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Abstract Huge amount of keratinous waste, especially

birds’ feathers, demands more value-added application

instead of dumping. The present work reports the results of

experiments aimed at preparing soluble keratin useful for

novel bioproduct formation. The effect of thermo-chemical

treatments with various reducing agents, i.e. 2-mercap-

toethanol, dithiothreitol, sodium m-bisulphite, and sodium

bisulphite, as well as sodium hydroxide, on the yield of

keratin extracted from chicken feathers was determined. It

was shown that after 2-h reduction with 2-mercaptoethanol

and sodium bisulphite, the yield of soluble keratin was

about equal and amounted to 84 and 82 %, respectively.

The cheaper and harmless sodium bisulphite additionally

decreased the extraction time to 1 h with the same yield.

Moreover, treatment of the feathers with 2.5 % NaOH

further improved the extraction effectiveness by increasing

the yield up to 94 %. The results of the study demonstrate

the viability of hydrolytic processes to obtain soluble ker-

atin useful for biodegradable film formation for food

application, that are harmless and more effective than

solubilization by reduction of the disulphide bonds.
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Introduction

Keratin is the most abundant structural fibrous protein of

hair, skins, bristles, horns, hooves, and bird feathers. Mil-

lions tonnes of keratinous wastes are generated annually

globally, especially in wool textile industry and in poultry

slaughterhouses [1]. The bird feathers consist of approxi-

mately 90 % keratin. The worldwide annual feather offal

amounts to about 8 9 105 tonnes [2]. Usually it is depos-

ited in landfills. Due to a large variety of microflora present

on the feathers, including pathogens, they should be treated

quickly. Although, the main method for disposal of feather

waste is incineration, high energy consumption and emis-

sions of large amount of carbon dioxide makes it not

preferable [3]. Another way is composting them with

manure, but the composting process is long-lasting and is

subjected to special requirements of the veterinary

inspection concerning a closed composting area with a

sewage carry systems, and periodic microbiological tests

[4]. A serious problem regarding composting is also
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odorous emission of hydrogen sulfide that persists long in

the air. Despite Tronina and Bubel [5] stated that com-

posting may not fully inactivate pathogenic microorgan-

isms, properly conducted composting, according to

regulations, must involve thermal phase of specific

parameters, that allows for sufficient sanitation of the

composted biomass. An alternative method of feather

waste utilization is processing to soluble keratin that could

become useful for novel bioproducts formation.

Despite many years of research devoted to converting

raw keratin-based materials into soluble forms of keratin,

there are still problems due to high resistance of keratin to

various chemical reagents and enzymes. The highly cross-

linked network structure with numerous disulfide and

hydrogen bonds, as well as hydrophobic interactions, and

tightly packed keratin microfibrils causes that the protein

is insoluble in water, solutions of weak alkali and acids,

and most organic solvents. Soluble keratin can be

received by alkaline, acid, or enzymatic hydrolysis,

reduction or oxidation of the disulphide bonds, thermal

treatment in some organic solvents and various

hydrothermal methods [6–8].

Chemical hydrolysis leads to destruction of the native

structure of keratin and the feather waste becomes more

water-soluble. Acidic hydrolysis is highly efficient, but

causes loss of some amino acids, e.g. tryptophan [9].

Alkaline hydrolysis is slower and can be incomplete, but

the loss of amino acids is lower. The yield of the hydrolytic

processes depends on pH, temperature and reaction time,

and also on the type and concentration of acid or base used.

The solubility and stability of the hydrolysates depend on

the degree of protein degradation [10]. Chemical hydrol-

ysis is often assisted by heating to ensure high yield;

however, high temperature can increase the destruction of

amino acids.

The enzymatic process for obtaining soluble keratin

requires either pure keratinases isolated from microorgan-

isms or the microorganisms themselves. The keratinases

capable of keratin degradation are extracellular serine

proteases or metallo-proteases. Mesophilic fungi and acti-

nomycetes [11], and also some species of Bacillus [12]

produce these enzymes as the response to the presence of

keratin. Enzymatic hydrolysis runs under mild conditions

during which low energy is used, but it must be assisted by

chemical reducing agents degrading keratin‘s disulphide

bonds [13]. Furthermore, the enzyme activity and yield of

soluble keratin are too low to make the enzymatic process

suitable for industrial applications. Reports on application

of thermo-chemical treatment of keratins have recently

appeared, however in different experimental layout, aimed

in aiding subsequent enzymatic digestion [14].

