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KERATIN EXTRACTION FROM POULTRY WASTE AND ASSESSMENT OF ITS ANTIBACTERIAL ACTIVITY
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Feathers from poultry waste, composed of approximately 90% keratin, represent an environmental burden but also a valuable source
of biopolymers. This study assessed keratin extraction via a chemical reduction method. Two protocols were used: Ke-1, employing
urea and sodium sulfite at pH 7 under reflux at 75 °C for 10 h, and Ke-2, which incorporated sodium dodecyl sulfate (SDS) at pH 9
for 4 h. After dialysis and lyophilization, the yields were 70% (Ke-1) and 78% (Ke-2). Fourier transform infrared spectroscopy (FTIR)
spectra showed characteristic bands (amide A, I, II, III), confirming o-helix and f-sheet secondary structures. X-ray diffraction (XRD)
analysis exhibited peaks at 19.03° (Ke-1) and 19.51° (Ke-2), indicating the predominance of B-sheets. Thermogravimetric
analysis (TGA) revealed two thermal events: dehydration near 100 °C and degradation of the o and P structures of keratin between
240-400 °C. Micrographs obtained by scanning electron microscopy (SEM) indicated fibrillar morphology with hollow cavities,
with Ke-2 displaying larger fiber diameters. The 'H nuclear magnetic ressonance (NMR) spectrum confirmed signals from amino,
carboxyl, methyl, and methylene groups, associated with amino acid residues of keratin. Notably, Ke-2 exhibited dose-dependent
bacteriostatic activity against Staphylococcus aureus. This study demonstrates the valorization and reuse of organic residues derived
from the poultry industry through an efficient and scalable processing method for converting poultry waste into high-value keratin

with promising biomedical and antimicrobial applications.
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INTRODUCTION

Global poultry meat production increased from 9 to 133 million
tons between 1961 and 2020, with poultry accounting for nearly
40% of total global meat production by the end of that period.' It is
estimated that poultry farming generates more than 5 million tons of
feather waste annually worldwide.? In South America and globally,
poultry production continues to rise.’ In 2019, global poultry meat
production reached 100.8 million tons, representing a 1.5% increase
over the previous year. In Peru, chicken production has grown
notably by 7% over the last decade.® This increase in production
and consumption has led to an accumulation of approximately
8.5 billion tons of feathers annually, derived from the slaughter of
around 24 billion chickens.? Improper disposal of these residues
contributes significantly to environmental pollution, particularly when
deposited directly into soil or water bodies.* For instance, incineration,
the primary disposal method, requires high energy input and emits
large amounts of black carbon and carbon dioxide.>

However, poultry industry residues, particularly feathers,
should not be regarded as waste without intrinsic value.” Feathers
are composed of approximately 90% keratin, an insoluble, fibrous,
and highly resilient protein.®!° Keratin can be utilized in various
applications such as films, hydrogels, biofertilizers, and biosorbents.!!
Keratin is rich in cysteine residues (7-13%) within its amino acid
sequence.'? These cysteine residues can form disulfide bonds,
both inter- and intramolecular, resulting in a highly crosslinked
polypeptide. This network provides thermal stability, high mechanical
strength, hydrophobicity, and excellent solid-state stability.'* There
are two main types of keratin: o-keratin, found in wool, hair, nails,
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and skin; and B-keratin, present in spider silk, feathers, claws, and
bird beaks.'* o-Keratin is distinguished by its high content of disulfide
bridges, which confer mechanical robustness.” The insolubility of
keratin in common solvents is mainly due to these disulfide bonds.
Therefore, the disruption of disulfide linkages is essential for
solubilizing keratin, particularly when extracting it from feathers.'
Several extraction methods have been explored, including alkaline
hydrolysis, sulfitolysis, ionic liquid extraction, oxidative treatment,
supercritical water extraction, and steam explosion.'>'® Among these,
chemical reduction is one of the most effective and widely adopted
techniques due to its rapid reaction kinetics.'>'¢ During the reduction
process, soluble keratins are formed, containing non-degraded amino
acids. Sulfitolysis plays a central role in this process.'” In sulfitolysis,
disulfide bonds are cleaved by sulfite ions, resulting in cysteine
thiols (reduced keratin) and cysteine-S-sulfonate residues (Bunte
salts)."” Disulfide bonds can be disrupted using reducing agents such
as dimethyl sulfoxide (DMSO), thioglycolic acid, sodium sulfide,
or 2-mercaptoethanol.” These reactions are typically performed
in the presence of a denaturing agent like urea' and a surfactant
such as sodium dodecyl sulfate (SDS).'® At pH levels above 9,
sulfitolysis becomes reversible; hence, denaturing agents help prevent
reformation of disulfide bridges.?

