
Introduction

The use of biopolymers for economic and environmen-
tally sustainable development is currently growing [1],
since emerging applications of biomacromolecules
range from packaging and industrial chemicals, to
medical implant devices and drug delivery systems.

Biodegradability of biopolymers is the base for
their applications, and the exploitation of agricultural
residues and/or industry processing by-products are
obvious sources of low cost bio materials.

Among these, keratins have received little atten-
tion in this field till now, although the disposal of fi-
bre by-products from the textile industry, poor quality
raw wools not fit for spinning, hairs and feathers from
butchery [2], involves environmental and economic
complexions, in consideration that an annual crop of
more than 3 million tons of keratin [3] has been esti-
mated from data related only to domestic species [4].

Keratin regenerated from wool could find inter-
esting applications in several fields, from biomedical
to filtration systems. Films of regenerated wool kera-
tin prepared by casting, degrade in vitro (by tripsin)
and in vivo (subcutaneous embedding in mice) sug-
gesting the biocompatibility of keratin [5] and well
support fibroblast cell attachment and prolifera-
tion [6]. In addition, upon sonication, reduced keratin
forms spherical microcapsules which trap solvents or
dyes [7]. Moreover, Misra has found that keratin ma-

terials are effective adsorbent for heavy metals from
aqueous solutions [8].

The fragility and the poor mechanical properties
of regenerated keratin restrict processing and applica-
tion, but large potential application can be envisaged
for blends of these proteins with appropriate polymers
capable of giving expected performances.

This work is a preliminary study of poly(ethyl-
ene-oxide)/keratin systems developed with the aim of
producing biocompatible materials, suitable for fibre
production by wet-spinning and electrospinning [9].

Keratins are the main constituents of the spin-
dle-shaped long cortical cells making-up 30–60 mass%
of the wool fibers [10]. Keratins are distinguished from
collagen, silk fibroin and other structural proteins be-
cause of their high content of cysteine and half-cystine
residues (7–20 mol% of all amino acid residues) which is
responsible for the high environment stability [11, 12].

Keratin can be extracted from wool by cleavage
of the disulfide and hydrogen inter-chain bonds. Sev-
eral extraction methods have been reported in litera-
ture and most of them involves oxidants or reducing
agents like peroxides [13, 14] and thiols [15, 16].

Poly(ethylene-oxide) is a non-degradable poly-
mer capable on packing in crystal. This polymer is of-
ten used as an ideal model for a wide variety of stud-
ies, and in biomedical applications it is of special in-
terest because of its good compatibility [17] and low
toxicity [18].
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In the present work, keratin extracted from wool
by sulphitolysis [19] was characterized by gel electro-
phoresis. PEO/keratin blend films were then prepared
with several composition ratios and studied using
light microscopy, DSC and FTIR analysis, with the
aim of investigating the fine structure gathering
knowledge for further processing and applications.

Experimental

Materials

Preparation of keratin solution

Wool fibres were cleaned by Soxhlet extraction with
petroleum ether to remove fatty matters, washed with
distilled water and conditioned at 20°C, 65% r.h. for
at least 24 h.

3 g of cleaned and conditioned fibres were cut
and put in 100 mL of aqueous solution containing
urea (8 M) and m-bisulphite (0.5 M) adjusted to
pH 6.5 with NaOH 5 N.

Several extraction methods were tested varying the
SDS amount, the temperature and the time of treatment
(Table 1). In each experiment, the resulting mixture was
quickly filtered (50 mesh) and the filtrate was dialyzed
using cellulose tube (molecular mass cut-off
12000–14000 Da) vs. distilled water for 3 days. The
outer solution was changed three times a day. The insol-
uble material was removed by centrifugation on centrif-
ugal-driven millipore filter (pore size 5 �m) at
12000 rpm for 15 min. The protein concentration of the
dialyzed part was measured by the Bradford protein as-
say method, using bovine serum albumin as standard.
The dialyzed part was concentrated with rotary vacuum
evaporator (Buchi Rotavapor R-205) to 1–5 mass%.

The degradation extent of the extracted keratins
was controlled by SDS-PAGE analysis.

The turbidity of the keratin solutions was measured
at 540 nm using a Perkin Elmer Lambda 40 UV-Vis
spectrometer.

Blends preparation

PEO/keratin solutions (5 mass%) of various PEO/kera-
tin ratios were prepared by adding PEO (4�105 g mol–1,
supplied by Sigma-Aldrich) into the keratin aqueous
solutions. Films of 0.01 mm thickness were prepared
by casting from these solutions at 40°C and dried in a
desiccators under vacuum, at room temperature.

