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Keratin-based Nanofibres
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Italy

1. Introduction

The interest in biopolymers from renewable resources as alternatives to polymers made
from oil and other fossil resources has been increasing over the years. Biopolymers are also
considered environmentally friendly over their entire live-cycle. There is much recent
literature on carbohydrates and proteins derived from plants and animals and polyesters
made from the fermentation of plant material. As to whether it is ethically justifiable to
convert valuable foodstuffs into commodities is open to question. The focus here is on
keratin, one of the most abundant and mostly unexploited non-food proteins, being the
major component of hair, feathers, nails and horns of mammals and birds. In spite of their
important and interesting characteristics keratin wastes represent a rather complicated
disposal challenge because burning for fuel is inefficient and polluting due to the high
sulphur content (3-4% wt). The total amount of keratin (including fibre by-products from
the wool textile industry, poor quality raw wools from farms and butchery waste) has been
estimated worldwide at more than 5 million tonnes per year (Barone et al., 2005). Ground
horn and nail is used as a nitrogenous fertilizer for gardening and, more recently, has been
processed by caustic hydrolysis to produce biodegradable surfactants for fire extinguisher
foams. However, most keratin wastes made from unserviceable wools and feathers from
poultry are not valorised and are simply disposed of (Martinez-Hernandez et al., 2007;
Schmidt, 1998). Pooling and processing into biopolymers might be a better way of exploiting
such a large quantity of protein biomass. Keratin-based materials can be used in
biotechnological and biomedical fields for tissue engineering and the production of affinity
membranes, due to their biocompatibility, their ability to support fibroblast growth and
absorb heavy metal ions and volatile organic compounds (VOCs). Transforming keratin into
nanofibres by electrospinning combines the aforementioned properties of keratin with the
high surface to volume ratio and the high porosity of nano-structured textiles. This may be
an original and promising approach for the fabrication of scaffolds for tissue engineering
and filtration devices.

Keratin distinguishes itself from other structural proteins by the quantity of cysteine
residues in the protein molecules (7-20% of the total amino acid residues). In particular,
cysteine amino acids form inter and intra molecular disulphide bonds (cysteine residues)
giving rise to a compact three-dimensional structure that confers a high stability to the
protein (Dowling et al., 1986).

Because of their low molecular weight (9-60 kDa), keratin-based materials have poor
mechanical properties. Moreover, like most natural polymers, keratin is not thermoplastic.
For electrospinning keratin should be blended with suitable polymers using common,
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140 Nanofibers

volatile and easy to handle solvents. This is also recommended when mechanical
performance is needed (Aluigi et al., 2008; Katoh et al., 2004; Zoccola et al., 2008). This
chapter describes the extraction of keratin from wool and electrospinning of keratin-based
blends with high molecular weight polymers. Blends of keratin with poly(ethylene-oxide)
(PEO) and fibroin are suitable for biomedical application (tissue engineering and medical
textiles), while keratin/polyamide 6 (PA6) nanofibres can be used for active filtration of air
and water.

2. Keratin and regenerated keratin

Keratins represent a group of fibrous proteins with high sulphur content produced in some
epithelial cells of vertebrate such as reptiles, birds and mammals. In particular, the cysteine
amino acid residues form inter and intra molecular disulphide bonds (cystine residues) that
give rise to a compact three-dimensional structure that confers to keratin proteins a high
resistance to chemical and enzymatic attacks (Dowling et al., 1986). There are two kinds of
keratins: the “hard-keratin” and the “soft-keratin” according to the physical and chemical
properties, particularly the sulphur content. Soft keratins, with a sulphur content <3% wt,
are found in the stratum corneum of the skin whereas the hard keratins found in hair, wool,
feather, nails and horns and have a sulphur content > 3% wt (Fraser et al., 1972). A further
classification is based on the X-ray diffraction pattern obtained from different keratin
proteins. The a-helix appears to be the basic fibrillar element in all soft keratins and in the
hard keratins from mammals (Crick, 1953). Studies carried out on the structure of feather
keratin have shown that about 28% of the protein molecule has a B-conformation; the
remainder does not possess a geometrically regular secondary structure (Fraser et al., 1971).
A key problem in blending keratin with other polymers is to find a suitable solvent capable
of dissolving the complicated structure of the protein. Generally a mixture of solvent
systems in which different components have different functions is used, one component
breaks the hydrogen bonds while the reducing or oxidising agent breaks the disulphide
bonds. Some multiple solvent systems that have been utilized are: urea/reducing agent
(Yamauchi et al., 1996), carbamide/H>O,/H;O and carbamide/2-mercaptoethanol (Garret &
Grisham, 2002), or Cu-oxam metal complex system ([Cu(NHs)4(OH)2]) (Aluigi et al., 2004).
In 2005, Xie and co-workers tested ionic liquids, particularly 1-butyl-3-methyllimidazolium-
chloride (BMIM*Cl), as a solvent for keratin proteins (Xie et al., 2005).

