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SYNOPSIS 

Applying differential scanning calorimetry (DSC) for temperatures up to 18O"C, the denatur- 
ation transition of the a-helical material of various keratins in excess water was studied at 
conditions of equilibrium water vapor pressure (high-pressure DSC) . The results show a gen- 
erally cystine content and material invariate denaturation range of 20-30°C with peak tem- 
peratures around 140°C. Though analysis of variance and multiple comparison tests show a 
pronounced inhomogeneity of the enthalpy data, the results generally support the material 
invariance of the denaturation enthalpy and hence of the helix content of the keratins. The 
denaturation enthalpy for the helical coiled-coil-structures in the intermediate filaments is 
determined as AH = 6.5-7.8 kJ/mol. A significant positive correlation was found between the 
denaturation temperatures and the cystine content. It is concluded, that the helix denaturation 
temperatures are kinetically controlled by the amount and/or the chemical composition of the 
surrounding nonhelical matrix, and that the double-peak endotherms observed for wool and 
other keratins originate from two cell types that are sufficiently different in sulfur content to 
allow endotherm separation. In the case of wool the cell types can be identified as "ortho-" 
and "paracortical" cells. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Materials made from hard keratin, namely hair, 
horn, nail, claw, hoof, and quill, exhibit a complex, 
morphological fine structure.' Judging from a purely 
mechanical point of view, the principle differences 
in the morphological components in a-keratins re- 
late to their being either crystalline or amorphous. 
This has lead to the two-phase filament-matrix 
model for keratins, originally proposed by Feu- 
ghelman.2 In this model the helical fraction of the 
intermediate filaments, or microfibrils as they are 
called in the traditional terminology, can be iden- 
tified as the crystalline, filamentous phase. The ma- 
trix in consequence contains summarily the rest of 
the morphological components, including cuticle, 
cell membrane complex, e t ~ ? . ~  

Thermal analysis is especially suited to charac- 
terize the transitions of the phases of such a two- 
phase structure, namely, for the investigation of the 
glass transition and of the ageing and annealing be- 
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havior of the matrix p h a ~ e ~ , ~  on the one hand and 
of the melting behavior of the a-helix on the 
~ t h e r . ~ - ' ~  Though the melting of the a-helix in sol- 
uble proteins is, in the limiting case, a reversible, 
one-step, first-order transition, l4 the helix-coil 
transition is irreversible in the case of the insoluble 
keratins. For this reason the process will be referred 
to, in what follows, as denaturation rather than as 
a melting transition. 

Using differential thermal analysis (DTA) and 
pressure resistant sample containers, Ebert et al.'09'5 
investigated the transitions of wool fibers in various 
agents to study the phenomenon of supercontrac- 
tion. For some of the conditions they applied, they 
observed multiple transitions at temperatures above 
approx. 100OC. Haly and Snaithg also used DTA to 
examine the performance of wool samples sealed into 
glass containers with various amounts of water. 
They observed a phase transition, often a doublet, 
that shifted with water content from approx. 230°C 
for dry wool to 14OoC for wool in excess water. 

More recently, Spei et al., as reviewed in Ref. 8, 
used differential scanning calorimetry (DSC ) to in- 
vestigate the denaturation behavior of various ker- 
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atins in the dry state and proved16 A ~ t b u r y ' s ~ ~ , ' ~  hy- 
pothesis of the strain-induced, molecular a - fi 
transition in keratins. The peak Spei et al. detected 
at  240°C was attributed to the denaturation of the 
a-helical material, while a second peak, found in a 
doublet arrangement for some keratins a t  around 
25OoC, was attributed to matrix material (cystine 
decomposition ) and was supposedly only observed 
for cystine-rich materials. Though Spei et aL8319 
demonstrated that the denaturation peaks can usu- 
ally adequately be detected and evaluated, it is ob- 
vious from their curves that the effect is always sec- 
ondary in size compared to the background signal 
of their measurements that can be attributed to a 
general pyrolysis of the keratin." 

Taking advantage of the shift of the helix dena- 
turation peak toward lower temperatures in water, 
Crighton and Hole7 developed a measurement cell 
for high-pressure differential thermal analysis 
( HPDTA) to study the pronounced pressure depen- 
dence of the denaturation transition temperature of 
the helical material of various keratins in water, 
again in some cases appearing as a doublet, at tem- 
peratures around 140°C. 

