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Abstract
The growing global population and lifestyle changes have increased the demand
for specialized diets that require protein and other essential nutrients for
humans. Recent technological advances have enabled the use of food biore-
sources treated as waste as additional sources of alternative proteins. Sheep wool
is an inexpensive and readily available bioresource containing 95%–98% protein,
making it an outstanding potential source of protein for food and biotechnologi-
cal applications. The strong structure of wool and its indigestibility are the main
hurdles to achieving its potential as an edible protein. Although various meth-
ods have been investigated for the hydrolysis of wool into keratin, only a few of
these, such as sulfitolysis, oxidation, and enzymatic processes, have the poten-
tial to generate edible keratin. In vitro and in vivo cytotoxicity studies reported
no cytotoxicity effects of extracted keratin, suggesting its potential for use as a
high-value protein ingredient that supports normal body functions. Keratin has
a high cysteine content that can support healthy epithelia, glutathione synthe-
sis, antioxidant functions, and skeletalmuscle functions.With the recent spike in
newkeratin extractionmethods, extensive long-term investigations that examine
prolonged exposure of keratin generated from these techniques in animal and
human subjects are required to ascertain its safety. Food applications of wool
could improve the ecological footprint of sheep farming and unlock the poten-
tial of a sustainable protein source that meets demands for ethical production of
animal protein.
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2 WOOL PROTEIN FOR FOOD FORMULATION. . .

1 INTRODUCTION

The ever-increasing demand for protein caused by global
population growth, rising consumer awareness of the
health aspects of proteins in the diet and the rise in per
capita income have continued to strain the already scarce
supply of available resources (FAO, 2018). As a result, the
global protein ingredientsmarket, estimated at USD 40 bil-
lion, is expected to grow at a compounded annual growth
rate of 10.5% from 2021 to 2028 (Grandview Research,
2021). This demand can be met by improving the effi-
ciency of underperforming crops and livestock production
systems, partly by improving management practices and
implementing innovative technologies. In addition, low-
value secondary bioresource streams generated from food
processing in large volumes can undergo valorization to
provide novel alternative proteins (FAO, 2018).
Animal-derived proteins contribute the largest share of

the global protein market (70.0%; Grandview Research,
2021) due to high worldwide acceptance, favorable reg-
ulations, uniformity in large-scale production and the
nutritional benefits of essential amino acids balance and
a high digestibility (Smith et al., 2022). However, the
meat industry has continued to generate large volumes of
byproducts of little or no economic use (Toldra et al., 2016,
2021). Accordingly, considerable efforts have been contin-
uing to boost the gross monetary benefit of byproducts
that represent 8%−11% of the revenue per animal (Adhikari
et al., 2018; Jayathilakan et al., 2012; Shirsath & Henchion,
2021; Vidal et al., 2022) by retrieving proteins, vitamins,
and minerals.
The global estimate for the sheep population stands

at 1.27 billion heads, producing about 1.9 million met-
ric tons of wool (IWTO, 2022). About 60% of the wool is
used in woolen fabric apparel production (Woods, 2012),
which has continued to experience a falling demand. The
low demand in the textile industry and low commodity
prices of wool, estimated at US$ 1.8/kg (Wools of New
Zealand, 2022), have led to the disposal of large volumes
of low-grade slipe wool (Ossai et al., 2022). Thus, wool is
a protein-rich (95%–98% w/w of wool) bioresource already
available in large volumes and at affordable prices. How-
ever, despite the abundance of protein in wool (80%–85%
keratin w/w of total protein), keratin is indigestible owing
to the strong disulfide (S–S) bonds that make it insoluble
in water, weak acids or alkali and most of the food-grade
proteases (Zhang et al., 2018).
Keratin is a cysteine-rich (approximately 10% w/w of

protein) structural protein (Bhavsar et al., 2016), one of
the two sulfur-containing amino acids, the other being
methionine. Cysteine is a semi-essential amino acid that
acts with glycine and glutamic acid to facilitate the de novo

biosynthesis of glutathione (GSH) and taurine (Kozich
& Stabler, 2020; Seidel et al., 2019). Taurine and GSH
are significant factors in cell metabolism, redox balance,
and general health improvement (Atkuri et al., 2007;
McPherson & Hardy, 2011).
Several publications have reviewed keratin extraction

methods, focusing on physicochemical, structure, and
functional properties of the extracted keratins (Lazarus
et al., 2021; Shavandi, Silva, et al., 2017; Sinkiewicz et al.,
2016; Tantamacharik et al., 2021; Wang, Yang, et al., 2016).
Due to its low cost, biophysical stability in physiological
environments, biodegradability, and low immunogenicity,
previous studies focused on keratin production for bioma-
terials, agriculture and textile applications (Shavandi et al.,
2016; Goyal et al., 2022; Zoccola et al., 2015). Notwithstand-
ing, some recent investigations explored the functional
benefits of keratin using in vitro, in vivo animal mod-
els and clinical studies based on humans (Beer et al.,
2013b). Although keratin is deficient in essential amino
acids such as lysine,methionine, histidine, and tryptophan
(Mothé et al., 2017), supplementationwith free amino acids
can improve the overall protein quality (Grazziotin et al.,
2008). Furthermore, in vitro and in vivo cytotoxicity assays
reported no adverse effects from keratin supplementation
(Dias et al., 2022; Shavandi et al., 2016; Sierpinski et al.,
2008; Zhang et al., 2013)
This review is the first comprehensive account of the

potential use of keratin in human food. First, the arti-
cle examines the different wool hydrolysis techniques
to generate keratin peptides and amino acids, eluci-
dating the potential for application in edible products.
The authors then highlight the nutritional, functional,
structural, safety, and toxicological aspects of products
generated from the various production methods.

2 TYPICAL CHARACTERISTICS OF
WOOL

2.1 Wool structure

Wool fibers consist of 95%−98% proteins (about 80%−85%
keratin), lipids (0.1%), and minerals (0.5%; Ranjit et al.,
2021; Zhang et al., 2018). Its cross-section depicts a
three-dimensional hierarchical structure with a covalently
attached outer layer of fatty acids lining the exterior
cuticular surfaces and β-layers of the cell membrane
complex (Figure 1). Wool fibers are made up of three struc-
tural units. The first is the hydrophobic exterior lipid of
18-methyleicosanoic acid (18-MEA) (CH3-CH2CH(CH3)-
(CH2)15COOH). This layer confers surface hydrophobicity
to thewool fiber, acting as a naturalwater-repellent coating
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WOOL PROTEIN FOR FOOD FORMULATION. . . 3

F IGURE 1 (a) Scanning electron microscope image of wool. (b) Schematic diagram of the internal structure of a wool fiber and the
corresponding size. Adapted from CSRIO
(https://www.scienceimage.csiro.au/library/textile/i/7663/the-structure-of-a-merino-wool-%EE%84%83bre/). (c) An illustration of the
transverse section of laminated subcomponents of the first cuticle in mammalian keratin fiber. The cell membrane complex separates the
sheet-like layers of the cuticle (Swift & Smith, 2001). (d) Alpha keratin, showing disulfide linkages between α-helices accountable for the
intensified strength and stability of keratin (Shavandi, Silva, et al., 2017).

(De Oliveira Martinez et al., 2020). The second struc-
ture is a layer of cuticular cells (approximately 0.5 mm
thick) oriented toward the hair tip such that there is no
resistance when rubbing the fiber in the direction of the
follicle toward the tip (Figure 1a). The third component
of the wool fibers (mainly in coarse fibers with diame-
ters>35 μm) is themedulla, a central core of cells arranged
either continuously or intermittently along the fiber axis
and surrounded by a cortex (Moore et al., 2016). Intercel-
lular spaces between medullary cells are air-filled, which
confers the fibers with a high thermal insulation ability.
The cuticle layer (epicuticle, exocuticle, and endocu-

ticle), found within the second structural unit, encases
a cortex containing highly oriented cortical cells and
makes up about 85% of the wool fiber. Generally, wool
has three protein classes, (a) the intermediate filament
proteins (IFPs), which are low in sulfur; (b) high-sulfur
proteins; and (c) high-tyrosine proteins (Ferrareze et al.,

2016; Ranjit et al., 2021). The cortical cells are organized
into high sulfur macro- and low sulfur microfibrils (IFP),
with the latter making up to 50%−60% w/w of the cor-
tex (Figure 1b). The microfibrils comprise three keratin
macromolecules inα-helical conformational arrangement,
also called protofibrils (De Oliveira Martinez et al., 2020;
Fakhfakh et al., 2013).
The α-helical conformation of keratin is the principal

constituent ofwool and othermammalian features, such as
hair, quills, fingernails, horns, hooves, and the epidermal
layer of skin (Figure 1b, d). However, other keratin con-
figurations have also been reported, including the β- and
γ-keratins occurring in different animal species. β-Keratin
represents an extended keratin configuration, a structural
protein mainly occurring in the epidermis of reptiles and
feathers. γ-Keratin is an amorphous (nonstructural) ker-
atin constituent in avian (beaks and claws) and reptilian
(claws and scales) species (Wang, Yang, et al., 2016).
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4 WOOL PROTEIN FOR FOOD FORMULATION. . .

The cell membrane complex on the cuticle layer is the
only continuous phase in wool which makes up ∼17% w/w
of the wool protein that is low cysteine non-keratinous
material (Figure 1c). It separates the cuticle cells from the
underlying cortex and individual cortex cells. Individual
cuticle and cortical cells are surrounded by a proteina-
ceous membrane, constituting ∼1.5% of the total fiber
and characterized by having high levels of ε-amino(γ-
glutamyl)lysine (Rippon, 2013). This membrane plays a
significant role during the degradation of wool fibers
because of its hydrophobicity and resistance to chemical
effects, making it the most degradation-resistant part of
the wool fiber during hydrolysis under various procedures
(Swift & Smith, 2001).

2.2 Keratin structure and functionality

Wool keratins exhibit two protein fractions of molecu-
lar weight (Mw) distribution between 45−60 kDa and
11−28 kDa, representing the low sulfur keratin of the
IFPs (α-helix) and the high sulfur protein of the matrix
embedding the intermediate filament from the fiber cuti-
cle, respectively (Tonin et al., 2006). The α-Keratin is a
heterogeneous fibrous protein differentiated from other
structural proteins, such as myofibrillar, collagen and
elastin, by its high cystine levels (measured as cysteine or
½ cysteine; Zoccola et al., 2009).
Wool keratin has a characteristic high abundance of cys-

tine residues (7%–20% of the total amino acid residues),
making the fibers strong and stiff. This is due to the
numerous intra- and intermolecular disulfide (S–S) bonds,
including sulfhydryl–disulfide (SH–SS; Figure 1d), hydro-
gen bonding, and Coulombic linkages that facilitate the
formation of cysteine by disulfide bridges (Shavandi et al.,
2021; Swift & Smith, 2001). Keratin can be considered
a natural source of cysteine, which is present as the
dimer cystine, including the linked S–S bonds that readily
hydrolyze to liberate the monomer cysteine (McPherson &
Hardy, 2011). Cysteine is one of the four sulfur-containing
amino acids, the others being methionine, homocysteine,
and taurine. However, only cysteine and methionine are
incorporated into proteins (Brosnan & Brosnan, 2006).
Unlike methionine, cysteine residues on the backbone
of keratin polypeptides have a highly chemically reac-
tive thiol (–SH) functional group at physiological pH (pH
∼7.0), forming disulfide bridges (Cys-S–S-Cys) in its oxi-
dized form (Figure 1d). The S–S interactions play a crucial
role in the protein structure, protein folding pathways and
stabilization of the three-dimensional keratins subunits
(Eslahi et al., 2014), thereby bestowing exceptional resis-
tance to thermal, chemical, and enzymatic reactions of the
protein (Vineis et al., 2019). These phenomena contribute

to the low utilization of wool in applications requiring
soluble keratin, such as food, pharmaceutical, and med-
ical industries (Shavandi, Silva, et al., 2017). Therefore,
understanding the seldom explored physical and chemical
characteristics of keratin is crucial to improving its extrac-
tion and use. For instance, posttranslational modifications
can be used for structural alteration to yield keratins of
differentMwwith improved bioaccessibility for enzymatic
activity (Bragulla & Homberger, 2009; Lange et al., 2016).

3 PRODUCTION OF KERATIN FROM
WOOL

As keratin applications continue to emerge, simple,
efficient, and environmentally friendly wool hydrolysis
techniques are required to promote the adoption and large-
scale use of the widely available raw material (Swift &
Smith, 2001). Keratin proteins are extracted and purified
from wool via the cleavage of disulfide bonds. The break-
age of the covalent linkages between the molecules makes
the keratin material easily soluble, allowing purification.
The initial step of keratin extraction involves the removal
of a lipid layer in a pretreatment step involving repeated
washing of the wool in tap water containing a detergent
at 40◦C with agitation or sonication to remove grass, dirt,
and loosely attached lipid layers (Deb-Choudhury et al.,
2018; Seghir et al., 2020). Another reported technique is the
application of 0.5% sodium hypochlorite (NaClO), which
can also be helpful in disinfection and stain removal (Xu
et al., 2003). In addition, the wool may be washed in a
5% v/v solvent of acetone/ethanol mixture (1:1) and incu-
bated at ambient temperature for 2 h (Seghir et al., 2020)
or acetone only at 72◦C for 12 h to complete the process
of fat removal (Zhang et al., 2018). To reduce potentially
hazardous solvents and residual chemicals in the extract,
degreasing procedures using lipolytic enzymes, for exam-
ple, Lipex™ 100 T (Novozymes, Denmark), have been
proposed (Mokrejs et al., 2011). A mixture of wool (1% w/w
of dry wool) and water at a ratio of 1:50 (wool:water), pH
8.0, is incubated at 40◦C for 24 h, followed by filtration
and rinsing inwater. Finally, washed and driedwool is pre-
pared for further processing by shredding. Apart from the
milling, which aims to develop usable wool powder, the
next sections describes different keratin solubilization and
extraction methods and the potential of producing keratin
for human and food applications (Figure 2).

3.1 Milling

Milling is a chemical-free technique that reduces the wool
into a fine powder while maintaining most keratin in
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WOOL PROTEIN FOR FOOD FORMULATION. . . 5

F IGURE 2 Classification of methods used in keratin extraction from wool. [Amim]+Cl−, 1-allyl-3-methylimidazolium chloride;
[Bmim]+Br−, 1-butyl-3-methylimidazolium bromide; [Bmim]+Cl−, 1-butyl-3-methylimidazolium chloride; [DBNH]+Oac−, 1,5-diazabicyclo
[4.3.0]non-5-enium acetate; [Emim]+DEP−, 1-ethyl-3-methylimidazolium diethyl phosphate; G-ve, Gram-negative; G+ve, Gram-positive;
MEC, 2-β-mercapto-ethanol. 1Used with added surfactant and buffering agents, for example, urea, tris-HCl, EDTA, SDS, DTT

the original physicochemical and functional properties
(Xu et al., 2003). As a result, pulverized wool acquires
increased reactivity and absorbency, enabling use in sorp-
tion applications (Naik et al., 2010; Wen et al., 2010).
Size reduction by milling is an old practice used to dis-
entangle dry materials using drawing, torsion, and shear
actions to induce fracture along the lines of weakness.
However, albeit depending on the ultimate size of parti-
cles, reducing the size of wool by grinding can lead to
cysteine oxidation, lowering its food value. Conventional
wool milling involves grinding using a ball mill and siev-
ing (Rajkhowa et al., 2012). The attained particle size and

level of keratin degradation are subject to the equipment
design, grinding time and milling parameters. For exam-
ple, cooling the system to regulate the temperature at
a minimum can reduce the impact of the heat-induced
breakdown of keratin (Rajkhowa et al., 2012; Xu et al.,
2003). Xu et al. (2003) demonstrated a multi-stage milling
procedure for producing ultrafine wool powder with min-
imal keratin degradation. First, the authors chopped the
wool into 1–3 mm particle lengths using a rotary blade
and mixed it with 0.5% NaClO to remove lipid layers for
high milling efficiency. After draining the excess liquid,
the wool was ground under wet milling conditions in a
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6 WOOL PROTEIN FOR FOOD FORMULATION. . .

water-cooled chamber at∼18◦C. Depending on themilling
duration, the attained particle size was 2 μm in diameter
and 5−10 μm in length (Xu et al., 2003). Other adaptable
milling conditions include the rotor speed, grid/screen
pore size, and the addition of shearing/impact-enhancing
materials, such as yttrium-doped zirconium oxide balls
or freeze milling (Hassabo et al., 2014, 2015; Rajkhowa
et al., 2012). Rajkhowa et al. (2012) showed that sequen-
tial wet and air jet milling could produce small particles
(1.5–4.0 μm) of wool fibers. Powdering of wool increases
the accessibility to enzyme/chemicals and metal ion bind-
ing properties, making it helpful in developing biomedical
materials and cosmetic products (Naik et al., 2010). More-
over, washing in NaClO and size reduction have emerged
as essential pretreatment steps before chemical and enzy-
matic hydrolysis of wool to maximize solubilization and
recovery of keratin peptides (Zhang et al., 2020). However,
information is still limited on the wool powders’ suitabil-
ity for edible food products and its techno-functionalities
that could affect digestibility, assimilation, and biological
availability of the protein.

3.2 Thermal extraction

Thermal techniques have recently attracted attention as
alternative processes for acquiring high-quality keratin,
free of chemical residues and unwanted secondary byprod-
ucts. For example, superheatedwater, steam explosion and
microwave-assisted methods have recently been investi-
gated for the thermal hydrolysis of wool (Table 1).

