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Abstract: Microbial fermentation represents an interesting strategy for the management and valoriza-
tion of agro-industrial byproducts. In this study, the proteolytic strain Bacillus sp. CL18 was used to
produce bioactive hydrolysates during submerged cultivation with various protein-containing sub-
strates, including byproducts from the poultry (feathers), cheese (whey), fish (scales), and vegetable
oil (soybean meal) industries. The bioactive feather hydrolysates (BFHs) showing high antioxidant
activity were incorporated in poly(vinyl alcohol) (PVA) and poly-ε-caprolactone (PCL) nanofibers by
the electrospinning technique. The PVA nanofibers containing 5% BFH reached antioxidant activities
of 38.7% and 76.3% for DPPH and ABTS assays, respectively. Otherwise, the PCL nanofibers showed
49.6% and 55.0% scavenging activity for DPPH and ABTS radicals, respectively. Scanning electron
microscopy analysis revealed that PVA and PCL nanofibers containing BFH had an average diameter
of 282 and 960 nm, respectively. Moreover, the results from thermal analysis and infrared spec-
troscopy showed that the incorporation of BFH caused no significant modification in the properties
of the polymeric matrix. The bioconversion of feathers represents an interesting strategy for the
management and valorization of this byproduct. Furthermore, the effective incorporation of BFH
in polymeric nanofibers and validation of the biological activity suggest the application of these
materials as antioxidant coatings and packaging.

Keywords: agro-industrial byproduct; antioxidant activity; bioactive potential; fermentation; kerati-
nolysis; polymeric nanofibers

1. Introduction

Enormous amounts of waste and byproducts are inevitably generated by agro-industrial
activities in the course of food production. Soybean meal, for instance, is the major byprod-
uct of oilseed processing, with an estimated amount of 247 million tons produced annu-
ally [1]. This protein-rich material is usually directed to animal feed and is also employed
to obtain protein isolates for food applications [1,2]. Whey is the most abundant byprod-
uct from the cheese and casein industries, reaching around 200 million tons. It may be
employed as fertilizer and animal feed, but only half of the produced whey is further
processed to obtain proteins, lactose, and minerals as added-value products [3].

Several byproducts also originate from slaughterhouses. For instance, nearly 60% of a
fish’s live weight is commonly discarded from the fileting process. Fish scales represent
about 5% of generated byproducts, from which collagen might be extracted [4]. Byproducts
from broiler processing reach approximately 40% of their live weight. Feathers are keratin-
rich and recalcitrant byproducts representing 5–10% of broiler weight, which amounts to a
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global production of approximately 5 million tons per year. Currently, feathers are mainly
converted into feather meal through hydrothermal treatments for use as animal feed [5].

In this scenario, the management of residual biomasses remains a relevant challenge
that is related not only to the environmental and health burdens of improper disposal
but also (and especially) the search for upcycling alternatives [6]. Additionally, it should
be considered that agriculture and animal production are resource-intensive activities;
thus, the utilization of processing byproducts might also contribute to minimizing the
impacts on natural resources, thus providing a robust framework for sustainable devel-
opment [7]. Microbial processes are notably relevant for the eco-friendly valorization of
agri-food byproducts, which is vital for circular economies [8]. Composting, for instance,
is an important strategy for sustainable agriculture [9], and the production of biogas and
bioethanol play expanding roles in energy security [10]. In addition, microbial technologies
might provide a wide array of valuable biomolecules with commercial and industrial
significance [6].

Increasing attention has been drawn to the release of antioxidant molecules from di-
verse substrates through fermentations, as in the case of soybean meal or soy protein isolate
fermented with Bacillus subtilis [11,12]. Cultivations with different bacterial strains aug-
mented the bioactive potential of milk-derived substrates through the release of antioxidant
peptides from caseins and whey proteins [13,14]. Microbial processing of slaughterhouse
wastes also holds promise in this regard. Antioxidant hydrolysates were produced from the
bioconversion of feathers by Bacillus sp. TC5 [15] and Ochrobactrum intermedium [16]. The
fermentation of fishery byproducts has also been demonstrated as an interesting approach
to release antioxidants. Moreover, the generation of antioxidant hydrolysates during the
bioprocessing of mixed fish wastes with Yarrowia lipolytica YL2 has been reported [17].
Increased antioxidant activities were also demonstrated for fish skin wastes fermented by
Bacillus subtilis L4 [18].

