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A Sustainable Role of Keratin
Biopolymer in Green Chemistry:

A Review

Abstract

A great deal of environmental concerns, oil price hike, and
rapid oil consumption with finite nature of oil reserves in addition to
consumer demand is driving research into renewable, biodegradable,
inexpensive, and abundantly available biopolymers in material
chemistry. Poultry feathers consist of keratin protein with several amino
acids especially cysteine as a major component. Keratin is an original
raw material that has great potential to be used in the development
of novel fibrous composite materials. Being very effective biopolymer,
keratin possesses numerous functional properties, bioactivities, and
chemical applications in material chemistry, for example, keratin
based gels, films, nano/micro-particles, and beads are of paramount
importance. Modified keratin also serves as a biosorbent for removing
toxic metal ions from water resources on account of exceptionally
important role of functional groups for keratin-metal binding. This
review focuses on the recent advances of keratin in material chemistry
including its significant role as biosorbent in green chemistry.

Introduction

Green chemistry has many challenges; for example, improvement
in research, development, and implementation of innovative
chemical technologies that accomplish pollution prevention in a
scientifically sound and cost-effective manner. To accomplish these
objectives, research in green chemistry recognizes and supports
chemical technologies that reduce or eliminate the use or generation
of hazardous substances during the design, manufacture, and use of
chemical products and processes. Targets in the development of green
materials include bioplastics, films, packaging, building materials,
and fibers [1-3]. Bio-based renewable materials are considered safer
than synthetic fossil fuel-derived materials. Research on several
proteins, including collagen, gelatin, albumin, fibroin and keratin is
in progress for the development of naturally-derived biomaterials.
For instance, Poole et al. concluded that sustainable fiber obtained
from regenerated protein was environmental friendly, renewable
and biodegradable. Similarly, Xiao-Chun et al. extracted keratin
effectively from chicken feather and fabricated keratin films which
were used in controlled drug delivery systems [4,5]. Among these
proteins, development of keratin-based material has the potential
for revolutionizing the bio-based green materials’ world due to
their biodegradability, biocompatibility, mechanical durability, and
natural abundance [4,6]. Over the past century, research has focused
on the extraction, purification, characterization, and applications of
keratin protein from hair, nails, and wool fibers [7]. Chicken feathers
(CF) are perhaps the most abundant keratinous material in nature
[8]. Chicken meat produces feathers approximately 5 million tonnes
as a waste stream per year and meat processing occurs throughout the
year particularly, in centralized locations and the collected feathers
have minimal value in poultry industry. Apart from its minor
consumption in low grade animal feed, disposal of remaining bulk
poses a significant environmental threat to poultry farming industry
in addition to landfill, thus making transport the main cost of the raw
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material. Therefore, from economic and environmental point of views,
itis quite desirable to mechanize lucrative and effective process to use
these kind of sources in green chemistry [9]. Feather keratins are small
proteins, uniform in size, with a molecular weight around 10 kDa
[10,11]. They constitute cysteine, hydrophobic residues and p-sheet
conformations [8,12,13]. Several functional groups present in keratin
protein, especially peptide backbone, such as disulfide (-S-S), amino
(-NH,) and carboxylic acid (-COOH), make it chemically reactive
under conducive reaction conditions. Apparently, keratin is insoluble
in water with very low chemical reactivity. However, its solubility in
water increases at low/acidic pH, high temperature and in presence
of some reducing agent (i.e. Na,SO, or Na,S). On reduction, disulfide
cross-links are broken into free thiol (-SH) besides protonation of
some -NH, and other groups in keratin making its surface positive
and thus solubilisation takes place. After protonation, unfolded
and exposed functional groups carry positive surface charges with
high reactivity and therefore, on chemical modification, keratinous
protein becomes pseudo natural cationic biopolymer. With unique
properties of bio-degradability and non-toxic nature, keratin protein
is versatile biopolymer that can be modified and developed in various
forms, for instance, gels, films, beads and nano/micro-particles. After
modification, it finds numerous applications in green chemistry,
food sciences, pharmaceutical, and cosmetic industries. Different
components of keratin protein have been shown in Figure 1.

