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Electrospun nanofibers have gained attention for biomedical applications
due to their high surface area and extracellular matrix-like structure. In this
study, polyvinyl alcohol (PVOH)-based electrospun nanofibers with keratin
and curcumin were fabricated and characterized. The effects of keratin
and different curcumin concentrations on morphology, chemical structure,
thermal stability, wettability, and mechanical properties of the nanofibers
were investigated. Field emission scanning electron microscopy (FESEM)
showed that keratin incorporation noticeably reduced the fiber diameter
from 453 nm to 254 nm, while increasing curcumin concentration further
decreased the average fiber size from 330 nm to 282 nm. Fourier
transform infrared spectroscopy (FTIR) confirmed the successful
incorporation of keratin and curcumin into the nanofibers through the
presence of characteristic functional groups. X-ray diffraction (XRD)
analysis indicated that the nanofibers remained predominantly amorphous
with the presence of crystalline curcumin domains. Differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) demonstrated
improved thermal stability after the incorporation of keratin and curcumin.
Water contact angle measurements revealed that all nanofibers were
hydrophilic, with keratin substantially enhancing wettability. Mechanical
analysis showed that keratin improved nanofiber flexibility, while curcumin
influenced the balance between strength and elongation. The developed
PVOH/keratin/curcumin nanofibers exhibited promising physicochemical
and mechanical properties for biomedical applications.
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INTRODUCTION

Electrospinning is a versatile and straightforward technique that is widely used for
the fabrication of nanofibers with high surface area, interconnected porous structures, and
tuneable physicochemical properties (Liu et al. 2020; Zulkifli et al. 2023). These
characteristics have made electrospun nanofibers attractive for a wide range of
applications, including wound dressings, tissue engineering, drug delivery, filtration, and
biomedical devices. Among various polymers for electrospinning, polyvinyl alcohol
(PVOH) has received considerable attention because of its excellent spinnability, water
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solubility, ability to form film, and biocompatibility. In addition, the presence of abundant
hydroxyl groups in PVOH enables intermolecular interactions with other functional
materials, making it suitable for polymer blending systems (Rao Kotni et al. 2023; Yavari
et al. 2025). However, neat PVOH nanofibers possess limited functionality and are highly
sensitive to aqueous environments. Therefore, incorporating bio-based materials is
required to tailor their structural and physicochemical properties for advanced applications.

Natural proteins have emerged as useful materials for electrospun polymer systems
because of their biodegradability, biocompatibility, and diverse functional groups. Keratin
is a natural fibrous protein that is abundantly available from poultry feather waste. The
utilization of feather-derived keratin not only provides an environmentally sustainable
approach for converting a waste stream but also offers a renewable biomaterial for
advanced functional materials. Keratin chemically contains abundant amino (-NH>),
carboxyl (-COOH), and hydroxyl (-OH) groups, which can readily form hydrogen bonds
with the hydroxyl groups of PVOH. Such intermolecular interactions are expected to affect
the structural and functional properties of electrospun nanofibers. The incorporation of
keratin into PVOH systems has been reported to influence the physicochemical and
mechanical properties of the resulting materials (He ef al. 2017; Jung et al. 2021).

Curcumin is a natural polyphenolic compound extracted from turmeric and has
been extensively studied in electrospun nanofiber systems (de Oliveira et al. 2020; Sharifi-
Rad et al. 2020). This is mainly due to its antioxidant, antibacterial, and anti-inflammatory
properties, which make it attractive for applications, such as wound dressing, tissue
engineering, and drug delivery (Tamilarasi ef al. 2022; You et al. 2026). Due to its rigid
molecular structure and partially crystalline nature, curcumin may modify polymer chain
organization, crystallinity, thermal behavior, wettability, and mechanical properties
depending on its concentration and dispersion within the electrospinning solution (Sun et
al. 2013; Priyadarsini 2014; Snetkov ef al. 2022).

