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3. Development of a new active based on Amadori rearrangement 

taking place in protein based tissues 

3.1 Introduction 

The Amadori reaction, which is the first step in “Maillard browning”56, is a potential non-

enzymatic way to link reducing carbohydrates to complex biomolecules with reactive amino 

groups. The Amadori-rearrangement involves the reaction of α-hydroxy-aldehydes with 

suitable amine leading to the corresponding glycosylamine and the following rearrangement 

to the corresponding ketoseamine, the so-called Amadori-rearrangement product (ARP). An 

early mechanism for the Amadori-rearrangement was suggested by Kuhn and Weygand57 

(Figure 1) in 1937. The initial reaction between the anomeric position of aldose 1 and an 

amino group leads to the formation of glycosylamine 2. After protonation Schiff base 4 is 

formed by ring opening, which is in equilibrium with the enol 5. This enol is stabilised by the 

formation of 1-amino-1-deoxyketohexose 6, which undergoes ring closure to the 

corresponding hemiketal. 
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Figure 1: Amadori-rearrangement suggested by Kuhn and Weygand  

                                                
56 a) L. C. Maillard, C R Acad. Sci. Ser. 2, 1912, 154, 66.  

b) ibid., 1912, 155, 1554. 
   c) F. Ledl, E. Schleicher Angew. Chem. 1990, 102, 597 and references cited therein. 
57 R. Kuhn, F. Weygand, Ber., 1937, 70, 769. 
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Another closely interrelated reaction is the Heyns-rearrangement, which follows in principle 

the same pattern but employs α-hydroxy ketones as starting material. Applied to free sugars, 

this reaction starts from a ketose and proceeds via a glycosylamine to corresponding 2-amino-

2-deoxyaldoses58.  

 

O

OH

OH
OH

O
HO

OH

HO

RHN
OH

O
HO

OH

HO

OH

OH

NHR

OH

RNH2

H+

+

 

 

Figure 2: Heyns-rearrangement 

 

The formation of Strecker aldehydes as degradation products is known as pathway of the 

Maillard reaction. The formed ARP are converted by 1,2- or 2,3-enolisation, dehydration and 

hydrolysis respectively into the α-dicarbonyl compounds (1- or 3-deoxyosone). These 

compounds can react with α-amino acids to form Strecker aldehydes by oxidative 

deamination and decarboxylation (Strecker reaction)59. Further reaction pathways like 

cyclisations, dehydratations, retroaldolisations and isomerisations of ARP are well known in 

the Maillard reaction network. An early coherent scheme was proposed by Hodge60 in 1953 

and a review by Martins et al.61 summarises the current research. 

 

According to the relevance of Amadori-rearrangement in biological processes like forming 

glycated proteins under physiological conditions, several investigations of its role in the 

pathological effects of diabetes and ageing processes in general are conducted62,63,64. 

Additionally, Amadori-rearrangement products are of growing interest in cardiovascular 

research. Taking into consideration the influence of ARP on flavour, this type of 

                                                
58 T. M. Wrodnigg, B. Eder, Topics in Current Chemistry, 2001, Vol. 215, 115-152. 
59 D. R. Cremer, M. Vollenbroecker, K. Eichner, Eur. Food Res. Technol., 2000, 211, 403. 
60 J. E. Hodge, J. Agric. Food Chem., 1953, 1, 928-943. 
61 S. Martins, W. Jongen, M. van Boekel, Trends in Food Sci. Technol., 2001, 11, 364-373. 
62 N. Posthuma, P. M. ter Wee, H. Niessen, A. J.M. Donker, Peritoneal Dialysis Int., 2001, 
    21, 1, 43-51. 
63 H.-M. Raabe, H. Molsen S.-M. Mlinaric, Y. Acil, G. Sinnecker, Biochem. J. 1996, 319,  
    699. 
64 M. Asif, J. Egan, S. Vasan, G. N. Jyothirmayi, T. Regan, PNAS, 2000, 97, No. 6, 2809- 

2813. 
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rearrangement appears to be highly underrated as a useful method for the synthesis of natural 

products, when it is possible to overcome difficulties in stopping the reaction at a certain step. 

Moreover it is possible that it could be used as a method to link reagents coupled to a reducing 

carbohydrate moiety to protein based tissues. In order to explore this possibility further, a 

series of experiments with peptides, proteins and human hair have been carried out to provide 

evidence of the use of the Amadori reaction in the production of covalent linkage of modified 

saccharides (described in chapter 2). 
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3.2 Peptide labelling 

Previous studies on Amadori and Maillard reaction have shown that carbohydrates like 

glucose and fructose react with a series of aliphatic ω-amino acids65. Further references 

describe the synthesis of pure ARP’s as standards66,67,68. The reaction conditions mentioned in 

these papers were taken as a starting point and modified. To detect the reaction products crude 

reaction mixtures were analysed by electrospray ionisation mass spectrometry. N-stearoyl-6-

amino-6-deoxygalactose (7) was chosen as carbohydrate moiety and linked under several 

reaction conditions to glycine-lysine-dipeptide (8).  
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Figure 3: synthesis of Amadori reaction products 9 and 10 

 

 

                                                
65 V. V. Mossine, G. V. Glinsky, M. S. Feather, Carbohydr. Res., 1994, 262, 257-270. 
66 a) J. J. Turner, N. Wielschut, H. S. Overkleeft, W. Klaffke, G. A. van der Marel, J. H. van  
        Boom, Tet. Lett. 1999, 40, 7039-7042. 

 b) J. J. Turner, D. V. Filippov, M. Overhand, G. A. van der Marel, J. H. van Boom, 
     Tet. Lett. 2001, 42, 33, 5763. 

67 M. D. Molero-Vilchez, B. L. Wedzicha, Food Chem., 1997, 58, No. 3, 249-254. 
68 S. N. Noomen, G. J. Breel, C. Winkel, Recl. Trav. Chim. Pays-Bas, 1995, 114, 321-324. 
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The depicted ARP 9 and 10 (Figure 3) were synthesised successfully by heating at 60°C for 

20 h in a DMF solution. 

 

Further coupling reactions with glycine-lysine-dipeptide (8) in aqueous solvents under 

different pHs and temperatures were tested. Starting materials correspond to the DMF-

experiment and a freshly prepared 0.1 m hydrogene-dihydrogene-phosphate buffer was used. 

The qualitative results are given in table 1. 

 

entry solvent (pH) temp. [°C] time [h] observations 

1 DMF 60 20 browning; 9, 10 and dehydratation products 

2 buffer (7.8) 60 20 weak browning, very small amounts of 9 and 

dehydratation products in precipitate 

3 buffer (8.1) 60 50 weak browning, very small amounts of 9 

4 buffer (9.0) 60 50 weak browning, very small amounts of 9 

5 buffer (8.1) 80 18 strong browning, no significant 9, 10 

6 buffer (9.0) 80 18 strong browning, no significant 9, 10 

7 H2O (7.0) 60 20 browning; 9 and dehydratation products 

 

Table 1: results of peptide coupling reactions 

 

The best result was reached when coupling the peptide to carbohydrate 7 in DMF 

(experiment 1). Aqueous buffer solutions seem to inhibit a coupling reaction and only traces 

of product were detected. Consecutive reactions according to the Maillard reaction cascade 

occur faster at higher reaction temperatures, therefore no product could be detected in 

experiment 5 and 6 whereas browning of solution indicate a reaction at all. To reduce the 

amount of water the coupling was carried out in a damp solid mixture of compounds 7 and 8 

at 60°C. In this experiment (experiment 10) browning of the reaction mixture indicated a 

coupling and compound 9 was detected by mass spectrometry. 

 

Another set of experiments with lysine-lysine dipeptide (11a) containing three possible 

linkage positions was carried out in order to detect any preferences in coupling positions. 
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According to the results of the gly-lys-dipeptide experiments (1-7) one main product derived 

from the linkage at the terminal amino function was expected (see Figure 4).  
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Figure 4: reaction product of lysine-lysine labelling  

 

entry dipeptide solvent (pH) temp. [°C] time [h] observations 

8 lys-lys DMF 60 20 no browning, no ARP 

9 lys-lys H2O (7.0) 60 20 browning, detection of 12 

 

Table 2: results and reaction conditions of lys-lys experiment 

 

According to the observations on Maillard reaction of low water activities69, the amount of 

water was extremely reduced and the two compounds were “baked” together (9th experiment). 

The ARP 12 was detected as side product (m/z = 703 ([M+H]+) by mass spectrometry in the 

9th entry only.  

