/v)) induced a straightening effect close to the chemical 

treatment for PepE, PepG and KP. These results indicate that the straightening efficiency of the 

African hair fibre was deeply influenced by the peptides interactions suggesting that the 

peptides were able to create stable disulphide bonds with the hair keratin.  

 

 

IV. 4.3. Interaction of peptides with a model of hair protein and induction 

of curliness 

The binding interaction between the peptides and hair proteins was demonstrated using a 

45-mer peptide with high content in cysteine as a hair protein model, KeraPep. This peptide 

was based on a KAP of the human hair. The binding of the peptides and this hair protein 

model was analysed using MALDI-TOF/TOF at different temperatures, 37°C and 120°C. All 

peptides formed aggregates with the hair protein model by the formation of new disulphide 

bonds, confirming its ability to interact with hair proteins (Supplementary data, Figure IV.S2), 

as already proven by the microarray research study, Chapter III, and the previous tests with the 

human hair fibre. At 37°C, Table IV.5, aggregates with KeraPep and three units of PepB and 

PepG and two units of PepC and PepD are shown. An increase of temperature from 37°C to 

120°C promoted the increase of aggregates between the model of hair protein with PepE, 

PepG and KP. Temperature seems to increase the reformation of new disulphide bonds. The 

mechanism by why this happens is still unclear to us. These results supported the ability of 

these peptides to bind to the hair proteins at higher temperature, as it is required when 

subjected to hair dryer or flat iron, confirming that the temperature favours the formation of the 

disulphide bonds [215]. Hence, the temperature of the reaction is a crucial parameter for an 

enhanced interaction between the peptides and hair proteins. The re-modulation of the 

disulphide bonds occurred throughout the conjugation between the small peptides and the 

KeraPep. 
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Table IV.5. Relative ratio of the reaction of the peptides and the KeraPep at 37°C (all 

peptides) and at 120°C (PepE, PepG and KP) obtained by MALDI-TOF/TOF. 

 

Ratio of reaction at 37°C (%) Ratio of reaction at 120°C (%) 

 Number of peptides conjugated Number of peptides conjugated 

Peptides 0 1 2 3 0 1 2 3 

PepA 98.33 1.67 ----- -----     

PepB 46.97 39.34 13.64 6.38     

PepC 67.38 28.29 4.33 -----     

PepD 89.4 9.52 1.08 -----     

PepE 97.52 2.48 ----- ----- 45.36 32.71 16.95 4.98 

PepF 90.68 9.32 ----- -----     

PepG 44.51 38.19 11.00 6.30 45.02 30.41 17.07 7.50 

KP 94.47 5.53 ----- ----- 43.72 27.86 15.14 13.28 

 

 

 

The KeraPep was further simulated, using GROMACS. The peptides used for this simulation 

were the same as for the simulations of the distance between β-carbons of the cysteines of 

each small peptide (PepC, PepD, PepG, and KP). For this simulation, several properties were 

calculated to evaluate the interaction between these peptides and the KeraPep, including the 

distance, the number of hydrogen bonds and the radial distribution function (RDF), between 

the KeraPep and the peptides. It was assumed that a smaller distance of each peptide to the 

KeraPep predicted a higher affinity between them, Figure IV.7. PepD is the one that indicated a 

higher distance to the KeraPep. KP and mainly PepG maintained a closer distance to the 

KeraPep, suggesting a higher affinity to it and consequently to the hair proteins. 
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Figure IV.7. Molecular dynamics simulation of average distance on the last 10 ns of 

simulation between dimers of the KeraPep and the peptides PepC, PepD, PepG, and KP. The 

images reflect the final state of the simulations. Data represents the mean ± standard 

deviation of independent experiments. 

 

The straightness of African curly hair was also assessed by the incorporation of peptides into a 

serum formulation. The formulation containing the peptides was applied in hair tress, and the 

hair tresses were combed straight and mechanically straightened with an iron flat. The shape 

of the hair tresses was analysed for each peptide after treatment. The penetration of the 

peptides into hair fibre was facilitated through their incorporation into the serum formulation 

containing benzyl alcohol, propylene glycol and ethanol. The hair tresses were treated with two 

concentrations (0.01% and 0.1% (w/v)) of the selected peptides: PepE, PepG and KP. The 

selection of these peptides was based on the straightening efficiency in the three conditions of 

the single straightening hair treatments. The inclusion of the peptides into a serum formulation 

was done in order to mimic the effect of the peptides as straightening agents in a commercial 

formulation. The development of a cosmetic product as a green alternative to the chemical 

relaxing treatment was the motivation behind the work here presented. 

The straightening effect of PepE, PepG and KP when applied in a serum formulation was not 

reduced (Figure IV.8 and IV.9), with an efficiency up to 60% for all peptides and for both 

concentrations. This effect was on the same magnitude as for the chemical relaxing treatment. 

For PepE and PepG, the straightening efficiency was improved increasing the concentration of 

peptides into the serum formulation. The base serum formulation (without peptide) showed 
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itself a slight improvement of the straightness efficiency, around 30%, when compared with the 

phosphate buffer treatment. This could be attributed to the formation of weak bonds with the 

hair keratin. The serum formulation facilitates the penetration of peptides into the hair fibre 

which promotes the restructuration of disulphide bonds changing the shape of the hair. The 

re-shape of the hair is demonstrated quantitatively and qualitatively (Figure IV.8 and IV.9, 

respectively), where PepE, PepG and KP were able to promote a significant change on the hair 

shape. 