Recent studies have demonstrated the successful incorporation of keratin and
turmeric-derived compounds into electrospun polymer nanofibers for functional
applications. For example, Petrai et al. (2025) fabricated electrospun PVOH/k-carrageenan
membranes coated with curcumin via electrospraying and reported enhanced antibacterial
activity, good cytocompatibility, and promising wound-healing performance. More
recently, Clerici ef al. (2026) developed electrospun pectin/PVOH nanofibers containing
bioactive keratin hydrolysates and turmeric, demonstrating composition-dependent
changes in morphology, thermal stability, mechanical properties, antioxidant activity, and
antimicrobial performance for active food packaging applications. However, the individual
and combined effects of keratin incorporation and curcumin concentration on fiber
morphology, intermolecular interactions, crystallinity, thermal behavior, wettability, and
mechanical performance have not yet been fully established.

Based on the properties of each material, the incorporation of keratin and curcumin
was expected to modify the intermolecular interactions within the PVOH matrix, thereby
affecting fiber morphology, structural organization, and the physicochemical properties of
the electrospun nanofibers. Keratin, with its abundant amino, carboxyl, and hydroxyl
functional groups, was expected to interact with PVOH through hydrogen bonding (Fig.
1). Meanwhile, curcumin was anticipated to influence the structural organization of the
nanofibers because of its rigid molecular structure and partially crystalline nature.
Therefore, this study aimed to investigate the influence of keratin incorporation and
varying curcumin concentrations to the morphology, physicochemical, thermal and
mechanical properties of electrospun PVOH-based nanofibers. The outcomes of this study

Xian et al. (2026). “E-spun PVOH/keratin/curcumin,” BioResources 21(4), 10560-10574. 10561



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

are expected to provide useful insights for the development of sustainable polymer-based
nanofiber materials.
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Fig. 1. Schematic illustration of the intermolecular interactions among PVOH, keratin, and
curcumin

EXPERIMENTAL

Materials

Polyvinyl alcohol (PVOH; alcoholysis 98~99% mol/mol) and sodium persulfate
were obtained from Macklin (Shanghai, China). Curcumin (> 97%) was obtained from TCI
Chemicals (Tokyo, Japan). Sodium hydroxide (NaOH) and urea were purchased from
Shanghai Hushi Chemical Reagent (Shanghai, China). Sodium dodecyl sulfate (SDS) was
from Solarbio (Beijing, China).

Extraction of Keratin

Chicken feathers were first washed and dried. After that, 30 g chicken feathers were
mixed with sodium persulfate, SDS, and urea at weight ratios of 1:0.5, 1:1, and 1:8,
respectively. These ratios were selected based on preliminary optimization experiments
conducted prior to this study. Distilled water was then added to dissolve the mixture
completely. The pH of the solution was adjusted to 11 using NaOH to facilitate keratin
solubilization under alkaline conditions before extraction in a water bath at 80 °C for 12 h.
After cooling to room temperature, the extracted solution was centrifuged at 5,000 rpm for
10 min to separate insoluble residues. The resulting supernatant was collected and
subjected to dialysis against distilled water for 5 days, followed by freeze-drying to obtain
keratin powder.

Preparation of Electrospun Nanofibers

A 6 wt% PVOH solution was prepared by dissolving PVOH in distilled water using
a water bath at 90 °C until a clear homogeneous solution was obtained. To minimize water
evaporation during heating, the beaker was covered with aluminium foil throughout the
preparation process. For the preparation of PVOH/keratin/curcumin solutions, 0.5 wt%
keratin powder and curcumin at different concentrations (0.25, 0.5, 0.75, and 1 wt%) were
added to the prepared PVOH solution under continuous magnetic stirring. The nanofibers
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were fabricated using an electrospinning process at a feed rate of 0.01 mL/min with an
applied voltage of 15 kV. A 19 G needle was used, and the distance between the needle tip
and the drum collector was maintained at 15 cm.

Characterization
Field emission scanning electron microscopy (FESEM) and fiber diameter measurement
The morphology and fiber diameter of the electrospun nanofibers were analyzed
using field emission scanning electron microscopy (FESEM; SU8220, Hitachi, Tokyo,
Japan) at magnifications corresponding to scale bars of 500 nm and 10 um. Before imaging,
the samples were mounted onto aluminium stubs using carbon tape and sputter-coated with
a thin gold layer for 60 s. Average fiber diameters were determined by measuring 100
random fibers from three FESEM images using ImagelJ software.

Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR; Nicolet iS10, Thermo Fisher
Scientific, Waltham, MA, USA) equipped with an attenuated total reflectance (ATR)
accessory was used to identify the chemical structure of the electrospun nanofibers without
further sample preparation. For keratin powder, FTIR analysis was performed using the
KBr pellet method. Spectra were recorded over the range of 4000 to 500 cm™ with a
resolution of 4 cm™ and 32 accumulated scans per sample.

X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis was performed using a diffractometer (Empyrean,
Malvern Panalytical, Almelo, Netherlands). The diffraction patterns were collected over a
20 range of 10° to 70° at a scanning rate of 5°/min.

Thermal analyses

For thermal characterization, approximately 5 mg of each sample was sealed in an
aluminum pan for differential scanning calorimetry (DSC; 204 F1, NETZSCH, Selb,
Germany). A similar amount was placed in a crucible for thermogravimetric analysis
(TGA; STA 449 F5, NETZSCH, Selb, Germany). The DSC measurements were conducted
from 10 to 300 °C at a heating rate of 10 °C/min, whereas TGA measurements were
performed from 25 °C to 600 °C at the same heating rate. All thermal analyses were
performed under a constant nitrogen flow rate of 50 mL/min.

Water contact angle measurement

The surface wettability of the electrospun scaffolds was evaluated using a contact
angle meter (V5, Yunfan Technology, Tianjin, China). A 3 pL droplet of deionized water
was deposited onto the sample surface, and the water contact angle was recorded.
Measurements were conducted at three different locations for each sample.

Mechanical analysis

Mechanical properties were determined using a universal testing machine (Al-
3000, GOTECH, Taichung, Taiwan) equipped with a 200 N load cell at room temperature.
The specimens were prepared with dimensions of 10 mm % 50 mm and tested at a crosshead
speed of 5 mm/min until fracture occurred.
Statistical analysis
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Statistical analysis was performed using OriginPro 2024 software, and all data were
expressed as mean = SD (n = 3). One-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test was used to determine significant differences among formulations.
Differences were considered statistically significant at p < 0.05.

RESULTS AND DISCUSSION

Morphological Characterization of Electrospun Nanofibers

The surface morphology and fiber diameter of the electrospun nanofibers were
examined to evaluate the effects of adding keratin and curcumin on fiber formation. As
shown in Fig. 2, all formulations showed bead-free nanofibers, indicating a successful and
stable electrospinning process.
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Electrospun neat PVOH (Fig. 2(a)) showed smooth fibers with the largest average
diameter of 453.04 + 70.26 nm. After incorporating keratin (Fig. 2(b)), the fiber diameter
significantly decreased to 254.11 + 32.90 nm. This may be caused by the decreased
viscosity of the spinning solution after keratin incorporation, which facilitated greater
stretching of the polymer jet during electrospinning and resulted in thinner fibers (Nezarati
etal. 2013).
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In the PVOH/K/Cur system, as the curcumin concentration increased from 0.25%
to 1.0%, the average fiber diameter gradually decreased from 330.08 + 61.40 nm (Fig. 2(c))
to 281.66 = 52.70 nm (Fig. 2(f)). This may be attributed to increased charge density or
changes in solution conductivity at higher curcumin concentrations (Chen et al. 2010; Sun
et al. 2013). The effects promoted stronger elongation of the electrospinning jet and
resulted in finer fibers. Similar trends were also reported in previous studies on
PLA/curcumin and PVOH/curcumin nanofibers (Chen et al. 2010; Sun et al. 2013). In
contrast, the electrospun PVOH/Cur 0.25 without keratin (Fig. 2(g)) exhibited a much
larger fiber diameter than PVOH/K/Cur 0.25, suggesting that keratin played an important
role in reducing fiber diameter and improving fiber uniformity. The formation of finer and
more uniform nanofibers is desirable because it provides a higher surface area and a more
homogeneous fibrous structure, which contributes to more consistent physicochemical
properties. Interestingly, Clerici et al. (2026) reported homogeneous electrospun
pectin/PVOH nanofibers containing keratin hydrolysates and turmeric with fiber diameters
ranging from 405 to 518 nm. Meanwhile, keratin incorporation in the present PVOH-based
system resulted in a noticeable reduction in fiber diameter. The differences between the
studies may be attributed to variations in formulation composition, including the use of a
PVOH/pectin matrix and turmeric in the previous study, compared with the PVOH matrix
and pure curcumin used in the present work.