3.2.1 Superheated water hydrolysis

The superheated water hydrolysis technique is a ‘green
extraction’ method investigated to extract keratin from
wool (Zoccola et al., 2015). The method involves boiling
wool in alkali media and reducing the peptide length of
keratin, which allow the potential for tailoring the pro-
cess to achieve the desired hydrolysis level. Although
the method results in the sterilization of the product, it
can produce significant undegraded wool residues (∼50%)
and low yield of soluble keratin. Bhavsar et al. (2017)
showed that superheated water treatment (140◦C–170◦C
for 1 h, wool:liquid ratio of 1:3) could completely hydrolyze
wool to low Mw water-soluble peptides and amino acids
(Table 1). The hydrolyzed wool was characterized by low
sulfur (67–43 kDa) and high sulfur (28–11 kDa) keratin
with some cystine loss occasioned by its oxidation to lan-
thionine (LAN) and lysinoalanine (LAL) in a treatment
duration-dependent manner. Optimum treatment condi-
tions under superheated water were reported as 140◦C for
60min,whereminimal losses of cystine and phenylalanine

occurred (Table 2). However, harsh treatment conditions,
such as 170◦C for 1 h, could significantly degrade cys-
tine, resulting in poor keratin quality (Bhavsar et al., 2017;
Rajabinejad et al., 2017). Bhavsar et al. (2017) reported a
twofold increase in LAN residues on shifting the tem-
perature from 140◦C to 170◦C. Interestingly, the coupling
of elevated temperatures with alkali treatment (e.g., 5%
KOH and CaO) resulted in a ∼2.5-fold increase in LAN
formation, affirming the destructive effect of the alkali
(Bhavsar et al., 2017). Compared with chemical methods
(e.g., sulfitolysis, oxidation, and reduction) superheated
water treatment can give similar extraction yield (31%
w/w), suggesting higher adoption feasibility due to its
low cost and environmentally friendly nature (Rajabinejad
et al., 2017).

3.2.2 Steam explosion extraction

The steam explosion keratin extraction involves exposure
of wet wool to high-temperature steam over a short dura-
tion, followed by explosive decompression. For instance,
keratin extraction is done by soaking 100 g of wool in 300 g
water and then applying steam (220◦C) for 10 min (Tonin
et al., 2006). The resulting slurry is filtered to yield two dis-
crete phases, a wet solid phase and a liquid phase, at yield
rates of ∼60% and ∼20% of the raw materials, respectively.
Both phases contain modified wool, with significant con-
formational changes in the α-helix through the cleaving of
disulfide bonds, suggesting cystine degradation. The solid
fraction may include some impurities of nondegraded and
partially degraded wool and has most amino acids with
hydrophilic side groups.
In contrast, the liquid phase holds primarily hydrophilic

amino acids. Therefore, to obtain a complete profile of
the amino acids in the hydrolysate, it may be necessary
to further purify the solid fraction before drying both
phases (e.g., at 105◦C or freeze-drying) and then recom-
bining them (Table 2). The steam explosion technique is
advantageous because hazardous chemicals are not used
(Zoccola et al., 2012). However, the processes may be
limited by the resulting large particle sizes (diameter of
0.5–3.0 μm) for most (62.4%) of the resulting solid matrix
(Tonin et al., 2006). Despite the extensive loss of cysteine,
lysine, and other water-soluble amino acids, the water-
based high-temperature methods are more economically
feasible, environmentally friendly, and produce potentially
edible protein hydrolysate.

3.2.3 Microwave extraction

Microwave extraction of keratin is an extension of the
superheated method where extraction is performed in
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WOOL PROTEIN FOR FOOD FORMULATION. . . 7

TABLE 1 Characteristics of some of the keratin extraction conditions from sheep wool

Optimum conditions Protein yield (%) Properties of the hydrolysate Reference
Thermal extraction
Superheated water at 140◦C
or 170◦C, (final pH 7.9 and
5.16, respectively) material
to liquor ratio of 1:3, 1 h
processing time

N.R. - Process capable of degrading wool fibers
- Hydrolysates had low molecular weight proteins and
amino acids

- Extracted polypeptides were dominated by β-sheets and
random coil structure

- High (170◦C) temperatures showed higher formation of
lanthionine

- More keratin dissolution occurred at 170◦C within the
processing time

Bhavsar et al. (2017)

Superheated water at 170◦C
(pressure 7.0 bar), 90 min

N.R. - Severely damaged structure of the fibers (the optimum
level at 60 min).

- Decrease in ½ cystine from 9.42 mol% to 0.5 mol% after
60−90 min.

- Low molecular weight (Mw) proteins disappeared after
30-min treatment, the product showed Mw between 25
and 3 kDa

Bhavsar et al. (2016)

40 g wool in 150 ml
superheated water, 170◦C
for 30 min

31 (extraction yield
w/w)

- Superheated water resulted in similar extraction yield
with oxidation, reduction, and sulfitolysis

- Higher amount of cysteine lost compared to other
methods

Rajabinejad et al.
(2017)

Steam explosion, 0.2–0.8 MPa N.R. - Explosion destroyed scales, crystals, and crosslinks of
macromolecular chains in the fiber.

- Regained mechanical properties and the dissolving
ability in caustic.

- The solution decreased as the explosion pressure
increased

Xu et al. (2006)

Steam explosion, 100 g wool
soaked in 300 g water at
220◦C (10 min)

60 - Fiber keratin was converted into a dark-yellow sludge
- The decrease of disulfide bonds, 62.36% of the dry solid,
18.66% of proteins dissolved in the supernatant, 1.12% of
sediment, the presence of the wool structure in the
treated sample

Tonin et al. (2006)

Wool:liquid ratio = 1:18,
food-grade acids citric acid
(90 mM) and ascorbic acid
(6 mM), pH 2.3
Microwave heating at
20 kW, 2450 MHz, 106◦C,
30 min, pressure 220 psi

86 - Amino acid cysteine (8.8 g/100 g) and element selenium
(0.29 μg/g).

- Keratin was noncytotoxic in vitro at ≤ 2 mg/ml
concentration

- Keratin inclusion in the diet at 50% (50% casein) did not
affect the growth of rats

Dias et al. (2022)

Wool fibers (mass of
fiber:mass of water, 1:5).
Microwave
energy = 150–570 W,
temperature = 180◦C,
5−7 min to reach
temperature set point, total
treatment time 1 h

74 - Increase in the extraction yield when decreasing the
liquor ratio mass of fiber/mass of water

- Loss of cystine, amount of ½ cystine decreased from 11
mole% of the original wool to about 0.1 mol% of the
freeze-dried powder

- The hydrophilic and hydrophobic amino acids ratio
decreased from 1.7 to 1.2.

Zoccola et al. (2012)

40 g wool, 150 ml
super-heated water in a
microwave oven, 30 min,
180◦C

31 - ½ cystine decreased from 11.3 mol% in the original wool
to 0.7 mol% in the hydrolyzed sample.

- Lanthionine developed in the product (0.9 mol%)
- Mw fall in the range of 11−28 kDa

Bertini et al. (2013)

(Continues)

 15414337, 0, D
ow

nloaded from
 https://ift.onlinelibrary.w

iley.com
/doi/10.1111/1541-4337.13087 by H

IN
A

R
I - A

R
G

E
N

T
IN

A
, W

iley O
nline L

ibrary on [20/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 WOOL PROTEIN FOR FOOD FORMULATION. . .

TABLE 1 (Continued)

Optimum conditions Protein yield (%) Properties of the hydrolysate Reference
Alkali and acid hydrolysis
HCl pH 3.22 and pH 5.55. 60 g
wool/400 ml of 4 M HCl,
95◦C for 24 h.

N.R. - Two kinds of keratin polypeptides were collected at pH
3.22 and pH 5.55. Both had smooth, round, and uniform
surfaces.

- Degree of hydrolysis 33%
- Keratin showed adverse effects on cell growth

Zhang et al. (2013)

11 N HCl vapor for 4 h.
Neutralized with sodium
hydroxide
(NaOH), then freeze-dried

86 - Elevated level of hydrophobic peptides in the
hydrolysate

- No unwanted modifications of cysteines to form
lanthionine (LAN) and lysinoalanine (LAL)

Deb-Choudhury
et al. (2018)

Alkali mixture (10% CaO or
5% NaOH or 5% KOH), 12
high with agitation, 8 h
without agitation, 80◦C

KOH = 16
Cao = 36
NaOH = 44

- Hydrolysates contained 11.6%–15.0% nitrogen with the
potential for use as fertilizer

- CaO resulted in 13 kDa keratin, NaOH gave 35.8 kDa

Berechet et al. (2018)

100 g dried wool, 150 ml of 6 N
acidic or alkaline solution
(HCl, H2SO4 or H3PO4)
and neutralization by 10 N
KOH and 10 N Mg (OH)2
Or
2.5 N KOH, NaOH or
Mg(OH)2 and
neutralization by 6 N
H3PO4 in an oven at 100◦C

KOH = 71
H2SO4 = 65
Mg(OH)2 = 68

- Six types of peptones based on the acid/alkali used
- Hydrolysates using HCl, H2SO4, NaOH or KOH were
suitable for the preparation of peptone

Arslan & Aydogan
(2020)

0.15 M KOH and 0.05 M
NaOH at 120◦C and
pressure 2.03 atm, 20 min

79 - Hydrolysates contained 75%−80% water-soluble
materials and partly degraded insoluble keratin

Gousterova et al.
(2003)

11 N HCl for 4 h, 11 N NaOH
for neutralization

N.R. - 2% WH and Novagel gave short-chain fatty acids and
fecal microbiota compositions

- WH increased the apparent cysteine digestibility
- WH supplementation was not detrimental to
palatability, health, and feed intake

Deb-Choudhury
et al. (2018)

2.5%–7.5% (w/v) wool in KOH
(0.15 M), NaOH (0.05 M),
microwave heating (800 W;
98◦C, 1 h) pH 11.0–13.0

85%–100%
solubilized wool

- An increasing percentage of solubilized wool with
decreasing raw material concentration

- Minimal occurrence of undesired degradation

Gousterova et al.
(2005)

Oxidation
5 g wool in 330 ml 24%
peracetic acid, 2 days
followed by keratin
extraction with 100 mM
Tris solution

57% water soluble
keratin

- High content of cysteine-S-sulfonated residues on
keratin extracts

- Extracts contained proteins of Mw 40−60 kDa

Shavandi, Carne,
et al. (2017)

Cu(II)–wool complex,
liquor:wool ratio 100:1,
(Cu(II) = 4.5 mM copper
(II) nitrate solution
adjusted to pH 5.9 using an
acetate buffer solution).
Mixed with 50 ml of 0.1 M
hydrogen peroxide, 55◦C

- Oxidation converted cystine into cysteic acid
- Elevated levels of aspartic and glutamic acids observed
in the residues and the filtrates

- Phenylalanine and tyrosine not detectable in the filtrate

Fukatsu (1997)

(Continues)
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TABLE 1 (Continued)

Optimum conditions Protein yield (%) Properties of the hydrolysate Reference
150 g of detipped and scoured
wool was bleached in
0−12 g/L hydrogen
peroxide for 5 min at 40◦C.
3L bleaching solution
having 0.5 g/L Kieralon OL,
pH 4 (adjusted using formic
acid)

– - Peroxide treatment had only a minor effect on the
two-dimensional electrophoretic separation of the
intermediate filament protein

- Peroxide treatment resulted in the disappearance of
major high-sulfur protein

Plowman et al.
(2003)

Reduction: reducing agents
2 g wool, l-cysteine 2%
(m/vol%), pH 11−13,
0.001–0.1 M NaOH, room
temperature, 24 h

30–69 - 42−94 dissolution ratio. Mw: 100 kDa (keratin dimer),
45−65 kDa (type I and II keratins, 10−38 kDa
(keratin-associated proteins).

- l-cysteine at pH 12 dissolved 67.8% wool fiber.

Zhang et al. (2022)

2.0–4.3 g wool, 5–20 ml
solvent (80% total keratin
(37.3 g CaCl2⋅H2O, 27.4 g
water 23.4 g ethanol, 4 ml
thioglycolate), pH 7.0,
room temperature

70 - N.R. Fitz-Binder et al.
(2019)

10 g wool, 180 ml urea (7 M),
MEC 15 ml (5% v/v),
surfactant, water, 6 g SDS
(w/v), 50◦C, 24 h

48 - Protein had Mw 52 and 66−69 kDa, low Mw band
14−30 kDa

- cysteine content 8−9 mol%
- The insoluble sediment was attributed to the cuticle

Yamauchi et al.
(1996)

10 g wool, 180 ml urea (7 M),
MEC 15 ml (5% v/v),
surfactant, water, MEC (5%
v/v) No SDS, 50◦C, 24 h

45 - Aqueous keratin solution had a shelf-life of 1 year when
stored in a glass bottle at an ambient temperature.

Yamauchi et al.
(1996)

Wool 0.5 mol/L, LiBr,
0.1 mol/L, SDS
(0.02 mol/L), 90◦C for 4 h,
pH = 12

94% wool
dissolution rate
50% keratin
extraction yield

- Keratin dominated by α-helical conformation Zeng & Lu (2014)

Reduction: sulfitolysis
15 g wool, 300 ml solution
(Urea 8 M, sodium
metabisulfite 0.5 M), pH
6.5, 2-h shaking, 65◦C

N.R - N.R. Ramirez et al. (2017)

3 g wool in 100 ml, urea (8 M),
sodium metabisulfite
(0.5 M). Shaking for 2 h at
65◦C, pH = 6.5

30 - SDS reduced the aggregation of keratin without effect
on yield

- Keratin was not degraded at 65◦C compared to 100◦C
- Tw Mw bands 67–45 kDa and 28–11 kDa—preserved
under mild conditions (65◦C)

Tonin et al. (2007)

Ionic liquid (IL) and deep eutectic solvents (DES)
DES—l-cysteine ratio in DES
(1.6 g l-cysteine in 20 ml of
lactic acid) 0.5 g of wool,
105◦C, 8 h

94 - l-cysteine and lactic acid mixture an almost complete
wool dissolution for enhanced keratin recovery

Okoro et al. (2022)

DES—0.4 g wool, 2 g
l-cysteine, and 20 ml lactic
acid (90% solution in
water), 3,5 h, 95◦C

N.R. - 90% dissolution rate of wool was dissolved per 1 g of the
DES

- α-helix keratin decreased while its β content increased.
- Keratin was produced without losing the long peptide
chains

Shavandi et al. (2021)

(Continues)
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TABLE 1 (Continued)

Optimum conditions Protein yield (%) Properties of the hydrolysate Reference
DES—choline chloride-urea,
130◦C in 5 h

N.R. - 35.1 mg wool completely dissolved in 1 g DES
- DES dissolved the wool cortex layer
- Regenerated wool keratin contained fragments of low
Mw polypeptide chains

- α-helix decreased, while the content of β-sheet and
disordered structure increased

- Cysteine decreased from 3.4 g/100 g to 0.108 g/100 g in
the final product

Jiang et al. (2018)

DES- Choline chloride
(ChCl):oxalic acid
(OA⋅2H2O), molar ratio 1:2,
80◦C, 30 min

33 - 60.2% wool dissolution rate and 32.7 keratin extraction
rate

- Keratin product showed reduced α-helix structure and
crystallinity

Liu et al. (2021)

IL- [Bmim]+⋅Cl−, 1% wool
(w/w of ionic liquid),
130◦C, 10 h

11 - The temperature has a strong effect on the solubility
- The product showed a β-sheet structure and loss of
α-helix

- Chloride anion ionic liquids showed better solubility for
wool fibers than ionic liquids involving bromide anion

Xie et al. (2005)

IL- [Amim]+⋅Cl−, 130◦C,
640 min

21 - [Amim]+⋅Cl−, = gave superior wool solubilization
compared to [Bmim]+⋅Cl−, (15% yield). Wool
hydrolyzed by breaking down disulfide bonds

- Exhibited a β-sheet structure and the disappearance of
the α-helix structure.

Li & Wang (2013)

IL- [Amim]+ [dca]−, 130 min.
Wool solubility is enhanced
by the addition of a
reducing agent,
mercaptoethanol.

23 - Enhanced dissolution of wool (475 mg wool/g of
solvent) Wool solubility enhanced by

- Wool keratin kept the protein backbone, increased
β-sheets and random coils compared to starting
material.

- Low Mw peptides

Idris et al. (2014)

IL- [Emim]+DMP−, wool:IL
ratio = 1:10 (w/w), 130◦C

100% keratin
dissolution

- The sulfhydryl group and disulfide bond content of the
regenerated keratin decreased with an increase in water
content in the water:IL ratio

- Decomposition temperatures of the regenerated keratin
were 236◦C–240◦C. 1 g keratin dissolved in 10 g IL.