The possibility of a mixture of three different mono labelled dipeptides with the same mass in 

the analysis is ruled out by a homogene daughter ion spectrum, depicted in figure 5. 

 

 

                                                
69 a) A. Visser, P. Braat, J. Tissen, W. Klaffke, Eur. Pat. Appl., first filing 01/2001, pend. 
    b) S. Patel, S. Russel, J. Tissen, W. Klaffke, EP 00 30 6249, WO 02/07540. 
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Figure 5: daughter ion spectrum of m/z = 703 (9th experiment) 

 

fragment description 

702.4 product + H+ 

684.2 702 - H2O 

666.1 702 - 2 H2O 

648.4 702 – 3 H2O 

317.1 299 + H2O 

299.0 stearoyl residue + NH 

275.1 lys-lys + 

 

Table 3: daughter ion fragments of carbohydrate-lys-lys derivative (m/z = 703) 

 

In the qualitative mass spectrometric analysis the existence of ARP was proven in different 

experiments with two dipeptides. Next to the desired product, a high concentration of starting 

material and a small amount of degradation product were detected. The exact linkage position 

cannot be predicted by this method, but when comparing the two experiments it may be safe 

to assume that terminal amino functions display the highest reactivity. 
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3.3 Protein labelling 

The next step was to evaluate the Amadori reaction of modified carbohydrates with a complex 

globular protein to determine whether the observations made with dipeptides would be 

observed with intact proteins as well. Human serum albumin (HSA, 15) was chosen as it has a 

well established structure70 and is often mentioned together with in vivo Amadori reactions62. 

After detecting its molecular weight by electrospray mass spectrometry it was reacted with 

6-[amino-N-(5’(6’)-carboxyfluoresceinyl]-6-deoxy-α/β-D-galactopyranose (14, dye 1) (see 

figure 6). In order to link the protein to the carbohydrate under various reaction conditions it 

was dissolved both in buffer solution and DMF. After incubation, the protein was dialysed 

against water and lyophilised. The resulting solid was applied to gel electrophoresis with 

fluorescence detection. 
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Figure 6: protein labelling with derivative 14 
 

The analytic method of sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) separates strictly according to molecular size and can therefore be used for 

characterisation of proteins size when separated alongside molecular weight standards. In this 

case a high molecular weight fluorescence standard was used. Figure 6 shows the result of gel 

electrophoresis of dye labelled human serum albumin (HSA).  

                                                
70  a) B. Meloun, L. Moravek, V. Kostka, FEBS Let., 1975, 58, No.1, 134-137. 

b) A. Dugaiczyk, S. W. Law, O. E. Dennison, Proc. Nat. Acad. Sci, 1982, 79, 71-75.  
   c) X. Min He, D. C. Carter, Nature, 1992, 358, 209-215. 
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Figure 7: SDS-PAGE of dye labelled protein 

 

In lane 1 pure HSA was dissolved in buffer solution and loaded on the gel. This was detected 

by coomassie blue staining after fluorescence detection. Lanes 2 and 3 are the results of the 

labelling experiments disturbed by salt impurities. Lane 4 shows fluorescence standard in 

buffer and lanes 5-7 are loaded like lanes 2-4 at lower concentration. A protein fragment 

derived from labelled HSA can be detected in the range of 66 kDa in lane 2 and in lane 5. 

Lanes 3 and 6 show that the labelling experiment in DMF failed. 

 

These experiments show that a successful route to arrive at chemically modified 

carbohydrates is reacting them with proteins under Amadori reaction conditions in aqueous 

solvents. According to the insignificant increase of molecular weight of the carbohydrate 

labelled protein it may be concluded that most of the covalent linkages stem from the reaction 

of the protein’s terminal aminofunction, or is limited to amine groups exposed at the surface 

of the protein. This result is compatible with the results of the peptide experiment. 

fluorescence standard 

 
 

 

myosin   205.0 kDa 

 

β-galactosidase  116.0 kDa 

BSA    66.0 kDa 

alcohol dehydrogenase 39.8 kDa 

 

carbonic anhydrase  29.0 kDa 

 

 

trypsin inhibitor  20.1 kDa 
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3.4 Hair labelling 

The possibility of utilising the Amadori reaction in the modification of biological tissues and 

materials, human hair was used as a study proteinous tissue. This was reacted with fluorescent 

dye-labelled carbohydrates and fatty acid-conjugated saccharides using similar Amadori 

chemistry as described above. Preliminary incorporation experiments into the hair fibre with 

radioactive labelled glucose suggested a covalent bond was formed from the Maillard reaction 

(Amadori product)71. 

To provide more conclusive data and to localise the reaction site within the sub-cellular 

compartments of the hair fibre tissue. Dye-labelled carbohydrates were incorporated into the 

hair fibres, presumably by diffusion into “Amadori”-reactive layers and were reacted with 

amino groups by heating and analysed by fluorescence microscopy.  

The fatty acid labelled carbohydrates and their incorporation behaviour to the surface of the 

hair were examined by scanning electron microscopy (SEM) and by measuring cuticle wear 

behaviour with a cuticle abrasion technique. Changes to the physical property of the fibre 

surface resulting from the treatment with labelled carbohydrates were detected by dynamic 

contact angle measurements. The effect of covalent modification to the hair fibre protein 

assembly and function were explored by mechanical testing by measuring the torsion and 

tensile modulus. 

 

3.4.1 Fluorescence Microscopy 

Galactose was labelled with several fluorescent dyes to locate the resulting linkage by 

fluorescent microscopy. Investigation of diffusion processes of fatty acids in human hair in 

the cosmetic relevant temperature range of 25°C to 50°C72 show also for these cases diffusion 

processes to depend on molecular size. Therefore, size and polarity of the respective dyes are 

essential characteristics to ensure that the labelled carbohydrate arrives at the “Amadori”-

reactive layer. Furthermore the label was required to exhibit a strong absorption about 500 nm 

to 600 nm and thereby to avoid interference with fluorophores in biological samples like 

NADH or melanin, and to warrant a high fluorescence quantum yield and a strong intensity of 

the signal. Some common fluorescence labels are fluoresceinisothiocyanate (FITC) or Texas 

Red depicted in figure 8. 

 

                                                
71 M. Pearce, Unilever Research, personal communication, Port Sunlight, 2000. 
72 M. Gotsche, PhD thesis, DWI Aachen, 1997. 
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Figure 8: Fluoresceinisothiocyanate (FITC) and Texas Red73 

 

Semipermanent hair stains are proven to be incorporated in hair through all cuticle layers74. 

Therefore a fluorescent dye in a size compared to e.g. Cellitone Red seems to be satisfactory 

concerning the attributes of mass. 
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Figure 9: Cellitone Red (semipermanent hair stain) 

 

For preliminary incorporation experiments 5(6)-carboxyfluoresceine was chosen as a dye 

label although its fluorescence may interfere with fluorescent compounds in the hair fibre 

itself. An increase of fluorescence intensity was expected. 6-[Amino-N-5’(6’)-carboxy-

fluoresceinyl]-6-deoxy-α/β-D-galactopyranose (dye 1, λabs. = 491 nm) and 6-O-[heptyl-7’-

{amino-N-5’’(6’’)-carboxy-fluoresceinyl}]-α/β-D-galactopyranose (dye 2, λabs. = 492 nm) 

were successfully synthesised to be incorporated into the hair fibre (see figure 10). 

 

                                                
73 K. Schügerl (Hrsg.), Analytische Methoden in der Biotechnologie, Vieweg, Braunschweig,  
   1991. 
74 K.-H. Schrader, Grundlagen und Rezepturen der Kosmetika, Huethig Buch Verlag, 1989. 
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Figure 10: carboxyfluoresceine-labelled galactose derivatives (dye 1, dye 2) 

 

The dye-labelled carbohydrates were dissolved in diluted surfactant base (sodium lauroyl 

ether sulphate) and switches of virgin Chinese hair were immersed. After a short dilution time 

the dyes were massaged into the fibre and a standard washing procedure followed. All 

samples were either cold or heat dried. The bundles of treated hair were divided into root and 

tip-end samples and fixed for fluorescence microscopy. The fibres were exited at λ = 488 nm 

and photographed. 

 

The untreated fibre in general showed an illumination of the whole fibre, some samples 

showed fluorescence in the interior of the fibre. Some other fibres emitted weak fluorescence 

at the surface. Heating the fibres caused a lack of natural fluorescence at the surface. Figure 

11 depicts the cross-section of an unstained hair fibre, heated at 60°C. The sample does not 

show any fluorescence, the fibre is illuminated with an increase of intensity at the fibre 

surface only. 
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Figure 11: unstained hair fibre (60°C, ? exit. = 488 nm, cross section) 

 

Incorporation dye 1 without heating gave no rise to a significant increase in fluorescence 

intensity. Most dye molecules have been removed by washing procedures and no significant 

incorporation occurred. Heating the sample at 60°C led to a very important result depicted in 

figure 12. 
 

