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Zusammenfassung 

 

Die vorliegende Arbeit befasst sich mit anwendungsbezogenen Fragestellungen zu 

chemischen Modifikationsmöglichkeiten des menschlichen Haares. Hauptproblemstellung ist 

die Suche nach Möglichkeiten, Schäden in der Haaroberfläche zu stoppen oder zu beheben.  

Das dazu notwendige Wissen um die genaue chemische Zusammensetzung der 

Haaroberfläche zu erschließen, stellt einen Unterpunkt dieser Fragestellung dar. 

 

Im ersten Teil der Arbeit werden Untersuchungen der Haaroberfläche (Lipidanalyse, Analyse 

kohlenhydrathaltiger Verbindungen) beschrieben. Insbesondere der sog. Zell-Membran-

Komplex (CMC) war von Interesse. Diese etwa 4 Å breite Schicht zwischen den einzelnen 

Kutikula-Zellen, die die verdrillten Keratinstränge des Haarinneren schützen, ist nach wie vor 

nicht vollständig charakterisiert. Ein neuer, detaillierter Strukturvorschlag des CMC wird 

vorgestellt und durch erste Untersuchungsergebnisse aus Lipidanalyse, Hydrolyse- und 

Protein-Experimenten gestützt.  

 

Die im Strukturvorschlag angenommene Existenz von Glykolipiden und die Möglichkeit 

derartige Verbindungen durch eine Amadori-Reaktion kovalent an die im Haar befindlichen 

Proteine zu binden, führte zur Entwicklung zweier verschiedener Gruppen von Reagenzien 

deren Synthese im zweiten Teil der Arbeit beschrieben wird. Die erste Gruppe bilden 

verschiedene fluoreszenmarkierte Galaktosederivate zum Nachweis einer Einlagerung mittels 

Fluoreszenz-Mikroskopie. Daneben wurden Kohlenhydratderivate hergestellt, deren C-6-

Position mit einem Stearinsäurerest verknüpft wurde, um nach kovalenter Bindungsknüpfung 

positive Effekte auf der Haaroberfläche zu erzielen. 

 

Der dritte Teil dieser Arbeit beinhaltet die Einlagerungsexperimente der in Kap. 2 

beschriebenen Verbindungen in das menschliche Haar. Kopplungsexperimente mit Peptiden 

und Proteinen belegen die generelle Anwendungsmöglichkeit der Amadori-Reaktion auf diese 

Systeme. In grundlegenden Experimenten konnte qualitativ gezeigt werden, dass die 

modifizierten Kohlenhydrate an Peptide und Proteine binden.  

Nach diesen Untersuchungen folgte die Einlagerung der in Kap. 2 beschriebenen fluoreszenz-

markierten Verbindungen in das menschliche Haar und deren Analyse durch Fluoreszenz-

Mikroskopie. Diese Detektionsmethode lieferte die ersten Hinweise auf eine Einlagerung. In 
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weiteren Experimenten an der Haarfaser wurde ein glättender und schützender Effekt der 

Fettsäure-Zucker-Derivate festgestellt. 

Der Nachweis erfolgte zum Einen durch Taktilitätsvergleiche und SEM Studien. Mit Hilfe der 

mikroskopischen Bilder konnte der positive Effekt der Einlagerung von 6-(Amino-N-

stearoyl)-6-desoxygalactopyranose belegt werden.  

Zum Anderen geben standartisierte Kutikula–Messungen (Abschaben der Zellen von der 

Haarfaser) ebenfalls deutliche Hinweise auf eine steigende Adhäsion der Kutikula-Zellen bei 

Behandlung mit 6-(Amino-N-stearoyl)-6-desoxygalactopyranose. Messungen der 

physikalischen Eigenschaften der behandelten Fasern (Torsions-, Zug- und Kontaktwinkel-

Messungen) zeigen eine Tendenz zu gestiegener Flexibilität der Faser und steigender 

Lipophilie der Faseroberfläche.  
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Summary 

 

The aim of the present work was to build knowledge on the hair fibre structure and its relation 

towards hair damage. Arising from this new ways of avoiding or minimising hair damage 

were bought. Special interest was focused on CMC which is expected to have an effect on the 

mechanical and chemical stability of the fibre.  

 

In the first chapter investigations of the hair surface, especially cuticle and CMC are 

described. A modification of Swift’s CMC structure model which includes carbohydrate 

structures is presented and is supported by experimental data. The use of organic solvent 

mixtures enabled us to extract and analyse internal lipids of cuticle and CMC. Predominantly 

fatty acids and alkyl sulphates are detected by mass spectrometry and blotting methods. To 

detect carbohydrate structures CMC-hydrolysis is carried out and monosaccharides are 

detected by mass spectrometry.  

 

The presumed carbohydrate structures and the possibility to link carbohydrates onto the hair 

fibre via the Amadori reaction led to the synthesis of two groups of carbohydrate based 

actives described in the second chapter of the present work. The first group are dye-labelled 

carbohydrates to detect interactions by fluorescent microscopy. The second group contains 

fatty acid-labelled galactose and glucose derivatives to analyse a possibly beneficial impact 

on physical properties of the hair surface by scanning electron microscopy (SEM) and cuticle 

abrasion methods. 