Zhang et al. (2017)

Note: N.R., not reported; The protein yield (%) was rounded off to zero decimal places.Abbreviations: [Amim]+Cl−, 1-allyl-3-methylimidazolium chloride;
[Amim]+⋅[dca]-, 1-allyl-3-methylimidazolium dicyanamide; [Bmim]+Cl−, 1-butyl-3-methyllimidazolium chloride; [Emim]+DMP−, 1-ethyl-3-methylimidazolium
dimethylphosphate; MEC, 2-β-mercaptoethanol.

the presence of acid or alkali in a heated reaction ves-
sel at 170◦C–220◦C for 60 min. Recent studies have
investigated microwave-assisted technology as an envi-
ronmentally friendly option for keratin extraction in a
chemical-free, chemical or enzyme hydrolysis procedure
(Bertini et al., 2013; Dias et al., 2019, 2022; Gousterova
et al., 2005; Jou et al., 1999; Lee et al., 2016; Zoccola et al.,
2012). Using microwaves, the deconstruction of wool pro-
duces a mixture of insoluble wool fraction and a soluble
protein-rich liquor that has free amino acids, peptides,
and low Mw proteins. The mechanism of action during
microwave hydrolysis can be explained by the ability of
electromagnetic radiation to penetrate deep into the curled
α-keratin structure, destabilizing disulfide bonds in cys-
teine, thus promoting forward hydrolysis (Zoccola et al.,
2012). In addition, the supplied electromagnetic energy in

heat and pressure induces perturbations owing to the high
dielectric constant of α-keratin, causing rapid reorienta-
tion of the protein that results in physical damage (Dias
et al., 2019; Jou et al., 1999). Regulated microwave energy
can help attain the desired free amino acids, peptides and
oligopeptide chain length.
A typical microwave treatment involves mixing wool

with water/alkali/acid at proportions of 1 part wool to
30−40 parts liquid, then applying the microwave energy
(e.g., 150–570 W) at 140◦C–200◦C for ∼30–60 min (Bertini
et al., 2013; Zoccola et al., 2012). The time necessary to
reach the set temperature depends on the power applied,
for instance, 5−7 min at a microwave power of 150–570 W
(Zoccola et al., 2012). First, the obtained material is fil-
tered (e.g., 125 μm pore size) to separate into solid (plug)
and liquid (20%–30% solids) fractions. The liquid fraction
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contains low Mw proteins, peptides, and free amino acids,
including small amounts of cystine and LAN. Then cen-
trifugation is applied to the liquid fraction (e.g., 1200 g
for 10 min) to separate the supernatant and precipitate
(Bertini et al., 2013; Dias et al., 2022; Feroz & Dias, 2021;
Lee et al., 2016; Zoccola et al., 2012). Instead of centrifu-
gation, further filtration of the liquid fraction using a pore
size of 0.65 μm in a tangential flow filter can also be applied
(Zoccola et al., 2012). The clarified supernatant can be
discarded to eliminate water-soluble chemicals and lower
the costs associated with moisture removal (Dias et al.,
2022). A widespread practice is to air-dry the solid frac-
tion, freeze-dry the precipitate or the whole supernatant
fraction, and then mill and recombine them to yield a uni-
form particle-size keratin product. Asmuch as 85% yield of
dry keratin, 87% protein (total nitrogen determination by
Kjeldahlmethod, conversion factor 6.25) has been reported
(Dias et al., 2022). The extracted protein is characterized by
low Mw (3–8 kDa), showing extensive degradation as evi-
denced by a lack of α-helices and dominant random/coil
conformation (Zoccola et al., 2012).
Compared with the steam explosion technique at 220◦C

for 10 min, chemical-free microwave-assisted treatment
(150◦C, 60 min) did not bring about a further increase in
solubilized wool (Tonin et al., 2006; Zoccola et al., 2012).
Instead, Tonin et al. (2006) reported a yield of ∼62% solid
phase, ∼18% liquid phase and losses of ∼18% of the initial
dry wool from the steam explosion process, showing high
similarity to the 80% solid and 10% liquid phase recovered
from the microwave-assisted procedure (Zoccola et al.,
2012). Moreover, due to the high temperature and pressure
in a wet environment, both techniques resulted in signif-
icant cysteine loss (70%) with subsequent LAN formation
and hydrogen sulfide release in a time- and temperature-
dependent manner (Zoccola et al., 2012). Notwithstand-
ing, higher cysteine recovery and low LAN formation
have been reported in a low temperature (140◦C) chemical-
free superheatedwatermethod (Bhavsar et al., 2017). These
findings suggest higher disruption of S–S bonds, cysteine
degradation and loss of water-soluble amino acids coupled
with a high proportion of insolubilized wool (∼70%–80%
insoluble material) under the microwave process, hence
low overall protein yield.
Researchers have attempted to use the synergy between

microwave activity and alkali/acid hydrolysis to increase
keratin yield by solubilizing more wool (Dias et al., 2019).
Compared with other thermal techniques, microwave
heating can significantly lower the activation energy,
reducing the temperature and time needed for keratin
extraction (Chen et al., 2015; Zoccola et al., 2012). Reagent
mixtures investigated in conjunction with the microwave
process include (1) 6–10 mM ascorbic acid + 90 mM citric
acid at pH 2.3 (Dias et al., 2022, 2019), (2) 0.15 M KOH +

0.05 M NaOH (Gousterova et al., 2005). Gousterova et al.
(2005) showed that microwave-assisted alkaline hydroly-
sis (microwave power 800 W, 98◦C for 60 min, pH 12.5)
of wool could attain 100% wool solubilization, despite
that the process resulted in significant losses of cysteine
(100% loss) and other essential amino acids (threonine,
lysine, leucine). Like other high-temperature techniques,
the loss of cysteine through the conversion to LAN is
inevitable (Table 2). However, recent investigations byDias
et al. (2022) reported the potential of acquiring high total
protein (80%–86% w/w protein) and cysteine (8%–13% of
total protein) recovery with negligible formation of LAN.
The authors combined a high-pressure microwave pro-
cess (160◦C, 30 min) at a 220-psi pressure vessel and mild
organic acids (90 mM citric acid + 6 mM ascorbic acid),
known to be food antioxidants. These findings provide a
valuable direction for future research to adopt strategies to
improve the safety and nutritional value of wool keratin
extraction.

3.3 Chemical methods

3.3.1 Alkali and acid hydrolysis

Alkaline compounds such as hydroxides of potassium,
sodium or calcium 15% (or 4–6 M) and calcium oxide
(Table 1) can be used at high temperatures (e.g., 120◦C–
170◦C) for up to 20 h to completely hydrolyze wool into
its constituents (Berechet et al., 2018; Bhavsar et al., 2017).
Keratin peptides and free amino acids can also be produced
by hydrolysis of wool using inorganic acids such as sul-
furic or hydrochloric acid (e.g., 6–11 N for up to 6–24 h;
Deb-Choudhury et al., 2018; Taskin & Kurbanoglu, 2011).
Organic acids such as citric (90 mM) or ascorbic (10 mM)
can also be used when accompanied by a physical method,
for example, heat, high pressure or microwave treatment
(Dias et al., 2019; Savige, 2016). The alkali/acid hydroly-
sismechanism involves dissociating hydrogen from sulfate
and carboxylic groups at elevated temperatures, result-
ing in a soluble keratin fraction in which cystine residues
are converted to cystic acid. Lower temperatures, such as
65◦C–80◦Cand shorter hydrolysis 2–8 h, are often desirable
for generating keratin peptides with minimum degrada-
tion (Berechet et al., 2018). Cardamone et al. (2009) showed
that 68%−82% of keratin could be extracted from wool
using an alkali (pH 12−13) at 65◦C for 2–5 h.
Alkaline hydrolysis of wool produces 75%−80% water-

soluble materials, including amino acids and peptides,
that is, intermediate filaments and microfibrillar compo-
nents, proteins of the fractured residual cuticle and cortical
cells. Other components found in the hydrolyzed wool are
salts and lipids, while the rest consists of partly degraded
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insoluble keratin (Cardamone et al., 2009). The swelling of
wool fibers occurring due to the deprotonation of the car-
boxylic group and amino acids on exposure to high pH>7.0
impart a negative charge on the protein residues (Bhavsar
et al., 2017; Queiroga et al., 2012). Therefore, alkali treat-
ment can be used as a pretreatment step in the enzyme
hydrolysis process due to the enhanced accessibility of
the wool fibers to the proteolytic enzyme due to swelling,
leading to a higher hydrolysis index.
The acid hydrolysis process involves the cleavage of

disulfide bonds (S–S) and splitting of some peptide bonds
of keratin in wool fibers, resulting in a sulfur (cys-
teine) and glutamine/glutamic acid-rich keratin product
(Rajabinejad et al., 2017). Typical acid hydrolysis of wool
involves exposure to acid (e.g., 4−11 N hydrochloric acid)
or acid vapor for 4−24 h at 22◦C−95◦C, resulting in water-
soluble hydrolysates (Deb-Choudhury et al., 2018; Zhang
et al., 2013). Reactions occurring during acid hydrolysis of
wool are depicted in Equations (1) and (2). The resulting
hydrolysates are readilywater-soluble keratin peptides and
amino acids that may also possess microscopic traces of
deconstructedwool strands in the formof insoluble fibrous
remnants.

CysS3∕4SCys + R⋅ → R3∕4SCys + ⋅SCys, (1)

SCys + RH → R ⋅ +HSCys. (2)

Additional clarification steps such as sedimentation
(Deb-Choudhury et al., 2018) or isoelectric precipitation
at selected pH (pH 3.22 to pH 5.55; Koleva & Zheleva,
2022; Li et al., 2013; Zhang et al., 2013) are employed
after acid/alkali hydrolysis to aid in the purification of the
extract. This involves neutralizing the acid/base to precip-
itate the protein, then freeze-drying to obtain a protein
powder. Another benefit of isoelectric precipitation is its
use in classifying keratin proteins according to their iso-
electric point resulting in different proteins with distinct
physicochemical properties (Zhang et al., 2013).
Acid-hydrolyzed wool contains 85%−95% protein (w/w)

and comprises all essential amino acids (Table 2) and
significantly high cysteine levels than the alkali-based
technique (Deb-Choudhury et al., 2018). In addition, while
low threonine, serine, and arginine yields have been
reported under alkaline hydrolysis, the process yields
higher methionine, lysine, and glutamic acid. At usual
operation temperatures of 80◦C−140◦C, alkali hydrolysis
of wool is much more destructive to the peptide linkages
than the acid process, which lowers the nutritional value
of keratin (Friedman, 1999; von Holstein et al., 2014). Cys-
tine, cysteine, and serine residues can rapidly hydrolyze
at high pH and undergo β-elimination reactions to yield

DAL residues. Subsequently, DAL residues react with cys-
teine and lysine residues to form the highly stable LANand
LAL, respectively (Steenken & Zahn, 2016). Both LAN and
LAL are biologically unavailable and potentially harmful
(Bhavsar et al., 2017). In addition, the conditions can also
cause racemization and decomposition of amino acids,
for example, degradation of cysteine to oxalic and pyruvic
acids (Bellagamba et al., 2016). The acid hydrolysis method
can also cause the conversion of asparagine to aspartate
and glutamine to glutamate (Pasupuleti et al., 2008).
The extensive hydrolysis of the protein leading to ele-

vated levels of low Mw products can result in low protein
yields, for example, due to the formation of significant
amounts of nonprecipitable material. Thus, harsh alkali
treatment has been associated with low protein yields,
low cysteine levels, and high protein degradation at ele-
vated temperatures (Bhavsar et al., 2017). Indeed, Shavandi
et al. (2016) showed that extensive hydrolysis of the pro-
tein peptides and degradation of amino acids under the
alkali method resulted in low extraction (∼25%) and pro-
tein (63%) yields compared with sulfitolysis (54% overall
yield) and ionic liquid (IL; 95% protein yield).
Other concerns in alkali/acid methods are the resid-

ual sodium salts or extreme hydrolysis of the protein into
amino acids, lowMw short-chain peptides (e.g., < 10 kDa)
and soluble sulfides (Shavandi et al., 2016). Alkaline sul-
fides are undesirable due to the intense sulfur odor, while
the high oligopeptides and amino acids content, instead
of the desired selective opening of the disulfide bonds to
obtain soluble polypeptides, is undesirable due to their
unwanted flavors, such as bitterness (Su et al., 2020;
Toldra et al., 2016). Therefore, the taste of hydrolyzed
wool products, such as those containing elevated levels of
small peptides and amino acids (particularly those with
abundant hydrophobic residues), has been a subject of
recent investigations. The remedy proposed is to cleave the
hydrophobic amino acids from the peptides to make the
product more appealing for food applications (McCarthy
et al., 2013; Nchienzia et al., 2010). This can be achieved
by (i) extending the hydrolysis periods to remove basic
and aliphatic amino acids from the C- and N-terminals
of the polypeptides (Hou et al., 2017); (ii) post-hydrolysis
treatment using exopeptidases (e.g., keratinase, an iso-
late from Bacillus licheniformis) to cleave the basic and
aliphatic functional groups (Abd El-Salam & El-Shibiny,
2017; McCarthy et al., 2013; Toldra et al., 2016; Verma et al.,
2017), (iii) flavor modification using functional ingredi-
ents such as monosodium glutamate, glycine or inosine to
overcome the odd flavors (Hou et al., 2017).
Other drawbacks of the acid/alkaline hydrolysis pro-

cesses include high residual reagents and the potential
formation of salts following neutralization. In addition,
processing aids, such as copper salts added to catalyze
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cystine oxidation to cystic acid, causes the formation of
protein–copper complexes. The complexes make remov-
ing the copper residues in subsequent dialysis proce-
dures challenging, making the hydrolysate unusable in
food applications (Nagai & Nishikawa, 2014). The phe-
nomenon was demonstrated by Nagai & Nishikawa (2014)
using chicken feathers. The authors reported strong com-
plexes of protein and copper on solubilizing keratin in
Schweitzer’s reagent (an ammonia solution of cupric oxide
produced by precipitating copper(II) hydroxide from an
aqueous solution of copper sulfate using sodiumhydroxide
[NaOH], then dissolving the residue in ammonia solution).
Overall, acid hydrolysis, for example, HCl, is more

industrially feasible than the alkali method because of the
low cost, effectiveness at low concentrations and minimal
modification of cysteine to LAL and LAN. However, the
application of harsh acidic conditions (e.g., 11 NHCl for 6 h
at room temperature) can lower the yield of cysteine and
other essential amino acids (e.g., tryptophan and methio-
nine; Deb-Choudhury et al., 2018). On the contrary, the
alkaline method, which is destructive to the protein, may
not be feasible for commercial application in converting
wool to keratin.

3.3.2 Oxidation

The weakening of numerous inter-and intra-molecular
cystine cross-links in wool by reacting with oxidizing
agents (Table 1) allows the separation of wool fibers
into constituent elements, generating low Mw proteins
and peptides. Oxidizing agents such as hydrogen per-
oxide (Fukatsu, 1997), peracetic acid (PA), or performic
acid (PFA; Shavandi, Carne, et al., 2017; Zoccola et al.,
2015) can permeate through the wool fiber cortex, con-
verting cystine to cysteic acid residues. The mechanism
of action proposed by Fukatsu (1997) involves the forma-
tion of complexes between wool and transition metals,
for instance, copper ions (Cu (II)–wool complex). Next,
the wool-transition metal complex is degraded by reac-
tive species, such as the hydrogen peroxide released by the
oxidizing agent. As a result, the process modifies the pro-
tein chemically by converting disulfide bonds to sulfonic
acid—anon-crosslinked soluble form,which causes signif-
icant changes in the physicochemical properties of keratin
comparedwith othermethods. For example, PA solubilizes
the α-keratin portion of wool, leaving the β-keratin in its
insoluble form (Shavandi, Carne, et al., 2017). The process
allows protein separation into α-, β-, and γ-keratose, based
on their solubility and reaction at different pH.
Investigations have shown that keratin can be extracted

by reacting wool (wool:liquid ratio 1:65) with 24% PA and
stirring for 24 h at room temperature, followed by filtration

(125 μm pore size) to retrieve the oxidized wool. After-
ward, the oxidized wool is rinsed with deionized water
then treated with a denaturing solvent such as Tris (e.g.,
100mM) or 1M sodium dodecyl sulfate (SDS) solutions for
2 h at 37◦C with shaking. Finally, the extract containing
soluble keratin is filtered (125 μm pore size) then dialyzed
(12−14 kDa cutoff membrane) against distilled water for
3 days with a regular water change (de Guzman et al.,
2011; Rajabinejad et al., 2017; Shavandi, Carne, et al., 2017).
Soluble keratin yields from the oxidation process depend
upon the type and concentration of the chemical agent,
pH, temperature and incubation period. For instance,
57% water-soluble keratin was realized using 24% PA
(Shavandi, Carne, et al., 2017) compared with 30% yield
using 2% aqueous PA (36%–40% v/v PA in acetic acid;
Rajabinejad et al., 2017) and 5% extract using 2% (w/v) PA
(for 12 h and 25◦C; Shavandi et al., 2016). The pH of the
solutions, which is related to the concentration of the oxi-
dizing agent, plays a vital role in the process, where higher
yields are obtainable at a low pH (<4.0). The soluble and
insoluble keratin portions are characterized by high con-
tents of cysteine-S-sulfonated residues of Mw in the range
of 40−60 kDa, representing low sulfur proteins (Bhavsar
et al., 2016; Shavandi, Carne, et al., 2017). These observa-
tions are related to the oxidation of the naturally occurring
disulfides linkages of keratin by PA to form hydrophilic
sulfonic group residues on the side chains of cysteine.
Although the oxidation process has historically

extracted keratin from keratinous materials, most oxi-
dizing agents are toxic, making it challenging to upscale
the process for industrial application (Zhang et al.,
2020). Other drawbacks of the technique include the
low extraction yield, long processing times, irreversible
oxidation of amino acids and loss of protein integrity. For
example, keratin oxidation by PA leads to the formation
of keratose, a product containing sulfonic acid groups and
cysteic acid instead of the covalent crosslinks of disulfide
bonds observed in kerateine (de Guzman et al., 2011).
Nevertheless, keratin products from the oxidation method
are recommended for regenerative medicine applications
such as wound care products (de Guzman et al., 2011;
Shavandi et al., 2016).

