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ne) nanofibers functionalized
with poultry feather hydrolysate as a novel
antioxidant material†
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and Adriano Brandelli *

Bioactive keratin hydrolysates obtained frommicrobial treatment of poultry feathers were incorporated into

polycaprolactone (PCL) nanofibers using the electrospinning method. The nanofiber mats were

characterized by scanning electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy,

thermal analysis, and hemolysis rate. Feather keratin hydrolysate (FKH) was effectively incorporated into

the nanofibers, and the antioxidant activity of the nanomaterials was confirmed. The SEM analysis

revealed the formation of fibers with typical string-like morphology and nanometric size. The average

diameter of nanofibers containing 1, 2.5 and 5% FKH was 348, 363 and 533 nm, respectively. FTIR

spectra showed no relevant interactions between the hydrolysate and the polymer during the

electrospinning process, and the FKH addition caused no important modifications on the thermal

properties of the nanofibers such as thermal degradation rate, melting temperature, and crystallinity,

which were investigated using TGA and DSC techniques. Furthermore, the functionalized nanofibers

showed low hemolysis rates (up to 3%) suggesting they are safe materials when considering the

acceptable hemolysis threshold for biocompatible materials (below 5%). Preliminary tests revealed that

FKH can be released from the nanofibers in food simulant solutions. Considering these results, the

electrospun PCL nanofibers are promising candidates for incorporation of bioactive feather hydrolysates

with potential application as food packaging materials.
Sustainability spotlight

Research involving biotechnological processes and nanotechnology contributes considerably to the reuse of agro-industrial waste, generating valued products
and reducing the environmental impact. In particular, poultry production is notable for its annual growth and consequent generation of waste. The devel-
opment of novel nanomaterials with antioxidant properties for food packaging applications could contribute to the proper management and recycling of such
residues generated in huge amounts by the food industry.
1 Introduction

Industrial waste coming from poultry production, consisting
mainly of feathers, becomes a risk to the environment when not
disposed of properly. An estimated 8 to 10 million tons of
feathers are produced annually by poultry farming, which
emphasizes the need to take action to reduce or prevent its
environmental accumulation.1,2 Therefore, the reuse of this
waste to develop new materials with environmentally sustain-
able applications should be encouraged. Such action is recog-
nized as an alternative to reduce negative impacts on the
iologia Aplicada, Instituto de Ciência e

eral do Rio Grande do Sul, 91501-970

br

tion (ESI) available. See DOI:

24, 2, 1724–1734
environment, in addition to adding value to this byproduct.2–4

One of the crucial aspects of enabling the sustainable reuse of
feather waste is to explore the intrinsic properties of these
materials, as well as their possibilities for modication for
specic applications. In this context, the keratin present in
feathers plays a central role in this process.

Keratin is the main component of feathers, one of the most
abundant proteins of animal origin, widely known for its
structural rigidity and low solubility.5 However, investigations
on the use of microorganisms as a possible sustainable strategy
for managing feather waste reported that enzymatic hydrolysis
can modify the functional properties of feather keratin,
including its solubility.2,5 Such protein hydrolysate may also
contain bioactive peptides that are released through this enzy-
matic process, in addition to being considered safe since it
presents good compatibility with biological systems.6,7 In
particular, Chryseobacterium sp. kr6, isolated from poultry
© 2024 The Author(s). Published by the Royal Society of Chemistry
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industry effluents, has been noted for its greater efficiency in
the bioconversion of feathers compared to widely recognized
feather-degrading bacterial strains.8 This effect occurs due to
the kr6 strain's ability to produce four extracellular proteases:
two are broadly substrate-specic and the remaining two are
produced exclusively in the presence of feathers.8,9 The feather
hydrolysate obtained by the action of this strain has shown
biological activities, such as antihypertensive (angiotensin
converting enzyme-I inhibition), antidiabetogenic (dipeptidyl-
peptidase IV inhibition) and mainly antioxidant properties,
indicating its potential for biotechnological applications.9–11

Among other approaches for reusing agro-industrial waste,
nanotechnology has experienced exponential growth in recent
years. In this area of research, the different properties of the
materials developed (for example, nanobers, nanoparticles,
nanocapsules, among others) allow the obtaining of new func-
tionalities for countless applications, contributing to signicant
advances mainly in the elds of medicine, physics, biology,
chemistry and engineering.12–14 A specic example of innovation
within nanotechnology is the production of nanobers, which
are brous structures with diameters on a nanometric scale,
characterized by a high surface-to-volume ratio and obtained
from different techniques chosen according to the desired
properties and applications.13,15