Antioxidants recovered from fermentations are postulated for use in cosmetics, phar-
maceuticals, and food additives due to their health-benefiting effects and preservative
properties [19]. More recently, nanotechnology came into play, expanding the applicability
of antioxidant compounds [20]. The incorporation of antioxidants into nanostructures,
for instance, might be an adequate strategy to increase the stability and biocompatibility
of such bioactives, also permitting their controlled release and delivery. Such materials
find applications in food packaging, wound healing, tissue regeneration, and engineering,
among others [21]. Electrospinning is a promising technique for manufacturing nanofibers
with a large surface-to-volume ratio and good mechanical and thermal properties. For
example, nanofibers can be used to incorporate a high amount of bioactive compounds
to develop functional materials for active packaging and drug delivery [22–24]. However,
the electrospinning of bioactive protein hydrolysates obtained from bioprocesses has been
the subject of a few studies. For example, bioactive casein hydrolysates produced by en-
zymatic catalysis using commercial enzymes could be incorporated into pullulan-based
electrospun nanofibers [25]. In another study, the hydrolysates obtained from the microbial
bioprocessing of keratin were successfully employed in the formulation of PCL nanofibers
via electrospinning [26]. Thus, the research on microbial conversion of agro-industrial
byproducts for the development of innovative nanomaterials may represent a benefit to the
field by addressing sustainability issues and the valorization of wastes.

Bacillus sp. CL18 is a proteolytic bacterium isolated from soil, showing the ability
to produce hydrolysates with outstanding biological activities [27,28]. In this work, the
objective was to investigate the antioxidant potential of protein hydrolysates produced by
this strain and their incorporation into nanofibers. In this context, feather hydrolysates
with high antioxidant activity, obtained by bioprocessing with the strain CL18, were used
to manufacture nanofibers using two different biocompatible polymers, poly(vinyl alcohol)
(PVA) and poly-ε-caprolactone (PCL). The incorporation of bioactive feather hydrolysates
(BFHs) resulted in functionalized nanofibers with biological activity. In addition, the
thermal, mechanical, and structural characterization of BFH nanofibers was performed.
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2. Materials and Methods
2.1. Chemicals

Poly(vinyl alcohol) (PVA; average MW 85,000–124,000, 87–89% hydrolyzed), poly-
ε-caprolactone (PCL; average MW 80,000 Da), 2,2-diphenyl-1-picrylhydrazyl (DPPH),
2,2′-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-dimethylformamide (DMF) were obtained
from Merck (Darmstadt, Germany). Sodium chloride (NaCl), monopotassium phosphate
(KH2PO4), and calcium chloride (CaCl2) were acquired from Labsynth (São Paulo, Brazil).
All other reagents used were of analytical grade and all solutions were prepared with
distilled water.

2.2. Microorganism and Inoculum Preparation

Bacillus sp. CL18 was routinely maintained in Agar Brain Heart Infusion (BHI) plates
at 7 ◦C. The previously characterized strain CL18 [27] was retrieved from the culture
collection of Laboratory of Applied Microbiology (UFFS, Cerro Largo, Brazil). To prepare
the inoculum for submerged cultivations, the bacterium was streaked onto fresh BHI plates
and incubated at 30 ◦C for 24 h. Thereafter, the bacterial biomass was aseptically collected
and added to sterile saline (8.5 g/L NaCl) to reach ~1.0 absorbance unit at 600 nm. The
obtained cell suspensions were used as inoculum.

2.3. Submerged Cultivations of Bacillus sp. CL18 in Different Substrates

Submerged cultivation (SmF) was carried out in 250 mL Erlenmeyer flasks containing
50 mL of mineral medium (0.5 g/L NaCl, 0.3 g/L K2HPO4, 0.4 g/L KH2PO4, pH 7.0), and
one of the following substrates (10 g/L): casein (Synth, São Paulo, Brazil), soy protein
isolate (SPI; Bunge Alimentos, Esteio, Brazil), soybean meal (SBM; Warpol Agroindustrial,
Guarani das Missões, Brazil), whey protein isolate (WPI; Alibra Ingredientes, Campinas,
Brazil), lyophilized sweet whey (LSW; whey from Laticinios Konzen, Cerro Largo, Brazil)
obtained by freeze-drying in a LS3000D lyophilizer (Terroni, São Carlos, Brazil), fish scales
(obtained from local fishermen), whole feathers (white chicken feathers, ~6–8 × 1.5–2.5 cm,
collected from local slaughterhouse), and milled white feathers processed in an analytical
mill (IKA® A11, Staufen, Germany).