 
 

Figure 12: stained hair fibre (dye 1, 60°C, cross section) 
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Compared to the unstained hair samples and to the non-heated but stained hair a significant 

increase of fluorescence was detected. The cuticle showed an intensely stained structure 

because CMC and endocuticle act as diffusion pathways75 across the cuticle and take up most 

of the applied dye.  

This micrograph was the first indication of covalent linkage inside the fibre and resistance 

against washing procedures due to Amadori reaction.  

 

However, the incorporation of dye 2 led to non fluorescent structures only. Neither the 

staining with heat treatment nor the incorporation at r.t. revealed micrographs indicating 

significant dye up take. The reason for incorporation failure are most probably the steric 

bulkiness of spacer modified dye 2.  

 

For further experiments a BODIPY-derivative (dye 3, λabs. = 580 nm) and a rhodamine 

derivative (dye 4, λabs. = 592 nm) of 6-amino-6-deoxy-galactopyranose (see figure 13) were 

synthesised as described in Chapter 2. These long wavelength absorbing labels are intended to 

give sufficient information about the site of “Amadori”-reactive areas in hair.  
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Figure 13: 6-(amino-N-diaza-indazenyl)-6-deoxy-α/β-galactopyranose (dye 3) and  

 6-(amino-N-carboxyrhodaminyl)-6-deoxy-α/β-galactopyranose (dye 4) 

 

 

                                                
75 F. J. Wortmann, G. Wortmann, H. Zahn, Textile Res. J. , 1997, 64 (10) 720. 
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Excitation at longer wavelength (? exit = 580 nm) caused illumination without any fluorescence 

in the unstained control samples. The depicted cross section of non-heated hair fibre (Figure 

14) shows an interesting detailed structure of a medullated hair fibre. The exocuticle and 

endocuticle layers are visible and the intensively illuminated central medulla surrounds the 

nuclear remnant.  

 

 
 

Figure 14: unstained hair fibre (? exit. = 580 nm, cross section) 

 

Treatment of hair fibres with dye 3 at r.t. prior to fluorescence microscopy led to a bright 

fluorescence in cuticle layers. Figure 15 shows a bundle of stained hair fibres. The dye was 

successfully incorporated. However, it was noticed that BODIPY-derivative dye 3 bleached 

by radiation.  
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Figure 15: bundles of stained hair fibres (dye 3, ? exit. = 580 nm) 

 

Hair staining with dye 3 and following Amadori reaction was carried out at 40°C as it was 

known that the BODIPY-derivative was temperature labile. Even at this temperature intense 

degradation occurred. The incorporated molecules showed only a very weak fluorescence in 

cuticle layers. 

 

In contrast to the incorporation behaviour of dye 1 and dye 2 the BODIPY-derivative did not 

need any temperature rise to diffuse into the hair’s cuticle and to resist washing procedures. It 

is difficult to conclude from dye 3 incorporation behaviour a covalent linkage although it is 

possible that Amadori reaction takes place at r.t. as well. 

 

To overcome the bleaching problem and the temperature lability, a rhodamine derivative 

dye 4 has been incorporated into the hair fibre and was coupled to the fibre proteins at 60°C. 
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Figure 16: stained hair fibre (60°C, dye 4, ? exit. = 580 nm, cross section) 

 

Excitation with red light of fibres stained with dye 4 resulted no significant fluorescence of 

fibre surface as depicted in figure 16. Neither cold nor heat treated samples showed any 

fluorescence. The reason is the relatively high molecular weight and the steric bulk of this 

molecule. Diffusion through all cuticle layers is obviously strongly hindered. 

 

To summarise, fluorescence microscopy is a well established tool for observing structures of 

biological samples and many analytical problems have been solved by this method2,3
. 

However, in this particular case microscopy does not seem to be capable to give sufficient 

results. Only dye 1 gave a satisfactory fluorescent image. The other dyes were either unstable 

under the necessary reaction conditions or not incorporated at all. Therefore another 

visualisation technique of surface changes was chosen. 

 

 

                                                
2 A. Kelch, S. Wessel, T. Will, U. Hintze, R. Wepf, R. Wiesendanger, J. Microsc., 2000, 200, 
    Pt 3, 179. 
3 S. Nagase, M. Ohshika, S. Ueda, N. Satoh, K.Tsujii, Bull. Chem. Soc. Jpn., 2000, 73, 2161. 



Development of a new active   64 

3.4.2 Scanning Electron Microscopy  

Properties of the fibre surface can change as a result of chemical treatment. Changes in 

chemical composition and physical properties after bleaching and permanent waving 

procedures are well investigated and quite a range of publications do cover these topics78,79,80. 

This relationship between the molecular structure and the macroscopic properties of the 

surface is indicated by structural changes of fibre surrounding cuticle cells. Scanning electron 

microscopy is a well established method to visualise effects of the fibre surface81. 

 

Compound 7 was incorporated into human hair fibres by standard washing procedures. To 

prove Amadori reaction and to check benefits in tactility and physical properties, experiments 

with and without active and with or without heating were carried out. Because of a natural 

gradient of hair damage from root to tip, all fibres were divided into a root-end and tip-end 

sample prior to examination by SEM. 

 

To investigate an adhesion effect of compound 7, hair was treated in a first set of experiments 

with surfactant base, containing 0.5% (w/v) active and dried without further washing 

procedures. The SEM image of a tip-end sample clearly shows the lipid granules on the fibre 

surface (Figure 17, arrow). Cuticle damage is evidenced by broken scale edges, which is a 

result from normal grooming like combing or washing. When the incorporation was followed 

by standard washing procedures no residual lipid granules were detected (see figure 19).  

 

                                                
78 S. Hilterhaus-Bong, H. Zahn, Int. J. Cosm. Sci., 1989, 11, 167-174. 
79 S. D. O’Connor, K. L. Komisarek, J. D. Baldeschwieler, J. Invest. Derm., 1995, 105, 1,  
    69-99. 
80 E. Hoting, M. Zimmermann, J. Soc. Cosmet. Chem., 1997, 48, 79-91. 
81 J. A. Swift „Morphology and histochemistry of human hair“ in „ Formation and Structure of  
   Human Hair“, 1997, Birkhäuser Verlag, Basel, 149-175. 
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Figure 17: SEM micrograph of tip-end fibre, treated with 0.5 % active without base washings 

 

Figure 18 depicts the root-end of an untreated hair fibre and shows the normal state of a 

human hair fibre. Broken scale edges and a rough surface occur rarely at the root-end because 

of the low age of the fibre.  

 

 
 

Figure 18: SEM micrograph of untreated root-end fibre (sample 4) 
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To investigate benefiting capabilities of compound 7, hair was treated with surfactant base, 

containing 1 % active followed either by heat treatment and standard washing procedures or 

directly followed by washing procedures. Compared to the non active treated sample 4 a very 

smooth contour of scale edges is visible in figure 19 (sample 6). The surface seems to be 

covered by a thin lipid layer. Because the sample was not heated after incorporation this 

image is an indication of a flattening impact of the active by physical attachment or diffusion 

processes. 

 

 
 

Figure 19: SEM micrograph of active treated root-end fibre (sample 6) 

 

Based on the theory that compound 7 can be covalently attached to the hair fibre by heat 

treatment active treated fibres and controls were heated at 60°C. With the help of micrographs 

of the untreated however heated control a big impact of the active was detected.  

The otherwise relatively smooth surface in the non-heated control (sample 4) is disrupted after 

heating the fibre (see figures 18, sample 4 and 20, sample 3). Large areas of the scale edges 

chipped off due to the heat treatment. This result corresponds to investigation of increasing 

hair damage by increasing drying temperatures82. 

                                                
82 C. Popescu, G.Sendelbach, F.-J. Wortmann, Proc. Int. Wool Text. Conf., 2000, Aachen,  
    HH-6. 
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Figure 20: SEM micrograph of untreated root-end fibre (60°C, sample 3) 

 

 
 

Figure 21: SEM micrograph of active treated root-end fibre (60°C, sample 5) 

 

A SEM image of a heated control compared to a similar preparation of a fibre which was 

treated with compound 7 (Figures 20 and 21) points out the protection effect of the active. The 
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lifted scales of sample 3 indicated by the white colour of the residual cuticle cells occur rarely 

in sample 5. Additionally, it seems that further abrasion is prevented by the active and the 

state of cuticle damage is lowered. Even the comparison with the non-heated sample 4 without 

active shows approximately the same quality of cuticle.  