3.3.3 Reduction

Reducing agents
Reducing agents such as thioglycolic acid, l-cysteine,
thiosulfates, sulfites, and 2-β-mercaptoethanol (MEC;
Table 1) are the most direct disulfide bonds dissocia-
tion methods to obtain keratin polypeptides (Shavandi
et al., 2021). The reduction process often requires the
presence of protein-denaturing agents such as urea, SDS,
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ethylenediaminetetraacetic acid (EDTA) or Tris-HCl,
which breaks the hydrogen bonds (Zoccola et al., 2009).
The reducing chemicals target the covalent disulfide
bonds (R–S–S–R) of inter-/intramolecular cystine chains,
cleaving them to generate free thiols (R–SH) of cystine
(R is the peptide backbone). The process follows two
reversible nucleophilic displacement reactions with the
formation of two free thiols attached to the protein chains,
which can be reformed back into disulfide crosslinks
(Poole et al., 2009).
Urea is often used as a swelling agent or protein denat-

urant that aids the reduction of keratin by loosening the
cortical cells through the hydrogen bonds degradation
effect, depolymerizing the inter- and intra-molecular S–S
bonds (to –SH groups). However, the resulting cysteine-
containing derivatives, also known as “kerateines,” can
re-oxidize to form disulfide linkages, restoring the original
state of keratin, for example, the resistance to enzyme
hydrolysis (He et al., 2020). Therefore, the reduced keratin
is diffused in a surfactant-water mixture such as SDS,
iodoacetic acid, or EDTA, forming large micelle-like struc-
tures that prevent re-oxidation and SH groups reformation
(Sinkiewicz et al., 2016; Wang et al., 2020; Yamauchi et al.,
1996). Cardamone (2010) extracted keratin using 6 M
urea, 3 mM EDTA, 1.4 M MEC (at pH 9.1, 62◦C−65◦C,
4 h). Extraction of keratin using the reduction process
resulted in higher retention of native microstructural
units, the Amides I, II and the secondary structure than
alkaline hydrolysis using 0.5 M NaOH, pH 13.9 (62◦C–
65◦C, 3 h). Compared with the α-helix/β-sheet/disordered
units of wool (58.2%/37.9%/3.9%), the reduction method
showed high preservation of the original conformation
(36.7%/50.2%/13.1%) at Mw 60–40 kDa. However, the
alkaline hydrolysis caused excessive fragmentation of
keratin peptides into smaller units (8–6 kDa), resulting
in a majority of β-sheets and disordered regions (51.8%
and 22.5%, respectively) with less of the α-helical units
(25.7%; Cardamone, 2010). Generally, reducing agents
cannot be recycled, harm the environment, and may
have toxic effects, thus being unsuitable for producing
edible keratin (Khumalo et al., 2020; Pourjavaheri et al.,
2019). Therefore, this method requires carefully selecting
chemicals to produce edible keratin.
Recent studies have proposed techniques that could

eliminate the use of harmful chemical agents in the reduc-
tion hydrolysis of keratinous materials (Kui et al., 2016;
Pourjavaheri et al., 2019; Xu et al., 2014). For exam-
ple, Kui et al. (2016) and Xu et al. (2014) demonstrated
the potential of extracting keratin from wool using 5%
(w/v) in a solution of 10% l-cysteine (w/w based on
wool) in 8 M urea. Compared with the alkaline hydroly-
sis method, the l-cysteine/urea technique preserved most
native microstructural conformation in the extracted ker-

atin, giving 63%−72% pure keratin yield of Mw ∼40–
50 kDa, with the majority at ∼45 kDa (Kui et al., 2016; Xu
et al., 2014).
Furthermore, an aqueous solution of GSH (0.06–0.1 M)

containing 8 M urea (pH 10.0) can also extract keratin
from wool at 65◦C−85◦C for 9 h (Su et al., 2020). First,
wool is hydrolyzed by treatment at 70◦C−75◦C, pH 10.5 for
24 h. Next, the solubilized keratin is recovered from the
hydrolyzed mix by centrifugation, for example, at 15,000 ×
g for 15−20 min, followed by isoelectric precipitation at
pH 4.0 or membrane filtration (pore size 8−14 kDa). Next,
the precipitate is washed repeatedly using distilled water
to remove the remaining salts. Finally, the obtained con-
centrate/residue can be oven-dried (50◦C) or freeze-dried,
then pulverized to uniform particle size (Su et al., 2020).
GSH breaks down disulfide bonds of wool fibers by reduc-
tion, extracting ∼65% of keratin-containing peptides with
Mw of 26−66 kDa. The GSH technique is environmentally
safe because it does not apply harmful chemicals (Su et al.,
2020). However, the prohibitive cost of GSH and l-cysteine
might hinder the large-scale application of the methods.

Sulfitolysis and oxidative sulfitolysis
Sulfites can react with cysteine residues in a reversible
reaction converting them to cysteine thiols and S-sulfonate
anion (Bunte salts, –S–SO3

−). The sulfite source can
be microbes or sodium salts of sulfite (SO3

2−), bisul-
fite (HSO3

−), and disulfite (S2O5
2−) assisted by NaOH

(Shavandi, Silva, et al., 2017). The hydrolysis process relies
on the ability of the sulfite agents to reduce and dissolve
the S–S bonds, which occurs rapidly at pH > 9.0 and at
increasing temperatures (>60◦C), sulfite concentration
and reaction times (Table 1). The role of NaOH in the
solvent mixture is to adjust the pH and degrade the wool
outer layers to give the sulfites access to the disulfide
bonds. Sulfitolysis of cysteine occurs reversibly, particu-
larly at pH >9.0, with bisulfite or disulfite acting as the
active species (Poole et al., 2009). However, with urea and
SDS, the reaction is boosted toward forming cysteine thiol
and cysteine-S-sulfonate. In addition, SDS protects against
the re-oxidation of cysteine-S-sulfonate by air. During
sulfitolysis, sodium sulfite reacts withwater to formhydro-
sulfite and hydroxyl ion (OH−). Next, the OH− breaks
the disulfide bonds to form dehydroalanine (DAL) and
perthiocysteine, further dissociating into cysteine and sul-
fur. Dehydroalanine is a highly reactive product that can
crosslink with cysteine and lysine to form LAN and LAL.
Wang et al. (2020) reported a time-and temperature-

dependent keratin dissolution using sodium sulfite
(30 g/L), NaOH (6 g/L), and SDS (10 g/L) at 90◦C and
wool:solvent ratio of 1:10. One hour reaction time resulted
in a 69% (w/w of keratin in raw wool) keratin dissolution
rate, with significant increases to 99% when incubated
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for 3 h. In addition, the process resulted in a 60% yield
of hydrolyzed keratin, comprising high levels of sulfur-
containing amino acids (10–20 kDa) and tyrosine levels
(6–9 kDa;Wang et al., 2020). Sulfitolysis of wool to produce
keratin can also occur at lower extraction temperatures
but a prolonged incubation period. For example, 38%−41%
of keratin extraction yield is obtainable by reacting wool
with urea (8 M) and sodium metabisulfite (10 g or 0.5 M)
for 10 h at 60◦C (Aluigi et al., 2014; Shavandi et al., 2016).
Although shorter extraction durations (∼2–2.5 h) may be
applied for moderate keratin yields (32%; Aluigi et al.,
2014; Rajabinejad et al., 2017).
Differences in extraction protocols and separation tech-

niques among various groups suggest that parameter
optimization is necessary to reduce harmful chemicals
and maximize the keratin dissolution rate and yield. For
instance, the temperature needs to be above 60◦C because
the tough scales on wool fibers can withstand lower
temperatures (Wang et al., 2020). In addition, elevated tem-
peratures aid in substrate swelling and increase thermal
disruption of macromolecular chains, resulting in higher
keratin dissolution rates. Nonetheless, caution should be
applied during prolonged treatment at elevated tempera-
tures (70◦C, pH ≥ 11.0) due to the potential degradation
of the protein into artifacts (e.g., LAN and LAL). More-
over, extensively degraded peptides and amino acids can
be lost during dialysis, for instance, the 12−14 kDa cutoff
membrane (Shavandi et al., 2016).
Sulfitolysis products include S-sulfonated keratin inter-

mediate, high sulfur S-sulfonated keratin and keratin
peptides. A significant drawback of sulfitolysis is the con-
version of cystine (and cysteine) to cysteic acid and further
to keratoses (Rajabinejad et al., 2017). Keratoses are highly
heat-stable, water-soluble, nonreactive oxidation products
formed after the cleavage of disulfide bonds by sulfitoly-
sis (Sinkiewicz et al., 2018). Compared with keratin, the
disulfide bonds in keratoses are substituted by sulfonic acid
groups and cysteic acid. Furthermore, keratoses are char-
acterized by low sulfur (60–45 kDa), highMw, and stronger
ionic interaction than keratin. Their presence signals the
loss of cysteine through oxidative sulfitolysis (Van Dyke,
2016; Yamauchi et al., 1996). Oxidative sulfitolysis pro-
ceeds irreversibly, converting disulfide into two S-sulfonate
(Equation 3; Poole et al., 2009).

R − CH2 − S − S − CH2 − R + 2SO
2−
3 + H2O

[O]
→ 2R

−CH2 − S − SO
−
3 + 2OH

−
. (3)

Sulfitolysis is helpful due to the ease of manipulation for
partial hydrolysis to obtain desired keratin characteristics
under controlled conditions. Keratin from the sulfitolysis
method has been proposed for applications in the biomed-

ical field, for example, in scaffold production or filtration
application, where the proteins’ mechanical properties are
crucial. Moreover, sulfitolysis agents (sulfites, bisulfite,
metabisulfite) are permitted in foods, albeit with consid-
erations for allergenicity (Fernandes et al., 2021; Mizani
et al., 2016), hence proposed for scaled-up production of
food-grade keratin (Zoccola et al., 2009).

3.3.4 Ionic liquids and deep eutectic
solvents

Ionic liquids (ILs) are salts that solely consist of organic
cations (for instance, imidazolium, pyrrolidinium, or
tetraalkylphosphonium) and organic and inorganic anions
(such as acetate or chloride) with a melting point of
100◦C (Table 1; Tomlinson et al., 2014). They are non-
flammable, nonvolatile, recyclable, and can dissolve bio-
logical materials, including wool keratin (Ghosh et al.,
2014; Idris et al., 2014; Li &Wang, 2013; Zheng et al., 2015).
Ghosh et al. (2014) dissolved wool in hot IL, 1-butyl-3-
methylimidazolium chloride (1B3MIMC) at 120◦C–180◦C,
which regenerated keratins after coagulation with water.
The keratin product had reduced cysteine content due to
the elevated temperatures used. The generated keratin is
functional in biomedical applications, where high thermal
stability and the ability to stand compression molding are
essential characteristics. The performance of ILs can be
improved using the synergy with other techniques such
as heating, ultrasonication or chemical hydrolysis. Ding
et al. (2019) showed that 8 M HCl containing 1B3MIMC as
a cosolvent combined with ultrasonication (225 W power
at 80◦C for 1.4 h) and heating (110◦C for 8.3 h) could
improve solubilization of the protein from keratinous
materials. Compared with HCl only hydrolysis method,
the ultrasonic-IL (UIL) process presents shorter reaction
times and a higher yield (83.1%) of hydrolyzed keratin and
cuts the need for corrosive acids. The obtained keratin from
IL-assistedmethods is water-soluble, but the ILs, for exam-
ple, hydrophobic IL, 1-hydroxyethyl-3methylimidazolium
bis(trifluoromethanesulfonyl) amide ([HOEMIm][NTf2]),
are insoluble (Wang & Cao, 2012). Thus, keratin is purified
by removing the IL, followed by dialysis, then precipitation
using ethanol, which facilitates the recovery of ILs (Wang
& Cao, 2012). Due to the potential toxicity of ILs (Docherty
& Kulpa, 2005; Garcia et al., 2005), keratin obtained using
this method has not been investigated in human-edible
products. However, no information confirms or overrules
such contention, and future research is encouraged to
explore this knowledge gap.
Deep eutectic solvents (DES) such as choline-chloride

(ChCl)-glycerol, ChCl-oxalic acid, ChCl-citric acid, ChCl-
lactic acid are potential alternatives to conventional alkali,
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acid, and IL solvents (Contreras et al., 2019; Idris et al.,
2014; Jiang et al., 2018; Ozel & Elibol, 2021; Smith et al.,
2014; Xu et al., 2015). These compounds are considered
nontoxic, requiring only water and food-grade chemicals
such as lactic acid and cysteine, and replace the need to
use conventional chemicals such as urea, sodium sulfite,
and NaOH. DES is also renewable, reusable, biodegrad-
able and easily adaptable in industrial processing due to
low vapor pressure, flammability, and high dissolution
ability (Ozel & Elibol, 2021). Recently investigated appli-
cations of DES in keratin production include lactic acid
and l-cysteine (Okoro et al., 2022; Shavandi et al., 2021),
ChCl-oxalic acid (Wang & Tang, 2018), ChCl-urea (Jiang
et al., 2018), l-cysteine-urea (Wang, Li, et al., 2016) and
l-cysteine, hydrochloride and sodium sulfite (ethanol-
water mixed system; He et al., 2020).
Recently, Shavandi et al. (2021) proposed a new lactic

acid and l-cysteine DES to regenerate keratin from wool.
The lactic acid and l-cysteineDES (2 g l-cysteine and 20ml
L(+)-lactic acid as a solution in water) can dissolve 90%
of wool within 3.5 h at 95◦C by mixing 22 mg of wool
in 1 g of the solvent. However, prolonged time (8 h) and
higher temperatures (105◦C) might be required to dissolve
a similar proportion of wool at a lower l-cysteine ratio in
DES (1.6 g l-cysteine in 20 ml of lactic acid using 0.5 g of
wool; Okoro et al., 2022). The mechanism of action in lac-
tic acid/l-cysteine keratin degradation was suggested as
the initial degradation of hydrogen bonds by lactic acid,
followed by l-cysteine cleavage of disulfide bonds (Okoro
et al., 2022). Wang, Li, et al. (2016) obtained 72% solu-
bilization of wool keratin by dissolving 5 g of wool in
100 ml of l-cysteine (0.165 M)-urea (8 M), pH 10.5 at 75◦C
for 5 h. DES products show increased unfolding of the
α-helix and higher β-sheet conformation as observed in
x-ray diffraction (XRD), and Fourier transform infrared
(FTIR) spectroscopy analysis (Shavandi et al., 2021; Wang,
Li, et al., 2016). The hydrolyzed wool products were recov-
ered by dialysis, followed by lyophilization, yielding a mix
of hydrolyzed keratin peptides with Mw ranging from 38
to 49 kDa, 14 to 28 kDa, and 3 to 6 kDa (Shavandi et al.,
2021). Nonetheless, the DES process has the potential to
produce edible keratin, owing to the involvement of non-
hazardous solvents, including water, l-cysteine and lactic
acid. For instance, lactic acid is made from the fermen-
tation of carbohydrates, for example, lactose, glucose, or
sucrose, is nontoxic and requires low concentrations to
dissolve wool.

3.3.5 Enzymatic

Biotechnology has emerged as an alternative method for
transforming keratinousmaterial into soluble proteins and
amino acids, owing to the high preservation of essential

nutrients and less nonnutritive LAN and LAL forma-
tion (Gupta & Ramnani, 2006). Wool can be hydrolyzed
by keratinases, a special class of proteolytic enzymes—
keratin degrading enzymes produced by naturally occur-
ring microbes (Table 3). Keratinases are serine endopepti-
dases that catalyze the hydrolytic cleavage of the rigid and
strongly crosslinked keratin polypeptide chains in wool
(Hassan et al., 2020). A more detailed overview of the
science behind the structure and catalytic activity of the
enzymes has been provided in recent reviews (De Oliveira
Martinez et al., 2020; Hassan et al., 2020; Qiu et al., 2020;
Verma et al., 2017). The catalytic effectiveness of micro-
bial keratinases has also been used to produce keratin
composites, biohydrogen, biopeptides, biodegradable films
and the breakdown of prions, among other uses (Balint
et al., 2005; Gupta & Ramnani, 2006). The proposed mech-
anisms during microbial keratinolytic activity include
sulfitolysis, proteolysis and deamination (Kornillowicz-
Kowalska & Bohacz, 2011). Sulfitolysis breaks down the
disulfide bonds to cysteine and S-sulfocysteine by the
action of sulfite material released by microbes, and prote-
olysis cleaves the peptide linkages. In addition, microbial
enzymes cause deamidation by attacking the insoluble ker-
atinousmaterials resulting in proteolysis and the release of
free ammonium, which is detected as a rise in pH (Daroit
& Brandelli, 2014). The efficiency of enzymatic hydroly-
sis depends on the substrate concentration, enzyme type
and loading, reaction time and temperature (Eslahi et al.,
2013a).
The known enzyme producers are bacteria, actino-

mycetes, and fungi, with the enzymes from B. licheniformis
PWD-1 (Versazyme, Valkerase, and Prionzyme) and yeasts
Tritirachium album proteinase-K recombinant being the
only ones available commercially in the purified form
(Hassan et al., 2020; Kshetri et al., 2020; Qiu et al., 2020).
Purified enzymes are expensive, prompting the direct
use of microbes on the substrate as biocatalysts to give
the desired keratinolytic activity (Table 3). The optimal
growth of microbes and enzyme production conditions
occur in neutral to alkaline environments, at low tem-
peratures (30◦C–60◦C) and under reducing conditions,
which are favorable for preserving the physical and chem-
ical quality of the hydrolyzed keratin (Fakhfakh et al.,
2013; Tuysuz et al., 2021). The degradation of keratinous
materials by microbes relies on the synergistic activ-
ity of several enzymes. For instance, endoprotease (S8),
oligopeptidase/metalloprotease (M3), and an exoprotease
(M28) have been identified in a nonpathogenic fungus
Onygena corvina (Lange et al., 2016).
Keratinolytic bacteria such as B. licheniformis and