Reduction and oxidation of the disulphide bonds render

soluble keratin forms containing undegraded amino acids.

Reduction of keratin by 2-mercaptoethanol, dithiothre-

itol (DTT) or dithioerythritol, thioglycolic acid, glu-

tathione, sulphites, and bisulphite generates free cysteine

residues, and the resulting cysteine-containing derivatives

are called ‘‘kerateines’’ [7, 15–18]. They are less polar and

more stable in acidic and alkaline solutions than the oxi-

dized derivatives, and they contain amino acid residues

capable of re-crosslinking. The reduction of keratin is a

multi-step, long lasting process in which sulphitolysis is a

key reaction. The disulphide bonds are disrupted by sul-

phite to give cysteine thiol (reduced keratin) and cysteine-

S-sulphonate residue (Bunte salt):

Keratin � Cys � S � S � Cys � Keratin þ SO2�
3

! Keratin � Cys � S� þ Keratin � Cys � SSO�
3

where Keratin-Cys-S- is the reduced keratin and Keratin-

Cys-SSO3
- is the Bunte salt [19]. As the majority of the

keratin remains trapped within the protective structures,

during this reaction a denaturing solvent, such as urea,

thiourea, transition metal hydroxides, surfactant solutions,

and combination thereof should be applied, to limit the

effects of ionic and hydrogen bonds interaction [16, 20]. In

turn, addition of sodium dodecylsulfate (SDS) provides

faster and more efficient extraction by formation of com-

plexes keratin-SDS, and prevents protein aggregation [15].

The reduction process is industrially usable. 2-Mercap-

toethanol gives high yield and does not damage the keratin.

Unfortunately, it is harmful, and its high cost makes it

industrially not viable. Other thiol compounds provide

lower extraction yield that is not sufficient for industrial

application.

During keratin oxidation by using hydrogen peroxide,

potassium permanganate, and organic peracids, the disul-

phide bonds are converted into sulfonic acid groups. As a

result, cysteic acid derivatives are formed, which are

referred as ‘‘keratoses’’. After oxidation the regeneration of

the disulphide bonds during reconstitution of keratin

structures is impossible [21–23].

Another method of solubilisation of feathers is thermal

treatment in dimethyl sulfoxide, compound with low tox-

icity. This technique of soluble keratin preparation was

widely used by numerous researchers, however on labo-

ratory scale, for obtaining a substrate for determination of

keratinolytic activity [8].

To obtain soluble keratin also hydrothermal treatment

can be applied at 100 to 150 �C and 1.5 9 105 Pa. These

conditions lead to changes in the protein structure and

degradation of amino acids. Another disadvantage of this

method is high cost as a result of high energy requirement

[2]. Thus, cheaper techniques preventing unwanted chan-

ges of amino acids are needed.

Extraction of keratin from feather waste and the use of

soluble keratin to develop novel, useful bioproducts would
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be very valuable for decreasing the environmental prob-

lems. Keratin-based materials are suitable for biomedical

[18, 23, 24], cosmetical [25] and agricultural applications

[26]. Due to biodegradability and high mechanical

strength, keratin materials have a promising potential for

biodegradable packaging production [27, 28].

Biodegradable packaging materials may provide an

alternative to undegradable synthetics, so far the most often

used for this purpose, which cause environmental pollution.

Degradation of natural polymeric materials leads to for-

mation of water, carbon dioxide, and non-toxic inorganic

substances. These materials are good barriers against

oxygen and carbon dioxide, and prevent oxidation of food

and migration of volatile substances [29].

The objective of this work was to obtain soluble keratin

from chicken feathers to use them for biodegradable film

formation for food application. The usefulness of various

reducing substances, such as 2-mercaptoethanol, DTT,

sodium m-bisulphite and sodium bisulphite, as well as

sodium hydroxide, to turn chicken feathers into soluble

forms, was investigated in respect to process yield. Song

et al. [27, 28] found that packaging films could be

obtained from keratin hydrolysates, but they did not show

the yield of the soluble keratin. To our best knowledge,

this is the first report showing not only how to prepare

keratin hydrolysates from feathers for formation of

biodegradable packaging materials, but also the yield of

the products obtained in reduction and hydrolytic

processes.