 

Advanced hair damage at the fibre’s tip-end is caused by abrasion/erosion during shampooing, 

brushing and drying processes. Depending on the age of the fibre the surface can be 

destroyed, loses surface lipid and becomes more exposed, resulting in split-end formation83. 

Therefore, tip-end samples show a more significant reaction towards the treatment conditions, 

as there is presumably more reactive protein sites available at the surface. 

 

 
 

Figure 22: SEM micrograph of untreated tip-end fibre (sample 4) 

 

The described damages are visible in tip-end sample 4 (Figure 22). The untreated control 

shows a significant surface damage, lifted scales and broken scale edges. According to the 

result at the root-end fibre the active shows a flattening and protecting impact (sample 6).  

                                                
83 J. A. Swift, J. Soc. Cosmet.Chem., 1997, 48, 123-126. 



Development of a new active   69 

 
 

Figure 23: SEM micrograph of active treated tip-end fibre (sample 6) 

 

 
 

Figure 24: SEM micrograph of untreated tip-end fibre (60°C, sample 3) 

 

The most important result is depicted in figure 24. The heat-treated control (sample 3) of the 

tip-end fibre is badly damaged with the cuticle being abraded up to the underlying cortex. 
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This SEM result is in strong contrast to the SEM micrograph of heated fibre treated with 

active (sample 5) depicted in figure 25. Again cuticle cells are prevented from further abrasion 

 

 
 

Figure 25: SEM micrograph of active treated tip-end fibre (60°C, sample 5) 

 

Additionally sample 5 shows a lower surface damage (Figure 25) compared to the non-heated 

control without active (Figure 22, sample 4). 

 

SEM investigation gave evidence of the presumed surface protection effect by incorporation 

of fatty acid labelled derivative 7. Among a smoothing effect of active resulting of physical 

attachment a distinct impact of covalent linkage promoted by heating was determined. 

 

 

 

 

 

 

 



Development of a new active   71 

3.4.3 Cuticle abrasion experiments 

During this investigation several abrasion experiments with human hair are carried out. The 

amount of abraded cuticle allows an insight into the condition of hair. The more cuticle is 

abraded the higher is the state of damage, whereas good cuticle cohesion means less damage. 

Because of a natural gradient of hair damage from the fibre’s root to tip, the hair was divided 

into a root-end and tip-end sample. Three fatty acid labelled carbohydrates are incorporated 

into human hair fibres to prove Amadori reaction in protein based tissues and to check 

whether there are benefits in tactility and physical properties. 
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Figure 26: compounds incorporated into human hair  

 

The depicted compounds 6-(amino-N-stearoyl)-6-deoxy-α/β-D-galactopyranose (7), 6-(amino-

N-stearoyl)-6-deoxy-α/β-D-glucopyranose (19) and 6-O-stearoyl-α/β-D-galactopyranose (20) 

(Figure 26) were incorporated into virgin European hair by standard washing procedures. 

After heating at 60°C for 90 min and two further base washings the hair switches were dried 

and abraded. Cuticle abrasion measurements and turbidity tests have been carried out for hair 

samples treated with compound 7. These results were completed by measurements of the 

physical properties of active-treated fibres like dynamic contact angel measurements, torsion 

and stretching test. 

Incorporations of 19 and 20 were analysed by tactility experiments which revealed a 

smoothing impact of these actives. Turbidity tests and cuticle abrasion are envisaged.  
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Optical density measurements of the turbid cuticle-water-suspension after incorporation of 7 

were carried out. The value of turbidity corresponds to the amount of abraded cuticle in the 

liquor. A contamination effect is due to dissolved compound 7 in the suspension, which 

caused an increase in absorption (optical density). In contrast to Amadori-reactive 

carbohydrates which are fixed inside the abraded cuticle cells, the presence of fatty acid 

residues is attributed to physical adhesion on the fibre surface after incorporation procedure. 

The diagram 27 shows the results of turbidity measurements.  

root tip

p y

untreated

heat treated

active treated

active and heat treated

 

Figure 27: Optical density of aqueous solution after incorporation of 7 into the hair fibre  

     followed by cuticle abrasion  

 

Comparison of the first beam of root and tip-end sample (Figure 27) shows the expected 

increase of turbidity because of a higher state of damage at the root-end and therefore a higher 

abrasion of cuticle. Heat-treatment destroys cuticle and increases the amount of abraded 

cuticle. This is found for the root-end sample but not for the tip-end. 

The reason for the not expected decrease of turbidity is a high degree of variability of tip-end 

samples. Root-end samples usually have a more intact cuticle and give a more reliable 

impression of the state of cuticle.  

The assumed protecting effect of 7 should stabilise the cuticle and decrease the amount of 

abraded cuticle. In the root-end samples this is significantly shown by the last beam compared 

to the heat-treated one without active added.  

The unheated sample with active added shows an increase of turbidity which results from 

fatty acid impurities as described above. Similar to the root-end samples the active adding 

without heating leads to an increase of tip-end turbidity because of the described reasons. 

Therefore the turbidity decreased while heating the sample. 



Development of a new active   73 

Compared to the untreated control optical density is still lower after active adding and heat-

treatment of tip-end fibres. Stabilising impact of 7 due to Amadori-reaction taking place on 

the fibre surface is obviously more significant when the fibre’s damage is high.  

 

Optical density measurements give a first idea of the active’s properties whereas the 

measurement of abraded cuticle’s total amount complete the examination and support the 

findings. Therefore, a well-defined aliquot of the turbid cuticle-water–suspensions was 

lyophilised overnight and the resulting solid was weighted. The following diagram (Figure 28) 

depicts the amount of abraded cuticle after incorporation of 7 into the hair fibre. 

 

Figure 28: amount of cuticle after incorporation of 7 into the hair fibre  

 

The results of cuticle abrasion correspond well to the optical density investigation. In all cases 

the amount of abraded cuticle in tip-end samples is higher than at the root-end, indicating a 

higher state of surface damage. 

 

Because of a more reliable analytical finding the results of root-end samples are discussed. In 

general tip-end samples tend to show the same results.  

As discussed above heat-treatment damages cuticle surface and increases the amount of 

abraded cuticle. The suggested protecting effect of 7 should stabilise the cuticle cells after 

heat-treatment and leads to a reduced amount of cuticle. The significant decrease of abraded 

root tip

non treated

heat treated

active treated

active and heat treated
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cuticle shown by the last beam of root-end samples compared to the heat-treated one without 

any active is the most impressive result of this investigation.  

Even compared to the untreated control, the amount of cuticle is still lower after adding active 

and heat-treatment of the fibre. This indicates once more, the protecting impact of the active.  

Important is the high amount of cuticle after treatment with 7 without heating. The unheated 

sample with active shows a similar increase of cuticle like the heated sample without active, 

both higher than the control. This can be explained by a higher adhesion of active onto the 

hair fibre difficult to remove in the cold.  

A fibre surface stabilising impact of 7 due to Amadori-reaction is clearly verified by cuticle 

abrasion.  

 

3.4.4 Dynamic contact angle measurements 

According to Robbins and Reich84 who determined an empirical relationship between 

combing ease and the fibre properties of friction, stiffness, fibre curvature and diameter, 

investigation on single fibre properties (physical properties) give an insight of hair assembly 

properties. Robbins’ general approach of relating fibres assembly behaviour to single fibre 

properties is the base for the discussion on the results.  

 

Method 

A common method for measuring the contact angle of a solid/liquid interface is the Wilhelmy 

balance method85. The forces acting on a counterbalance of a solid immersed in a liquid are 

the wetting force (Fw), the buoyancy force (Fb) and the solid weight force (Fg).  

 

The resulting force (F) is 

F = Fw – Fb + Fg. 
 

When the solid is a single human hair fibre, the buoyancy force (Fb) is negligible in regard to 

the wetting force.  

 

 

                                                
84 C. R. Robbins, C. J. Reich, J. Soc. Cosmet. Chem., 1986, 37, 141. 
85 R. A. Hayes, A. C. Robinson, J. Ralston, Langmuir, 1994, 10, 2850. 
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The solid weight force (Fg) is zeroed before the solid touches the liquid surface. Thus, the 

resulting force can be considered equivalent to the wetting force 

 

F = Fw = γγγγL p cos θθθθ, 
 

p being the fibres perimeter, γL the liquid surface tension and θ the fibre-liquid contact 

angle86. The fibre’s diameter being known the perimeter can be calculated. 