 

 

Figure IV.8. Straightness efficiency of curly hair treated with serum formulation containing 

0.1% (w/v) and 0.01% (w/v) of the peptides. The hair sample conditions are curly hair treated 

with (from left to the right): buffer, serum without peptide, serum with PepE; serum with 

PepG; serum with KP, and typical chemical relaxing treatment. Data represents the 

mean ± standard deviation of independent experiments. 
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Figure IV.9. Straighten curly hair tresses before and after peptides’ treatments. Two images 

on top: overall hair tresses before and after treatments. After treatments the hair tresses were 

washed and dried at 50°C. Three top images: samples treated without peptides - buffer, 

chemical relaxing and base serum formulation treatment; three images in the middle: 

samples treated with the serum formulation containing peptides (PepE, PepG, KP) at 0.01% 

(w/v); three images at bottom images: samples treated with the serum formulation containing 

peptides (PepE, PepG, KP) at 0.1% (w/v). 
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Comparing the straightening efficiency of the peptides without the serum formulation (single 

curly hair) and with the serum formulation (tresses of curly hair) it was evident an improvement 

of peptides effect when they were included in the serum formulation. The serum formulation 

was used in a previous study to promote the penetration of peptides inside the hair cortex 

[207]. Besides, it may also promote a stabilization and change of peptide conformation, aiding 

on the formation of bonds between the peptide and the hair. Peptides interaction is affected by 

their functional groups, as well as their involvement in building new bonds or interactions with 

hair proteins. The peptides here studied showed the ability to bind to hair proteins, be 

absorbed by the hair fibre, improve damaged hair mechanical properties and aid on the 

straightening of curly hair. Each peptide has a specific amino acidic sequence which was 

crucial for its behaviour towards hair proteins. Due to the conformation of each peptide, the 

input in the final results is highly dependent on the reactivity of each cysteine and its 

accessibility; on the residues in the vicinity of the cysteine; on the charge-charge interactions 

and on the location of the cysteine [216]. The formation of the disulphide bonds between the 

cysteine thiols presented in the peptides with the hair keratin or KAPs is due to the reduction of 

the hair protein disulphide bonds and the reformation of these bonds with the thiol of the 

peptides and even with themselves. Despite with lower ability of the sulphur atoms of 

cysteines, they may also be linked by hydrogen bonds or electrostatic interactions [216]. PepE 

despite presenting a negative charge during the treatment, improved the hair mechanical 

properties. However, its efficiency as a straightening agent was not as evident as for PepG and 

KP. This is mainly due to the eventual formation of assemblies based on hydrophobic and 

polar interactions in PepE. This type of binding and penetration profile is possible in peptides 

with net negative charge [113, 217]. PepG and KP present net negative charge, however, their 

ability to form disulphide bonds with the hair fibre was more effective. Their conformation and 

cysteines accessibility was imperative for the higher conjugation with hair keratin, leading to an 

effective recovery of chemically damaged hair and efficient straightness of African hair. These 

results open an innovative way to straight curly hair avoiding chemicals preventing it inherent 

damages, and to repair the hair fibre after severe and repetitive treatments like permanent 

straightening and waving, and hair coloration. 
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IV.5. Conclusions 

Although chemical treatments are the most popular methods to change the style of the hair, 

they represent a threat for hair, user and for the environment. The repetitive use of cosmetic 

chemical treatments can severely affect hair physicochemical properties. Eight engineered 

small peptides based on fragments of human hair keratin and KAPs were designed to restore 

hair properties and to straighten curly hair. These peptides, when applied to chemically 

over-bleached hair and curly African hair, showed the ability to penetrate the hair fibre into the 

cortex and to bind to the hair proteins. Due to this binding, they induced a significant recovery 

in tensile strength and elasticity of severely damaged hair. When applied to curly hair, these 

peptides were shown to enable a high straightening efficiency without the use of harsh 

chemicals. These results were supported by molecular dynamics simulations and by 

MALDI-TOF/TOF demonstrating the effective conjugation between the small peptides and the 

peptide model of hair proteins based by the re-conformation of disulphide bonds.  

The common chemical method to straightening African hair uses harsh and pernicious 

reagents for the user and environment. The new method here proposed based on formulations 

with peptides constitute an alternative to the chemical treatments, opening a new chapter for a 

green hair care cosmetic industry. The manipulation of hair shape through peptides’ treatment 

at neutral pH involving the formation of intra- and inter-molecular disulphide bonds has a great 

potential for cosmetic use, avoiding the use of harsh chemicals and their negative impact on 

people’s health and environment.  

  



Unravelling and modulating human hair morphology features 

	100	

IV.6. Supplementary results 

 

IV. 6.1. Characterization of individual peptides 

The peptides were characterized by MALDI-TOF/TOF, whose spectra is represented in 

Figure IV.S1. From the analysis of the spectra, we noticed that PepA, PepB, and PepE 

underwent amino acid substitutions while PepC and PepF lost some of its amino acids.  

 

 

Figure IV.S1. MALDI-TOF/TOF spectra of the different peptides. From top to bottom and left 

to right: PepA, PepB, PepC, PepD, PepE, PepF, PepG, KP.   

 

 

IV. 6.2. Affinity characterization of hair protein model (KeraPep) with 

each individual peptide by MALDI-TOF/TOF 

The affinity of the peptides to hair proteins was tested through their reaction with KeraPep, at 

two temperatures: 37°C (for all peptides) and 120°C (for PepA, PepE, PepG, and KP), Figure 

IV.S2. All peptides were shown to interact with KeraPep at both temperatures, showing a 

higher interaction at 120ºC. 
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Figure IV.S2. MALDI-TOF/TOF of the products of the reaction of the KeraPep with the 

different peptides in study with the reaction at 37°C (A) and (B) 120°C. C) Relative ratio of 

the reaction of the peptides and the KeraPep at 37°C and at 120°C.  

 

 

IV. 6.3. Peptides penetration into straight Caucasian damaged hair fibres 

For a more comprehensive study, the peptides were analysed in straight Caucasian 

over-bleached hair fibres. Fluorescence microscopy of transversal cuts of over-bleached hair 

confirmed the presence of all peptides in the hair fibre, Figure IV.S3. The peptide uptake by 
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Caucasian over-bleached hair (Figure IV.S4) showed a good penetration profile being the KP, 

PepC, and PepF the peptides that showed higher uptake by the over-bleached hair fibre.  

 

 

Figure IV.S3. Fluorescence microscopy of cross sections of straight over-bleached hair fibres 

treated with 0.01% (w/v) of the peptides indicated. 

 

 

Figure IV.S4. Peptide uptake by straight over-bleached hair. The hair samples analysed are 

treated with 0.01% (w/v) of the peptides indicated. Data represents the mean ± standard 

deviation of independent experiments. 
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IV. 6.4. Hair treatment analysis: straightening African curly hair fibres 

The peptides were applied to single curly hair with forced straightening to fix their conformation 

and straighten the hair. With a concentration 0.1% (w/v) of each peptide, they showed a high 

straightening efficiency, which can be observed in Figure IV.S5.  

