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Abstract 

Permanent hair straightening is a highly popular treatment, especially among 

African hair types. However, current methods rely on the use of harsh 

chemicals, such as sodium hydroxide or formaldehyde, and are associated 

with a range of health concerns, including hair breakage, loss and severe 

scalp disorders. Permanent hair straightening treatments usually involve a 

disulfide bond-breaking step which allows the opening of the hair structure, 

followed by mechanical hair straightening and crosslinking, which helps to 

set the new hair morphology. In recent years, the cosmetic sector has seen 

the development of a considerable range of biotechnologically-derived active 

agents, which offer biocompatibility, versatile activity and good performance. 

This project explores the feasibility of incorporating enzymes, which exhibit 

relevant disulfide bond-reducing and crosslinking activities in nature, into 

milder permanent hair straightening treatments. The thioredoxin system from 

Bacillus subtilis was identified as a potential alternative for breaking disulfide 

bonds in keratins. The enzymes thioredoxin and thioredoxin reductases were 

expressed and purified in E. coli. Thioredoxin activity was initially assessed 

on KeratecTM IFP, a solubilised wool keratin substrate bearing a mix of 

cystine and sulfonated thiol motifs, associated with easier enzymatic keratin 

penetration than insoluble counterparts. Reduced thioredoxin was 

regenerated either by DTT or thioredoxin reductase and NADPH, as electron 

donors. The reduction of S-sulfocysteine and disulfide bonds in soluble 

keratin by thioredoxin was observed both by Ellman’s and NADPH assays, 

which monitor free thiols and NADPH consumption, respectively. However, 

disulfide bond reducing activity was not observed using solid human hair 

keratin, despite attempts to improve substrate availability through treatment 

with keratinase from Bacillus licheniformis and swelling agents, such as urea.  



  

Enzymatic keratin crosslinking was then studied using laccase from 

Trametes versicolor, tyrosinase from mushroom and microbial 

transglutaminase, all well characterised crosslinking enzymes with activity 

on proteins and currently used in a range of industries (eg. food, textile). 

Soluble keratin crosslinking by laccase was observed using size-exclusion 

chromatography (SEM) and sodium dodecyl-sulfate polyacrylamide gel 

electrophoresis (SDS PAGE), both in the presence and absence of vanillin 

and acetosyringone mediators. However, a lack of significant enzymatic 

crosslinking was noted for solid hair keratin, where no change in tensile 

strength was observed upon treatment with laccase. 

Overall, novel enzymatic reducing and crosslinking modifications were 

successfully carried out on solubilised keratin. However, challenges remain 

regarding solid hair keratin, associated with poor substrate availability and 

enzyme penetration. 
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1.  Literature review 

Hair care products allow for the modification of hair shape, length and colour. 

With companies such as L’Oréal and Unilever, the hair care market is 

constantly growing and expected to reach $116 billion by 2024.1 Permanent 

hair straightening is a popular treatment, especially amongst African hair-

types.2 Indeed, hair relaxing is used by up to 70% of females of black African 

ancestry, aimed at beauty, ease of daily hair maintenance as well as 

acceptance against social and environmental pressures.3–5  

Hair mainly comprises keratin, an insoluble protein with highly crosslinked 

and tightly packed polypeptide chains.6 Permanent hair modifications rely on 

the breaking of disulfide bonds linking keratin chains together. The formation 

of new crosslinks between those polypeptide chains then helps stabilise the 

new hair fibre configuration.7,8 However, current permanent methods rely on 

the use of harsh chemicals associated with hair breakage and loss, as well 

as severe scalp disorders, highlighting the need for milder active agents.3,4,16–

18,7,9–15 The chemistry involved in permanent hair straightening (i.e. disulfide 

bond reduction and crosslinking reinstatement) is prevalent in natural 

enzymatic activities. The development of biotechnologically-derived active 

agents, which offer biocompatibility, eco-friendly nature, versatile activity, 

and good performance, therefore, appears to be a fertile area of 

research.19,20  

Keratin is a waste-product from various industries such as leather and poultry 

industries, and it is challenging to manage or degrade due to its highly 

crosslinked structure.21,22 In this way, keratin degradation has been 

extensively studied, and a range of microorganisms with keratinolytic activity, 

such as Bacillus subtilis and Bacillus halodurans have been identified.23–26 
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However, the mechanism behind keratin degradation remains unclear, 

specifically the role of disulfide bond reduction, which has been reported in 

keratin-degrading organisms.23,24,26 While most research on keratin 

degradation has been conducted on whole microorganisms, the use of 

isolated enzymes presents many advantages, including faster scale-up, 

more reaction specificity, and easier storage.27–30 To this end, a range of 

enzymes have been isolated from these keratin-degrading microorganisms, 

mainly keratinases, such as KerA from Bacillus licheniformis, which 

catalyses keratin hydrolysis.25,31,32 Conflicting evidence for the ability of such 

enzymes to degrade keratin in the absence of concomitant disulfide bond 

reduction has been described in the literature.30,33 A disulfide bond reducing-

enzyme was also isolated from Bacillus halodurans PPKS-2 and constitutes, 

to our knowledge, the only keratin disulfide bond-reducing enzyme for which 

sequence information is disclosed.24 According to the authors, this enzyme 

belongs to the family of disulfide bond reductases, known to reduce disulfide 

bonds in folded proteins. 

The value of enzymes as crosslinking agents for the setting of 

macromolecules such as keratin is based on a large body of research 

exploring the biocatalytic formation of covalent bonds in a highly selective, 

atom-efficient and biocompatible manner.34 Indeed, enzymes have evolved 

over time to catalyse covalent modifications of proteins essential to pro- and 

eukaryotic cells.35 In this way, a range of protein-crosslinking enzymes have 

been identified, including transglutaminases, laccases and tyrosinases, with 

an abundance of industrial applications (e.g. dairy, textile etc.).35–37  

Commonly described substrates for these enzymes include β-casein, lignin, 

gelatine, as well keratin.38–40 However, the formation of keratin-keratin 



3 
 

crosslinks by these enzymes has not yet been investigated using human hair 

as a substrate. 

To address this critical gap in the literature, this project aims to investigate 

the potential of disulfide bond reducing and crosslinking enzymes towards 

permanent hair straightening as milder and greener alternatives to harsh 

chemicals currently used in the market. If successful, the use of enzymes as 

active agents could lead to a more positive impact on both consumers and 

the environment, with potential use in fields beyond the hair care industry. 

1.1. Human hair structure  

Human hair is composed of proteins, mainly hard keratins characterised by 

high cysteine contents, lipids, water and small amounts of trace 

elements.41,42 Keratins are filament-forming proteins classified as α- and β-

keratins, which vary in molecular structure.43 Indeed, depending on its amino 

acid sequence, the secondary structure of keratin either forms an α-helix (α-

keratin), around 45 nm long and organised as coiled-coil heterodimers (2 nm 

diameter) composed of type I (acidic, 40-50 kDa) and type II (basic, 50-60 

kDa) α-keratins - or β-sheets (β-keratin) (Figure 1a-b), which consist of 

laterally packed (usually antiparallel) β-strands.44 Repeats of seven amino 

acids are a prerequisite for the formation of α-helices and coiled-coil 

heterodimers, which then aggregate into protofilaments, protofibrils and 

finally intermediate filaments (7-10 nm).44 On the other hand, β-keratin 

filaments consist of polypeptide chains which fold to form four β-strands, 

which link through hydrogen bonding, resulting in β-pleated sheets. Two β-

pleated sheets then combine into a filament (3-4 nm diameter, 9.5 nm 

length).43 Moreover, the molecular mass of α-keratin ranges from 40 to 68 

kDa, compared to 10-22 kDa in the case of β-keratin.43 Wool, as a 

representative α-keratin material, has been extensively studied, as well as 
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feathers as a typical β-keratin material. Human hair is mainly composed of 

α-keratins. 

 

     

Figure 1. Schematic drawings of α- and β-keratin, a. α-helix chains form coiled-coil dimers 
which assemble to form protofilaments, protofibrils and finally intermediate filaments, b. one 
polypeptide chain folds into a four β-strands, which twists to form a β-pleated sheet, two of 
which assemble into a β-keratin filament, c. α-helix and β-strand polypeptide chains. 

Hair fibres are made up of distinct morphological constituents: the cuticle and 

cortex, as well as a medulla region in thicker fibres (Figure 2a).45  

a. 

b. c. 
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Figure 2. Human hair and keratin structures. a. Schematic cross-section of a hair fibre, 
reproduced from Cruz et al. (2016).45 b. Keratin stabilisation via interactions between chains 
(1: hydrogen bond, 2: disulfide bond and 3: electrostatic interaction). c. Intra- and interchain 
interactions in keratin. 

The cuticle, which forms a protective barrier over the cortex and holds 

moisture, is mainly composed of layered β-keratins (β-pleated sheet).41,46 It 

contains a lipid layer, including 18-methyl eicosanoic acid (18-MEA) and free 

lipids, which contribute to hair lubricity and acts as a hydrophobic barrier 

against hair penetration, as well as an A-layer, and exocuticle and 

endocuticle keratin layers.9 The A layer and exocuticle are highly-crosslinked 

layers with 15-30% cysteine content, responsible for cuticle strength and 

rigidity, while the endocuticle bears low cysteine levels (3%) and is, therefore, 

more prone to swelling in water.5,46 Cuticle cells are held together by the 

cellular membrane complex (CMC).45  

The cortex accounts for most of the hair mass and is responsible for hair 

tensile strength. It is mainly composed of α-keratins (α-helices) and keratin-

a. 

b. c. 
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associated proteins (KAPs), organised into tightly packed cortical cells.47 In 

the case of α-keratins, two right-handed α-helix chains, type I and type II α-

keratins interact with each other to form coiled-coil heterodimers.41,46,48,49 

These dimers then aggregate into tetramers, or protofilaments.50 Two 

protofilaments then combine into a protofibril, and four protofibrils form an 

intermediate filament (7 nm diameter).50 These intermediate filament 

proteins (IFPs), also called microfibrils, in turn, , constitute macrofibrils which 

make up cortical cells.45 IFPs are embedded in an amorphous matrix made 

of KAPs, also known as γ-keratins (10-25 kDa). KAPs contain high levels of 

cysteine amino acids (approximately 20%) and hold the cortical cell structure 

together via disulfide bonds, conferring the inertness, rigidity and mechanical 

strength of keratin fibres.41,46,48,51 Finally, the CMC binds cortical cells, or 

cuticle-cortical cells, together.9 

1.1.1. Chemical interactions within the hair cortex 

Within the cortex, keratin filament α-helices are held together by a range of 

chemical interactions, including ionic forces, hydrogen bonds, Van der Waals 

forces, hydrophobic bonds (in the presence of water) and disulfide bonds 

(Figure 2b). These interactions depend on the availability of reactive groups 

associated with fibre structure. Hydrogen bonds, which are weak and easily 

broken by water, are the most frequent in hair and form interchain bonds 

between amide groups essential for α-keratin stability.7 Ionic bonds, which 

are held together by coulombic forces, form between acidic and basic side 

chains and are relatively stable in aqueous environments but highly 

susceptible to acids and alkalis.5 Hydrophobic interactions occur between 

non-polar groups along the keratin and Van der Waals forces are caused by 

a change in dipole in those non-polar groups.45 Disulfide bonds link two 

cysteine amino acids in spatial vicinity together, forming a bridge between 
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two chains (intermolecular) or two portions of the main chain (intramolecular) 

(Figure 1c). These bonds, which remain intact in the presence of water 

permitting the fibre to go back to its original shape, are the main target of 

permanent hair modifications, allowing α-keratin coils to be stretched when 

broken.7–9,45,46,49 The variety of these intra- and interchain interactions 

provide keratin with a high resistance to degradation.8  

Beyond the formation of disulfide bonds, other post-translational 

modifications occur in keratin, which can influence the development of 

keratin filaments.44 These include the formation of inter- and intrachain 

peptide bonds between lysine and glutamyl amino acid residues by 

transglutaminases, as well as phosphorylation, which affects keratin 

solubility and interaction with other proteins. Glycosylation, another post-

translational modification involving the linking of a sugar moiety to specific 

amino acid residues, has been shown to alter binding or signalling functions 

of keratin. Additional post-translational modifications include the deamination 

of keratin arginine into citrulline by peptidylarginine deiminase, resulting in 

keratin conformational changes.44 

1.1.2. Hair structural variations 

A range of factors, such as genetic variation, weathering, diet or cosmetic 

treatments, are associated with structural variations across hair fibres.7,45 

Hair fibre weathering occurs as a result of daily grooming practices and is 

accentuated upon hair chemical treatment. The removal of 18-MEA, for 

example, leads to increased inter-fibre friction and renders fibres hydrophilic 

and, therefore, prone to swelling, while cuticle degradation and cracks are 

also observed.9 Moreover, variations in hair fibres can be seen among ethnic 

groups.5 While African-type hair presents an elliptical cross-section diameter 

with variations along the length of the hair fibre, Asian-type hair has the 
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greatest diameter with circular geometry, and Caucasian hair lies in between. 

African hair is more susceptible to breakage and frizz due to the small angles 

of fibre waves, and in this way, Asian-type hair exhibits better mechanical 

properties than any other ethnic group. Differences in hair curvature have 

been related to the distribution profile of cortical cells, with fibres varying from 

straight to heavily crimped.5 Despite these differences, the amino acid 

composition of hair across ethnicities is remarkably uniform.5,9,45,46  

1.1.3. Hair reactivity 

Human hair keratin is made up of all 21 known amino acids in different 

proportions. An estimation of the percentage composition of each amino acid 

was elucidated by Qiu et al. (2020), amongst others (Table 1).21,52,53 Chao et 

al. (1979) estimated free sulfhydryl in human hair as approximately 14.8 x 

1017 or 2.46 µmol groups per gram of untreated hair, which was increased 

between 30 and 200 times upon permanent hair straightening treatment.54 

This confirmed disulfide bonds in hair keratin as targets for such treatments. 

However, hair reactivity is complex and depends not only on the presence of 

such reactive groups in the hair fibre but also on their availability, which is 

affected by fibre morphology and molecular structure.5,6  

Table 1. Amino acid composition of human hair from Qiu et al. (2020).21 

Amino Acid Human hair (% w/w) 

Alanine 5.2 

Glycine 6.6 

Isoleucine 3.1 

Leucine 7.1 

Proline 9.6 
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Valine 6.2 

Phenylalanine 1.9 

Tyrosine 1.2 

Aspartic acid 7.6 

Glutamic acid 11.6 

Arginine 4.9 

Histidine 1.1 

Lysine 3.0 

Serine 11.7 

Threonine 6.9 

Cysteine 10.0 

Methionine 2.5 

 

1.1.4. Hair penetration  

The penetration of hair by foreign molecules can occur via two main 

pathways: transcellular and intercellular diffusion.9 The former involves the 

penetration of highly crosslinked regions (epi-, exo- and endo-cuticle), while 

the latter requires passing through intercellular cement (CMC), bearing low-

sulfur and non-keratin proteins with high swelling potential. While the former 

may be favoured in the presence of pre-existing mechanical damage, 

penetration of the hair through the CMC is the main pathway for the delivery 

of actives into the hair cortex.9,46 Factors such as cuticle integrity, hair 

hydrophilicity and porosity affect the penetration of hair by allowing larger 

amounts of water absorption which as a result, swells and softens the hair 

by weakening hydrogen bonds and salt bridges.9,49,55,56 Malinauskyte et al. 

(2020), in agreement with work conducted by Cruz et al. (2017), reported the 

penetration of low-molecular keratin peptides (221 Da) and mid-molecular 
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weight (2,577 Da) compounds deep into the hair cortex while high-molecular-

weight compounds (over 75,000 Da) adsorbed onto the hair surface.48,57 Hair 

penetration and amino acid exposition may be increased using a range of 

methods, including incubation under alkaline conditions, common for 

permanent chemical hair straightening, at high temperature, or treatment 

with swelling agents like urea or ethanolamine or detergents like SDS or 

Tween20.58–62 These methods allow for the lifting of hair cuticles, commonly 

observed using Scanning Electron Microscopy (SEM), as well as the 

breaking of non-covalent bonds, loosening the fibre structure, increasing the 

availability of reactive groups and facilitating penetration into the hair 

cortex.30,57,63–65 Hair delipidation using a combination of methanol and 

chloroform has also been readily described in the literature for improved 

active agent access to the cortex.66–68 In the context of cosmetic treatments, 

specific formulations may be tailored to facilitate active agent penetration, for 

example, using a serum.48  

1.2. Current permanent hair straightening methods and 

alternatives 

While temporary moisture-sensitive hair opening and modifications may be 

achieved via keratin hydrogen bond breaking followed by mechanical 

straightening, keratin disulfide bonds are the main targets for permanent hair 

modifications.5,45 In this way, harsh chemical relaxers are commonly used as 

active agents, associated with severe health risks to the user and beyond. 

3,4,16–18,69,7,9–15  

1.2.1. Harsh chemical active agents  

1.2.1.1. Alkaline relaxers  

Alkaline relaxers and reducing agents are amongst the most popular 

chemical relaxers on the market.9 The former either contain sodium 
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hydroxide (“lye”) or “no-lye” active agents such as lithium hydroxide, calcium 

hydroxide or guanidine hydroxide. “No-lye” relaxers were shown the be less 

irritating to the scalp than their “lye” counterpart.70,71 High alkaline conditions 

(pH 9.0-14.0) lead to hair fibre swelling and damage associated with 

hydrogen bond breaking and electrostatic repulsion, which allows the 

penetration of hydroxyl ions into the hair fibres. 45,72 Upon contact with the 

cortex, hydroxyl ions then break disulfide bonds via sequential β-elimination 

and Michael addition leading to the formation of irreversible lanthionines 

(Figure 3).  

Approximately a third of disulfide bonds are in this way converted to 

lanthionine bonds, along with some peptide bond hydrolysis due to a lack of 

selectivity.5,73 No subsequent keratin crosslinking is necessary; however, a 

neutraliser may be used to return the hair to a neutral pH.74 Due to high 

alkalinity, poor selectively and hair fibre weakening as a result of disulfide 

bond breaking, this highly efficient one-step method has been associated 

with serious side effects such as scalp burns, cuticle damage, reduced fibre 

tensile strength and elasticity, as well as hair breakage and hair loss.3,4,16–

18,7,9–15  

Figure 3. Lanthionisation of hair keratin using sodium hydroxide.  

 

1.2.1.2. Reducing agents 

Permanent hair straightening can also be performed using reducing agents, 

such as ammonium thioglycolate, which selectively reduce disulfide bonds 
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between cysteine amino acids to sulfhydryl groups under alkaline conditions 

(Figure 4).63 The hair fibre is then mechanically straightened before re-

oxidation using hydrogen peroxide or sodium bromate.45,74 This step may not 

be necessary in the case of high-temperature mechanical straightening due 

to a process called keratin “super-contraction”, where α-helices turn into β-

sheets (α-β phase transition) during which hydrogen bonds are reformed.9 

Supercontraction indeed occurs under tensile loading via the progressive 

unravelling of the α-helical coiled-coil domains and the refolding of the 

stretched α-helices into β-sheets.43,75 In the case of reducing agents for 

permanent hair straightening, no lanthionine is formed, and around 90% of 

the hair cystine content is retained.9 

  

 

Figure 4. Reduction of disulfide bond by ammonium thioglycolate, where ammonia helps 

with hair swelling and thioglycolate deprotonation. 

Chao et al. (1979) interestingly noted that while more sulfhydryl groups are 

found in the cuticle than in the cortex of virgin hair, thioglycolate distribution 
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and alkaline relaxation were respectively associated with similar amounts of 

sulfhydryl in hair cuticle and cortex, or with more sulfhydryl in the cortex.54 

These observations suggest that both methods are associated with active 

agent penetration within the hair cortex, especially in the case of alkaline 

relaxation. Overall, hydroxide-based lanthionisation, thio-based reduction, as 

well as oxidation methods are associated with permanent damage and 

weakening of hair due to cystine content alterations and peptide bond 

hydrolysis.3,4,16–18,63,69,7,9–15  

1.2.1.3. Crosslinkers 

Formaldehyde, and more recently glutaraldehyde, have also commonly been 

used for permanent hair straightening, despite being banned due to their high 

toxicity, carcinogenicity, and being associated with allergic reactions of the 

skin, eyes and lungs.5,18,45,63,76–79 These chemicals operate via a very different 

mechanism, where water initially breaks keratin hydrogen bonds. 

Formaldehyde then forms crosslinks between side chains of keratin amino 

acids, such as the amino groups of lysine, arginine, glutamine and 

asparagine, via the formation of a methylene bridge (Figure 5).9,80,81  

 

Figure 5. Reaction scheme of formaldehyde with keratin protein.81 

Formaldehyde releasers, such as glyoxylic acid (GA), which release 

formaldehyde when subjected to high temperatures, have also been 

utilised.71,82 Glyoxylic acid, which remains highly reactive and toxic, 

penetrates through hair cuticles and acts on hydrogen bonds and tyrosine 

amino acids of the cortex, forming a polymerised structure in the hair fibre 

associated with permanent hair straightening.5,9,71,83 GA-derivatives, such as 
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glyoxyloyl carbocysteine, have also been used, where carbocysteine is 

formed via the reaction of cysteine and acetic acid. Glyoxyloyl carbocysteine 

has a pH nearer to human hair and scalp and is, therefore, less damaging 

than other treatments; however, its straightening effect is not as high.71,84,85  

Overall, chemical procedures for permanent hair straightening are 

associated with serious health hazards and severe hair fibre weakening due 

to cuticle damage and fibre structural distortion.45 Considering permanent 

hair straightening treatments need to be repeated every 4-6 weeks as a 

result of natural growth, their safety is of particular importance.5 While hair 

damage can be minimised with correct product usage, there is a clear need 

for the development of milder and safer alternatives.45,48  

1.2.2. The emergence of milder alternatives 

In an attempt to move away from toxic and environmentally hazardous active 

agents, safer chemicals such as cysteine and citric acid (obtained from 

sustainable sources and commonly used in the food industry) have been 

studied as candidates for permanent hair straightening.59,86 The 

effectiveness of cysteine towards the reduction of disulfide bonds in hair 

keratin was demonstrated in the presence of urea for hair fibre swelling to 

account for cysteine’s poorer penetration into the hair cortex than thioglycolic 

acid.59,87 Moreover, citric acid was efficient in crosslinking keratin, restoring 

the mechanical robustness of hair.59,86 The combined use of blue light-

irradiated riboflavin phosphate, citric acid and polyols for thiol generation, 

keratin crosslinking and keratin extension was described by Kim et al. (2022) 

as an eco-friendly hair setting method associated with reduced hair damage 

compared to commercial treatments.88–90 Cysteine-containing keratin 

peptides have also been described in the literature as hair straightening 

modulators with improved elasticity and tensile strength.48,57,91 The use of 
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oxidised-sucrose for hair crosslinking was demonstrated by Patil et al. 

(2022); however the straightening effect only lasted up to 4 shampoo 

cycles.63 Moreover, Pereira-Silva et al. (2022), amongst others, investigated 

the use of nanomaterials in hair care and treatment to improve the 

performance of active agents in formulations.51,92 

The development of biotechnology, which exploits cellular and biomolecular 

processes of living organisms, has led to a rise in biotechnologically-derived 

compounds used in cosmetic formulations.93 Beside their interesting skin and 

hair care functions, these active agents also offer biocompatibility, eco-

friendly nature, versatile activity, and good performance.19,20 Perhaps the 

most well-known example is the use of Clostridium botulinum-synthesised 

botulinum neurotoxins (botox) for its paralysing properties, currently 

exploited to treat a range of serious pathological conditions such as cervical 

dystonia, strabismus and, more recently, to reduce facial wrinkles.89,90 The 

use of isolated enzymes, which offer faster scale-up, more reaction 

specificity, and easier storage and transport than whole microorganisms, has 

also been investigated.30,94 One example is the use of proteases in skin 

creams to smoothen the skin by peeling off dead or damaged skin.95,96 

The chemistry involved in permanent hair straightening, namely disulfide 

bond reduction and crosslink formation, is naturally prevalent amongst 

enzymes. The development of an enzymatic route for hair straightening, 

therefore, appears to be a fertile area of research. While the main body of 

research on enzymatic activities towards keratin has been aimed at its 

degradation, or keratinolysis, enzymes with the ability to reduce disulfide 

bonds or crosslink folded proteins have been readily characterised.   
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1.3. Enzymatic modifications of keratin 

Keratin, in the form of feathers, nails, hair, horns etc., is abundantly available 

in nature as waste. As an example, millions of tons of feathers are generated 

worldwide annually as by-products of the poultry industry.97,98 Significant 

effort has thus been directed towards the valorisation of keratin waste in 

areas ranging from animal feed to compostable packaging.60,72,99–102 In this 

way, a range of methods have been developed for keratin hydrolysis and 

solubilisation; however, the highly crosslinked nature of keratin makes its 

dissolution challenging and necessitates harsh and toxic 

conditions.72,91,108,109,99–101,103–107  

1.3.1. Chemical methods towards keratin solubilisation 

One of the most common chemical methods for keratin extraction is the 

Shindai method, which involves incubation with 2-mercaptoethanol (2-ME), 

urea and thiourea, and allows for a high degree of keratin isolation while 

limiting peptide bond hydrolysis.91,99,103,108,110 Alkali extraction using sodium 

hydroxide has also been extensively explored.72,100,103,104 Both acid and alkali 

hydrolyses allow for high degrees of keratin isolation associated with 

significant peptide bond hydrolysis and protein fragmentation.99 While the 

former leads to the loss of certain amino acids (e.g. methionine, histidine), 

the latter is associated with higher protein yield but stronger fragmentation, 

resulting in lower molecular weight protein fractions.99,111 With the aim of 

moving away from these harsh conditions associated with severe keratin 

degradation and environmental pollution, the use of ionic liquids (ILs) as 

highly tunable green solvents (low flammability, lack of vaporisation) has 

been explored for keratin extraction.100,101,112–117 The combined effect of 

anions and cations in ionic liquids indeed allows for the breaking of covalent 

and non-covalent interactions in keratin.117 Zhang et al. (2017) reported that 
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a minimum of 65% of disulfide bonds in keratin must be cleaved as a 

requirement for solubilisation in ionic liquids.106 According to the authors, 

anions in ionic liquids, in particular acetate and chloride, are responsible for 

disulfide bond reduction in keratin, while cations are associated with 

hydrogen bond formation.100,106,117,118 Imidazolium-based acetate ionic 

liquids, such as [EMIM]OAc and [BMIM]OAc (Figure 6), were associated with 

the highest disulfide bond percentage breakage (>92%).106,119 [BMIM]Cl also 

led to total wool keratin dissolution, with a disulfide bond breakage of 67.5%, 

while [BMIM]Br broke only 29% of wool keratin disulfide bonds and led to 

partial dissolution after 30 minutes.106 

        

Figure 6. Chemical structures of (a.) 1-Ethyl-3-methylimidazolium acetate ([EMIM]OAc) 
and (b.) 1-Butyl-3-methylimidazolium acetate ([BMIM]OAc). 

Microbial degradation has also gained increasing attention over the years as 

an environmentally-friendly alternative to waste management associated 

with the production of high-value products.29,31,98 While most research on 

microbial keratin degradation has been done with whole keratinolytic 

microorganisms, the use of isolated enzymes presents many advantages, 

including faster scale-up, more reaction specificity, and easier storage and 

transport.30 

 

1.3.2. Microbial keratin degradation mechanism 

A range of microorganisms with keratin-decomposing ability, mostly isolated 

from feather keratin waste heaps, have been identified, including Bacillus 

subtilis, Streptomyces spp and Bacillus licheniformis.25,26,29–31,97,98,120 As an 

a. b. 
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example, the latter demonstrated complete feather degradation within 24 

hours at pH 7.5, making microbial keratinolysis a relatively slow process with 

potential for improvement via enzyme engineering.121,122 While the exact 

mechanism by which microorganisms degrade keratin remains unclear, the 

secretion of extracellular enzymes, keratinases (EC 3.4.21) with concurrent 

keratin structure opening via disulfide bond reduction is generally accepted 

(Figure 7).21,30,98,123–126 Qiu et al. (2020) reported the sequential activities of 

endo-, exo- and oligo- keratinases following disulfide bond reduction, where 

the enzymes respectively degrade keratin, cleave peptide chains from both 

ends and finally release amino acids or shorter peptides.21 

 

Figure 7. Potential steps towards keratin degradation, with disulfide bond reduction and 
sequential hydrolyses by keratinases.  

 

1.3.3. Keratinases (EC.3.4.21) 

Keratinases are extracellular enzymes belonging to the family of serine 

proteases, which catalyse the hydrolysis of peptide bonds via an aspartic 

acid, histidine, and serine catalytic triad at the active site. The histidine, which 

is brought into the correct orientation by aspartic acid and plays the role of 

both electron donor and acceptor, activates the serine via hydrogen 

transfer.21 Upon binding of the substrate to the surface of the protease, the 
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serine performs a nucleophilic attack at the carbonyl carbon of the substrate 

peptide bond (Figure 8).21 The covalent enzyme-substrate complex formed 

in this way is then hydrolysed, resulting in a cleaved peptide bond and 

regenerated enzyme.127  

 

Figure 8. Peptide bond hydrolysis mechanism by serine proteases. 

Keratinases are predominantly extracellular enzymes, ranging between 18 

and 200 kDa with pH and temperature optima of 7.5-9 and 40-100 °C, 

respectively.33,128–132 These enzymes are known to catalyse the hydrolysis 

(mostly endo-) of recalcitrant keratin substrates, which are of great value 

towards a range of industrial applications, including animal feed production 

and leather dehairing.25,27,136,137,28,31,121,122,128,133–135 However, the exact 

mechanism behind enzymatic keratin degradation remains unclear, which 

has affected the development of industrial keratinase formulations.30 While 

keratinolysis is believed to involve two steps: sulfitolysis and proteolysis 

(Figure 5), keratinases do not have disulfide bond-reducing activity, which 

was confirmed by Ellman’s assay.21,26,30,98,120,126,138  

Keratinase (KerA) from Bacillus licheniformis was the first keratinase to be 

purified and characterised. The nucleotide sequence of the gene encoding 

for KerA (kerA) was determined and disclosed by Lin et al. (1995).31 The 

enzyme was later cloned, expressed in E. coli and assayed by Xu et al. 

(2013).135,139 The keratinolytic activity of keratinases from a range of 
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microorganisms has been evaluated both in the absence and presence of 

concurrent disulfide bond reduction in the form of enzymes or reducing 

agents.25,26,142–146,30–32,97,98,139–141  While the mechanism behind keratinolysis 

is not fully elucidated, a lack of complete enzymatic keratin degradation was 

observed in the absence of concurrent disulfide bond reduction.30,33 

Enhanced keratinolytic activities were indeed observed with the addition of 

reducing agents, such as sodium thioglycolate and DTT, or disulfide bond 

reducing enzymes.26,30,33,98,120 Navone et al. (2018) assayed the keratinolytic 

activity of commercial keratinase KerA (as part of Bacillus licheniformis 

fermentation solubles) and concluded that the presence of reducing agents 

was essential for complete keratin degradation.21,30 The authors observed 

well-defined stages of hair keratin degradation using both keratinase and 

reducing agents via Scanning Electron Microscopy (SEM), i.e. lifting of the 

hair cuticle, complete cuticle removal and initial cortex damage, then fracture 

of the cortex, and in the presence of reducing agents, keratin fragmentation 

into an amorphous protein material (α-β phase transition).30 Navone et al. 

(2018) also mentioned enzymatic absorption to the substrate as a potential 

factor to keratin degradation.30,147 

Moreover, keratinases have been patented as active agents in a range of 

cosmetic treatments, including skin whitening, acne treatment as well as 

depilation.137,148–151 In addition, gentle but permanent hair relaxation and 

straightening has been described using KerA from Bacillus licheniformis, with 

peptide bond cleavage allowing the hair fibre to be relaxed and straightened 

with less damage than traditional straightening methods.122,152  

1.3.4. Keratin disulfide bond-reducing enzymes 

Several hypotheses have emerged towards the path via which disulfide bond 

reduction occurs in keratin-degrading microorganisms, including the 
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secretion of sulfite through the process of cysteine metabolism.98. Another 

example involves reducing power generation by cell-bound redox reaction 

systems upon adherence to the surface of the keratin substrate and suggests 

that whole microorganisms are required for keratin degradation.98,133,153,154 

The concurrent secretion of extracellular disulfide bond reducing enzymes 

has also been suggested.25–27,98,120 

Yamamura et al. (2002) were the first to isolate and characterise a disulfide 

bond-reducing enzyme with respect to keratin degradation.26 The authors 

indeed identified two extracellular enzymes, protease D-1 and a disulfide 

reductase-like protein, from the keratin-degrading bacterium 

Stenotrophomonas sp. strain D-1, isolated from deer fur. The latter was 

found to be around 15 kDa, with an optimum pH and temperature of 7 and 

30 °C and an increased activity upon the addition of NADH as electron donor. 

The enzyme exhibited disulfide bond-reducing activity on resuspended 

human hair powder, as well as oxidised glutathione and cystine. The authors 

reported a homology of approximately 50% with a thioredoxin-like protein 

from Arabidopsis thaliana.26 A disulfide bond reductase from Bacillus sp. 

MTS, shown to greatly enhance chicken feather keratin solubilisation and 

exhibiting disulfide bond-reducing activity on oxidised glutathione, was also 

purified.120  

Moreover, Prakash et al. (2010) purified and secreted two extracellular 

enzymes from the keratin-degradation organism Bacillus halodurans PPKS2, 

one of which showed significant keratin disulfide bond-reducing activity, 

increased in the presence of NADH, using Ellman’s assay on soluble feather 

keratin and oxidised glutathione.24 The N-terminal sequence of this 30 kDa 

disulfide bond-reducing enzyme was determined and constitutes the only 

sequence available regarding an enzyme with disulfide bond reducing 



22 
 

activity on keratin. The sequence revealed high homology with protein 

disulfide reductases from a range of microorganisms, including Bacillus 

licheniformis. While the isolated disulfide bond reductase enzymes 

mentioned above are crucial for keratin degradation and have been shown 

to greatly enhance keratinase activities, no work has been conducted 

towards the effect of keratinases on enzymatic disulfide bond reduction.  

The potential role of γ-glutamyl transferases (GGT, E.C. 2.3.2.2.) in keratin 

degradation via indirect disulfide bond reduction has also been described in 

the literature.155–157 Г-glutamyl transferase enzymes are essential to 

maintaining cysteine levels in the body.158 They are located on the cell 

surface and are known to catalyse the hydrolysis of extracellular glutathione 

(GSH), via the breaking of the γ-glutamyl bond associated with the release 

of cysteinyl-glycine (Figure 9), a strong reductant with the ability to break 

disulfide bonds.155–158 The resulting γ-glutamyl-enzyme intermediate can 

then react with either water (hydrolysis) or an amino acid or dipeptide 

(transpeptidation).159,160 Threonine has been identified as the catalytic 

residue in E. coli GGT.161  

 

Figure 9. Enzymatic reaction of GTT (via threonine residue) with subsequent release of 
cysteinyl glycine. 
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It is believed that GGT-GSH plays a role in feather degradation sulfitolysis, 

using cysteinyl-glycine as the active redox moiety.156 In this way, GGT have 

been reported in several feather-degrading organisms, such as Bacillus 

subtilis, where both GGT and reductase enzymes were shown to provide 

reducing activities for keratin decomposition by the proteases.162 

1.4. Protein disulfide bond reduction 

In vivo, the formation and reduction of disulfide bonds is catalysed by 

specialised thiol-disulfide exchanging enzymes, known as protein disulfide 

oxidoreductases.163 These redox enzymes are involved in a range of 

intracellular processes, such as iron assimilation and redox sensing.164–167 

Protein disulfide oxidoreductases are highly selective for exposed disulfide 

bonds in folded proteins and are present in a variety of organisms.163–165,168,169  

A range of disulfide bond reductases have been identified and characterised, 

such as thioredoxin (Trx), glutaredoxin (Grx) and protein disulfide isomerase 

(PDI), typically differing by subunit molecular mass and substrate 

specificity.163,165,170,171 Thioredoxins and glutaredoxins catalyse disulfide 

bond reduction by transferring electrons from NADPH to the disulfide-

containing substrate via the thioredoxin and glutaredoxin systems, 

respectively, while protein disulfide isomerases catalyse the formation or 

rearrangement of disulfide bridges in the protein folding process.164,165,170,172 

While these enzymes are attractive catalysts for many industrial applications, 

such as the construction of biosensors and the degradation of environmental 

pollutants, they, however, rely on expensive cofactors like nicotinamide 

adenine dinucleotide phosphate (NADPH).94 Effective regeneration of 

cofactors is therefore critical to the economic viability of industrial-scale bio-

transformations using these enzymes. Sustainable methods of cofactor 
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regeneration include membrane entrapment and solid-attachment of 

cofactors.94 Membrane entrapment allows the use of free cofactors with great 

mobility and high activity but is compromised by small membrane pore size 

determined by the size of the cofactor. On the other hand, the use of solid-

phase cofactors, where the cofactors are physically entrapped or adsorbed, 

will lead to mass transfer-limited reaction kinetics. Chemical-entrapment via 

covalent bonding of the cofactor to solid supports allows for more open 

structures to minimise mass transfer resistance, but the chemical 

modification may significantly reduce the activity of the catalyst system 

(reaction-limited kinetic). In an attempt to combine the advantages of 

membrane entrapment and solid-attachment, Wang et al. (2005) designed 

the micro-capsulation of nanoparticle-attached cofactors.173 

1.4.1. The thioredoxin system 

The thioredoxin system is composed of thioredoxin (Trx), thioredoxin 

reductase (TrxR, E.C.1.8.1.9.) and NADPH, which constitute a thiol-

dependent redox system that can catalyse the reduction of disulfide 

bonds.165,167,172,174 Thioredoxins and thioredoxin reductases from a range of 

organisms, such as E. coli and Bacillus subtilis, have been expressed and 

characterised.84,98,183,184,175–182 Moreover, disulfide bond reduction by the 

thioredoxin system has been described for a variety of proteins, including 

insulin, fibrin, cyclophilin and coagulation factor VIII.185,186 E. coli thioredoxin 

was shown to reduce bovine insulin at least 10,000 times more rapidly than 

dithiothreitol at pH 7.186 Tan et al. (2010) also demonstrated the ability of the 

thioredoxin system from Saccharomyces cerevisiae to reduce oxidised 

glutathione, indicating the ability of thioredoxin systems to reduce 

intermolecular disulfide bonds.187 Furthermore, a thioredoxin-like protein was 

used to catalyse the treatment of hair with reduced chemical relaxer 
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amounts.152,188 The reduction of S-sulfocysteine to cysteine has also been 

described in the literature for thioredoxins from Salmonella typhimurium, as 

well as E. coli.189–191  

While thioredoxins can be reduced by photo-reduced ferredoxin via an iron-

sulfur ferredoxin-thioredoxin reductase system, they are generally reduced 

enzymatically via the thioredoxin reductase/NADPH pathway (Figure 

10).167,171  

 

Figure 10. Schematic representation of Bacillus subtilis thioredoxin system electron 
transfer mechanism, from NADPH to thioredoxin reductase (TrxR), and thioredoxin, resulting 

in substrate disulfide bond reduction. 

 

1.4.1.1. Thioredoxin and thioredoxin reductase characteristics  

Thioredoxins are small redox proteins present in all organisms and are 

involved in maintaining the redox status of sulfhydryl groups inside the cell, 

amongst other cellular functions.171,186,192 These proteins usually range 

between 9-12 kDa and share a common structural fold with glutaredoxins. 
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The “thioredoxin fold” usually consists of three-helices surrounding a central 

core of a four-stranded β-sheet (Figure 11), although additional α-helices or 

β-sheets can be observed in higher organisms, such as humans.193 

 

Figure 11. Thioredoxin fold structure of E. coli glutaredoxin 1, with the typical three α-
helices (yellow) surrounding a central core of a four-stranded β-sheet motif (blue) – the active 
cysteines are shown in red (PDB accession number: 1EGR). 

Thioredoxins and glutaredoxins also share a CXXC sequence motif at their 

active site (where C corresponds to cysteines and X to any other amino 

acids), most commonly CGPC and CPYC, respectively.194 The proline 

residue at the active site of thioredoxin and glutaredoxin, amongst 

neighbouring amino acids, is involved in the proteins’ redox and stability 

properties, affecting the pKa value of catalytic thiols.185,195 During the catalytic 

process, the two cysteines undergo reversible oxidation-reduction by 

shuttling between a dithiol and disulfide form.170  

Thioredoxin reductases are NADPH-dependent enzymes which play an 

important role in cell proliferation, with physiological effects comparable to 

dithiothreitol.98,196  These enzymes exist either as high molecular weight (55-

60 kDa) or low molecular weight (35-40 kDa) homo-dimers, with each subunit 

containing an FAD (flavin adenine dinucleotide) domain and a redox-active 

disulfide (Cys-Gly-Pro-Cys).178,197 Thioredoxin and glutathione reductases 

divergently evolved from the same ancestral nucleotide-binding protein and 

acquired their disulfide reductase activities independently, bearing catalytic 

disulfides at opposite sides of the flavin ring system.165,174,198,199 
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1.4.1.2. Electron transfer within the thioredoxin system  

Within the thioredoxin system, NADPH first transfers a hydride to the 

oxidised thioredoxin reductase flavin nitrogen (Figure 12a). This is followed 

by a nucleophilic attack of the reduced flavin on the thioredoxin reductase 

disulfide, resulting in the formation of a flavin-cysteine adduct. Thiol 

elimination from the adduct leads to an oxidised flavin-cysteine charge-

transfer complex, which then binds to thioredoxin and attacks its redox-active 

disulfide, forming a thioredoxin reductase-thioredoxin mixed disulfide (Figure 

12b).200 The mixed disulfide is then attacked by the thioredoxin reductase 

charge-transfer thiol, reforming the thioredoxin reductase disulfide and 

releasing the reduced thioredoxin.200,201  

Reduced thioredoxin can then, in turn, reduce substrate protein disulfides via 

its active site cysteines, following a dithiol mechanism (Figure 12c). The 

exposed thioredoxin N-terminal active site thiol has a low pKa value, allowing 

the initiation of a nucleophilic attack on one of the sulfur atoms of the disulfide 

target. This results in the formation of a covalently bound mixed disulfide 

intermediate. In a second step, the thioredoxin free C-terminal active site thiol 

reduces the mixed disulfide, yielding the reduced substrate and oxidised 

thioredoxin.193 Reduced thioredoxin is then regenerated via the thioredoxin 

reductase/NADPH system described above.172  
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Figure 12. Electron transfers involved in disulfide bond reduction by the thioredoxin 
system, (B-=basic amino acid, P=protein, TrxR=thioredoxin reductase & Trx= thioredoxin). a. 



29 
 

Formation of thioredoxin reductase charge-transfer complex via electron transfer between 
NADPH, and thioredoxin reductase flavin and disulfide. b. Reduction of thioredoxin disulfide 
via electron transfer from the TrxR charge-transfer complex. c. Substrate disulfide bond 

reduction via dithiol mechanism.  

When reduced, flavins in solution are known to react with molecular oxygen 

by electron transfer from the reduced flavin to O2.202 This leads to the 

formation of a superoxide anion and semiquinone radical pair, which produce 

hydroperoxide and eventually decompose into hydrogen peroxide and 

oxidised flavin (Figure 13). This reaction takes place slowly due to spin 

inversion being required for the reaction of reduced flavin, a singlet, with 

molecular oxygen, a triplet, to form singlet products (H2O2 and FADox).202  

 

Figure 13. Reaction between FAD and O2. a. Mechanism of reduced flavin reaction with molecular 
oxygen. b. Reduction of FAD by NADPH, with subsequent re-oxidation by molecular oxygen.  

In this way, the presence of oxygen in air may re-oxidise the reduced FAD in 

thioredoxin reductase, leading to cyclic NADPH consumption with no 

corresponding substrate disulfide bond reduction.174 

While the glutaredoxin system can be viewed as more sophisticated, being 

able to reduce both protein disulfides and GSH-mixed disulfides, the 

thioredoxin system functions as a broader-range disulfide reductant.165,172,203 

The absence of cross-reactivity between the two systems was demonstrated 

by Vlamis-Gardikas et al. (2002), where glutaredoxin 2 from E. coli did not 

appear as a substrate for the thioredoxin reductase enzyme of the same 

organism.172 Interestingly, thioredoxin reductase 1 from yeast was unable to 

reduce human or E. coli thioredoxin.174,178 Significant differences can indeed 
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be observed regarding enzymes from different organisms. For example, 

thioredoxin and thioredoxin reductase from Bacillus subtilis only share 47% 

and 38% identify with their counterparts from E. coli, respectively.  

1.4.2. Other protein disulfide bond-reducing enzymes 

1.4.2.1. The glutaredoxin system 

The glutaredoxin system consists of glutaredoxin (Grx), glutathione (GSH), 

glutathione reductase (GrxR, EC 1.8.1.7.) and NADPH (Figure 14). It is 

present in organisms that contain glutathione and is therefore lacking in 

Bacillus anthracis, Bacillus subtilis, and Mycobacterium tuberculosis, 

amongst others.98,171,204,205 The reduction of disulfide bonds by the 

glutaredoxin system has been described for a range of proteins, including 

insulin.206 Glutaredoxins are central in the response against oxidative stress 

as the biological activity of many proteins is modified by the formation of 

glutathione (GSH)-mixed disulfides.172,207  
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Figure 14. Schematic representation of E. coli glutaredoxin system electron transfer, 
from NADPH to glutathione reductase (GrxR), glutathione and glutaredoxin, resulting in 
substrate disulfide bond reduction. 

Compared to thioredoxins, a serine residue sometimes replaces one of the 

two cysteine residues within the glutaredoxin active site, with corresponding 

enzymes referred to as monothiol glutaredoxins.163,172 Glutathione 

reductases contain active cysteines, usually as a CXXXXC sequence motif, 

as well as a flavin domain, catalysing the reduction of glutathione disulfide 

(GSSG) to glutathione (GSH).208,209 
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Similarly to the thioredoxin system, an electron cascade occurs from NADPH 

to glutathione reductase FAD and then disulfide, which in turn reduces 

oxidised glutathione (GSSG).200 Reduced glutathione, which is protonated by 

the glutathione reductase active site histidine neighbouring the flavin ring, 

then reduces glutaredoxin, which can finally reduce disulfides in target 

proteins via the dithiol mechanism (Figures 15a-c).193,200,201,203,208 Oxidised 

glutaredoxin is then reduced nonenzymatically by reduced glutathione 

(GSH), which in turn is linked to the glutathione reductase/NADPH system 

(Figure 14).171,185,210 

 



33 
 

  

Figure 15. Electron transfers involved in disulfide bond reduction by the glutaredoxin 
system, (B-=basic amino acid, P=protein, GrxR=glutathione reductase, GSSG=oxidised 
glutathione, GSH=reduced glutathione & Grx=Glutaredoxin). a. Reduction of oxidised 
glutathione by glutathione reductase charge-transfer complex. b. Reduction of glutaredoxin 
by reduced glutathione. c. Substrate disulfide bond reduction via dithiol or monothiol 

mechanisms.  