Nanobers made by the electrospinning technique stand out
from other nanostructures due to the simplicity and low
production cost, as well as the ability to incorporate different
compounds, acquiring specic functionality corresponding to
the added substance.15,16 This technique is an effective way to
produce nanobers, which can provide controlled release of
various compounds, such as proteins, drugs or active
agents.17–20 Various organic or inorganic materials, in addition
to polymeric mixtures, can compose the nanober matrix. Poly-
3-caprolactone (PCL), for example, is a synthetic, biodegradable
and low-toxic polymer, which has been considered favorable for
the manufacture of these nanostructures.17,21–23 Notably, the
biodegradation capacity of PCL is considered the main advan-
tage for its use, given the possibility of replacing the traditional
synthetic polymers.24 Due to the non-biodegradable nature of
these polymers, their persistent accumulation in soil and water
bodies negatively affects ecosystems.25 In this scenario, PCL has
been reported as a promising alternative in the industry,
including in the food packaging sector, owing to the demand for
sustainable materials or those with lower environmental
impact.26 Furthermore, attributes such as good processability
and compatibility of PCL with other polymers also contribute to
its use in the development of packaging systems, especially
those with active technologies and thus, maintaining the
physicochemical and sensory characteristics of food products to
extend their shelf life.24,26

Different approaches have been developed to produce PCL
nanobers with biofunctional properties.17,27,28 Research on the
fabrication of PCL-based nanobers functionalized with anti-
oxidant compounds has been conducted lately, demonstrating
their potential for use in biomedical and pharmaceutical
applications, and active food packaging as well.28–31 In this latter
case, there is an efficient interaction between the food, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
packaging material and the environment, reducing oxidation
reactions involved in food spoilage, thus preserving food quality
and sensory properties.24,32,33 As the electrospinning process
allows the incorporation of various compounds into the nano-
bers, the bioactive peptides released during the conversion of
keratin by Chryseobacterium sp. kr6 could provide antioxidant
properties to the resulting bers, making them potentially
applicable in the food industry. In this regard, the use of feather
keratin hydrolysates for the development of polymeric lms by
electrospinning has not been previously reported. Research into
the use of feather hydrolysate to produce a new nanomaterial
for food packaging could offer a number of benets compared
to other bioactive substances, including sustainability issues
and production costs. The presence of specic bioactive
peptides, which inuence biological processes in unique ways,
in addition to their thermal stability, biocompatibility and
safety for use in food must also be considered.

This study aimed to investigate the potential of feather
keratin hydrolysate produced from Chryseobacterium sp. kr6 for
preparing PCL nanober lms with antioxidant properties. The
morphology, structure, thermal properties, and hemocompati-
bility of these nanostructures were also evaluated. Finally, the
nanobers were investigated about the hydrolysate release
capacity into food simulants.

2 Materials and methods
2.1. Chemicals

Poly-3-caprolactone (PCL; average MW 80,000), 2,2-diphenyl-1-
picrylhydrazyl (DPPH), 2,20-azino-bis-(3-ethylbenzothiazoline)-
6-sulfonic acid (ABTS), and 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Tetrahydrofuran
(THF) and N,N-dimethyl formamide (DMF) were purchased
from Merck (Darmstadt, Germany). Sodium chloride (NaCl),
monopotassium phosphate (KH2PO4), and calcium chloride
(CaCl2) were acquired from Labsynth (São Paulo, Brazil).

2.2. Microorganism

The keratinolytic bacterium Chryseobacterium sp. kr6, isolated
from a poultry processing plant,34 was used for production of
feather hydrolysate. The strain was retrieved from the culture
collection of the Laboratory of Applied Microbiology and
Biochemistry (ICTA, UFRGS, Porto Alegre, Brazil). This strain
was stored on Brain Heart Infusion (BHI; Oxoid, Basingstoke,
UK) agar plates at 4 °C or for long term storage at −20 °C in BHI
broth with 20% (v/v) glycerol and routinely propagated twice
from frozen stocks before use.

