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Abstract

This research aims to optimize keratin extraction from duck feathers using an eco-friendly ionic liquid-ultrasound-assisted extraction (IL-UAE)
method and evaluate its potential applications in tissue engineering. It investigated the effects of deposition pH (1-6), ultrasonication temperature
(40-60°C), and time (60-180 min) on extraction yield and physicochemical properties. The results demonstrated the optimal extraction conditions
at pH 3, 40°C, and 60 minutes, yielding 82% keratin with a 0.50 mg/mL concentration, while the lowest yield production was found at pH 6
(33%, 0.20 mg/mL). Meanwhile, characterization via FTIR confirmed predominant B-sheet structures with characteristic peaks at 3250-3300
cm™' (N-H/O-H stretching) and 1700-1500 cm™ (C=O stretching). SDS-PAGE revealed pure keratin bands (10-15 kDa), while SEM showed
layered, porous morphology suitable for biomaterial applications. Thermogravimetric analysis, furthermore, identified three degradation stages
occurred at 0-200°C (3.05% loss), 200-400°C (39.37% loss), and 400-700°C (31.13% loss). Amino acid profiling revealed high L-cystine content
(153,064.90-156,926.33 mg/kg) with the significant amounts of glycine (63,958.25-64,064.73 mg/kg), L-proline (77,631.16-77,717.42 mg/kg),
and L-leucine (59,111.43-59,198.60 mg/kg). In silico molecular docking studies identified leucine as a promising procollagen N-endopeptidase
inhibitor (binding energy -5.0 kcal/mol), which controlled the collagen-breaking and forming process. This ability makes keratin potential to be
developed as a scaffold for bone tissue regeneration in medical industry.
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1. Introduction complexity of chronic health conditions [2,3,4]. Bone
regeneration approaches have undergone rapid development
since the last decade. Autogenous and allogeneic bone

transplantation has long been the standard method of bone

Bone deterioration is a complex problem that affects
millions of people worldwide. It is mostly determined by

external factors, including tumor resection, trauma, surgical
interventions, and degenerative diseases such as osteoporosis
and arthritis [1,2]. The prevalence of bone deterioration has
increased significantly since 1990 with a projected 2.6-fold
increase by 2025 [3,4]. It has then made bone the second most
transplanted tissue worldwide with 2 million cases yearly.
Major risk factors include age, modern lifestyle, and the
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reconstruction; however, the lack of donor availability, high
risk of inflammation, and potential for immune system
rejection limit the effectiveness of both approaches [2,4].

To address these complexities, the development of
regenerative biomaterials has become a significant focus of
regenerative medicine research with a number of main goals to
create donor-independent solutions, use natural materials to
minimize immunological risks, and have optimal integration
capabilities with stem cells through superior therapeutic
properties. A promising innovative approach is the
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development of porous 3D nanofiber scaffolds, which combine
non-toxic synthetic polymers with specific biomaterials [5,6].
Tissue engineering methods are designed to create 3D matrices
essential for bone cell proliferation, migration, and
differentiation [6,7]. The key characteristics of developable
scaffolds include complex 3D architectures with porosity that
facilitates nutrient exchange and cell migration and biomaterial
compositions that are compatible with biological systems [8,9].
Combining non-toxic synthetic biopolymers with natural
biomaterials aims to create a microarchitectural environment
that can support optimal bone regeneration [10,11].

Keratin is a natural polymer with several advantages,
including  biocompatibility, = biodegradability,  natural
abundance, antimicrobial activity, and cellular compatibility
that enhances integration with bone [8,12,13]. It is a fibrous
protein with 7-20% cysteine amino acid residues, whose
oxidation leads to inter- and intramolecular covalent bonds, the
source of keratin fiber toughness [ 14]. Keratin contains the cell
adhesion sequences RGD (Arg-Gly-Asp) and LVD (Leu-Asp-
Val), also found in extracellular matrix proteins such as
fibronectin [15,16].

Of particular interest is the interaction between keratin-
derived amino acids and procollagen N-endopeptidase, an
enzyme that plays a crucial role in bone metabolism and
extracellular matrix remodeling. Procollagen N-endopeptidase
is responsible for cleaving the N-terminal propeptide of type I,
II, and III procollagens, a critical step in collagen maturation.
The inhibition of this enzyme has significant therapeutic
implications for bone regeneration as it is able to modulate
collagen processing and deposition rates. This modulation is
particularly relevant in the context of protein kinase D (PKD)
signaling pathways, regulating numerous cellular processes,
including cell proliferation and extracellular matrix
organization. By targeting the interaction between keratin-
derived amino acids and procollagen N-endopeptidase, it might
be possible to develop novel therapeutic approaches that
enhance bone repair through controlled collagen metabolism
and improved scaffold integration.

Containing more than 70%, duck feathers becomes one of
the potential alternative keratin sources. Although the keratin
content in duck feathers is found lower than chicken feathers
(91%), the higher a-keratin content of duck feathers has made
their keratin dominated by a spiral-shaped a-helical structure
with high stability [17]. This structure can produce more potent
and more flexible properties in 3D scaffolds.