Reduced glutaredoxin can also reduce glutathionylated proteins via the 

monothiol mechanism (Figure 15c), relying solely on the N-terminal active 

site Cys.193 In this reaction, glutaredoxins specifically interact with the GSH 

moiety of the GSH-mixed disulfide target, and not the protein substrate, due 

to the glutaredoxin affinity for GSH. This results in the formation of a covalent 

GSH-mixed intermediate and the release of the non-GSH moiety in its 

reduced form. The mixed intermediate is then reduced by a second GSH 

molecule, generating glutathione disulfide (GSSG). Finally, glutathione 

reductase regenerates GSH by reducing the GSSG.193 

1.4.2.2. Protein disulfide isomerase  

Protein disulfide isomerases (PDI, EC 5.3.4.1) are involved with the 

formation or rearrangement of disulfide bridges in cysteine-containing 

proteins during oxidative protein folding in the endoplasmic reticulum 

(ER).152,163,170,211 These 55 kDa enzymes catalyse disulfide formation 

(oxidation) as well as the rearrangement of incorrect disulfide pairings 

(isomerisation).211 Protein disulfide isomerases are characterised by two 

catalytic domains, each containing the thioredoxin fold and CXXC catalytic 

monothiol 
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domain, separated by two non-catalytic domains and a highly acidic 

extension at the C-terminus, bearing the motif for the localisation of the ER. 

ERO1 is a flavoenzyme that recycles PDIs back to the oxidised state by 

transferring reducing equivalents to molecular oxygen with formation of 

hydrogen peroxide.212,213 While PDI oxidase activity requires the reaction of 

an oxidised enzyme active site with a reduced substrate, the isomerase 

activity involves the attack of a reduced PDI active site on a substrate 

disulfide. Two mechanisms could then result in subsequent isomerisation. 

The first one involves the intermolecular reaction of the substrate cysteine 

with a different substrate disulfide, following which a substrate cysteine 

displaces PDI from the covalent complex and regenerates the enzyme. The 

second mechanism involves cycles of reducing substrate disulfides and re-

oxidising them in different orientations.211 The functional equivalent of PDI in 

prokaryote organisms is known as DsbA, a periplasmic, monomeric 

protein.171 

PDI enzymes have been shown to successfully restore mechanical and 

thermal properties in wool as well as bleached hair by promoting the covalent 

attachment of keratin-based cysteine-containing peptides to the bleached 

hair.91,152,214,215 Lundstrom et al. (1990) also demonstrated that calf liver PDI 

is a substrate for calf thymus thioredoxin reductase and catalyses NADPH-

dependent insulin disulfide reduction, however, thioredoxin remains a better 

disulfide reductase.216 

 

Overall, a wide range of protein disulfide reductases have to this day been 

expressed and characterised, with activities on a range of substrates, 

including insulin and oxidised glutathione. While disulfide bond-reducing 

enzymes have been identified in the context of microbial keratin degradation 
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with the potential to break disulfide bonds in feather keratin, these enzymes 

have not been characterised, and very little sequence information is 

available. The enzymatic disulfide bond reduction of keratin substrates, such 

as wool and human hair, has, however not been explored, to the best of our 

knowledge.  

1.5. Protein crosslinking 

The permanent setting of natural macromolecules for the modification of 

appearance and performance properties has been a topic of growing interest, 

especially in industries such as the textile (e.g. cotton, silk, wool etc.) and 

cosmetic (e.g. hair) industries.217 In the case of non-highly crosslinked 

proteins, such as casein, morphological modifications can be achieved solely 

using water via hydrogen bond and ionic linkage interruptions. On the other 

hand, highly crosslinked proteins, such as hair keratin, contain disulfide 

bonds which remain intact in water. The cleavage of those bonds is therefore 

required to make new permanent morphologies.59 The reformation of 

disulfide bonds or alternative crosslinking via amino acids beyond cysteines 

then allows for the permanent setting of new protein morphologies.59  

In the context of permanent hair straightening, keratin disulfide bond 

reduction by chemical relaxers is followed by hair fibre crosslinking, using 

chemicals such as hydrogen peroxide, aimed at setting the new hair 

conformations in place.218–220 With the aim of moving away from harsh 

chemicals, greener alternatives for hair crosslinking, such as citric acid, 

oxidised sucrose or cysteine-containing hair keratin peptides, have been 

described in the literature.48,59,63,88,91,108 Despite inducing the formation of 

active agent-keratin crosslinks rather than hair keratin-keratin bonds, these 

methods constitute promising alternatives for the permanent setting of hair. 

Moreover, the rise of biotechnology and natural crosslinking activities of 
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enzymes offers a range of new possibilities. The value of enzymes as 

crosslinking agents for the setting of macromolecules such as keratin is 

founded on a large body of research exploring the biocatalytic formation of 

covalent bonds in a highly selective, atom-efficient and biocompatible 

manner.34  

1.5.1. Protein crosslinking using enzymes 

Enzymes have evolved over time to catalyse covalent modifications of 

proteins essential to pro- and eukaryotic cells.35 Indeed, enzymes have 

natural crosslinking activities in vivo, involved in processes such as blood 

coagulation via fibrin crosslinking by Factor XIIIa, and skin-barrier formation, 

where keratin intermediate filaments, bound by filaggrin, are crosslinked by 

transglutaminases.221–223 Enzymatic protein modifications occur at the 

functional groups of amino acid side chains and either involve the formation 

of molecule-(e.g. cofactors or lipids)-substrate crosslinks or substrate-

substrate (intra- and intermolecular, e.g. disulfide bond formation) 

crosslinks.35  

Heck et al. (2012) distinguished two different types of enzymatic protein 

crosslinking.35 The first one involves the formation of a covalent substrate 

proteinyl-enzyme-thioester intermediate at the enzyme active site, followed 

by a nucleophilic attack by a substrate amine nucleophile releasing the 

bound substrate protein moiety from the enzyme (Figure 16). A range of 

enzymes are known to catalyse the formation of a new peptide bond between 

target molecules in this way, including sortases, peptidases and 

transglutaminases.35  
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Figure 16. Enzymatic protein crosslinking via proteinyl-enzyme-thioester formation. 

The second type of enzymatic crosslinking occurs via reactive species that 

are enzymatically generated. The resulting reactive species, such as 

quinones or radicals, may subsequently undergo chemical conversions to 

form protein crosslinks of various types. Only the first step of the mechanism, 

corresponding to the initial redox reaction with the primary substrate, is 

directly catalysed by the enzyme.35 Enzymes operating via this mechanism 

include laccases, peroxidases, tyrosinases and lysyl oxidases.  

1.5.2. Transglutaminases 

Transglutaminases (EC 2.3.2.13) are a large family of enzymes known to 

catalyse the intermolecular crosslinking of glutamine and lysine side chains 

in peptide and protein substrates.34,224 They are found in eukaryotes, archaea 

and bacteria and are responsible for a range of biological functions, including 

the formation of fibrin clots.34 While eukaryotic transglutaminases have a 

four-domain structure and rely on Ca2+, their prokaryotic counterparts exhibit 

a distinctive single-domain and are calcium-independent, allowing for more 

practicality of use.34,35  

Transglutaminases first catalyse the formation of a proteinyl-glutamyl-

thioester intermediate from the glutamine motif on a substrate side chain, 

facilitated by a cysteine, aspartate and histidine triad at the enzyme active 
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site.34,37,225 The lysine motif from another chain then performs a nucleophilic 

attack on the thioester carbonyl, generating a covalently crosslinked product 

(Figure 17).34 The number of proteins acting as glutamyl substrates for 

transglutaminases is, however, restricted, with both primary and three-

dimensional protein structures determining substrate compatibility.39,226 In 

this way, while transglutaminases have been shown to crosslink α-casein, an 

unstructured protein, no crosslinking occurred in the presence of structured 

proteins, such as β-lactoglobulin or BSA.227 In the absence of free amine 

groups, transglutaminases also catalyse deamidation reactions, where water 

acts as an acyl acceptor.37  

 

Figure 17. Transglutaminase-catalysed protein crosslinking via proteinyl-glutamyl-

thioester intermediate. a. Crosslinking formation between protein glutamyl and lysine chains 

by transglutaminase active site cysteine. b. Mechanism behind transglutaminase catalysis of 

protein crosslinking.  
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Transglutaminases are currently being used at scale in a range of industries, 

such as the food and dairy industry towards processed meat, cheese and 

yoghurt manufacturing.34,228–230 The use of microbial transglutaminases, 

which have optimum pH and temperature ranges of 6-7 and 40-50 °C and 

are approximately 38 kDa, has been reported towards wool manufacturing, 

where significant increases in wool strength and resistance to washes and 

bleaching were observed.34,37,40,107,230–232 Chen et al. (2021) also related the 

successful crosslinking of wool-extracted keratin on fabrics through a 

microbial transglutaminase treatment, while Cui et al. (2013) detected 

keratin-keratin crosslinking in wool-extracted keratin gels by treatment with 

transglutaminase from Streptoverticillium.107,233 Moreover, 

transglutaminases have been used to covalently graft amine-containing 

compounds to glutamine residues in keratins from skin, hair or nails.152,234  

1.5.3. Laccases 

Laccases (EC 1.10.3.2) are multicopper enzymes that have been discovered 

in fungi, plants and bacteria, with molecular weights ranging from 50 to 130 

kDa depending on the organism.235,236 These enzymes play key roles in the 

formation and degradation of lignin, with white-rot fungi (e.g. Trametes 

versicolor, optimum temperature and pH of 25 °C and 5) producing the most 

powerful laccases.227,237–239 Laccase have been regarded as a “green tool”, 

requiring oxygen as the only co-substrate and releasing water as only by-

product, and with many industrial application, such as juice stabilisation, 

bioactive coatings, bio-pulping in the paper industry or fibreboard preparation 

via wood fibre crosslinking to lignin.34,235–237,240–243  

Laccases catalyse single-electron abstractions from a wide range of 

substrates, including ortho and para-diphenols, methoxy-substituted 

phenols, aromatic amines and thiols (Figure 18a).235,236,244,245 The resulting 
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radicals may undergo subsequent coupling reactions, causing the formation 

of covalently linked products.35 The oxidation of four substrate molecules 

goes along with the concomitant reduction of one equivalent of dioxygen to 

water, the only by-product of the reaction.35,237,246 In proteins, exposed 

tyrosine side chains serve as the main substrate for oxidation by laccase, 

where the phenoxy radicals may spontaneously initiate non-enzymatic 

protein crosslinking mainly through the formation of iso-dityrosine bonds, as 

well as dityrosine and cysteine-tyrosine bonds (Figure 18b).227,235,247–249 

These bonds have been shown to be more prone to form in unstructured 

proteins, such as α-casein, than structured ones, potentially due to radical 

stabilisation taking place within globular proteins.227 Protein folding indeed 

constitutes one of the main determining factors towards the extent of protein 

crosslinking.235 Beyond tyrosine, tryptophan and cysteine, amongst others, 

have also been suggested as laccase substrates, however, laccase-

catalysed reactions with proteins at the residue level remain poorly 

understood.227,235,248–250   
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Figure 18. Laccase catalytic activity, with representation of multi-copper active site. a. 
General mechanism of laccase showing the oxidation of phenol substrates. b. Simplified 
formation of dityrosine and tyrosine-cysteine protein crosslinks from laccase-generated 
phenol radicals c. Laccase active site composed of three types of copper centres, where 
X=leucine, phenylalanine or methionine. 

Laccase catalytic sites contain four copper atoms per protein unit, organised 

into three different types of structure (Figure 15c).236,246,251 Due to its higher 

redox potential, type 1 copper is the substrate oxidation site. It is bound to 

two histidines and one cysteine residue, as well a fourth ligand, usually 

leucine or phenylalanine in fungal enzymes or methionine in bacteria, which 

influences the enzyme’s redox potential (more hydrophobic ligands are 

usually associated with higher redox potentials).252 Upon substrate oxidation, 

electrons are then transferred to Type 2 and 3 copper sites, which form the 

tri-nuclear cluster where molecular oxygen reduction occurs with subsequent 

release of water.236,251 Halides have been shown to inhibit laccases at the 

Type 2/3 copper sites through binding, prohibiting the reduction of oxygen to 

Cys 

 

 
Cys 
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water and subsequently causing a break in terminal electron 

acceptance.253,254 Moreover, positively charged amino acids, such as 

arginine, histidine and lysine, may induce favourable conformation changes 

in laccases via non-covalent interactions, leading to an enhancement in 

catalytic activity.255 

Laccases possess relatively low redox potentials (<0.8 V), which restricts 

their activity to low-redox-potential substrates.237,242 However, this limitation 

may be overcome by the inclusion of small-molecule compounds, known as 

mediators, which have the ability to enhance laccase activity by acting as 

“electron-shuttles” (Figure 19a-b).237,242,243 In such laccase/mediator 

systems, the mediator is first oxidised by the laccase.252 Resulting radicals 

are long-lived enough to then diffuse away from the enzymatic active site and 

can then, in turn, oxidise substrates that may not have otherwise entered the 

laccase active site due to large size, steric hindrance or high redox 

potential.237,242,252 In this way, mediators may increase the accessibility of the 

reactive amino acids, thus improving crosslinking processes.250 This may 

happen via different mechanisms, such as electron transfer (ET) and radical 

hydrogen atom transfer (HAT).238 Moreover, Mattinen et al. (2005) reported 

that reactive mediator radicals were produced preferentially by laccases over 

tyrosine-containing peptide radicals.256  While the use of mediators in 

industry has been limited by high cost and potential toxicity, the efficiency of 

laccase-mediator systems has been demonstrated towards the degradation 

of recalcitrant compounds.237 One of the most commonly used laccase 

mediator is ABTS (2,2’-azino-bis(3-ethylbenzothioazoline-6-sulfonic acid)), 

which was the first synthetic compound to allow the oxidation of non-phenolic 

lignin structures.237,243 ABTS gets oxidised by laccase into the cationic radical 

ABTS·+, stabilised by resonance (Figure 19c).238  Interestingly, Hilgers et al. 
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(2018) observed the covalent coupling of ABTS with phenolic lignin subunit 

radicals, with ABTS grafting onto the substrate blocking further 

polymerisation.238 Mediator-incorporation into the substrate protein structure 

has indeed been described in the literature, especially in structured proteins, 

such as β-lactoglobulin, often in trace amounts.227,247  

A range of naturally-occurring phenols related to the lignin polymer (e.g. 

vanillin and acetosyringone) have also been investigated as potential 

mediators, which most likely are the true mediators in nature for laccase-

catalysed lignin degradation.237,241,242 Compared to synthetic mediators, the 

free radical activity of natural mediators is low, reducing risks of attack on 

laccase groups, as well as dimerisation or polymerisation, especially in the 

case of p-substituted phenolics combined with two methoxy groups (e.g. 

acetosyringone).252,257 The efficiency of both vanillin and acetosyringone as 

laccase mediators has been reported in the literature.252,258,259  
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Figure 19. Role of mediators towards laccase catalysis. a. Laccase catalysis via direct 
oxidation. b. Laccase catalysis via mediator oxidation. c. Laccase oxidation of ABTS, 
acetosyringone and vanillin mediators into respective radicals.  

Laccases have been investigated towards the improvement of wool 

performances. As an example, laccase from Bacillus sp. has been studied in 

the presence of TEMPO for the grafting of chitosan onto wool surface.72,260 

Moreover, Li et al. (2021) reported the grafting of tyrosine onto human hair 

using laccase from Myceliophthora thermophila towards the setting of a 

mechanically-induced shape, however, the effect was lost upon 

washing.261,262  
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1.5.4. Tyrosinases 

Tyrosinases (EC 1.14.18.1) are di-copper enzymes found in both eukaryote 

and prokaryote organisms, with different physiological roles across 

organisms. These include the catalysis of the initial step of melanin formation 

from tyrosine in animals and fungi or the oxidation of phenolic groups in fruit 

involved in post-harvest browning.34 Mushroom tyrosinases (approx. 120 

kDa) are popular due to being commercially available and inexpensive, with 

optimum pH and temperature of 7 and 35 °C, respectively, and similar 

properties encountered across organisms.263,264 Following activation through 

oxygen binding, tyrosinases catalyse two distinct reactions. The diphenolase 

cycle involves the conversion of diphenols to o-quinones, while the 

monophenolase cycle involves the catalysis of mono-phenolic compounds or 

surface-exposed tyrosine side chains of proteins to ortho-diphenol 

intermediates, which are subsequently oxidised to ortho-quinones with 

concomitant reduction of molecular oxygen to water. Ortho-quinones may 

then spontaneously react, mainly via Michael 1,4-additions, with the side 

chains of lysine, tyrosine, histidine or cysteine residues to form covalent 

bonds (Figure 20).35 The reduced tyrosinase is then reactivated to its 

competent state via oxidation by molecular oxygen.34 
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Figure 20. Tyrosinase-catalysed protein crosslinking via ortho-diphenol and ortho-

quinone formation. a. Schematic representation of tyrosinase-catalysed protein crosslinking 

with two potential crosslinked products shown. b. Monophenolase phase of the 

tyrosinasecatalytic cycle via oxygen binding activation. 

Tyrosinase activities have potential uses in a range of applications, such as 

the processing of casein waste from the dairy industry or the strengthening 

of wool and silk in the textile industry by crosslinking of biopolymers such as 

collagen and elastin to the polymer substrate.34,265,266 Moreover, it has been 

shown that proteins with a high degree of complexity are not susceptible to 

crosslinking by tyrosinase.39 

 

Overall, laccases, tyrosinases and transglutaminase have been investigated 

towards the crosslinking of wool keratin, specifically the binding of 

compounds to keratin, aimed at increased tensile strength and performance. 

The only evidence of enzymatic keratin-keratin crosslinking was shown for 

microbial transglutaminases on protease or reducing agent-pre-treated wool 

keratin.107  The enzyme-catalysed formation of keratin-keratin crosslinks has, 

however, not been described in human hair.  
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1.5.5. Other protein crosslinking enzymes  

A range of protein crosslinking enzymes, beyond transglutaminases, 

laccases and tyrosinases, have also been identified, including sulfhydryl 

oxidases, sortases, peroxidases and lysyl oxidases. 

Sulfhydryl oxidases (EC 1.8.3.2.) catalyse the oxidation of free sulfhydryl 

groups in proteins to disulfides by using molecular oxygen as an electron 

acceptor and releasing hydrogen peroxide as a byproduct.267 These 

enzymes carry a CXXC motif with an FAD cofactor. Buried thiols in folded 

proteins are, however, unreactive to this enzyme family, a protein must first 

be denatured to insert disulfides.200,267,268  

Sortases (EC 3.4.22.70) are cysteine transpeptidases which catalyse the 

covalent attachment of surface proteins to the cell wall peptidoglycan. 

Sortase activity involves the cleavage of the peptide bond between threonine 

and glycine residues of the cell wall substrate, followed by a nucleophilic 

attack by the N-terminal glycine of the secondary substrate and the formation 

of an amide bond between the two substrates.34 These enzymes are highly 

specific to substrate proteins with LPXTG, NPQTN, LPXTA or LAXTG 

motifs.35,269  

Peroxidases (EC 1.11.1.7) catalyse the oxidation of tyrosine amongst other 

side chains in proteins, where the oxidation of two substrate molecules is 

accompanied by the reduction of hydrogen peroxide to water.34,35,237  

Lysyl oxidases (EC 1.4.3.13) initiate the crosslinking of collagen and elastin 

chains in eukaryotic extracellular matrices. These enzymes, which rely on a 

covalently bound lysine tyrosinyl quinone cofactor, oxidise the primary amine 

on accessible lysyl substrate side chains into aldehyde, which may then 

undergo subsequent reactions (aldol condensation or Schiff base).34,35 
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Moreover, a range of highly specific enzymes catalysing covalent bond 

formation in vivo have been identified, including cystathione synthases and 

lanthionine synthetase.   

Cystathione β-synthase (EC 4.2.1.22) and cystathione γ-synthase (EC 

2.5.1.48) are pyridoxal phosphate (PLP)-dependent enzymes involved in 

cysteine biosynthesis via the transsulfuration pathway.270 They catalyse the 

formation of cystathione from homocysteine and serine, or from cysteine and 

activated homoserine, respectively, with subsequent release of water.268,271  

These enzymes are also involved in hydrogen sulfide regeneration from 

cysteine.272 In the absence of thiol, cystathione γ-synthase catalyses γ-

elimination to form 2-oxobutanoate, succinate and ammonia.273 

Lanthionine synthetases are catalysts that achieve macrocyclisations and 

form lanthionines via dehydration at serine/threonine residues followed by 

intermolecular crosslinking of cysteine thiols by Michael addition.274  

Despite highly relevant activities in the context of permanent hair 

straightening, these enzymes may not appear as compatible active agents 

for a range of reasons, including the need for cofactor, the release of harsh 

by-products or the nature of substrates. Moreover, the potential for crosslink 

formation towards the permanent setting of natural macromolecules is not 

limited to thiol-thiol interactions.48,59,88,91,108  

 

Permanent hair straightening treatments are very popular, with the constant 

emergence of novel technologies and ever-growing customer demand. 

However, chemicals involved in hair straightening techniques are usually 

toxic and environmentally hazardous, highlighting the need for safer 

biocompatible methods. In this way, enzyme-catalysed reactions offer an 
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inherently ‘greener’ and biocompatible approach to disulfide bond reduction 

and crosslinking.34 This study explores the suitability of disulfide bond-

reducing enzymes, as well as crosslinking enzymes as permanent hair-

straightening active agents. 
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2.  Aims and objectives 

2.1. Overall aim 

Current treatments associated with permanent hair straightening rely on the 

use of harsh chemicals, such as sodium hydroxide, ammonium thioglycolate 

and formaldehyde. These active agents carry severe health risks beyond hair 

damage and loss, highlighting the need for milder methods. To this end, bio-

catalysis offers the potential of highly selective and environmentally friendly 

alternative processes. Considering that the chemistry involved in permanent 

hair straightening, i.e. disulfide bond reduction and crosslinking of folded 

proteins, is naturally prevalent in enzymes, their potential use as milder and 

biocompatible active agents is therefore of great interest. 

Due to the importance of disulfide-thiol exchanges in vivo, a range of protein 

disulfide-reducing enzymes have been identified and characterised, 

including thioredoxin and glutaredoxin systems, as well as protein disulfide 

isomerases. These enzymes have been shown to reduce disulfide bonds in 

a range of protein substrates, such as oxidised glutathione and insulin. 

Knowledge is, however, lacking regarding enzymatic keratin disulfide bond 

reduction. Indeed, the large body of research looking at enzymes with keratin 

as a potential substrate has been directed towards keratin degradation and 

hydrolysis, mainly by keratinases. While the mechanism behind microbial 

keratin degradation remains uncertain, it is generally accepted that 

concomitant disulfide bond reduction plays a crucial role. In whole 

microorganisms, this may take the form of a cell-bound redox system, the 

secretion of a soluble reducing substance like sulfite, mechanical pressure 

brought about by mycelium growth or the concomitant action of a disulfide 

bond-reducing enzyme. In this way, two disulfide bond-reducing enzymes 
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have been isolated from Bacillus and Stenotrophomonas species with known 

activities on feather keratin, with only one N-terminal sequence available. 

However, disulfide bond-reducing enzymes have to this day not been 

assayed on wool or human hair keratin. The effect of keratinase on 

enzymatic disulfide bond reduction has also not yet been explored.  

Moreover, enzymes are known to catalyse the formation of crosslinks in vivo 

in a range of substrates, such as casein and lignin. Many crosslinking 

enzymes have been identified and characterised, with some commonly used 

in industry towards a range of different applications such as yoghurt 

manufacturing or wool processing. The enzymatic formation of keratin-

keratin crosslinks in hair has, however, not been investigated to date. 

Therefore, identifying enzymes with potential disulfide bond-reducing and 

crosslinking activities that can accept keratin, and particularly human hair, as 

a substrate is of great interest and relevance. Their use as active agents for 

permanent hair straightening would offer a milder, biocompatible and highly 

selective alternative to harsh chemicals currently used on the market. 
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Figure 21. Hypothetical steps towards permanent enzymatic hair straightening via 

disulfide bond reduction and subsequent crosslinking. 

This study investigates the potential use of enzymes in permanent hair 

straightening. Enzymatic catalytic steps for permanent hair straightening are 

predicted to involve the breaking of keratin disulfide bonds between keratin 

fibres by a first enzyme, followed by mechanical hair straightening and the 

formation of keratin-keratin crosslinks by a second enzyme to set the new 

morphology (Figure 21). 

For the keratin disulfide bond reduction step, the thioredoxin system from 

Bacillus subtills, belonging to the family of disulfide bond reductases, will be 

investigated. Not only are Bacillus species popular bacterial workhorses 

among microbial enzyme producers, Bacillus subtilis is also known as a 



53 
 

keratin-degrading microorganism, where disulfide bond reduction is believed 

to play a crucial role. Moreover, Bacillus subtilis thioredoxin and thioredoxin 

reductase, which make up the thioredoxin system alongside an NADPH 

cofactor, have been expressed, purified and characterised with clear 

disulfide bond-reducing activities on folded proteins such as insulin. 

Keratinase from Bacillus licheniformis, an enzyme known to degrade chicken 

feather and hair keratin in the presence of reducing agents, will also be 

studied regarding its effect on the hair penetration and disulfide bond-

reducing activity of the thioredoxin system. The impact enzymatic disulfide 

bond reduction may have on the keratinolytic activity of keratinase will also 

be considered. 

A range of well-characterised protein crosslinking enzymes currently used in 

industry, including laccase from Trametes versicolor, tyrosinase from 

mushroom and microbial transglutaminase, will then be investigated towards 

the formation of intermolecular keratin-keratin crosslinks in hair. 

The selected enzyme candidates will either be expressed and purified or 

commercially sourced before being assayed for respective disulfide bond-

reducing and crosslinking activities on keratin. Solubilised wool will first be 

used as a soluble keratin substrate to avoid enzyme penetration issues 

associated with solid keratin substrates, before assaying enzymatic activities 

on solid hair. 

2.2. Objectives 

2.2.1. Enzymatic disulfide bond-reducing activities on keratin  

This objective is to investigate the potential of enzymes for catalysing 

disulfide bond reduction in keratin substrates, specifically human hair, as a 

first step towards permanent hair straightening. First, both thioredoxin and 
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thioredoxin reductase from Bacillus subtilis will be expressed in E. coli and 

purified by Immobilised Metal-Affinity Chromatography (IMAC). The 

enzymes will then be assessed alongside an NADPH cofactor using a range 

of spectrophotometric assays involving the reaction of 5,5’-dithiobis(2-

nitrobenzoic acid) (DTNB, Ellman’s reagent) with free thiols as well as 

NADPH consumption upon substrate disulfide bond reduction. Solubilised 

wool substrates will initially be used to facilitate enzymatic keratin penetration 

before moving to solid human hair. Hair keratin structure opening will be 

investigated using a range of methods such as fibre swelling, delipidation 

and hair grinding and solubilisation. Moreover, the effect of keratinase from 

Bacillus licheniformis on enzymatic keratin disulfide bond reduction will be 

evaluated. 

2.2.2. Formation of keratin-keratin crosslinks using enzymes 

This objective involves the evaluation of well-characterised crosslinking 

enzymes as potential active agents for the durable setting of mechanically 

straightened human hair. The commercially available laccase from Trametes 

versicolor, tyrosinase from mushroom and microbial transglutaminase will be 

assayed for potential intermolecular crosslinking activity on keratin 

substrates. The crosslinking of soluble keratin from wool will first be 

investigated using a range of assays, including sodium dodecyl-sulfate 

polyacrylamide gel electrophoresis (SDS PAGE) and Size-Exclusion 

chromatography (SEC). Solid-hair crosslinking will then be assayed via 

tensile strength analyses. 

Eventually, the suitability of selected disulfide bond-reducing and 

crosslinking enzymes as permanent hair-straightening active agents will be 

assessed.  
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3. Materials and methods 

3.1. Materials  

Media and buffers were prepared using deionised (dH2O) and milliQ water 

(mQH2O), respectively. distilled water. Chemicals were purchased from 

Merck, unless mentioned otherwise. Buffer pH was measured and adjusted 

using a pH electrode (HI1131, Hanna instruments). Cells and samples were 

incubated in New Brunswick Scientific Innova Incubator Shakers 

(Eppendorf). Plasmids were purified using the PureLink Quick Plasmid 

(Invitrogen) and QIAprep Spin (Qiagen) Miniprep Kits, according to the 

manufacturers’ instructions. Sanger sequencing was performed by Source 

Bioscience and by the University of Nottingham Medical school using T7 

promoter forward primer and T7 terminator reverse primer (Appendix Table 

3.1). 

SDS PAGE analyses. SDS PAGE analyses were performed using Pre-cast 

MiniProtean TGX 4-20% Sodium Dodecyl Sulphate Polyacrylamide Gel 

Electrophoresis (SDS PAGE) gels (BioRad) and run using a Mini-PROTEAN 

Tetra System (BioRad), and imaged using G:BOX Chmi XRQ gel doc system 

(Syngene). The following ladders were used: PageRuler™ Plus Unstained 

Protein Ladder 10-250 kDa (Thermofisher), 10-180 kDa PageRuler™ 

Prestained Protein Ladder (Thermofisher) and Precision Plus Prestained 

Protein Ladder 10-250 kDa (BioRad). 

3.1.1. Protein expression 

All biological experiments were conducted under aseptic conditions. All 

media and flasks were sanitised using a Prestige Classic 2100 benchtop 

autoclave (Medstore Medical), at operating temperatures and pressures of 

126°C and 1.4 bar. 



56 
 

The trxA and trxB genes from Bacillus subtilis strain 168 (UniProt accession 

numbers P14949, 309 bp & P80880, 948 bp) were synthesised by GeneWiz. 

The kerA gene from Bacillus licheniformis PWD-1 (GenBank A78160.1, 

1,457 bp) was synthesised by GeneArt (Invitrogen). BamHI, NdeI, SacI and 

XhoI restriction enzymes were purchased from ThermoFisher. Agarose gel 

analysis was conducted using 1Kb Plus DNA Ladder (Invitrogen) ladder. 

E. coli DH5α, BL21, BL21(DE3), Rosetta(DE3) and BL21(DE3)RIPL 

competent cells were purchased from Merck. pET21a(+) and pMP89b 

plasmids were purchased from AddGene and Novagen, respectively. Details 

regarding plasmids, primers and bacterial strains used in this study can be 

found in the appendix (Tables 3.1-3). Escherichia coli strains were grown in 

Lysogeny Broth Miller (LB, 25 g/L, ThermoFisher). Where needed, growth 

media was supplemented with kanamycin or carbenicillin (100 µg/mL). LB 

agar was purchased from ThermoFisher and made up with dH2O at LB and 

agar concentrations of 25 g/L and 12 g/L, respectively.  

Cultures were grown in Erlenmeyer flasks in a shaker, and cells were 

harvested using an Avanti J-26 XP centrifuge (Beckman Coulter) or a 5810R 

centrifuge (Eppendorf), and then stored at -80°C in a DW-86L828J freezer 

(Haier Biomedical). 

Sanger sequencing was performed by Source Bioscience and by the 

University of Nottingham Medical school, using T7 promoter forward primer 

and T7 terminator reverse primer. 

3.1.2. Protein purification 

Cells were lysed using a Model 120 Sonic Dismembrator (Fisher Scientific). 

Protein purification was performed with a HisTrap FF crude 1mL affinity 

column for protein purification (GE Healthcare) using an AKTA Fast Liquid 
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Protein Chromatography System purifier 10 (GE Healthcare). Purified 

enzyme fractions were dialysed using 14,000 Molecular Weight Cut-Off 

(MWCO) dialysis tubing cellulose membranes (Merck) and concentrated 

using Vivaspin® 50 (10,000 MWCO) centrifugal concentrators (Sartorius). 

Protein concentrations were measured both via the bicinchoninic acid (BCA) 

assay on a Fluostar OPTIMA plate reader (BMG Labtech) and via A280nm 

absorbance measurements acquired on a UV-2600 with a CPS-100 cell 

positioner (Shimadzu).  

3.1.3. Enzymatic assays  

Commercial keratinase (KerA) from Bacillus licheniformis (K4519, batches 

SLBT4138, SLCH6265 and SLCH6225), thioredoxin (Trx1) from Escherichia 

coli (T0910, batch #0000090758)), laccase (PoLac) from Pleurotus ostreatus 

(75117, batch #BCBH4411V), tyrosinase (Tyr) from mushroom (T3824 batch 

#SLCG8506) and microbial transglutaminase (Tg, SAE0159, batch 

#SLCH4794) were ordered from Merck. Laccases from Trametes versicolor 

(53739, Batch #1350185) was supplied by Honeywell. ABTS was purchased 

from VWR Life Science. Solid human hair and soluble wool keratin 

substrates KeratecTM IFP (batch #P13K2005) and KeratecTM ProSina (batch 

#21F19B111) were provided by Croda International. Azure-dyed sheep’s 

wool (keratin azure) was purchased from Merck. Where mentioned, samples 

were centrifuged using the MiniSpin plus centrifuge (Eppendorf, for volumes 

< 1.5 mL) or centrifuge 5810 R (Eppendorf, for volumes > 2mL).  

3.1.3.1. Enzymatic assays with soluble substrates 

Soluble keratin purification was performed using SnakeSkin 3.5K Molecular 

Weight Cut-Off (MWCO) Dialysis Tubing (Thermo Scientific) and Vivaspin® 

20 (3,000 MWCO) centrifugal concentrators (Sartorius Stedim Biotech). 
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Keratin concentrations were measured using BCA and Bradford assays on a 

Fluostar OPTIMA plate read (BMG Labtech). 

Enzymatic activities were analysed via ultraviolet-visible (UV-Vis) 

spectrophotometric absorbance measurements acquired on a UV-2600 with 

a CPS-100 cell positioner (Shimadzu). Quartz QS High Precision Cell 

cuvettes (10 mM light path, Hellma analytics) were used for absorbance 

measurements, unless otherwise specified. SDS PAGE, viscosity 

measurements using a strain-controlled Modular Compact Rheometer MCR-

301 (Anton Paar), Gel Permeation Chromatography (GPC) using an Agilent 

Infinity II stack equipped with a UV detector, RI detector, viscometer, light 

scatter detector and 2xOHGel Mixed M column and 5 µm OHGel guard 

column, and Size-Exclusion Chromatography (SEC) using a Superdex 200 

Increase 10/300 GL column with an AKTA Fast Liquid Protein 

Chromatography System purifier 10 (GE Healthcare) were used to analyse 

activities of crosslinking enzymes.  

3.1.3.2. Enzymatic assays with solid substrates  

Solid hair samples were analysed via Scanning Electron Microscopy using a 

gold sputter coater machine (Turbo Carbon Coater) and a FEI XL30 

Scanning Electron Microscope (Phillips). Tensile strength measurements 

were made using an Automated Crimper (AAs 1600, Dia-Stron) and a 

Miniature Tensile Tester (MTT680, Dia-Stron) Set Up complete with a Laser 

Micrometer (Mitutoyo LSM-6200) housed in a closed chamber with humidity 

control. 
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3.2. Gene cloning and protein expression 

3.2.1.  Thioredoxin (trxA) and thioredoxin reductase (trxB) from 

Bacillus subtilis 

The trxA and trxB genes from Bacillus subtilis strain 168 (UniProt accession 

numbers P14949 & P80880) were codon-optimised for expression in E. coli 

and synthesised in a generic high copy plasmid (pUC-GW-Kan). The same 

plasmid was used for both genes, which were flanked by NdeI and XhoI 

restriction sites and were combined via a 9 bp base linker (Appendix Figure 

3.1).  

3.2.1.1. Preparation of pET21a::trxA & pET21a::trxB plasmids 

pUC::trxA::trxB digestion. DNA fragments containing trxA and trxB genes 

from Bacillus subtilis were isolated by digestion of the pUC::trxA::trxB 

plasmid with NdeI and XhoI restriction enzymes. Samples (20 µL) were 

made-up on ice from 2 µL of FastDigest Green Buffer (ThermoFisher), 1 µL 

of NdeI and XhoI restriction enzymes, 3 µL of plasmid DNA and mQH2O. The 

samples were incubated at 37 °C for 1 h, followed by denaturation at 65 °C 

for 20 min. 

Agarose gel electrophoresis and extraction. trxA (309 bp) and trxB fragments 

(948 bp) were isolated and purified from the vector fragment (5.4 kbp) by 

agarose gel electrophoresis and gel extraction. DNA was loaded onto a 0.8% 

agarose (w/v) TAE (ThermoFisher) gel, containing 0.01% SYBERsafe 

(ThermoFisher): 5 µL of 1Kb Plus DNA Ladder (Invitrogen), and 12 µL of 

sample, made up of 2 µL of DNA, 2 µL of DNA Gel Loading Dye (6X, 

ThermoFisher) and 8 µL of dH2O. The gel was run for 35 min at 210 V and 

imaged under a UV source. The gel was run for 90 min at 90 V. Resulting 

bands were then excised using a scalpel. DNA was purified using the 
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Purelink Quick Gel Extraction Kit (Invitrogen) according to the manufacturer’s 

instructions and quantified by absorbance at 260 nm. 

trxA and trxB ligation into pET21a. trxA and trxB fragments were individually 

ligated into NdeI and XhoI digested pET21a plasmids using T4 DNA Ligase 

Reaction Buffer (NEB) and T4 DNA Ligase (NEB). Samples (20 µL) were 

made-up on ice from 2 µL of T4 DNA Ligase Reaction Buffer, 1 µL of T4 DNA 

Ligase, 2.6 µL of double-digested pET21a vector, 4 µL of double-digested 

trxA or trxB insert and dH2O. The ligation mix was then incubated at 16 °C 

overnight, followed by 10 minutes at 65 °C.  

DH5α transformation with pET21a::trxA and pET21a::trxb. DH5α cells were 

transformed with the pET21a::trxA or pET21a::trxB ligation mix – a no-insert 

negative control was included. Plasmid DNA (5 µL, 500 ng) was added to a 

20 µL aliquot of DH5α cells and the mixture was gently mixed. The E. coli 

mix was incubated on ice for 30 min prior to being heat-shocked for 60 s at 

42 °C. After a further 15 min incubation on ice, cells were harvested by 

centrifugation at 4,000 g for 5 mins. Supernatants were removed and pellets 

resuspended in LB medium (100 µL). The transformed cells were then 

incubated at 37 °C for 1 h at 250 rpm, before cells (50 µL) were plated on LB 

agar supplemented with carbenicillin (100 µg/mL). The plates were incubated 

overnight at 37 °C.  

pET21a::trxA and pET21a::trxb purification. Single colonies were used to 

inoculate LB medium (5 mL, supplemented with 100 µg/mL carbenicillin) 

overnight at 37 °C, 250 rpm. This was done for two colonies of each of 

pET21a::trxA and pET21a::trxb-transformed cells. pET21a::trxA & 

pET21a::trxb were then respectively isolated from culture by plasmid 

miniprep. Glycerol stocks were prepared from E. coli DH5α pET21a::trxA and 

pET21a::trxB colonies. Glycerol solution was made up from glycerol (50% 
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volume) and ddH2O (50% volume) and autoclaved. Single colony-inoculated 

LB-carbenicillin overnight preculture (0.5 mL) was mixed with glycerol 

solution (0.5 mL) into cryovials and stored at -80 °C. 

E. coli BL21(DE3) pET21a::trxA and E. coli BL21(DE3) pET21a::trxB 

construction. The pET21a::trxA and pET21a::trxB plasmids were 

transformed into E. coli BL21 (DE3) according to the manufacturer’s 

instructions. Single colonies were used to inoculate LB medium (5 mL, 

supplemented with 100 µg/mL carbenicillin) overnight at 37 °C, 250 rpm.  

pET21a::trxA & pET21a::trxB were then respectively isolated from culture by 

plasmid miniprep. Plasmid DNA was quantified by absorbance at 260 nm. 

Cloning success was investigated via Polymerase Chain Reaction (PCR) 

using primers SEQ27 and SEQ 28 (Appendix Table 3.1). 

Polymerase Chain Reaction. PCR samples were made-up on ice from 

pET21a::trxA and pET21a::trxB DNA (1 µL), 10 µM forward and reverse 

primers (2.5 µL), 5 x Q5 Reaction Buffer (10 µL), Q5 high-fidelity polymerase 

(0.5 µL), 10 mM dNTP (1 µL) and ddH2O up to 50 µL. The mixture was then 

placed into a thermocycler. The PCR cycling condition comprised of an initial 

step of 30 s at 95 °C, a second step of 30 cycles including 10 s at 95 °C, 30 

s at 60 °C and 95 s (extension time) at 65 °C, and a final extension step of 2 

mins at 65 °C. The PCR product was assessed via agarose gel analysis and 

purified by gel extraction. DNA was quantified by absorbance at 260 nm and 

sequence verifications of the gene inserts (trxA and trxB, respectively) were 

performed by Sanger Sequencing using T7 promoter forward primer and T7 

terminator reverse primer (Appendix Table 3.1) as the sequencing primers. 

For each PCR product (trxA and trxB), two 20 µL samples at 10 ng/µL 

concentrations were submitted, where each sample was used for both 

forward and reverse sequencing. 
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Glycerol stocks were prepared from E. coli BL21 (DE3) pET21a::trxA and 

pET21a::trxB colonies and stored at -80 °C. 

3.2.1.2. Thioredoxin and thioredoxin reductase expression  

Protein expressions were conducted as described by Parker et al. (2014).175 

pET21a::trxA and pET21a::trxB E. coli BL21 (DE3) transformed colonies 

were used to inoculate LB medium (15 mL, supplemented with100 µg/mL 

carbenicillin) overnight at 37 °C, 250 rpm. Starter cultures (500 µL) were then 

added to LB medium (50 mL, supplemented with 100 µg/mL carbenicillin, 

250 mL Shake flask). The 50 mL cultures were grown at 37 °C, 250 rpm until 

the optical density at 600 nm (OD600) reached 0.8. Samples (1 mL) were 

collected, centrifuged, and pelleted cells were stored at -20 °C as pre-

induction controls. At that point, protein expressions were induced by the 

addition of IPTG (0.2 mM) to the cultures, which were then incubated for a 

further 2 hours at 37 °C, 250 rpm. Samples (1 mL) were collected, 

centrifuged and pelleted cells were stored at -20 °C. Cells were then 

harvested by centrifugation at 5,000 g for 15 minutes at 4 °C, supernatants 

were discarded and pellets were stored at -20 °C. Pelleted cells were 

resuspended in 10 mL of lysis buffer (1 protease inhibitor tablet, 10 mg of 

lysozyme, 1 µL DNAse and 10 mL of 50 mM Tris HCl buffer, pH 7.5) and 

incubated and stirred on ice for 1 h. The cells were then homogenised by 

ultrasonic treatment (5 min, 30 s on, 30 s off, 35% amplitude). Total protein 

(lysate) samples (1 mL) were collected and stored at -20 °C. Centrifugation 

at 15,000 g for 25 min at 4 °C allowed for the separation of cell debris 

(insoluble cell fraction) from the cell-free extract. Cell-free extract 

(supernatant, soluble protein) samples (1 mL) of the supernatant were 

collected, centrifuged, and pelleted cells were stored at -20 °C.  
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SDS-PAGE analyses. Protein expression samples (pre-induction control, 

lysate, cell-free extract & insoluble (dissolved in urea (3.5 mL, 6M)) were 

analysed by SDS PAGE. Samples (1 mL) were dissolved in 50 mM Tris HCl 

buffer (1 mL), pH 7.5. These dissolved samples (20 µ) were mixed with 

Laemmli sample buffer (20 µL, 4% SDS, 20% glycerol, 10% 2-

mercaptoethanol, 0.004% bromophenol blue and 0.125 M Tris HCl (pH 6.8)) 

and denatured at 95 °C for 5 min. Protein ladder (5 µL) and samples (10 µL) 

were loaded onto pre-cast SDS PAGE gels and ran at 200 V, 400 mA for 35 

min, with Tris-Glycine-SDS running buffer (14.4 g/L glycine, 3 g/L Tris, 1 g/L 

SDS). Gels were stained with Coomassie overnight and destained (40% 

methanol, 10% acetic acid in mQH2O) overnight before being imaged.  

Lower induction and incubation temperatures (30 °C), reduced IPTG 

concentrations (0.1 mM) and longer incubation periods (from 2 hours to 

overnight) were also trialled for trxA and trxB expression. 

3.2.1.3. Thioredoxin and thioredoxin reductase purification 

Protein purification was conducted as described by Parker et al. (2014).175 

Cell-free extract samples were loaded on a 5 mL His-Trap FF Crude column 

and purified by IMAC. The column was washed with 5 column volumes of 

water and equilibrated with 5 column volumes of binding buffer (50 mM 

sodium phosphate, 300 mM NaCl, 10 mM imidazole, 5% (w/v) glycerol, pH 

7.6). The sample was injected using a 5 mL syringe, and the column was 

further washed with 3 column volumes of binding buffer (flow-through). 

Thioredoxin was eluted from the column on a 20-column volume 10-250 mM 

imidazole gradient, while thioredoxin reductase was eluted on a 20-column 

volume 10-1000 mM imidazole gradient. 

Fractions containing the purified protein were identified by SDS PAGE. 

These were then combined into a dialysis bag and dialysed overnight against 
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1 L of 50 mM Tris HCl, pH 7.5 buffer to remove imidazole. The dialysed 

fractions (approximately 15 mL) were then concentrated using Vivaspin® 

ultrafiltration centrifugal concentrators. The column was rinsed with 5 mL of 

50 mM Tris HCl buffer, pH 7.5 and centrifuged (4,000 g, 10 min at 10 °C). 

Sample (15 mL) was then loaded onto the column and centrifuged (4,000 g, 

10 min at 10 °C) until a desired concentration was achieved. Thioredoxin and 

thioredoxin reductase protein concentrations and expression yields were 

determined using 280 nm absorbance measurements and BCA assay, 

respectively, as suggested by Parker et al. (2014).  

A280 nm protein concentration determination. Thioredoxin (Ɛ280=12,615 M-1 

cm-1, as estimated using Expasy Prot Param)1 protein concentration was 

calculated from 280 nm absorbance as follows, using the Beer-Lambert law 

(A is the absorbance, Ɛ is the protein extinction coefficient (M-1cm-1), c is the 

concentration (M) and l is the pathlength (cm): 

𝐴280𝑛𝑚 = 𝜀𝑐𝑙 

Moreover, with a 1 cm path length cuvette, where Mw is in Daltons and protein 

concentration is in mg/mL:  

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝐴280𝑛𝑚

𝜀
× 𝑀𝑤 

BCA assay. Protein concentrations were determined using a standard curve 

of bovine serum albumin (BSA), over a concentration range 0 to 2.0 mg mL-

1. Pierce Rapid Gold BCA Working Reagent (10.2 mL, Thermoscientific) was 

prepared by mixing Rapid Gold BCA Reagent A (10 mL, Thermoscientific) 

with Rapid Gold BCA Reagent B (0.2 mL, Thermoscientific). Standards and 

samples (20 µL) were pipetted into a 96-well plate, in triplicates, and Working 

Reagent (200 µL) was added to each well. The plate was then shaken for 30 
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seconds before being incubated at room temperature for 5 minutes. 

Absorbances were then measured at 480 nm, and the average blank (20 µL 

of deionised water in 200 µL of Working Reagent) 480 nm absorbance 

measurement was subtracted from the those of standard and sample 

replicates. Absorbances of BSA standards were then used to generate a 

standard curve (Figure 22), from which protein concentration was estimated.  
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Figure 22. Example of BSA standard curve for BCA assay of purified thioredoxin 
reductase from Bacillus subtilis. 0-2.0 mg/mL BSA, triplicate measurements, line of best fit 

generated using GraphPad Pryzm, where y = 1.271x + 0.02125. 