Extraction of Keratin

The word keratin first appeared in the literature around 1850 to
describe the material which is made up of hard tissues such as animal
hoofs and horns. Keratin comes from the Greek word “kera” which
means horn. Over the years, keratin has been extracted from different
sources such as hair, horn, hooves, beaks, shells, fingernails, toenails,
claws and feathers. A Chinese herbalist Shi-Zhen Li used keratin
in medicine for the first time in 16" century. In 1905, a patent was
issued by John Hoffmeier from United States describing the process
of keratin extraction from animal hoofs with help of lime [7]. The
extracted keratin was further employed for making gels using
formaldehyde as hardening agent. Many methods were developed
to extract keratin using oxidative and reductive chemistry [14-19].
These technologies were initially applied on animals’ horns, hoofs,
thereafter, on chicken feathers and finally human hair for extracting
keratin. Mainly keratin was extracted by many researchers from
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Figure 1. Schematic diagram of different components of keratin; (A)
polypeptide single unit, (B) amino acid sequence, (C) a-helix, and (D)
B-Sheets conformations of keratin protein.

poultry feathers under reducing conditions using Shindai method
[20-25]. The extraction process consists of three steps: ethanol pre-
treatment, hydrochloric acid pre-treatment and 2-mercaptoethanol
deoxidization. All reactions are performed in a flask containing
150-200 ml reduced keratin solution and researchers use 5ml of
chloroacetic acid solution (0.15g mL") drop wise while regulating pH
value to 8-9 and reaction is stopped after one hour. Keratin solution
is acidified and precipitated with ethanol and keratin sedimentation
is washed for three to four times before it is lyophilized [5]. Advances
in keratin extraction, purification and characterization led to the
potential growth in keratin-based green material development.
Keratin after extraction, was potentially used to prepare powders,
films, gels, coatings, fibers, and foams by many researchers such as
Krystayna et al. [26] prepared fibrous composites; Ankar CA [27]
prepared keratin containing films and coating material; Kawano YO,
S [28] sythesized keratin based film and gelatin; and Noishiki Yi [29]
applied denatured wool keratin derivatives to an dntithrombogenic
biomaterial-vascular graft coated with a hyperinized keratin
derivatives. The chemical properties of keratin are both weak acids
and bases. Keratin is characterized by cystine content in amino acids
sequence and it can be reduced, oxidized and hydrolyzed. Its high
strength is on account of cysteine molecules bonded by disulfide
bonds [30].

Keratin Modification

In material chemistry, covalent modification of keratin is an
effective way to modulate macromolecular function [31-33] and it is
important to comprehend exact role of these alterations. Complicating
the analysis of post-translational modifications is the limited provision
of pure and naturally modified proteins. Chemically modified
proteins resolve issues of homogeneity and availability of material for
chemical applications. However, chemical modifications of keratinous
protein are selective for molecular residue of protein yielding suitable
natural or mimic modified biomaterial [34]. In addition, chemical
modification of proteins may be used for unnatural alterations in the