Methods

Morphological studies

The supramolecular structure of PEO and PEO/kera-
tin blends was investigated by a Leica DM-LP Polar-
izing Light Microscope.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry measurements were
performed by a 821 Mettler Toledo DSC. In order to
study the PEO thermal behaviour, the samples, under
nitrogen flow of 10 mL min–1, were first heated from
30 to 105°C (I run), at heating rate of 20°C min–1. Af-
ter 5 min isotherm at 105°C, they were cooled to
–60°C at the same rate (II run) and then reheated to
150°C at 10°C min–1 (III run).

The thermal behaviour of keratin, was studied by
heating the samples from 120 to 400°C at a heating rate
of 10°C min–1, under nitrogen flow of 10 mL min–1.

Fourier transform infrared spectroscopy

FTIR spectra were obtained using the ATR technique
by a Nexus Thermo Nicolet Spectrometer. Scans were
taken with a resolutions of 4 cm–1 and gain 8.0.

Results and discussion

Keratin solution

Keratin extraction may take place only after reduction
or oxidation of disulfide bonds. The reducing agents
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Table 1 Keratin extraction procedures

Method Extraction solution Treatment Yield/mass% Observation

1
[urea]=8 M
[sodium bisulphite]=0.5 M
pH=6.5

shaking at 100°C, 1 h 22 degradation of proteins

2

[urea]=8 M
[sodium bisulphite]=0.5 M
SDS g/wool g=0.3
pH=6.5

shaking at 65°C, 5 h 30 dull solution

3

[urea]=8 M
[sodium bisulphite]=0.5 M
SDS g/wool g=0.6
pH=6.5

shaking at 65°C, 5 h 33 limpid solution



often used are thiols (thioglycolic acid, dithiothreitol
and 2-mercaptoethanol) and they are always used in
combination with a protein denaturing agent like urea
that breaks hydrogen bonds.

For further scaled-up processes, it is preferable
to use sulphitolysis with m-bisulphite/urea, although
the extraction yield is lower (Table 2), instead of
harmful reducing agents.

During sulphitolysis, cystine disulphide bonds
are cleaved by sulphite to give cysteine thiol (reduced
keratin) and cysteine-S-sulphonate (or Bunte salt)
residues [20]:

WSSW+SO WS WSSO3
2– –

3
–� �

where WSSW is the cross-linked keratin in the fibre,
SO3

2– is the sulphite, WS– is the reduced keratin and
WSSO3

– is the Bunte salt.
The electrophoretical analysis pattern of wool pro-

teins extracted with a reductive buffer is shown in Fig. 1.
Two high molecular mass bands (67000–45000 Da) and
two low molecular mass bands (28000–11000 Da) are
present in the wool fibre trace (line 2) attributed, respec-
tively, to the microfibril and matrix components of the
fibres [21]. The electrophoretic patterns of regenerated
keratin extracted with the methods described above
(Fig. 2), suggest that under mild condition (65°C) S-sulfo
keratin does not degrade during the treatments (lines 3
and 4); on the contrary, an extended treatment at 100°C
causes a partial protein degradation (line 2).

The effect of the SDS addition in the keratin solu-
tion was studied following the protein aggregation
through the turbidity change vs. time (Fig. 3) [22]. For
the lower SDS/keratin ratios, the increase of turbidity
occurs in 30 days while the solution with 0.6 SDS/ker-
atin mass ratios showed no turbidity increase. The ob-
tained results suggest that SDS addition during the ex-
traction does not influence the yield (Table 1) whereas
aids the stability of the keratin solution.
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Table 2 Reduction procedures for the protein extraction from wool

Reducing agents Urea pH Treatment Yield/%

Mercaptoethanol (1.1 M) [5] 7.4 M 7 shaking at 50°C, 6 h 48

Thioglycolic acid (0.2 M) [14] 8 M 11 shaking at 50°C, 3 h 70

Dithiothreitol (0.2 M) [15] 8 M 11 shaking at 20°C, 16 h 60

m-Bisulphite (0.5 M) 8 M 7 shaking at 65°C, 5 h 33

Fig. 1 SDS-PAGE: 1 – standard, 2 – wool

Fig. 2 SDS-PAGE: 1 – standard, 2 – extraction 1, 3 – extrac-
tion 2 and 4 – extraction 3

Fig. 3 Turbidity vs. time measured at 540 nm



Light microscopy

The films prepared as previously described were
transparent, especially those richer in keratin. PEO is
a semi-crystalline polymer which in the solid state
contains amorphous and crystalline regions where
macromolecules exist as double parallel helices ar-
ranged as plate-like structures known as lamellae, ar-
ranged in spherical structures (spherulites) [23]. Po-
larized light microscopy investigation shows large
crystals in the pure PEO sample, whereas the samples
containing 80, 60 and 40 mass% of PEO show a large
amount of crystallites with smaller dimension
(Fig. 4). Thus, the morphology of the spherulites be-
comes more irregular with increasing the protein con-
tent. The sample with 20 mass% of PEO shows the
absence of crystal structures. This suggests that the
presence of keratin disturbs the crystallization pro-
cess, and when the keratin content reaches 80 mass%
the crystallization is totally inhibited.

