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Preface

Keratin is undoubtedly one of nature’s highly sophisticated, unique and versatile ma-
terials. From the hollow honeycombs and hierarchical structure in feathers that pro-
vide low density, the excellent thermal and acoustic resistances of wool, extraordinary
toughness of some mammalian scales and flexibility and diversity of human hairs,
keratins have unique structure and properties. Keratins have specific peptide sequen-
ces that can promote cell attachment and growth and are preferred for medical appli-
cations. Keratins can be made into fibers, films, freeze-dried scaffolds, micro- and
nanoparticles. Conventionally, keratin from wool is the only source exploited for com-
mercial applications. In addition to wool, other sources of keratin such as poultry
feathers are available in large quantities and at considerably low cost but are not effec-
tively utilized and are mostly disposed as waste. Realizing the importance of keratin,
technologies have been developed to extract keratin from feathers, wool and other
sources. Studies have also provided better insights into the structure and properties of
keratin and have enabled developing newer technologies for extraction of keratin and
converting the keratin into biomaterials for various applications. Keratin has been
found to be suitable for environmental remediation, biotechnology, medicine, elec-
tronics, cosmetics and many other applications. In this book, we present the structure,
properties, processability and applications of keratin. Initial chapters discuss on the
properties and processing of various sources of keratins. Later, we have divided the
chapters based on the forms of keratin. The last chapter reports the recent and most
unique applications of keratin. Every effort has been made to provide comprehensive
information in each section. However, the contents in this book are mostly designed
to give an overview of the keratin and its properties and applications, and readers are
urged to refer to the original reports for comprehensive information on specific topics.
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Chapter 1
Introduction to keratin

Keratin is one of the most common protein biopolymers found in nature. There are
several sources and types of keratin but it has been suggested that keratin from
human and bovine sources are similar with respect to charge, size and immunoreac-
tivity. Based on their distinct structure and properties, keratins have been classified
as soft and hard keratins. Soft keratins are those found as intermediate filaments (IFs)
in the epithelia and arranged in loosely packed bundles and responsible for the me-
chanical resilience of the epithelial cells. Hard keratins are those found in ordered ar-
rays in matrix of cysteine rich proteins in hairs, nails, claws and beaks and contribute
to the tough structure of epidermal appendages (Rouse, 2010; Thibaut, 2003). Keratin
exists in mammals, reptiles and birds and fishes as many parts of the body including
hoof, horn, fur, wool, skin, quill, feathers, beaks and slime (McKittrick, 2012). Keratin
broadly refers to the insoluble proteins found in the IFs which form a major portion of
the cytoplasmic epithelia and epidermal appendage structures such as hair, wool,
horns and nails. Few keratins are found only in the epithelial cells and are character-
ized by unique physiochemical properties and their primary function is to protect the
epithelial cells from mechanical and nonmechanical stresses that could cause cell
death (Coulombe, 2002). Additional functions of keratins include cell signaling, stress
response and apoptosis. Although keratin is commonly considered to be a single
substance, it is a mixture of proteins and enzymes. Other characteristics of keratin
include indigestibility to pepsin or trypsin and also to dilute acids, alkalis, water
and organic solvents. Keratins are also generally insoluble in salt solutions but
can be made soluble in the presence of urea and other denaturing agents.

Based on their structure, keratins can also be classified as α-keratin or β-keratin.
The α-keratin is fibrillar in nature and is composed of helical structure with the mico-
fibrils embedded in an amorphous keratin matrix and aligned along the fiber axis.
These amorphous regions have higher sulfur content with considerable amounts of
disulfide bonds from the cysteine residues whereas the microfibrillar proteins having
relatively low sulfur content are mostly made from hydrogen bonding which are
responsible for determining the secondary structure of the proteins (Duer, 2003).
α-Keratins can be further classified as the low sulfur containing α-keratins (40–60 kDa)
(about 50%–60%) and high sulfur matrix proteins (10–25 kDa). α-Keratins in filament
form provide toughness to the hair fibers whereas the α-keratins in matrix proteins pro-
vide adhesiveness to cortical cells. Unlike the α-keratins, the β-keratins are synthesized
in the form of hard structures (claws and beaks) and are produced in the epidermis of
skin appendages (Toni, 2007). β-Keratins have low solubility, have molecular weights
between 10 and 25 kDa and are characterized by a distinct X-ray diffraction pattern.
Since they form the outer layers, β-keratins have excellent chemical resistance
and mechanical strength (Valle, 2010). Filaments in β-keratins have β sheet content

https://doi.org/10.1515/9781501511769-001

 EBSCOhost - printed on 2/12/2023 11:01 PM via . All use subject to https://www.ebsco.com/terms-of-use

https://doi.org/10.1515/9781501511769-001


that repeats every 3–4 nm and structurally highly resistant compared to α-keratins
(Toni, 2007; Valle, 2010). However, the molecular and functional relationship between
α- and β-keratins is not clearly understood.

Structurally, molecules in keratin are connected through internal interactions com-
posed of filaments of α-keratins and β-keratins with considerable structural differences
between the two keratins. Filaments in α-keratins have diameter of 7 nm compared to
3 nm in β-keratins. All keratin structures are made of units called cortical cells which
differ in their subcellular components depending on the source. Major fibrous compo-
nents of the cells are divided as the intermacrofibrillar materials, macrofibrils and IFs
(Bryson, 2009). Length and diameter of the IFs are 10 µm and 7–10 nm, respectively. In
terms of morphology, α-keratins are in the form of coiled coils, whereas β-keratins are
found in pleated sheets. α-Keratins are made up of low sulfur proteins and high gly-
cine–tyrosine (HGT) proteins (wool, quills, fingernails and horns), whereas β-keratins
consist of single proteins commonly seen in feathers, beaks and claws and have scaly
surfaces. The α-helix is reported to form the backbone of keratin and is surrounded by
the β-sheets and random coils. The extent of helices, β-sheets and random coils varies
based on the condition of the keratin and also the method used for analysis (Table 1.1)
(Ghosh, 2019). Combining two X-ray techniques (ptychography and nanodiffraction),
whole cells in keratin were observed at a resolution of 65 nm (Hemonnot, 2016). From
the analysis, it was found that the intracellular bundles in keratin filaments had a ra-
dius of 5 nm and were arranged hexagonally. Distance between each filament was
14 nm and diameter of fiber bundles was 70 nm. However, almost all known hard kera-
tins were reported to have a superlattice structure consisting of two infinite lattices
and three finite lattices. Equatorial X-ray diffraction patterns (Figure 1.1) demonstrate
that the center to center distance of the IFs varies between different keratin sources. A
model suggesting a common 62.5 nm lattice with distance between IFs being three
times the radius was suggested.

Table 1.1: Variations in the proportions of α-helices, β-sheets and random coils in feather keratin
before and after treatment (Ghosh, 2019).

Type of analysis Isotropic chemical
shift (ppm)

Relative
proportion (%)

FWHM (ppm)

Raw Pretreated Raw Pretreated Raw Pretreated

C-CP-MAS-
NMR

β-Sheets + random
coils α-helix

  . . . .
  . . . .

N-CP- β-Sheets + random coils . . 

MAS-NMR β-Sheets + random coils  . .
α-Helix . . 

Note: Reproduced with permission from Elsevier.
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1.1 General classification and properties of keratin

Depending on their isoelectric point (PI), keratins are classified as acidic (type I) or
basic (type II). Type I keratins in humans have a PI between 4.9 and 5.4, whereas
type II keratins have a PI between 6.5–8.5. Compared to humans, type I bovine kera-
tins have a PI <5.6 and type II keratins have PI >6.0. Specifically, keratins from hair,
nail or wool have a PI between 4.7–5.4. Although keratins have different PIs, the type
and sequence of amino acids in the basic and acidic keratin are considered to be sim-
ilar (Bragulla, 2019). For example, keratin from the skin of humans and various ani-
mals have similar amino acid composition. Keratins in horn-cornified tissues and
dental enamels have been found to have a constant molecular ratio of histidine, lysine
and arginine, irrespective of source (Bragulla, 2019). Although the amino acid content
may be similar, the mechanical properties of the keratin materials vary widely de-
pending on the source (Wang, 2016). The types of amino acids and their chemical
shifts that were used to judge their molecular conformation are given in Table 1.2.

In addition to the variation in properties of keratin due to structure and composi-
tion, the humidity during testing and the location of the keratin from the same source
also cause considerable variations in properties. Duer et al. have used solid-state

Pig hair

Meridional-fiber axis

Horse hair

5.15 Å

Cow hair

Cat whisker Elephant hair

Equatorial

broad
peak

Figure 1.1: Differences in the X-ray diffraction patterns of keratin in hairs of different animals
(James, 2011). Reproduced with permission through Open Access publishing.
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NMR and studied the structure and molecular mobility of α-keratins at various hu-
midity levels. It was observed that the secondary and primary structure of keratin
was highly dependent on the level of moisture. A higher degree of ordering and ex-
tended conformation of molecules and lower mobility occurs under the dehydrated
state. Under the dehydrated condition, disulfide bonds are broken and the changes
in the hydrogen bonds lead to loss of motion in the sidechains, which makes the ma-
terial to become considerably rigid. However, the results have not been substantiated
with experimental data (Duer, 2003). Interestingly, human finger nails were reported
to have strength of 86 MPa but reduced to 22.5 MPa when completely hydrated with
corresponding decrease in modulus from 2.05 to 0.19 GPa. It was also reported that
due to the differences in the arrangement of keratin in nails, the energy required to
cut a nail longitudinally was about 6 kJ/m2 compared to about 12kJ/m2 for cutting the
nails transversally (Wang, 2016a).

1.2 Structure and properties of human hair keratin

Human hair is considered to be one of the most complicated natural composite mate-
rials. Although mostly composed of keratin, hair fibers have a hierarchical structure
and are also made up of micro- to nanoscale materials (Yu, 2017a). In addition, the
composition of hair as fiber and its constituents the cortex and cuticle varies consid-
erably. Keratins in humans have been classified based on the source, type of extrac-
tion and other factors. Broadly, keratins in humans have been classified into two
major classes (type I and type II). Type I keratins are composed of keratins K9–K10,
K12 and K28 and K31–K40 compared to type II keratins which consists of K1–K8 and
K71–K86 (Schweizer, 2006). In terms of genes, 28 type I keratin genes (17 epithelial
and 11 hair keratins) and 26 type II keratin genes (20 epithelial keratins and 6 hair

Table 1.2: Structural features and chemical shifts (13C) in α-keratin (Duer, 2003).

Amino
acid

% in α-
keratin

Carbonyl
α-helix

Carbonyl
β-sheet

Carbonyl
α-helix

Carbonyl
β-sheet

β-
Carbon

ϒ-
Carbon

δ-
Carbon

Glu . . . . . . . .
Gln . . . . . . . .
Cys . . . . . . – –
Ser . . . . . . – –
Gly . . . . . – – –
Pro . . . . . . . .
Arg . . . . . . – –
Leu . . . . . . . .
Thr . . . . . . . –
Ala . . . . . . – –

Note: Reproduced with permission from Royal Society of Chemistry.
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keratins) have been recognized (Schweizer, 2006) (Table 1.3). Among these (54) types
of genes, about 26% are expressed in the hair follicle. Molecular weight of the human
keratins has been reported to be between 44 and 66 kDa. Structurally, human hair
keratins have a hierarchical arrangement as shown in Figure 1.2 and mainly made up
of three main regions: the medulla, cortex and cuticle. IFs form the major constitu-
ents of hair keratin and have a central rod with 310 amino acids having α-helical
configuration. These IFs are oriented along the fiber axis but disoriented in-plane.

Table 1.3: Various types of keratins found in the different parts of humans (Moll, 2008).

Type of keratin Type I Type II

New name Former name New name Former name

K K K K
K K K K
K K K K

Epithelial keratins

K
K
K
K

K
K
K
K

K
K
Ka
Kb

K
K
Ka
Kb

K K Kc Ke/h
K K K K
K K K K
K K K Kp
K* K K Kb
K* K K* Kb

K* KI
K* Kb

Hair follicle-specific
epithelial keratins
(root sheath)

K Kirs K Kirs
K Kirs K Kirs
K Kirs K Kirs
K Kirs K Kirs

K Khf

Hair keratins K Ha K Hb
K Ha K Hb
Ka Ha-I K Hb
Kb Ha-II K Hb
K Ha K Hb
K Ha K Hb
K Ha
K Ha
K Ha
K Ka
K Ka

Note: Reproduced with permission from Springer.
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Coiled-coil structures (heterodimers) connect together to form IFs which are further
networked to form the macrofibrils. Recent studies have revealed that a new region
exists between the cortex and cuticle boundary, where IFs are aligned both along
the axis and also in-plane (Figure 1.3). Until recently, IFs were considered to be the
basic structural units of human hair. However, in a recent study, it has been shown
that the human hair (cortex) can be further broken down in hierarchical micropar-
ticles (HMPs) and hierarchical nanoparticles (HNPs) with diameter of about 100 nm.
HMPs and HNPs extracted from keratin did not show any immunogenicity or cyto-
toxicity. These nanoparticles were able to carry drugs and also help prevent UV-in-
duced skin damage, inhibit tumor growth and also used as remedy for preventing
vein thrombosis in mice (Zheng, 2018). Similarly, the matrix region of cortex which
was previously considered to be amorphous has also been found to be made of
grains having size of about 2–4 nm. The size of the grains was dependent on the
chemical treatment of the fibers, temperature, humidity and physiological factors in
the follicle (Kadir, 2017).

Using small angle diffraction studies, it has also been confirmed that the cuticle
is made up of mostly β-keratins contrary to the earlier assumptions that the cuticle
region was mostly made to α-keratins (Stanic, 2015). In the aligned region of the cor-
tex, the isotropic ring at 94 Å becomes anisotropic and two new strong peaks appear
at 210 and 111 Å and weaker peaks at 53.5, 46.2 and 31 Å (Figure 1.4), which are due
to the closely packed and aligned IFs that are absent in α-keratins. Scanning electron
microscopic (SEM) images also confirmed the existence of an intermediate layer with
thickness of about 0.5 µm (Stanic, 2015).

A typical X-ray diffraction pattern and the position of the different equatorial
and meridian reflections from human hair is shown in Figure 1.5 (Rafik, 2004).
The position and structural characteristics of IFs are reported to vary between dif-
ferent hard keratins and also for α and β-keratins.

Hair fiber
Φ 50–100 μm 

Cortical cell
Φ ~1–6 μm 

Tip Root

Epicuticle
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Endocuticle
Cuticle

Macrofibril
Φ ~0.1–0.4 μm 

Intermediate
filament

Φ 7.5 nm 

α–Helix chain
Φ ~2 nm

Figure 1.2: Schematic representation of the hierarchical structure of human hair (Yu, 2017a).
Reproduced with permission from Elsevier.
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Classification of keratins gets updated when new keratins are discovered or
new information is obtained on the structure and properties of already existing ker-
atins. Based on latest analysis, the new nomenclature of the human keratins is
shown in Table 1.3. The type of keratin and amount of each type of keratin vary be-
tween different tissues and cells in the body. For instance, basal cell layers in
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Figure 1.3: Detailed investigations on the structure and applications of nanoparticles and
microparticles from the cortex cells in human hair. Hierarchical structural arrangement in human
hair (a), TEM and SEM images of micro- and nanoparticles (b), amino acids in microparticles (c) and
nanoparticles (d), human hair and HNP (e), photochemical conversion of HMP (e) and HNP (f),
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and nanoparticles in tumors in mice (h) (Zheng, 2018). Reproduced with permission from John
Wiley and Sons.
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normal stratified squamous epithelia contain K5 keratins whereas the suprabasal
component contains K10 keratins (Figure 1.6). Even in a single hair or hair follicle,
the distribution of the various types of keratin varies significantly and distinctly
(Figure 1.7) (Moll, 2008). Similarly, the amino acid composition of hair fibers varies
from the cortex to the cuticle (Table 1.4).
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Figure 1.4: SEM image of a human hair (a), SAXS map of human hair (b), SAXS images of the
different regions of the hair (c, d, e, f and n) and corresponding SEM images of the regions
(g, h, j and l) (Stanic, 2015). Reproduced with permission through Open Access publishing.
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1.3 Wool keratin

Compared to feathers, properties of keratin from wool and animal hoofs have been
studied to a relatively lesser extent. Detailed characterization of the structure and
composition of wool and hoof keratin was done by Zoccola et. al. (Zoccola, 2008).
Up to 50% keratin could be extracted from wool but the yield from horn hoof was
only 10%. Glutamine, arginine and cysteine were the major amino acids in both

Figure 1.5: Typical X-ray diffraction pattern of human hair keratin with equatorial and meridian
lattice positions (Rafik, 2004). Reproduced with open archive publishing from Elsevier.

(a) (b)

Figure 1.6: Immunofluorescence images of epithelial cells show keratin fibers in red, nuclei in blue
and the desmosomal components in green. Reproduced with permission from Springer (Moll,
2008).
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sources of keratin. However, wool contained a higher level of high-sulfur proteins
whereas hooves had glycine and tyrosine that are generally found in cell structures.
In terms of structure, higher levels of α-helices and higher levels of crystallinity
were found in hoof than in wool. Molecular weights of keratin extracted from wool

Figure 1.7: Distribution of various keratins in hair and hair follicle. Reproduced with permission
from Springer (Moll, 2008).
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and hoof were mostly between 45 and 60 kDa but some fractions with molecular
weight between 11 and 25 kDa were also observed.

In fibrous keratins such as that found in wool, the morphological structure can be
classified as macrofibrils, microfibrils and protofibrils in particular hierarchical order
(Figures 1.8 and 1.9). Keratin in the protofibrils are entangled in coiled-coil form and
linked to the microfibrils which join the macrofibrils inter and intra molecular points
through hydrogen, ionic and disulfide linkages (Figure 1.10). These bonds not only
provide stability but also determine the processability and potential applications of

Table 1.4: Amino acid composition (µmol/g) of whole human hair
and the cortex and cuticle (Popescu, 2007).

Amino acid Whole hair Cortex Cuticle

Cysteic acid   

Aspartic acid   

Threonine   

Serine   ,
Glutamic acid/glutamine   

Proline   

Glycine   

Alanine   

Valine   

Half-cystine , , ,
Methionine   

Isoleucine   

Leucine   

Tyrosine   

Phenylalanine   

Lysine   

Histidine   

Arginine   

Note: Reproduced with permission from Royal Society of Chemistry.

Figure 1.8: Hierarchical arrangement of the fibrils in wool fibers (Fernández-d’Arlas, 2019).
Reproduced with permission through Open Access publishing.
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Figure 1.9: Hierarchical arrangement of the structure of wool fibers (Feughelman, 2002).
Reproduced with permission from John Wiley and Sons.
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keratin (Shavandi, 2017; Fernández-d’Arlas, 2019). Further, wool is predominantly
composed of α-keratins, which are in turn made up of keratin intermediate filaments.
These filaments are embedded in a matrix made of proteins which are called keratin-
associated proteins (KAPs). Three types of KAPs are differentiated based on their cys-
teine content. High sulfur KAPs having less than 30 mol% of cysteine, ultrahigh
sulfur proteins KAPs with more than 30% cysteine and HGT containing KAPs with
35–60 mol% of glycine and tyrosine (Gong, 2019). KAPs and IFs are suggested to
be linked through disulfide bonds. The KAPs are supposed to play a crucial role in
determining the characteristics of wool fibers. HGT-KAPs were found to vary be-
tween different traits of sheep and contributed to the variations in the characteris-
tic of the fibers obtained from these sheep (Gong, 2019).

Keratin fibers not only differ in structure and properties but also in morphology.
Wool fibers have distinct scales but the size and shape vary between and within spe-
cies. For instance, considerable variations were observed (Figure 1.11) in the structure
of the scales on Alpaca, rabbit, Mohair and merino wool (Thomas, 2012). Diameters of
the wool fibers from the different animals varied from 10 to 45 µm with larger fiber di-
ameters also being the straighter ones. Differences were also observed in the amino
acid content and profile which would also lead to variations in the properties of the
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Figure 1.10: Schematic representation of the possible bonds between keratin molecules (Shavandi,
2017). Reproduced with permission from Royal Society of Chemistry.
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fibers (Thomas, 2012). A summary of the comparison of the properties of the keratin
fibers from different sources is given in Figure 1.12. The shape of hair being either
straight or curved is also related to the type and extent of keratin cells in the hair. In
straight hair, the cells were arranged annularly along the fiber axis compared to bilat-
eral distribution perpendicular to the fiber axis in curved fibers (Bryson, 2009).
Further investigations have shown that the IFs are arranged helically and have a
three-dimensional orientation with the helix angle increasing (up to 30°) from the

Figure 1.11: Images show the surface morphology and different patterns on the cuticle of alpaca
(a and e), rabbit (b and f), merino (c and g) and mohair (d and h) (Thomas, 2012). Reproduced with
permission from American Chemical Society.
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center to the outside (Harland, 2019; Caldwell, 2005) with such curvatures suggested
to be responsible for the twists in the fibers. Further, the macrofibrils in mammalian
cortical cells have been reported to have left handed turns. Similarly, the IFs in the
three cortices were found to be predominantly arranged in left-handed concentric
helices with the helix angle increasing from center to the periphery of the cortex.
Length of each helical path was about 1 µm and the tilt angle of each IF being
about 30°. Among the three layers, IFs have a highly ordered arrangement in the
mesocortex but considerable variations occur depending on the type of cortex cell
and/or extent of crimp in the fibers (Figure 1.13) (Harland, 2011). A report by Deb-
Chaudhary indicates that most characteristics of wool fibers are dependent on IFs
and the chemical bonds between them and the surrounding matrices made of
KAPs (Deb-Chaudhary, 2015). Further, IFs are made up of eight tetramers which
further consist of a pair of heterodimers arranged antiparallely and with a slight
incline. Unlike IFs, the KAPs are highly disorganized and lack proper secondary
structure. Disulfide bridging between and among IFs and KAPs are supposed to
occur. It was found that the cysteine residues were involved in forming interdisul-
fide linkages with keratins and other KAPs. Several peptides were arranged in rod
shapes and some of the cysteine residues were exposed on the surface and emerged
from the head and tail domains of keratin proteins leading to protein–protein interac-
tions (Deb-Chaudhary, 2015). A schematic representation of the possible interactions
between IFs and KAFs through disulfide bonds is shown in Figure 1.14. Extent and
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Figure 1.12: Comparison of the properties of the keratin fibers from different sources
(Thomas, 2012). Reproduced with permission from American Chemical Society.
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type of bonding is influenced by chemical and physical treatments and responsible for
the variations in behavior and properties of hair fibers under different external stimula-
tions (Yu, 2017b). For instance, the elastic modulus of keratin fibers from different ani-
mals was dependent on the fiber diameter with increasing diameter decreasing the
modulus (Figure 1.15).

1.4 Keratins in horns

Keratins in horns and hoofs have different composition (Table 1.5) structure and func-
tionality since horns are subject to extensive impact during interspecific fights when
they have to absorb considerable amount of energy. Since horns are made of dead ker-
atin cells which cannot self-heal, the horns are susceptible to mechanical damage.
However, studies have shown that keratin in horns have a unique recovery and remod-
eling mechanism that enables the horns to sustain injuries and retain considerably
high strength (Huang, 2019). The hierarchical arrangement contributing to the struc-
ture of horn is shown in Figure 1.16. In horns, keratin cells are between 20 and30 µm
in diameter and 1–2 µm in thickness and arranged layer by layer. Further, it was
found that the cytoskeleton of the cells had macrofibrils of approximately 200 nm
in diameter and composed of crystalline IFs of 7–10 nm placed in an amorphous
matrix forming a polymer/polymer composite. Structurally, the proteins are made of
keratin polypeptide chains having a helical secondary protein structure with α-heli-
ces which combine to form the coiled-coil structures seen in the IFs. These IFs were
arranged in different orientations (longitudinal, transverse and radial) that provide
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Figure 1.15: Variations in the elastic modulus of hair fibers as a function of fiber diameter
(Yu, 2017b). Reproduced with permission from Elsevier.
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resistance to buckling, shear and compressive loadings. In addition to the structural
arrangement, mechanical properties of the horn were heavily dependent on the
water content. Tensile strength was highest in the dry condition but elongation was
higher when the horns were hydrated (Figure 1.17). Fully hydrated samples also had
lower modulus and energy absorption capability due to increased mobility of poly-
mer chains (Huang, 2019). However, water was found to only affect the amorphous
keratin whereas hydrogen bonds between carbonyl group and amino groups were

Table 1.5: Amino acid content in wool and horn–hoof
(Zoccola, 2009).

Amino acid Wool (%) Horn–Hoof (%)

Cysteic acid . 

Aspartic acid . .
Serine . .
Glutamic acid . .
Glycine . .
Histidine . .
Arginine . .
Threonine . .
Alanine . .
Proline . .
Cysteine . .
Tyrosine . .
Valine . .
Methionine . .
Lysine . .
Isoleucine . .
Leucine . .
Phenylalanine . .

Note: Reproduced with permission from Elsevier.
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Figure 1.16: Schematic representation of the hierarchical structure of keratin in horns
(Huang, 2019). Reproduced with permission from John Wiley and Sons.
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broken but the crystalline regions remain unaffected. The keratin structure could be
recovered even after 50% compression but only in the radial direction but damage to
the structure of keratin in the longitudinal and transverse direction was not recover-
able. It was found that the presence of tubules in the keratin cells were responsible
for the recoverability of radially stressed horn keratin.

1.5 Keratin in marine animals

Unlike keratin found in animals mostly living on land, substantial changes have
been noticed in the structure, properties and functions of keratins found in marine
animals. To elucidate such differences, a comparison of the properties of keratin
obtained from human hairs and water fowl feathers was made by (Tsuda and
Nomura, 2014). Keratin was obtained by hydrolyzing the feather or hairs by treating
with NaOH at 120 °C for 10 min. Amino acid analysis (Table 1.6) showed that the
feather keratin had considerably higher amounts of glycine and proline whereas
the keratin from the water fowl feathers had distinctly high amounts of glutamic
acid, lysine and cysteine. High levels of glycine and proline in the feathers sug-
gested elevated levels of β-sheet content.

Table 1.6: Comparison of the amino acid composition (residues/100
residues) of hydrolyzed keratins obtained from human hair and water
fowl feathers (Tsuda, 2014).

Amino acid Hair keratin Water fowl keratin

Aspartic acid . ± . . ± .
Glutamic acid . ± . . ± .
Serine . ± . . ± .
Threonine . ± . . ± .
Tyrosine . ± . . ± .
Lysine . ± . . ± .
Arginine . ± . . ± .
Histidine . ± . . ± .
Glycine . ± . . ± .
Half-cystine . ± . . ± .
Cysteic acid . ± . . ± .
Methionine
Alanine

. ± . . ± .
. ± . . ± .

Valine . ± . . ± .
Proline . ± . . ± .
Isoleucine . ± . . ± .
Leucine . ± . . ± .
Phenylalanine . ± . . ± .

Note: Reproduced with permission from John Wiley and Sons.
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Keratin found in mammals such as whales are never dried (are always in contact with
water) and hence need to have specific structure and functions (Szewciw, 2010).
Keratin plates in whales are called baleens which are mostly made up of the hard
α-keratins and are embedded in intertubular horns (Figure 1.18). Bristles of baleens
are highly calcified but the extent of calcification varies between different species
(4% to 1%). Such calcification is not found in nonmammalian keratins and is sug-
gested to be responsible for the properties, particularly strength and modulus. As
given in Table 1.7, amount of calcium, phosphorus and sulfur varies considerably be-
tween the three species of whales and is generally higher than that found in wool.
Presence of higher calcium influences tensile properties (Table 1.7) and compensates
the lack of hardening and curing seen in α-keratins found in nonaquatic species
(Szewciw, 2010).

20 cm
0.5 mm

Baleen plate

Bristle

Terminal
domains

Coiled
coil

5nm
Calcium salt crystallites Intermediate filament – made up eight protofilaments,

diameter approximately 10 nm

Tubule

Tubular
horn cell

5 μm

Intertubular
horn cell

Matrix – surrounds
intermediate filaments and
calcium salt crystallites

Figure 1.18: Schematic representations of the baleen plates and bristles seen in humpback whales
and the hierarchical nature of the keratin in bristles and suggested arrangement of calcified
material (Szewciw, 2010). Reproduced with permission from Royal Society of Chemistry.
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Table 1.7: Composition and tensile properties of baleen bristles in three different species of whales
in comparison to wool fibers before and after decalcification (Szewciw, 2010).

Source Calcium
(µg/g)

Phosphorus
(µg/g)

Sulfur
(µg/g)

Modulus
(MPa)

Yield
stress
(MPa)

Yield
strain
(%)

Breaking
stress
(MPa)

Breaking
strain
(%)

Wool ,  , ,  .  .
D-wool   , ,  .  .
Sei , , , ,  .  .
D-Sei   ,  . .  .
Humpback , , , ,  .  .
D-Humpback   ,   .  .
Minke , , ,  . .  .
D-Minke   ,  . .  .

Note: Reproduced with permission from Royal Society of Chemistry.

Figure 1.19: Digital images of a pangolin scale resisting attack (a), armor made of pangolin scales (b),
African (c) and Chinese pangolin (d). Reproduced with permission from Elsevier.
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Table 1.8: Tensile properties of pangolin scales made of keratin tested in longitudinal and
transverse directions (Wang, 2016).

Strain rate
per sec

Young’s
modulus (GPa)

Tensile strength
(MPa)

Breaking
strain (%)

Work of
rupture
(MJ/m)

African Longitudinal 
−


−

. ± .
. ± .

. ± .
. ± .

. ± .
. ± .

. ± .
. ± .


−

. ± . . ± . . ± . . ± .


−
. ± . . ± . . ± . . ± .


−

. ± .  ± . . ± . . ± .
Transverse 

−
. ± . . ± . . ± . . ± .

Chinese Longitudinal 
−

. ± . . ± . . ± . . ± .


−
. ± . . ± . . ± . . ± .


−

. ± . . ± . . ± . . ± .


−
. ± . . ± . . ± . . ± .


−

. ± . . ± . . ± . . ± .
Transverse 

−
. ± . . ± . . ± . . ± .

Note: Reproduced with permission from Elsevier.

(d)(c)

(a)

200 nm

Suture width:300–450 nm

100 nm

(b)

1 μm5 μm

Fine structure of filaments
Suture width:250–350 nm

Figure 1.20: TEM (a and b) and SEM (c and d) images of pangolin scales demonstrates the fine
structure (Wang, 2016). Reproduced with permission from Elsevier.
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1.6 Keratin in pangolin scales

One of the toughest keratin structures able to resist even bites by lions (Figure 1.19) is
reported to be found in the scales of the armor of the mammal pangolin (Wang, 2016).
Scales in Chinese and African pangolins were found to be arranged in overlapping
structure in a hexagonal pattern. Three distinct layers (crossed-lamellar structure,
crossed fibers and a nanoscale suture structure) were discovered. The suture structure
connects the cell membranes and lamellae providing high bonding and shear resis-
tance. Mechanical properties of the scales varied between different areas of the scales
and also depending on the region (Chinese/Africa). Transmission electron micro-
scopic (TEM) and SEM images (Figure 1.20) showed the suture like cell membranes
(25–50 nm) that interlock the lamellae and filaments of 3–5 nm in diameter. Some of
the tensile properties of the scales from two pangolins in two different testing orienta-
tions are given in Table 1.8. It was reported that the modulus, strength and ability to
absorb energy at low strain rates were different compared to other keratinous materials
but similar to that of hair keratin. However, the properties were considerably affected
by water with Young’s modulus decreasing from 0.27 GPa to 34 MPa upon hydration
(Wang, 2016).

24 Chapter 1 Introduction to keratin
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Chapter 2
Extraction of keratin

Keratin has been obtained from various sources using a variety of techniques, chem-
icals, processing conditions and equipments. A schematic of the possible ways to ex-
tract keratin is shown in Figure 2.1 (Shavandi, 2017). A comparative study was done
to understand the influence of various extraction conditions on the properties of ker-
atin obtained from wool. Merino wool was subject to either alkali hydrolysis, sulfitol-
ysis, reduction, oxidation or extraction using ionic liquids (Shavandi, 2016). Highest
protein yield of 95% was obtained through ionic liquid treatment followed by sulfitol-
ysis (89%). However, proteins with highest molecular weights (>40 kDa) were ob-
tained using oxidation whereas alkali hydrolysis caused significant damage resulting
in proteins with molecular weight of less than 10 kDa. Extraction conditions also af-
fected the viscosity but did not change the biocompatibility toward fibroblast cells
(Shavandi, 2016). A similar study was also done to understand the effect of extraction
conditions on properties of keratin obtained from human hair (Agarwal, 2019). Four
different chemical approaches (sodium sulfide, peracetic acid, thioglycolic acid and
urea treatments) were used to obtain keratin from human hair. Considerable differen-
ces were observed in the appearance (Figure 2.2) structure and properties of the kera-
tin obtained from each method. Sodium sulfide (K1) treatment provided a highest
yield of protein (5,372 µg/mL) followed by urea (K2: 4,213 µg/mL), thioglycolic acid
(K3: 3,844 µg/mL) and peracetic acid (K4: 52 µg/mL). Amount of α-helices and β-
sheet plus random coils also varied between 33–57% and 42–57%, respectively.
However, no major differences were observed in the lattice spacings but crystallinity
index was highest for K1 (0.275), whereas lowest for K2 (0.119). Ability to obtain high
yield without affecting the crystallinity makes K1 a preferred treatment for keratin ex-
traction. All four types of keratin were able to support the attachment and growth of
mouse osteoblasts indicating suitability for medical applications (Agarwal, 2019).

2.1 Extraction of keratin using alkali with or without reducing
agents

Except for wool and hair, it is generally difficult to use keratin in its native form.
Typically, keratin is extracted and used for various applications. One of the simplest
and conventional means to extract keratin is through alkaline hydrolysis at high tem-
perature. Wool keratin containing about 90% protein was hydrolyzed using 0.15 M
potassium hydroxide (KOH) and 0.05 M sodium hydroxide (NaOH) at 120 °C for
20 min for potential use as fertilizer. Up to 100% solubilization (Table 2.1) could be
achieved depending on the conditions used (Gousterova, 2003). Although alkali was
used, differences in the yield should be due to the conditions used for extraction.

https://doi.org/10.1515/9781501511769-002
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Keratin has also been obtained from feathers using alkali in the presence of reducing
agents. In one such attempt, keratin was extracted from feathers using sodium meta-
bisulfite as the reducing agent in the presence of urea and SDS at 65 °C. Molecular
weight of the extracted keratin varied from 10 to 75 kDa depending on the extraction
conditions used (Gousterova, 2003).

The effect of reduction and alkali hydrolysis on the structure and composition of
wool fibers was investigated in detail. For reduction hydrolysis, wool fibers were
treated with 6 M urea, 3 mM ethylenediaminetetraacetic acid (EDTA), 1.4 M 2-mercap-
toethanol, 0.1 N NaOH at pH 9.1 for 4 h between 62 and 65 °C. For the alkali hydrolysis,
wool fibers were treated with 0.5 N NaOH at pH 13.9 for 3 h at 62–65 °C. A sample of
fine wool powder treated in deionized water was used as control (Cardamone, 2010).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis showed that the
mercaptoethanol reduced samples had moderate decrease in molecular weight
whereas alkali treated samples had complete reduction in the molecular weight. The
peptides obtained after the reduction hydrolysis were further separated and homologs

K #1 K #2

(a)

(b)

K #3 K #4

Figure 2.2: Differences in the appearance of keratin in solution (a) and after drying (b) when
obtained using four different chemical methods (Agarwal, 2019). Reproduced with permission from
Elsevier.

Table 2.1: Yield of keratin and conditions during extraction (Gousterova, 2003).

Wool
used (g)

%
Solubilized

Nonsoluble
residue (g)

% dry matter in
solution

pH after
hydrolysis

HPO required for
pH  ± .

.  . . . .
.  . . . .
.  . . . .
.  . . . .
.  . . . .
.  . . . .
.  . . . .
.  . . . .

Note: Reproduced with permission from Taylor and Francis.
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were extracted for Matrix Assisted Laser Desorption/Ionization-Time of Flight
(MALDI-TOF) analysis (Cardamone, 2010). Considerable changes were seen be-
tween the native keratin in wool and the homologs and alkali extracted wool kera-
tin. In terms of structural changes, the amide I region showed molecular
conformation with the reduction hydrolyzed samples having variations in the –
OH, –NH and –CO stretching region whereas the alkali hydrolyzed keratin exhib-
ited ionic character due to the formation of sulfoxides. Fourier transform infrared
(FTIR) absorption spectra in the amide regions showed that the samples obtained
by reduction hydrolysis had higher amide I and amide II content, whereas the α-
helix content was lower (Cardamone, 2010). The extraction methods were consid-
ered to provide keratin similar to that in native wool and therefore suitable to de-
velop various products with good properties.

Different parts of chicken feathers were used to extract keratin using sodium sul-
fide and L-cysteine (Pourjavaheri, 2019). Barbs, barbules, rachis or whole feather
were immersed in 1:20 ratio of solution containing 0.5 mol/L of sodium sulfide and
8 mol/L urea and 0.165 mol/L of L-cysteine at pH 10.5. Solutions were heated at 40 °C
for 6 h and the precipitate obtained as keratin was collected. Treating with reducing
agents caused the disulfide bonds in the feathers to be broken down into free thiol
and amine groups which get protonated making the keratin soluble. Addition of urea
was also done to increase swelling and hence solubility. A yield of 88% keratin was
obtained when sodium sulfide was used compared to 66% for L-cysteine. However,
no differences in molecular weights (11 kg/mol) were observed between the keratin
obtained from the two approaches and the proteins were considered to be relatively
pure with a molecular weight of about 11 kg/mol (Pourjavaheri, 2019). In another
study, keratin was extracted from wool using L-cysteine as the reducing agent and
the properties of the extracted keratin were studied (Wang, 2016c). In this approach,
5 g of wool fibers were treated with 100 mL of 8 M urea solution and 0.165 M L-cyste-
ine (reducing agent) at pH 10.5 for 5 h at 75 °C. Later, dialysis was done against a
molecular weight cut off of 8,000–14,000 Da and keratin obtained was freeze dried
to form powder for further analysis. Extraction with cysteine resulted in the formation
of keratin with molecular weight of 40 to 55 kDa, similar to that of native wool sug-
gesting that no significant degradation occurred during the process of extraction
(Figure 2.3) (Wang, 2016c). Compared to dissolution using other reducing agents
(Figure 2.4), using L-cysteine resulted in a much higher solubility of 70%. Cleavage
of the disufide bonds by L-cysteine (62% lower S–S linkages) resulted in lower ther-
mal resistance and higher amounts of β-sheet structure as observed in other reports
(Wang, 2016c). FTIR studies showed that the use of L-cysteine did not affect the pep-
tide bonds but there was minor destabilization of the α-helix structure (Figure 2.5).

Bovine hoofs were pulverized and treated with hexane and dichloromethane to
remove oil and other substances. Later, the powdered hoofs were subject to a reduc-
tion process (Figure 2.6) and the extracted keratin was used in solution form or ly-
ophilized to form powder (Kakkar, 2014). Keratin extraction was optimum when the
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pH was between 6 and 8, whereas higher alkaline conditions resulted in hydrolysis.
About 44% of the initial weight of the hooves was extracted as keratin with a purity
of about 80%. Molecular weight of the keratin was between 45–50 and 55–60 kDa

21.5

31
4–2

2–2

1 2 3 4 5 6

2–1 4–1

45

66

97
116

200

kDa

14
6.5

Figure 2.3: SDS PAGE electrophoresis of keratin samples obtained by mercaptoethanol reduction
(lanes 1 and 2), alkaline hydrolysis (lane 3), finely pulverized wool powder (lane 4), BSA in lane 5
and molecular markers in lane 6 (Wang, 2016c). Reproduced with permission from Royal Society of
Chemistry.
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Figure 2.4: Solubility of wool in solutions containing various reducing agents. Reproduced with
permission from Royal Society of Chemistry (Wang, 2016c).
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(Kakkar, 2014). Addition of keratin into 3T3 fibroblast cell solutions (up to 50 µg/mL)
did not cause adverse reactions and no decrease in cell viability was noticed
(Figure 2.7). Therefore, the hoof keratin was considered to be biocompatible and
suitable for medical applications (Kakkar, 2014).

2.2 Ionic liquids for keratin extraction

A series of ionic liquids have been used as green solvents to extract keratin from
wool and other protein sources. Two ionic liquids [AMIM] + .Cl¯ and [BMIM] + .Cl¯
were used to dissolve wool and generate regenerated keratin films (Li, 2013).
[AMIM] + .Cl¯ was found to have better solubility for wool keratin due to its cationic
structure. However, the time required for solubilization was also dependent on the
concentration of wool keratin in the solution (Table 2.2). Both FTIR and X-ray dif-
fraction studies indicated that the α-helix structure was destroyed during dissolu-
tion which led to increase in the β-sheet content. Substantial changes in the
morphology of the keratin fibers occurred before complete dissolution. An initial
swelling of the fibers followed by disruption of the cuticle and final disintegration
into solution could be clearly observed (Figure 2.8) (Plowman, 2014). After dissolu-
tion, the films precipitated using methanol provided higher crystallinity compared to
those made using ethanol or water. Complete removal of scales on the surface of the
fibers and decrease in thermal stability were negative aspects of the ionic method of

0.0

4,000 3,500 3,000 2,500
Wave number (cm–1)

2,000 1,500

Natural wool
Regenerated wool

1,000
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Figure 2.5: Comparison of the FTIR spectrums of raw and regenerated wool keratin. Reproduced
with permission from Royal Society of Chemistry (Wang, 2016c).
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dissolution. In addition, the properties of the films obtained using the ionic dissolu-
tion were not reported (Plowman, 2014). Ability of [BMIM] + .Cl¯ to dissolve wool and
cellulose was exploited to develop wool–cellulose blend fibers and films (mem-
branes) (Xie, 2005). Extent of dissolution of wool in the ionic liquid was greatly influ-
enced by the time and temperature and the type of ions in the liquid (Table 2.2).

