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Defined peptides with exclusive molecular functionalities from biomass streams provide an untapped

treasure for innovative biogenic specialty chemicals and materials. In this context, feather keratin,

a natural structural protein with high L-cysteine content, enables access to polythiol-containing peptides,

which can be used as matrix compounds for new materials per se and be specifically modified via their

amino and acid moieties. This study describes an innovative two-step approach for tailored feather

keratin fragmentation involving selective enzymatic hydrolysis followed by optional chemical reduction.

Several proteases were investigated to serve as a benchmark for the decomposition of chicken feather

keratin, and we succeeded in the controlled decomposition of chicken feathers using trypsin and other

specific proteases, producing polythiol-containing peptide fragments. We were able to implement

a green hydrolysis process without the need for any denaturants or reducing agents and achieved yields

of soluble protein up to 81% (w/w) and thiol concentrations up to 21 mmol L−1. The obtained

hydrolysates were used to produce peptide films, and the scalability of the newly developed hydrolysis

process has been demonstrated in 25 L batch reactions.
Sustainability spotlight

The transition of the chemical industry from fossil-based to sustainable feedstocks is one of the key challenges today. Especially biopolymers provide unique
access to exclusive building blocks that can be functionally integrated into specialty chemicals. A widely untapped source for this approach are structural
proteins obtained from food processing side streams. We propose a new method for the controlled hydrolysis of feathers into keratin-based polythiol-peptides,
which can be used for various applications. Keratin depolymerisation is achieved at moderate temperatures without harmful substances and can be carried out
using bio-based chemicals. Our work aligns with the UN sustainable development goals 9 (industry, innovation, and infrastructure) and 12 (responsible
consumption and production).
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1 Introduction

The transition from fossil-based raw materials to renewable
resources for use in the chemical industry, especially for
materials sciences, is a crucial technological task for developing
a sustainable future.1 Such approaches offer many opportuni-
ties since different raw materials also extend the availability of
synthesis space, which can lead to new functional properties of
chemical products (bio-enhanced properties) and are in align-
ment with strategic sustainability goals. Among renewable
resources, keratins are essential as bio-based and biodegrad-
able macromolecules with unique molecular features. Still, they
have yet to be explored as a platform for molecular building
blocks. As natural polyamides, they harbour exclusive peptide
fragments that can be isolated via mild hydrolysis and speci-
cally used for chemical synthesis. Chicken feathers represent
a homogeneous and highly enriched protein source comprising
RSC Sustainability, 2024, 2, 197–210 | 197
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about 90% (w/w) keratin.2–4 The selective, mild, and atom
economic hydrolysis of feather keratin yielding dened keratin
fragments is challenging because of the keratin composition
and its compact structure.

Keratin is a protein that assembles in mechanically robust
and chemically resistant structures with hydrophobic proper-
ties. Almost all keratogenic materials, such as feathers, hair,
bristles, hooves, nails, or wool, consist of mixtures of a-keratin
and b-keratin.5 The latter predominantly comprises b-folded
sheets, while a-keratins form mainly a-helical structures.6

Feathers consist of 41–67% a-keratin, 33–38% b-keratin, and
amorphous keratin components.5 Feather keratins have
a molecular weight of about 10 kDa.7 About 7% of the amino
acids contained are L-cysteine.4

Generally, avian and reptilian hard keratins are composite
materials with a lament matrix texture.4,8 Crosslinking is
accomplished through chemical bonding by disulde cross-
links between bre and matrix.8 The amino acid sequences of
hard keratins contain three distinct domains: An N-terminal 23-
residue long L-cysteine-rich domain, a central domain consist-
ing of 34 amino acids and rich in b-favouring residues, which is
highly conserved in a wide variety of avian and reptilian keratin
molecules, and a C-terminal domain of variable length and
composition.9

Keratins thus represent an outstanding raw material source
for preparing bio-originated polythiols, which may benet
many areas and improve otherwise sustainable chemistries.
And the demand is huge: the global market for polythiols is
estimated at US$ 243.30 million in 2023, with an estimated
increase to US$ 360.20 million by 2033, representing
a compound annual growth rate (CAGR) of 4%.11 In the adhe-
sives sector, among others, many new developments would
benet from suitable bio-based polythiols. In a study of mussel-
inspired adhesives, Krüger et al. built thiol-catechol polymers
which were fully biobased except for the thiol component.12

Horsch et al. described a method for creating adhesive protein
analogues through enzyme-induced thiol-quinone-
polymerization of peptides utilising free thiols of cysteine-
residues, resulting in articial proteins with solid adhesion
properties.13 Another biopolymer that can yield promising
materials through thiol–ene crosslinking chemistry is
lignin.14,15

In 2018, the global poultry industry was estimated to
produce 12 million tons of feather biomass.2 The countries of
the European Union account for more than 3 million tons of
feather biomass per year.16 Chicken feathers can only be poorly
thermally recycled due to the high sulfur content of the incor-
porated cysteine moieties17 and the environmental and health
considerations associated with the incineration of poultry-
derived wastes due to the formation of NOx, SOx and H2S.18,19

Instead, waste feathers are mainly processed into low-value
animal feed ingredients, landlled, composted3,16 or on
a smaller scale, processed into fertilizer20 or biodegradable
surfactants.17

Notably, this animal biomass must be considered within
ethical contexts and the respective regulations for further indus-
trial use, in particular, the EU Regulation (EC) No 1774/2002.21
198 | RSC Sustainability, 2024, 2, 197–210
Recently, a variety of new applications for chicken feather
keratin (CFK) have been developed that involve their use for
electrical and electronic applications, bio-fertilizers, lms,
absorbents, composite materials, ame retardants, production
of keratinases, nanoparticles, thermoplastics, textile yarn sizing
agents, and regenerated protein bres.22 One of the most recent
advancements is the treatment of feather keratin in natural
deep eutectic solvents (DES), yielding high and low molecular
weight fractions that can each be used for lm formation.23 In
this context, feather keratin represents an emerging biogenic
protein source with a uniquemolecular pattern that can serve as
a starting point for synthesising specialty peptides that possess
polythiol moieties and enable the synthesis of target products
with new functional properties.

Despite the proven examples, no dened feather keratin-
based peptides are available as platform intermediates that
can be used for synthetic diversication. This is mainly caused
by a lack of mild hydrolysis protocols that agree with the prin-
ciples of sustainable and green chemical processing.24

In this work, we aimed to develop a mild, selective, and
modular hydrolysis protocol for chicken feathers, generating
thiol-rich keratin hydrolysis peptides (KHPs) that potentially
serve as building blocks for the development of innovative
polymers,25 enzyme-responsive materials,26 and as hardeners
for established polymer materials such as thiol–ene- 27–29 and
epoxy-systems,30,31 polyurethanes, or for orthogonal graing
strategies in the development of novel peptide-based materials,
among other applications.