Chemical and Thermal Analyses of Electrospun Nanofibers

As shown in Fig. 3(a), the FTIR spectrum of electrospun neat PVOH exhibited
characteristic absorbance bands of PVOH functional groups. The most notable feature was
the broad band around 3277 ¢cm’!, which corresponded to the hydroxyl (O-H) stretching
vibration (Yang et al. 2021). The peaks at 2940 and 2911 cm™! were attributed to the
asymmetric and symmetric stretching vibrations of aliphatic C-H groups in the polymer
backbone (Yang et al. 2021; Nguyen et al. 2026). The absorbance band at 1711 cm™! was
assigned to the carbonyl (C=0) stretching vibration of residual acetate groups in PVOH
(Al-Emam et al. 2020). Meanwhile, the peaks located at 1420 cm™ and 1330 cm™ were
attributed to CHz bending and C-H wagging vibrations, respectively (Arango et al. 2024).
In the fingerprint region, the strong peak at 1088 cm™ was assigned to C-O stretching
vibrations. Additionally, the bands at 919 and 838 cm™! corresponded to CH2 rocking and
C-C stretching vibrations, respectively (Arango ef al. 2024; Martinez-Vela et al. 2026).

Extracted keratin displayed an absorbance band around 3300 cm™ corresponding
to the amide A band, which was attributed to N-H and O-H stretching vibrations (Sharma
et al. 2018; Mattiello et al. 2022). The peaks observed at 2919 and 2851 cm! corresponded
to the asymmetric and symmetric stretching vibrations of C-H groups, respectively. In
addition, the characteristic amide bands also appeared in the spectrum. The absorbance
bands at 1655, 1545, and 1223 cm™ were assigned to the amide I (C=O stretching), amide
IT (N-H bending and C-N stretching), and amide III (C-N stretching and N-H bending)
bands, respectively (Sharma et al. 2018). Among the characteristic keratin bands, only the
amide I region (1655 cm™") showed a slight increase in absorbance in the keratin-containing
nanofibers compared with neat PVOH. In contrast, no noticeable changes were observed
in the amide II and amide III regions, which may be associated with the relatively low
keratin content in the formulation and intermolecular hydrogen-bonding interactions
between PVOH and keratin.

Curcumin-loaded nanofibers showed several additional absorbance bands that were
absent in both electrospun neat PVOH and keratin spectra. The peaks at 1628 cm™! and
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1603 cm™! were associated with conjugated C=0 and aromatic C=C stretching vibrations
of curcumin, respectively (Teixeira et al. 2015). Meanwhile, the band at 1509 cm™
corresponded to aromatic ring vibrations. Furthermore, the band at 1027 cm™! was related
to C-O-C stretching vibrations (Espinoza-Torres et al. 2023). These peaks confirmed the
presence of curcumin within the curcumin-loaded nanofibers.

The XRD analysis was conducted to examine the crystallinity and structural
changes of the electrospun PVOH nanofibers after incorporating keratin and curcumin.
Figure 3(b) shows a broad diffraction peak at 20 =20.98° for electrospun neat PVOH,
which is the characteristic of its semi-crystalline nature (Chandra et al. 2025). These results
suggest that the keratin was acting as a plasticizing agent. This plasticizing behavior is fully
consistent with both the crystalline and molecular nature of the extracted protein.
Structurally, XRD analysis revealed that the characteristic a-helix and -sheet diffraction
attributes of pure keratin at approximately 20 = 11.24° and 21.28° and disappear within the
PVOH/K blend (Alahyaribeik and Ullah 2020; Ahmed Zim et al. 2026). For the curcumin-
loaded nanofibers, a sharp diffraction peak was seen at around 26 = 17.26°, which
corresponded to the crystalline structure of curcumin (Chen et al. 2018). Meanwhile, the
broad diffraction halo around 20 to 22° suggests that the overall structure was still
predominantly amorphous despite the presence of crystalline curcumin domains.
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Fig. 3. Chemical characterization of extracted keratin and electrospun PVOH-based nanofibers:
(a) FTIR spectra and (b) XRD patterns