Recently, two chemical-free processes using just water and heat had been explored as
methods of dissolving and converting keratinous materials (i.e. wool and feathers,
respectively) : steam explosion (Tonin et al., 2006) and superheated water (Yin et al., 2007).
Steam explosion is based on short time steam cooking of biomasses at a high temperature
for several minutes, followed by explosive decompression. Using saturated steam at 220°C
(~22 bar) for 10 min followed by a rapid decompression, wool fibres were disrupted into
solid and liquid phases consisting of oligo-peptides, water-soluble peptides and free amino
acids (Tonin et al., 2006). The second process consisted of treating feather barbs with
superheated water at ~220°C and ~22 bar for 2 h followed by cooling. Most of the keratin
was converted into oligo-peptides with a molecular weight of about 1.0 and 1.8 kDa (Yin et
al., 2007).

However, for the electrospinning process, volatile and easy to handle solvents are needed
and for this reason we have studied the solvation properties of water and formic acid for
keratin.
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2.1 Wool keratin

Wool fibre is a complex multi-cell system composed of inanimate cells which differ in
composition, morphology and properties. The principal component of wool fibres is keratin
and there is also a small amount of lipids (0.1%) and mineral salts (0.5%). Wool cleaning for
scientific purposes is carried out by means of extraction with petroleum ether, ethanol and
water (von Bergen, 1963).

The disulphide bonds of cystine form both inter and intra chain cross-links and are
responsible for the greater stability and lower solubility of keratin compared with most
proteins. Therefore, the presence of cystine plays the most important role in the chemical,
thermal and mechanical properties of wool. Although disulphide bonds are responsible for
keratin reticulation in wool, there are other different kinds of cross-links: hydrophobic
bonds occur between non polar groups; hydrogen bonds have a very important influence on
the mechanical properties of the wool fibre; ionic bonds occur between carboxylic anions
and ammonium cations. These ionic bonds depend on the pH of the environment. In fact, at
the isoelectric point (pH=4.9), the quantity of ionic bonds is greatest because the protein
exists as zwitterions (fH3N — CHR — COO-). When the pH is very acid or very basic, there is
a reduction in the number of ionic bonds. At low pH values the COO- groups are
protonated, while at high levels the NH3* groups are deprotonated. (von Bergen, 1963).
Proteins extracted from wool can be separated into four different groups: the low sulphur
content keratins (LS) that have a molecular weight between 45 and 60 kDa; the high sulphur
content keratins (HS) with a molecular weight of between 11 and 28 kDa and the high-
glycine and tyrosine content proteins with a molecular weight of between 9 and 12 kDa
(Jeffrey, P. D., 1972). The low sulphur content proteins have an a-helical crystalline structure
(a-keratins), while the other proteins do not have a helicoidal structure.

X-ray studies showed that the secondary structure of a-keratins is dextrorotatory helicoidal.
This a-helix is stabilized by the presence of hydrogen bonds between the N-H group of a
peptide bond and the carbonyl group of a peptide bond placed over four residues. Although
the strength of a single hydrogen bond (~5 kcal/mole) is only 5% of that of C-C and C-H
covalent bonds the large number of hydrogen bonds confers a remarkable stability to the a-
helix crystallites. The conformation of the a-helix is characteristic for the wool fibre in its
natural state, therefore it is found in the fibre which is not stretched along its axis (Pauling &
Corey, 1953). During stretching, the a-helix declines and p-keratin appears (Tonin et al.,
2004).

2.2 Preparation and characterization of keratin solutions

Keratin extraction from wool may take place only after the reduction or oxidation of
disulphide bonds. The reducing agents often used are thiols (thioglycolic acid, dithiothreitol
and 2-mercaptoethanol) while oxidizing agents are peracetic or performic acids (Yamauchi
et al., 1996; Thompson & O'Donnel, 1959 ). All these agents are always used in combination
with protein denaturing agent (e.g. urea) that breaks hydrogen bonds and extraction yields
range from 50 to 70% wt. However, for further scaled-up processes, we preferred to use
sulphitolysis reaction, although the extraction yield is lower (37% wt), instead of harmful
reducing and oxidizing agents. The sulphitolysis is a reaction of wool with sulphite ions that
break disulphide bonds in thiols and S-sulphonate anions, known as Bunte salts (Cecil,
1963).