Hence, producing well-dened keratin hydrolysis peptides as
platform chemicals that can be functionally integrated into
polymers would represent a hallmark in the valorisation of
keratin biomass and for developing novel functional materials.

1.1 Feather hydrolysis – state of the art

The hydrolysis of chicken feathers is extensively described for
diverse approaches and under various conditions. Representa-
tive hydrolysis strategies are listed in Table 1. These protocols
predominantly use unspecic peptide bond cleavage and
reduction of disulde bonds, mainly leading to undened
keratin fragments of low molecular weights. Additionally, most
of these conversions include denaturing agents, harmful
reductants, unspecic enzymes, high enzyme loading, high salt
concentrations, the formation of adducts such as Bunte-salts (S-
alkyl- and S-arylthiosulfates),32,33 and harsh reaction conditions
at elevated temperatures.

1.2 Development of a mild and selective hydrolysis protocol
for feather keratin

Herein, we describe a novel two-step process for mild hydrolysis
of native CFK under mild conditions, involving a site-specic
protease within aqueous buffer systems and subsequent
reduction to obtain protein hydrolysates containing polythiol
peptides with an average functionalisation of two or more free
thiol moieties per fragment (Fig. 1).

To our knowledge, such biocatalytic hydrolysis of feathers
with high selectivity before a separate reduction step yielding
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Representative hydrolysis protocols of keratins of different origins

Approach Keratin treatment References Year

Trypsin catalysed hydrolysis Non-reductive hydrolysis without
protein denaturing agents, selective
hydrolysis, 2-step process with
optional reduction of disuldes

This study 2023

Chemical reduction Reductive cleavage of keratin
disulde bridges

Wang et al.34 2016
Xu et al.4 2014
Poole et al.7 2011
Maclaren et al.35 1981
O'donnell and Thompson36 1964
Goddard et al.37 1935

Incubation in ionic liquids (IL) and
deep eutectic solvents (DES)

Keratin is dissolved in IL or DES,
which are environmentally
acceptable and capable of keratin
disintegration

Nuutinen et al.2 2019
Jiang et al.38 2018
Idris et al.39 2014

Physical explosion Keratin is treated with steam under
high pressure and temperature with
water vapour, which is then released
over a brief period, yielding
denatured keratin with cleaved
disulde bridges

Yu et al.40 2012
Zhao et al.41 2012

Microwave treatment Microwave irradiation can have
a similar effect on keratin as
a physical explosion

Zoccola et al.42 2012

Combined microbial and enzymatic
hydrolysis

Keratinolytic organisms or
respective hydrolytic enzymes and
mixtures of keratin hydrolysates are
available

Burtt et al.43 1999
Lin et al.44 1999
Ramnani and Gupta45 2007
Lange et al.5 2016

Chemical oxidation Use of peracids for the
decomposition of keratin

Earland et al.46 1955

Alkaline hydrolysis Hot alkaline solutions are used to
dissolve wool keratin

Blackburn et al.47 1956

Fig. 1 The process developed in this study for the selective hydrolysis of pretreated chicken feathers yielding polythiol-containing oligomers.
Selective hydrolysis yields products that can either directly be processed or reduced on demand prior to processing for further use. (The keratin
structure in the upper right was taken from Jabbari, 2019.10)

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2024, 2, 197–210 | 199
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dened higher molecular weight oligomers that bear access to
a specied number of free thiol moieties has not been reported.

Extensive chemical and enzymatic hydrolysis approaches
had shown very good degradability of chicken feathers aer
pretreatment by autoclaving at elevated temperature and pres-
sure. Still, these strategies led unselectively to small keratin
fragments and single amino acids. To identify appropriate
keratinolytic enzymes for controlled hydrolysis, an in silico
analysis of digestion products of feather keratin was performed
using the Expasy Peptide Cutter tool48 based on selected specic
protease recognition sites. The peptide pattern obtained by in
silico analysis identied trypsin as an enzyme candidate
yielding the most promising polythiol-containing peptides
(Fig. S2†). Then, hydrolysis studies were carried out on an
experimental basis, following a matrix approach in different
buffers and under non-denaturing conditions at moderately
elevated temperatures. Aer removing insoluble residues and
freeze-drying, the KHPs were applied in lm formation experi-
ments without further purication.

2 Experimental
2.1 Materials

Chicken feathers were provided by a local poultry meat
producer and stored at −20 °C until further treatment aer
sterilisation. All required chemicals and enzymes were
purchased from Carl Roth GmbH & Co. KG, Karlsruhe (Ger-
many), or Merck KGaA, Darmstadt (Germany). Proteases A-01
and S-02 were purchased from ASA Spezialenzyme GmbH,
Wolfenbüttel (Germany). Details on the used enzymes are
summarised in the ESI.† An unstained protein molecular
weight standard from New England Biolabs, Ipswich, USA
(order no. P7717) was used for SDS-PAGE. The main chemicals
for the process were selected so that they were either derived
from renewable resources or could be reused or recycled.
Trypsin, purchased from Merck KGaA, Darmstadt, was derived
from porcine pancreas.

2.2 Pretreatment of chicken feathers

Pretreatment included sterilisation, cleaning, drying, and
shredding. Chicken feathers were sterilised by autoclaving at
121 °C at 2 bar in a steam-saturated atmosphere for 20 min.
Aer autoclaving, feathers were washed using a protease-free
basic detergent and dried in a standard washer-dryer under
mild conditions at a washing temperature of 30 °C. Dried
feathers were shredded using a blender and stored in a sealed
plastic bag at room temperature. We conrmed sterility by
incubating autoclaved feathers at 21 °C, 37 °C, and 50 °C for
24 h with gentle shaking in lysogeny broth-medium. No
turbidity of the cultures was observed, which would indicate
microbial growth.

2.3 Development of a new hydrolysis protocol for chicken
feather keratin

To develop a new protocol for controlled chicken feather
decomposition, existing protocols were tested as benchmarks
200 | RSC Sustainability, 2024, 2, 197–210
and served as a basis for materials handling and dening the
new protocol. This approach also offered the possibility to
benchmark the hydrolysis experiments, which accounts for
standardisation that needs to be improved in the development
of biomass conversion.