reactivity of desired functional groups. The development of selective
chemical reactions which yield well-defined keratin macromolecules
with tailored properties is pushing research in understanding of
biological processes with modified proteins. However, the major
challenge is the selective modification of particular residue of keratin
in presence of numerous competing side chains of polypeptide.
A care must be taken to maintain reaction conditions required for
avoiding protein denaturation. Many researchers employed different
electrophiles in direct alkylation of cysteine residues [35,36]. In 1935,
alkylation of cysteine was accomplished using electrophile such as
iodoacetamides for the first time [20]. Chalker et al. [37] carried out
chemical modification of cystein molecule using keratinous protein
lately in 2009. Whereas, in 1978, Clark and Lowe [38] had already
worked on conversion of the active-site cysteine residue of papain
into a dehydro-serine, a serine and a glycine Residue. They used
bromoacetophenone derivatives to alkylate cysteine of keratin and
converted into formyl glycine photochemically. Selective alkylation
of keratinous cysteine was carried out by its conjugate addition to
Michael acceptors [36,39]. Moore and Ward [40] brought reduction
in disulfide bonds and thereafter replaced the crosslink with
bismaleimides adduct. Investigators continued using maleimides
to the present day for an effective alkylation during modification of
keratinous cysteine [41]. The formation of disulfides is dependent on
chemical oxidation of cysteine in modification of keratin especially
in chemo-selective legation. Many simple and complex methods
were adopted to form disulfide on keratinous cysteine; for example,
air oxidation, mixing thiol in protein containing basic buffer, and
reaction of 5,5-dithiobis (2-nitrobenzoate) or Ellman’s reagent with
cysteine [36,42]. Similarly, few researchers used iodine and sulfenyl
halides as reductant for mixed disulfide formation apart from
activated thiols [43-45]. Wieland and co-workers [46] gave idea of
seminal ligations leading to synthesis of new modified protein which
works on the basis desulfurization of cysteine after native chemical
legation (NCL). Recently, two researchers Danishefsky and Wan [47]
have developed a mild radical based desulfurization that was specified
for cysteine. Such reactions regarding desulfurization have also been
reported by Crich et al. on model peptides [48-51]. Holmes and
Lawton [52], for the first time, reported about conversion of cysteine
into dehydroalanine as a result of its oxidative elimination during
desulfurization. Some metals have also been reported to mediate
chemistry of keratinous cysteine due to its natural affinity towards
metals [53]. For instance, nickel and palladium are used to mediate
the selective reduction of cysteine to alanine [54]. Likewise, masking
the reactivity of cysteine until needed was accomplished by using Zn-
complexes in modification of keratin [55].

Keratin-based Biomaterials

A term “keratin” stands for broad category of insoluble proteins
associated as intermediate filaments (IFs) which are responsible for
the formation of excessive epithelia and epidermal Appendageal
Structures such as hair, wool, horns, hooves and nails. Bonser et al.
reported structure and properties of keratin extracted from different
sources for instance, feather rachis, nails, hoofs and hair [56]. The
aspect of employing keratin as a biomaterial in medical application
was quite obvious. The solid foundation for the development of many
keratin based biomaterials is based on several key properties of keratins
that play good role in physical, chemical and biological behavior
of these biomaterials. Unique chemical and biological behavior of
keratin apart from enhanced need of renewable natural resource,
have been boosting factors for research based on biomaterials over
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the past three decades. Plenty of work has been done to fabricate
and characterize new products based on keratin, for example, films,
gels, coating material and biosorbents in green chemistry. In many
cases, these novel keratin materials are shown to possess excellent
biocompatibility. Additionally, many researchers have discovered
methods for modulating the physical and mechanical properties
of keratins in order to create biomaterials that have appropriate
characteristics for their application of interest. The extracted keratin
proteins have ability to self-assemble into complex three dimensional
structures. This property is responsible for their development as
scaffolds in tissue engineering. Tachibana et al. [57] fabricated wool
keratin scaffolds for long term cell cultivation in 2001 and created
matrices by lyophilisation of aqueous wool keratin solutions after
controlled freezing. This resulted in formation of rigid and heat-
stable structure with a homogenously porous microarchitecture. The
keratins incorporated by RGD and LDV cell adhesion sequences,
exhibited good cell compatibility by supporting the attachment and
proliferation of fibroblasts over a long-term cultivation up to 23—43
days. In addition, the free cysteine residues within the scaffold were
potential modification sites to immobilize bioactive substances [57]. In
later work, lysozyme was employed as a model compound and linked
to the keratin sponge via disulfide and thio-ether bonds. Disulfide-
linked lysozyme was gradually released over the period of 21 days
whereas lysozyme linked via thio-ether bonds remained stable for
two months. This work demonstrated that the selection of a chemical
cross-linker can uniquely determine the stability of an immobilized
bioactive substance on keratin sponges [58]. The active free thiol
in the keratin sponges can be functionalized in various chemical
treatments. For example, iodoacetic acid, 2-bromoethylamine,
and iodoacetamide were used to produce carboxyl-, amino-, and
amido-sponges, respectively. In these chemically-modified keratin
sponges, extracellular matrix proteins were mimicked, and the
large presence of active groups within the sponges were allowed for
further hybridization with bioactive molecules. This technique was
demonstrated by Tachibana et al. [59] in 2005 via hybridization of
keratin sponges treated by calcium phosphate. Keratin carboxy-
sponges were functionalized with bone morphogenetic protein-2
(BMP-2), that associated tightly inside keratin [60]. The pore size
regulation and porosity of keratin scaffolds was achieved by Katoh
et al. using a compression molding-particulate leaching (CM/PL)
technique. The regulation of pore diameter and interconnectivity of
scaffolds is always desirable to permit adequate cellular infiltration
and nutrient delivery in tissue engineering applications. Moreover,
CM/PL method was water tolerable and thus, significantly superior to
collagen materials that are water soluble without using UV irradiation
or cytotoxic chemical cross-linkers [61]. A relationship between
mass and physical strength was established in vivo biodegradation of
keratin bars by Peplow et al. In series of experiments, rectangular bars
of reconstituted keratins were subcutaneously implanted into adult
rats followed by monitoring of dry weight and elastic modulus of the
explanted bars over an 18-week time period. The dry weight of the
bars lowered gradually with a maximum weight degradation of 22% in
18 weeks. The elastic modulus of the keratin bars diminished abruptly
between 3 and 6 weeks accompanied by raising number of fissures
and cavitations at the surface of the bars. The gradual degradation and
rapid loss of mechanical integrity suggests that this form of keratin is
more suitable for resorbable implant material to provide scaffolding
for non-load bearing applications [62]. Verma et al. recently reported
construction, characterization and cyto-compatibility of human
hair protein scaffolds for in vitro tissue engineering applications.