2.3. Production of feather hydrolysate

Feathers were provided by a local poultry industry (Porto Alegre,
RS, Brazil) and subjected to washing in running water and
removal of impurities (nails, blood and pieces of skin), followed
by rinsing in distilled water (3×). The material was subjected to
drying in an oven at 45 °C and kept refrigerated until used for
microbial treatment.34 Feather keratin hydrolysate (FKH)
Sustainable Food Technol., 2024, 2, 1724–1734 | 1725
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production was carried out through cultivation of the strain kr6
in a medium composed of 5 g L−1 of whole chicken feathers,
0.5 g L−1 NaCl, 0.4 g L−1 KH2PO4, and 0.15 g L−1 CaCl2, previ-
ously sterilized. The bacterial cultivation was performed at 30 °
C with continuous shaking (125 rpm) for 48 h. Aer growth,
bacterial cells were removed by centrifugation at 10 000g for
15min at 4 °C. The crude hydrolysate was treated by autoclaving
(121 °C, 20 min), followed by lyophilization in a freeze dryer
(FreeZone 6, Labconco Co.) at −45 °C under a pressure of 13.3
Pa for 48 h. The product was sealed and stored in a freezer at
−20 °C until further utilization.9 The hydrolysis was conrmed
by soluble protein content determination (1.8 mg mL−1) and
DPPH and ABTS radical scavenging assays (28.6%; 181 mM
TEAC and 36.7%; 721 mM TEAC, respectively) from the culture
supernatant before lyophilization as described previously.10
2.4. Preparation of nanobers by electrospinning

Electrospinning solution (10 wt% PCL) was prepared by dis-
solving 2.5 g of PCL powder in 25 mL of THF : DMF (1 : 1, v/v)
solution and stirred for 1 h at room temperature until a clear
solution was obtained. Subsequently, different concentrations
of the hydrolysate (1, 2.5 and 5% in relation to the polymer)
were added to the polymer solution and mixed homogenously
using a magnetic stirrer at room temperature for 16 h before
electrospinning. PCL solution without the FKH solution was
prepared as a control in order to produce the control
nanobers.

The polymeric solutions were placed in a plastic syringe
tted with a metallic needle of 0.5 mm inner diameter and
subjected to electrospinning as described by Veras et al.,35 with
some modications. The process was conducted under the
following conditions: 3 mL polymer injected volume, 30 kV
voltage, 0.05 mL min−1

ow rate of the polymer solution; 16 cm
needle-to-collector distance. The electrospinning process was
conducted at room temperature. The nanobers were collected
on an aluminum plate (15 × 15 cm) and dried, aer overnight
incubation at 30 °C for elimination of the residual solvent.
Aerwards, the collected nanobers were stored in light pro-
tected containers at room temperature.
2.5. Antioxidant activity assays

The antioxidant activity of the nanobers was evaluated by ABTS
and DPPH radical scavenging assays, following procedures
described by Mosayebi et al.,36 with modications. For ABTS
assay, nanobers (5 mg) were immersed in a 4 mL bicarbonate/
carbonate buffer solution (0.2 M, pH 9.5), vortexed for 3 min
and sonicated in a USC 700 ultrasonic bath (Unique, Americana,
Brazil) for 15 min for proper hydrolysate extraction. Samples
were centrifuged at 10 000g for 15 min, and an aliquot (100 mL)
was mixed with 1 mL ABTS radical solution previously prepared
according to Re et al.37 Aer reacting in the dark for 6 min,
absorbance was measured at 734 nm using a mini-1240 UV
spectrophotometer (Shimadzu, Kyoto, Japan). A bicarbonate/
carbonate buffer solution without nanobers and mixed with
ABTS radical solution was used as a control sample. The ABTS
1726 | Sustainable Food Technol., 2024, 2, 1724–1734
free radical scavenging rate (%) was determined from the
following equation:

Antioxidant activity (%) = (Acontrol − Asample)/Acontrol × 100 (1)

where the absorbance values for the control sample (without
nanobers) and nanober sample are represented by Acontrol
and Asample, respectively. The results were also expressed as
Trolox equivalent (TEAC) based on a standard curve of Trolox
over a range of 0.1 to 2.0 mM.