Although dissolution with ionic liquids requires high temperatures and longer
time and the amount of wool that can be dissolved is low, it was shown that ionic
liquids in combination with the conventional urea/thiourea extraction (Figure 2.9)
of keratin could isolate previously unknown types of keratin peptides (Plowman,
2014). Using a combination of the solvent systems resulted in detection of addi-
tional number of keratins. Ionic liquids extracted higher number of lower molecular
weight keratins, whereas urea/thiourea system extracted larger number of higher mo-
lecular weight peptides (Plowman, 2014). The number of unique keratins extracted

Pulverized raw bovine hooves

(a) (b)

Washed with distilled
water

Defatting

Oven dried

Reduction of Hooves 
using SDS and

mercaptoethanol

Heated at 60 °C for 14 h with
constant stirring

Centrifuged @ 6,000
rpm for 15 min

Supernatant dialyzed against
water for 5 days

Freeze-dried

Pure keratin

Figure 2.6: Process of extracting keratin from bovine hoofs (a) and a powdered sample of the
extracted hoof (b) (Kakkar, 2014). Reproduced with permission from Springer.
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Figure 2.7: Cell culture studies (MTT assay) did not show any decrease in cell viability due to the
addition of keratin up to 50 μg/well. Cell morphologies were similar for the control (i) and cell
solutions containing 10 μg/well (ii), 25 μg/well and 50 μg/well. Reproduced with permission from
Springer (Kakkar, 2014).
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from the combination system was 9 compared to 15 for the urea/thiourea system and
up to 54 keratins were extracted by using both the solvents. It was proposed that the
combined extraction system could be used to obtain unique peptides for further under-
standing of the structure and properties of keratin (Plowman, 2014).

Dissolution of keratin in the ionic liquids was dependent not only on the type
of ionic liquid (anionic or cationic) but also on the dissolution time (10–900 min
(Zheng, 2015). Generally, anionic liquids provided better dissolution than cationic
liquids. Regenerated keratin had a rough and amorphous appearance (Figure 2.10)
and considerable damage to the crystal structure had occurred as evident from the
relatively low degree of crystallinity. Thermal stability of the keratin had also de-
creased due to the ionic treatment (Zheng, 2015). Although the main amide I, II and
III structures were similar between the raw and regenerated keratin, minor changes
were discovered in the α-helix and β-sheet content (Figure 2.11). Decrease in α-helix
content from 83.8 to as low as 45.1 and corresponding increase in β-sheet content
from 16.2 to 54.5 were observed when [Bmim]OAc was used as the solvent. Type of
ionic liquid played a significant role in determining the extent of α-helix to β-sheet
conversion (Table 2.3) (Zheng, 2015). Nevertheless, the simple procedure, recyclabil-
ity and low cost were considered beneficial for industrial-scale extraction of keratin
using ionic liquids (Zheng, 2015).

Apart from the time or the type of ionic liquid, the temperature used for dissolution
also had major influence on the properties of keratin and the products developed from
the regenerated keratin (Ghosh, 2014). Wool fabrics were dissolved using (1-butyl-3-
methylimidazolium chloride) at temperatures between 120 and 180 °C. Considerable
differences in amino acids, particularly cysteine content, was observed with increasing
temperature during dissolution. Changes in secondary structure were also observed
but dissolution at higher temperatures provided keratin with improved thermal proc-
essing. Films made from keratin obtained at high temperatures also had better tensile
properties compared to keratin obtained at lower temperatures.

Keratin was extracted from chicken feathers using a hydrophobic ionic liquid
(1-hydroxyethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide ([HOEMIm]

Table 2.2: Ionic liquids and conditions required to dissolve wool keratin
(Xie, 2005).

Ionic liquids Temperature (°C) Time (h) Solubility (%)

BMIM+Cl–   

  

BMIM+Br–   

AMIM+Cl–   

BMIM+BF–   Insoluble
BMIM+PF–   Insoluble

Note: Reproduced with permission from Royal Society of Chemistry.
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[NTf2]) and the structure and properties of the extracted keratin were studied (Wang,
2012). To extract the keratin, feathers were immersed in the ionic liquid containing so-
dium bisulfite at 80 °C for 4 h. About 15–25% of keratin was extracted depending on
the time, temperature and ratio of the solvent and reducing agent used. Molecular

(a) (b)

(d)

100 μm 100 μm

20 μm50 μm

(c)

Figure 2.8: Stages in the dissolution of wool using ionic liquid [BMIM] + .Cl¯. Untreated wool fibers
(a), swollen wool fragments (b), dissociation of the cuticle cells from fiber fragments (c) and
isolated cells and fragments obtained after treating the ionically dissolved keratin with urea/
thiourea (d) (Plowman, 2014). Reproduced with permission from Royal Society of Chemistry.
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Figure 2.9: Ionic liquids alone were able to extract higher number of lower molecular weight
peptides whereas the contrary was true for urea/thiourea system (Plowman, 2014). Reproduced
with permission from Royal Society of Chemistry.

(a) (b)

(c) (d)

Figure 2.10: SEM images ((a) raw material; regenerated keratin from 8% wool keratin solution of (b)
[N2221]DMP; (c) [Bmim]OAc; (d) [Emim]DMP) show the morphological differences after treating with
various ionic liquids (Zheng, 2015). Reproduced with permission from American Chemical Society.
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weight of the keratin extracted was about 10 kDa. Although the ionic liquid used could
be collected and reused, the yield and molecular weight of the keratin obtained was
considerably low (Wang, 2012). An ionic liquid N-methyl Morpholine N-Oxide (NMMO)

C=O

Regenerated keratin from
[Bmim]OAc solution

Regenerated keratin from
[Emim]DMP solution

Regenerated keratin from
[N2221]DMP solution

Regenerated keratin
from [N2221]DMP

Regenerated keratin
from [Emim]DMP

Regenerated keratin
from [Bmim]OAs

Raw material

250 200 150 100 50 –500

α-Carbon
β-Carbon alkyl of side chains

ppm
(a)

160 165 170 175

β-Sheet
β-Sheet

β-Sheet
β-Sheet

α-Helix α-Helix

α-Helix α-Helix

Raw material

ppm
180 185 190 160 165 170 175

ppm
180 185 190

160 165 170 175
ppm

180 185

(b)

190 160 165 170 175
ppm

180 185 190

Figure 2.11: Changes in the C=O peaks at 174.7 ppm and 171.4 ppm were used to study the changes
in the α-helix and β-sheet content. (a) raw material and regenerated keratin from [N2221]DMP,
[Bmim]OAc and [Emim]DMP solutions respectively; (b) raw material and regenerated keratin from
[N2221]DMP, [Bmim]OAc and [Emim]DMP solutions. Reproduced with permission from American
Chemical Society (Zheng, 2015).
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was found to be a strong solvent for chicken feathers to extract keratin. However,
about 64% of keratin was degraded into polypeptides with molecular weights of about
2,189 Da compared to 25% keratin that had higher molecular weight of 14,485 Da. A
decrease in cysteine content but substantial increase in disulfide bonds was observed.
It was proposed that considerable oxidation (Figure 2.12) occurs during the regenera-
tion of feathers into keratin and during drying (Ma, 2017).

Various ionic liquids have also been used to dissolve duck feathers and obtain
keratin. The ionic liquids studied were [Amim]Cl, [Bmim]Cl, [Bmim]Br, [Bmim]NO3,
[Hmim]CF3SO3 and [Bsmim]H2SO4. Dissolution rates of the feathers varied from 5% to
96% with [Amim]Cl providing the highest level of dissolution. (In ionic liquids at 90 °
C with 20% feather, complete dissolution of feather was observed.) Scanning electron
microscopy images showed severe degradation of the surface after 40 min of treat-
ment. Dissolution rates and yield of keratin was also influenced by the amount of so-
dium sulfite used as the reducing agent. Complete dissolution of the feathers was
achieved in 60 min. Similarly, the temperature and time also changed the amount of
keratin extracted. It was suggested that addition of 20% water and 10% of sodium
sulfite into the ionic liquids resulted in keratin yield as high as 75% (Ji, 2014).
Although high yield of keratin can be obtained using the ionic liquids, the influences
of the ionic liquids on the properties of the extracted keratin have to be understood.

Ionic liquids have also been extensively used to extract keratin from unconven-
tional animal sources (Table 2.4) (Shavandi, 2017). Camel hair and cashmere fibers
were treated with ionic liquid [BMIM(Cl)] to separate the water soluble and insoluble
keratins. Extent of solubility of keratin and primary and secondary structures were af-
fected by the treatment conditions (Yang, 2019). Similarly, amino acid composition

Table 2.3: Ability of various ionic liquids to convert keratin into α-helix or β-sheets (Zheng, 2015).

Peaks Chemical shift (ppm) HW (ppm) Fraction (%)

Raw material
α-Helix . . .
β-Sheet . . .

Keratin regenerated from [N] DMP
α-Helix . . .
β-Sheet . . .

Keratin regenerated [Bmim]OAc solution
α-Helix . . .
β-Sheet . . .

Keratin regenerated from [Emim]DMP solution
α-Helix . . .
β-Sheet . . .

Note: Reproduced with permission from American Chemical Society.
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between the hair and wool fibers and components obtained after treatment were dif-
ferent (Table 2.5). Soluble portion of keratin was used as a replacement for cell culture
media without any cytotoxicity to fibroblasts. Ability of various ionic liquids (Figure
2.13) to dissolve goat wool and influence properties of keratin obtained were studied
(Liu, 2017). About 8% wool was added into the ionic liquids and heated at 343 K up to
3.5 h for completion dissolution. Keratin yields ranging from 17% to 45% were ob-
tained depending on the specific ionic liquid and treatment time. Crystallinity of the
keratin obtained varied from 51% to 62% but the main structure of the keratin was

NCHHC
C

O

S
N

Di
su

lfi
de

 li
nk

ag
e

11
0 

°C

Pe
pt

id
e 

lin
ka

ge

Am
in

o 
ac

id
 u

ni
t

Cy
st

ei
ne

Cy
st

in
e

S
N

H
CH

HC

O

O
C

C
H

N
S

S
N

N

H

Regeneration

Drying

H HC
R

O
RN

H
CH

C
O

N
H

HC
CH

2
CH

2
S

O
C

S
H

N CH C
H

N
HC

R C
O

O

+

+
+

CCH C
O

CH
2

CH
2

HC

HCHC

CH

HC

HS

HC C

C

N

N

H

H

N
H

N
H

N
N

H
H

N
H

O
C

O
C HC

R

R

O

O

O

O N
CH

2

N
H

S S

SS
C

O
O

O

S
S

O
O

C

C

O
C

C

CHCH

CH

H
CH

2
CH

2

CH
2

CH
2

CH
2

CH
2

HS
CH

H

H

NN C C

C

C
S

O C
N

H

N
H

N
H

N
H

R

N
H

CH
S

S

S

HC

CH

CH

CH
2

CH
2

CH
2

C
O

C
O

C
O

C

C

O

O

N
H

N
H

HC

HC

R

R

CH
O

O O
S S

O

O HCHC

H 2C

H 2C

CH
2

CH
2

CH
2

H 2C

H 2C

C
O

H 2C

H 2C SS
C

O O– HNH
3+

NH
3–

NH
3+

Figure 2.12: Changes in the chemical structure of keratin due to treatment with NMMO (Ma, 2017).
Reproduced with permission from Springer Nature.
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Table 2.4: Conditions used to extract keratin from various sources using ionic liquids
(Shavandi, 2017).

Material Ionic liquids and
additives

Conditions Yield of
keratin

Temperature
(°C)

Solid:liquid
ratio

Time Solubility
(wt%)

Feathers [Amim]Cl +  wt%
NaSO

 :  h .% –

Feathers [Bmim]Cl +  wt%
NaSO

 :  h .% –

Feathers [Bmim]Br +  wt%
NaSO

 :  h .% –

Feathers [Bmim]NO +  wt%
NaSO

 :  h .% –

Feathers [Hmim]CFSO +  wt
% NaSO

 :  h .% –

Feathers [Bmim]HSO +  wt%
NaSO

 :  h .% –

Wool [Bmim]Br  –  h % –

Wool [Bmim]Cl  –  h % –

Wool [Bmim]Cl  –  h % –

Wool [Amim]Cl  –  h % –

Wool [Bmim]BF  –  h Insoluble –

Wool [Bmim]PF  –  h Insoluble –

Wool [Amim]Cl  –  min % –

Wool [Bmim]Cl  –  min % –

Wool [Bmim]Cl  :  min – %

Wool [Bmim]Cl  :  min – %

Wool [Bmim]Cl  :  min – %

Feathers [Bmim]Cl  :  h % %

Feathers [Amim]Cl  :  h % %

Feathers Choline thioglycolate  :  h % %

Feathers [Bmim]Cl  –  h % –
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Table 2.4 (continued)

Material Ionic liquids and
additives

Conditions Yield of
keratin

Temperature
(°C)

Solid:liquid
ratio

Time Solubility
(wt%)

Wool [Amim][dca]  – – % –

Wool [Bmim]Cl  –— – % –

Wool [Amim]Cl  – – % –

Wool Choline thioglycolate  – – % –

Feathers [HOEMIm]
[NTf] + . g NaHSO

Note: Reproduced with permission from Royal Society of Chemistry.

Table 2.5: Comparison of the amino acid composition of camel hair and cashmere fibers before and
after solubilization in comparison to wool and hair keratin (Yang, 2019).

Cysteine
(mol%)

Camel hair Cashmere Wool
keratin

Human hair
keratin

Raw Soluble Insoluble Raw Soluble Insoluble

Cys . . . . . . . .
Arg . . . . . . . .
Gly . . . . . . . .
Asp . . . . . . . .
Leu . . . . . . . .
Val . . . . . . . .
Glu . . . . . . . .
Ser / . . . . . . .
Ala . . . . . . . .
Ile . . . . . . . .
Thr . . . . . . . .
Met . . . . . . . .
Lys . . . . . . . .
His . . . . . . . .
Phe . . . . . . . .
Tyr . . . . . . . .
Pro . . . . . . . .

Note: Reproduced with permission from Express Polymer Letters.
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retained as indicated by the NMR results. However, the α-helix and β-sheet content
showed substantial changes (Figure 2.14). Untreated wool had 91% α-helices and 9%
β-sheets compared to 4% α-helix and 95% β-sheet content (Liu, 2017). Direct relation-
ship was established between the type of ionic liquid, dissolution time, α-helix con-
tent and disulfide bond break ratio (Figure 2.15). Ability of the ionic liquids to be
recycled and provide keratin with good thermal stability and processability into fibers
and other forms makes them suitable for commercial keratin extraction (Liu, 2017).
However, it has been reported that the amount of water in recycled ionic liquids af-
fects yield of keratin required to dissolve wool. The extent of conversion of the α-heli-
ces and β-sheets was also affected (Zhang, 2017). Treating wool with various ionic
liquids results in different extent of disulfide bonds and free sulfhydryl group content
which was also influenced by the temperature and duration of treatment. A decrease

Figure 2.13: Five types of ionic liquids used to dissolve goat wool (Liu, 2017). Reproduced from
Royal Society of Chemistry through Creative Commons Licence.
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Figure 2.14: Changes in the 13C NMR spectra of goat wool treated with different ionic liquids (a)
and deconvolutions of the peaks (b) (Liu, 2017). Reproduced from Royal Society of Chemistry
through Creative Commons License.
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in α-helix content and increase in β-sheet content and disordered regions were ob-
served after treating with the ionic liquids. It was suggested that ionic liquids should
cleave 70–80% of the disulfide bonds to avoid excessive degradation.

2.3 Enzymatic extraction of keratin

Extraction conditions not only affect the amino acid composition but also the nutri-
tional value of keratins. Since chemical treatments are harsh and tend to degrade or
damage keratin, enzymatic/bacteria/fungi (Table 2.6) keratin extraction has been
done to obtain keratin with better properties (Shavandi, 2017). Chicken feathers
were subject to in vitro protein digestibility using two enzymes including a nonspe-
cific protease having activity of 12.6 µK/g at pH 7.5. Feathers treated with enzymes
were later subject to pressure thermic hydrolysis for 60 or 120 min at 133 °C and
2.4 bar pressure. Alternatively, a nonenzymatic treatment was also done by treating
with sodium hydroxide and sodium sulfite at 85 °C for 60 min. Up to 900 g of keratin
could be obtained per kilogram of feathers used, making the process suitable for
commercial applications. Enzymes were able to degrade the feathers into essential
and nonessential amino acids. However, higher amount of sodium and ash in the
extracts was considered unsuitable for feed applications (Adler, 2018). It has also
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Figure 2.15: Relationship between ionic liquids, extraction time on the α-helix content and disulfide
bond break ratio (Liu, 2017). Reproduced from Royal Society of Chemistry through Creative
Commons License.
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been reported that keratin cannot be hydrolyzed by pure keratinase and requires a
disulfide bond reductase. Several disulfide bond reductases have been isolated
and used for keratin degradation. Seven major types of disulfide reductases that
have distinct reaction mechanisms have been reported (Figure 2.16). It was sug-
gested that common keratin reducing agents such as β-mercaptoethanol, dithio-
threitol or additional enzymes are necessary for complete degradation of keratin
(Peng, 2019). Keratinases extracted from Bacillus aerius NSMk2 were found to be
halotolerant and have considerable thermal stability (Bhari, 2019). Enzymes ex-
tracted had a molecular weight of 9 kDa and specific activity of 30 U/mg. High pH
stability between 6.5 and 9.5 and retention of 85% activity at pH 11 even after 4 h
of incubation were considered novel. Similarly, the enzymes showed remarkable
stability to temperature with 50% residual activity at 70 °C. Presence of inorganic
ions such as Na+, K+ and Ca2+ promoted enzyme activity, whereas Hg2+ and Ba2+

caused considerable inhibition. Resistance to high salt concentrations (20% NaCl)
suggested that the enzymes had halotolerant properties. The enzymes were also
able to act as detergents and showed effective removal of hair from goat skin with-
out damaging the structure and properties (Bhari, 2019).

1. Alkyl hydroperoxide reductase (binds 1 FAD per subunit)

Reaction types

Reduction

Disulfide bond reductase

R1
R1 Cy-SH  + R2 Cy-SH

SH

SH

SH
SH

SH

HS

HS

HS

Cy

Cy

S

S

S

S

SS

S

S

SS

R2
Reaction type : 1–7

2. Thioredoxin reductase (thioredoxin + NADP+= thioredoxin disulfide + NADPH)
3. Glutathione reductase (RX + glutathione = HX + R-s-glutathione)
4. Dihydrolipoyl dehydrogenase (protein N6-(dihydrolipoyl)lysine + NAD+= protein N6-(lipoyl)lysine + NADH)

5. Pepticle methionine slfoxide reductase (peptide-L-methionine + thioredoxin disulfide + H2O = peptide-L-methionine (S)-S-oxide + thioredoxin)
6. Phosphoadenosine phosphosulfate reductase (adenosine 3',5'-bisphosphate + sulfite + thioredoxin disulfide = 3’-phosphoadenylyl sulfate + thioredoxin)
7. Ribonucleoside-diphosphate reductase (2'-deoxyribonucleoside diphosphate + thioredoxin disulfide + H2O = ribonucleoside diphosphate + thioredoxin)

Figure 2.16: Different types of disulfide reductases and their proposed mechanism of action (Peng,
2019). Reproduced with permission from American Chemical Society.
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2.4 Microwave-assisted keratin extraction

Instead of using chemical or enzymatic approaches for hydrolysis of keratin, micro-
wave energy has been used for hydrolysis of keratin. Duck feathers were hydrolyzed
in an autoclave having a power of 1,200 W at a predetermined pressure and dura-
tion. Hydrolyzed keratin obtained was characterized for amino acid content using a
Dionex amino acid analyzer (Chen, 2015). Yield and type of amino acids extracted
were dependent on the time and temperature of treatment. Increasing treatment
time from 10 to 30 min increased the amount of all the amino acids whereas the
yield decreased above 30 min. Threonine (up to 8%) was the highest amino acid
obtained and asparagine was the lowest. Since no chemicals or catalysts were used,
the yield obtained was considered to be high and process was considered to be en-
vironmentally friendly (Chen, 2015).

2.5 Steam flash explosion

To avoid the use of chemicals and subsequent hydrolysis of keratin, a steam flash
explosion method was used to extract keratin from duck feathers (Zhang, 2015a).
Feathers were subject to pressure of 1.4 to 2.0 MPa for 0.5–5 min with saturated
steam and then explosion decompressed. Steam exploded feathers were further
treated with sodium hydroxide at 25–60 °C for 0.5 to 4 h. Dissolved keratin was pre-
cipitated using acid and collected in powder form. Influence of various extraction
conditions on the yield of the keratin is shown in Figure 2.17. Increasing volume to
weight ratio, concentration of alkali or extraction time increased yield whereas ex-
traction temperature above 40 °C decreased the yield (Zhang, 2015a). A highest ex-
traction rate of 66% was obtained but considerable decrease in molecular weight
had occurred since proteins below 10 kDa were seen in the electrophoresis gel
(Figure 2.18) (Zhang, 2015a). However, there was no change in the thermal stability
of the samples. Steam explosion assisted keratin extraction was suggested to be a
simple, economical and environmentally friendly approach to obtain keratin for
various applications (Zhang, 2015a).

An attempt was made to understand the possibility of extracting keratin from
wool using superheated steam and without the use of any chemicals (Bhavsar, 2017).
In this study, wool samples were immersed in water or KOH or CaO solutions in 1:3
ratio. Hydrothermal treatment was done using 140 or 170 °C for 1 h. After treat-
ment, the samples were filtered, freeze dried and collected as powder. pH of su-
perheated water was 7.9 at 140 °C and 5.2 at 170 °C and ranged from 8 to 10.2 for
alkali solutions. Treating at 140 °C preserved some of the cuticular structure and
morphology but such features were lost and particulate aggregates were formed
after treating at 170 °C. Considerable differences were observed in the molecular

48 Chapter 2 Extraction of keratin
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Figure 2.17: Influence of various extraction conditions on the extraction rate and yield of keratin using
the steam assisted flash explosion method (Zhang, 2015a). (a) effect of volume/weight ratio of solvent
and feather, (b) effect of alkali concentration, (c) effect of extraction time, and (d) effect of extraction
temperature. Reproduced with permission from American Chemical Society.

Figure 2.18: SDS-Electrophoresis patterns show the difference in molecular weights of the keratin obtained
using various conditions. Standard markers are in lane 1, raw feather in lane 2, keratin extracted using 1 N
NaOH in lane 3 and keratin extracted using steam flash explosion at 1.4, 1.6, 1.8 and 2.0 MPa for 1 min are
in lanes 4–7, respectively (Zhang, 2015a). Reproduced with permission from American Chemical Society.
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weights, and primary and secondary structure of the proteins were obtained at dif-
ferent conditions. Considerable deterioration of the protein structure had occurred
under all treatment conditions as the molecular weight of keratin was reduced from
67–43 kDa to 8–3 kDa. Differences were also noticed in the amino acid composition
depending on the type of extraction used (Bhavsar, 2017). Proteins obtained using
the super-heated steam approach were suggested to be suitable as food, biostimu-
lants and fertilizer.

2.6 Extraction of keratin from horn and hoofs

Buffalo horns have also been used as a source of keratin. To extract keratin from the
horns, samples were cut from the horn and oxidized using hydrogen peroxide. The
oxidation was done using 20% and 30% peroxide concentration for 12 and 48 h at a
temperature of 25 °C. Changes in the structure and composition of the keratin were
studied and the potential of using the oxidized keratin as scaffolds for tissue engi-
neering were studied (Zhang, 2015b). FTIR spectra showed peaks at 1,650–1,658 cm−1

indicating α-helix structure and bands between 1,640 and 1,610 cm−1 belonging to
the β-sheets were seen in the horn keratin and the oxidized samples. However, the
content of the α- and β-sheets in the samples were different (Table 2.7). Increasing
the level of oxidation increased the amount of β-sheets but decreased the amount of
α -sheets due to the disruption of disulfide bonds and hydrogen bonds and also due
to reduction in crystallinity. Mechanical properties of the horn keratin also varied
due to oxidation (Table 2.8).

After oxidation, considerable decrease in tensile strength was observed whereas
the elongation increased by more than 300%. Decrease in the strength and modulus
is due to the disruption of the chemical bonds during oxidation. However, increase in
the β-sheet content makes keratin more flexible and hence the elongation increased
after oxidation (Zhang, 2015b). In terms of biocompatibility, the oxidized samples
had a hemolysis rate of less than 5% which indicates their suitability for medical ap-
plications. Similarly, there was no platelet aggregation or activation suggesting the
keratin would not clot the blood. Cells (3T3 and Human Umbilical Vein Endothelial
Cells (HUVECs)) growth and viability was found to be the same for serum (control),
horn and oxidized horn keratin samples (Zhang, 2015b). Untreated and oxidized kera-
tin samples when subcutaneously injected into mice resulted in an initial inflamma-
tory response which was typical to any foreign body. The inflammation subsidized
and healthy tissue growth was observed after 3 weeks, suggesting that the implanted
keratin had good biocompatibility and useful for clinical applications (Zhang, 2015b).

50 Chapter 2 Extraction of keratin

 EBSCOhost - printed on 2/12/2023 11:01 PM via . All use subject to https://www.ebsco.com/terms-of-use



2.7 Keratin obtained using eutectic solvent system

Ability of a new method called deep eutectic solvent (DES) mixture which consists of
two or three components to extract keratin from wool at low temperatures was inves-
tigated (Wang, 2018a). In the DES mixture, two solvents choline chloride (ChCl) and
urea, glycerol, ethanol, oxalic acid, citric acid and acetic acid were found to dissolve
wool and obtain keratin (Figure 2.19). A combination of ChCl and oxalic acid at 1:2
molar ratio and treatment at 110–125 °C for 2 h was found to provide keratin with mo-
lecular weights between 3.3 and 7.8 kDa. Up to 100% solubility of wool was obtained
depending on the extraction conditions. Differences were also observed in the crystal-
line structure, thermal behavior, molecular weight and morphology of wool and ex-
tracted keratin (Wang, 2018a). Using the eutectic solvent approach, Nuutinen (2019)
regenerated keratin from feathers and studied the structure and properties of the ex-
tracted keratin. The eutectic solvents were prepared by combining extra pure sodium
acetate and urea in specific ratios with or without water and heating the mixture at
150 °C until a clear solution was formed. Three forms of keratin were obtained after
treating the feathers as shown in Figure 2.20. Up to 45% regenerated keratin could be
obtained depending on the composition of the solvent and temperature and time dur-
ing dissolution. Similarly, the α-helix and β-sheet content also varied with dissolution
time (Figure 2.20). It was suggested that the eutectic solvent system is more gentle,

Table 2.7: Comparison of the amide bands and α-helix and β-sheet content in the horn and
oxidized keratin samples obtained from the horns (Zhang, 2015b).

Sample α-Helix β-Sheet

Band position (cm–) Area (%) Band position (cm–) Area (%)

Horn ,. . ,. and ,. .
Oxidized – ,. . ,. and ,. .
Oxidized – ,. . ,. and ,. .
Oxidized – ,. . ,. and ,. .

Note: Reproduced with permission from Elsevier.

Table 2.8: Mechanical properties of raw and oxidized horn keratin samples (Zhang, 2015b).

Sample Tensile strength (MPa) Modulus (GPa) Fracture strain (%)

Horn  ± . . ± . . ± .
Oxidized –  ± . . ± . . ± .
Oxidized –  ± . . ± . . ± .
Oxidized –  ± . . ± . . ± .

Note: Reproduced with permission from Elsevier.
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Water + DES components
+ soluble keratin

FiltradeWater

Vacuum filtration and
washing

Hot and pressurized
filtration

Roughly ground
feathers

Preparation of the
aqueous DES,
80–100 °C, 1 h

Dissolution,
80–100 °C, 2–24 h,
2 wt% consistency

NaOAC – urea in the
molor ratio of 1:2/1:3

+10 wt% water

Undissolved feathers

Regenerated keratin

Figure 2.19: Steps involved in the dissolution of feather keratin using deep eutectic solvent system
and the three fractions of keratins obtained (Nuutinen, 2019). Reproduced with permission from
Royal Society of Chemistry through Open Access publishing.
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Figure 2.20: Changes in the secondary structure of keratin with dissolution time (Nuutinen, 2019).
(a) the FTIR spectra band fitting and (b) the NMR spectra peak fitting. Reproduced with permission
from Royal Society of Chemistry through Open Access publishing.
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environmentally friendly and inexpensive compared to previous methods of keratin
extraction from protein sources (Nuutinen, 2019).

2.8 Pretreatment/oxidation of keratin materials

Not just the method and chemicals used for extraction but even the purification ap-
proach is reported to have an effect on the structure and properties of the keratin ob-
tained (Potter, 2018). Instead of the conventional purification, an additional step of
solution aggregation was used to purify and allow self-assembly of type I and type II
hard keratins. Human hair fibers were treated with peracetic acid at 37 °C for 12 h for
oxidation to occur and keratin to be converted into keratose. The keratose formed was
purified either using ultrapure water (WKOS) or dialyzed against phosphate buffer
and later against water (BKOS) to control the aggregation of the peptides. Keratose
powder extracted was dissolved in water with the addition of 1,4-butanediol diglycidyl
ether as the cross-linking agent (12%). Solutions were cast onto silicon molds and in-
cubated for 72 h for the hydrogel formation to occur. Dialysis using water resulted in
excessive aggregation of proteins due to the ready self-assembly behavior of keratin.
Such aggregation results in a lesser purity of peptides and provides lower stability to
materials developed from the proteins. Proteins obtained after dialysis using buffer
solutions could be made into hydrogels using low concentrations and with better elas-
ticity. However, the proteins were more susceptible to enzymatic degradation com-
pared to those obtained using water purification alone. It was suggested that both
mechanical and biochemical properties of keratin-based materials could be altered by
adopting different purification methods (Potter, 2018).

To improve the yield of intact cortical cells (keratin) from wool, it was suggested
that a descaling and mild oxidation using peracetic acid would be useful (Fan, 2012).
In this approach, degreased wool fibers were descaled by treating with formic acid
and later treated with peracetic acid for varying time to oxidize the fibers. Later, the
fibers were reduced to cortical cells through ultrasonication, washed and dried.
Increase in percentage of cortical cells from 16% to 30% (Table 2.9) was seen when
the oxidation was done for 2 h. However, further increase in oxidation time to 25 h
resulted in severe loss of cells. Such drastic change was attributed to the decrease in
crystallinity and reduction in the disulfide bonds (Fan, 2012). The simple approach of
oxidation to increase yield of keratin was considered to be suitable for industrial-
scale production of keratin.

Soluble keratin with low molecular weight was prepared from merino wool using
thioglycolic acid (TGA) for potential hair treatment. To purify the wool, fibers were
treated with TGA at pH 13 and 13.5 and the reaction was carried out between 50
and 60 °C with shaking for 3–6 h. After the reaction, the pH was reduced to 4 for
the proteins to precipitate and the extracted proteins were freeze-dried. Extracted ker-
atin was used for permanent waving treatment of human hair using 6% solution of
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keratin. After treatment, the fibers were washed and oxidized with 8% sodium bro-
mate. This procedure was repeated three times and a permanent bleached waved
hair was obtained (Hirata, 2013). When observed using SDS-PAGE, untreated wool
had molecular weights in two regions (62–48 kDa and between 12 and 17 kDa),
whereas the oxidized wool has a smear throughout the lane and no distinct bands
were observed indicating severe hydrolysis (Hirata, 2013). Scanning electron micros-
copy images did not show any major changes in the surface features of the treated
hair, and therefore, the extracted keratin could be used for protecting hair from any
potential damage.

Table 2.9: Effect of oxidation time on the yield of wool keratin (Fan, 2012).

Oxidation time % Intact cortical cells % Disrupted cortical cells % Residual fibers % Loss

No treatment . . . .
 min . . . .
 h . . . .
 h . . . .
 h – . – .

Note: Reproduced with permission from Springer.
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Chapter 3
Applications of keratin hydrolysates

3.1 Degradation of keratin using bacteria and fungi

Keratin has been degraded (hydrolyzed) to obtain hydrolysates, amino acids, en-
zymes and other products. Physical, chemical, biological and a combination of these
methods have been used to generate keratin hydrolysates. In a simple method, hy-
drothermal treatment was done at high pressure (10–15 PSI) and/or high temperature
(80–140 °C) using acids or alkalis to degrade keratin. Such treatment disrupts the di-
sulfide bonds and results in soluble peptides or amino acids (Karthikeyan, 2007).
Although hydrothermal treatments are simple and effective, it is difficult to control
the extent of degradation. Alternatively, enzymatic approaches have been used to de-
grade keratin and obtain hydrolysates for various applications. Although common
proteolytic enzymes cannot degrade keratin, keratinases have been effective in de-
grading keratin and used in many industries. For instance, a two-step alkali and en-
zymatic degradation was used to produce feather hydrolysate using mild reaction
conditions (Mokrejs, 2010). Schematic of the process used for production of the kera-
tin hydrolysate is in Figure 3.1. The two-step process in which the second step in-
volved treating with 5% enzyme and 0.1% KOH at 70 °C resulted in a high yield of
keratin (about 91%). The process used was low cost, suitable for commercial-scale
production and the hydrolysate obtained was suggested to be suitable as animal feed
and also to develop packaging films and capsules (Mokrejs, 2010).

Various bacteria and fungi are also capable of degrading keratin and producing
enzymes. However, the extent of degradation depends on the conditions such as pH
and temperature used during degradation. Table 3.1 lists some of the microorgan-
isms and their ability to produce protein and the enzyme keratinase (Singh, 2015).
Fungal strains isolated from alkaline soil were studied for their ability to produce
keratinolytic enzymes using feathers as a substrate (Cavello, 2013) in solid state and
submerged cultures. Among the different strains studied, Purpureocillium. lilacinum
produced the highest proteolytic and keratinolytic activities. Highest enzyme pro-
duction obtained was 15.96 Uc/mL. Enzymes produced from keratin waste were con-
sidered to be suitable to treat leather (hydrolyze) waste and consequently reduce
environmental pollution (Cavello, 2013).

Poor degradation of keratin is one of the major limitations for the application of
keratin. Several studies have been conducted on identifying bacteria and fungi that
are capable of degrading keratin wastes. A gram-negative bacteria Stenotrophomonas
maltophilia DHHJ was used to ferment chicken feathers in large quantities and the
compositional analysis and degradation products obtained from the feathers were an-
alyzed (Cao, 2011). Protein concentration obtained was up to 0.45 g/L and amino acid
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concentration was up to 0.6 g/L. Feather fermentation broth when used as fertilizer
increased plant growth substantially. Similarly, the mechanical properties of hair
were improved after treating with the feather broth (Cao, 2011).

Raw feathers Grinding (≤5 mm)
Degreasing

–
–
–
–

– Stirring feathers with
0.1%–0.3% KOH H2O solution
(feathers/solution = 1/50)

–

–

–
–

Hydrolysis first stage

Hydrolysis second stage

Feathers/H2O = 1/75
Lipolase (1.7%/feathers)
40 °C, 24 h, pH at 9

70 °C, 24 h

Adding 1–5% proteinase
(dry weight/weight feathers)
Stirring
50–70 °C, 4–8 h

Filtration

Insoluble residue
(9%–82% per raw feathers)

Drying at 103 °C

Solution of
Keratin

Hydrolysate
(0.4%–1.8%, w/w)

pH adjustment
(with H3PO4) to 9

Finally washing with H2O

Figure 3.1: Process of obtaining keratin hydrolysate from raw feathers (Mokrejs, 2010). Reproduced
with permission through Open Access publishing.

Table 3.1: Microorganisms reported to be capable of degrading keratin and their ability to produce
keratinase (Singh, 2015).

S.no. Fungi tested Accession
number

Total*
protein
(µg/mL)

Keratinase
(Ku/mL)

. Acremonium sp. GPCK  . .

. Acremonium sp. GPCK  . .

. Acremonium sp. GPCK  . .

. Acremonium sp. GPCK  . .

. Acremonium sp. GPCK  . .

. Acremonium sp. GPCK  . .
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Table 3.1 (continued)

S.no. Fungi tested Accession
number

Total*
protein
(µg/mL)

Keratinase
(Ku/mL)

. Acremonium sp. GPCK  . .

. Acremonium sp. GPCK  . .

. Acremonium sp. GPCK  . .

. Acremonium sp. GPCK  . .

. Acremonium sp. GPCK  . .

. Acremonium sp. GPCK  . .

. Acremonium sp. GPCK  . .

. Acremonium sp. GPCK  . .

. Acremonium sp. GPCK  . .

. Acremonium sp. GPCK  . .

. Acremonium sp. GPCK  . .

. Acremonium implicatum FMR  . .

. Acremonium hennebertii FMR  . .

. Acremonium hennebertii FMR  . .

. Chrysosporium europae FMR  . .

. Chrysosporium cuniculi GPCK  . .

. Chrysosporium indicum GPCK  . .

. Chrysosporium indicum GPCK  . .

. Chrysosporium indicum GPCK  . .

. Chrysosporium indicum GPCK  . .

. Chrysosporium indicum GPCK  . .

. Chrysosporium indicum GPCK  . .

. Chrysosporium indicum GPCK  . .

. Chrysosporium indicum GPCK  . .

. Chrysosporium indicum GPCK  . .

. Chrysosporium indicum GPCK  . .

. Chrysosporium indicum GPCK  . .
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Table 3.1 (continued)

S.no. Fungi tested Accession
number

Total*
protein
(µg/mL)

Keratinase
(Ku/mL)

. Chrysosporium indicum GPCK  . .

. Chrysosporium indicum ITCC  . .

. Chrysosporium keratinophilum GPCK  . .

. Chrysosporium keratinophilum GPCK  . .

. Chrysosporium keratinophilum GPCK  . .

. Chrysosporium keratinophilum GPCK  . .

. Chrysosporium keratinophilum GPCK  . .

. Chrysosporium keratinophilum GPCK  . .

. Chrysosporium keratinophilum GPCK  . .

. Chrysosporium keratinophilum GPCK  . .

. Chrysosporium keratinophilum GPCK  . .

. Chrysosporium keratinophilum ITCC  . .

. Chrysosporium keratinophilum P  . .

. Chrysosporium pannicola GPCK  . .

. Chrysosporium pannicola GPCK  . .

. Chrysosporium pannicola GPCK  . .

. Chrysosporium pannicola GPCK  . .

. Chrysosporium pseudomerdarium GPCK  . .

. Chrysosporium queenslandicum ITCC  . .

. Chrysosporium queenslandicum GPCK  . .

. Chrysosporium queenslandicum GPCK  . .

. Chrysosporium queenslandicum GPCK  . .

. Chrysosporium queenslandicum GPCK  . .

. Chrysosporium queenslandicum GPCK  . .

. Chrysosporium queenslandicum GPCK  . .

. Chrysosporium tropicum GPCK  . .

. Chrysosporium tropicum GPCK  . .
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Feather waste was used as substrate to produce proteases that were active ingre-
dients for various detergents (Cavello, 2012). Paecilomyces lilacinus strain LPS #876
was used to generate the proteases and the protease activity was measured in terms
of the azocasein unit (Uc). Feathers were completely degraded after 70 h of incuba-
tion at 28 °C. Protease activity increased up to pH 10 and later decreased. Similarly,
the highest protease activity was obtained at a temperature of 60 °C (Cavello, 2012).
Since detergents contain various chemicals including oxidizing agents, ability of the
proteases to be active was studied. Activity from 11% to 110% was observed based on
the type of chemicals (inhibitors and metal ions) used (Table 3.2). When used with
various detergents, the activity varied from 32% to 100%. Hydrogen peroxide had the
most reduction in activity whereas proteases from other sources showed high stabil-

Table 3.1 (continued)

S.no. Fungi tested Accession
number

Total*
protein
(µg/mL)

Keratinase
(Ku/mL)

. Chrysosporium tropicum GPCK  . .

. Chrysosporium tropicum GPCK  . .

. Chrysosporium sulfurium GPCK  . .

. Chrysosporium sulfurium GPCK  . .

. Chrysosporium zonatum ITCC  . .

. Chrysosporium zonatum GPCK  . .

Note: Reproduced with permission from Pelagia Research Library.

Table 3.2: Changes in protease activity and residual activity with
the addition of different chemicals (Cavello, 2012).

Chemicals Concentration Residual activity (%)

None
PMSF
Iodoacetate
EDTA
,-Phenanthroline
Pepstatin A
Ca+

Zn+

Mg+

Hg+

–
 mM
 mM
 mM
 mM
 µg/mL
 mM
 mM
 mM
 mM

 ± .
. ± .
. ± .
. ± .
. ± .
. ± .
 ± .
. ± .
. ± .
. ± .

Note: Reproduced with permission from Springer.
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ity to peroxide (80–85%). The proteases obtained also had excellent stability to both
anionic and nonionic surfactants even at high temperatures (40 °C). It was suggested
that P. lilacinus was capable of generating proteases with excellent stability that
could be suitable for use in commercial laundry detergents (Table 3.3) (Cavello, 2012).

Keratin hydrolysates were obtained from feathers using Bacillus subtilis AMR without
the need for any other chemicals (Villa, 2013). In this method, feathers were washed
and treated with chloroform and methanol to remove soluble substances. Later, the
treated feathers were added into the bacterial solution and allowed to grow for 5 days
at 28 °C during which the feathers were completely converted into hydrolysate
(Figure 3.2). Crude hydrolysate formed was concentrated, dried and collected. Keratin
hydrolysate obtained had molecular weights between 800 and 1,079 Da, lower than
that of commercial hydrolysate (900–1,400 Da) (Figure 3.3) Low molecular peptides
are able to penetrate into the hair fibers more easily and therefore provide better fin-
ishing. When used in a shampoo and conditioner, the keratin hydrolysate improved
hydration, brightness and softness suggesting that the hydrolysate was suitable for
cosmetic applications (Villa, 2013).

Ability of a few gram-positive and gram-negative bacteria to degrade α- and β-
keratin was investigated (Bach, 2015). Three gram-negative bacteria (Chryseobacterium

Table 3.3: Stability of protease when used with commercially available surfactants and oxidizing
agents (Cavello, 2012).

Chemical Concentration (%) Residual activity

Room temperature  °C  °C

Control
Triton X-

Tween 

Tween 

SDS

Sodium perborate

HO

–












.
.


.
.








 ± .
 ± .
 ± .
 ± .
 ± .
 ± .
 ± .

 ± .
 ± .