2.3.1 Chemical hydrolysis of chicken feathers. Following
a method described by Xu and Yang,4 a process for the reductive
decomposition of chicken feathers was implemented. There-
fore, 0.5 g of pretreated chicken feathers were mixed in 50 mL
centrifuge tubes with 8.5 mL of a reaction solution consisting of
8 mol L−1 urea and 50 mmol L−1 reducing agent. The reaction
batch was incubated under agitation (150 rpm) for up to 19 h at
70 °C. Subsequently, the supernatant was centrifuged at 4142×g
at room temperature for 20 min to remove insoluble particles
and stored at 4 °C for further processing. The insoluble fraction
was washed with desalted water, dried at 40 °C in vacuo, and
weighed.

2.3.2 Hydrothermal hydrolysis. A pressure reaction vessel
of 45 mL size was lled with 2.5 mL desalted water and 0.1 g
pretreated chicken feathers. The vessel was sealed and placed in
a drying oven at 180 °C. Aer 3 h, the oven was turned off, and
the vessel remained in the oven until cooled to room tempera-
ture. Then, the hydrolysate was poured into a beaker and
vacuum-ltered through a paper lter. Insoluble feather resi-
dues were rinsed from the reaction vessel with desalted water
and ltered. The lter residues were dried in vacuo at 45 °C and
weighed.

2.3.3 Alkaline hydrolysis. 5 g of pretreated chicken feathers
were mixed in a 0.5 L round bottom ask with 85 mL of
a 5% (w/v) sodium hydroxide (NaOH) solution containing
0.1 mol L−1 sodium bisulte and stirred on a sand bath at 40 °C
and 300 rpm for 2 h. The solutions were centrifuged for 20 min
at 4000×g at room temperature, and the resulting pellets were
washed with desalted water, dried in vacuo at 45 °C, and
weighed.

2.3.4 Enzymatic hydrolysis of chicken feathers. The
enzymes alcalase, protease A-01, savinase, esperase, trypsin,
chymotrypsin, papain, and pepsin were tested for enzymatic
hydrolysis of chicken feathers. The activities of the tested
enzymes are listed in ESI† Section 2.3. As the specic activities
towards feather keratin are not known and our rst selection of
the proteases was based on the expected fragmentation pattern,
we applied identical substrate/enzyme ratios (w/w) without
considering activities at this point.

0.5 g of pretreated chicken feathers were added into 8.5 mL
of an appropriate aqueous buffer (Table S1†) containing 10 mg
of solid freeze-dried enzyme or 100 mL enzyme solution. The
reaction batch was incubated under agitation (150 rpm) for up
to 48 h at the enzyme temperature optimum (Table S1†). The
supernatant was centrifuged at 4142×g at room temperature for
20 min to remove insoluble particles. Insoluble fractions were
washed with desalted water, dried at 40 °C in vacuo, and
weighed. The supernatants were freeze-dried, weighed, and
analysed. Negative controls were performed without the addi-
tion of enzymes. The workow is summarised in Fig. S3.†

Combined hydrolysis approaches were carried out by per-
forming chemical hydrolysis as described in Section 2.3.1,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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followed by preparing keratin-hydrolysis-peptides (KHPs) as
described in this section.

2.4 Reduction of KHP disuldes

The KHP-disuldes were reduced with sodium borohydride to
detect free thiols, as described in Section 2.5.2.

For Raman measurements, KHPs were extracted with
methanol before reduction to remove salts. Therefore, KHPs
were suspended at a ratio of 15 mL methanol per gram of
peptide mixture. The suspension was stirred for 12 h at room
temperature and ltered. The ltrate was dried in vacuo. For
disulde reduction, water (10 mL) was bubbled with nitrogen
for 15 min in a round bottom ask. Extracted KHPs (1155 mg)
and tris-(2-carboxyethyl)-phosphine (TCEP, 100 mg, 0.35 mmol)
were added to the nitrogen counterow and dissolved. The
mixture was then stirred for 30 min at room temperature under
a nitrogen atmosphere. The solution was then transferred to
a dialysis tube, dialysed against desalted water (molecular
weight cut-off: 100–500 Da, 3 × 2 h, 1 : 150), and freeze-dried,
yielding 782 mg of freeze-dried substance.

2.5 Analytical methods

2.5.1 Analysis of peptide concentration. A biuret assay was
used to determine the peptide concentration in CFK hydroly-
sates. Although cross-reactions with amino acids, dipeptides,
and other organic substances may occur, biuret assays are
widely used, for example, in clinical chemistry to determine
protein and peptide concentrations in urine samples.49 We
decided to use the biuret method aer we could show that
substances such as urea, amino acids, and reducing agents did
not affect our measurements in the relevant concentration
ranges (Table S2†). The preparation of the Biuret solution used
and the determination of peptide concentrations are described
in the ESI† in Section 3.2.1.

2.5.2 Determination of free thiols and disulde moieties.
Based on the publications by Hansen et al.50 and Kurz et al.,51

amodied HPLCmethod for detecting thiols and disuldes was
established. This enabled us to determine the number of free
thiols and the number of disulde bonds in aqueous peptide
mixtures. Please refer to ESI† Section 3.2.3 for method details,
calibration, and evaluation.

2.5.3 Sequence analysis of chicken feather keratins.
Chicken feathers were pretreated and hydrolysed as described
above with the following conditions: 5 g chicken feathers, 85mL
desalted water, 8 mol L−1 urea, 50 mmol L−1

L-cysteine, pH 10.5
for 16 h at 70 °C while shaking at 300 rpm. A 500 mL sample was
taken, and SDS-PAGE was performed as described in ESI†
Section 3.2.4. Stained protein bands of interest were cut out of
the gel, destained, and aer a tryptic in-gel digest, a nanoLC-
ESI-MS/MS was performed to identify the original 10 kDa
proteins. (Proteome Factory, Berlin, Germany, performed
tryptic in-gel digest and all following analytical steps).

2.5.4 Peptide screening aer enzymatic hydrolysis of
chicken feathers. A lyophilised chicken feather keratin hydro-
lysate was dissolved in desalted water and reduced with TCEP,
followed by alkylation of free thiols with iodoacetamide. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
peptide mixture was separated, and peptide masses and
sequences were identied using nanoLC-ESI-MS/MS. Peak areas
from nanoLC were used to estimate the abundances of identi-
ed peptides (all steps were performed by Proteome Factory
Berlin, Germany).

2.5.5 SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was performed according to
Laemmli (1970)52 and as described in ESI† Section 3.2.4.