 

Diameter 

Human hair is usually elliptical in transverse section with its degree of ellipticity increasing 

with increasing natural curliness of hair. Therefore, one has to be careful in referring to hair as 

possessing a single diameter for it should be described correctly by the major and minor axial 

diameter. A useful description is the ”equivalent circular diameter” (ECD), which is the 

diameter of the hypothetical equivalent circularly-cylindrical fibre of the same cross-sectional 

area as the hair in question. An average ECD for Caucasian hair is 70 µm but ECD varies 

considerably between individuals and races.  

 

DCA measurement 

As it is well known, the scale direction of fibre immersion plays an important role in adhesion 

tension hysteresis87. According to Molina et al86 the scale direction of immersion of virgin 

hair has no influence on advancing tension values whereas it exerts a strong influence on the 

receding ones. In hair fibres treated with hydrogen-peroxide, such as bleached fibres, the scale 

direction of immersion exerts less influence on the contact angle hysteresis.  

In the course of their investigation Molina et al found out that the scale direction does not 

influence the advancing contact angle of human hair fibres of all analysed types (virgin, 

alkaline and hydrogen-peroxide treated). Therefore the advancing adhesion tensions are used 

to calculate the contact angle values. 

Prior to DCA measurement the diameter (ECD) of bleached European hair fibres was 

measured. After that half of the fibres were treated with compound 7 by standard 

incorporation followed by heating and washing procedures.  

                                                
86 R. Molina, F. Comelles, M. R. Julia, P. Erra, J. Coll. Interf. Sci., 2001, 237, 40-46. 
87 J. H. Brooks, M. S. Rahman, Textile Res. J., 1994, 64, (9), 554. 
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Every single fibre was mounted overhanging from an aluminium support in order to keep the 

fibre straight and rigid, avoiding the buoyant effect and obtaining constant fibre perimeter 

during wetting measurements. The advancing contact angle determinations were carried out 

by using ultrapure water as wetting liquid. 

 

Figure 29: average values of advancing contact angle  

 

The dorsal face hydrophobicity of the untreated cuticular scales decreases as a result of 

bleaching. Therefore a lower contact angle as for virgin hair (θadv > 90°) is expected. The 

contact angle of untreated bleached fibres (θadv = 35°) shows a significant increase in 

hydrophilicity, due to the partial removal of the fatty layer during bleaching. 

 

Heat-treatment causes a higher mobility of fatty acid molecules inside the fibre, so parts of the 

surface become more hydrophobic again. This is supposed to be the reason for an increasing 

contact angle of heat-treated fibres (θadv = 60°).  

The impact of compound 7 is minor to the heat influence, shown in a small decrease of the 

contact angle (θadv > 55°) of active and heat-treated sample.  

Treatment with 7 increases the contact angle compared to the untreated samples with and 

without heating. Although the increase of advancing contact angle of non heated samples is 

quantitatively not very significant (θadv > 41°), it shows that treatment with compound 7 

increases hydrophobicity.  

 

This result suggestes that the fatty acid moiety of 7 is associated on the fibre surface and take 

part rebuilding the lipid layer.  
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3.4.5 Elastic deformation 

Elastic deformation includes stretching (longitudinal strain), bending and torsion (twisting) 

and its resistance, rigidity. For every strain of an elastic substance, there is a corresponding 

”stress”, the tendency to recover its normal condition. The units of stress are force per unit 

area (F/A). Each type of stress has a modulus, the ratio of stress to strain (F/A). The elastic 

modulus for stretching is commonly called Young’s modulus. The torsional modulus is called 

modulus of rigidity. 

Tensile properties are whole fibre properties as opposed to surface properties and have been 

suggested as being cortical properties not related to the cuticle. This is because of 

experimental evidence and in part of the importance of the keratin’s α- to β-transformation 

that occurs in stretching88,89.  

 

When a hair fibre is stretched, the load elongation curve shows three distinct regions as 

depicted in scheme 30. 

 

Figure 30: schematic diagram for a load elongation curve for human hair fibre at 65% RH 

 

In the Hookean region the stress is approximately linearly related to the strain (elongation). 

The ratio of stress to strain in this region is the elastic modulus (ES , [dynes/cm2]) and may be 

calculated from the following expression: 

 

ES = H g L / A ∆∆∆∆L 

 

 

                                                
88 A. Elliot, Text. Res. J., 1952, 22, 783. 
89 C. R. Robbins, C. J. Reich, J. Soc. Cosmet. Chem., 1991, 42, 59. 
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where    H = Hookean slope [g/mm elastic extension] 

   g = gravitation constant [980.6 cm/sec] 

   L = fibre length [cm] 

   ∆L = fibre extension [cm] 

   A = fibre cross sectional area [cm2]. 

 
Stretching test 

The elastic modulus is influenced by the relative humidity, moisture content of the fibre, 

diameter, temperature and chemical treatment of the fibre. Therefore, before and after 

measurements of 20 bleached European hair fibres are chosen to evaluate the influence of the 

active. 2 % extension is chosen to ensure that ES is calculated from the Hookean region. The 

elastic modulus was determined before and after treatment with compound 7 as described 

in 3.5.7.  

 

Bleaching of hair includes the cleavage of disulphide-bonds in the keratin fibre as major side 

reaction. This disruption of cross-links has a major influence on the wet tensile properties 

whereas the dry strength is virtually unaffected by disulphide bonds90. Therefore the depicted 

results of this experiment (Figure 31) are transferable to non bleached fibres. 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

before

after

 
 

Figure 31: tensile properties of 20 bleached fibres before and after treatment with compound 7 

 

                                                
90 P. Alexander, Biochem. J., 1951, 49, 129. 
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The stretching test reveals an influence of compound 7 to the fibre’s inner layers. By 

incorporation of 7 and heat-treatment the force to elongate the fibre is lowered and the fibre’s 

elasticity is increased.  

This can be seen as a positive impact of 7 even on regions like cortex and matrix of the fibre. 

 

Torsion and fibre rigidity 

By definition rigidity is the torque required to produce a twist of one turn per centimetre91. 

Several methods have been described for determining torsional rigidity. Basically these 

methods are related to the torsion pendulum method92, which involves suspending a small 

pendulum from a fibre that can be set into free rotational oscillation.  

By determining the period (P) of oscillation, the fibrelength (L), the diameter (D) and the 

moment of interia of the pendulum (I), the torsional modulus may be calculated from the 

following expressions: 

 

ET = 128 ππππ I L / (P2 D4) and 

ET = R / (J A2). 
 

Where A is the fibre cross sectional area; J is a shape factor, usually assumed to be 1 for 

human hair fibre ; R is the rigidity (resistance to twisting) calculated from this expression: 

 

R = 8 ππππ3 I L / P2. 
 

The torsional rigidity of 20 bleached fibres before and after treatment with compound 7 was 

measured at approximately 65 % RH with an angle of deflection of 135°. The results are 

depicted in figure 32. 

 

                                                
91 W. Morton, J W. S. Hearle, Physical Properties of Textile Fibres, Ch. 17, Butterworth,  

  London, 1962. 
92 a) R. J. Meredith, J. Text. Inst., 1954, 45T, 489.  
    b) L. J. Wolfram, L. Albrecht, J. Soc. Cosmet. Chem., 1985, 36, 87. 
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Figure 32: change of torsional rigidity of 20 bleached fibres before and after treatment with     

                 compound 7 

 

The torsional behaviour of hair is more dependent –than is the tensile behaviour– on the 

cuticle or the external layers of the fibre. As demonstrated in earlier investigation32b,93 waved 

and bleached fibres are more rigid at low RH than virgin hair.  

A positive effect of linking compound 7 onto the fibre surface should be indicated by a 

decrease of rigidity. Therefore, the depicted decrease of torsional rigidity in nearly every 

sample points out a higher flexibility of cuticle scales.  

The displacement of cuticle cells during torsion is assisted by the incorporation of Amadori-

reactive compound.  

                                                
93 H. Bogaty, J. Soc. Cosmet. Chem., 1967, 18, 575. 
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3.5 Summary and Conclusions 

Incorporation of derivatised carbohydrate structures is a possible route towards gaining further 

information about Amadori reactions taking place in human hair and to deliver benefits using 

this reaction. Preliminary investigation on smaller samples like peptides and proteins were 

carried out successfully and proved a general application of this technique. 