DPPH scavenging activity was determined using the same
procedure for FKH extraction from nanobers. Then, 50 mL
extracted sample was added into 1 mL radical DPPH solution
(180 mM) freshly prepared in methanol. The samples were
stirred in the vortex and incubated in the dark for 1 h at 25 °C.
Absorbance was measured at 517 nm. For the control sample,
a bicarbonate/carbonate buffer solution combined with the
DPPH radical solution without nanober was prepared. The
DPPH radical scavenging activity was calculated using the
aforementioned eqn (1) and a specic TEAC for this radical.
2.6. Characterization of nanobers

2.6.1. Scanning electron microscopy. A Zeiss EVO 10
scanning electronmicroscope (Zeiss, Germany) was used for the
morphological analysis of the electrospun nanobers. Samples
were coated with a 5 nm Au/Pd layer by sputtering and subse-
quently examined at an accelerating voltage of 10 kV.38 Aer
SEM image acquisition, the average ber diameter (AFD) was
determined by image analysis using the ImageJ soware
(National Institutes of Health, USA), in which 100 bers for each
treatment were randomly selected.

2.6.2. Fourier transform infrared (FTIR) spectrometry. For
Fourier transform infrared (FTIR) characterization, samples
were analyzed by using a Thermo Scientic Nicolet iN10 spec-
trometer (Thermo Fischer Scientic, USA) equipped with an
Attenuated Total Reection (ATR) unit with a diamond crystal.
The scans were collected between 450 and 4000 cm−1 at
a 4 cm−1 resolution.17

2.6.3. Thermal analysis. A thermogravimetric analyzer
model TGA Pyris 1 (PerkinElmer, USA) was used for the thermal
stability evaluation of PCL nanobers. The samples were heated
in platinum pans from 35 to 850 °C at the rate of 10 °C min−1

under a nitrogen atmosphere (ow rate 20 mL min−1).39 A
differential scanning calorimeter DSC 8500 (PerkinElmer, USA)
was used to analyze the thermodynamic behavior of the nano-
ber lms. Samples equivalent to approximately 11 mg were
placed in aluminum pans and heated from 20 to 200 °C with
a heating rate of 10 °C min−1 under a nitrogen atmosphere. An
empty pan sealed with a cover pan was used as a reference
sample. Crystallinity for PCL nanobers was calculated using
the following equation:

Crystallinity (cc) = DHm/DHc˚ (2)

where DHm is the enthalpy of fusion value found for each
sample analyzed and DHc° is the melting enthalpy of 100%
crystalline PCL (81.6 J g−1) as described by Danesin et al.40
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Antioxidant activity of PCL nanofibers containing different
concentrations of feather keratin hydrolysate (FKH) obtained from
Chryseobacterium sp. kr6. Nanofibers without FKH were used as
control (NF control). The samples were evaluated by ABTS (A) and
DPPH (B) assays. The results are expressed as free radical scavenging
percentage and their respective Trolox equivalent (TEAC). For each
assay, different letters indicate a significant difference. Data were
evaluated by ANOVA followed by Tukey's test (p < 0.05). Data repre-
sent mean ± standard deviation of three independent experiments.
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2.6.4. Mechanical properties. Tensile tests were carried out
in order to determine the mechanical properties of nanobers.41

Samples of 0.1 mm thickness were cut into pieces of 50× 10 mm
and determination of elastic modulus (Young's modulus, MPa),
tensile strength (MPa) and elongation at break (%) was carried
out on a texture analyzer TA. XT Plus (Stable Micro Systems,
Godalming, UK) using lm geometry. In accordance with ASTM
D638, a strain rate of 10 mm min−1 and a clamping distance of
40 mm were used throughout the experiment. Tests were repli-
cated at least three times for each sample.

2.7. Hemolysis assay

The hemolytic activity of nanobers was evaluated using de-
brinated sheep blood (NewProv, Pinhais, Brazil) as previously
described.17 Briey, the erythrocytes were previously washed
with 10 mM phosphate buffered saline (PBS; pH 7.4) solution
followed by centrifugation at 900g, during 15 min at 4 °C.
Nanober samples (4 mg) were suspended in 1 mL PBS and
1 mL erythrocyte suspension (4%; v/v) was added. Aer 60 min
incubation at 37 °C, samples were centrifuged (3000g for 10
min) and the supernatant was collected. The released hemo-
globin was determined by measuring the absorbance at 540 nm.
Erythrocytes treated with 0.1% (v/v) Triton X-100 were used as
a positive control (100% hemolysis). A PBS solution was used as
a negative control. The following formula was employed in
order to calculate the hemolytic activities:

Hemolytic activity (%) = (Asample − ANegative)/

(APositive − ANegative) × 100 (3)

where Asample, ANegative and APositive represent the absorbance
values for the nanober samples, negative control and positive
control, respectively.