The aim of the present study was to examine in 
further detail the denaturation transition of the a- 
helical material in various keratins in excess water 
with respect to their chemical and morphological 
composition. Applying conventional DSC with 
pressure-resistant, commercially available steel 
capsules gave safe access to a temperature range up 
to 180°C (or even beyond) in which the denaturation 
transition temperatures as well as the enthalpies 
could be determined under conditions of equilibrium 
water vapor pressure. 

EXPERIMENTAL 

The following single samples of keratinous materials 
were investigated (sorted in order of increasing cys- 
tine content) : 

1. 

2. 
3. 
4. 
5. 
6. 

7. 
8. 

Rhinocerous horn (RH)  from Ceruthother- 
ium simus 
Porcupine quill (PQ) from Hystrin cristutu 
Mohair (MO) 
Human finger nail ( FN) 
Merino wool (WO) 
Echidna quill (EQ) from Tuchyglossus ucu- 
leutus 
Horse hair (HH ) 
Negroid hair (NH) 

The mohair as well as the negroid hair originated 
from the United States. Merino wool was tested in 
the form of an unfinished fabric. The other samples 
originated from miscellaneous sources. 

All DSC investigations were performed on a 
power-compensated DSC instrument ( DSC-7, Per- 
kin-Elmer) , using pressure resistant (25 bar), 
stainless steel, large-volume capsules ( Perkin-El- 
mer) , and applying the following conditions: 

Temperature range: 70-180°C 
Heating rate: 5"C/min 
Sample weight: 5-7 mg 
Amount of added water: 50 pL 

Prior to the measurement the samples were stored 
under constant, ambient room conditions ( approx. 
22"C, 55% RH) to ensure invariate water contents. 
Under these conditions a given material was weighed 
into the sample container, 50 pL of water was added 
and the container was sealed. An empty container 
without the O-ring rubber seal was used as reference. 

The DSC instrument was calibrated prior to a 
given series of measurements, using indium and 
palmitic acid, both of high purity. In accordance with 
conventional practice in calorimetry, endothermic 
effects, i.e., heat absorption by the sample, are rep- 
resented by an increase in the ordinate value from 
the baseline position. 

Amino acid analyses were conducted by conven- 
tional methods on an LC 6000 Amino Acid Analyser 
(Biotronic) . The results were found to be in good 
agreement with literature data.7*11p20 The amino acid 
to be referred to in what follows is the double-amino- 
acid cystine, containing a disulfide crosslink. Its 
contents in the various keratins will be reported by 
referring to the mono-amino-acid, namely, to the 
molar fraction of cysteine residues ( Cys-R, [ mol 
% ] ) . The expectation value for the 95% confidence 
limits of the Cys-R values is +5% (relative). 

Data analysis was conducted using Quattro Pro 
(Borland) and CSS:Statistica (Statsoft). 

RESULTS 

Figures 1-4 show HPDSC curves, redrawn from the 
originals, for mohair, finger nail, merino wool, and 
echidna quill. The figures were chosen to represent 
the general differences in the shapes and the loca- 
tions of the peaks, though already the individual 
curves showed pronounced variations in their shapes 
and sizes. This observation, which has also been de- 
scribed by Spei and Holzem,'l may either be attrib- 
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Figure 1 
original). The relevant parameters of the curve are graphically defined. 

HPDSC trace for mohair (MO) under standard conditions (redrawn from the 

uted to general, inherent, natural inhomogeneities 
of the samples, as reviewed by Marshall,20 or to 
variations induced by the chemical and physical 
history of the samples. Namely, exposure to UV- 
light in the natural environment is known to re- 
duce the amount of a-helical material detectable 
by DSC.l1,22,23 

For the samples consisting of comparatively fine 
fibers, namely, mohair, wool, and negroid hair, 
smooth DSC traces were observed. The traces gen- 
erally exhibited an increased “roughness” for horse 
hair, as a very coarse fiber, and even more so for 
echidna and porcupine quill as bulk samples. A fre- 
quent observation, documented in Figure 4, is the 

,,o] Finger Nail 
(FN) 

139.4OC 

I I I I I I 

100 110 120 130 140 150 160 
Temperature (“C) 

Figure 2 As Figure 1 but for finger nail (FN) . 
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Figure 3 As Figure 1 but for merino wool ( W O ) .  

occurrence of a heat capacity change into the ex- 
othermal direction prior to the peaks for quill Sam- 
ples. 