The DSC method was used to evaluate the thermal behavior and intermolecular
interactions of the electrospun PVOH-based nanofibers following the incorporation of
keratin and curcumin. The DSC thermograms are presented in Fig. 4(a), while the
corresponding melting temperatures (7m) are summarized in Table 1. First, all nanofibers
exhibited a broad endothermic transition centered around 70 to 100 °C, which is attributed
to the loss of absorbed and bound moisture. Neat PVOH nanofibers displayed a pronounced
melting peak at 221.2 °C, corresponding to the melting of the semi-crystalline regions of
PVOH. The incorporation of keratin (PVOH/K) slightly increased the melting temperature
to 223.2 °C. This suggests the presence of intermolecular interactions, particularly
hydrogen bonding between the hydroxyl groups of PVOH and the functional groups of
keratin, which may have strengthened the crystalline regions of the electrospun nanofibers.
Similar findings have been reported for PVOH/collagen films (Sionkowska et al. 2010).
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Fig. 4. (a) DSC thermograms and (b) TGA and DTG curves of the electrospun nanofibers

Table 1. Thermal Properties of Electrospun Nanofibers

Electrospun Nanofibers Tm,pvoH (°C) Tm, cur (°C) Tonset (°C) Tmax (°C)
PVOH 221.2 - 265.4 2871
PVOH/K 223.2 - 288.1 351.2
PVOH/K/Cur 0.25 218.2 183.2 316.4 353.5
PVOH/K/Cur 0.5 214.2 184.2 322.2 354.8
PVOH/K/Cur 0.75 212.2 183.2 320.9 354.1
PVOH/K/Cur 1.0 209.2 184.2 322.0 352.8
PVOH/Cur 0.25 217.3 182.3 285.7 312.6

Compared with neat PVOH, all curcumin-containing nanofibers exhibited lower
melting temperatures, ranging from 209.2 to 218.2 °C. In addition, the melting temperature
of PVOH gradually reduced as curcumin concentration increased, from 218.2 °C for
PVOH/K/Cur 0.25 to 209.2 °C for PVOH/K/Cur 1.0. Similarly, PVOH/Cur 0.25 also
exhibited a lower melting temperature of 217.3 °C. This trend suggests that curcumin
influenced the melting behavior of the PVOH matrix by modifying its crystalline
arrangement. The incorporation of curcumin may have disrupted the regular packing of
PVOH chains, resulting in a lower melting temperature. However, the additional
diffraction peaks observed in the XRD patterns indicate the presence of crystalline
curcumin within the nanofibers. This suggests that the reduction in melting temperature
was associated with changes in the crystalline arrangement of the PVOH matrix rather than
an overall reduction in the crystallinity of the nanofibers. For the curcumin-loaded
nanofibers, additional endothermic peaks were observed at approximately 182.3 to 184.2
°C. They were attributed to the melting temperature of curcumin (Mankan et al. 2025).
These thermal transitions indicate the presence of crystalline curcumin within the
nanofibers. The observation is consistent with the XRD results, where characteristic
diffraction peaks of curcumin were detected.

The TGA and DTG analyses were performed to determine the effect of keratin and
curcumin on thermal degradation behavior and thermal stability of the electrospun
nanofibers. From Fig. 4(b), all nanofibers showed initial weight loss below approximately
150 °C. This is attributed to the removal of absorbed and bound moisture from the
nanofiber structure. Electrospun neat PVOH showed a major thermal degradation stage
between approximately 250 and 350 °C. From Table 1, neat PVOH exhibited the lowest
onset degradation temperature (7onset = 265.4 °C) and maximum degradation temperature
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(Tmax = 287.1 °C), indicating the lowest resistance to thermal degradation among all
fabricated nanofibers.