Traditional methods for extracting keratin from feathers
mostly use strong acids and bases or high-concentration salt
solutions [18,19,20]. This multi-stage process can trigger
protein degradation. The consumption of large quantities of
reagents and improper management will pose a risk of
environmental pollution. Although superheated water is a more
eco-friendly processing method, it still can break the peptide
bonds in protein molecules, consequently leading to protein
degradation [21,22]. Developing a new, simpler, and more eco-
friendly method for keratin extraction, therefore, is deemed
essential.

Ionic liquids (IL), a group of salts that are in the liquid state
at relatively low temperatures, are becoming an alternative
solvent that is not only eco-friendly and safe but also superior
in view of its non-volatile, non-flammable, high chemical and
thermal stability and easy recycling [23,24]. They have more
excellent solubility compared to traditional solvents [25].

These various advantages have made IL applied in the pre-
treatment and catalytic hydrolysis of small molecules and
natural macromolecules, including lignocellulosic biomass
[26], glycosides [27,28], carbohydrates [29,30,31], and
proteins [24,32]. The results showed no significant changes in
the degree of polymerization and dispersibility or in obtaining
ideal hydrolysis efficiency. Containing various functional
anions and cations, IL exhibits strong interactions at hydrogen
and peptide bonds in a 3D network structure of associated
macromolecules, resulting in efficient dissolution and
decomposition [33]. However, long processing times and high
costs become the weaknesses of conventional keratin extraction
using IL. By means of this method, Polesca et al. (2023)
reported 95% keratin recovery after a 5-hour extraction [34].
Therefore, finding an extraction method compatible with IL to
reduce chemicals and processing time purposely to result in
high extraction efficiency and low costs is something urgent.

Ultrasound-assisted extraction (UAE) has been widely
applied in various fields, such as food, biomedicine, and
cosmetics. On the one hand, the mechanical vibration effect can
increase a contact between material and medium, thereby
facilitating a reaction process. On the other hand, acoustic
cavitation in the sonication medium can lead to destruction.
Mechanical vibration acoustic cavitation can trigger mass
transfer and ultimately produce productivity in industry.
Cordova et al. (2025) reported the UAE's ability to make
optimum anthocyanin yield in a 5-minute winemaking by-
product processing [35]. In line with this, Kong et al. (2025)
reported the optimum yield of prenylated flavonoids in Sophora
flavescens (PFS) (5.97 mg/g) from 28 min UAE using a liquid-
to-material ratio of 26 mL/g [36]. Both showed the UAE's
success in reducing chemical usage and time processing.
However, the use of this method in combination with IL to
obtain higher efficiency and eco-friendly properties of keratin
extraction, specifically from duck feathers, so far, has never
been reported.

This study aims to evaluate the effectiveness and efficiency
of UAE using IL and characterize the physical (morphology
and crystallinity), chemical (functional groups, hydrogen
bonds, and pH parameter analysis), mechanical (tensile
strength and elongation), and thermal (TGA curves) properties
of the resulting duck feather keratin. Furthermore, this study
evaluated the potential of keratin as an optimal PHB/keratin
scaffold for bone tissue reconstruction applications through in
silico molecular docking analysis. The computational approach
investigated an interaction between key amino acids found in
duck feather keratin and procollagen N-endopeptidase, an
enzyme critical in collagen metabolism and extracellular matrix
remodeling. This dual experimental-computational
investigation provides comprehensive insights into both the
extraction optimization and potential biomedical applications
of duck feather keratin, particularly in relation to bone tissue
engineering. The in silico study specifically examined how
amino acids from keratin might function as the inhibitors of
procollagen N-endopeptidase, potentially regulating collagen
turnover in bone regeneration applications.

2. Materials and Methods
2.1. Materials

Feathers form freshly slaughtered adult duck were obtained
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from duck feather exporters in Bangkalan, Indonesia. Several
chemicals required for feather preparation included ethanol
(=296%, Merck, Singapore) for immersing and cleaning, and for
extraction it included Sodium Sulfide (Na;S) (anhydrous,
Merck, Singapore) obtained from Cahaya Kimia Indonesia,
Sodium Hydroxide (NaOH) (96%; Merck, Singapore),
Hydrochloric Acid (HCI) (=37%; Fluka, Austria), and distilled
water.

2.2. Method
2.2.1. Duck feather preparation

Using ethanol extraction purification, duck feathers were
cleaned from stains, oil, dirt, and pathogens [37]. 100 grams of
duck feather samples were soaked into 1 L of ethanol for 24
hours and dried in an incubator at 34+1°C for 72 hours. The
samples were further conditioned in an oven at 60 + 2°C and
20% RH for 72 hours prior to be ground into powder, as shown
in Fig. 1.

Immersein 1L
Ethanol for 24 hours

100 gr Duck
Feathers

Dry in an Incubator at 34+1 °C
for 72 hours

Grind completely into
powder

Fig. 1. Pre-treatment process to remove all types of contaminants, both
organic and inorganic compounds

2.2.2. lonic liquid solvent preparation

Chemical compounds consisting entirely of cations and
anions were in the liquid phase at room temperature (below
100°C). In this case, sodium sulfide (Na;S), an ionic
compound, was dissolved in water to produce ionic liquid, as
shown in Fig. 2.