 

 

Figure IV.S5. Straighten curly hair by treatment with the peptides. The hair tresses 

represent (from left to the right): hair tress before the treatments, hair tress treatment without 

peptides, hair tress treated with 0.1% (w/v): PepA; PepB; PepC; PepD; PepE; PepF; PepG; 

KP; hair tress treated with typical chemical relaxing. 
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This chapter is based on the following scientific paper: 

Célia F. Cruz, Artur Ribeiro, Madalena Martins, Artur Cavaco-Paulo. Insights of a peptide in 

cosmetic formulations for hair volume control, submitted. 
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V Insights of a peptide in cosmetic 
formulations for hair volume control 

	

 
V.1. Abstract	

Hair’s capacity to absorb water causes changes in hair’s physical and cosmetic properties. 

Hence, the control of hair frizz in variable relative humidity conditions is an important topic in 

cosmetics. The behaviour of two types of hair, Caucasian and Asian hair, was studied 

regarding their change in hair volume in variable relative humidity conditions. The ability of a 

peptide as a hair anti-frizz was also evaluated in two hair volume control formulations. Hair 

tresses of the two types of hair were tested in two different relative humidity (RH) conditions: 

(A) variable relative humidity (2 hours 40% RH, followed by 2 hours 90% RH and 2 hours of 

40% RH), and (B) continuous high relative humidity (90% RH for 6 hours). Changes in the hair 

tresses volume were assessed throughout time. Hair treated with two hair volume control 

formulations, with and without a peptide (KP peptide) were tested under the same relative 

humidity conditions. Caucasian hair had a higher change in the volume of hair tress compared 

to the Asian hair in variable and high relative humidity conditions. The increased hair volume 

when subject to high air humidity was prevented with the incorporation of a peptide in the hair 

volume control formulations. The innate properties of the peptide and its affinity to human hair 

keratin allowed to increase the hydrophobicity of hair surface. Caucasian hair showed higher 

volume than Asian hair when submitted to different relative humidity conditions. The 

incorporation of the peptide into the climate formulations, base and ethanolic, was found to be 

able to reduce the volume of Caucasian hair tresses. The presence of the peptide drastically 

improved the hair frizz resistance in high relative humidity conditions.  
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Figure V.1. Graphical abstract of the chapter. 

 

 

V.2. Introduction 

Hair’s capacity to absorb large amounts of water is well-known. This property led to early air 

humidity sensors, the hair hygrometers [49, 218]. Thus, water is a critical component of the 

hair fibre, affecting the hair form and several physical and cosmetic properties. 

Human hair is a complex fibre, composed of three main components: cuticle, cortex, and 

medulla. Flattened, overlapping cuticle cells are the outer part of the hair with the function to 

protect it. The cuticle is subdivided into different layers: epicuticle, A-layer, B-layer and 

endocuticle. The epicuticle is the outermost layer, which is very hydrophobic and includes free 

lipids and 18-methyleicosanoic acid (18-MEA). The A-layer is highly cross-linked providing 

structural strength and rigidity to the cuticle. The B-layer is slightly less cross-linked, and the 

endocuticle has low cystine content and a low degree of cross-links. The cortex is the major 

part of the hair fibre. It is made up of macrofibrils and microfibrils of keratin providing high 
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tensile strength, and of a matrix phase of keratin associated proteins, which work as a cement. 

The medulla is the innermost part of the hair and is constituted by vacuolated cells, when 

present [39]. 

Hair porosity denotes the ability of the hair to absorb or retain moisture. Despite the 

hydrophobicity of the cuticle, hair fibres are hygroscopic. The amount of water present in the 

hair fibre depends on the air relative humidity (RH), temperature, pH, solvents and overall hair 

fibre conditions such as hair damage or hair type [47, 189]. The absorption of water by the 

hair fibre is anisotropic, where hair swells up to 15% in diameter but inferior to 2% in length 

[39, 161]. The mechanism of water molecules binding to hair proteins depends on the relative 

humidity (RH). Below 5% RH, there is a strong binding in hydrophilic sites of the hair proteins. 

Between 5% and 75% RH, weaker interactions occur between the water molecules and the 

proteins or with previously bonded water molecules, mainly by hydrogen bonds and salt bonds 

[44, 47, 159, 219]. Above 75% RH, also occurs the formation of water clusters [49]. 

Hair fibre swelling occurs mainly in non-keratinous proteins, such as in the cortical matrix and 

endocuticle. This fact is primarily attributable to the presence of intra-chain covalent bonds 

(instead of inter-chain bonds) in the cortical matrix, the absence of covalent bonds and/or the 

presence of hydrophilic side chains [39, 43]. As a result, water is able to slightly distort the 

structure of the keratin microfibrils, as well as, the structure of the organised lipids [49]. As the 

outer cuticle remains rigid, their scales are constrained to rise, overlapping with the next outer 

cuticle and leading to cuticle lift off [43]. This fact leads to increased friction between the 

fibres, followed by increased volume and frizz [112]. 

Hair fibre swelling leads to reduced tensile properties, such as elasticity and breakage under 

stress, and influences the static charge and electric resistance of the hair [39, 43, 220]. The 

control of these properties in variable relative humidity conditions is, therefore, an important 

property of cosmetic products. This study aims to understand the behaviour of different types 

of hair under high relative humidity conditions and controlled temperature. We also explore the 

effect of a peptide in different hair volume control formulations in the same relative humidity 

conditions. 

Proteins and peptides have long been used in hair, due to their ability to improve smoothness, 

lustre, elasticity, and protect from damage. Generally, they have a high chemical affinity to hair 

keratin, ability to be absorbed on the hair surface and even penetrate into hair cortex [110, 

113–117]. The KP peptide was developed based on the sequence of a human hair cuticular 
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keratin and was characterized regarding its restorative properties on damaged hair [113, 114]. 

KP was incorporated into two formulations, base hair climate control and ethanolic hair climate 

control formulations, to demonstrate its ability to improve moisture resistance. 

 

 

V.3. Experimental procedures 

V. 3.1. Materials 

Natural virgin hair tresses were provided by International Hair Importers and Products, Inc. 

(New York, USA). The climate control formulations were provided by KhairPepTM. Base and 

ethanolic hair volume climate control formulations are described in Table V.1. The peptide 

used in this study, KP, was synthesised by JPT Peptide Technologies GmbH. This peptide has 

thirteen amino acids in its sequence. Further characterizations of the peptide were performed 

in Chapter IV, Table IV.2. All chemicals were purchased from Sigma Aldrich (Madrid, Spain), 

except when stated otherwise. 

