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a b s t r a c t

The temperature and frequency dependencies of the dielectric parameters for the human fingernail are
used to analyse keratin degradation in high temperatures. Measurements were performed over the fre-
quency range of 100 Hz to 100 kHz and at temperatures from 22 to 260 ◦C. The nail samples contained 11%
water by mass at room temperature at a relative humidity of 70%. The results were discussed in terms
vailable online 26 May 2010
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of the distribution of relaxation frequencies and the activation energy for the conduction and polariza-
tion mechanisms in the keratin–water system. The information on the dielectric behavior of the keratin
degradation might become handy in course of future research on biomaterials obtained from nail keratin.

© 2010 Elsevier B.V. All rights reserved.
iomaterials

. Introduction

Obtaining the biomaterials for different purposes requires per-
ormance of such preliminary processes as extraction from tissues,
urification, crosslinking and sterilization. Such a procedure is vital
o obtain the required biochemical properties of these biomateri-
ls, e.g. biocompatibility, weak antigenicity and biodegradability.
ecently, by applying the required processing technology, it has
ecome possible to obtain keratin-based materials [1–4]. Yet,
nding information on advantageous properties of these new
ubstances demands application of appropriate physico-chemical
esearch methods. Among these, thermal methods such as differ-
ntial scanning calorimetry (DSC) and thermogravimetric analysis
TGA) appear quite important since they allow �-helical structure
hermal stability analysis. Previous research on different tissues
ontaining keratin as well as those keratin regenerated ones per-
ormed by means of these methods, supply enough information
n thermal behavior thereof on the basis of such parameters
s heat capacity or weight measurement [5–10]. These thermal
ethods are still applied to research physico-chemical prop-

rties of keratin-based biomaterials [11–13]. Electric methods

re rarely used to analyse protein melting in high tempera-
ures [14–16]. Neither there is any information available on
he methods applied to test thermal stability of keratin-based

aterials. In the past, to study the dielectric behavior of the

∗ Corresponding author. Tel.: +48 061 854 62 27.
E-mail address: ewaklcde@amu.edu.pl (E. Marzec).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.04.018
human nail [17], as the source of keratin, we applied dielec-
tric spectroscopy below the melting temperature thereof. The
research was performed on healthy and diabetic nail speci-
mens.

The present study broadens the area of research into the dielec-
tric properties of the human nail up to 260 ◦C. According to
literatures [10,13], keratin may have a denatured melting behav-
ior around 200–230 ◦C in an inert atmosphere. However, the TGA
[18,19] results reveal, that this process is accompanied by the loss
of a small mass (∼5%). Thus, it should not be considered the pure
melting of keratin, because the physical properties of this transition
reflect as well a non-oxidative chemical decomposition. As follows
from the DSC and TGA analysis of keratin [7,20], if samples were
highly hydrated with water molecule or were in the environment
of silicone oil, the melting points may decrease below 200 ◦C. In
fact, this is a safe range of temperature, since there are no losses of
mass resulting from the degradation of keratin. However, the ther-
mal degradation of keratin [19–22] can easily occur at above 230 ◦C
regardless of the environment surrounding this substance. Ėhen et
al. [23] indicated that histidine revealed the least and tyrosine the
highest thermal stability which was supported by different mass
losses.

In the present paper we analyse the dielectric properties of the
crystalline keratin up to 200 ◦C and above this temperature during

its degradation. Since the measurements were carried out under
normal pressure in air, there was intense oxidation of the samples
even at above 200 ◦C with the loss of mass about 19% up to 260 ◦C.
Recently [24–26] the degradation process of collagen, a protein of
an alike melting temperature as the one typical of keratin, has been

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:ewaklcde@amu.edu.pl
dx.doi.org/10.1016/j.tca.2010.04.018
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1 2
ters of the dispersion 1 and 2, respectively, �L and �ε′

h
are the

limiting low- and high-frequency conductivity and permittivity
around 2 and 100 kHz, respectively. The ˛1 and ˛2 values which
reflect the spread of relaxation frequencies were estimated from
4 E. Marzec, J. Olszewski / Ther

lso examined in an air atmosphere using other method than the
ielectric spectroscopy.

. Experimental

.1. Materials

The nails of the middle fingers of the upper limbs, 3 mm in width,
ere obtained from the group of 12 normal individuals (44–80

ears old). Prior to the dielectric measurements these nails were
mmersed in a solution of 0.1 M NaCl to remove fat, washed in
istilled water, dried at room temperature and formed into rect-
ngular sample of a typical size, 2 mm × 4 mm × 0.3 mm. Then the
ample was covered with silver paste electrodes. Dielectric mea-
urements were performed in air for two sets of nails. The first
et termed ‘wet’ included nails air-dried at room temperature of
elative humidity of 70%. The set was subject to continuous heat-
ng up to 260 ◦C. The second set, termed ‘dry’, included the nails
fter removing of water from the samples [18]. Following the water
emoval procedure, the nail samples were heated from room tem-
erature (RT) to 150 ◦C, annealed for 1 h in this temperature and
hen cooled to RT. The set was immediately subjected to continu-
us heating up to about 260 ◦C. The sample mass loss due to heating
as estimated at the same heating rate as the one in the dielec-

ric study and in the same measuring cell. The mass loss in the
et nail at 260 ◦C equaled about 30% of its mass at room tempera-

ure before the measurement and this sample contained about 11%
ater. In the dry nail there was no mass loss in the range from RT

o 200 ◦C, only above this temperature and up to 260 ◦C the loss of
ass amounted to 19% just as in the case of the wet nail.