 

A possible route towards further information on Amadori-Reactions taking place in human 

hair and how to benefit from this reaction is described in chapter three. Preliminary 

investigations on smaller samples like peptides and proteins have been carried out. 6-(Amino-

N-stearoyl)-6-deoxy-D-galactopyranose is chosen as carbohydrate moiety and linked 

successfully to glycine-lysine-dipeptide. 6-(Amino-N-carboxyfluorescein)-6-deoxy-D-galacto-

pyranose is linked to a complex protein, human serum albumin (HSA) and analysed by SDS-

PAGE.  

The next step is to incorporate the dye-labelled compounds into the hair fibre itself. 

Fluorescent microscopy did not reveal unambiguous information on the covalent linkage of 

„Amadori“- reactive compounds. However, this method gives the first clue of a successful 

incorporation. 
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The next step to visualise protecting effects of carbohydrates labelled with fatty acid to 

recover an intact cuticle surface, was to detect such interactions by SEM. After incorporation 

of the agent into the hair fibre, a significant smoothing and stabilising impact of reactive is 

observed. These results are supported by the results of cuticle abrasion tests. Abrasion is 

reduced after treatment with the active as is demonstrated by optical density measurements of 

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

Thus revealing a higher cohesion of cuticle and therefore a stabilising impact after active 

treatment. 
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Abbreviations 

 

δ chemical shift 

λabs absorption wavelength 

anh. anhydrous 

ARP Amadori rearrangement product 

CMC cell membrane complex 

Cy cyclohexane 

d doublet 

DCA dynamic contact angle 

DCM dichlormethane 

dd doublet of doublets 

DMAP dimethylaminopyridine 

DMF dimethylformamide 

DSC disuccinimidyl carbonate 

DTE dithioerythrite 

DTT dithiothreitol 

EDC equivalent circular diameter 

eq. equivalent(s) 

ESI-MS electrospray ionisation mass spectrometry 

EtOAc ethylacetate 

EtOH ethanol 

GC-MS gas chromatography-mass spectrometry 

HOAc acetic acid 

HPLC high performance liquid chromatography 

HPTLC high performance thin layer chromatography 

m multiplet 

MeOH methanol 

MPLC medium pressure liquid chromatography 

MS/MS fragmentation/ daughter ion mass spectrometry 

MSTFA N-methyl-N-trimethylsilyltrifluoracetamide 

NMR nuclear magnetic resonance 

Pd/C palladium/carbon catalyst 

PVDF poly vinyl difluoride 
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r.t. room temperature 

RH relative humidity 

RP- reversed phase- 

s singulet 

SDS sodium dodecyl sulphate 

SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis 

SEM scanning electron microscopy 

TEM transmission electron microscopy 

TFA trifluor acetic acid 

TLC thin layer chromatography 

TsCl toluene sulphonyl chloride 

v/v volume/volume 
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1. Investigation of glycosylated compounds in human hair cuticle 

and cell membrane complex 

1.1 Introduction 

1.1.1 The hair fibre 

To understand the structure of hair, its growth and its degeneration, a basic understanding of 

the biological composition is required. Quite a range of publications cover this topic1,2 

indicating many open questions that need to be considered to fully understand the system. 

The sheet-like cuticle cells form the outer surface of the hair fibre and surround the fibre 

bundles of the cortex cells. The cuticle offers protection to the internal components of the 

fibre to mechanical and chemical weathering. It consists of flat overlapping cells which are 

attached at the root-end and point towards the distal end (tip-end) of the hair fibre. Each 

cuticle cell is approximately 0.5-1.0 µm thick and 45 µm long. There are between 5-10 layers 

of cuticle cells in Caucasian hair. 

 

 

right handed 
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left handed
α-helical protein

microfibril

macrofibril
75A
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Figure 1: hair organisation 

 

                                                
1 J. A. Swift, Morphology and histochemistry of human hair in Formation and structure of 

human hair, 1997 Birkhäuser Verlag, Basel/Switzerland ed. by P. Jolles, H. Zahn and H. 
Höcker. 

2 C. R. Robbins, Chemical and Physical Behaviour of Human Hair 1994, 3rd ed., Springer 
Verlag, New York. 
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When hair becomes rough or dull it is often observed that the outer layer is damaged. Split-

end formation is generally observed if after mechanical abrasion the fibre is devoid of any 

cuticle3. An intact cuticle structure protects the inner sheath, the cortex of the hair fibre.  

To target the surface of the fibre is a prospective strategy in the cosmetic science industry to 

support and stabilise the hair and to avoid its damage. Cuticle damage is caused by weathering 

and mechanical damage from the daily grooming actions such as combing, brushing and 

shampooing. Further chemical treatment such as bleaching or permanent waving also 

damages the cuticle.  

A way to avoid, to minimise and to repair cuticle damage requires exact knowledge of the 

structure and the molecular composition of the cuticle layers. 

 

1.1.2 The cuticle 

Each cuticle cell contains a thin outer membrane, the epicuticle. Beneath the cuticle cell 

membranes there are three major layers: the α-layer, a resistant layer with high cysteine 

content (30 %), the exocuticle (15 % cysteine) and the endocuticle, low in cysteine content 

(about 3 %)4,5. The cell membrane complex (CMC) is situated between two cuticle cells. 

Electron microscopy investigation on hair sections stained with silver- and osmium-salts 

shows that cuticle and cortex cells are surrounded by CMC6.  