Keratin proteins from hair were transformed into porous sponges
via lyophilization of frozen protein suspension. Characterization
results showed that the sponges were capable of swelling 48%
within 60 minutes containing average pore diameter of 150 pum in
sponge surface. The interconnectivity and pore diameters supported
cell attachment and survival and the researchers suggest that these
scaffolds are prospective materials for tissue engineering applications
on account of their human origin, biodegradability and cyto-
compatibility [63].

Keratin Fibers

The current applications of keratin are in composites and non-
woven fabrics [64] and keratin has been characterized for their
microstructural properties. Over the years, electrospinning of
biocompatible polymeric materials has attracted researchers due to
biomedical applications for nanofibrous materials. Electrospinning is
atechnique thatapplies high voltage and creates charged jet of polymer
drawn towards a grounded collection plate or mandrel. The resulting
fibers have very small diameters in the nano- to micro-scale range
and are randomly arranged in order to form a non-woven fibrous
mat. The enhanced physical configurations such as small pore size,
high porosity, three-dimensional features, and high surface area-to-
volume ratio of nanostructured nonwoven particulates can promote
cell adhesion and growth. This further helped in the development of
electrospun membranes, bandages for wound healing and scaffolds
for tissue engineering. Recently, the electrospinning process has also
been extended to include regenerated keratin extracted from hair
and wool fibers. Aluigi et al. [65,66] prepared keratin/PEO materials
by mixing aqueous keratin solutions and PEO powder. In the first
study, the researchers identified the electrospinning parameters to
create defect-free fibrous material. A keratin/ poly (ethylene oxide)
(PEO) solution with weight ratio of 50:50 or (7% and 10%) polymer
concentrations showed sufficient viscosities for electro spinning
with fewer defects. Spectroscopic and thermal data revealed that the
electro-spinning process destabilized the natural self-assembly of
keratin and caused a less complex protein conformation. Different
proportions of keratin and PEO combination were used to correlate
the chemical, physical, and rheological properties of the blend
solutions with the morphological, structural, thermal and mechanical
properties of the electrospun mats. The keratin/PEO solutions were
shown to have increased viscosities in comparison to both pure PEO
and keratin, and the blends exhibited a non-Newtonian flow behavior
with strong shear-thinning properties that were dependent on PEO
concentration. The low viscosity of blends with higher keratin content
greatly hindered their ability to form fibers; however, solutions with a
lower composition of keratin were successfully electro-spun without
defects. Comparisons between actual and theoretical rheological
properties using Graessley’s theory showed that the broadening
of molecular weight distribution and possible bonding between
PEO and keratin macromolecules at certain keratin/PEO ratios are
responsible for the shear viscosity behavior of the blends, which
ultimately correlate with the morphology of the electro-spun fibers.
The practical uses of the keratin/PEO nano-fibrous mats, however,
were ultimately limited by their water instability and poor mechanical
properties [66,67].