 ± .
 ± .
 ± .
 ± .
 ± .
 ± .
 ± .

 ± .
 ± .
 ± .
 ± .
 ± .

 ± .
 ± .
 ± .
 ± .
 ± .

 ± .
. ± .
. ± .
 ± .
 ± .
 ± .

 ± .
 ± .

 ± .
 ± .
 ± .
 ± .
 ± .
 ± .
 ± .

 ± .
 ± .
 ± .
 ± .
 ± .
 ± .
 ± .

Note: Reproduced with permission from Springer.
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indologenes A22 and Aeromonas hydrophila K12 and Serratia marcescens P3) were used
to degrade wool, chicken feathers and human hair. Strains A22 and K12 degraded
feather relatively easily compared to hair and wool due to the lower amount of α-
keratin in feathers (Table 3.4). Keratinase production was about 15 g/L from feather
meal compared to 13% for hair and 24% for wool depending on the strain and culture
conditions used (Bach, 2015).

3.2 Treating keratin for conversion into animal feed

One of the major applications of chicken feathers is animal feed. However, feathers have
low digestibility and it has been reported that only 16% of the feathers are digestible in
rumens. Various chemical, physical and biological treatments are done to improve di-
gestibility. A simple approach of preparing feather meal is by treating the feathers under
pressure for various periods of time either in a continuous or batch process (Table 3.5)
(Latshaw, 1994). Such treatment results in considerable changes in the amino acid com-
position and subsequently the digestibility (Table 3.6) (Latshaw, 1994).

(a) (b)

Figure 3.2: Digital images of keratin before (a) and after treating (b) with the bacteria for 5 days
(Villa, 2013). Reproduced with permission from. Biomed Central Limited.
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The effect of different processing conditions on the amino acid digestibility of
feather meal was determined by chicken assay (Papanapodoulous, 1985). In this ap-
proach, three treatment conditions and three processing times were used to deter-
mine the amino acid digestibility. Considerable variations were found in the amino
acid digestibility depending on the conditions used. Among the different amino
acids, lysine had a digestibility of 22.5% compared to 82.4% for isoleucine, 36.3%
for aspartic acid and 86.5% for isoleucine. Although some of the amino acids had
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Figure 3.3: Comparison of the MALDI-TOF-MS analysis of peptides obtained by the enzymatic
keratin hydrolysates from feather keratin using Bacillus subtilis (a) compared to commercially
available keratin (b) (Villa, 2013). Reproduced with permission from Biomed Central Limited.
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high digestibility, the essential amino acids such as lysine, histidine and methio-
nine were not easily digestible. Since treatment time and presence of enzymes and
alkali were critical for digestion, it was suggested that appropriate conditions were
to be chosen to obtain the required level of digestibility (Papanapodoulous, 1985).

Since animal feed has to be inexpensive and expensive chemical modifications
cannot be adopted; feathers were treated with lime (calcium hydroxide) at various con-
ditions and the changes in digestibility were studied (Coward-Kelly, 2006a,b). When
heated at 150 °C for various time periods, untreated feathers had maximum digestibility
of about 20%. Increasing concentration of hydroxide increases conversion and a con-
version rate of 100% was possible after heating for 100 min. Considerable changes in

Table 3.4: Amount of soluble protein extracted from feather broth (FB), wool broth (WB) and hair
broth (HB) by the three different strains and the pH values of the broth (Bach, 2015).

Isolate Soluble protein (mg/mL) pH

FB HB WB FB HB WB

C. indologenes A
A. hydrophila K,
S. marcescens P

. ± .
. ± .

 ± .

. ± .
. ± .

–

. ± .
. ± .

–

. ± .
. ± .
. ± .

. ± .
. ± .

–

. ± .
. ± .

–

Note: Reproduced with permission from Elsevier.

Table 3.5: Conditions of hydrolyzing feathers in a continuous and batch process and resulting
properties of the feather hydrolysate (Latshaw, 1994).

Type of feather hydrolyzation

None Continuous hydrolyzation (kPa) Batch

   

Hydrolyzer pressure (kPa)
Pressure range (kPa)
Hydrolyzing time (min)
Total cycle time (min)
End point moisture (g/kg)
End product
Moisture (g/kg)
Protein (g/kg)
Fat (g/kg)
Fiber (g/kg)
Ash (g/kg)
Total
Bulk density (kg/m)
Pepsin digestible protein

–
–
–
–
–











,
.
.



±




















.



±


















.
.



±
















,
.
.



±
 +  + 

















.
.

Note: Reproduced with permission from Elsevier.
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protein conversion could also be achieved with changes in temperature. However, tem-
peratures above 125 °C were necessary to achieve 100% conversion. Although higher
temperatures provide better conversion, there could be a risk of degradation of
the proteins and loss of valuable amino acids when high temperatures are used.

Amino acid content of the solubilized keratin was similar to that of unhydrolyzed
keratin except for proline which showed considerable increase when heated for 150 °C
(Coward-Kelly, 2006a,b). Hydrolyzed feathers had amino acid content that was suitable
to satisfy the nutrients requirements for different animals and was therefore considered
to be an inexpensive and readily available source for animal feed.

Instead of using chemical or physical means, biological treatments particularly
those using bacteria have been extensively studied to hydrolyze feather and im-
prove its digestibility when used as animal feed. A feather degrading bacterial
strain Kocuria rosea LPB 3 was isolated from the soil and cultured aerobically on
submerged feathers to obtain fermented feather meal. Extent of degradation and
changes in the amino acid composition were compared with respect to commer-
cially available feather meal (Table 3.7) (Berstch, 2005). In vitro digestibility of the
fermented feather meal at 88% was similar to that of the commercial feather meal

Table 3.6: Amino acid content of the feather meals as affected by the processing condition
expressed in terms of g/kg (Latshaw, 1994).

Type of feather hydrolyzation

None Continuous hydrolyzation (kPa) Batch

   

Alanine
Glycine
Isoleucine
Leucine
Valine
Phenylalanine
Arginine
Histidine
Lysine
Aspartic acid
Glutamic acid
Serine
Threonine
Proline
Cysteine
Lanthionine
Methionine
Total

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.

Note: Reproduced with permission from Elsevier.
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(87%) but protein content in the fermented meal was 71% compared to 81% in the
commercial meal. However, the fermented meal had higher protein digestibility
than raw feather (26%) and hence the bacterial treatment was considered effective
to obtain feather hydrolysate as animal feed (Berstch, 2005). Results reported were
using in vitro digestion. However, in vivo digestion studies should be considered
before the meal can be considered suitable as animal feed.

In a similar study, feathers were hydrolyzed using a bacterial strain Vibrio sp.
strain kr2 and the obtained hydrolysate was studied for potential use as animal feed
(Grazziotin, 2006, 2007). Either the entire bacterial culture (whole culture) or only the
supernatant from the culture were used to treat the feathers. Extent of degradation and
type and amount of amino acids produced varied depending on whether the whole cul-
ture or the supernatant were used. Up to 90% digestibility compared to 72% was ob-
tained for the whole and supernatant cultures, respectively. Nutritional quality of the
hydrolysate measured in terms of the protein digestibility-corrected amino acid scoring
(PDCAAS) was low suggesting that addition of other amino acids would be required to
use the hydrolysate as meal. The low PDCAAS value was reported to be due to the low
levels of methionine and lysine (Grazziotin, 2006, 2007). The same bacterial strain was
reported to completely degrade feather and produce feather protein hydrolysate even
at a high raw feather concentration of 60 g/L in the culture media. Highest amounts of

Table 3.7: Comparison of the amino acid digestibility between
fermented feather meal and commercially available feather meal
(Berstch, 2005).

Amino acid,% Fermented meal Commercial feather meal

Lysine
Histidine
Methionine
Cysteine
Threonine
Asparagine
Proline
Glutamine
Alanine
Leucine
Glycine
Valine
Ile
Phenylalanine
Tyrosine
Serine

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.

Note: Reproduced with permission from Elsevier.
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soluble proteins were obtained when the pH was between 6 and 8 and temperature
was 30 °C (Grazziotin, 2006, 2007).

In addition to chicken feathers, cow hairs have also been studied as potential
source of keratin for animal feed (Coward-Kelly, 2006a,b). Extraction of keratin was
done in an autoclave using various concentrations of calcium chloride (lime) under
nitrogen atmosphere. Total nitrogen and type of amino acids in the extracted kera-
tin was estimated using standard techniques (Coward-Kelly, 2006a,b). Percent con-
version of the hair into solubilized keratin increased with increasing reaction time
whereas no significant decrease was observed with change in the concentration of
the feathers in the reaction. Amount of lime used directly influenced conversion
with increasing amount of lime increasing the conversion up to about 60% when
extraction time was 8 h. Keratin extracted from cow hairs had a highest amino acid
content of 14.5% glutamine followed by leucine (9.8%) compared to 8.2% glycine
and 7.4% proline for the keratin from chicken feathers. Type and amount of amino
acid obtained also varied depending on the time of treatment. It was hypothesized
that the poorly soluble calcium hydroxide would provide a weak and stable alkaline
condition and therefore cause less damage to the amino acids produced than using
strong alkali. A step-wise thermochemical treatment was suggested in order to pre-
serve the amino acids and obtain the keratin hydrolysate with better nutritional
value (Coward-Kelly, 2006a,b).

3.3 Biofuel from keratin

Degradation of feathers produces ammonia which is a biogas useful as fuel. To im-
prove degradability and increase production of ammonia, feathers were subject to
thermal, enzymatic and combined thermal-enzymatic treatments. Treatment condi-
tions such as enzyme load, pretreatment time and inclusion enzyme on the produc-
tion of methane was studied (Forgacs, 2013). Thermal treatment was done in an
autoclave at 120 °C for 10 min and enzymatic hydrolysis was performed with alka-
line serine protease at 55 °C for 2 or 24 h. Both batch and semicontinuous assays
were done under anaerobic conditions for digesting the feathers for up to 50 days
and the amount and concentration of gas released was measured. Considerable var-
iations were observed in the degree of solubilization depending on the presence or
absence of thermal and enzymatic treatments. The variations observed corresponded
to the differences in the α-helix and β-sheet content (Table 3.8). A highest solubilization
degree of 94% was obtained when an enzyme concentration of 2.66 mL/g was used
along with thermal treatment for 24 h. The highest digestion led to the production of a
considerably higher level of chemical oxygen demand (COD) at 24,400 mg/L (Forgacs,
2013). However, it was found that harsher treatment conditions may not be necessary
when combined pretreatment was used and that the hydrolysis was independent of
the enzyme treatment time (Forgacs, 2013).
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3.4 Bacterial degradation of keratin

Feather degrading bacteria (wild and mutant type) were isolated from a local
feather waste site and used for production of keratinase (Cai, 2008). Effect of culture
conditions on the production of keratinase and residual hydrolysates were stud-
ied. Keratinolyte production was about 55 U/mL for the mutant strain compared to
25 U/mL for the wild type strain. Increasing feather content from 1 to 10 g/L in-
creased the keratinolytic activity from 36 to 70 U/mL and a corresponding in-
crease in residual hydrolysate was also observed (Cai, 2008). Similarly, pH of 7.5
produced enzymes with the highest activity and pH of 6.5 gave the highest resid-
ual content (Cai, 2008). Highest enzyme activity of 71 U/mL was observed at a
temperature of 28 °C. Analysis of the residual content showed that cysteine con-
tent was highest at about 0.15 mg/mL followed by valine, glutamic acid and tyro-
sine. The new bacterial strain was found to be an effective substrate for enzyme
production (Cai, 2008). Another strain Bacillus sp. isolated from the soil near a
feather disposal site was used for production of keratinase (Cai, 2008). Chicken
feathers were treated with the bacteria between pH 6 and 10 using an initial cell
count of 5 × 107 cell/mL and incubating for up to 5 days. After incubation, the cul-
ture was filtered, remaining feather was collected and the % degradation was esti-
mated. Activity of the enzyme, amount of protein generated and the molecular
weight of the keratinase was determined. Enzyme activity increased from 60 to
134 kU/mL when the incubation time was increased from 1 to 5 days. About 1.6%
of crude protein was extracted with a molecular weight of about 32 kDa. Enzymes

Table 3.8: Pretreatment conditions and extent of solubilization and corresponding changes in the
structure of feathers that produced various levels of ammonia (Forgacs, 2013).

Pretreatment sCOD
(mg/L)

Solubilization
degree (%)

α-Helix
(%)

β-Sheet
(%)

Disordered
region (%)

Thermal Enzyme
(mL/g)

Time
(h)

























.
.
.
.
.
.
.
.























,
,
,
,
,

,
,
,

,

.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

Note: Reproduced with permission from Springer.
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obtained from the study were considered to be suitable to replace sodium sulfide
for tanning and other applications (Deivasigamani, 2008).

Feathers were degraded using a Bacillus strain SAA5 isolated from a feather dump-
ing site and used as a source for production of amino acids and keratinase (Srivastava,
2011). Fermentation conditions such as time, temperature, pH and feather concentra-
tion influenced the extent of feather degradation and consequently production of en-
zymes (Srivastava, 2011). Up to 90% degradation of feathers and an enzyme activity of
100 U/mL were obtained. In another study, Aspergillus flavus and Fusarium solani
were isolated from a feather degrading site and used to study their ability to degrade
feathers and produce enzymes (Kannahi, 2012). About 0.9 and 0.6 U/mL of protease
and 0.7 and 0.8 U/mL of lipase were produced. Addition of carbon, particularly su-
crose increased the lipase and protease production to 61 and 71 U/mL, respectively.
A. flavus and F. solani were considered to be suitable for production of enzymes from
feathers (Kannahi, 2012).

Feathers were considered as cheap substrate for the production of the enzymes
α-amylases and proteases using strains Bacillus mojavensis A21, Bacillus licheniformis
NH1, B. subtilis A26, Bacillus amyloliquefaciens An6 and Bacillus pumilus A1. Medium
used for culture consisted of potassium phosphate, magnesium sulfate and sodium
chloride at pH 7. Incubation was done at 37 °C for 24 and 48 h (Hmidet, 2010;
Gupta, 2006). Activity of the enzymes after culture was determined using standard
assays and the percentage degradation of feather was determined based on the
weight loss. Influence of the carbon and nitrogen sources on the production of the
enzymes was also investigated. Degradation of the feathers varied from 70% to
100% depending on the bacterial strain used. When only feathers were used as
the carbon source, amylase activity ranged from 0 to 6.0 U/mL and protease activ-
ity was from 170 to 2,800 U/mL. Changes in the production levels of amylase and
protease by B. licheniformis NH1 were observed when various concentrations of
feathers were used. Increasing concentration of feathers up to 7.5 g/L increased
the activity but higher feather concentration leads to a decrease in the activity.
Supplementing the medium with yeast as a source of nitrogen increased the prote-
ase activity to 3,950 U/mL and α-amylase activity to 9.2 U/mL. Addition of glucose
did not show appreciable increase in the protease activity but amylase activity in-
creased to 9.9 U/mL (Gupta, 2006). It was concluded that feathers could be inex-
pensive substrates for industrial-scale production of protease and amylases.

A highly thermally resistant bacterial species Thermoactinomyces sp. strain CDF
was found to completely degrade feather at 55 °C and was used as a single carbon
and nitrogen source for the production of keratinolytic protease using chicken feath-
ers as the substrate (Wang, 2015). A considerably high proteolytic activity as high as
267 U/mg was obtained when chopped feathers were used as the substrate and the
culture was maintained at 80 °C (Table 3.9). Ability of Thermoactinomyces sp. to sus-
tain temperatures as high as 80 °C was considered advantageous for large-scale en-
zyme production (Wang, 2015).
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A bacteria isolated from soil B. amyloliquefaciens 6B U was found to completely
degrade feather keratin within 24 h and capable of producing proteases at a consider-
ably high concentration of 610 U/mL. The keratinolytic protease 6B had optimum ac-
tivity at 50 °C, pH 8 and was resistant to several common solvents and surfactants.
Hydrolysates obtained after production of the enzymes were ideal for use as fertilizer
(Bose, 2014). Considerable increase in plant height and weight and root length and
weight were seen when the hydrolysate was used as fertilizer (Bose, 2014).

Whole chicken feathers were used to produce microbial keratinase using Bacillus
thuringiensis Bt 407 as the bacterial strain. Amount of keratinase produced varied de-
pending on the source of carbon, incubation time, strain of bacteria (Table 3.10) and
other components used. Maximum enzyme yield was 94.5 U/mL with molecular weight

Table 3.9: Comparison of the proteolytic activity (specific activity U/mg) obtained using different
types of substrates (Wang, 2015).

Substrate Protease C Proteinase K

 °C  °C  °C  °C

Azocasein
BSA
Azocoll
Elastin-orcein
Keratin-azure
Chopped bovine
hair
Chopped chicken
feathers

(. ± .) × 


(. ± .) × 


(. ± .) × 


. ± .
. ± .

. ± .
. ± .
. ± .
. ± .

(. ± .) × 


–
–
–
–

. ± .
. ± .

. ± .
. ± .

(. ± .) × 


(. ± .) × 


(. ± .) × 


. ± .
. ± .
. ± .

. ± .
. ± .

. ± .

–
–
–
–
–

. ± .
. ± .
. ± .
. ± .

Note: Reproduced with permission from Springer.

Table 3.10: Influence of various parameters on the production and activity of keratinase produced
from poultry feathers (Uttani, 2018).

Strain/isolate  h  h  h

U/mL Protein/
 mL
(mg)

Activity
(U/mg)

U/mL Protein/
 mL
(mg)

Activity
(U/mg)

U/mL Protein/
 mL
(mg)

Activity
(U/mg)

K
K
K
K
K

.
.
.
.
.











.
.
.
.
.



.
.
.
.

.
.


.
.

.
.
.

.
.

.
.
.

.
.







.


.
.
.
.
.

Note: Reproduced with permission through Open Access publishing.
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of 33 kDa and optimum enzyme activity was observed at 55 °C and pH 8. Addition of
metal ions such as Ca2+, Mg2+ and Ba2+ increased enzyme activity whereas Cd2+, Cu2+

and Fe+3 decreased the activity. Enzymes obtained were suitable for use as detergent
(Uttani, 2018).

Instead of the conventional one-step approach, a new method of two-stage sub-
merged fermentation was used to extract 73% of protein in pig hair and produce about
89 g/L of protein rich hydrolysate (Falco, 2019). Porcine bristles were thermally treated
at 150 °C, 600 kPa for 20 min and later powdered to obtain particles of size 1.4 mm or
lesser. Microorganism for the study was from the strain Amycolatopsis keratiniphila D2.
The culture broth was inoculated with 1 mL of bacterial cells and incubated for 120 h.
After the treatment, the broth was centrifuged for 5 min and the keratinase obtained
was stored at –80 °C. Various conditions such as incubation temperature and meal
concentration were varied to generate optimum enzyme production (Figure 3.4). In ad-
dition to the flask method, a two stage fermentation process was also used to generate
the proteins and the enzymes. A maximum keratinase production of 204 kU/L was ob-
tained after the initial step of batch fermentation compared to 148 kU/L when flask ap-
proach was used. Crude proteins obtained after the first stage were used to hydrolyze
the pig bristles and obtain proteins (Falco, 2019). The two stage approach provided
much higher enzymes at about 427 mg/L/h compared to 117 mg/L/h for single stage
process and hence considered suitable for commercial-scale production.
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Figure 3.4: Effect of microbial concentration and incubation time on enzyme activity and soluble
protein yield (Falco, 2019). Reproduced with permission from Elsevier.
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3.5 Fungal strains used for keratin extraction

Similar to bacteria, several fungi have also shown to degrade feather and produce
enzymes. Potential of using one of the most common fungi (Aspergillus niger) that
is considered to be generally safe was studied for its potential to produce enzymes
using keratin from various sources as the substrate (Bose, 2014). Human hair, pig
hair, feather meal, chicken feathers and bovine horn were used as both the carbon
and nitrogen source for the fungi at various pH to obtain different enzymes.
Proteolytic and keratinolytic activity varied between the substrates and also as the
culture period increased (Figure 3.5). Activity of proteolytic enzyme decreased con-
siderably with increasing pH whereas the activity of keratinolytic enzymes in-
creased up to pH 6.5 and later decreased (Figure 3.6). Feather meal provided both
highest proteolytic and keratinolytic activity although longer time was necessary to
achieve peak production of keratinase (Lopez, 2011). Feathers were exposed to con-
siderable heat and pressure which caused partial hydrolysis that assisted in in-
creasing the levels of enzyme production. A pH of 4.5 and culture time of 96 h was
found to be optimum for production of protease compared to pH 6.5 and 48 h cul-
ture time for keratinase production (Lopez, 2011).

A white rot wood fungus Pleurotus pulmonarius was used to produce keratinolytic en-
zyme using hair as the substrate (Inacio, 2018). The fungus was inoculated onto agar
plates containing mineral media and supplemented with glucose and hair. Cultures
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Figure 3.5: Changes in the production of protease and keratinase using various keratin sources and
increasing culture time (Lopez, 2011) (■) Bovine horn, (Δ) chicken feathers, (▲) feather meal, (◆)
human hair and (●) pig hair. Reproduced with permission from Hindawi Publishing Corporation.
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were maintained in the dark for 25 days at 28 °C. Later, the media was filtered and
crude enzymes were extracted and used without further purification. In vitro studies
were done to determine the ability of the enzyme to degrade hair, feathers, wool and
beef skin. A keratinolytic activity of 26 U/mL was obtained after 15 days and about
30% of hair fibers could be degraded after 48 h. However, the enzymes were able to
degrade feathers and beef skin to a considerably lower level of 23.5% and 16%, re-
spectively (Inacio, 2018). The keratinase enzymes generated had a molecular
weight of 16 kDa, similar to those produced earlier but using a different approach.
A propeptide engineering approach where specific peptides were truncated and
replaced with different amino acids was done to improve yield and efficiency of
the enzymes produced (Su, 2019). It was found that the enzyme activity was sig-
nificantly affected by the type of propeptide sequence. A full length propeptide
was necessary to achieve proper folding and expression of the keratinase gene
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Figure 3.6: Level of proteolytic (a) and keratinolytic (b) activities with change in pH (Lopez, 2011).
Reproduced with permission from Hindawi Publishing Corporation.
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from B. pumilus (KerBp). Molecular weight of the enzyme obtained was between
30 and 40 kDa (Figure 3.7). An enzyme activity of 3,000 unit/mL which was sub-
stantially higher than previously reported using any approach was achieved using
the engineered peptides (Su, 2019).

Ability of various fungi isolated from soil to degrade keratin in horse hair was stud-
ied by Calin (2017). After 21 days of culture, it was observed that each fungi had a
different effect on the morphology, particularly surface degradation. It was also ob-
served that degradation was mainly due to the breakage of disulfide bonds and for-
mation of sulfoxide (S=O) bonds. Highest amount of sulfoxide bonds were found in
samples inoculated with Fusarium sp. strain 1A. Thermal degradation of the treated
keratin was also affected with weight loss ranging from 74% to 82%, highest being
for Fusarium sp. which was suggested to be suitable for commercial-scale degrada-
tion of keratin (Calin, 2017).
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Figure 3.7: Activity, cell density (a) and molecular weight (b) of enzymes produced from the
proengineered keratin at various culturing times (Su, 2019). Reproduced with permission from
American Chemical Society.
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Chapter 4
Films/membranes from keratin and their applications

4.1 Pure keratin films

Films are the easiest biomaterials that can be fabricated and have been widely stud-
ied for food, medical, cosmetic, electronics and other applications. Hence, keratin
from different sources has been made into films using physical, chemical and bio-
logical approaches either in 100% forms or as blends with other bio- and synthetic
polymers. Keratin-based films have also been extensively studied for food, medical,
biotechnology and other applications. Although keratin has been made into films,
there are several limitations that lead to poor properties and limited uses. One of
the major limitations of films developed from feathers is their poor stability under
aqueous conditions or high humidity. Similarly, keratin films have poor flexibility
and hence low elongation.

Plasticizers are extensively used to increase the elongation of films. In one such
attempt, glycerol was used as the plasticizer and films were developed by solution cast-
ing (Moore, 2006). Feathers (35 g) were immersed in 400 mL of water containing 8 M
urea, 30 g sodium dodecyl sulfate (SDS), mercaptoethanol and a pH 9 buffer to extract
keratin. The extracted keratin was cast into films after adding either 1%, 3%, 5%, 7%
or 9% of glycerol. Considerable increase in elongation of the films was obtained de-
pending on the extent of glycerol present, but addition of glycerol considerably in-
creases the solubility and swelling and also leads to lower mechanical properties
(Table 4.1). However, changes in the mechanical properties with increasing levels of
glycerol were considered as a positive attribute to control the mechanical properties of
the films to the desired level. In another study, keratin extracted (79.6%) from feathers
was dissolved using NaOH and combined with various amounts of glycerol. The blend
solution was then cast and dried to obtain the bioplastic films (Ramakrishnan, 2018).
Addition of glycerol substantially increased the plasticity of the films and hence ther-
mal stability decreased with increasing concentration of glycerol. Similarly, tensile
strength decreased from 0.3 to 0.02 MPa and modulus from 25 to 2.5 MPa when the
extent of glycerol varied from 0% to 10%. Tensile properties of the films were lower
compared to other reports on keratin films. Also, the elongation which should improve
with addition of glycerol was not reported. Films were easily hydrolyzable when
treated with protease enzymes at pH 7.5 for 10 h (Ramakrishnan, 2018).

Wool fibers treated to form cortical cells, and short fibrils were used to prepare
porous biocomposite films for absorbent and biomedical applications (Patrucco,
2013). Glycerol as plasticizer was added into the keratin, and films were prepared
by casting. Scanning electron microscopic image shows uniform fibers with dimen-
sions similar to that of the cortical cells. Films made from the fibrils were highly

https://doi.org/10.1515/9781501511769-004
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compact whereas films made from the cortical cells were highly porous. As observed
in other studies, addition of glycerol decreases the tensile strength and modulus but
increased the elongation. Although the films had good tensile properties (Table 4.2),
addition of glycerol will make the fibers susceptible to water. It is also not evident if
the mechanical properties are suitable for specific applications. However, both the
compact and the porous films had similar moisture regain when the absorption was
studied for 1,500 min (Patrucco, 2013). Instead of using glycerol, effect of sorbitol as
a plasticizer for feather keratin based films was studied by Martelli (2006). Keratin
was extracted from feathers using urea, SDS and mercaptoethanol, and the aqueous
dispersion of keratin was combined with various concentrations of sorbitol and cast
into films. As observed for glycerol, increasing concentration of sorbitol increased
water solubility and water vapor permeability of the films. Tensile strength of the
films decreased from 5.1 to 0.5 MPa when concentration of sorbitol was increased
from 0% to 30% (Table 4.3). Interestingly, the unplasticized films had a considerably
high breaking elongation of 16% which increased up to 53% just by the addition of

Table 4.1: Properties of feather keratin film containing various levels of glycerol (Moore, 2006).

Mechanical propertiesGlycerol
(g/g)

Water
solubility (%)

Swelling
index (%)

Glass transition
temperature (°C)

Tensile
strength
(MPa)

Elongation at
break (%)

Young’s
modulus
(MPa)

. . ± .  ±   . ± . . ± . . ± .
. – – – . ± . . ± . . ± .
. . ± .  ±  . . ± . . ± . . ± .
. . ± .  ±  . . ± . . ± . . ± .
. . ± .  ±  . . ± . . ± . . ± .
. . ± .  ±  – . ± . . ± . . ± .

Note: Reproduced with permission from Elsevier.

Table 4.2: Tensile properties of keratin films containing various levels of glycerol
(Patrucco, 2013).

Samples Tensile strength (MPa) Elongation (%) Modulus (MPa)

Compact film .–. .–. –
Porous film . ± . . ± .  ± 

Porous film + % glycerol . ± . . ± .  ± 

Porous film + % glycerol . ± . . ± .  ± 

Porous film + % glycerol . ± . . ± .  ± 

Porous film + % glycerol . ± . . ± .  ± 

Note: Reproduced with permission from Sage Publications.
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2% of sorbital. Modulus of the films decreasing from 125 to 3 MPa occurred due to the
increase in plasticizer content.

Pure keratin films were prepared by treating feather fibers using 8 mol urea,
L-cysteine at pH 10.5 and stirring the mixture for 12 h at 70 °C. Dissolved keratin
was precipitated by adding dilute acid and sodium sulfate, and later it was dried
and powdered to obtain a yield of about 60%. To form the films, extracted keratin
(15%) was added into 0.1 M sodium carbonate–sodium bicarbonate buffer having a
pH of 9.5. About 10% surfactant (SDS) was also added to facilitate formation of mac-
romolecular chains. The solution was heated at 90 °C for 1 h and aged for 24 h at
room temperature. Solution formed was cast onto molds and evaporated to form
the films. The films were immersed in a coagulation bath and later in a glycerol so-
lution before conditioning and testing (Ma, 2016). Presence of SDS led to the unfold-
ing of keratin macromolecular chains, and also prevented agglomeration of the
reduced keratin and provided a homogenous solution. Amount of α-helix in keratin
decreased after regeneration and β-sheet content was higher than in raw feathers.
Membranes obtained had tensile strength of 3.5 MPa and high elongation of 127%
suitable for various applications (Ma, 2016).

Transparent films were prepared from keratin extracted from wool, which was
dissolved in alkaline solutions, and combined with sunflower oil or glycerol as plas-
ticizer and SDS as dispersing agent. Films developed had transparency (Figure 4.1)
similar to that of polyethylene and also had high thermal stability with degradation
occurring at 320 °C. However, the films were affected by humidity with strength de-
creasing but water sorption and elongation increasing with increase in humidity.
Similar observation was also seen with the addition of glycerol as plasticizer.
Addition of formaldehyde decreased mechanical properties but thermal treatment at
80 °C for 24 h lead to unprecedented increase in toughness of the 28% glycerol-con-
taining films to 19 MJ/m (Fernández-d’Arlas, 2019). Strength and elongation of the
keratin films was considerably higher when compared to many other protein-based
thermoplastic films (Figure 4.2).

Table 4.3: Tensile properties of chicken feather keratin films containing
various amounts of sorbitol as the plasticizer (Martelli, 2006).

Sorbitol (g/g) Tensile strength (MPa) Elongation (%) Modulus (MPa)

. . ± . . ± .  ± 

. . ± . . ± .  ± 

. . ± . . ± .  ± 

. . ± . . ± .  ± 

. . ± . . ± .  ± 

. . ± . . ± .  ± 

Note: Reproduced with permission from Springer.
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Addition of L-cysteine (5%) into keratin solution prepared from duck feath-
ers lead to considerable increase in mechanical properties and biocompatibility.
Films containing cysteine were immersed in 10% methanol and 10% acetic acid for
2 h and glycerol was included as plasticizer. Size of cysteine was between 200 nm
and 4 µm which influenced mechanical properties. A maximum tensile strength of
52 MPa was obtained but the strength decreased drastically to about 6 MPa when the
films were immersed in water. Cysteine reinforcement was found to increase the me-
chanical properties considerably higher than that possible with previous approaches

Figure 4.1: Transparent films prepared from wool keratin using sunflower oil (left) as plasticizer
compared to glycerol (right) (Fernández-d’Arlas, 2019). Reproduced with permission through Open
Access publication.

Figure 4.2: Comparison of the properties of films developed from wool keratin, plasticized with
glycerol and thermally treated to achieve exceptionally high strength (Fernández-d’Arlas, 2019).
Reproduced with permission through Open Access publishing.
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(Table 4.4). The films were highly transparent and also supported the growth and
proliferation of L929 mouse fibroblast cells (Mi, 2019).

Films in the form of biomatrices developed from wool keratin were functionalized
using methylene blue for potential wound dressing and tissue engineering applica-
tions. Wool keratin was degreased and later treated with urea, sodium metabisulfite
and SDS at 65 °C. Dissolved keratin was dialyzed against a 12–14 kDa membrane for
3 days and later freeze-dried to obtain the dry powder (Aluigi, 2016). To prepare films,
keratin powder was dissolved (15%) in formic acid at room temperature. Films without
methylene blue and with 50 and 400 µg of dye were prepared by solution casting.
Dye-containing films were subject to light activation to generate reactive oxygen spe-
cies that would provide antibacterial properties. Extent of antibacterial activity was di-
rectly related to the amount of reactive oxygen species (ROS) generated which was
proportional to the dye content (Aluigi, 2016). Photooxidation affected protein folding
and decreased the β-sheet content but marginally increased the α-helix content. Before
light irradiation, the α-helix, β-sheet and β-turn content was 14%, 48% and 38%, re-
spectively, which changed to 22%, 30% and 48% after treatment. Although no major
changes were observed in the structure, the films inhibited up to 99% of S. aureus sug-
gesting that the films would be suitable for medical applications (Aluigi, 2016).

Keratin extracted from human hair by the Shindai extraction method were formed
into films and used as substrates for cell culture (Reichl, 2009). Extracted keratin had
molecular weights in two ranges with one range being from 40 to 60 kDa and the other
range between 10 and 20 kDa. The keratin dialysate was precipitated onto culture
plates to form clear films after wetting and drying the solution. Films obtained were

Table 4.4: Comparison of properties of keratin films developed from various sources and using
different modifications (Mi, 2019).

Material Tensile strength
(MPa)

Elongation (%) Humidity (%)

Feather keratin . ± . . ± . –
Feather keratin, NaS  – 

Feather keratin, NaS  – 

Carboxymethylated keratin, –%   

glycerol . – –
Hair keratin .  

Wool keratin, transglutaminase, glycerol . ± .  ± . 

Feather keratin, glycerol/sorbitol : . ± . . ± . 

Feather keratin (nanoclay) . ± . . ± . 

Feather keratin . ± . . ± . 

Feather keratin (% sorbitol) .  –
Feather keratin (% glycerol)

Note: Reproduced with permission from Elsevier.
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used to culture as many as 12 different types of cells extracted from different origins.
Cell proliferation studies showed that when compared to polystyrene, substantially
higher cell growth was observed for the keratin-coated scaffolds, particularly for the
clear films. However, the improvements obtained were dependent on the type of cells.
For example, corneal epithelial cells showed improved growth whereas RPMI 2650 and
PHK cells did not show any significant increase (Reichl, 2009). Coating of cell culture
plates with keratin extracts was considered to be a promising approach for improved
cell culture.

One of the challenges in obtaining films from keratin sources is the difficulties
in dissolving using common solvents. Strong and expensive reducing agents such
as mercaptoethanol are able to dissolve keratin, but result in considerable decrease
in molecular weights, and hence materials made from the degraded keratin will not
be suitable for industrial applications. Similarly, use of high concentration of alkali
also results in severe hydrolysis and therefore poor properties of the products. To
overcome this limitation, the potential of dissolving feathers using sodium sulfide
and developing films was studied (Poole, 2011). For dissolution, feathers were first
milled to about 3.2 mm and then digested using various concentrations of sodium
sulfide at 30 °C for various time periods. Solubilized feather was centrifuged to col-
lect the supernatant solution. Films were obtained by casting the solution and al-
lowing the solution to dry. Water insoluble films were obtained after drying, and
the excess sodium sulfide was removed through washing. It was found that the ex-
tent of dissolution of the feathers was directly proportional to the solubilization
time and the concentration of sodium sulfide used. Extent of dissolution was up
to 60% when the concentration of sulfide was 10 g/L and time was around 20 h.
However, longer treatment times resulted in lower molecular weight keratin
(10 kDa). Films cast from the sodium sulfide-treated feather solution had tensile
strength ranging from 37 to 61 MPa (Table 4.5) which was higher than the strength

Table 4.5: Dry and wet (soaked in water for 30 min) tensile properties of keratin films obtained
using various extraction conditions (Poole, 2011).

Sample/treatment Modulus (MPa) Strength (MPa) Elongation (%)

Dry Wet Dry Wet Dry Wet

. h , ±   ±   ±   ±   ±   ± 

. h , ±   ±   ±   ±   ±   ± 

 h  ±   ±   ±   ±   ±   ± 

 h –  ±  –  ±  –  ± 

 h + SDS , ±   ±   ±   ±   ±   ± 

% ME , –  –  –
% ME + SDS  –  –  –
Polyester resin , – – –  –

Note: Reproduced with permission from Springer.
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of the films obtained using mercaptoethanol as the reducing agent. Films made
using sodium sulfide also had higher elongation. However, treating feathers with
sulfide for 24 h resulted in films that were too brittle and could not be tested. It
was suggested that sodium sulfide was an inexpensive chemical that was suitable
for large-scale extraction of keratin for industrial applications but the extraction
conditions have to be controlled (Poole, 2011).

Keratin extracted from merino wool was regenerated in the form of films and the
properties of the regenerated films were studied. To extract keratin, the wool fibers
were put into urea solution (8 M) and m-bisulfite at pH 6.5 along with 5 N NaOH and
treated for 2 h at 65 °C. After treatment, the solution was dialyzed against 12,000 to
14,000 molecular weight tube for 3 days at room temperature. The keratin solution
was poured onto polyester plates to form the films. In addition to the films formed
from the dialyzed solutions, the films were dissolved in concentrated formic acid and
again recast into films (Aluigi, 2007). Considerable changes in the amino acid content
and molecular weight were seen between the wool, films regenerated from water and
that regenerated using formic acid. Regenerated keratin had similar molecular weight
as the raw keratin during the initial period of extraction but complete degradation
occurred after 3 months. Formic acid regenerated keratin had higher thermal stability
due to higher amounts of crystalline structure (Aluigi, 2007). Keratin extracted from
wool was mixed with potassium hexatitanate (K2Ti6O13) whiskers and cast as films.
Addition of the whiskers (up to about 3%) increased the strength and elongation
but higher whisker content decreased the strength and particularly the elongation
to a large extent (Liu, 2010) (Figure 4.3). In addition to the amount of whiskers,
the orientation of the whiskers and the presence of coupling agent influenced and
increased the tensile properties (Liu, 2010).

In another study, merino wool in fabric form was dissolved using an ionic
liquid (1-butyl-3-methylimidazolium chloride ([BMIM]+ Cl−) at various tempera-
tures (120, 150 and 180 °C) and the changes in structure and properties were de-
termined. The dissolved keratin was dried into powder and later mixed with
glycerol and made into films by compression molding at 120 °C and their proper-
ties were measured (Ghosh, 2014). Amount of keratin decreased with increasing
extraction temperature since water-soluble peptides and amino acids were generated.
Highest yield obtained was 57% at 120 °C compared to 18% at 180 °C (Ghosh, 2014).
Considerable changes were also observed in the amino acid content in the keratins
extracted at various temperatures. Raw wool fibers had molecular weights between 75
and 37 kDa and few low-molecular-weight proteins between 20 and 10 kDa. After hy-
drolysis in the ionic liquids, the bands between 37–75 kDa disappeared and reap-
peared as weak bands between 20 and 30 kDa. Structurally, shifting of the β-sheet
and α-helix bands was observed and the amount of β-sheet was 25% and α-helix con-
tent was 75%. Stress–strain curves show that increasing dissolution temperature de-
creased the strength but increased the elongation. Decrease in strength was suggested
to be mainly due to the reduction in molecular weight.
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In a unique approach, keratin extracted from human hair was made into films
for periodontal tissue regeneration. The nonimmunogenicity and antibiotic eluting
properties of keratin were considered to be ideal for tissue regeneration. Keratins
used for this application had molecular weight between 40–60 kDa and formed
transparent films with thickness of about 80 µm. Minocyclin loaded on the film had
a release rate of 62% to 67% within 48 h depending on the release medium. YD-8
human oral epithelial cells, human gingival fibroblasts (hTERT-hNOF) and human
periodontal ligament cells (hPDL) showed excellent proliferation on the keratin
films. The cells also expressed high amounts of cytoskeleton and β1 integrins indi-
cating that the cells were adhered on the keratin membranes (Lee, 2015).

In addition to developing films from keratin through solution casting, keratin
films have also been made by thermal processing. However, keratins are non-thermo-
plastic and hence need chemical/physical modifications to convert them into films.
Films were developed using wool keratin (S-sulfo keratin) that was extracted using
urea and sodium metabisulfite (Katoh, 2004a). Extracted powder was mixed with
water and ethanol, and the slurry was compression molded between 70–160 °C at a
pressure of 10 MPa for 5 min to form films with thickness between 0.3 and 0.4 mm.
Properties of the films were dependent on the molding temperature with temperature
between 100 °C and 120 °C providing higher strength and modulus (Table 4.6) since
the proteins could melt uniformly at higher temperatures (Katoh, 2004a). Molding
temperature also affected the water uptake with 100 °C molded films providing the
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Figure 4.3: Tensile properties of keratin films made using various percentages of potassium
hexatitanate whiskers (Liu, 2010). Reproduced with permission from Academic Journals.org.
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lowest (49%) uptake and the 70 °C compression molded films providing the highest
(174% uptake). Water uptake and swelling ratio of the films was also affected by pH
with alkaline pH resulting in hydrolysis and, therefore, higher swelling and eventual
dissolution of the films (Katoh, 2004a). Fibroblast cells cultured on the films showed
similar attachment and proliferation compared to culture plates suggesting that the
films could be suitable for medical applications.

4.2 Cross-linking keratin films

Cross-linking is generally done to improve the mechanical and aqueous stability of
biopolymeric materials. Keratin extracted using urea, SDS and mercaptoethanol was
made into films by solution casting. To improve stability, chitosan was included into
the solution and the films were also cross-linked with ethylene glycol diglycidyl ether
(EGDE) and glycerol diglycidyl ether (GDE) (Tanabe, 2002; 2004). EGDE provided
highest tensile strength of 27 MPa similar to the strength obtained when 30% chito-
san was added. Cross-linkers provide higher elongation than addition of chitosan
and modulus of cross-linked films was also higher than that of chitosan-containing
films (Table 4.7). Cross-linking was also more efficient in reducing the swelling com-
pared to addition of chitosan. Films containing chitosan swelled up to 126% due to
the hydrophilicity of chitosan. Cross-linked films were able to maintain their stability
and even had higher mechanical properties after immersion in water (Tanabe, 2004).
However, presence of chitosan promoted the attachment and proliferation of cells,
whereas the cross-linker, particularly GDE, made the films cytotoxic. Observations of
the films showed some cell proliferation on the EGDE cross-linked films but the GDE
cross-linked films did not show any cell attachment and growth (Tanabe, 2004).