The addition of keratin into the PVOH system increased both Tonset and 7max, which
indicate enhanced thermal stability of the nanofibers. This improvement may be attributed
to the formation of hydrogen-bonding interactions between the hydroxyl groups of PVOH
and the carboxyl and amide groups of keratin (Habib et al. 2025). These intermolecular
interactions restricted the mobility of the polymer chains during thermal treatment, thereby
delaying thermal degradation. Furthermore, all PVOH/K/Cur nanofibers displayed a
similar thermal degradation trend with higher degradation temperatures. They showed
Tonset values in the range of 316.4 °C to 322.2 °C and Tmax values between 352.8 °C and
354.8 °C. Although the incorporation of curcumin reduced the melting temperature
observed in the DSC analysis, the higher Tonset and Tmax values indicate improved thermal
stability of the nanofibers. The further improvement may be attributed to the presence of
benzene rings and conjugated double bonds in curcumin, which enhance the structural
stability and delay the thermal breakdown of the nanofibers (Teng et al. 2025). In
comparison, PVOH/Cur 0.25 nanofibers exhibited lower thermal stability than the
PVOH/K/Cur nanofibers, with Tonset and Tmax values of 285.7 and 312.6 °C, respectively.
This observation shows that the combination of both keratin and curcumin provided greater
thermal stabilization than curcumin alone.

Physical and Mechanical Analyses of Electrospun Nanofibers

Surface wettability of the electrospun nanofibers was identified with water contact
angle measurement, as shown in Fig. 5(a). All fabricated nanofibers displayed water
contact angle values below 90°, which indicate their hydrophilic nature. The water contact
angle of neat PVOH nanofibers was 36.60°, which corresponded to hydroxyl groups
present in the PVOH structure.

The incorporation of keratin significantly increased the hydrophilicity of the
nanofibers, with the significantly lower water contact angle of 16.43° (***p < 0.001)
compared with neat PVOH. This may be due to the presence of hydrophilic functional
groups in keratin such as amino and carboxylic groups, which promoted stronger
interactions between the surface of nanofibers and water molecules (Wu et al. 2018). In
addition, the reduced fiber diameter and improved fiber uniformity observed after keratin
incorporation may have further contributed to the enhanced wettability by providing a
higher surface area for water interaction.

For the PVOH/K/Cur series, the values were between 17.53° and 22.53°. Only
minor statistical differences were observed among the PVOH/K/Cur formulations,
indicating that curcumin concentration had only a limited influence on the wettability of
the keratin-containing nanofibers. This result shows that the hydrophilicity of PVOH and
keratin remained dominant within the nanofiber system despite the incorporation of
curcumin. The slight increase in water contact angle for some samples may be due to the
hydrophobic nature of curcumin, which partially reduced the surface affinity toward water.
In contrast, PVOH/Cur 0.25 nanofibers exhibited a significantly higher water contact angle
of 35.97° than the PVOH/K/Cur nanofibers (**p < 0.01 or ***p < 0.001), which was
comparable to neat PVOH. This observation suggests that the absence of keratin reduced
the overall hydrophilicity of the nanofibers, further demonstrating the combined influence
of keratin chemistry and morphology on nanofiber wettability.

The mechanical properties of the electrospun nanofibers were presented in Fig.
5(b)-(d) and Table 2. Among the nanofibers, neat PVOH nanofibers exhibited the highest

Xian et al. (2026). “E-spun PVOH/keratin/curcumin,” BioResources 21(4), 10560-10574. 10568



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

tensile strength and modulus with values of 20.3 MPa and 1076.6 MPa, respectively. It
also showed moderate flexibility with an elongation at break of 50.7%. After incorporating
keratin, the elongation at break increased significantly to 104.4% (*** p <0.001), which
indicates enhanced flexibility and ductility. Meanwhile, the tensile strength and modulus
decreased significantly to 14.5 MPa (**p < 0.01) and 183.5 MPa (***p < 0.001),
respectively. This mechanical behavior directly correlates with the structural and thermal
characteristics observed in our prior analyses. As shown in the DSC results (Table 1), the
melting temperature of PVOH slightly increased, confirming that the crystalline domains
were not disrupted but rather stabilized by intermolecular hydrogen bonds. When co-spun,
these disordered protein backbones lose their characteristic a-helix and B-sheet crystalline
domains (broad XRD peaks at 260 = 11.24 and 21.28°) and molecularly disperse between
the polymer strands. Therefore, the simultaneous reduction in stiffness and dramatic
increase in ductility are attributed to a plasticizing effect of keratin within the amorphous
regions of the PVOH network, which enhances chain mobility and free volume.
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Fig. 5. (a) Water contact angle, (b) elongation at break (%), (c) tensile strength (MPa), and (d)
Young’'s modulus (MPa) of the electrospun nanofibers. Data are presented as mean + SD (n = 3),
*p < 0.05, **p < 0.01 and ***p < 0.001