Five grams of cleaned fibres were cut into snippets and put in 100 ml of aqueous solution
containing urea (8 M), m-bisulphite 0.5 M, adjusted to pH 6.5 with NaOH 5 N and treated
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by shaking for 2 h at 65°C. Successively, the solution was filtered through a 5 pm pore-size
filter using a vacuum pump and then dialyzed against distilled water using cellulose tubes
(molecular mass cut-off 12000-14000) for three days, changing the outer solution four times a
day. The dialyzed part was first concentrated with a rotary vacuum evaporator in order to
prepare solutions at different keratin concentrations (0.5, 1.5, 3.5 and 5% wt). The solution at
5%wt was cast onto a polyester plate and dried at 50°C overnight in order to prepare keratin
films regenerated from water (samples labelled as KW). A part of keratin regenerated from
water was dissolved in formic acid for 4h, so as to have solutions at different keratin
concentrations (0.5, 1.5, 3.5 and 5% wt). The solution of keratin in formic acid at 5% wt was
cast onto polyester plates and dried at 50°C overnight in order to prepare keratin films
regenerated from water (samples labelled as KF).
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Fig. 1. SDS-PAGE of KW and KF.

The stability of keratin dissolved in water and in formic acid solutions was studied both
following the protein degradation during time and the flocculation process by turbidity
measurements. The molecular weight distribution analysis conducted by electrophoresis
SDS-PAGE (reported in Fig. 1), revealed that the keratin regenerated from a one month old
aqueous solution was degraded, in fact the high molecular weight proteins (at 45 and 60
kDa) disappear, while a series of proteins having molecular weights below 38 kDa appear.
Regarding keratin in a formic acid solution, the keratin regenerated from a fresh solution (1
day) is not degraded while a slight degradation appears after two weeks and after three
months there is a complete digestion of the protein.

Turbidity (7) of solutions was calculated by measuring the transmittance 7" at 540 nm using
the following Eq. 1:

r=—(InT)/c (1)

where c is the cell length (1cm).

Fig. 2 shows that turbidity of the keratin aqueous solution increases with the increase in the
keratin concentration, suggesting that higher concentrations promote protein chain
aggregation (flocculation). On the other hand the turbidity of keratin dissolved in formic
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acid remains unchanged with increasing keratin concentration, indicating that flocculation
does not occur, at least over a certain range of keratin concentration.
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Fig. 2. Turbidity of keratin dissolved in water and in formic acid

Viscosities of the keratin solutions at 5% wt, were plotted against the shear rate (Fig. 3). In
the whole shear range investigated, the viscosity of keratin dissolved in formic acid was
higher than that of keratin in water. This behaviour indicates that formic acid has better
solvation properties for keratin than water. This is because formic acid is more polar than
water and forms strong interactions with the polar side chain groups of keratin such as CO,
OH, COOH and NHs*. As a consequence, the molecular chains become closer in formic acid
than in water and this is confirmed by the lower turbidity.
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Fig. 3. Rheological behaviour of the keratin in water and keratin in formic acid solutions
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3. Electrospinning

Several methods are dedicated to producing small diameter fibres for high-volume
production such as fibrillation (Homonoff, 2008; Perez et al., 2000), island-in-sea
(Pourdeyhimi et al., 2006), and a novel melt-blowing system (Bryner & Armantrout, 2006;
Ellison et al., 2007); or highly accurate methods such as nanolithography (Tseng et al., 2005;
Xie et al., 2006) and self-assembly (Zhang, 2002). However, their usefulness is restricted by
combinations of narrow material ranges, high costs and low production rates. In
comparison, electrospinning is a simple and low cost process, and has an intermediate
production rate (Ramakrishna et al., 2006).

Electrospinning is a physical phenomenon classified as a branch of electro-fluid-dynamics.
The process is based on the electrostatic repulsion of charges ruled by the well-known
Coulomb law. By means of an electrostatic field, an electrospinning apparatus generates
electrically-driven polymer jets that solidify into sub-micron scale polymer-based filaments
(usually called nanofibres). The idea was patented in the early 20th century (Cooley, 1902;
Morton, 1902; Formhals, 1934); however, the invention was disregarded until the 1990s
(Huang et al., 2003; Li & Xia, 2004), probably due to lack of knowledge and interest of both
industries and scientists about tiny fibres. Electrospinning works with polymer melts and
polymer solutions, but few research papers deal with electrospinning of molten polymer
(so-called “melt-electrospinning”) compared with the huge literature regarding
electrospinning of polymer solutions (usually simply referred to as “electrospinning”).
Electrospinning can be usefully employed in a wide range of applications requiring sub-
micron scale fibre diameter such as: filtration (Tsai et al., 2002; Qin & Wang, 2006; Li et al.,
2006; Barhate & Ramakrishna, 2007), membrane separation (Shin et al., 2005; Gopal et al.,
2006), protective clothing and breathable garments (Gibson et al., 2001), wound dressings
and scaffolds for tissue engineering (Pham et al., 2006; Lee et al., 2008; Sill & von Recum,
2008), and drug delivery (Sill & von Recum, 2008).