The surface of all cells of the hair shaft is endowed with a thin layer of lipid which is 

covalently attached to the underlying proteins7. Between adjacent cuticle cells the lipid layers 

(β-layers) are separated by an intercellular cement (δ-layer) of relatively constant thickness 

(18 nm). The δ-layer forms the major component of the CMC which is approximately 250 Å 

thick.  

 

 

 

 

 

 

                                                
3 J. A. Swift, J. Soc. Cosmet.Chem., 1997, 48, 123-126. 
4 S. B. Ruetsch, H. D. Weigmann in Proc. 9th Int. Wool Textile Res. Conf., 1995, Vol. 2, 45. 
5 J. D. Leeder, Wool Sci. Rev., 1986, 63, 3-35. 
6 J. A. Swift, A. W. Holmes, Text. Res. J., 1965, 35, 1014-1019. 
7 A. P. Negri, H. J. Cornell, D. E. Rivett, Text. Res. J., 1993, 63, 109. 
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Figure 2: TEM of a transverse section through the cuticle  

 

 

1.1.3 The cell membrane complex 

Even though there are many studies on cell membranes known in literature8,9,10 there is no 

universal agreement on what constitutes the CMC. The CMC is formed in the hair follicle 

from the two plasma membranes of adjacent living cells. During keratinisation these mobile 

cells consolidate and the membranes become modified. An intercellular cement is laid down 

between the cells which provides intercellular adhesion. The CMC exists between all cells of 

keratinised tissue. The structure and detailed composition of this highly specialised membrane 

is still unknown.  

 

In 1965 a schematic CMC structure model was presented by Swift and Holmes6. Using 

intensive electron microscopic investigation they interpreted their observations in terms of 

what was known about the structure of plasma membranes of living cells at that time 

(Figure 3).  

                                                
8 E. H. Mercer, J. Soc. Cosmet. Chem., 1965, 16, 507. 
9 J. H. Bradbury, J. D. Leeder, I. C. Watt, Appl. Polym. Symp, 1971, 18, 227. 
10 L. Kreplak, C. Merigoux, F. Briki, D. Flot, J. Doucet, Biochim. Biophys. Acta, 2001, 1547,  
   268. 
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cuticle cell  fibre protein  lipid bilayer      globular protein    cell membrane    cuticle 

A : electron micrograph appearance
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18 nm
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2.5 nm

β -layer
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Figure 3: Swift’s and Holmes’s model of the cell-membrane-complex6 

 

According to Swift the CMC consists of three major layers: 

– a soft, easily swollen intercellular cement of lightly cross linked protein material 

(δ-layer),  

– a lipid component, possibly - but not necessarily - in the form of a lipid bilayer (β-layer), 

– a chemically resistant proteinaceous membrane that individually surrounds each cuticle 

cell.  

 

In a later work by Swift and Bews11 it is assumed that the intercellular cement is composed of 

protein or polysaccharide. Swift and Bews identified that the cell membrane complex was 

resistant to protease treatment. Swift also reported that the TEM staining behaviour of the 

CMC suggested the presence of vicinal diols.  

                                                
11 J. A. Swift, B. Bews, J. Soc. Cosmet. Chem. 1974, 25, 13-22. 
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Later it has been reported that CMC contains high levels of free fatty acids, cholesterol and 

ceramides (Figure 4).  
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Figure 4: lipid components of wool and human hair CMC12,13 

 

Hair cuticle is resistant to considerable abrasion and routine wear, as well as mechanical 

deformation to the fibre as a whole and the cell-cell cohesion is strong. The precise design of 

the membrane, and how this affords such resilience is unknown. 

Investigation on the lipid composition in human hair by Hussler et al.14 has demonstrated that 

the found ceramides predominantly contain long chain base sphinganine with amide-linked 

non-hydroxy fatty acids (C14-C26) and α-hydroxy palmitic acid.  

 

 

 

 

                                                
12 S. Hilterhaus-Bong, H. Zahn, Int. J. Cosm. Sci., 1989, 11, 167-174. 
13 P. Anis, J. Text. Inst., 1996, 87-1, No. 3, 608-610. 
14 G. Hussler, G. Kaba, A. M. Francois, D. Saint-Leger, Int. J. Cosmet. Sci., 1995, 127, 197- 
    206. 
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Figure 5: ceramide composition of human hair according to Hussler 

 

The existence of glycosylceramides which can serve as cell adhesion molecules, in internal 

wool lipids has been established by Coderch and Fonollosa15. Due to these observations, it is 

possible that such glycolipids are present in hair fibres and interface between the β- and 

δ- layers, providing cohesive force.  

These data suggest that the CMC contains a high level of non-proteinous material and it is 

possible that the δ-layer is composed of polysaccharides, such as that found in connective 

tissues, skin and hair follicle such as glycosaminoglycans. This also raises the question of how 

the assembly maintains high levels of cohesion.  

According to Rivett16, who found evidence that glycoproteins are likely in the CMC, but the 

levels detected do not explain the evidence of TEM staining patterns.  