The important transfer on biological tissue has been carried out by incorporation of dye 

labelled compounds into the hair fibre itself. In this particular case microscopy does not seem 

to be capable to give sufficient results. Only dye 1 gave satisfactory fluorescent images after 

Amadori reaction. Dye 3 was incorporated successfully but heat-treatment and radiation 

caused bleaching and made the interpretation difficult. However fluorescence microscopy 

gave the first hint of a successful incorporation and led to investigation with several other 

methods.  

The next step to visualise protecting effects was to detect interactions of fatty acid labelled 

carbohydrates towards cuticle surface by scanning electron microscopy. After incorporation of 

7 into the hair fibre, a significant smoothing and stabilising impact of active was visible.  

These results were supported by the results of cuticle abrasion tests. Optical density 

measurements of aqueous cuticle suspension and measurements of total amount of abraded 

cuticle indicated clearly that abrasion was lower after treatment with the active and cuticle’s 

cohesion was supported.  

These findings were completed by measurements of the physical properties of active-treated 

fibres like dynamic contact angle measurements, torsion and stretching test. Whereas the 

DCA measurements were a little uncertain it may be assumed from this result that the fatty 

acid moiety of 7 was associated on the fibre surface and took part in rebuilding the lipid layer.  

 

Torsion and stretching test revealed an influence of compound 7 on regions like cortex and 

matrix as well as an influence on the fibre’s inner layers. A higher flexibility of cuticle scales 

and an increased fibre’s elasticity were detected after incorporation of 7 and heat-treatment. 

 

It can be concluded that incorporation of a reducing carbohydrate into the hair fibre prior to 

heating leads to covalently attached structures. This method based on the Amadori reaction is 

a versatile tool to link several agents coupled to a reducing carbohydrate moiety to protein 

based tissues. The benefiting impact towards the hair fibre of one particular fatty acid labelled 

carbohydrate derivative was proven. 
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3.6 Materials and Methods 

3.6.1 Peptide labelling 

Experiments with glycine-lysine-hydrochloride (8) 

a) DMF-experiment 

Glycine-lysine-hydrochloride (8) (BACHEM, 15.0 mg, 63·µmol) and compound 7 (60 mg, 

2.2 eq.) were mixed in a vial and diluted in a DMF solution (5 ml with 0.5 mg DMAP). The 

reaction mixture was heated at 60°C for 20 h. After reaction time the mixture was centrifuged 

(5 min, 5000g) and a brown precipitate was filtered off. The supernatant was separated and 

evaporated under vacuum. The crude product mixture was separated by MPLC (DCM/MeOH, 

1/1 v/v) and analysed by mass spectrometry. The labelled derivatives 9 and 10 were obtained 

as a mixture with degradation products (7 mg product mixture). 

ESI-MS m/z = 361 [(M+H)+] and 1081 [(M+Na)+]. 

 

b) Buffer-experiments 

Dipeptide 8 (15.0 mg, 63·µmol) was reacted to compound 7 (60 mg, 2.2 eq.) under different 

reaction conditions as depicted in table 4.  

 

exp. buffer (pH) temp. [°C] time [h] yield 

2 7.8 60 20 9 (traces) 

3 8.1 60 50 9 (traces) 

4 9.0 60 50 9 (traces) 

5 8.1 80 18 - 

6 9.0 80 18 - 

 

Table 4: reaction conditions of gly-lys experiments 

 

Both compounds were diluted in freshly prepared hydrogene-dihydrogene-phosphate buffer 

(2 ml, 0.1 mol). Carbohydrate 7 was difficult to solve, but during heating most starting 

material was diluted. After reacting the yellow mixture was centrifuged (5 min, 5000 x g), the 

supernatant was separated and lyophilised prior to analysing the product mixture by mass 

spectrometry. In case of coupling reaction compound 9 was obtained as minor component in a 

reaction mixture with dehydratation products and not further purified. 
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c) unbuffered-experiment 

Glycine-lysine-hydrochloride (8) (100 mg, 42 mmol) was dissolved in water (10 ml) and ion-

exchange resin (Dowex, OH--form) was added until a pH of 7.1 was attained. After separating 

the resin the supernatant was lyophilised. The lyophilised sample was dissolved in ultrapure 

water (200 µl) and compound 7 (10 mg, 2.2·µmol) was added. The damp reaction compounds 

were heated at 60°C. After reacting for 20 h the mixture was dried in a stream of Ar and the 

crude reaction products were dissolved (DCM/MeOH, 1/1, v/v) prior to analysing by mass 

spectrometry. Compound 9 was obtained as minor component in a reaction mixture with 

dehydratation products and not further purified (28 mg mixture). 

ESI-MS m/z = 631 [(M+H)+]. 

 

Experiments with lysine-lysine-hydrochloride (11) 

a) DMF-experiment 

Lysine-lysine-hydrochloride (11) (BACHEM, 10.0 mg, 28·µmol) and compound 7 (30 mg, 

67·µmol) were dissolved in a DMF solution (10 ml with 0.5 mg DMAP). The reaction mixture 

was incubated at 60°C. After reacting for 20 h the solution was colourless and a white 

precipitate was filtered off. The supernatant was evaporated and the reaction products in both 

the supernatant and the precipitate were analysed by mass spectrometry. No product was 

detected. 

 

b) unbuffered-experiment 

Compound 11 (100 mg, 28 mmol) was dissolved in ultrapure. water (10 ml) and ion-

exchanger (Dowex, OH--form) was added until a pH of 7.1 was attained. After removing the 

resin the supernatant was lyophilised and taken up in ultrapure water (200 µl) to which 

compound 7 (10 mg, 2.2·µmol) was added. The damp reaction compounds were heated at 

60°C. After reacting for 20 h the mixture was dried in a stream of Ar. The crude reaction 

products were dissolved (DCM/MeOH, 1/1, v/v) and analysed by mass spectrometry. 

Compound 11 was detected as minor component in a crude. 

ESI-MS m/z = 703 [(M+H)+]. 

 

3.6.2 Protein labelling 

6-[Amino-N-5’(6’)-carboxyfluoresceinyl]-6-deoxy-D-galactopyranose (14, dye 1) (10 mg, 

18·µmol) was reacted to human serum albumin (15), (10 mg, HSA, Fraction V, high purity, 
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CALBIOCHEM). Both compounds were diluted in freshly prepared hydrogene-dihydrogene-

phosphate buffer (20 ml, pH = 8.0, 0.1 mol). After heating at 80°C for 19 h the protein was 

dialysed three times against ultra pure water (1000 ml) and lyophilised. In a second 

experiment compounds 14 (10 mg, 18·µmol) and 15 (10 mg) were dissolved in DMF (20 ml, 

containing 50 µl DMAP) and heated at 60°C for 19 h. The resulting protein was dialysed three 

times against ultra pure water (1000 ml) and lyophilised. 

The resulting solids and a fluorescent molecular weight standard (SIGMA, high molecular 

weight fluorescent marker) were applied to gel electrophoresis with fluorescence detection 

followed by Coomassie staining.  

 

Sample preparation94 

All samples (0.2 mg) were diluted in buffer [100 µl, made up of tris/HCl-buffer (125 mM, pH 

6.8), dithioerythrite (DTE, 10 mM), SDS (1 % w/v), glycerine (10 % v/v) and bromophenol 

blue (0.003 % v/v)] and heated to 100°C for 5 min to assure complete denaturation. The 

solutions were centrifuged and 10 - 60 µl of the supernatant were loaded onto the gel. To 

identify the separated protein after Coomassie staining a low molecular weight marker (15 µl, 

BioRad) was loaded in the first lane of the gel. HSA (10 µl) was loaded onto the gel as a 

further molecular weight marker. The fluorescent molecular weight standard (Sigma) was 

loaded twice onto the gel (60 µl, lane 4 and 30 µl, lane 7). Protein samples were loaded twice 

in different concentrations onto the gel (10 µl lanes 2, 3 and 5 µl lanes 5, 6) to ensure at least 

one result in case of overloading. 

 

Gel electrophoresis 

The 12.5 % SDS-PAGE gel was prepared according to Laemmli95. The vertical 

electrophoresis was done at 35 mA/cm2 at 5 - 10°C. The experiment was continued until the 

bromophenol blue tracker dye reached the end of the gel. The gel was then removed from the 

apparatus and placed into fixative solution. The separated proteins were fixed by incubating 

the gel in at least 5 gel volumes of a solution of EtOH/glacial AcOH/water (30/10/60 v/v) for 

4 - 12 h at r.t. with gentle shaking on a slow moving rocking platform. The fixing solution was 

                                                
94 A. L. Shapiro, E. Vinuela, J. V. Maizel, Jr., Biochem. Biophys. Res. Commun., 1967, 28, 5,  
    815-820. 
95 U. K. Laemmli, Nature, 1970, 227, 15, 680. 
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discarded and five gel volumes of EtOH (30 %) were added. The gel was incubated at r.t. with 

gentle shaking. The fixing procedure was repeated twice.  