A Dbasic electrospinning setup consists of three elements: an electrical generator (high
voltage supply), a capillary (jet source) and a metal collector (target). The solution is usually
electrically charged by the generator and the collector is grounded, but it is also possible to
invert the system by electrically charging the collector and grounding the solution (Kilic et
al., 2008). A scheme of an electrospinning apparatus is shown in Fig. 4.

A pump pushes the polymer solution through the capillary with a fixed flow rate by means
of a syringe. The generator, connected by a wire to the metal tip of the capillary, supplies the

Syringe Capillary

Pump
: Generator
7

Capillary\\i

Tavlor cong —
Jet—0

Collector

Fig. 4. Scheme of an electrospinning setup. In the box: enlargement of the capillary tip.
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voltage to the solution. A stream of solution (jet) is produced from the tip toward the
grounded metal collector on which electrospun nanofibres were collected. Usually, the
production rate of a single jet is less than 10 g h-? of nanofibres (Tsai et al., 2002), depending
on polymer concentration and process conditions, mainly the flow rate of solution.

The electrospinning process starts when the voltage generator is turned on. The electrical
potential of the droplet surface at the capillary tip is increased to a sufficiently high value
that causes the droplet to assume a steady conical shape, known as the Taylor cone (see box
in Fig. 4), instead of a spherical shape. The electrostatic forces act in opposition to the surface
tension of the fluid. The Coulomb repulsion between the charges promotes the formation of
the cone; on the opposite the surface tension of the fluid favours sphere-like shapes. As the
electrostatic forces exceed the surface tension, a charged jet of fluid is ejected from the vertex
of the cone (Yarin et al., 2001; Shin et al., 2001).

The trajectory of the jet solution begins with a straight segment. The diameter of the jet is
one or two orders of magnitude smaller that the inner diameter of the capillary from which
the jet is generated, and progressively decreases during its journey towards the collector.
The diameter reduction occurs thank to two mechanisms: (a) the electrostatic repulsion
forces of the charges in the jet tend to extend the jet itself, and (b) the solvent evaporation
leaves the solid materials in the jet (e.g. polymer), this effect is self-induced because as the
diameter decreases the evaporation further increases. Moreover, it worth noting that as the
solvent evaporates the concentration and the viscoelastic properties of the liquid jet change.
After the straight segment, the jet is subjected to a bending instability and its trajectory
becomes disordered; the oscillation eventually evolves into a spiral, similar to the movement
of a whip (so-called whipping motion), as illustrated in Fig. 4. Finally, the jet completely
solidifies into a nanofibre and deposits on the collector as a disordered continuous filament
(non-woven structure). In spite of the ease of the electrospinning, the onset of bending
instability is quite a complex problem; several theories and mechanisms have been recently
proposed to explain this phenomenon (Shin et al., 2001; Deitzel et al., 2001; Reneker & Yarin,
2008).

The fibre-forming process depends on operating parameters (applied voltage, working
distance between tip and collector, flow-rate of solution, tip diameter), properties of the
polymer solution (polymer molecular weight, concentration, relaxation time, viscosity,
electrical conductivity, surface tension, and vapour tension of the solvent), and
environmental parameters such as temperature, humidity and ventilation (Theron et al.,
2004). Depending on working conditions and polymer solution properties, the electrospun
jet might be subjected to many phenomena such as branching, splitting, buckling, jet break-
up (spraying), production of flat ribbon or beaded nanofibres that engenders different
morphologies (Reneker & Yarin, 2008).

4. Keratin/PEO blend nanofibres

Recently in a leading opinion paper, Furth and co-workers (Furth et al., 2007) stated that
they had been investigating the utility of keratin-based biomaterials for regenerative
medicine applications. Keratin contains intrinsic sites of cellular recognition that mimic the
extra-cellular matrix and keratin-based biomaterials demonstrated cell instructive
capabilities. Certain keratin materials have been shown to be mitogenic and chemotactic for
a variety of cell types, and to mediate changes in gene expression consistent with the
promotion of wound healing. Moreover, other recent works (Tachinaba et al., 2002;
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Tachinaba et al., 2005, Hamasaki et al., 2008) have highlighted the excellent cell adhesion
onto wool keratin sponges produced by lyophilisation from aqueous solution. These results
show that keratin is a useful biomaterial for scaffolds for cell cultivation.

The poor mechanical properties of regenerated keratin hinder its processability and restrict
its practical applications to blends with appropriate polymers with better structural
properties. Our attempts to obtain filaments of pure regenerated keratin from water were
indeed unsuccessful; moreover, literature reports on the fabrication of regenerated keratin
films (Tanabe et al., 2004) using cross linking agents, and the fabrication of composite
nanofibres of regenerated silk fibroin blended with synthetic polymers such as
poly(ethylene oxide) (PEO) (Jin et al., 2002). PEO is an amphiphilic water soluble and non-
degradable polymer, with good biocompatibility (Desai & Hubbel, 1991) and low toxicity
(Bergsma et al., 1995). This polymer is often used as an ideal model for the electrospinning
process (Theron et al., 2004; Son et al., 2004) because it can be electrospun without defects
from aqueous solutions in a rather narrow range of conditions.