Purified thioredoxin and thioredoxin reductase were then analysed via SDS 

PAGE analysis and 200-800 nm absorbance spectra recording.  

3.2.2. Keratinase from Bacillus licheniformis  

The kerA gene from Bacillus licheniformis PWD-1 (UniProt accession 

number Q53521) used in this study was codon-optimised for expression in 

E. coli and received in a generic high copy plasmid (pUC::kerA). BamHI and 

SacI restriction sites were inserted manually using SnapGene.  

3.2.2.1. Preparation of pMP89b::kerA plasmid 

pUC::kerA a and pMP89b plasmids were digested with BamHI and SacI 

restriction enzymes. Digestion success was assessed via agarose gel 

electrophoresis, while kerA (1.1 kbp) and pMP89b (3 kbp) fragments were 
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isolated and purified by gel extraction. The kerA fragment was then ligated 

into the digested pMP89b plasmid. E. coli DH5α cells were transformed with 

the pMP89b::kerA ligation mix (2 µL, 200 ng) – E. coli DH5α cells were also 

transformed with digested pMP89b and kerA as negative controls. Single 

colonies were then screened by colony PCR.  

Colony PCR. PCR samples (60 µL) were made-up on ice in from a ligation 

mix-transformed colony, 1.2 µL of 10 µM oligo-CF-F1 and oligo-CF-R1 

primers (Appendix Table 3.1), 3 µL of 100% DMSO (Sigma-Aldrich), 1.2 µL 

of 10 mM of deoxynucleotide (dNTP) Solution Mix (NEB), 12 µL of 5 x Q5 

Reaction Buffer (NEB), 0.2 µL of Taq DNA Polymerase (NEB) and 41.2 µL 

of dH2O. The PCR cycling condition comprised an initial step of 30 s at 94 

ºC, a second step of 35 cycles including 10 s at 94 ºC, 30 s at 54 ºC and 120 

s (extension time) at 72 ºC, and a final extension step of 10 min at 72 ºC. 

PCR products were analysed via agarose gel analysis.  

pMP89b::kerA purification and sequencing. A colony that was successfully 

transformed with pMP89b::kerA was used to inoculate LB medium (15 mL), 

supplemented with carbenicillin and cultured overnight at 37 °C, 180 rpm.  

pMP89b::kerA plasmid was then purified and sequenced. Plasmid DNA was 

quantified by absorbance at 260 nm.  

3.2.2.2. Keratinase expression  

E. coli BL21(DE3) pMP89b::kerA construction. pMP89b::kerA plasmid was 

transformed into E. coli BL21(DE3) cells according to the manufacturer’s 

instructions. A single colony was used to inoculate LB medium (15 mL, 

supplemented with carbenicillin), and this was cultured for 7 h at 37 °C, 180 

rpm before the cells were cryostocked (glycerol stocks). Transformation was 

verified via pMP89b::kerA purification, digestion followed by Sanger 

sequencing.  
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Keratinase expression. Protein expression was conducted as described by 

Hu et al. (2013).94 An E. coli BL21(DE3) pMP89b::kerA colony was used to 

inoculate LB medium (15 mL), supplemented with carbenicillin in a 50 mL 

sterile Falcon tube, and cultured for 16 h at 37 °C, 180 rpm. Starter culture 

(500 µL) was then added to LB medium (50 mL) supplemented with 

carbenicillin. The 50 mL culture was grown at 37 °C, 180 rpm until OD600 

reached 0.6. KerA expression (pre-, pro- and mature protein) was then 

induced by the addition of IPTG (1 mM) to the culture after it had reached an 

OD600 of 0.6. After another 4.5 hours of incubation, cells were harvested at 

8,000 g for 12 minutes at 4 °C. The pelleted cells were resuspended in 5 mL 

of lysis buffer (1/8th of a protease inhibitor tablet, 1.5 mg of lysozyme, 0.5 µL 

DNAse and 5 mL of 50 mM Tris HCl buffer, pH 7.5) and incubated on ice for 

1 h, with stirring. The cells were then homogenised by ultrasonic treatment 

(5 min, 59 s on, 59 s off, 35% amplitude) and centrifuged at 8,000 g for 15 

min at 4 ºC. Protein expression samples (pre-induction control, lysate, cell-

free extract and insoluble (dissolved in urea (3.5 ml, 6M)) were then analysed 

via SDS PAGE. Post-IPTG induction incubation temperature as well as cell 

growth media and lysis buffer composition were varied throughout this study.  

3.3. Enzymatic assays 

3.3.1. Enzyme preparation and storage  

Commercial keratinase (KerA, 32 kDa) from Bacillus licheniformis was 

received as a lyophilised powder and aliquoted as 76.9 units/mL1 (0.22 

mg/mL) in mQH2O. Thioredoxin (TrxA, 11.4 kDa) and thioredoxin reductase 

(TrxB, 34.5 kDa) from Bacillus subtilis were aliquoted at 15.27 U/mL2 (3.06 

mg/mL) and 0.80 mg/mL concentrations, respectively. Commercial 

 
1 Based on enzymatic activities specified by supplier for specific batch 
2 Based on enzymatic activity calculations performed in this study 
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thioredoxin from E. coli (Trx1, 11.7 kDa) was received as a lyophilised 

powder and aliquoted as 2.35 U/mL2 (0.5 mg/mL) in mQH2O. Laccases from 

Trametes versicolor (TvLac, 63 kDa) and Pleurotus oreatus (PoLac, 64 kDa) 

were stored at -20 °C as 1 mg/mL (3.41 U/mL2 and 2.94 U/mL2, respectively) 

aliquots in mQH2O for standard assays, and as 10 mg/mL (34.1 U/mL and 

29.4 U/mL,) aliquots in mQH2O for crosslinking treatments. Tyrosinase from 

mushroom (Tyr, 119.5 kDa) was received as lyophilised powder and 

aliquoted as 10.93 U/mL (1 mg/mL) in mQH2O. Microbial transglutaminase 

(Tg, 38.3 kDa) was received as a lyophilised powder and aliquoted 0.74 

U/mL2 (52.6 µg/mL) in mQH2O. All enzyme aliquots were stored at -20 °C. 

Unit definitions are given in Section 3.3.3. below. 

3.3.2.  Keratin substrate characterisation and pre-treatment 

3.3.2.1. Soluble keratin substrate  

3.3.2.1.1. Molecular weight distributions 

KeratecTM IFP and KeratecTM ProSina molecular weight distributions were 

evaluated by SDS PAGE and SEC.  

SDS PAGE analysis. KeratecTM IFP (20 µL of 6.5 mg/mL stock in deionised 

water) and KeratecTM ProSina (20 µL of 23.6 mg/mL stock in deionised water) 

were mixed with Laemmli sample buffer (20 µL) and incubated for 10 min at 

100 °C. Protein ladder (5 µL) and samples (10 µL) were then loaded onto a 

pre-cast SDSPAGE gels and run at 200V, 400 mA for 35 minutes with 

running buffer. Gels were stained with Coomassie overnight, and destained 

before being imaged. 

Size-Exclusion Chromatography. KeratecTM IFP (1 mL of 32.5 mg/mL stock 

in deionised water) was filtered through a 0.22 µm syringe filter (Starlab) and 

analysed by SEC using an AKTA Purifier liquid chromatography system. The 

chromatographic analyses were performed by injecting 500 µL of sample into 
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the Superdex 200 Increase 10/300 GL column. The chromatographic 

separations were performed in a refrigerated cabinet at 4.5 °C with 0.1 M 

Tris, and 150 mM NaCl (pH 8) as eluent, with a flow rate of 0.5 mL/min. The 

SEC profiles of the eluting proteins were determined with a UV-Vis detector 

linked to the SEC system and operating at 280 nm. Standard proteins of 

known molecular weights (Cytochrome c (12.4 kDa, 2 mg/mL), Carbonic 

Anhydrase (29 kDa, 3 mg/mL), Bovine Serum Albumin (66 kDa, 10 mg/mL), 

Alcohol dehydrogenase (150 kDa, 4 mg/mL), β-Amylase (200 kDa, 5 mg/mL) 

and Apoferritin (449 kDa, 10 mg/mL), stocks made in mQH2O) were also 

analysed by SEC to enable retention volume comparisons and evaluation of 

crosslinked protein sizes. For each sample, 1.5 mL fractions were collected, 

and relevant ones were further analysed by SDS PAGE. 

3.3.2.1.2. Peptide/protein contents 

Peptide and protein contents of KeratecTM IFP and KeratecTM ProSina were 

investigated using the BCA and Bradford assays. 

BCA assay. KeratecTM IFP (20 µL of 1 in 500-1000 dilutions of 6.5 mg/mL 

stock in deionised water) and BSA standards (20 µL) were pipetted into the 

plate alongside Working Reagent (200 µL). The plate was shaken, incubated 

at room temperature, and absorbances were then measured at 480 nm. 

KeratecTM IFP protein concentration was then estimated from the BSA 

standard curve.  

Bradford assay. Protein concentrations were determined using a standard 

curve of bovine serum albumin (BSA), over a concentration range 0 to 1.0 

mg/mL. Bradford reagent (300 µL, BioRad) was pipetted into a 96-well plate, 

followed by KeratecTM ProSina (10 µL of 1 in 2 dilution of 47.1 mg/mL stock 

in mQH2O) or standard (10 µL), in triplicates. The plate was mixed and 

incubated in the dark at room temperature for 1 h. The control (Bradford 
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reagent only), standard and protein samples were analysed at a wavelength 

of 595 nm. The measurements were normalised by subtraction of a blank 

(300 µL of Bradford reagent with either 10 µL of mQH2O (for standards) or 

10 µL of 50 mM Tris-HCl, pH 7.5 (for protein samples)). Absorbances of BSA 

standards were then used to generate a standard curve, from which 

KeratecTM ProSina concentrations were estimated.   

3.3.2.1.3. KeratecTM IFP thiol availability  

KeratecTM IFP thiol availability was measured using the Ellman’s assay.275  

Ellman’s assay. KeratecTM IFP (0.5 mL of 65 mg/mL stock, final conc. 3.25 

mg/mL) was incubated with DTT (20.8 mg/mL, 0.13 M) in Ellman’s buffer 

(100 mM Sodium Phosphate buffer with 1 mM EDTA buffer, pH 8) up to 10 

mL for 1 hour at 37 °C, 250 rpm. Untreated KeratecTM IFP was also 

investigated as a negative control. Following incubation, DTT was removed 

by two dialyses operations using 3 kDa MWCO dialysis tubes, each against 

1 L deionised water and performed overnight at room temperature. The 

number of dialysis cycles required to avoid DTT interference with the assay 

was evaluated by assaying the presence of DTT in the dialysis buffer for 

samples treated with a range of DTT concentrations (0-22.2 mg/mL in 

mQH2O). To assay the presence of thiols in the sample and dialysis buffer, 

DTNB (20 µL of 4 mg/mL stock, final concentration of 0.08 mg/mL, 0.20 µM) 

was added to DTT-treated KeratecTM IFP (980 µL of 3.25 mg/mL stock, final 

conc. 3.19 mg/mL) or dialysis buffer (980 µL) and the samples were 

incubated at 37°C for 15 minutes. Thiol release was then measured via 412 

nm absorbances. Samples were diluted where absorbances were too high 

(>2.5). The 412 nm absorbance of the final dialysis buffer was also measured 

to check for the successful removal of DTT. Thiol quantification was 

conducted using Beer Lambert’s law as follows (A is the absorbance, Ɛ is the 
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TNB2- extinction coefficient (13,6000 M-1cm-1 at pH 8), c is the concentration 

(mg/mmol) and l is the pathlength (cm). 

𝐴412𝑛𝑚 = 𝜀𝑐𝑙 

𝑐 =
𝐴412𝑛𝑚

𝜀𝑙
 

3.3.2.1.4. KeratecTM substrate dialysis 

To remove any impurities or additives from the substrates, KeratecTM IFP and 

KeratecTM ProSina were dialysed at a 3 kDA MWCO at room temperature. 

Prior to dialysis, substrate viscosity was lowered by performing a 2x dilution 

in deionised water (7.5 mL substrate for a 15 mL total volume). Diluted 

substrates (15 mL) were then pipetted into respective pre-soaked dialysis 

bags, which were placed in deionised water (2 L) to stir overnight at room 

temperature, followed by two buffer exchanges with 4 h and overnight 

stirring, respectively. Substrate volumes pre- and post-dialysis were 

recorded to account for any dialysis-related dilutions.  

Centrifugal buffer exchange by Vivaspin® 20 columns (3,000 MWCO) was 

also investigated for removal of impurities however, this method was 

hindered by the high viscosity associated with KeratecTM IFP and KeratecTM 

ProSina substrates. 

The effects of dialysis on KeratecTM substrates were analysed via SDS PAGE 

and SEC. 

3.3.2.2. Human hair substrate 

3.3.2.2.1. Hair thiol availability 

The thiol availability of human hair samples was measured using the 

Ellman’s assay, similarly to what was described above for KeratecTM IFP (see 

section 3.3.2.1.3.). In brief, human hair (20 mg/mL) was incubated with DTT 
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(20.8 mg/mL, 0.13 M) in Ellman’s buffer for 1 hour at 37 °C, 250 rpm. 

Untreated hair was also investigated. Following incubation, DTT was 

removed by five successive buffer rinsings (DTT-removal method assessed 

via Ellman’s assay and 1H-NMR) and substrates resuspended in buffer up to 

1 mL. DTNB (0.20 µM) was then added before further incubation at 37°C for 

15 minutes. Thiol release was then measured via 412 nm supernatant 

absorbances. 412 nm absorbances of final washes were also measured and 

subtracted from samples. Thiol quantification was then conducted using Beer 

Lambert’s law. 

3.3.2.2.2. Hair solubilisation 

Human hair (100 mg) was incubated in NaOH (8.8 mL of 10 M stock in 

deionised water) in an oil bath at 90 °C for 15 minutes until complete 

dissolution, as suggested by Sarmani et al. (1997).104 In the case of ionic 

liquid solubilisation, human hair (500 mg) was incubated in 1-Ethyl-3-

methylimidazolium ethyl sulphate (EMIM[ESO4]), 8 mL) in an oil bath at 120 

°C overnight, inspired by work conducted by Zhang et al. (2017).106 The 

compatibility of these solubilised hair substrates with enzymatic analyses 

were investigated via SDS PAGE and Ellman’s assay. 

3.3.2.2.3. Hair structure opening 

Human hair (0.03 g) was incubated overnight at 37 °C, 250 rpm, according 

to a range of treatment conditions. When pre-delipidated, hair was washed 

with an SDS solution (100 mL of 15% w/v stock in deionised water), before 

being thorough rinsed and incubated in a 1:1 chloroform:methanol solution 

(3 mL). Delipidated or non-delipidated hair was then incubated in solutions 

of urea (3 mL, 8 M solution in deionised water), Tween 20 (3 mL, 0.16 µM 

solution in deionised water), sodium bicarbonate (3 mL, 1 M in deionised 

water), 1-Ethyl-3-methylimidazolium ethyl sulphate ([EMIM]ESO4, 3 mL, 
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100% v/v), 1-Ethyl-3-methylimidazolium chloride ([EMIM]Cl, 3 mL, 10% v/v 

in deionised water), 1-Butyl-3-methylimidazolium chloride ([BMIM]Cl, 3 mL, 

6% v/v in deionised water) or 1-Butyl-3-methylimidazolium bromide 

([BMIM]Br, 3 mL, 6% v/v in deionised water), before thorough rinsing using 

deionised water, drying (60 °C, 72 h) and analysis via SEM. Non-delipidated 

hair was also incubated in Tris buffer, pH 7.5 overnight at 37 °C, 250 rpm as 

a control. A high-temperature hair sample, incubated overnight at 70 °C, 250 

rpm was also included in this analysis.  

Human hair (0.05 g) was also ground with a pestle and mortar into a powder 

using liquid nitrogen. 

Scanning Electron Microscopy. A minimum of 6 strands per condition were 

fixed on a stud and coated with a gold sputter coater machine to improve the 

quality of sample images.39 Sample images were then obtained under 

vacuum, using 10 kV accelerating voltage, 1,000-1,500x magnitude and a 

working distance of 13.5-23.5 mm. 

3.3.3. Protein disulfide bond reduction assays 

3.3.3.1. Insulin turbidity assay 

The ability of the thioredoxin system from E. coli or Bacillus subtilis to reduce 

insulin disulfide bonds was explored similarly to what has been described by 

Holmgren et al. (1979), Du et al. (2012) and Che et al. (2020).276–278 

Enzymatic disulfide bond reducing activity was initially assessed based on 

an insulin turbidity assay described by Holmgren et al.278 A reaction cocktail 

was prepared from 100 mM sodium phosphate buffer (7.56 mL), 100 mM 

EDTA stock in deionised water (0.24 mL) and insulin (1.20 mL of 10 mg/mL 

stock in 50 mM Tris buffer). Thioredoxin stocks were made 0.47 U/ml (0.1 

mg/mL) of Trx1 and 0.45 U/mL (0.09 mg/mL) of TrxA in mQH2O, while DTT 
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was prepared as a 100 mM stock in deionised water. Test, blank and control 

samples were then prepared as follows (Table 2). 

Table 2. Test, blank and control compositions for insulin turbidity assay of thioredoxins 

from Bacillus subtilis and E.coli. 

 

 
Test 

 
Blank 

 
Control 

 

 
Reaction cocktail 

 
0.75 mL 

 
0.75 mL 

 
0.75 mL 

 
Thioredoxin (Trx1/TrxA) 

 
0.08 mL 

 
X 

 
0.08 mL 

 
Deionised water 
 

 
0.16 mL 

 
0.24 mL 

 
0.17 mL 

DTT 0.01 mL 0.01 mL X 
 

Final concentrations in Test samples were as follows: 1 mg/mL insulin, 0.038 

U/ml (8 µg/mL) Trx1 or 0.040 U/mL (7 µg/mL) TrxA and 3 mM DTT.  

Another version of this assay was investigated where DTT was replaced by 

thioredoxin reductase from Bacillus subtilis and NADPH. Briefly, Test 

samples were made up of reaction cocktail (0.75 mL), thioredoxin (0.12 mL 

of 2.35 U/ml (0.5 mg/mL) stock of Trx1 or 20 µL of 15.27 U/mL (3.1 mg/mL) 

stock TrxA, final conc. 0.3 U/mL or 0.06 mg/), TrxB (0.04 mL of 0.80 mg/mL, 

final conc. 32 µg/mL) and NADPH (78.6 µg/mL, 105.6 µM) in deionised water 

(up to 1 mL). All samples and controls were then mixed by swirling and 

incubated at 25 °C while the increase in ∆A650nm was recorded every minute 

for up to 80 minutes.  

Thioredoxin specific activity (U/mg) was then calculated as follows, where 

one unit causes a ∆A650nm of 1.0 in 1 minute at 25 °C under conditions 

described in this assay: 

𝑈/𝑚𝑔 =  
(∆𝐴650𝑛𝑚/ min test - ∆𝐴650𝑛𝑚/ min blank) × 1 × df 

𝑚𝑔 𝑜𝑓 𝑡ℎ𝑖𝑜𝑟𝑒𝑑𝑜𝑥𝑖𝑛
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where df = dilution factor, 1 = total volume (in mL) of assay and mg = mg of 

thioredoxin. ∆A650nm/minute was calculated using the maximum linear rates 

for the test and blank samples.  

3.3.3.2. NADPH-based assay 

The reduction of substrate disulfide bonds was assayed by monitoring 

NADPH oxidation to NADP+ via 340 nm absorbance decrease.  NADPH 

degradation assays were conducted using a range of substrates.  

Disulfide bond reduction with insulin. The ability of the thioredoxin system 

from E. coli or Bacillus subtilis to reduce insulin disulfide bonds was further 

explored similarly to what has been described by Du et al. (2012) and Che 

et al. (2020).276,277 Insulin (91.8 µL of 10 mg/mL stock, final conc. 1.22 mg/mL 

or 213 µM), Trx1 (59.0 µL of 2.35 U/mL (0.5 mg/mL) stock, final concentration 

of 39.3 µg/mL or 0.18 U/mL) or TrxA (10.8 µL of 15.27 U/mL (3.1 mg/mL) 

stock, final conc. 44.6 µg/mL or 0.22 U/mL) and TrxB (104.9 µL of 0.80 

mg/mL stock, final conc. 111.9  µg/mL) were added to 0.50 mM Tris-HCl pH 

7.5, 1 mM EDTA, up to 7.5 mL. Absorbance at 340 nm was then recorded to 

be subtracted from absorbance measurements taken after NADPH addition. 

The reaction was then initiated by addition of NADPH (0.178 mg/mL or 0.213 

mM). The decrease in absorbance at 340 nm was then immediately 

monitored for up to one hour at 25 °C. Insulin only, no-insulin, no-enzyme, 

no-thioredoxin and no-NADPH controls were assessed, amongst others, 

where volume differences were adjusted using buffer. This experiment was 

also conducted with double the concentration of enzymes. 

Disulfide bond reduction with KeratecTM IFP. KeratecTM IFP (50 µL of 65 

mg/mL stock, final conc. 3.25 mg/mL) was incubated with  TrxA (22.6-45.2 

µL of 3.1 mg/mL stock, final conc. of 0.34-0.69 U/mL or 0.07-0.14 mg/mL) 

and TrxB (212.1-424.8 µL of 0.8 mg/mL stock, final conc. 0.17-0.34 mg/mL 



76 
 

for TrxB) were added to 0.50 mM Tris-HCl pH 7.5, 1 mM EDTA, up to 1 mL. 

The reaction was then initiated by addition of NADPH (10 µL of 16.7 mg/mL 

stock, final concentration of 0.167 mg/mL or 0.200 mM). This assay was also 

performed anaerobically, where the reaction cuvette containing KeratecTM 

IFP, thioredoxin and thioredoxin reductase was purged with argon before 

addition of NADPH and immediate 340 nm absorbance monitoring. The 

effect of Tween 20 (2-5% v/v), urea (5-10% w/v), [EMIM]ESO4 (0.5-10% v/v), 

increased incubation temperature (50 °C) as well as KerA (10 μL of 76.9 

units/mL (0.22 mg/mL) stock, final conc. of 0.77 U/mL or 2.2 µg/mL) addition 

was also evaluated on Bacillus subtilis thioredoxin system activity with 

KeratecTM IFP. Thiol release was calculated from final absorbances using 

Beer Lambert’s law as follows (A is the absorbance, Ɛ is the NADPH 

extinction coefficient (6,220 M-1cm-1), c is the concentration (mg/mmol) and l 

is the pathlength (cm): 

𝐴340𝑛𝑚 = 𝜀𝑐𝑙 

𝑐 =
𝐴340𝑛𝑚

𝜀𝑙
 

Disulfide bond reduction with hair. NADPH degradation was also monitored 

in this way using hair as the substrate. Solid hair (0.02 g/mL), NaOH- or 

[EMIM]ESO4-solubilised hair (0.02 g/mL eq.) or ground hair (0.02 mg/mL) 

was incubated with TrxA (45.2 µL of 15.27 U/mL (3.1 mg/mL) stock, final 

conc. 0.69 U/mL or 0.14 mg/mL) and TrxB (424.8 µL of 0.8 mg/mL stock, 

final conc. 0.34 mg/mL) in 0.50 mM Tris-HCl pH 7.5, 1 mM EDTA, up to 1 

mL. The reaction was then initiated by addition of NADPH (0.18 mg/mL or 

0.213 mM). The decrease in absorbance at 340 nm was then monitored by 

removing the hair from the cuvette prior to each measurement, for up to one 

hour at 25 °C. The effect of Tween 20 (0.5-5% v/v), urea (5-10% w/v), 
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[EMIM]ESO4 (0.5-10%), increased incubation temperature (50 °C) as well as 

pre-treatment (5 mins or overnight, followed by thorough rinsing) with KerA 

(10 μL of 76.9 units/mL (0.22 mg/mL) stock, final conc. of 0.77 U/mL or 2.2 

µg/mL) addition was also evaluated on Bacillus subtilis thioredoxin system 

activity on solid human hair. 

Disulfide bond reduction in keratin azure. Keratin azure (0.02 g/mL) was 

incubated with TrxA (45.2 µL of 15.27 U/mL (3.1 mg/mL) stock, final conc. 

0.69 U/mL or 0.14 mg/mL) and TrxB (424.8 µL of 0.8 mg/mL stock, final conc. 

0.34 mg/mL) in 0.50 mM Tris-HCl pH 7.5, 1 mM EDTA, up to 1 mL. The 

reaction was then initiated by addition of NADPH (0.18 mg/mL or 0.213 mM). 

The decrease in absorbance at 340 nm was then monitored by removing the 

hair from the cuvette prior to each measurement, for up to one hour at 25 °C. 

3.3.3.3. Ellman’s assay  

The enzymatic disulfide bond reduction of keratin substrates was also 

investigated via Ellman’s assay (previously described in section 3.3.2.1.3.).  

Reduction of KeratecTM IFP by the Bacillus subtilis thioredoxin system. 

KeratecTM IFP (50 µL of 65 mg/mL stock, final conc. 3.25 mg/mL) was 

incubated with TrxA (22.6-45.2 µL of 3.1 mg/mL stock, final conc. 0.34-0.69 

U/mL or 0.07-0.14 mg/mL), TrxB (212.4-424.8 µL of 0.8 mg/mL stock, final 

conc. 0.17-0.34 mg/mL) and NADPH (0.167 mg/mL or 0.200 mM) in Ellman’s 

buffer up to 1 mL for 1 hour at 37 °C, 250 rpm. A range of controls were 

included in this assay, where volume differences were accounted by adding 

buffer. Thiol release was then measured by incubation with DTNB (0.20 µM) 

and 412 nm absorbance recordings. Thiol quantification was conducted 

using Beer Lambert’s law (TNB2- extinction coefficient of 13,6000 M-1cm-1 at 

pH 8). 
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Reduction of human hair by the Bacillus subtilis thioredoxin system. Solid 

hair (8 mg/mL), ground hair (8 mg/mL, see section 3.3.2.2.3.), thoroughly 

rinsed pre-treated hair (10 mg/mL, see section 3.3.2.2.3.) or NaOH- and 

[EMIM]ESO4 solubilised hair (5 mg/mL, see section 3.3.2.2.2.) was incubated 

with Trx1 (240 µL of 2.35 U/mL (0.5 mg/mL) stock, final conc. 0.56 U/mL or 

0.12 mg/mL) or TrxA (45.2 µL of 15.27 U/mL (3.1 mg/mL stock), final conc. 

0.69 U/mL or 0.14 mg/mL), TrxB (424.8 µL of 0.8 mg/mL stock, final conc. 

0.34 mg/mL) and NADPH (0.18 mg/mL or 0.213 mM) in Ellman’s buffer up 

to 1 mL for 1 hour (or overnight in the case of pre-treated hair) at 37 °C, 250 

rpm. DTT was also investigated in this way for the regeneration of 

thioredoxin, based on the insulin turbidity assay (see section 3.3.3.1.).31,275,278 

Briefly, Trx1 (50 µL of 3.25 U/mL (0.5 mg/ml stock), final concentration of 

0.047 U/mL or 0.01 mg/mL) was added to hair (8 mg/mL), in the presence or 

absence of DTT (3 mM) in Ellman’s buffer up to 2.5 ml and incubated at 37°C, 

250 rpm for 15 min. Following incubation, samples were rinsed with five 

successive buffer rinsings (dialysed or Buchner filtered in the case of ground 

hair). Thiol release was then measured (in samples and final washes) by 

incubation with DTNB (0.20 µM) followed by 412 nm absorbance and 400-

500 nm spectra recordings. NaOH- and [EMIM]ESO4 solubilised hair (5 

mg/mL) were also investigated, however these substrates were not 

compatible with 412 nm absorbance measurements.  

Further Ellman’s assay investigations.  

The release of thiols associated with hair (8 mg/mL) and Keratin azure (4-8 

mg/mL) incubation with KerA (25-50 μL of 76.9 units/mL (0.22 mg/mL) stock, 

final conc. 0.77-1.54 units/mL or 2.2-4.4 µg/mL), in the presence or absence 

of reducing agents (2% w/v DTT (20.8 mg/mL, 0.13 M) or 5% w/v (49.7 

mg/mL) of sodium thioglycolate (0.44 M), glutathione (0.16 M), cysteine (0.41 
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M) or DTT (0.31 M)), was also investigated with Ellman’s assays (2.5 mL 

assays, 1-24 hour incubation at 37 °C, 250 rpm, buffer rinsings) 

The potential disulfide bond breaking activity of cysteinyl glycine, and 

therefore of γ-glutamyl-transpeptidase, on hair was also investigated. Briefly, 

hair (8 mg/mL) was incubated with DTT (0.385 mg/mL or 1 mM) or cysteinyl 

glycine (0.445 mg/mL or 1 mM) in Ellman’s buffer up to 2.5 mL for 1 hour at 

37 °C, 250 rpm, followed by buffer rinsings. Thiol release was then measured 

(in samples and final washes) by incubation with DTNB (0.20 µM) followed 

by 412 nm absorbance. 

3.3.4. Keratinolytic assays 

3.3.4.1. Casein assay 

Merck’s non-specific protease activity assay was used to evaluate 

keratinase’s proteolytic activity.279 Briefly, KerA (1 mL of 0.1-0.5 units/mL 

(0.29-1.43 µg/mL) stock in 10 mM sodium acetate buffer with 5 mM calcium 

acetate, pH 7.5 at 37 ºC, final conc. 0.01-0.05 units/mL or 0.03-0.14 µg/mL) 

was added to casein (5 mL of 6.5 mg/mL stock in 50 mM potassium 

phosphate buffer, pH 7.5, 37 ºC, final conc. 2.9 mg/mL) and incubated at 37 

°C for 10 minutes, before addition of TCA (5 mL of a 18.0 mg/mL solution in 

deionised water, final conc. 8.2 mg/mL). A blank was also prepared, where 

enzyme was added after TCA. A range of controls (no casein, no TCA, no-

enzyme etc.) were included, where deionised water was used to make up for 

volume differences. Samples and controls were then incubated for a further 

30 minutes before the addition of Na2CO3 (5 mL of 62 mg/mL stock solution 

in deionised water) and Folin-Ciocalteau reagent (1 mL of 500 mM stock in 

deionised water). Samples were mixed by swirling and incubated at 37 °C 

for a further 30 minutes, before 0.45 µm filtration. 660 nm absorbances were 

then recorded. A standard curve was also prepared from 0.005-0.050 
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µmol/mL (0.9-9.0 mg/mL) L-tyrosine (Figure 23). A line of best fit with a 

corresponding slope equation was then generated, allowing for enzyme 

activity calculations. 
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Figure 23. Casein assay standard curve. Plotted using 0.055-0.553 µmol L-tyrosine in 
ddH2O, Na2CO3 and F&C reagent, up to 11 mL. 

The enzymatic activity (units/mL) can then be calculated as follows, where 

the total volume of assay is 11 mL, the enzyme volume used is 1 mL, the 

time of assay is 10 min, and the cuvette (absorbance determination) volume 

is 1 mL: 

𝑈𝑛𝑖𝑡𝑠

𝑚𝐿
𝑒𝑛𝑧𝑦𝑚𝑒

=  
µ𝑚𝑜𝑙 𝑡𝑦𝑟𝑜𝑠𝑖𝑛𝑒 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡𝑠 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 × 𝑡𝑜𝑡𝑎𝑙 𝑎𝑠𝑠𝑎𝑦 𝑣𝑜𝑙𝑢𝑚𝑒

𝐸𝑛𝑧𝑦𝑚𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 × 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑎𝑠𝑠𝑎𝑦 × 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
 

=
µ𝑚𝑜𝑙 𝑡𝑦𝑟𝑜𝑠𝑖𝑛𝑒 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡𝑠 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 × 11

1 × 10 × 1

=
µ𝑚𝑜𝑙 𝑡𝑦𝑟𝑜𝑠𝑖𝑛𝑒 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡𝑠 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 × 11

10
 

One unit of protease activity will hydrolyse casein to produce colour 

equivalent to 1 µmole (181 µg) of tyrosine per minute at pH 7.5 at 37°C.  
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This assay was also attempted using KeratecTM IFP (5 mL of 13 mg/mL stock 

in 50 mM potassium phosphate buffer, pH 7.5, 37 ºC, final conc. 5.8 mg/mL) 

as the substrate instead of casein. 

3.3.4.2. Keratin azure assay  

The keratinolytic activity of keratinase was determined by the method of 

Navone et al. using keratin azure as the substrate.30 KerA (50-200 μL of 76.9 

units/mL (0.22 mg/mL) stock, final conc. 1.54-6.15 units/mL or 4.4-17.6 

µg/mL) was added to keratin azure (4 mg/mL) in 100 mM Tris-HCl buffer, pH 

8, up to 2.5 mL. Samples were incubated at 37 °C, 250 rpm for 1-72 h. After 

incubation, supernatant absorbances were measured at 595 nm, 400-800 

nm spectra were also recorded. A negative control was made up of 0.01 g of 

keratin azure in 2.4 mL of 100 mM Tris-HCl buffer, pH 8. One unit of 

keratinolytic activity was defined as the amount of enzyme that resulted in an 

increase of 0.1 in absorbance at 595 nm after 30 min incubation. For 

keratinolytic activity determination in the presence of reducing agents, the 

keratin azure assay was performed as indicated with the addition of 2% w/v 

DTT (20.8 mg/mL, 0.13 M) or 5% w/v (49.7 mg/mL) of sodium thioglycolate 

(0.44 M), glutathione (0.16 M), cysteine (0.41 M) or DTT (0.31 M). The effect 

of pre-chopping the substrate prior to keratin azure analysis was also 

investigated. Attempts to swell the keratin fibre involved increasing reaction 

pH from 8 to 10.3 and adding urea (1 M) to the buffer. Temperature studies, 

with incubation temperatures ranging from 20 °C to 70 °C, were conducted. 

Azure release associated with the incubation of keratin azure with the 

Bacillus subtilis thioredoxin system (TrxA (45.2 µL of 3.1 mg/mL stock, final 

conc. 0.69 U/mL or 0.14 mg/mL), TrxB (424.8 µL of 0.8 mg/mL stock, final 

conc. 0.34 mg/mL) and NADPH (0.18 mg/mL or 0.213 mM)) was also 

assessed using the keratin azure assay.  
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3.3.5. Crosslinking assays  

3.3.5.1. Standard enzymatic assays 

Laccase assay using ABTS. Laccase activity was determined by monitoring 

the oxidation of ABTS at 405 nm (Ɛ405=36,000 M-1 cm-1).280 TvLac (1-20 µL 

of 3.41 U/mL (1 mg/mL) stock, final conc. 0.003-0.068 U/mL or 1-20 µg/mL 

final concentration) or PoLac (1-20 µL of 2.94 U/mL (1 mg/mL stock), final 

conc. 0.003-0.059 or 1-20 µg/mL) was added to a solution of ABTS (10 µL 

of 100 mM stock in acetate buffer pH 5, final conc.1 mM) and oxygenated 

buffer (deionised water or 50 mM acetate buffer, pH5 - prepared by bubbling 

air into 10 mL of buffer for 30 minutes) up to 1 mL. A no-enzyme control was 

made from ABTS (1 mM) where the enzyme volume was replaced with the 

same volume of oxygenated buffer. 405 nm absorbance was immediately 

monitored at 25°C overtime for up to 10 minutes. Laccase activity was then 

determined as units per mg, where 1 U was defined as 1 µmol of ABTS 

oxidised per minute, using Beer-Lambert law:  

∆𝐴

∆𝑡
=

𝜀𝑙𝛥𝐶 

∆𝑡
 

∆𝐶

∆𝑡
=

𝛥𝐴 

∆𝑡𝜀𝑙
 

∆𝑛

∆𝑡
=

𝛥𝐴 

∆𝑡𝜀𝑙
× 𝑣 

where ∆A is the absorbance, ∆t the assay duration (min), ε the substrate 

molar absorption coefficient of ABTS at 405 nm (Ɛ405=36,000 M-1.cm-1), l the 

optical path length (cm-1), ΔC the molar concentration (mol/L) and v the assay 

volume (0.001 L).  

The effects of solubilised keratin substrates, undialysed (KeratecTM IFP: 13 

mg/mL & KeratecTM ProSina: 9.4 mg/mL) and dialysed (KeratecTM IFP: 5.5-
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8.8 mg/mL & KeratecTM ProSina: 3.7 mg/mL), as well as 2-phenoxyethanol 

(80 mM), on laccase activity were investigated. For experiments with heat-

deactivated enzyme, TvLac (0.5 mL of 3.41 U/mL (1.0 mg/mL) stock, final 

conc. 1.70 U/mL or 0.5 µg/mL) was pre-treated at 100°C for 15 minutes prior 

to incubation (repeated word) with ABTS in buffer as described above.   

Tyrosinase assay using L-DOPA. Tyrosinase activity was determined by 

monitoring the oxidation of L-DOPA at 475 nm (Ɛ475=3,700 M-1 cm-1).281 Tyr 

(20 µL of 10.93 U/mL (1 mg/mL) stock, final conc. 0.22 U/mL or 1-20 µg/mL) 

was added to a solution of L-DOPA (10 µL of a 100 mM stock, final conc. 1 

mM) and oxygenated 100 mM Tris buffer pH 7.5, or deionised water up to 1 

mL. A no-enzyme control made from L-DOPA (1 mM) was included. 475 nm 

absorbance was immediately monitored at 25°C overtime for up to 10 

minutes. Using Beer-Lambert law, tyrosinase activity was then determined 

as units per mg, where 1 U was defined as 1 µmol of L-DOPA oxidised per 

minute. Several factors, such as buffer composition, incubation temperature 

(25-37°C) and effect of undialysed (6.5 mg/mL) and dialysed (11.0 mg/mL) 

KeratecTM IFP were investigated to understand their consequences on 

tyrosinase activity. 

Transglutaminase assay using Cbz-Gln-Gly. Transglutaminase activity was 

determined as described by Folk et al. (1966) where the transglutaminase-

catalysed formation of Cbz-Gln-Gly-hydroxamate from Cbz-Gln-Gly and 

hydroxylamine can be monitored at 525 nm.282  A reaction cocktail (10 mL) 

was made in deionised water from Cbz-Gln-Gly (120 mg or 35.6 mM), in 5 

mL of a 100 mM hydroxylamine and 10 mM reduced glutathione solution 

made in deionised water, with 50 µL of a 1 M calcium chloride stock in 

deionised water and 2 mL of 1 M Tris buffer at pH 6, 37 °C. The reaction 

cocktail pH was adjusted to 6 at 37 °C using a 100 mM NaOH solution made 

in in deionised water). Tg (30 µL of 0.74 U/mL (52.6 µg/mL) stock, final conc. 
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0.097 U/mL or 6.86 µg/mL) was incubated for 10 minutes at 37 °C in 200 µL 

of this reaction cocktail. A standard was made from L-Glutamic Acid γ-

monohydroxamate (100 µL from a 10 mM in deionised water). Test and 

standard blanks were made from reaction cocktail (200 µL) or deionised 

water (100 µL), respectively. Trichloroacetic acid (TCA, 500 µL of 12% v/v 

stock) and ferric chloride (500 µL of 5% w/v stock) solutions were then added 

to standards, test and blanks (transglutaminase (0.097 U/mL or 6.86 µg/mL) 

was added to test blank). Precipitates were removed by centrifugation and 

sample absorbances recorded at 525 nm using quartz cuvettes. 

Transglutaminase activity was determined against the L-Glutamic Acid γ-

monohydroxamate standard, as follows: 

𝑈𝑛𝑖𝑡𝑠

𝑚𝑔
 (𝑒𝑛𝑧𝑦𝑚𝑒)

=
(𝐴525𝑛𝑚−𝑡𝑒𝑠𝑡 − 𝐴525𝑛𝑚−𝑡𝑒𝑠𝑡 𝑏𝑙𝑎𝑛𝑘) × 𝑓𝑖𝑛𝑎𝑙 𝑡𝑒𝑠𝑡 𝑣𝑜𝑙𝑢𝑚𝑒 

(𝐴525𝑛𝑚−𝑠𝑡𝑑 − 𝐴525𝑛𝑚−𝑠𝑡𝑑 𝑏𝑙𝑎𝑛𝑘) × 𝑓𝑖𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 ×
𝑚𝑔(𝑒𝑛𝑧𝑦𝑚𝑒)

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
× 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

 

(𝐴525𝑛𝑚−𝑡𝑒𝑠𝑡 − 𝐴525𝑛𝑚−𝑡𝑒𝑠𝑡 𝑏𝑙𝑎𝑛𝑘) × 1.23 

(𝐴525𝑛𝑚−𝑠𝑡𝑑 − 𝐴525𝑛𝑚−𝑠𝑡𝑑 𝑏𝑙𝑎𝑛𝑘) × 1.1 ×
𝑚𝑔(𝑒𝑛𝑧𝑦𝑚𝑒)

0.23
× 10

 

Final test, final standard and reaction volumes corresponded to 1.23, 1.1 and 

0.23 mL, respectively, while the reaction time was 10 minutes. One unit 

catalyses the formation of 1 µmol of hydroxamate per minute. The effects of 

undialysed (1.9 mg/mL) and dialysed (3.2 mg/mL) KeratecTM IFP on 

transglutaminase activity were also investigated.  

3.3.5.2. Enzymatic crosslinking of soluble keratin substrates 

3.3.5.2.1. Enzymatic crosslinking reactions with soluble keratin substrates 

KeratecTM IFP or KeratecTM ProSina were used either as dialysed or 

undialysed preparations. Crosslinking enzymes (TvLac (50 µL of a 34.1 

U/mL (10 mg/mL) stock, final conc.1.70 U/mL or 0.50 mg/mL), PoLac (50 µL 

of a 29.4 U/mL (10 mg/mL) stock, final conc. 1.47 U/mL or 0.50 mg/mL), Tyr 

(500 µL of a 10.93 U/mL (1 mg/mL) stock, final conc. 5.47 U/mL or 0.5 
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mg/mL) or Tg (250 µL of a 0.74 U/mL (52.6 µg/mL) stock, final conc. 0.19 

U/mL or 13.15 µg/mL) were incubated with KeratecTM substrates (0.6-32.5 

mg/mL) in buffer up to 1 mL overnight at 37°C and 250 rpm. The buffers used 

were as follows: deionised water for laccases and Tris buffer, pH 7.5 and pH 

6 for tyrosinase and transglutaminase, respectively. The addition of 

mediators (ABTS, vanillin or acetosyringone), added as stock solutions at a 

final concentration of 1 mM in the reaction, was also investigated. Negative 

controls without enzyme and without substrate were tested by replacing the 

volumes of enzyme or substrate stock with the same volume of respective 

buffer. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 56 mM) was 

investigated as a potential crosslinking positive control. Following overnight 

incubation, samples were immediately analysed using a range of techniques. 

Relevant crosslinking conditions were replicated as necessary to provide 

robustness to the assays. 

The addition of an overnight dialysis step at room temperature against 2 L 

deionised water was trialled post-substrate enzymatic treatment to avoid 

potential interferences in later analyses.  

3.3.5.2.2. Analyses of enzymatic crosslinking with soluble keratin 

substrates 

Turbidity assay. Turbidity was investigated as a potential indicator of casein 

crosslinking, based on work conducted by Puri et al. (2021) on 

transglutaminase and casein powder.18 Casein from bovine milk (6 mg/mL 

final concentration) was dissolved in potassium phosphate buffer, pH 7.5 with 

gradual heating up to 85 °C and stirring. Casein solution was incubated with 

TvLac (20 µL of 3.41 U/mL (1 mg/mL) stock, final conc. 0.068 U/mL or 20 

µg/mL), Tyr (20 µL of 10.93 U/mL (1 mg/mL) stock, final conc. 0.22 U/mL or 

20 µg/mL) or Tg (20 µL of 0.74 U/mL (52.6 µg/mL) stock, final conc. 0.015 

U/mL or 1.05 µg/mL) up to 1 mL, at 5, 25 and 55 °C for 30 minutes. No-
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enzyme controls were investigated, where the volume of the enzyme was 

replaced by the same volume of potassium phosphate buffer, pH 7.5. 

Turbidity was then assessed via 600 nm absorbance measurements. 

Viscosity assay. Viscosity was also investigated as potential indication of 

keratin crosslinking, based off work conducted by Elbalasy et al., 2022.283 A 

potential increase in sample viscosity upon incubation of Tyr with Keratec TM 

IFP compared to untreated substrate was observed by eye. New samples 

were then prepared, where TvLac (60 µL of 3.41 U/mL (1 mg/mL) stock, final 

conc. 0.204 U/mL or 60 µg/mL), Tyr (60 µL of 10.93 U/mL (1 mg/mL) stock, 

final conc. 0.66 U/mL or 60 µg/mL) or Tg (60 µL of 0.74 U/mL (52.6 µg/mL) 

stock, final conc. 0.045 U/mL or 3.15 µg/mL)  were incubated with undialysed 

KeratecTM IFP (32 mg/mL) in acetate pH 5 (TvLac), Tris pH 7.5 (Tyr) and Tris 

pH 6 (Tg) buffers. Rheology measurements were then conducted at 25°C in 

controlled shear rate mode. The sheer rate was logarithmically increased 

from 0.01 to 100 s-1. Non-enzymatic controls were also investigated, where 

volume differences were adjusted using buffer. 

Size-Exclusion Chromatography. Crosslinked samples (1 mL, see 3.3.5.2.1. 

section) were filtered through a 0.22 µm syringe filter (Starlab) and analysed 

by SEC (see section 3.3.2.1.1.), injecting 500 µL of sample into the Superdex 

200 Increase 10/300 GL column. For each sample, 1.5 ml fractions were 

collected, and relevant ones were further analysed by SDS PAGE and 

Bradford assay. 

SDS-PAGE. Crosslinking samples (20 µL, see 3.3.5.2.1. section) were mixed 

with Laemmli sample buffer and incubated for 10 min at 100 °C. Protein 

ladder (5 µL) and samples (10 µL) were then loaded onto an SDS PAGE gel 

and run at 200V, 400 mA for 35 minutes using running buffer. Gels were 

stained with Coomassie overnight, and destained before being imaged. 
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3.3.5.3. Enzymatic crosslinking reactions and analyses of solid 

human hair 

Three human hair tresses, each composed of 2 g of hair, were washed with 

Sodium Dodecyl Sulfate (SDS, 10% solution) before thorough rinsing under 

cold water. Each tress was then incubated for 20 minutes with DTT (77 

mg/mL or 0.5 M) in deionised water (20 mL) at room temperature, before 

being thoroughly rinsed under cold then warm (80 °C) water. Each hair tress 

was then incubated overnight at 37 °C, 120 rpm, under various conditions. 

Hair tress 1 was incubated with deionised water (40 mL) as a negative 

control, while hair tresses 2 and 3 were both incubated with TvLac (20 mL of 

a 6.82 U/mL (2 mg/mL) stock in deionised water, final conc. 3.41 U/mL or 1 

mg/mL), either in deionised water (20 mL) or in the presence of vanillin (20 

mL of a 0.3 mg/mL stock in deionised water, final concentration of 1mM). All 

three tresses were finally rinsed under both cold and warm (80 °C) water 

before being placed at 80 °C for 20 minutes to deactivate any remaining 

enzyme. The hair was then dried at 60 °C for 72 hours before being analysed 

by tensile strength.  