Bacillus subtilis have optimal growth conditions at pH
6.0–11.0 and 30◦C−55◦C for up to ∼7 days (Kshetri et al.,
2020; Tuysuz et al., 2021). For instance, B. subtilis DB
100 can utilize sheep wool as a sole carbon and nitrogen
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source, causing degradation of the wool on incubation at
30◦C, pH 7.0, for 5 days (Zaghloul et al., 2011). Zaghloul
et al. (2011). Suggested supplementation of the growth
mediumwith amodified basalmedium II (0.5 g NaCl, 0.3 g
K2HPO4, 0.4 g KH2PO4, and 0.1 g MgCl2 per liter, without
ammonium chloride and yeast extract) for enhanced bac-
terial growth and keratinases production. Actinomycetes,
such as Actinomadura sp., and Streptomyces sp., produce
keratinase at an optimum pH of 8.0–11.0 and 40◦C−70◦C.
Fungal keratinases are obtained from Trichophyton sp.,
Aspergillus sp., Microsporum sp., Fusarium sp., and Can-
dida sp. at a pH of 5.5–9.0 and optimum temperature of
25◦C−50◦C (Santos et al., 1996; Taskin et al., 2016). Kerati-
nolytic proteases from fungi show optimum performance
in acidic and alkaline conditions (pH 3.0–9.0) and low
temperatures 15◦C−60◦C. For instance, keratin-degrading
enzymes from Aspergillus niger are characterized as serine
and aspartic proteases and show optimum performance at
pH 4.0–6.0 and maximum activity at 48–96 h (Lopes et al.,
2011). Aspergillus fumigatu, which grows at an optimum
pHof 9.0 and 45◦C, can also produce a keratin-hydrolyzing
enzyme. Compared with thermal or chemical methods,
enzymatic hydrolysis using keratinases is considered an
eco-friendly process that can generate keratin products
with desirable physicochemical characteristics (Damps
et al., 2017; Queiroga et al., 2012; Zaghloul et al., 2011).
Generally, owing to the multiple strong peptides (S–S)

linkages in keratin that do not favor keratinase activ-
ity, pretreatment steps to degrade the disulfide bonds
before the enzymatic process have been proposed. Partial
degradation of disulfide bonds is attained using reducing
agents (e.g., l-cysteine hydrochloride, disulfide reductases
or dithiothreitol [DTT]), sulfitolysis, alkaline treatment or
two times autoclaving (Eslahi et al., 2013b; Qiu et al., 2020).
Degraded disulfide bonds expose the peptide linkages to
microbial activity, thus enhancing the performance of ker-
atinases (Suh & Lee, 2001). For instance, surfactants (such
as nonionic Irgasol or anionic SDS) can increase the sus-
ceptibility of wool to enzymatic hydrolysis owing to the
blocking of hydrophobic associations among proteins, thus
weakening the substrate structure (Eslahi et al., 2013a).
Using a protease (Savinase), the conditions for maximum
keratin extractedwere reported as 2.6% (v/v) protease, 1 g/L
SDS with 8.6 g/L sodium hydrogen sulfite (a reducing
agent) at liquor to fiber ratio of 25ml/g for 4hr (Eslahi et al.,
2013a).
In another study, a reducing agent, 5.0 mM of DTT,

exerted 1.6 times enhancement of the catalytic activity of
keratinolytic enzymes obtained fromB. subtilisKS-1 (Suh&
Lee, 2001). Apre-hydrolysis step using l-cysteine increased
the catalytic activity of esperase, resulting in 90%−99%
hydrolysis compared with 25% hydrolysis when using the
enzyme only (Zhang et al., 2018). Albeit relying on the
synergy between multiple proteases, some keratinolytic

enzymes, such as the alkaline proteases from Bacillus sp.,
AH-101 and KS-1, and S8 serine protease from O. corvina,
have been investigated for hydrolysis of keratin biomass
without prior reduction of S–S bonds (Huang et al., 2015).
Themicrobes can grow exclusively on keratinousmaterials
and are highly thermostable, allowing usage at 70◦C–80◦C,
and pH 12−13.
In further attempts to improve the quality of extracted

keratin, Zaghloul et al. (2011) showed that autoclaving
(120◦C for 30 min) chopped wool in NaOH and HCl mix-
ture at pH ∼7.0 followed by fermentation by keratinolytic
bacteria (e.g., Bacillus sp.) can help to increase the yield
and lower the incubation period. The improved hydroly-
sis after thermal alkali/acid pretreatment was attributable
to enhanced protease accessibility to the wool structure,
allowing fermentation at 30◦C, pH 7.0 for a maximum of
3 days, compared with 5−6 days noted in other microbial
hydrolysis procedures. Furthermore, alkali pretreatment
contributes to additional partial degradation of the S–S
linkages leading to faster hydrolysis and creating a favor-
able environment for alkaline protease production and
hydrolytic activity (Eslahi et al., 2013b; Mokrejs et al.,
2011). On the other hand, an acidic medium could inhibit
keratinolytic proteases by (1) altering the surface charges
of substrate residues hindering enzyme attachment and
(2) possible conversion of melanin to secondary com-
pounds that inhibit bacterial growth (Bressollier et al.,
1999). Microbial proteases contain numerous metal ion
binding sites and are often stimulated by calcium (Ca2+)
and magnesium (Mg2+) ions (Qiu et al., 2020). However,
transition and heavy metals like copper, silver, mercury,
cadmium, and lead can inhibit their activity (Brandelli
et al., 2010).
In addition to pretreatment, post-hydrolysis treatment

of products from the enzymatic process has also been
investigated for improved degradation of wool fibers. For
example, alkaline keratin hydrolysates obtained by treat-
ment of wool (1:300, wool:water) using 12% NaOH at 80◦C
during 4 h agitation were further exposed to enzymatic
hydrolysis using Alcalase 2.4 L and Protamex (Novozymes
Ltd.; Gaidau et al., 2019). Enzyme Alcalase 2.4 L, an
endopeptidase of B. licheniformis, was applied at a 1%
rate (w/w of wool), while Protamex, a mixture of endo
and exopeptidase, was used at a rate of 0.5% (w/w of
wool) with agitation for 3 h at 60◦C. Indeed, the further
hydrolysis of alkaline keratin hydrolysates in an enzy-
matic process was confirmed by lower Mw (6–2 kDa) and
reduced protein content (68%) compared with 11−6.8 kDa
at 80% protein before the extra processing. Furthermore,
Alcalase 2.4 L was reported to give higher retention of
cysteine and cystine sulfur contents, 19.5% and 19.2%,
respectively, compared with the alkali method. Eslahi
et al. (2013b) combined enzymatic wool hydrolysis with
ultrasonic treatment for 30 min at 80% amplitude using
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HeilscherUltrasonics (UP200S, 200W, 24 kHz). Ultrasonic
energy modifies macromolecules by creating cavitation,
where microscopic bubbles collapse on solid material sur-
faces, creating shockwaves that cause structural damage.
As this occurs, localized heat generated by the process
causes further dissociation of intermolecular linkages
breaking up the wool into cortical cells and macrofibrils
(Fan & Yu, 2009). Compared with untreated hydrolysates,
ultrasonic processing resulted in higher fragmentation,
evidenced by decreased particle size from 492 to 282 nm
after 8 h hydrolysis (Eslahi et al., 2013b). One drawback
in using enzymes (such as trypsin, pepsin, savinase, and
esperase) is their inability to penetrate and degrade the
wool structure beyond the cell membrane complex (Eslahi
et al., 2013a). As demonstrated by Damps et al. (2017), pre-
activation of wool in alkaline media (e.g., NaOH for 1 h)
may be sufficient to boost the yield of keratin peptides to
a maximum of 85% in a pepsin-assisted extraction process
(24 h at pH 2.0 and 21◦C).
Enzymatic hydrolysis of wool to keratin results in low

Mw peptides (10–44 kDa) that are highly soluble in water
(Zaghloul et al., 2011; Zhang et al., 2018). The protein
contains elevated phenylalanine, leucine, lysine, tyrosine,
valine, proline, isoleucine, and aspartic glutamic acid.
Moreover, microbial/enzyme-based hydrolysates provide
better alternatives due to improved digestibility and nutri-
ent bioavailability (Fakhfakh et al., 2013; Kumar et al.,
2012; Maciel et al., 2016). For instance, (Fakhfakh et al.,
2013) reported total keratin degradationwhenwool (50 g/L
w/w wool) was exposed to microbial/enzymatic hydrol-
ysis using keratinolytic bacteria, Bacillus pumilus A1 in
a mixture of salt solution in a 2-day fermentation at pH
10.0 and 45◦C. Zhang et al. (2018) reported >90% solu-
bility rates of keratin using l-cysteine-assisted esperase
hydrolysis in the presence of urea. Besides, the process-
ing at low temperatures (50◦C) and a pH of 10.15 allowed
100% cysteine preservation (Table 2), suggesting negligible
LANandLAL formation (Zhang et al., 2018). Furthermore,
enzyme-based keratin extraction methods are potentially
environmentally friendly and can yield food-grade prod-
ucts (Damps et al., 2017). Thus, the microbial/enzymatic
process can address the challenges associated with harsh
conditions and toxic chemicals in keratin extraction. How-
ever, the enzyme production cycles and durations required
to hydrolyze the wool are long, posing a scale-up challenge
(Okoro et al., 2022).

4 NUTRITIONAL AND SAFETY
CONSIDERATIONS OF KERATIN

In its natural form, keratin cannot be enzymatically
degraded by humans following ingestion through the diets,
thus requiring modification into its hydrolyzed form. Dur-

ing the extraction process, the indigestible cystine is trans-
formed into cysteine, a mix of small and large peptides and
free amino acids. The potential for generating keratin from
wool using various extraction methods was shown in the
earlier sections. The current section discusses the crucial
nutritional aspects of the extracted protein, the essential
amino acids content, and its digestibility, bioavailabil-
ity and toxicity. The nutritional profile of keratin varies
according to the extraction method (Table 2), with the
overall quality often presented in diverse perspectives,
including the proximate and amino acid analysis. The
protein requirements for humans are usually determined
using the amino acid demand, which considers individ-
ual amino acid proportions to fulfill the requirement (Ertl
et al., 2016; Gervasi et al., 2020). Sulfur-containing amino
acids (methionine and cysteine) and lysine are significant
indices of keratin quality because they are limiting ele-
ments in food proteins (Friedman, 1999). Generally, keratin
is low in methionine, histidine, lysine and tryptophan,
which have thus been recommended for supplementa-
tion in keratin-based food formulations (Dias et al., 2022;
Shorland & Gray, 1970).
The digestion of the native wool keratin by mammalian

proteolytic enzymes is limited because of the strong
disulfide bonds that make it insoluble in water, weak
acids, alkali solutions, and organic acids (Dias et al., 2022;
Shavandi, Silva, et al., 2017). The dissociation of disulfide
bonds in keratin by chemicals or keratinases converts
it into smaller, more soluble peptides and free amino
acids. However, due to the strong structural formation of
keratin, most hydrolysis procedures, such as heat, acid and
alkali, are potentially destructive to the protein, as earlier
demonstrated in this review. The protein damage includes
destroying essential/semi-essential amino acids, reducing
their digestibility and assimilation. For example, typical
hydrolysis of keratin at high pH (>11.0) or temperatures
(>70◦C) results in significant irreversible degradation
of cystine to the amino acid derivatives LAN and LAL
(Bhavsar et al., 2017; Zhang et al., 2018; Zoccola et al.,
2012). LAN and LAL are potentially toxic and nonnutritive
byproducts of wool hydrolysis that cannot be converted
back to cysteine or lysine by mammals (Friedman, 1999).
Consequently, LAN and LAL levels have frequently
served as indices of nutritional damage of protein due
to extraction conditions (Deb-Choudhury et al., 2018).
LAN and LAL are undetectable after 4 h acid (11 N HCl)
hydrolysis of wool (Deb-Choudhury et al., 2018) or at pH
≤10.0 for approximately 8 h and temperatures of ≤50◦C
(Zhang et al., 2018). Extractions under mild conditions
result in a higher recovery of cysteine, with a significant
yield increase in enzyme-assisted processes.
It is important to note that the extraction methods such

as reduction, oxidation, sulfitolysis, and IL can lead to a
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retention of the chemical residues, such as surfactants, in
the final product, making it unsuitable for food applica-
tions. For example, Yamauchi et al. (1996) reported the
presence of SDS (an anionic surfactant) residues at 5%−17%
w/w of the protein content, which was closely associ-
ated with keratin even after repeated dialysis following a
reduction extraction process.
Consuming a cysteine-rich diet has proven to enhance

biological functions, including the significant antioxidant
role of GSH (Crum et al., 2018; McPherson & Hardy, 2011).
Certain food-grade extraction methods can recover more
than 70% (w/w) of cysteine from wool (Table 2), with cys-
teine content ranging from 12% to 16% (w/w) of the total
protein (Gaidau et al., 2019). These techniques include
superheated water (140◦C for 60 min; Bhavsar et al., 2017),
high-pressure microwave-assisted food-grade acid method
(Dias et al., 2022), acid hydrolysis (Deb-Choudhury et al.,
2018), enzyme esperase and 8 M urea (Zhang et al., 2018).
In addition, these techniques can lead to high recovery of
threonine, arginine, and leucine, potentially allowing the
generation of keratin for food applications. At the same
time, however, harsh conditions such as high pH (pH >

11.0) or high temperature and time settings (150◦C for
60 min) lead to the degradation of nutrients such as cys-
teine (Zoccola et al., 2012). For instance, (Deb-Choudhury
et al., 2018) observed 88% cysteine recovery following acid
(11 N HCl) hydrolysis of wool for 24 h. However, prediges-
tion of wool in the vapors of 11 N HCl for 4 h and further
hydrolysis by HCl exposure for 24 h resulted in cysteine
loss, giving only 43% recovery. Applications of keratin as
an ingredient in specialized diets is an area of growing
interest hence the need to determine its digestibility and
nutritional benefits.

4.1 Digestibility and bioavailability

Protein digestibility is a significant quality factor deter-
mining its postprandial net utilization (Valenzuela et al.,
2019). However, limited studies have reported the appar-
ent and true protein digestibility and the biological value of
keratin generated from wool. Some research groups have
performed in vitro digestibility studies evaluating prote-
olytic activity in peptic or tryptic enzymatic digestion alone
or in combination with the pancreatic system (Dias et al.,
2022; Fakhfakh et al., 2013; Yamauchi et al., 1996). The
in vitro digestibility values in the studies represented the
protein released upon the digestion of 1 g of the sample
in relation to the total protein in 1 g of a predigestion
sample (Fakhfakh et al., 2013). The values estimate the
transformation of the strong disulfide linkages in keratin
into labile low Mw peptides and amino acids capable of
absorption through the gut wall. The in vitro digestibility

of keratin depends upon the extraction method, hence the
extent of protein hydrolysis; assay enzymes used; and the
technique applied in the assay, such as the stage of sim-
ulated gastrointestinal digestion. Notably, as mentioned
above, keratin-rich dietary sources are recommended to
attain the health benefits of cysteine. This is because
individual amino acids are poorly absorbed and may be
toxic when used as nutritional supplements (Baker, 2006;
Wolber et al., 2016).
The hydrolysis of wool causes a noticeable increase

in protein availability for gastrointestinal enzyme activ-
ity, boosting the nutritional value of extracted keratin.
A recent study by Dias et al. (2022) used an in vitro
pepsin digestion setup (45◦C for 16 h) to investigate the
hydrolysis of keratin (87% w/w of total protein) gener-
ated via a high-pressure microwave extraction (160◦C,
30 min). The results showed remarkable differences in
the pepsin digestibility of the soluble and insoluble ker-
atin fractions at 87% and 53%, respectively. These findings
agreed with Yamauchi et al. (1996), showing that keratin
extracted via a reduction process (7 M urea, 3% SDS, and
1% MEC) could be degraded by enzyme trypsin at 37◦C,
albeit requiring prolonged exposure (2 weeks) to attain
50%−60% degradation. Yamauchi et al. (1996) attributed
the difficulty in the tryptic degradation of keratin to the
formation of a highly cross-linked three-dimensional film
matrix and the potential formation of keratin-surfactant
(MEC) complexes during the extraction process.Moreover,
these studies indicate that the extent of gastrointesti-
nal enzyme degradation of keratin depends on prevailing
S–S bonds, implying that adequate wool exposure to the
extraction parameters can maximize the yield of digestible
material.
The microbial or enzymatic degradation of wool is a

preferred alternative to improve the nutritional value of
keratin because the breakdown of the strong S–S link-
ages by enzymes increases the susceptibility of keratin to
an attack by the digestive enzyme(s). For example, wool
hydrolysis using the keratinolytic bacterium B. pumilusA1
at pH 10 and 45◦C for 2 days not only resulted inmaximum
amino acids and peptides production (39.7 g/L) but also
led to remarkably high in vitro peptic-pancreatic digestibil-
ity (97%) of the extracted keratin (Fakhfakh et al., 2013).
Furthermore, according to the study by Fakhfakh et al.
(2013), a simulated sequential in vitro digestibility assay,
for example, using pepsin (gastric phase) at pH 2.0, 37◦C
for 2 h, followed by pancreatin (intestinal phase) at pH
8.0, 37◦C for 16 h, can result in total hydrolysis of keratin
into amino acids and peptides, potentially increasing the
intestinal absorption (Fakhfakh et al., 2013; Minekus et al.,
2014). Generally, the hydrolysis of wool using microbial
enzymes caters to low-cost and mild reaction conditions,
preserving essential amino acids that may be prone to
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degradation in harsh conditions, such as high tempera-
tures and alkali (Zhang et al., 2018).
However, despite the technical, financial, and ethical

constraints in applying in vitro assays, the data obtained do
not accurately predict the digestibility under in vivo con-
ditions. For instance, the single-stage assays using pepsin,
trypsin or pancreatin may not accurately portray the in
vivo digestion process (Sarwar, 1997). This is because of
the potential neglect and lack of a complete understanding
of the synergy between the sequential activity of gastroin-
testinal enzymes and the role of intestinal microbes in
further degrading the protein. Moreover, the single diges-
tive enzyme selected may not be ideal for keratin as the
substrate (Yamauchi et al., 1996). Therefore, in vivo stud-
ies investigating the growth performance of animal and
human models have been used to evaluate the digestibil-
ity and certain bio-functionalities of keratin peptides, and
more studies are warranted.
The digestibility and health improvement potential of