 

                                                
15 L. Coderch, J. Fonollosa, M. Marti, Proc. 10th Int. Wool Textile Conf., 2000, Aachen, 11. 
16 A. K. Allen, J. Ellis, D. E. Rivett, Biochim. Biophys. Acta, 1991, 1074, 331. 
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Figure 6: carbohydrate composition in human hair CMC according to Rivett (% of total amino  

    acid amount) 

 

Glycoproteins contain low levels of total carbohydrate content. It is possible, however, that 

the glycoprotein fraction is embedded within a matrix of hitherto undetected 

glycosaminoglycan. In order to confirm this structural biological question it is important to 

understand both, the nature and concentrations of the compounds present. 

 

100 nm

glycosaminoglycan chains linked to the core-protein

 chondroitin sulphate

-[β-GlcA-(1-3)-β-GlcNAc-(1-4)]-,

0.2-2.3 sulphate per disaccharide unit,

GlcA-Gal2-Xyl-Ser linkage region

 keratan sulphate

-[β-Gal-(1-4)-β-GlcNAc-(1-4)]-

0.9-1.8 sulphates per disaccharide unit,

O-glycosidic mucin-type linkage region

 N-linked mannose-rich oligosaccharide

250 nm

 

Figure 7: glycosaminoglycan structures17 

                                                
17 J. Lehman, Kohlenhydrate, 1996, 2nd ed., Georg Thieme Verlag, Stuttgart. 
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The molecular mass of the materials may also help to indicate how these structures are packed 

into the confined dimensions of the membrane. The identification and chemical 

characterisation of known cell adhesion molecules and glycosaminoglycans may help in 

understanding the molecular assembly of this biological tissue. 

 

To prove any participation of carbohydrate structures in the CMC two different strategies 

have been envisaged. The first is to target the lipid layer (β-layer) and to detect 

glycosylceramides in the polar lipid extracts of human hair cuticle and CMC by improving 

known lipid extraction methods. 

The second is to gain information about CMC constitution is by gel electrophoresis of the 

δ-layer. Protein/peptide fragments are hypothesised after hydrolysis experiments if 

glycoproteins/glycosaminoglycans are present. 

 

The proposed analysis, its results and final conclusions are described in this chapter. 
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1.2 Lipid extraction 

Extensive investigation of the CMC has revealed two major lipid classes: (i) internal (free) 

and (ii) integral (bound) lipids18,19,20. The internal lipids mainly consist of free fatty acids, 

sterols and polar components and are accessible by extraction with organic solvents. The 

supposed glycosphingolipids should be enriched in the polar fraction of the internal lipids. 

The integral lipids are part of the lipoprotein membranes of the follicle cells and thus of the 

cell membrane complex in keratinised hair fibres. To isolate these ester-bound fatty acids mild 

alcoholic alkali treatment is necessary. Main components are 18-methyleicosanoic, stearic and 

palmitic acid. 

 

1.2.1 Extraction of cuticle 

To ensure that the analysed lipids originate exclusively from cuticle cells, commercially 

available European hair (virgin, dark brown) is abraded carefully according to Swift’s cuticle 

abrasion method21. The bundles of hair are cut into small pieces, placed in a Waring blender 

and distilled water is added. The fibres are abraded using the blender at maximum speed for 

1 min. After separating the mixture of hair and water with several sieves the turbid suspension 

is lyophilised. With the described method cuticle cells without impurities due to starting 

abrasion of cortex cells can be attained. 

Figure 8 depicts a TEM of abraded cuticle fragments treated with silver staining. It illustrates 

high and low sulphur layers of cuticle cells deriving from different cysteine contents. The dark 

stained layers are high sulphur regions (α-layer, endocuticle).  

 

                                                
18 A. Schwan, H. Zahn, Proc. Int. Wool Textile Conf., 1980, Pretoria, 29. 
19 A. P. Negri, H. J. Cornell, D. E. Rivett, Aust. J. Agric. Res., 1990, 42, 1285. 
20 L. N. Jones, D. E. Rivett, Micron, 1997, Vol. 28, 6, 469. 
21 J. A. Swift, B. Bews, J. Text. Inst., 1998, 190. 
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Figure 8: TEM of abraded cuticle fragments stained with silver salts 

 

The TEM (Figure 8) points out, that isolated cuticle cells can be achieved by cuticle abrasion. 

CMC is exposed at the surface of the cell fragments, accessible to lipid extraction. For further 

experiments, the quality of abraded cuticle is controlled by using a light microscope. 

 

To isolate glycosylated compounds, dry cuticle was extracted using a chloroform-MeOH-

mixture at r.t. To analyse the whole lipid mix, N-methyl-N-trimethylsilyltri-fluoracetamide 

(MSTFA) was added to the organic extracts. The silylated compounds were analysed by gas 

chromatography-mass spectrometry (GC-MS).  

Six main components were detected and identified as silylated fatty acids by mass 

spectrometric analysis. Peaks depicted in figure 9 belong to (in ascending order) lauric acid, 

myristic acid, palmitic acid, oleic acid and stearic acid. 

Another small signal occurring at scan 959 was identified as softener derived from plastic 

material of pipette tips. 
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Figure 9: GC of the silylated CHCl3/MeOH-extract 

 

During further mass spectrometric analysis (ESI-) of silylated compounds, fatty acids were 

detected as carboxyl anion in the same profile as in the GC-MS. In addition to the GC-MS 

results alkyl sulphates were detected. Table 1 summarises mass spectrometric results. 