We studied the production and the characterization of nanofibres produced by
electrospinning of pure PEO and 50/50 wt/wt keratin/PEO blends, from aqueous solution
of the polymers, in different operating conditions. The nanofibres were studied by Scanning
Electron Microscopy (SEM) and Differential Scanning Calorimetry (DSC). The results were
compared with those obtained by thin films produced by casting from the same solutions,
with the aim of investigating the influence of the production processes on the structural
arrangement of these materials.

4.1 Materials and methods

Keratin was obtained from wool by means of a sulphitolysis extraction method. PEO
powder with an average molecular weight of 4 x 105 g mol! was dissolved in distilled water
at ambient temperature for about 12 h. The concentrations used were 5, 7 and 10 % wt.

The keratin/PEO blend solutions were prepared at room temperature in about 12 h by
simply adding PEO powder to the keratin aqueous solution. The solutions of keratin/PEO
blend had total polymer concentrations of 5, 7 and 10 % wt with a keratin/PEO weight ratio
of 50/50. These solutions were electrospun at 20 cm working distance to ensure that the
nanofibres were dried. The applied voltages were between 10 and 30 kV. The process was
stopped after about 10 minutes. During the electrospinning process, environmental
conditions were kept in check; in particular, the temperature was from 20 to 25 °C and the
relative humidity was in the range 55-65 %.

4.2 Solution characterization

Viscosity is an important factor for complete fibre formation in the electrospinning of
polymer solutions. In particular, fibres without beads were produced when polymer chain
entanglements are present at sufficient concentration (Shenoy et al., 2005). Moreover, fibre
formation is promoted at low polymer concentrations, increasing solution conductivity (Son
et al., 2004).

A great increase in conductivity was measured from solutions containing the keratin
because of SDS that remains associated with keratin through ionic interaction conferring
negative charges to the protein (Schrooyen et al., 2001). In fact the conductivity of pure PEO
was about 0.120 mS cm? and the conductivity of keratin/PEO was 1.282 mS cm? (at
polymer concentration 7% wt).
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Fig. 5 shows the flow curves of PEO and keratin/PEO solutions at 5, 7 and 10% wt of
polymers in water. All solutions behave like shear-thinning fluids. At low shear rates,
disentanglement is balanced by formation of new entanglements, thus the fluid has a
Newtonian behaviour which corresponds to a constant viscosity value (zero-shear
viscosity). At higher values of shear rate, the disentanglement rate exceeds the rate of
entanglement formation, therefore the viscosity decreases and shear-thinning behaviour is
observed. The onset of shear thinning shifts to lower values of shear rate with the increase of
polymer concentrations for both pure PEO and keratin/PEO solutions. The zero-shear
viscosity increases when the polymer concentration increases. It is worth nothing that the
keratin/PEO solutions at concentrations of 7 and 10% wt show flow curves Comparable
with 5 and 7% PEO solutions, respectively. Thus, the keratin with a relatively low molecular
weight slightly increases the viscosities of the keratin/PEO solutions, but its contribution is
not negligible (Varesano et al., 2008).

100 4
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FEO 5%
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Keratin/ PEO 7%
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0.1 1 10 100 1000 10000
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Fig. 5. Viscosity flow curves of PEO and keratin/PEO solutions

4.3 Electrospinning and morphological study

Morphologies of the electrospun materials from PEO and keratin/PEO solutions were
investigated for comparison. The samples were produced by varying flow-rate, voltage and
polymer concentrations.

PEO nanofibres without defects were produced from the 7% wt solution at 0.01 ml min-!
flow-rate from 20 to 30 kV of voltage. For higher flow-rate (0.05 ml min-') macroscopic drops
fall from the capillary also at the highest voltage (30 kV). The electrospinning of 5% wt
solution produced nanofibres without defects using a flow-rate of 0.01 ml min! with the
voltage range from 13 to 30 kV. Increasing the flow-rate to 0.03 ml min?! the nanofibres
became more irregular with some beads due to the insufficient stretching of the jet at
voltages below 25 kV. For higher flow-rate (0.05 ml min-t), the process started only at 30 kV;
whereas at lower voltages the solution dripped from the capillary.