2.5.6 Raman spectroscopy. Raman-spectra were collected
with a DXR3 xi Raman Microscope from Fisher Scientic
(Thermo Fisher Scientic GmbH, Dreieich, Germany). A 532 nm
diode-pumped solid-state (DPSS) laser with a maximum power of
10 mW was used. A 4000–300 cm−1 spectral range was covered,
and a spectral resolution of 2 cm−1 was applied. Measurement
settings were optimised for each sample individually. Samples
were subjected to the laser for at least 45 min before measure-
ments to reduce uorescence effects. All analysed samples were
solids and were placed on glass slides for analysis.

2.5.7 ATR-FT-IR-spectroscopy. Infrared (IR) spectra were
collected with a Bruker Tensor 27 spectrometer (Bruker Optik
GmbH, Ettlingen, Germany) equipped with an ATR crystal. A
spectral range of 4000–600 cm−1 and a spectral resolution of
4 cm−1 were applied, respectively. 16 scans were recorded per
measurement. Before each measurement, the ATR window and
the stamp were cleaned with 95% (v/v) ethanol. All analysed
samples were solids.

2.5.8 SEM-imaging. Chicken feathers were subjected to
enzymatic hydrolysis, as described in Section 2.3.4, without prior
shredding. Trypsin was used in a potassium phosphate buffer at
pH 7.8 for up to 48 h. The treated feathers were then carefully
washed with desalted water and dried at room temperature.

To prepare for scanning electron microscopy (SEM), the
chicken feather samples were rst sputtered with silver using
a sputter coater (Cressington 108auto) and a silver target and
then examined in secondary electron mode correlated with
surface topography using a SEM type FEI Nova NanoSem 450.

2.6 Crosslinking of KHPs and casting of KHP lms

Following the method described by Nuutinen et al. (2021), KHPs
were cross-linked and cast into lms.23 For this purpose, 1.67 g
KHPs were dissolved in 25 mL desalted water and centrifuged
for 20 min at 20 000×g and 4 °C. The clear supernatant was
decanted and vacuum-ltered through a 2.5 mmpaper lter. The
pH of the resulting KHP solution was pH 9.5. 0.16 g 1,4-buta-
nediol diglycidyl ether (BDE) was added, and the solution was
stirred at 60 °C for 15 min. Subsequently, the pH was adjusted
to pH 12 with 50% NaOH, 0.17 g glycerol was added, and the
suspension was mixed. The mixture was cast into a Petri dish
lined with PTFE lm and dried for 100 h at 23 °C and 50%
relative humidity. Negative controls were made without the
addition of glycerol or BDE. Fig. S4† summarises the workow
for chicken feather hydrolysis and KHP lm preparation.

2.7 Differential scanning calorimetry (DSC)

DSCs of KHP lms were performed on a DSC1 device from
Mettler Toledo (USA) in a nitrogen atmosphere with a heating
RSC Sustainability, 2024, 2, 197–210 | 201
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Table 2 Common synthetic and bio-based reducing agents for the
hydrolysis of chicken feathers. Yields represent the percentage of
solubilised feather biomass relative to the total feather biomass used.
Hydrolysis was performed according to Xu et al.4 with an extended
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rate of 10 K min−1 from −30.0 °C to 200.0 °C. Heating was
performed twice, and the second curve was evaluated using
Mettler Toledo's STARe soware.
screening of reducing agents

Origin Reducing agent Yield [% (w/w)]

Common synthetic b-Mercaptoethanol 74.3 � 1.2
Dithiothreitol 78.2 � 1.7
Sodium sulte 78.6 � 8.3
2.8 Statistics

All measurements were performed as duplicate or triplicate
determinations. The results given are mean values. Error bars or
±-ranges are the corresponding standard deviations.
Bio-based L-Cysteine 68.7 � 4.9
Glutathione (reduced) 72.6 � 0.7
Dithiobutylamine 86.5 � 1.4

Fig. 2 Insoluble residues after chemical hydrolysis of chicken feathers
with urea, and the respective reducing agent (Na2SO3, ME, DTT, L-
cysteine, GSH, or DTBA) and as described in Section 2.3.1. The upper
left example is a control experiment without addition of urea or
a reducing agent. Since we aimed for the highest possible proportion
of soluble keratin, very low proportions of insoluble keratin were rated
very good (++), and higher proportions of insoluble material were
rated as good (+), or below average (−).
3 Results and discussion
3.1 Development of a mild and selective chicken feather
hydrolysis protocol – matrix approach

To selectively produce peptides from feather keratin by a bio-
catalytic process, the recalcitrant and hydrophobic chicken
feathers had to be solubilised in a suitable solvent combined
with a suitable functional enzyme at specic conditions.
Besides that, we applied several solubilisation protocols to
benchmark the newly developed enzymatic hydrolysis method.

A water-soluble keratin fraction with a yield of 91% (w/w) was
obtained via thermal hydrolysis. Alkaline hydrolysis yielded 51%
(w/w) of soluble keratin. Protein concentrations in the obtained
hydrolysates were 38.7 g L−1 and 20.2 g L−1, respectively.

Thermal and chemical hydrolysis of keratins under various
conditions is extensively explored and experimentally veri-
ed.3,41,53 As a limitation of such an approach in the context of
the objectives of our study, the use of superheated water results
in the complete loss of the cystine and cysteine residues and is
accompanied by a distinct formation of odorous sulfur
compounds.54 Although the solubility of keratin can generally
be improved by breaking peptide bonds and disuldes, this
effect is accompanied by a loss of certain functional amino
acids such as L-cysteine.55 Since, for our study, it was mandatory
to preserve the L-cysteine residues contained in native keratin to
be available for thiol-functionalization or crosslinking strate-
gies, a milder hydrolysis regimen had to be established.

3.1.1 Effect of reducing agents. Based on a feather
decomposition protocol described by Xu et al.,4 using 8 mol L−1

urea, 10% (w/w) reducing agent (based on the weight of chicken
feathers) at 70 °C and pH 10.5 for 12 h, we screened several
combinations of urea and reducing agents and could conrm
the excellent performance of L-cysteine as a reducing agent for
the decomposition of chicken feathers. Moreover, we could
further extend this approach using dithiothreitol (DTT), b-
mercaptoethanol (ME), sodium sulte, reduced glutathione
(GSH), and dithiobutylamine (DTBA) as highly effective
reducing agents for chicken feather keratin degradation under
these conditions. The obtained yields of dissolved keratin
ranged between 68.7% (w/w) and 86.5% (w/w) (Table 2). This
shows that effective decomposition of chicken feathers is
possible under denaturing conditions at 8 mol L−1 urea with
a reducing agent.