Antimicrobial peptides (AMPs) derived from natural proteins
such as keratin have garnered attention as potential alternatives
to traditional antibiotics. Thus, keratin can disrupt the microbial
balance and promote resistance.?! These peptides interact with
bacterial membranes, compromising their integrity and exhibiting
bacteriostatic effects. The cysteine-rich structure of keratin
facilitates membrane interaction through disulfide-mediated
stabilization.”> Additionally, keratin contains bioactive tripeptides
like Arg-Gly-Asp and Leu-Asp-Val, which are associated with cell
adhesion processes.?
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Recent studies have demonstrated the significant antibacterial
activity of keratin against several pathogens. For instance,
Majeed et al.* reported that keratin extracted from porcupine
produced inhibition zones of 16.5 + 0.71 mm against Escherichia coli
and 15.75 £+ 0.35 mm against Staphylococcus aureus. Furthermore,
keratin nanoparticles combined with lipids exhibited even greater
inhibition, 3.50 + 0.70 mm for E. coli and 25.75 + 0.35 mm for
S. aureus. These findings suggest that keratin and its derivatives
represent an effective and sustainable alternative for the development
of new antimicrobial agents.

This study aimed to evaluate keratin extraction from duck
feathers generated by the poultry industry using two simple and
efficient chemical reduction-based methods (Ke-1 and Ke-2).
The extracted keratin was thoroughly characterized. In addition,
antibacterial activity was assessed through inhibition zone assays
against S. aureus, confirming a concentration-dependent increase in
antibacterial efficacy.

EXPERIMENTAL
Materials

Feathers were disinfected with 96% ethanol (Hersil). Degreasing
was performed using 90% petroleum ether (Merck). Keratin extraction
employed urea (99.5 mol%, Merck), sodium sulfite (98%, Merck),
and sodium dodecyl sulfate (SDS, 99%, Sigma-Aldrich). Dialysis was
carried out with a membrane of molecular-weight cut-off > 14 kDa
(Sigma-Aldrich). Luria-Bertani (LB) broth and bacteriological-
grade agar were obtained from HiMedia (BioGenics, Peru).
Staphylococcus aureus ATCC 29213 was provided by Microbiologics
(Peru) and stored at 4 °C.

Feather preparation

The feathers were initially washed in stages using running water
at 40 °C and a cleansing agent to remove foreign materials (e.g.,
sticks, stones, tissue remnants). They were then immersed in a 70%
ethanol-ultrapure water solution (70:30 v/v), filtered, drained, and
dried in an oven at 30 °C for 24 h. Degreasing was performed using a
Soxhlet extractor with 100 mL of petroleum ether for 6 h. The excess
solvent was filtered off, and the feathers were oven-dried at 40 °C
for 24 h. The dried feathers were subsequently ground and stored at
room temperature until used for keratin extraction.

Keratin extraction from conditioned feathers

Keratin extraction was performed following two different
protocols.” For Ke-1 synthesis, a solution containing urea (6 mol L")
and sodium sulfite (0.5 mol L) was prepared, adjusted to pH 7. For
Ke-2 synthesis, the solution included urea (6 mol L), sodium sulfite
(0.5 mol L), and SDS (0.2 mol L), adjusted to pH 9 using HCI1. Both
solutions were mixed with prepared feathers at a ratio of 1:25 (m/v).
Extraction was conducted under reflux at 75 °C with continuous
stirring. The extraction time was selected based on previously reported
studies in which the sulfitolysis process was conducted over a range
of 2 h* to 6 h.?” In the present work, two significantly different
extraction times (4 and 8 h) were chosen to evaluate their effect on
the process. The resulting mixtures were purified via dialysis with
continuous agitation and water changes every 5 h for a total of 50 h.
The dialyzed solutions were centrifuged (5000 rpm, 15 min, room
temperature) to remove residual impurities, frozen at —70 °C for 5 h,
and then freeze-dried for 72 h. The resulting keratins, designated Ke-1
and Ke-2, were stored at —20 °C until characterization.
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Evaluation of bacteriostatic activity against Staphylococcus
aureus