2.8. In vitro FKH release assay

The release behavior of FKH loaded into PCL nanobers was
carried out by the migration test in simulant solutions. These
solutions included ethanol 10% (v/v), ethanol 50% (v/v), and
acetic acid 3% (v/v), which mimic the following different food
categories: aqueous, fatty and acidic foods, respectively.42,43

Aliquots were collected 72 h aer nanober contact with the
solutions in order to carry out the determination of soluble
protein44 as well as the DPPH radical scavenging activity.

2.9. Statistical analysis

All the tests were performed in triplicate and data were shown
as mean ± standard deviation (SD) values. The results were
subjected to analysis of variance (ANOVA) followed by Tukeys
test using SAS for Windows ver. 9.0 (SAS Institute Inc., Cary,
NC). Differences were considered signicant for p-values < 0.05.

3 Results and discussion
3.1. Antioxidant activity of functionalized PCL nanobers

The antioxidant properties of the PCL nanobers functionalized
with feather keratin hydrolysate (FKH) were evaluated by DPPH
© 2024 The Author(s). Published by the Royal Society of Chemistry
and ABTS radical scavenging assays. As shown in Fig. 1, FKH
was successfully incorporated into PCL nanobers since all
samples presented antioxidant activity. These results suggest
that the biological properties of FKH were preserved during the
electrospinning process, in addition to being compatible with
the polymer used for its incorporation. Nanobers without the
FKH did not present antioxidant activity (Fig. 1). The antioxi-
dant capacity of FKH obtained by bacterial action was previ-
ously attributed to peptide LPGPILSSFPQ, in which its aromatic
and hydrophobic amino acid residues are probably involved in
free radical scavenging.10

It was also possible to observe a concentration-dependent
capacity of the functionalized nanobers on the scavenging
properties against the ABTS radical (Fig. 1A). The highest antioxi-
dant activity value was 21.58% (413.9 mMTEAC) for PCL nanobers
containing 5%FKH. This dose-dependent effect was not veried in
the DPPH radical scavenging capacity assays (Fig. 1B). In this case,
PCL nanobers loaded with the three FKH concentrations exerted
a similar prole on the DPPH radical scavenging, and no signi-
cant differences among the samples were observed. Furthermore,
the antioxidant properties of these nanobers against the DPPH
radical were stronger than their ability to scavenge the ABTS
radical, reaching values close to 50% (>950 mM TEAC).
Sustainable Food Technol., 2024, 2, 1724–1734 | 1727
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The discrepancy between ABTS and DPPH results is an ex-
pected outcome due to the specic properties of each free
radical, the antioxidant substance, and the reaction conditions,
which may inuence the results. The higher values obtained in
DPPH assay even at lower concentrations of FKH could be
related to the hydrophobic composition of keratin peptides,10

which reacted more efficiently with DPPH radicals. Differences
between the ABTS and DPPH radical scavenging activities were
also veried in gelatin nanobers functionalized with a spir-
ulina protein concentrate, with values reaching 18% and 44%
for DPPH and ABTS assays, respectively.36

3.2. Morphological characterization

The SEM images and histograms of ber diameter distribution
of electrospun PCL nanobers prepared with different amounts
of FKH (1, 2.5 and 5%) are displayed in Fig. 2. The addition of
FKH to the PCL formulation did not cause notable morpho-
logical differences in relation to the bare PCL nanobers. All
samples showed a typical string-like morphology, continuous
and uniform appearance, and without bead defects. However,
the different FKH concentrations caused a gradual increase in
the average nanober diameter. The control PCL nanobers
showed an average diameter of 332± 73 nm, whereas the values
for those containing 1, 2.5 and 5% FKH in the formulation were
348 ± 87, 363 ± 70 and 533 ± 167 nm, respectively. The average
diameter of the 5% FKH/PCL nanobers was signicantly
higher (p < 0.05) than that of the other nanobers. A greater
span of diameter distributions was also observed for the 5%
FKH/PCL nanobers.

Different studies have shown that certain compounds added
to the polymeric solution can modify its viscosity, surface
tension or conductivity, affecting the electrospinning process
and, as a consequence, average nanober diameter.45–47 A
similar trend in increasing mean diameter was observed for
PCL nanobers functionalized with an antioxidant extract from
Ganoderma lucidum.46 According to the authors, higher extract
Fig. 2 SEM images (up) and fiber diameter distribution (down) of PCL nan
concentrations: without (A), 1 (B), 2.5 (C) and 5% (D) FKH. Values immed
diameter (AFD) ± standard deviation. Asterisk indicates significant differe

1728 | Sustainable Food Technol., 2024, 2, 1724–1734
concentrations reduced the conductivity of the PCL solution,
which allowed an increase in nanober diameter. On the other
hand, a reduction in the average diameter of PCL nanobers
aer adding quercetin in the spinning formulation was attrib-
uted to a decrease in its viscosity.47 Therefore, the FKH addition
possibly resulted in a modication in the polymeric solution
viscosity and/or conductivity, providing lower stretching forces
for the polymeric jet to form thicker bers.