Tensile strength analysis (performed in Croda International labs). Following 

hair treatment and thorough drying, 100 hair fibres per condition were 

crimped in 30 mm length between brass taps using an automated crimper. 

Each hair crimp was then loaded into a Tensile Test carrousel and samples 

were left to equilibrate at 50% Relative Humidity (RH) for 3 hours. The cross-

sectional area of hair fibres was then measured using a laser micrometre, 

with 5 measurements made along the length of the fibre. The tensile tester 

was finally used to break each hair fibre and measure the break strength in 

gram force (gmf). The following parameters were used: 
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Table 3. Dia-stron MTT680 Tensile Tester Parameters. 

Setting Value 

Extension (%) 100 

Rate 20 mm/min 

Gauge Force 2 

Maximum Force 200 

Break Threshold 10 

 

Data was then analysed using the UvWin software (available at Croda 

international).   
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4. Reduction of keratin disulfide bonds by the 

thioredoxin system from Bacillus subtilis 

4.1. Background 

Keratin is a waste-product from a range of industries (e.g. poultry, leather 

etc.), and its degradation has been extensively studied.21,22 With the aim of 

moving away from harsh chemical treatments necessary to degrade this 

highly crosslinked polymer, a range of microorganisms with keratinolytic 

activity have been identified, including Bacillus subtilis, Streptomyces spp. 

and Bacillus licheniformis.23–26 While the mechanism behind microbial keratin 

degradation remains unclear, the secretion of extracellular enzymes, 

keratinases, with concurrent keratin structure opening via disulfide bond 

reduction is generally accepted.21,23,24,26,30,98,123–126 In whole microorganisms, 

disulfide bond reduction may take the form of a cell-bound redox system, the 

secretion of a soluble reducing substance like sulfite, mechanical pressure 

brought about by mycelium growth or the concomitant action of a secreted 

disulfide bond reducing enzyme.98 

While keratin degradation using whole microorganisms is slow, the 

identification and characterisation of enzymes with relevant activity on 

keratin allows the engineering of enzymes with higher activity and 

stability.121,122 The use of isolated enzymes also presents many advantages 

for commercial applications, such as faster scale-up, more reaction 

specificity and easier storage.27–30 In this way, a range of enzymes have been 

isolated from keratin-degrading microorganisms, mainly keratinases.25,31,32  

Very few disulfide bond-reducing enzymes associated with keratin 

degradation have indeed been identified.26,97  

This chapter investigates the use of isolated enzymes with potential keratin 

disulfide bond-reducing activity as mild and biocompatible active agents in 
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the context of permanent hair straightening. A disulfide bond-reducing 

enzyme from Bacillus halodurans involved in feather keratin degradation was 

isolated by Prakash et al. (2010), and constitutes the only (N-terminal) 

sequence available regarding an enzyme with disulfide bond-reducing 

activity on keratin.24 The N-terminal sequence was therefore used as the 

starting point for a sequence search aimed at identifying potential enzyme 

candidates. While a range of protein disulfide bond-reducing enzymes have 

been characterised, a focus was placed on enzymes isolated from keratin-

degrading organisms, with high disulfide bond-reducing activity on both intra- 

and intermolecular bonds and a broad range of substrates, including folded 

proteins. In this way,  the thioredoxin system from Bacillus subtilis, formed of 

thioredoxin, thioredoxin reductase and NADPH, was selected for further 

investigations.84,98,183,184,175–182 Despite the need for a cofactor, the small size 

of thioredoxins appeared as a potential advantage towards the penetration 

of solid substrates, such as keratin.284 Moreover, thioredoxin and thioredoxin 

reductase from Bacillus subtilis have been readily expressed and purified.175 

These enzymes have also shown high activity on a range of substrates, such 

as the globular protein insulin, and are able to reduce intermolecular disulfide 

bonds in oxidised glutathione.185–187 The potential disulfide bond-reducing 

activity on keratin of the thioredoxin system from Bacillus subtilis, despite 

being isolated from a keratin-degrading organism, has, however not been 

assessed. 

The focus is therefore placed on the expression, purification and 

characterisation of thioredoxin and thioredoxin reductase from Bacillus 

subtilis for potential reduction of disulfide bonds in keratin. The system is 

here assessed using solid human hair via different methods, such as 

Ellman’s and NADPH-consumption assays. Solubilised wool is also 
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investigated as potential substrate to avoid enzymatic penetration barriers 

encountered with insoluble proteins such as hair. Indeed, hair is composed 

of highly crosslinked and tightly packed keratin chains forming the cortex, 

which are protected from environmental damage and penetration by 

surrounding cuticle layers.6,9,41,46 The opening of keratin structure is also 

investigated in an attempt to facilitate enzyme penetration into the hair. This 

is done via a range of treatments, including hair grinding and solubilisation, 

delipidation, as well as treatment with swelling agents such as urea.58–62 

Commercially available E. coli thioredoxin is also assayed for comparison.  

The mechanism behind microbial keratin degradation, including the 

importance of concomitant disulfide bond reduction, is also investigated 

using KerA from Bacillus licheniformis, a very well-characterised and 

commercially-available keratinase.25,31,32 The keratinolytic activity of KerA is 

assayed using keratin azure, a chromogenic substrate developed for the 

accurate assessment of keratinolysis.21,30,125,285 The effect of disulfide bond 

reduction via incubation with reducing agents such as DTT or with the 

thioredoxin system from Bacillus subtilis is evaluated on keratinase 

activity.26,286 DTT, amongst other reducing agents, was selected for its 

repeatedly reported efficiency at yielding high keratinolytic 

activity.21,26,98,105,287 Moreover, the impact of keratinase on keratin disulfide 

bond reduction and whether it allows better reducing agent or enzyme 

penetration into the keratin fibres is also investigated. 

4.2. Keratin substrates 
 

In this thesis, two solubilised wool keratin substrates are evaluated: 

KeratecTM IFP and KeratecTM ProSina. Both were provided by Croda 
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International and are believed to contain 2-phenoxyethanol as a 

preservative.  

4.2.1. KeratecTM IFP 

KeratecTM IFP is a purified protein fraction isolated from New Zealand wool, 

made up of multicomponent soluble forms of Intermediate Filament Protein 

(IFP). It is patented and commercialised by Croda International as a keratin-

derived active that helps protect the hair from environmental strain by both 

penetrating the cortex and creating a shield on the surface of the hair. 

KeratecTM is composed of intact keratin proteins with molecular weights 

ranging from 40,000 to 60,000 Daltons, as well as keratin peptides of around 

3,000-4,000 Daltons.288 The amino acid composition of KeratecTM IFP can be 

seen in Table 4. 

Patents have been published regarding the preparation of intact soluble wool 

keratin intermediate filament proteins via oxidative sulfitolysis, followed by 

extraction, resulting in a highly S-sulfonated keratin derivative.288–290 This 

reaction relies on a sulfonating agent, such as sodium sulfite, which cleaves 

cystine to cysteine and S-sulfocysteine (Figure 24). An oxidant then forms 

disulfide bonds from resulting cysteines, to be subjected to another round of 

sulfitolysis until total conversion is obtained. Moreover, the literature around 

keratin solubilisation seems to suggest that disulfide bonds are affected 

during the process.99,106   

 

Figure 24. Mechanism of wool solubilisation via oxidative sulfitolysis, yielding a highly 
S-sulfonated soluble derivative.  
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In this way, while the exact composition and solubilisation process behind 

KeratecTM IFP was not disclosed, it is considered that at least a portion of 

keratin disulfide bonds was affected by wool solubilisation. In this way, 

KeratecTM IFP is investigated in this chapter as a substrate containing a 

mixture of disulfide bonds and S-sulfocysteine bonds, referred to as “sulfur-

sulfur” bonds. 

A protein content of 65.0 mg/mL and pH of 7.9 was measured for the specific 

KeratecTM IFP batch used in this assay (personal exchange with Croda 

International QC team). 

Table 4. Amino acid composition of KeratecTM IFP and KeratecTM ProSina substrates, 

provided by Croda International, with human hair amino acid composition for comparison.21 

Amino Acid 
KeratecTM IFP KeratecTM ProSina Human hair 

% w/w % w/w % w/w 

Aspartic acid 7.9 8.0 7.6 

Threonine 6.5 6.4 6.9 

Serine 11.0 9.7 11.7 

Glutamic acid 15.3 16.5 11.6 

Proline 5.5 6.4 9.6 

Glycine 8.2 4.5 6.6 

Alanine 7.5 4.6 5.2 

Cysteine 4.3 5.4 10.0 

Valine 6.5 5.5 6.2 

Methionine 0.2 0.6 2.5 

Isoleucine 3.6 3.3 3.1 

Leucine 8.7 9.0 7.1 

Tyrosine 1.1 3.4 1.2 

Phenylalanine 2.4 2.9 1.9 
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Histidine 0.9 1.6 1.1 

Lysine 2.1 3.1 3.0 

Arginine 7.1 9.3 4.9 

 

4.2.2. KeratecTM ProSina 

KeratecTM ProSina also corresponds to a purified protein fraction isolated 

from pure New Zealand wool. It is patented and commercialised by Croda 

International as a novel keratin peptide for the treatment and protection of 

hands, nails and hair. KeratecTM ProSina is made via a non-disclosed mild 

proprietary process leaving the natural cysteine content of the keratin in an 

active S-sulphonated form, which is then able to crosslink with the keratin in 

nails or hair (personal exchanges with Croda international).291 It is composed 

of peptides with molecular weights between 2500 and 3000 Daltons. The 

amino acid composition of KeratecTM ProSina can be seen on Table 4. 

A peptide content of 47.1 mg/mL and pH of 5.8 was measured for the specific 

KeratecTM ProSina batch used in this assay (personal exchange with Croda 

International QC team). 

4.2.3. Keratin azure 

A range of chromogenic keratin substrates have been developed for the 

accurate assessment of keratinase activity, such as azokeratin and keratin 

azure.21,30,125,285 The former is prepared by coupling keratin with a diazotised 

arylamine while the latter is commercially available, made from sheep’s wool 

and therefore well-suited for α-keratin degradation analyses.21,285  Keratin 

azure corresponds to azure dye-impregnated sheep’s wool, where Remazol 

Brilliant Blue R (RBBR), an anthraquinone dye widely used in the textile 

industry, is covalently bound to keratin.292,293 RBBR dye carries a precursor 
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to a vinyl sulfone group, which mainly forms covalent bonds with hydroxy and 

other amino groups in the wool by the successive release of sodium 

hydrogen sulfate (NaHSO4) and Michael addition (Figure 25). When 

hydrolysed, for example, by keratinases, keratin azure releases soluble dye 

bound-small peptides and amino acids, which can be monitored via 595 nm 

absorbance measurements (Figure 26).292,293 

 

 

Figure 25. Formation of keratin azure through Remazol Brilliant Blue R dyeing of wool 
keratin, via successive sodium hydrogen sulfate release and Michael addition.  

 

Figure 26. Keratin azure hydrolysis by keratinase with subsequent release of soluble 

coloured peptides, which can be detected at 595 nm. 
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4.3. Sequence search  

Prakash et al. (2010) analysed the mechanisms of chicken feather keratin 

degradation by Bacillus halodurans, and identified an enzyme with disulfide 

bond reducing activity on keratin (enzyme 1).29 The N-terminal amino acid 

sequence of enzyme 1 was determined and had significant homology with 

disulfide reductases, according to the authors (Appendix Table 4.1).29 This 

represents the only sequence information disclosed for a keratin disulfide 

bond-reducing enzyme to date. 

These findings were used as the starting point of a thorough sequence 

search aimed at finding suitable enzyme candidates for the reduction of 

keratin disulfide bonds. The N-terminal sequence disclosed by Prakash et al. 

(2010) was first analysed using the protein BLAST function from the NCBI 

database.294 This yielded no results for Bacillus organisms altogether, and 

no proteins from different organisms possessed the fragment of interest at 

the N-terminal. Protein disulfide reductases from Bradyrhizobium sp. BTAi1 

(A), Rhodobacter sphaeroides (B) and Francisella tularensis subsp. 

mediasiatica (C), all disulfide bond-reducing enzymes, were identified by the 

authors as having the closest N-terminal sequence compared to Enzyme 1 

(Table 5).294 

Table 5. Homology analysis of N-terminal amino acid sequences of Enzyme 1 from 
Bacillus halodurans, by Prakash et al. (2010).294 NCBI Reference Sequence numbers 

included. 

Name Origin 
N-terminal amino 

acid sequence 
Identity with 

Enzyme 1 (%) 

Enzyme 1 
(query) 
 
 

Bacillus 
halodurans 

QPNDPADDWN 100% 

Protein-
disulfide 
reductase (A) 
 

Bradyrhizobium 
sp. BTAi1 

 

QPNDQAQIDAW 
(WP-012043775.1) 

64% 
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Glutathione-
disulfide 
reductase (B) 
 

Rhodobacter 
sphaeroides 

PVDDW 
(ESW61626.1) 

80% 

Glutathione 
reductase (C) 
 

Francisella 
tularensis subsp. 

mediasiatica 

PANEW 
(WP 216374122.1) 

60% 

 

The full protein sequences of enzymes (A)-(C) were accessed and revealed 

a singular CXXC motif for enzyme (A), characteristic of thioredoxins and 

glutaredoxins, while enzymes (B) and (C) possessed a CXXXXC motif, 

distinctive of dithiol glutathione reductase (Appendix Table 4.1).208,209194 The 

active site cysteine amino acid thiols in these disulfide bond-reducing 

enzymes are known to undergo reversible oxidation-reduction by shuttling 

between a dithiol and a disulfide form in the catalytic process.170 Enzymes 

(A)-(C) were however disregarded due to a lack of characterisation in the 

literature.  

With the aim of identifying well-characterised enzymes with disulfide bond-

reducing activities, the focus of this sequence search was placed on 

enzymes with two catalytic cysteines at their active sites, characteristic of 

disulfide bond reductases.295 Blasting was conducted based on the protein 

sequences of enzymes (A), (B) and (C) against specific organisms such as 

E. coli and Bacillus, known for their keratin-degrading activities (Appendix 

Table 4.2).27,296–299 A range of enzymes were in this way identified, mainly 

from the thioredoxin and glutaredoxin families, associated with CXXC or 

CXXXXC active site motifs.295 Enzyme characteristics (mechanism, 

expression, characterisation, substrate, crystal structure etc.) were 

investigated.27,296–299 A range of enzymes were in this way selected, 

according to expression and characterisation records available in the 
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literature, as well as known activity on protein substrates such as insulin 

(Appendix Table 4.3).  

Thioredoxin and thioredoxin reductase from Bacillus subtilis, as part of the 

thioredoxin system alongside NADPH, were eventually selected as 

promising candidates.175,300 This choice was based on a range of factors, 

such as the small size of thioredoxins, appearing as a potential advantage 

towards keratin penetration, the high identity between the Bacillus subtilis 

thioredoxin and the commercially available one from E. coli, as well as the 

fact that the organism Bacillus subtilis is established as a keratin-degrading 

organism.132,284 Moreover, the thioredoxin system from Bacillus subtilis has 

been expressed and characterised with known activity on proteins such as 

insulin and oxidised glutathione, while its disulfide bond-reducing potential is 

yet to be determined on keratin substrates.98,175  

To this end, thioredoxin and thioredoxin reductase from Bacillus subtilis were 

expressed in E. coli according to the method of Parker et al. (2014).175 

4.4. Expression and purification of thioredoxin and 

thioredoxin reductase from Bacillus subtilis  

4.4.1. Preparation of pET21a::trxA and pET21a::trxB plasmids 

The codon-optimised thioredoxin (trxA) and thioredoxin reductase (trxB) 

genes were synthesised by Genewiz and cloned into pET21a vectors, 

between the NdeI and XhoI restriction sites. Successful cloning was 

confirmed by PCR (Figure 27), and pET21a::trxA and pET21a::trxB plasmids 

were transformed into BL21(DE3) E. coli strains.  
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Figure 27. Agarose gel analysis of trxA and trxB PCR products, corresponding to 
amplified trxA and trxB genes within identical DNA template (2457 bp and 3096 bp 

respectively). L=ladder, 1=trxA gene and 2=trxB gene. 

The clear bands observed at around 2500 bp and 3100 bp correspond to 

amplified trxA (309 bp) and trxB (948 bp), respectively. Indeed, as a result of 

the primers used (Appendix Table 3.1), the genes were amplified alongside 

a 2,148 bp portion of the pET21a plasmid (Appendix plasmid maps 1b and 

2b), therefore expected to yield bands at 2,457 bp and 3096 bp, respectively, 

as observed here (Figure 27).The successful ligation of trxA and trxB into 

pET21a was further confirmed by Sanger sequencing (Appendix Figure 4.1). 

4.4.2. Thioredoxin (TrxA) and thioredoxin reductase (TrxB) 

expression 

Protein expression was initially attempted at low scale (50 mL), where cell 

cultures were incubated at 37 °C, 250 rpm, until an OD600 of 0.8 was reached 

(Appendix Figure 4.2).175 Cells were induced using IPTG after 5 hours for 

trxA and 4.5 hours for trxB before a further 2-hour incubation. Successful 

expression was confirmed by SDS PAGE (Figure 28). 
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Figure 28. SDS PAGE analysis of initial expression of thioredoxin and thioredoxin 

reductase from Bacillus subtilis, 50 mL, 37°C, 250 rpm. L=protein ladder, lanes 1-2:= trxA 

and trxB pre-induction controls, lanes 3-4= trxA and trxB lysates, lanes 5-6= trxA and trxB 

cell-free extracts, lanes 7-8= 10x diluted trxA and trxB cell-free extracts, lanes 9-10= trxA and 

trxB insoluble fractions. 

Strong bands were observed in the lysate, cell-free extracts and insoluble 

fractions at around 11.5 kDa for thioredoxin and 35 kDa thioredoxin 

reductase, indicating the successful expression of both Bacillus subtilis 

enzymes. The strong bands observed at around 11-14 kDa in both TrxA and 

TrxB insoluble fractions were also observed by Parker et al. (2014), and may 

correspond to lysozyme.175,301,302  

Due to seemingly high proportions of protein remaining in the insoluble 

fractions, expression temperatures and IPTG concentrations were reduced 

to 30 °C and 0.1 mM, respectively, in an attempt to slow protein production 

down and limit the presence of aggregation and insoluble proteins.303,304 No 

TrxA or TrxB over-expression was achieved under these conditions, and 

insoluble proteins could still be observed (Appendix Figure 4.3). Initial 

expression conditions, as described by Parker et al. (2014), were therefore 

kept for the expression of trxA and trxB from Bacillus subtilis. 
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4.4.3. Thioredoxin (TrxA) and thioredoxin reductase (TrxB) 

purification 

Following protein expression, thioredoxin and thioredoxin reductase from 

Bacillus subtilis were purified via Ni2+ metal-affinity chromatography. In the 

case of thioredoxin (TrxA), a peak was observed at an imidazole 

concentration of approximately 150 mM, in accordance with the literature for 

this specific enzyme.175  Purified fractions around this 150 mM peak were 

analysed via SDS PAGE (Figure 29), then combined, dialysed to remove 

imidazole, and concentrated. A thioredoxin protein concentration of 4.05 

mg/mL was estimated from the absorbance measured at 280 nm (Appendix 

Figure 4.4).175 

 

Figure 29. SDS PAGE analysis of the HisTag IMAC purification of thioredoxin from 

Bacillus subtilis. L= protein ladder, lane 1= lysate, lane 2= cell-free extract, lane 3= insoluble 

fraction, lane 4= A9 fraction, lane 5= A11 fraction, lane 6= A12 fraction, lane 7= B12 fraction, 

lane 8= B11 fraction, lane 9= B10 fraction, lane 10= B9 fraction.  

Similarly, thioredoxin reductase (TrxB) purification fractions were analysed 

via SDS PAGE (Appendix Figure 4.5), combined, dialysed and concentrated. 

A protein concentration of 0.8 mg/mL was then estimated for purified 

thioredoxin reductase using the BCA assay with BSA standards (Appendix 

Figure 4.6 and Table 4.4).175  
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Purified, dialysed and concentrated thioredoxin and thioredoxin reductase 

from Bacillus subtilis were then analysed by SDS PAGE (Figure 30). Clear 

bands were observed at 11 and 37 kDa for thioredoxin and thioredoxin 

reductase, respectively, confirming successful expression and purification. 

 

Figure 30. SDS PAGE analysis of purified, dialysed and concentrated thioredoxin and 
thioredoxin reductase from Bacillus subtilis. L= protein ladder, lane 1= thioredoxin, lane 
2= thioredoxin reductase, lane 3= 10-times diluted thioredoxin and lane 4= 10x diluted 
thioredoxin reductase. 

The absorbance spectra for purified thioredoxin and thioredoxin reductase 

are shown in Figure 31. The latter is a flavoprotein, which exhibited a light 

yellow colour in solution; the spectrum indeed displayed the characteristic 

absorbances of the FAD ring, with peaks at around 380 and 455 nm 

corresponding to π1 to π3 and π2 to π3 transitions, respectively.184,305–307 
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Figure 31. Absorbance spectra recorded for purified thioredoxin and thioredoxin 
reductase from Bacillus subtilis, TrxA (0.78 mg/mL) and TrxB (0.20 mg/mL) in deionised 
water. 

The absorbance values were relatively low due to low FAD concentrations in 

the sample, in accordance with the literature. Indeed, 0.2 mg/mL of 

thioredoxin reductase was loaded into the cuvette, corresponding to 5.75 µM, 

compared to 10 µM of thioredoxin reductase from Bacillus anthracis loaded 

by Gustafsson et al. (2012), which yielded absorbance maxima of around 

0.1, compared to 0.2 observed in this study.184  

4.5. Reduction of disulfide bonds in insulin by the 

thioredoxin system  

4.5.1.  Insulin turbidity assay  

Holmgren’s insulin disulfide bond-reducing activity assay was used to 

evaluate thioredoxin’s ability to break disulfide bonds in insulin, in the 

presence of DTT or thioredoxin reductase and NADPH for the regeneration 

of its reduced form.278 Such activity has been commonly described in the 

literature for thioredoxins from a range of organisms, including E. coli, 

Bacillus anthracis and Bacillus subtilis.184,308 This assay relies on the principle 

that the reduction of insulin disulfide bonds promotes the aggregation of 
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insulin chain B, associated with an increase in turbidity measurable via 650 

nm absorbance measurements.278  

Commercial thioredoxin from E. coli (Trx1) and thioredoxin from Bacillus 

subtilis (TrxA) were first incubated with DTT and insulin in sodium phosphate 

buffer, and 650 nm absorbances were recorded over time (Figure 32). The 

use of DTT in excess allowed for the measurement of disulfide bond-

reducing activity of thioredoxin without thioredoxin reductase and NADPH. 

According to Arner et al. (1999), the regeneration of active thioredoxin by 

DTT is much faster than the direct reduction of insulin by DTT, suggesting 

that this assay measured the insulin disulfide bond reducing activity of 

thioredoxin, while DTT was regenerating reduced thioredoxin, as thioredoxin 

reductase and NADPH would usually do.309 
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Figure 32. Turbidity assay measuring the reduction of disulfide bonds in insulin by 
thioredoxins from Bacillus subtilis and E. coli in the presence of DTT. Trx1 (0.038 U/mL, 
8 µg/mL) or TrxA (0.035 U/mL, 7 µg/mL) incubated with insulin (1 mg/mL) and DTT (3 mM) in 
0.1 M sodium phosphate buffer pH 7 at 25 °C, no-DTT control included. 

An increase in 650 nm absorbance can be observed for the sample 

containing insulin and DTT (no enzyme), in alignment with expected insulin 

disulfide bond reduction by DTT. The rate difference observed for insulin 

disulfide bond reduction by thioredoxins compared to DTT (in the absence of 

thioredoxins) has been described in the literature, specifically for thioredoxin 
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from E. coli.278 In this way, the disulfide bond-reducing activities of 

thioredoxins from Bacillus subtilis and E. coli were confirmed with insulin as 

the substrate. In the absence of DTT, no increase in 650 nm absorbance was 

observed for thioredoxin and insulin due to the absence of a regeneration 

mechanism.  

The specific activities for thioredoxins from E. coli and Bacillus subtilis were 

determined, where Δ650nm values were calculated for the first 25 minutes until 

absorbances reached a plateau. The rate of insulin reduction by DTT was 

also calculated, using Δ650nm across the full 80 minutes. A lag in turbidity 

formation was observed both in the presence and absence of thioredoxin, 

which has been noted in the literature, suggesting that the process of insulin 

chain precipitation is not immediate following disulfide bond reduction.278 

Respective activities of 4.69 U/mg and 4.99 U/mg were obtained for 

thioredoxins from E.coli and Bacillus subtilis, where one unit causes an 

∆A650nm of 1.0 in 1 minute at 25 °C under conditions described in this assay.  

Next, thioredoxin reductase from Bacillus subtilis was investigated as the 

thioredoxin reducing power, instead of DTT, with the reducing equivalents 

supplied by NADPH.310 As a control, the addition of thioredoxin reductase 

from Bacillus subtilis to DTT and insulin was investigated, where the absence 

of turbidity observed confirmed that thioredoxin reductases are selective for 

thioredoxins (Appendix Figure 4.7).311 Both E. coli and Bacillus subtilis 

thioredoxins were independently incubated with thioredoxin reductase from 

Bacillus subtilis and NADPH, in excess, and 650 nm absorbances were 

recorded over time (Figure 33). This assay was attempted using identical 

thioredoxin concentrations described above in the presence of DTT (Figure 

32), with no success. This may have been linked to the lower thioredoxin 

reductase concentrations included in the assay relative to the amounts of 
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DTT previously added. It could also be that thioredoxin reductase may not 

have been fully reconstituted with flavin.312 Higher enzymatic concentrations 

were therefore investigated.  
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Figure 33. Turbidity assay measuring the reduction of insulin disulfide bonds by 
Bacillus subtilis thioredoxin, thioredoxin reductase and NADPH. Trx1 (0.28 U/mL, 0.06 
mg/mL) or TrxA (0.30 U/mL, 0.06 mg/mL) incubated with insulin (1 mg/mL), TrxB (32 µg/mL) 
and NADPH (105.6 µM) in 0.1 M sodium phosphate buffer pH 7 at 25 °C. 

Increases in 650 nm absorbance can be observed for thioredoxin from both 

E. coli and Bacillus subtilis, in the presence of Bacillus subtilis thioredoxin 

reductase and NADPH. This suggests that the thioredoxin system from 

Bacillus subtilis has disulfide bond-reducing activity for insulin as the 

substrate. The comparable absorbance increase obtained for thioredoxin 

from E. coli is unexpected, as thioredoxin reductases have been described 

as selective for thioredoxins from the same organism.172,174,178  

4.5.2. NADPH-based assay with insulin as the substrate 

Du et al. (2012) and Che et al. (2020)’s NADPH consumption assay was then 

used to further confirm the insulin disulfide bond-reducing activity of the 

thioredoxin system from Bacillus subtilis. This assay relies on electron 

transfer taking place across the thioredoxin system, from NADPH to 

thioredoxin reductase, thioredoxin and finally to the substrate.  While NADPH 

in its reduced form absorbs light at 340 nm, the oxidised form (NADP+) does 
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not.313 In this way, substrate disulfide bond reduction can be monitored via 

NADPH oxidation through 340 nm absorbance measurements over time. 

This assay has commonly been used to evaluate the activities of a range of 

protein disulfide reductase enzymes by monitoring the consumption of 

NADPH spectrophotometrically at 340 nm.177,182,314–317 

Thioredoxins from Bacillus subtilis or E. coli were incubated with thioredoxin 

reductase from Bacillus subtilis and insulin at 25 °C and 340 nm absorbance 

was monitored over time upon NADPH addition (Figure 34).  
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Figure 34. NADPH consumption monitoring of insulin disulfide bond reduction by the 
thioredoxin system from Bacillus subtilis, a. controls and b. samples. Insulin (1.22 mg/mL), 
Trx1 (0.18 U/mL, 39.3 µg/mL) or TrxA (0.22 U/mL, 44.6 µg/mL) and TrxB (0.11 mg/mL) were 
added to 0.50 mM Tris-HCl pH 7.5, 1 mM EDTA. The reaction (0.75 mL) was then initiated by 
addition of NADPH (0.213 mM) at 25 °C. 

A range of controls were included in this assay (Figure 31a, see Appendix 

Figure 4.8 for further controls).  The absence of thioredoxin reductase was 

associated with stable 340 nm absorbances over time. However, the 

presence of thioredoxin reductase and NADPH led to a steady 340 nm 

absorbance decrease over time, also observed by Che et al. (2020).277 This 

phenomenon may be associated with electron transfers occurring between 

the thioredoxin reductase FAD ring and oxygen, and was later investigated 

using solubilised keratin as the substrate (see section 4.6.2.1).202  

Despite the slow and steady absorbance decrease observed in the presence 

of TrxB and NADPH, a much faster absorbance decrease was seen upon 

addition of TrxA to TrxB and NADPH. This confirmed previous observations 

a. b. 
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(section 4.5.1.) that insulin disulfide bonds are indeed being reduced via the 

thioredoxin system. The difference in activity between Trx1 and TrxA was 

due to thioredoxin concentrations of 3.33 and 3.92 µM, respectively.  

Unexpectedly, once the 340 nm absorbance reached around 0.1, an 

increase in absorbance was observed in the sample containing both insulin 

and the Bacillus subtilis thioredoxin system. This phenomenon was observed 

to a larger extent at higher enzymatic concentrations (Figure 35).  
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Figure 35 - NADPH consumption monitoring of insulin disulfide bond reduction by the 
thioredoxin system from Bacillus subtilis with increased enzymatic concentrations. 
Insulin (1.22 mg/mL) was incubated with Trx1 (0.18-0.36 U/mL, 39.3-78.6 µg/mL) or TrxA 
(0.22-0.44 U/mL, 44.6-89.2 mg/mL), TrxB (0.11-0.22 mg/mL) and NADPH (0.213 mM) at 25 

°C. 

This subsequent increase in 340 nm absorbance was further investigated by 

recording absorbance spectra at a range of incubation times (Appendix 

Figure 4.9). While NADPH consumption could initially be monitored via a 

specific decrease in 340 nm absorbance, high absorbances were then noted 

across wavelengths, indicating the development of turbidity upon insulin 

disulfide bond reduction by the thioredoxin system, as previously discussed 

(see section 4.5.1.). A lag between disulfide bond reduction and insulin 

precipitation was here again observed.  
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The NADPH-based assay was successfully used to monitor intramolecular 

disulfide bond-reducing activity of the thioredoxin system from Bacillus 

subtilis using insulin as soluble protein substrate. Oxidised glutathione was 

briefly investigated as a substrate for enzymatic intermolecular disulfide bond 

reduction. While the thioredoxin system from Saccharomyces cerevisiae has 

been shown to be able to reduce oxidised glutathione in vivo, low 340 nm 

absorbance decreases were observed upon incubation of the thioredoxin 

system from Bacillus subtilis with oxidised glutathione (Appendix Figure 

4.10).187 Oxidised glutathione is normally reduced as part of the glutathione 

system, composed of glutaredoxin, glutathione reductase and NADPH, 

where glutathione reductase specifically recycles oxidised glutathione back 

to its reduced form.318 Therefore, the thioredoxin system may not specifically 

reduce GSSG.  

4.6. Reduction of disulfide bonds in keratin by the 

thioredoxin system 

Once the disulfide bond-reducing activity of the thioredoxin system from 

Bacillus subtilis had been confirmed using insulin as a substrate, further 

investigations were conducted on keratin, more specifically, solubilised wool 

and solid human hair. Soluble keratin, in the form of KeratecTM IFP, was 

explored as a substrate in a way to overcome penetration barriers associated 

with solid keratin, such as human hair. However, the exact composition of 

this solubilised wool product was not disclosed; it was therefore considered 

to contain a mixture of disulfide bonds and S-sulfocysteine bonds, referred 

to as “sulfur-sulfur” bonds. 

KeratecTM IFP and human hair were both characterised before use in Bacillus 

subtilis thioredoxin system activity investigations.  
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4.6.1. Keratin substrate characterisation 

4.6.1.1. Protein content evaluation of KeratecTM IFP 

The protein content of KeratecTM IFP was initially investigated using the 

Bradford assay, which is based on the binding of Coomassie Brilliant Blue 

G-250 to proteins, resulting in a colour change in the visible spectrum. 

However, keratin precipitation was repeatedly observed upon contact with 

Bradford reagent which hindered analyses.  

The BCA assay, a copper-based assay involving a protein-induced Biuret 

reaction followed by the chelation of bicinchoninic acid with the resulting 

cuprous ions, was instead used to determine KeratecTM IFP protein 

concentrations.319 Protein concentrations ranging between 83 and 108 

mg/mL were calculated from a BSA standard curve (Appendix Figure 4.11 

and Table 4.5). These values, which should be interpreted with caution due 

to the use of BSA as the standard, were slightly higher than the 65 mg/mL 

protein concentration suggested by Croda International for KeratecTM IFP.  

4.6.1.2. KeratecTM IFP thiol content  

The thiol content in KeratecTM was determined using Ellman’s assay, 

following substrate incubation with DTT. DTT is commonly used for disulfide 

bond reduction, particularly in the context of keratin degradation, synergically 

with keratinase.21,26,105,120 Moreover, DTT has also been shown to reduce S-

sulfocysteine bonds and can therefore be used towards thiol availability 

quantifications despite the lack of clarity towards the nature of sulfur-sulfur 

bonds in KeratecTM IFP (see section 4.2.1.).320 Ellman’s assay relies on the 

reaction of 5,5’-Dithiobis-(2-nitrobenzoic acid), or DTNB, with thiolate anions 

(at pH>7), yielding a mixed disulfide as well as TNB2-, a yellow-coloured 

product which can be monitored by an increase in absorbance at 412 nm 

(Figure 36).321 This assay has been commonly used to assess the disulfide 
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bond-reducing activities of thioredoxin and glutaredoxin systems.98,180,322,323 

In this way, upon incubation with DTT, each reduced substrate disulfide bond 

is expected to yield two thiols, associated with the release of two TNB2- 

equivalents upon DTNB addition. 

 

Figure 36. Reaction mechanism of DTNB with thiolate anion yielding a mixed disulfide 

and TNB2-, a yellow-coloured compound which can be detected at 412 nm. 

In the case of S-sulfocysteine, one thiol would be released per bond broken, 

alongside sulfite. However, cystine sulfonation in keratin is associated with 

the release of S-sulfocysteine and cysteine, where the latter may then be 

reoxidised to cystine. Therefore, for each disulfide bond equivalent in 

KeratecTM IFP, there may be two S-sulfocysteines. In this way, thiol release 

observed upon substrate incubation with an excess of DTT should be 

comparable, regardless of the nature of the sulfur-sulfur bonds, under the 

premise of an end-point assay. However, the reaction of DTNB with sulfite 

ions has been reported in the literature and may be associated with the 

release of TNB2-, which may interfere with the reasoning described 

here.324,325 

KeratecTM IFP was incubated with DTT, which was then dialysed out before 

incubation with DTNB, to avoid interference. Absorbances at 412 nm were 

then recorded (Figure 37). A DTT concentration of <0.44 mg/mL in solution, 

achieved by two successive 1-litre dialyses, was deemed compatible with 

Ellman’s assays (Appendix Figure 4.12).  
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Figure 37. Ellman’s assay to determine maximum thiol availability in KeratecTM IFP 
following DTT treatment. KeratecTM IFP (Ker IFP, 3.25 mg/mL) was incubated with DTT 
(0.13 M) in Ellman’s buffer for 1 hour at 37 °C, 250 rpm, followed by 2 cycles of dialysis in 
Ellman’s buffer, 30 min incubation with DTNB (0.20 µM) and 412 nm absorbance 
measurements - data given as average values of triplicate reactions and shown ± the standard 
deviation. 

Thiols were clearly detected following KeratecTM IFP incubation with DTT as 

can be seen by the increase in 412 nm absorbance, and were quantified 

using Beer Lambert’s law. The absorbance of the dialysis buffer and 

untreated KeratecTM IFP were both subtracted from the KeratecTM IFP + DTT 

sample absorbance. A thiol concentration of 0.31 µmol/mL was calculated in 

the sample containing 3.25 mg/mL KeratecTM IFP per 1 mL assay. This 

resulted in a thiol concentration of 95.4 µmol/g protein in KeratecTM IFP. This 

value must be taken with a pinch of salt as a gram of protein may not exactly 

relate to a gram of solubilised wool. Popescu et al. (2007) reported a cystine 

concentration of 460 µmol/g of wool in merino wool, corresponding to a 

maximum thiol content of 920 µmol/g of wool.49 While there is a 10-fold 

difference between the thiol concentration calculated here compared to what 

is reported in the literature, Weigmann et al. (1968) noted that not all disulfide 

bonds in solvent-extracted wool were accessible to DTT.287  
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4.6.1.3. Human hair thiol content  

Similarly to KeratecTM IFP (section 4.6.1.2.), Ellman’s assays were 

conducted to investigate the thiol availability in human hair using DTT as the 

reducing agent. Hair was incubated with DTT, which was thoroughly rinsed, 

before DTNB addition and 412 nm absorbance measurements (Figure 38). 

Five successive buffer rinsings were deemed most efficient for DTT removal 

from hair (Appendix Figures 4.13 and 4.14).  
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Figure 38. Ellman’s assay to determine maximum thiol availability in hair following DTT 
treatment. Hair (20 mg/mL) was incubated with DTT (0.13 M) in Ellman’s buffer for 1 hour at 
37 °C, 250 rpm, followed by 5 buffer rinsings, 30 min incubation with DTNB (0.20 µM) and 412 
nm absorbance measurements - data given as average values of triplicate reactions (final 
wash subtracted from sample absorbance) and shown ± the standard deviation. 

A thiol concentration of 0.22 µmol/mL was calculated, using Beer Lambert’s 

law, in the sample containing 0.02 g of hair per 1 mL assay. This resulted in 

a thiol concentration of 10.95 µmol/g of human hair. Popescu et al. (2017) 

reported a cysteine concentration of 1435 µmol per gram of hair.49,326 This 

100-fold difference with calculations conducted here may be explained in two 

ways. First of all, as mentioned previously, not all disulfide bonds may be 

accessible to DTT, as reported by Weigmann et al. (1968) on solvent-

extracted wool.287 This effect would be expected to be more pronounced in 
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the case of a solid substrate, such as human hair, due to higher barriers to 

penetration. Moreover, the Ellman’s assay was developed for the 

determination of thiols in solution and might not be suitable for solid 

materials.321  Indeed, in the case of reductively processed protein fibres, such 

as DTT-reduced hair, part of TNB2- may remain adsorbed to the solid protein 

structure, preventing precise spectrophotometric thiol quantification.321 

Buchacher et al. (2022) therefore reported a new method, using reverse 

titration and involving K3[Fe(CN)6] and K2CrO4 as reagents, based on the 

oxidation of thiols formed by wool-cystine reduction.321  The authors reported 

thiol concentrations between 6.83 and 26.17 µmol/g for NaBH4-reduced solid 

wool keratin fibres, which according to them, constitutes a minor share of the 

disulfide groups present in wool keratin, explained by the limited accessibility 

and penetration depth of solutions into the fibres. For these reasons, the 

relatively low thiol concentrations observed here for DTT-treated hair is 

unsurprising. 

Nonetheless, the penetration of DTT, a 154 Da compound, into the hair 

cortex was here confirmed, in line with work conducted by Cruz et al. (2017) 

and Malinauskyte et al. (2020), where the authors observed the penetration 

of low and mid-molecular weight peptides, up to 2,577 Da, into the hair 

cortex, while high molecular weight peptides (> 75,000 Da) were seen to 

adsorb onto the hair surface.48,57  

4.6.2. Reduction of sulfur-sulfur bonds in KeratecTM IFP by the 

thioredoxin system  

The activity of the thioredoxin system from Bacillus subtilis on KeratecTM IFP 

was assessed both using the Ellman’s and NADPH-based assays. This was 

aimed at identifying potential enzymatic activities on a keratin substrate while 

avoiding barriers to penetration encountered with solid keratin.   



115 
 

The uncertainty regarding whether cysteine amino acids are present as 

cystines or S-sulfocysteines in KeratecTM IFP was considered here. While 

the main catalytic activity of thioredoxin systems corresponds to the 

reduction of protein disulfide bonds, their ability to reduce S-sulfocysteine to 

L-cysteine has been noted in the literature.189–191  In this way, thioredoxin 

system activity could here be tested, regardless of whether cystines or S-

sulfocysteines were being reduced.191  

4.6.2.1. NADPH-based assay 

A range of substrate, enzyme and NADPH concentrations and ratios were 

investigated for NADPH-based assay optimisation purposes (Appendix 

Figure 4.15). KeratecTM IFP was incubated in the presence of the Bacillus 

subtilis thioredoxin system and NADPH consumption was monitored at 340 

nm (Figure 39). A significant decrease in 340 nm absorbance was observed 

over time, and detected across replications, indicating thioredoxin system 

activity on KeratecTM (Appendix Figure 4.16). NADPH consumption via 

substrate reduction was clearly distinguishable from the flavin/O2 pathway, 

as indicated by the no-thioredoxin controls. As expected, reduced enzyme 

concentrations were associated with lower activity, and therefore slower 

decrease in 340 nm absorbance, yet the absorbance decrease was still much 

greater than the negative controls.  
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Figure 39 - NADPH consumption monitoring of KeratecTM IFP disulfide bond reduction 
by the Bacillus subtilis thioredoxin system. KeratecTM IFP (Ker IFP, 3.25 mg/mL) was 
incubated with TrxA (0.35-0.70 U/mL, 0.070-0.14 mg/mL), TrxB (0.17-0.34 mg/mL) and 
NADPH (0.200 mM) in 0.50 mM Tris-HCl pH 7.5, 1 mM EDTA at 25 °C, up to 1 mL. 
Absorbances taken prior to NADPH addition were subtracted. The decrease of enzymatic 
concentrations by half was also investigated. 

4.6.2.2. Ellman’s assay 

Ellman’s assay was used to further investigate the potential activity of the 

thioredoxin system from Bacillus subtilis on KeratecTM IFP. The solubilised 

wool substrate was incubated with TrxA, TrxB and NADPH, followed by 

DTNB addition and 412 nm absorbance measurements (Figure 40). Samples 

were incubated for one hour in order to ensure reaction completion (reaction 

terminated within 6 minutes as seen in Figure 39). Controls were included in 

this assay to account for potential interferences from KeratecTM IFP with 412 

nm absorbances due to its yellow tint, and the thioredoxin system with DTNB, 

although DTNB has been shown as a substrate mainly for mammalian 

thioredoxin reductases.327–330 Dialysis prior to DTNB addition was also 

explored for DTT and thioredoxin system removal, however, this step was 

disregarded due to loss of substrate and lack of control over sample dilution. 
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Figure 40. Ellman’s assay of the Bacillus subtilis thioredoxin system activity on 
KeratecTM IFP. KeratecTM IFP (Ker IFP, 3.25 mg/mL) was incubated with TrxA (0.70 U/mL, 
0.14 mg/mL), TrxB (0.34 mg/mL) and NADPH (200 µM) in 100 mM Sodium Phosphate buffer 
with 1 mM EDTA, pH 8 up to 1 mL, at 37 °C for 1 hour. A range of controls were included and 
volumes were adjusted using buffer. DTNB (0.2 mM) was then added, followed by 15 minute-
incubation at room temperature and 412 nm absorbance measurements.  

KeratecTM IFP showed some absorbance interference at 412 nm due to its 

pale-yellow colour; however, the addition of thioredoxin was associated with 

a great increase in 412 nm absorbance, confirming the activity of the Bacillus 

subtilis thioredoxin system for KeratecTM IFP observed with the NADPH 

assay. Such activity was further indicated by the presence of a clear 412 nm 

peak in the absorbance spectrum taken of the thioredoxin system and 

KeratecTM IFP sample (Appendix Figure 4.17). 

4.6.2.3. Disulfide vs. S-sulfocysteine bond reduction in KeratecTM IFP 

Both assays described above (Figures 39 and 40) were then used for 

quantitative investigations of the Bacillus subtilis thioredoxin system activity 

on KeratecTM IFP.  

Regarding the NADPH-consumption assay (Figure 39), total NADPH 

consumption was quantified via Beer Lambert’s law by measuring the 

decrease in 340 nm absorbance upon reaction completion (t300s). It was 

hypothesised that in the presence of thioredoxin, thioredoxin reductase 
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selectively reduces thioredoxin over oxygen in air, which requires spin 

inversion.202  This was justified by the clear differences in rate between the 

two NADPH consumption pathways, substrate reduction or O2/flavin electron 

transfer. In this way, it was assumed that the absorbance decrease observed 

within the first 300 seconds of incubation of the thioredoxin system from 

Bacillus subtilis with KeratecTM IFP corresponded to substrate reduction. The 

decrease in 340 nm absorbance associated with NADPH consumption via 

the O2/flavin pathway was therefore not considered (see section 4.6.2.1). An 

NADPH consumption of 0.121 µmol/mL was calculated, compared to the 

0.200 µmol/mL of NADPH added in this assay. This discrepancy may have 

been relative to the use of a slightly degraded NADPH stock, or potential 

delays in starting absorbance recordings following manual NADPH injection, 

however, the latter seemed unlikely due to similar starting absorbances 

observed across samples. 

Thiol release associated with the incubation of the thioredoxin system with 

KeratecTM IFP was then quantified via Beer-Lambert’s law based on 412 nm 

absorbances obtained with Ellman’s assay (Figure 40). The absorbance 

associated with KeratecTM IFP’s yellow tint was subtracted. A thiol release of 

0.204 µmol/mL (62.8 µmol/g of wool) was calculated, compared to a 

substrate thiol availability of 0.31 µmol/mL (95.4 µmol/g of wool) previously 

measured using DTT (see section 4.6.1.2.). Comparable thiol release 

associated with Bacillus subtilis thioredoxin system activity on KeratecTM IFP 

was observed across replications (Appendix Figure 4.18). While the 

thioredoxin system has been shown to have much higher disulfide bond-

reducing activity on insulin than DTT, the incubation of solubilised wool with 

DTT was associated with greater thiol release than the thioredoxin system.278  
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Overall, the higher thiol release corresponding to KeratecTM IFP reduction 

observed for DTT may be linked to the size of the compound (154 Da) 

compared to thioredoxin (11.4 kDa), allowing for better disulfide bond access 

within the solubilised keratin substrate.  

Looking more specifically at the hypothesised mix between disulfide and S-

sulfocysteine bonds in KeratecTM IFP, the reduction of a disulfide bond by the 

thioredoxin system is associated with the release of two thiols, while the 

reduction of S-sulfocysteine yields one thiol (and sulfite). Moreover, Ellman’s 

assay measures the release of thiols, while the NADPH-based assay 

measures the consumption of NADPH, where one equivalent of NADPH 

consumed corresponds to one reduced sulfur-sulfur bond (Figure 41).  

 

Figure 41. Stoichiometric evaluation of the quantitative analyses of cystine/S-
sulfocysteine reduction by the Bacillus subtilis thioredoxin system via Ellman’s assay 
and NADPH monitoring. 