Keratin extracted from chicken feathers was made into films with thickness
from 0.07 to 0.12 mm and cross-linked using dialdehyde starch (DAS) for potential
use in food packaging (Dou, 2015). Glycerol was added to improve plasticity of the
films. Aldehyde groups in starch could react with the functional groups in the

Table 4.6: Tensile properties of S-sulfo keratin films made using various
compression temperatures (Katoh, 2004a).

Molding temperature (°C) Strength (MPa) Elongation (%) Modulus (MPa)

 . ± . . ± .  ± 

 . ± . . ± .  ± 

 . ± . . ± . , ± 

 . ± . . ± . , ± 

 . ± . . ± .  ± 

 . ± . . ± .  ± 

Note: Reproduced with permission from Elsevier.
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proteins leading to the formation of inter- and intramolecular cross-links. Further,
the aldehyde groups in starch could react with the hydroxyl groups in keratin lead-
ing to hemiacetal cross-linking. Such extensive cross-linking was suggested to pro-
vide substantial improvements in stability and mechanical properties. Films
obtained had good transparency (Figure 4.4) but increasing content of DAS turned
the films brownish due to Maillard reaction. Tensile properties of the films showed
that addition of glycerol was necessary to obtain flexible films. Tensile strength de-
creased but elongation increases more than 200% when the glycerol content was
increased to 40% from 30%. Addition of cross-linking agent (DAS) decreased
strength which was suggested to be due to the counter action of plasticization and
cross-linking. However, solubility of the films decreased after cross-linking and
water vapor permeability showed marginal changes (Table 4.8) (Dou, 2015).

Table 4.7: Tensile properties of keratin films after cross-linking or addition
of chitosan. Weight of keratin used for film formation was 100 mg (Tanabe,
2004).

Treatment Strength (MPa) Elongation (%) Modulus (MPa)

EGDE, . mg  ±   ±   ± 

EGDE,  mg  ±   ±   ± 

EGDE,  mg  ±   ±   ± 

GDE, .  ±   ±   ± 

GDE,  mg  ±   ±   ± 

GDE,  mg  ±   ±   ± 

Chitosan,  mg  ±   ±   ± 

Chitosan,  mg  ±   ±   ± 

Note: Reproduced with permission from Elsevier.

Figure 4.4: Transparent films were obtained by
combing feathers with dialdehyde starch (Dou,
2015). Reproduced with permission from Royal
Society of Chemistry.
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Feathers or other sources of keratin have been hydrolyzed and made into films.
Typically, hydrolysis is done using alkali or strong reducing agents such as mercap-
toethanol (Poole, 2015). However, such strong hydrolysis results in considerable de-
crease in molecular weight resulting in poor properties of the products. To overcome
this limitation, feathers were digested using sodium sulfide as the reducing agent
since it can evaporate and does not leave any trace in the products to be developed
(Poole, 2015). Reduction was performed by treating 50 g of feathers with 10 g/L Na2S
under nitrogen atmosphere. Keratin extracted had a molecular weight of about
10 kDa and some 20 kDa dimers. Supernatant obtained during reduction of the kera-
tin was poured onto petri dishes and formed into films. Several physical and chemi-
cal treatments including cross-linking and addition of nanoparticles were done to
improve the mechanical properties of the films. Cross-linking the films with formalde-
hyde led to substantial increase in dry strength, but the wet strength did not show
any improvement. Similarly, dry and wet modulus both increased after cross-link-
ing. However, addition of microcrystalline cellulose decreased the strength and
modulus appreciably due to inhomogeneous dispersion and poor compatibility
(Table 4.9). Tensile properties of the keratin films obtained in this research were
considered to be better than protein films previously reported and comparable to
that of synthetic polymer-based films (Poole, 2015). Hydrolyzed feather keratin was
combined with porcine gelatin and made into films and electrospun membranes.
Later, the materials were cross-linked with g-glycidyloxypropyl trimethoxysilane
(Fortunato, 2019). Electrospun samples had fibers with diameters of 1.7 ± 0.35 µm
when electrospun at 35 kV and 1 µm when electrospun at 50 kV. Elastic modulus
of the films varied from 100 to 750 kPa compared to 30–70 MPa for the electro-
spun membranes, similar to that of skin. The modulus of the membranes was con-
trollable based on the ratio of keratin and gelatin. Membranes were biocompatible

Table 4.8: Tensile properties of keratin films containing 30% and 40% glycerol and cross-linked
with 2%, 5% or 10% dialdehyde starch (Dou, 2015).

Sample
glycerol-DAS

Moisture
content (%)

Solubility
(%)

Strength
(MPa)

Elongation
(%)

Water vapor
permeability
(– g/m s Pa)

– . ± . . ± . . ± . . ± . . ± .
– . ± . . ± . . ± . . ± . . ± .
– . ± . . ± . . ± . . ± . . ± .
– . ± . . ± . . ± . . ± . . ± .
– . ± . . ± . . ± . . ± . . ± .
– . ± .  ± . . ± . . ± . . ± .
– . ± . . ± . . ± . . ± . . ± .
– . ± . . ± . . ± . . ± . . ± .

Note: Reproduced with permission from Royal Society of Chemistry.
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and supported the colonization of epithelial cells, rat neurons and primary fibro-
blasts, suggesting their suitability for tissue engineering and regenerative medi-
cine (Fortunato, 2019).

Keratin was extracted from duck feathers by treating with urea, SDS and sodium
bisulfite and heating the solution at 90 °C for 4 h. Obtained keratin was dispersed in-
water and alcohol with the addition of plasticizer along with formaldehyde (37–40%)
as the cross-linking agent. Keratin was also made into films by treating the films
with DMF for 2 h at 90 °C and without using the reducing agents. Properties of the
films obtained are given in Table 4.10. Increase in elongation but decrease in
strength was observed with the addition of the plasticizer. Cross-linking with formal-
dehyde made the films resistant to water but caused cytotoxicity. 1,8-Octanediol

Table 4.9: Comparison of the dry and wet tensile properties of keratin films cross-linked or
containing various levels of microparticles (Poole, 2015).

Sample Strength (MPa) Modulus (MPa)

Dry Wet Dry Wet

Control  ± . . ± .  ±   ± 

Formaldehyde  °C  ± . . ± .  ±   ± .
Formaldehyde  °C  ± . . ± .  ±   ± .
Glutaraldehyde  °C  ± . . ± .  ±   ± .
Metal catalyzed  ± . . ± .  ±   ± .
MC Avicel PH  ± . . ± .  ±   ± .
MC Novagel GP   ± . . ± .  ±   ± .
MC Novagel GP   ± . . ± .  ±   ± .
Montmorillonite  ± . . ± .  ±   ± .

Note: Reproduced with permission from Springer.

Table 4.10: Properties of films made from duck feather keratin plasticized with 1,8-octanediol (OD)
or glycerol (gly) and cross-linked with formaldehyde (Liu, 2018a).

Plasticizer,
(g/g)

Moisture
content (g/g)

WVP × 
−

[g/(m.s.Pa)]
Thickness (mm) Tensile

strength (MPa)
Elongation
at break (%)

 . ± . . ± . . ± . . ± . . ± .
.– OD . ± . . ± . . ± . . ± . . ± .
.– OD . ± . . ± . . ± . . ± . . ± .
.– OD . ± . . ± . . ± . . ± . . ± .
.– OD . ± . . ± . . ± . . ± . . ± .

.–gly – . ± . . ± . . ± . . ± .
.–gly – . ± . . ± . . ± . . ± .

Note: Reproduced with permission from John Wiley and Sons.
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was suggested to provide lower flexibility but better hydrophobicity compared
to glycerol as plasticizer (Liu, 2018a).

Ability of human hair keratin to be made into membranes suitable for guided
tissue regeneration were developed using dityrosine bonding (Navarro, 2019).
Extracted keratin was dissolved using phosphate-buffered saline (PBS) (pH 7.4) at
4% concentration and combined with a photosensitive initiator–catalyst–inhibitor
solution. This mixture was exposed to UV light for the cross-linking/curing to occur
and form a resin (Figure 4.5). Extent of cross-linking and properties of the resin
could be controlled by varying the UV light intensity, exposure time, resin volume
and so on. The proposed mechanism of formation of the resin through free-radical
reactions, process of preparing the resin and actual resin samples are shown in
Figure 4.5. A parameter called energy density was calculated to relate the composi-
tion and processing of the resin with its mechanical and performance properties. As
shown in Figure 4.6, the percentage of swelling, compressive stress, transport prop-
erties and ultimate stress could be controlled by varying the energy density.
Protein-based biodegradable membranes suitable for guided tissue regeneration for
surgical reconstruction of periodontal and bone defects could be developed using
this approach (Navarro, 2019).

In addition to cross-linking using chemicals, films made from wool keratin have
been cross-linked using transglutaminase (Cui, 2013). The enzyme was added into the
keratin solution along with 15 g/L glycerol and 10 mmol/L dithiothreitol, and the mix-
ture was poured onto glass plates and made into films. Increasing concentration of the
enzyme or the cross-linking time increased the strength of the films but decreased the
elongation (Cui, 2013) (Figure 4.7). Molecular weight of keratin had also increased from
66 kDa to about 116 kDa due to cross-linking. More importantly, the solubility of the
films in PBS and in artificial gastric juice (AGJ) decreased considerably after cross-link-
ing (Figure 4.8). As scaffold for drug delivery, the films showed about 80% cumulative
release of diclofenac after 25 h in PBS solution but the release was only about 12% in
AGJ. As can be expected, the cross-linked films have slower release than the noncross-
linked samples. Keratin films were also reported to support the growth of cells and
hence were suitable for tissue engineering applications (Cui, 2013).

4.3 Blends of keratin with other biopolymers

Keratin was combined with hydroxyapatite (HA) and made into dense and porous
films and implanted in the long bones of sheep for up to 18 weeks (Dias, 2010).
Nanoindentation tests were done to determine the mechanical properties of the
films and tissue formed during the study period. Up to 40% hydroxyapatite was
used in the films similar to that found in commercial biomaterials used for bone
regeneration. Keratin–HA films did not have any inflammation or cause infection
during the entire period of study. These films had similar performance compared to
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the commercially available poly(lactic acid) (PLA)–HA scaffold. However, the po-
rous keratin–HA films had considerably higher healing ability than PLA–HA or the
dense keratin–HA films (Dias, 2010). Bone filling defect had completely healed and
indentation studies showed that the mature bone formation had occurred when the
porous scaffolds were used. Reconstituted keratin–HA scaffolds were considered
ideal as bone graft materials (Dias, 2010). To mimic the properties of biominerals,
HA crystals were deposited onto keratin extracted from wool and form a bionanocom-
posite film (Li, 2012). Wool was dissolved in alkali solution and keratin obtained was
dried and formed into powder. HA was added into various concentrations of the
keratin solution and coprecipitated to form the composite. Up to 86% HA crystals
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Figure 4.6: Influence of energy density on the properties of membranes prepared from keratin as
resin for guided tissue regeneration (Navarro, 2019). (a) Swelling profiles of keratin hydrogels in
MEM as a function of ED; (b) The drop in swelling capacity between days 3 and 28; (c) Viability of
the ED parameter at different combinations of thickness and exposure time; (d-e) Mechanical
characterization of the hydrogels shows the relation between ED and elastic modulus, ultimate
stress, and ultimate strain. Reproduced with permission from Elsevier.
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(20–50 nm in length and about 10 nm in width) could be added to the keratin de-
pending on the concentration of the keratin in the solution. It was suggested that
the amount of HA on the keratin was similar to that found in natural bones (69–80%)
and therefore the scaffold could be suited for bone tissue engineering (Kavitha, 2005).
When osteoblasts were seeded onto the HA and the keratin/HA nanocomposite, higher
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Figure 4.7: (a) and (b) Changes in the tensile strength and elongation of noncross-linked and TGase
cross-linked keratin films with increasing concentration of enzyme and cross-linking time (Cui,
2013). Reproduced with permission from John Wiley and Sons (Cui, 2013).
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number of live cells and higher cell proliferation was observed on the composite films
suggesting suitability for tissue engineering applications (Kavitha, 2005). In another
study, keratin obtained from wool was combined with various ratios of HA and made
into films for tissue engineering and other applications (Tu, 2016). Predetermined
(0% to 35%) HA along with 2% glycerol was added into keratin solution and the
blend was cast onto plates and dried at 50% humidity, 25 °C for 48 h to form the films.
Agglomeration of the HA particles (70–100 nm in length and 20–30 nm in width) was
observed in the fibers. Phase separation between the two polymers and decrease in
transparency of the films was observed as the amount of HA increased.

Keratin extracted from bovine horns was combined with chitosan and made
into films (referred as biosheets) for potential use as tissue engineering scaffold
(Singaravelu, 2015). Films developed were tested for their mechanical properties,
thermal stability and potential to support the attachment and proliferation of mouse
fibroblast cells (Singaravelu, 2015). Increasing ratio of chitosan increased strength
and modulus substantially but decreased elongation by more than 50%. Addition of
chitosan increased the swelling of the films which was considered to be beneficial for
wound healing. Mupirocin loaded on the films showed a burst release of about 32%
within 1 h but a sustained release of up to 64% was obtained at the end of 92 h. The
sheets were found to be biocompatible with more than 90% cell viability. In fact, the
keratin sheets showed higher attachment and proliferation than the chitosan sheets
(Singaravelu, 2015). Presence of chitosan also imparted the fibers with antimicrobial
properties making the films suitable for wound dressing applications.

Keratin extracted from feathers was made into particles, and later combined
with glycerol and microcrystalline cellulose and the solution was cast into films
(Sharma, 2018). Before the extraction, feathers were treated with petroleum ether to
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remove grease and any microorganisms. Keratin was extracted from the feathers by
immersing the feathers in 100 to 500 mM of sodium sulfide and digesting at temper-
atures between 30 °C and 65 °C for 1–6 h, and the solution formed was freeze-dried
to obtain powdered keratin with a yield of about 82%. To obtain films, keratin was
dissolved in NaOH for 48 h at 60 °C and combined with 3.5% glycerol and 0.2%
microcrystalline cellulose. Blend solution was poured onto Petri plates and allowed
to air dry and form films. Keratin after extraction had increased β-sheet content and
decreased α-helix content compared to untreated feathers (Figure 4.9). X-ray diffrac-
tion studies confirmed increase in β-sheet content but a decrease in crystallinity was
also observed. Films prepared were transparent, (Figure 4.10) and mechanical
properties were mainly dependent on the amount of glycerol added. Tensile strength
varied from 1.7 to 3.6 MPa and elongation up to 31% (Sharma, 2018). Films were con-
sidered to be ecofriendly as they were developed using natural polymers.

In another study, keratin was made into films by blending with sodium alginate and
substantial changes were observed in the structure and properties of keratin depend-
ing on the ratio of the two polymers (He, 2017). Feathers were treated with per acetic
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acid at 60 °C for 100 min and the solution was later dialyzed to obtain keratin pow-
der. Blend films were prepared by combining keratin powder with sodium alginate
under alkaline conditions (pH 9.5) and sorbital (24%) was added as the plasti-
cizer. Fourier-transform infrared spectroscopy (FTIR) studies showed good inter-
action between keratin and alginate due to the formation of hydrogen bonds.
Such good interaction between the two polymers led to high mechanical proper-
ties of films (Table 4.11). A marginal increase in thermal stability of the films was
also observed. It was suggested that alginate provided keratin with properties re-
quired for use in packaging and biomedical applications (He, 2017).

A blend of silk sericin and wool keratin was made into transparent films with proper-
ties suitable for medical, electronics and other applications (Tu, 2016, Chen, 2017). It
was hypothesized that wool keratin and silk sericin had distinct and considerably dif-
ferent secondary structures and the interaction between these two molecules was not
predictable (Tu, 2016). However, interactions between keratin and fibroin chains led to
the formation of β-crystallites due to the assembly of several β-strands and gradual as-
sembly of the layers and eventual cross-linking (Figure 4.11). Studies showed that a

Figure 4.10: Digital images of keratin powder (a), transparent film without glycerol (b) and after
addition of glycerol (c) (Sharma, 2018). Reproduced with permission from Springer.

Table 4.11: Properties of pure keratin and films containing 10% to 50% alginate (He, 2017).

Sample Thickness
(mm)

Tensile
strength (MPa)

Elongation
(%)

Moisture
content (%)

Water vapor
permeability
(×− g/(m s Pa)

Pure keratin . ± . . ± . . ± . . ± . . ± .
% alginate . ± . . ± . . ± . . ± . . ± .
% alginate . ± . . ± . . ± . . ± . . ± .
% alginate . ± . . ± . . ± . . ± . . ± .
% alginate . ± . . ± . . ± . . ± . . ± .
% alginate . ± . . ± . . ± . . ± . . ± .

Note: Reproduced with permission from John Wiley and Sons.
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gradual transition of β-sheets in silk into α-helices occurred with increase in keratin
content. For instance, β-sheet content decreased to 15% from 39% and α-helix content
increased from 8 to 18%. It was suggested that interactions between sericin and
keratin through cross-linking of hydrogen bonds and rearrangement of secondary
structure would have occurred. Interestingly, it was demonstrated that increase in β-
sheet content led to a linear increase in stress and modulus and decrease elongation
(Figure 4.12). Blend films showed significant absorption of UV light and hence sug-
gested to be useful for protection against UV degradation (Chen, 2018a).

Composite films composed of keratin, with cellulose and/or chitosan were pre-
pared using the ionic solvent ([BMIm+Cl−]). The process used to form the composite
films is shown in Figure 4.13 (Tran, 2016). Cellulose–keratin blends had higher ten-
sile strength and thermal stability compared to cellulose–chitosan blends. Keratin
in the blends had lower α-helix and higher β-sheet content but no changes were
observed in the primary structure of either keratin, cellulose or chitosan after disso-
lution in the ionic liquid. It was suggested that appropriate selection of the ratio of
cellulose or chitosan would enable development of keratin films with desired prop-
erties for specific applications (Tran, 2016). Keratin from human hair was combined
with chitosan azide solution and the blend polymers were cast into films (Lin, 2018).
Transparent films were obtained since there was good interaction between the
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Figure 4.11: Schematic representations of potential hydrogen bonding between keratin and silk
proteins (a), formation of β-crystallites in a layer-by-layer form [(b) i–iv], cross-linking of β-
crystallites with amorphous chains to form the network structure (c) (Tu, 2016). Reproduced with
permission from John Wiley and Sons.
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two polymers. The cast films were exposed to UV radiation for 15 min and later
dried under ambient conditions. Presence of a peak at 2,118 cm−1 in the FTIR spec-
trum confirmed grafting of the azide group on chitosan and good interaction be-
tween chitosan and keratin. Water sorption of the films increased as the keratin
content increased but no major change was observed in the strength of the films
(22 to 28 MPa). L929 cells seeded on the blend films showed substantially in-
creased attachment and spreading including formation of pseudopodia when the
ratio of keratin was high at 50%. Similar results were also obtained when the
membranes were used for a scratch wound test. Keratin–chitosan membranes
were able to support hASC cell attachment and proliferation indicating their suit-
ability for healing wounds.

Highly transparent keratin films (Figure 4.14) were prepared by compression
molding keratin hydrogels (Mori, 2018). Hydrogels were prepared by treating wool
in 8 M guanidine hydrochloride and 2-mercaptoethanol at 60–70 °C for 18 h. Extract
obtained was dialyzed and the proteins obtained were made into hydrogels. These
hydrogels were compressed between two aluminum plates at a pressure of 2.8 MPa
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Figure 4.12: Influence of wool keratin and β-sheet content on the mechanical properties of sericin–
keratin blend films (Chen, 2018a). (a) Stress–strain curve of SS–WK films; (b) the transition of the
secondary structures of SS–WK films with the variety of beta sheet. Reproduced with permission
from Springer Nature.
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Figure 4.13: Schematic representation of the process used to prepare the composite keratin films
and their digital pictures in wet and dry form (Tran, 2016). Reproduced with permission from
American Chemical Society.

Figure 4.14: Transparent keratin films prepared by compression molding hydrogels in comparison
to PET and autoclaved films (a); level of transparency of the films (b) (Mori, 2018). Reproduced with
permission from Elsevier.
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for 10 s to form films. Converting the hydrogels into films improved the strength from
0.013 to 0.486 MPa and modulus from 0.041 to 0.582 MPa but decreased elongation.
Films were also stable in aqueous environments with only 12% degradation after
42 days compared to 50% for the hydrogels. However, films had lower degradation in
vivo compared to hydrogels but did not show any inflammation or rejection after sub-
cutaneous implantation (Mori, 2018).

Nonwoven (polyester/viscose 30/70 blend) wound dressings were coated with
feather keratin, alginate and chitosan, and studied for their wound healing ability.
The nonwoven fabric was immersed in solutions of either keratin, keratin–sodium
alginate or keratin–chitosan for different durations and temperatures. Polymers were
coated onto the fabric depending on the treatment conditions. Morphological studies
showed an even and smooth coating of the polymers on the nonwoven. Although, the
coating resulted in a decrease in air permeability (1.7 × 10−4 m3/s to 0.428 × 10−4 m3/s),
the level was considered suitable for wound dressing. Substantial increase in thickness
from 0.22 mm for the untreated nonwoven to 2.89 mm for those treated with keratin
and chitosan was also responsible for the lower porosity. Keratin–chitosan-treated
samples exhibited excellent antibacterial activity against both gram positive and gram
negative strains. Also, no cytotoxicity was observed and cell attachment and

Day Control CFK-NW CFK-SA-NW CFK-CS-NW

1

5

8

11

14

17

21

23

Figure 4.15: Digital images of the wound healing ability of untreated (control), keratin (CFK-NW),
keratin–sodium alginate (CFK-SA-NW) and keratin–chitosan (CFK-CS-NW) from 1 to 23 days
dressing (Shanmugasundaram, 2018). Reproduced with permission from Elsevier.
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proliferation was observed for up to 5 days. Treated nonwovens were used as
dressing materials to cure wounds on rats. As shown in Figure 4.15, considerable dif-
ferences were observed in the wound healing rate depending on the treatments
used for the fabrics. A 100% wound healing rate was obtained for the keratin–chi-
tosan-treated sample after 15 days compared to only 58% for the untreated nonwo-
ven (Shanmugasundaram, 2018).

A new technique of pulsed laser deposition (PLD) was used to deposit thin
films of keratin onto glass or hemp fabric to impart hydrophilicity and other proper-
ties (Cocean, 2019). For the PLD treatment, the horn or wool fibers were ablated
using a laser having 10 ns pulse width, wavelength of 532 nm, incident angle of 45°
pulse repetition time of 10 Hz, 336 µm, distance between target to support being
3.5 cm and chamber pressure being 3.10−2 torr. A schematic of the possible changes
in wool/horn due to the laser treatment is shown in Figure 4.16. Transparent films
were formed on the top of the substrate and atomic force microscopic (AFM) images
revealed that the morphology of deposited keratin was different for the wool and
horn keratin. When coated onto hemp fabrics, the surface becomes considerably
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Figure 4.16: Changes in the chemical structure due to the PLD treatment on wool and horn (Cocean,
2019). Reproduced with permission from Elsevier.
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hydrophilic compared to the untreated surface. Ability to control the hydrophilicity
on the surface and combine a carbohydrate with protein was suggested to be prefer-
able for medical applications (Cocean, 2019).

A layer-by-layer deposition of keratin was done to obtain multilayer films for po-
tential tissue engineering use (Yang, 2009). The multilayer films were deposited onto
poly(diallyldimethylammonium chloride) (PDDA) and polyacrylic acid (PAA) which
was the substrate since keratin acts as polyanion and polycation depending on the
pH. Before the deposition, keratin extracted from wool was treated with iodoacetic
acid to protect the thiol groups and obtain carboxyl methyl keratin with an isoelectric
point of 3.8. To form the films, slides treated with the substrate were dipped in the
modified keratin solution (1.5 mg/mL) for 20 min and later dried. This procedure was
followed several times to obtain the multilayer film. Up to eight bilayers were formed
with the average thickness of the multilayer film being 220 nm and each bilayer was
of 18 nm when deposited on PDDA whereas the thickness was 1,050 nm and each
bilayer was 61 nm when PAA–keratin was used (Yang, 2009). Such large variation in
thickness was considered to be due to the polyelectrolytic differences between PDDA
and PAA. Ability to build thick films quickly using inexpensive and biocompatible
keratin was considered to be ideal for tissue engineering applications (Yang, 2009).

4.4 Keratin films with synthetic polymer blends

Since addition of glycerol increases hydrophilicity and decreases mechanical proper-
ties, various ratios of polyethylene glycol (PEG) of different molecular weights were
combined with keratin extracted from feathers that were later made into films (Martelli,
2012). Addition of PEG decreased the hydrophilicity with increasing molecular weight
of PEG providing higher resistance to moisture. Subsequently, films containing PEG
had lower solubility after immersion in water. It was suggested that feathers were a
good source to develop biothermoplastics with the addition of PEG (Martelli, 2012).

Surface characteristics of blend films made from raw feather and nylon 6 were
studied by Akhlaghi (2012). Raw feather cut into lengths of 3–4 cm was mixed with
nylon 6 dissolved in formic acid. Various ratios of the feathers were combined with
nylon and films were spin cast onto silicon wafers. Some of the properties of the films
are listed in Table 4.12. Stiffness of the films decreased with increasing proportion of
feathers whereas adhesion parameter increased and surface roughness did not show
significant changes. AFM images (Figure 4.17) showed that there was considerable
phase separation between feather and nylon. Also, films containing higher amounts of
feathers had larger surface roughness than those containing higher amounts of nylon.
The nylon component was found to increase elastic modulus and stiffness whereas
feather provided higher pull-off force and work of adhesion in the samples (Akhlaghi,
2012). Based on the results, it was suggested that combining feathers with synthetic
polymers may be a good approach to obtain films with good tensile properties and
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aqueous stability. However, the approach of blending nylon with feathers results
in physical blending with limited chemical bonding. Therefore, significant im-
provement in properties cannot be expected. Also, blending a synthetic polymer
with a biopolymer would decrease the biodegradability of the product developed.

Keratin extracted from feathers was dissolved using tris(hydroxymethyl)ami-
nomethane (Tris), which also acts as a plasticizer. Dissolved solution was com-
bined with PVA and made into films. Control films of keratin and PVA without
Tris but with glycerol as plasticizer were also made for comparison (Chen, 2018b).
Disappearance of the FTIR peak at 1,589.5 cm−1 suggested hydrogen bonding be-
tween Tris and keratin molecules (Figure 4.18). Similarly, characteristic absorp-
tion peaks at 1632.8, 1533.3 and 1235.4 were shifted to 1637.4, 1539 and 1,238 cm−1

due to the interaction between PVA, keratin and Tris. Shifting of peaks associated
to N–H and O–H suggested hydrogen bonding and good compatibility between
the molecules. Such changes also lead to the reduction in β-sheet content and in-
crease in β-turn and random coils. Tensile properties of the films were dependent
on the ratio of keratin/PVA and more predominantly on the Tris/glycerol content
(Table 4.13). Increasing PVA and Tris led to increased elongation. However, Tris
also made the films more hydrophilic and susceptible to water vapor. Hydrolyzed
goose feather keratin was obtained using superheated water as solvent. Keratin
solution obtained was combined with methylcellulose dissolved in aqueous ethanol.
The blend solution was homogenized and cast onto plates to form films with or with-
out the addition of glycerol (Liebeck, 2017). Addition of keratin into methyl cellulose
increased flexibility but decreased tensile strength (Table 4.14). However, thermal
stability and water resistance of the films decreased as the amount of keratin in the
films increased.

Similar to blending with PVA, keratin-based films were prepared by combining
keratin with PLA and solution casting into films (Fortunati, 2015). Merino wool and
brown alpaca fibers were used to extract keratin using the sulfitolysis reaction, dia-
lyzed and freeze-dried to obtain powder. The powder obtained was combined with
PLA dissolved in chloroform and cast into films. For comparison, a commercially

Table 4.12: Properties of films made from blend of feather
keratin (FK) and nylon 6 (NY6) (Akhlaghi, 2012).

Sample Stiffness (N/m) Wa (mN/m) Fa (nN)

NY . ±  . ±  . ± 

NY/FK / . ±  . ±  . ± 

NY/FK / . ±  . ±  . ± 

NY/FK / . ±  . ±  . ± 

NY/FK / . ±  . ±  . ± 

FK . ±  . ±  . ± 

Note: Reproduced with permission from John Wiley and Sons.
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Figure 4.17: AFM images of pure nylon 6 (a), pure feather keratin (b) and 20/80 nylon/feather (c),
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(Akhlaghi, 2012). Reproduced with permission from John Wiley and Sons.
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PVA (b) (Chen, 2018b). Reproduced with permission through open access publishing.
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available hydrolyzed keratin obtained from rabbit skin was also used as reinforce-
ment. Unlike the merino and alpaca keratin, the hydrolyzed keratin obtained from
rabbit skin had a circular shape with mean particulate diameter between 40–100 µm
(Fortunati, 2015). Hydrolyzed keratin powder had lower melting temperature and
thermal stability than the keratin extracted from wool. Films obtained had consider-
ably different morphology depending on the contact with the casting plate and type
and amount of keratin used as reinforcement (Table 4.15). Increasing the amount of
keratin led to an increase in pore size for all the films. Pore sizes in the films ranged
from 1 to 14 µm and the films containing hydrolyzed keratin had larger pores corre-
sponding with the size of the particles used. However, the hydrolyzed keratin par-
ticles had better compatibility and binding with PLA due to their spherical shape.
Wettability and thermal properties also showed that the hydrolyzed keratin was bet-
ter suited as reinforcement. In terms of mechanical properties, increasing amount of
keratin from 1% to 5% increased strength but decreased the elongation for the alpaca

Table 4.13: Changes in the tensile properties of keratin films containing
varying ratios of PVA and Tris or glycerol (Chen, 2018b).

Keratin/PVA (%) Tris Modulus (MPa) Elongation (%) Strength (MPa)

–,   ±  . ± . . ± .
–,   ±   ±  . ± .
–,   ±   ± . . ± .
–,   ±   ± . . ± .
–,   ±   ±  . ± .
–,  , ±  . ±  . ± .
–,   ±  . ± . . ± .
–,   ±  . ± . . ± .
–,   ±  . ± . . ± .
–,   ±  . ± . . ± .
–– glycerol , ±  . ±  . ± .
–,  glycerol  ±   ± . . ± .

Note: Reproduced with permission through Open Access publishing.

Table 4.14: Influence of keratin addition on the properties of methylcellulose and
keratin films prepared using glycerol as plasticizer (Liebeck, 2017).

Ratio of cellulose/keratin Modulus (MPa) Strength (MPa) Elongation (%)

/  ±   ± .  ± 

/  ±   ± .  ± 

/  ±   ± .  ± 

/  ±   ± .  ± 

/  ±   ± .  ± 

Note: Reproduced with permission through the Creative Commons Attribution License.
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keratin (Table 4.16). For the merino wool keratin, about 20% decrease in strength but
no major change in elongation was observed with increasing keratin concentration.
Highest strength was obtained when 5% hydrolyzed keratin was used. Films had
good absorption of proteins (bovine serum albumin) and supported the attachment
and growth of mesenchymal stem cells suggesting that the films are useful for medi-
cal applications. Alpaca and merino wool fibers were dissolved and treated to obtain
keratin particles with average diameter of 33 and 19 µm, respectively (Aluigi, 2014).
Keratin yield from the merino wool fibers was 14% whereas 38% from alpaca. The
obtained keratin was dissolved using chloroform along with PLA and cast into films
onto a Teflon surface. Two major molecular weight bands between 62 and 43 kDa
and between 28 and 9 kDa were observed in the gel electrophoresis patterns. α-Helix

Table 4.15: Contact angle, thermal stability and percentage of crystallinity changes with addition of
keratin into PLA films. KA, KM and KH represent keratin extracted from alpaca wool, merino wool
and hydrolyzed keratin from rabbit skin, respectively (Fortunati, 2015).

Wettability, contact angle
(degree)

Thermal stability Crystallinity
(%)

Upper surface Lower surface Tg (°C) ΔHcryst (J/g) Tm (°C)

PLLA  ±   ±  . ± . . ± . . ± . . ± .
PLLA/%KA  ±   ±  . ± . . ± . . ± . . ± .
PLLA/%KA  ±   ±  . ± . . ± . . ± . . ± .
PLLA/%KM  ±   ±  . ± . . ± . . ± . . ± .
PLLA/%KM  ±   ±  . ± . . ± . . ± . . ± .
PLLA/%KH  ±   ±  . ± . . ± . . ± . . ± .
PLLA/%KH  ±   ±  . ± . . ± . . ± . . ± .

Note: Reproduced with permission from Elsevier.

Table 4.16: Tensile properties of biocomposite films prepared from PLA and different types and
ratios of keratin. KA, KM and KH represent keratin extracted from alpaca wool, merino wool and
hydrolyzed keratin from rabbit skin, respectively (Fortunati, 2015).

Tensile Yield Modulus (MPa)

Strength (MPa) Elongation (%) Strength (MPa) Elongation (%)

PLLA . ± . . ± . . ± . . ± .  ± 

PLLA/%KA . ±  . ± . . ± . . ± .  ± 

PLLA/%KA . ± . . ± . . ± . . ± .  ± 

PLLA/%KM . ± . . ± . . ± . . ± . , ± 

PLLA/%KM . ± . . ± . . ± . . ± .  ± 

PLLA/%KH . ± . . ± . . ± .  ± .  ± 

PLLA/%KH . ± . . ± . . ± . . ± . , ± 

Note: Reproduced with permission from Elsevier.
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and β-sheet content also varied with the source of keratin and the extraction process.
Addition of the keratin fibers into PLA increased the modulus from 600 to 1,200 MPa.
The keratin–PLA blend films were suggested to be biocompatible but a detailed in-
vestigation was not done (Aluigi, 2014). In another study, keratin was made water
soluble, combined with polyethylene oxide (PEO) and electrospun into membranes
after making the solution stable using EDGE. Later the membranes were recross-
linked in an oxygen atmosphere for 8 days.

Bionanocomposites in the form of keratin– PEO films were prepared through
ultrasonically functionalized graphene. In this study, keratin was combined with
PEO and also with PEO grafted with graphene, and the blends were made into
films by solution casting. FTIR analysis showed changes in the asymmetric and
symmetric vibrations of ether C–O–C bonds and CH2 group deformation which
suggested some level of interaction between the graphene–PEO and keratin mole-
cules (Martelli, 2006; Grkovic, 2015) (Figure 4.19). Morphological images showed
good binding between the PEO and keratin fiber surfaces and thermal analysis re-
vealed that addition of the keratin-G into PEO increased the thermal stability.
However, addition of graphene structures decreased the thermal stability of the
nanocomposite films. In terms of mechanical properties, inclusion of even 0.3 wt
% of P–G increased the modulus and hardness of PEO by 5% and 33%, respec-
tively. Similarly, functionalization with graphene increased the modulus and
hardness by 92% and 190%. It was suggested that graphene functionalization and
blending with PEO was a simple and effective method to increase the mechanical
properties of the keratin films (Martelli, 2006).

Studies have also been done to improve the properties of keratin films by the
addition of graphene oxide (GO). About 1 wt% of GO was added into keratin solu-
tion and stirred for 3 h at room temperature and later for 4–5 h in an ultrasonicator
at 40 °C for homogenous mixing. The blend solution was cast onto glass and al-
lowed to dry for 24 h at 40 °C to form the films. Addition of GO made the surface of
the films smoother and removed many defects. However, no changes were observed
in the molecular weight of the samples and no reaction was observed between GO
and keratin. Considerable increase in strength (14.7 MPa) and elongation from
0.67% to 3.65% occurred due to the presence of GO (Li, 2018a).

Electrospun films/membranes made using 90/10 ratio of keratin/PEO showed
considerable bead formation (Figure 4.20) due to the low viscosity of the solution.
Addition of EDGE increases the molecular weight and hence the viscosity of the so-
lution leading to considerably uniform nanofibers. EDGE was used as the primary
cross-linking and the cross-linked mats were exposed to oxygen atmosphere for
8 days to further improve properties, particularly water stability. Although second-
ary cross-linking did not alter the appearance of the fibers, swelling of fibers was
observed after immersion in water but the membranes were able to maintain their
integrity (Fan, 2016). Primary and secondary cross-linking increased the thermal
stability of the samples from 150–280 °C to 260–420 °C and 290–420 °C, respectively.
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L929 cells seeded on the secondary cross-linked keratin films showed excellent cell
attachment (Figure 4.20) and exponential proliferation demonstrating the suitability
of the membranes for tissue engineering and other medical applications (Fan, 2016).

(e)

(d)

(b)

(c)

(a)

500 μm

500 μm500 μm

500 μm 200 μm

Figure 4.19: Optical images of the neat PEO (a), blends of PEO/p-g (b), PEO/f-G (c), keratin-PEO (d)
and keratin-PEO/f-G (e) (Martelli, 2006). Reproduced with permission from Royal Society of
Chemistry.
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4.5 Thermoplastic feather films

Compression or injection molding is another common method of developing films.
It is generally considered that feathers are nonthermoplastic and therefore cannot
be injection or compression molded. However, Barone et al. combined feather pow-
der with glycerol and extruded the mixture in a twin-screw extruder. This process
converted the feathers into thermoplastics and the samples could be compression
molded into films at 160 °C. Glycerol and the compression molding conditions played
a critical role in the formation and the properties of the films (Barone, 2005a–c).
Addition of glycerol increased the elongation but decreased the strength and modu-
lus substantially. Elongation of the film was as high as 100%. However, addition of
glycerol above 30% increased the water absorption and hence made the films very
weak. The water stability of the films was poor and therefore applicability of the films
would be limited (Barone, 2005a–c).

In a novel approach, feathers were hydrolyzed to various extents using alkali and
it was found that the hydrolyzed feathers could be compression molded into compo-
sites using glycerol (30%) as plasticizer (Reddy, 2013). In addition to the concentration

(a)

TM-1000 D2.2 ×4.0K 20 um TM-1000 D2.6 ×4.0K 20 um

TM-1000 D2.6    4.0K 20 um TM-1000 D2.1 20 um

(b)

(c) (d)

×4.0K

Figure 4.20: Morphology of fibers obtained using various ratios of keratin and PEO. Uncross-linked
blend (a); primary cross-linked fibers (b); secondary cross-linked fibers (c); and secondary cross-
linked fibers after immersion in water for 24 h (d) (Fan, 2016). Reproduced with permission from
Elsevier.
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of alkali used for hydrolysis, compression time and temperature were also found to
influence mechanical properties of the films. Peak stress of the films varied from 2.7 to
9.0 MPa and elongation varied between 3.8% and 30% depending on the extent of
hydrolysis and compression conditions used. However, films developed were unstable
and disintegrated in water. To improve stability, feathers were cross-linked using citric
acid. After cross-linking, the films were stable in water but lost up to 80% of their
strength in the wet condition. A digital image of the hydrolyzed feather and film devel-
oped by compression molding are shown in Figure 4.21. It was suggested that the
films could be suitable as scaffolds for tissue engineering since the cross-linker used
was noncytotoxic (Reddy, 2013).

Thermoplastics can also be developed from the feather keratin through chemical
modifications. Researchers have adopted acetylation, grafting or etherification to
modify feathers and develop thermoplastics. Reddy et al. converted feathers into
thermoplastic through etherification based on the mechanism shown in Figure 4.22

Figure 4.21: Digital image of compression molded unhydrolyzed and alkali hydrolyzed keratin that
transforms into a transparent film (Reddy, 2013). Reproduced with permission from Elsevier.

Feather–OH + +

+

+

Feather–O–

Feather–O–CH2–CH2–CN

Feather–O–CH2–CH=C=N°

OH–

δ+
δ–

OH– H2O

H2O

CH2=CH–C≡N

Feather–O–

Feather–O–CH2–CH=C≡N°

Figure 4.22: Mechanism of etherification of feathers using acrylonitrile (Reddy, 2011). Reproduced
with permission from Elsevier.
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(Reddy, 2011). Etherification conditions such as time, temperature and catalyst con-
centration influenced the extent of thermoplasticity achievable. A weight increase
of up to 20% was achieved after modification. Unmodified feathers do not melt but
cyanoethylated feathers had a melting temperature at about 167 °C. When compres-
sion molded after adding 20% glycerol, the modified feathers were converted into
transparent thermoplastic films (Reddy, 2011) (Figure 4.23). Tensile strength of the
samples varied from 1.6 to 4.2 MPa and modulus varied from 23 to 197 MPa depend-
ing on the extent of etherification.

(a) (b)

Figure 4.23: Poultry feathers (a) can be made into transparent thermoplastics after etherification
(b) (Reddy, 2011). Reproduced with permission from Elsevier.
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Chapter 5
Keratin made into gels

5.1 Hydrogels, aerogels and nanogels from feather keratin

Hydrogels are structures that have high capacity to hold water and other biological flu-
ids due to their inherent porosity and structure. Due to these reasons, hydrogels are par-
ticularly preferred for food and medical applications, primarily for controlled release of
neutraceuticals, pharmaceuticals, drugs and so on. Although polysaccharides and syn-
thetic polymers have been made into hydrogels, proteins including keratin are preferred
over other biopolymers for medical applications. Keratin contains 7–20 mol% of cyste-
ine residues that can be modulated to achieve different degradation rates of biomateri-
als and therefore achieve tunable rates of release of therapeutic agents (Tanabe, 2002).
The extent of degradation of keratin materials can be controlled depending on proper-
ties of keratin and the type of extraction. For instance, oxidatively extracted keratin (ker-
atose) was found to degrade in days to weeks whereas reductively extracted keratin
(kerateine) was stable for several months when made into hydrogels (Tanabe, 2002).