After the fixing procedure the fluorescent proteins were visualised on a fluorescence table and 

the photo was saved as file.  

 

Coomassie Staining 

The gel was removed from the fluorescence table and applied to freshly prepared Coomassie 

dye solution (0.25 g Coomassie blue G-250, 45 ml MeOH, 45 ml water, 90 ml glacial AcOH; 

five times gel volume). The gel was then stained at r.t. for 30 min. with gentle agitation. 

Following this, both sides of the gel were rinsed under a stream of deionized water (20 sec 

each) and a solution of destain (water/MeOH/glacial AcOH, 17.5/1/1.5 v/v) was added. The 

destain was changed 4 times over a 6 h period. The reaction was quenched by washing the gel 

in deionized water for 10 min. The gel was finally dried and a permanent record was made by 

scanning. 

 

3.6.3 Fluorescence Microscopy 

Sample preparation 

6-[Amino-N-5’(6’)-carboxyfluoresceinyl]-6-deoxy-α/β-D-galactopyranose (dye 1, 3 mg, 

0.05·µmol, λabs. = 491 nm), 6-O-[heptyl-7’-{amino-N-5’’(6’’)-carboxy-fluoresceinyl}]-α/β-D-

galactopyranose (dye 2, 3 mg, 0.05·µmol, λabs. = 492 nm), 6-(amino-N-diaza-indazenyl)-6-

deoxy-α/β-D-galactopyranose (dye 3, 3 mg, 0.05·µmol, λabs. = 580 nm) and 6-(amino-N-

carboxyrhodaminyl)-6-deoxy-α/β-D-galactopyranose (dye 4, 4 mg, 0.05·µmol, λabs. = 592 nm) 

were dissolved in surfactant base (12 % SLES 2EO 28 % active, 2 % CAPS 30 % active), (20 

ml, 1/10 diluted). Two switches of virgin Chinese hair (1 g) were immersed into each dye 

solution with occasional shaking. As a control two more switches were dipped into pure 

surfactant base (20 ml, 1/10 diluted) and shaken. After 15 min dilution time surfactant base 

with and without dyes were massaged for 30 sec into the fibre. The fibre was then rinsed with 

water for 15 sec. All samples were either cold dried or heated at 40 - 60°C for 2 h (see 

table 4). After heating or drying at r.t. the hair switches were washed twice with surfactant 

base (0.1 ml) for 30 sec and rinsed twice with water for 30 sec. The hair was dried at r.t. 

overnight and combed. The bundles of treated hair were divided into root and tip-end and fifty 

fibres of each sample were fixed into a shrinking plastic for microscopy.  
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Fluorescence Microscopy 

Fluorescence microscopy has been carried out using a PROVIS microscope (ETERNity) 

excitation wavelength: λ = 488 nm and λ = 580 nm. Table 5 summarises reaction conditions 

and results. 

 

 root tip 

conditions 488 nm 580 nm 488 nm 580 nm 

no dye,    
base only, 

cold 

illuminated hair 
fibre, natural 
fluorescent cortex  

no fluorescence no fluorescence 
 

no fluorescence 

no dye,    
base only, 

60°C 

illuminated hair 
fibre, weak 
fluorescence in 
cuticle area 

no fluorescence no fluorescence no fluorescence 

dye 1,      
cold 

fluorescence of 
cuticle 

no fluorescence fluorescence of 
cuticle 

no fluorescence 

dye 1,       
60°C 

strong 
fluorescence of 
cuticle 

no fluorescence strong 
fluorescence of 
cuticle 

no fluorescence 

dye 2,      
cold 

weak fluorescence 
at the fibre surface 
and inside the 
fibre  

no fluorescence weak fluorescent 
cuticle area 

no fluorescence 

dye 2,     
60°C 

weak fluorescence 
of cuticle 

no significant 
fluorescence 

weak fluorescence 
at the fibre surface 

no fluorescence 

base only, 
40°C 

weak fluorescence 
in cuticle area 

no fluorescence weak fluorescence 
in cuticle area 

no fluorescence 

dye 3,      
cold 

no significant 
fluorescence at the 
surface  

strong 
fluorescence at the 
fibre surface  

no significant 
fluorescence at the 
surface  

strong increase of  
fluorescence at the 
fibre surface  

dye 3,     
40°C 

no fluorescence in 
cuticle area 

weak fluorescence 
at the surface 

weak fluorescence 
at the surface  

weak fluorescence 
at the fibre surface  

 

Table 5a: Reaction conditions and results of fluorescence microscopy 
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 root tip 

conditions 488 nm 580 nm 488 nm 580 nm 

dye 4,      
cold 

no fluorescence  no fluorescence weak fluorescence 
in cuticle area 

no fluorescence 

dye 4,     
60°C 

weak fluorescence 
in cuticle area 

weak fluorescence 
in cuticle area 

no fluorescence no fluorescence in 
cuticle area 

 

Table 5b: Reaction conditions and results of fluorescence microscopy 

 

3.6.4 Scanning Electron Microscopy 

Sample preparation 

6-(Amino-N-stearoyl)-6-deoxy-α/β-D-galactopyranose (7) (0.5 g, 1.1 mmol) was dissolved in 

surfactant base (12 % SLES 2EO 28 % active, 2 % CAPS 30 % active), (50 ml) to yield a 

solution with 1% additive. Switches of virgin European brown hair (7 g) were used. The first 

two samples were treated with a diluted surfactant base (0.5 % active) and not washed after 

drying overnight at r.t. The switches were carefully wetted with warm water and squeezed out. 

Surfactant base (0.7 ml, 1 %) was massaged for 30 sec into the fibre and then rinsed with 

warm water for 30 sec. This procedure was repeated once and the switches were either cold 

dried or heated at 60°C for 2 h (see table 6).  
 

sample-no. active heat comments 

1 - - no base washes 

2 0.5 % - no base washes 

3 - - control 

4 - 60°C control 

5 1.0 % - - 

6 1.0 % 60°C - 

 

Table 6: incorporation conditions of 7 for SEM  

 

After drying the hair switches 3 - 6 were washed with pure surfactant base (0.7 ml) and rinsed 

with water, 30 sec each. The washing procedure was repeated once. The hair was then dried at 
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r.t. overnight and combed. About fifty fibres of hair treated as described were divided into a 

root-end (1R - 6R) and tip-end sample (1T - 6T) and fixed with a tape for SEM. 

 

Scanning Electron Microscopy 

SEM studies were performed using a scanning electron microscope SEM Cambridge 

Instruments Stereoscan 360. 

 

3.6.5 Cuticle abrasion experiments 

Sample preparation 

Compound 7 (0.5 g, 1.1 mmol) was dissolved in surfactant base (12/2), (50 ml) to yield a 

solution with 1 % additive. Switches of virgin European brown hair (7 g) were used and every 

experiment was done in triplicate. The switches were carefully wetted with warm water and 

squeezed out. Surfactant base (0.7 ml, 1 %) was massaged into the fibre (30 sec) and then 

rinsed with warm water (30 sec). This procedure was repeated once and the switches were 

either cold dried or heated at 60°C for 1.5 h (see table 7). The dry hair switches were then 

washed with pure surfactant base (0.7 ml) and rinsed with water (30 sec each). The washing 

procedure was repeated. After drying overnight at r.t. the hair was combed.  

 

sample active concentration [%] heat[°C] 

3, 3A, 3B - 60 

4, 4A, 4B - - 

5, 5A, 5B 1 % 60 

6, 6A, 6B 1 % - 

 

Table 7: incorporation conditions of 7 for cuticle abrasion and turbidity 

 

The cuticle was prepared according to the cuticle abrasion method of Swift and Bews96. The 

bundles of treated hair were divided into a root-end and a tip-end sample as well as the first 

two samples of the SEM experiment (1, 1A, 2, 2A) and cut into pieces (1 cm). The hair fibres 

                                                
96 J.A. Swift, B.Bews, J. of the Text. Ins., 1998, 190. 
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(exact masses see table 8) were placed in a Waring blender (500 ml) to which distilled water 

(150 ml) was added. Using the blender at maximum speed (1 min), the fibres were abraded. 

The turbid suspension of hair and water was separated with several sieves, rinsed with water 

(5 ml) and transferred to 150 ml jars.  