 

 significant mass [Da] description 

1 199 lauric acid, C12H23O2
- 

2 227 myristic acid, C14H27O2
- 

3 255 palmitic acid, C16H31O2
- 

4 265 lauryl sulphate 

5 281 oleic acid, C18H33O2
- 

6 283 stearic acid C18H35O2
- 

7 293 mysistyl sulphate 

 

Table 1: ESI- of cuticle CHCl3/MeOH extract 

 

In the CHCl3/MeOH extract several fatty acids and alkyl sulphates were found as main 

components. This result corresponds well with published results20 and proves the extraction 

successful. Alkyl sulphates as main impurities originate most probably from shampoo used by 

1 

2 

3 

5  6 

softener 
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the people from whom the hair was collected. To detect glycosylated compounds occurring in 

much smaller concentrations lipid extraction of CMC was performed. 

 

1.2.2 Extraction of cell membrane complex 

To remove all interfering proteins the cuticle 

was digested with papain/DTT. The resulting 

CMC was then extracted with chloroform-

MeOH and the solvent-soluble lipids were 

analysed by high performance thin layer 

chromatography (HPTLC). The lipid extract 

was compared to glycolipid and 

glycosphingolipid standards. The depicted 

HPTLC reveals a general view on the lipophilic 

components in the CMC: fatty acids, 

cholesterol, ceramides and glycolipids (see 

figure 10). 

Figure 10: HPTLC of CMC lipids 

 

1.2.3 Blotting experiments 

The separation of glycosphingolipids (TLC standard) has been successfully carried out by the 

method of Taki et al.22. To analyse the CMC-CHCl3/MeOH-extract and to separate the 

different spots on TLC a blotting procedure is established. The compounds to be blotted are 

separated by HPTLC, visualised by dipping in primuline reagent and UV-active bands (365 

nm) are marked with a soft pencil.  

The compounds and the marks on the HPTLC plate are transferred to a PVDF membrane by 

dipping into the blotting solvent (isopropanol/0.2% CaCl2/MeOH). The HPTLC plate is then 

placed on a metal plate and covered with a PVDF membrane sheet first, then with a glass fibre 

filter sheet. All the layers are pressed evenly for 30 sec with an iron at 150°C. The PVDF 

membrane is washed with water after separation from the plate to remove all traces of 

primuline. After drying, the marked areas are cut out and can be extracted before being 

assessed for purity by MS.  

 

                                                
22 T. Taki, Techniques in Glycobiology, 1997, 111, Marcel Dekker inc., New York. 
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As a result of TLC blotting, a purification by four orders of magnitude for the MS analysis 

was attained. The method worked well with glycosphingolipids. They were separated 

successfully by blotting and detected by mass spectrometry daughter ion spectra (Table 2).  

 

significant mass [Da] description 

822.5 (850.6) Galβ1,1Cer (OH)  

968.6 (996.6) Galβ1,4Glcβ1,1Cer 

1075.6 (1158.7) Galα1,4Galβ1,4Glcβ1,1Cer 

1199.7 unidentified 

1361.8 GalNAcβ1,3Galα1,4Galβ1,4Glcβ1,1Cer 

1562.9 GalNAcα1,3GalNAcβ1,3Galα1,4 Galβ1,4Glcβ1,1Cer 

 

Table 2: ESI+ of glycolipid standard (Calbiochem)  

 

One TLC spot of the CMC-CHCl3/MeOH extract with RF = 0.22 (CHCl3/MeOH/H2O, 75:25:3 

v/v) was in the range of the glycosphingolipid standard and therefore, specifically analysed by 

blotting. As main constituents of this spot alkyl sulphates were identified. The components 

were detected in the ESI- mode and the identity was proven by a generated theoretical 

spectrum and a lauryl sulphate TLC standard with RF = 0.21 (CHCl3/MeOH/H2O, 75:25:3 

v/v).  

Further a softener (dibuthylphthalate, [M+Na]+=301 probably derived from the transfer 

membrane) was found as main compound in the ESI+ spectra (see figure 11). 

 

Compared to the total CHCl3/MeOH reference a compound with the mass [M+Na]+=1199 was 

enriched by the blotting procedure (RF = 0.22). The same compound was found as a side 

product in the glycolipid standard (Calbiochem, pig and sheep erythrocytes). It was identified 

as one identical compound by ESI+ daughter ion spectra.  

This important compound close to glycolipids in polarity, mass and biological source 

indicates that carbohydrate structures in the lipid layer are likely. A detailed analysis of this 

compound was conducted. 
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Figure 11: ESI+ of the blotted spot (RF = 0.22, CHCl3/MeOH extract) 

 

 

 

 

 

 

 

 

significant mass [Da] description 

301 dibutyl phthalate 

685 diglyceride 

963 triglyceride 

1199 unidentified compound 

301.1 
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1.3 δδδδ-layer analysis 

1.3.1 Gel electrophoresis 

According to the structural speculation outlined in the introduction, about the assembly of the 

carbohydrate containing moieties in the β- and δ-layers, the existence of glycosaminoglycan 

like structures in the CMC needs to be proven. Any supposed N- or O-glycosidic bond is 

cleaved by hydrochloric acid, the resulting protein backbone is identified by sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE). In case, cleaved carbohydrates are 

analysed by mass spectrometry and HPLC.  