Figure 5 summarizes the individual results for the 
characteristic temperatures T I  ( start of the dena- 
turation peak) and T2 (end of the peak, see Fig. 1 ) , 
which mark the range of the denaturation process. 

The results show a good reproducibility and, with 
the exception of rhinocerous horn (RH) , a cystine 
and material invariate denaturation range of 24°C 
(SD = 4.3"C), that slightly shifts to higher tem- 
peratures with increasing cystine content. 

In Figure 6 all individual results are summarized 
for the denaturation temperature To (see Fig. 1) of 

2.2 

1.8 

3 - 1.k 

- 
E 
3 
0 
LL 
d 

"d 1.0 
Q, 
I 

0.6 

0.2 
0 

- Echidna Quill 
- ( E Q )  
- 

- 
- 
- 

118.2OC 
-b 

I I I I I I I 

100 110 120 130 140 150 160 

Temperature (OC 1 
Figure 4 As Figure 1 but for echidna quill (EQ) . 
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Figure 5 Individual results for the characteristic temperatures TI and T2 (see Fig. 1 ) , 
that mark the denaturation range for the various keratins, characterized by their contents 
of cystine residues. 

the various keratins. The results show good repro- 
ducibilities and an increase of To with increasing 
cystine contents. 

Variations from the single-peak structure toward 
a double-peak appearance, which have been observed 
by numerous investigators, 9~15,24,25 were observed for 
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Figure 6 Individual results of the peak temperatures To for the various keratins, as 
characterized by their cystine contents. In cases of the appearance of double peaks, the 
characteristic temperatures TL and T i  are offset along the x axis, as indicated, for reasons 
of clarity. 



wool for roughly 70% of all measurements, where 
the separate peak temperatures T b and Ti (see Fig. 
3) are given in Figure 6. The tendency toward double 
peaks in the thermal spectrum was also observed, 
though considerably less pronounced, for finger nail 
(40% ) , horse hair ( 30% ) , and rhinocerous horn 
( 20% ) . The difference between T b and T is about 
15°C for RH and on the average about 5°C for FN, 
WO, and HH. 

For cases where single- as well as double-peak 
structures were observed in the thermograms, the 
peak temperatures for the single peak generally lay 
about half way between the double peaks, indicating 
two different processes of denaturation that express 
themselves with comparable intensity. Only in the 
case of rhino horn (RH) either one or the other 
process is favored (see Fig. 6 ) ,  which may be at- 
tributed to the pronounced inhomogeneity of rhi- 
nocerous horn as a bulk materiaLZ6 

Figure 7 summarizes the results for the denatur- 
ation enthalpies for the various keratins in the form 
of box-and-whisker plots, where the definitions of 
the graphical elements are given on the graph. 
Though there are pronounced variabilities of the 
experimental data, none of the results for a given 
material lay beyond the limits of three standard de- 

viations around the individual mean, which would 
have made such a value suspect as an outlier. Table 
I summarizes the results for the denaturation en- 
thalpies for the various keratins and their cystine 
contents. 

The presentation of the data in Figure 7 shows 
that the denaturation enthalpies of the helical ma- 
terials are independent of the cystine content and 
lack, with the possible exceptions of EQ and WO, 
pronounced differences for the various materials. To 
further investigate this aspect, analysis of variance 
( ANOVA ) followed by multiple comparison was 
conducted. Emphasizing our interest in elucidating 
various aspects of the data with respect to homo- 
geneity as well as to inhomogeneity, a conservative 
as well as a nonconservative test for multiple com- 
parison were applied. The Tukey-HSD test is a test 
of medium conservativeness, while the LSD test of- 
fers the least amount of protection against erro- 
neously finding significant  difference^.^^ 

The results of ANOVA are summarized in stan- 
dard form in Table 11. They show the pronounced 
inhomogeneity of the data, where the group error 
(between groups) is more than nine times higher 
than the measurement error (within groups), lead- 
ing to a severe rejection of the homogeneity hy- 
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Table I 
[q (95%)] for Various Keratins Sorted in Order of Increasing Enthalpies, the Grand Mean and Its 
Confidence Distance, and a Graphical Representation of the Results of the Multiple Comparison Analysis" 