—

+7 -

Aquadest

-

39.8 g Na5 Solids 39.8 g of Na,Sina 1000 ml NaS liquid 0.5 M

volumetric flask was added (ionic liquid)
with distilled water up to the
meniscus mark, then shaken

Fig. 2. Pre-treatment process for the preparation of ionic liquid solvent
2.2.3. Extraction of keratin

After grinding, a total of 20 g of duck feather powder was
immersed into a Na,S 0.5 M (ionic liquid) with a ratio of 1:20.
The pH of the solution was conditioned at 10.5 using NaOH
0.05 M by referring to Pourjavaheri et al. (2019) [37]. The
solution was then heated at a constant temperature of 40°C
while continuously stirring by means of an ultrasonicator
(Elmasonic S 80 H). Subsequently, 11,648 g of sample was
centrifuged using a Centrifuge (Hettich EBA 20) at 10°C for 20
minutes. The supernatant was collected, and the residue was
discarded. 7 M HCI was added to obtain a pH of 1-6. The
solution was left for 2 hours without heating or stirring.

Filtration was then carried out to separate the filtrate and the
precipitate obtained. The precipitate was rinsed using distilled
water prior to be dried in an oven (Memmert UNSS5) at 60°C
for 48 hours, as shown in Fig. 3 [38,39].

“}—>

Immerse in 400 mL
Na,50.5M

The mixture was heated at 40 °C
while continuously stirring using
ultrasanic

20 gr duck feather

powder 10.5 using NaOH 0.05 M

The mixture was
residue and centrifuged at 11.648
supernatant gand 10 °C for 20

I minutes

saslss | \'s

-l -255

o - -

i Separation of
Conditioning pH 1-6

by adding 7 M HCI

The mixture was allowed
to stand for 2 hours

Dried in an oven at 60 °C
for 48 hours

The filtrate and precipitate
were separated and rinsed
with distilled water

Keratin powder with pH 1-pH &
conditioning

Fig. 3. Schematic of the keratin extraction process steps using the ionic liquid
ultrasonic assisted extraction (IL-UAE) method

2.2.4. Yield

Yield and weight loss were determined by following
Equation (1)-(3).

Yyield = ”V"V—f: x 100 (1)
%loss = W"W;‘:’f" x 100 )
%total weight loss = ——L% x 100 3)

where W, and Wy refer to the weight of wet and dry keratin,
respectively, while W; is the weight of duck feathers.

2.2.5. Concentration of keratin

Keratin concentration was determined using UV-Vis
spectrophotometry (Eppendorf AG, Hamburg, Germany) at
280 nm [19].

2.2.6. Fourier transform infrared (FTIR)

The functional groups of keratin powder from various pH
conditions were analyzed using an FTIR spectrophotometer
(Perkin Elmer Spectrum Two). Spectral data were collected in
transmission mode at 4000-650 cm™, using scanning at a

resolution of 4 cm™!.

2.2.7. Scanning electron microscopy (SEM)

To obtain the particle surface morphology, size, and
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distribution of duck feather keratin particles, analysis was
carried out using Scanning Electron Microscopy (JSM-6510) at
the magnifications of 2000x, 10,000x, and 20,000x.

2.2.8. Thermogravimetric analysis (TGA)

To determine the thermal degradation pattern based on
keratin mass loss as a function of temperature, analysis was
carried out using a Thermogravimetric Analyzer (PerkinElmer
TGA Pyris 1) at 30-750°C under nitrogen purge (20 mL/min)
and 750-850°C under oxygen purge (20 mL/min) with a heating
rate of 20 Kmin ™.

2.2.9. Amino acid profiling

The analysis of the type composition and proportion of
amino acids making up the keratin protein was carried out
through High-Performance Liquid Chromatography (HPLC). It
was conducted at room temperature using a LiChrospher 100
RP-18 column (5 mm) with an eluent flow rate of 1.5
mL/minute. Meanwhile, detection was conducted using a
Thermo Ultimate 3000 RS Fluorescence Detector with an
excitation wavelength of 300 nm and an emission wavelength
of 500 nm [19]. The amino acid composition determined the
mechanical and biological properties of the duck feather
keratin.

2.2.10. Sodium dodecyl sulfate
electrophoresis (SDS-Page Gel)

polyacrylamide  gel

An analysis was carried out to separate protein subunits
based on molecular weight using SDS-Page Gel on a
polyacrylamide matrix powered by an electric field. The
flowing electric charge enables the protein to move through the
gel from the negative to the positive pole. Polyacrylamide gel
separates molecules based on molecular size and shape. Here,
small molecules move faster than large ones.

2.2.11. Liquid chromatography-mass spectrometry (LC-MS)

1 microgram of keratin was incubated with 200 pg/uL
sequencing grade trypsin at 37°C overnight. Assimilation was
stopped by formic acid (FA) to a final concentration of 1% and
drying in a vacuum. The processed keratin was analyzed by
fluid chromatography/mass spectroscopy (LC-MS/MS) using a
Q-Exactive mass spectrometer (Thermo Logical).