In preliminary experiments 3N hydrochloric acid is used. To investigate if the concentration 

of the HCl causes the cleavage of the protein itself, some further experiments with several 

different concentrations have been carried out.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: SDS-PAGE of CMC hydrolysis experiment (HCl, 3N) 

 

The supernatant of the papain-digested cuticle cells is shown (lane 1). Protein fragments 

derived from digested keratin are detected in the range of 45 kDa although buffer salts and 

digestion products of cuticle cells cause some difficulties in the detection.  

 

     1               2                  3       4         5  

 

low molecular weight marker 

 

 

albumin, egg    45.0 kDa 

 

glycerinaldehyde-3-
phosphatdehydratase   36.0 kDa 
 

 

carbonic anhydrase   29.0 kDa  

 

trysinogen    24.0 kDa 

trypsininhibitor   20.1 kDa 
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Papain was loaded on the gel alongside the samples to serve as a protein standard and to 

ensure that no protein seen in the hydrolysis experiment originates from the enzyme. Papain is 

a relatively small protein with a molecular weight of 23,406 Da23.  

The electrophoresis showed that pure and intact enzyme was used during digestion of cuticle 

cells (lane 2). Furthermore it was proven that CMC was free of papain fragments. 

 

In SDS-PAGE a CMC fragment of about 29 kDa was detected in two samples, one containing 

pure CMC (lane 3) the other sample containing hydrolysed CMC (lane 4). The fragment 

appears in a typical mass range of proteins or glycosaminoglycans. A weak signal of a 45 kDa 

fragment detected in the hydrolysed sample, originating most probably from CMC, can be 

explained by a concentration effect compared to the original CMC line. 

By acidic hydrolysis some CMC components were cleaved into smaller derivatives of 24 kDa 

(lane 4). According to the 29 kDa-fragment’s concentration only little cleavage occurred. 

Additional electrophoresis experiments showed that even a concentration of 12N hydrochloric 

acid caused no further cleavage of protein. No smaller fragments than the depicted were 

derived.  

The large spot at the base of the gel indicated a large amount of smaller molecules. These 

molecules were analysed by ESI mass spectrometry.  

 

1.3.2 Mass spectrometry and HPLC 

The first hydrolysed samples analysed by ESI+ mass spectrometry show two interesting 

compounds with m/z = 203 [(M+Na)+] and m/z = 365 [(M+Na)+] which is indicative for 

hexosyl mono- resp. disaccharides. The original mass spectrum is reproduced in figure 13.  

 

200 250 300 350
m/z0

100

%

203

165

187 217 242 365

 

 

Figure 13: ESI spectrum of the aqueous solution after hydrolysis 

                                                
23 G. Lowe, Tetrahedron, 1976, 32, 353-371. 

  

m/z = 203     hexose + Na+ 

m/z = 365     disaccharide + Na+ 
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Further MS/MS experiments proved the existence of disaccharides. Figure 14 shows the ESI 

spectra of the daughter ions and a fragment identification table. 
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203

185
23
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226

 

Figure 14: MS/MS of the disaccharide 

 

This was unexpected since sulphated carbohydrates and glycuronic acids are more likely in 

glycosaminoglycans. Assuming the found carbohydrates were derived from hydrolysis of 

glycoprotein, GlcNAc, GalNAc, Glc, Gal and Man structures are expected. The comparison 

with saccharide standards by HPLC indicated glucose and galactose in small amounts besides 

other unidentified compounds. 

Due to the unexpected outcome of the described experiments two further samples were 

analysed. In these additional samples no carbohydrate was identified, neither by ESI-MS nor 

by HPLC. According to the known heterogeneity and the small concentration of carbohydrate 

compounds it is still possible that carbohydrate derivatives occur in the CMC.  

Additional work will be undertaken in order to ascertain wether the found carbohydrate 

structures are the remains of CMC glycoprotein. Therefore, hydrolysis experiments with CMC 

under different temperature and acid conditions are envisaged. 

 

fragment description 

23 Na+ 

185 hexose – H2O + Na+ 

203 hexose + Na+ 

365 disaccharide + Na+ 
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1.4 Summary and Conclusions 

Intensive lipid extraction of both, cuticle and CMC, did not reveal the existence of glycolipid 

structures. 

However, some strong indications – like the existence of a compound m/z = 1199 in 

glycosphingolipid standard and in the lipid extract of CMC – show that glycosylated 

compounds are likely. New investigations of wool fibre24 prove the existence of carbohydrate 

compounds in wool CMC, which supports the structural speculation outlined in the 

introduction. 

The resulting protein that was cleaved during the hydrolysis experiments has been detected by 

SDS-PAGE experiments with an approximate molecular weight of 29 kDa, which is similar to 

the size of peptide backbones found in glycosaminoglycans.  

The described first solubilisation of CMC fragments of human hair confirms findings of Zahn 

et al.25 who analysed the CMC of wool fibres. Zahn found out that cell membrane proteins 

could be separated into several distinct bands: a thin sharp band at about 30 kDa and two 

intensive bands at about 25 kDa. 

Based on the results of lipid extraction experiments it was checked whether or not there were 

glycosaminoglycan like structures in the CMC present. Any supposed N- or O-glycosidic 

bond is cleaved by hydrochloric acid into mono- respective disaccharide fragments. These 

carbohydrate fragments could be detected by mass spectrometry and HPLC in two samples 

but in subsequent tests this was not reproduced.  