The use of ME, DTT, and sodium sulte for the cleavage of
disuldes in feather keratins and an associated decomposition
of the material was already described.3,56 But, to our knowledge,
this is the rst report describing the successful application of
202 | RSC Sustainability, 2024, 2, 197–210
GSH and DTBA as reducing agents for keratin extraction from
chicken feathers. Since DTBA can be obtained from aspartic
acid,57 together with GSH and L-cysteine, three bio-based
reducing agents are available, showing high performance in
feather keratin decomposition. Even more, DTBA was revealed
as the best-performing reducing agent in this study since
a signicantly higher yield of 86.5± 1.4% (w/w) was achieved by
using DTBA compared to L-cysteine (68.7 ± 4.9% (w/w)) or GSH
(72.6 ± 0.7% (w/w)).

Fig. 2 shows the insoluble residues obtained in the various
decomposition experiments by applying urea, sodium sulte or
different combinations of urea and reducing agents. The
concentrations were 8 mol L−1 for urea and 50 mmol L−1 for the
respective reducing agent. Lower urea concentrations were also
tested, but no signicant decomposition of the feather biomass
© 2024 The Author(s). Published by the Royal Society of Chemistry
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occurred (data not shown). Thus, from this matrix approach, it
can be concluded that the substantial decomposition of chicken
feathers via a chemo-reductive method requires large amounts
of chemicals, making it challenging to develop an efficient
process that follows the principles of sustainable chemistry.
Although it is possible to recycle the urea or to use it (to
a limited extent) as fertiliser,58,59 we aimed to develop a process
that could be run from scratch without a high chemical input,
primarily also to facilitate later upscaling. Therefore, we focused
our further work on the enzymatic hydrolysis of feather keratin.
However, since a high proportion of the chicken feather
biomass was solubilised, we used a chemical hydrolysate to
characterise the solubilised keratins.

3.1.2 Identication of solubilised feather keratins. Aer
chemical decomposition, protein analysis via SDS-PAGE under
denaturing and reducing conditions and subsequent Coo-
massie staining led to a clearly visible and strong band around
the expected molecular weight of 10 kDa (Fig. 3A).

In the SDS-PAGE shown, in addition to the prominent 10 kDa
band, a weak band at approx. 25 kDa can be seen. This is also
reported by other authors and was attributed to the removal of
the reducing agent b-mercaptoethanol, used for keratin
extraction by dialysis and the resulting re-crosslinking of the
keratin molecules by new formation of cysteinyl-disuldes.60

Several 10 kDa bands were excised from a gel. Aer a tryptic in-
gel digest followed by nano-HPLC separation of peptide frag-
ments and subsequent ESI-MS, it was possible to identify the
underlying proteins as chicken feather keratin 1 (CFK1, Uniprot
AN P02450) and chicken feather keratin 4 (CFK4, Uniprot AN
P20308). The molecular weights of both keratins are 9.972 kDa
(CFK1) and 10.104 kDa (CFK4), respectively.

Thus, we concluded that both keratins were present as intact
molecules in the hydrolysates, and no hydrolysis of the peptide
Fig. 3 Identification of solubilized chicken feather keratin. (A) SDS-PAGE
of chicken feathers with 8 mol L−1 urea and 50mmol L−1

L-cysteine, show
of chicken feather keratin 1 (CFK1) and chicken feather keratin 4 (CFK4). (B
Domains and cysteine content of CFK1 (modified from Fraser et al.,9

ProtParam47).

© 2024 The Author(s). Published by the Royal Society of Chemistry
backbone had occurred. It has to be noted that there is
a signicant homology regarding the amino acid sequence
between the two identied keratins (Fig. 3B).
3.2 Enzymatic hydrolysis of chicken feather keratin

The amino acid sequences of hard keratins, which the feather
keratins belong to, can be divided into three domains. Inter-
estingly, the L-cysteine residues in the sequence are not evenly
distributed throughout the complete sequence and over these
three domains (Fig. 3C). As shown exemplarily for feather
keratin 1, ve of eight L-cysteine residues are found in
a cysteine-rich region within the rst 23 amino acids. Thus, the
L-cysteine content of this domain is 21.7%. Only one L-cysteine
residue is found in the b-sheet favouring region; two additional
L-cysteine residues are located at the C-terminal end of the
sequence. In order to isolate L-cysteine-rich peptides from the
10 kDa feather keratin, the N-terminal keratin domain had to be
enzymatically excised and separated as completely as possible,
leaving the L-cysteine residues intact. Thus, highly specic
hydrolysis had to be performed under the mildest possible
conditions and, if possible, with low use of additional chem-
icals. Specic enzymatic decomposition of feathers to produce
dened feather keratin fragments (keratin-based peptide olig-
omers) and usage of such fragments in further materials
development is widely unexplored. Despite several proteases for
animal protein hydrolysis being commercially available at
a technical scale and the use of microbial enzymes to degrade
feather keratin is described, most protocols aim for unspecic
hydrolysis of the feathers into small peptide fragments and free
amino acids.

3.2.1 Unspecic proteases. We screened selected specic
proteases based on their fragmentation pattern and unspecic
, performed under denaturing and reducing conditions, after hydrolysis
s a strong band around 10 kDa, which allowedMS-based identification
) Sequences of CFK1 and CFK4, showing high sequence homology. (C)
molecular weights and L-cysteine amounts calculated with Expasy
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proteases to identify suitable conditions for chicken feather
decomposition. Namely, we tested the unspecic subtilisin-like
proteases alcalase, protease A-01, savinase, and esperase, and
the acidic protease S-02 for their capability to hydrolyse chicken
feathers. Only the respective enzyme preparation was applied,
and no denaturing or reduction agents were added. The results
are summarised in Fig. 4, wherein the different enzymes are
compared to a negative control (without enzyme). A maximum
percentage yield of soluble keratin of up to 74.3% (w/w) was
achieved with esperase, whereby 47.0% could be classied as
soluble protein via protein determination; 27.3% could not be
assigned. In the negative control, 92.4% (w/w) of the chicken
feathers remained undissolved, 2.9% could be classied as
soluble protein, and the missing 4.7% were attributed to losses
during processing (washing of the insoluble residues, poor
centrifugability of the non-digested intact feathers in the
negative controls). Alcalase, savinase, protease A-01, and
esperase showed high keratinolytic activity reected by the
respective %-yields of soluble peptides in ranges between 43.9%
(w/w) (savinase) and 47.0% (w/w) (esperase). The overall process
led in every case to a high amount of unclassied material
(24.2–27.5% (w/w)) produced by these proteases, indicating
a remarkable degree of unspecic hydrolysis, generating, for
example, single amino acids or dipeptides, not detectable with
peptide determination via the Biuret method. In the case of
protease S2, only a minimal decomposition of the feathers used
was observed, and 84.3% (w/w) remained undissolved, so there
was hardly any keratinolytic activity.
Fig. 4 Unspecific enzymatic hydrolysis of chicken feathers. (A) The
percentages of soluble proteins or amino acids and insoluble residues
are given in relation to the feather biomass used. Results are mean
values ± SD, n = 2. (B) Insoluble residues of chicken feather hydrolysis
approaches with alcalase, protease A-01, savinase, esperase,
compared to a negative control without addition of an enzyme. The
residues were washed with desalted water and dried at 40 °C in vacuo.