2.2.12. Nuclear magnetic resonance (NMR)

NMR samples were obtained from duck feathers ground
into powder using a Rocklabs Ringmill Grinder (with zirconia
mill head) for 3 minutes. To obtain NMR spectra of duck
feathers, the Agilent DD2 500 MHz NMR spectrometer was
equipped with a 4 mm MAS solid-state triple resonance probe,
operated at a rotation speed of 10 kHz, scanning 4 (proton) or
4000 (carbon), and a delay time of 5 seconds.

2.2.13. Molecular Docking

The molecular docking analysis used Procollagen N-

Endopeptidase Inhibitor protein from RCS Protein Data Bank
(PDB ID: 3F1S). Hydrogen atoms and Kollman charges were
calculated and added after the cofactors to prepare proteins.
Water molecules and metal ions were removed so as not to
interfere with the process. Preliminary tests using the CB-Dock
application were carried out to obtain information on grid
arrangement, cavity size, and vein score, required to make the
docking procedure more accurate. Some ligands including
amino acids cysteine, leucine, serine, and proline, taken from
the Pubchem website, were used. The resulting data then
displayed 2D and 3D bond visuals and bonding energy data.

3. Results and Discussion
3.1. Yield

The yield of duck feather keratin was obtained highest at pH
3 (82%) and lowest at pH 6 (33%). Table 1 depicts the details
of the yields obtained at various pH values.

Table 1. Yield% keratin duck feather

Sample Yield%
pH 1 76
pH?2 80
pH3 82
pH4 79
pHS 40
pH6 33

Keratin tended to aggregate due to the formation of
hydrogen bonds and hydrophobic interactions at pH 3 as the
ideal pH to form keratin coacervate. The protonation of
carboxylic groups (COO-) peaked at pH 3, decreasing
electrostatic repulsion and strengthening keratin molecule
association. This condition then resulted in consistent and
stable development of keratin coacervates. The opposite
condition results when excessive protonation triggered a more
pronounced phase separation at pH 1-2. On the other hand, the
deprotonation of carboxylic groups increases electrostatic
repulsion at pH wvalues higher than 3, and reduces the
effectiveness of coacervate production [40].

If compared to previous research, the extraction method
using Na,S ionic liquid with pH optimization showed more
efficient results. Wang & Tong (2022) developed a keratin
extraction method from duck feathers using the imidazol
[Bmim]Cl ionic liquid with a yield of 75.1% [52]. As shown by
Senthilkumar et al. (2022), keratin was extracted from duck
feather using steam flash explosion (at 1.6 MPa for 1min)
followed by alkali extraction using 0.4% NaOH for 1 hour with
a yield of 42.78% [53]. Although ionic liquid method is
claimed to be environmentally friendly, our research results
with pH optimization indicated an increase in yield about 7%
at pH 3 conditions. This suggests that pH adjustment is not only
a simpler approach but also more effective in the keratin
extraction process from duck feathers.

3.2. Concentration

Table 2 presents a summary of the concentrations of
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extracted keratin at different pH values. Based on the UV-Vis
absorbance results, the keratin solution concentration at various
pHs correlated with the extraction yield was obtained. This is
in line with what was reported by Mengistu et al. (2024) [41].
The higher the keratin yield produced, the higher the
concentration of keratin solution dissolved in the medium, as
shown by the increased absorbance value at a wavelength of
280 nm.

At pH 3, the highest yield was 82%, aligning with the
relatively high concentration of the keratin solution. This was
caused by pH conditions that supported keratin aggregation
through hydrophobic interactions and hydrogen bonds so that
more protein could be dissolved and detected in the solution.
On the other hand, at pH 6, the lowest yield of 33% caused a
lower solution concentration, indicated by a more negligible
absorbance. This was likely due to electrostatic repulsion
between keratin molecules, inhibiting solubility and increasing
the tendency to precipitation.

This difference in concentration can also be attributed to the
stability and structure of keratin at various pHs. At more acidic
pH (pH 2-4), the protonation of carboxylic groups (-COO")
weakened electrostatic repulsion, allowing more keratin to
dissolve. Conversely, at higher pH (pH 5-6), deprotonation
could increase intermolecular repulsion, reduce solubility, and
decrease yield.

Table 2. Extracted keratin concentrations by IL-UAE as estimated using
protein absorbance at 280 nm

Sample ID Conc (mg/mL) WL400,0 (Abs)

pH 1 0.30 0.117
pH2 0.45 0.286
pH3 0.50 0.379
pH4 0.40 0.256
pHS5 0.25 0.082
pH6 0.20 0.069

Thus, the relationship between yield and solution
concentration shows that extraction pH is critical in
determining keratin solubility. This is in line with what Perez-
Vila et al. (2024) reported when examining the effect of
extraction methods on the composition and solubility of
Perennial ryegrass leaf protein concentrate [42]. pH
optimization is necessary to obtain high yields and keratin
solutions with sufficient concentration for further applications
in tissue engineering.