A simple approach of oxidation and reduction was used to develop keratin hy-
drogels with tunable properties (Cao, 2019). The process where intramolecular disul-
fide bonds use a reducing agent like cysteine to release free thiols is called disulfide
shuffling. These free thiols later formed intermolecular disulfide bonds due to oxida-
tion (Figure 5.1). Chicken feather keratin was formed into a powder and dissolved in
a buffer containing cysteine. The solution formed a gel after incubation. Similar hy-
drogels were prepared using different ratios of keratin and with 1.5% or 3.3% cyste-
ine. Ciprofloxacin was added into the hydrogels and their loading and release
behavior was studied (Cao, 2019). The disulfide shuffling and amount of keratin and
cysteine considerably influenced the properties of the hydrogels and also gel forming
properties. Gelation time decreases from 3 days without use of cysteine (conventional
approach) to just 10 min when 10% keratin solution containing 3% cysteine was
used. A 1.5 to 2 times increase in compressive strength was achieved with the new
approach. After 40 days of incubation in phosphate buffered saline (PBS) and reduc-
ing media, the degradation of the hydrogels was found to be inversely dependent on
cysteine levels. About 94%, 91% and 85% gel was retained when cysteine concentra-
tion was 3%, 1.5% and 0%, respectively (Cao, 2019). The release of drug was related
to the degradation profile of the gels. Both L929 and rOB cells showed good attach-
ment, growth and proliferation, suggesting that the hydrogels were cytocompatible.
When subcutaneously implanted in mice, the cysteine containing gels had 28–40%
of original volume whereas the conventional hydrogel was completely degraded. It
was clearly evident that the structure, mechanical properties, drug release capability
(Figure 5.2) and in vivo degradation could be easily controlled by varying the amount
of cysteine used for the disulfide shuffling process (Cao, 2019).
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Figure 5.1: Process of disulfide shuffling where intramolecular cross-linkings are converted into
intermolecular disulfide bonds (Cao, 2019). Reproduced with permission from Elsevier.
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Figure 5.2: Cumulative drug release (b and d) and remaining mass (%) (a and c) of scaffolds made
using different ratios of cysteine (Cao, 2019). Reproduced with permission from Elsevier.
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Keratin was extracted from feathers and made into hydrogels using freeze-drying.
To further improve the properties of keratin hydrogels, acrylic acid monomers were
grafted using N, N’-Methylenebisacrylamide, sodium bisulfite and potassium per-
sulfate. The acrylic acid monomers were grafted by replacing the amide bonds onto
the primary chains of the hydrolyzed feather keratin (Wattie, 2018). Addition of acryl-
amide increased the thermal stability and reduced swelling. Swelling also varied
with pH and was between 10 and 500 g/g. pH between 5 and 7 provided highest
swelling and interestingly, the gels could shrink and expand as the pH was varied
between 2 and 8. A highest swelling of 501 g/g could be achieved in water and the
gels were suggested to be suitable for agriculture and other applications.

Hydrogels were prepared through chemical modification of kerateine, keratose
and alkali-modified kerateine for controlled release of therapeutic agents including cip-
rofloxacin, recombinant human insulin-like growth factor and recombinant human
bone morphogenetic proteins. The chemical modification done was to “cap” the cyste-
ine residues with iodoacetamide and reduce the concentration of the thiol groups from
270 nM of Thiol per mg of protein to about 25 nM per gram. Morphologically, the hydro-
gels had a highly porous structure but no major difference was observed in the mor-
phology between the different types of keratins used. Swelling ratio was highest for
keratose hydrogels but these hydrogels were unstable and could not be tested for me-
chanical properties. Compressive modulus was highest for the 74% cross- linked hydro-
gels (Tanabe, 2002). Keratin was extracted from chicken feathers using the enzyme
savinase in the presence of sodium dodecyl sulfate (SDS) and a reducing agent (sodium
sulfite) at 55 °C for up to 6 h. Dissolved keratin was precipitated and later dialyzed
against 3.5 kDa tube and collected. Keratin solution was combined with polyvinyl alco-
hol (PVA) and mixed at room temperature for 6 h, and the mixture was lyophilized for
48 h at −54 °C to form sponges. Proteins with molecular weights between 10–12 kDa
similar to that found in native feathers were extracted. Pore size in the pure keratin
sponges was between 50–100 µm compared to 5–10 µm in the keratin–PVA blended
sponge. The blend scaffold had an oil absorption capacity of 50 g/g compared to
0.993 g/g for the pure PVA sponges. Similarly, the air permeability of the keratin–PVA
sponge was 369 mm/S and water vapor permeability was 6.5 × 10−7/GPa s m, consider-
ably higher compared to other keratin sponges developed (Sadeghi, 2018).

Keratin extracted from chicken feathers was reduced using dithiotheritol and
made into hydrogels by freeze-drying. To prepare the gel, about 1% of keratin was
dispersed in 8 mol urea solution at 65 °C and heated for 2 h along with the reducing
agents and other chemicals. Gels formed had a clear appearance but became hard
and brittle after drying (Figure 5.3). Since hydrogels are prone to swelling, the
swelling ratio was determined in various pH (4.5, 6.5, 7.0 and 7.8). Considerably
lower swelling was observed in the biological fluids. Variation in the swelling of the
gels was considered to be due to the changes in the salt and pH sensitiveness. For
instance, swelling of the hydrogel was considerably higher in sodium chloride
than calcium chloride probably due to the easy dissociation of sodium chloride
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(Guo, 2015). To understand the ability of the hydrogels to load and release drugs,
a model compound Rhodamine B and protein macromolecule bovine serum albumin
(BSA) were added and the release profile of the drugs from the hydrogel were studied.
Hydrogels provided controlled release for both rhodamine B and BSA with cumulative
release of 97% and 89%, respectively. Study showed that the release of the drugs could
be controlled by varying the pH.

Amount of drug released typically depends on the pH and the other release condi-
tions used. Rhodamine had higher amount released (up to 95%) and the highest
amount of BSA released was about 90% (Figure 5.4). For BSA, the release was consid-
erably higher in pH 7.4 whereas rhodamine had similar release at pH 7.4 and 8.4 and
considerably low release at pH 3.0 (Figure 5.5). Differences in the release of the drugs
were due to the size of the molecule and the extent of attraction between the drug
and the functional groups in the hydrogels (Guo, 2015).

(a) (c)

(b) (d)

Figure 5.3: Digital images of the hydrogel without any treatment (a), gel swollen in ethanol (b),
swollen in water (c) and a dried hydrogel (d) (Guo, 2015). Reproduced with permission from John
Wiley and Sons.
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5.2 Hydrogels from wool keratin

Highly porous microfibrillar keratin sponges were manufactured by treating wool
fibers with 0.1 N sodium hydroxide at 60 °C for 24 h (Patrucco, 2015). Coarse fiber

Figure 5.4: Release of rhodamine B from the feather keratin hydrogel at different pHs at 37 °C.
Reproduced with permission from John Wiley and Sons (Guo, 2015).
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Figure 5.5: Release of bovine serum albumin from the keratin hydrogel at 37 °C at different pHs
(Guo, 2015). Reproduced with permission from John Wiley and Sons.

5.2 Hydrogels from wool keratin 113

 EBSCOhost - printed on 2/12/2023 11:01 PM via . All use subject to https://www.ebsco.com/terms-of-use



fragments remaining after the treatment were removed and the dissolved cortical
cells were used to form the sponge. Sodium chloride having particles with diame-
ters between 400–500 µm was also added to assist in the pore formation since the
salt could be leached resulting in pores. Sponges obtained were treated at 180 °C to
thermally cross-link the keratin molecules. Microporous sponges with even and dis-
tributed pores were obtained with pore sizes having diameters ranging from 190 to
560 µm. Cross-section of the sponges clearly showed the formation of fibrils that
could help to improve the stability and mechanical properties of the scaffolds.
Sponges had a porosity of 93% and a density of 1.32 g/cm3. Extraction of keratin
and formation of the sponges resulted in a decrease of cysteine from 10.83to
2.39 mol%, whereas all other amino acids in the sponges were comparable to that in
the wool fibers. Cross-linked sponges had tensile strength of 0.103 MPa and elonga-
tion was 1.5% with cross-linking also providing higher thermal stability. Osteoblasts
(SAOS-2) cells seeded on the sponge showed good attachment and subsequently up
to fourfold increase in cell numbers when cultured for 7 days indicating the biocom-
patibility of the scaffolds (Patrucco, 2015).

In another study, wool keratoses were used to prepare hydrogels for potential tis-
sue engineering applications (Sando, 2010). Wool fibers were treated with peracetic
acid at 37 °C overnight and the keratoses formed was extracted using a Tris-base and
precipitated using alkali to obtain α-keratose and with acid to form β-keratose.
Substantial variations were observed in the amino acid composition of the two kera-
tins obtained before and after cross-linking (Table 5.1). Primary difference between
the two keratoses was the lower level of cysteine in α-keratoses than in β-keratose.
Gels were prepared from the keratose solution using molds and later cross-linked
through UV irradiation in the presence of a metal oxide. Tensile properties (Table 5.2)
and moisture absorption of the gels were determined and the gels were used as sub-
strates for tissue engineering. NIH3T3 cells were seeded on the gels and the adhesion
was determined using DNA quantification assays (Sando, 2010). Tensile properties,
tissue adhesion and wettability depended on the type of buffer and cross-linker used.
Cells seeded on the scaffold were able to attach and proliferate suggesting that the

Table 5.1: Properties of hydrogels prepared from keratin and modified keratin (Sando, 2010).

Specimen Swelling
ratio (Q)

Compressive
modulus (kPa)

Cross-link density
(µmol/cm)

Mol. wt. between cross-
links (Mc) in kg/mol

Keratose . ± . – – –
% S-S MKTN . ± . . ± . . ± . . ± .
% S-S MKTN . ± . . ± . . ± . . ± .
% S-S MKTN . ± . . ± . . ± . . ± .
Kerateine . ± . . ± . . ± . . ± .

Note: Reproduced with permission from John Wiley and Sons.
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α-keratose cross-linked with UV irradiation was suitable for tissue-engineering applica-
tions. Keratin extracted from wool and made into sponges (10 mm diameter and 2 mm
thickness) was conjugated with lysozymes and cross-linked. Disulfide-linked keratin
showed gradual release of the lysozyme but ether cross-linkages were necessary to
maintain a stable structure (Kurimoto, 2003).

Sponges with controlled porosity and pore sizes were developed using sulfated
wool keratin through compression molding and particulate leaching approach
(Katoh, 2004b). Keratin powder (45,000–60,000 Da and 16,000 Da molecular
weight bands) were mixed with sodium chloride particles of various sizes along
with urea and the samples were compression molded at 140 °C for 5 min. The com-
posites formed were immersed in ethanol to remove urea and salts and form the
porous scaffolds. Pore size was directly dependent on the size of the sodium chlo-
ride particle used and the presence of urea resulted in smooth scaffolds (Table 5.3).
Scanning electron microscopic (SEM) images revealed the difference in pore size
with change in particle size. Changes in the pore size also affected the density and
the water absorption of the scaffolds. Particles having size between 300–500 µm
provided a porosity of 93.4% and water uptake of 946%. Sponges showed higher
swelling at pH 7.4 and even dissolved when the pH was 9.1. Ability to control the
porosity and swelling were considered desirable properties for medical applications
(Katoh, 2004b).

Table 5.2: Properties of hydrogels made from α-keratose (Sando, 2010).

Buffer
Tensile properties Tissue

adhesion
Wettability

Elastic
modulus
(kPa)

Mass
between
cross-links
(kg/mol)

Stress at
break
(kPa)

Swelling
ratio (%)

Contact
angle
(degree)

Tris HCl
– 20 mM SPS . ± . . ± . . ± . −. ± . . ± .
– 40 mM SPS . ± . . ± . . ± . −. ± . . ± .
+. glycerol
– 20 mM SPS . ± . . ± . . ± . . ± . . ± .
– 40 mM SPS . ± . . ± . . ± . . ± . . ± .
PBS
– 20 mM SPS . ± . . ± . . ± . −. ± . . ± .
– 40 mM SPS . ± . . ± . . ± . −. ± . . ± .
+. glycerol
– 20 mM SPS . ± . . ± . . ± . −. ± . . ± .
– 40 mM SPS . ± . . ± . . ± . −. ± . . ± .

Note: Reproduced with permission from John Wiley and Sons.
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Keratin extracted from wool was made into sponges for long duration tissue en-
gineering. Sponges had pore size of 100 µm and were stable in aqueous media
when prepared after 3 days of freezing at −20 °C. The hydrogels were seeded with
mouse fibroblast cells (L929) and the ability of the scaffolds to support cell growth
was monitored up to 30 days (Tachibana, 2002). Cells were observed to grow rap-
idly on the scaffolds for 20 days. Although no significant increase in cell numbers
was observed above 20 days, cells sustained on the scaffold for up to 30 days. Low
degradation of the feather keratin by proteases and the specific amino acid motifs
in keratin that promote cell attachment and growth were considered highly desir-
able for long-term tissue engineering (Tachibana, 2005, 2006).

Unlike most studies where human hair keratin has been used to develop hydro-
gels, it was demonstrated that similar hydrogels without any cytotoxicity could be de-
veloped from feather keratin (Wang, 2017). Hydrogels were fabricated by dissolving
lyophilized keratin powder in water and addition of H2O2 solution to assist in the for-
mation of disulfide bonds. Gels were obtained after overnight incubation at 37 °C or by
lyophilizing at −40 °C. Extracted keratin and the hydrogels formed had similar struc-
ture and showed characteristic amide bonds. The gel had a considerably porous struc-
ture at the top compared to the bottom (Figure 5.6). No cytotoxicity was observed due
to the hydrogel after subcutaneous implantation in mice and none of the organs were
affected in reference to untreated mice. Wound closure and healing was considerably
improved in the implanted mice compared to the control (Figure 5.7).

Sponges made from the wool keratin were further chemically modified to have car-
boxyl or amino functional groups (Tachibana, 2006). For carboxyl modification, the
sponges were treated with 10 mL of 0.1 iodoacetic acid in 0.5 M Tris HCl at pH 8.5 and
for the amino sponges, the material was treated with 2-bromoethylamine under similar
conditions. Sponges became considerably harder and the carboxyl content was re-
ported to double after treatment. Treated sponges showed increased absorption of lyso-
zyme with increasing time or amount of lysozyme. Osteoblastic differentiation was
considerably higher on the treated sponges with alkaline phosphatase (ALP) activity
being about two times higher. Further, the carboxyl-treated sponges had ALP activity

Table 5.3: Changes in the porosity and water uptake of the keratin sponges made using various
amounts of salt (Katoh, 2004b).

NaCl/keratin Apparent density (g/cm) Porosity (%) Water uptake (%)

 . ± . . ± .  ± 

 . ± . . ± .  ± 

 . ± . . ± .  ± 

 . ± . . ± . , ± 

 . ± . . ± . , ± 

Note: Reproduced with permission from Elsevier.
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of 1.2 compared to 0.4 for the amino-treated sponges due to the basic nature of the ALP
proteins that provides better ability to bind to the carboxyl group. The lysozyme
showed a release of about 11% under physiological buffer. To enhance the differentia-
tion of cells on the carboxyl and amino-modified keratin scaffolds, the sponges were
hybridized with calcium phosphate. Two approaches were used for the calcification of
the scaffold. In the first approach, the chemically modified sponges were immersed
with buffer containing calcium phosphate ions and in the second approach; hydroxy-
apatite (HA) particle suspension was added so that the HA particles could be trapped
in the scaffold. Calcium phosphate crystals were observed on the surface and inside
the scaffold whereas the HA particles were held within the scaffold and did not come
out when washed with water. ALP activity was considerably higher on the HA-trapped
sponges which was suggested to be due to the crystallinity of the HA. It was concluded
that both hybridization methods were suited for better differentiation of osteoblasts
(Tachibana, 2005).

Hydrogels were made by blending keratin with another biopolymer, alginate and
2D and 3D scaffolds were developed for tissue engineering applications (Silva, 2014).
Keratin was extracted from wool and blended with alginate, and the blends were sub-
ject to sonochemical treatment to form the hydrogels. Ultrasound treatment changed
the structure of the keratin from α to β with some extent of disordered regions also
being present. No significant differences were observed in the thermal behavior of the

Top

Bottom

SideTop(a) (c)(c)

(b) Bottom

2 mm

Figure 5.6: Digital image of the keratin hydrogel showing stability in upright (a) and inverted (b)
positions. SEM images reveal that the top surface is highly porous (c) compared to the bottom side
of the scaffold (Wang, 2017). Reproduced with permission from Elsevier.
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alginate and alginate–keratin blend hydrogels. Addition of keratin increased the water
absorption capacity of the hydrogels and the 3D hydrogels had higher absorption than
the 2D hydrogels. Similarly, an increase in modulus from 100 to 400 kPa was observed
after the addition of keratin. Substantially higher increase in the attachment and prolif-
eration of cells was observed on the blend hydrogel compared to the pure alginate hy-
drogel (Silva, 2014) (Figure 5.8). Cells encapsulated inside the hydrogels were viable
until 4 weeks and were considered suitable for medical applications.
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Figure 5.7: (a) and (b) Progressive changes in wound healing and wound closure of rabbits with and
without subcutaneously implanted hydrogels (Wang, 2017). Reproduced with permission from
Elsevier.

118 Chapter 5 Keratin made into gels

 EBSCOhost - printed on 2/12/2023 11:01 PM via . All use subject to https://www.ebsco.com/terms-of-use



In many instances, a single polymer will not be an able to provide the desired prop-
erties and hence, two or more polymers are combined to develop the biomaterial. In
one such effort, keratin extracted from wool was combined with alginate and hydrogels
were developed. To extract keratin from wool, degraded wool fabrics were immersed in
a solution containing 8 M urea, 0.2 M SDS, 0.5 M sodium bisulfite and heated to 60 °C
for 12 h. Keratin solution was dialyzed against distilled water using a cellulose tubing
with molecular weight cut off of 12,000 to 14,000 Da (Park, 2013). Keratin extracted (sul-
fitolysis) from wool and human hair was blended with PVA and made into hydrogels.
Various ratios of the S-sulfo keratin were added into PVA solution containing 0.01%
poly(ethyleneimine) (PEI) and cast into gels (Park, 2013). The gels formed were irradi-
ated with an electron beam at a dose rate between 10 kGy–100 kG at room temperature.
Radiation was observed to induce scission reactions and also cross-linking through free-
radical reactions. Considerably lower dosage of 10 kGy was possible when 0.01 wt% of
PEI was included during irradiation. Swelling ability and strength of the gels decreased
above an optimum dosage level. Strength of the wool keratin gel was highest at 20 kGy
higher than the strength of hair keratin and PVA gels made under similar conditions
(Figure 5.9) (Park, 2013).

Figure 5.8: (a) and (b) Proliferation of cells on the 2D hydrogels after 3 and 10 days of cultivation
(Silva, 2014). Reproduced with permission from Royal Society of Chemistry.

5.2 Hydrogels from wool keratin 119

 EBSCOhost - printed on 2/12/2023 11:01 PM via . All use subject to https://www.ebsco.com/terms-of-use



To prepare keratin–alginate hydrogels, wool fabrics were treated with urea, SDS
and sodium sulfite and heated to 60 °C for 12 h. After treatment, the hydrolyzed keratin
was dialyzed and collected. Alginate and keratin were combined together using sono-
chemical and pressure-driven extrusion to obtain 3D hydrogels in the form of films and
microcapsules (Silva, 2014). Water uptake, weight loss, morphology and mechanical
properties of the hydrogels were studied. Water uptake was higher (3,200%) for algi-
nate gels than the alginate–keratin blend (2,000%). Absorption of up to 4,200% was
seen in the 3D gels due to the presence of microcapsules (Figure 5.10). When treated in
the medium, degradation was up to 60% for the alginate but considerably lower at
about 30% for the blend gels. In addition, the blend hydrogels had considerably higher
modulus of up to 500 kPa compared to 120 kPa for the pure gels (Silva, 2014). Cells
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Figure 5.9: Changes in the strength of wool and hair keratin gels after different levels of exposure
to irradiation compared to strength of PVA (Park, 2013). Reproduced with permission from Elsevier.
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Figure 5.10: (a) and (b) Uptake of water by the 2D and 3D hydrogels in DMEM and HBSS media
(Silva, 2014). Reproduced with permission from Royal Society of Chemistry.
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seeded on the blend scaffolds showed considerably higher growth and proliferation
than the pure scaffold. The blend hydrogels had viability of up to 4 weeks for the cells
during which typical morphology and mitochondrial activity was observed suggesting
that the hydrogels were suitable for tissue engineering and regenerative medicine ap-
plications (Silva, 2014).

Hydrogels and microcapsules for tissue engineering applications were devel-
oped by blending keratin with alginate, alginate dialdehyde (ADA) and bioactive
glass (Reakasame, 2018). Keratin was extracted from wool fabrics using urea, SDS
and sodium sulfite. Dissolved keratin was dialyzed against 12–14 kDa membranes
and collected. Hydrogels were prepared by blending keratin with different polymers
and formed into hydrogels. These hydrogels were made into microcapsules by ex-
truding through a high-precision fluid dispenser at a pressure of 1–2 bars. Ionic
cross-linking of the microcapsules was done by treating with 0.1 M CaCl2. Presence
of keratin having molecular weight between 40 and 60 kDa was confirmed in all
the blends. Biomineralization had occurred on the surface of the scaffolds after im-
mersion in simulated body fluid for 7 days. Presence of ADA increased the biodegra-
dation compared to alginate or bioactive glass. MG-63 cells grown on the hydrogels
for 21 days showed good cell viability for alginate or ADA but slight cytotoxicity
was noticed in the presence of bioactive glass (Reakasame, 2018).

5.3 Wool keratin for hydrogels

Highly porous keratin sponges were prepared by treating wool keratin with 8 M gua-
nidine hydrochloride and mercaptoethanol at 60–70 °C for 18 h (Ozaki, 2014). Keratin
sponges had a density of 0.188 g/cm3, strength of 47 MPa and modulus of 102 MPa,
considerably higher than that of similar sponges made from collagen. The gels were
able to swell up to 874% when immersed in PBS and supported the attachment and
growth of PC12, HOS and murine embryonic fibroblasts (MEF) cells. Mechanical prop-
erties, biocompatibility and stability under physiological conditions of the hydrogel
sponges were considered suitable for tissue engineering applications (Ozaki, 2014).

A particulate leaching and freeze-drying method was used to obtain highly po-
rous and flexible wool keratin sponges (Hamasaki, 2008). In this approach, keratin
was combined with dried calcium alginate beads and formed into sponges through
lyophilization. The sponges were later treated with EDTA solution to leach out the
calcium alginate particles resulting in a porous scaffold. Compared to the keratin
sponge that had pore size of 60 µm, the keratin alginate sponge had pore size between
500–600 µm that further increased to about 1,000 µm upon swelling (Hamasaki,
2008). Considerable differences can be observed in not only the morphology but also
the physical and mechanical properties of the scaffolds. Sponges formed by particulate
leaching had about 1/10th the density of the regular freeze-dried scaffolds and the
water uptake was nearly 9 times higher due to the highly porous nature. However, no
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significant differences were observed in the cell attachment and growth on the two
scaffolds (Hamasaki, 2008).

Pure keratin obtained from either wool or human hair did not gel without the
addition of PVA. Further, keratin–PVA blend required a radiation dose above 90 kGy
which could potentially damage the proteins. To overcome these limitations, PEI was
used as a gel accelerating agent. Solutions containing PEI could gel even when irradi-
ated at 10 kGy indicating that PEI could accelerate gelation (Park, 2013). SEM images
showed that the keratin gels had a highly porous structure compared to PVA and
that the human hair hydrogel had larger pore size than the wool hydrogel. At low
dosage of irradiation, wool-keratin-based hydrogels had higher strength but both
PVA and the wool keratin hydrogels had similar strength at high dosage rates. Gels
made from keratin extracted from human hair had relatively lower variation in
strength with increasing dosage rates. High porosity that provides good swelling, ac-
ceptable strength and eliminates the need for chemicals were considered to be advan-
tages of the keratins gels made using this approach (Park, 2013).

5.4 Hydrogels from human hair

Proteins extracted from human hair were coated onto cell culture plates and also
made into porous scaffolds for potential use as tissue engineering scaffolds (Verma,
2008). To extract the proteins, human hair was treated with water and later with eth-
anol to remove lipids. After removal of the lipids, the hairs were immersed in a solu-
tion containing urea, thiourea and β-mercaptoethanol for 3 days at 50 °C. Solution
containing the extracted proteins was filtered and dialyzed and lyophilized to obtain
protein powder. The powder was coated onto tissue culture plates and also formed
into porous sponges (Figure 5.11) through lyophilization (Verma, 2008). Proteins ex-
tracted from the human hair had molecular weights in two ranges (40–60 kDa and
15–30 kDa) and their isolectric point was between 4.5 and 5.3 (Verma, 2008). Sponges
developed had a porous morphology with pore size of about 150 µm. Proteins coated
on the culture plates showed similar attachment and proliferation of cells but the
sponges had significantly higher proliferation compared to untreated plates. Based
on these results, it was suggested that the porous keratin scaffolds could be used as
substrates for tissue engineering.

In another investigation, proteins extracted from human hair were made into hy-
drogels for rapid regeneration of peripheral nerves (Sierpinski, 2008). Hydrogels were
irradiated with γ-rays and used for in vitro and in vivo studies. For the in vitro stud-
ies, Schwann cells were treated with keratin containing serum and the proliferation
of the cells was studied. In case of in vivo analysis, the hydrogels were inserted inside
a surgically cut tibial nerve and the regeneration was observed. Six weeks after im-
plantation, the tibial nerve was subject to muscle force measurements and it was de-
termined that the gels had enhanced the strength of the nerves. MTS assay results
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showed that the cells incubated with protein containing media had substantially
higher attachment and proliferation compared to the cells cultured with the serum
alone. When implanted in vivo, bridging of the nerve gap was observed for the nerve
containing the keratin with excellent angiogenic response. However, muscle force
had not fully recovered after 6 weeks for any of the samples. Despite this limitation,
keratin biomaterials were considered to be neuroconductive and capable of enhanc-
ing nerve tissue regeneration (Sierpinski, 2008). Similarly, hydrogels made from
human hair were studied as biomaterials that could stimulate regeneration of con-
duits similar to commercially used autografts (Hill, 2011).

5.5 Formation of hydrogels through oxidation

In a different approach, human hair was oxidized and the changes in structure and
properties of the oxidized keratin (keratose) were evaluated. Hydrogels were devel-
oped from the oxidized keratin and the potential of using the hydrogels as implants
was investigated (Guzman, 2011). To obtain the oxidized keratin, human hair was
treated with 20 times its weight of 2% peracetic acid for 10 h at 37 °C. After treatment,
the hair was further extracted with ultrapure water and later dialyzed and crude ex-
tracted was collected (Guzman, 2011). Keratose formed was freeze-dryed, ground into
powder and sterilized using gamma irradiation. The extracted keratose was redissolved
in PBS and incubated at 37 °C to form gels. Viscoelastic and mechanical properties of
the hydrogels were measured. Scaffolds obtained were highly porous in nature and the
porosity was measured to be about 78% and the average diameter of the pore cell was
13 ± 1 µm. Hydrogels were made into scaffolds by placing them into molds and freeze-

Figure 5.11: Digital images of sponges made from human hair proteins
(Verma, 2008). Reproduced from IOP science.
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drying. Dry scaffold had strength of 1.4 MPa but immersion into PBS turns the scaffold
into a highly porous gel having lower strength (Guzman, 2011). Scaffolds were im-
planted into mice along with scaffolds made from poly(glycolic acid) as the control.
Substantial changes in the morphology of the hair were observed with the corticles in
hair being completely removed and the keratose sample consisting of only the cuticle
portion. As seen from the SEM images (Figure 5.12), the scaffolds retain the structure of

TransverseTop

Side

1 mm

Bottom Longitudinal

Figure 5.12: SEM images of the keratose scaffolds reveal the porous structure in almost all
directions (Guzman, 2011). Reproduced with permission from Elsevier.
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the feathers since distorted honeycombs were still intact. The keratose solution when
incubated with multiple cell lines did not show any cytotoxicity and was able to pass
the in vitro cytotoxicity test as prescribed by ISO 10933 part 5. When subcutaneously
implanted in mice, the keratose gel was able to integrate into the tissue and degrade
up to 92%. No adverse reactions were observed and it was suggested that the gels
could be useful as scaffolds to deliver drugs and other payloads (Guzman, 2011).

In another approach, keratin was made into hydrogels and later oxidized using
hydrogen peroxide to convert the keratin into keratose. The conversion was achieved
by treating the keratin gels with 5% and 30% hydrogen peroxide at temperatures be-
tween 4 and 60 °C for 16 h. Oxidation of keratin to keratose was confirmed using
Fourier transform infrared spectroscopy spectrums. Although there was no major
structural change in the keratin backbone, kertose hydrogels had higher swelling
than keratin. Decrease in β-sheet and increase in sulfonic acid groups allowed easier
expansion and hence higher water uptake by the polypeptide chains. The gels also
had stimuli response behavior toward pH and specific ions (Figure 5.13) desirable for
tissue engineering and controlled drug release applications (Galaburri, 2019).

Instead of blending with another polymer, keratin-based gels were manufac-
tured by chemically modifying the gels through various means. Keratin and modi-
fied keratin gels were characterized for their solubility, modulus, swelling and
potential to load and release drugs and be used as scaffolds for tissue engineering
(Nakata, 2015). Elastic modulus of the gels was dependent on the concentration of
keratin used with the modified gels having considerably lower modulus than the
native gels when high concentration (180 mg/mL) was used. At low concentrations,
the acetamidated keratin hydrogels had substantially higher modulus than the un-
modified keratin gels due to better arrangement of the molecules in the hydrogel.
Swelling of the hydrogel was dependent on the pH with a swelling ratio of 1,200%
when the pH was 10.5 for the unmodified keratin. Carboxymethylated hydrogel dis-
solved at pH 7.4 and 10.5 due to increased hydrophilicity whereas the acetamidated
keratin provided relatively stable hydrogels with swelling ratios of 500 and 600 when
the pH was 7.4 and 10.5, respectively (Nakata, 2015). Fibroblast cells were found to at-
tach and proliferate on all the keratin scaffolds similar to that of commercially avail-
able culture plates. However, cells were mostly found on the surface and unable to
penetrate the gels. When used as a drug carrier, the unmodified and acetamidated hy-
drogels provided sustained drug release for 3 days but the aminoethylated keratin and
carboxymethylated keratin hydrogels released the drugs within 1 day (Nakata, 2015).

Dual-sensitive keratin-based hydrogels were also developed by combining N-
isopropyl acrylamide and itaconic acid and cross-linking with N, N-methylene bisacry-
lamide (MBA) (Figure 5.14). Morphological analysis showed that the three polymers in
the blend hydrogels had egg shaped rods of about 60–200 nm which were intercon-
nected and formed an interpenetrating polymer network. However, the blend scaffolds
had higher swelling than the individual polymers. Hydrogels showed pH depen-
dent release behavior. A slow release of about 53% after 12 h had occurred at pH
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1.2 compared to 84% release at pH 8.4 for rhodamine blue. For the drug Dox-HCl, a
release rate of 66% was obtained under acidic environment compared to 93% under
neutral and 81% under alkaline environment (Sun, 2016). Release behavior of BSA
from the hydrogels was different than the other two drugs with 43% released at pH
1.2 compared to 60% in pH 8.4. In addition to pH response, the hydrogels also
showed temperature-dependent release with 60%, 76% and 90% released at 25, 37
and 42 °C, respectively. Ability to control release based on pH and temperature was
considered ideal for drug delivery and other medical applications (Sun, 2016).

Keratin extracted from bovine hoofs was combined with tetraethyl orthosilicate
(0.4% to 5.6%) to form keratin–silica hydrogels (Kakkar, 2016). Addition of silica
increased the hardness of the hydrogels from 46 to 184 g and cohesiveness of the
hydrogels from 0.42 to 1.49 g when the silica concentration was increased from 0.4
to 5.6 mg/mL. Similarly, adhesiveness increased from 0.1 to 0.7 mJ and compres-
sive modulus from 1 to 5 kPa. The hydrogels that swelling of about 540% consid-
ered to be good for biomedical applications. NIH3T3 cells were able to penetrate
the hydrogels and showed good attachment and proliferation. Keratin–silicate hy-
drogels were suggested to be suitable for wound healing applications (Kakkar,
2016). Keratin extracted from bovine hoofs was combined with two different ratios
of graphene oxide (GO) and made into hydrogels for potential use as an absorbent
for pollutants, particularly ciproflaxin in wastewater (Ramos, 2018). To prepare the
hydrogels, keratin powder was combined with dilute NaOH in ethanol and stored

Figure 5.14: Schematic of the process used to prepare the dual sensitive keratin hydrogel (Sun,
2016). Reproduced with permission from Taylor and Francis.
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at 45 °C for 4 h. Later, either 0.5% or 2% of graphene oxide dispersed in ethanol
was mixed with the keratin suspension and cast to form hydrogels. Addition of GO
increased the storage modulus and hence the stability of the gels but did not
change the interaction between keratin chains. The gels were able to swell consider-
ably even after being completely dry, and keratin retained its pH responsive behav-
ior. The gels were able to sorb ciproflaxin and also release the drug easily, making
the gels reuseable (Ramos, 2018).

5.6 Hemostatic wound dressings

Expandable sponges with excellent hemostatic ability were made using human hair
keratin and acrylamide (Wang, 2019). Desired ratio of keratin and acrylamide were dis-
solved in 0.3% N,N-methylene bisacrylamide (MBA) and stirred at room temperature.
Sponges formed were washed with ethanol and dried at 50–55 °C for 6 h (Wang, 2019).
The reaction during the formation of the sponges, morphology of the scaffolds contain-
ing different level of keratin and some of the other properties of the sponges are shown
in Figure 5.15. The hemostatic ability of the sponges was evaluated in vivo by inserting
the sponges in penetrating trauma in mice. Considerable decrease in amount of blood
loss and time to hemostatis was possible with 20% keratin-containing sponge com-
pared to gauze or pure acrylamide (Figure 5.15) in both liver and femoral artery transec-
tion hemorrhage. Also, the treated sponges were able to biodegrade in the body within
28 days. Human hair keratin made into sponges (200 µm pore size) was also able to
promote the regeneration of peripheral nerves in rats (Gao, 2019). Keratin obtained had
molecular weight between 40 and 60 kDa, which was coated onto the well plates. Cells
(RSC96) seeded on the keratin-coated plates showed about 70% adhesion compared to
45% for the control. When implanted at the peripheral nerve injury site, the keratin
sponge was absorbed in the body and completely degraded within 5 weeks. Axon di-
ameter and thickness of myelin sheath in the nerves was higher at the injury site
treated with keratin sponge compared to the control. As a direct visualization of the
ability of keratin sponge to cure peripheral nerve injury, it was observed that the foot-
print of the mice approached that of normal mice within 10 days compared to 21 days
for the untreated samples. Similarly, sciatic nerve function, weight of muscle and mus-
cle fiber were higher for the keratin-treated injury (Figure 5.16).

Keratin hydrogels prepared from human hair were also able to provide excellent
hemostatic resistance. Porous keratin hydrogels were developed and injected in situ
into intracerebral hemorrhage surgery to control bleeding. Insertion of the keratin gel
was found to substantially reduce hematoma volume, decrease cell apoptosis, neuro-
inflammatory reaction and neurological deficiencies. Keratin gels were considered to
be highly suitable as hemostatic agents without compromising on the biocompatibility
(He, 2019). In another study, keratin was extracted from human hair and made into a
hydrogel (Aboushwareb, 2009). Keratin extracted had proteins in two molecular

128 Chapter 5 Keratin made into gels

 EBSCOhost - printed on 2/12/2023 11:01 PM via . All use subject to https://www.ebsco.com/terms-of-use



⑥

60

①

50 40 30

Blood loss (mL/kg)

20 10 0
Ga

uz
e

PA
M

EK
S-

2

** *

*

(a
)

(b
)

②

③
④

⑤
⑥

Fi
gu

re
5.
15
:I
m
ag

es
sh

ow
in
g
th
e
de

cr
ea

se
in

he
m
or
rh
ag

e
af
te
r
tr
ea

tin
g
w
ith

th
e
ke
ra
tin

ex
pa

nd
ab

le
sp

on
ge

(a
);
th
e
sp

on
ge

ha
s
ex
ce
lle

nt
he

m
os
ta
tic

ab
ili
ty

an
d
re
su
lte

d
in

lo
w
er

bl
oo

d
lo
ss

co
m
pa

re
d
to

ga
uz
e
an

d
po

ly
ac
ry
la
m
id
e
(b
)(
W
an

g,
20

19
).
Re

pr
od

uc
ed

w
ith

pe
rm

is
si
on

fr
om

El
se
vi
er
.

5.6 Hemostatic wound dressings 129

 EBSCOhost - printed on 2/12/2023 11:01 PM via . All use subject to https://www.ebsco.com/terms-of-use



(a
)

(c
)

(e
)

Co
nt

ro
l

Th
e 

af
fe

ct
ed

 li
m

b

Th
e 

no
rm

al
 li

m
b

Th
e 

af
fe

ct
ed

 li
m

b

Th
e 

no
rm

al
 li

m
b

Ke
ra

tin

Co
nt

ro
l

Ke
ra

tin
20

um

20
um

Th
e

no
rm

al
lim

p

3 
Da

y

(b
)

(d
)

*

*

**
**

Co
nt

ro
l

0.
0

0204080 60

Relative wet weight of
gastrocnemius muscle

Muscle fiber
cross-sectional area(%)

0.
2

0.
4

0.
6

0.
8

Ke
ra

tin
Co

nt
ro

l

**

Ke
ra

tin

(f
)

Da
ys

 o
f i

nj
ur

y

Co
nt

ro
l

Ke
ra

tin
0

7
14

21

–2
0

–4
0

–6
0

–8
0

–1
00

SFI

7 
Da

y
10

 D
ay

13
 D

ay
17

 D
ay

21
 D

ay

Th
e 

af
fe

ct
ed

 li
m

p

Control Keratin

Figure 5.16: Improvement in the footprint of mice with and without the keratin sponge treatment
(a); amount of nerve function (b), muscle structure (c), muscle weight (d) and muscle fiber cross-
sectional area (e, f) changes with and without the keratin sponge implant (Gao, 2019). Reproduced
with permission through open access publishing.
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weight groups with most of the proteins between 64 and 43 kDa and some proteins in
the 16 to 10 kDa region. Amino acid analysis showed that the keratin had a highest
concentration of threonine (19%) and about 12% of serine, cysteine and glutamic acid.
Keratin gel was placed in an artificially injured liver in mice (Figure 5.17) and the abil-
ity of the keratin gel to reduce hemostatis was studied in comparison to various com-
mercially available hemostatic wound dressings (Aboushwareb, 2009). Blood loss
tests (Figure 5.18) showed that the keratin- and QuikClot-treated mice had the lowest
amount of loss. Keratin gel was also able to maintain stable mean arterial pressure,

(a)

(c)

(b)

(d)

Figure 5.17: Digital pictures show the procedure of implanting and the efficiency of the keratin
gel to absorb and stop blood flow. (a) The liver on which the gel would be placed; (b) application
of the gel on the traumatized liver; (c) image shown after applying the gel and after 20 min of
application; (d) complete stopping of the bleeding 30 min after implanting the gel (Aboushwareb,
2009). Reproduced with permission from John Wiley and Sons.
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and the shock index was considerably lower when compared to other scaffolds.
Further, no negative response from the cells was observed and the keratin gels were
considered to be suitable for hemostatic dressings.

5.7 Nanogels and aerogels

Nanogels that are responsive to dual stimuli were prepared by combining human hair
keratin and alginate and cross-linking (using hydrogen peroxide) the two polymers
(Sun, 2017). Keratin from human hair and alginate solution were combined and made
into nanogel particles by freeze-drying after removing unreacted polymers by dialysis.
DOX was added into the solution and drug loading and release efficiencies were calcu-
lated. A schematic representation of the process used to prepare the nanogels is shown
in Figure 5.19. The particles in the gel had an average size distribution between 60 and
90 nm, suitable for passive tumor penetration and accumulation. Also, the nanogels
had zeta potential of −46 mV and hence considered to be stable. Extensive formation
of disulfide bonds and some hydrogen bonding was observed which led to the stability
of the gels. A high drug loading efficiency of 75% was obtained due to the high nega-
tive charge on keratin–alginate gel compared to the highly positive charge on the drug.
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Figure 5.18: Decrease in blood with increasing time after implanting the various hemostatic gels
(Aboushwareb, 2009). Reproduced with permission from John Wiley and Sons.
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Similarly, a high release rate of 76% was obtained in the presence of trypsin. The blend
nanogels were able to enter and accumulate in tumors and had a longer retention
time. The nanogels did not show any cytotoxicity and were hence considered suitable
for anticancer drug delivery and therapy (Sun, 2017).

Similar to hydrogels and nanogels, chicken feather fibers were used as reinforce-
ment for PVA–clay aerogels (Sun, 2018). Montmorillonite (clay) was added into water
and stirred at 22,000 rpm for 1 min to form a 10% suspension. Later, 5% PVA solution
was added into the clay solution and formed into a hydrogel. Similarly, feather fibers
were added and made into gels with composition of 1–3% fibers, 5% clay and 2.5%
PVA. Compressive strength of the fibers increased with increasing concentration of
fibers both for the clay and clay–PVA gels (Figure 5.20). It was suggested that feather
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Figure 5.19: Schematic representation of the process used to prepare keratin–alginate nanogels and
their anticipated mode of cancer treatment (Sun, 2017). Reproduced with permission from Elsevier.
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fibers consist of hook like structures which will entangle with the matrix and thereby
increase the mechanical strength. Also, keratin fibers have good interaction with the
polar polymer/clay matrix via hydrogen bonds which will also facilitate improved
performance properties. Inclusion of the fibers and its interaction with the matrix
substantially altered the morphology including the porosity and pore size. Porous na-
ture of the gels also led to better thermal insulation with thermal conductivity de-
creasing from 0.075 to 0.058 W/mK, suitable for insulation applications (Sun, 2018).

Figure 5.20: Increase in the compressive strength of keratin reinforced PVA–clay aerogels (Sun,
2018). Reproduced with permission from Springer.
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Chapter 6
Keratin for environmental remediation

Due to the large availability and low cost, keratin from feathers, wool and other
sources have been studied as a potential bioabsorbent for various pollutants and
also for purification of water. The ability of a keratin colloidal solution to remove
Pb(II) from water was studied by Sekimoto (2013). Removal of Pb(II) from water by
the keratin colloidal solution was highly dependent on the conditions used for re-
moval. The removal efficiency ranged from 6.7% to as high as 87% (Table 6.1).
Absorption of Pb per gram of keratin was between 17% and 43%. Based on adsorp-
tion isotherms, it was suggested that the monolayer adsorption of Pb(II) onto kera-
tin occurred due to the presence of the thiol and amino groups on the surface of the
particles. Highest absorption by the keratin particles was about 43.3 mg/g, which
was higher than that of activated carbon and similar to that of other biomaterials
(Sekimoto, 2013). However, the removal of Pb(II) from solutions containing a mix-
ture of binary or tertiary metal ions was lower when compared to the removal of Pb
(II) from water (Table 6.2).