Keratin Films

Modified films based on keratin extracted from wool and human
hair have been used for a number of years to explore the structural
and biological properties of self-assembled keratins. Yamauchi et
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al. [68] investigated the properties of products made from extracted
wool keratins and described the physiochemical and biodegradational
properties of solvent-cast keratin films. Although pure keratin films
were too fragile for practical use, but addition of glycerol resulted in a
transparent, relatively strong, flexible, and biodegradable film. Fujii et
al. also demonstrated usefulness of hair keratin for preparing protein
films and described quick casting method. This research also gave
the feasibility of incorporating such bioactive molecules as alkaline
phosphatase into the keratin films for controlled-release applications.
Nonetheless prepared films showed poor strength and flexibility
[69] despite the fact these early studies demonstrated feasibility of
preparing keratin films and demonstrated their potential use as
biomaterials in medical applications. The practical utility of keratin-
based products was limited to their poor mechanical characteristics.
Therefore, keratin film research moved to concentrate on the
optimization of the physical strength in addition to flexibility of
films by maintaining biological activity. Many approaches to control
physical and biological properties have been adopted, for instance,
addition of natural and synthetic polymers to keratin blended systems
besides the development of new preparation techniques for pure
keratin films [70,71]. In 2002, Yamauchi et al. studied the mechanical
properties of glycerol containing keratin films by adding chitosan
which improved mechanical strength. Furthermore, the chitosan-
keratin films demonstrated antibacterial properties and proved to
be good substrates for cell culture [72]. The biological activity of
keratin films was enhanced by incorporating a cell adhesion peptide,
Arg-Gly-Asp-Ser (RGDS), at the free cysteine residues of reduced
keratin extracts. RGDS-carrying keratin films proved to be excellent
substrates for mammalian cell growth, and this work demonstrated
the potential and versatility of keratin biomaterials [73]. A natural
polymer Silk fibroin (SF) has lately received attention as a biomaterial
because of its intrinsic biocompatibility and biodegradability.
Keratin-SF films have been studied extensively to understand the
interactions between the two biomolecules and its impact on the
overall mechanical and biological characteristics of the biomaterial.
Lee et al. [74] studied the secondary structure of keratin-SF films
and its transition from random coil to B-sheet structure for fibroin
due to the presence of the polar amino acids present in keratin.
These blended films experimentally enhanced antithrombogenicity
properties with high bio-compatibility as compared to mere SF or
keratin films [75] mainly on account of enhanced surface polarity
of the blends generated by the conformational transformation of the
proteins [76]. Vasconcelos et al. explored mechanical and degradation
properties of keratin-SF blended films and concluded that SF and
keratin interactions are not simply additive. Instead, the two proteins
are capable of unique intermolecular interactions directly affecting
the bulk properties of the films. Ultimately, the nature, strength of
these interactions and knowledge of the degradation rates will help
design of matrices for release of active compounds that are suitable for
future biomedical applications [77]. Apart from natural biopolymers,
the interaction between keratin and synthetic polymers has also
been investigated [78,79] and Tonin et al. explored the relationship
between poly (ethylene oxide) (PEO) and keratin blended films in
order to develop a keratin-based material with improved structural
properties. Morphological, structural and thermal analyses of the
keratin-PEO films revealed that keratin inhibits PEO crystallization
and PEO interferes with the keratin self-assembly at appropriate level
by inducing B-sheet secondary protein structure with high thermal
stability. The improved structural properties of keratin-PEO blends
helps in the development of keratin materials for their possible