keratin hydrolysates have been tested on rodents, both
rats and mice (Dias et al., 2022; Nahed et al., 2012; Oluba
et al., 2019), cats (Deb-Choudhury et al., 2018), chicken
(Alabi et al., 2021), and humans (Crum et al., 2018). Wool
keratin supplementation in feeds can positively influence
the growth performance parameters (fed conversion effi-
ciency, weight gain, weight of liver, kidney, and heart)
of various animal models. Dias et al. (2022) investigated
the effect of 50% dietary supplementation using keratin
compared to a casein-based diet in a growing rat model
(n = 10 per group) for 95 days. Compared with the pure
casein diets, keratin extracts obtained via a high-pressure
microwave method could likewise support the growth per-
formance of rats, demonstrating the potential for use as a
protein source in mammalian diets. The findings of sus-
tained growth performance in wool keratin diets were
also replicated in keratin peptides from other sources.
These included rats (n = 6 per group) supplemented with
enzyme-extracted feather keratin hydrolysate (FKH) (20%
w/w of feed; Grazziotin et al., 2008), fish (n= 15 per group)
on acid (HCL)-extracted FKH (12% w/w; Zhang et al.,
2014), and broiler chickens (n = 45 per group) on acid-
extracted FKH (2%w/w; Alabi et al., 2021). Animalmodels
have shown that keratin supplemented diets could boost
the apparent digestibility of cysteine and cystine compared
with other protein additives and nutrients. In the study by
Deb-Choudhury et al. (2018), the inclusion of 2% keratin
(acid hydrolyzed) in cat diets boosted the apparent cysteine
digestibility to 78.7% from the 50%−60% determined in
dietary supplementation using conventional fibers (micro-
crystalline cellulose). These findings corroborated earlier
studies byWolber et al. (2016), showing that FKH (acquired
via acid hydrolysis/alkali precipitation) supplementation
could boost cysteine and methionine digestibility and gut

absorption in rat models. Additionally, replacing conven-
tional ingredients with keratin could result in higher water
and meal intakes, as evidenced in the model of rats (Dias
et al., 2022) and cats (Deb-Choudhury et al., 2018). The
mechanism of higher meal intake has not been eluci-
dated, but it can be postulated as improved palatability
of the feed (Deb-Choudhury et al., 2018). On the other
hand, increased water intake can be attributed to the stim-
ulation of the thirst mechanism due to the excretion of
excess ammonia via urine, a likely phenomenon due to
increased free amino acids and peptides (Suzuki et al.,
1998) or the high osmolality of keratin (Dias et al., 2022).
The normal osmolality for mammalian cells at physiolog-
ical pH ranges from 275 to 295 mOsm/kg H2O (Hooper
et al., 2015). Keratin increases the osmolality of solutions
in a concentration-dependent manner as follows; 295, 310,
and 436 mOsm/kg H2O for suspensions containing 2, 20,
and 200 mg/ml protein, respectively (Dias et al., 2022).
Based on the unique amino acid profile, the complete-

ness of protein is determined using its digestibility in
combination with the amino acid score (AAS). AAS mea-
sures the ability of the absorbed nitrogen to meet the
essential amino acid requirement at safe protein intake lev-
els; determined from mg of amino acid in 1 g test protein
divided by themg of amino acid in the requirement pattern
(FAO/WHO/UNU, 2007). Therefore, the product, AAS ×
digestibility, is recommended for determining the protein
quality of a food source, giving the protein digestibil-
ity corrected AAS (PDCAAS). However, to the authors’
knowledge, the crude protein digestibility of wool ker-
atin determined over the digestive tract to establish its
PDCAAS has not been reported.

4.2 Toxicological considerations

4.2.1 Effect of extraction methods and
keratin composition

Degrading the disulfide bonds in keratin could produce
potentially toxic hydrolysates unsuitable for human con-
sumption. Safety concerns arise from chemical contamina-
tion, co-extracted compounds or products of digestion and
metabolism of the protein. Some optimum conditions used
to solubilizewool and extract keratin reveal awide range of
extraction catalysts. However, some chemicals are consid-
ered toxic andnonfit for human consumption (Okoro et al.,
2022). Keratin is a novel protein and has not been widely
targeted for human consumption as food. Thus, informa-
tion on the safety and health effects of keratin in humans
is limited. Still, some human supplements in the mar-
ket containing keratin (e.g., Cynatine) and several animal
trials support a high margin of safety. Several attempts to
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improve the safety of keratin destined for food, cosmetic
or biomedical applications have been reported, including
selecting extraction techniques, solvents and extraction
aids (Dias et al., 2022). It has been demonstrated that some
chemical aids, such as SDS and urea, do not affect the
yield but only improve keratin solubility (Tonin et al., 2007;
Zhang et al., 2022). The cost and safety of keratin extraction
methods can be enhanced by avoiding some chemicals, for
example, urea (Zhang et al., 2022).
In addition, determining the loading of potentially toxic

elements could help assess the toxicity of residual extrac-
tion aids. For example, the levels of potentially toxic heavy
metals, including arsenic (As), cadmium (Cd), mercury
(Hg), and lead (Pb) in sheep wool following a typical labo-
ratory determination (digestionwith 100-fold diluted nitric
acid) can reach a maximum of (ppm) As < 1.51, Cd < 0.48,
Hg< 0.14, and Pb< 6.94,with a strong influence of diet and
location of the animals (Patkowska-Sokoła et al., 2009).
Therefore, applying food-grade chemicals during extrac-
tion could help maintain these levels within acceptable
limits (Bhavsar et al., 2016). For example, the use of cit-
ric (90 mM) and ascorbic (6 mM) acids in a high-pressure
microwave process resulted in (ppm) As < 3.0, Cd < 0.02,
Hg < 1.0, and Pb < 10.0 (Dias et al., 2022). In contrast,
superheated water hydrolysis (185◦C, 30 min) resulted in
Cd, Hg, Pb (ppm) 0.174, < 0.05, and < 1.0 (Bhavsar et al.,
2016). Another study showed Pb at 0.29 ppm and unde-
tectable levels of As and Cd following PA extraction of
keratin (Shavandi, Carne, et al., 2017), revealing the poten-
tial for maintaining the contamination of heavymetals at a
minimum.Notably, wool is an excellent absorbent of heavy
metals such as Pb, which occasions accumulation poten-
tial during the handling process, which has occasioned its
use as an aid for the removal of toxic metals from water
resources (Ki et al., 2007; Sun et al., 2009). Thus, ascer-
taining contamination of heavy metals and other residual
chemicals in technical grade processing aids such asNaOH
and HCl could facilitate edible keratin extraction.

4.2.2 In vitro toxicology assessment

Numerous in vitro cytotoxicity studies using keratin
from various sources reported no adverse effects in cell
culture models (Dias et al., 2022; Shavandi et al., 2016;
Sierpinski et al., 2008; Zhang et al., 2013). For instance,
at 2 mg/ml concentration, keratin extracts can promote
mouse fibroblast-like L-929 cell lines (Dias et al., 2022).
The hydrolyzed keratin was obtained via a high-pressure
(200 psi) microwave process (160◦C, 30min) using organic
acids (citric acid (90 mM) and ascorbic acid (6 mM; pH
2.3). Another study reported no cytotoxicity against human
fibroblast-like cells (L929) from 2.5 mg/ml alkali extracts

of wool obtained using 2% NaOH at 80◦C for 3 h (Shavandi
et al., 2016). Furthermore, keratin peptides extracted via
acid (4 M HCl, ≤pH 5.0, 95◦C; Zhang et al., 2013) or alkali
(0.5 N NaOH, 2 h, 90◦C and precipitated at pH 5.55; Li
et al., 2013) dissolution of wool had no adverse effect on the
viability of human foreskin fibroblast cell lines (HFF-1) at
maximum concentrations of 1mg/ml or 0.5mg/ml, respec-
tively. Apart from boosting the potential for application in
food formulations, the lack of toxicity in hydrolyzed wool
could facilitate its use in biomedical, pharmaceutical and
cosmetic fields, for instance, the development of structural
biomaterials (Kirsner et al., 2012; Shavandi et al., 2016).
Recent developments have shown that keratin peptides

can express selective inhibition of human tumor cells
while supporting the growth of normal cells, raising inter-
est in cancer therapy applications (Damps et al., 2017). For
example, at a minimum effective concentration of 0.1%,
keratin peptides obtained via enzymatic (pepsin) hydrol-
ysis of wool showed significant suppression of metastatic
cutaneous squamous cell carcinoma (SCC-25), with no
cytotoxicity effect on healthy adult human epidermal ker-
atinocytes (sHEK; Damps et al., 2017). Nonetheless, the
mechanism of the selective antiproliferative impact of
keratin peptides, such as the influence of the peptide
length and cellular interaction (adsorption and adhesion
of cells onto the peptides), is still unknown. Indeed the
physical and chemical characteristics of biological macro-
molecules, for instance, the density and charge of surface
residues, can influence their biocompatibility and cytotox-
icity (Giteru et al., 2020; Yu et al., 2017; Zhang et al., 2013).
Zhang et al. (2013) evaluated the biocompatibility of ker-
atin extracts obtained from the hydrolysis of wool using
4MHCl (95◦Cuntil dissolution) and precipitation at either
pH 3.22 or 5.55. Apart from the general revelation of disul-
fide bond (S–S) degradation in extracted keratin, the FTIR
data showed remarkable differences in the unfolding sta-
tus of the extracts, suggesting differences in the type and
bio-functions of the amino acids. For example, at pH 5.55,
keratin acquired a more unfolded position (β-sheet) and
gave a minimum adverse effect concentration of 1 mg/ml
on the fibroblast cell line (HFF-1). However, keratin sam-
ples obtained at pH 3.22 showed a more compact structure
and a lower inhibition concentration (0.1 mg/ml) against
HFF-1. The findings demonstrated the potential of ker-
atin polypeptides and amino acids to promote/inhibit cell
adhesion, growth, and proliferation.
The lack of toxicity in the studies mentioned above

presents keratin as a potentially safe ingredient for human
consumption. Notwithstanding, the fate of ingested ker-
atin peptides, kinetics, clearance,metabolismand immune
response (e.g., allergenicity) has not been elucidated. In
addition, the previous conclusions onnoncytotoxicitywere
based on in vitro tests using low keratin concentrations
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(typically < 2.5 mg/ml) and higher sample concentra-
tions are rarely evaluated. The disparities at higher keratin
doses can emanate from co-extracted compounds and sub-
sequent variation in osmolality from the physiological
level.

4.2.3 In vivo toxicology assessment

The safety of keratin peptides has also been evaluated in
vivo using animal and human studies (Dias et al., 2022;
Li et al., 2013). In vivo studies focus on the potential
effects of cysteine (combined with cystine), one of the
most abundant amino acids following keratin degradation.
Assimilated cysteine is readily oxidized to the insoluble
cystine dimer, whereas cysteine and cystine can be toxic
(neurotoxic) at elevated levels (Benevenga & Steele, 1984;
Colombani et al., 1999; McPherson & Hardy, 2011; Zhou &
Freed, 2004). However, free cysteine concentration is sub-
ject to regulation by the liver and physiological processes
are tuned to limit the absorption of excess cysteine from
the dietary supply (Wolber et al., 2016).
Both acute (n=100 per group, keratin

dose = 50−1000 mg/kg) and subacute (n = 10 per
group, keratin dose = 1−100 mg/kg) 30-day oral toxicity
studies using mice showed no adverse effects or clinical
signs of toxicity of alkali-extracted keratin (precipitated at
pH 5.55) at. More importantly, keratin supplementation at
a maximum dose of 1000 mg/kg in the acute oral toxicity
study did not affect the feed consumption, body weight
and blood composition. Additionally, subacute toxicity
using 100 mg/kg keratin did not result in death or toxicity
of the mice liver, lungs, kidney, and spleen (Li et al., 2013).
Furthermore, no adverse effect on the growth parameters
of rodents was observed on supplementing rats feeds with
high-pressure-microwave extracted keratin (111 g/kg) at 1:1
ratio with casein (112 g/kg) in diets containing 20% total
protein (Dias et al., 2022).
In another study, Houltham et al. (2014) used a blind,

randomized, cross-over design to assess the gastrointesti-
nal health of athletes (n = 17 total participants) after
consuming a protein bar and drink (cocoa-flavored) for-
mulated using either casein or keratin (Keraplast Tech-
nologies Ltd., Christchurch, New Zealand). The study
followed a ramped dose protocol attaining 40 g/day target
protein by day 5 of two 14-day blocks, interspersed with a
2-week washout period between the formulations. Keratin
consumption did not adversely affect the gastrointestinal
health of the athletes. However, although the keratin bar
(34% keratin, 45% carbohydrate, and 8% fat) and beverage
(67% keratin, 19% carbohydrates, and 4% fat) showed high
consumer acceptability, they were found to increase the
prevalence of flatulence and changes in flatulence odor

compared with casein controls (Houltham et al., 2014).
These findings suggested the potential for using keratin
in improving health and related ergogenic benefits (pos-
texercise recovery) for athletes. The authors attributed the
adverse flatulence prevalence to the increased produc-
tion of sulfur compounds due to the cysteine-rich keratin
diet.
In related studies, keratin ingestion in feather keratin-

supplemented diets did not adversely affect the growth
of rat models (Crum et al., 2018; Wolber et al., 2016). For
example, 4-week partial (50%) supplementation of a casein
diet with keratin (FKH) resulted in no changes in the food
intake, weight gain, bone mineral density, organ weight,
white blood cell counts and GSH of rats (Wolber et al.,
2016). Another study by Crum et al. (2018) reported no
adverse effect on the health of human subjects supple-
mented with 0.8 g/kg body weight/day FKH (sourced from
Keraplast Technologies Ltd., Christchurch, New Zealand)
at a 1:1 ratio with casein over 4 weeks. Although the
majority of the studies reported no changes in the blood
parameters, keratin can boost the blood hematocrit and
hemoglobin levels (gram/liter; both ∼5%), as observed in
rats on keratin-casein feeds compared with the casein or
pea-only diets (Wolber et al., 2016).
Regardless of no adverse effects on the growth perfor-

mance, liver, and cardiovascular biomarkers of human and
rodent models, the reported in vivo studies lack insights
on the long-term impact of ingested keratin because of the
exposure dose and duration effect. For instance,∼50 g/day
keratin intake (86% w/w protein) has been proposed to
meet the Food and Agriculture (FAO) standard daily
amino acid requirement for a 70 kg adult male (Dias
et al., 2022). Notably, despite some chemicals being unsafe
for food formulations, they still return nontoxicity effects
using in vitro assays; these include sulfitolysis (8 M urea
and ∼7% sodium metabisulfite), oxidation (2% PA, 1 M
SDS), and an IL (1-butyl-3-methylimidazolium chloride,
BMIM+Cl2; Shavandi et al., 2016). Therefore, the lack of
toxicity in cell culture models does not imply safe con-
sumption. Thus, safety can be ensured by selecting wool
hydrolysis materials and evaluating residual chemicals.
Nevertheless, many keratin extracts may still be applicable
in nonedible products, including biomaterials produc-
tion (e.g., wound healing and tissue engineering), drug
delivery, and cosmetic fields (Shavandi et al., 2016).

5 BENEFITS OF DIETARY KERATIN

Hydrolyzed animal proteins are becoming increasingly
popular in food applications as flavorings, functional
ingredients, or nutritional supplements for amino acid
supply (Martínez-Alvarez et al., 2015). The treatment of
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wool using one of the methods presented earlier in this
review results in amino acid-rich keratin with significantly
improved solubility in water and dilute acids that allow
potential application in human and animal feed. Cysteine-
rich proteins, such as keratin, are emerging as more viable
ingredients in food and natural nutritional supplements
for amino acid supply and improved antioxidant status in
health and disease (Miniaci et al., 2016;Wolber et al., 2016).
Some bio-functional properties of keratinaceous products
are summarized in Table 4. Besides supplying amino acids
for growth support, keratin may possess antioxidant and
anti-inflammation (anticancer) properties.

5.1 Muscle growth and maintenance

Muscle growth is the sum of continuous protein syn-
thesis and loss from protein degradation. Tissue injury
(Wan et al., 2020) and intensive exercise (Kumar et al.,
2009) results in poor net muscle protein balance sev-
eral hours following the event, but the protein turnover
rate increases for several days after that (Pikosky et al.,
2006). Research on strategies to increase skeletal muscle
quality and quantity in such situations shows the need
for an increased supply of nitrogen to promote protein
synthesis over catabolism (Moore, 2019). Increased pro-
tein intake, such as supplementation, can enhance tissue
repair, promoting recovery aftermuscle injury and exhaus-
tive exercise. Indeed, research findings have demonstrated
the critical role of cysteine in promoting healing during
muscle injury and trauma, which occurs by modulation
of GSH concentration (Ignowski et al., 2018). Cysteine is
the basic structural unit in protein translation and a crit-
ical substrate for GSH synthesis that contributes to the
multiple cellular defense mechanism.
Degraded wool contains low Mw proteins and amino

acids, particularly rich in cysteine and glutamine/glutamic
acids. Limited investigations have focused on linkingwool-
based keratin to muscle development in humans and
animals. However, discoveries using keratin from other
sources, such as hair and FKH, suggest that keratin (cys-
teine source) may positively contribute to muscle protein
development (Crum et al., 2018; Wolber et al., 2016).
Crum et al. (2018) investigated the potential of FKH to
increase the lean body mass of active cohorts following
a 4-week consumption of keratin (0.8 g of FKH/kg body
weight/day) by 15 endurance-trained males. Keratin-based
diets showed significantly improved body composition
(muscle development), blood, cardiorespiratory variables,
and cycling performance than casein protein. Indeed,
the FKH-treated group showed an increase in bone-
free lean mass in the legs (880 g gain) compared with
the casein-treated group (70 g gain; Crum et al., 2018).

The study results demonstrated that keratin might be a
suitable protein supplement for maximizing increases in
lean body mass but not an ergogenic aid for endurance
athletes.