According to the non structural unity of biological samples it is difficult to conclude whether 

carbohydrates are present after hydrolysis or not. Again indications of these structures were 

found – like the detected mono and disaccharides – but further proof is necessary and 

recommended. 

Additional evidence could be achieved by increasing the number of people from whom the 

hair is collected, in order to overcome quantitative variations between each subject. The wool-

lipid extraction method described by Thäringen24 may be transferred to CMC and cuticle 

samples to separate glycosylated lipids in human hair. 

 

                                                
24 C. Thärigen, A. Körner, Lecture 10th Int. Wool Textile Res. Conf., 2000, Aachen. 
25 J. Herrling, H. Zahn, Proc.7th Int. Wool Textile Res. Conf., 1985, Tokyo, Vol 1, 181. 



Investigation of glycosylated compounds  19 

1.5 Material and Methods 

1.5.1 General methods 

Hair was washed prior to analysis in diethyl ether to remove impurities and external lipids 

from the surface. In each experiment untreated female brown hair was used (European dark 

brown, supplied by Unilever, GB).  

To remove lipids glassware was washed with hot water and EtOH, dried and cleaned with 

acetone prior to use. 

Organic solvents were purchased from Aldrich (HPLC-grade), if not stated otherwise. 

Thin layer chromatography was performed with precoated TLC plates (E. Merck, silica gel 

60F-254) with visualisation by UV light and by charring with cer-molybdate solution (H2SO4, 

100 ml, 2M; Cerium(IV)sulphate, 200 mg; ammoniummolybdate tetrahydrate, 5 g). The 

reversed phase TLC was performed with precoated TLC sheets (Macherey-Nagel, Alugram 

RP-18W/UV254, 0.15 mm) and H3CCN/water. All TLC plates (silica gel, 60F254, Merck) were 

first developed in the solvent mixture, then dried and stored under dry conditions. All extracts 

were compared to glycolipidstandards (Calbiochem, neutral TLC standards) and lipid 

standards (Sigma).  

Gel electrophoresis was performed with a polyacrylamide gel (12.5 %) with sodium dodecyl 

sulphate (SDS-PAGE) and stained with a silver reagent that is a simple modification of 

Blum’s silver stain method. 

Mass spectra were taken on a ESI Micromass quadrupole mass spectrometer, QUATTRO 

LC-Z. For the GC-MS measurement a Finnigan, MAT 8200 gaschromatographic mass 

spectrometer was used. 

HPLC chromatograms were performed on a TSP P4000 gradient pump, electrochemical 

detector TSP EC 2000 and specified eluents. The saccharide analysis was carried out with 

CarboPac PA 10 columns (Dionex). 
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1.5.2 Lipid extraction 

Cuticle abrasion  

The cuticle was prepared according to Swift’s cuticle abrasion method21. The bundles of 

virgin European hair were cut into pieces (2 cm). The hair fibres (4 g) were placed in a 

Waring blender (500 ml) and distilled water (150 ml) was added. The fibres were abraded 

using the blender at maximum speed for 1 min. The mixture of hair and water was separated 

with several sieves and rinsed with water. The turbid suspension was transferred to 500 ml 

flasks and lyophilised. The cuticle’s quality was controlled by using a light microscope. 

 

CHCl3/MeOH-extraction 

A CHCl3/MeOH-mixture (2/1, v/v, 3 ml) was added to dry cuticle (20 mg) and stirred for 1 h 

at r.t. The mixture was centrifuged (500 x g, 30 min) and the organic layer was removed and 

collected. The procedure was repeated twice with the residue resuspended in the same 

CHCl3/MeOH-mixture and centrifuged. The organic extracts were combined and dried at 

30°C in a stream of Ar. The residue of organic extracts was stored at -18°C under Ar. The 

cuticle residue was also dried in a stream of Ar and further extracted. 

 

GC-MS 

To analyse the whole lipid mixture, extracted with CHCl3/MeOH, the dry raw mixture (1 mg) 

was solved in CHCl3 and N-methyl-N-trimethylsilyltrifluoracetamide (MSTFA, 2 ml) was 

added. After stirring for 2 h at r.t. the silylated compounds were analysed by GS-MS.  

 

Papain/DTT digest  

Abraded cuticle cells (20 mg) were added to buffer solution (20 ml, Na2HPO4/NaH2PO4 

pH = 6.3, 0.1 mol) containing papain (3.4 mg, Sigma) and dithiothreitol (194 mg, DTT, 

Sigma). The mixture was incubated at 50°C on a laboratory shaker for 24 h. The residue 

consisting of fragments derived from the CMC was then separated by centrifugation (500 x g, 

30 min), washed with water twice and dried in a stream of Ar. 
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CMC CHCl 3/MeOH extraction 

The lipids were extracted from the CMC by Foch’s MeOH-water-method26. A CHCl3/MeOH-

mixture (2/1, v/v, 19 ml) was added to the aqueous solution of CMC per 1 gram of cuticle 

(based on the extracted dry cuticle as described) and homogenised. The organic extracts were 

separated, combined and dried at 30°C in a stream of Ar. 

 

HPTLC 

The solvent soluble glycolipids were analysed by HPTLC (Merck) after double development. 

The first eluent mixture CHCl3/MeOH/HOAc (95/4.5/0.5 v/v) was allowed to reach 10 cm. 