Bacterial culture

S. aureus (ATCC 29213) was cultured and stored on
Luria-Bertani (LB) agar (composed of 10 g tryptone, 5 g yeast extract,
and 5 g NaCl in 1 L of deionized water) at 4 °C for the performance
of the assays. Visual turbidity of the culture tubes was recorded before
and after incubation. Mueller-Hinton agar was used as the solid culture
medium. For the antibacterial assays, stored S. aureus cultures were
incubated overnight at 37 °C in LB broth. Culture turbidity was
adjusted by spectrophotometry to an optical density of 0.10 at 625 nm
(corresponding to 108 colony forming unit (CFU) mL™, equivalent
to McFarland standard 0.5), and CFUs were confirmed using plate
counting methods.

Disk diffusion assay

The bacteriostatic activity of the keratin solutions was evaluated
qualitatively using the disk diffusion method against S. aureus. Each
concentration was tested in triplicate. Filter paper disks were loaded
with keratin solutions at four concentrations: 12.5, 25.0, 50.0, and
100.0 mg mL". The bacterial inoculum was spread on Mueller-Hinton
agar, followed by the placement of the keratin-loaded disks. The plates
were incubated at 37 °C for 24 h. The diameter of the inhibition zone
was measured using a Vernier caliper.

Protein extraction yield

The extraction yield was calculated based on the dry weight
of lyophilized keratin in relation to the initial weight of processed
feathers, as described by Equation 1:

’

Extraction yield (%) = % x 100 % (€))

where W’ is the weight of the lyophilized sample and W is the initial
weight of the feathers.

Characterization

Fourier transform infrared spectroscopy (FTIR)

The obtained samples were characterized using FTIR with
an IR Prestige-21 spectrometer (Shimadzu, Japan). Spectra were
recorded in the wavenumber range of 550 to 4000 cm™ with a
resolution of 4 cm™. The data were processed using Origin 8.0
(OriginLab Corporation, Northampton, USA).

Thermogravimetric analysis (TGA)

Thermal stability analysis was carried out using an STA 6000
simultaneous thermal analyzer (PerkinElmer, USA) under standard
conditions.

X-ray diffraction (XRD)

X-ray diffraction measurements were conducted using a MiniFlex
600 diffractometer (Rigaku, Japan) equipped with a Cu Ka radiation
source (40 kV, 30 mA, A = 1.5418 A). Diffraction patterns were
recorded over the 20 range from 0° to 70°.

Scanning electron microscope (SEM)

The morphological features of the keratin samples were examined
using a scanning electron microscope (JEOL 7500F, Japan). Images
were captured to analyze surface structure and fiber morphology.
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Proton nuclear magnetic resonance spectroscopy ("H NMR)

'"H NMR spectra were recorded at the analytical center using a
Bruker Avance Ascend AVIII HD 800 MHz spectrometer (Germany).
D,0 was used as the solvent for all keratin samples.

Bacteriostatic characterization

The bacteriostatic activity of keratin was qualitatively assessed
using the disk diffusion method on standardized filter paper disks.?
The gram-positive strain Staphylococcus aureus ATCC 29213 was
previously cultured in Luria-Bertani (LB) broth at 37 °C for 12 h until
a turbidity corresponding to McFarland standard 0.5 was achieved. The
microorganism was inoculated by streaking onto nutrient agar plates.
After 20 min, four filter paper disks (1 mm thick, 6 mm diameter)
were placed on the agar surface. Each disk was impregnated with
20 uL of keratin solution at concentrations of 12.5, 25.0, 50.0, and
100.0 mg mL"". Plates were incubated at 37 °C for 24 h. Antibacterial
activity was determined by measuring the diameter of the inhibition
zone (IZD), in millimeters, using a digital precision caliper.