5.2 Keratin peptides as bioactive agents

Materials from natural sources, including keratin in pro-
tein hydrolysates and peptides, have been investigated for
their role as bioactive agents in modulating body func-
tions. Wool keratin contains approximately 10% cysteine
(w/w of total protein), higher than other animal byprod-
ucts, including casein and whey (Oosthuyse & Millen,
2016), beef, lamb and poultry meat and offal (Brown,
1989; Taheri et al., 2013), seafood (Brown, 1989; Hansen
et al., 2010), legumes, and cereals (Kalman, 2014; Øver-
land et al., 2009; Rafii et al., 2018; Ulrich & Jakel, 2003).
l-cysteine exhibits anti-inflammatory, immune-boosting,
and antioxidant properties and several vital physiolog-
ical roles (e.g., skeletal muscle functions and cellular
redox homeostasis; Asano et al., 2018; McPherson &
Hardy, 2011; Seidel et al., 2019). Cysteine-rich proteins
from animal byproducts have been proposed as nutraceu-
ticals for antioxidant and health-boosting functions in
humans and pets (carnivores; McPherson & Hardy, 2011;
Tozer et al., 2008). Aside from cysteine supply, ker-
atin possesses bioactive peptides that exhibit antioxidant,
antithrombotic, and hypocholesterolemic activities and
modulation effects on the cardiovascular system (Fon-
toura et al., 2019; Sharma et al., 2017). Additionally, keratin
peptides can support the body in developing healthier
hair follicles and reduce hair fall (Wang et al., 2017).
Keratin-based formulations can be made into tablets, cap-
sules, powdered products for external applications, and
as edible materials—nutraceuticals. Several nutraceutical
products containing wool keratin have been commercial-
ized with claims for health improvement. KeraGEN-IV
Nutraceutical R©, DFK-FLEX R©, GLOW R© and Kerapro R©
tablets or beverages (Keraplast Technologies LLC, Lincoln,
New Zealand) can boost the production of collagen, hair
follicle and nail strength improvement and increase skin
compactness (Houltham et al., 2014). Clinical trials also
demonstrated that Cynatine R© FLX1 (Beer et al., 2013b)
and Cynatine R©HNS (500 mg/day; Roxlor LLC, Delaware,
USA; Beer et al., 2014) could supplement bioactive peptides
and amino acids responsible for protecting and rebuilding
damaged joints and improving the growth and strength
of hair and nails. Other product claims include boost-
ing body protein supply and promoting healing on injury
or vigorous activity (Beer et al., 2013a, 2014; Kelly et al.,
2007; Kelly & Marsh, 2012). Wool-derived keratin hydro-
gels can accelerate wound healing by stimulating tissue

 15414337, 0, D
ow

nloaded from
 https://ift.onlinelibrary.w

iley.com
/doi/10.1111/1541-4337.13087 by H

IN
A

R
I - A

R
G

E
N

T
IN

A
, W

iley O
nline L

ibrary on [20/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



WOOL PROTEIN FOR FOOD FORMULATION. . . 27

T
A
B
L
E

4
Bi
of
un
ct
io
na
lp
ro
pe
rt
ie
so
fw

oo
lk
er
at
in

K
er
at
in
pr
od
uc
t

A
ss
ay

O
bs
er
va
ti
on
s

Po
te
nt
ia
lp
hy
si
ol
og
ic
al
be
ne
fi
t

R
ef
er
en
ce

W
K
H
—
Fe
rm

en
ta
tio
n
of

w
oo
lb
y
ke
ra
tin
ol
yt
ic

ba
ct
er
ia
Ba
ci
llu
sp
um

ilu
s

A
1

In
vi
tr
o
an
tio
xi
da
nt
as
sa
ys
:1
,1-

di
ph
en
yl
-2
-p
ic
ry
lh
yd
ra
zy
l

(D
PP
H
)r
ad
ic
al
-s
ca
ve
ng
in
g

ac
tiv
ity
,r
ed
uc
in
g
po
w
er
an
d

m
et
al
(F
e2
+
)c
he
la
tin
g

ac
tiv
ity
.

-
D
PP
H
ra
di
ca
ls
ca
ve
ng
in
g
ac
tiv
ity

w
ith

an
IC

50
-
W
K
H
co
ul
d
re
ac
tw

ith
fr
ee
ra
di
ca
ls
to
fo
rm

st
ab
le
pr
od
uc
ts

A
nt
io
xi
da
nt
an
d
im
m
un
ity

bo
os
te
r:

-
So
ur
ce
of
pr
ot
ei
n
an
d
an
tio
xi
da
nt
si
n
di
et
s

Fa
kh
fa
kh

et
al
.(
20
13
)

C
yn
at
in
e
R ©
FL
X
an
d
H
N
Sa

(p
re
pa
re
d
fr
om

W
K
H
)

H
um

an
tr
ia
ls
us
in
g
si
ng
le

ce
nt
er
,r
an
do
m
iz
ed
,p
ar
al
le
l

gr
ou
p,
do
ub
le
-b
lin
d,

pl
ac
eb
o
co
nt
ro
lle
d
60
-d
ay

in
te
rv
en
tio
n
st
ud
y
w
ith

50
su
bj
ec
ts
.

-
Bo
os
te
d
gl
ut
at
hi
on
e
an
d
ot
he
rs
ul
fu
r-
ric
h

pr
ot
ei
ns
an
d
pe
pt
id
es
in
hu
m
an

tr
ia
ls

-
Re
du
ce
d
co
nc
en
tr
at
io
n
of
m
al
on
di
al
de
hy
de
,

a
bi
ol
og
ic
al
m
ar
ke
rf
or
ox
id
at
iv
e
st
re
ss

A
nt
io
xi
da
nt
an
d
an
ti-
in
fla
m
m
at
or
y

-
In
cr
ea
se
th
e
vu
ln
er
ab
ili
ty
of
tu
m
or
ce
lls

-
Tr
ea
tm
en
to
fH

IV
pa
tie
nt
s

-
Im
pr
ov
em

en
ti
n
sk
in
co
m
pa
ct
ne
ss
,w

rin
kl
e

re
du
ct
io
n,
el
as
tic
ity

-
Im
pr
ov
em

en
to
fs
ki
n
an
d
na
il
he
al
th
in

≤
90

da
ys

-
Re
lie
ve
sy
m
pt
om

so
fk
ne
e
os
te
oa
rt
hr
iti
s(
re
du
ce
d

pa
in
an
d
st
iff
ne
ss
of
kn
ee
s)

Be
er
et
al
.(
20
13
b)

Be
er
et
al
.(
20
14
)

W
K
H
—
A
ci
d
an
d
al
ka
li

hy
dr
ol
yz
ed

Te
st
ed

C
u(
II
)i
on
sa
nd

as
co
rb
at
e-
m
ed
ia
te
d

de
gr
ad
at
io
n
of
hy
al
ur
on
an

in
th
e
ab
se
nc
e
an
d
pr
es
en
ce

of
ke
ra
tin

hy
dr
ol
ys
at
e

-
K
er
at
in
in
hi
bi
te
d
H
A
de
gr
ad
at
io
n
fo
rm

at
io
n

of
hy
dr
ox
yl
-,
al
ko
xy
-a
nd

pe
ro
xy
-ty
pe

ra
di
ca
ls
.

-
Re
du
ce
d
A
BT
S•
+
ca
tio
n
ra
di
ca
li
n
th
e

pr
es
en
ce
of
ke
ra
tin

hy
dr
ol
ys
at
e

-
A
nt
io
xi
da
nt

-
A
nt
im
ic
ro
bi
al

-
A
nt
i-i
nf
la
m
m
at
or
y

M
at
ya
so
vs
ky

et
al
.

(2
01
7)

W
K
H
—
A
ci
d
hy
dr
ol
yz
ed
,

pe
ps
in
di
ge
st
io
n

In
vi
tr
o
te
st
su
si
ng

tr
an
sf
or
m
ed

hu
m
an

ke
ra
tin
oc
yt
es
SC
C
-2
5
an
d

hu
m
an

ep
id
er
m
al

ke
ra
tin
oc
yt
es
H
EK

a

-
K
er
at
in
re
du
ce
d
th
e
pr
ol
ife
ra
tio
n
of

sq
ua
m
ou
sc
el
lc
ar
ci
no
m
a
ce
lls
up

to
67
%
of

ca
nc
er
ce
lls

-
A
nt
i-i
nf
la
m
m
at
or
y,
an
tic
an
ce
r

D
am

ps
et
al
.(
20
17
)

W
K
H
an
d
co
m
pl
ex
es
w
ith

ch
ito
sa
n
or
ce
llu
lo
se

Q
ua
nt
ify
in
g
th
e

an
ti-
in
fla
m
m
at
or
y

in
flu
en
ce
on

m
ac
ro
ph
ag
e

m
ar
ke
rC

D
11
b

-
C
om

po
si
te
sa
ct
ed

as
an

an
ti-
in
fla
m
m
at
or
y

ag
en
ta
fte
rt
he

ad
di
tio
n
of
ke
ra
tin
.R
ed
uc
ed

th
e
gr
ow

th
of
va
nc
om

yc
in
-r
es
is
ta
nt

En
te
ro
co
cc
us
(V
RE

)a
nd

Es
ch
er
ic
hi
a
co
li.

-
K
er
at
in
sh
ow

ed
dr
ug
-c
ar
ry
in
g
ab
ili
ty

-
A
nt
i-i
nf
la
m
m
at
or
y
pr
op
er
tie
s

-
Ba
ct
er
ic
id
al

-
C
on
tr
ol
le
d
dr
ug

re
le
as
e
sy
st
em

s

Ro
se
w
al
d
et
al
.(
20
14
)

N
ot
e:
C
yn
at
in
e

R ©
FL
X
an
d
H
N
S
ha
ve
ke
ra
tin

fr
om

sh
ee
p
w
oo
l(
ht
tp
s:/
/w
w
w
.ro
xl
or
.c
om

/c
yn
at
in
ef
lx
.p
hp
.

A
bb
re
vi
at
io
n:
W
K
H
,w

oo
lk
er
at
in
hy
dr
ol
ys
at
es
.

 15414337, 0, D
ow

nloaded from
 https://ift.onlinelibrary.w

iley.com
/doi/10.1111/1541-4337.13087 by H

IN
A

R
I - A

R
G

E
N

T
IN

A
, W

iley O
nline L

ibrary on [20/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.roxlor.com/cynatineflx.php


28 WOOL PROTEIN FOR FOOD FORMULATION. . .

regeneration (i.e., new capillaries and collagen synthesis)
and hair follicle development (Moore et al., 2016).

5.2.1 Antioxidant activity

Natural antioxidant compounds, including antioxidant
peptides (Fontoura et al., 2019; Zou et al., 2016), have
gained interest in food preservation owing to the poten-
tial adverse effect of synthetic antioxidants, such as
butyl hydroxyanisole (BHA) and butylated hydroxytoluene
(BHT). Due to the electron donor property of the thiol
group, keratin residues can exert antioxidant activity by
scavenging reactive oxygen species, preventing hydroxyl-
, alkoxy- and peroxy-type radicals (Alahyaribeik & Ullah,
2020; Matyasovsky et al., 2017). Matyasovsky et al. (2017)
investigated the antioxidant activity of keratin hydrolysates
from wool against the degradation of high-molar-mass
hyaluronic acid (HA), a naturally occurring biopoly-
mer (mucopolysaccharide acid) and particularly prone
to oxidation. The study results showed that keratin
could reduce the oxidation power of 2,2′-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid; ABTS•+) cation rad-
ical and exhibited antimicrobial activity effect against
some strains of Escherichia, Staphylococcus, Pseudomonas,
Candida, and Aspergillus.
Antioxidant peptides such as GSH may act as free

radicals scavengers and metal ion chelators (Fakhfakh
et al., 2013; Su et al., 2020) that can help to reduce cell
damage (McLeay et al., 2017). The antioxidant activity is
also attributable to the presence of DAL—electrophilic
residues with antioxidant properties—that also facilitate
electron donor activity (sulfur reduction action; Gaidau
et al., 2019). DAL is formed by the cleavage of disul-
fide bonds (S–S) in cystine under alkaline conditions,
resulting in more oxidized sulfonated groups (Ebrahim-
gol et al., 2014). The sulfur-reducing action of DAL from
acid/alkali and enzyme extraction procedures is also sug-
gested to facilitate the antimicrobial property of keratin
(Fakhfakh et al., 2013; Gaidau et al., 2019; Matyasovsky
et al., 2017). Experimental models using Fusarium spp., a
pathogenic plant fungus, showed that keratin, extracted
via alkaline-enzymatic hydrolysis of wool, could provide
bioactive activity and biostimulant for crops (Gaidau et al.,
2021). Another study by Fakhfakh et al. (2013) reported
the significant antioxidant potential of keratin obtained
from the hydrolysis of wool using Bacillus pumilus A1.
Keratin peptides exhibited metal (Fe2+) chelation activity,
reducing power and 1,1-diphenyl-2-picrylhydrazyl (DPPH)
radical-scavenging activities, which are related to hydro-
gen atom transfer reactions to peroxyl radicals and its
electron transfer ability (Bonifacio et al., 2021).
Food products containing keratin could synergistically

acquire antioxidant properties to improve their qual-

ity (Fontoura et al., 2019). Cysteine derivatives, such as
N-acetylcysteine (NAC), have exhibited anticancer prop-
erties, including antimutagenic activity toward various
genotoxic agents (Estensen et al., 1999). A double-blind
placebo-controlled study using patients with increased
risk for colon cancer showed a significant reduction
in the proliferative index of colon cancer under NAC
treatment. In the study by Estensen et al. (1999), admin-
istering 800 mg/day of NAC for 12 weeks resulted in
more normal cells in rectal biopsy than in the placebo
group. Additionally, keratinous materials derived from
wool have potential anticancer properties (Damps et al.,
2017). Enzyme-extracted keratin peptides showed a min-
imum effective concentration of 0.1% (w/v) against the
proliferation of squamous carcinoma cells with no effect
on healthy keratinocytes (Damps et al., 2017).
The deficiency in dietary cysteine and low hepatic GSH

concentrations are linked to an increase in oxidative stress,
age-related degenerative processes, growth retardation and
numerous diseases (Droge, 2005; McPherson & Hardy,
2011). Keratin, the richest natural source of cysteine, could
play an important nutritional role in eliminating such
deficiencies and diseases. Further investigations are nec-
essary to identify antioxidant peptides from wool keratin-
containing cysteine and determine themechanism of their
action and biological activity in vivo.

5.2.2 Reduction of muscle atrophy and
anti-aging

In addition to their antioxidant property, keratin peptides
can promote the health of hair, skin, and nails by boost-
ing the production of collagen for repair (Fernandes et al.,
2012; Villa et al., 2013). Hydrolyzed proteins are a source
of easily absorbable amino acids on ingestion, providing
rapid replenishment of protein when urgently required
to repair damaged tissues, such as postsurgery, ulcers,
burns, and muscle-damaging exercise (Thomson & Buck-
ley, 2011). Naturally, keratin is produced by the body to
maintain tissue integrity, including skin and hair, but the
body’s ability to produce keratin decreaseswith age. There-
fore, keratin supplements can be beneficial in replenishing
keratin balance and supporting hair growth (Beer et al.,
2013b, 2014). Beer et al. (2013b) investigated the ability
of Cynatine R© (Roxlor, La Ciotat, France), a commercial
keratin-based supplement, to relieve symptoms associ-
ated with knee osteoarthritis. The study involved male
and female subjects (n = 50), with 25 individuals receiv-
ing 500 mg of a placebo (maltodextrin) or Cynatine R©
FLX per day for 60 days. The study results showed that
Cynatine R© could alleviate symptoms of osteoarthritis,
including pain and stiffness. The keratin-based mate-
rial was suggested to perform the role by reducing
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interleukin-1 (IL-1), which stimulates prostaglandins E2
(PGE2; Kras et al., 2013). PGE2 is attributed to joint
inflammation; thus, its suppression is considered a ther-
apy for joint pain (Kras et al., 2013; Li et al., 2010).
Cynatine R© FLX showed a stimulating effect on cell
growth by enhancing the production of enzymes that boost
joint polymer synthesis by catalyzing the transfer of sulfur
from 3 phosphoadenosine-5-phosphate (PAPS). The anti-
inflammatory activity of keratin derivatives is attributed to
the role of cysteine in boosting skeletal muscle functions,
repression of inflammatory cytokine tumor necrosis factor
α, improvement of immune function, potential for hep-
atoprotective effects and boost to plasma albumin levels
(Caulin et al., 2000).
Another study showed improvement in skin and

nail health in a randomized 90-day administration of
Cynatine R© (500 mg keratin/day) to 50 females (n = 25 per
group) compared with a placebo control group (n = 25;
Beer et al., 2013a). The oral ingestion of keratin tablets
showed improved skin hydration, elasticity, wrinkle reduc-
tion and increased compactness. Some of the suggested
mechanisms in executing these functionalities by ker-
atin include the role of cysteine in (i) regulation of
protein synthesis; (ii) antioxidant protective functions;
and (iii) catabolism of taurine, a key component in bile
salts (Miniaci et al., 2016; Wolber et al., 2016). Food
health formulations and supplements have traditionally
incorporated natural products involved in tissue rebuild-
ing to support collagen and ligament biosynthesis and
muscle tissue maintenance through cellular repair. For
instance, oral supplementation of chondroitin sulfate (CS)
and glucosamine (GlcN) is recommended for osteoporo-
sis and osteoarthritis management (Hochberg et al., 2016;
Stellavato et al., 2019). Keratin derivatives can play such
roles that are warranted by further investigations.