Materials and Methods

Materials

White chicken feathers were supplied by a local company

(‘‘Drobful’’, Kczew, Poland). 2-Mercaptoethanol and urea

(Sigma, USA), DTT (Fluka, USA), SDS (Merck), sodium

m-bisulphite, sodium bisulphite (40 % solution), and

NaOH (POCH, Poland) were used for keratin extraction.

Pretreatment of the Feathers

Wet feathers were washed with water at 60 �C, dried at

50 �C for 24 h, and cut into small filaments with a length

of 0.75 mm using ultra centrifugal mill (Retsch, Type ZM

200). This material was treated in a Soxhlet apparatus for

12 h with petroleum ether to remove fatty material, fol-

lowed by evaporation of the residual solvent. The dry

defatted feathers were stored at room temperature in closed

containers, and used for determination of dry weight and

total protein.

Dry Weight and Total Protein

The dry weight of defatted feathers was measured

according to AOAC [30], and total nitrogen was deter-

mined by Kjeldahl method [30]. The established conver-

sion factor of nitrogen to protein was 5.71 [2].

Extraction of Feather Keratin

In the reduction process defatted feathers (1 g) were put in

25 mL of aqueous solutions containing either 2-mercap-

toethanol, sodium m-bisulphite, sodium bisulfite or DTT,

and the mixture was shaken at 50 �C for 2 h. The com-

ponents used in this reaction mixtures are shown in

Table 1. In the hydrolytic process the defatted feathers

(10 g) were mixed with 100 mL of sodium hydroxide

solutions of various concentrations 1.0, 1.5, 2.0 or 2.5 wt%

at 70 �C for 75 min with a magnetic stir bar to prevent

aggregation of the feathers during the reaction. After both

processes, the resulting mixture was centrifuged at 90009g

for 15 min to separate the insoluble material, and the

supernatant was filtered through a folded filter. The filtrate

obtained with various reducing agents was dialysed in

distilled water using Spectra/Por dialysis membranes of

regenerated cellulose (MWCO 3500-5000 Da) for 72 h

changing the outer water every day. The keratin sediment

was washed several times with distilled water, and cen-

trifuged at 90009g for 15 min. The insoluble residue was

dried at 105 �C until a constant weight was obtained. The

yield of soluble keratin was determined by measuring the

dry weight of insoluble material and calculated from:

Table 1 Keratin reduction methods at 50 �C adopted by different

authors

Number

of method

Extraction solutions Reference

1 1.66 M 2-mercaptoethanol1 [29]

8 M urea

0.26 M SDS

0.2 M Tris–HCl

2 0.5 M sodium bisulphite1 [17]

8 M urea

0.08 M SDS

3 0.5 M sodium m-bisulphite1 [18]

8 M urea

0.2 M SDS

4 0.1 M DTT1 [18]

8 M urea

0.1 M Tris–HCl

1 Reducing substance
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Y ð%Þ ¼ ½ðmo� mdryÞ=0:903 � mo� � 100;

where mo—initial wet weight of feathers [g], mdry—dry

weight of insoluble residue [g], 0.903—dry weight content

of defatted feathers as decimal fraction.

Statistical Analysis

The results presented in the tables are average values from

at least three replications. The data were evaluated by

analysis of variance (one-way procedure) using the pro-

gram SigmaPlot 11.0 (Systat Software, Germany) and the

differences between the means determined by Tukey

multiple test (p\ 0.05).

Results and Discussion

Protein content in the chicken feathers used in this study

amounted to 88 %. The effect of reducing agents used on

the yield of soluble keratin is shown in Table 2. The

highest yield was obtained by treatment with 2-mercap-

toethanol and sodium bisulphite. Although the yield was

also high when DTT was used, the solution obtained by this

method became partially insoluble after dialysis, so this

reducing agent was not suitable.