3.3. FTIR

Keratin yield at various pHs showed consistency with the
peak reported by Oussadi et al. (2025) [43]. Observing the
absorbed amino groups and water, it was detected that the
amino groups remained stable in keratin at various pHs. The
peak at 3250-3300 cm™! indicates the stretching vibration of the
-N-H and -O-H groups of the hydroxyl and amine groups,
which are the characteristic of keratin. The decrease in peak
intensity at lower pH indicates a decrease in hydrogen bonding

capacity under acidic conditions [44].
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Fig. 4. Structure of (a) a-keratin showing predominant a-helix conformations

with coiled-coil structure, and (b) B-keratin displaying characteristic B-sheet
arrangement with extended polypeptide chains
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Fig. 5. FTIR spectra of the keratin extracted at different pH conditions (pH 1 -
pH 6) showing characteristic absorption bands of functional groups

In the 1700-1500 cm! region, the appearance of a sharper
peak is most likely produced by carbonyl (C=0O) stretching
vibrations indicating the presence of carboxylic acid or ketone
groups, with a slight shift and decrease in intensity at various
pH, reflecting the modification of the chemical environment
around these groups due to changes in pH. The characteristic
amide I bands were observed at 1640-1660 cm™ indicating o-
helix structure, and at 1660—1685 cm™ corresponding to p-sheet
structure. Meanwhile, the peak at 1200-1000 cm™' can be
attributed to the stretching vibration of the C-O or C-N groups,
which also experience a specific shift in position and change in
intensity at a certain pH [45]. This spectrum analysis provides
detailed information regarding changes in molecular
interactions and functional group stability of keratin samples in
response to environmental acidity (Fig. 5).

Overall, the FTIR results showed that although slight shifts
and changes in peak intensity were detected at different pH
conditions, several peaks characteristic of the amino, carbonyl,
and peptide groups typical of keratin could still be found. Thus,
even with the decrease in hydrogen bonding capacity and
changes in molecular interactions with changes in pH, keratin
still exhibits important bioactivity. The dominant presence of
the O-H, C=0, N-H, C-H, and C-N functional groups shows
the presence of B-sheet keratin in duck feathers, as shown in
Fig. 4.
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3.4. SDS-Page gel

SDS-PAGE gel electrophoresis analysis was conducted to
determine the atomic mass of the severed protein homologs,
pattern, and purity of keratin extracted using NaxS (Fig. 6). The
molecular mass of keratin was calculated using standard
markers. SDS-PAGE information revealed that the keratin in
this study had the groups of prominent bands and spread ca. 20
kg/mol, representing the atomic mass of concentrated keratin.
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Fig. 6. SDS-PAGE gel electrophoresis of keratin samples showing protein
bands at different concentrations, confirming the purity and molecular mass
of extracted keratin

SDS-PAGE analysis showed a significant relationship
between keratin concentration and band intensity. The
strongest bands appeared in samples with higher concentrations
(0.9), while their intensity gradually decreased as the
concentration decreased to 0.1. The appearance of all bands
was consistently at 10-15 kDa (pure keratin in the range of 10-
25 kDa), indicating that the same keratin protein was present in
all samples. The presence of a single band (without any
additional bands) indicates the success of the NaxS extraction
method in producing pure keratin protein [46]. Even at the
lowest concentration (0.1), the protein could still be detected,
indicating that the extraction method and detection technique
were effective and reliable for the analysis of keratin samples.

3.5. SEM

Fig. 7. illustrates the SEM images of keratin. SEM results
visualized the keratin surface as a occasionally flat and rough
structure formed by several layers of keratin that overlapped
each other, similar to the structure of scales. Aggregate was
attached to this flat structure. At 20,000x magnification, the
aggregate showed a dense porous structure with high porosity.
This morphology is found similar to Alvarez's (2024) [47].

It is fundamental to biomaterial applications, such as tissue
restoration and wound healing. The observed dispersion of
micrometer-sized molecules underlies keratin-based scaffolds'
mechanical properties and protein composition. These surface
characteristics contribute to increased cellular grip, supplement
dispersion, and general biocompatibility, making them suitable
for biomedical applications [47].

(b)

Fig. 7. SEM micrographs of extracted keratin showing: (a) Scale-like
overlapping keratin layers with rough surface at 2,000x magnification; (b)
Intermediate view revealing aggregated structures between layers at 10,000x
magnification; (c) High-resolution image at 20,000x magnification displaying
dense porous microstructure with interconnected pores suitable for cellular
attachment

3.6. TGA

In Fig. 8, the thermogravimetric analysis (TGA) of duck
feather keratin showed three stages of significant thermal
degradation. In the first stage (0-200°C), a mass reduction of
3.05068% was detected, which resulted from the dehydration
of the keratin sample. A more significant mass reduction was
detected in the second stage (200-400°C), i.e. 39.3661%. The
degradation of the main structure of keratin, where keratin
protein decomposition occurs, including breaking peptide
bonds and degradation of amino acid side chains, is a trigger
for mass reduction in this second stage. The sharp slope of the
curve at this stage indicated a fast degradation rate.