.2. Dielectric measurements

Measurements of the complex permittivity ε* (ε* = ε′ − jε′′) and
onductivity � (� = 2�fε0ε′′) were carried out using an impedance
nalyser HIOKI 3522-50 LCR over the frequency, f, range of 100 Hz
o 100 kHz and in temperatures, T, from 22 to 260 ◦C. The values of
he dielectric parameters for nail samples are given as the average
anging from 6 to 10 measurements.

. Results and discussion

Fig. 1 presents the temperature dependencies of the relative
ermittivity ε′ and dielectric loss ε′′ for the wet and the dry nail
t 80 kHz, and up to about 260 ◦C. The release of 11% water from
he wet nail is manifested by ε′ and ε′′ maxima near 80 ◦C. The
eaks in ε′ and ε′′ for the wet nail occurring at around 230–260 ◦C
orrespond to the polarization and conduction mechanisms of the
egraded keratin. In the case of the dry nail that does not con-
ain water, the maxima of both parameters do not occur. Only the
lot of ε′ for the dry nail shows a broad peak around 230 ◦C due to
eratin degradation. As shown in Fig. 2 for the degradation tem-
erature range of the wet nail, the peaks in ε′ and ε′′ are nearly

ndependent of frequency, therefore this behavior indicates on the
hermodynamic first-order transition [27] of this substance. In this
emperature range the frequency only affects the values of ε′ and
′′. Similar effect of frequency on the dielectric parameters of the
tudied nail appears for the decomposition of water near 80 ◦C (not
resented). The occurrence of the degradation process in keratin
bove 230 ◦C has been verified by DSC and TGA analysis [19,21].

n addition, the thermal stability studies of such amino acids as
spartic acid (Asp), glutamic acid (Glu), histidine (His) and tyrosine
Tyr) also confirmed that keratin related proteins were not stable
bove this temperature [23]. Thus, the amount and the mobility
f such polar groups as OH, CO and NH in the side chains of these
Fig. 1. The variation of (©) ε′ and (�) ε′′ versus temperature for the wet (a) and dry
(b) nail at 80 kHz. Solid lines represent experimental results.

amino acids determine the dielectric stability of keratin over a wide
range of temperature. Further, Fig. 3 presents the frequency depen-
dence of ε′ and � near 190 and 240 ◦C, so for the temperatures from
the range of the non-degradation and the degradation processes
of keratin, respectively. These data of nail can be described by the
Cole–Cole relation [28] with the two-dispersion terms above 2 kHz
as follows:

ε∗ = ε′
h + �ε′

1

1 + (jf /f1)1−˛1
+ �ε′

2
1 + (jf /f2)1−˛2

+ �L

j2�fε0
(1)

where �ε′
1 and �ε′

2 are the permittivities decrement, f1 and f2
are relaxation frequencies, ˛ and ˛ are the Cole–Cole parame-
Fig. 2. Temperature dependencies of ε′ and ε′′ for the wet nail above 200 ◦C at several
frequencies of (�) 10 kHz, (×) 25 kHz, (�) 50 kHz, (+) 100 kHz. Solid lines represent
experimental results.
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Table 1
Dielectric parameters (mean ± SD) of wet and dry nail.

Nail �ε′
1 ˛1 f1 (kHz) �ε′

2 ˛2 f2 (kHz)

5.0 ± 1.0 0.34 ± 0.03 0.37 24 ± 2
5.0 ± 1.0 0.67 ± 0.05 0.44 24 ± 2

4.5 ± 1.5 0.20 ± 0.01 0.53 23 ± 3

t
a
t
T
a
o
i
v
p
o
c
p
i
o
f

F
a
e

Wet 190 ◦C 0.56 ± 0.03 0.25
240 ◦C 1.27 ± 0.08 0.27

Dry 190 ◦C 0.36 ± 0.02 0.35

he Cole–Cole plots of ε′′ against ε′, as shown in Fig. 4 for the dry nail
t 190 ◦C. Table 1 compares the dielectric parameters of the wet and
he dry nail obtained from the fitted curves to Eq. (1) (Figs. 3 and 4).
his table shows two significant relaxation frequencies of about 5
nd 25 kHz, which are similar below and above 200 ◦C for both sets
f the nail. However, the distribution parameters ˛1 and ˛2 are
n the range of 0.3–0.5 for both sets of the nail. These obtained
alues of ˛ are characteristics for many tissues [29,30], being com-
osites of different phase composition and different volume ratio
f the phases. Furthermore, a distribution of relaxation frequen-
ies for these two dispersions is accompanied by the conductivity