204 | RSC Sustainability, 2024, 2, 197–210
3.2.2 Specic proteases. The hydrolysis of feathers by
conventional serine- and cysteine-proteases, including subtilisin,
papain, chymotrypsin, pepsin, and trypsin, was already investi-
gated by Ramnani et al.45 They could show that subtilisin,
chymotrypsin, and papain degrade feathers in the presence of
a suitable reducing agent (ME, L-cysteine, DTT, GSH, sodium
sulte, thioglycolate). Trypsin and pepsin failed to degrade
chicken feathers in this experimental setup. If chicken feathers
were pretreated with another protease (subtilisin/chymotrypsin)
for 2 h, trypsin and pepsin degraded the feather biomass, but
this was not achieved without this additional pretreatment step.45

In our study, we could demonstrate the hydrolysis of chicken
feathers by trypsin, chymotrypsin, and papain with yields of
soluble keratin fragments of up to 47% (w/w) without the
addition of reducing or denaturing agents aer 16 h hydrolysis
time (Fig. S9†). The addition of reducing agents and urea was
nevertheless also investigated and led to an increased yield of
soluble keratin of 89% (w/w) (Fig. S10†). Pepsin showed no
keratinolytic activity in the respective experiments. Thus, we
could show that standard technical-grade proteases can
decompose feather keratin.

3.2.3 Trypsin. Among the investigated enzymes, trypsin
was identied as the most promising protease for selective
hydrolysis of chicken feathers by performing a detailed in silico
analysis with the Expasy peptide cutter.48 In contrast to the
other proteases, hydrolysis with trypsin leads to an N-terminal
2714 Da fragment aer cleavage at Arg25 with the sequence
Met-Ser-Cys-Phe-Asp-Leu-Cys-Arg-Pro-Cys-Gly-Pro-Thr-Pro-Leu-
Ala-Asn-Ser-Cys-Asn-Glu-Pro-Cys-Val-Arg. This predicted frag-
ment contains ve L-cysteine moieties and thus fully meets the
objectives of our study. Following this in silico approach, we
explored the keratinolytic capabilities of trypsin by varying the
hydrolysis time and measuring the release of thiols into the
hydrolysates (Fig. 5).

In extended hydrolysis reactions (total reaction time 48 h),
up to 67.6% (w/w) of the feather biomass was dissolved, and
peptide concentrations of up to 28.4 g L−1 were obtained. 48.3%
(w/w) of the solubilised material could be assigned to soluble
proteins. The content of unclassied material aer 48 h was
determined to be 19.4% (w/w) and thus signicantly lower than
in the case of the non-specic proteases investigated as
described above, in which mass fractions signicantly above
25% (w/w) were determined aer 19 h. This result indicates the
higher specicity of trypsin towards keratin biomass under the
chosen conditions and aligns very well with the criteria of the
desired process.

With regard to the water-soluble keratin-based peptides,
a total thiol concentration of 21.0 ± 0.8 mmol L−1 was deter-
mined aer 48 h hydrolysis time with less than 0.1 mmol L−1

free thiols. Since hydrolysis was carried out under relatively
mild conditions, we concluded that the disulde bridges in the
feathers were retained. When assuming trypsin as pure enzyme,
a maximal theoretical amount of 1.4% thiol moieties present is
introduced to the hydrolysates through trypsin (see Table S4†).
Future studies may involve enzyme immobilisation or enzyme
recovery-systems aer the process if necessary.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Specific enzymatic hydrolysis of chicken feathers using trypsin. (A and B) were performed in phosphate buffer at pH 7.8. (C and D) were
performed in carbonate buffer at pH 9.8.
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It remains unclear whether all thiols form disulde bridges
or are otherwise oxidised and whether the disulde bridges are
formed as intramolecular or intermolecular bonds.

In an additional experiment, we added the reducing agent
sodium sulte and found a signicantly increased yield of
soluble protein from 37 to 46% (w/w) aer 19 h hydrolysis with
trypsin (Fig. S11†).

These ndings advance earlier studies where no keratino-
lytic activity for trypsin, even in the presence of reducing agents,
was observed.45

3.2.4 Optimization and upscaling. The hydrolysis experi-
ments described so far were carried out at the optimum pH and
temperature of the enzymes used. For porcine trypsin, the
optimum conditions are between pH 7 and pH 9 and temper-
atures of 50–55 °C.61–64 We could show that more alkaline
conditions (pH 9.8) increased the yield of dissolved feather
biomass signicantly from 67.6% (w/w) to 88.4% (w/w) with
a soluble protein yield of 80.7% (w/w) aer 48 h without
adjustment of the enzyme–substrate ratio.

Remarkably, the thiol concentration in relation to the
protein concentration increased steadily over time in the
phosphate buffer (pH 7.8) compared to the carbonate buffer
(pH 9.8). In contrast, although much higher protein concen-
trations were achieved in the carbonate buffer, the thiol
concentration remained essentially constant in relation to the
protein concentration. From this, we concluded that initially,
the more accessible amorphous and cysteine-rich regions of
feather keratin were targeted by the enzyme, and later,
increasingly cysteine-free peptides were solubilised from the
crystalline central CFK domain.
© 2024 The Author(s). Published by the Royal Society of Chemistry
A direct comparison of the tryptic chicken feather hydrolysis
with the subtilisin-like savinase showed a lower yield of soluble
material in the hydrolysate for trypsin, indicating a higher
specicity and lower number of cleavage sites (Fig. S12†).
Applying a combined chemical and enzymatic decomposition
approach, the efficient hydrolysis of feather keratins by trypsin
could be shown via SDS-PAGE: the chemical hydrolysis resulted
in a clearly visible 10 kDa band, and aer the addition of trypsin
to the hydrolysate, the 10 kDa band disappeared. This indicated
the hydrolysis of the respective protein. Already 0.5 h aer
addition, total hydrolysis of the keratin was accomplished. The
10 kDa band faded and disappeared completely aer 19 h
incubation and subsequent SDS-PAGE analysis (Fig. S13†).