 

Table V.1. Hair volume climate Control formulations components. 

Climate Control Formulation Components of the Formulation 

Base formulation 

water (93.5%) 
hydroxyethylcellulose (< 1%) 
triethanolamine (< 1%) 
copolymer of polydi-methylsiloxane and  
polyoxyalkylene ether (< 1%) 
vegetable oil (< 1%) 
polyquaternium-70 (< 1%) 
propylene glycol (< 1%) 
diazolidinyl urea (< 1%) 
iodopropynyl butylcarbamate (< 1%) 
panthenol (< 1%) 
Tween 20 (< 1%) 
fragrance (< 1%) 

Ethanolic formulation 

water (72.3%) 
denaturated alcohol (20%) 
C10-30 alkyl acrylate crosspolymer (< 1%) 
propylene glycol (< 1%) 
benzyl alcohol (< 1%) 
triethanolamine (< 1%) 
Tween 20 (< 1%) 
fragrance (< 1%) 
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V. 3.2. Methods 

i. Preparation of hair tresses 

Two different types of hair were used: Caucasian and Asian. Tresses of each type of hair with 

approximately 1.5 g and 15 cm in length were washed with a commercial shampoo, gently 

dried and kept under the same conditions before humidity assessment. 

 

ii. Treatments with hair volume climate control formulations 

Caucasian hair was selected to test different hair volume climate control formulations with the 

incorporation of the KP peptide. The conditions of hair preparation were the same as described 

previously. Two different hair volume climate control products were tested, without and with 

0.01% (w/v) of the KP peptide: base climate control and ethanolic climate control. The 

products were applied homogeneously in the hair tresses using a spray (approximately 0.5 mL 

per hair tress) ten minutes prior to the exposition to the controlled environment. 

 

iii. Molecular properties of KP peptide 

A computational model of KP was constructed, in vacuum, using PyMol, version 1.1 [221]. 

This molecular visualisation program allows the creation of structural models based on the 

amino acid sequence of the peptide [222]. 

 

iv. Evaluation of KP peptide binding affinity toward hair keratin 

Human hair keratin was extracted from Caucasian hair following an adapted procedure from 

Vasconcelos et al. [166] and Kazunori et al. [167]. The hair was cut into very small pieces and 

incubated in a solution with a ratio 1:10 containing 8 M urea, 0.2 M sodium dodecyl sulphate 

(SDS), and 0.5 M sodium metabisulphite. The mixture was heated to 50°C for 24 hours with 

constant agitation, for better desegregation of the hair fibres. Finally, the mixture was filtered 

through a glass filter and dialysed against distilled water using cellulose tubing molecular 

weight cut-off 12-14 kDa. 

The extracted keratin (160 mg/L) was incubated with 0.05 mM of KP for 2 hours at 37°C in a 

shaking bath, in a ratio 1:1. The peptide not linked to the extracted keratin was removed by 

dialysis against phosphate buffer pH 7, using a cellulose membrane with 12-14 kDa cut-off for 

two days. The experiment was performed in triplicate. 

 



Unravelling and modulating human hair morphology features 

	112	

v. Volume assessment of hair tresses in different relative humidity conditions 

The relative humidity assessment was performed for the different types of hair and for 

Caucasian hair treated with the hair volume climate control formulations. The relative humidity 

tests were performed in a constant climate chamber Binder KBF 115 at 25°C with a variation 

of relative humidity (2 hours at 40% RH, followed by 2 hours at 90% RH and 2 hours at 40% 

RH). This test allows the assessment of the variation from medium to high relative humidity 

conditions, as well as the ability of the products to provide moisture resistance in the different 

environments, Figure V.2. The hair tresses were also tested in high relative humidity conditions 

(6 hours at 90% RH). The procedure was adapted from Princeton Educational Center [223]. 

The hair tresses were hanged in a support in the constant climate chamber once the initial 

conditions stabilised. The hair samples were monitored over time. Readings on changes in hair 

volume were obtained throughout the measurement of the width of the hair tress in 

centimetres, at the same hair length. For hair samples submitted to the variation from medium 

to high relative humidity, these measurements were performed every hour and in the first 10 

and 15 minutes of each two hours (2h10min, 2h15min, 4h10min, 4h15min). For the 

continuous high RH conditions, the measurements were performed at 0 hours, 15 minutes, 30 

minutes, 1 hour and 30 minutes, 2 hours and 30 minutes, 3 hours, 4 hours, 5 hours, and 6 

hours. The variation in hair tress volume was determined using the equation V.1, where 

“Maximum (Hair tress volume)” corresponds to the higher volume change registered in each 

type of hair. The evolution of hair tress aspect over time was then analysed through image 

analysis. 

 

r_\d	[dYkk	sa3^nY	cℎ_biY	 %

= 	
r_\d	[dYkk	sa3^nY9;<=8 − 	t\b\n^n	(r_\d	[dYkk	sa3^nY)

t_u\n^n	 r_\d	[dYkk	sa3^nY − t\b\n^n	(r_\d	[dYkk	sa3^nY)
	×	100 

Equation V.1. Determination in percentage of the hair tress volume change. 
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Figure V.2. Scheme of the humidity conditions for all types of hair samples: (A) variation 

from medium to high relative humidity conditions, and (B) high relative humidity conditions.  

 

vi. Thermogravimetric behaviour of the hair samples  

Before the assays, the hair samples were kept in a desiccator for at least 3 hours. Ten minutes 

prior to the exposition to one hour of 90% RH at 25°C, hair samples were treated with the 

climate control formulations as previously described. The moisture content of the hair tresses 

was assessed by thermogravimetric analysis (TGA) in a PerkinElmer TGA 4000 equipment. 

Hair samples (10-14 mg) were kept at 20°C for one minute, and then the temperature was 

increased from 20°C to 180°C at 10°C per minute. The measurements were conducted in an 

atmosphere of nitrogen with a purge of 19.8 mL/min and a pressure of 3 bar. All 

measurements were performed in duplicate.  

 

 

V.4. Results and discussion 

V. 4.1. Volume assessment of Caucasian and Asian hair in different 

relative humidity conditions 

Caucasian and the Asian hair, despite their similar constitution, have different properties, 

either mechanical or resistance to hair cosmetic treatments. These hair types were 

investigated regarding their resistance to volume change with a variation from medium to high 

relative humidity and continuous high relative humidity conditions. Quantitative and qualitative 

results are shown in Figure V.3 and Figure V.4. 