usage as scaffolds in cell growth wound dressings and drug delivery
membranes [78,80]. Researchers have also investigated alternative
fabrication techniques for creating keratin films with more suitable
mechanical properties in addition to creating blended keratin systems
with natural or synthetic polymers. Katoh et al. reported an alternative
method for processing keratin films to overcome the limited versatility
associated with solution-cast methods. Compression molding of
S-sulfo keratin powder gave an effective technique for producing pure
keratin films of distinct shape. Control over mechanical properties of
the films was obtained by molding temperature and water content
of the film. Whereas, the biocompatibility of the S-sulfo films was
also evaluated by fibroblast attachment and proliferation on the
keratin substrates [71]. The pure keratin films with translucent and
flexible properties in a separate study was reported giving improved
procedure of its preparation followed by practical application and
compatibility of the films was evaluated with human skin [70]. Reichl
et al. adopted two different approaches for substrate coatings and
studied growth behavior of twelve different cell lines cultured on
the keratin films. Results depicted that growth substrates formed
by casting of a keratin nano-suspension supported cell adherence
and improved cell growth as compared to uncoated polystyrene or
keratin coatings formed by trichloroacetic acid precipitation. The
new approach is cost effective and alternative to commonly used
coatings for example, collagen and fibronectin [81]. Recently, several
researchers developed films from native keratin, by using reducing
agents and different plasticizers, either via compression molding [82]
or extrusion and subsequent compression molding [11,83] leading to
improved mechanical properties.

Keratin as Biosorbent

Natural biopolymers have certain advantages in green chemistry
including their pronounced role in preventing environmental
pollution. Keratin application for the purification of metal
contaminated natural and waste water resources can be a promising
technology. As a matter of fact, researchers started studies on
binding of keratin wool to heavy metal ions in the early 1950s. In
environmental sciences, removal of heavy metals from drinking and
process water is a subject of continued research. The presence of
heavy metals in water sources is the result of industrial discharges
especially those dealing with mining, manufacturing and processing
tasks [84]. Heavy metals pose health hazards to man and aquatic
life when exceed allowable limit in water [85]. The concentrations of
heavy metals even if below these limits, have potential for long term
contamination on account of their accumulative nature in biological
systems [86]. There are several water treatment technologies such as
precipitation, coagulation/flocculation, cementation, chelation, ion
exchange method, micellar and polymer enhanced ultrafiltration
[15,16,87-89]. These technologies have limitations of sludge handling
or safe disposal besides their suitability only for solution of high
metal concentrations. Apart from that, conventional water treatment
techniques require complicated operational set up and found to be
relatively expensive and selective for few metals. Thus, in recent years,
there was increasing interest in the use of biopolymer for the removal
of dissolved metals from aqueous solutions [90]. Several metals such
as mercury, copper, silver, cadmium, lead, chromium and aluminium
were removed using keratin wool by many researchers over the years
[91-93]. Another type of keratin namely mohair has been reported
to remove copper from aqueous stream [94]. Animal fibrous protein
has avian keratin that is extracted from feathers of chicken and turkey
and it has been found very effective to segregate metals like copper,
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Table 1: Summary of sources, experimental features and applications of selective keratin based biopolymer.

Keratin Source Experimental features Applications References
Hair fibers Improved disulfide crosslinking Glue for Increased toughness to hair fiber [105]
Human hair Ground ash from human hair Wound healing and blood clotting [106]
Animal horns Using lime Keratin-based gel [107]
:;)il;ns, hooves, wool, human Oxidative breaking up of keratin with H,0, Cosmetics, composites, coating [14-18,20]
Hooves Reductively extracted keratin from ground up hooves Films and textile fibers [108]
E;:ns’ hooves, wool, human Reductive and oxidative agents Powders, films, gels, coatings, fibers, foams [27,28]
Wool and hair Self-assembly of keratin solution Biological function in tissue engineering [109,110]
Wool Self-assembled keratin Solvent-cast keratin films [68]
Wool Determination of cell compatibility Cultivation of mouse fibroblasts on the surface of film [111]
Hair Rapid casting method Protein films [69]
E‘Kgm' containing keratin » yition of Chitosan for making chitosan-keratin films Antibacterial and good substrate for cell culture [72]
Silk fibroin-keratin composite Transition from random coil to B-sheets in secondary structure B_lomatenal v_v!th intrinsic biocompatibility and [74]