5.3 Keratin peptides as prebiotics

Prebiotics refers to the unique dietary fiber of plant
origin that feeds the health-promoting gut bacteria (pro-
biotics). Animal-derived materials have attracted grow-
ing interest as potential alternatives to improve the gut
ecosystem for monogastric animals (Azad et al., 2020;
Lopez-Santamarina et al., 2020). Increasing evidence has
indicated that products of wool hydrolysis, keratin pep-
tides and amino acids can act as microbial substrates
affecting the growth of gut microbiota and influencing the
nature of metabolites. For example, Deb-Choudhury et al.
(2018) documented the potential of keratin to regulate fecal
short-chain fatty acids (SCFA) and fecal microbial compo-
sition in cats, which is implicated inmaintaining intestinal
health. The study results demonstrated the significant

influence of keratin-based diets on fecal SCFA, includ-
ing valeric, acetic, n-butyric, isobutyric, lactic, propionic,
succinic, and isovaleric. Furthermore, the high levels of
SCFA suggested increased growth of SCFA-producing bac-
teria, including Bifidobacterium, Megasphaera, Bulleidia,
and Catenibacterium (Deb-Choudhury et al., 2018). The
benefits of SCFA include (1) promoting the development
of acidic conditions that control the establishment of
pH-sensitive pathogenic microbes, (2) suppression and
regulation of gut inflammation by increasing the produc-
tion of anti-inflammatory cytokines (e.g., IL-10 and TGFβ),
(3) decreasing pro-inflammatory cytokines (e.g., IL-6, IL-8,
and TNFα), and (4) activating transcription factor Foxp3
(Minamoto et al., 2019).
Additional in vitro studies have demonstrated the poten-

tial of keratin to influence the growth of microbes and con-
sequently the type and quantity of valuablemetabolites, for
example, the production of single-cell proteins, ethanol,
organic acids, polysaccharides, pigments, enzymes, vita-
mins, and antibiotics (Arslan, 2021; Taskin et al., 2016;
Tuysuz et al., 2021). Thriving using keratin as a substrate
is possible for those microbes capable of using keratin as a
source of nitrogen. Taskin et al. (2016) showed that sheep
wool peptone (SWP; 67.8% protein), characterized by ele-
vated levels of glutamic acid and cystine (∼8.18% and 5.0%
of the total amino acids, respectively), could promote the
growth performance and metabolites release from A. niger
andEscherichia coli. Still, themedium canmoderately sup-
port the growth of B. subtilis, Penicillium chrysogenum,
and Saccharomyces cerevisiae, which have the potential
for producing valuable substances, such as organic acids,
single-cell proteins and enzymes.
Another study by Arslan & Aydogan (2020) showed

that SWP could support the development of Streptococ-
cus zooepidemicusATCC 35246, boosting the production of
HA. HA is a high-value metabolite microbial polysaccha-
ride with known biomedical and pharmaceutical benefits.
The ability of the keratin-rich medium to support the
growth of HA-producing bacteria was related to the high
protein and higher amino acid content (arginine, tyrosine,
threonine, proline, serine, and cystine) than commercial
tryptone peptone and protease peptone.

6 KERATIN APPLICATIONS IN FOOD
MATERIALS

6.1 Composite materials

Interest in sustainable materials from natural, renew-
able, and biodegradable polymers continued to grow
to meet consumer and regulatory agencies demands
for sustainable food production systems. Keratin is a
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functional natural biopolymer because its cysteine
residues can form intra-/inter-molecular oxidative disul-
fide (–S–S–; Fernández-d’Arlas, 2019). In addition, cysteine
is highly susceptible to crosslink development in a network
of hierarchical microstructure, which imparts rigidity and
boosts the stability and resistance of formed biomaterials
to proteolysis (Zhang et al., 2017). These characteristics
can help formulate bio-based materials for packaging and
other food applications. Coupled with the ease of modifi-
cation to increase its solubility, –S–S– linkages in extracted
keratin can undergo controlled composite development
with different plasticizers (e.g., glycerol), co-polymers, and
cross-linkers to formdesirablematrices. Thus, keratin is an
attractive biomacromolecule in food materials, including
bioplastics, biodegradable films, electrospun nanofibers,
and nanoparticles (Table 5; Aluigi et al., 2013; Bertini
et al., 2013). The keratin-based biomaterials can be used
in the delivery and controlled release of nutraceuticals,
immobilization of bioactive substances, filtration, biosen-
sors, and reinforcement of composite films. The main
advantages of keratin in composite development include
its low cost, ease of chemical modification, high avail-
ability, high compatibility, biodegradability, and nontoxic
nature.
Several mechanisms of composite formation using ker-

atin have been proposed, including the reduction or oxi-
dation of the protein to form sidechains of cystine groups
(Fitz-Binder et al., 2019). For instance, functional keratin
bioplastics were developed through the splitting of disul-
fide (–S–S–) bonds using a mild alkaline oxidation process
by hydrogen peroxide (H2O2; Fernández-d’Arlas, 2019).
The cleaving of thiol linkages allowed the self-assembly
of keratin into defined α-helical conformation, resulting in
three-dimensionally bridged structures that stabilized the
composite against degradation. Accordingly, cross-linking
in the keratin biocomposites was promoted by retaining
high Mw fractions, such as 31, 22, and 13 KDa, under
the mild treatment processes (Fernández-d’Arlas, 2019).
However, excessive hydrolysis could turn the cysteine and
cystine sulfur groups into oxidized groups, which causes
the loss of the ability to self-assemble (Gaidau et al., 2019).
The influence of the highly abundant cysteine-rich (–S–
S– linkages) residues have been demonstrated by high
transmittance (99%) of keratin composite films, depicting
a high-order structure (Yamauchi et al., 1996). Although
the highly cross-linked materials retained their suscepti-
bility to in vitro enzyme degradation, they were shown
to degrade slowly in the natural environment. Several
compounds can be used to manipulate the biocomposite
properties. For example, glycerol, a commonly used plas-
ticizing agent, lowers the thiols links, whereas SDS can
increase the hydrophobic character of keratin composite
materials (Fernández-d’Arlas, 2019; Yamauchi et al., 1996).

Despite the progress in developing and characterizing
composite materials from keratin, limited studies have
evaluated the cytotoxicity of food-related products. For
instance, sources of toxicity in keratin-basedmaterialsmay
originate from the selection of solvents, secondary biopoly-
mers and interactions with modification agents. The use
of harsh and potentially toxic chemicals in keratin extrac-
tion could limit the application of the material (Yamauchi
et al., 1996). Adopting mild processing and safe proce-
dures, for example,microwave-extractionusing food-grade
chemicals (e.g., citric acid and ascorbic acid, Dias et al.,
2022), DES (l-cysteine-lactic acid; Okoro et al., 2022) or
enzymatic methods (Gaidau et al., 2019) can support the
adaptation of keratin.

6.2 Encapsulation agent

Keratin has been investigated as a functional material in
the fabrication of drug delivery systems due to its pH-
responsiveness (de Guzman & Rabbany, 2016; Li et al.,
2018) and mucoadhesive (Cheng et al., 2018) proper-
ties that allow targeted and controlled drug release. The
amphoteric property and the isoelectric point (pI) of 5.30
assists in the binding ofmolecules to keratin, allowing elec-
trostatic interaction with other proteins and establishment
of a pH-triggered release under alkaline (>pH 7.0) condi-
tions or size (Mw) based-release under acidic conditions
(< pH 4.0). For instance, in a hair keratinmodel by deGuz-
man and Rabbany (2016), polyethylene glycol immobilized
keratin can adsorb to bioactive ingredients and release
them at appropriate conditions was investigated. Keratin
showed selective electrostatic attraction of test proteins
at different PIs, for example, attraction toward lysozyme
(at pH 11.0) and hemoglobin (at pH 7.0) and repulsion
toward albumin (at pH 5.0). The pH-dependent interac-
tion between keratin and the proteins established a control
release profile of albumin > hemoglobin > lysozyme.
This property aids in absorbing and releasing bioac-
tive protein molecules, such as vascular endothelial cells
growth factor C (de Guzman & Rabbany, 2016). Another
study by Cheng et al. (2018) showed dominant electro-
static and hydrogen bonding interactions at pH 4.5 and
hydrogen bonding and hydrophobic interactions at pH
7.4 between keratin (reduced keratin) nanoparticles and
porcine gastric mucin were crucial in the development of
a targeted gastric drug delivery system. While the men-
tioned interactions dominated the association between
keratin and active ingredients or external surfaces, FTIR
investigations showed that intramolecular interactions in
keratin nanoparticles were dominated by –SO2–S– and
–SO–S– linkages (Ebrahimgol et al., 2014). The authors
also showed that keratin was required at a concentration
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of 0.5% to develop electro-sprayed keratin nanoparticles,
although formic acid was involved in establishing the
structure (Ebrahimgol et al., 2014).
Keratin nanoparticles can be formed through ionic gela-

tion (Li et al., 2018) and electrospraying (Ebrahimgol
et al., 2014). The high cysteine content allows keratin to
be reduction-responsive, facilitating bioconjugation with
other biopolymers during the formation of nanomaterials.
It has been suggested that keratin nanoparticles can be
developed without cross-linkers, surfactants, and organic
solvents (Li et al., 2018). Li et al. (2018) showed that
keratin-based pH/GSH/enzyme triple stimuli-responsive
nanoparticles were highly biocompatible with the subjects
and could effectively deliver targeted drugs to stop the
proliferation of cancer cells.
The potential of wool keratin interaction with other

biological macromolecules to bind and release drugs has
also been investigated (Rosewald et al., 2014; Tran &
Mututuvari, 2015). Keratin complexes with cellulose and
chitosan have been developed using butylmethylimmi-
dazolium chloride ([BMIm+Cl−]), an IL, and showed a
unique ability to encapsulate and release ciprofloxacin
(CPX). Incorporating keratin into the composite resulted
in a desirable slow release and slower release rate of CPX.
The improved binding property of keratin was attributable
to the secondary structure that supported keratin with
a denser structure (Tran & Mututuvari, 2015). In vitro
cytotoxicity assays using 3-(4,5-dimethylthiazol-2-yl)−2,5-
diphenyl-2H-tetrazolium bromide (MTT) assay indicated
that keratin-based materials were nontoxic (Eslahi et al.,
2014; Li et al., 2018; Pongkai et al., 2017; Shavandi et al.,
2016; Ye et al., 2020), and have a high potential for
use as drug carriers. Notwithstanding, cellular toxicity
can be introduced by the presence of residual chemicals
in the extract. Therefore, extraction methods should be
thoroughly vetted when targeted for food, cosmetics, or
biomedical applications.

7 ENVIRONMENTAL AND COST
CONSIDERATIONS IN KERATIN
PRODUCTION

Currently, nonspinnable, coarse and short wool fibers
are discarded into landfills posing environmental hazards
(Fitz-Binder et al., 2019; Zoccola et al., 2015). Currently,
disposal methods for low-grade wool are limited to land-
fill because incineration or burning for energy production
is inefficient and leads to greenhouse gas production and
burning gases containing NOx and SO2 (Gaidau et al.,
2019). Generally, wool has a low degree of natural degrada-
tion, posing a potential long-term environmental pollution
on its accumulation. Even so, wool is a possible alterna-
tive protein source to fulfill the global protein demand

(Dias et al., 2022). Diverting this wool into other uses could
reduce the contribution of the livestock sector to green-
house gas emissions, enhance bioresource conservation,
and reduce landfill-related costs. The industrial impor-
tance of keratin to other animal waste products is well
documented (Ossai et al., 2022; Shavandi, Silva, et al., 2017).
Keratin has potential applications in biomedical and tis-
sue engineering, building and construction, automotive
and aerospace, pharmaceuticals, and water and wastewa-
ter treatment. Other applications include agriculture and
horticulture, electrical and electronic devices, food and
beverage, energy, textile and tannery industries (Ossai
et al., 2022). Valorization of keratinous wastes promotes
the development of a bio-based economy that is economi-
cally and environmentally sustainable. Although this can
be attained by selecting ecologically friendly chemicals
and processes, the success of adoption depends on the
ability of the method to eliminate the drawbacks of off-
odor and taste and improve digestibility, affordability and
safety.
Cost-effective extraction methods can be developed

using safe technologies (Dias et al., 2022). In addition, tech-
niques designed to achieve solubilizedwool with zero solid
waste, such as the high-pressure microwave technology
utilizing low concentrations of organic acids (Dias et al.,
2022) or alkaline and alkaline-enzymaticmethods (Gaidau
et al., 2019) appear to be particularly useful from an envi-
ronmental point of view. However, information on the
economic aspects of food-grade keratin extraction at the
bench, pilot, and industrial levels is currently limited,mak-
ing it difficult to accurately predict the extracted materials
cost. Techno-economic feasibility of a keratin plant may
include analysis of product and process safety, efficiency
and yield, cost of chemicals, energy input, postextraction
handling steps such as dialysis andmoisture removal, time
of extraction at industrial scale and potential for upscaling
(Brown et al., 2016; Gaidau et al., 2019; Ossai et al., 2022).
Brown et al. (2016) and Cassoni et al. (2018) attempted to
compare the relative cost of different keratin solubilization
methods (Table 6). Economic considerations include the
ease of handling bulk chemicals and potentially hazardous
waste on an industrial scale. According to the authors,
the ease of performing the procedures decreased with the
increase in cost. Nevertheless, the sustainability of these
techniques can be elucidated by further research on the life
cycle assessment of the processes.

8 CONCLUSIONS AND FUTURE
PERSPECTIVES

Wool hydrolysis has historically been optimized for non-
food biomaterial, biomedical and cosmetic applications.
However, the growing interest in food applications has
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TABLE 6 Economic indicators of keratin extraction methods adapted and modified from Brown et al. (2016) and Ossai et al. (2022)

Hydrolysis method Pricea Extraction timeb Steps Temperaturec Viability of scale upd

Oxidation/PCC 1 1 3 RT ++

Reduction/sulfide 2 2 3 RT ++

Reduction-oxidation/thioglycolate 3 3 5 RT +

Oxidation/peracetic acid 4 3 5 37 +

Denaturation-reduction/MBS 5 1 1 65 –
Denaturation-reduction/UTM 6 3 3 50 –
Acid or alkaline 3 3 3 – ++

Ionic liquids 3 1 2 – ++

Sulfitolysis 3 1 1 – +

Reduction 3 1 2 – +

Hydrothermal/steam explosion 6 2 2 – ++

Microwave irradiation 6 3 1 – ++

Super-heated water 6 2 2 – ++

Enzymatic 3 2 3 – ++

Microbial 2 3e 3 – ++

Deep eutectic solvents 3 2 1 – ++

aRelative costs are based on chemicals per 1 g of wool. Actual prices are not shown as they will vary over time and will depend on supplier availability.
bRelative time required to complete the process (1 means less than 1 h, 2 means 1–9 h, 3 means more than 10 h).
cProcess temperature.
dEase of scaling up (– means less feasible,++most viable). Common postextraction procedures such as dialysis and lyophilization steps were disregarded for ease
of comparison.
eRepresents 24–72 h.

led to the adoption of existing processes with significant
alterations to accommodate safety and nutritional quality.
The characteristics of extracted keratin, including the Mw,
structure and amino acid profile, are tunable by varying
extraction procedures. For instance, chemical techniques
(acid/alkali, oxidation, sulfitolysis, reduction, ILs, and
DESs) efficiently hydrolyze wool by reducing disulfide
(S–S) linkages. Keratin quality losses are attributable to
the loss of essential amino acids, the destruction of some
amino acids (e.g., cysteine, methionine, lysine and threo-
nine), and nonnutritive amino acids (LAN and LAL). The
loss is prominent at high pH (>10), elevated temperatures
or prolonged exposure. Some extraction agents, such as
surfactants (MEC) and reducing compounds (SDS), are
likely to yield toxic products unsuitable for food and phar-
maceutical applications. In addition, reductive or oxidative
agents such as sulfites, thiols, and peroxides are poisonous
and difficult to remove in the final product (Yamauchi
et al., 1996). However, the processes involving alkali/acid,
DESs, temperature and pressure or microbial enzymes
can yield nontoxic material for bio-application. Harsh
conditions (e.g., elevated temperatures and pressure) or
high chemical concentrations are needed to degrade the
strong disulfide interactions in keratin into soluble pep-
tides and amino acids. This can potentially degrade keratin
into nonnutritive amino acids, increase chemical removal
costs (e.g., dialysis) or form keratin–chemical complexes

(Ye et al., 2020). Nevertheless, the microwave process
under high pressure (e.g., 220 psi, 160◦C, 30min) has a high
potential for commercialization due to the uniform heat
distribution, reduction in the total processing time, and
increased energy efficiency (Dias et al., 2022). Still, the pro-
cess yields nondetectable LAN and LAL levels, suggesting
high preservation of the protein quality.
Compared with the chemical processes, enzymatic

degradation of wool using keratinases can result in high
extraction yields without harmful chemicals in an envi-
ronmentally friendly process. Furthermore, deactivation
and purification processes allow enzyme removal, yield-
ing potentially edible products. The protein quality yield of
the microbial process can be boosted during the pretreat-
ment step by predigestion using less concentrated solvents
(e.g., alkali), ultrasonication, microwave, or wool grinding
into an ultra-fine powder.
The potential of using keratin-rich wool hydrolysate as

a source of nutrients (amino acids) in human diets has
been documented. Comparedwith individual amino acids,
the supplementation of human food using keratin peptides
has shown faster absorption of cysteine and methionine,
which can help provide rapid protein replenishment and
balanced protein intake. Keratin-formulated food products
have the potential for better nutritional quality (protein
content and amino acid availability), diet functionality
(regulating gut microbes), and other critical biological
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functions, including SCFA production. Furthermore, due
to the low levels of lysine, methionine, histidine, and tryp-
tophan, the formulated diets can be fortified with pure
amino acids or supplemented with dietary-rich sources.
Finally, the available studies did not show any adverse

effects of keratin consumption in vitro and in vivo using
human and animal models. However, despite the numer-
ous findings of nontoxic products from keratin extracted
using various means, the safety after long-term consump-
tion has not been adequately reported. In addition, due
to the multiple substances involved and numerous steps
during the hydrolysis process, there is a need to set the
maximum allowed levels of chemical residues for these
methods. Nonetheless, food applications of wool could
improve the ecological footprint of sheep farming and
unlock the potential of a sustainable source of high protein
content that meets demands for the ethical production of
animal protein.
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