3.3. Infrared spectra

Infrared spectroscopy has been conducted to verify the inter-
action between the nanober components (FKH and PCL). The
presence of FKH has no effect on the FTIR spectra of PCL
nanobers (Fig. 3). The infrared spectrum of control nanobers
is consistent with previous reports,17,35 showing typical peaks of
PCL such as prominent peaks at 2941 and 2864 cm−1 (corre-
sponding to asymmetric and symmetric CH2 stretching,
respectively), 1722 and 1293 cm−1 (attributed to carbonyl and
C–C stretching, respectively), 1238 and 1171 cm−1 (asymmetric
and symmetric C–O–C stretching, respectively). The spectrum of
PCL nanobers also showed peaks at 1108 and 1025 cm−1 both
attributed to O–C vibrations.48

All nanobers containing FKH presented similar FTIR
spectra to the control sample with minor shis. Characteristic
peaks of FKH did not appear in the spectra of FKH/PCL nano-
bers. In a previous study, the FTIR spectra of feather hydro-
lysate were found to be similar to those reported for keratins,11

including the representative peaks at 3424 cm−1 (N–H stretch-
ing vibration); 2930 cm−1 (C–H stretching of the carbon back-
bone in peptides); 1616 and 1402 cm−1 (amide I and amide II
groups of proteins, respectively); and 1118 cm−1 (amine group
stretching vibration). The lack of signicant differences in the
functionalized nanobers could be explained by some reasons
such as the FKH amount in the analyzed sample was not
sufficient to be detected or overlapping of some peaks with
those referring to PCL. In the latter case, an amide group III
ofibers functionalized with feather keratin hydrolysate (FKH) at different
iately below the microscopy images (blue font) are the average fiber
nces by ANOVA and Tukey's test (p < 0.05).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Infrared spectroscopy analysis of PCL nanofibers functionalized
with feather keratin hydrolysate (FKH) at different concentrations (1,
2.5 and 5% FKH) compared to PCL nanofiber control (without FKH).

Fig. 4 Thermogravimetric analysis (A) and derivative curves (B)
regarding weight loss of PCL nanofibers functionalized with feather
keratin hydrolysate (FKH) at different concentrations (1, 2.5 and 5%
FKH). Samples were compared to PCL nanofiber control (without FKH).
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absorption band, usually present at 1232 cm−1 in keratin
spectra49 was probably overlapped by the peak at 1238 cm−1

ascribed to the C–O–C stretching of PCL. Other typical peaks of
FKH or keratin,48 such as those found at 2930, 1118 and
1025 cm−1, may also have been overlapped by some of the
previously mentioned PCL peaks. This fact still suggests FKH
incorporation in the polymer matrix without affecting its
structure, as reported by Raghunathan et al.50 when similarities
were found between the spectra of PCL nanobers functional-
ized or not with a microalgal peptide.

3.4. Thermal properties

TGA analysis of the nanobers provided information about
their thermal stability when the samples were heated, as shown
in Fig. 4 and ESI Table 1.† A single degradation step was
observed for the control PCL nanobers, in which the initial
degradation temperature was recorded at 350 °C and completed
at 481 °C, reaching a considerable weight decrease (98.3%).
This was consistent with studies on the thermal behavior of this
polymer.50,51