The plate was dried at 37°C for 10 min prior to the next elution by n-hexane/EtOAc/HOAc 

(60/40/1 v/v). The plate was dried, developed with Cu2SO4/H3PO4 (10 %/ 8 % in water) and 

heated at 160°C for 15 min. 

 

Blotting procedures 

For purification of the CMC-CHCl3/MeOH-extract using TLC blotting method according to 

Taki et al22. The compounds to be blotted were separated by HPTLC (CHCl3/MeOH/H2O, 

75/25/3 v/v). The compounds were visualised by dipping in primuline reagent (Aldrich, 

0.001% in acetone/water, 4/1 v/v). UV-active bands (365 nm) were marked with a soft pencil.  

The compounds and the marks on the HPTLC plate were transferred to a PVDF membrane 

(Immobilon PSQ, Millipore Corp., Sigma): 

Marked compounds on the thoroughly dried HPTLC plate were dipped into the blotting 

solvent (isopropanol/0.2% CaCl2/MeOH, 40/20/7 v/v) for 20 sec. The HPTLC plate was then 

placed on a metal plate and covered with a PVDF membrane sheet first, then with a glass fibre 

filter sheet (GF/A Whatman International Ltd., Maidstone England). All the layers were 

pressed evenly for 30 sec with an iron at 150°C. The PVDF membrane was washed with 

water after separation from the plate to remove all traces of primuline. After drying, the 

marked areas were cut out and could be extracted with small amounts of CHCl3/MeOH (2/1, 

v/v) before being assessed for purity by MS.  

Next to the analyte mixture of the CHCl3/MeOH extract a glycosphingolipid mixture 

(Calbiochem) was separated on the TLC plate and analysed by TLC blotting and MS. 

 

                                                
26 J. Foch, M. Lees, G. H. Sloane-Stanley, J. Biol. Chem., 1957, 226, 497. 
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1.5.3 δ-layer analysis 

Cuticle and CMC hydrolysis 

Cuticle (20 mg) and CMC (derived from 20 mg cuticle) were diluted in hydrogen chloride 

(5 ml, 3N) and incubated at 100°C for 4 h in vacuo. The aqueous phase was then centrifuged 

off and the supernatant was lyophilised. The resulting powder (0.05 mg) was dissolved in 

buffer solution and analysed by gel electrophoresis. 

 

Gel electrophoresis 

All samples were diluted in buffer solution: 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 5-10 min to assure complete denaturation. The solutions were 

centrifuged and the supernatant (2 µl) was loaded on the top of the gel. To identify the 

separated protein a low and a high molecular weight marker (BIORAD) were loaded in the 

first two lanes of the gel.  

The vertical electrophoresis was done at 35 mA/cm2 at 5-10°C. The separated proteins were 

fixed by incubating the gel for 4-12 h at r.t. with gentle shaking in at least 5 gel volumes of a 

solution of EtOH/glacial AcOH/water (30:10:60, v/v). The fixing solution was 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.  

The gel was removed from the water and applied to freshly prepared silver nitrate solution27,28 

(five times gel volume, 0.1 %). The gel was incubated at r.t. for 30 min. with gentle shaking. 

The silver nitrate solution was discarded, both sides of the gel were washed under a stream of 

deionized water (20 seconds each) and freshly made aqueous sodium carbonate solution (five 

times gel volume, 2.5 %) and formaldehyde (0.02 %) were added. The gel was incubated at 

r.t. with gentle agitation. Stained bands of protein appeared within a few min., the incubation 

was continued until the desired contrast was obtained. The reaction was quenched by washing 

the gel in AcOH (1.0 %) for a few min. and washing the gel in deionized water for 10 min. per 

wash.  

The gel was preserved by drying and scanned. 

 

                                                
27 M.V. Nesternko, M. Tilley, S. J. Upton, J. Biochem. Biophys. Methods, 1994, 28, 239-242. 
28 P. Sambrook, Molecular cloning, a laboratory manual, 2nd ed. 



Investigation of glycosylated compounds  23 

Mass spectrometry and HPLC 

The lyophilised powder of the hydrolysis experiment (20 µg) was dissolved in MeOH/water 

(1 ml, 1/1 v/v). This caused some difficulties in the spray-behaviour of the sample. The 

negative ion mode gave no reasonable results. For the positive ion mode the MS/MS 

conditions were as follows: capillary, 1.19 kvolts; cone, 38 volts; extractor, 2 volts; RF lens, 

0.09 volts; source block and desolvation temperature, 60°C.  

To analyse the hydrolysis experiment by HPLC the powder (0.02 mg) was dissolved in 1 ml 

ultra pure water (ELGA). The chromatograms were performed with NaOH (18 mmol) as 

eluent (flow rate 1 ml per minute). All chromatograms were compared to carbohydrate 

standards (Sigma). 

Further hydrolysis experiments have been carried out as described above. Reaction conditions 

and results are given in Table 3. 

 

sample ID concentration of HCl reaction time [h] observation 

A1 3 N 3 mono- and disaccharides 

A2 3 N 24 mono- and disaccharides 

B1 12 N 3 - 

B2 12 N 24 - 

C1 6 N 3 - 

C2 6 N 24 - 

 

Table 3: hydrolysis reaction conditions and observations 