ower-law relation of the form � ∼ fp, with the exponent p var-

ed from 0.6 to 1, as shown in Fig. 5. In addition, the linear fits
f these curves below 2 kHz yield p values between 0.4 and 0.6
or two sets of nails. The obtained values of p suggest that below

ig. 3. Plots of (�) ε′ and (*) log � versus frequency for the wet nail at 190 ◦C (a)
nd 240 ◦C (c), and the dry nail at 190 ◦C (b). Solid lines are the fits to the Cole–Cole
quation.
Fig. 4. The variation of the dielectric loss as a function of the relative permittivity
for the dry nail at 190 ◦C. Solid and dashed lines indicate the two dispersions and
the distribution parameters ˛, respectively, calculated from Eq. (1).

2 kHz the electrode polarization effects have no influence on the
dielectric behavior of nail. Thus, the dielectric properties of this
material in the studied temperature and frequency range might be
due to the polar sites and the relaxation of surrounding free ions
of keratin. Most probably, above 200 ◦C as a consequence of the
degradation process the amount of such relaxing sites as the side
chains, inter-chain hydrogen bonds, and also disulphide bridges
decrease but the mobility of the remaining sites and ions in the
keratin increase. This degradation behavior of the nail is visible in
the magnitude of the �ε′

1 and �ε′
2, which are significantly higher

at 240 ◦C than those of the one at 190 ◦C. From the plots of log �
against T−1 depicted in Fig. 6 was obtained the activation energy
�H (Table 2) of conductivity for 5 and 25 kHz and at temperatures
from 3.35 K−1(25 ◦C) to 1.87 K−1(260 ◦C) for both wet and dry nails.
Table 2 shows that the values of �H in the two temperature regions
differ by a factor of about 9. In fact, the strengths of the hydrogen
bonds are much weaker when compared to the covalent disulphide

bridges. Therefore, below and above 200 ◦C, the �H is needed for
the conduction of protons and other ions during the break up of
inter- and intra-molecular hydrogen bonds and the degradation of
keratin, respectively. In addition, at the frequency of 5 kHz, the �H

Fig. 5. Frequency dependencies of the conductivity for the wet (�, at 190 ◦C; �, at
240 ◦C) and the dry (*, at 190 ◦C) nail. Solid lines are the linear fits to the power-low
relation.
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Fig. 6. The variation of log � versus (T)−1 for the wet (©, 5 kHz; �, 25 kHz) and
dry (�, 5 kHz; �, 25 kHz) nail. Solid lines are the fits to the Arrhenius equation:
� = �0 exp(−�H/RT), where �0 is the pre-exponential factor, R is the gas constant.

Table 2
Activation energy �H (mean ± SD) of conductivity for the wet and the dry nail at 5
and 25 kHz.

Nail f (kHz) �H (kJ/mol) below 200 ◦C �H (kJ/mol) above 200 ◦C

Wet 5 22 ± 2 190 ± 10
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d
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25 13 ± 2 153 ± 5

Dry 5 19 ± 2 149 ± 5
25 10 ± 1 103 ± 5

f conductivity is higher than the one for 25 kHz, since the hopping
istance for charge carriers between their transport sites increases.

. Conclusions

The temperature dependencies of the dielectric parameters for
he wet and dry nail show the peaks around 230–260 ◦C correspond
o the process of the keratin degradation. The origin of the broad

◦
wo relaxations of the nail at 190 and 240 C might be due to the
olar sites of the non-degraded and degraded keratin, and the relax-
tion of surrounding free ions. The degradation behavior of the nail
s supported by high values of the activation energy of conductiv-
ty above 200 ◦C than those of the one below this temperature. The

[
[

[

mica Acta 506 (2010) 73–76

results of this study indicate that the dielectric spectroscopy is use-
ful in observing the degradation process of the nail, similarly as DSC
or the thermal chemiluminescence (TCL) [22] techniques.
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Velázquez, I.A. Belío, L. Bucio, J. Mater. Sci. 38 (2003) 4777–4782.
27] R. He, D.Q.M. Craig, J. Pharm. Pharmacol. 53 (2001) 41–48.

28] K.S. Cole, R.H. Cole, J. Chem. Phys. 9 (1941) 341–351.
29] K.R. Foster, H.P. Schwan, in: C. Polk, E. Postow (Eds.), Handbook of Biological

Effects of Electromagnetic Fields, 2nd edition, CRC Press, Boca Raton, 1996, pp.
27–102.

30] S. Grimnes, Ø.G. Martinsen, Bioimpedance and Bioelectricity Basics, Academic
Press, 2000, pp.195-233.


	Dielectric analysis of the thermal processes of human nail
	Introduction
	Experimental
	Materials
	Dielectric measurements

	Results and discussion
	Conclusions
	References