In this way, if all cysteine amino acids in solubilised wool substrate were 

conserved as disulfide bonds, where n = mols consumed in each assay, then: 

𝑛(𝐸𝑙𝑙𝑚𝑎𝑛′𝑠 𝑎𝑠𝑠𝑎𝑦)

𝑛(𝑁𝐴𝐷𝑃𝐻 𝑎𝑠𝑠𝑎𝑦)
= 2 
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On the other side, the reduction of an S-sulfocysteine bond is associated with 

the release of one thiol and sulfite.190 Therefore, if all cysteine amino acids in 

KeratecTM IFP existed as S-sulfocysteine, then: 

𝑛(𝐸𝑙𝑙𝑚𝑎𝑛′𝑠 𝑎𝑠𝑠𝑎𝑦)

𝑛(𝑁𝐴𝐷𝑃𝐻 𝑎𝑠𝑠𝑎𝑦)
= 1 

Therefore, the comparison of NADPH consumption quantification and thiol 

release quantification (Ellman’s assay) may be used as an indication of 

whether the thioredoxin system from Bacillus subtilis is reducing disulfide 

bonds or S-sulfocysteines in solution. 

The NADPH consumption of 0.121 µmol/mL calculated above may therefore 

correspond to a thiol release between 0.121 µmol/mL (30.8 µmol/g of wool, 

in the case of all cysteines present as S-sulfocysteines) and 0.242 µmol/mL 

(61.7 µmol/g of wool, in the case of all cysteines as cysteines), compared to 

0.204 µmol/mL (62.8 µmol/g of wool) calculated using Ellman’s assay. This 

1 to 1.7 molar equivalence calculated between NADPH consumption 

(NADPH-based assay) and total thiol release (Ellman’s) may further confirm 

that a mix of S-sulfocysteines and disulfides are found in KeratecTM IFP. 

However, the reaction of DTNB with sulfite ions has been reported in the 

literature and may be associated with the release of TNB2-, which would 

interfere with the reasoning described above.324,325 Moreover, the fact that for 

each disulfide bond equivalent in KeratecTM IFP, there may be two S-

sulfocysteines was also not considered here. Outcomes must also be taken 

with a pinch of a salt due to potential NADPH consumption interferences in 

the presence of oxygen. 
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4.6.2.4. Further investigations 

4.6.2.4.1. Anaerobic conditions 

The reaction of reduced flavins in solution with molecular oxygen has been 

described in the literature, occurring via electron transfer from the reduced 

flavin to O2.202 This reaction takes place slowly due to spin inversion being 

required for the reaction of reduced flavin, a singlet, with molecular oxygen, 

a triplet. Once oxidised, the flavin can then be reduced over and over again 

via electron transfer from NADPH, until it is not available anymore. This 

phenomenon was therefore considered as a potential explanation towards 

the slow and steady decrease in 340 nm absorbance observed in the 

presence of thioredoxin reductase and NADPH, without thioredoxin, both for 

insulin (Figure 34) and KeratecTM IFP (Figure 39) as substrates. 

In this way, the NADPH-based assay was attempted anaerobically, where 

the reaction cuvette containing KeratecTM IFP, thioredoxin and thioredoxin 

reductase was purged with argon before the addition of NADPH and 

immediate 340 nm absorbance monitoring (Appendix Figure 4.19). The 

decrease in 340 nm absorbance observed in the presence of thioredoxin 

reductase and NADPH (no thioredoxin) was minimised as a result, 

confirming the O2-flavin hypothesis described above. However, as this slow 

and steady O2-flavin NADPH consumption could be accounted for using 

negative controls, aerobic reaction conditions were kept in use due to 

impracticalities associated with working anaerobically. 

4.6.2.4.2. Effect of additives  

Hair structure opening was later investigated for improved enzymatic 

penetration using a range of additives (see section 4.6.3.3.). The inhibitive 

effects of such additives on Bacillus subtilis thioredoxin system activity were 

therefore briefly explored, using KeratecTM IFP as the substrate (Appendix 
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Figure 4.20), and are summarised in Table 7 below. The baseline enzymatic 

activity was calculated under standard assay conditions as follows, where t 

is the timeframe in which absorbance decrease was monitored and v is the 

volume of the assay (1 mL): 

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑈. 𝑚𝐿−1𝑠−1)

=
∆340(𝐾𝑒𝑟 𝐼𝐹𝑃 + 𝑇𝑟𝑥 𝑠𝑦𝑠𝑡𝑒𝑚)

𝑡 × 𝑣

−
∆340(𝐾𝑒𝑟 𝐼𝐹𝑃 + 𝑇𝑟𝑥𝐵 + 𝑁𝐴𝐷𝑃𝐻) 

𝑡 × 𝑣
 

NADPH consumption via O2/flavin was in this way taken into consideration 

by subtracting the absorbance decrease associated with a no-thioredoxin 

control, although it remains unclear whether, in the presence of thioredoxin, 

NADPH solely gets consumed via the substrate reduction pathway. Relative 

enzymatic activities for each condition were calculated as percentages of the 

baseline activity.  

Table 6. Evaluation of the effect of Tween 20, urea, [EMIM]ESO4 and high incubation 
temperature on thioredoxin system from Bacillus subtilis activity on KeratecTM IFP via 
NADPH consumption monitoring. 

Conditions investigated Enzymatic activities relative to baseline 

KeratecTM IFP + Trx system 
in 2% Tween 20 

94.5 % 

KeratecTM IFP + Trx system 
in 5% Tween 20 

0 %  

KeratecTM IFP + Trx system 
in 5% urea 

112 % 

KeratecTM IFP + Trx system 
in 10% urea 

35.9 % 

KeratecTM IFP + Trx system 
in 1% EMIM 

85.9 % 

KeratecTM IFP + Trx system 
in 5% EMIM 

54 % 

KeratecTM IFP + Trx system 
in 10% EMIM 

39 % 

KeratecTM IFP + Trx system 
at 70 °C 

197 % 
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The addition of urea was associated with a slight increase in thioredoxin 

system activity on KeratecTM IFP, in line with its ability to break non-covalent 

bonds and loosen up the keratin fibre.331 Moreover, a significant increase in 

thioredoxin system activity was noted at higher temperature (25 °C to 70 °C), 

in line with what has been described in the literature for thioredoxin systems 

from a range of organisms.332,333 Overall, Tween 20, urea and [EMIM]ESO4 

did not inhibit the thioredoxin system from Bacillus subtilis up to 5% v/v, 5% 

w/v and 0.1% v/v concentrations, respectively, which was taken into 

consideration during later hair structure opening investigations. 

4.6.3. Human hair disulfide bond reduction by the thioredoxin 

system  

While it remained unclear whether the significant activity detected for the 

thioredoxin system from Bacillus subtilis on KeratecTM IFP corresponded to 

the reduction of disulfide bonds, S-sulfocysteine bonds, or both, the potential 

disulfide bond-reducing activity on human hair keratin was then investigated. 

In an attempt to facilitate enzymatic penetration into the hair cortex, a range 

of substrate treatments were investigated, including the grinding and 

solubilisation of hair, as well as potential fibre swelling using additives such 

as urea.331 Both Ellman’s and NADPH-based assays were used to this end. 

4.6.3.1. Untreated solid human hair 

Initially, the ability of commercial thioredoxin from E. coli to reduce disulfide 

bonds was assessed on untreated solid human hair, with DTT as the 

reducing power. The insulin turbidity assay indeed confirmed the suitability 

of DTT as reducing agent for thioredoxin (see section 4.5.1.) in the presence 

of insulin.309 However, this is not known for keratin as a substrate. Therefore, 

DTT was incubated with human hair, in the presence and absence of E. coli 

thioredoxin (Figure 42). The hair was thoroughly rinsed before DTNB addition 
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and 412 nm absorbance measurements to avoid DTT interference. Higher 

thiol release was observed in the presence of thioredoxin, over three 

replications, however, the absorbance difference with the no-thioredoxin 

control was not statistically significant (P(T<=t) one-tail of 0.106 obtained via 

a two-sample assuming unequal variances t-Test).  
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Figure 42. Ellman’s assay of solid human hair disulfide bond reduction by E. coli 
thioredoxin and DTT. Hair (0.08 g/mL) was incubated with Trx1 (0.047 U/mL, 0.010 mg/mL) 
and DTT (3 mM) in 100 mM Sodium Phosphate buffer with 1 mM EDTA, pH 8 up to 2.5 mL, 
for 15 minutes at 37 °C, followed by thorough buffer rinsing. Substrates were resuspended in 
buffer (2.5 mL) and DTNB (0.20 µM) was added and incubated for 15 minutes at room 
temperature. 412 nm absorbances were then recorded - data given as average values of 
triplicate absorbance measurements (final buffer rinsing absorbance subtracted from sample 

absorbances) and shown ± the standard deviation. 

Further replications were conducted with increased thioredoxin 

concentrations, with no significant difference in thiol release observed in the 

presence or absence of thioredoxin, suggesting a lack of activity for hair. DTT 

and hair concentrations and ratios were also varied, without success. These 

observations may suggest that DTT was not suitable as a reducing agent for 

thioredoxin in the presence of human hair. However, this is unlikely, 

considering barriers to DTT reaction with human hair are expected to be 

much higher than in the case of soluble substrates, such as insulin. This 

potential lack of disulfide bond reducing activity of thioredoxin from E.coli in 

solid human hair was further explored.  
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The potential activities of E. coli and Bacillus subtilis thioredoxins on solid 

human hair were then investigated via thioredoxin reductase and NADPH 

regeneration, instead of DTT (Figure 43). Very low 412 nm absorbances 

were recorded compared to the positive control containing DTT, again 

suggesting a lack of activity of the thioredoxin system for solid hair as a 

substrate.  
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Figure 43. Ellman’s assay of solid human hair disulfide bond reduction by the Bacillus 
subtilis thioredoxin system. Hair (0.08 g/mL) was incubated with DTT (3 mM), Trx1 (0.56 
U/mL, 0.12 mg/mL) or TrxA (0.70 U/mL, 0.14 mg/mL), TrxB (0.34 mg/mL) and NADPH (213 
µM) in 100 mM Sodium Phosphate buffer with 1 mM EDTA, pH 8 up to 1 mL, for 1 hour at 37 
°C. Following thorough buffer rinsing, substrates were resuspended in buffer (1 mL), DTNB 
(0.20 µM) was added and incubated for 15 minutes at room temperature. 412 nm absorbances 
were then recorded (final buffer rinsing absorbance subtracted from sample absorbances). 

This lack of clear disulfide bond reducing activity of the Bacillus subtilis 

thioredoxin system on solid hair was further observed via the NADPH 

degradation assay. The assay was adapted for a solid substrate. Typically, 

the reaction was performed as a heterogeneous hair-buffer mixture, and 

sample supernatants were measured (A340nm and full spectra) at regular 

time intervals (Figure 44 and Appendix Figure 4.21).  
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Figure 44. NADPH consumption monitoring of solid human hair disulfide bond 
reduction by the Bacillus subtilis thioredoxin system. Hair (0.02 g/mL) was incubated with 
TrxA (0.70 U/mL, 0.14 mg/mL), TrxB (0.34 mg/mL) and NADPH (0.213 mM) were added to 
0.50 mM Tris-HCl pH 7.5, 1 mM EDTA, up to 1 mL. The decrease in absorbance at 340 nm 
was then monitored at regular intervals for up to one hour at 25 °C, by pipetting the sample 
supernatant into the quartz cuvette prior to every measurement.  

Similar rates of 340 nm absorbance decreases were observed for samples 

both in the presence or absence of thioredoxin, suggesting that NADPH was 

being converted to NADP+ via the flavin/O2 pathway and, therefore, that 

disulfide bonds in hair were not being reduced by the thioredoxin system.  

While clear thioredoxin system activity was observed on KeratecTM IFP, the 

lack of activity noted for solid hair was put down to the nature of the substrate. 

Indeed, thioredoxins from various organisms, including Salmonella 

typhimurium and E. coli, have been shown to reduce S-sulfocysteine bonds 

to cysteine.189–191 It was therefore assumed that the thioredoxin system from 

Bacillus subtilis is equally able to reduce disulfide bonds and S-sulfocysteine 

bonds in substrates, as suggested in the literature.191 In this way, considering 

that the system was able to reduce bonds in solubilised wool (disulfide or S-

sulfocysteine), the potential of the thioredoxin system to reduce disulfide 

bonds in soluble keratin had therefore been demonstrated. Therefore, it was 

assumed that the lack of enzymatic disulfide bond reduction observed in solid 

hair was related to the highly crosslinked and tightly packed substrate 
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structure, preventing enzymes (≥11.4 kDa) from reaching the hair 

cortex.6,9,41,46 

In an attempt to facilitate the penetration of thioredoxin from Bacillus subtilis 

into the hair, a range of treatments were investigated, including hair grinding, 

and solubilisation.   

4.6.3.2. Ground hair  

The grinding of keratin substrates prior to spectrophotometric analyses has 

been described in the literature, most likely to improve measurement 

accuracy by increasing reaction homogeneity.27,334,335 Solid human hair was 

ground using liquid nitrogen and a pestle and mortar prior to treatment with 

the thioredoxin system from Bacillus subtilis, in an attempt to increase 

homogeneity within assays and facilitate enzymatic penetration (Appendix 

Figure 4.22). The supernatant was pipetted into a quartz cuvette prior to 

absorbance measurements to avoid any interference from the suspended 

powder. However, no enzymatic disulfide bond reducing activity was 

detected for the ground substrate. This was not unsurprising, as grinding 

allows the substrate to be broken down into smaller fragments, rather than 

opening up the keratin structure. Ground hair was also investigated as a 

substrate for an Ellman’s assay, where enzymes and NADPH were rinsed 

using either dialysis or Buchner filtration prior to DTNB addition to avoid 

interference (Appendix Figure 4.23). Both these rinsing methods led to 

significant substrate losses, and as a result, 412 nm absorbances were very 

low. No conclusions could be drawn. 

4.6.3.3. Treated solid human hair 

In an attempt to facilitate enzyme penetration into the hair cortex, a range of 

pre-treatments were investigated. Hair delipidation was attempted using 15% 

w/v sodium lauryl ether sulphate followed by incubation with 1:1 
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methanol/chloroform, based on a range of methods described in the 

literature.57,66,67 Hair was also treated with a range of additives, such as urea, 

Tween20 and ionic liquids.58–62 Scanning Electron Microscopy (SEM) was 

then used to investigate the effect of these treatments on hair structure, with 

fibre swelling, lifted cuticles and exposed cortex all indicative of fibre 

structure opening. 

A minimum of six strands per condition were analysed by SEM, and overall 

observations across all six strands are reported here (Figure 45). Untreated 

hair exhibited cuticles in very good condition (Figure 45a), while high-

temperature incubation (Figure 45b) and delipidation (Figure 45c) were 

associated with very slight cuticle damage. Cuticle damage was also 

observed upon treatment with Tween 20 (Figure 45d), a non-ionic surfactant 

commonly used as a detergent. Incubation of both delipidated and non-

delipidated hair with urea, which absorbs moisture from the environment and 

draws it to the hair, inducing swelling, led to cuticle damage and lifting, as 

well as fibre swelling (Figure 45e).87,336 Finally, incubation of non-delipidated 

and delipidated hair with low concentrations of ionic liquids led to the 

apparition of fibre swelling, defects and cracks (Figures 45f-i).  

  

      

a. b. c. 

c. f. d. 
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Figure 45. Scanning Electron Microscopy analysis of pre-treated human hair. Hair (0.03 
g) was exposed to a range of pre-treatments (3 mL). (a) Untreated hair, (b) hair incubated at 
high temperature (70 °C instead of 30 °C), (c) Delipidated hair (d) hair incubated with Tween 
20 (2% w/v), (e) hair incubated with urea (8 M), (f) hair incubated with [EMIM]ESO4 (100%), 
(g) hair incubated with [EMIM]Cl (0.03 mg/mL), (h) hair incubated with [BMIM]Cl (0.03 mg/mL) 
and (i) hair incubated with [BMIM]Br (0.5 mg/mL). 

In this way, the effects of various pre-treatments on hair integrity were 

investigated using SEM. Significant hair damage was observed in the 

presence of Tween 20, urea and ionic liquid treatments. 

Pre-treated solid hair samples were then investigated by Ellman’s assay to 

evaluate potential penetration of the thioredoxin system from Bacillus subtilis 

into the hair cortex as a result of hair structure opening. Following pre-

incubation of intact hair with the various additives, hair was thoroughly rinsed 

before further overnight incubation with the thioredoxin system. Hair samples 

were rinsed again prior to DTNB addition and 412 nm absorbance 

measurements (Figure 46). Absorbances remained low across all samples, 

suggesting a lack of enzymatic disulfide bond reducing activity on solid hair. 

i. 

g. h. 
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Figure 46. Ellman’s assay of disulfide bond reduction of pre-treated human hair by the 
Bacillus subtilis thioredoxin system. Hair (10 mg/mL) was pre-incubated overnight at 37 
°C, 250 rpm, with 1:1 chloroform:methanol following a wash with 15% w/v SDS (delipidated 
hair), [BMIM]Cl (0.03 mg/mL) or urea (8M) in 100 mM sodium phosphate buffer with 1 mM 
EDTA, pH8, up to 3 mL. Hair samples were then thoroughly rinsed, then further incubated 
overnight at 37 °C, 250 rpm, with TrxA (0.70 U/mL, 0.14 mg/mL), TrxB (0.34 mg/mL) and 
NADPH (213 µM) in 1 mL of 100 mM sodium phosphate buffer, 1 mM EDTA, pH 8, before 
being finally rinsed prior to addition of DTNB (0.20 µM) in sodium phosphate buffer with 1 mM 
EDTA, pH 8, up to 1 ml, 15 min incubation at room temperature and 412 nm absorbances 
recording. 

Despite the hair structure opening observed via SEM as a result of various 

pre-treatments (delipidation, incubation with urea, ionic liquids etc.), the 

thioredoxin system from Bacillus subtilis was not able to penetrate into the 

hair cortex and reduce disulfide bonds. Similar observations were made 

using the NADPH consumption assay (Figure 47), where hair was incubated 

with the thioredoxin system in the presence of promising additives at 

concentrations known not to inhibit enzymatic activity (see section 

4.6.2.4.2.). Indeed, no NADPH consumption beyond the rate of the O2/flavin 

pathway was observed under any condition assayed. 
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Figure 47. NADPH degradation assay of solid human hair disulfide bond reduction by 
the Bacillus subtilis thioredoxin system in the presence of a range of additives. Hair 
(0.02 g/mL) was incubated with TrxA (0.70 U/mL, 0.14 mg/mL), TrxB (0.34 mg/mL) and 
NADPH (0.213 mM) in 0.50 mM Tris-HCl pH 7.5, 1 mM EDTA, up to 1 mL, in the presence of 
Tween20 (2% v/v), urea (5% w/v) or [EMIM]ESO4 (0.5% v/v). The decrease in absorbance at 
340 nm was then monitored at regular intervals for up to one hour at 25 or 50 °C, by pipetting 
the sample supernatant into the quartz cuvette prior to every measurement. 

4.6.3.4. Solubilised hair 

Hair solubilisation was then attempted to facilitate enzymatic access to hair 

keratin, similarly to KeratecTM IFP. A range of methods have been described 

in the literature regarding keratin solubilisation, mainly from wool but also 

feathers and hair.72,91,99,100,106–109 Two approaches for hair keratin 

solubilisation were investigated, using NaOH (10 M in water) at 90 °C for 15 

minutes as suggested by Sarmani et al. (1997) or [EMIM]ESO4 (100%) at 

120 °C overnight, inspired by work conducted by Zhang et al. (2017)104,106. 

While sodium hydroxide is known to break disulfide bonds, amongst other 

bonds, in hair keratin, NaOH-solubilisation was attempted with the idea that 

some disulfide bonds may remain intact.5,73 Moreover, the use of ionic liquids 

as tunable green solvents (low flammability, lack of vaporisation) has been 

described in the literature towards hair solubilisation, where the combined 

effects of anions and cations allow for the breaking of covalent and non-

covalent interactions in keratin.100,101,106,112–117 While a minimum of 65% 

disulfide bond breakage was reported as a requirement for complete 
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solubilisation by ionic liquids according to Zhang et al. (2017), the possibility 

of intact disulfide bonds in solubilised hair was in this way investigated.106 

Both methods led to successful hair solubilisation, however, ionic-liquid 

solubilised hair turned into a very dark and viscous liquid. The [EMIM]ESO4-

solubilisation of bleached hair was then attempted to avoid the dark colour 

potentially associated with melanin.337 However, a dark heterogenous 

viscous liquid was again obtained. A range of dilutions were performed to 

lower the [EMIM]ESO4-solubilised substrate viscosity and opacity. SDS 

PAGE analysis revealed severe smearing for undiluted solubilised hair, while 

dilutions beyond 1 in 2 were not concentrated enough to exhibit bands 

(Appendix Figure 4.24).  

The solubilised hair substrates were then investigated using NADPH-based 

and Ellman’s assays (Appendix Figure 4.25, Figure 48). The opacity and 

viscosity of ionic liquid-solubilised hair interfered with absorbance 

measurements, and no thioredoxin system reducing activity was observed 

on the centrifuged substrate either (Appendix Figure 4.26). In the case of 

NaOH-solubilised hair, a clear lack of disulfide bond reducing activity was 

also observed. This overall lack of disulfide bond reducing activity detected 

for the thioredoxin system from Bacillus subtilis was unsurprising due to 

significant disulfide bond reduction occurring upon NaOH and [EMIM]ESO4 

solubilisation of human hair.106,338 
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Figure 48. Disulfide bond reduction analysis by the Bacillus subtilis thioredoxin system 
in solubilised hair via NADPH consumption monitoring. NaOH and [EMIM]ESO4 
solubilised human hair (0.02 g/mL eq.) was incubated with TrxA (0.70 U/mL, 0.14 mg/mL), 
TrxB (0.34 mg/mL) and NADPH (0.213 mM) in 0.50 mM Tris-HCl pH 7.5, 1 mM EDTA, up to 
1 mL). The decrease in absorbance at 340 nm was then monitored over time for up to one 
hour at 25 °C. 

 

4.7. Effect of keratinase from Bacillus licheniformis on 

disulfide bond reduction  

In an attempt to facilitate the penetration of the thioredoxin system from 

Bacillus subtilis inside the hair cortex as a result of a lack of disulfide bond 

reducing activity detected on hair as the substrate, keratinase from Bacillus 

licheniformis was investigated for potential hair structure opening via keratin 

peptide bond cleavage (Figure 49). 

 

Figure 49. Hypothetical hair structure opening by keratinase for easier thioredoxin 
system penetration.  
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4.7.1. Expression attempts of keratinase (KerA) from Bacillus 

licheniformis 

The expression of KerA from Bacillus licheniformis was initially attempted in 

E. coli. The codon-optimised kerA gene was synthesised by GeneArt and 

cloned into pMP89b, between BamHI and SacI restriction sites (Appendix 

Figure 6 and Appendix Table 3.2). Cloning success was confirmed by 

agarose gel analysis, PCR and Sanger sequencing (Appendix Figures 4.27-

28), following which pMP89b::kerA plasmid was transformed into BL21(DE3) 

E. coli strains. Protein expressions were then attempted at a low scale (50 

mL, 37 °C, 180 rpm, 4.5-hour incubation), however, no bands were seen on 

SDS PAGE at around 32 kDa where keratinase would be expected 

(Appendix Figure 4.29).31 Several modifications to the expression conditions 

were investigated in an attempt to express KerA, including lower expression 

temperatures (30 °C) and varied lysis buffer compositions, with no success 

(Appendix Figure 4.30).  

The kerA gene used in this study was synthesised based on the sequence 

described by Lin et al. (1995) comprising the signal peptide, while expression 

conditions were inspired by work on kerA conducted by Hu et al. (2013) in 

the absence of signal peptide (Appendix Figure 4.31).25,32 In this way, the 

presence of a signal peptide may have been hindering expression, which has 

been described in the literature for protein expression in E. coli.134,339,340 It 

was therefore decided to investigate the activity of the commercial keratinase 

(KerA) from Bacillus licheniformis, supplied by Merck, before any further 

expression attempts. 
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4.7.2. Effect of disulfide bond reducing agents on keratinolytic 

activity  

The importance of disulfide bond reduction towards enzymatic keratin 

degradation has been extensively described in the literature. 

22,26,344,345,28,33,128,156,162,341–343 In this way, commercial keratinase from Bacillus 

licheniformis was investigated for keratinolytic activity, both in the presence 

and absence of DTT, a reducing agent with reported efficiency at yielding 

high keratinolytic activity.21,26,98,105,287 The keratin azure assay, involving the 

monitoring of soluble dye-bound peptides and amino acids released upon 

peptide bond cleavage (see section 4.2.3.), was used to this end. 292,293 

4.7.2.1. Keratinolytic activity of keratinase 

The keratinolytic activity of keratinase from Bacillus licheniformis was first 

investigated over time in the absence of a reducing agent. The enzyme was 

incubated with keratin azure for up to 72 hours at 37°C, and 595 nm 

absorbances were recorded throughout (Figure 50). A no-substrate control 

was investigated, and absorbances at 595 nm remained at 0 over time.   
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Figure 50. Keratin azure assay of keratinase from Bacillus licheniformis over a range 
of concentrations. Keratin azure (4 mg/mL) was incubated for 72 hours at 37 °C,250 rpm 
with KerA (1.5-6.2 U/mL, 4.4-17.6 µg/mL) in Tris buffer, pH 8, after which 595 nm absorbances 
were recorded. 
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While a slight increase in 595 nm absorbance was observed over time across 

samples, absorbances remained very low (below 0.10 after 72 hours) 

compared to what had been reported in the literature.30,285,346 For example, 

Navone et al. (2018) measured a keratinolytic activity for keratinase from 

Bacillus licheniformis of around 16,000 KU/g of protein, where 1 KU is 

defined as the amount of keratinase needed to yield an increase of 0.1 in 

absorbance at 595 nm after 1 hour incubation at 37 °C.30 This is over 20 

times higher than the 780 KU/g of protein calculated from the 0.08 mg/mL 

keratinase and keratin azure sample from the assay described above (Figure 

47) after 1 hour incubation at 37 °C, 250 rpm. However, the authors used 

Bacillus licheniformis fermentation solubles containing KerA rather than the 

isolated enzyme, which may have led to increased keratinolytic activities.30  

Replications of this assay yielded comparably low 595 nm absorbances with 

high error bars (Appendix Figure 4.32). As a result, the proteolytic activity of 

the commercial enzyme was investigated using the supplier’s non-specific 

protease activity assay on casein.279,347 When proteases digest casein, 

tyrosine is liberated and reacts with Folin-Ciocalteau reagent, a mixture of 

phosphomolybdate and phosphotungstate, to produce a blue-coloured 

chromophore, quantifiable via 660 nm absorbance measurements.279 A 

standard curve was generated using 0.005-0.050 µmol/mL (0.9-9.0 mg/mL) 

L-tyrosine to determine the number of micromoles of tyrosine liberated during 

the reaction and, in this way, calculate keratinase activity (Appendix Figure 

4.33). However, very low A650nm values (<0.03) were recorded across all 

keratinase concentrations assayed, even following enzyme concentration 

increases and the use of a new enzyme batch, suggesting a lack of casein 

proteolytic activity (Appendix Figure 4.34.).  
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A series of controls were then assessed to investigate the constantly low 660 

nm absorbances observed using the casein assay (Figure 51). The presence 

of L-tyrosine in casein was confirmed by 660 nm absorbance values of 

around 0.2 for samples (a) and (d). TCA successfully precipitated casein 

(eliminated by filtration), as can be seen with sample (b). The baseline 

treatment (f) again gave a very low 660 nm absorbance, however, the 

introduction of keratinase after TCA addition (e) seemed to be associated 

with higher absorbance. This was repeatedly observed despite keratinase 

alone not absorbing at 660 nm (c). Since TCA was shown to precipitate 

casein successfully, it remains unclear what the absorbance observed for 

sample (e) corresponds to. The supplier was unable to provide further 

support, and this assay was therefore deemed inconclusive.  
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Figure 51. Keratinolytic activity assay of keratinase from Bacillus licheniformis on 
casein. Baseline treatment (f) corresponds to KerA (0.05 U/mL or 0.15 µg/mL) incubated with 
casein (2.9 mg/mL) for 10 minutes at 37 °C before TCA (8.2 mg/mL) addition. Casein digestion 
was monitored at 660 nm absorbance. A range of controls (a-e) were included, where volumes 

were made up using a buffer.  

KeratecTM IFP was also attempted as a substrate to detect tyrosine release 

upon keratinase activity, however, the soluble keratin substrate has a 

significant proportion of L-tyrosine (see section 4.2.1.) and was therefore 

(a)          (b)        (c)          (d)         (e)          (f)                     
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associated with high 660 nm absorbances when untreated (Appendix Figure 

4.35).  

4.7.2.2. Effect of reducing agents on keratinase activity  

The keratinolytic activity of keratinase from Bacillus licheniformis was further 

investigated using the keratin azure assay in the presence of DTT as a 

reducing agent, which has been associated with increased 595 nm 

absorbances in the literature.30,346 The enzyme was therefore incubated with 

keratin azure and DTT, and 595 nm absorbances were monitored over time 

(Figure 52). A significant rise in keratinase activity was observed in the 

presence of DTT, with a six-fold increase in 595 nm absorbance detected. 

The release of Remazol Brilliant Blue dye was confirmed by the full 

absorbance spectrum (Appendix Figure 4.36). This was observed over a 

range of replications (Appendix Figure 4.37). Keratinase samples incubated 

with DTT were therefore used as a positive control for later experiments. 
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Figure 52. Keratin azure assay of keratinase from Bacillus licheniformis in the presence 
of DTT. Keratin azure (KA, 4 mg/mL) was incubated with KerA (3.1 U/mL, 8.8 µg/mL) and/or 
DTT (0.13 M) in Tris buffer pH 8 for up to 96 hours at 37 °C, 250 rpm. 

The considerable increase in keratinolytic activity observed here upon 

incubation with a reducing agent is due to DTT’s ability to penetrate solid 

keratin substrates, potentially due to its small size (154 Da), and reduce 
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disulfide bonds between keratin chains (see section 4.6.1.3). Indeed, the 

penetration of peptides of up to 2,577 Da in the hair cortex has been reported 

in the literature.30,57 Keratin disulfide bond reduction then results in improved 

keratinase access to proteolytic cleavage sites in the keratin backbone, 

which the enzyme (32 kDa) may otherwise be too big to access.346 

In an attempt to move away from DTT, a harmful reducing agent with acute 

oral toxicity, milder alternatives with known keratin disulfide bond reducing 

abilities, such as glutathione and cysteine, were explored (Figure 53).48,59,348–

350 Cysteine precipitation was observed in samples, potentially due to its low 

solubility, preventing any spectrophotometric analyses.  
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Figure 53. Keratin azure assay of keratinase from Bacillus licheniformis exploring DTT, 
glutathione and cysteine as reducing agents. Keratin azure (KA, 4 mg/mL) incubated with 
KerA (3.1 U/mL 8.8 µg/mL) and reducing agents (DTT: 0.31 M, glutathione: 0.16 M & cysteine: 
0.41 M) in Tris buffer pH 8 for 20 h at 37 °C, 250 rpm - cysteine samples incompatible with 
absorbance measurements. 

Moreover, samples containing glutathione and keratin azure, in the presence 

and absence of keratinase, showed lower absorbances than the untreated 

keratin azure control, with a notable decrease in absorbance over time. This 

phenomenon was observed across replications (Appendix Figure 4.38), 
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suggesting that glutathione may react with Remazol Brilliant Blue R dye 

released during incubation. Another dye, methylene blue, is known for 

turning colourless when reduced to leukomethylene blue, for example, by 

ascorbic acid.351 Glutathione may therefore react with RBBR in such a way 

that the dye turns colourless and cannot be detected at 595 nm anymore. 

For these reasons, DTT was therefore kept as the reducing agent of choice. 

4.7.2.3. Further keratinase activity investigations 

The effect of further keratin structure opening, in the form of substrate 

chopping and fibre swelling, was investigated on Bacillus licheniformis 

keratinase using the keratin azure assay in an attempt to facilitate enzyme 

penetration for a potential increase in keratinolytic activity. The use of 

chopped (ground) keratin azure, which has been described in the literature, 

was investigated as a potential substrate, however, no difference was 

observed compared to the intact substrate (Appendix Figure 

4.39).285,334,346,352 This could be explained by the fact that, while chopping 

substrates may facilitate absorbance measurements as a result of increased 

homogeneity, this process may not lift cuticles or open-up keratin structure.  

Keratin azure fibre swelling was also investigated via buffer pH increase and 

urea addition, which was associated with higher 595 nm absorbances across 

samples and controls alike (Appendix Figure 4.40).58–62  This may be due to 

a higher susceptibility of dye-release from keratin azure as a result of fibre 

swelling.  

The effect of increasing incubation temperature from 37 °C to 70 °C was also 

investigated in an attempt to increase keratinolytic activities observed across 

keratin azure assays. Abdel-Fattah et al. (2018) showed optimal activity for 

keratinase from Bacillus licheniformis at pH 8 and 65 °C.353 Keratin azure 

was in this way incubated with keratinase at 37 or 70 °C, and 595 nm 
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absorbances were recorded over time (Figure 54). Significant amounts of 

dye release were, however, observed for the 70 °C-incubated samples, even 

in the absence of keratinase. Comparably high amounts of keratin azure 

auto-degradation were observed at 70°C across replications (Appendix 

Figure 4.41), suggesting the incompatibility of this assay at such high 

temperatures. While the keratin azure assay is usually performed at 

temperatures of 37 °C and below, it may be that when exposed to 

significantly higher temperatures, Remazol Brilliant Blue R slowly leaches 

out of the keratin structure.30,285,346 
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Figure 54. Keratin azure assay exploring the effect of incubation temperature on activity 
of keratinase from Bacillus licheniformis. Keratin azure (KA, 4 mg/mL) was incubated with 
KerA (3.1 U/mL, 8.8 µg/mL) and DTT (0.31 M) in Tris buffer pH 8 for 47 h at 37-70 °C, 250 
rpm. 

Further temperature studies were conducted in triplicates, investigating 

incubation temperatures between 20 and 70 °C (Appendix Figure 4.42).  

These investigations confirmed keratin azure auto-degradation at 70 °C, and 

significant variations were observed overall between replications. In this way, 

the reliability of the keratin azure was questioned due to the leaching of dye 

observed as well as reproducibility issues associated with the nature of the 

substrate. A lack of sensitivity and standardisation was indeed reported by 
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Gupta et al. (2006) and Gonzalo et al. (2020), who noted limited 

comparability and reproducibility between studies.285,354 

4.7.3. Effect of keratinase on keratin disulfide bond reduction  

While the effect of disulfide bond reduction by enzymes or other reducing 

agents on keratinase activity has been extensively reported in the literature, 

the impact of keratinase on keratin disulfide bond reduction, especially for 

insoluble keratin (e.g. hair), has not been explored.22,26,344,345,28,33,128,156,162,341–

343 Keratinase from Bacillus licheniformis appears to rely on the reduction of 

keratin disulfide bonds to cleave peptides bonds (Figure 52). It was therefore 

hypothesised that the cleavage of peptide bonds may, in turn, expose further 

disulfide bonds for reduction by DTT. This was investigated here using 

Ellman’s assay, where keratinase was incubated with both keratin azure 

(Figure 55) and hair (Figure 56) in the presence and absence of DTT. The 

lack of disulfide bond-reducing activity of keratinase from Bacillus 

licheniformis, as suggested by Lin et al. (1995), investigated as a control, 

was confirmed using both keratin azure and hair as substrates (Appendix 

Figure 4.43).31 
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Figure 55. Ellman’s assay of keratinase activity on keratin azure in the presence of DTT. 
Keratin azure (KA, 4 mg/mL) was incubated with KerA (1.5 U/mL, 4.4 µg/mL) and DTT (49.7 
mg/mL, 0.31 M) in Ellman’s buffer for 24 hours at 37 °C, 250 rpm, followed by 5 buffer rinsings 
and 30 min incubation with DTNB (0.08 mg/mL or 0.20 µM) and 412 nm absorbance 
measurements -- data given as average values of triplicate reactions (sample-final was final 
wash subtracted from sample absorbance h)  and shown ± the standard deviation. 
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Figure 56. Ellman’s assay of keratinase activity on human hair in the presence of DTT. 
Hair (8 mg/mL) was incubated with KerA (1.5 U/mL, 4.4 µg/mL) and DTT (49.7 mg/mL, 0.31 
M) in Ellman’s buffer for 1 hour at 37 °C, 250 rpm, followed by five buffer rinsings and 30 min 
incubation with DTNB (0.08 mg/mL or 0.20 µM) and 412 nm absorbance measurements - data 
given as average values of triplicate reactions (final wash subtracted from sample 
absorbance) and shown ± the standard deviation. 

In the case of both solid keratin substrates, the presence of keratinase, and 

therefore the potential concomitant peptide bond cleavage, was associated 
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with higher disulfide bond reduction than when DTT alone was incubated 

with substrates. Absorbance spectra were taken following incubation with 

DTNB and confirmed the formation of a 412 nm peak for the sample 

containing keratin azure, DTT and keratinase (Appendix Figure 4.44). While 

these observations suggest that the keratinase-catalysed cleavage of 

peptide bonds may reveal more disulfide bonds for DTT to reduce, significant 

variations can be seen across replications. The potential adsorption of TNB2-  

to solid keratin fibres during Ellman’s assay, which was developed for the 

determination of thiol release in solution, may be preventing precise 

spectrophotometric thiol quantification.321 

 

The impact of keratin azure fibre swelling through increased buffer pH and 

urea addition, which was investigated with the aim of facilitating keratinase 

penetration of keratin fibres and, as a result, potentially increasing levels of 

disulfide bond reduction, showed no effect. The impact of keratinase on solid 

keratin disulfide bond reduction by reducing agents beyond DTT were also 

explored, including cysteine, thioglycolic acid, glutathione and TCEP. As 

previously observed, cysteine was associated with the formation of insoluble 

particles hindering absorbance measurements, while thioglycolic acid was 

not rinsed from the substrate easily and therefore interfered with Ellman’s 

assay. In the case of both hair and keratin azure as substrates, the highest 

keratinase impact on reducing agent disulfide bond reducing activity was 

observed using DTT, similar to what was reported in the literature (Figure 

57a-b).21,26,98,105,287 Relatively high absorbance variations were again 

observed across replications.  
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Figure 57 - Ellman's assay on keratin azure (a) or hair (b) with keratinase and reducing 
agents. Incubation of keratin azure (KA, 8 mg/mL) or hair (8 mg/mL) with KerA (1.5 U/mL, 4.4 
µg/mL) and reducing agents (DTT: 0.31 M, glutathione: 0.16 M, cysteine: 0.41 and TGA: 0.54 
M) for 1 hour at 37 °C, 250 rpm, followed by five buffer rinsings and 30 min incubation with 
DTNB (0.20 µM) and 412 nm absorbance measurements - data given as average values of 

triplicate reactions (final wash subtracted from sample absorbance) and shown ± the standard  

Overall, while the addition of Bacillus licheniformis keratinase seemed to be 

associated with slightly increased keratin disulfide bond reduction by DTT, 

these observations were not statistically significant due to high absorbance 

variations across replications.  

4.7.4. Effects of combining Bacillus subtilis thioredoxin system 

and Bacillus licheniformis keratinase  

Following investigations of the effect of keratinase-catalysed peptide bond 

hydrolysis on solid keratin disulfide bond reduction by DTT, the impact of 

keratinase on the Bacillus subtilis thioredoxin system was explored here. In 

the absence of enzymatic disulfide bond reduction observed using solid 

keratin substrates (see section 4.6.3.), despite attempts to open up keratin 

structure, it was hypothesised that peptide bond cleavage might allow the 

penetration of thioredoxin into the solid keratin substrate, making disulfide 

bonds more accessible to the enzyme. However, the penetration of small 

reducing agents like DTT into the hair cortex and subsequent disulfide bond 

reduction has been shown in this study to be necessary for keratinase activity 

(see section 4.7.2.2.). Due to the sizes of both thioredoxin from Bacillus 

a. 
b. 
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subtilis (11.4 kDa) and keratinase from Bacillus licheniformis, a lack of 

penetration into the hair cortex and, altogether, an absence of solid keratin 

disulfide bond reduction was expected. 

NADPH consumption was, in this way, monitored towards the potential 

disulfide bond reduction of solid hair by thioredoxin from Bacillus subtilis, 

where the substrate was pre-incubated with keratinase from Bacillus 

licheniformis (Figure 58). A clear lack of enzymatic disulfide bond-reducing 

activity was observed, suggesting that the thioredoxin system was not able 

to reach the hair cortex. The lack of effect of keratinase-catalysed peptide 

bond hydrolysis may, however, be associated with the inability of keratinase 

as well to penetrate the substrate, as keratinolytic activity was previously 

detected only in the presence of DTT. The pre-incubation of human hair with 

keratinase in the presence of DTT (followed by substrate rinsing), as well as 

the simultaneous incubations of the thioredoxin system and keratinase with 

solid keratin substrates may be explored, however, a lack of enzymatic 

activity as a result of substrate penetration issues is expected. 
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Figure 58. Analysis of the effect of Bacillus licheniformis keratinase on disulfide bond 
reducing activity of the Bacillus subtilis thioredoxin system on solid human hair. Hair 
(0.02 g/mL) was pre-incubated with KerA (0.75 U/mL 2.2 µg/mL) for 5 minutes or overnight at 
37 °C, 250 rpm. Pre-treated hair was then rinsed and incubated with TrxA (0.70 U/mL, 0.14 
mg/mL), TrxB (0.34 mg/m) and NADPH (0.100 mM) were added to 0.50 mM Tris-HCl pH 7.5, 
1 mM EDTA, up to 1 mL. The decrease in absorbance at 340 nm was then monitored at 
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regular intervals for up to one hour at 25 °C, by pipette the sample supernatant into the quartz 
cuvette prior to every measurements. 

 

4.8. Alternative enzymatic keratin disulfide bond 

reduction 

Cysteinyl glycine, a strong reducing agent able to reduce disulfide bonds in 

feather keratin, was also investigated in the context of evaluating the 

potential of γ-glutamyl transpeptidases for enzymatic keratin disulfide bond 

reduction.22,156,162 Indeed, γ-glutamyl transpeptidase from Bacillus subtilis 

has been shown to provide reducing activities for keratin decomposition by 

the relative protease.162 However, cysteinyl glycine exhibited very low levels 

of disulfide bond reduction in hair (Appendix Figure 4.45). Increased 

concentrations were investigated but were seen to interfere with Ellman’s 

assay due to incomplete removal before DTNB addition. The potential 

exploration of γ-glutamyl transpeptidases for disulfide bond reduction in 

human hair was therefore not investigated any further. 
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5. Enzymatic crosslinking of keratin 

5.1. Background 

The permanent setting of natural macromolecules for the modification of 

appearance and performance properties has been a topic of growing interest, 

for example, in the textile (e.g. cotton, silk, wool etc.) and cosmetic (e.g. hair) 

industries.217 While preliminary disulfide bond reduction may be necessary in 

highly-crosslinked proteins, the formation of crosslinks allows for the 

permanent setting of any mechanically-induced morphology.59  In the context 

of hair straightening, the reformation of disulfide bonds (e.g. hydrogen 

peroxide) or alternative crosslinking (e.g. formaldehyde) between keratin 

chains allows for the permanent setting of straightened hair while restoring 

mechanical robustness of the hair fibres.59,218–220 With the aim of moving 

away from harsh chemicals typically used, greener alternatives towards hair 

keratin crosslinking have been developed, relying on milder active agents 

such as oxidised sugar, citric acid and cysteine-containing keratin 

peptides.48,63,355 These methods involve the formation of crosslinks between 

the active agent and the hair keratin, rather than substrate keratin-keratin 

bonds, and are associated with inferior hair setting effects compared to 

current available treatments. The development of biotechnologically-derived 

active agents in cosmetic formulations thus offers a range of new possibilities 

towards milder crosslinking methods.93  

This chapter explores the potential of isolated enzymes as mild and 

biocompatible crosslinking agents in the context of permanent hair 

straightening.30,94 Enzymes have evolved over time to catalyse covalent 

modifications in proteins, involved in essential processes such as fibrin 

crosslinking towards blood coagulation. 35,221–223 In this way, a range of 

protein crosslinking enzymes have been identified and characterised, and 
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are currently used in numerous industries (e.g. dairy and textile industries).35–

37 The focus was here placed on well-characterised enzymes with relatively 

low substrate specificity, known activity on folded proteins with the ability to 

catalyse the formation of intermolecular bonds in the absence of toxic by-

products. While the reformation of disulfide bonds, following their reduction 

in the first step of permanent hair straightening, appeared like a logical 

pathway, enzymes operating via a thiol-related mechanism such as 

lanthionine synthetase and cystathione-β-synthase were rapidly disregarded 

due to their highly site-specific mechanisms, potential need for cofactors as 

well as lack of activity on folded proteins and concurrent release of hydrogen 

peroxide.268,270–274 Sulfhydryl oxidases, which catalyse the oxidation of free 

sulfhydryl groups to disulfides in proteins were also not considered due to a 

lack of activity reported for folded proteins as well as associated hydrogen 

peroxide release as by-product.200,267,268 The potential for protein crosslinking 

in the context of permanent hair straightening is, however, not limited to thiol-

thiol interactions, and the formation of crosslinks beyond disulfides may 

actually result in improved fibre strength.48,59,88,91,108 

In this way, commercially available-transglutaminases, laccases and 

tyrosinases were selected as candidates for keratin-keratin crosslinking 

investigations. Transglutaminases catalyse the crosslinking of glutamine and 

lysine protein side chains via a proteinyl-enzyme-thioester intermediate, 

while laccases and tyrosinases react with tyrosine side chains, amongst 

others, in proteins to generate radical and diphenol reactive species, 

respectively, which may then undergo successive protein 

crosslinking.34,35,224,235,236,244,245 Improved substrate compatibility has been 

described for laccases through the use of mediators, small compounds 

acting as “electron-shuttles”, which can help overcome redox or steric 
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barriers.237,242,243 Transglutaminases, laccases and tyrosinases are currently 

being used in a range of industries (e.g. food, wool, dairy etc.) and have 

exhibited activities for a range of proteins, including β-casein, gelatine, as 

well as keratin (specifically wool).35–40 Indeed, laccases and tyrosinases have 

been shown to crosslink low-molecular weight keratins, polysaccharides, as 

well as elastin and collagen to wool fibres, associated with increased tensile 

strength and performance, as well as human hair.72,260,265,266 Laccases were 

also shown to successfully graft tyrosine amino acids to human hair.261,262 

The formation of substrate keratin-keratin crosslinks has, however, not been 

described for laccases or tyrosinases, while transglutaminases were shown 

to form crosslinks within protease/reducing agent-pre-treated wool keratin 

(soluble and solid).40,107,231 To the best of our knowledge, the formation of 

keratin-keratin crosslinks in human hair has, to this day, not been 

investigated enzymatically.  

Commercial enzymes, including laccase form Trametes versicolor, 

tyrosinase from mushroom and microbial transglutaminase, are investigated 

here. Solubilised wool is used as a substrate aimed at overcoming potential 

enzyme penetration barriers associated with insoluble hair keratin. 

Enzymatic crosslinking activity on soluble keratin is investigated using a 

range of assays, including SDS PAGE and SEC. Promising enzymatic 

treatments are then assessed using solid hair as the substrate, via tensile 

strength measurements.39,108,356–360 The potential need for preliminary keratin 

treatment prior to enzymatic crosslinking, as suggested in the literature, is 

considered.40,107,231 
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5.2. Enzyme activities with standard substrates 

The standard activities of laccase from Trametes versicolor, tyrosinase from 

mushroom and microbial transglutaminase on ABTS, L-DOPA and Cbz-gln-

gly, respectively, were independently investigated.244,282,361 The impact of 

KeratecTM IFP and KeratecTM ProSina (solubilised wool) on crosslinking 

enzymes was also investigated, aimed at detecting any potential inhibiting 

effects associated with their use as substrates.  