Differential scanning calorimetry

Figure 5 shows the DSC traces recorded for the sec-
ond heating scan in the range –60 to 150°C. The ther-
mal properties of the different PEO/keratin blends are
listed in Table 3.

The endothermic peaks observed in Fig. 5 are re-
lated to the melting point of the PEO crystalline phase
in the blends.

The melting temperatures of PEO decrease with
increasing the keratin content from 65.5°C for pure
PEO to 53.5°C for the sample 40 mass% PEO.

Figure 6 shows the melting enthalpy related to
the PEO/keratin system as a function of the blend
composition; the line represents the theoretic
enthalpy related to PEO melting if the keratin were
simply present in the bulk without interfering with the
crystalline polymer.

The quick decrease of both the temperature and the
enthalpy melting of PEO with increasing the keratin
content, suggests that the presence of the protein hinders
the crystallization process. Moreover, in Fig. 5, the PEO
melting peak disappears in the film containing
20 mass% PEO, indicating that no crystalline structure

is formed but a glass transition take place at about 16°C,
whilst for pure keratin (0% PEO) the Cp/temperature
function is free from thermal effects in the same temper-
ature range. These results are in good agreement with
the polarized light microscopy observations.

Finally, the crystallization temperature progres-
sively decreases with increasing the keratin amount
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Table 3 Thermal properties of PEO/keratin blends

PEO/% Tm/°C �H m
sper (blend)/J g–1

�H m
sper (PEO)/J g–1

�H m
theor (PEO)/J g–1 Tc/°C

100 65.5 130 130 43.6

80 64.4 92.45 115.6 104 41.6

60 60.7 49.85 83.1 78 40.9

40 53.5 13.84 34.6 52 9.7

20 – – – 26 –

Tm: melting temperature, Tc: crystallization temperature, �Hm: melting enthalpy

Fig. 4 Polarized light micrographs of the PEO/keratin blend
films, ×200, bar represents 100 �m

Fig. 5 DSC curves for pure PEO, pure keratin and PEO/kera-
tin blends recorded at the heating rate of 10°C min–1

from –60 to 150°C



(Table 3) suggesting that keratin modifies the kinetics
formation of PEO crystals during cooling. No exo-
thermic peaks have been observed indeed for the
20 mass% PEO sample, confirming that no tendency
to crystallize was evidenced for samples containing
small PEO amounts.

Figure 7 shows the DSC traces recorded in the
temperature range from 120 to 400°C. This range in-
cludes protein denaturation followed by protein degra-
dation [24, 25]. The thermogram of pure keratin and
those of 20 mass% PEO show the peak related to pro-
tein denaturation at 212°C, whereas, the protein dena-
turation shifts to higher temperatures in the 40 and
60 mass% PEO samples (233 and 237°C, respec-
tively). On the other hand, the protein denaturation
peak of the sample with the smallest amount of keratin
(80 mass% PEO), shifts at a lower temperature (194°C)
than those of pure keratin. This behavior suggests that
PEO interferes with the keratin self-assembling caus-
ing the protein to assume a secondary structure ther-
mally more stable for balanced blends, but an excess of

PEO leads back the protein chains to organize in a
thermally less stable secondary structure.

FTIR analysis

As regards FTIR spectrum of the protein component
(Fig. 8), keratin shows a wide absorption band in
the 4000–2800 cm–1 range known as amide A. This
band is not amenable for qualitative and quantitative
evaluation because it contains 9 vibrational overlapped
modes [26]. However, keratin presents most important
absorption bands in the region below 2000 cm–1 such as
amide I (1635 cm–1), amide II (1528 cm–1) and amide III
(1230 cm–1), and the band at 1020 cm–1 related to SO
stretching vibration of Bunte salts residues [27]. Particu-
larly, amide I absorption, which arises primarily from
the C=O stretching vibration of amide carbonyl groups,
has been shown to be sensitive to the protein secondary
structures. In fact, it includes a wide distribution of C=O
stretching frequency depending on a variety of protein
secondary structures [28, 29]. Fortunately, because the
amide I region is not affected by PEO absorptions, in-
formation on the previously described arrangements of
the protein chains, due to the presence of different
amount of PEO in the blends, can be gathered by study-
ing related shape changes of this band.