Nanofibres of keratin/PEO blend with regular diameter distribution and few defects were
electrospun from the solutions at 7 and 10 % wt of polymers concentration applying a
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voltage from 20 to 30 kV and a solution flow-rate of 0.01 ml min?! (Fig. 6 a). The
keratin/PEO solutions at high concentrations (7 and 10 % wt) produce fibres with few
defects, like 5 and 7 % wt PEO solutions, probably because they have a similar flow
behaviour. At low polymers concentration (5 % wt) the nanofibres were electrospun with
many defects also at high voltage (25-30 kV), as Fig. 6 b shows, and the solution dripped
from the capillary during the process at voltages below 20 kV because of the low viscosity.

9%
A

f@:«

< L A ﬁ?'ﬁt al

Fig. 6. Electrospun nanofibres of 50/50 keratin/PEO blend at 25 kV, 0.01 ml min- from (a) 7
% wtand (b) 5 % wt solutions. Scale bar = 2 pm.

The average diameters of the electrospun nanofibres, measured at 150 different points from
SEM pictures for each sample produced, as a function of the applied voltage. The diameters
of the nanofibres produced at the same voltage from 5 and 7 % wt of pure PEO solutions are
generally comparable. The keratin/PEO solution produces nanofibres with small diameter
at higher voltage (30 kV), whereas at 20 kV electrospun nanofibres have a diameter much
higher than the pure PEO nanofibres at the same voltage. Moreover, the slope of the
diameter/voltage trend-line for the keratin/PEO blend is the highest obtained in our
experiment (Aluigi et al., 2007b). Thus, it seems that the presence of keratin strengthens the
influence of the voltage on the size of the filaments. Since the keratin has many different
functional groups, it is possible that inter- and intra-molecular bonds increase the jet rigidity
when the solvent evaporates. Therefore, a higher voltage is required to stretch the
solidifying keratin/PEO solution jet.

4.4 Thermal analysis

The DSC curves of electrospun keratin/ PEO samples, compared with the films produced by
casting from the same solution, are shown in Fig. 7 with the aim of highlighting the
structural changes induced by the electrospinning process.

The endothermic overlapped peaks at around 60°C are due to the fusion of PEO crystalline
phase and to the evaporation of water, especially absorbed by keratin. It is worth noting that
in the keratin/PEO film, the water evaporation occurs at lower temperature with respect to
keratin/PEO nanofibres (50°C in the nanofibres and 80°C in the film). This is probably due
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to the high surface/volume ratio of the nanofibres which promotes water evaporation even
at lower temperatures.

The DSC analysis the electrospun PEO exhibits a slight increase of the melting point. It is
believed that the high stretching due to the electrospinning process promotes the orientation
of the long polymer chains of PEO. This high degree of order shifts the melting point to a
higher temperature.

The endothermic events observed in the range of 200-350°C are attributed to protein
denaturation followed by protein degradation (Spei & Holzem, 1990). The thermograms
show that the peaks related to the protein denaturation, which falls at 233°C in the film,
shifts to lower temperature (213°C) in the electrospun sample. It could be presumed that the
high draw, given by electrospinning process, and the quick water evaporation hinders the
keratin self-assembly leading the protein chains to assume a less complex supermolecular
organization which denatures at lower temperatures. This thermal behaviour is in
agreement with the FT-IR observations (Aluigi et al., 2007b); in fact, the keratin in the
electrospun fibres shows a molecular conformation characterized by weaker hydrogen
bonds that make the protein less thermally stable.

exo

filim |
I nanafibre l

Fig. 7. DSC analysis of keratin/PEO film from casting and keratin/PEO nanofibres from
electrospinning.

5. Keratin/PA6 blend nanofibres

Since mid-1990s, there has been an increasing interest in the application of nano-sized fibres
for high efficiency filtration (Montefusco, 2005; Gopal et al., 2006; Dotti et al., 2007). Indeed,
high surface area associated to great surface cohesion and small pore dimensions of
nanofibrous mats allow the capture of submicron particles improving filtration efficiency,
cleaning operations and filter life. As far as “active” filtration is concerned, keratin is a bio-
polymer that can absorb and remove toxic, sensitizing and suspected carcinogenic agents
substances such as heavy-metal ions (copper, chromium, lead, mercury, etc.) (Kar & Misra,
2004; Ki et al., 2007; Aluigi et al., 2009), formaldehyde (Wortmann et al., 1999) and other
hazardous VOCs.

Keratin is rich in amino acids having polar and ionisable side chains able to bind charged
species such as metal ions. In particular, having a pK, about 4.5, free carboxyl groups of
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aspartyl and glutamyl residues are considered the most likely binding sites over a wide pH
range (Maclaren & Milligan, 1981; Taddei et al., 2003). Recent studies showed that formic
acid is a good media to dissolve keratin having strong solvation properties for keratin
regenerated from wool (Alemdar et al., 2005; Aluigi et al., 2007a). Formic acid is also a
solvent for polyamides so that it can be used to prepare keratin-polyamide 6 (PA6) blends in
different proportions.