5.2.1. Laccase ABTS assay 

The activity of laccase from Trametes versicolor was determined 

spectrophometrically based on its capacity to oxidise ABTS, as previously 

reported in the literature.244,280 ABTS oxidation results in the formation of a 

dark green cationic radical ABTS·+ (Figure 19), which can be detected via 

absorbance measurements at 405 nm. Following the oxidation of four ABTS 

molecules, the fully reduced laccase copper cluster then binds molecular 

oxygen, resulting in the release of two water molecules and an oxidised 

enzyme.236,241,280  

Laccase was incubated in acetate buffer pH 5 at 25 °C and 405 nm 

absorbance was monitored over time upon ABTS addition (Figure 59). No 

ABTS oxidation was detected in the absence of laccase, as expected. Using 

the Beer-Lambert law, the increase in 405 nm absorbance observed in the 

presence of the enzyme was converted to specific activity in units per mg, 

where one unit was defined as 1 µmol of ABTS oxidised per minute. The 

specific activity was calculated as 3.11 U/mg in acetate buffer at pH 5 at 25 

°C.  
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Figure 59. Activity analysis of laccase from Trametes versicolor via ABTS oxidation 
monitoring. TvLac (3.41-68.2 mU/mL, 1-20 µg/mL) was incubated with ABTS (1 mM) in 
acetate buffer pH 5 or deionised water at 25 °C and 405 nm absorbance monitored over time. 

KeratecTM IFP precipitation was detected in acetate buffer at pH 5. Deionised 

water was therefore evaluated as a suitable medium for laccase-keratin 

crosslinking experiments to follow. A 2-fold decrease in laccase activity was 

observed in deionised water compared to acetate buffer pH 5 (similar 

absorbances detected for 2x enzyme concentration), with a slight decrease 

in rate observed after 2-minute-reaction time. This was expected, due to a 

change in pH away from the enzyme’s optimal pH (5) towards neutral pH, 

resulting in shifts in the enzyme’s ionic interactions and shape, associated 

with reduced activity.318  

5.2.1.1. Effects of solubilised keratin substrates on laccase activity 

The effects of soluble wool keratin substrates on laccase activity were then 

investigated to check compatibility with laccase keratin crosslinking assays 

(Figure 60). Indeed, the presence of 2-phenoxyethanol, salts or differences 

in pH associated with KeratecTM substrates may have an impact on 

enzymatic activities. The addition of KeratecTM IFP led to a complete loss in 

laccase-catalysed ABTS oxidation. Following a 10-fold increase in enzyme 

concentration, some ABTS oxidation was observed over-time, but activity 
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remained low. Similar patterns were observed in the presence of KeratecTM 

ProSina, to a slightly lesser extent.  
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Figure 60. Effect of KeratecTM substrates on laccase-catalysed ABTS oxidation. TvLac 
(6.82-68.2 mU/mL, 2-20 µg/mL) was incubated with ABTS (1 mM) and KeratecTM IFP (Ker 
IFP, 13 mg/mL) or KeratecTM ProSina (Ker Pro, 9.4 mg/mL) in dH2O at 25 °C and 405 nm 
absorbance monitored over time (t=0 405 nm absorbances associated with KeratecTM 
substrates subtracted). 

Overall, the presence of KeratecTM IFP and KeratecTM ProSina clearly 

interfered with the monitoring of laccase-catalysed ABTS·+ release. At this 

point, a few hypotheses were formulated, including the potential enzyme 

inhibition by 2-phenoxyethanol or the possibility of ABTS acting as mediator 

and getting reduced by the keratin substrate (see section 1.5.3., Figure 19), 

thus inhibiting the colorimetric detection of ABTS·+.244 The high salt-content 

in both KeratecTM IFP and KeratecTM ProSina may also have impacted 

laccase activity, by inhibiting the reduction of oxygen to water at the Type 2/3 

copper sites, causing a break in electron acceptance, as suggested in the 

literature.253,254  

Information is limited regarding the exact composition of KeratecTM 

substrates, yet it is known that 2-phenoxyethanol is used as a preservative 

(as indicated by Croda International). 2-phenoxyethanol was therefore 

investigated via the ABTS assay and did not hinder laccase activity 

(Appendix Figure 5.1).  
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5.2.1.2. Effects of dialysed KeratecTM substrates on laccase activity  

Aimed at lowering potential enzyme inhibition by KeratecTM substrates during 

crosslinking, additives and salts were removed by dialysis in deionised water 

using a 3 kDa MWCO membrane. During the dialysis step, substrates were 

diluted, as shown in Table 7, measured as volume changes.  Across this 

study, the concentrations indicated for both dialysed and undialysed 

KeratecTM substrates are based on concentrations indicated here (Table 7). 

Table 7. Effect of dialysis on KeratecTM substrate concentrations (calculated as a result 

of volume changes pre- and post-dilution). 

  
KeratecTM IFP  

 
KeratecTM ProSina 

 

Protein/peptide content (Croda 

Int.) – undialysed substrate 

  

 
65.0 mg/mL 

 
47.1 mg/mL 

Protein/peptide content (Croda 

Int.) – dialysed substrate 

22.1 mg/mL 14.6 mg/mL 

 

The effect of dialysed KeratecTM substrates on laccase from Trametes 

versicolor activity was then investigated via ABTS oxidation monitoring 

(Figure 61). The impact of KeratecTM substrates on laccase activity was 

lowered with dialysis beyond what would be expected accounting for 

substrate dilution. This suggests that the presence of salts in KeratecTM 

substrates, which were removed, at least partly with dialysis, may have been 

hindering laccase activity. Indeed, the high viscosity of these KeratecTM 

substrates may have prevented complete salt removal by dialysis.  

While marginally lower dialysed KeratecTM ProSina concentrations were 

used in the assay, the slightly higher levels of ABTS oxidation observed 

compared to dialysed KeratecTM IFP may have been associated with pH 

differences between the two substrates (7.9 and 5.5 for undialysed KeratecTM 

IFP and ProSina, respectively), which may not have been fully equilibrated 

upon dialysis due to high viscosity. Nonetheless, dialysed KeratecTM IFP and 
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KeratecTM ProSina were deemed compatible with laccase keratin 

crosslinking assays.   
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Figure 61. Effect of dialysed KeratecTM substrates on laccase-catalysed ABTS 
oxidation. TvLac (6.82-68.2 mU/mL, 2-20 µg/mL) was incubated with ABTS (1 mM) and 
KeratecTM IFP (Ker IFP, 5.5-8.8 mg/mL) or KeratecTM ProSina (Ker Pro, 3.7 mg/mL) in dH2O 
at 25 °C and 405 nm absorbance monitored over time (t=0 405 nm absorbances associated 
with KeratecTM substrates subtracted). 

5.2.1.3. Further ABTS laccase activity work  

The thermal inactivation of laccase was investigated for potential use of the 

heat-inactivated enzyme as a negative control in later assays (Figure 62). 

Laccase incubation at 100 °C for 15 minutes  led to a complete loss of activity 

in the absence of ABTS·+ detection.362  
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Figure 62. f. TvLac (6.82 mU/mL, 2 µg/mL, pre-incubated at 100 °C for 15 min or not) or 
PoLac (5.88 mU/mL, 2 µg/mL) was incubated with ABTS (1 mM) in dH2O at 25 °C and 405 
nm absorbance monitored over time. 
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Laccase from another white-rot fungus, Pleurotus ostreatus, was also 

investigated for comparison, due to the enzyme’s potentially higher 

enzymatic activity reported in the literature compared to laccase from 

Trametes versicolor.363–365 Both Trametes versicolor and Pleurotus ostreatus 

laccases exhibited similar ABTS oxidation rates, with a marginally lower 

activity for the latter (Figure 62). Using the Beer-Lambert law, a specific 

activity of 2.94 U/mg in deionised water at 25 °C was calculated for laccase 

from Pleurotus ostreatus, compared to 3.11 U/mg for laccase from Trametes 

versicolor. Work was therefore pursued focusing on laccase from Trametes 

versicolor. 

5.2.2. Tyrosinase L-DOPA assay  

The activity of tyrosinase from mushroom was evaluated as previously 

reported, by monitoring the formation of dopachrome over time via 475 nm 

absorbance.281 Tyrosinase catalyses the oxidation of tyrosine to L-DOPA and 

that of L-DOPA into dopaquinone. This assay focuses on the latter oxidation, 

where dopaquinone rapidly autoxidises into dopachrome, which can be 

detected at 475 nm (Figure 63). The presence of molecular oxygen allows 

for the regeneration of the oxidised enzyme.366   

 

Figure 63. Tyrosinase-catalysed conversion of L-DOPA to dopaquinone and 
dopachrome, which can be detected via 475 nm absorbance measurements. 

Tyrosinase was incubated in Tris buffer pH 7 at 25 °C and 475 nm 

absorbance was monitored over time upon L-DOPA addition (Figure 64a). 

No dopachrome formation was detected in the absence of tyrosinase, as 

expected. Using the Beer-Lambert law, the increase in 475 nm absorbance 

recorded in the presence of the enzyme was converted to specific activity in 
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units per mg, where one unit was defined as 1 µmol of L-DOPA oxidised per 

minute. A specific activity of 10.93 U/mg was calculated for tyrosinase from 

mushroom, in Tris buffer pH 7 at 25 °C.  
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Figure 64. Activity analysis of tyrosinase from mushroom via dopachrome formation 
monitoring. a. Tyrosinase-catalysed L-DOPA oxidation monitoring, Incubation of Tyr (21.86 
mU/mL, 2 µg/mL) with L-DOPA (1 mM) in 100 mM Tris buffer, pH 7 at 25°C. b. Investigation 
of the effect of temperature and buffer on tyrosinase activity, incubation of tyrosinase (0.22 
U/mL, 20 µg/mL) with L-DOPA (1 mM) in 100 mM Tris buffer, pH 7 or dH2O at 25 °C or 37 °C. 
475 nm absorbances were monitored over time. 

Comparable rates of tyrosinase-catalysed L-DOPA oxidation and 

subsequent dopachrome released were observed in deionised water 

compared to Tris buffer pH 7 (Figure 64b). An increase in tyrosinase activity 

was observed upon raising the incubation temperature from 25 °C to 37 °C, 

in accordance with what has been noted in the literature (Figure 64b).264,367  

The effect of KeratecTM IFP on tyrosinase activity was also investigated to 

check compatibility with tyrosinase keratin crosslinking assays. Tyrosinase 

was incubated with L-DOPA in the presence of both undialysed and dialysed 

substrates (Figure 65). The addition of undialysed KeratecTM IFP led to a 

significant reduction in dopachrome release, similar to observations made 

with laccase. The high-salt content in KeratecTM IFP may again be inhibiting 

the reduction of oxygen to water at the tyrosinase active site.368,369 In this 

way, the presence of KeratecTM IFP upon dialysis had minimal impact on 

tyrosinase-catalysed L-DOPA oxidation into dopachrome, once again 

confirming the earlier hypothesis of high salt contents in KeratecTM IFP 

hindering enzymatic activities.  

a. b. 
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Figure 65. Effect of undialysed and dialysed KeratecTM IFP on tyrosinase activity on L-
DOPA. Tyr (0.22 U/mL, 20 µg/mL)) was incubated with L-DOPA (1 mM) and undialysed 
KeratecTM IFP (Ker IFP, 6.5 mg/mL) or dialysed KeratecTM IFP (Ker IFP, 11.0 mg/mL) in dH2O 
at 25 °C and 475 nm absorbance were monitored over time (t=0 475 nm absorbances 
associated with KeratecTM substrates subtracted). 

In this way, dialysed KeratecTM IFP was deemed compatible with tyrosinase 

keratin crosslinking assays. 

5.2.3.  Transglutaminase Cbz-Gln-Gly assay 

The activity of microbial transglutaminase was monitored via the Cbz-Gln-

Gly assay, previously reported in the literature.282 This assay allows for the 

monitoring of Cbz-Gln-Gly-hydroxamate formation via absorbance 

measurements at 525 nm. Indeed, transglutaminase catalyses the formation 

of an isopeptide bond between Cbz-Gln-Gly and hydroxylamine, resulting in 

the release of Cbz-Gln-Gly-hydroxamate (Figure 66).360  

 

Figure 66. Transglutaminase-catalysed formation of Cbz-Gln-Gly-hydroxamate from 
Cbz-Gln-Gly and hydroxylamine.  

Transglutaminase was incubated with CBZ-gln-gly, hydroxylamine, reduced 

glutathione and calcium chloride in Tris buffer pH 6 at 37 °C and formation 

of Cbz-Gln-Gly-hydroxamate was measured at 525 nm (Figure 67). No Cbz-

Gln-Gly-hydroxamate formation was detected in the absence of 
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transglutaminase, as expected. The specific activity observed for 

transglutaminase was then calculated in units per mg from a standard curve, 

where one unit was defined as catalysing the formation of 1 µmol of 

hydroxamate per minute at pH 6 at 37 °C. A specific activity of 14.11 U/mg 

was obtained in Tris buffer at pH 6 at 37 °C.  
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Figure 67. Activity analysis of microbial transglutaminase via Cbz-Gln-Gly assay. Test 

was composed of Tg (0.097 U/mL, 6.86 µg/mL), Cbz-Gln-Gly (31 mM), hydroxylamine (87 

mM), reduced glutathione (8.7 mM) and calcium chloride (4 mM) in Tris buffer pH6 and 

deionised water, at pH 6, 37 °C (test blank without transglutaminase). Standard was made 

from L-Glutamic Acid γ-monohydroxamate (1mM) in deionised water (standard blank without 

L-Glutamic Acid γ-monohydroxamate). Absorbances were recorded at 525 nm. 

The effect of dialysed KeratecTM IFP on transglutaminase activity was also 

investigated, with no hindrance observed towards Cbz-Gln-Gly-hydroxamate 

formation (Appendix Figure 5.2). This confirms the compatibility of the 

dialysed substrate with transglutaminase keratin crosslinking assays. 

5.3. Crosslinking of soluble keratin substrates by laccase, 

tyrosinase and transglutaminase 

Standard activities were confirmed for laccases from Trametes versicolor 

and Pleurotus ostreatus, mushroom tyrosinase and microbial 

transglutaminase. These enzymes were then further investigated using a 

range of protein substrates, including casein, KeratecTM IFP and KeratecTM 
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ProSina, across different protein crosslinking assays. This was done in order 

to identify adequate methods for the potential detection of enzymatic keratin 

crosslinking. 

5.3.1. Preliminary protein crosslinking assays 

5.3.1.1. Turbidity assay for enzymatic crosslinking of casein 

Turbidity was initially investigated as a potential marker for protein 

crosslinking by laccase, tyrosinase and transglutaminase based on a method 

suggested by Puri et al. (2021).356 β-casein generally exists in its monomeric 

form but the formation of micelle-type structures has been observed at 

increased temperatures (>25 °C), resulting in high turbidity.370,371 Puri et al. 

(2021) investigated the crosslinking of β-casein by microbial 

transglutaminase (mTG). The authors observed a loss of β-casein 

monomers’ ability to form micelles upon crosslinking with mTG, due to a 

decreased lysine residue availability.356 Crosslinked β-casein monomers, 

therefore, exhibited modified secondary structure and molecular mobility, 

preventing reassociation with casein micellar phase or self-association into 

micelles. In this way, crosslinked β-casein lost its ability to form aggregates 

and therefore was not associated with turbidity development upon 

temperature increase. Turbidity development, or lack thereof, was therefore 

investigated via 600 nm absorbance as a measure for casein crosslinking in 

the presence of laccase, tyrosinase or transglutaminase. Of particular 

relevance to the crosslinking activities of laccase, tyrosinase and 

transglutaminase, β-casein is composed of 1.9% tyrosine, 0.5% tryptophan, 

0% cysteine, 9.1% glutamine and 5.3% lysine.372 Laccases and tyrosinases, 

which are known to oxidise tyrosine (and in some cases tryptophan and 

cysteine), side chains in proteins were therefore expected to be associated 
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with lower β-casein crosslinking activity compared to transglutaminase, 

known to crosslink glutamine and lysine side chains.34,35,224,227,235 

A casein solution was incubated at a range of temperatures for 30 minutes 

and showed the highest turbidity increase at 55 °C (Appendix Table 5.1). In 

this way, laccase, tyrosinase and transglutaminase were respectively 

incubated in casein solution for 2 hours at 55°C. No decrease in casein 

turbidity was observed in the presence of tyrosinase, laccase and 

transglutaminase (Table 8), suggesting a lack of β-casein crosslinking. This 

lack of enzymatic crosslinking observed may be a result of a mix of α-

s1casein, α-s2casein, β-casein and κ-casein, which have different aggregation 

behaviours, used as the substrate instead of solely β-casein.356 This turbidity 

assay for crosslinking analysis was not investigated further. 

Table 8. Enzymatic β-casein crosslinking monitoring via 660 nm absorbance. TvLac 
(68.2 mU/mL, 20 µg/mL), Tyr (21.86 mU/mL, 20 µg/mL) or Tg (0.015 U/mL, 1.05 µg/mL) was 
incubated with casein (6 mg/mL) in potassium phosphate buffer pH 7.5 at 55 °C for 2 hours, 
before 600 nm absorbance measurements. 

Sample 
 

600 nm absorbance 

 
Casein-only control 

 

 
2.326 

Laccase + casein 
 

2.260 

Tyrosinase + casein 
 

2.368 

Transglutaminase + casein 2.228 
  
  

5.3.1.2. SDS PAGE assay for enzymatic crosslinking of gelatine  

SDS PAGE analysis has been commonly used in the literature for 

crosslinking analysis.38,39,107,356–358 Laccase, tyrosinase and transglutaminase 

were loaded on an SDS PAGE gel as no-substrate controls for later 

crosslinking analyses (Appendix Figure 5.3). All bands were faint compared 

to KeratecTM substrates, hence would not interfere with the analysis.    
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Gelatine was first assessed as a substrate for enzymatic crosslinking in an 

attempt to replicate work conducted by Jus et al. (2012) with a range of 

enzymes, including laccase from Trametes versicolor.39 The authors 

reported <50 kDa band disappearance upon gelatine crosslinking using SDS 

PAGE, associated with an increased molecular weight of the crosslinked 

substrate. Laccase from Trametes versicolor was, in this way, incubated with 

gelatine before SDS PAGE analysis (Appendix Figure 5.4). The 

disappearance of >150 kDa bands, instead of low molecular weight ones, 

was observed. Although SDS PAGE band disappearance has been 

described in the literature as an indication of possible crosslinking, the lack 

of bands stuck in the gel wells refuted the hypothesis that crosslinked 

products may have been too large to migrate through the gel.38,39,107,357,358  It 

may be that gelatine precipitation occurred before gel loading, although this 

was not observed by eye. Gelatine was, therefore, not investigated further 

as a substrate.  

5.3.1.3. Viscosity assay for enzymatic crosslinking of soluble keratin 

An increase in viscosity was then investigated as another potential marker 

for protein crosslinking, inspired by work performed by Elbalasy et al. (2020) 

on keratin networks crosslinked via electron irradiation, amongst 

others.81,283,356 The viscosity of tyrosinase-incubated KeratecTM IFP was 

initially observed by eye and appeared slightly higher than the no-enzyme 

control. KeratecTM IFP was then incubated overnight with laccase, tyrosinase 

or transglutaminase before analysis using a Modular Compact Rheometer 

(Appendix Figure 5.5). Viscosity values obtained were of the same order of 

magnitude as solubilised keratin samples similarly analysed in the literature. 

However, no significant viscosity increase was observed upon enzymatic 

treatment.81 While enzymatic activities may have been hindered in the 
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presence of undialysed KeratecTM IFP (see section 5.2.), viscosity 

measurements were not further investigated for crosslinking analysis. 

5.3.1.4. KeratecTM substrate characterisation and pre-treatment 

5.3.1.4.1. Molecular weight distributions 

Prior to further crosslinking investigations, KeratecTM IFP and KeratecTM 

ProSina were analysed by SDS PAGE to understand molecular weight 

distributions within these substrates. Significant smearing was seen for both 

substrates, in alignment with soluble keratin substrate analyses reported in 

the literature.81,359,373 KeratecTM IFP exhibited protein molecular weights 

ranging from 10 kDa to over 250 kDa. A thick band was observed at around 

40 kDa, in accordance with the 40-60 kDa range described by Kelly et al. 

(2005), while some protein appeared stuck in the gel well (Figure 68a), 

potentially due to protein aggregation as a result of denaturation.288,374 On 

the other hand, KeratecTM ProSina displayed a thick smear up to 15 kDa, with 

a lot of peptides below 10 kDa, compared to the 2,500–3,000 kDa range 

mentioned by Croda International (Figure 68b).375 SDS PAGE analysis 

nonetheless confirmed the lower molecular weight keratin composition of 

KeratecTM ProSina compared to KeratecTM IFP, as suggested by Croda 

International.375 
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Figure 68. SDS PAGE analyses of undialysed KeratecTM IFP (a) and KeratecTM ProSina 
(b). Ladder (5 µL) and undialysed KeratecTM IFP (6.5 mg/mL, a.) or undialysed KeratecTM 
ProSina (23.6 mg/mL) samples (10 µL) were loaded on the gel and ran at 200V, 400 mA for 

35 mins, L= BioRad (a.) or Thermofisher (b.) protein ladders, 1=substrate sample. 

KeratecTM IFP was also analysed using size-exclusion chromatography 

(SEC) as a control for further enzymatic crosslinking assays.39 Size-

exclusion chromatography separates clusters according to their 

hydrodynamic volume, where smaller clusters diffuse further into the column 

pores while larger clusters elute faster.376–378 It is important to note that SEC, 

unlike SDS PAGE, measures the native, rather than subunit molecular 

weights of proteins.379 Proteins of known molecular weights were first 

injected in the SEC column for calibration purposes (Figure 69a), and a 

calibration curve was then constructed by plotting the logarithm of molecular 

weight against retention volume with a simple linear regression (Figure 69b).  
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Figure 69. SEC calibration with proteins of known molecular weights (a) with 
associated calibration curve (b), where R2=0.99. CytC = Cytochrome c (2 mg/mL), CA = 
Carbonic anhydrase (3 mg/mL), BSA = Bovine Serum Albumin (10 mg/mL), ADH = Alcohol 
dehydrogenase (4 mg/mL), BAM = β-Amylase (5 mg/mL) and AFT = Apoferritin (10 mg/mL).  

a. 

a. b. 

b. 
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KeratecTM IFP was then injected into the SEC column and elution was 

monitored via 280 nm absorbance measurements (Figure 70a). SEC elution 

peaks associated with KeratecTM IFP were observed at retention volumes 7-

9, 19 and 29 mL. In an attempt to relate SEC elutions to substrate molecular 

weights, a range of SEC fractions (1-5, as indicated on Figure 70a) were 

collected and ran on SDS PAGE (Figure 70b). Fractions 1-3 corresponded 

to a wide range of molecular weights, with a strong protein concentration at 

around 40 kDa, as well as a shift towards lower molecular weights (less 

bands > 250 kDa) for Fraction 3 compared to Fraction 1. Fractions 4 and 5 

were associated with molecular weights of approximately 15 kDa and below. 

The peak observed at 30 mL did not show a protein band on SDS PAGE gel, 

and most likely corresponded to an additive present in KeratecTM IFP. In this 

way, SEC and SDS PAGE appeared to be somewhat in accordance with 

each other, with a high proportion of proteins at around 40 kDa, as well as 

10-15 kDa, observed with both methods. 

The molecular weights associated with elution peaks obtained via SEC were 

then compared to the literature using the calibration curve (Figure 69b).288 In 

this way, the 7-9 and 19 mL peaks corresponded to molecular weights of 

approximately > 610.7 and 5.2 kDa, respectively, compared to 40-60 kDa 

and 10-15 kDa ranges observed via SDS PAGE analysis (Figure 70b) and 

the 1-250 kDa range suggested by Kelly et al. (2005) (Table 9).288  

These discrepancies between SEC and SDS PAGE analyses may have 

been linked to oligomeric states of KeratecTM IFP proteins. For example, it is 

possible that the fraction eluted at 7 ml contained associations of 10-12 

peptide fragments, which would have dissociated under the denaturing 

conditions used in SDS PAGE (Table 9). It is also important to note that the 

SEC elution peaks associated with KeratecTM IFP were outside the 

calibration range and that hydrodynamic differences would be expected 
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between globular proteins, such as BSA and apoferritin, and keratin, a 

fibrous protein. Indeed, linear-chain proteins like keratin may be associated 

with higher hydrodynamic volumes and therefore elute faster than globular 

proteins, which would diffuse further into the column pores.376 Protein 

aggregation has also been noted as an SEC limitation, although SEC 

samples were filtered.380 Moreover, the difficulty in obtaining accurate 

molecular weight information for proteins, which vary in shape and 

hydrodynamic volume, based on calibration curves has been reported in the 

literature.381–384 
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Figure 70. SEC analysis of undialysed KeratecTM IFP (a) and SDS PAGE analysis of 
KeratecTM IFP SEC fractions (b). Undialysed KeratecTM IFP (32.5 mg/mL) in deionised water 
was loaded onto the SEC column (a), while 5 µL ladder and SEC fractions 1-5 (10 µL) were 
loaded on the gel and ran at 200V, 400 mA for 35 mins, where lanes 1-3 correspond to 
retention volumes of 7-10 mL (SEC fractions 1-3), while lanes 4 and 5 (SEC fractions 4-5) 
relate to retention volumes around 15 and 18 mL, respectively (b). 

Table 9. KeratecTM IFP molecular weights based on SEC and SDS PAGE analyses. 

 

Retention volume 

/ mL 

 

Molecular weights from 

SDS PAGE analysis / kDa 

Molecular weights from 

calibration curve / kDa 

7-9 40-60 1582.7-610.7 

15 10-25 35.1 

19 10-15 5.2 

5.3.1.4.2. SEC analysis on dialysed KeratecTM substrates 

Due to enzymatic inhibitions associated with the use of undialysed KeratecTM 

IFP and KeratecTM ProSina, dialysed KeratecTM substrates were then 

a. b. 
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investigated by SEC (Figure 71a). Dialysed KeratecTM ProSina exhibited a 

peak at a retention volume of around 18 mL (Figure 71a), in alignment with 

the 10-15 kDa thick band obtained via SDS PAGE (Figure 68b) according to 

previous SEC fraction SDS PAGE analyses (Figure 70). Moreover, the 

analysis of dialysed KeratecTM IFP via SEC revealed the loss of a low 

molecular weight peak observed at around 29 mL for the undialysed 

substrate (Figure 71b), suggesting that lower molecular weight proteins, 

additives or contaminants were successfully removed via dialysis.  
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Figure 71. SEC analysis of dialysed KeratecTM IFP and KeratecTM ProSina (a) and 
undialysed vs. dialysed KeratecTM IFP (b). KeratecTM IFP (Ker IFP, 19.9 mg/mL) and 
KeratecTM ProSina (Ker Pro, 7.3 mg/mL) in deionised water (a) and dialysed (19.9 mg/mL) 
and undialysed (32.5 mg/mL) KeratecTM IFP in deionised water (b) were loaded onto the SEC 
column. 

Despite identical sample volumes loaded onto the SEC column across 

samples, variations in absorbance intensities were observed, which was also 

reported in the literature.385 Moreover, differences in the peaks eluting 

between 8 and 10 mL were seen across samples, which may have been 

linked to the difficulty of separating polydisperse macromolecules like 

gelatine or keratin via SEC, resulting in unresolved areas between peaks as 

reported in the literature.386 Following these observations, SEC was 

considered as a qualitative assay towards enzymatic crosslinking of 

keratin.384–386 
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5.3.1.4.3. EDC as positive control for keratin crosslinking  

N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) is a known 

crosslinker which has been shown to react with carboxyl groups in aspartic 

and glutamic residues in proteins such as a collagen and gelatine.386,387 

Nucleophilic attack by a primary amine then results in the formation of an 

amide bond with the original carboxyl group.386,388 EDC was also shown to 

crosslink human hair keratin with alginate aimed at improved mechanical 

properties, but the formation of keratin-keratin crosslinks has not been 

described for EDC in the literature. The crosslinker was briefly investigated 

via SEC for the crosslinking of KeratecTM substrates for potential use as a 

positive control in later experiments (Appendix Figure 5.6), however, no 

crosslinking was observed across replications (Appendix Figure 5.7).39   

5.3.2. Enzymatic crosslinking of KeratecTM substrates 

The enzymatic crosslinking of keratin was then investigated using both SDS 

PAGE and SEC, two methods described in the literature for crosslinking 

analysis.38,39,107,356–358 

5.3.2.1. Laccase crosslinking of KeratecTM substrates 

5.3.2.1.1. Laccase crosslinking of KeratecTM IFP 

Laccase from Trametes versicolor was incubated overnight with KeratecTM 

IFP and analysed by SEC for the qualitative monitoring of protein molecular 

weights in an attempt to identify substrate crosslinking (Figure 72a-c).39 The 

effect of overnight incubation on laccase was checked by addition of ABTS, 

and the strong green colour observed as a result confirmed that the enzyme 

was still active. Moreover, an enzyme-only control was analysed by SEC to 

check for potential interference with substrate elution, and no peaks were 

observed at such low laccase concentrations.  
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The incubation of KeratecTM IFP with laccase was associated with a shift of 

the main 18 mL peak towards higher molecular weights, observed across 

replications (Figure 72a-c), which has been described in the literature as 

evidence for successful crosslinking.39 The apparition of small peaks in the 

10-15 mL region was also noted, corresponding to proteins with increased 

molecular weights.389 While the laccase-catalysed formation of keratin-

keratin bonds has not been described in the literature, KeratecTM IFP was 

here successfully crosslinked by laccase from Trametes versicolor.39,389 The 

ability of the enzyme to catalyse the single-electron abstraction from tyrosine, 

tryptophane or cysteine side chains in soluble keratin, and the subsequent 

crosslinking with other keratin side chains was indeed 

demonstrated.35,227,235,236,244,245 
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Figure 72. SEC analysis of KeratecTM IFP crosslinking by laccase from Trametes 
versicolor (a.-c.) with SDS PAGE analysis of SEC fractions (d.). (a.-c.) TvLac (1.71 U/mL, 
0.5 mg/mL) incubated with dialysed KeratecTM IFP (Ker IFP, 11.1 mg/mL (a.-b.) and 19.9 
mg/mL (c.)) in dH2O at 37°C, 250 rpm, overnight. (d.) L=protein ladder, 1=Dialysed KeratecTM 
IFP, 18 mL fraction, 2=Dialysed KeratecTM IFP + laccase, 15 mL fraction & 3=Dialysed 

KeratecTM IFP + laccase, 18 mL fraction. 

Selected SEC fractions (corresponding to retention volumes indicated by 

crosses on Figure 72a chromatogram) were then further analysed using SDS 

PAGE (Figure 72d) and Bradford assays. Absorbances of peaks between 10 

and 15 mL retention volumes were too low for further analysis. SDS PAGE 

analysis confirmed previous observations where peaks in the 15-20 mL 

elution region were associated with bands between 10 and 20 kDa on the 

gel. Fraction 2 exhibited higher molecular weight proteins (15-20 kDa) than 

fractions 1 and 3 (10-15 kDa), as expected (Figure 72d). Moreover, 

comparable retention volumes on SEC across different samples (fractions 1 

and 3) were associated with bands of similar molecular weights on SDS 

1 

2 

3 

a. 

b. 

b. 

d. c. 
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PAGE, conferring some robustness to the SEC-SDS PAGE assay system. 

The detection of proteins, in opposition to additives, for example, by SEC 

was further confirmed by Bradford analysis of fractions, which yielded protein 

concentrations of between 0.87 and 1.52 mg/mL (Appendix Figure 5.8).  

5.3.2.1.2. Effect of undialysed KeratecTM IFP on laccase activity 

Laccase was also incubated with undialysed KeratecTM IFP and analysed via 

SEC (Figure 73) to evaluate hindrance caused by undialysed substrate as 

suggested by previous ABTS laccase assays (see Section 5.2.1.1.).  No 

clear peak shift or formation was observed on the chromatogram in the 

presence of laccase compared to the no-enzyme control. These 

observations suggest a lack of clear enzymatic crosslinking activity in the 

presence of undialysed substrate, in line with previous observations. In this 

way, any further SEC analyses were conducted on dialysed KeratecTM 

substrates. 
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Figure 73. SEC analysis of undialysed KeratecTM IFP crosslinking by Trametes 
versicolor laccase. TvLac (1.71 U/mL, 0.5 mg/mL) was incubated with undialysed KeratecTM 
IFP (Ker IFP, 6.5 mg/ml) in deionised water overnight at 37°C, 250 rpm. 

5.3.2.1.3. Effect of heat-inactivated laccase on SEC analysis 

The effect of laccase heat-inactivation on KeratecTM IFP crosslinking was 

then investigated to confirm that any laccase activity detected via SEC 
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corresponded to laccase activity rather than the mere presence of the 

enzyme. In this way, heat-inactivated laccase was incubated with KeratecTM 

IFP and analysed via SEC (Figure 74). SEC elution patterns of the heat-

inactivated laccase sample and the no-enzyme control were comparable, 

with no peak formation or shift, suggesting that changes in elution observed 

for active laccase in the presence of KeratecTM IFP were indeed related to 

crosslinking. 
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Figure 74. Effect of heat-inactivated laccase from Trametes versicolor on SEC analysis. 
TvLac (1.71 U/mL, 0.5 mg/mL) was heat-inactivated (15 mins at 100°C) and incubated with 
dialysed KeratecTM IFP (Ker IFP, 11.1 mg/mL) in dH2O, overnight at 37°C, 250 rpm. 

5.3.2.1.4. Pleurotus ostreatus laccase crosslinking of KeratecTM IFP  

While comparable activities were measured for laccase from Pleurotus 

ostreatus and Trametes versicolor via ABTS oxidation (see section 5.2.1.3.), 

keratin crosslinking activities of the two enzymes were compared using SEC 

(Figure 75).363 Similar shifts of the 18 mL retention volume peak towards 

higher molecular weights were observed for both enzymes, as well as the 

apparition of small peaks at retention volumes of around 10-15 mL, further 

confirming the keratin crosslinking activity of both white-rot fungi laccases.  
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Figure 75. SEC analysis of dialysed KeratecTM IFP crosslinking by laccases from 
Trametes versicolor and Pleurotus ostreatus. TvLac (1.71 U/mL, 0.5 mg/mL) or PoLac 
(1.47 U/mL, 0.5 mg/mL) was incubated with dialysed KeratecTM IFP (Ker IFP, 11.1 mg/mL) in 
dH2O, overnight at 37°C, 250 rpm. 

5.3.2.1.5. Effect of mediators on KeratecTM IFP crosslinking by laccase 

The effect of naturally occurring vanillin and acetosyringone mediators was 

then investigated on KeratecTM IFP crosslinking by laccase from Trametes 

versicolor.242 Mediators are low molecular weight compounds, which are 

oxidised by the enzyme to stable radicals, which in turn oxidise substrates 

that would otherwise not get oxidised by laccases.242 In this way, laccases 

may be too large to penetrate human hair, or their redox potential may be too 

low, and the use of a mediator may then allow keratin crosslinking.237,242 

Mediators indeed increase the accessibility of reactive amino acids, such as 

tyrosine or tryptophane, leading to enhanced crosslinking.250 While ABTS 

was the first synthetic laccase-mediator to allow the oxidation of non-phenolic 

lignin structures, vanillin and acetosyringone are naturally-occurring phenols 

with reduced free radical activity compared to synthetic mediators, 

associated with lower risks of attack on laccase groups.252,257,363–365 

Laccase from Trametes versicolor was here incubated with KeratecTM IFP in 

the presence or absence of vanillin and acetosyringone (Figure 76a-b). As 

previously noted, KeratecTM IFP crosslinking by laccase was observed via a 

slight shift of the 18 mL peak towards larger molecular weights combined 
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with the apparition of small peaks in the 10-15 mL region. In the presence of 

mediators, both acetosyringone and vanillin, more significant peak shifts as 

well as the apparition of peaks at 10-15 mL at higher intensities were 

observed on respective chromatograms. Indeed, ratios of 10-15 mL to 8 mL 

peaks were higher in the presence of mediators, suggesting an increased 

fraction of crosslinked proteins. This seemingly enhanced laccase keratin 

crosslinking activity may be explained by the increased accessibility of 

reactive amino acids associated with the presence of mediators.250  

Laccases are known to preferentially react with mediators over protein amino 

acids, therefore, the formation of keratin-keratin crosslinks in solubilised wool 

has here been demonstrated via both laccase-only and laccase-mediator 

pathways.247 The latter is of particular interest as it may help overcome the 

penetration issues encountered for enzymatic activities on solid substrates, 

such as hair.  

0 10 20
0

50

100

150

200

Retention volume (mL)

A
b

s
o

rb
a

n
c

e
 (

m
A

U
)

Ker IFP

Ker IFP + TvLac

Ker IFP + TvLac
+ vanillin

Ker IFP + TvLac
+ acetosyringone

0 10 20
0

50

100

150

200

Retention volume (mL)

A
b

s
o

rb
a

n
c

e
 (

m
A

U
)

Ker IFP

Ker IFP + TvLac

Ker IFP + TvLac
+ vanillin

 
 

Figure 76. Effect of mediators on dialysed KeratecTM IFP crosslinking by Trametes 
versicolor laccase via SEC. TvLac (1.71 mg/mL, 0.5 mg/mL) was incubated with dialysed 
KeratecTM IFP (Ker IFP, 11.1 mg/mL) in the presence or absence of mediators (vanillin and 

acetosyringone, 1mM) in dH2O, overnight at 37°C, 250 rpm – (b) is a replication of (a). 

ABTS was also investigated as a mediator, and while its incubation with 

laccase and KeratecTM IFP led to the formation of peaks in the 11-14 mL 

region, peak ratios were similar to the no-mediator sample (Appendix Figure 

5.9).  

a. b. 
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5.3.2.1.6. SDS PAGE analysis of laccase crosslinking activity on 

KeratecTM IFP 

The potential of laccases to form keratin-keratin crosslinks in solubilised wool 

observed by SEC was further investigated using SDS PAGE analysis. 

Laccases from Trametes versicolor and Pleurotus ostreatus were incubated 

overnight with dialysed KeratecTM IFP and loaded onto an SDS PAGE gel 

(Figure 77). The effects of vanillin and acetosyringone mediators as well as 

enzyme thermal inactivation were also investigated on keratin-keratin 

crosslinking by laccase from Trametes versicolor.  

 

Figure 77. SDS PAGE analysis of dialysed KeratecTM IFP crosslinking by laccases from 
Trametes versicolor and Pleurotus ostreatus. TvLac (1.71 U/mL, 0.5 mg/mL – heat 
inactivation: 15 min at 100 °C) or PoLac (1.47 U/mL, 0.5 mg/mL) was incubated with dialysed 
KeratecTM IFP (11.1 mg/mL) in dH2O overnight at 37°C, 250 rpm, in the presence or absence 
of mediators (vanillin and acetosyringone, 1mM) – L=protein ladder, 1=KeratecTM IFP, 2= 
KeratecTM IFP + Tv-laccase, 3=KeratecTM IFP + Tv-laccase + vanillin, 4=KeratecTM IFP + Tv-
laccase + acetosyringone, 5=KeratecTM IFP + Po-laccase, 6=KeratecTM IFP + heat-

deactivated Tv-laccase. 

Smearing was observed in all lanes, which has been commonly described in 

the literature for soluble keratin substrates, associated with sample 

complexity.81,359,373. Moreover, significant band disappearance, especially 

towards higher molecular weights, was noted in lanes 2 to 4, corresponding 

to KeratecTM IFP treatment with laccase from Trametes versicolor, in the 

presence or absence of mediators. Similar band disappearance was noted 

upon KeratecTM IFP incubation with laccase from Pleurotus ostreatus. While 

band disappearance has been described in the literature as an indication of 
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substrate crosslinking in association with the accumulation of high molecular 

weight proteins in wells, the apparent loss of proteins over 200 kDa observed 

here, combined with the absence of proteins stuck in the wells remains 

confusing.38,39,107,357,358  It is possible that crosslinking occurred and was 

associated with substrate precipitation, which was not loaded onto the gel.107 

In this way, these observations may further confirm indications via SEC that 

KeratecTM IFP is indeed being crosslinked by laccase, both in the presence 

and absence of mediators. This is especially plausible in the absence of band 

disappearance observed when laccase was inactivated prior to incubation 

with the substrate. 

Laccase activity on undialysed KeratecTM IFP was also investigated via SDS 

PAGE analysis (Appendix Figure 5.10), and a lack of keratin crosslinking was 

observed in the absence of band disappearance, in line with KeratecTM IFP-

laccase inhibition reported above (Section 5.2.1.1). 

5.3.2.1.7. Laccase crosslinking of KeratecTM ProSina 

The crosslinking activity of laccase from Trametes versicolor was then 

explored using dialysed KeratecTM ProSina, as an alternative soluble keratin 

substrate with a narrow range of molecular weights as seen via SDS PAGE 

analysis (Figure 68b). In this way, laccase was incubated with dialysed 

KeratecTM ProSina overnight before injection into the SEC column (Figure 

78). KeratecTM ProSina exhibited one main peak at a retention volume of 

around 18 mL, in line with previous SDS-SEC concordance observations 

(see section 5.3.1.4.1.). No shift in the elution peak was observed upon 

treatment with laccase, suggesting a lack of crosslinking activity for dialysed 

KeratecTM ProSina. Considering KeratecTM ProSina has higher proportions 

of tyrosines and cysteines (Table 4), the crosslinking activity of laccase 

towards this substrate would therefore be expected to be higher than 
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KeratecTM IFP. One explanation could be that, considering the molecular 

weight differences between the two substrates, dimers or polymers formed 

by small peptides in KeratecTM ProSina may be harder to detect by SEC 

compared to the larger dimers or polymers formed in KeratecTM IFP. 

The use of ABTS as a mediator was also investigated using SEC, but no 

crosslinking was detected either (Appendix Figure 5.11). The substrate-

grafting of ABTS via covalent coupling, which blocks polymerisation, has 

been described in the literature and could potentially explain this lack of 

activity observed in the presence of ABTS.238 
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Figure 78. SEC analysis of laccase from Trametes versicolor on dialysed KeratecTM 
ProSina. TvLac (1.71 U/mL, 0.5 mg/mL) was incubated with dialysed KeratecTM ProSina (Ker 

Pro, 7.3 mg/mL) in dH2O, overnight at 37°C, 250 rpm. 

Laccase crosslinking activity on KeratecTM ProSina was further assessed via 

SDS PAGE analysis (Figure 79). No band disappearances or shifts towards 

higher molecular weights were observed under any of the crosslinking 

treatments conducted, including in the presence of vanillin and 

acetosyringone, in line with what was observed using SEC. 
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Figure 79. SDS PAGE analysis of laccase from Trametes versicolor or Pleurotus 
ostreatus on dialysed KeratecTM ProSina. TvLac (1.71 mg/mL, 0.5 mg/mL) or PoLac (1.47 
mg/mL, 0.5 mg/mL) was incubated with dialysed KeratecTM ProSina (7.3 mg/mL) in dH2O in 
the presence or absence of mediators (vanillin and acetosyringone, 1mM), overnight at 37°C, 
250 rpm - L=protein ladder, A=Dialysed KeratecTM ProSina, B&C=Dialysed KeratecTM ProSina 
+ Tv-laccase, D&E=Dialysed KeratecTM ProSina + Tv-laccase + vanillin, F=Dialysed 

KeratecTM ProSina + Po-laccase, G=Dialysed KeratecTM ProSina + Po-laccase + vanillin. 

Overall, the formation of keratin-keratin crosslinks in KeratecTM IFP by 

laccases from Trametes versicolor and Pleurotus ostreatus was 

demonstrated, both via the laccase-only and laccase-mediator pathways, 

using SEC and SDS PAGE. On the other hand, no crosslinking activity was 

detected for laccase from Trametes versicolor on KeratecTM ProSina as the 

substrate, which may have been linked to the more challenging detection of 

smaller crosslinked peptides, associated with lower molecular weight 

differences between monomers, dimers and polymers, compared to larger 

crosslinked proteins. 

Tyrosinase and transglutaminase were then investigated towards the 

formation of keratin-keratin crosslinks in solubilised wool substrates. 

5.3.2.2. Tyrosinase crosslinking of KeratecTM IFP 

Tyrosinase from mushroom was then investigated for potential crosslinking 

of KeratecTM IFP, using both SEC and SDS PAGE analyses. In this way, 

tyrosinase was incubated overnight with dialysed KeratecTM IFP before 

injection in an SEC column (Figure 80). An enzyme-only control was also 
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analysed by SEC to check for potential interference with substrate peak 

elution, and no peaks were observed at such low tyrosinase concentrations.  

Unlike what was observed using laccases, the treatment of KeratecTM IFP 

with mushroom tyrosinase was not associated with the apparition of new 

peaks or peak shifts towards higher molecular weights.  

0 1 0 2 0 3 0

0

5 0

1 0 0

1 5 0

R e t e n t i o n  v o l u m e  ( m L )

A
b

s
o

rb
a

n
c

e
  

(m
A

U
)

Ker IFP

Ker IFP + Tyr

 

Figure 80. SEC analysis of mushroom tyrosinase activity on dialysed KeratecTM IFP. Tyr 
(5.46 U/mL, 0.5 mg/mL) was incubated with dialysed KeratecTM IFP (Ker IFP,11.1 mg/mL) in 
dH2O overnight at 37°C, 250 rpm in the presence or absence of mediators (vanillin or 

acetosyringone, 1mM). 

Mushroom tyrosinase activity on dialysed KeratecTM IFP was also assessed 

using SDS PAGE (Figure 81). No significant band disappearance was 

detected upon substrate treatment with tyrosinase, however, a slight 

increase in proteins aggregated in the gel well was noted, described in the 

literature as a potential indication for crosslinking. This was observed across 

replications (Appendix Figure 5.12).38,357,358 It may therefore be that 

crosslinking indeed took place, resulting in keratin aggregation. However, 

because SEC samples were filtered prior to injection into the column, it may 

be that the aggregates observed by SDS PAGE were removed prior to SEC 

analysis, which could also explain the disappearance of 8-10 mL elution 

peaks seen upon treatment of KeratecTM IFP with tyrosinase. 
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Figure 81. SDS PAGE analysis of dialysed KeratecTM IFP crosslinking by tyrosinase 
from mushroom. Tyr (5.46 U/mL, 0.5 mg/mL) was incubated with dialysed KeratecTM IFP 
(11.1 mg/mL) in dH2O at 37°C, 250 rpm - L=protein ladder, 1=Dialysed KeratecTM IFP, 
2=Dialysed KeratecTM IFP + tyrosinase, 3=Dialysed KeratecTM IFP + tyrosinase + 
acetosyringone, 4=Dialysed KeratecTM IFP + tyrosinase + vanillin. 