The broad amide I bands of all samples were nor-
malized and resolved by the second order derivative;
it should be noted that the peak positions are inverted
in the second order spectra (Fig. 9).

On the basis of literature data, the absorption peak
at 1650 cm–1 suggests the presence of an �-helix struc-
ture in the keratin chains, whereas the component
at 1621 cm–1 indicates the presence of �-sheet type ar-
rangements; bands in the 1680–1695 cm–1 region indi-
cate the existence of disordered protein structures [30].
Therefore, the second order derivative amide I related
to the pure keratin film (Fig. 9a) suggests the presence
of both �-helical conformation and �-sheet secondary
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Fig. 6 PEO melting enthalpy as a function of the PEO amount
in the PEO/keratin films

Fig. 7 DSC curves for pure keratin and PEO/keratin blends re-
corded at the heating rate of 10°C min–1 in the range
from 30 to 400°C

Fig. 8 Infrared spectra of pure PEO, pure keratin and
40/60 PEO/keratin blend film as example



structure. The sample 20 mass% PEO (Fig. 9b) film
has the same behaviour.

On the other hand, in the samples 40 and
60 mass% PEO (Figs 9c and d) the peak related to
�-sheet structure increases with respect to the �-helix
absorption. Finally, the amide I second order deriva-
tive of the 80 mass% PEO sample suggests a signifi-
cant proportion of �-helical conformation with a
lesser degree of �-sheet structure (Fig. 9e).

Therefore, the presence of PEO seems to give
stability to the keratin �-sheet structure, that it is
known to be thermally more stable, according to DSC
analysis. But, when the keratin is surrounded by a
large amount of PEO such as in the 80 mass% PEO
sample, most protein tend to assume the �-helix con-

formation that denatures at lower temperature, ac-
cording to the thermal behaviour [31].

As regard of the synthetic polymer, the presence of
a crystalline PEO phase is confirmed by the triplet peak
of the C–O–C stretching vibration at 1145, 1094 and
1059 cm–1, with the maximum at 1094 cm–1 (Fig. 10)
[32]. The increase in the wavenumbers of the C–O–C
stretching from 1094 cm–1 for the pure PEO sample to
1102 cm–1 for 40 mass% PEO sample is observed with
increasing the keratin content. Changes in the shape and
position of this absorption peak could be due to PEO
crystalline phase changes in the different blends. The
disappearance of the triplet shape of the C–O–C absorp-
tion band in the blend with 20 mass% PEO indicates the
absence of a PEO crystalline structure, in agreement
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Fig. 9 Infrared spectra and related second order derivative in amide I region of pure keratin and PEO/keratin blend films; a – ker -
atin, b – PEO/ker 20/80, c – PEO/ker 40/60, d – PEO/ker 60/40 and e – PEO/ker 80/20



with the previously described results from morphology
and thermal analysis.

Conclusions

When wool keratin is extracted in aqueous solutions of
m-bisulphite and urea, the addition of SDS to the ex-
traction medium prevents protein aggregation, making
the keratin solution more stable without significantly
influencing the extraction yield. SDS-PAGE analysis
shows that an extended treatment at 100°C causes a
partial protein degradation, whereas keratin extracted
at 65°C is well preserved.

Transparent and solid PEO/keratin films were
prepared by casting from aqueous solutions of the two
polymers in several blending ratios. The transparency
is enhanced with increasing the protein content.

Morphological, thermal and spectroscopic anal-
ysis pointed out that the two polymers interfere each
other in the supramolecular arrangements. In particu-
lar, keratin hinders the PEO crystallization decreasing
the spherulites size, the melting point and the related
enthalpy. In addition, keratin affects the formation ki-
netics of PEO crystals during cooling, the DSC curves
showing a decrease of the crystallization temperature
with increasing the protein amount.

On the other hand, DSC and FTIR analyses high-
lighted that PEO interferes with the keratin self-assem-
bling, giving the protein a different thermal behaviour.
Particularly, in the samples with comparable amount of
PEO and keratin, PEO seems to stabilize the thermally
more stable �-sheet conformation. Whereas, when the
PEO amount overcomes keratin, the protein chains
tend to organize in the �-helix structure that is a ther-
mally less stable secondary structure.

PEO/keratin blends appear as promising candi-
dates for the production of new bio-compatible mate-
rials suitable for a number of applications in different

areas, ranging from medical applications (scaffolds,
drug delivery membranes), to filtration and absorp-
tion equipments, by film casting, electrospinning and
conventional wet-spinning techniques.
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