5.1 Solution characterizations

Keratin/PA6 blend solutions with different blending ratios (100/0, 90/10, 70/30, 50/50,
30/70,10/90 and 0/100), prepared by mixing solutions at 15% wt of pure keratin and pure
PAG6 separately dissolved in concentrated formic acid, can be processed into nanofibres by
electrospinning, with different results according to viscosity and conductivity of the
solutions. Viscosities measured at the shear rate 84 s show deviation from linearity when
compared with the theoretical values calculated by the additive rule (Eq. 2):

Inn, = z w; In7, (2)

where: w; is the weight fraction of the ith component, 7; is the solution viscosity of the ith
component and #r is the theoretical viscosity of the polymer blend. The fitting of the
experimental measurements displays a negative deviation from the additive rule indicating
a negligible interaction between the protein and the synthetic polymer. Moreover, viscosity
of the blend solutions decreased with increasing the keratin content, while electrical
conductivity (about of 2 mS cm!) did not change significantly.

5.2 Electrospinning and morphological study

Electrospinning is successful at room temperature, 25 kV applied voltage, 0.01 ml min-! flow
rate and 10 cm working distance, producing very thin nanofibres in the range from 70 to 300
nm, with mean diameter of about 150 nm.

SEM images of the nanofibres with different compositions randomly deposited on the
collecting screen are shown in Fig. 8. Nanofibres obtained by electrospinning keratin/PA6
blends are thin and free from defects, but pure keratin nanofibres show many bead defects
since the jet breaks up into droplets as a result of the lower viscosity of the solution. The
mean diameter of the nanofibres does not change significantly with the blend composition;
however, nanofibres rich in PA6 appear more homogeneous than keratin rich ones.

5.3 Testing and characterization

Chemical interactions between the polymers can be excluded, according to the viscosity
measurements and by the study of FT-IR spectra in the region 4000-2600 cm! and 2000-900
cml. Indeed, the nanofibre blend spectra appear as weighed overlapped spectra of pure
keratin and pure PA6; a broadening of the Amide A and Amide I bands can be observed
with increasing the keratin content and also the intensity of the 1025 cm! peak (Bunte salt)
increases with increasing the keratin content. But the absence of both band shifts and new
peaks exclude chemical interaction.

The nanofibres containing more than 50% wt of keratin, are totally destroyed due to
swelling of regenerated keratin when it contacts with water. On the other hand, morphology
doesn’t change for pure PA6 and keratin/PA6 10/90 nanofibres while those of keratin/PA6
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Fig. 8. Keratin/PA6 blend nanofibres: (a) 30% keratin, (b) 70% keratin, (c) 90% keratin and

(d) pure keratin. Scale bar = 2 um.

30/70 start swelling and become flat. The adsorption of Cr3* ions by keratin can be studied

only at low pH values in order to avoid the precipitation of chromium hydroxide above pH

4 (Maclaren & Milligan, 1981). Cr3* uptake of pure PA6 and blend nanofibres was calculated
using the following Eq. 3:

q (ug/mg) =P "% 3)
m

where qo and q; are the Cr3* amount (ug) in the 10 ml of standard solution before and after
adsorption, respectively, and m is the mass of the nanofibres. The Cr3* adsorption of
keratin/PA6 0/100, 10/90 and 30/70 nanofibres were compared with that of blend films
obtained by casting from the same solutions. The chromium uptake of the nanofibres
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slightly increases with the increasing the keratin content. Moreover, the adsorption capacity
of the nanofibrous mats is much higher than that of films with the same composition, since
the higher surface area of the nanofibres increases the number of available binding sites.
Both films and nanofibrous membranes were cut into square shapes of 4 cm? and placed in a
standard solution (10 ml) of chromium ions, with an initial concentration of 50 pg/L at pH
4, for 24 hours. The standard solution was prepared diluting with deionised water a stock
solution of chromium (III) nitrate nonahydrate in nitric acid 1000 pg/ml. The Cr3+
concentration of the solution after immersion of the nanofibre mats was analysed by a
Atomic Adsorption Spectrometer. Before the measurements, the calibration curve was made
using standard solution of Cr3* at 25, 50, 75 and 100 pg 1.

For the formaldehyde adsorption tests, multi-component filters of polypropylene (PP) and
keratin/PA6 blend nanofibres were prepared by electrospinning the blend solutions directly
onto the surface of the polypropylene filters. Adsorption tests were carried out using an
apparatus composed as follows: a closed chamber having a volume of 3.3 L, a fan forcing air
to pass through the filter, a filter holder and a Formaldemeter™ htV (PPM Technology Ltd.).
About 0.6 ppm of formaldehyde was introduced in the chamber by using formaldehyde-
releasing silica. When a stable concentration was reached in the chamber, the solid was
removed, the multi-component filter was introduced in the chamber and the measurement
started. The adsorption tests were performed at 20°C and 65% R.H. measuring the
formaldehyde concentration versus time. The adsorption of gases on solid surfaces includes
physiosorption and chemisorption. The physiosorption occurs when the interaction forces
between adsorbent and adsorbate are intermolecular attractions (Van der Waals forces),
while the chemisorption is a type of adsorption whereby the adsorbent adheres to the
adsorbate through the formation of chemical bonds. Therefore, chemisorption is more
selective than physiosoprtion.