Overall, the results observed via SDS PAGE and SEC upon incubation of 

tyrosinase from mushroom with KeratecTM IFP did not constitute 

unambiguous evidence that keratin-keratin crosslinking occurred. A range of 

reasons could explain a potential lack of tyrosinase activity on soluble 

keratin, including the high degree of complexity of the substrate, which has 

been shown to hinder crosslinking by tyrosinases, as well as tyrosine being 

the sole target of tyrosinase catalysed-protein crosslinking.35,39 

5.3.2.3. Transglutaminase crosslinking of KeratecTM IFP 

Microbial transglutaminase was then investigated for the potential 

crosslinking of KeratecTM IFP, using both SEC and SDS PAGE analyses. In 

this way, transglutaminase was incubated overnight with dialysed KeratecTM 

IFP before injection in an SEC column (Figure 82). A transglutaminase-only 

control was also analysed by SEC and yielded no peaks on the 

chromatogram. The treatment of dialysed KeratecTM IFP with 

transglutaminase was not associated with the formation of new peaks or 

peak shifts towards higher molecular weights compared to the untreated 

substrate. This was observed across replications (Appendix Figure 5.13-14).  
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Figure 82. SEC analysis of microbial transglutaminase activity on dialysed KeratecTM 
IFP. Tg (0. 19 U/mL, 13.15 µg/mL) was incubated with dialysed KeratecTM IFP (Ker IFP, 11.1 
mg/mL) in Tris buffer pH 6 overnight at 37°C, 250 rpm in the presence or absence of reduced 
glutathione (65.1 µM). 

Microbial transglutaminase activity on dialysed KeratecTM IFP was also 

assessed using SDS PAGE (Figure 83). Similarly to what was observed for 

tyrosinase, no band disappearance was seen for transglutaminase-treated 

KeratecTM IFP. A significant increase in well-stuck proteins was, however 

visible for treated KeratecTM IFP compared to the untreated substrate, 

observed across replications (Appendix Figure 5.15). Coupled with the 

disappearance of the 8-10 mL elution peaks upon enzymatic treatment, it 

may again be that KeratecTM IFP crosslinking did occur in the presence of 

transglutaminase, but that sample filtration prevented the detection of 

crosslinked proteins via SEC. 
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Figure 83. SDS PAGE analysis of dialysed KeratecTM IFP crosslinking by microbial 
transglutaminase. Tg (0. 19 U/mL or 13.15 µg/m) was incubated overnight with KeratecTM 
IFP (11.1 mg/mL) in Tris buffer, pH6 at 37°C, 250 rpm – L=ladder, 1=Dialysed KeratecTM IFP, 
2=Dialysed KeratecTM IFP + transglutaminase. 

Again, those results do not constitute unambiguous evidence that keratin-

keratin crosslinks were formed upon solubilised keratin treatment with 

microbial transglutaminase. The steric restrictions associated with structured 

proteins may have limited keratin from acting as a glutamyl substrate for 

transglutaminase.39,226 

It was then decided to investigate whether the promising laccase keratin-

keratin crosslinking results obtained for dialysed KeratecTM IFP via SEC and 

SDS PAGE analyses could be replicated onto solid human hair keratin as 

the substrate.  

5.4. Crosslinking of human hair by laccase 

Tensile strength is a measure of a material’s ability to resist deformation 

under tension or stretching force, and has commonly been used as a 

measure of hair integrity, for example, following cosmetic treatments.390–394 It 

has been demonstrated that the tensile properties of hair are mostly provided 

by the cortex, dominated by α-keratins. 

 In this way, chemically-damaged cuticles were shown to be associated with 

no impact on tensile properties.391,395 Tensile strength properties have also 
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been reported as a potential marker for crosslinking, in a range of materials 

such as epoxy resin, keratin films, as well as solid human hair.59,63,108,396 

In this way, tensile strength analyses were performed in this study to 

investigate potential hair crosslinking by laccase following promising results 

obtained on solubilised wool via SEM and SDS PAGE analyses. Solid human 

hair was first washed and treated with DTT, aimed at reducing substrate 

disulfide bonds and opening up hair structure for better enzyme 

penetration.107,108,389 The reduced hair was then thoroughly rinsed before 

overnight incubation with laccase from Trametes versicolor, in the presence 

or absence of vanillin mediator. Tensile strength analyses were then 

performed on each of the 100 strands per condition, and parameters 

including fibre diameter, elasticity, break load and toughness were 

measured. Untreated hair (washed and DTT-treated) was used as a negative 

control. 

Tensile strength analyses are usually plotted as stress-strain curves, which 

are obtained by gradually applying load to a sample and measuring 

subsequent deformation. A range of parameters can, as a result, be 

evaluated, such as elastic deformation, stiffness, break stress, elongation at 

break, as well as toughness. While data was collected for 100 strands per 

condition in this study, a stress-strain curve corresponding to a single hair 

assessment is included for illustrative purposes only, as it does not account 

for substantial variations between strands (Figure 84).  
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Figure 84. Singular hair strand stress-strain curve upon treatment with Trametes 
versicolor laccase. Hair strands (100) were washed with SDS (10% solution) and rinsed 
under cold water, before a pre-incubation with DTT (0.5 M), thorough rinsing under warm 
water and overnight incubation with TvLac (3.41 U/mL, 1 mg/mL), in the presence or absence 
of vanillin (1 mM), at 37 °C, 120 rpm. Following a final rinsing, the hair was dried at 60 °C for 
72 hours before tensile strength analysis. 

A simulated stress-strain curve was also generated as an average of all 100 

strands per condition evaluated (Figure 85). However, no significant 

differences between untreated-reduced hair and laccase-treated reduced 

hair, both in the presence and absence of vanillin.  
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Figure 85. Simulated average hair stress-strain curve for the evaluation of potential 
Trametes versicolor laccase crosslinking. Hair strands (100) were washed with SDS (10% 
solution) and rinsed under cold water, before a pre-incubation with DTT (0.5 M), thorough 
rinsing under warm water and overnight incubation with TvLac (3.41 U/mL or 1 mg/mL), in the 
presence or absence of vanillin (1 mM), at 37 °C, 120 rpm. Following a final rinsing, the hair 
was dried at 60 °C for 72 hours before tensile strength analysis - data given as average values 
of measurements obtained for 100 hair strands and shown ± the standard deviation. 
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A series of parameters, including break strength, strain and elastic modulus, 

were then further investigated across samples, where natural variations in 

fibre diameter were accounted for. Break strength, or tensile strength, refers 

to the stress needed to break the hair fibre. It was therefore investigated as 

a potential indication of fibre crosslinking, as suggested by Mi et al. (2019), 

where crosslinked hair would be expected to require more stress to break 

(Figure 86).108  However, no significant change in break strength was 

observed across the conditions evaluated in this study. A break stress-strain 

curve was also plotted to evaluate the strain sustained by fibres before 

fracture. While an increase in break extension may have been indicative of 

a more resilient fibre, no significant differences were observed across 

conditions (Figure 87).108,396 
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Figure 86. Hair break stress analysis upon treatment with Trametes versicolor laccase. 
Hair strands (100) were washed with SDS (10% solution) and rinsed under cold water, before 
a pre-incubation with DTT (0.5 M), thorough rinsing under warm water and overnight 
incubation with TvLac (3.41 U/mL,1 mg/mL), in the presence or absence of vanillin (1 mM), at 
37 °C, 120 rpm. Following a final rinsing, the hair was dried at 60 °C for 72 hours before tensile 
strength analysis - data given as average values of measurements obtained for 100 hair 

strands and shown ± the standard deviation. 
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Figure 87. Hair stress-strain upon treatment with Trametes versicolor laccase. Hair 
strands (100) were washed with SDS (10% solution) and rinsed under cold water, before a 
pre-incubation with DTT (0.5 M), thorough rinsing under warm water and overnight incubation 
with TvLac (3.41 U/mL or 1 mg/mL), in the presence or absence of vanillin (1 mM), at 37 °C, 
120 rpm. Following a final rinsing, the hair was dried at 60 °C for 72 hours before tensile 
strength analysis - data given as average values of measurements obtained for 100 hair 
strands and shown ± the standard deviation. 

Moreover, the elastic modulus, which is calculated as the ratio of stress to 

strain when the deformation is solely elastic (recovered upon release of 

applied force), may be used as a measure of hair fibre stiffness. While the 

elastic modulus is closely related to fibre water tension, it was investigated 

as a potential indication of crosslinking, where higher stiffness was expected 

upon crosslinking. However, no significant differences were observed 

between enzyme-treated and untreated reduced hair (Figure 88). 
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Figure 88. Hair elastic modulus upon treatment with Trametes versicolor laccase. Hair 
strands (100) were washed with SDS (10% solution) and rinsed under cold water, before a 
pre-incubation with DTT (0.5 M), thorough rinsing under warm water and overnight incubation 
with TvLac (3.41 U/mL or 1 mg/mL), in the presence or absence of vanillin (1 mM), at 37 °C, 
120 rpm. Following a final rinsing, the hair was dried at 60 °C for 72 hours before tensile 
strength analysis - data given as average values of measurements obtained for 100 hair 
strands and shown ± the standard deviation. 

Overall, no fibre crosslinking was observed upon treatment of reduced hair 

with laccase from Trametes versicolor, in the presence or absence of vanillin 

mediator. While it is possible that tensile strength analyses were not suitable 

for the detection of crosslinking, it appears that laccase was not able to 

penetrate into the hair cortex. The fibres were pre-treated with DTT in an 

attempt to open up the hair structure and facilitate enzyme penetration, as 

has been seen for keratinase enzymes.107,108,389 However, following 

discussions with Croda, the relatively high tensile strengths observed for 

DTT- reduced fibres may indicate that the hair had been reoxidised in air. 

Further work would be needed in order to evaluate this hypothesis. Under 

the assumption that the hair structure was not opened as a result of DTT-

treatment, crosslinking would still have been expected to occur via the 

laccase-mediator route. Indeed, laccase from Trametes versicolor was 

shown to successfully form keratin-keratin bonds via vanillin-mediation in 
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solubilised keratin. Moreover, DTT has been shown to successfully penetrate 

the hair fibre and reduce disulfide bonds (see section 4.6.1.3.). Considering 

that DTT and vanillin are almost identical in size, vanillin should have been 

able to reach the hair cortex. This was, however, not observed, as indicated 

by an absence of improved tensile strength properties upon hair treatment 

with laccase. It may have been that laccase-oxidised vanillin, a highly 

reactive molecule with unpaired electrons, was unable to penetrate the hair 

as a result of strongly negative surface charge (higher in the case of 

damaged hair).397,398 In addition, “over-crosslinking” has been described in 

the literature, where the sliding of keratin fibres becomes restricted as a 

result of increased intra- and intermolecular interactions, leading to 

decreases in elongation and, therefore, tensile strength.59,108 It may therefore 

be of interest to evaluate hair crosslinking with varying enzyme 

concentrations and treatment durations.  
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6. Discussion, conclusions and future works 

The potential of enzymes as milder and biocompatible alternatives to harsh 

chemicals currently used in permanent hair straightening treatments was 

investigated. The use of isolated enzymes indeed presents many 

advantages, such as low toxicity, high selectivity, atom-efficiency and mild 

reaction conditions.27–30,34 Enzymatic catalytic steps for permanent hair 

straightening were predicted to involve the breaking of keratin disulfide bonds 

between keratin fibres by a first enzyme, followed by mechanical hair 

straightening and the formation of keratin-keratin crosslinks by a second 

enzyme to set the new morphology.  

6.1. Thioredoxin system reducing activity on soluble 

keratin and solid human hair 

Due to the importance of disulfide-thiol exchanges in vivo,  a range of protein 

disulfide bond-reducing enzymes have been characterised.163–167 Knowledge 

is, however, lacking towards the enzymatic reduction of disulfide bonds in 

keratin. While keratin is abundantly available as a waste product from a 

range of industries (e.g. poultry, leather), the large body of research looking 

at enzymes with keratin as a potential substrate has been directed towards 

its degradation or valorisation into a range of products, such as animal 

feed.60,72,97–102 A range of keratin-degrading microorganisms have been 

identified over the years, including Bacillus subtilis, Bacillus licheniformis and 

Streptomyces spp.25,26,29–31,97,98,120 The exact mechanism via which microbial 

degradation of keratin occurs remains unclear, but the combined action of 

keratinase enzymes and disulfide bond reduction is generally 

accepted.21,30,98,123–126 Different hypotheses have emerged regarding how 

keratin disulfide bonds are broken in vivo, one being the concurrent secretion 
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of disulfide bond-reducing enzymes.21,98 In this way, several keratin disulfide 

bond-reducing enzymes have been identified from keratin-degrading 

microorganisms.25–27,98,120 The only sequence information available in the 

literature is the N-terminal sequence of “Enzyme 1” form Bacillus halodurans, 

which was shown to reduce disulfide bonds in keratin and oxidised 

glutathione.24 It was therefore used as the starting point for a sequence 

search which identified potential enzyme candidates for the reduction of 

disulfide bonds in the context of permanent hair straightening. The well-

characterised thioredoxin system from Bacillus subtilis was eventually 

selected for further investigations according to a range of factors, including 

its ability to reduce disulfide bonds in a range of protein substrates such as 

insulin, the small size of thioredoxin (11.4 kDa), as well as the keratin-

degradation activity of Bacillus subtilis.98,132,175,284,300 

The thioredoxin system from Bacillus subtilis was successfully expressed in 

E. coli and purified using IMAC, according to the method of Parker et al. 

(2014).175 The disulfide bond-reducing activity of thioredoxin on folded 

protein substrates was successfully demonstrated on insulin (4.99 U/mg), 

based on DTT regeneration. This was done by monitoring the development 

of turbidity, based on the aggregation of insulin chain B upon disulfide bond 

reduction.278 Interestingly, a lag was observed between disulfide bond 

reduction in insulin and the development of turbidity in solution, also noted in 

the literature.278 While thioredoxins are regenerated to their reduced state via 

electron transfer from NADPH/thioredoxin reductase in vivo, the compatibility 

of DTT to selectively reduce thioredoxins in the presence of disulfide 

substrates was here confirmed.278 As expected, a significantly higher rate of 

disulfide bond reduction by thioredoxin compared to DTT was observed.278  

Insulin disulfide bond reduction by the thioredoxin system from Bacillus 
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subtilis, based on NADPH/thioredoxin reductase regeneration, was then 

confirmed via the monitoring of NADPH consumption over the course of the 

reaction. A slow and steady NADPH consumption was noted in the absence 

of thioredoxin or substate, which was established as electron transfer 

occurring between molecular oxygen in air and the flavin ring system of 

thioredoxin reductase.202 This slow and steady decrease was indeed 

corrected under anaerobic assay conditions. While this alternative NADPH 

consumption pathway had to be taken into consideration, the faster NADPH 

consumption rate associated with substrate disulfide bond reduction was 

easily distinguished. Aerobic assay conditions were therefore maintained, for 

ease. Commercial thioredoxin from E. coli was also investigated using the 

NADPH-consumption assay, for comparison, and yielded similar activities 

than its Bacillus subtilis counterpart. Interestingly, E. coli thioredoxin was 

successfully regenerated by thioredoxin reductase from Bacillus subtilis, via 

electron transfer from NADPH, despite the lack of cross-reactivity between 

organisms described in the literature.172,174,178 The cleavage of intermolecular 

bonds by the thioredoxin system from Bacillus subtilis, attempted using 

oxidised glutathione as the substrate, was, however, not demonstrated. This 

was unsurprising considering that oxidised glutathione is usually reduced as 

part of the glutathione system, where glutathione reductase specifically 

recycles oxidised glutathione back to its reduced form.318   

The thioredoxin system from Bacillus subtilis was then assayed on keratin 

substrates. Solubilised keratin, mainly KeratecTM IFP, was initially 

investigated aimed at avoiding any potential barriers to enzyme penetration 

associated with the use of solid keratin.9,49,55,56,321 Indeed, hair is composed 

of highly crosslinked and tightly packed keratin chains forming the cortex, 

which are protected from environmental damage and penetration by 
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surrounding cuticle layers.6,9,41,46 While the exact composition of KeratecTM 

IFP was not disclosed by Croda International, the solubilised wool substrate 

may have been prepared via oxidative sulfitolysis, a process during which 

cystines are converted to S-sulfocysteines.288–290 It was therefore 

hypothesised that at least a portion of keratin disulfide bonds were converted 

to S-sulfocysteines over the course of wool solubilisation. Thiol availabilities 

in both KeratecTM IFP and solid human hair were confirmed via Ellman’s 

assays following substrate incubation with an excess of DTT, a highly 

reactive reducing agent able to reduce disulfide bonds in keratin.21,26,98,105,287 

DTT was also shown to reduce S-sulfocysteine bonds.320 Regarding 

KeratecTM IFP, a thiol content of 95.4 µmol/g of wool was calculated, 

compared to 920 µmol/g of cysteine described in the literature for Merino 

wool.49 This discrepancy may have been due to not all disulfide bonds being 

available to DTT, as shown in solvent-extracted wool in the literature.287,399 

Regarding solid human hair, a thiol content of 10.95 µmol/g of hair was 

calculated compared to a cysteine content of 1435 µmol/g in hair described 

in the literature.49,326 A few reasons were stipulated behind such a disparity. 

Firstly, the lack of DTT accessibility towards disulfide bonds described in the 

literature for soluble keratin would be expected to be more significant in solid 

substrates, especially in the heavily crosslinked and tightly-packed hair 

keratin.287 Moreover, Ellman’s assay is aimed at thiol quantification in 

solution. The potential adsorption of TNB2- to reduced solid protein structures 

may therefore have prevented precise spectrophotometric measurements.321 

Nonetheless, the penetration of DTT, a 154 Da compound, into the hair 

cortex was here observed, in line with work conducted by Cruz et al. (2017) 

and Malinauskyte et al. (2020).48,57 The authors indeed observed the 

penetration of low and mid-molecular weight peptides, up to 2,577 Da, into 
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the hair cortex, while high molecular weight peptides (> 75,000 Da) were 

seen to adsorb onto the hair surface.  

The ability of the thioredoxin system from Bacillus subtilis to reduce sulfur-

sulfur bonds in soluble keratin was then demonstrated, both via NADPH 

consumption and Ellman’s assays. While thioredoxins are known to catalyse 

disulfide bond reductions in protein substrates, these enzymes have also 

been shown to reduce S-sulfocysteine bonds to cysteine.189–191 In this way, 

the significant reducing activity observed for the Bacillus subtilis thioredoxin 

system on KeratecTM IFP may have been associated with the reduction of 

disulfide bonds, S-sulfocysteine bonds, or a mixture of both. This was further 

explored via the quantification of thiol release, resulting from thioredoxin 

system incubation with KeratecTM IFP, using Beer-Lambert law in the context 

of both NADPH consumption and Ellman’s assays. While Ellman’s assays 

are associated with the direct detection of thiol release, NADPH-based 

assays monitor NADPH consumption associated with disulfide (or S-

sulfocysteine) reduction. The correspondence between NADPH 

consumption and thiol release, therefore, depends on the nature of the bonds 

being broken. Indeed, while the reduction of disulfide bonds would 

correspond to the release of two thiols per NADPH equivalent, the reduction 

of S-sulfocysteine would be associated with the release of one thiol, 

alongside sulfite. In this way, the 1 to 1.7 molar equivalence calculated 

between NADPH consumption (NADPH-based assay) and total thiol release 

(Ellman’s assay) may further indicate a mixture of both disulfide and S-

sulfocysteine bonds in KeratecTM IFP. However, sulfite ions may have been 

interfering with Ellman’s assay by reacting with DTNB.324,325 Moreover, the 

fact that for each disulfide bond equivalent in KeratecTM IFP, there may be 

two S-sulfocysteines was also not considered here. 
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The disulfide bond-reducing activity of the thioredoxin system from Bacillus 

subtilis was then explored on hair, using NADPH-based and Ellman’s 

assays. Considering the ability of the thioredoxin system to reduce both 

disulfide and S-sulfocysteine bonds, coupled with the clear reducing activity 

detected in this study on soluble keratin, the apparent lack of enzymatic 

disulfide bond reduction observed in hair was attributed to the highly 

crosslinked and tightly packed structure of the substrate, preventing 

enzymes from reaching the hair cortex.6,9,41,46,321 In this way, a range of 

methods were investigated towards the potential opening of the hair structure 

for easier enzyme penetration. These included hair grinding, delipidation, 

swelling, and solubilisation.27,57,106,334,335,58–62,66,67,104 The absence of 

enzymatic disulfide bond reduction observed with ground hair as the 

substrate was put down to the lack of keratin structure opening associated 

with the grinding process. Hair was solubilised according to two methods, 

using either NaOH or [EMIM]ESO4, however, hair disulfide bonds were 

believed to have been broken during both solubilisation processes, the latter 

also yielding a highly dark and viscous liquid which was not compatible with 

spectrophotometric measurements.104,106 While some level of keratin 

structure opening was detected via SEM following hair treatment with urea, 

Tween 20 and various ionic liquids, the thioredoxin system was not able to 

penetrate the hair cortex, as indicated by the absence of disulfide bond 

reduction observed.30  

In a further attempt to allow Bacillus subtilis thioredoxin penetration into the 

hair cortex to reduce disulfide bonds, the cleavage of peptide bonds by 

keratinase (KerA) from Bacillus licheniformis was then investigated. 

Commercial keratinase from Bacillus licheniformis was used following failed 

attempts at expressing the enzyme in E. coli, which were potentially 
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associated with the presence of the signal peptide in the gene 

sequence.134,339,340 The well-characterised KerA belongs to the family of 

keratinases, which catalyse the hydrolysis of peptide bonds in recalcitrant 

keratin substrates.25,31,32 Improved keratinase activities in the presence of 

reducing agents have been readily reported in the literature, though the exact 

mechanism remains unclear.21,22,342–345,26,28,30,33,128,156,162,341 It was here 

hypothesised that reducing agents, by their small sizes, may penetrate into 

hair keratin, and allow the opening of the keratin structure by reducing 

disulfide bonds, thus facilitating enzymatic penetration and providing better 

access to the proteolytic cleavage sites in the keratin backbone.346 This was 

confirmed via keratin azure assays, which revealed enzymatic keratinolytic 

activity only in the presence of DTT. DTT, which was selected for its reported 

efficiency at yielding high keratinolytic activity, allowed keratinase 

penetration into solid keratin, which would otherwise not be possible due to 

its size (32 kDa).21,26,98,105,287 Despite attempts to shift towards milder 

reducing agents such as cysteine and glutathione, DTT activity remained 

unmatched.48,59,348–350 Various attempts were made at further improving 

keratinase activity on solid keratin substrates in the form of substrate 

chopping, swelling (increased pH, urea), and increased incubation 

temperature, but no increase in enzymatic activity was detected.58–

62,285,334,346,352 Interestingly, higher absorbances were observed across all 

samples, including substrate-only controls in the presence of urea or alkaline 

pH. This may have been due to higher susceptibility of dye-release from 

keratin azure as a result of fibre swelling.400 Overall, significant variations 

were observed across keratin azure assay replications, where Remazol 

Brilliant Blue was seen to slowly leach out of the keratin structure at higher 

incubation temperatures. Therefore, the keratin azure assay’s reliability was 
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questioned, in line with a lack of sensitivity and standardisation reported in 

the literature.285,354  

While the effect of disulfide bond reduction on keratinase activity has been 

vastly reported in the literature, the potential impact of keratinolysis on 

disulfide bond reduction has not been assessed.22,26,344,345,28,33,128,156,162,341–343 

As keratinase from Bacillus licheniformis appeared to rely on the reduction 

of solid keratin disulfide bonds to cleave peptides bonds, it was hypothesised 

that the cleavage of peptide bonds may, in turn, expose further disulfide 

bonds for reduction by DTT. The addition of keratinase to both keratin azure 

and hair was associated with slightly increased disulfide bond reduction 

levels in the presence of DTT, however, variations were again observed 

across replications. This was put down to the potential adsorption of TNB2-  

to solid keratin structure during Ellman’s assay, preventing precise 

spectrophotometric thiol quantifications.321 The potential increase in disulfide 

bond reduction in the presence of keratinase was further explored using the 

thioredoxin system from Bacillus subtilis. More specifically, the ability of 

keratinase to render disulfide bonds in solid keratin substrates available for 

enzymatic reduction was investigated. However, an absence of disulfide 

bond-reducing activity of the thioredoxin system on hair was observed, 

despite substrate pre-incubation with keratinase. This was not entirely 

surprising as keratinase had been shown to rely on disulfide bond reduction 

by DTT to cleave peptide bonds in solid substrates. It was therefore 

concluded that the sizes of both thioredoxin and keratinase enzymes 

prevented their penetration of highly-crosslinked and densely packed hair.  

Future work may be conducted towards identifying the exact mechanism 

behind the reduction of sulfur-sulfur bonds in KeratecTM IFP, via sulfite 

detection, for example.401 This may provide confirmation towards whether 
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keratin intermolecular disulfide bonds are being reduced by the thioredoxin 

system from Bacillus subtilis. The hypothesis suggesting that enzyme 

penetration is the main barrier to enzymatic disulfide bond reduction in hair 

may, in this way, be confirmed. Additional investigations may explore ways 

to improve enzymatic penetration in hair, as well as alternative enzyme 

candidates (Appendix Table 4.2-3). Moving away from enzymes relying on 

cofactors, such as NADPH, would present a cost advantage towards 

potential reaction scale-up. Protein disulfide isomerases (PDI), which 

catalyse the formation and breakage of disulfide bonds, may be considered 

as potential candidates.211,402 The development of robust assays towards the 

detection of disulfide bond reduction and peptide bond breaking in solid hair 

may further facilitate the evaluation of enzymes as active agents for 

permanent hair straightening. Further research towards a better 

understanding of keratin degradation in vivo may also be relevant, providing 

better insights towards the mechanism by which an extracellular keratinase 

and intracellular protein disulfide reductase can work jointly. The potential 

secretion of an intracellularly-generated reducing power has been described 

in the literature.98 

6.2. Enzymatic crosslinking of soluble keratin and solid 

human hair  

The permanent setting of natural macromolecules, for the modification of 

appearance and performance properties, has been a topic of growing interest 

in various industries (e.g. textile, cosmetic). In this way, a wide range of 

protein crosslinking enzymes have been identified and characterised, with 

relevance to many potential applications such as improving meat structure 

and increasing wool strength.35–40 While the reduction of disulfide bonds in 

highly-crosslinked substrates may be a prerequisite, the potential for 
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crosslinking formation is not limited to thiol-thiol interactions.48,59,88,91,108 

Three enzymes were here investigated towards keratin crosslinking in the 

context of permanent hair straightening: laccase from Trametes versicolor, 

tyrosinase from mushroom, and microbial transglutaminase. These enzymes 

were selected for a range of reasons, including high activity, relatively large 

substrate range, known activity on folded proteins, current uses in industry 

and absence of toxic by-product generation.35–40 Transglutaminases are 

known to catalyse the crosslinking of glutamine and lysine protein side chains 

via a proteinyl-enzyme-thioester intermediate, while laccases and 

tyrosinases react with tyrosine side chains, amongst others, in proteins to 

generate radical and diphenol reactive species, respectively, which may then 

undergo successive protein crosslinking.34,35,224,235,236,244,245 Of particular 

relevance in the context of difficulties encountered towards enzymatic hair 

penetration, the use of small molecules (mediators) as electron-shuttles for 

laccases may help overcome redox or steric barriers to activity.237,242,243 

While laccases, tyrosinases and transglutaminase have been investigated 

towards the crosslinking of wool keratin to increase tensile strength and 

performance, the focus has been placed on binding compounds to keratin 

rather than on the formation of keratin-keratin crosslinks.40,72,107,231,260,265,266 

The only evidence of enzymatic keratin-keratin crosslinking was shown for 

microbial transglutaminases on protease or reducing agent-pre-treated wool 

keratin.40,107,231  In this way, the enzymatic formation of keratin-keratin 

crosslinks in human hair has not been explored. 

The standard activities of laccase (3.11 U/mg), tyrosinase (10.83 U/mg) and 

transglutaminase (14.11 U/mg) were successfully demonstrated 

spectrophotometrically on known substrates (ABTS, L-DOPA and Cbz-Gln-

Gly, respectively).244,282,361 All three enzymes retained significant activity in 
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deionised water despite laccase’s optimal pH of 5. This was particularly 

useful for investigations on KeratecTM IFP to avoid substrate precipitation 

encountered at lower pHs, as well as towards the development of mild 

processes. Solubilised wool substrates, KeratecTM IFP and KeratecTM 

ProSina, were first investigated as soluble keratin substrates in an attempt 

to reduce barriers to enzymatic penetration associated with solid keratin 

substrates.321 However, significant activity inhibition was observed across 

enzymes in the presence of those soluble substrates. Several hypotheses 

were formulated to justify these observations, such as the potential 

interference of solubilised wool with the assays, of particular relevance to the 

spectrophotometric monitoring of ABTS oxidation by laccase. As a laccase 

mediator, oxidised ABTS may have been reacting with tyrosine side chains 

in keratin, thus interfering with laccase activity analyses.244 It was, however, 

deemed unlikely that solubilised wool would be interfering with all three 

standard assays. In this way, the effect of removing potentially disruptive 

additives from KeratecTM IFP and KeratecTM ProSina, of which the exact 

composition is not known, was investigated via dialysis. While the viscous 

nature of both substrates may have led to partial additive removal, dialysed 

KeratecTM IFP and KeratecTM ProSina were associated with much lower 

levels of enzyme inhibition than undialysed substrates. These observations 

were put down to the relatively high salt contents in both KeratecTM IFP and 

KeratecTM ProSina. Indeed, salts have been shown to inhibit the reduction of 

oxygen to water at the Type 2/3 copper sites in laccase, causing a break in 

electron acceptance and, therefore, in enzymatic activity.253,254 Keratin 

crosslinking investigations were thus conducted using dialysed KeratecTM 

substrates, before moving onto solid human hair. 



200 
 

While a range of potential crosslinking assays were trialled towards the 

detection of enzymatic protein crosslinking in soluble substrates, SDS PAGE 

and SEC appeared as the most compatible methods.38,39,81,107,283,356–358 

Untreated KeratecTM substrates were initially assessed as controls for further 

crosslinking analyses. Significant smearing was observed for both KeratecTM 

IFP and KeratecTM ProSina on SDS PAGE gels, in alignment with soluble 

keratin analyses reported in the literature.81,359,373 Despite the wide range of 

molecular weights detected for these solubilised wool substrates, thicker 

bands were obtained at 40-50 kDa for KeratecTM IFP and 5-20 kDa for 

KeratecTM ProSina. Regarding SEC, a calibration curve was plotted using 

globular standard proteins, such as carbonic anhydrase and BSA, which 

revealed discrepancies between SEC and SDS PAGE KeratecTM IFP 

molecular weight analyses. This may have been linked to the oligomeric 

states of KeratecTM IFP proteins, as SEC and SDS PAGE respectively 

measure the native and subunit molecular weights of proteins. Moreover, the 

globular proteins used as standards may diffuse further into the column pores 

than fibrous proteins, such as keratin, and, as a result, exhibit comparatively 

lower molecular weights (later elution).376 Similar difficulties in obtaining 

accurate molecular weight information with SEC for proteins based on 

calibration curves have been reported in the literature.381–384 SEC was thus 

mainly used for the qualitative analysis of potential molecular weight 

increases associated with protein crosslinking based on comparisons 

between untreated and treated keratin substrates. Notably, the presence of 

elution peaks in SEC chromatograms was seen to correlate with thicker 

bands observed on SDS PAGE gels. Indeed, KeratecTM IFP SEC analysis 

was associated with peaks in two main retention volume regions (8-10 mL & 

15-20 mL, with a large peak at around 30 mL removed with dialysis), 

corresponding to molecular weights of 40-50 kDa and 10-15 kDa, 
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respectively, as indicated by SDS PAGE analysis. One main elution peak in 

the 15-20 mL region was observed for KeratecTM ProSina, in accordance with 

the 5-20 kDa molecular weights revealed by SDS PAGE. 

Upon the treatment and SEC analysis of KeratecTM IFP with laccase from 

Trametes versicolor, shifts in the 8-10 mL elution peaks were detected 

towards higher molecular weights, across replications. The apparition of 

small peaks in the 10-15 mL region was also noted compared to the 

untreated substrate. These observations, described in the literature as 

potential evidence for crosslinking, indicated an increase in protein molecular 

weight.39 In this way, while the laccase-catalysed formation of keratin-keratin 

bonds had not been described in the literature, KeratecTM IFP was 

successfully crosslinked by laccase from Trametes versicolor in this 

study.39,389 The ability of laccase to catalyse the single-electron abstraction 

from tyrosine, tryptophane or cysteine side chains in soluble keratin, and the 

subsequent crosslinking with other keratin side chains was indeed 

demonstrated.35,227,235,236,244,245 The potential of another highly active white-

rot fungi laccase from Pleurotus ostreatus to catalyse the formation of 

keratin-keratin crosslinks in KeratecTM IFP was also investigated and 

confirmed via SEC.363–365 While laccase activity on solubilised keratin was 

confirmed, the addition of naturally-occurring vanillin and acetosyringone 

mediators was also explored, due to their ability to enhance crosslinking by 

increasing the accessibility of reactive amino acids.250,252,257,363–365 The 

incubation of KeratecTM IFP with laccase and vanillin or acetosyringone was 

associated with more significant peak shifts towards higher molecular 

weights and the apparition of higher intensity-peaks in the 10-15 mL region 

on SEC chromatograms, compared to in the absence of mediators. These 

observations may have indicated enhanced keratin-keratin crosslinking in 
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the presence of mediators, in line with the expected increased accessibility 

of keratin amino acids to mediators compared to laccase.250 Moreover, 

laccases have been reported to preferentially react with mediators over 

protein amino acids.256 Therefore, the formation of keratin-keratin crosslinks 

in solubilised wool was demonstrated here, both via the laccase-only and 

laccase-mediator pathways.247 The latter was of particular interest towards 

the investigation of enzymatic crosslinking in solid human hair, as a way to 

potentially overcome barriers to enzyme penetration.  

SDS PAGE analyses were also conducted towards the potential laccase-

catalysed crosslinking of KeratecTM IFP. Significant band disappearances 

were observed both in the presence and absence of mediators, described in 

the literature as an indication of substrate crosslinking.38,39,107,357,358  Despite 

a lack of high molecular weight proteins aggregated in gel wells usually 

observed upon crosslinking, the combination of SEC and SDS PAGE results 

suggested that soluble keratin was successfully crosslinked by laccase, both 

in the presence and absence of mediators. KeratecTM ProSina was then 

investigated as a lower molecular weight-solubilised wool substrate. 

However, no indications of crosslinking were observed upon SDS PAGE and 

SEC analyses. This may have been linked to the more challenging detection 

of smaller crosslinked peptides, associated with lower molecular weight 

differences between monomers, dimers and polymers, compared to larger 

crosslinked proteins. 

Tyrosinase from mushroom and microbial transglutaminase were then 

investigated towards keratin-keratin crosslinking in KeratecTM IFP. SEC 

analyses revealed a lack of peak formation or shift towards higher molecular 

weights upon treatment with either enzyme, suggesting an absence of 

crosslinking activity.39 Although no band disappearance was detected with 
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SDS PAGE, significant increases in proteins aggregated were observed in 

wells for tyrosinase and transglutaminase-treated KeratecTM IFP, compared 

to the untreated substrate. It was thus hypothesised that keratin-keratin 

crosslinking may have indeed taken place and led to substrate aggregation. 

However, these crosslinked-protein aggregates would have been removed 

by the filtration step prior to sample injection into the SEC column, which 

would explain the lack of crosslinking observed, in line with the 

disappearance of peaks at 8-10 mL retention volumes observed upon 

substrate treatment with either tyrosinase or transglutaminase. However, 

these results obtained via SEC and SDS PAGE analyses did not constitute 

unambiguous evidence that keratin-keratin crosslinking had occurred. The 

high degree of complexity of the substrate was suggested as a potential 

barrier to tyrosinase and transglutaminase crosslinking, as reported in the 

literature.35,39,226 

The promising keratin-keratin crosslinking ability of laccase from Trametes 

versicolor for soluble keratin, both in the presence and absence of mediators, 

was then further investigated on solid hair via tensile strength analyses. 

Improvements in tensile properties have been described in the literature 

following hair crosslinking, with a limit above which keratin fibres become 

restricted as a result of increased intra- and intermolecular interactions, 

resulting in decreased fibre tensile strength and elongation.59,108 Hair 

samples were pre-treated with DTT in an attempt to open up the hair 

structure and facilitate enzyme penetration, as observed with 

keratinase.107,108,389 However, reduced fibres exhibited surprisingly high 

tensile strength, suggesting that the hair may have been reoxidised in air, 

prior to enzymatic treatment. The treatment of reduced hair with laccase from 

Trametes versicolor, in the presence and absence of vanillin, had no 
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significant effect on fibre tensile strength. Under the assumption that laccase 

(63 kDa) was not able to penetrate into the hair cortex, crosslinking via the 

laccase-mediator route would still have been expected. Indeed, both vanillin 

and DTT are very similar in size, and the latter has been shown to 

successfully penetrate the hair fibre. Moreover, human hair was shown to 

contain higher proportions of tyrosine and cysteine amino acids, of particular 

relevance to laccase catalysis, than KeratecTM IFP, which was successfully 

crosslinked by laccase both in the presence and absence of vanillin.49 It was 

thus hypothesised that the penetration of laccase-oxidised vanillin, a highly 

reactive molecule with unpaired electrons, maybe have been affected by 

negative charges at the hair surface, which are higher in the case of 

damaged hair.397,398   

Additional work may involve the exploration of a wider range of assays for 

the robust detection of keratin crosslinking. While crosslinking analyses via 

mass spectrometry may be hindered by substrate complexity, SEC 

fractionation-mass spectrometry may be of interest.384,403,404 Regarding SEC, 

mass transfer analyses may be carried out to evaluate whether crosslinked-

keratin aggregates are being removed by filtration prior to analysis. While 

laccases from white-rot fungi appeared as promising crosslinking candidates 

for solubilised keratin, with high activity at physiological pH and water as only 

by-product, it may be relevant to explore laccases from a larger selection of 

organisms. The laccase-mediator pathway may provide a solution to 

penetration issues associated with the large sizes of enzymes; therefore, a 

wider range of mediators may be explored. Additional investigations towards 

the exact mechanism of laccase-catalysed crosslinking may also help gain 

an understanding of specific side chains being targeted by the enzyme. 

Further work towards the detection of enzymatic crosslinking in solid hair 
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may involve both wet and dry tensile strength analyses, looking into the effect 

of varying enzymatic concentration and incubation duration, as well as 

investigating the need and success of a pre-treatment reduction step. While 

some highly efficient permanent hair straightening treatments have shown to 

rely solely on keratin fibre crosslinking (e.g. formaldehyde), it may be that 

successful enzymatic crosslinking of hair would be sufficient for permanent 

hair straightening, with no necessary preliminary disulfide bond reduction 

and, therefore, less potential damage.5,18,45,63,76–79 

 

This project explored the potential use of enzymes as biocompatible active 

agents in the context of permanent hair straightening. Current treatments 

available on the market rely on harsh chemicals and have been associated 

with severe risks to both consumers and hair-dressing professionals alike. 

Therefore, the development of milder and greener alternatives represents an 

exciting research opportunity. Enzymatic permanent hair straightening was 

envisaged as a two-step process. A first enzyme would break disulfide bonds 

in hair, allowing for the opening of the hair structure, which would then be 

mechanically straightened. A second enzyme would then allow the 

permanent setting of the new morphology via the formation of crosslinks in 

hair. While enzymes naturally catalyse disulfide bond reduction and crosslink 

formation reactions in vivo, there is a clear lack of knowledge regarding the 

potential of keratin as a substrate. To address this critical gap in the literature, 

the enzymatic disulfide bond reduction and crosslinking of soluble and solid 

keratin was investigated in this project. In this way, the thioredoxin system 

from Bacillus subtilis was shown to break sulfur-sulfur bonds, in the form of 

S-sulfocysteine or disulfide bonds, in solubilised wool, an observation novel 

to this project. However, this promising activity on soluble keratin did not 
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translate onto solid keratin substrates such as human hair. Human hair is 

known for its highly crosslinked and tightly packed structure, where a cuticle 

layer prevents penetration into the hair cortex. Despite multiple attempts at 

opening the hair structure to facilitate enzymatic penetration, no disulfide 

bond reduction was detected. Barriers to penetration were also encountered 

in the context of enzymatic crosslinking of hair. While the formation of keratin-

keratin crosslinks was demonstrated in solubilised wool by laccase from 

white-rot fungi, this novel activity could not, however, be replicated in human 

hair. Despite the promising enzymatic activities on soluble keratin unveiled 

in this study, challenges remain towards the delivery mechanism of those 

enzymes into the hair cortex to allow for the catalysis of relevant 

modifications in the context of permanent hair straightening. 

The research presented in this thesis sets the foundation for future 

investigations towards the suitability of enzymes as efficient biocompatible 

active agents, within the cosmetic sector and beyond. The successful 

development and formulation of an enzymatic permanent hair straightening 

treatment holds great promise to enhance the quality of life of customers 

globally, as a milder and greener alternative to current methods, 
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8. Appendix 

General information 

Bacillus subtilis thioredoxin and thioredoxin reductase sequences 

pET21a::trxa sequence 

TGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGT

GTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGC

GCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGG

CTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATT

TAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGG

TTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGAC

GTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAAC

AACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTG

CCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTA

ACGCGAATTTTAACAAAATATTAACGTTTACAATTTCAGGTGGCACTTT

TCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACAT

TCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAAT

AATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCT

TATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAA

ACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGT

GGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTT

TCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTA

TGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGG

TCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGT

CACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAG

TGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGAC

AACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGG

GGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAA

GCCATACCAAACGACGAGCGTGACACCACGATGCCTGCAGCAATGGC

AACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTC

CCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGAC

CACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAAT

CTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGG

GCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGA

GTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGT

GCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATA

TACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTG

AAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTT

CGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTT

GAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACC

ACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCT

TTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGT

CCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGC

ACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGC

CAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTT

ACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACA
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CAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACA

GCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCG

GACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGA

GGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGG

TTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGG

GGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTT

CCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCC

CCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACC

GCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGG

AAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCG

GTATTTCACACCGCATATATGGTGCACTCTCAGTACAATCTGCTCTGAT

GCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGG

GTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCT

GACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACC

GTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAA

CGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCG

ATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCT

CCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGG

GCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTT

CTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCAC

GATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGA

GGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCA

CTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCAC

AGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTG

CAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACC

GAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCA

GTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGT

AAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACG

ATCATGCGCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCTGCTT

CTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCG

AGGGCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGT

CGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCT

GCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGT

GCGGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTG

GGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGA

GTGAGCTAACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAG

TCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGC

GGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTC

ACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTG

AGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAA

AATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTT

CGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGC

CCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTT

GGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCA

TGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCG

CTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCA

GACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGC

GATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCG

TACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAG

AGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACA

GCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTG
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ACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGAC

GCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCAGTTGAT

CGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAG

GGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCG

CCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATC

GCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTG

GTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGGCATACTCTG

CGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACT

CTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTC

GATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTA

GGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGC

AAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCC

ACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCC

GAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGG

CGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCG

TCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACT

CACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAAT

TTTGTTTAACTTTAAGAAGGAGATATACATATGGCGATTGTGAAAGCGAC

CGATCAGAGCTTTAGCGCGGAAACGAGCGAAGGCGTGGTGCTGGCG

GATTTTTGGGCGCCGTGGTGCGGCCCGTGCAAAATGATTGCGCCGGT

GCTGGAAGAACTGGATCAAGAAATGGGCGATAAACTGAAAATTGTGAA

AATTGATGTGGATGAAAACCAAGAAACCGCGGGCAAATATGGCGTGAT

GAGCATTCCGACCCTGCTGGTGCTGAAAGATGGCGAAGTGGTGGAAA

CGAGCGTGGGCTTTAAACCGAAAGAAGCGCTGCAAGAACTGGTGAAC

AAACATCTGCTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTA

ACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAA

TAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTT

TTGCTGAAAGGAGGAACTATATCCGGAT 

pET21a::trxb sequence 

TGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGT

GTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGC

GCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGG

CTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATT

TAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGG

TTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGAC

GTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAAC

AACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTG

CCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTA

ACGCGAATTTTAACAAAATATTAACGTTTACAATTTCAGGTGGCACTTT

TCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACAT

TCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAAT

AATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCT

TATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAA

ACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGT

GGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTT

TCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTA

TGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGG

TCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGT

CACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAG
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TGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGAC

AACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGG

GGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAA

GCCATACCAAACGACGAGCGTGACACCACGATGCCTGCAGCAATGGC

AACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTC

CCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGAC

CACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAAT

CTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGG

GCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGA

GTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGT

GCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATA

TACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTG

AAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTT

CGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTT

GAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACC

ACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCT

TTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGT

CCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGC

ACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGC

CAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTT

ACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACA

CAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACA

GCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCG

GACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGA

GGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGG

TTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGG

GGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTT

CCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCC

CCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACC

GCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGG

AAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCG

GTATTTCACACCGCATATATGGTGCACTCTCAGTACAATCTGCTCTGAT

GCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGG

GTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCT

GACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACC

GTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAA

CGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCG

ATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCT

CCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGG

GCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTT

CTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCAC

GATACGGGTTACTGATGATGAACATGCCCGGTTACTGGAACGTTGTGA

GGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCA

CTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCAC

AGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTG

CAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACC

GAAGACCATTCATGTTGTTGCTCAGGTCGCAGACGTTTTGCAGCAGCA

GTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGT

AAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACG

ATCATGCGCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCTGCTT

CTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCG
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AGGGCGTGCAAGATTCCGAATACCGCAAGCGACAGGCCGATCATCGT

CGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCT

GCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGT

GCGGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTG

GGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGA

GTGAGCTAACTTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAG

TCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGC

GGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTC

ACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTG

AGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAA

AATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTT

CGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGC

CCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCTGATCGTT

GGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCA

TGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCG

CTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCA

GACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGC

GATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCG

TACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAG

AGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACA

GCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTG

ACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGAC

GCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCAGTTGAT

CGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAG

GGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCG

CCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATC

GCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTG

GTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGGCATACTCTG

CGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACT

CTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTC

GATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTA

GGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGC

AAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCC

ACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCC

GAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGG

CGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCG

TCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACT

CACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAAT

TTTGTTTAACTTTAAGAAGGAGATATACATATGGTGAGCGAAGAAAAAA

TTTATGATGTGATTATTATTGGCGCGGGCCCGGCGGGCATGACCGCG

GCGGTGTATACGAGCCGCGCGAACCTGAGCACCCTGATGATTGAACG

CGGCATTCCGGGCGGTCAGATGGCGAACACCGAAGATGTGGAAAACT

ATCCGGGCTTTGAAAGCATTCTGGGCCCGGAACTGAGCAACAAAATG

TTTGAACATGCGAAAAAATTTGGCGCGGAATATGCGTATGGCGATATT

AAAGAAGTGATTGATGGAAAGGAGTATAAAGTAGTTAAAGCGGGCAGC

AAAGAATATAAAGCGCGTGCGGTGATTATCGCGGCTGGTGCGGAATA

CAAGAAGATAGGCGTGCCGGGCGAAAAAGAACTGGGCGGCCGCGGC

GTGAGCTATTGCGCGGTGTGCGATGGCGCGTTTTTTAAAGGCAAAGA

ACTGGTGGTGGTGGGCGGCGGCGATAGCGCGGTGGAAGAAGGCGTG

TATCTGACCCGCTTTGCGAGCAAAGTGACCATTGTGCATCGCCGCGAT

AAACTGCGCGCGCAGAGCATTCTGCAAGCGCGCGCGTTTGATAACGA
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AAAAGTGGATTTTCTGTGGAACAAAACCGTGAAAGAAATTCATGAAGA

AAACGGCAAAGTGGGCAACGTGACCCTGGTGGATACCGTGACCGGC

GAAGAAAGCGAATTTAAAACCGATGGCGTGTTTATTTATATTGGCATG

CTGCCGCTGAGCAAACCGTTTGAAAACCTGGGCATTACCAACGAAGA

AGGCTATATTGAAACCAACGATCGCATGGAAACCAAAGTGGAAGGCAT

TTTTGCGGCCGGAGATATTCGCGAAAAAAGCCTGCGTCAGATTGTGAC

CGCGACCGGCGATGGCAGCATTGCGGCGCAGAGCGTGCAGCATTAT

GTGGAAGAACTGCAAGAAACCCTGAAAACCCTGAAACTCGAGCACCA

CCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAG

CTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTG

GGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACT

ATATCCGGAT 

trxa Gene Sequence (optimised for E. coli) 

GCGATTGTGAAAGCGACCGATCAGAGCTTTAGCGCGGAAACGAGCGA

AGGCGTGGTGCTGGCGGATTTTTGGGCGCCGTGGTGCGGCCCGTGC

AAAATGATTGCGCCGGTGCTGGAAGAACTGGATCAAGAAATGGGCGA

TAAACTGAAAATTGTGAAAATTGATGTGGATGAAAACCAAGAAACCGC

GGGCAAATATGGCGTGATGAGCATTCCGACCCTGCTGGTGCTGAAAG

ATGGCGAAGTGGTGGAAACGAGCGTGGGCTTTAAACCGAAAGAAGCG

CTGCAAGAACTGGTGAACAAACATCTG 

trxa Amino Acid Sequence 

MAIVKATDQSFSAETSEGVVLADFWAPWCGPCKMIAPVLEELDQEMGDK

LKIVKIDVDENQETAGKYGVMSIPTLLVLKDGEVVETSVGFKPKEALQELV

NKHL  

trxb Gene Sequence (optimised for E. coli) 

GTGAGCGAAGAAAAAATTTATGATGTGATTATTATTGGCGCGGGCCCG
GCGGGCATGACCGCGGCGGTGTATACGAGCCGCGCGAACCTGAGCA
CCCTGATGATTGAACGCGGCATTCCGGGCGGTCAGATGGCGAACACC
GAAGATGTGGAAAACTATCCGGGCTTTGAAAGCATTCTGGGCCCGGA
ACTGAGCAACAAAATGTTTGAACATGCGAAAAAATTTGGCGCGGAATA
TGCGTATGGCGATATTAAAGAAGTGATTGATGGAAAGGAGTATAAAGT
AGTTAAAGCGGGCAGCAAAGAATATAAAGCGCGTGCGGTGATTATCG
CGGCTGGTGCGGAATACAAGAAGATAGGCGTGCCGGGCGAAAAAGA
ACTGGGCGGCCGCGGCGTGAGCTATTGCGCGGTGTGCGATGGCGCG
TTTTTTAAAGGCAAAGAACTGGTGGTGGTGGGCGGCGGCGATAGCGC
GGTGGAAGAAGGCGTGTATCTGACCCGCTTTGCGAGCAAAGTGACCA
TTGTGCATCGCCGCGATAAACTGCGCGCGCAGAGCATTCTGCAAGCG
CGCGCGTTTGATAACGAAAAAGTGGATTTTCTGTGGAACAAAACCGTG
AAAGAAATTCATGAAGAAAACGGCAAAGTGGGCAACGTGACCCTGGT
GGATACCGTGACCGGCGAAGAAAGCGAATTTAAAACCGATGGCGTGT
TTATTTATATTGGCATGCTGCCGCTGAGCAAACCGTTTGAAAACCTGG
GCATTACCAACGAAGAAGGCTATATTGAAACCAACGATCGCATGGAAA
CCAAAGTGGAAGGCATTTTTGCGGCCGGAGATATTCGCGAAAAAAGC
CTGCGTCAGATTGTGACCGCGACCGGCGATGGCAGCATTGCGGCGC
AGAGCGTGCAGCATTATGTGGAAGAACTGCAAGAAACCCTGAAAACC
CTGAAA 

trxb Amino Acid Sequence 



7 
 

MSEEKIYDVIIIGAGPAGMTAAVYTSRANLSTLMIERGIPGGQMANTEDVE

NYPGFESILGPELSNKMFEHAKKFGAEYAYGDIKEVIDGKEYKVVKAGSK

EYKARAVIIAAGAEYKKIGVPGEKELGGRGVSYCAVCDGAFFKGKELVVV

GGGDSAVEEGVYLTRFASKVTIVHRRDKLRAQSILQARAFDNEKVDFLWN

KTVKEIHEENGKVGNVTLVDTVTGEESEFKTDGVFIYIGMLPLSKPFENLGI

TNEEGYIETNDRMETKVEGIFAAGDIREKSLRQIVTATGDGSIAAQSVQHY

VEELQETLKTLK 
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Plasmid maps: 

 

 

Figure A. pET21a::trxA plasmid map, without (1.) and with (2.) PCR primers. 