In general, the thermal performance of the FKH-
functionalized nanobers was maintained in this temperature
range. A similar weight loss to the control sample was observed
for nanobers containing 1% FKH, probably due to the small
amount added. In contrast, the addition of a higher amount of
FKH in the polymeric solution slightly affected the thermal
degradation behavior of nanobers. For 2.5 and 5% FKH/PCL
nanobers, the maximum weight loss was 88 and 92%,
respectively. Also, a second weight-loss stage occurred imme-
diately aer the rst one, probably associated with carboniza-
tion of thermally resistant components of the FKH, causing
degradation of the remaining mass (9.3 and 6.2%, for 2.5 and
5% FKH/PCL nanobers, respectively).
© 2024 The Author(s). Published by the Royal Society of Chemistry
DSC thermograms of nanobers are presented in ESI Fig. 1.†
Control PCL nanobers exhibited an endothermic fusion peak
at 58.9 °C, which corresponds to the polymer melting. This
behavior was similar for nanobers containing FKH, however,
no specic melting peak for FKH was detected in the func-
tionalized nanobers, regardless of the concentration. Based on
these observations, the hydrolysate could be present in the
nanobers as an amorphous state or dispersed in the polymer
matrix.17,40 DSC curves also allowed other parameters to be
determined (Table 1), revealing the onset of melting tempera-
ture (Tonset) and enthalpy of fusion (DHm) at 54.8 °C and 71.7 J
g−1, respectively, for control nanobers. Tonset and melting
temperature values for the functionalized nanobers were close
to those from the control sample (approximately 55 and 59 °C,
respectively). Furthermore, measurements of DHm were slightly
lower than the value calculated for the control nanobers, but
this did not affect the crystallinity of the samples. Danesin
et al.,40 veried some changes in the thermal parameters of PCL
nanobers when incorporating different synthetic peptides.
The authors attributed this behavior to peptide interactions
with both the PCL crystalline and anamorphic states. This
nding demonstrated that the incorporation of FKH did not
cause critical effects on the thermal parameters of functional-
ized nanobers.
Sustainable Food Technol., 2024, 2, 1724–1734 | 1729
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Table 1 Thermal parameters of different poly-3-caprolactone (PCL)
nanofibers derived from DSC thermograms. Nanofibers functionalized
with feather keratin hydrolysate (FKH) at different concentrations (1,
2.5 and 5% FKH) were evaluateda

Sample

Thermal parameter

Tonset (°C) Tm (°C) DHm (J g−1) Xc

PCL controlb 54.8 � 0.1a 58.9 � 0.5a 71.7 � 0.6a 0.87 � 0.01a

1% FKH/PCL 55.7 � 0.4a 59.9 � 0.3a 66.1 � 0.1b 0.81 � 0.01b,c

2.5% FKH/PCL 55.6 � 0.2a 58.5 � 0.2a 64.1 � 0.3b 0.78 � 0.01c

5% FKH/PCL 55.5 � 0.3a 59.5 � 0.3a 67.4 � 0.3b 0.82 � 0.01b

a Different letters in the same column indicate signicant differences by
ANOVA and Tukey's test (p < 0.05). Data represent mean ± standard
deviation of three independent experiments. Tonset = onset of the
melting temperature; Tm = melting temperature; DHm = enthalpy of
fusion; cc = crystallinity, calculated as cc = DHm/DHc°, considering
that the melting enthalpy of 100% crystalline PCL is 81.6 J g−1. b PCL
nanobers without addition of FKH.

Fig. 5 Hemolytic activity evaluation of PCL nanofibers functionalized
with feather keratin hydrolysate (FKH) at different concentrations (1,
2.5 and 5% FKH) compared with PCL nanofibers without FKH (PCL
control). Triton X-100 was used as positive control (C+) and was
considered as 100% hemolysis. Results are the means ± standard
deviations of three independent experiments.
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3.5. Mechanical properties

The effects of FKH addition on the mechanical properties of the
PCL electrospun nanobers were investigated through the
determination of the tensile strength (s), Young's modulus (E)
and elongation at break (3). The tensile strength decreased in
nanobers containing FKH (Table 2), suggesting that the
additive may cause a restriction in the segmental motions of
neighboring polymer chains.52,53 A reduction in this property
can be attributed to the dispersion of the additive, since it may
provide agglomerates and/or a greater interaction of FKH
molecules, thus affecting the mechanical properties. In the case
of elongation at break, the values were similar among pure PCL
samples and samples with 2.5% FKH, while higher values were
observed for nanobers with 1 or 5% FKH (Table 2). The
Young's modulus decreased from 40.6 MPa in the nanobers
without FKH to 16–18 MPa in nanobers with 1 or 5% FKH,
indicating a decrease in stiffness of the nanober mats.54

Moreover, the alignment of the nanober at the time of depo-
sition on the collector may also have been different among
samples, resulting in a different conformation and changing
the mechanical properties of the sample.55

3.6. Hemolytic activity

The potential of nanobers to cause erythrocyte lysis was eval-
uated and the results are summarized in Fig. 5. As expected, the
control PCL nanobers did not substantially produce hemolysis
Table 2 Tensile properties of different poly-3-caprolactone (PCL) nanofib
different concentrations (1, 2.5 and 5% FKH) were evaluateda

Sample Young's modulus (MPa)

PCL control 40.6 � 5.7a

1% FKH/PCL 16.5 � 0.6b

2.5% FKH/PCL 36.9 � 3.6a

5% FKH/PCL 18.2 � 1.1b

a Different letters in the same column indicate signicant differences by
deviation of three independent experiments.