Cys-R Contents, Mean Denaturation Enthalpies (AH) and Their 95% Confidence Distances 

Cys-R A H  Tukey 
LSD Test Label Content, mol % (J/d 9 (95%) HSD Test 

wo 
PQ 
HH 
FN 
NH 
MO 
RH 
EQ 
All materials 

11.4 
8.7 

13.3 
11.4 
17.1 
9.7 
5.8 

12.0 

15.0 
17.2 
17.7 
18.1 
18.5 
20.3 
21.1 
23.9 

18.4 

1.1 
2.2 
0.7 
2.3 
2.2 
1.1 
4.4 
1.4 

0.9 

** 
*** 
*** 
*** 
*** 
**** 
*** 
** 

** 
**** 
*** 
*** 
**** 
**** 

** 
* 

a See text. 

pothesis. It is interesting to note that the F ratio is 
reduced to F = 4.5 (significance level if the 
data for EQ are omitted, and enters the range of 
homogeneity ( F  = 1.7, significance level 0.15) if the 
results for WO are taken out of the analysis. In the 
view of the significance levels that are observed for 
the various sets of data and taking into account the 
general robustness of ANOVA, the results are con- 
sidered to be unaffected by the factual violation of 
the assumption of the homogeneity of variances, in- 
dicated in Figure 7. 

Table I also summarizes the results of the mul- 
tiple comparisons for the enthalpies of the different 
keratins in the form of rows of stars, each row rep- 
resenting a homogeneous group as identified by a 
given test procedure. The results of the two multiple 
comparison tests are consistent with those of AN- 
OVA. The Tukey test emphasizes the homogeneity 
of the data, with only EQ, RH, and MO showing the 
tendency to form a high enthalpy group. The range 
of the homogeneous groups reflects the deviation 
from homogeneity for WO and even more so for EQ. 
The nonconservative LSD test very similarly accents 
the overall homogeneity of the majority of the ma- 
terials, including WO, and only identifies EQ as an 
outlier. 

DISCUSSION 

The results of ANOVA and multiple comparison 
support the material invariance of the denaturation 
enthalpy for the majority if not all of the investigated 
keratins. Assigning the endothermic effects exclu- 
sively to the denaturation of the helical material 
leads to the conclusion that the helix content for 
these materials is largely invariate. A possible ex- 
ception may be EQ that compared to the grand mean 
for the denaturation enthalpy of all other keratins, 
AH = 17.7 J / g  (SD = 3.6 J/g, n = 75),  would have, 
on a relative basis, a 35% higher helix content than 
the other materials. 

The results furthermore demonstrate the inde- 
pendence of the denaturation enthalpy and hence 
of the helix content from the cystine content of the 
materials. This is plausible, if not expected, in the 
view of the generally accepted material invariance 
of the structure of the intermediate filaments ( IF)  
in keratins,28 where the cystine of the keratin as a 
whole is mainly located outside the helical regions 
of the IFs, that is, in the nonhelical tails of the IF 
proteins and in all other matrix materials. 

The large variations of the denaturation enthal- 
pies and hence of helix contents that was observed 

Table I1 
Data for Various Keratins, Leading to a Strong Rejection of Homogeneity Hypothesis 

Standard Representation for Results of Analysis of Variance on the Denaturation Enthalpy 

Source of Sum of 
Variation Squares DF Mean Square F Ratio Sign. Level 

Between groups 616.9 7 
Within groups 731.4 77 

88.14 
9.50 

9.28 < 10-6 



144 WORTMANN AND DEUTZ 

by Spei et al.8s25 for a variety of keratins, could not 
be confirmed. Assuming justifiably similar experi- 
mental variances for Spei’s DSC results as for the 
present study (see Fig. 7 ) ,  this would suggest that 
the differences in enthalpy and hence in crystallinity 
as shown, e.g., in Ref. 25, can mainly be attributed 
to natural measurement errors. 