of composite biodegradability
Keratin/PEO film Improved structural properties Scaffolds, wound dressing & drug delivery [78]

membranes

Keratln-Eonamlde 6 Preparation of keratin-based material Biomedical devices, water filtration, textile fibers [79]
composite
CF & bio-modified cellulose Esgggi?;lon of keratin based material with high sorption Hygienic fabrics, green chemistry 26]
Human hair Keratin based hydrogels Regenerative medicine [112,113]
CF Fibrous composites based on keratin Painting industry [26]
CF Modified CF as sorbent Removal of Cr (VI) ions [101]
CF Role of biosorbent Removal of Zn (ll) ions [114]
CF Biosorption of metal ions Green Chemistry [95]
CF Recovery & refining of Gold-Cyanide lon Biosorption-green Chemistry [115]
CF Bio-based composite reinforcement Polymer industry [116]
CF Feather degrading keratinase from Bacillus sp. JB 99 Production and characterization [117]
CF Mechanical properties of CF Polymer industry [118]
CF Extraction of CF keratin & their films Controlling drug release in medical [5]
CF Modification & characterization of CF Removal of As(lll) in green chemistry [25]

iron and chromium from water solution [95,96]. Shin-Ichi et al.
removed oxy-anionic contaminants of selenium and arsenic using
modified form of keratin from water with high sorption uptake at
lower pH value [97]. Gamze-Turan removed Cu(II) and Zn(II) from
aqueous stream using poultry litter that is mixture of excreta, feed,
bedding material and keratin of chicken feathers [98,99]. In 2009, Sun
et al. [100] used keratin of modified chicken feather as biosorbent to
remove toxic chromium (VI) ions from water stream. They concluded
when chicken feathers are treated with NaOH, the reaction takes
place on the surface instead of interior of the feathers. This results in
low sorption capacity of keratinous biosorbent for removing Cr(VI)
ions in the concentration range of 10-80 ppm [101]. Teixeira MC and
Ciminelli VS described a biological route for the sorption of aqueous
As(III) species and evaluated that a waste biomass with a high fibrous
protein (keratin) content can be used for selective As(III) adsorption
[102]. Fawzi Banat et al. examined and compared keratin composed
biosorbents prepared from three different sources of chicken feathers,
human hair and animal horns for the removal of Zn(II) and Cu(II)
ions from water. They found that animal horn based keratin showed
greater sorption efficiency than chicken feathers and human hair.
The same research group also removed Cu(II) and Zn(Il) from
wastewater after they reused chicken feathers as biosorbent and
treated chemically with NaOH and anionic surfactant dodecyl sulfate
[103,104]. The summary of sources, modifications and applications of
keratin or keratin derivatives, has been given in Table 1.

Future Directions and Novel Applications of Keratin

Although several efforts have been made to date for the
development of green materials using extracted or native keratin
from different sources, yet there is much left to replace chemically
synthesized material by degradable and environmentally friendly
biomaterial in industries. For example, as far as biological and
chemical behavior of functional groups is concerned, limited efforts
have been made on fundamental understanding of poultry feather
keratin. Feather keratin is a special protein due to the presence of
high amount of cysteine residues inside the polypeptide backbone.
These cysteine residues form sulfur-sulfur bonds with other cysteine
molecules leading to disulfide bridges (cysteine—cysteine cross-links)
which give strength and stiffness to keratin in the solid state. However,
these cross-links not only offer hindrance in protein extraction
process but also post-extraction efficient modification cannot
completely stop oxidation of cysteine residues. Therefore, a pragmatic
research is required to be done on to investigate how the cysteine-
cysteine cross links can be broken after experimental and theoretical
identification of scientific gap in such cross links. Development of
hybrid nanobiomaterials by in-situ nanomodifications of keratin,
through effective exploitation of nanotechnology, can lead to the
development of green products with enhanced material properties
for applications in textiles, composites, nano-structured biomaterials,
and other bioproducts.
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