Chicken feather barbs were used to absorb zinc ions (Zn2+) in both batch and
fixed-bed columns (Aguayo-Villarreal, 2011). Kinetics of sorption were studied and
isotherms were developed using a constant ratio of metal solution and feathers.
Feathers were considered to have higher specific surface area than other absorbents
used for metal sorption. A maximum Zn2+ sorption of 7.3 mg/g of feather was ob-
tained at pH 5 and 30 °C. It was suggested that the acidic nature of feathers makes
it a natural absorbent for zinc ions.

Chromium (Cr (VI)) is another metal that is prevalent in wastewater discharged
by industries. Although several technologies are adopted to remove chromium,
feather as bioabsorbent was considered an ideal substrate due to its amino acid
composition and large-scale availability (Saucedo-Rivalcoba, 2011). Since keratin is
considerably light, it was combined with polyurethane to form a hybrid membrane.
Keratin was treated with acid and alkali and also dialyzed before combining with
polyurethane. Membranes obtained had pore size ranging from 7 to >50 nm. A max-
imum removal of 38% of chromium was achieved using alkali-treated feathers in
the polyurethane membrane. Keratin extracted from chicken feathers was made
into films for potential use as absorbent for chromium. The bioabsorbent was
placed in Cr(VI) solution in concentrations between 50 and 500 mg/L for up to 24 h
for the sorption to be complete. Mechanical strength of the keratin film was
6.2 MPa, and the porosity was 81%. Absorption increased from 3.7 to 20.3 mg/g
when the initial keratin concentration was increased from 50 to 500 mg/L (Aguayo-
Villarreal, 2011). However, increasing pH above 6 decreased the uptake capacity,

https://doi.org/10.1515/9781501511769-006
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which was about 12 mg/g when the pH was 12. The level of bioabsorption achieved
in this report was considered to be similar to those obtained using common bioab-
sorbents. In another study, thermoplastic feather films were studied for their poten-
tial to absorb Cr(VI) in solution (Saucedo-Rivalcoba, 2011). In this study, feathers
were mixed with glycerol and compression molded at 160 °C for 5 min to form ther-
moplastic films. The films obtained were immersed in 200 ml/L Cr(VI) solution, and

Table 6.1: Efficiency of Pb(II) removal from water by the colloidal keratin solution at various
absorption conditions (Sekimoto, 2013).

Initial Pb(II)
concentration (mM)

pH of
solution

mg of keratin
added

Agitation
time (min)

% Removal of Pb(II) Adsorption
capacity (mg/g)

.  .   

.  .   

.  .   

.  .   

.  .   

.  .   

.  .   

.  .   

.  .  . 

.  .   

.  .   

.  .   

.  .   

.  .   

.  .   

.  .   

.  . .  

.  .   

.  .   

.  .   

Note: Reproduced with permission from Springer.

Table 6.2: Efficiency (%) of removal of Pb(II) from solutions containing binary or tertiary mixture of
metal ions (Sekimoto, 2013).

Binary metal solution Ternary metal solutionMetal ion Single metal
solution

Pb ± Zn Pb ± Cd Pb ± Hg Pb ± Zn–Cd Pb ± Zn ± Hg Pb ± Cd ± Hg

Pb(II)  ± .  ± .  ± .  ± .  ± .  ± .  ± .
Cd (II) – –  ± . –  ± . – . ± .
Zn(II) –  ± . – –  ± . . ± . –
Hg(II) – – –  ± . –  ± .  ± .

Note: Reproduced with permission from Springer.
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the absorption studies were conducted (Saucedo-Rivalcoba, 2011). Conditions used
during absorption such as temperature and concentration of the ion solution de-
termined the amount of absorption by the films. Under the optimum condition, a
high removal of 99.1% and absorption capacity of 75 mg/g was obtained; there-
fore, the feather films were considered suitable for removing Cr(VI) from wastewater
(Saucedo-Rivalcoba, 2011).

In another study, a series of chemical modifications were done to improve sorp-
tion of Cr(VI) and Cu(II) ions by chicken feathers (Sun, 2009). Feathers (CF) were
initially treated with alkali (NaOH), and fragments of the feather keratin were later
cross-linked using epichlorohydrin (EpiCF). Functionalization of the keratin–EpiCF
was also done by adding ethylenediamine (EA) to obtain EAEpiCF as the sorbent.
A Cr(VI) sorption of 14.4 mg/g was obtained when EAEpiCF was used as the sorbent,
considerably higher than other sorbents used for removal of Cr(VI) in previous stud-
ies (Table 6.3). Up to 90% removal was achievable when the ion concentration was in
the range of 10–80 ppm. In addition, EAEpiCF was also able to desorb up to 90% of
the sorbed ions, and up to three resorption cycles (Figure 6.1) could be done without
significant decrease in the amount of sorption.

Chicken feathers were also found to be suitable to remove Zn2+ from wastewater in
both continous and batch treatments (Gao, 2014). Temperature, pH and initial metal
concentrations were varied to achieve the maximum possible absorption. A maximum
absorption of 4.3 mg/g was achieved at a temperature of 30 °C. Compared to other Zn2+

sorbents such as activated carbon or sunflower stalks reported in literature, the

Table 6.3: Sorption conditions and amount of sorption of Cr(VI) by modified keratin and other
bioabsorbents (Sun, 2009).

Operating parametersMaterial Sorption
capacity (mg/g)

pH T (°C) Initial metal
conc. (mg/L)

Biomass
conc. (mg/L)

Chlorella vulgaris . .–.   –
Cladophara crispata . .–.   –
Zoogloea ramigera . .–.   –
Rhizopus arrhizus . .–.   –
S. cerevisiae . .–.   –
Pilayella littoralis . .   .
Quercus ilex L. (stem) . .–.  ±   

Quercus ilex L. (leaf) . .–.  ±   

Quercus ilex L. (root) . .–.  ±   

Rhizopus nigricans . .   

Rhizopus nigricans . . –  

Neurospora crassa . .   

EAEpiCF . .   
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sorption by the feathers was considerably low (Table 6.4). However, feathers are
relatively inexpensive and therefore would be suitable as sorbents even though
higher amounts may have to be used to achieve the same level of sorption (Gao,
2014). Actual absorption closely followed that of the predicted ones with R2 values
ranging from 0.64 to 0.95. Batch absorption provided lower sorption capacities
than continous sorption.

Most studies report the ability of keratin to remove a single metal ion in solution.
In reality, a complex of metal ions is most commonly found in wastewater. To
understand the ability of keratin (chicken feathers) to sorb various metal ions,

Table 6.4: Comparison of the bioabsorption ability of modified feathers with other common agents
(Gao, 2014).

Bioabsorbent Capacity, (mg/g) pH Bioabsorbent
concentration (g/L)

Modified chicken feathers . . .
Neurospora crassa . . .
Pilayella littoralis . . .
Palm flower (acid treated) . . .
Activated carbon (coconut tree saw dust) . . .
Ficus carica fiber-based activated carbon . . .
Reprocessed feather . . .

Note: Reproduced with permission from John Wiley and Sons.
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Figure 6.1: Absorption and desorption after three cycles (Sun, 2009). Reproduced with permission
from American Chemical Society.
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individual and three and five metal ion solutions were used (Kar, 2004). The level
of removal of ions was dependent on the type of ion and pH during sorption.
Removal of cations such as copper and lead was more effective between pH 5 and
6, whereas alkaline pH favored the removal of uranium. Efficiency of removal
ranged from 0 to as high as 97% depending on the pH, type of ion and the number
of metal ions in the solution (Table 6.5). Initial concentration of the metal ion also
influenced the removal efficiency.

Instead of extracting keratin, feathers were treated with sodium hydroxide or so-
dium chlorite and ability of the treated feathers to sorb various heavy metals was
studied (Sayed, 2005). pH, time, alkali used for treating the feathers and initial
metal concentration were all found to influence the metal absorption. Sorption of
magnesium ions was considerably low (67%) for feather treated with both the al-
kali-treated feathers, whereas up to 99.9% sorption was seen for magnesium and
iron depending on the pH. In a similar approach, chicken feathers were modified
using alkali or anionic surfactant, and their potential to remove copper and zinc
was studied (Al-Asheh, 2003). As observed in other studies, amount of metal sorp-
tion was highly dependent on the conditions used during sorption. Treating feath-
ers with alkali and surfactant lead to substantial increase in the amount of metal
sorption.

Keratin from feather was solubilized by treating under alkaline condition (pH 12)
at 150 °C. Four different dopants [poly(ethylene glycol) (PEG); diglycidyl ether; poly

Table 6.5: Percentage removal of copper of different initial concentrations and increasing reaction
times.

Sample Temperature Time (h) Rate (°C/min) SBET (m
/g) CBET Vmic (cm

/g)

T T t t t t

Residue
fraction

       . ± .  ±  , .
      .
       . ± .  ±  , .
 –  –  – .
       . ± .  ±   .
       .
       . ± .  ±   .
 –  –  –  <.

 . ± .  ±  



 . ± .  ± 

 . ± .  ± 

 . ± . <

Note: Reproduced with permission from Journal of Chemical Technology and Biotechnology.
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(N-isopropylacrylamide); allyl alcohol (AA) and trisilanol cyclohexyl Polyhedral
Oligomeric Silsesquioxane (POSS)] were added into the solubilized keratin for in situ
modification and increase sorption of arsenic from wastewater (Khosa, 2014).
Chemical modifications led to the formation of a hard, crystalline and brittle plastic-
like product. Morphologically, feathers were converted into microporous substrates
with increased roughness that could lead to higher sorption. Amount of arsenic
uptake was considerably different for the untreated and treated feathers. AA and
POSS-modified feathers provided higher uptake, whereas PEG-modified feathers
had the lowest uptake. Introduction of various functional groups and physical
changes to the structure of keratin due to the chemical modifications was sug-
gested to be the reason for higher uptake compared to untreated feathers. Based
on isotherms and regression analysis, it was concluded that both monolayer and
multilayer absorption of arsenic occurs on the keratin (Khosa, 2014).

In a different approach, chicken feathers were used as a source to prepare
carbon–nitrogen fibers by pyrolysis for absorbent applications (Senoz, 2010).
Effect of heating the feathers at 215 °C and above 220 °C under nitrogen atmo-
sphere on the amount of residue and pore size and porosity was investigated.
Influence of pyrolysis conditions on the amount of nitrogen that the carbonized
feathers could absorb is given in Table 6.6. The surface area of the samples ob-
tained was considerably lower compared to the commercial absorbent that had
surface areas of about 1,324 and 1,124 m2/g. X-ray photon spectroscopy (XPS)
(Figure 6.2) analysis showed the presence of trace amounts of phosphate and
sulfur. Large C1 peaks were observed, and the C/N ratio was five times higher on
the surface compared to the bulk. Excess levels of carbon found on the surface
were considered to be due to the distribution of randomly oriented carbon chains
on the surface of the fibers. Pyrolysis was suggested to be due to side chain

Table 6.6: Amount of nitrogen that can be absorbed by
feather keratin pyrolyzed (PCFF) under different conditions
(Senoz, 2010).

Sample SBET (m
/g) CBET Vmic (cm

/g)

PCFF-  ±  , .
PCFF-  ±  , .
PCFF-  ±   .
PCFF-  ±   .
PCFF-  ±   .
PCFF-  ±   .
PCFF-  ±  <   .
PCFF- , ±   .
Darco KB-G , ±   .
Darco G  .

Note: Reproduced with permission from John Wiley and Sons.
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degradation and modification of the amine bonds. Pore size of the samples was
considered to be narrow, which could be the reason for the lower levels of absorp-
tion (Senoz, 2010).

6.1 Wool

The ability of wool fibers to absorb metal cations from various solutions at 25 and
50 °C was investigated and the diffusion coefficients were predicted (Sun, 2009).
Considerable differences were observed in the absorption depending on the con-
centration of the solution and the temperatures used. Consequently, the rates of dif-
fusion were different for the different solutions studied. For example, complete
removal of mercury was achieved when the temperature was 50 °C, whereas only
about 30% of copper ions was absorbed. Differences in size of the ions and their
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Figure 6.2: XPS spectra of the untreated and feathers treated with 3°C/min and heated to 215°C up
to 4 h soaking at 215°C (a), 3°C/min to 215°C and 24 h soak at 215°C (b) and after second pyrolysis
done at 3°C/min to 215°C and 4 h soak at 215°C [Senoz, 2010]. Reproduced with permission from
John Wiley and Sons.

6.1 Wool 141

 EBSCOhost - printed on 2/12/2023 11:01 PM via . All use subject to https://www.ebsco.com/terms-of-use



affinity to wool were considered as reasons for the different absorption behavior.
Wool powder prepared after milling and chemical treatments were studied for their
ability to absorb and desorb CO2+ from two types of buffer solutions (Sayed, 2005).
Binding of CO2+ was heavily dependent on the pH of the buffer solution with high
sorption observed at pH 8 and 10. Making the wool powder finer and exposing the
cortical cells by chemical treatment led to an increase in rate and amount of CO2+

absorption. The absorbed CO2+ could be recovered (up to 70%) by washing in a buffer
solution. When wool was dissolved and reused for absorption, up to 80% of the sorp-
tion of the fresh CO2+ could be achieved, suggesting that fine wool powder was excel-
lent for the absorption of CO2+ (Sayed, 2005).

To improve mechanical properties and the amount of sorption, keratin extracted
from merino wool was dissolved in formic acid and combined with polyamide 6 and
electrospun into nanofibers (Aluigi, 2011). Keratin was dialyzed against a molecular
weight cutoff of 11–60 kDa to enable dissolution in formic acid. Diameter of the blend
nanofibers varied from 136 to 218 nm with increasing proportion of keratin leading to
larger fibers. Similar variations were also observed for porosity and specific surface
area. Sorption capacity of Cu2+ ions by the membranes was directly dependent on the
conditions used. For instance, initial metal ion concentration and sorption time had
a significant influence on sorption. The extent of removal of Cu2+ ranged from 26% to
as high as 97% depending on the ratio of keratin in the membrane and concentration
of metal during sorption (Table 6.7). Increasing the ratio of keratin in the membranes
increased the removal efficiency irrespective of the concentration of metal ions.
The maximum absorption obtained was 103 mg/g when 90% keratin was present.
Sorption of Cu2+ onto keratin was found to be of pseudo-second order. Formation
of complexes between Cu2+ ions and the higher carboxyl groups in proteins was
suggested to be the reason for high levels of sorption (Aluigi, 2011).

Table 6.7: Influence of initial metal ion concentration on
the removal efficiency of Co after 24 h and when
sorption was done at pH 5.8 (Aluigi, 2011).

Concentration of Co
(mg/L)

Removal efficiency (%)

Fabric
wool

Nanofiber keratin mat

PA % % %

/     

. –    

  –   

     

     

Note: Reproduced with permission from Elsevier.
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Wool fibers were powdered into four different sizes and were used as sorbents
for various metal ions with different sorption conditions (Naik, 2010). Amount of
absorption was highly dependent on the pH, time and temperature during absorp-
tion. Highest sorption (8.6 × 10−9 mol/g of sorbent) was obtained for Cd(II), whereas
there was considerably lower sorption of Co2+ (Table 6.8). Although Co2+ had lower
sorption, it had better binding with the keratin. Wool keratin was suggested to be
particularly suited for sorption of transition metal ions (Naik, 2010). Extent of release
of the metal ions from the sorbed wool powder was also dependent on the pH and
time (Figure 6.3). Cu(II) and Cd(II) had considerably lower release when the pH was 8
compared to pH 3. Significantly lower amounts of Cu2+ ions were released at pH 8
compared to the other to ions, suggesting better binding with the wool keratin.

Table 6.8: Amount of metal ions absorbed by wool at equilibrium (Naik, 2010).

Wool sample Moles (×−) absorbed/mg of sorbent at equilibrium

Co(II) Cu(II) Cd(II)

 . ± . . ± . . ± .
 . ± . . ± . . ± .
 . ± . . ± . . ± .
 . ± . . ± . . ± .

Note: Reproduced with permission from John Wiley and Sons.
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Figure 6.3: Release of the three metal ions from wool at different conditions.
Reproduced with permission from John Wiley and Sons [Naik, 2010].
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An investigation was done to determine the ability of keratin fibers from vari-
ous sources to remove multiple metal ions from an aqueous solution. Keratin in
human hair, dog hair, chicken feathers and degreased wool were used in a batch
absorption experiment to sorb Cr(III), Mn(II), Ni(II), Co(II), Cu(II), Zn(II), Cd(II) and
Pb(II) at a metal concentration of 0.1 mmol of each metal ion/L at pH 4.9 and 0.1 g
of biosorbent in 10 mL solution. Fundamental differences were observed in the
structure and properties of the different keratin fibers, which led to different levels
of sorption of the metals. Extent of sorption was also dependent on the conditions
such as pH and temperature. Highest sorption was observed for Pb and Cr and low-
est for Mn, Ni and Co, irrespective of the keratin source. Sorption was reported to
follow Langmuir isotherm model and was spontaneous (Zhang, 2019). Highest sorp-
tion of Pb was at 3.87 × 10−5 g/mol for chicken feathers followed by degreased wool.
Pb(II)-loaded biofibers could also be regenerated, leading to an environmentally
friendly process and products.

6.2 Keratin as sorbent for dyes

Several researchers have studied the possibility of using keratin as sorbent for dyes
in wastewater. In one such study, keratin was extracted from feathers and used as a
bioabsorbent for methylene blue (Aguayo-Villarreal, 2011). Influence of various
sorption conditions and the kinetics of absorption were investigated. Bioabsorbent
could be obtained in film form after freeze-drying and had a highly porous struc-
ture. Absorption of methylene blue was up to 150 mg/g and highly dependent on
the initial dye concentration in the solution. pH above 7 showed considerably
higher absorption than acidic pH. Based on isothermal studies, it was found that
the maximum monolayer absorption was 157 mg/g at pH 7 (Aguayo-Villarreal,
2011). Low cost and high absorption capacity were considered to be ideal for using
feathers as bioabsorbents specifically for dye removal. To further improve the ab-
sorption of methylene blue, keratin was made into nanofiber membranes and the
sorption studies were conducted using batch studies (Aluigi, 2014). To prepare the
nanofibers, keratin extracted from feathers was dissolved using sulfuric acid and
electrospun into nanofibers with an average diameter of 223 nm. A maximum ab-
sorption of 170 mg of dye per gram of membrane was achieved, and a consider-
ably high removal efficiency of 98% was reached. However, concentration of the
membrane, pH, time and temperature determined the amount of absorption and
consequently the dye removal efficiency. Large surface area and porosity of the
membranes were suggested to be the reasons for the high absorption and removal
(Aluigi, 2014). Also, feathers are acidic and since methylene blue solution is basic,
higher sorption would be possible.

Adsorption studies were done to understand the ability of chicken feathers to
remove a toxic dye “malachite green” under various sorption conditions (Mittal,
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2006). In this study, feathers were cut into lengths of about 0.1 mm length and the
quill was removed. The resulting barbs were treated with hydrogen peroxide to re-
move surface substances. When used as an absorbent, up to 85% removal of the
dye was achieved at pH 7 with the absorption decreasing at lower pH. Absorption of
dye followed Langmuir and Freundlich isotherms with Gibb’s free energy (ΔG◦) be-
tween 26 and 29 kJ/mol and enthalpy of 20 kJ/mol and entropy of 152 J/K. However,
the absorption of the dye per gram of the feathers was considerably low (Mittal,
2006). Chicken feathers were directly used as a sorbent for brilliant blue FCF, a haz-
ardous dye found in dyeing wastewater. Feathers were mechanically cut into
0.1 mm length, treated with hydrogen peroxide and later dried to remove moisture.
Batch sorption studies were performed at various temperatures, pH and initial dye
concentrations (Mittal, 2006). A dye removal efficiency of 70% was achieved when
the pH was 2 but decreased to about 10% at pH above 4. Temperature and time dur-
ing sorption also played a major role with higher temperature (50 °C) and longer
time (300 min), providing a sorption of up to 90% (Mittal, 2006). Complete removal
of dye was also possible when higher amounts of feathers were used but the sorp-
tion capacity of the feathers was not reported.

Powdered wool before and after chlorination were found to have different sorp-
tion capacities to acid dyes. Merino wool was milled to form particles and further
subject to air milling and also to chemical processes before the absorption studies.
Processing of the powdered wool changed the surface composition of the fibers and
therefore the reactivity. Average particle size ranged from 61 µm to as low as 4.5 µm
depending on the type of treatment. Morphological appearance also changed after
the treatments. Absorption of dyes by the wool fibers was similar to that of charcoal
for acid red 18 but the sorption was lower than that of the charcoal for the chopped
and chemically treated fibers. Wool fibers had lower negative zeta potential, which
helped the attraction of larger amounts of dye compared to charcoal (Kar, 2004).

Keratin extracted from chicken feathers was combined with cellulose nanocrys-
tals (CNCs) (diameter of 187 nm) obtained by acid hydrolysis of cotton fabrics to de-
velop a bioabsorbent for sorption of dyes in wastewater. The blend biosorbents were
made by adding 25% by weight of nanocrystals into keratin solution and freeze-
drying the solution. When necessary, the biosorbent was cross-linked using glutaral-
dehyde to improve the properties. A high porosity of 99% and surface area of 229 m2/
g were obtained, which facilitated high sorption of dyes. Addition of CNC substan-
tially increased the mechanical properties of the sorbent and also the water uptake
(Figure 6.4) (Song, 2017). Removal efficiency was 96% for reactive black 5 and 98% for
direct red 80 at pH 2 but decreased as the pH increased. Corresponding sorption capac-
ity was between 475 and 588 mg/g through pseudo-first and second-order mechanisms
in a continuous flow reactor. The bioabsorbent also had excellent recyclability with
more than 80% sorption of dyes after five desorption cycles (Figure 6.5) (Song, 2017).
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Figure 6.5: (a)–(c) Ability of the keratin–CNC sorbent to sorb and desorb two dyes for up to five
cycles (Song, 2017). Reproduced with permission from Elsevier.
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6.3 Sorption of oil

In addition to sorption of metals and dyes from wastewater, keratin has been con-
sidered as a potential sorbent for oil to treat oil spills. Goat hair before and after
carbonization was used as sorbent for crude oil, kerosene, petrol and diesel
(Nduka, 2008). Ability of the untreated goat hair and carbonized goat hair to adsorb
various oils is given in Table 6.9. Amount of hydrocarbon sorbed was dependent on
the molecular weight of the sorbent, contact time and particle size. Carbonization
was found to favor sorption and easy recovery of the sorbed material (Nduka, 2008).
In an alternative approach, keratin was extracted from pigeon feather, solubilized
and lyophilized to form powder (Zhou, 2014). The keratin powder was freeze-dried
and regenerated to form a sponge with surface area of 114 m2/g and pore volume of
1.01 cm3/g. A high sorption of up to 39 g/g of sponge and oil-holding capacity of 79%
was possible.

Table 6.9: Ability of the uncarbonized and carbonized goat hair to sorb (% adsorption) various
hydrocarbons at two different particle sizes and various sorption times (Nduka, 2008).

Particle size Time (min) Carbonized Uncarbonized

C.O Diesel Kerosene Petrol C.O Diesel Kerosene Petrol

 µm         

        

        

        

 µm         

        

        

        

Note: Reproduced with permission from Elsevier.
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Chapter 7
Biocomposites

Composites are structures that contain a matrix and a reinforcing material and some-
times additives and chemicals. Composites are used in almost all industries and are
primarily made using polyethylene, polypropylene (PP) and other commodity poly-
mers. However, these composites do not degrade in the environment and hence pose
considerable environmental risk after their disposal. Efforts have been made to re-
place the synthetic polymers with biopolymers and obtain biodegradable compo-
sites. Keratins in both their native and regenerated forms have been used as both
matrix and reinforcement in composites. Since feathers are nonthermoplastic, vari-
ous chemical and physical modifications have been done to utilize keratin for com-
posite applications. In one such study, methyl methacrylate was polymerized to form
poly(methyl methacrylate), and short and long keratin fibers (0–5 wt%) were mixed
as reinforcement and processed into composites (Martinez-Hernandez, 2005).
Addition of keratin increased the modulus continually. Although tensile strength in-
creased, the strength starts to decrease when the amount of keratin was 5% and elon-
gation was also observed to decrease considerably (Table 7.1). Scanning electron
microscopic images of the fracture surface did not show any fiber pullouts or voids
indicating good compatibility. A coating of the polymer on the surface of the fibers
was observed, which also indicates compatibility between the fibers and the matrix.
Although addition of keratin improved mechanical properties, the extent of improve-
ment was limited and the amount of keratin added was also low.

In a simple approach, low-density polyethylene (LDPE) with a melt flow index of
0.22 g/10 min at 190 °C was combined with feather fibers and later formed into compo-
sites. The feathers had a diameter of about 5 µm and lengths ranging from 0.32 to
1.3 cm but were ground into lengths of 0.02, 0.1 and 0.2 cm before using as reinforce-
ment (Barone, 2005a,b). Feathers and matrix were mixed in Brabender extruder at

Table 7.1: Mechanical properties of PMMA composites reinforced with various ratios of chicken
feather fibers (Martinez-Hernandez, 2005).

Sample Fiber volume fraction Modulus (GPa) Strength (MPa) Elongation (mm/min)

  . ± . . .
 . . ± . . .
 . . ± . . .
 . . ± . . .
 . . ± . . .
 . . ± . . .

Note: Reproduced with permission from Elsevier.
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temperatures between 171 and 180 °C. The mixture obtained was compression molded
into sheets at 160 °C. Increasing the fraction of feather fibers increased the elastic mod-
ulus. It was also observed that the aspect ratio of feather fibers influenced the mechan-
ical properties. Morphologically, the fibers showed good interaction with the matrix
but considerable voids were also seen in the cross section. Direct mixing of the feathers
into the matrix and developing composites was suggested to be an attractive option to
develop various inexpensive feather-based consumer goods (Barone, 2005a,b). Instead
of LDPE, feather fibers (20%) were compounded with high-density polyethylene (HDPE)
in a twin screw extruder. Thin films extruded were combined and compression molded
into dog bone-shaped samples (Barone, 2005b). Compounding conditions varied the re-
inforcement dimensions and hence properties of the samples. However, good compati-
bility was observed between the matrix and reinforcement but no mechanical property
measurements were done (Barone, 2005b).

Using synthetic polymers as matrix and feathers as reinforcement results in par-
tially biodegradable composites. To develop completely degradable composites, feather
fibers were mixed with poly(lactic acid) (PLA) in 2–10% by weight and compounded in
an extruder. Blends from the extruder were made into injection-molded samples for
testing (Cheng, 2009). Addition of the feathers increased the modulus but considerably
decreased the strength and elongation. Modulus of the composites was about 16%
higher than that of neat PLA when the feather content was 5%. Dynamic mechanical
analysis (DMA) also showed that the addition of feather fibers increased the stiffness
due to the transfer of the stress from the PLA to the fibers. Thermal stability of the com-
posites was also higher at a feather content of 5%. Morphological analysis did not re-
veal any major defects or voids in the cross section, indicating good compatibility
(Cheng, 2009). Although marginal improvements were observed in the modulus of the
PLA composites, only 10% feathers could be included due to difficulties in compound-
ing and extruding. Also, the changes in the biodegradability of the samples were not
studied. Controlling the aspect ratio, adding compatibilizers and increasing the amount
of feathers could improve the strength and elongation.

Feather quill and PP fibers were ground into powder and mixed using a stirrer and
the mixture was made into pre-pregs (Huda, 2008). When powdered quill is used as
reinforcement, tensile strength and modulus were lower compared to jute fiber-rein-
forced composites due to their higher void content and lower mechanical properties of
the feathers compared to jute. Tensile properties increased with increasing quill con-
tent from 20% to 30% but decreased at higher amounts of reinforcement (Huda, 2008).
Acoustic studies showed that quill-reinforced composites had considerably higher
sound absorption coefficient than the jute fibers. Instead of using neat PP as matrix,
feather quills (4.4 mm long, 0.28–2.87 mm in diameter) were combined with recycled
PP having a melt flow index of 6.0 per 10 min and injection molded into pellets at
three different temperatures (185, 200 and 220 °C). Pellets were also compression
molded at 220 °C into sheets for dynamic mechanical analysis (DMA). Good compat-
ibility between quill and PP with few voids was noticed, and the density of the
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composites increased linearly with increasing quill content. Inclusion of quill de-
creased the crystallinity of PP but did not affect the thermal properties (Jimenez-
Cervantes Amieva, 2015).

In a different approach of using feather fibers and quills as reinforcement, sepa-
rated feather fibers (no quill) were used as reinforcement and HDPE/PP fibers as matrix
for lightweight composites intended for automotive applications (Huda, 2009). Feather
fibers were reported to typically have tensile strength of about 1.44 g/denier, elongation
of 7.7% and modulus of about 36 g/denier. These fibers were used as reinforcement,
and HDPE/PP fibers in concentric sheath–core format were used as the matrix. Feathers
and matrix were thoroughly mixed using water spray and pre-pregs were prepared.
Feathers and quills were also powdered and mixed with the matrix fibers. Jute fibers
used for comparison were in their normal form and also as powder. Pre-pregs were com-
pression molded into composites using different temperatures, compression time, den-
sity and thickness of the pre-pregs (Huda, 2009). Increasing the amount of feathers
(reinforcement) up to 35% increased the flexural strength and modulus. Addition of the
feathers at a fixed thickness leads to increase in void content. Cross section of the com-
posites revealed uniform distribution of fibers across the composites suggesting homo-
geneity (Huda, 2009). At similar density of the composites, quills provide considerably
higher flexural strength than feather fibers, similar to that of jute fibers due to the high
modulus of quill (Table 7.2). However, modulus of elasticity and impact resistance of
jute fiber-reinforced composites are higher than that of both feather fibers and quill due
to the inherent properties of jute fibers. Also, powdered quill provided higher strength
and modulus than powdered feather fibers and jute. However, powdered specimens
provide better homogeneity and reduce the number of voids and therefore do not show
better sound absorption, whereas composites containing feathers and quill have higher
sound absorption coefficient due to the higher number of voids (Huda, 2009).

Table 7.2: Comparison of the properties of the composites developed using various forms of
feather fibers and quill (Huda, 2009).

Composite Thickness
(mm)

Density
(g/cm)

Flexural
strength
(MPa)

Modulus
of elasticity
(MPa)

Offset
yield
load (N)

Impact
resistance
(J/m)

NRC

FF . . . ± .  ±  . ± . . ± . .
FF . . . ± .  ±  . ± . . ± . .
Quill . . . ± .  ±  . ± . . ± . .
Jute . . . ± . , ±  . ± . . ± . .
FF powder . . . ± .  ±  . ± . . ± . .
Quill
powder

. . . ± . , ±  . ± . . ± . .

Jute
powder

. . . ± . , ±  . ± . . ± . .

Note: Reproduced with permission from Springer.
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Paper-like composites were prepared by combing chicken feathers with cellulose
linters, synthetic fibers and a resin. Feathers and fibers were processed in a Rapid-
kothen apparatus to form sheets with mass per square meter between 50 and 140.
Mechanical properties of the composite sheets show that addition of feathers influ-
enced the strength, elongation and other properties depending on the composition
of the feather, fibers and resin (Table 7.3). Substantial changes in strength and elon-
gation are observed when the synthetic fibers and resin are added to improve bind-
ing and flexibility. Papers obtained were considered to be suitable for artistic
painting (Wrzesniewska-Tosjik, 2011).

Many studies combine hydrophobic synthetic polymers such as PLA with biomass
to develop biodegradable composites. Unfortunately, such matrix and reinforce-
ments have poor compatibility, leading to inferior mechanical properties. Although

Table 7.3: Comparison of the mechanical properties of paper sheets made using feathers, cotton
linters, synthetic fibers and/or resin (Wrzesneiwska-Tosik, 2011).

Parameter Grammage
(g/m)

Tensile
strength
(N m/g)

Elongation
(%)

Tear
index
(mN)

Burst index
(kPa m/g)

Wet
strength
(%)

% cotton
% cotton linters

 – – – – –

 . . . . –



+% linters  . . . . .

+% resin + %
linters

 . . . . .



+% linters  . . . . .

+% resin + %
synthetic fibers + %
linters

 . . . . .



+% resin + %
linters

 – . – . .

+% resin + %
synthetic fibers + %
linters

 . . . . .



+% synthetic fibers . . . . . 

+% resin, %
synthetic fibers

. . . . . 

Note: Reproduced with permission through Open Access Publishing.
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chemical modifications are done to improve compatibility, these modifications are
either expensive, do not provide the desired properties and/or decrease the biode-
gradability of the samples. In an attempt to develop completely biodegradable com-
posites, keratin that has both hydrophilic and hydrophobic groups was combined
with PLA and chitosan and made into composites (Spiridon, 2013). Feathers were
made into powder with an average diameter of 50 µm and length between 0.1 and
0.2 cm, and the ratio of feathers in the composites was 2% or 4% with 30% chitosan.
Addition of keratin into PLA increased strength and modulus but decreased the elon-
gation (Table 7.4). Although chitosan decreased the strength, inclusion of keratin
into chitosan and PLA composite decreased the strength and elongation but no major
changes in modulus were observed. Impact strength also improved with the addition
of keratin in the presence of chitosan (Spiridon, 2013). Considerable changes in me-
chanical properties occurred after weathering due to the exposure to humidity, tem-
perature and UV, leading to rupture of the PLA matrix and decreased mechanical
properties (Table 7.5). Impact strength decreased by more than 50%, and up to 80%
decrease was seen in the tensile strength of the neat PLA matrix. Composites contain-
ing 30% chitosan had even higher strength loss of about 85% and a slightly higher

Table 7.4: Mechanical properties of PLA composites reinforced with chitosan and keratin
(Spirodon, 2013).

Sample Impact strength
(kJ/m)

Young’s modulus
(GPa)

Elongation (%) Tensile strength
(MPa)

PLA Chitosan Keratin

 – – . ± . . ± . . ± . . ± .
 –  . ± . . ± . . ± . . ± .
  – . ± . . ± . . ± . . ± .
   . ± . . ± . . ± . . ± .
   . ± . . ± . . ± . . ± .

Note: Reproduced with permission from American Chemical Society.

Table 7.5: Mechanical properties of PLA composites reinforced with chitosan and keratin after
weathering (Spirodon, 2013).

Sample Impact strength
(kJ/m)

Young’s modulus
(GPa)

Elongation (%) Tensile strength
(MPa)

PLA Chitosan Keratin

 – – . ± . . ± . . ± . . ± .
  – . ± . . ± . . ± . . ± .
   . ± . . ± . . ± . . ± .
   . ± . . ± . . ± . . ± .

Note: Reproduced with permission from American Chemical Society.
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weight loss of 87% was seen for the composites containing 4% keratin, 30% chitosan
and 66% PLA. Mechanical properties decreased due to addition of keratin although
uniform distribution of the particles was obtained.

Composites intended for medical applications were developed using keratin ex-
tracted from chicken feather and ethyl cellulose. The ethyl cellulose was grafted onto
the keratin using laccase. To improve the antimicrobial properties of the composites, var-
ious natural phenolic compounds with inherent antibacterial properties were grafted
onto the keratin–cellulose composite. Phenolic compounds studied included caffeic
acid (CA), gallic acid, p-4-hydroxybenzoic acid and thymol (T). These compounds
were added (5–20 mM) onto the composites by dipping the composites in predis-
solved solutions of the particular phenolic compounds for 60 min at 30 °C (Iqbal,
2015). Antimicrobial activity of the treated composites was evaluated using gram-pos-
itive (Bacillus subtilis NCTC 3610 and Staphylococcus aureus NCTC 6571) and gram-
negative bacteria (Escherichia coli NTCT 10418 and Pseudomonas aeruginosa NCTC
10662) (Iqbal, 2015). Biocompatibility and degradation of the composites in soil were
also evaluated. Grafting parameters varied depending on the phenolic compounds
used and the conditions during grafting. CA-grafted samples provided the highest
graft yield and grafting efficiency. The grafting parameters and swelling ratio of the
different phenolic compounds are in Figure 7.1. Antibacterial activity depended on
the type of phenolic compounds used. The CA-treated samples showed excellent bac-
tericidal and bacteriostatic activities against E. coli and S. aureus. Complete killing of
the bacteria was observed for the CA-containing samples but the activity was based
on the concentration of the CA used (Iqbal, 2015). Antibacterial activity of the pheno-
lic compounds was suggested to be due to the presence of reactive acidic hydroxyl
groups and delocalization of electrons in their structure. Viability of the composites
was evaluated using HaCaT cells. All the samples evaluated had 100% viability after
5 days compared to the control but the composites did not promote the attachment
and proliferation. In terms of morphology, the cells had similar appearance after 5
days (Figure 7.2). Degradation tests in soil showed that 100% of the keratin–ethyl cel-
lulose (EC) composite could be degraded after 42 days. However, the phenolic com-
pound grafted composites could degrade much faster due to their higher swelling
ability and consequently higher moisture sorption (Iqbal, 2015). Although the viabil-
ity of the composites was shown using qualitative means, no quantitative data was
provided. More importantly, the degradation of the composites in aqueous media at
different pH levels was also not reported.

7.1 Composites using wool fibers/wool keratin

Considerable amounts of wool are generated as waste during preprocessing and dur-
ing processing into products. Wool waste was combined with recycled polyester fi-
bers and made into composites (Patnaik, 2015). Two types of wool, coring wool and
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Figure 7.1: Yield, swelling ratio and grafting efficiency (Iqbal, 2015) graft yield, grafting
efficiency and swelling ratio behaviours of CA, keratin EC and CA-g-keratin-EC (a), GA,
keratin-EC and GA-g-keratin15 EC (b), HBA, keratin-EC and HBA-g-keratin-EC (c) and T,
keratin-EC and T-g-keratin-EC (d). Reproduced with permission from Royal Society of
Chemistry (Iqbal, 2015).
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Figure 7.2: Morphology of the adherent HaCaT cells on various keratin scaffolds from 1 to 5 days
of culture (Iqbal, 2015). Reproduced with permission from Royal Society of Chemistry.
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dorper wool, were made into nonwoven (needle punched) mats and then combined
with recycled polyester fibers. The mats developed were considered to be useful for
applications in the construction industry. Thermal, acoustic and biodegradation
properties of the samples developed were studied (Patnaik, 2015). Biodegradation
studies were conducted using aerated compost consisting of straw/hay/mulch and
chicken manure. Test samples were placed in respirometric flasks inside cylindrical
glass vessels (Patnaik, 2015). Amount of carbon dioxide released from the samples
was used to calculate the % biodegradability. Wool fiber mats had higher thermal
insulation properties but combining with recycled polyester increased their thermal
resistance. A 50/50 ratio of wool and polyester provided the highest thermal resis-
tance. Wool fibers also have considerably higher sound absorption at all frequencies
studied but the blend fiber mats absorbed more than 70% of the incident noise. As
expected, the wool fibers showed easy biodegradation (up to 90% in 50 days),
whereas the recycled polyester had less than 20% degradability. Blend mats devel-
oped were considered ideal for green buildings and also to reduce cost of the build-
ings (Patnaik, 2015).

Keratin was extracted from wool and used as filler for PP composites. To extract
keratin, wool was treated in superheated water (150 °C) for 30 min in a microwave
oven. After treatment, the hydrolysate obtained was filtered (0.65 µm pore size) and
later freeze-dried. About 30% of the initial weight of wool was obtained as the keratin
hydrolysate (Bertini, 2013). Considerable change in the amino acid content had oc-
curred due to hydrolysis. Predominantly, the cystine content had reduced from
11.3 mol% in wool to 0.7% in the extracted keratin. There was a marginal increase in
amino acids such as proline, alanine and leucine. Further, considerable changes
were also observed in the molecular weight of the keratin before and after extraction.
Hydrolysis results in reduction in molecular weight from about 70 kDa to less than
14 kDa. The extracted keratin was combined (5%, 10% and20%) with isotactic PP,
maleic anhydride (5%) and compounded in a twin screw extruder at 190 °C for
10 min at 60 rpm. Extruded samples were compression molded into films at 180 °C.
Tensile properties of the films are shown in Table 7.6. Addition of keratin increased

Table 7.6: Tensile properties of the keratin-reinforced PP composites (Bertini, 2013).

Sample Modulus (MPa) Stress (MPa) Yield (%) Elongation at break (%)

PP , ±  . ± . . ± . . ± .
PK , ±  . ± . . ± . . ± .
pgP , ±  . ± . . ± . . ± .
PgPK , ±  . ± . . ± . . ± .
PgPK , ±  . ± . . ± . . ± .
PgPK , ±  . ± . . ± . . ± .

Note: Reproduced with permission from Elsevier.
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the modulus by about 12% but no significant increase was seen in the strength.
Samples containing 5% keratin had higher elongation than the PP films but increas-
ing the amount of keratin decreased elongation. Although addition of keratin in-
creased modulus and elongation, the amount of keratin used was limited and only a
marginal improvement in properties was observed (Bertini, 2013). However, keratin
improved the thermal properties and prevented degradation of PP. Keratin hydroly-
sate could also act as a nucleant and increased the crystallization rate. However, a
compatibilizer was necessary to obtain good thermal and mechanical properties in
the composites (Bertini, 2013). Using a similar approach of superheated steam, kera-
tin hydrolysate obtained from wool was used as a biofiller for PP and maleated PP
(Canetti, 2013). Hydrolysis was done by treating wool with superheated water at 180 °C
for 30 min, which resulted in amorphous keratin powders. The extracted keratin pow-
der (5%, 10% and 20%) was mixed with PP in a twin screw extruder and made into
films. Keratin hydrolysate particles showed a spherulite structure after complete crys-
tallization (Canetti, 2013). Morphological analysis showed that the keratin particles had
uniform distribution in the matrix and the particles were in nano- to microscale. The
nonchemical method of extracting keratin was considered to be a viable approach for
developing biocomposites.