RESULTS AND DISCUSSION
Fourier transform infrared spectroscopy (FTIR)

To analyze the structural features of the extracted keratins
(designated Ke-1 and Ke-2), FTIR measurements were performed
as shown in Figure 1. The spectra of both samples displayed similar
profiles and revealed characteristic absorption bands corresponding
to amide A, amide I, amide 11, and amide III, which provide insights
into the secondary structure of keratin.”
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Figure 1. FTIR spectra of keratins Ke-1 and Ke-2 extracted from duck feathers

The amide A band, associated with N-H and O-H stretching
vibrations, was observed only in Ke-1 at 3283 cm™.!%% This band
is also linked to the a-helix conformation of the keratin secondary
structure.’ The amide I band, attributed to C=0 stretching, appeared
at 1641 cm™ in Ke-1 and 1643 cm™ in Ke-2, confirming the presence
of protein backbone vibrations.'®?” The amide II band, arising from
C-H stretching and N-H bending, was located at 1535 cm™ for
Ke-1 and 1531 cm™ for Ke-2.'%?> Additionally, the amide IIT band,
corresponding to the in-phase combination of C-N stretching and
N-H bending, was detected at 1231 cm™ in Ke-1 and 1230 cm™ in
Ke-2."3 The presence of amide I, II, and III bands is indicative of
[-sheet secondary structures in the keratin samples.**

Although the overall spectral patterns of Ke-1 and Ke-2 were
similar, the intensity of the peaks was higher in Ke-1. This difference
in intensity suggest a better concentration of characteristic keratin
bonds in Ke-1 compared to Ke-2. Moreover, bands at 1024 (Ke-1)
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and 1041 cm™ (Ke-2) were associated with S—O stretching
vibrations of Bunte salt (cysteine-S-sulfonate) groups, which are
generated during the sulfitolysis process and remain in the final
product.®3¢ Additional peaks at 692 cm™ in Ke-1 and 690 cm™
in Ke-2 correspond to C—S bond stretching, a typical vibrational
mode of keratin.”’

Thermogravimetric analysis (TGA)

The thermogravimetric curves of the extracted keratins Ke-1
and Ke-2 are shown in Figure 2. Both keratins exhibited two distinct
stages of thermal decomposition. The first stage occurred near
100 °C and was attributed to sample dehydration, with a weight loss
of 6.73% for Ke-1 and 5.70% for Ke-2.* The second major weight
loss, observed between 240 and 400 °C, corresponds primarily to the
breakdown of disulfide bonds and the decomposition of secondary
a-helix and B-sheet structures, as well as polypeptide chains.?**!
Additionally, volatile compounds such as SO, and H,S were released
due to disulfide bond cleavage, typically occurring between 230 and
250 °C.* The pyrolysis of keratin, which begins around 150 °C,
leads to the formation of various nitrogen- and sulfur-containing
compounds derived from the thermal degradation of amino acids
present in the keratin structure.*

As seen in Figure 2, the TGA profiles of both samples show a
high degree of similarity, which is consistent with their common
origin (duck feathers). However, the slight difference in total mass
loss may be attributed to the different extraction methodologies, with
Ke-1 likely containing a greater number of intramolecular disulfide
bonds compared to Ke-2.*

This observation is also supported by the higher IR peak
intensities observed in Figure 1 for Ke-1. Finally, the total weight
loss was 92.25% for Ke-1 and 91.19% for Ke-2, indicating
comparable thermal decomposition behavior. Table 1 summarizes
the decomposition stages, temperature ranges, and corresponding
weight loss percentages.
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Figure 2. TGA of keratins Ke-1 and Ke-2 extracted from duck feathers

Table 1. Decomposition stages and associated weight loss for Ke-1 and Ke-2

Weigth loss / %
Temperature /| °C —— Degradation event
Ke-1 Ke-2
ca. 100 6.47 5.70 dehydration
240-400 5441 5317 B-keratin, S-S ponds and
polypeptides
230-250 4.85 3.87 release SO, and H,S
400-800 24.74 25.69 carbonaceous residues
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X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis was carried out to determine
the crystalline phases of the keratin samples, as shown in Figure 3.
Two diffraction peaks were observed in the 20 profiles of Ke-1 and
Ke-2. The first peak, located at 9.7° for Ke-1 and 9.9° for Ke-2,
corresponds to the a-helix structural pattern.*#® The second peak,
found at 19.2° and 19.5° for Ke-1 and Ke-2, respectively, is associated
with the B-sheet structure.*’*8