 



Unravelling and modulating human hair morphology features 

	114	

 

Figure V.3. Percentage of volume change of hair tresses after exposure at different relative 

humidity conditions: (A): 40% RH in the first 2 hours, 90% RH from 2 to 4 hours and 40% RH 

from 4 to 6 hours and (B) 90% RH for 6 hours. 
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Figure V.4. Images of hair tresses at the beginning (0 hours) and after 6 hours of high 

relative humidity exposure (90% RH). The values indicated correspond to the volume change, 

in percentage. Hair tresses are Caucasian and Asian hair. 

 

It has been recognised that water plays an important role in hair cosmetic performance, and 

therefore acts as a critical factor, interfering with a wide variety of properties of the hair. In high 

relative humidity conditions, hair cortex and cuticle can absorb water. This water absorption 

affects the hydrogen and salt bonds between the protein molecules of the hair structure [44]. 

As described in other studies [47], the process of water absorption is very fast in the hair fibre, 

where the majority of the water is absorbed in the first minutes, mainly in very high relative 

humidity conditions. The variation of relative humidity in Figure V.3, showed that Asian hair 

reached a plateau of hair tress volume at approximately 30% of volume change, even after 2 

hours at 40% RH. Caucasian hair had a more variable volume change through the RH 

variation. Hair tress volume increased after exposition to 40% RH environment, increased even 

more after 2 hours at 90% RH and decreased after one hour at 40% RH. When submitted to 

continuous high relative humidity (90% RH) the Caucasian hair tress suffered a higher volume 

change than the Asian hair. The Caucasian hair showed a fast volume increase, especially in 

the first hour of exposure. The Caucasian hair showed a hair volume increase of almost 90%, 

while Asian hair exhibited a volume change of 24%.  



Unravelling and modulating human hair morphology features 

	116	

It is clear from Figure V.3 and Figure V.4 that Caucasian hair reached a higher volume change 

in the high RH condition than in the variable RH condition. The opposite occurs for Asian hair, 

which showed higher increase volume change in the variable RH condition. 

The behaviour of each type of hair is in concordance with previous studies, indicating that the 

volume change of the hair depends on hair fibre geometry despite the structure and 

composition of amino acids and lipids being similar [39, 74]. The friction coefficient is affected 

by several factors, namely the relative humidity, and it is typically higher in swelled hair. When 

the endocuticle swells, it becomes more brittle and the cuticle scales lift.  

Caucasian and Asian hair have a similar radial swelling [74], also corroborated by the water 

loss determined by thermogravimetric experiments (data not shown). The hair surface and the 

endocuticle of the Caucasian hair has lower hardness and elastic modulus than Asian hair [43, 

44] which leads to an increased extension and higher cuticle scales lift. [43, 44]. 

Consequently, the hair tress volume of the Caucasian hair was increased in those conditions. 

As the Caucasian hair presented the highest volume change for both RH conditions, it was 

used to study the effect of climate control formulations with and without the KP peptide. 

 

V. 4.2. Characterisation of KP peptide 

Peptides have been recognised as having affinity toward hair surfaces, ability to restore 

damaged cuticles, inherent resilience and pliability [114, 224]. Previous studies have 

demonstrated KP peptide ability to recover the mechanical and thermal properties of 

over-bleached hair and strengthen weakened relaxed African hair [113, 114], besides the 

abilities recognised in Chapter IV. As KP is based on a human hair cuticular keratin protein, it 

may have more affinity to the hair cuticular structure than other peptides, improving hair 

resistance to water absorption. KP peptide is amphoteric with a dominant net negative charge 

(pI 5.51) with 38% of hydrophobic amino acid residues on its sequence. In Figure V.5, it is 

possible to visualise the KP peptide structure in vacuum, illustrating the distribution of surface 

charge. 

The KP peptide was studied regarding its affinity to hair keratin extracted from human hair. 

After dialysis, approximately 88% of KP peptide was bounded to the hair keratin solution. These 

results supported the high affinity of the KP peptide to the hair keratin. 
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Figure V.5. Illustration of the surface charge of the peptide KP.  

 

V. 4.3. Volume assessment of hair treated with hair volume climate 

control formulations 

The Caucasian hair was selected to test the effect of hair volume climate control formulations 

due to its hair volume higher variation when exposed to different humidity conditions. Two 

different hair volume climate control formulations were used in the same conditions previously 

reported. Figure V.6 and Figure V.7 show, respectively, a quantitative and qualitative profile of 

the hair tresses treated with the formulations in the presence and absence of the KP peptide. 

The impact of KP peptide in the improvement of hair volume climate control formulations as 

hair anti-frizz was studied. Analysing Figure V.6 and Figure V.7 the effect of the formulations 

and the KP peptide was evident for all tested conditions.  

For medium relative humidity conditions (40% RH) there was an increase of 7% on hair tresses 

volume for all formulations. The only exception was the ethanolic formulation with an increase 

of 15% on hair volume (Figure V.6A). For the same RH, the samples with no treatment had a 

volume change of approximately 70%. The hair volume climate control treatment, even without 

the KP peptide, was enough to reduce hair frizz. When the RH was increased to 90%, the effect 

of the KP was more evident: the variation of volume was 60% lower when compared to hair 

without treatment. The volume change of hair tresses treated with the formulations with 

peptide was lower when compared to the hair tresses without treatment or treated with 

formulations without peptide. The hair tresses treated with the formulations containing the KP 

peptide suffered a volume change inferior to 30% while the hair tresses treated with the 

formulations without peptide suffered a volume change around 50% for both base and 
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ethanolic formulation. In the third stage, when the RH was again 40%, all hair samples 

decreased their volume.  

 

 

Figure V.6. Percentage of volume change of Caucasian hair tresses at different relative 

humidity conditions after climate control treatments. The relative humidity conditions are: (A) 

40% RH in the first 2 hours, 90% RH from 2 to 4 hours and 40% RH from 4 to 6 hours and 

(B) 90% RH for 6 hours. 
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Figure V.7. Images of Caucasian hair tresses at the beginning of the test (0 hours) and after 

6 hours at 90% RH.  