1. 

2. 
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Figure B. pET21a::trxB plasmid map, without (1.) and with (2.) PCR primers. 

1. 

2. 
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Figure C. pMP89b::kerA plasmid map. 

 

3. Materials and methods 

Table 3.1 Primers used in this study. 

Primer name 
 

Sequence Source 

Oligo-CF-F1 
 

ATGGATCCGATGATGCGCAA Sigma-
Aldrich 

Oligo-CF-R1 
 

AGCCCAGTAAGAGCTCAGT Sigma-
Aldrich 

T7 promoter, 
forward primer 
 

TAATACGACTCACTATAGGG Source 
Bioscience 
 

T7 terminator, 
reverse primer 
 

GCTAGTTATTGCTCAGCGG Source 
Bioscience 
 

PCR-SEQ27 
 

5'-
ATTCATTCTGCTAACCAGTAAGGC-
3' 

Unknown 

PCR-SEQ28 5'-CCAATCCGGATATAGTTCCTCC-
3' 

Unknown 

 

Table 3.2 Plasmids used or constructed in this study. 

Plasmid name Description 
Antibiotic resistance 
gene 

Source 
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pMP89b 
 

T7 Expression 
vector 

Ampicillin/carbenicillin AddGene 

pUC::kerA High copy 
number vector 
containing a 
custom 
synthesised 
kerA gene 
 

Ampicillin Invitrogen 
(GeneArt 
Synthesis) 

pMP89b::kerA pMP89b 
expression 
vector with 
kerA cloned 
into it 
 

Ampicillin/carbenicillin This Study 

pET21a(+) 
 

T7 Expression 
vector 

Ampicillin/carbenicillin Novagen 

pUC-GW-
Kan::trxA::trxB 

High copy 
number vector 
containing 
custom 
synthesised 
trxA and trxB 
genes 
 

Kanamycin Genewiz 

pET21a::trxA pET21a 
expression 
vector with 
trxA cloned 
into it 
 

Ampicillin/carbenicillin This study 

pET21a::trxB pET21a 
expression 
vector with 
trxB cloned 
into it 

Ampicillin/carbenicillin This study 

 

Table 3.3 Strains used in this study. 

E. coli strains Genotype Source 

DH5α F– endA1 glnV44 thi-1 recA1 
relA1 gyrA96 deoR nupG 
purB20 φ80dlacZΔM15 
Δ(lacZYA-argF)U169, 
hsdR17(rK

–mK
+), λ–405 

 

Merck 

BL21 B 
F– ompT gal dcm lon hsdSB(rB

–

mB
–) [malB+]K-12(λS) 

 

Merck 

BL21 (DE3) B F– ompT gal dcm lon 
hsdSB(rB

–mB
–) λ(DE3 [lacI 

lacUV5-T7p07 ind1 sam7 nin5]) 
[malB+]K-12(λS) 

Merck 
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Rosetta (DE3) 
 

F- ompT hsdSB(rB
- mB

-) gal 
dcm (DE3) pRARE (CamR) 
 

Merck 

BL21 (DE3)-RIPL B F– ompT hsdS(rB – mB – ) 
dcm+ Tetr gal λ(DE3) endA Hte 
 

Merck 

BL21 STAR (DE3) 
 

F-ompT hsdSB (rB
-, mB

-

) galdcmrne131 (DE3) 
Merck 

 

 

Figure 3.1 Synthetised trxA::trxB gene sequence with a linker (GeneWiz) 

 

4. Reduction of keratin disulfide bonds by the thioredoxin system 

from Bacillus subtilis 

 

Table 4.1 Homology analysis of N-terminal amino acid sequences of enzyme 1 from 
Bacillus halodurans.  

Name Origin 
N-terminal amino 
acid sequence 

Identity with 
Enzyme 1 (%) 

Enzyme 1 
(query) 
 
 

Bacillus 
halodurans 

QPNDPADDWN 100% 

Protein-
disulfide 
reductase 

Bradyrhizobium 
sp. BTAi1 
 

QPNDQAQIDAW 64% 
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Glutathione-
disulfide 
reductase  
 

Rhodobacter 
sphaeroides  

PVDDW 80% 

Glutathione 
reductase 
 

Francisella 
tularensis subsp. 
mediasiatica  

PANEW 60% 

 

Table 4.2 Enzymes selected following sequence BLAST based of enzymes described 

by Prakash et al. (2010).29,294 

Name Organism 
Cysteine 
motif 

Identity 
(%)  

Length 
(kDa) 

Thioredoxin 
family protein (A) 
 

Bradyrhizobium 
sp. BTAi1 

CVTC 100 %  73.55  

Protein disulfide 
reductase (A1) 
 

Bradyrhizobiace
ae bacterium 

CVTC 99 % 73.82 

Thioredoxin 
family protein 
(A2) 
 

Escherichia coli CVTC 42 %  57.51 

Thioredoxin 
family protein 
(A3) 
 

Bacillus sp. 
SRB_336  

CVTC 37%  101.94 

Thioredoxin (A4) 
 
 

Bacillus sp, Y1 CPPC 29%  11.64 

Thioredoxin 
reductase (A5) 
 

Myobacterium 
tuberculosis 

CATC 18%  35.65 

Glutathione 
reductase (B) 
 

Rhodobacter 
azotoformans 
 

CVIRGC 100%  48.29 

Glutathione 
reductase (B1) 
  

Rhodobacter sp. 
JA983 
 

CVIRGC 98% 48.42 

Glutathione 
reductase (B2) 
 

Rhodobacter 
spjaeroides 
 

CVIRGC 94%  48.18 

Glutathione 
reductase (B3) 
 

Cereibacter 
changlensis 
 

CVIRGC 84%  48.45 

Glutathione 
reductase (C) 
 

Francisella 
tularensis  

CVNRGC 100% 49.45 

Glutathione 
reductase (C1) 
 

Francisella 
tularensis 

CVNRGC 99% 49.52 

Glutathione 
reductase (C2) 

Francisella sp. 
TX07-6608 

CVNRGC 98% 49.54 
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Glutathione 
reductase (C3) 
 

Bacillus sp. 
18070 

CVNVGC 49% 48.46 

Glutathione 
reductase (C4) 
 

Bacillus sp. 
2B10 

CVIRGC 37% 48.31 

Glutathione 
reductase (C5) 

Bacillus sp. 
SB49 

CPNRGC 32% 49.22 

 

Table 4.3 Potential disulfide reducing enzyme candidates (all enzymes were 
expressed in E. coli unless otherwise stated). 

Name / accession 
number 

Organism 
Cysteine 
motif 

More info 

Thioredoxin 1 
(trxa) - P0AA25 
 

E. coli strain 
K12 

CGPC 
 

Assayed: DTNB 
(insulin, 
GSSG)98,278,406 
Structure: 1F6M 
PDB 

Thioredoxin 
reductase (trxb) - 
P0A9P4 
 

E. coli strain 
K12 

CATC 
 

Assayed: DTNB 
(trxa, NADPH)98,278 

Thioredoxin 1 
(trx1) - P22217 
 

Saccharomyces 
cerevisiae 

CGPC 
 

Expressed 
Assayed: DTNB178 
Structure: 2I9H PDB 

Thioredoxin 2 
(trx2) - P22803 
 

Saccharomyces 
cerevisiae 

CGPC 
 

Assayed: DTNB178 
Structure: 2FA4 
PDB 

Thioredoxin 
reductase (trr1) - 
P29509 
 

Saccharomyces 
cerevisiae 

CAVC 
 

Expressed179 
Assayed: DTNB 
(NADPH, trx1, 
trx2)178 
Structure: 3D8X 
PDB 

Thioredoxin B 
(trxb) - L7N664 
  

Mycobacterium 
tuberculosis 

CGPC 
 

Expressed 
Assayed: DTNB180 

Thioredoxin 
reductase - 
P9WHH1 
 

Mycobacterium 
tuberculosis 

CATC 
 

Expressed 
Assayed: DTNB180 
Structure: 4GCM 
PDB 
 

Thioredoxin (trxa) - 
P14949 
 
 

Bacillus subtilis 
strain 168 

CGPC 
 

Expressed 
Assayed: DTNB, 
(insulin, GSSG, 
cysteine)98 
Structure: 2GZY 
PDB 
 

Thioredoxin 
reductase (trxc) - 
P80880 

Bacillus subtilis 
strain 168 

CAVC 
 

Expressed 
Assayed: DTNB, 
(trxa, NADPH)98 
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 Structure: 4GCM 
PDB 
 

Glutaredoxin 2 
(grxb) - P0AC59 
 
 

E. coli strain 
K12 

CPYC 
 

Expressed 
Assayed: NADPH 
monitoring (HED, 
insulin) & NADPH322 
Structure: 1G7O 
 

Glutathione 
reductase (gor) - 
P06715 
 

E. coli strain 
K12 

CVNVGC Expressed 
Assayed: NADPH 
monitoring (grx2, 
GSH)322 
Structure: 1GER 
PDB 
 

Glutaredoxin 1 
(grx1) - P25373 

Saccharomyces 
cerevisiae 

CPYC 
 

Expressed   
Assayed: NADPH 
monitoring (HED & 
GSH mixed 
disulfide)48 
Structure: 2JAC 
PDB 
 

Glutaredoxin 2 
(grx2) - P17695 

Saccharomyces 
cerevisiae 

CPYC 
 

Expressed 
Assayed: NADPH 
monitoring (HED & 
GSH mixed 
disulfide)48 
Structure: 3CTF 
PDB 
 

Glutathione 
reductase (GLR1) 
- P41921 

Saccharomyces 
cerevisiae 

CVNVGC 
 

Expressed (Pichia 
pastoris), Assayed: 
NADPH monitoring 
& DTNB316,407 
Structure: 2HQM 
PDB  
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Figure 4.1 Sanger sequencing example displaying good peak resolution (thioredoxin from Bacillus 
subtilis forward sequencing). 
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Figure 4.2 Pre-induction cell growth curves for TrxA and TrxB expression in BL21(DE3) 
cells in LB media. Induction at 5 h and 4.5 h respectively. For both thioredoxin and 
thioredoxin reductase expressions, the associated cell growth curves displayed similar 
proliferation patterns. The lag phases, which seem to have lasted between 2 and 3 hours, 
correspond to cells adapting to the culture conditions. This is then followed by the logarithmic 

growth phase, where cells actively proliferate at an exponential rate. 
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Figure 4.3 SDS PAGE analysis of trxA and trxB overnight expression at 30 °C, with 0.1 
mM IPTG. L: protein ladder, lanes 1 and 4: trxA and trxB lysates, lanes 2 and 5: trxA and trxb 

cell-free extracts, lanes 3 and 6: trxA and trxB insoluble fractions. 
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Figure 4.4 200-800 nm absorbance spectrum recorded for purified thioredoxin from 

Bacillus subtilis, 4x diluted in deionised water. C=A/E= 1.1273x4=4.5092/12700 (E 

280nm 12700, Parker et a. (2014)) = 0.000355 M x 11393 = 4.05 mg/mL. 
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Figure 4.5 SDS PAGE analyses of TrxB HisTag IMAC purification. L: ladder, lane 1: pre-
induction control, lane 2: lysate, lane 3: cell-free extract, lane 4: insoluble fraction, lanes 5-10: 

flow-through fractions, lane 11: B2 fraction, lane 12: B1 fraction, lanes 13-18: C1-C6 fractions. 
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Figure 4.6 BSA (0-2.0 mg/mL) standard curve for BCA assay of purified thioredoxin 
reductase from Bacillus subtilis, triplicate measurements, line of best fit generated using 
GraphPad Pryzm, where y = 1.271x + 0.02125. 



19 
 

Table 4.4 BCA assay of purified thioredoxin reductase from Bacillus subtilis, with 
protein concentrations calculated using a BSA (0-2.0 mg/mL) standard curve. 

Sample 480 nm 
absorbance 

Protein concentration 
/ mg/mL 

Dilution-corrected 
protein concentration 

/ mg/mL 

1xBS-trxR 1.091667 
 

0.842184632 0.842185 
0.5xBS-
trxR 

0.525667 
 

0.396865985 0.793732 
0.1xBS-
trxR 

0.050667 
 

0.023144506 0.231445 
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Figure 4.7 Insulin disulfide bond reduction assay using thioredoxin reductase and DTT 
via turbidity measurements at 660 nm over 80 minutes. TrxB (1.4 µg/mL or 0.041 µM) 
incubated with insulin (1 mg/mL) and DTT (3 mM) in 0.1 M sodium phosphate buffer pH 7 at 

25 °C - maybe address much higher absorbances. 
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Figure 4.8 - NADPH degradation assay of thioredoxin system with insulin (further 
controls). insulin (1.22 mg/mL or 213 µM), Trx1 (39.3 µg/mL or 3.33 µM) or TrxA (44.6 µg/mL 
or 3.92 µM) and TrxB (111.9 µg/mL or 3.25 µM) were added to 0.50 mM Tris-HCl pH 7.5, 1 
mM EDTA mL or 0.213 mM). The decrease in absorbance at 340 nm was then immediately 
monitored for up to one hour at 25 °C. 
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Figure 4.9 NADPH degradation assay on insulin - absorbance spectra recorded over 
time to understand the increase in absorbance noticed. Insulin (1.22 mg/mL or 213 µM) 
was incubated with TrxA (7.8 µM) and TrxB (6.5 µM) were added to 0.50 mM Tris-HCl pH 7.5, 
1 mM EDTA. In the same way, the reaction (1 mL) was then initiated by addition of NADPH 
(0.213 mM). The decrease in absorbance at 340 nm was then immediately monitored for up 
to one hour at 25 °C and 200-600 nm spectra were recorded at different time points. 
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Figure 4.10 NADPH degradation assay using the thioredoxin system from Bacillus 

subtilis on oxidised glutathione. Oxidised glutathione (6.53 µM), TrxA (11.3 µL of 3.1 

mg/mL stock, final concentration of 35.0 µg/mL or 3.11 µM) and TrxB (68.1 µL of 0.8 mg/mL 

stock, final concentration of 54.5 µg/mL or 1.58 µM) were added to 0.50 mM Tris-HCl pH 7.5, 

1 mM EDTA. The reaction (up to 0.75 mL) was then initiated by addition of NADPH (10 µL of 

16.7 mg/mL stock, final concentration of 0.17 mg/mL or 0.20 mM). The decrease in 

absorbance at 340 nm was then immediately monitored for up to one hour at 25 °C. 

Absorbances taken prior to NADPH addition were subtracted. 
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Figure 4.11. BSA standard curve for KeratecTM IFP protein concentration analysis using 
the BCA assay. Non-linear fit equation: y=1.271x + 0.02125 - data given as average values 
of triplicate absorbance measurements and shown ± the standard deviation.  

Table 4.5. KeratecTM IFP protein concentration calculations from a BSA standard 
curve using the BCA assay. 

Sample 480 nm 
absorbance 

Protein conc. 
(mg/mL) 

Dilution-corrected 
protein conc. (mg/mL) 

1 in 500 Ker IFP 2.33 1.65 82.4 
1 in 1000 Ker IFP 1.6 1.08 107.8 
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DTT concentration in mg/mL 412 nm absorbances 

22.2 3.301 
8.88 1.645 
4.44 0.841 
1.78 0.361 
0.44 0.116 

0 0.036 
Figure 4.12. Evaluation of DTT interference with Ellman’s assay. 0-22.2 mg/mL DTT 
solutions were made up in deionised water an analysed by 412 nm absorbance 
measurements. 

 

a. 

b. 
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Figure 4.13. Investigation of various substrate rinsing methods to avoid interferences 
with Ellman’s assay. Incubation of keratin azure (8 mg/mL) with DTT (49.7 mg/mL) in 
Ellman’s buffer for 1 hour at 37 °C, 250 rpm, followed by washes using 0.2 M SDS, acetone 
or Virkon with 5 subsequent buffer rinsings before incubation of both the substrate and final 
wash with DTNB (0.08 mg/mL or 0.20 µM) and 412 nm absorbance measurements. 
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Figure 4.14. NMR analysis of DTT-rinsing from hair using five consecutive buffer 
rinsings, a. DTT only control, b. Hair only control & c. Hair + DTT sample, 5x buffer 
rinsed. 
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Figure 4.15. Optimisation of NADPH degradation assay on KeratecTM IFP using the 
Bacillus subtilis thioredoxin system, looking at NADPH and substrates (a.) and enzyme 
concentrations (b.). KeratecTM IFP (Ker IFP, 1.63-3.25 mg/mL) was incubated with TrxA 
(0.070 mg/mL or 6.02 µM) and TrxB (0.17 mg/mL or 4.93 µM) were added to 0.50 mM Tris-
HCl pH 7.5, 1 mM EDTA. In the same way, the reaction (1 mL) was then initiated by addition 
of NADPH (0.1-0.2 mM). (b.) Keratec IFPTM (3.25 mg/mL) was incubated with TrxA (0.035-
0.070 mg/mL or 3.01-6.02 µM) and TrxB (0.085-0.17 mg/mL or 2.47-4.93 µM) were added to 
0.50 mM Tris-HCl pH 7.5, 1 mM EDTA. In the same way, the reaction (1 mL) was then initiated 
by addition of NADPH (0.2 mM). The decrease in absorbance at 340 nm was then immediately 
monitored for up to one hour at 25 °C. Absorbances taken prior to NADPH addition were 

subtracted. 

a. 

b. 
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Figure 4.16. NADPH degradation assay of Bacillus subtilis thioredoxin system on 
KeratecTM IFP in triplicates. KeratecTM IFP (Ker IFP, 3.25 mg/mL) was incubated with Trxa 
(0.14 mg/mL or 12.3 µM) and TrxB (0.34 mg/mL or 9.8 µM) were added to 0.50 mM Tris-HCl 
pH 7.5, 1 mM EDTA. The reaction (1 mL) was then initiated by addition of NADPH (10 µL of 
16.7 mg/mL stock, final concentration of 0.167 mg/mL or 0.200 mM). The decrease in 
absorbance at 340 nm was then immediately monitored for up to one hour at 25 °C. 
Absorbances taken prior to NADPH addition were subtracted.  
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Figure 4.17. Ellman’s assay of Bacillus subtilis thioredoxin system on KeratecTM IFP, 
absorbance spectra. KeratecTM IFP (Ker IFP, 3.25 mg/mL) incubated with DTT (3.24 mM) or 
TrxA (0.14 mg/mL or 12.3 µM), TrxB (0.34 mg/mL or 9.8 µM)) and NADPH (200 µM) in 100 
mM Sodium Phosphate buffer with 1 mM EDTA, pH 8 up to 1 mL, at 37 °C. A range of controls 
were included and volumes were adjusted using buffer. DTNB (0.08 mg/mL or 0.20 µM) was 
then added, followed by 15 minute-incubation at room temperature and 300-700 nm 
absorbance spectra recordings 
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Figure 4.18. Ellman’s assay of Bacillus subtilis thioredoxin system on KeratecTM IFP. 

KeratecTM IFP (Ker IFP, 3.25 mg/mL) incubated with TrxA (0.070 mg/mL or 6.2 µM), TrxB 

(0.17 mg/mL or 4.92 µM)) and NADPH (200 µM) in 100 mM Sodium Phosphate buffer with 1 

mM EDTA, pH 8 up to 1 mL, at 37 °C. A range of controls were included and volumes were 

adjusted using buffer. DTNB (0.08 mg/mL or 0.20 µM) was then added, followed by 15 minute 

incubation at room temperature and 412 nm absorbance measurements – where relevant, - 

data given as average values of triplicate absorbance measurements and shown ± the 

standard deviation. 
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Figure 4.19. Anaerobic NADPH degradation assay of Bacillus subtilis thioredoxin 
system on KeratecTM IFP. KeratecTM IFP (Ker IFP, 3.25 mg/mL) was incubated with TrxA 
(0.14 mg/mL or 12.3 µM) and TrxB (0.34 mg/mL or 4.93 µM) in 0.50 mM Tris-HCl pH 7.5, 1 
mM EDTA. The reaction (1 mL) was then initiated by addition of NADPH (0.167 mg/mL or 
0.200 mM). The decrease in absorbance at 340 nm was then immediately monitored for up to 
one hour at 25 °C. 



27 
 

0 100 200 300 400
0.0

0.2

0.4

0.6

0.8

1.0

Time (s)

A
3
4
0
 (

A
U

)

Ker  IFP + TrxA + TrxB +
NADPH

Ker IFP + TrxB + NADPH

Ker  IFP + TrxA + TrxB  +
NADPH - 2% Tween 20

Ker  IFP  + TrxB  + NADPH
- 2% Tween 20

Ker  IFP  + TrxA + TrxB  +
NADPH - 5% Tween 20

Ker  IFP  + BS-trxR  +
NADPH - 5% Tween 20

 

0 100 200 300 400
0.0

0.2

0.4

0.6

0.8

1.0

Time (s)

A
3
4
0
 (

A
U

)

Ker IFP + TrxA + TrxB  +
NADPH

Ker  IFP  + TrxB + NADPH

Ker  + TrxA + TrxB + NADPH
- 5% urea

Ker  IFP  + TrxA + TrxB  +
NADPH - 10% urea

 

0 100 200 300 400
0.0

0.2

0.4

0.6

0.8

1.0

Time (s)

A
3
4
0
 (

A
U

)

Ker  IFP + TrxA + TrxB  +
NADPH

Ker IFP + TrxA + TrxB +
NADPH - 0.5% EMIM

Ker  IFP + TrxA + TrxB  +
NADPH - 1% EMIM

Ker  IFP + TrxA + TrxB  +
NADPH - 5% EMIM

Ker  IFP + TrxA + TrxB  +
NADPH - 10% EMIM

Ker  IFP + TrxB  + NADPH

0 100 200 300 400
0.0

0.2

0.4

0.6

0.8

1.0

Time (s)

A
3
4
0
 (

A
U

)

Ker IFP +  TrxA + TrxB  +
NADPH - 70 °C

Ker  IFP + TrxB + NADPH
- 70 °C

Ker  IFP + TrxA + TrxB  +
NADPH  - 37 °C

Ker IFP + TrxB  + NADPH
- 37 °C

 

Figure 4.20. NADPH consumption monitoring of KeratecTM IFP disulfide bond reduction 
by Bacillus subtilis thioredoxin system and effect of additives and temperature. a. 
Tween 20, b.urea, c.[EMIM]ESO4, d. high incubation temperature. KeratecTM IFP (Ker IFP, 
3.25 mg/mL) was incubated with TrxA (0.17 U/mL, 0.035 mg/mL), TrxB (0.085 mg/mL) and 
NADPH (0.200 mM) in 0.50 mM Tris-HCl pH 7.5, 1 mM EDTA, up to 1 mL at 25 °C (a.-c.) or 
50 °C (d.), in the presence or absence of Tween 20 (2-5% v/v), urea (5-10% w/v) or 
[EMIM]ESO4 (0.5-10%). Absorbances taken prior to NADPH addition were subtracted.  

 

a. 

b. 

c. 

d. 
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Figure 4.21. NADPH degradation assay of Bacillus subtilis thioredoxin system on solid 
human hair, absorbance spectra taken at different time intervals. Hair (0.02 g/mL) was 
incubated with TrxA (0.14 mg/mL or 12.3 µM) and TrxB (0.34 mg/mL or 9.8 µM) were added 
to 0.50 mM Tris-HCl pH 7.5, 1 mM EDTA. The reaction (1 mL) was then initiated by addition 
of NADPH (66.6 µL of 4.5 mg/mL stock, final concentration of 0.30 mg/mL or 0.36 mM). The 
decrease in absorbance at 340 nm was then monitored at regular intervals for up to one hour 
at 25 °C, by pipette the sample supernatant into the quartz cuvette prior to every 
measurement. 
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Figure 4.22. NADPH consumption monitoring of ground hair disulfide bond reduction 
by Bacillus subtilis thioredoxin system. Ground hair (0.02 g/mL) was incubated with TrxA 
(0.70 U/mL, 0.14 mg/mL), TrxB (0.34 mg/m), NADPH (0.213 mM) and Tween20 (0.5% v/v) in 
0.50 mM Tris-HCl pH 7.5, 1 mM, up to 1 mL. The decrease in absorbance at 340 nm was then 
monitored at regular intervals for up to one hour at 25 or 50 °C, by pipetting the sample 
supernatant into the quartz cuvette prior to every measurement. 
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4.23. Ellman’s assay of ground hair disulfide bond reduction by Bacillus subtilis 
thioredoxin system. Ground hair (8.0 mg/mL) incubated with DTT (0.5 mM) or TrxA (0.70 
U/mL, 0.14 mg/mL), TrxB (0.34 mg/mL) and NADPH (213 µM) in 100 mM Sodium Phosphate 
buffer with 1 mM EDTA, pH 8 up to 1 mL, for one hour at 37 °C. Following dialysis or Buchner 
filtration, DTNB (0.20 µM) was added and incubated for 15 minutes at room temperature. 412 
nm absorbances were then recorded. 

 

 

Figure 4.24. SDS PAGE analysis of [EMIM]ESO4-solubilised hair at various dilutions. L: 
BioRad protein ladder, lane 1: undiluted substrate, lane 2: 1 in 2 diluted substrate, 3: 1 in 4 

diluted substrate. 
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Figure 4.25. Evaluation of solubilised hair compatibility with Ellman’s assay. 412 nm 
absorbance measurements prior to DTNB addition. 
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Figure 4.26. NADPH degradation assay of Bacillus subtilis thioredoxin system on 
centrifuged [EMIM]ESO4- solubilised human hair. [EMIM]ESO4 solubilised human hair 
(0.02 g/mL eq.) was centrifuged and the supernatant incubated with TrxA (0.14 mg/mL or 12.3 
µM), TrxB (0.34 mg/mL or 9.8 µM) in 0.50 mM Tris-HCl pH 7.5, 1 mM EDTA buffer. The 
reaction (1 mL) was then initiated by addition of NADPH (0.213 mM). The decrease in 
absorbance at 340 nm was then monitored over time for up to one hour at 25 °C. 
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Figure 4.27. Agarose gel analysis of double digested pMP89b and pUC::KerA. Lanes 1 
& 6: ladder, lane 2: undigested pMP89b, lane 3: double-digested pMP89b, lane 4: undigested 
kerA and lane 5: double-digested kerA. 

 

Figure 4.28. Ligation mix Colony PCR Agarose Gel Analysis of ligation mix. DNA ladder:  
lanes 1, 8, 9 &16, E. coli DH5α pMP89b::kerA colonies: lanes 2-7 & 10-15 - Bands 
corresponding to kerA can be seen at 1100 bp in lanes 2, 4-7, 10,11 and 14, confirming 
successful E. coli DH5α transformation with pMP89b-kerA ligation mix. 
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Figure 4.29. SDS PAGE analysis of initial keratinase expression conditions (protein 
ladder: lane 1, 4.5 hour post-induction: lane 2, lysate: lane 3, 10x diluted cell-free extract: lane 
4, 100x diluted cell-free extract: : lane 5, insoluble: lane 6). 

 

Figure 4.30. SDS PAGE analysis of keratinase expression in the presence of glucose at 
30 or 37 °C, lane 1: protein ladder, lane 2: 30 °C pre-induction control, lane 3: 37 °C pre-
induction control, lane 4: 4.5 hour post-induction 30 °C, lane 5: 4.5 hour post-induction 37 °C, 
lane 6: total protein (lysate) 30 °C, lane 7: total protein 37 °C, lane 8: soluble protein (cell-free 
extract) 30 °C, lane 9: soluble protein 37 °C, lane 10: insoluble protein washes 30 °C, lane 11:  
insoluble protein washes 37 °C. 
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Figure 4.31. Sequence alignment between kerA from Bacillus licheniformis PWD-1 
(Query 1, Lin 1992)31 and S90 (Subject 1, Hu 2013)32, showing 68% identity. The BLAST 
function from the NCBI database was used.294 
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Figure 4.32. Keratin azure assay of keratinase from Bacillus licheniformis. Keratin azure 
(KA, 0.04 mg/mL) was incubated with KerA (3.0 U/mL or 8.8 µg/mL) for 20h incubation at 37 
°C – data given as average values of triplicate reactions and shown ± the standard deviation.  
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Figure 4.33. L-tyrosine standard curve (0.055-0.553 µmol) from Bacillus licheniformis 

keratinase proteolytic assay on casein. 
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Figure 4.34. Casein assay of keratinase from Bacillus licheniformis (blank absorbances 
subtracted from test absorbances). KerA (0.01-0.02 U/mL or 0.03-0.06 µg/mL) incubated with 
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casein (2.9 mg/mL) for 10 minutes at 37 °C before TCA (8.2 mg/mL) addition. Casein digestion 
was monitored at 660 nm absorbance.  
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Figure 4.35. Keratinase activity assay based on Merck’s casein assay using KeratecTM 
IFP as the substrate. KerA (0.05 Us/mL or 0.15 µg/mL) incubated with KeratecTM IFP (Ker 
IFP, 5.8 mg/mL) for 10 minutes at 37 °C before TCA (8.2 mg/mL final conc.) addition. Casein 
digestion was monitored at 660 nm absorbance. An untreated control was included, where 
the volume was made up using buffer. 
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Figure 4.36. Absorbance spectrum of keratin azure incubation with keratinase and DTT. 
Keratin azure (KA, 4 mg/mL) was incubated with KerA (3.0 U/mL or 8.8 µg/mL) and DTT (20.8 
mg/mL) in Tris buffer pH 7.5 for 20h at 37 °C – 400-800 nm spectra recorded before and after 

incubation. 
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Figure 4.37. Keratin azure assay of keratinase in the presence of DTT. Keratin azure (KA, 
4 mg/mL) was incubated with KerA (3.0 U/mL or 8.8 µg/mL) and/or DTT (20.8 mg/mL) in Tris 
buffer pH 7.5 for 20h at 37 °C – data given as average values of triplicate reactions and shown 
± the standard deviation. 

0 10 20
0.00

0.02

0.04

0.06

Time (h)

A
5

9
5

n
m

 (
A

U
) KA

KA + glutathione

KA + thioglycolic acid

 

Figure 4.38. Keratin azure assay exploring dye degradation by glutathione and TGA. 
Keratin azure (KA, 4 mg/mL) incubated with KerA (3.0 U/mL or 8.8 µg/mL) and reducing 
agents (5% w/v, 49.7 mg/mL or glutathione: 0.16 mM, thioglycolic acid: 0.54 mM) in Tris buffer 
pH 7.5 for 24 h incubation at 37 °C, 250 rpm. 
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Figure 4.39. Keratin azure assay on chopped keratin azure. Chopped Keratin Azure 
(Chopped KA, 4 mg/ml) incubated with KerA (0.95 U/mL or 2.8 µg/mL) and DTT (49.7 mg/ml, 

5% w/v) in Tris buffer pH 7.5, 24 h incubation at 37 °C, 250 rpm. 
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Figure 4.40. Effect of pH and urea on keratin azure assay. Keratin azure (KA, 4 mg/mL) 
was incubated with KerA (0.95 U/mL or 2.8 µg/mL) and DTT (49.7 mg/mL, 5% w/v) in the 
presence or absence of urea (4 M) in Tris buffer pH 8-10.3 for 1 hour at 37 °C, 250 rpm.  
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Figure 4.41. Keratin azure assay exploring the effect of incubation temperature on 
keratin azure. Keratin azure (KA, 4 mg/mL) incubated in Tris buffer pH 7.5 for 3 h at 37-70 

°C, 250 rpm. 
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Figure 4.42. Temperature studies showcasing keratinase activity in the presence of 
DTT. Keratin azure (KA, 4 mg/mL) incubated with KerA (3.0 U/mL or 8.8 µg/mL) and DTT 
(49.7 mg/mL) in Tris buffer pH 8 for 3 h, 250 rpm at 30-70 °C. 
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Figure 4.43. Ellman’s assay of keratinase on keratin azure and human hair, (a) Keratin 
azure (KA, 4 mg/mL) incubated with KerA (0.75 U/mL or 2.2  µg/mL) in Ellman’s buffer for 24 
hours at 37 °C, 250 rpm, followed by 5 buffer rinsings and 30 min incubation with DTNB (0.08 
mg/mL or 0.20 µM) and 412 nm absorbance measurements, (b) hair (8 mg/mL) incubated with 
KerA (1.5 U/mL or 4.4 µg/mL) in Ellman’s buffer for 17 hours at  37 °C, 250 rpm, followed by 
5 buffer rinsings and 30 min incubation with DTNB (0.08 mg/mL or 0.20 µM) in buffer and 412 
nm absorbance measurements - data given as average values of triplicate reactions (final 

wash subtracted from sample absorbance) and shown ± the standard deviation.  
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Figure 4.44. Absorbance spectra for keratin azure treated with keratinase and DTT. 
Keratin azure (KA, 4 mg/mL) incubated with KerA (1.5 U/mL or 4.4 µg/mL) and DTT (49.7 
mg/mL, 0.31 M) in Ellman’s buffer 24 hour at 37 °C, 250 rpm, followed by 5 buffer rinsings 
and 30 min incubation with DTNB (0.08 mg/mL or 0.20 µM) and 412 nm absorbance 
measurements – final wash not subtracted from sample absorbance. 

 

a. b. 
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Figure 4.45. Elman’s assay on human hair in the presence of DTT or cysteinyl glycine 
reducing agents. Hair (8 mg/mL) was incubated with reducing agents (DTT or cysteinyl 
glycine - 1 mM) in 100 mM sodium phosphate buffer with 1 mM EDTA, pH 8 (2.5 mL) for 1 
hour at 37 °C, 250 rpm. Following thorough rinsing, DTNB (0.2 mg/mL) was added to the 
substrate in 2.5 mL buffer and incubated at room temperature for 15 minutes before 412 nm 
absorbance measurements - data given as average values of triplicate absorbance 
measurements (final wash absorbances were subtracted) and shown ± the standard 
deviation. 

 

5. Enzymatic crosslinking of keratin 
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Figure 5.1. Effect of 2-phenoxyethanol on Trametes versicolor laccase activity assay. 

TvLac (6.82 mU/mL or 2 µg/ml) was incubated with ABTS (1 mM) and 2-phenoxyethanol (80 

mM) in dH2O at 25 °C and 405 nm absorbance monitored over time. 
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Figure 5.2. Effect of undialysed and dialysed KeratecTM IFP on microbial 

transglutaminase via Cbz-Gln-Gly assay. Test composed of Tg (0.097 U/mL or 6.86 µg/mL) 

with Cbz-Gln-Gly (31 mM), hydroxylamine (87 mM), reduced glutathione (8.7 mM), calcium 

chloride (4 mM) and undialysed KeratecTM IFP (Ker IFP, 1.9 mg/mL) or dialysed KeratecTM 

IFP (Ker IFP, 3.2 mg/mL) in Tris buffer pH6 and deionised water, at pH 6 at 37 °C (test blank 

without transglutaminase). Standard made from L-Glutamic Acid γ-monohydroxamate (1mM) 

in deionised water (standard blank without L-Glutamic Acid γ-monohydroxamate). 

Absorbances were recorded at 525 nm. 

 

Table 5.1. Turbidity analysis of casein at different incubation temperatures via 660 nm 
absorbance measurements. Casein (6 mg/mL) incubated in potassium phosphate buffer pH 
7.5 at 5-55 °C for 30 minutes. 

Incubation temperature / °C 600 nm absorbance 

5 1.539 
25 1.479 
55 1.832 
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Figure 5.3. SDS PAGE analysis of TvLac (97 kDa), Tyr (119.5 kDa) & Tg (38 kDa). L = 
Ladder, 1 = Tg, 2 = TvLac and 3 = Tyr (15 µg per well)  

 

Figure 5.4. SDS PAGE analysis of gelatine crosslinking by laccase from Trametes 
versicolor - Gelatine (10 mg/mL) was incubated in the presence or absence of TvLac (1.71 
U/mL or 0.5 mg/mL) in dH2O with or without ABTS (1mM) overnight at 37°C, 250 rpm – 
L=protein ladder, 1=Gelatine alone sample, 2=Gelatine + laccase, 3=Gelatine + laccase + 
ABTS. 
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Figure 5.5. Enzymatic crosslinking monitoring via viscosity analysis over sheer rate. 
TvLac (0.204 U/mL or 60 µg/mL), Tyr (0.66 U/mL or 60 µg/mL) or Tg (0.045 U/mL or 3.15 
µg/mL) incubated with KeratecTM IFP (32.5 mg/mL) in acetate pH 5 (TvLac), Tris pH 7.5 (Tyr) 
and Tris pH 6 (Tg) buffers overnight at 37 °C, 250 rpm before viscosity measurements. 
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Figure 5.6. SEC analysis of dialysed KeratecTM IFP and KeratecTM ProSina crosslinking 
with EDC. Dialysed KeratecTM IFP (Ker IFP, 19.9 mg/mL) and KeratecTM ProSina (Ker Pro, 
7.3 mg/mL) in dH2O incubated overnight at 37°C, 250 rpm in the presence or absence of EDC 
(56 mM) crosslinker and injected into SEC column. 

 

 



44 
 

0 10 20 30
0

20

40

60

80

Retention volume (mL)

A
b

s
o

rb
a

n
c

e
 (

m
A

U
)

Ker IFP + EDC

Ker IFP

 

Figure 5.7. SEC analysis of EDC-crosslinking of dialysed KeratecTM IFP. Dialysed 
KeratecTM IFP (Ker IFP, 17.7 mg/mL) incubated for 4 hours in dH2O at 37 °C, 250 rpm in the 
presence or absence of EDC (56 mM) crosslinker. 
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Figure 5.8. Bradford assay of SEC fractions– BSA standard curve. 
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Figure 5.9. Effect of ABTS on KeratecTM IFP crosslinking by laccase from Trametes 
versicolor via SEC. TvLac (1.71 U/mL or 0.5 mg/mL) incubated with dialysed KeratecTM IFP 
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(Ker IFP, 11.1 mg/mL) in the presence or absence of ABTS (1mM) in dH2O, overnight at 37°C, 
250 rpm. 

 

Figure 5.10. SDS PAGE analysis of undialysed KeratecTM IFP crosslinking by laccase 
from Trametes versicolor. TvLac (1.71 U/mL or 0.5 mg/mL) was incubated with undialysed 
KeratecTM IFP (6.5 mg/mL) in dH2O overnight at 37°C, 250 rpm, in the presence or absence 
of vanillin (1mM) – L=protein ladder, 1=Undialysed keratec IFP, 2=Undialysed keratec IFP + 
TvLac, 3=Undialysed IFP + TvLac + vanillin. 
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Figure 5.11. SEC analysis of laccase from Trametes versicolor on dialysed KeratecTM 
ProSina.  TvLac (1.71 U/mL or 0.5 mg/mL) was incubated with dialysed KeratecTM ProSina 
(Ker Pro, 7.3 mg/mL) in dH2O, overnight at 37°C, 250 rpm, in the presence or absence of 
ABTS (1 mM). 
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Figure 5.12. SDS PAGE analysis of dialysed KeratecTM IFP crosslinking by tyrosinase 
from mushroom. Tyr (5.47 U/mL or 0.5 mg/mL) was incubated with dialysed KeratecTM IFP 
(11.1 mg/mL) in dH2O at 37°C, 250 rpm - L=protein ladder, 1=Dialysed KeratecTM IFP, 

2=Dialysed KeratecTM IFP + Tyr 
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Figure 5.13. SEC analysis of microbial transglutaminase activity on dialysed KeratecTM 
IFP. TG (0. 5 U/mL or 13.15 µg/mL) was incubated with dialysed KeratecTM IFP (Ker IFP,11.1 

mg/mL) in Tris buffer pH 6 overnight at 37°C, 250 rpm. 



47 
 

0 10 20
0

50

100

150

Retention volume (mL)

A
b

s
o

rb
a

n
c

e
 (

m
A

U
)

Ker IFP

ker IFP + Tg

 

Figure 5.14. SEC analysis of microbial transglutaminase activity on dialysed KeratecTM 
IFP. Tg (0. 5 U/mL or 13.15 µg/mL) was incubated with dialysed KeratecTM IFP (Ker IFP,11.1 
mg/mL) in Tris buffer pH 6 overnight at 37°C, 250 rpm. 

 

Figure 5.15. SDS PAGE analysis of dialysed KeratecTM IFP crosslinking by microbial 
transglutaminase. Tg (0. 5 U/mL or 13.15 µg/m) was incubated overnight with KeratecTM IFP 
(11.1 mg/mL)) in Tris buffer, pH6 at 37°C, 250 rpm – L=ladder, 1=Dialysed KeratecTM IFP, 
2=Dialysed KeratecTM IFP + Tg. 
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9. Covid statement 

During the first year of my PhD, I was faced with a change of supervisors, 

research group and faculty, which resulted in a lack of access to labs 

between October and December 2019. Following this disruption, I adapted 

to the new lab, and started to work towards my readjusted experimental 

goals. The pandemic then occurred and led to lab closures between March 

and August 2020. This of course greatly hindered my progress due to my 

project being entirely experimental. I re-focused my work in order to best use 

that time outside of the lab. I learned about bioinformatic technologies to 

identify more enzyme sequences and used them to conduct a literature 

review and sequence search towards identifying potential disulfide bond 

reducing enzyme candidates. I also planned exact expression and assay 

protocols to be used when labs reopened and familiarised myself with useful 

data analysis and protein visualisation software. Despite my best efforts to 

mitigate the impacts of covid lab closures, I still accumulated severe delays 

to my research objectives. Once the lab reopened (on a 1 week on, 1 week 

off basis) in August 2020, I immediately resumed experimental work. 

However, the efficiency of the work was greatly reduced and access to 

equipment was limited, which went on until the end of 2020. As a result, I 

readjusted my experimental targets, having to drop some planned 

experiments, and have since worked against the clock to meet the clear 

objectives of my project, designed in collaboration with the industrial partner 

at the start of the PhD. 

Due to the pandemic and the restricted visitor access that ensued, I was 

unable to do a placement with my industrial partner. I believe that working 

within a team specialised in hair care would have been very valuable towards 
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gaining a more industry-based insight to my project and its impact beyond 

my own research. I was luckily able to spend a day within the Croda labs 

more recently to conduct tensile strength experiments on hair samples, 

however a much more thorough approach could have been taken by having 

more time there. 

Overall, while I believe that this thesis would have benefited from further 

crosslinking assays on hair at the Croda labs, as well as increased 

robustness towards work conducted with keratinase, I have done my best to 

mitigate the impact the pandemic had on my research outcomes. 

 