The variability in S p e i ’ ~ ~ ~  data for the helix con- 
tent can be further reduced toward homogeneity. 
This is achieved if the assumption that the second 
peak, which he observes for some keratins, is a “ma- 
trix” peak is dropped in favor of the assumption 
that the peaks relate to two types of a-helical ma- 
terial, which differ in thermal stability. This as- 
sumption is supported by Crighton’s 24 observation 
that the introduction of additional crosslinks erases 
the double-peak resolution. The invalidity of the 
matrix peak hypothesis can furthermore be deduced 
from the fact that, though the occurrence of a peak 
doublet for a given material is an effect with a certain 
probability of occurrence (see Fig. 6 ) ,  the enthalpy 
results remain unaffected by these variations of the 
endotherm structure. 

The authors furthermore consider it rather dif- 
ficult to envisage a morphological component in 
keratin, besides the a-helical material, that would 
be able to give a sharp endothermic effect, signifying 
a well-defined first-order transition. Even the hy- 
pothesis that the second peak relates to the melting 
of P-pleated sheet crystallites generated from the a -  
helical filaments (first peak of the doublet) was 
considered as unlikely by Haly and Snaith,’ who 
originally proposed it. 

In a recent summary of evidence originating from 
X-ray, infrared, and mechanical experiments, 
Feughelman3 showed that keratin fibers contain a 
25-30% fraction of material of the whole dry fiber 
that is impenetrable to water. This water-impene- 
trable phase has been identified as the crystalline, 
a-helical structure present in the IFs of keratin fi- 
bers. 

Assuming for the present argument, and in 
agreement with literature results, 29 that the values 
of 25 and 30% mark the range for the amount of 
helical material for wool in general and specifically 
in the wool that was investigated in this study, the 
helix contents can be calculated for the other ker- 
atins on the basis of their denaturation enthalpies 
relative to that of wool. The results are summarized 
for the two cases (25 and 30% helix in dry wool) in 
Table 111, together with literature data relating to 
X-ray diffraction  measurement^.^' For the compar- 
ison between the experimental and the literature 
data the value of the helix content of human hair, 
probably originally determined for Caucasian hair, 

Table I11 Helix Contents of Various Keratins 
Calculated From Their Denaturation Enthalpies 
Relative to That of Wool, Assuming 26 and 30% 
Helix Content, Respectively” 

Helix Content 
on Basis 

Type of Literature Data 
Keratin 25% 30% (Ref. 13) 

RH 
PQ 
MO 
FN 
wo 
EQ 
HH 
NH 

All materials 

35 
29 
34 
30 
25 
40 
30 
31 

31 

42 
34 
41 35 
36 
30 30 
48 
35 25 
37 21 

37 

The results are compared with literature data. 

was assumed to be also a good estimate for negroid 
hair (NH)  . The results in Table I11 show that the 
literature data for mohair and wool are well con- 
tained in the experimental data range, while the 
agreement appears to be unsatisfactory for horse 
hair ( HH ) and for negroid hair ( NH ) . 

The means and standard deviations of the en- 
thalpies for the individual materials, as given in 
Figure 7, and for the keratins as a group (see Table 
I)  allows one to calculate the ranges in which 95% 
of all enthalpy values are to be expected (mean 
f 1.96 SD ) . Using these ranges and the two values 
of 25 and 30% helix in dry wool, respectively, the 
related helix content ranges are calculated and sum- 
marized in Figure 8. The comparison of the ranges 
with the literature data shows that they are in all 
cases either well contained or at least close to the 
DSC estimates. 

Furthermore taking into account the correction 
procedures involved in X-ray crystallinity deter- 
m i n a t i o n ~ , ~ ~  the agreement between the DSC results 
and the X-ray data is considered to be satisfactory. 
This leads to the conclusion that the literature data 
for the helix contents in various keratins are con- 
sistent with the hypothesis of the material invari- 
ance of the helix content. 

This result is in agreement with observations of 
Horikita et al., 29 who determined by X-ray diffrac- 
tion techniques helix crystallinities between 24 and 
31% for different wools, various goat and cameloid 
hairs, and for angora rabbit hair, without detecting 
any significant material specific variations. 

During our DSC experiments the keratins were 
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the literature data by stars ( * ) (see text). 

weighed into the sample containers at ambient room 
conditions (approx. 2ZoC, 55% RH). The water 
content of merino wool, related to the dry state, is 
approx. 14% under these conditions?' Correcting 
the mean denaturation enthalpy of merino wool ( A H  
= 15.0 J/g,  see Table I )  for this water content gives 
A H  = 17.1 J / g  for dry wool. Since dry wool is as- 
sumed to be 25-30% h e l i ~ a l , ~  a range of A H  = 57.0- 
68.4 J / g  is calculated for the denaturation enthalpy 
of the pure helical material in wool. 