The intensity of the second peak reflects the relative abundance of
B-sheet conformations in both samples, which were more prominent
than o-helices.®

Moreover, the diffraction peak at 19.5° in Ke-2 was broader than
that of Ke-1, suggesting increased overlap and disorder within the
B-sheet domains.*® This broadening can be attributed to the presence
of SDS, which induces structural changes in the protein by disrupting
intramolecular bonds, thereby reducing intrachain recombination
and promoting the formation of intermolecular linkages.”' Such
rearrangement in protein structure, caused by SDS interactions, leads
to a decrease in structural order in Ke-2, as evidenced by the broader
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Ke-1
Ke-2

P,

I ‘ W L/
LW WUM"W 1"% wwﬂ MMIW\IJ,“NWkh‘“wmmw (,*W‘MNWHM‘M
| Uil

a-keratin w‘w« B-keratin
‘M‘WW
N -W\ ‘ MWWWWWW' HMMWM
/W Mo

10 20 30 40
2-Theta (°)

Figure 3. XRD patterns of keratins Ke-1 and Ke-2 extracted from duck feathers
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Scanning electron microscopy (SEM)

The morphological characterization of the extracted keratins,
Ke-1 and Ke-2, was carried out using SEM, as illustrated in Figure 4.
The SEM images revealed a clearly defined fibrillar structure with
distinct hollow internal cavities, where multiple fibers were observed
to interweave.>**

To precisely determine fiber diameters, a Gaussian fitting
analysis was performed. The results showed that Ke-1 fibers had
an average diameter of approximately 404 + 174 nm (Figure 4a),
while Ke-2 fibers exhibited a significantly larger average diameter
of 595 + 186 nm (Figure 4b). This increase in fiber diameter in Ke-2
is attributed to the presence of SDS in the extraction system. During
dialysis, SDS interacts with keratin to form a complex through
electrostatic interactions between the sulfate anion and positively
charged side chains, as well as hydrophobic interactions between
the dodecyl tail of SDS and nonpolar regions on the keratin surface
adjacent to cationic sites.*?

These interactions contribute to the enlargement of the keratin
fiber diameter. Moreover, SDS acts as an effective inhibitor of
cysteine oxidation when in its reduced state, thereby preventing the
reformation of intramolecular disulfide bonds.* This suppression of
intrachain recombination promotes the formation of intermolecular
disulfide bridges between keratin molecules, leading to fiber
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aggregation and the formation of larger keratin-SDS complexes.>
Due to the larger fiber diameter in Ke-2 (Figure 4b), this sample may
also exhibit increased angular dispersion in X-ray diffraction patterns,
as observed in Figure 3.

Although trace amounts of SDS do not significantly interfere
with the keratin extraction efficiency from duck feathers, it is
important to consider its implications for pharmaceutical or food-
related applications. SDS lacks regulatory approval for ingestion
and may pose safety risks due to its potential to cause skin and
eye irritation.’*¢ Nevertheless, keratin-based films and hydrogels
obtained using SDS have demonstrated effectiveness in in vitro drug
delivery systems.’”*® Similarly, keratin has shown significant utility
in biomedical applications, including as a hemostatic agent and in
the prevention of infections in open wounds.*

Proton nuclear magnetic resonance spectroscopy (‘H NMR)

The '"H NMR spectrum of Ke-2 is shown in Figure 5. The signal
corresponding to the free amino group (-NH,) of amino acids was
detected at 8.61 ppm, while amide NH protons were observed in
the range of 7.35-6.84 ppm.*® Free hydroxyl groups (-CH,OH),
characteristic of serine-like units, appeared in the range of
4.84-4.70 ppm. Geminal cyclic —CH, protons were detected at
3.92 ppm.*! B-Protons adjacent to carboxylic acid groups (-COOH)
were observed in the 3.2-3.7 ppm region.® Signals at 2.02 ppm were
attributed to cyclic amines, while additional geminal cyclic -CH,
signals were detected between 1.93 and 1.63 ppm.