To improve compatibility between fibers and matrix, wool fibers (18 µm and
2 cm length) were mixed with PP along with maleic anhydride-grafted PP as compa-
tibilizer. The mixture was compression molded into composites at 180 °C for 5 min.
Morphological analysis showed that the wool fibers and PP had poor adhesion and
extensive fiber pullouts were observed. Inclusion of the compatibilizer increased
the compatibility and very few fiber pullouts were observed even when the fiber
content was as high as 60%. Stress–strain curves showed that addition of the wool
fibers decreased the stress and strain of the PP composites. However, thermal and
thermo-oxidative stabilities improved due to the inclusion of wool fibers (Conzatti,
2013). Decrease in the mechanical properties was suggested to be due to the reduc-
tion in fiber length during compounding.

All keratin composites were prepared using waste wool with properties suitable
for replacing petroleum-based plastics. In this approach, wool fibers were dissolved
using a mixture of CaCl2/water/ethanol and thioglycolate. After dissolution at differ-
ent pH, temperature and time, the treated keratin was combined with raw wool fibers
and compression molded at 2.2–3.3 bar pressure at 60 °C for 10–20 min to form the
composite. In the composite, waste wool fibers formed the reinforcement and dis-
solved keratin was the matrix. Up to 60% of wool fibers could be dissolved depend-
ing on the conditions used. Composites developed had a maximum tensile strength
of 15 MPa, considerably lower than the tensile strength of wool fibers (150–200 MPa)
due to the porous nature of the composites. Tensile strength of all keratin composites
was considered to be similar to that of soy protein-based and other regenerated kera-
tin-based composites. The composites had higher (54–70%) moisture retention values
compared to the individual fibers.
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Since keratin has low flame retardancy, polyethylene/ethylene vinyl acetate
(EVA) composites reinforced with chicken feathers and DNA were used to increase
the flame resistance. DNA was either added onto the matrix/reinforcement and
compression molded or melt blending was done, and the blend was later used for
developing the composites. Addition of DNA was able to increase the Limited
Oxygen Index (LOI) up to 24.5% and decreased the heat release rate by 82% (Albite-
Ortega, 2019). Changes in the flame resistance properties of the composites contain-
ing DNA and magnesium hydroxide are given in Table 7.7. Inclusion of DNA was
able to decrease the use of magnesium hydroxide by more than 50% and provided
desired flame resistance without any major effect to the mechanical properties.

7.2 Composites from horn keratin

Three-dimensional composite scaffolds were prepared by combining keratin extracted
from cattle horns with either chitosan or gelatin for potential tissue engineering appli-
cations (Balaji, 2012). Keratin solution was mixed with chitosan dissolved in acetic
acid, and the mixture was poured onto petri dishes and later lyophilized to form scaf-
folds. Similarly, keratin solution and gelatin dissolved in water were blended and
made into scaffolds. Porosity, pore size, water absorption and cell proliferation of the
scaffolds were studied. Addition of the gelatin and chitosan increased the load and
elongation of the scaffolds (Table 7.8). Gelatin provided marginally higher strength,
whereas chitosan-blended scaffolds have higher breaking elongation. Chitosan-
blended scaffolds have a porosity of 27% compared to 31% for the gelatin-blended scaf-
folds. Respective densities were 0.0354 and 0.0273 g/cm3. Scaffolds contained pores

Table 7.7: Comparison of the cone calorimeter and LOI results for the keratin-reinforced and DNA-
treated PE/EVA composites (Albite-Ortega, 2019). pHHR is peak heat release rate, THR is total heat
release, and TTi is time to ignition.

Sample pHHR (kW/m) % reduction THR (MJ/m) TTi (Sec) LOI (%)

PE/PVA , ±  –  ±   ±  

PE/EVA/MH-  ±    ±   ±  

PE/EVA/MH- , ±    ±   ±  

PE/EVA/DNA , ±    ±   ±  .
PE/EVA/KF , ±    ±   ±  

PE/EVA/DNA/KF , ±    ±   ±  

PE/EVA/MH-/DNA  +    ±   ±  

PE/EVA/M-/KF  ±    ±   ±  

PE/PVA/MH-/KF/DNA-bulk  ±    ±   ±  

PE/PVA/MH-/KF/DNA-c-surf  ±    ±   ±  

PE/PVA/MH-/KF/DNA-c-seg  ±    ±   ±  

Note: Reproduced with permission from Elsevier.
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with size between 80 and100 µm (Balaji, 2012). Although initial attachment of cells on
the pure and blend scaffolds was similar, the gelatin- and chitosan-blended scaffolds
had considerably higher cell density after 48 h. Despite the scaffolds being suitable for
short term for cell culture, the stability of the scaffolds under physiological conditions
may not be sufficient for long-time culture.

Table 7.8: Mechanical properties of the pure keratin and keratin-blended samples (Balaji, 2012).

Scaffold Maximum load (N) Maximum
extension (mm)

Elongation (%) Tensile strength
(MPa)

Keratin–chitosan . ± . . ± . . ± . . ± .
Keratin–gelatin . ± . . ± . . ± . . ± .
Keratin . ± . . ± . . ± . . ± .

Note: Reproduced with permission from Elsevier.
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Chapter 8
Fibers from keratin

8.1 Normal (microfibers)

Wool and silk are the only two commercially available protein fibers. These fibers have
limited availability with total annual world production of about 2 million tons of the
total world fiber production of about 75 million tons. Wool and silk are also expensive
with selling price between $3–$8 and $8–$20 per lb of wool and silk, respectively.
Hence, fibers offer one of the highest value applications for keratin. In addition to
using wool in its native form, keratin has been extracted from feathers and wool and
converted into regenerated fibers through various approaches. Traditional approach of
extracting keratin for fiber production is to use high concentrations of urea and alkali
or strong reducing agents. These approaches produce spinnable keratin solution but
the properties of the fibers obtained are poor (Xu, 2014). To overcome this limitation,
wool was treated with 8 M urea solution in 17:1 ratio, and cysteine (10% on weight of
wool) was added as the reducing agent. The treated solution was centrifuged at
15,000 rpm for 20 min and the keratin obtained was collected. To form the fibers, the
keratin obtained was dissolved in a buffer containing 10% sodium dodecyl sulfate
(SDS). After aging for 24 h, the solution was heated to 90 °C for 1 h and fibers were
mechanically drawn using a syringe and needle. Fibers were introduced into a coagula-
tion bath containing 10% methanol and 10% acetic acid. Annealing of the fibers was
done by heating them to 150 °C for 2 h, drawing the fibers and reannealing the fibers at
120 °C for 1 h. Amount and properties of fibers obtained were dependent on the condi-
tions used during fiber production. Increasing the concentration of sodium hydroxide
during extraction decreased the viscosity due to reduction in molecular weight,
whereas increase in concentration of SDS from 5% to 8% increased the viscosity which
decreased drastically with further increase in the concentration of SDS. Addition of SDS
makes keratin more hydrophobic and increased its stability due to unfolding and co-
operative binding (Ozdemir, 2006). However, the behavior of SDS–keratin mixture
was highly dependent on pH (Ozdemir, 2006). Decrease in molecular weight and
viscosity affects the tensile strength of the fibers. Tenacity of the fibers decreased
to about 0.5 g/den from 0.9 g/den when alkali concentration was increased from
0% to 0.5%. Similar decrease was also seen in the crystallinity index of the fibers.
Although the strength of the fibers obtained was only 0.9 g/den, considerably
lower than common natural fibers, the mechanical properties of the fibers were
higher than keratin products developed previously (Table 8.1) (Xu, 2014).

A few attempts have been made to produce regenerated protein fibers using
keratin. However, difficulties in dissolving keratin have resulted in fibers with poor
properties. To make regeneration and spinning of keratin fibers easier, PVA was
added and fibers were produced by wet spinning (Liu, 2018). Keratin was extracted
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from wool using urea, SDS and sodium sulfide and heated at 50 °C for 8 h. PVA dis-
solved in water was added into the keratin solution to have a keratin concentration
of 5–25%. The blend solutions had viscosities between 3.9 and 4.3 Pa s and were
extruded as fibers into a coagulation bath made of saturated ammonium sulfate.
Fibers obtained were further stretched to obtain a draw ratio of 2.4 and average di-
ameter of 110 µm but with uneven surface and cross sections. Although good com-
patibility was observed between keratin and PVA, tensile properties decreased as
the amount of keratin in the blend increased. Tensile strength decreased from 15.8
to 4.6 cN and elongation decreased from 77% to 38% when keratin content was in-
creased from 5% to 25% (Liu, 2018). Since keratin content in the fibers was low, it is
necessary to optimize processing conditions and also properties of blended keratin
to obtain pure keratin or high keratin containing fibers.

Regenerated fibers were made using a blend of keratin and cellulose using
ionic liquids as solvents (Kammiovirta, 2016). Cellulose for the blend was obtained
from bleached pine kraft pulp and keratin from chicken feathers was dissolved
using 1-ethyl-3-methylimidazolium acetate ([EMIM]AcO) separately and later com-
bined to get a polymer concentration of 5 wt%. Ionic solvent was able to provide
clear solutions of both keratin and cellulose (Figure 8.1). The blend solution was
placed in a syringe and extruded through a needle into a pure ethanol coagulation
bath. Filaments obtained were washed in water and dried under ambient condi-
tions. Based on the changes in the position of peaks in Fourier transform infrared
(FTIR) spectrum, it was concluded that significant unfolding of β-sheets had oc-
curred and the proteins were disordered after dissolution. Fibers showed the pres-
ence of pores in the cross section and grooves on the surface at high keratin
concentrations. It was suggested that lack of particles and no phase separation be-
tween keratin and cellulose indicated good compatibility between the two polymers.
In terms of mechanical properties, increasing keratin concentration decreased the
strength and elongation of the fibers but modulus increased (Table 8.2).

Table 8.1: Comparison of the tensile properties of materials developed
using keratin (Xu, 2014).

Sample Tensile strength (MPa) Elongation (%)

Pure keratin fibers  ±  . ± .
Keratin/chitosan films  ±   ± 

Cross-linked keratin film  ±   ± 

Cross-linked keratin film  ±   ± 

Compression molded keratin film . ± . . ± .
Compression molded keratin film . ± . . ± .
Keratin–silk fibroin film . ± . . ± .
Keratin–silk fibroin film . ± . . ± .
Keratin–PVA blend fiber . ± . . ± .

Note: Reproduced with permission from Springer.
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Table 8.2: Properties of regenerated cellulose fibers containing various ratios of keratin
(Kammiovirta, 2016).

Cellulose
(%)

Filament thickness
(µm)

Fineness
(tex)

Strength
(MPa)

Modulus
(GPa)

Stiffness
(N/m)

Elongation
(%)

  ±  . ± . . ± . . ± . , ±  . ± .
  ±  . ± . . ± . . ± . , ±  . ± .
  ±  . ± . . ± . . ± . , ±  . ± .
  ±  . ± . . ± . . ± . , ±  . ± .
  ±  . ± .  ± . . ± . , ±  . ± .

Note: Reproduced with permission from Royal Society of Chemistry.

Figure 8.1: (a) Images of solutions obtained from 5% cellulose, 2.5% cellulose and 2.5% keratin
blend (center) and 25% keratin using ionic solvents; (b) images of regenerated fibers obtained
using 10% keratin in cellulose before (left) and after drying (right) (Kammiovirta, 2016).
Reproduced with permission from Royal Society of Chemistry.
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8.2 Keratin nanofibers

8.2.1 Keratin-PLA nanofibers

Since it is difficult to dissolve keratin in electrospinnable solvents, researchers have de-
veloped keratin-based electrospun fibers by blending keratin with other polymers. In
one such attempt, keratin extracted from chicken feathers using sodium meta-bisulfite
as the reducing agent was blended with various ratios of poly(lactic acid) (PLA) and
electrospun into fibers (Ayutthaya, 2015). Surprisingly, considerably finer fibers were
obtained when 90% keratin was used, and the diameter of the fibers increased as the
PLA content increased (Table 8.3). It was observed that the electrospinning process
could increase the formation of α-helix and decrease the β-sheet content in the keratin.

Blends of keratin and PLA were electrospun into fibers with the addition of nanoclay to
improve morphology and filtration efficiency of the membranes (Ayutthaya, 2016).
Keratin extracted from chicken feathers was blended in equal proportions with PLA.
Solutions of the polymers were prepared by dissolving in chloroform/acetone and for-
mic acid for PLA and keratin, respectively. About 1–3 pph of nanoclay was added into
the keratin solution, which was later combined with the PLA solution. Electrospinning
of the blend solution was done using a voltage of 19 kV and extrusion rate of 5 µL/
min. Addition of clay affected the viscosity of the solution and also decreased conduc-
tivity from 423 to about 13 µs/cm. Increase in average fiber diameters was also noticed
with pure keratin/PLA producing 134 nm fibers compared to 171 nm fibers when 3%
clay was used. Nanoclay was predominantly located within the keratin and also be-
tween the interface of the two polymers. It was suggested that positive charge on kera-
tin combined with the negative charge and led to uneven distribution. Addition of clay
also affected the denaturation temperature and enthalpy. When used as an air filter,
the electrospun fibers containing clay had a pressure drop of 21 Pa compared to 2.8 for
neat PLA and 54 Pa for keratin/PLA. Considerably higher efficiency for removing

Table 8.3: Electrospinning conditions used and diameter of the fibers obtained with various ratios
of keratin/PLA (Ayutthaya, 2015).

Keratin/
PLA (w/w)

Voltage
(kV)

Distance
(cm)

Feed rate
(mL/min)

Diameter of
needle (mm)

Diameter of
fibers (nm)

Diameter of
beads (nm)

/   . .  ±   ± 

/   . .  ±   ± 

/   . .  ±  –
/   . .  ±  –
/   . .  ±  –
/   . . , ±  –

Note: Reproduced with permission from Springer.
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methylene blue was possible with the addition of the clay (Figure 8.2) both under dark
and illumination, suggesting the suitability of the membranes for both air and water
purification (Ayutthaya, 2016).
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Figure 8.2: Ability of electrospun keratin/PLA electrospun membranes with and without clay to
remove methylene blue in dark (top) and under illumination (bottom) (Ayutthaya, 2016).
Reproduced with permission from Elsevier.
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8.2.2 Keratin-PEO blends

Keratin was extracted from human hair, combined with poly(ethylene oxide) (PEO),
and made into nanofibers. To extract keratin, human hair was first washed with
ether and treated with 7 M urea, 2% SDS and 5% sodium metabisulfite at 95 °C for
4 h. Treated mixture was filtered and dialyzed against a cellulose membrane with
8,000–14,000 Da molecular weight cutoff and the keratin was lyophilized to obtain
powder (Liu, 2015). PEO was dissolved in distilled water and the keratin powder was
added into the solution. A cross-linker ethylene glycol diglycidyl ether was added to
improve stability and electrospinnability. After electrospinning, the keratin/PEO mats
obtained were again cross-linked using the vapors from the cross-linking agent.
Initial cross-linking increased the spinnability as evinced by the reduced defects, and
the second cross-linking increased water resistance as indicated by the changes in
the contact angle. Although there was no major difference in thermal stability be-
tween the first and second cross-linkings, the uncross-linked samples had consider-
ably low thermal stability. Cross-linking also led to increase in % crystallinity from
13% to 35%. Presence of PEO and the two-step cross-linking was necessary to obtain
nanofibers with high keratin (90%) content.

In another study, keratin was extracted from merino wool by treating with urea
and SDS at 65 °C. Solution obtained was dialyzed and concentrated. PEO was added
into the keratin solution to have a total polymer concentration of 7% (Aluigi, 2008).
The keratin/PEO solution was electrospun at a voltage of 20 kV, and mats obtained
had a thickness between 12 and 30 µm. Solutions containing higher concentrations of
keratin produced finer and uniform fibers than those containing higher levels of PEO
due to the changes in viscosity (Aluigi, 2008). Based on FTIR studies, it was found
that the keratin/PEO nanofibers had α-helix content of 51 and β-sheet content of 21%.
In terms of tensile properties, increasing keratin content decreased the strength, elon-
gation and modulus (Table 8.4). Blend mats produced were soluble in water and
therefore had limited applicability (Aluigi, 2008). Liu et al. had extracted keratin
from human hair and blended the keratin with PEO and electrospun the blend into
nanofibers (Liu, 2014). Extraction of keratin was done by immersing keratin in

Table 8.4: Tensile properties of keratin/PEO blend nanofiber mats having various levels of keratin
content (Aluigi, 2008).

Keratin (%) Stress at break (MPa) Strain at break (%) Modulus (MPa)

 . ± . . ± .  ± 

 . ± . . ± .  ± 

 . ± . . ± .  ± 

 . ± . . ± .  ± 

 – – –

Note: Reproduced with permission from Elsevier.
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aqueous solution of urea, SDS and sodium bisulfite and heating the mixture at 95 °C
for 4 h. Dissolved keratin was dialyzed against a molecular weight cutoff of 10,000–
14, 000 Da for 36 h. A keratin solution with concentration of about 6% protein was
obtained after the dialysis. Various ratios of keratin and PEO were blended together
to have a total protein concentration of about 7%. The blend solution was later elec-
trospun at a voltage between 10 and 30 kV. Keratin concentrations above 70% did
not produce electrospun fibers. The diameters of the fibers obtained or the mechani-
cal properties were not reported in this study (Liu, 2014).

A concurrent electrospinning and electrospraying method was used to develop
composite scaffolds consisting of thermosensitive hydrogel particles and electrospun fi-
brous mats. Nonionic triblock copolymers (PEO99–PP065–PE099; Pluronic F127) were
made into hydrogels and cross-linked using (1-Ethyl-3-[3-dimethylami- propyl]-carbodii-
mide hydrochloride) (EDC/NHS). Keratin/PEO (70:30) solution was electrospun
into fibers with or without bacterial cellulose (0–5%). Concurrent electrospraying
and electrospinning were done as depicted in Figure 8.3. Electrospun fibers had
an average diameter of 243 nm and addition of 1% bacterial cellulose reduced the
fiber diameter to 150 nm. Hydrogels developed had inner pores of about 100–
300 µm and the pores were well connected. Electrospraying resulted in formation
of spherical- and ellipsoid-shaped particles with sizes between 500 nm and 2 µm.
These particles were simultaneously deposited onto the keratin-based nanofibers
resulting in hybrid mats with improved thermal and mechanical properties.
Addition of bacterial cellulose increased the hydrophilicity and also improved me-
chanical properties (Table 8.5). Presence of the microparticles also improved the
biocompatibility and cell attachment and proliferation (Azarniya, 2019).

Electrospinning

Electrospraying

Hydrogel particles

Nanofibers
+

GT-conjugatea
pluronic solution

Keratin/BC/
PEO solution

20. 0kV ×6.00

1,000 rpm

V

Figure 8.3: Depiction of the process of concurrent electrospraying and electrospinning to develop
hybrid nanofiber-reinforced hydrogel particle scaffolds (Azarniya, 2019). Reproduced with
permission from Elsevier.
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8.2.3 Nanofibers from keratin-PVA blends

Keratin has also been extracted from human hair and blended with poly(vinyl alcohol)
and extruded into nanofibers. Since the blend fibers were water soluble, they were
cross-linked with various amounts of glyoxal to make them insoluble. Electrospun fibers
developed had diameters in the range of 100–300 nm. A keratin to PVA ratio of 2:1 and
glyoxal level of 6% provided uniform fibers and with best mechanical properties (Park,
2015). Matrices developed also had good antibacterial activity and were considered to be
suitable for medical applications. Keratin–PVA nanofiber membranes were also found to
become highly optically transparent mats after immersion in water (Choi, 2015). Keratin
extracted from human hair was blended with PVA and electrospun into mats with 10%
glyoxal as the cross-linking agent. To form transparent mats, the structures were im-
mersed in water and dried in an oven at 50 °C. Dry mats contained fibers with diameters
of about 151 nm but immersion in water led to considerable increase in diameter of up to
223 nm (Choi, 2015). However, the surface roughness of the samples decreased to 73.7–
105 nm after treating in water due to decrease in the interstices between the nanofibers.
The blend mats had higher tensile strength and modulus but lower elongation than the
transparent mats with strength of 19 MPa, modulus of 273 MPa and strain of 176% com-
pared to 11 MPa, 72 MPa and 190%, respectively. Electrospun mats becoming highly
transparent (88% transmittance) were hypothesized to be due to decrease in the surface
roughness and interstice space, which reduced the scattering of the light. An in situ ul-
traviolet (UV) cross-linking approach was used to develop keratin-based nanofibers
through electrospinning (Deniz, 2015). Human hair was hydrolyzed to obtain the kera-
tin and the solution formed was combined with PVA and 4-vinyl benzene boronic
acid–hydroxyapatite. The solution was electrospun and the fibers were cross-linked
using an UV source as part of the electrospinning process. Fibers obtained had an

Table 8.5: Comparison of the mechanical properties of hybrid scaffolds prepared from keratin using
concurrent electrospinning and electrospraying in comparison to natural skin (Azarniya, 2019).

Material Tensile strength (MPa) Modulus (MPa) Elongation (%)

Abdomen + thorax – . –
Forehead and arm .–. .–. –
Back . ± . . ± .  ± 

Back . ± . . ±   ± 

BC/chitosan + .% graphene oxide  ± .  ±  . ± .
PEO/PVP chitosan–% graphene oxide  ± .  ±   ± .
BC/PEO/chitosan–% nanodiamond   .
Keratin/PEO . ± .  ±   ± .
BC/keratin/PEO . ± .  ±  . ± .
Hybrid fiber/hydrogel . ± .  ±  . ± .

Note: Reproduced with permission from Elsevier.
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average diameter of about 330 nm and the scaffolds were able to support the growth
of umbilical vein endothelial (ECV) 304 and sarcoma osteogenic cells suggesting that
the scaffolds could be used for medical applications (Deniz, 2015).

Keratin solubilized using aqueous alkali solution was combined with PVA and
made into nanofibers (Esparza, 2017) through electrospinning. Further, citric acid
was used to cross-link the electrospun membranes. Amount of keratin in the solution
varied from 0 to 30% and a 10% solution was used for electrospinning with conduc-
tivity ranging from 3,265 to 14,160 µS/cm. Average fiber diameter was dependent on
the ratio of the two polymers and ranged from 274 to 565 nm. However, no fibers
were formed when only keratin was used and 30% keratin in the solution leads to
bead formation. Cross-linking improved the stability of the nanofibers in solution.
Presence of keratin increased the proliferation of fibroblasts making the membranes
suitable for tissue engineering and other medical applications (Esparza, 2017). In a
similar study, keratin extracted from human hair was added into a solution of PVA
and gelatin (1:9) and stirred overnight at room temperature. The blend solution was
electrospun onto a commercial polyurethane wound dressing to form a bilayer mem-
brane of about 160 µm in thickness (Yao, 2017). Nanofibers formed had an average
diameter of 160 nm. The nanofiber membranes had high water sorption capability
but a weight loss of about 10% after 4 weeks was observed in PBS solution.
Fibroblast attachment and proliferation was considerably higher on the gelatin/kera-
tin membranes compared to pure gelatin. Cells were also able to penetrate deeper
into the gelatin/keratin scaffolds due to favorable porosity and interactions. When
used to treat wounds on the back of rats, the gelatin/keratin membranes showed
98% wound healing after 14 days compared to 86% for commercially available gauze
(Figure 8.4). It was also found that the keratin containing membranes promoted early
vascularization in addition to wound healing.

8.2.4 Keratin-3-hydroxybutyric acid-co-hydroxyvaleric acid (PHBV) blends

In a similar approach, keratin was treated with SDS, mercaptoethanol, urea and sodium
hydroxide. The filtrate was passed through a dialysis tube and keratin was collected.
Keratin obtained was dissolved along with 3-hydroxybutyric acid-co-hydroxyvaleric
acid (PHBV) in 1,1,1,3,3,3-hexafluoro-2-isopropanol solution (Yuan, 2009). Blend solu-
tion was electrospun at a voltage of 10 kV, and the fibers were collected on a drum. To
further improve the properties of the keratin nanofibers, the mats were treated using
25% glutaraldehyde vapors for varying time periods. In vitro biodegradation of the sam-
ples in phosphate buffered saline (PBS) for 12 h at 37 °C and the ability of mats to pro-
mote attachment and proliferation of NIH3T3 cells were studied (Yuan, 2009).
Depending on the conditions used for electrospinning, mats having nanofiber diame-
ters between 487 and 815 nm were obtained. Mats obtained were soluble in water but
cross-linking increased their resistance to water and decreased weight loss of the mats.
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Figure 8.4: Digital images depicting the reduction in wounds on the back of mice after treating with
various dressing materials including gelatin/keratin electrospun membranes (a); extent of wound
closure after various days of implantation of the keratin-based and commercial wound dressings
(b) (Yao, 2017). Reproduced with permission from Elsevier.
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Weight loss decreased to about 2% from about 11% when the cross-linking time was
increased to about 12 h. Keratin mats accelerated the adhesion and proliferation of the
cells compared to the PHBV control. Nanofiber keratin mats were considered to be suit-
able for wound dressing and tissue engineering (Yuan, 2009).

In another study, keratin (source unknown) was modified with iodoacetic acid and
later mixed with poly(hydroxybutylate-co-hydroxyvalerate) and electrospun into fibrous
mats (Yuan, 2015). The mats were cultured with NH3T3 cells, and the ability of the mats
to support attachment and proliferation was studied. Further, the pure PHBV and kera-
tin–PHBV mats were implanted onto a wound site as dressing material in mice. Pure
PHBV fibers have diameters of 815 ± 98 nm and the blended fibers had an average di-
ameter of 720 ± 124 nm. Electrospinning of pure keratin resulted in beads, whereas com-
bining with PEO (10%) produced fibers without any defects on the surface (Figure 8.5).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Figure 8.6)
showed higher cell proliferation on the keratin–PHBV mats compared to pure PHBV
mats due to the presence of the cell-binding peptides on keratin. As wound dressing,
PHBV–keratin matrices provided near-complete (94%) wound closure after 7 days com-
pared to about 80% closure for the pure PHBV mats (Figure 8.7) (Yuan, 2015).

(a) (b)

(c) (d)

Figure 8.5: Scanning electron microscopy image of PHBV (a) and PHBV–m-keratin (7:3) (b), pure
keratin (c) and PEO/keratin (1:9) mats (d) (Yuan, 2015). Reproduced with permission from John
Wiley and Sons.
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8.2.5 Keratin blended with poly(caprolactone) (PCL)

Scaffolds suitable for bone tissue regeneration were prepared by electrospinning a
blend of keratin and polycaprolactone (PCL). Keratin used in this study was extracted
from human hair. The matrices obtained were cross-linked using glutaraldehyde and
also coated with calcium phosphate to promote osteogenic differentiation (Zhao,
2015a). A new method of coating used in this study resulted in uniform distribution of
calcium phosphate on the surface of the fibers. Such uniform coating of the phosphate
led to substantial growth of apatite on the surface of the fibers when the fibers were
immersed in simulated body fluid (Zhao, 2015a). Scanning electron microscopic images
show the uniform deposition of calcium phosphate on the keratin–PCL blend fibers,
which led to extensive growth of apatite on the fiber surface when the fibers were incu-
bated in simulated body fluid (Zhao, 2015a). The blend fibers coated with calcium also
had higher tensile strength (17 MPa) compared to about 7 MPa for the pure PCL.
Elongation of the blend fibers was considerably lower at about 150% compared to
300% for the PCL fibers. However, pore size of the scaffolds did not show major differ-
ences and was between 2.1 and 3.1 µm. Morphological images showed that the human
mesenchymal stem cells were well spread on the PCL blend nanofibers, and a high
level of mineralization was observed after 14 days of culturing (Zhao, 2015a).
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Figure 8.6: Ability of the PHBV and PHBV–keratin fibers to support the attachment and
proliferation of NIH3T3 cells measured in terms of % cell viability (Yuan, 2015). Reproduced
with permission from John Wiley and Sons.

8.2 Keratin nanofibers 171

 EBSCOhost - printed on 2/12/2023 11:01 PM via . All use subject to https://www.ebsco.com/terms-of-use



8.2.6 Keratin blended with poly(caprolactone) (PCL)

To aid guided bone regeneration, a ternary blend of a synthetic biopolymer [poly(lac-
tic-co-glycolic acid) (PLGA)], an inorganic material [carbon nanotubes (CNTs)] and a
natural biopolymer (keratin) were combined together and electrospun to form mem-
branes (Zhang, 2014). PLGA was dissolved using appropriate solvents (dimethyl form-
amide and trichloromethane), to which modified multiwalled CNTs and various
percentages of keratin extracted from wool were added. The mixture was electrospun
into fibrous membranes with diameters of the fibers ranging from 800 to 2,200 nm.
Transmission electron microscopic images showed uniform distribution of the fibers
and CNTs in the PLGA matrix.

Inclusion of CNTs into PLGA increased the strength marginally but the elonga-
tion increased nearly five times. Addition of 2% wool keratin increased the strength
nearly three times and elongation by nearly eight times. Such substantial increase
in tensile properties was considered to be due to the good interaction between the

2

Control

PHBV

PHBV‒ker

4 7 9 days

Figure 8.7: Changes in the diameter of the wound after treating with PHBV and keratin–PHBV matrices
after 2–9 days of implantation (Yuan, 2015). Reproduced with permission from John Wiley and Sons.
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PLGA, CNTs and wool keratin particles (Zhang, 2014). Thermal properties showed
slight improvement with the addition of CNTs, and further increase was observed
when the keratin particles were present (Table 8.6). When the membranes were im-
mersed in simulated body fluid, growth of apatite particles was observed after
7 days and formation of complete membranes was observed after 14 days, suggest-
ing that the membranes are suitable for bone tissue engineering (Zhang, 2014).

8.2.7 Keratin blends with natural polymers

Instead of blending keratin with synthetic polymers such as PHBV or PCL, keratin ex-
tracted from merino wool was dissolved using formic acid and combined with silk fi-
broin solution and made into films and electrospun fibers (Zocolla, 2008). Viscosity of
the blend solution decreased with increasing level of keratin, whereas conductivity in-
creased. Fibers with diameters of 207 ± 66 nm were obtained with a keratin/fibroin
blend of 50/50. Thermal analysis showed the denaturation peak of the 50/50 blend at
the highest temperature, suggesting that there was good interaction between the two
proteins leading to increase in thermal stability. The mechanical properties, stability of
the films and fibrous membranes in aqueous conditions were not known. Also, their
ability to support attachment and proliferation of cells was not studied (Zocolla, 2008).

Table 8.6: Tensile and thermal properties of the pure and blend nanofiber membranes (Zhang,
2014).

Sample Strength (MPa) Elongation (%) Modulus (MPa) % weight loss
temp. (°C)

PLGA . . . 

PLGA/MWNTs . . . 

PLGA/MWNTS/.% keratin . . . 

PLGA/MWNTS/% keratin . . . 

PLGA/MWNTS/% keratin . . . 

Note: Reproduced with permission from Springer.
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Chapter 9
Keratin micro/nanoparticles

Micro- and nanoparticles have large surface area and are able to enter into cells and
organs in vitro and in vivo. Due to their large surface area, micro- and nanoparticles
are also preferred as drug carriers and for loading and release of various pharma- and
nutraceuticals. Hence, several studies have been done to use various sources of keratin
to develop micro- and nanoparticles. Keratin in leather processing waste was retrieved
and powdered to pass through a 0.1 mm mesh. The powdered keratin had particle size
ranging from 146 to 185 nm. Mixing the nanoparticles with nanometric zinc oxide re-
sulted in separation of the particles into two sizes, one between 20 and 82 nm and the
other between 208 and 262 nm (Prochon, 2013). These keratin nanoparticles were incor-
porated into styrene as fillers, to improve flame resistance and mechanical properties.
Addition of the keratin and zinc oxide-treated keratin nanoparticles resulted in signifi-
cant changes in the properties of the styrene composites (Table 9.1). Addition of zinc
oxide decreased the water absorption and increased the compatibility with the matrix.
However, mechanical properties of the elastomeric materials decreased with the addi-
tion of the nano-zinc oxide particles (Prochon, 2013). Similarly, time of burning in air
increased from 283 to 345 s when 10% of keratin nanoparticles were used (Table 9.2). It
was found that the thermal stability and flammability characteristics were dependent
on the method of composite preparation and the quantity of added keratin. Presence of
the keratin particles was also found to increase water absorption and biodegradation
(Prochon, 2013).

Keratin (20–45 kDa) was extracted from descaled wool fibers by treating with urea,
mercaptoethanol and sodium dodecyl sulfate (SDS) at 70 °C for 2 h. The extracted kera-
tin was used to prepare nanoparticles by electrospraying. Scanning electron micro-
scopic images showed particle size distribution between 36 and 72 nm (Figure 9.1).
Formation of cysteine monoxide (-SO-S-) in keratin sponge and cysteic acid and

Table 9.1: Changes in the properties of the styrene and styrene composites containing normal and
nanosized keratin particles (Prochon, 2013).

Sample LL (dNm) ΔL (dNm) t (min) αc Z (%) TSb (MPa) Eb (%) S ZHO (%)

SBR    . . .  . .
SBRK    . . .  . .
SBRK    . . .  . .
nSBR    . . .  . .
nSBRK    . . .  . .
nSBRK    . . .  . .

Note: Reproduced with permission from Springer.
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Table 9.2: Flammability of NBR composites and
nanocomposites containing keratin (Prochon, 2012).

Sample tS (s) OI

N  .
N K  .
N Kr  .
N KZS  .
N K  .
N Kr  .
N Kr  .
nN  .
nN K  .
nN K  .

tS, time of burning in air; OI, oxygen index.
Note: Reproduced with permission from Springer.

(a) (b)

(c)

Figure 9.1: Scanning electron microscopic images (a)–(c) show the particle size distribution of the
keratin nanoparticles obtained by electrospraying at different electrospinning conditions
(Ebrahimgol, 2014). Reproduced with permission from John Wiley and Sons.
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cysteine monoxide in the keratin nanopowder was observed (Figure 9.2). Solvents used
for dissolution, concentration of the keratin solution and electrospraying conditions
could be varied to control the size of the nanoparticles (Ebrahimgol, 2014). In a similar
study, keratin nanopowder was produced through electrospraying with nanoparticle
size as low as 53 nm (Rad, 2012). To obtain the nanoparticles, keratin was extracted
from feathers using urea, mercaptoethanol, ethylenediaminetetraacetic acid (EDTA),
mercaptoethanol and SDS. Extracted keratin was freeze-dried to obtain sponges (Rad,
2012). For electrospraying, the keratin sponge was dissolved in formic acid or trifluoro-
acetic acid (TFA). TFA provided better dissolution, and the concentration of the keratin
was 0.2–1%. With a voltage of 10–20 kV, the needle to collector distance of 15–25 cm
was adopted for electrospraying. X-ray diffraction studies (Figure 9.3) showed that the
keratin sponge was mainly composed of β-sheets, whereas nanoparticles consisted of
both the α-helix and β-sheet structures. However, there was significant reduction in %
crystallinity from 63% to 51% for the particles compared to the raw keratin.

Keratin extracted from chicken feathers using 5% NaOH was precipitated and lyophi-
lized to obtain protein powder. Later, the powder was suspended in 2 mL of deionized
water and 8 mL of ethanol was added to form nanoparticles. Glutaraldehyde was
added to cross-link and stabilize the nanoparticles. Nanoparticles with average diame-
ters of about 150 nm were obtained and added into chitosan (1%) dissolved using ace-
tic acid. The keratin–chitosan blend was made into scaffolds through lyophilization
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Figure 9.2: Fourier transform infrared spectrum of wool, keratin extracted from the wool and made
into sponge and electrosprayed keratin nanopowder (Ebrahimgol, 2014). Reproduced with
permission from John Wiley and Sons.
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(Saravanan, 2013). Morphology and porosity of the scaffolds were dependent on the
conditions used for fabrication. Pure chitosan scaffolds had pore sizes between 25 and
60 µm compared to 17–30 µm for the blend scaffold. Although the swelling ratio of
both the scaffolds was similar, the blend scaffold degraded by almost 30% after 48 h of
incubation. When incubated with fetal bovine serum, the scaffolds containing the kera-
tin nanoparticles showed considerably higher protein absorption due to the increased
surface area and inherent properties of keratin. Scaffolds containing keratin did not
show any cytotoxicity to human osteoblastic cells and were therefore considered to be
suitable for medical applications (Saravanan, 2013).

One of the limitations of protein nanoparticles is their instability under aqueous
conditions. Intrinsically water-stable keratin nanoparticles were prepared from feath-
ers and used as carriers for drugs (Xu, 2014). Keratin was extracted from feathers
using sodium hydroxide and sodium bisulfite. The extracted keratin was dissolved
using ethylene glycol and precipitated into nanoparticles. Size of the nanoparticles
varied from 50 to 130 nm (Figure 9.4) and their zeta potential was higher than 50 mV
at pH below 3, whereas it was −60 mV when the pH was 10. Keratin nanoparticles
promoted the growth of mouse fibroblasts when added into the culture media. The
particles were also able to enter into various organs in mice but were predominantly
found in the kidneys (Figure 9.5).

A unique strategy (Figure 9.6) was used to incorporate keratin nanoparticle–
hydroxyapatite (HA) nanocomposite onto electrospun polylactic acid and improve
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Figure 9.3: X-ray diffraction patterns of the raw keratin, keratin sponge and the electrosprayed
keratin nanopowder (Rad, 2012).
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bone formation (Li, 2013). Addition of keratin decreased the tensile strength of the elec-
trospun matrix. However, considerably higher number of Saos-2 cells had proliferated
(Figure 9.7) on the poly(L-lactic acid) (PLLA) membrane containing the nanocomposite.
It was also found that the keratin–HA nanocomposite had considerably higher adhe-
sion, spreading and formation of osteoblast cells, suggesting the suitability of keratin
for tissue engineering (Li, 2013).

Figure 9.4: TEM images of the keratin nanoparticles show that the diameters varied from 50 to
130 nm (Xu, 2014). Reproduced with permission from American Chemical Society.

Figure 9.5: Keratin nanoparticles were able to enter various organs in mice but were predominantly
found in the kidneys (Xu, 2014). Reproduced with permission from American Chemical Society.

178 Chapter 9 Keratin micro/nanoparticles

 EBSCOhost - printed on 2/12/2023 11:01 PM via . All use subject to https://www.ebsco.com/terms-of-use



Keratin nanoparticles were covalently conjugated with chlorin e6 (Ce6), a photo-
sensitizer that is used in treating cancer, melanoma and other diseases (Aluigi, 2016).
To prepare the nanoparticles, keratin was extracted from wool and freeze-dried into
powder. This powder was conjugated with Ce6 and later made into nanoparticles by
dissolving in dimethyl sulfoxide or by self-assembly. Further, the proteins were cross-
linked using glutaraldehyde and during the process, self-assembly of the proteins
also occurred (Aluigi, 2016). Process of formation of the conjugates and some of their
properties are shown in Figure 9.8. It was found that nanoparticles had diameters of
197 and 213 nm for the self-assembling and desolvation processes, respectively. In
vitro assays did not show any cytotoxicity to the keratin–Ce6 conjugates. However,
irradiating the nanoparticles or the conjugates with halogen lamp caused consider-
able toxicity and consequently higher cell death (Figure 9.9). Ce6-loaded nanopar-
ticles were able to cross the tumor membranes and accumulate in the cytoplasm. It
was suggested that keratin–Ce6 conjugates would be effective for treating cancer and
other diseases (Aluigi, 2016).

In another approach, keratin/chlorohexidine complex nanoparticles were formed
via electrostatic complexation (Zhi, 2015). Complex nanoparticles obtained had an av-
erage diameter of 176 nm and zeta potential of −15 to −30 mV. A high chlorohexidine
loading of 9.2% and an encapsulation efficiency of 91% was possible due to the
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Figure 9.6: Schematic representation of the approach used to develop the keratin–HA–PLA
electrospun matrices (Li, 2013). Reproduced with permission from Journal of Materials Chemistry.
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electrostatic interaction between proteins and the drug molecules. Up to 50% of the
drug could be released but a slight cytotoxicity was observed due to the presence of
nanoparticles. However, the keratin–chlorohexidine complexes showed good antimi-
crobial activity against both E. coli and S. aureus (Zhi, 2015). Another study has also
shown that keratin nanoparticles have better antioxidant and antibacterial activities
than keratin solution (Sundaram, 2015).

Keratin nanoparticles were considered to have higher specific surface area,
higher water uptake and better film-forming property, which were considered to be
ideal for use as an hemostatic agent (Luo, 2016). Keratin was extracted from human
hair and made into nanoparticles with size ranging from 142 to 205 nm. Both in vitro
and in vivo studies showed considerably faster blood coagulation times when kera-
tin nanoparticles were used. Such excellent coagulation was considered to be due
to platelet binding and activation and polymerization of fibrinogen (Luo, 2016).

Poly(ethylene glycol) (PEG) was grafted onto keratin extracted from wool and the
grafted (keratin-g-PEG) polymers were made into nanoparticles. Three levels of graft-
ing were done to obtain nanoparticles (20–50 nm in length and 10 nm in width) with
different properties (Li, 2012). The nanoparticles were cross-linked and loaded with
doxorubicin (DOX). Circular dichroism (CD) spectra (Figure 9.10) showed that the

Day 1

PLLA PLLA/keratin PLLA/HA/keratin

Day 3

Day 7

Figure 9.7: Optical images show that the proliferation of Saos-2 cells was considerably higher on
the keratin–HA–PLLA electrospun matrices (Li, 2013). Reproduced with permission from Journal of
Materials Chemistry.
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permission Royal Society Chemistry.
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Figure 9.9: Cytotoxicity of the keratin nanoparticles (KNPs), Ce6 and conjugates KNPs@Ce6 against
two cells expressed in terms of % cell death before and after irradiation. Corresponding confocal
images are given on the right panel (Aluigi, 2016): (a) U2OS – osteosarcoma and (b) U87 –
glioblastoma. Reproduced with permission from Royal Society Chemistry.
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keratin nanoparticles assumed the α-helical conformation in solution. Amount of
loading of the drug was dependent on the extent of grafting. Increasing grafting ratio
decreased the efficiency (36–9.7%) with the corresponding decrease in drug content
(18–4.9%) (Li, 2012). Release of the drug from the nanoparticles was dependent on
the extent of grafting and cross-linking (Figure 9.11).