Taking into account the 95% confidence limits of 
roughly f10% for the enthalpy of a given material 
(see Table I ) ,  and neglecting the error for the value 
of the water content, this range is in good agreement 
with the value of 40-65 J / g  for the melting enthalpy 
of a similarly superstructured, fibrillar biopolymer, 
namely, c01lagen.l~ 

It is generally accepted2' that the IFs in keratins 
are formed by a fraction of proteins called low-sulfur 
(LS) proteins, which in purified form are about 63% 
a - h e l i ~ a l . ~ ~  Taking the amino acid analysis of this 
fraction, as determined by Marshall and Gillespie, 33 

and calculating the weighed mean gives a molecular 
weight of 114 g/mol. This value leads to an esti- 
mated range for the denaturation enthalpy of a-he- 
lical material in keratin between AH = 6.5 kJ/mol 

and A H  = 7.8 kJ/mol, on the basis of 30 and 25% 
a-helical material, respectively. 

Considering the potential sources of inaccuracies, 
when estimating this range the results are in fair 
agreement with the value for the denaturation en- 
thalpy of one residue in an isolated a-helix A H  = 5 
kJ/mol, as given by Priva10v.l~ They also agree with 
the enthalpy for the transition of coiled-coil helices 
to the random-coil state in myosin, paramyosin, and 
tropomyosin fragments extrapolated to elevated 
temperatures (llO°C), where the effects of hydro- 
phobic interactions are removed, AH = 4.2-5.3 
kJ/mol.14 

The fact that the estimate for the denaturation 
enthalpy for the helical material in a-keratins turned 
out to be higher than Pri~alov's '~ results might fur- 
thermore suggest, in accordance with some data 
presented by Fe~ghelman,~  that an estimate of 30% 
helix (or more) rather than 25% for dry wool might 
be consistent with the experimental evidence for 
other helical biopolymers. 

While the denaturation enthalpy turned out to 
be largely material invariate, a significant positive 
correlation was found between the denaturation 
temperatures and the cystine contents, in accor- 
dance with literature  observation^.^-^' The results 
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a 
120 - t" 

110 - 

are summarized in Figure 9 for those cases where 
only single peaks were observed. Regression analysis 
shows that for the majority of the keratins a linear 
model well describes the interrelation between the 
denaturation temperatures T O  and the cystine con- 
tents. The solid straight line in Figure 9 is based on 
the TO values of all keratins, except RH, but extrap- 
olated to include the RH data. Including the data 
for RH into the analysis, the coefficient of deter- 
mination increases compared to a general linear 
model if a log-scale for the cystine content is used 
(see dotted line in Fig. 9) .  The restricted linear 
model yields a value for the increase of To with cys- 
tine content of 1.45"C/mol % Csy-R. 

The denaturation enthalpy reflects the progress 
of the helix-coil transition in the crystalline sections 
of the intermediate filaments, where the concentra- 
tion of cystine is low, and the location and distri- 
bution of the sulfur crosslinks are known to be ma- 
terial i n ~ a r i a t e . ' ~ ? ~ ~  The differences in the denatur- 
ation temperatures for the various keratins, as 
related to their cystine contents, must in conse- 
quence hence be attributed to the matrix, i.e., to the 
nonhelical parts of the IFs, to the material between 
the IFs, and to all other amorphous, morphological 
components. In this context it is interesting to note 

that Gillespie and Frenkel 35 observed a pronounced 
correlation between the cystine content of a kera- 
tinous material and its contents of high-sulfur pro- 
teins, which comprise the major fraction of the ma- 
trix material. 

It has to be concluded that, though the denatur- 
ation enthalpy and the temperature range in which 
the denaturation takes place are material invariate, 
the thermal stability of the helical structures, i.e., 
the denaturation temperature, is controlled by the 
amount and/or the nature of the surrounding non- 
helical matrix. 