 

The effect of KP peptide as a hair anti-frizz was more pronounced when the hair samples were 

exposed to continuous relative humidity of 90%. For this RH condition, the hair tresses treated 

with the climate control formulations, with and without the KP peptide, had a volume change 
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inferior to 40%. It was also observed that the variable RH condition contributed for a higher 

increment of hair volume. 

Regarding the formulations containing the KP peptide, the ethanolic formulation had a strong 

effect in controlling the volume changes of hair tresses. The hair volume climate control 

formulations are able to adhere to the hair, avoiding the cuticles scales to open and therefore 

the hair fibre manifest frizz resistance. These formulations also avoid further pathways of water 

molecules to soak the inner parts of the hair during swelling. The alcohol promotes a higher 

swelling of the hair fibre, resulting in a better penetration of the peptide. The ethanolic 

formulation together with the KP peptide promotes a better hair volume climate control 

characteristics for high RH conditions. 

The ability of peptides to increase hair moisturization was referred by some studies [107, 187]. 

The hydrophobicity character of KP peptide was crucial for its role as a hair anti-frizz, 

improving the climate control adherence to the hair cuticle, reducing moisture diffusion and 

hair fibre water content [107]. The presence of negative and positive charges on the KP 

structure contributed to the formation of bonds with keratin and keratin associated proteins, 

which was confirmed by the obtained results of affinity of the KP peptide to the extracted 

keratin. Moreover, the cysteine residues of KP increased the reticular integrity of the keratin 

fibrils and keratin associated matrix, avoiding its change on the structure due to hair fibre 

swelling [214]. 

 

V. 4.4. Thermogravimetric behaviour of the treated hair with the 

formulations 

The water content of the hair treated with the hair volume climate control formulations was 

evaluated by thermogravimetric analysis, Figure V.8. No significant differences were found in 

water content between the hair samples treated with the base formulation, with and without 

the peptide, and the non-treated hair samples. An external water loss approximately of 10% 

was measured for all these samples. For the hair treated with the ethanolic formulation, with 

and without the KP peptide, the percentage of water loss was slightly higher (~15%). The 

ethanolic formulation most likely creates a film on hair surface and increases hair swelling due 

to the presence of ethanol, thus promoting a higher penetration of formulation into the hair 

fibres. 
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Figure V.8. Hair weight loss of hair treated with the climate control formulations, 

determined by TGA. 

 

Since both formulations are mostly composed of water, some of the water lost during the 

thermogravimetric analysis could be related to the composition of the hair volume climate 

control formulations. Although the hair fibre absorbs water from the formulation, this provides 

a more cohesive film on the hair cuticle scales preventing the absorption of water from 

atmosphere. The results obtained demonstrated the efficiency of the climate control 

formulations containing the KP peptide in avoiding the cuticle scales to lift and consequently 

avoiding hair frizz. It was possible to demonstrate that the hair frizz prevention was mainly due 

to the presence of the ethanol, the hydrophobic character of KP peptide in the formulation and 

its adherence to hair cuticle scales.  

To note that this effect was visible in virgin hair with no cuticle damage. It could be more 

prominent on damaged hair because the cortex is more accessible. It is known that high 

relative humidity conditions have a stronger effect on damaged hair [43]. This formulation with 

the peptide could have an even better hair volume climate control effect on damaged hair, 

where this peptide has already shown an ability to bind and improve mechanical 

characteristics.  
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V.5. Conclusions 

The relative humidity assessment in variable and continuous high conditions was crucial to 

provide insights about the behaviour of the different types of hair and the effect of climate 

control formulations with and without the KP peptide. The relative humidity assessment of 

different types of hair showed an evident hair tress volume change, especially for Caucasian 

hair, despite the similar radial swellings of these two types of hair. This fact was associated 

with the innate inferior hardness of the inner cuticle of Caucasian hair, allowing cuticles scales 

to lift, increasing the hair frizz. 

The use of KP peptide in the climate control formulations has improved Caucasian virgin hair 

resistance to frizz, mainly in high relative humidity conditions. The ability to provide additional 

hydrophobicity to the hair surface, while binding to hair keratin and keratin associate proteins, 

evidences that the KP peptide as an excellent candidate to improve the effect of climate control 

formulations. 

The development of new formulations to prevent hair frizz when exposed to high relative 

humidity is essential in hair cosmetics. Herein, we give a strong input in this important 

cosmetic issue. The results clearly showed that the hair volume climate control formulations 

containing the KP peptide had the ability to control hair moisture resistance, supporting the 

role of KP peptide as hair anti-frizz. 
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VI Final remarks 
 

 

Hair is a remarkable physical feature that can sustain several changes, such as texture, shape, 

colour, volume, providing a plethora of areas explored by the cosmetic industry. Continuous 

scientific understanding of hair’s characteristics and their interactions is needed for the 

development of focused and greener products. These products should improve hair properties 

along with safer control of hair morphology and texture, having concerns regarding safety for 

hair, consumer and stylists’ health, as well as for the environment. This thesis exploited the 

differences between hair ethnicities morphology to unravel the characteristics that supported 

the study and development of new peptides for safe hair cosmetic applications. 

 

VI.1. General discussions 

VI. 1.1.  Characterization of hair from different ethnicities 

Each person is unique regarding their hair characteristics. Nonetheless, hair fibres differ in a 

typical way, being arranged in known groups and categories. As discussed in Chapter I, hair 

classification is a controversial topic. In this thesis, we adopted the division into the three 

primary geo-racial hair types, as they have distinct hair fibre shape characteristics that control 

the cosmetic and physical behaviour of the human hair. Besides their characteristic hair 

geometry, different ethnic hair types have known distinct characteristics, such as diameter, 

geometry of hair follicle, number of scales in the cuticle, as well as different properties, such as 

elastic behaviour, tensile strength and water absorption. Despite these changes, their protein 

composition has no substantial difference [42, 64, 74–76]. Regarding hair lipids, the second 

major component of the hair, it was known that Caucasian and African hair were more likely to 

come from an oily scalp but with lower oil content on the hair fibre surface [77]. However, hair 

internal lipids composition was still under-investigated. Hence, we performed a comprehensive 

analysis of the content and distribution of the different lipids among the ethnic hair types. The 

composition of lipids was found to be different, with a higher percentage of overall hair internal 

lipids in African hair. This may explain the lower hydration properties of African hair [74]. 