In the third stage (400-700°C), a stage of further
degradation of organic residues, mass reduction was slightly
lower than that of in the second stage, i.e. 31.1334%. At this
high temperature, the carbonization process of the remaining
organic material occurred with a curve showing a slightly
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gentler decline compared to the second stage. A total mass
reduction of up to 73.5% was recorded at 700°C. These results
indicated that duck feather keratin has moderate thermal
stability with approximately 26.5% of the remaining material
likely in ash and fixed carbon. The results of this analysis align
with the general characteristics of keratin protein, which
undergoes gradual degradation with increasing temperature and
the main stage of degradation occurred at 200-400°C [48].

3.7. Amino Acid Profiling

Table 3 presents the complete amino acid profile of duck
feather keratin. The analysis of amino acid content revealed the
presence of 18 types of amino acids with various concentrations
in the keratin samples tested. The highest concentration was
observed in L-Cystine, 153,064.90 - 156,926.33 mg/kg. These
results indicated L-Cystine as an essential component in the
protein structure of duck feather keratin, which plays an
important role in forming disulfide bonds stabilizing the protein
structure [49]. In contrast, the lowest concentration was
observed for L-Methionine, 101.95 - 103.29 mg/kg. Even

though its concentration was found low, L-Methionine still has
an important role in synthesizing sulfur-containing compounds
such as S-adenosylmethionine.
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Fig. 8. Thermogravimetric analysis (TGA) curve of duck feather keratin
showing three-stage thermal degradation process with corresponding weight
loss percentages

Table 3. Amino Acid Profile of Keratin Duck Feather

No Parameter Unit Simplo Duplo Limit of Detection Method
1 L-Alanine mg/kg 23039.47 23067.14 - 11-6-4/MU (UPLC-PDA)
2 L-Arginine mg/kg 44074.09 44202.56 - 11-6-4/MU (UPLC-PDA)
3 L-Aspartic Acid mg/kg 38542.93 38577.13 - 11-6-4/MU (UPLC-PDA)
4 Glycine mg/kg 63958.25 64064.73 - 11-6-4/MU (UPLC-PDA)
5 L-Glutamic Acid mg/kg 51769.65 51821.35 - 11-6-4/MU (UPLC-PDA)
6 L-Histidine mg/kg 2928.32 2960.36 - 11-6-4/MU (UPLC-PDA)
7 L-Isoleucine mg/kg 24644.35 24660.02 - 11-6-4/MU (UPLC-PDA)
8 L-Cystine mg/kg 153064.90 156926.33 - 11-7-2/MU (LC-MS/MS)
9 L-Leucine mg/kg 59111.43 59198.60 - 11-6-4/MU (UPLC-PDA)
10 L-Lysine mg/kg 21752.76 21773.54 - 11-6-4/MU (UPLC-PDA)
11 L-Methionine mg/kg 101.95 103.29 - 11-7-2/MU (LC-MS/MS)
12 L-Tryptophan mg/kg 3233.47 3314.47 - 11-6-5/MU (HPLC-PDA)
13 L-Valine mg/kg 39614.90 39657.47 - 11-6-4/MU (UPLC-PDA)
14 L-Phenylalanine mg/kg 33887.65 33825.97 - 11-6-4/MU (UPLC-PDA)
15 L-Proline mg/kg 77631.16 77717.42 - 11-6-4/MU (UPLC-PDA)
16 L-Serin mg/kg 52801.64 52887.59 - 11-6-4/MU (UPLC-PDA)
17 L-Threonine mg/kg 15346.71 15375.82 - 11-6-4/MU (UPLC-PDA)
18 L-Tyrosine mg/kg 18853.06 18891.57 - 11-6-4/MU (UPLC-PDA)
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Other amino acids, such as L-Glutamic Acid (51,769.65 —
51,821.35 mg/kg) and Glycine (63,958.25 — 64,064.73 mg/kg),
contribute significantly to the structural and functional
properties of proteins. L-glutamic acid, for example, is often
associated with the umami taste of food products, while
Glycine acts as a building block for collagen and other
structural proteins. Branched-chain amino acids (BCAAs),
including L-Leucine (59,111.43 — 59,198.60 mg/kg), L-
Isoleucine (24,644.35 — 24,660.02 mg/kg), and L-Valine
(39,614.90 — 39,657.47 mg/kg), were also found in significant
amounts. BCAAs are known for their roles in energy
metabolism, muscle recovery, and protein synthesis.

Overall, the analysis showed that the keratin samples were
rich in amino acid content and variety; thus, they have the
potential to contribute high nutritional value, especially for
protein synthesis, tissue regeneration, and other metabolic
functions.

3.8. LC-MS

The LC-MS analysis of keratin samples, as shown in Table
4, identified several compounds. It revealed the presence and
abundance of several compounds with various molecular
compositions. Chromatographic separation showed an
interesting pattern where two compounds co-eluted at the
earliest retention time, namely 0.962 min, specifically
CoH11NO2 (m/z 166.08582) and CsHoN (m/z 120.08082), with
CsHoN (m/z 120.08082), with the abundance of CsHoN being
much higher than CoHi1NOs. This co-elution indicated that
both have similar physicochemical properties under certain
chromatographic conditions. Furthermore, a compound with
the molecular formula CgHi2NeO (m/z 209.11652) was
detected at a retention time of 1.187 minutes, showing a
substantial abundance of 58735.33. While, the final compound,
C3HoN>O» (m/z 105.06462), was observed at a retention time
of 4.212 minutes with the lowest abundance, i.e. 17749.24.