The following explanation for this phenomenon 
can be envisaged. When the helical sections in the 
intermediate filaments undergo the helix-coil tran- 
sition, a major shape change for the molecular 
structures is the consequence, which macroscopi- 
cally is observed as the phenomenon of supercon- 
traction, that is, an approx. 25-5096 contraction of 
the fiber.36 This contraction induced by the helix- 
coil transition also imposes an affine deformation 
on the amorphous matrix phase in which it is 
embedded. The higher the crosslink density and/or 
the amount of matrix material, the more hindered 
the general shape change and hence the helix-coil 
transition will be, and the higher in consequence the 

8' 
0 

0 
Q 
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s l  2 l.lr5 
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denaturation temperature in a constant heating rate 
experiment. This kinetic control of the location of 
the transition is confirmed by the pronounced heat- 
ing rate dependence of TD,37 which is currently the 
subject of a detailed investigation. 

Crighton et al., 24 on analyzing the denaturation 
transition of various keratins using HPDTA under 
isobaric conditions observed a pronounced pressure 
dependence of TD, which they attributed to the 
thermodynamics of the “melting” process, describ- 
able by the Clausius-Clapeyron equation. However, 
since the helix-coil transition can be considered to 
be roughly comparable to a solid-liquid transition, 
this would lead one to expect that TD should show 
very little pressure dependen~e.~’ The fact that the 
change of TD with pressure of 10-45”C/decade of 
pressure24 is rather compatible with a solid-gas or 
liquid-gas transition than with a solid-liquid 
transition3’ again emphasizes the kinetic aspects of 
the helix denaturation. 

These considerations lead to the consequence that 
the double-peak structure in the endotherm, ob- 
served quite frequently for wool and less frequently 
for other materials, is related to the denaturation of 
the helical fraction in intermediate filaments 
embedded in matrices of different cystine contents. 
The morphological components to satisfy this con- 
dition are readily identified for wool. As has first 
been shown by Horio and K ~ n d o , ~ ’  using differential 
dyeing techniques, merino wool contains two types 
of cells that are pronounced bilaterally arranged. 
The cell types differ in the arrangement of the fil- 
aments and in cystine contents. 

The so-called paracortex shows a distinctly or- 
dered, often hexagonal arrangement of filaments 
that are embedded in parallel to the fiber axis in a 
comparatively cystine-rich matrix. The orthocortex 
shows a “whorl-like” arrangement of the filaments, 
related to a systematic bias of the filament axes with 
respect to the fiber axis, embedded in a low-cystine 
matrix.’ The overall Cys-R content is 8.7 mol % and 
7.5 mol % for para- and orthocortical cells, respec- 
t ive]~.~’ 

Both of these values are lower than the Cys-R 
content found by Chapman and Bradbury4’ for their 
virgin wool (10.1 mol % Cys-R) and for the wool 
used in the current investigation (11.4 mol % Cys- 
R )  . This can be attributed to the comparatively high 
cystine content of the layer of cuticle cells that en- 
close only the fibrous keratins and make up a vari- 
able amount, but roughly 10% of the total fiber ma- 
terial. To compare the materials on a strictly uni- 
form basis, corrections would need to be applied for 
the cuticle content of the fibrous keratins, shifting 
the data for MO, WO, HH, and NH to lower Cys- 

R contents. This would lead one to expect a some- 
what higher value for the slope in the linear regres- 
sion model (see Fig. 9) .  

The data for T & and T of wool in Figure 6 show 
a mean difference of AT, = 42°C (SD = 0.8) be- 
tween the denaturation temperatures of ortho- and 
paracortex. With the slope of the straight-line model 
in Figure 9 this would lead one to expect an approx. 
3 mol % difference for Cys-R between the two cell 
types, leading with the value for Cys-R in wool in 
Table I to estimates of (11.4-1.5) = 9.9 mol % and 
(11.4 + 1.5) = 12.9 mol % Cys-R for ortho- and 
paracortex, respectively. While the overall higher 
Cys-R values for both cell types can be attributed 
to contributions of the cuticle, the difference of 3 
mol % between the values is considerably higher 
than the difference of 1.2 mol % Cys-R found by 
Chapman et al.40 However, the ratio of our DSC 
estimates for the Cys-R contents in para- and or- 
thocortex 12.9/9.9 = 1.3 is lower than the ratio of 
the sulfur peak intensities 4.1 X 103/2.6 X lo3 
= 1.5 determined in the macrofibrillar regions of the 
ortho- and paracortical cells in wool, applying scan- 
ning transmission electron microscopy ( STEM ) 
combined with energy dispersive X-ray analysis 
(EDX) !1 