Feather keratin was made into nanoparticles for potential use as a hemostatic
agent. Keratin was extracted from chicken feathers, lyophilized and made into powder.
Nanoparticles were obtained by dispersing the keratin powder in acetic acid solution
(pH 3.0), followed by sonication lyophilization (Wang, 2016a). Keratin obtained had
molecular weight between 11 and 28 kDa and was mostly composed of β-keratin and a
small proportion of α-keratin with molecular weight around 55 kDa. Amino acids desir-
able for extracellular matrix growth such as arginine, glycine and aspartic acid were
present in the keratin. Size of the nanoparticles varied with the concentration of keratin
in solution and was between 181 and 220 nm with the corresponding zeta potential be-
tween 19.6 and 18.1 mV. When hemostatic efficiency was studied in mice, feather kera-
tin nanoparticles were able to stop bleeding much faster than keratin extracts by about
40 to 90 s. A maximum hemostasis time of 250 s and blood loss of 1.7 g were observed
for keratin nanoparticles.

Keratin obtained from human hair was conjugated with DOX through hydrazine
linkage and later made into nanoparticles for potential use as a pH-sensitive drug
carrier (Liu, 2019). The coupling reaction was done using EDC and NHS as coupling
agents. Conjugated keratin was converted into nanoparticles using the desolvation
method. Here, ethanol was added into the keratin conjugate and later genipin was
added and reacted for 13 h. Solution was centrifuged and later lyophilized to form
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Figure 9.10: CD spectra of the unmodified and keratin grafted with PEG to three different levels of
grafting (Li, 2012). Reproduced with permission from Royal Society Chemistry.
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the nanoparticles. Fourier transform infrared studies showed that the secondary
structure of keratin was not changed but DOX was conjugated through the hydro-
zone bond (C=N). Average size of the nanoparticles was 230 nm and zeta potential
was −30.4 ± 0.78 mV suitable for longer blood circulation. Release of DOX from
the particles was heavily dependent on pH with only 5% released at pH 7.4 compared
to 78% at pH 5.0. When used as an antitumor agent, up to 71% suppression was ob-
served, suggesting that conjugated keratin particles were highly effective as antitumor
agents, better than free DOX (Liu, 2019). In a similar approach, dual-responsive protein
hydrogel nanoparticles were developed by combining keratin with thermoresponsive
polymers for triggerable drug delivery (Ghaffari, 2018). Keratin was extracted from
wool by treating with urea, sodium pyrosulfite and SDS. Solubilized keratin was lyophi-
lized to obtain powder with molecular weight between 45 and 65 kDa. Nanoparticles
having average diameter of 152 nm were prepared by conjugating keratin with pluronic
block polymers. Self-assembly of the proteins and copolymers occurs, resulting in ther-
mosensitive nanoparticles. 1H-NMR studies showed successful conjugation of keratin
onto pluronic through amide bond and EDC/NHS chemistry. Blend nanoparticles had
a critical micelle concentration (CMC) value of 0.38 mg/mL and hence easily formed
self-assembled structures. Curcumin used as a model drug was able to load up to
7.4% with encapsulation efficiency of 82%. Up to 90% curcumin retention was possi-
ble even after 30 days, and the nanoparticles had a zeta potential of −23.6 mV
(Ghaffari, 2018). Both fibroblasts and HeLa cells showed high cell viability and hence
biocompatibility. Since cells do not uptake free curcumin, conjugating curcumin with
keratin-pluronic nanoparticles was suggested to be a viable approach for delivering
curcumin with high efficiency to tumor sites for treating cancer.

Keratin extracted from feathers at two different pH was made into microparticles
and studied for their antioxidant and anticancer properties (Sharma, 2017). Feathers
were treated with sodium sulfide at 50 °C and converted into hydrolysate which was
precipitated at pH 3.5 or 5.5 resulting in the formation of microparticles. The precipi-
tated particles were collected after lyophilization and used for further analysis.
Particles formed were spherical but were considerably agglomerated. Antioxidant
studies showed significant levels of efficacies both for 2-2’-Azino-di-[3-ethylbenzthia-
zoline sulfonate] (ABTS) and 2,2-Diphenyl-1-picrylhydrazyl (DPPH) free radicals simi-
lar to that of ascorbic acid (Table 9.3). No major anticancer activity was recorded for
any of the cell lines studied. It was suggested that the particles could be useful for
developing antiaging cream, shampoo and wound healing creams (Sharma, 2017).

Nanoparticles prepared from keratin have been used as additives for polyhydrox-
yalkanoate-based packaging materials to improve barrier properties and other func-
tionalities (Fabra, 2016). To extract the nanokeratin, feathers were treated with an
aqueous solution of 8 M urea, 3 mM EDTA and 2-mercaptoethanol at pH 7.0 for 2 h.
Liquid formed was dialyzed twice and against a 10 kDa membrane and then freeze-
dried to form a fine powder. Keratin nanoparticles were combined with polyhydrox-
yalkanoates (PHA) and made into packaging materials using both melt compounding
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and electrospinning. Nanoparticles were added (15–50%) into 3-hydroxybutyric acid-
co-hydroxyvaleric acid (PHBV) dissolved in 2,2,2-trifluoroethanol, and the solution
was electrospun at 10–12 kV using a flow rate of 0.7 mL/h. In an alternative ap-
proach, the nanokeratin powder or electrospun fibers were combined with PHBV3
and PHBV12 by melt mixing to form pellets. The pellets were later compression
molded at 165 °C using a pressure of 35 MPa and compression time of 4 min to form
films. Most of the nanokeratin obtained had particle size of less than 100 nm.
Addition of the nanoparticles did not affect the thermal behavior or processability of
the PHBV matrices. However, substantial changes were observed in the mechanical
properties and permeability behavior of the electrospun and melt compounded
blends depending on the type of matrix used. Modulus of the melt blended material
ranged from 1.7 to 2.3 GPa with the addition of keratin decreasing the modulus and
strength, whereas elongation of the electrospun membranes increased. Oxygen and
water vapor permeability decreased substantially with an increase in nanokeratin
level. Reduction in water vapor permeability up to 63% was possible, indicating high
barrier activity and suitability for packaging applications.

Not only pure keratin, even blends of keratin with other polymers have been
made into micro- and nanoparticles. For instance, keratin from human hair, alginate
and their blends were made into microparticles using the water-in-oil emulsification
diffusion method. In this process, various concentrations of keratin solution were
added into ethyl acetate and stirred for 30 min. Later, the acetate was evaporated to
obtain the microparticles. To prepare the blends, alginate dissolved in water was
added into the ethyl acetate solution in various ratios and formed into microparticles
(Srisuwan, 2018). Particles with different sizes, shapes and surface features were ob-
tained. Addition of surfactant was necessary to obtain relatively uniform particles
with smaller pores (3–5 µm). Good interaction was observed between the alginate
and keratin leading to higher thermal stability. Blend particles were considered to be
suitable for delivering hydrophilic and hydrophobic pay loads.

Table 9.3: Antioxidant activity of keratin microparticles extracted at pH 3.5 and 5.5 in comparison
to ascorbic acid (Sharma, 2017).

Particle concentration (mg/mL) ABTS scavenging activity (%) DPPH scavenging activity (%)

pH . pH . pH . pH .

. . . . .
 . . . .
 . . . .
 . . . .
, . . . .
IC µg/mL . ± . . ± . . ± . . ± .
Ascorbic acid . ± . . ± . . ± . . ± .

Note: Reproduced with permission from Elsevier.
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Chapter 10
Miscellaneous applications of keratin

10.1 Cosmetic applications of keratin

Keratin is one of the most active ingredients in cosmetic products. The ability of kera-
tin extracted from chicken feathers to provide antiaging properties was assessed
using rabbit skin as a model. Composition of the antiaging cream containing 2 or 4 g
of keratin is given in Table 10.1. Microscopical observation showed that the skin
structure did not change due to the application of keratin-containing antiaging
cream (Figure 10.1). However, no evidence was presented on the ability of the keratin
to reduce aging (Khairunisa, 2014).

10.2 Flame retardants

Since feathers contain high amounts of nitrogen, it was hypothesized that feathers
in combination with other chemicals could be useful as flame retardants. Keratin

Table 10.1: Composition of the keratin-containing antiaging cream (Amir, 2014).

Ingredients K-L (g) K-L (g) K-L (g) K-L(g)

Cetostearyl alcohol
Palm oil
Glycerin
Zinc oxide
Citric acid
Keratin
Distilled water
Cremophor
Lecithin

.
.
.
.
.
.
–

.
–

.
.
.
.
.
.
–

.
–

.
.
.
.
.
.
–

.
.

.
.
.
.
.
.
–

.
.

Day 1 Day 90

Figure 10.1: Structure of the skin after day 1 and day 90 when the keratin based antiaging cream
was applied (Khairunisa, 2014). Reproduced from the University of Malaysia.
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extracted from feathers was combined with melamine and sodium pyrophosphate
(5:1:8 ratio) initially and later treated with glyoxal and added into the flask and
heated to 80 °C at pH 5. This reaction resulted in the formation of a yellow-colored
feather-based flame retardant (Wang, 2014). Cotton fabrics were treated with borax
or boric acid and the feather-based flame retardant before evaluating the flamma-
bility. Limiting oxygen index for the cotton fabrics ranged from 18 to 40 depending
on the type of flame retardant much higher than that of untreated cotton.

An intumescent flame retardant that can instantaneously stop flame propaga-
tion was developed using waste wool fibers and chicken feathers as reinforcement
and polypropylene as matrix (Jung, 2018). Waste wool fibers having average length
of 2.4 mm or the feathers were immersed in phosphoric acid (PA) for 10 min at room
temperature. Later, the keratinaceous materials were immersed in a mixture of eth-
ylenediamine and toluene and heated to 80 °C leading to the formation of ethylene
diamine phosphate (EDAP) and PA-containing fibers. Schematic of the preparation
process is shown in Figure 10.2. Modified keratin fibers were combined with poly-
propylene in a melt blender and made into composites by compression molding at
175 °C. A two-stage mechanism was proposed, where PA provides phosphate anions
to form amine phosphates, which propels the char formation. An EDAP layer forms
on the surface of the fibers (Figure 10.3), providing flame retardancy with a gradient

Excellent
fire resistance
Low cost

Wool
Phosphoric acid

treated wool Acid source

Phosphoric acid

Blowing agent
and char former

Amine phosphate

Step 1 Step 2

(a)

(b)

(c)

FR wool

FR wool

Nitrogen

SulfurCarbonOxygen

Phosphorus

Figure 10.2: Mechanism of preparation of fire retardant keratin fibers (a), SEM image shows
considerable deposits of EDAP crystals on the surface of the fibers (b) and EDX images of the cross
section of the untreated and treated wool fibers (c) (Jung, 2018). Reproduced with permission from
American Chemical Society.
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in the amount of phosphorus from outside of the fibers to inside (Jung, 2018).
Addition of treated keratin fibers into PP lead to substantially higher flame retard-
ancy rating of V-0 and a 70% decrease in peak heat release rate, suggesting the
suitability of composites for protection against fire (Table 10.2) (Jung, 2018).

PP (NR)

40%wool/PP (NP)

NR V-0 V-0 V-0

PAPAKeratin fiber

EDAP

NR

(a) (b) (c) (d) (e) (f)

NR

40%FR wool L-PA/PP (NP)
40%FR wool H-PA/PP (V-0)

40%FR CF H-PA/PP (V-0)
20%APP/PP (V-0)

HR
R 

(k
W

/m
2 )

(g)1,400

1,200

1,000

800

600

400

200

0
0 100 200

Time (s)
300 400 500

(j)

(i)

(h)

Figure 10.3: Images show the flame resistance behavior of untreated and treated wool fibers and
the PP composites containing the wool fibers (a) to (f); heat release rate (HRR) curves for the
various wool samples (g) and char images of composites containing 40% treated wool and L-PA/
PP) (h), 40% treated wool and H-PA/PP and (j) 20% APP/PP composite after the cone calorimeter
test (j) (Jung, 2018). Reproduced with permission from American Chemical Society.
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10.3 Supercapacitors

The lightweight and porous structure of feathers have been exploited to prepare super-
capacitors for energy storage applications. Feathers were carbonized at different tem-
peratures under nitrogen atmosphere for 2 h without and with pretreatment with
potassium hydroxide (Zhao, 2015b). Scanning electron microscopic (SEM) images in
Figure 10.4 show the porous morphological structure of the feather after carbonization.
Interconnected fibrous structures that facilitate the transportation of the electrolyte
ions were also seen. Substantial change in the elementary composition also occurs
due to carbonization (Table 10.3). Carbon content increased from 78 to 84, whereas
nitrogen decreased from 4.5% to 0.9%. Pore volume and specific surface area also
changed with increasing temperature (Figure 10.5) (Zhao, 2015b). Current density was
lower but energy and power density were considerably higher for the feather-based
supercapacitors (Table 10.4) (Zhao, 2015b). Supercapacitance of the carbonized feath-
ers was also found to vary with current. As given in Table 10.5, the chicken feather-
based supercapacitor had the highest specific capacitance of 351 F/g compared to
other common sources of activated carbon used before.

Wang et.al had prepared high-capacity carbon from feathers for supercapacitor
applications (Wang, 2013). Chicken feathers were heated up to 450 °C in the presence
of argon, and the obtained feather carbon was treated with potassium hydroxide in
ratios from 1:1to 1:5 in the presence of ethanol. Later, the carbon was activated by
heating up to 800 °C. Surface area of the feather carbon increased several thousand
folds after treating with the alkali. Pore volume and average pore diameter also varied
with the treatment conditions (Table 10.6) (Wang, 2013). Highest specific capacitance
obtained was 302 F/g at 1 A/g comparable to results obtained by other researchers
who had also carbonized feather for supercapacitor applications. However, the

Table 10.2: Thermal and fire retardant properties of composites containing various types of wool
and feather (CF) fibers (Jung, 2018).

Sample TTI (s) PHRR
(kW/m)

TPHRR (s) THR
(MJ/m)

SPR
(m/s)

EHC
(MJ/kg)

Residue
(%)

PP
% wool/PP
% FR wool L-PA/PP
% FR wool H-PA/PP
% CF wool H-PA/PP
% APP/PP

. ± .
. ± .
. ± .
. ± .
. ± .
. ± .

,


































.
.
.
.
.
.

.
.
.
.
.
.

–
.

.
.
.
.

THR, total heat release; EHC, effective heat of combustion; PHRR, peak heat release rate; and SPR,
average smoke production rate.
Note: Reproduced with permission from American Chemical Society.
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highest energy density reported was 7.98 Wh/kg, which is substantially higher than
that reported in previous researches. Also, the specific capacitance did not show a
major decrease even after 5,000 charge/recharge cycles, suggesting that charge/re-
charge of the carbon did not result in major structural transformations. The relatively
larger pore size and wide pore distribution were suggested to provide good ion ad-
sorption and therefore better capacitance (Wang, 2013).

4 μm

(c)

(e) (f)

(d)

(b)(a)

20 μm

4 μm

100 nm

3 nm

3 nm3 nm

Figure 10.4: SEM images (a)–(f) of the feathers carbonized at different conditions (Zhao, 2015b).
Reproduced with permission from Royal Society of Chemistry.
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Table 10.3: Changes in the elemental composition (at%) of the feathers after carbonization at
various temperatures with a feather to alkali (KOH) ratio of 1:4 (Zhao, 2015b).

Samples N C O N- N- N-Q N-X O- O-II O-III

CFC-
CFAC-
CFAC-
CFAC-
CFAC-
CFAC-

.
.
.
.
.
.













.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.

.
.
.
.

.
.
.
.
.
.

Note: Reproduced with permission from Royal Society of Chemistry.
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Figure 10.5: Changes in the pore volume (a) and specific surface area (b) with increase in activation
temperature (Zhao, 2015b). Reproduced with permission from Royal Society of Chemistry.

Table 10.4: Variations in the specific capacitance (C, F/g) and energy density (E, W h/kg) at
different currents for feathers carbonized at various temperatures and/or alkali to feather ratio
(Zhao, 2015b).

Raw material . A/g  A/g  A/g  A/g  A/g  A/g

C E C E C E C E C E C E

CFAC--:
CFAC--:
CFAC--:
CFAC--:
CFAC--:
CFAC--:
CFAC--.:















.
.
.
.
.
.
.















.
.
.
.
.
.
.















.
.
.
.
.
.
.















.
.
.
.
.
.
.















.
.
.
.
.
.
.















.
.
.
.
.
.
.

Note: Reproduced with permission from Royal Society of Chemistry.
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10.4 Finishing of wool textiles

Felting (wrinkling) is one of the major draw backs of wool. Chemical and physical
approaches are used to descale the surface of wool and reduce felting. Enzymes have
also been used for treating wool and removing the scales (Xian-Lv, 2010).
Keratinase was extracted from Chryseobacterium L99 sp. nov. and cultured for
30 h at 30 °C at 200 rpm using chicken feather as the substrate. The medium used
for culture consisted of 40 g/L of feather keratin as the seed medium. Enzyme ob-
tained after culture was purified, freeze-dried and stored for further use. Scoured
and bleached wool fabrics were treated with 30 mM Tris–HCl buffer (pH 8.0) with
a fiber to liquor ratio of 20 mL/g at 40 °C for 40 min. Amount of enzyme used was

Table 10.5: Comparison of the performance properties of supercapacitors made using various types
of biomass (Zhao, 2015b).

Raw material Electrolyte SBET (m
/g) Specific

capacitance
(F/g)

Current
density
(A/g)

Energy
density
(W h/kg)

Powder
density
(kW/kg)

Human hair and
glucose
Chicken feather
Human hair
Gizzard pepsin
Fermented rice
Fungi
Watermelon
Chicken feather

KOH

HSO

KOH
KOH
KOH
TEABF
KOH
KOH



,


,
,
,


,

















.



.




.
–

.



.
–
–
–
–
–

.

.

.
–
–
–
–
–

.

Note: Reproduced with permission from Royal Society of Chemistry.

Table 10.6: Electrochemical properties and porosity of the activated carbon prepared from chicken
feathers using different conditions (Wang, 2013).

Samples BET surface
area (m/g)

Micropore
surface area
(m/g)

Total pore
volume
(Cm/g)

Micropore
volume
(Cm/g)

Average pore
diameter (nm)

ESR
(Ω)

CFCA
CFCA
CFCA
CFCA
CFCA
CFCA

.
,
,
,
,
,

–
,
,
,
,
,

.
.
.
.
.
.

–
.
.
.
.
.

–
.
.
.
.
.

.
.
.
.
.
.

Note: Reproduced with permission from Elsevier.
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0.5–5% on weight of the fabric for savinase 16 L and transglutaminase, and for
keratinase L99 the amounts were 20, 40, 200 and 400 U/mL, respectively (Xian-
Lv, 2010). Crude keratinase extracted was further purified using chromatography,
the yield after purification was 29% and the molecular weight was 33 kDa (Xian-
Lv, 2010). Changes in the properties of the wool fabrics including weight loss, tensile
strength, dimensional stability and directional frictional effect were studied. Addition
of metal ions caused considerable changes in the keratinase production. Highest activ-
ity was obtained for medium containing Mg2+, and highest dry cell weight was ob-
tained when Ca2+ was used. Compared to transglutaminase and savinase 16 L,
keratinase significantly reduced the shrinkage and directional frictional effect but also
caused weight and tensile strength loss.

Detergents contain significant amounts of keratinases. To obtain detergent and
thermally stable keratinases, feather was made into powder and was used for en-
zyme production using marine actinobacterium Actinoalloteichus sp. Ma-32.
Kinetics of keratinase production and the effect of various parameters including
carbon and nitrogen source on keratinase activity were determined (Manivasagam,
2014). Source of carbon and nitrogen played a significant role on the production of
enzymes, and the highest output was obtained with casein (nitrogen) and lowest
with lactose (carbon). Production of the enzyme was highest at 120 h and the mo-
lecular weight was about 66 kDa (Manivasagam, 2014). Addition of metal ions in-
creased but chemicals such as EDTA decreased the enzyme production. Extracted
keratin was found to be stable in most detergents for up to 60 min. Enzyme-con-
taining detergents showed considerably improved stain removal compared to the
detergent without the enzyme.

Wool fabrics were treated with an acrylate monomer containing a quaternaryam-
monium moiety [2-(acryloyloxy)ethyl]trimethylammoniumchloride and the chemical
was immobilized onto the keratin to improve antibacterial, antistatic, moisture ab-
sorption and dyeability (Yu, 2014). Treatment of the fabrics resulted in increase in
surface resistivity and hence antistatic property. Considerable reduction (up to 94%)
in antibacterial activity was seen on the treated fabrics. Additional advantages of the
treatment include increased wettability and dye absorption (higher shade depth) of
the fabrics. To avoid use of chemicals for achieving antifelting treatments, keratin
was extracted from feathers using enzymes and was used to treat wool fabrics
(Eslahi, 2015). Up to 20% keratin yield was obtained after treating the feathers with
1% savinase for 90 min. Keratin obtained had a molecular weight of 10 kDa. Changes
in the activity and dry cell weight with change in ion concentration and pH were ob-
served (Table 10.7) (Eslahi, 2013). Good shrink resistance that was durable to washing
was obtained by treating with the keratin. Although the solubility of the fabrics in
alkaline media decreased, there was no significant effect on the tensile strength of
the fabrics (Eslahi, 2015). Treating with keratin was considered to be a simple, cost-
effective and environmentally friendly method to impart shrink resistance to wool
fabrics.
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10.5 Microbial fuel cell

Microbial fuel cells are considered to be one of the most promising technologies for
green energy. Chicken feathers were hydrolyzed using Pseudomonas aeruginosa strain
SDS3, and the effect of various sources on their degradation was studied and the de-
graded feathers were used as a source for production of electricity using a microbial
fuel cell (Figure 10.6). Extent of degradation of the feathers was dependent on the
culture conditions and the bacterial strain used. The strain SDS3 was capable of
completely degrading 0.1% and 0.5% of feathers in 3 and 5 days, respectively, but at
1% concentration, only 80% of the feathers degraded even after 7 days. Further, the
presence of sources such as carbon and nitrogen significantly affected the activity and

Table 10.7: Level of activity of enzymes depending on pH
and ions (Eslahi, 2013).

Type of ion Keratinase
activity (%)

pH Dry cell
weight (g/L)

K+

Na+

Ca+

Mg+

Zn+

Mn+

Cu+

Co+

Fe+

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

Note: Reproduced with permission from Sage Publications.

Head space
500 mL

Operating
volume 1,000 mL

Salt bridge

Carbon
electrodeAnode

chamber
Cathode
chamber

100 mM phosphate
buffer, pH 7.0

FMB containing 1%
chicken feathers and
0.05% beef extract, pH
7.4

Figure 10.6: Depiction of a microbial fuel cell connected with a salt bridge (Chaturvedi, 2014).
Reproduced from Hindawi Publishing Corporation.
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production of the enzyme (Chaturvedi, 2014) (Tables 10.8 and 10.9). Unfortunately,
addition of either glucose or nitrogen reduced the activity of keratinase. Power density
and voltage varied with time and the percentage of feathers used (Figure 10.7). A max-
imum voltage of 141 mV was obtained after 14 days of incubation and the maximum
power density was 1,206.8 mW/m2 and maximum current density was 8.6 mA/m2. It
was suggested that chicken feathers could be a good substrate for microbial fuel cells
to produce electricity (Chaturvedi, 2014).

Table 10.8: Effect of carbon sources on growth, soluble protein and keratinase
activity (Chaturvedi, 2014).

Carbon source
(.% w/v)

Growth (OD  nm) Protein (g/mL) Keratinase activity
(U/mL)

Control . ± . . ± . . ± .

Glycerol . ± . . ± . . ± .

Fructose . ± . . ± . . ± .

Galactose . ± . . ± . . ± .

Sucrose . ± . . ± . . ± .

Glucose . ± . . ± . . ± .

Maltose . ± . . ± . . ± .

Mannitol . ± . . ± . . ± .

Malt extract . ± . . ± .∗ . ± .∗

Lactose . ± . . ± . . ± .

Starch . ± . . ± .∗ . ± .∗

Table 10.9: Effect of nitrogen sources on growth, soluble protein and keratinase
activity (Chaturvedi, 2014).

Nitrogen source
(.% w/v)

Growth (OD  nm) Protein (g/mL) Keratinase activity
(U/mL)

Control . ± . . ± . . ± .

Casein . ± . . ± . . ± .

Yeast extract . ± . . ± . . ± .∗

Urea . ± . . ± . . ± .∗

Ammonium sulfate . ± . . ± . . ± .

Potassium nitrate . ± . . ± . . ± .

196 Chapter 10 Miscellaneous applications of keratin

 EBSCOhost - printed on 2/12/2023 11:01 PM via . All use subject to https://www.ebsco.com/terms-of-use



10.6 Substitutes for nail plates

Treating nail-related diseases is a challenge due to the difficulties in obtaining ad-
equate number of nails for drug penetration and other related studies. Although
bovine hoofs have been used as a substitute for human nail plates, there are sub-
stantial differences between human and animal nails and the results obtained
may not be directly applicable. In a novel study, the potential of developing sub-
stitute human nail plates using keratin extracted from human hair was studied
(Lusiana, 2011). Blonde hair was used to extract keratin by the Shindai method. In
this method, powdered hair was treated with urea, thiourea and mercaptoethanol
at 50 °C for 72 h. After treatment, the dissolved solution was filtered and dialyzed

Table 10.9 (continued)

Nitrogen source
(.% w/v)

Growth (OD  nm) Protein (g/mL) Keratinase activity
(U/mL)

Ammonium chloride . ± . . ± . . ± .

NHHPO . ± . . ± . . ± .

Ammonium nitrate . ± . . ± . . ± .

Sodium nitrite . ± . . ± . . ± .

Sodium nitrate . ± . . ± . . ± .

Skim milk . ± . . ± .∗ . ± .∗

Tryptone . ± . . ± .∗ . ± .∗

Beef extract . ± . . ± .∗ . ± .∗
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Figure 10.7: Ability of the keratin-based microbial fuel cells to generate current and voltage when
the density and time were varied (Chaturvedi, 2014). Reproduced from Hindawi Publishing
Corporation.
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against a MWCO of 6,000–8,000 Da. Solution obtained was poured into teflon
rings to form films (110, 120 and 130 µm thickness and about 2 cm inner diameter).
Films were further cured at 110 °C for 3 h, which resulted in water-insoluble films.
For comparison, bovine hoofs from the sole part were collected and sliced to a
thickness of about 100 µm and diameter of 15 mm.

Permeation studies were done in diffusion cells having donor and receiver com-
partments. The hoof membranes and the keratin films were placed between the donor
and receiver compartments, which were filled with marker [sodium fluorescein (SF)
with a MW of 376, rhodamine B (RB) with a MW of 443 and fluorescein isothiocyanate–
dextran (FD) with a MW of 4,400] solution containing nail penetration enhancers
(urea, thioglycolic acid and papain). Diffusion was carried out at 32 °C for various time
periods. After the permeation, samples were rinsed in water and the markers extracted
using 1 mL aqueous NaOH solution for 3 days. Intensity of the marker in the extracted
solution was measured using calibration curves. The permeability coefficient of SF, RB
and FD 4 was (5, 18 and 0.6) × 10−7 cm/s for the hoof and 5.9, 32 and 0.4 for the keratin
film. Permeation coefficients of the hoofs and the films were identical to each other
and the permeated amounts were also similar. As can be expected, the thicker keratin
films provide lower permeation. However, films having a thickness of 120 µm had accu-
mulated nearly 60% higher RB than the hoof. Treating with permeation enhancers in-
creased accumulation of the markers significantly (Lusiana, 2011). Based on the results
obtained, it was suggested that the keratin films were ideal substitutes to study the
penetration in nail plates but caution should be expressed when using permeation en-
hancers to prevent over estimation (Lusiana, 2011).

In an unique approach, dielectric measurements of the nail plate have been used
to detect diabetes (Jablecka, 2009). Nails from the middle fingers of diabetic and non-
diabetic patients were collected in two 4-week intervals. These nails were washed
with dilute sodium chloride solution to remove fat and covered with silver paste to
act as electrodes. Dielectric properties (relative permittivity and dielectric loss) were
measured using an LCR bridge at frequencies between 100 Hz and 100 kHz (Jablecka,
2009) and temperatures between 22 and 200 °C. It was observed that the relative per-
mittivity at the same temperature and frequency was lower in the nails from the dia-
betic patients compared to healthy patients. This difference was suggested to be due
to the damage to the hydrogen bonds and polar side chains of keratin in the diabetic
nails. Dielectric measurements were considered to be a useful noninvasive procedure
and good indicators for diabetics (Jablecka, 2009).

10.7 Keratin as fertilizer

Wool keratin containing about 90% protein was hydrolyzed using 0.15 M KOH and
0.05 M NaOH at 120 °C for 20 min for potential use as fertilizer. The hydrolysate was
added (0.17–1 g of hydrolysate per 100 g of soil) into soil for cultivation of rye grass.
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The grass was grown for up to 9 months under controlled conditions. Growth curves
showed that rye grass growth was highest for soil with the higher level of hydroly-
sate. Three times increase in carbon content and nearly double the level of nitrogen
were detected in the soil containing 1% hydrolysate compared to the control. It was
concluded that addition of the hydrolysate enhances the development of microflora
in the soil (Gousterova, 2003).

Chicken feather hydrolysate and feather keratin compost were used to treat
leaves and also used as fertilizer to improve plant growth (Kucinska, 2014). The hy-
drolysate was sprayed onto leaves and the compost was used with the soil. Influence
of the hydrolysate and the compost on chlorophyll content and metabolic activity
was studied using tomato, cucumber, cabbage and maize plants. Considerable in-
crease in fresh weight was observed for those plants treated with the compost but the
hydrolysate did not increase the plant biomass. Among the different plants studied,
only cucumber showed increase in leaf chlorophyll after treating with the feather
compost. It was concluded that use of the hydrolysate or the compost resulted in in-
creased enzymatic activity in the plants and that feather was suitable to be used as
fertilizer (Kucinska, 2014).

10.8 Scaffolds for tissue engineering

Keratin extracted from chicken feathers were combined with alginate and made into
porous scaffolds for potential tissue engineering scaffolds (Gupta, 2016). Scaffolds
had a porosity of 96% with pore size between 10 and 200 µm and tensile strength of
0.33 MPa and elongation of 23%. When E. coli and B. subtilis were incubated on the
scaffolds, zone of inhibitions of 2 and 2.2 cm, respectively, were observed. When in-
cubated in PBS at 37 °C, the scaffolds lost 66% of their weight but the porous mor-
phology was maintained. Although no cell culture and cytocompatibility studies
were conducted, it was concluded that the blend scaffolds were suitable for tissue
engineering (Gupta, 2016).

10.9 Devices and electronic applications

Novel transient resistive switches for use in memory devices were developed using
human hair keratin (Lin, 2019). Hair fibers were washed with a surfactant (0.5% w/w
%) and later treated with 0.5 M thioglycolic acid at pH 11 for 15 h to reduce the feath-
ers. Later, dialysis was done using low molecular filtration membrane of 5,000 Da.
Powder keratin formed was lyophilized and dried. Solubilized keratin was spun
coated onto a fluorine-doped tin oxide (FTO)/glass substrate at 2,000 rpm for 30 s
and later heated on a baking plate at 60 °C for 30 min. Silver electrodes were depos-
ited on the keratin films and vacuum evaporated to form the Ag/keratin/FTO memory
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devices (Lin, 2019) as shown schematically in Figure 10.8. Thickness of the keratin film
in the device was about 180 nm compared to 100 nm for the Ag electrode. Assembled
device was highly transparent with transmittance values between 85% and 90%. Films
also had a smooth surface with roughness of 1.96 nm and root mean square roughness
of 2.47 nm (Lin, 2019). The device fabricated was called a resistive switching random
access memory device, which is supposed to have transient characteristics and resis-
tance to water. Such devices are also supposed to be able to have writeable and eras-
able memory at specific voltages. Cyclic resistance voltage and clockwise hysteretic
switching from low resistance to high resistance was also possible (Figure 10.9).
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Reproduced with permission from Royal Society of Chemistry.
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A resistance ratio larger than 103 OFF/ON function and retention time of 104 s was ob-
tained for nonvolatile memory applications. The device was also found to have good
durability after testing for 80 continuous voltage exposures (Lin, 2019). The devices
could be dissolved in water within 30 min making them biodegradable and environ-
mentally friendly. Similar resistive switching devices were developed using human
hair keratin with Ag/keratin/indium tin oxide (ITO) structure. ITO-coated Si/SiO2 sub-
strate was spin coated with aqueous keratin. Coated substrate was then used to ther-
mally deposit Ag electrodes with an area of about 1 mm2 (Guo, 2019). Fabricated device
had excellent switching and ON/OFF function resistance for as many as 150 consecu-
tive cycles, and the retention time was up to 3,000 s (Figure 10.10). The switching
performance of the device could be tailored to the desired level by doping with Ag/
graphite nanoparticles. Based on the characteristics, the device was suggested to be
useful for biomaterial-based nonvolatile memory devices.

Keratin films could act as humidity sensors when made into electrodes having in-
terdigitated and rectangular spiral shape. Keratin in wool was extracted by alkaline hy-
drolysis and the solution obtained was drop casted onto films. Two types of electrodes
were developed: one having six fingers and surface area of 100 mm2 and the other a
rectangular spiral (Figure 10.11) having surface area of 180 mm2. Keratin solution was
poured onto the pattern and dried to form the sensors (Hamouche, 2018). Although the
main amide structures of keratin were maintained, a decrease in crystallinity had oc-
curred. Films deposited had a contact angle of 53°, suggesting that the surface was hy-
drophilic. Capacitance of the sensor increased with increasing humidity. Sensitivity of
the spiral sensor was higher than that of the interdigitated sensor (Figure 10.12).
Compared to other capacitive humidity sensors, a considerably low hysteresis of 3.5%
was obtained even at 72% relative humidity (RH) when measured at 100 Hz. The elec-
trodes also had considerably quick response time between 30 and 36 s, and recovery
time was between 51 and 55 s suggesting the suitability for humidity sensing. A
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Figure 10.9: Proposed mechanism of switching through oxidation and reduction by the keratin/FTO
blend films (Lin, 2019). Reproduced with permission from Royal Society of Chemistry.
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Figure 10.11: The interdigitized and spiral electrodes used to prepare the keratin-based humidity
sensors (Hamouche, 2018). Reproduced with permission from Elsevier.
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bendable and free-standing electrode system was developed using keratin for detection
of humidity (Figure 10.13) (Natali, 2019). Wool keratin solutions were spin coated onto
glass/ITO substrates and later dried at room temperature. Coated films were placed be-
tween ITO and gold electrodes and treated with glutaraldehyde to make keratin insolu-
ble. In addition, free standing keratin sensors were prepared by spin coating keratin/
glutaraldehyde and glycerol solution onto glass/ITO substrates through gold electrode
sublimation process at a pressure of 10–6 mbar and growth rate of 0.1 nm/s. In
addition, the keratin sensors were treated with melanin extracted from yak fibers
to improve ion conductivity or interlaced with Pd-based protodes to enhance pro-
ton extraction/injection and transport characteristics. All types of keratin-based sen-
sors developed showed excellent sensitivity to low hysteresis (Figure 10.14). Ability of
the keratin sensors to bend and be insoluble in water makes them suitable for exter-
nal and even as implantable biosensors for humidity or other sensing (Natali, 2019).
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10.10 Electronic skin

Electronic skin or e-skin was developed using keratin and thermoplastic polyure-
thane (TPU) with coefficient of friction (0.26) equivalent to that of leg skin and
surface roughness (RA of 0.047) equivalent to that of cheek skin and positive tri-
boelectric properties (Li, 2018). To obtain such a unique material, keratin was ex-
tracted from human hair and later melt blended with TPU and made into films of
0.5 mm thickness. A single-electrode triboelectric nanogenerator (STENG) was
fabricated using films containing 10% keratin and TPU. Considerable extent of hy-
drogen bonding was observed between keratin and TPU leading to increased ther-
mal stability and flexibility (Figure 10.15). The keratin–TPU-based STENG was
able to differentiate (Figure 10.16) between various tactile sensations required for
biological sensing applications (Li, 2018).
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Reproduced with permission from Elsevier.
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10.11 Detection of chemicals, metals and bioentities

A composite (film) made of keratin extracted from wool was combined with PVA, po-
tassium iodide and silver nanoparticles for detection of chlorine (Taleb, 2020) based
on the difference in absorbance. Extent of absorbance was dependent on the concen-
tration of chlorine and iodine in the solution. Films containing silver nanoparticles
showed substantial inhibition against E. coli and S. aureus. It was suggested that
quantitative detection of chlorine in water could be done using treated films having
of specific color (Figure 10.17) (Taleb, 2020).

Keratin was used as a substrate to prepare silver nanocrystals to develop a pluoro-
metric probe for detection of mercury (Zhou 2019). To prepare the nanocrystals, AgNO3

was injected into keratin solution for 5 min and later NaOH solution was added fol-
lowed by NaBH4 solution. Nanoclusters were formed within 30 min and were filtered
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and collected. Presence of cysteine-rich keratin and easier purification were considered
essential for development of the detector. The AgNCs showed fluorescent behavior de-
pendent on the amount of keratin and amount of NaOH and NaBH4 added. Average
size of AgNCs was 2.5 nm and yield was about 1.7% obtained within a synthesis time of
less than 1 h. The particles had an emission peak at 705 nm at an excitation wave-
length of 400 nm. Close interaction was detected between Hg2+ and AgNCs, which en-
abled a wide detection range of 13.7 nM to 10 µm even at a low detection limit of
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6.5 nM. The particles retained their fluorescence for up to 3 months (Figure 10.18). To
further increase the properties of gold templated keratin particles for detection of
mercury, addition of silver was considered (Wang, 2018). Various concentrations
of HAuCl4 were added into the keratin solution and stirred vigorously for 2 min at
37 °C. NaOH was added into the solution and the mixture was stirred at 37 °C for
12 h to form the AuNCs containing keratin (about 2.2–2.6 nm in diameter).
Similarly, the AuNCs–Ag–keratin clusters were prepared by adding the gold–kera-
tin solution into AgNO3 solution and incubating the mixture at room temperature
for 6 h. Keratin-based gold nanoclusters had fluorescent emission at 705 nm and
quantum yields of 6.5%. Addition of Ag+ ions substantially increased the emis-
sions, as high as five times that of the gold keratin nanoclusters (Figure 10.19).
The silver-containing nanoclusters had stable fluorescent emission even after
3 months but fluorescence was highest at pH 4. It was proposed that the silver ions
could interact with gold and also with the disulfide bonds in keratin. Interaction be-
tween gold and silver would decrease surface defects and improve brightness,
whereas silver–keratin interactions improved stability and dispersibility (Wang, 2018).
Au–Ag–keratin particles had a wide range of detection (2.44–2,500 nM) and low de-
tection limit (2.3 nM) and highly selective detection of Hg2+ in both lab and practical
tests. Further, combining Cu2+ to the gold-capped keratin nanocrystals (AgNCs) ena-
bles selective detection of glucose (Ma, 2019). Inclusion of Cu2+ ions increased the cat-
alytic activity and stability of the gold nanoclusters and also imparted a yellow color
to the solution. The ability of the AuNC–Cu–keratin particles to change color was
used to develop a colorimetric system for detection of glucose. A detection range of
1.56–800 µM with a limit of detection of 0.61 µM for glucose detection was observed.
Up to 94.6–96.7% detection of glucose in serum was possible using the keratin-based
system (Ma, 2019).

Figure 10.17: Images of keratin-based films treated with PVA, KI and silver nanoparticles exhibit
different colors when immersed in varying concentrations of chlorine in water (Taleb, 2020).
Reproduced with permission from Elsevier.
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With the intent to develop films for bioimaging, biosensors and catalysis, feather
keratin was combined with egg white containing luminescent Au particles (Xing,
2016). Keratin extracted using urea, sodium sulfite and SDS was dialyzed against 8–10
kDa membrane and the protein was concentrated to 200 mg/mL. Au nanoparticles
(clusters) containing egg white was added to the keratin solution, and the mixture was
cast into films. Addition of Au particles imparted luminescent properties and the films
appeared red under visible light (Figure 10.20). The Au particles not only affected the
appearance but also caused considerable changes in the α-helix and β-sheet content.
Increase in β-sheet and decrease in α-helices were observed as the amount of Au par-
ticles was increased. Similarly, the extent of luminescence could also be controlled by
limiting the amount of egg white-Au particles added (Xing, 2016).

Luminescent gold particles were also prepared using goose feathers. In a sim-
ple process, goose feathers were soaked in aqueous solution of HAuCl4 under vig-
orous stirring at 80 °C for 10 min. NaOH solution was added into the solution and
heated at 45 min at 80 °C. The treated feathers were subject to Tris(2-carbox-
yethyl)-phosphone (TCEP) and cysteamine-induced chemical etching. Gold-coated
feathers were also immersed in TCEP solution for 1 h and incubated with various
concentrations of Cd2+ to impart desired properties (Shu, 2018). Bright lumines-
cence of different colors was exhibited by the feathers after treatment. Feathers
from different sources showed luminescence to specific colors (Figure 10.21).
Maximum luminescence was observed at 513 nm, and the intensity of lumines-
cence was found to increase with increase in Cd2+ concentration. These lumines-
cent feathers were suggested to be suitable for use in bioimaging, optoelectronics,
light-emitting diodes and others.
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Figure 10.19: Fluorescence intensity of keratin-based silver and gold nanoparticles (Wang, 2018).
Reproduced with permission from Elsevier.
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(a) Neat keratin (b) Metal cluster

(c) S5 film (d) S10 film

(f) S15 film under UV
irradiation

(e) S15 film

Figure 10.20: Images of films made from pure keratin (a), dispersion of Au particles in alginate
solution (b) and with blends of gold particles containing alginate 5% (c), 10% (d) and 15% (e) films
and 15% films under UV irradiation (f) (Xing, 2016).
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Figure 10.21: Digital picture of gold-treated feathers before (left) and after (right) etching with TCEP
under visible (top) and UV light (bottom) (a); images (b) and luminescent spectra (c) of TCEP-etched
solutions containing different amounts of Cd2+ (Shu, 2018). Reproduced with permission from
American Chemical Society.
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