Regarding specific lipids, the most significant differences were found in cholesterol ester, 

cholesterol sulphate and ceramides content, with African hair having higher amounts of the 

first two and Asian hair having more ceramides. Another interesting finding was that the axial 
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order of keratin in African hair was not observed in X-ray analysis, pattern that was visible after 

the removal of hair internal lipids. Molecular dynamic simulations showed that lipids could 

intercalate dimers of keratin and change its structure. This clear indicated that hair keratin 

structure and packing are proposed to be influenced by a higher concentration of internal 

lipids. 

Water is one of the three major component of the hair, being dependent on several external 

factors such as air relative humidity and temperature. Water absorption by different types of 

hair has already been characterised. However, the study of hair tresses volume change in 

variable air relative humidity was performed for the first time. On Chapter V, we studied the 

hair tress volume change for Caucasian and Asian hair in variable and high relative humidity 

conditions. Caucasian hair has a higher hair tress volume change in high relative humidity 

conditions, due to a less hard inner cuticle of this type of hair when compared with Asian hair. 

African hair type was not evaluated due to the lower hydration properties, lower length of hair 

tresses, as well as difficulty in providing similar conditions on the hair tresses due to its 

inherent geometry. 

These results provide valuable scientific data regarding the internal properties and 

characteristics of the different types of hair regarding hair major components and interactions. 

 

 

VI. 1.2.  Cysteine-containing peptides: analysis and different hair 

cosmetic applications 

Hair systematically exposed to chemical treatments, such as hair bleaching, colouring, 

permanent waving or straightening, becomes damaged. The damage can occur both at hair 

fibre surface and hair cortex, changing properties like smoothness, porosity, shine, and hair 

mechanical properties. Besides these negative consequences, the health of the consumer and 

of the stylists, as well as the environment are affected by continuous chemical hair treatments. 

Consumer awareness of these problems is the driving force for the creation of alternative 

products that use mild methods to attach onto hair surface or penetrate the cortex, without 

compromising the hair fibre robustness. 

Due to their properties, proteins and peptides are possible alternatives for harsh treatments. 

Proteins, peptides and amino acids have been long used in hair cosmetics as they improve 

smoothness, lustre, elasticity, and provide protection from further damage. They generally have 
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a high chemical affinity to hair keratin, the ability to be absorbed onto hair surface and even 

penetrate into hair cortex, especially keratin derivatives and of low molecular weight [109, 110, 

113–117]. The use of native proteins also improves biocompatibility and biodegradability 

[109]. Interaction of hair and protein or its derivatives involve coulombic forces, hydrophobic 

interactions and hydrogen bonds. In protein derivatives containing cysteine, they may interact 

with hair proteins creating disulphide bonds [109]. Proteins from several origins are used for 

hair cosmetics from both animal and vegetable sources, such as keratin, collagen, casein, 

fibroin, wheat, and soy [109, 118]. Keratin and derivatives have been considered the ones with 

higher substantivity to the hair fibre, and, although they come from an animal source, they can 

be obtained without animal cruelty [109]. Hence, small peptides based on human keratins and 

KAPs are a promising approach to enhance hair fibre strength and to improve hair 

characteristics. Taking advantage on this and to better understand the best properties of 

peptides for a higher affinity to keratin, on Chapter III we took a broad approach, studying over 

one thousand different peptides based on the entire known human hair keratin and KAPs 

proteome. We used small peptides (10 and 11-mer) containing from two to five cysteines each, 

in order to have a high hair substantivity. The presence of the cysteines allows the possibility to 

create disulphide bond interactions. The chemical affinity of these peptides with extracted 

human hair keratin was analysed through an innovative approach: a microarray of peptides. 

The large screen on the level of interactions between different peptides and the hair gave a 

global perspective and allowed the identification of several candidates. Based on the 

physicochemical properties of each peptides, ten parameters were analysed for their 

interaction relevance: isoelectric point, net charge and amino acid content in cysteine, 

hydrophobic, polar, basic, acidic, aromatic rings, amide, and alcohol side chains. From these 

parameters, cysteine, hydrophobic and polar amino acids - mainly containing alcohols - 

showed statistically significant correlation with the different pre-established ranks of low and 

high affinity of the peptide to the hair keratin. Therefore, these features are expected to have 

determining roles for affinity to hair keratin, suggesting that hydrophobic interactions and 

disulphide bonds between small peptides and human hair keratins are the main driving forces 

for selecting the effective hair cosmetic peptides and the hair itself. Other expected interactions 

between the hair and these peptides, such as hydrogen bonds, coulombic and van der Waals 

forces should be less relevant for the binding affinity. As so, these results enlighten the nature 
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of the interaction of keratin-based materials with human hair, enabling a more directed and 

sustained hair care peptide design. 

On Chapter IV, seven peptides were selected from the microarray for the development of new 

hair cosmetic treatments. The KP peptide which presented similar characteristics and was 

previously studied within the research group [113, 114] was also further analysed. The 

chemical properties of each peptide allow them to assume specific characteristic 

configurations, as suggested by MALDI-TOF/TOF and computational simulations, leading to 

different levels of interaction with hair proteins. These peptides were shown to penetrate into 

both damaged and not damaged hair fibre cortex, binding to the hair, most likely with 

hydrophobic interactions and disulphide bonds.  

It was known that proteins and peptides are probable candidates to repair the mechanical 

properties of damaged hair [109, 110, 113–117]. All the peptides analysed were shown to 

improve the mechanical properties of severely damaged hair, even in small concentrations, 

proving their repair ability. Although some of the interactions that occur are temporary, such as 

hydrogen bonds or non-thermodynamically stable disulphide bonds, due to their cysteine 

content these peptides were able to create permanent bonds, increasing the reticular integrity 

of the keratin fibrils and keratin associated proteins, and ultimately improving the damaged 

hair fibre elasticity and strength. 

The most common use for peptides in cosmetics is to improve hair’s strength and elasticity. 

Nevertheless, these peptides were tested for straightening of curly hair. Permanent hair 

straightening is one of the most damaging processes to curly hair, as it is usually performed in 

a regular basis and using harsh chemicals. Typically, hair straightening uses reductive agents 

(mercaptans and sulphites) or alkali agents containing hydroxides to disrupt the disulphide 

bonds network of the keratins and re-establish some of them in the desired conformation [39, 

87, 92, 90, 192]. Formaldehyde and glutaraldehyde have also been more recently introduced 

as hair straightening methods, cross-linking the keratin of this treatment to the hair keratin 

filaments [39, 90, 91]. Cysteine treatments are also used, mainly in niche markets such as 

Japan, but include an additional strong reducer to reduce and swell the hair fibre [89, 90]. 