First, considering the range of the individual 
temperature differences AT, (see Fig. 6 ) ,  second, 
plausibly assuming a nonperfect separation of ortho- 
and paracortical cells in Chapmann and Bradbury’s 
experiment, *’ and third, considering the obviously 
high natural variability of a material like wool, the 
agreement between the various results obtained from 
HPDSC, cell ~eparation,~’ and STEM/EDX*l is 
considered to be satisfactory. 

The results confirm the hypothesis, first men- 
tioned by Haly et al., ’ and recently again proposed 
by Crighton, 7724 namely, that the endotherm doublet 
for wool and other keratins that show a bilateral 
structure, e.g., cashmere, is indeed related to the dif- 
ferential denaturation of the a-helical material in 
ortho/para cortex. From a more general point of 
view, also applicable for keratins without a distinct 
geometrical arrangement of two cell types, the oc- 
currence of double-peak endotherms only requires 
the coexistence of two types of cells in a keratin in 
any given arrangement, for which the cystine con- 
tents are sufficiently dissimilar to lead to denatur- 
ation peaks differing enough in temperature to be 
resolved. Otherwise single peaks are observed that 
are located somewhere in the middle between the 
peaks for the pure components (see Fig. 6 ) ,  de- 
pending on the size of their respective fractions. 

The fact that all keratins show a comparable 
temperature range in which the denaturation pro- 
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Figure 10 Untreated merino wool fibers in the scanning electron microscope. 

ceeds furthermore leads to conclude that all the ker- 
atins have a similar range of cells with different cys- 
tine contents, but double-peak structures only ap- 
pear if in a given sample cell group differences in 
cystine content are pronounced enough to allow peak 
separation. This theory implies the assumption that, 
for a single cell the composition of the matrix ma- 
terial is homogeneous. 

To investigate the consequence of the denatur- 
ation or rather of the partial denaturation on the 
macroscopical appearance of keratin fibers, wool 
samples were heated in the DSC just beyond the 
first denaturation peak and subsequently shock- 
cooled to room temperature. Figure 10 shows the 
typical, natural appearance of merino wool fibers 
and Figure 11 a fiber after the thermal treatment, 
which induced an effect to be named “differential 
supercontraction.” It is quite obvious that due to a 
severe contraction only on the inside of the bent 
fiber a very strong crimp is introduced that has a 
much smaller radius of curvature than the natural 
crimp of the fibers. In addition it is known42 that 
the orthocortex is generally located on the outside 
of the fiber crimp so that supercontraction of the 
orthocortex actually reverses the direction of the 
natural crimp. This phenomenon of differential su- 

percontraction of wool fibers might be feasible to 
make use of in a technological process to impart 
new properties to wool fibers, e.g., for the use in 
high-bulk yarns. 

To also study the effect of differential supercon- 
traction for a keratin, which showed no tendency 
toward a peak doublet, negroid hairs were heated in 
the DSC up to the peak temperature, which is the 
point of approx. 50% helix-coil transition. The ef- 
fects are, microscopically as well as macroscopically, 
much less spectacular than for wool. However, it 
was observed that the partial denaturation led to a 
reduction of the natural crimp, that is, to a straight- 
ening of the fibers. This initially led us to assume 
that the mechanism for negroid hair straightening 
is analog, though reverse, to that in wool, namely, 
that the fiber material on the outside of the natural 
crimp contracts and straightens the hair. This as- 
sumption had to be dropped during subsequent in- 
vestigations, when no sign of a bilateral cortex 
structure could be found in the negroid hair samples, 
neither with TEM nor with SEM/EDX. In conse- 
quence it has to be concluded that though the partial 
supercontraction of the helical fraction in the IFs 
in negroid hair plays an important role for the hair 
straightening, l2 the mechanism by which this effect 



CHARACTERIZING KERATINS USING HPDSC 149 

Figure 11 
HPDSC. 

SEM micrograph of a merino wool fiber, differentially supercontracted by 

is generated is less specific than in the case of wool, 
where the interpretation in terms of ortho- and par- 
acortex is straightforward. 
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