Table 4. LC-MS of keratin analysis

RT (Retention Molecular

Time) Mass m/z Formula Abundance
0.962 166.08582 CoHiINO; 39833.04
0.962 120.08082 CsHoN 95239.18
1.187 209.11652 CsH12N6O 58735.33
4212 105.06462 C3HoN2 O, 17749.24

Nitrogen and oxygen atoms in this molecular formula
suggest a potential biological origin although the determination
of the exact structure requires an additional analytical
validation. This additional validation should include a
comparison with native standards, MS/MS fragmentation
pattern analysis, and complementary analytical techniques,
such as NMR or IR spectroscopy. The significant variation in
retention time, 0.962 - 4.212 minutes, showed fundamental
differences in the interaction of these four compounds with the
chromatography system. Of note, the co-clution observed at

0.962 min may benefit from the optimization of the method to
produce a more selective separation.

Abundance patterns provide valuable information about
sample composition, with CsHoN emerging as the dominant
signal. However, it is essential to note that MS abundance may
reflect actual concentration differences and varying ionization
efficiencies at the specific MS conditions used [50]. This
method requires internal standardization and validation using
authentic references for more accurate quantitative analysis.
The overall analytical approach can be improved by applying
additional confirmation strategies, including MS/MS analysis
for the structural elucidation and optimization of methods for
separating co-eluting peaks, ultimately providing more
accurate compound identification and quantitative analysis
results.

3.9. NMR

"H-NMR analysis was used to characterize keratin structure
and identify any possible differences between a-helix and (-
sheet in this protein. In this study, the 'H-NMR spectrum of the
keratin samples obtained showed various peaks related to the
molecular structure of keratin, as shown in Fig. 9. The peak
observed at 3.3 - 3.5 ppm indicated the presence of protons
around groups that bond to electronegative atoms such as
oxygen or nitrogen, possibly originating from hydroxyl (-OH)
or amide groups in the keratin peptide chain. Signals at 2.4 -
2.5 ppm are often attributed to methylene groups (-CHz-)
adjacent to carbonyls (-C=0) or sulfur groups (-S-), which are
the part of the cysteine residues in the keratin structure. In
addition, the presence of a signal at 1.1 - 1.2 ppm indicates the
presence of a methyl group (-CH3) in the aliphatic environment,
which can come from amino acid residues such as alanine and
valine. Meanwhile, the peak at 0.7 - 0.9 ppm is related to the
terminal methyl group frequently found in long aliphatic
chains, indicating the presence of hydrophobic interactions in
the protein structure [51].

Fig. 9. The '"H NMR spectrum (500 MHz) of keratin

This 'H-NMR spectrum shows that the main structure of
keratin is maintained during and after the extraction process.
These emerging and observed peaks indicated that the
hydrogen environment in keratin still maintains its typical
structure, including carbonyl and amide groups, which play a
role in the stability of this protein. However, the large number
of peaks in this spectrum can also indicate variations in the
chemical environment due to intra- and intermolecular
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interactions, as mentioned in the research of Pourjavaheri et al.
(2019), reporting that the keratin structure that appears often
shows spectral complexity due to aggregation or structural
changes occurred during the extraction process [37].

These '"H-NMR spectrum results also indicated that intra-
and intermolecular interactions in keratin remained after
extraction, supporting its potential use as a biomaterial in tissue
engineering and wound healing. The pore morphology
observed from SEM characterization further supported this,
indicating that keratin materials can have physical properties
that support cell growth and nutrient exchange in biomedical
applications.

Based on the results of 'H-NMR analysis, it can be
concluded that the extracted keratin still maintains its
characteristic structure with various functional groups
identified in the NMR spectrum. Although the solution NMR
method is limited in distinguishing o-helix and [-sheet
structures, the results indicated that intra- and intermolecular
interactions in keratin were maintained after extraction. SEM
characterization also supports that keratin has a morphology
suitable for tissue engineering and wound healing applications.
The results of FTIR analysis are also in line with "H-NMR
analysis, showing that keratin maintains its characteristic
functional groups, including amide, carbonyl, and peptide
although there are changes in peak intensity due to pH
variations. The peaks detected in FTIR, such as N-H and O-H
stretching vibrations at 3250-3300 cm™!' and carbonyl C=0 at
1700-1500 cm!, corresponded to the chemical shifts detected
in NMR analysis. Changes in FTIR absorption patterns align
with the results of NMR analysis, especially concerning intra-
and intermolecular interactions in keratin. This fact indicates
the stability of the keratin structure during the IL-UAE process.