It is known that formaldehyde has high reactivity towards proteins; in fact it is able to react
with different side chains of amino acids such as the amino groups of lysine, arginine,

Reaction step 1

O H
. I N
Protein—NH, + C = Protein—N
VAN N
H H CH,OH

Awnomethylol derivative

Reaction step 2 (condensation):
H @)
N o
Protein—N + Protein—C—NH,
CH,OH  (eg asparagine ghitarmine)

O
I
—— Protem—NH—CH,—NH—C—Protem’ + H,O
Methyilene bridge

Fig. 9. Reaction scheme of formaldehyde with keratin proteins
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glutamine and asparagine. The reaction scheme is reported in Fig. 9. The first reaction step
involves amino groups and formaldehyde and produces an unstable product
(aminomethylol derivative). The second reaction leads to a stable methylene bridge
(Wortmann et al., 2005).

The adsorption performances of keratin-based nanofibres were compared with that of PP
filters and pure PA6 nanofibres/PP filters. Because of the selectivity of keratin towards
formaldehyde, only the nanofibres containing the 90% wt of keratin were studied. It was
found that PP filters and multi-component filters of PP sheets and PA6 nanofibres can
reduce the formaldehyde concentration of about 30% and 40% respectively, but the
reduction reaches 70% in the presence of keratin based nanofibres. The main reason is that
PP and PA6 nanofibres/PP filters adsorb formaldehyde only by physiosorption. On the
other hand keratin based nanofibres have stronger capability of adsorbing formaldehyde
because in the adsorbing process both physiosorption and chemisorption occur
simultaneously.

6. Research trends

In the biomedical field great efforts have recently been made to mimic nature by producing
nanofibrous materials solely composed of natural polymers in the assumption that such
materials would be less subject to rejection by the host. Moreover, electrospinning of natural
proteins offers a promising method to produce nanofibres with a similar nanofibrillar
structure to that of a native extra-cellular matrix. Unfortunately, the electrospinning of
natural macromolecules has demonstrated to be a challenge because they frequently do not
possess the viscoelastic properties needed for good electrospinning. One exception is silk
fibroin, a natural high molecular weight polypeptide. Silk fibroin is spun by Bombix mori and
can be extracted in two molecular weights: 25 kDa (light chains) and 320-390 kDa (heavy
chains). Silk fibroin is rich in glycine, alanine and serine amino acids. In the last years,
regenerated silk fibroin has been proposed for the fabrication of a variety of biomaterials
such as films, sponges, gels and fibres for biomedical applications.

Recently, keratin/fibroin blend has received much attention due to their potential
applications in tissue engineering (Vasconcelos et al., 2008), and also for removal of metal
ions and water purification (Ki et al., 2007; Baek et al., 2007).

Keratin/fibroin blended materials are a totally protein material (biodegradable and natural)
that could combine the interesting properties of keratin (VOCs and metal ion adsorption)
with the mechanical properties and electrospinnability of silk fibroin. Moreover, synergic
effects could enhance some properties: for instance, it was found that films cast from silk
fibroin and keratin decreased blood coagulation compared with silk fibroin or keratin alone
(Lee et al., 1998).

Concerning the production of keratin/fibroin nanofibres by electrospinning, both silk
fibroin and wool keratin can be dissolved in formic acid and mixed in several blending
ratios (Ki et al., 2007; Baek et al., 2007; Zoccola et al., 2008). Blend nanofibers rich in fibroin,
show branched and flatten morphology characterized by a bimodal diameter distribution. In
spite of the lower viscosities of the solutions, nanofibers rich in keratin have more
homogeneous diameter distribution, with a round cross section. This may be due to the
higher conductivity that promotes nanofiber formation. Keratin rich nanofibers are also
thinner than those rich in fibroin.
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Particular behaviour was observed for the 50/50 blend solutions that showed the highest
zero-shear viscosity and the longest relaxation time (i.e. lowest shear thinning onset). The
resulting nanofibers were thin with respect to those produced with the other blend ratios,
and the trend was repeated at different operating conditions (Zoccola et al., 2008). It had
been supposed some interactions between keratin and fibroin promote the formation of
entangled chain networks. It has also been pointed out that keratin/fibroin 50/50 blend
nanofibers have excellent mechanical properties (Baek et al., 2007). These studies encourage
further investigations into these types of natural matrices for use in the biomedical field,
biotechnology and water purification.
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