In the PVOH/K/Cur series, the elongation at break gradually decreased with
increasing curcumin concentration, from 59.6% for PVOH/K/Cur 0.25 to 32.5% for
PVOH/K/Cur 1.0. All PVOH/K/Cur formulations exhibited significantly lower elongation
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at break than PVOH/K (***p < 0.001), indicating that curcumin incorporation reduced the
flexibility of the nanofibers. Similarly, all PVOH/K/Cur formulations exhibited
significantly lower tensile strength than both neat PVOH and PVOH/K (***p < 0.001).
This may be due to crystalline curcumin domains within the nanofiber structure, which
affected the continuity and packing arrangement of the polymer chains. Curcumin addition
may have disrupted stress transfer efficiency within the polymer network and reduce
mechanical stability of the nanofibers. Among the curcumin-loaded samples, PVOH/K/Cur
0.5 and PVOH/K/Cur 0.75 showed slightly higher tensile strength, suggesting that
moderate curcumin incorporation may help in partial reinforcement of the nanofiber
structure. However, excessive curcumin loading appeared to negatively affect the
mechanical performance of the nanofibers.

Compared to the PVOH/K/Cur nanofibers, PVOH/Cur 0.25 showed significantly
higher tensile strength and modulus but lower elongation at break. This suggests that the
absence of keratin led to a stiffer but less flexible nanofiber structure. Overall, the
incorporation of keratin improved the flexibility of the electrospun nanofibers. Meanwhile,
curcumin influenced the balance between flexibility and mechanical strength depending on
its concentration within the polymer system.

Table 2. Tensile Properties of Electrospun Nanofibers at Room Temperature

Electrospun Elongation at Break Max. Tensile Stress Modulus
Nanofibers (%) (MPa) (MPa)
PVOH 50.73 £ 8.20 20.26 £ 1.58 1076.63 £ 78.95
PVOH/K 104.45 £ 11.94 14.48 £ 1.92 183.47 £ 16.63
PVOH/K/Cur 0.25 59.56 + 4.42 4.52+0.16 111.45 £ 50.19
PVOH/K/Cur 0.5 42.69 £4.97 6.03+0.44 64.85 + 20.95
PVOH/K/Cur 0.75 33.36 £ 6.22 5.82 £ 0.51 111.01 £ 19.88
PVOH/K/Cur 1.0 32.52 £+ 0.96 4.60 £ 0.50 93.01+17.26
PVOH/Cur 0.25 30.58 + 18.45 16.06 £ 2.34 674.45 + 233.93
CONCLUSIONS

1. This study demonstrated the feasibility of converting feather-derived keratin, an
abundant agricultural by-product, into a functional additive for tailoring the
physicochemical properties of electrospun polyvinyl alcohol (PVOH) nanofibers. The
findings highlight a sustainable approach for value-added utilization of feather waste
while providing insights into how natural protein incorporation can be used to regulate
nanofiber characteristics.

2. The incorporation of keratin significantly influenced the physicochemical properties of
the electrospun PVOH nanofibers by producing finer and more uniform fibers,
enhancing wettability and flexibility, and improving thermal stability. These results
demonstrate the multifunctional role of feather-derived keratin in modifying the
performance of electrospun nanofibers through intermolecular interactions within the
polymer matrix.

3. Curcumin incorporation further tailored the physicochemical properties of the
electrospun nanofibers in a concentration-dependent manner. The presence of
crystalline curcumin domains influenced the thermal behavior, wettability, and
mechanical performance of the nanofibers, demonstrating that curcumin concentration
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can be used to regulate the overall characteristics of the electrospun PVOH/keratin
nanofiber system.

4. Among the fabricated formulations, PVOH/K/Cur 0.5 exhibited the most balanced
overall physicochemical performance by combining the highest thermal stability and
tensile strength among the curcumin-containing nanofibers while maintaining excellent
hydrophilicity. Therefore, PVOH/K/Cur 0.5 may serve as a suitable reference
formulation for future studies on PVOH/keratin/curcumin electrospun nanofibers.
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