Schrooyen et al. [16] reported the yield of keratin

extracted from feathers by 2-mercaptoethanol to be

approximately 75 %. Poole et al. [32] showed that sodium

sulphite gave a yield of 62 %. The lower yield reported by

the former authors than that shown in Table 2, 75 and

84 %, respectively, could be the result of different condi-

tions during extraction, such as a shorter reaction time of

30 min at lower temperature of 40 �C. Apart from

extraction of keratin from chicken feather a wide number

of procedures with reducing agents are also used for dis-

solving keratin from wool. Keratin extracted from wool by

2-mercaptoethanol gave a yield of ca. 50 % [33], sodium

bisulphite and m-sodium bisulphite ca. 30 % [17, 18], and

DTT ca. 80 % [18]. Thompson and O‘Donnell [34]

solubilized wool keratin with thioglycolic acid to a maxi-

mum value of 70 %.

Instead of the toxic 2-mercaptoethanol, it is preferable to

use sodium bisulphite. It is as effective as 2-mercap-

toethanol, cheaper, and harmless, so in the next step the

effect of the time of treatment with sodium bisulphite on

the yield was studied. It can be seen in Table 3 that in the

time range 1-5 h the highest yield, 82 %, was obtained in

just 1-h extraction with sodium bisulphite.

An alternative method may be the preparation of soluble

keratin by enzymatic hydrolysis under mild conditions.

However, the yield of such reaction is not high enough,

because of high cross-linking of keratin and tightly com-

pressed structure of its microfibrils which make it not

susceptible to the currently available proteolytic enzymes.

A better method could be alkaline hydrolysis, so far widely

used in the production of keratin fodder meal [35]. Song

et al. [27, 28] found that keratin hydrolysate could find

particular application for biodegradable film formation.

Since, the authors did not show if it was an industrially

viable method, therefore, we decided to check the yield of

keratin extraction using various concentrations of aqueous

NaOH solutions (Table 4).

As can be seen in Table 4, a gradual increase of the

yield with the increase of concentration of NaOH solution

from 1.0 to 2.5 % was observed. Treatment with 1.5 %

NaOH increased the yield three times in comparison with a

Table 2 Effect of various reducing substances on the yield of keratin

extracted for 2 h from chicken feathers

Reducing substance Keratin yield [%]1

2-mercaptoethanol 83.8 ± 0.25a

Sodium bisulphite 82.4 ± 0.12b

Sodium m-bisulphite 62.9 ± 1.00d

DTT 77.6 ± 1.40c

1 Results are expressed as means of four measurements ± standard

deviation. The values in a column marked with various letters differ

significantly (p\ 0.05)

Table 3 Effect of time of

treatment with sodium bisul-

phite on the yield of keratin

from chicken feathers

Time (h) Keratin yield (%)1

1 82.4 ± 4.1a

2 82.4 ± 0.1a

3 84.0 ± 1.2a

4 80.8 ± 2.4a

5 76.8 ± 8.8a

1 Results are expressed as

means of four measure-

ments ± standard deviation.

The values in a column marked

with the same letter are identical

statistically (p\ 0.05)

Table 4 Effect of NaOH concentration on the yield of feather keratin

Concentration of NaOH solution (%) Keratin yield (%)1

1.0 29.3 ± 0.16a

1.5 80.1 ± 0.94b

2.0 90.8 ± 0.64c

2.5 93.7 ± 0.49d

1 Results are expressed as means of four measurements ± standard

deviation. The values in a column marked with various letters differ

significantly (p\ 0.05)
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value obtained for 1.0 % alkali, and 2 and 2.5 % NaOH

gave the yield higher than that obtained by using of

reducing agents during 2 h extraction (Table 2). Moreover,

this yield was even higher than that obtained with sodium

bisulphite used just after 1 h (Table 3).

Conclusions

Among the selected reducing agents used in 2-h extraction

of feather keratin 2-merkaptoethanol and sodium bisulphite

appear to be the most effective with maximum yield. The

cheaper and harmless sodium bisulphite gives high yield

just after 1-h reaction. However, treatment of the feathers

with 2.5 % NaOH increases the yield even by 10 %. The

replacement of reduction reactions in keratin extraction by

alkaline hydrolysis makes it more industrially viable and

eliminates corrosive substances used which are a threat to

the environment.
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