 

entry active heat T [g] R [g] A T [g] A R [g] B T [g] B R [g] 

1 - - 3.27 3.31 3.16 3.07 - - 

2 0.5 % - 3.30 3.33 3.30 3.32 - - 

3 - - 3.22 3.19 3.20 3.21 3.20 3.21 

4 - 60°C 3.21 3.20 3.20 3.21 3.21 3.21 

5 1.0 % - 3.21 3.20 3.22 3.17 3.22 3.24 

6 1.0 % 60°C 3.26 3.22 3.23 3.24 3.27 3.26 

 

Table 8: mass of hair samples treated with compound 7 for cuticle abrasion 

 

Compound 19 (50 mg) was dissolved in surfactant base (12 % SLES 2EO 28 % active, 2 % 

CAPS 30 % active), (5 ml) to yield a solution with 1 % additive. Compound 20 (38 mg) was 

dissolved in 4.0 ml surfactant base (1 % additive). Both compounds were incorporated into 

virgin European human hair switches (7 g) by standard washing procedures as described 

above. All experiments were carried out twice. After heating at 60°C for 90 min and two 

further base washings the hair switches were dried at r.t. and combed. After dividing the hair 

switches into a root-end and tip-end sample the hair was cut into pieces (1 cm). 

 

Turbidity tests 

The turbidity test was done on a microplate reader (Microplate Bio-Kinetics Reader, BIO 

TEK Instruments, EL 312E) at 580 nm. The cuticle suspension was shaken well before 

sample collection and five samples (100 µl each) were collected from different levels of the 

cuticle suspension containing jar. Five samples of distillated water were measured as a 

control. The analyser denotes the results in absorption units and averages were taken as a 

result. 
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entry active heat comments T  R  A T A R B T B R 

1 - - no base 

washes 

0.219 0.206 0.201 0.201 - - 

2 0.5 % - no base 

washes 

0.226 0.223 0.257 0.269 - - 

3 - - control 0.135 0.158 0.159 0.187 0.173 0.190 

4 - 60°C control 0.167 0.166 0.164 0.142 0.169 0.139 

5 1.0 % - - 0.165 0.140 0.161 0.168 0.164 0.144 

6 1.0 % 60°C - 0.154 0.156 0.185 0.181 0.180 0.192 

 

Table 9: results of turbidity measurements after incorporation of 7 

 

Abraded cuticle  

The cuticle suspension of samples 1 - 12 was shaken vigorously and an aliquot of the liquor 

(100 ml) was freeze-dried overnight. The cuticle yield was weighted at constant humidity and 

calculated against the amount of abraded hair. Results of abraded cuticle are given in table 10.  

 

entry active heat comments freeze dried cuticle average [%] 

tip          root 

1 - - no base washes 0.086 0.072 

2 0.5 % - no base washes 0.092 0.057 

3 - - control 0.067 0.062 

4 - 60°C control 0.071 0.046 

5 1.0 % - - 0.052 0.041 

6 1.0 % 60°C - 0.067 0.059 
 

Table 10: resulting solid after incorporation of 7 
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3.6.6 Dynamic contact angle measurements 

Sample preparation 

10 single fibres (3 cm) of bleached European hair were fixed into two metal cramps each. All 

samples were fixed in a small plastic container and washed twice with surfactant base (12 % 

SLES 2EO 28 % active, 2 % CAPS 30 % active; 10 ml 1/10 diluted). The hair fibres were 

covered with a layer of diluted surfactant base (200 ml) and agitated for 30 sec. The washing 

solution was discarded and the fibres were rinsed with water (30 sec). The fibres were then 

allowed to equilibrate at r.t. for 2 h. After the washing procedure the fibre’s diameter was 

measured with a laser scanner micrometer (LSM 3105, Mitutoyo). That was followed by 

dividing the fibres into two parts (1A-10A). Half of the samples were twice treated with 

compound 7 (0.5 % in 1/10 diluted surfactant base) by standard incorporation and washing 

procedures as described above. After heating at 60°C for 90 min and two further base 

washings the hair fibres were allowed to equilibrate overnight at r.t.  

 

DCA measurements 

Contact angles were calculated from the dynamic wetting force (Fw), measurements carried 

out in a DCA analyser Cahn, DCA 322. A single fibre was mounted overhanging 1 cm from 

an aluminium support in order to keep the fibre straight and rigid. The aluminium support was 

suspended by a hook from the electrobalance. The vessel containing ultrapure water (Milli-Q) 

was raised and lowered using a motorised platform. The liquid was advanced very slowly 

until a distinct perturbation in the measured force occurred. The fibre was scanned for both 

the advancing and receding mode. One hysteresis cycle was evaluated for each fibre. Contact 

angles were calculated from the dynamic mean wetting force values obtained from the 

advancing mode (surface tension H2O = 71000 dynes/cm). All data obtained from the receding 

mode were invalid. The result of DCA measurement is depicted in table 11. 
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fibre ECD [µm] active heat DCA [°] fibre active heat DCA [°] 

1 92.13 - + 65.2 1 A + + 51.3 

2 92.95 - + 64.8 2 A + + 55.8 

3 85.38 - + 60.4 3 A + + 56.2 

4 67.31 - + 54.8 4 A + + 51.9 

5 98.82 - + 54.9 5 A + + 59.9 

6 79.46 - - - 6 A + - 34.5 

7 79.23 - - 35.6 7 A + - 41.1 

8 60.51 - - 35.2 8 A + - 46.4 

9 58.94 - - 36.8 9 A + - 40.7 

10 66.27 - - 32.2 10 A + - - 

 

Table 11: results of diameter and DCA measurements of bleached fibres 

 

3.6.7 Elastic deformation 

Sample preparation 

20 single fibres (3 cm) of bleached European hair were fixed into two metal cramps each. All 

samples were fixed in a small plastic container and washed twice as described above (3.6.6). 

After the washing procedure the fibre’s diameter was measured with a laser scanner 

micrometer (LSM 3105, Mitutoyo). The ”before”-tensile and -torsion measurements were 

carried out, followed by treatment of all samples with compound 7 (0.5 % in 1/10 diluted 

surfactant base) by standard incorporation and washing procedures as described above. After 

heating at 60°C for 90 min and two further base washings the hair fibres equilibrated 

overnight at r.t. The ”after”-measurement of tensile properties and torsional rigidity followed 

as described below. 
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Stretching test and torsion measurement 

The treated and untreated fibres (4 cm) were stretched at a fixed rate (0.25 cm/min, 2% 

extension) at a fixed relative humidity (app. 60 % RH) at r.t. on an automated instrument 

(Diatron, MTT miniature tensile tester).  

The torsional rigidity of 20 bleached fibres before and after treatment with compound 7 was 

measured at app. 60 % RH with an angle of deflection of 135° at r.t. on a hair torsion 

apparatus. Results of stretching test and torsional rigidity determination are summarised in 

table 12. 

 

fibre ECD [µm] rigidity (before) 

[dynes/cm2]  

rigidity (after) 

[dynes/cm2] 

elastic gradient 

(before) 

elastic gradient 

(after) 

1 69.81 0.0159 - 17.3 14.0 

2 62.47 - - 14.6 13.3 

3 95.30 0.0546 0.0463 - - 

4 70.98 - 0.0150 17.1 14.8 

5 61.56 0.0105 0.0094 15.3 13.8 

6 81.70 0.0295 0.0267 25.0 17.6 

7 50.93 0.0051 0.0047 10.4 10.2 

8 61.55 0.0105 0.0093 12.1 13.5 

9 64.02 0.0113 - 15.3 14.6 

10 70.50 - - 17.1 15.5 

11 78.57 0.0249 0.0231 21.3 15.5 

12 89.01 0.0338 0.0318 24.8 18.3 

13 91.69 0.0386 0.0361 26.9 21.2 

14 71.68 - 0.0127 16.4 15.5 

 

Table 12a: results of diameter, torsion and stretching tests of 20 bleached fibres after 

 treatment with compound 7 

 
 



Development of a new active   94 

fibre ECD [µm] rigidity (before) 

[dynes/cm2]  

rigidity (after) 

[dynes/cm2] 

elastic gradient 

(before) 

elastic gradient 

(after) 

15 78.75 - - 20.3 17.4 

16 83.59 0.0242 0.0234 20.6 19.5 

17 76.72 0.0171 0.0163 19.1 16.0 

18 69.50 0.0162 0.0150 14.9 12.8 

19 65.14 - - 14.7 12.2 

20 56.27 0.0070 - 11.0 10.1 

 

Table 12b: results of diameter, torsion and stretching tests of 20 bleached fibres after 

  treatment with compound 7 
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