The optimal compromise of hydrolysis time, protein, and
thiol concentration was found at a hydrolysis time of 16–19 h
when using the more basic carbonate buffer system. The newly
developed hydrolysis process was scaled up from laboratory to
technical scale (Fig. S4†).

Trypsin is susceptible to autolysis,65 and corresponding
studies are oen carried out without adding another
substrate.65,66 In particular, no data are available on trypsin
autolysis in the presence of feather keratins. As we could not
achieve full decomposition of the feather biomass, we added
trypsin again aer a reaction time of 24 h, but this resulted in
only minor further feather decomposition. Thus, the incom-
plete degradation was most probably not due to autolysis effects
but to a lack of accessible substrate (Table S5†). When opti-
mising the trypsin/feather keratin ratio, we found an optimum
mass ratio of 1 : 50 (Fig. S14†) and investigated the trypsin
activity over reaction time. Here, we found a signicant activity
RSC Sustainability, 2024, 2, 197–210 | 205
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drop within the rst hour, while the residual activities remained
higher if chicken feathers were present as substrate (Fig. S15†).

It was already reported that the contamination of raw
feathers and the absence of cleaning and disinfection processes
in the poultry industry limit the value-added processing of
chicken feathers.16 Although our feathers were contaminated
with blood, skin residues and dust, our new decomposition
process reliably produced comparable results regardless of the
feather- and trypsin-batches used. Tests with other keratins
(goose feathers, human hair, horn shavings) showed successful
decomposition of goose feathers and horn shavings but with
lower yields of soluble peptides compared to chicken feathers
(data not shown). Since a high microbial load of the waste
feathers had to be assumed,67 processing of non-autoclaved
chicken feathers was not applicable. Tests with sterilised
goose feathers showed that autoclaving signicantly inuences
the enzymatic decomposition process (Fig. S8†). This result
should be transferable to chicken feathers. The autoclaving
conditions are close to hydrothermal treatment, which has been
described for keratin decomposition.68–70
3.3 Characterisation of tryptic feather keratin hydrolysates

3.3.1 Conrmation of disuldes via Raman spectroscopy.
We recorded Raman spectra of a chicken feather, KHPs, and
KHPs aer reduction with TCEP to verify the presence of thiols
and disuldes. Raman spectra contain information about
amino acid side chains and the protein-typical amide bands. In
particular, the S–S stretching vibrations of disulde bridges
being in a gauche–gauche–gauche arrangement can be detected
in a narrow range between 508 and 512 cm−1.71

We detected a signal at 509.95 cm−1, indicating the presence
of disuldes in the analysed chicken feather hydrolysate and
the original chicken feather (Fig. 6). The Raman spectrum of the
Fig. 6 Raman spectra of a chicken feather quill, KHPs and reduced
KHPs.

206 | RSC Sustainability, 2024, 2, 197–210
reduced KHPs no longer showed a signal in the 509 cm−1 region
but a signal at approximately 2573 cm−1, characteristic of free
thiols.

This allows the conclusion that all thiols were initially
present in their oxidised form as disuldes in untreated chicken
feathers and hydrolysis did not inuence this. Subsequently,
a reduction can be carried out in a second step, aer which no
more disuldes were found in the Raman spectrum. Instead,
a new band was formed, indicating the presence of thiols. We
assume that the thiol-containing reducing agents tested in the
initial benchmarking experiments also would allow a corre-
sponding release of thiols.

3.3.2 Peptide pattern aer tryptic hydrolysis. A peptide
screening was performed with the freeze-dried feather keratin
hydrolysate to identify the peptides present in it. A total of up to
103 peptides were found that could be assigned to chicken
feather keratins 1 and 4 (CFK1, CFK4, Table S6†). Of these, 20
peptides contained two or more L-cysteine residues. The
complete feather keratin sequences, except for the last eight C-
terminal amino acids, are covered. The L-cysteine-containing
peptides from the N-terminal region could be assigned to
CFK1, while some peptides from the middle part originate from
CFK4. An abundance estimate was made based on the ionic
currents recorded in MS. The most abundant peptide, accord-
ing to the signal intensity, is an 11mer with the sequence Asp-
Leu-Cys-Arg-Pro-Cys-Gly-Pro-Thr-Pro-Leu (Fig. 1 and S16†).

3.3.3 SEM imaging. In our study, no total hydrolysis of
chicken feathers was achieved. In a model experiment, we
investigated which areas of a feather were attacked during
enzymatic decomposition.

Instead of shredded chicken feathers, entire feathers were
used, which only had been sterilised and cleaned. Trypsin was
used for hydrolysis, and the process conditions were selected
analogously to the hydrolysis experiments described above.
Aer 16 or 48 hours, the feathers were carefully taken from the
hydrolysis solution and washed to remove the protease and
buffer salts. SEM images were taken to show changes in the
feather structures over time (Fig. 7).

Fig. 7A shows an untreated feather. Starting from the rachis,
the branched structures of the barbs and barbules are visible.
The following images were taken aer the feathers were exposed
to enzymatic hydrolysis for 16 h (Fig. 7B) and 48 h (Fig. 7C),
respectively.

It can be seen that, primarily, the ner feather structures
were disentangled over time. The solid rachis remains intact,
and the ner barbs and barbules are increasingly decomposed.
3.4 Cross-linking of KHPs

In addition to providing polycysteine-containing KHPs, the
present study also aimed to identify potential applications for
the KHPs. Crosslinking and subsequent lm formation are one
way to highlight the unique properties of KHPs.

3.4.1 Film-casting with KHPs. A widely used cross-linker
for proteins is glutaraldehyde (GA). However, the reaction
mechanism comprises primarily the 3-amino groups of lysine
reacting with the aldehyde moieties of GA.23 Since no lysine is
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM of chicken feathers treated with trypsin. (A) Control without trypsin, (B) trypsin hydrolysis for 16 h, (C) trypsin hydrolysis for 48 h. The
magnification is 50×.
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present in the main KHP fragment, we decided not to use GA for
cross-linking experiments. Instead, we worked with 1,4-buta-
nediol diglycidyl ether (BDE), which is less toxic and has already
been used for crosslinking gelatin72 and feather keratin23 lms.