1730 | Sustainable Food Technol., 2024, 2, 1724–1734
(around 1%). Similarly, the hemolytic degree of the nanobers
functionalized with FKH was also considered low. In this case,
the hemolysis rates for PCL nanobers containing 1, 2.5 and 5%
FKH were 0, 1.6 and 3.0%, respectively. An elevated hemolysis
rate may indicate the presence of reactive or toxic substances
that harm blood cells and may have negative health implica-
tions.56 In this regard, assays of hemolytic activity have been
carried out to ensure the safety of packaging materials, espe-
cially those obtained from nanomaterials.57–60 All these studies
suggested a hemolysis threshold below 5% to indicate good
compatibility and safety of the materials for food applications.
However, further cytotoxicity studies are still needed to
comprehensively ascertain the safety of these nanobers.
3.7. FKH release

Nanobers prepared from the highest concentration of FKH
(5%) were selected and incubated in different simulant solu-
tions in order to preliminarily evaluate their release capacity.
FKH was released from PCL nanobers for all proposed simu-
lants since a gradual increase in protein concentration occurred
aer 6 h of contact of the nanobers with these solutions
(Fig. 6A). Furthermore, the DPPH scavenging activity was also
ers. Nanofibers functionalized with feather keratin hydrolysate (FKH) at

Tensile strength (MPa) Elongation at break (%)

5.7 � 0.2a 38.4 � 2.9b

1.3 � 0.1c 118.2 � 8.4a

2.9 � 0.4b 33.4 � 6.9b

1.3 � 0.1c 112.7 � 4.1a

ANOVA and Tukey's test (p < 0.05). Data represent mean ± standard

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Release profile of feather keratin hydrolysate (FKH) at 5% from
poly-3-caprolactone nanofibers into food simulant solutions over 72 h
incubation at 25 °C and 125 rpm. The samples were evaluated by
protein determination (A) and DPPH (B) assays. The results are
expressed as protein release percentage and Trolox equivalent (TEAC)
for DPPH assays. Data represent mean ± standard deviation of three
independent experiments.
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veried for the collected aliquots aer this period (Fig. 6B). The
acid food simulant promoted a signicant (p < 0.05) FKH
release, in which approximately 80% of the original present in
the nanobers was released in 72 h. This behavior was also
similar regarding the highest levels of antioxidant activity (2404
mM TEAC) when compared to other solutions. These food sim-
ulants (hydrophilic, lipophilic, and acid) are commonly used to
evaluate the release prole of active agents present in polymeric
materials.17,43 It is worth noting that proving the FKH controlled
release capacity by nanobers, including their evaluation in
other simulating solutions, and the inuence of different
temperature conditions, are necessary steps for a more detailed
study on the antioxidant potential of this material.

4 Conclusion

In this study, PCL nanobers containing feather keratin
hydrolysate (FKH) were successfully prepared and investigated
for their antioxidant properties. The morphological and physi-
cochemical characteristics of these nanobers were not
© 2024 The Author(s). Published by the Royal Society of Chemistry
signicantly changed by the FKH addition in the polymeric
solution as compared to control nanobers. Antioxidant prop-
erties of the nanobers were conrmed, highlighting those
obtained with a higher concentration of FKH in their formula-
tion (5% FKH/PCL). In addition to good antioxidant properties,
these nanobers did not show signicant hemolysis indicating
the biocompatible characteristics of this material. These results
revealed the potential of the electrospinning technique as
a suitable strategy for developing packaging materials incor-
porating bioactive hydrolysates. Likewise, obtaining antioxidant
hydrolysates by microbial bioconversion of feathers could be an
alternative for the recycling and valorization of poultry waste.
Thus, innovative antioxidant nanobers prepared from green
treatment of feather waste were developed and characterized in
this study. Additional steps towards cytotoxicity testing,
biodegradation studies and evaluation in real food systems
would enable their future use as an active material for the
development of eco-friendly packaging.
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