3.10 Molecular Docking

Table 5. Docking result, binding energy, and cavity

Ligand Binding Energy Cavity Size
Cysteine -4.2 1755
Leucine -5 5105
Serine -4.4 5105
Proline -4.6 1755

Based on the results of our amino acid profiling, which
showed the significant concentrations of various amino acids in
duck feather keratin (Table 3), we then selected four
representative amino acids (proline, cysteine, leucine, and
serine) for our in silico study. A molecular docking study of
protein kinase D (PKD) protein, as summarized in Table 5,
showed the potential of these four amino acids as procollagen
N-endopeptidase inhibitors. The analysis revealed that leucine
had the highest binding affinity with a binding energy of -5.0
kcal/mol and a cavity size of 5105, followed by proline (-4.6
kcal/mol), serine (-4.4 kcal/mol), and cysteine (-4.2 kcal/mol).
This negative binding energy value indicates the formation of
a stable protein-ligand complex, where the more negative the
value, the stronger the interaction. The large cavity size at the

Leucine (5105) binding site also indicates an adequate space
for an optimal bond formation, as shown in Fig. 10.
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Fig. 10. Protein-ligand docking visualization of keratin-derived amino acids
with procollagen N-endopeptidase: (a) cysteine showing binding interactions
at a small cavity site; (b) leucine demonstrating strongest binding with
optimal positioning in the large cavity; (c) serine displaying hydrogen bond
formation with active site residues; and (d) proline exhibiting favorable
conformation at the binding interface

Procollagen N-endopeptidase (also known as ADAMTS-2)
plays a critical role in the processing of procollagen to mature
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collagen by cleaving the N-terminal propeptide of type I, II, and
III procollagens. The inhibition of this enzyme is particularly
significant in relation to protein kinase D (PKD), a serine or
threonine protein kinase involved in diverse cellular processes
including cell proliferation, protein transport, and extracellular
matrix remodeling. The interplay between PKD signaling and
collagen processing via procollagen N-endopeptidase
represents an important regulatory mechanism in tissue
homeostasis [54].

Previous studies have demonstrated that PKD activation can
upregulate procollagen N-endopeptidase activity, leading to
enhanced collagen maturation and deposition. This process is
particularly relevant in conditions characterized by excessive
fibrosis and abnormal extracellular matrix remodeling. By
inhibiting  procollagen N-endopeptidase, the collagen
processing pathway can be modulated, potentially attenuating
PKD-mediated fibrotic responses. Additionally, the inhibition
of this enzyme may influence PKD-dependent cellular
signaling cascades, offering a novel approach to regulate PKD
activity and its downstream effects on tissue remodeling and
cell behavior [55,56].

As the inhibitors of procollagen N-endopeptidase, these
four amino acids could inhibit procollagen processing into
mature collagen, affecting extracellular matrix formation and
cyst development in PKD patients. With its lowest binding
energy, Leucine showed the most significant potential as a lead
compound for developing more effective inhibitors. Protein
visualization showed a uniform distribution of binding sites
with consistent center coordinates and size parameters among
all experiments, confirming the reliability of the docking
results. These findings have opened new avenues in developing
procollagen = N-endopeptidase  inhibition-based =~ PKD
therapeutics with leucine as the lead candidate for further
optimization. These computational findings complement the
experimental results on keratin extraction and characterization,
providing a molecular-level understanding of how duck feather
keratin might interact with key proteins involved in bone
metabolism. The in silico approach allows us to predict
potential biological interactions before proceeding to more
resource-intensive in vitro and in vivo studies, thus guiding the
rational design of keratin-based biomaterials for specific
biomedical applications.

4. Conclusion

This study successfully optimized the extraction of keratin
from duck feathers using the Ionic Liquid-assisted Ultrasonic-
Assisted Extraction (IL-UAE) method with pH parameters
showing a significant effect on the extraction results. The
highest yield of 82% was obtained at pH 3, while the lowest
yield of 33% occurred at pH 6. The extraction conditions at pH
3 were proven to support the formation of stable and uniform
keratin coacervates, essential for biomaterial applications.
Functional group analysis using FTIR showed that a B-sheet
structure dominated the resulting keratin. Meanwhile, testing
with SDS-PAGE showed the presence of the main keratin band
with a molecular mass of 10-15 kDa. Morphologically, SEM
observations showed a uniform structure without additional
cross-linking during the fabrication process. Thermal analysis
revealed that thermal degradation of keratin occurred in three

stages, with a total mass reduction reaching 73.5% at a
temperature of 700°C. In addition, amino acid profiling showed
L-cysteine content as the main component, which plays an
important role in tissue regeneration. LC-MS data provide in-
depth information about the composition of keratin
compounds, including various functional groups such as
hydrocarbon chains, carbonyl, hydroxyl, and amino groups. In
addition to the successful extraction of high-quality keratin
from duck feathers, through molecular docking studies, the
results of this study also showed the potential of keratin as an
inhibitor of procollagen N-endopeptidase, which has an
important role in the biomedical field, especially in tissue
regeneration. On the other hand, utilizing livestock waste in
high-value resources in this study is expected to support a
circular economy by reducing the negative impact of organic
waste on the environment and sustainable material innovation.
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