For the initially tested unreduced KHPs, we assume the
epoxy groups of BDE and the amino groups of KHPs participate
in the crosslinking reaction. The reduction of cystine residues
buried in the KHPs to free thiols should allow so-called thiol-
epoxy “click” reactions under basic conditions,73 and enable
tuning the properties of the resulting lms.

Casting lms from KHP solutions without adding BDE and
the plasticiser glycerol resulted in a brittle material that did not
form a continuous lm. The addition of BDE brought an
improvement, but only aer adding BDE and glycerol was a lm
obtained that was stable enough to be removed from the Petri
dish. The high transparency of the 100 mm thick lm was
remarkable (Fig. 8).

Differential Scanning Calorimetry was carried out with all 4
lms (Table S7†), and a pronounced glass transition tempera-
ture Tg at 172 °C was measured with the pure KHP lm (A). The
addition of glycerol (lm C) had an apparent plasticising effect
and was accompanied by a reduction of Tg to 107 °C. The
addition of BDE (lm B) also had an impact on the chain
mobility (Tg = 152 °C) (but at the current time without explicit
Fig. 8 Keratin films cast from aqueous KHP solutions and with addition o
Petri dishes coated with PTFE film and dried for 100 h. (A) KHP solution, th
solution with BDE. (C) KHP solutionwith glycerol. The soft material could
the resulting films could be removed from the PTFE-coated dish. The fil
feather motif to illustrate the high transparency of the film.

© 2024 The Author(s). Published by the Royal Society of Chemistry
knowledge of the mechanism), and the addition of glycerol to
the KHP-BDE-mixture (lm D) lowered Tg signicantly to 104 °C
due to soening effects.

3.4.2 Secondary structure of keratin samples obtained aer
trypsin catalysed hydrolysis from different process stages. IR
measurements were performed with KHPs, insoluble hydrolysis
residues, and cross-linked KHP lms (Fig. 9). For all samples,
the typical protein vibrations were found, namely the N–H
stretching vibration at ∼3300 cm−1 (amide A), the C]O
stretching vibration at ∼1650 cm−1 (amide I), the amide II
vibration at ∼1550 cm−1, which is mainly an out-of-phase
combination of NH in-plane bend and the CN stretching
vibration, and the amide III vibration at 1400–1200 cm−1, which
is the in-phase combination of the latter two modes. The
amide I mode is highly sensitive to the secondary structure of
peptides and proteins.74

We identied the amide A vibrations in all samples at
3272 cm−1 or 3273 cm−1, respectively. The amide II vibration
appeared at wavenumbers between 1538 cm−1 and 1531 cm−1.
The amide III vibrations were found between 1235 cm−1 and
1244 cm−1. The amide I vibration of KHPs appeared at
1635 cm−1; for the insoluble residues, it was located at
1629 cm−1. Both wave numbers are in accordance with b-sheet
secondary structure motifs, which can be found at
f the crosslinker BDE and the plasticizer glycerol. All films were cast in
e very brittle material could not be removed from the Petri dish. (B) KHP
be removed from the Petri dish. (D) KHP solution with BDE and glycerol,
ms in (C) and (D) were placed on a paper with a printed black chicken
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Fig. 9 ATR-FTIR-Spectra of keratin samples of different process
stages. (A) Insoluble residue after chicken feather hydrolysis (negative
control without addition of trypsin), (B) insoluble residue after chicken
feather hydrolysis with trypsin, (C) KHPs from laboratory hydrolysis
test, (D) KHPs from pilot hydrolysis test, (E) KHP film, cross-linked with
BDE. Samples (C) and (D) were analysed as lyophilized powder.
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∼1630 cm−1.74 Aer crosslinking, we found the amide vibration
at 1639 cm−1, which is still consistent with b-folds. The typical
amide I vibrations for helical structures would occur at
∼1655 cm−1 but are down-shied to wave numbers at 1640–
1650 cm−1 if the helix is exposed to water.75

Interestingly, the FT-IR spectra of the KHPs indicate the
presence of b-sheet structures. Accordingly, we assume that
parts of the crystalline portion of the feather keratin can also be
solubilised (Fig. 4). Corresponding cleavage sites for the enzyme
used are available (Arg25, Arg31).

4 Conclusions

A new biocatalytic method for the mild hydrolysis of chicken
feathers was developed. A simple pretreatment is followed by an
enzymatic decomposition using the specic protease trypsin in
technical quality, in which peptide mixtures suitable for
preparing protein lms were obtained.

All previously known approaches for the hydrolysis of chicken
feathers required harsh conditions, high temperatures and/or
pressures, a high input of chemicals, or multi-step enzymatic
processes. With our method, we could demonstrate for the rst
time the decomposition of chicken feathers under mild condi-
tions and without the addition of denaturing substances, deter-
gents, and reducing agents, which would have made upscaling
very difficult due to the separation from the product.

The novel method was developed on a laboratory scale and
scaled up to 25 L and is currently being investigated at an 800 L
scale. The resulting peptide mixtures contain a signicant
number of thiols in their oxidised form. Chemical reduction
makes it possible to provide peptides containing free thiols.

In particular, the amino acid sequence of feather keratin
proves to be advantageous in terms that the L-cysteine residues
of feather keratin are located almost exclusively within
a cysteine-rich domain within the rst 25 N-terminal amino
acids, which can be cleaved with the help of trypsin, resulting in
short-chain peptides with a molecular weight of about 1200 Da,
208 | RSC Sustainability, 2024, 2, 197–210
which carry two or more L-cysteine residues, providing bio-
originated polythiols suitable for a vast range of applications.

These peptide mixtures allowed the production of protein
lms without further purication or reduction of cystine
disuldes. Even though they required the addition of a cross-
linker, stable lms with high transparency were obtained.
Moreover, this work paves the way for using keratin-based
peptides as platform chemicals for various applications.
Specically, the liberated thiol moieties may enable selective
orthogonal modication and crosslinking strategies.

In future studies, enrichment of the polythiol-containing
peptides from the keratin hydrolysates at a larger scale may
signicantly lead to advances in developing respective peptide-
based functional materials. Similarly, investigating the proper-
ties of such KHP lms in dependence on various additives
(cross-linkers, plasticisers) is expected to yield functional
materials with different properties depending on the type and
amount of additive. In addition, the preparation of protein
hydrolysates from alternative keratin and protein sources
according to the approach described will allow a diversication
of the toolbox of available KHPs.
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