Signals attributed to —CH, groups of valine- and leucine-like
aliphatic chains were found between 1.49 and 1.18 ppm. Methyl
groups (—CH,) appeared between 0.95 and 0.84 ppm, and other
cyclic geminal protons were detected at 0.89, 0.87, 0.84, 0.16, and
0.07 ppm.

Antibacterial activity of keratin at different concentrations
against pathogen S. aureus

The antibacterial properties of keratin are well documented in the
literature. In this context, we chose to confirm this relevant behavior
using one representative extracted keratin sample. The Ke-2 sample,
which exhibited the lowest characteristic signals among the keratin
samples obtained, was therefore selected as an appropriate candidate
for antibacterial evaluation. Under the assumption that Ke-1, showing
superior keratin characteristics, would exhibit equal or enhanced
antibacterial performance.

The bacteriostatic activity of keratin was evaluated against
S. aureus. The inhibition zone diameters (IZD) formed by different
concentrations of Ke-2 keratin against S. aureus are shown in Figure 6
and summarized in Table 2. A progressive increase in inhibition zone
diameter was observed as the keratin concentration increased. This
effect can be attributed to keratin-derived peptides interacting with
lipoteichoic acid present in the membranes of gram-positive bacteria,
leading to disruption of cellular structure and inhibition of bacterial
proliferation.®

Ataconcentration of 100 mg mL', the inhibition zone reached a
maximum of 11.95 +2.7 mm, while at 12.5 mg mL"', it significantly
decreased to 7.21 + 0.76 mm.

Although sodium dodecyl sulfate (SDS) is known to exhibit
antibacterial activity by disrupting cell membranes and denaturing
proteins,* the presence of residual SDS in the Ke-2 samples is
unlikely due to thorough purification by dialysis. However, a low
possibility of residual SDS cannot be entirely excluded and should
be considered prior to confirmation using quantitative analytical
methods.
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CONCLUSIONS

Keratin was successfully extracted using two chemical reduction-
based methods (Ke-1 and Ke-2), employing low-toxicity reagents
with minimal environmental impact. The yields obtained were 70%
for Ke-1 and 78% for Ke-2, the latter involving SDS in the extraction
process.

Spectroscopic characterizations confirmed the presence of both
a-helix and B-sheet secondary structures in the extracted keratins.
The predominance of the B-sheet conformation is consistent
with the avian feather origin of the protein. FTIR and 'H NMR
analyses showed prominent peaks in specific regions, indicating the
presence of functional groups associated with constituent amino
acids, such as amide I, II, and III bands, amino groups (-NH,),
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Figure 6. Diameter of the inhibition zone of S. aureus after exposure to Ke-2
at different concentrations (12.5, 25, 50, and 10 mg mL™)

Table 2. Inhibition zone diameter of Staphylococcus aureus exposed to Ke-2
keratin at various concentrations

Ke-2 concentration / (mg mL™") 1ZD / mm

100 11.95+2.71
50 10.02 £ 0.34
25 9.61 £3.42
12.5 721 £0.76

1ZD: inhibition zone diameter.

carboxyl groups (-COOH), among others. Morphological
characterization revealed a fibrillar structure with hollow cavities
in both keratin products. Notably, Ke-2 exhibited a larger fiber
diameter; however, this did not adversely affect thermal stability, as
both extracted keratin samples demonstrated comparable thermal
stability according to the TGA results.
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Importantly, the keratin obtained via the Ke-2 method
exhibited antibacterial activity against Staphylococcus aureus,
with a clear dose-response relationship. This biological effect is
attributed to keratin-derived peptides that potentially disrupt the
bacterial cell wall, offering a natural alternative to conventional
antimicrobials.

This study confirms the effective extraction of two types of keratin
(Ke-1 and Ke-2) from poultry waste using a simple, efficient, and
cost-effective chemical reduction method. These findings highlight
the potential of the extracted keratins for applications in biomedical,
pharmaceutical, and environmental fields.
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