Hence, the use of peptides for hair straightening is an innovative alternative approach, which 

do not damage the hair and may even protect it from further damage. The studied peptides 

lead to a high straightening efficiency, due to the ability to form permanent bonds, such as 

disulphide bonds, between the peptides and the hair proteins. By doing so, they modulate the 
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existing disulphide bonds of the hair into the new desired shape conformation (straight hair). 

The general straightening efficiency was improved with the incorporation of the peptides into a 

serum formulation and an increase of temperature during the binding of the peptides to the 

hair.  

The control of hair volume in extreme relative humidity conditions is another important topic in 

hair cosmetics. On Chapter VI, one of the peptides, KP, was incorporated into two hair volume 

climate control formulations and tested for its ability to avoid hair frizz, in variable relative 

humidity conditions. Despite the known ability of peptides to increase hair moisturization [107, 

187], KP was selected to avoid hair frizz due to its origin (human hair cuticular keratin protein). 

The hydrophobic character of KP peptide most likely allowed an improved hair volume climate 

control adherence to the hair cuticle, avoiding lifting of cuticles scales and consequent hair 

frizz resistance. Moreover, the positive and negative charges of the peptide, together with its 

cysteine residues, increased the formation of bonds with the hair proteins, avoiding structural 

changes arising from the hair fibre swelling. The results clearly supported the role of KP 

peptide as a hair anti-frizz product, mainly in high relative humidity conditions. 

Comparing with the Chapter III indication on the best peptides’ properties, despite KP peptide 

moderately high content in polar amino acids, its binding to hair fibre was not impaired. This 

occurs most likely due to KP composition in hydrophobic amino acids and mainly cysteine 

content. Similar relation can be established for PepG relatively low composition on hydrophobic 

amino acids. The results obtained from Chapter IV and Chapter V also suggest that main 

interactions between small peptides and human hair proteins are hydrophobic interactions and 

disulphide bonds, supporting the results of Chapter III. 

The research presented in this thesis show the versatility of the tested peptides to promote 

diverse improvements to hair cosmetics treatments, from the application on severely damaged 

hair to the application for hair straightening and avoid hair frizz. Hence, these peptides were 

shown to be excellent candidates for the incorporation in innovative and greener hair cosmetic 

treatments, avoiding the use of harsh chemicals that harm hair fibres health, consumers’ and 

stylists’ health and the environment. 

 

In summary, this thesis provides valuable scientific data regarding the properties and 

characteristics behind different types of hair, concerning hair’s major components: proteins, 

lipids and water. Moreover, this thesis also proposes a set of relevant characteristics of 
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cysteine-containing peptides that contribute to a higher affinity to human hair keratin and 

demonstrated cases of successful application of high affinity peptides on different hair 

cosmetic procedures, highlighting their promising potential for innovative hair cosmetic 

treatments.  

 

 

VI.2. Future perspectives 

This thesis provides important data regarding the properties and characteristics of the different 

types of hair, as well as, innovative and promising results for the use of peptides to improve 

different hair cosmetics treatments. This topic still requires future evaluations and this thesis’ 

results open further work paths. 

For the characterization of different types of hair, mechanical tests of different types of hair 

with and without removal of lipids could be performed to further characterise the structural 

changes that lipids promote on hair keratin structure. 

In the study of peptides’ microarray data, further analysis of the peptides sequence could be 

performed, such as the analysis of the relation between the location of each amino acid and 

the affinity to hair keratin. The analysis could also include formulations with hair swelling 

agents and surfactants, as they increase the penetration of peptides into hair fibre cortex.  

Regarding the application of the peptides on different hair cosmetic treatments, several 

complementary tests could be performed, such as characterization of the peptides binding to 

hair keratin through electrospray ionization (ESI) mass spectrometry or direct characterization 

of the hair fibre through attenuated total reflection-Fourier transform infrared spectroscopy 

(ATR-FTIR) and the evaluation of the mechanical properties of all types of hair treated with the 

peptides. Other peptides could be incorporated in climate control formulations and tested for 

hair volume changes in variable and high relative humidity conditions. As high relative humidity 

conditions have a stronger effect on damaged hair, these climate control formulations could 

also be tested on over-bleached hair. Research on specific formulation for each hair care 

application and peptide could also be performed for an improved performance of the peptides. 

Peptide risk assessment to human health should also be assessed. This risk should be 

evaluated before a cosmetic formulation is marketed. European Commission Regulation (EC) 

No 1223/2009 establishes the key requirements for the cosmetic product safety report. 

Toxicological profile of the substances contained in the cosmetic product should be assessed. 
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They should focus particularly on local toxicity evaluation, considering all the significant 

toxicological routes of absorption, including the endopoints: acute toxicity via relevant routes of 

exposure; irritation and corrosivity; skin irritation and skin corrosivity; mucous membrane 

irritation (eye irritation); skin sensitisation; dermal/percutaneous absorption; dose toxicity 

(normally 28- or 90-day studies); mutagenicity/genotoxicity; carcinogenicity; reproduction 

toxicity; toxicokinetics (absorption, distribution, metabolism and excretion – ADME - studies) 

and photo-induced toxicity. Hence, important parameters should be determined including, but 

not exclusive to, inflammation and allergenic assays (determined by an enzyme-linked 

immunosorbent assay, ELISA), genotoxicity evaluation (through comet assay) and cytotoxic 

evaluation, through assays such as MTT ((3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium 

bromide) metabolic assay, SRB (sulforhodamine B) cell proliferation assay and LDH (lactate 

dehydrogenase) membrane-integrity assay in keratinocytes and fibroblasts cells. From that 

point, the application of the peptides could be applied on hair salons studies to evaluate their 

performance on a wide variety of hair types. 

The peptides analysed in this thesis showed versatility for different cosmetic treatments. 

Hence, they could have an even wider applicability, for example, to curl straight hair or even 

aid hair colouring. The future of cosmetic science envisages the development of functional hair 

care treatments, based on these peptides, allowing the safe and specific control of hair 

morphological features. 
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