After autoclave sterilization (121 ◦C, 15 min) and cooling, flasks were inoculated
with 1 mL of the bacterial suspension and incubations were performed at 30 ◦C, 125 rpm
from 0 to 7 days. Triplicate flasks were withdrawn every 24 h, and the media were
centrifuged (10,000× g, 20 min) to collect the supernatants, which were then boiled (5 min).
Evaluations involved the determination of soluble protein contents through the Folin-
phenol method [29] and the radical-scavenging activity using the ABTS assay [30], as
detailed below. The proteolytic activity was also monitored during SmF in whole feathers
using azocasein (Sigma Aldrich) as substrate, as described previously [28].

2.4. Production of Bioactive Feather Hydrolysate (BFH)

Feathers were carefully cleaned and soaked in a 1:1 (w/v) ratio of chloroform–methanol
to remove stains or any grease residue. Clean feathers were cut and added (10 g/L) to the
mineral medium. After autoclave sterilization, media were inoculated, and submerged
cultivations were carried out at 30 ◦C, 125 rpm for 120 h. Subsequently, culture supernatants
were centrifuged (10 min, 10,000× g, 4 ◦C), frozen, lyophilized [28], and then used for
production of nanofibers.

2.5. Nanofibers Manufacturing

PCL was dissolved using a 1:1 (v/v) ratio of THF:DMF, and PVA was dissolved in
distilled water, both at concentrations of 10% (w/v) and 15% (w/v). BFH was mixed
with polymer solutions at three concentrations (1, 2.5, and 5% based on polymer weight)
to generate different electrospinning solutions (ESs). For the electrospinning process, a
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syringe containing 3 mL of ES was coupled to an electrospinner (BR Robotics, Porto Alegre,
Brazil). The following processing conditions were applied: voltage of 20 kV; feeding rate of
0.08 mL/min; needle inner diameter 0.5 mm; distance to collector 15 cm. The process was
performed at 25 ◦C. The nanofibers were collected on an aluminum plate (15 × 15 cm) and
dried overnight to eliminate residual solvent.

2.6. Biological Activities of Nanofibers
2.6.1. Antioxidant Activity

The antioxidant potential of the nanofibers was evaluated through the scavenging
of 2,2-diphenyl-1-picrylhydrazyl (DPPH) [31] and 2,2′-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) radicals [30]. Trolox solutions (concentration range 0.1–2.0 mM) were
prepared to construct analytical curves for the expression of antioxidant activities as the
Trolox equivalent (TEAC).

The initial test on the antioxidant potential of nanofibers was carried out using the
DPPH radical previously diluted in methanol using 5 mg of carefully weighed nanofibers.
For this experiment, the capture of free radicals was monitored over time at pre-established
incubation periods of 0.5, 24, 40, and 48 h.

The second block of experiments for antioxidant activities was performed using an
extraction protocol, suggested with the aim of releasing the peptides responsible for the
bioactivity [32]. Subsequently, the DPPH activity was investigated again over an incubation
period of 1 h [31], and the ABTS scavenging activity was performed according to standard
methodology [30].

For both experiments, the results were expressed in terms of percentage of scavenging
activity using the following formula:

Scavenging (%) = [(Acontrol − Asample)/Acontrol] × 100 (1)

2.6.2. Hemolytic Activity

The nanofibers were weighed (4 mg), added to 1 mL PBS (pH 7.4), and then mixed
with 1 mL of erythrocyte suspension (4%, v/v). The samples were incubated for 60 min at
37 ◦C and then centrifuged at 3000 g for 10 min. An aliquot (1 mL) of the supernatant was
removed for absorbance reading at 540 nm. Hemolytic activity was determined with the
following equation:

Hemolytic activity (%) = (AS − AN)/(AP − AN) × 100% (2)

where AS is the supernatant reading, AN is the negative control, and AP is the positive
control. Triton X-100 (0.1%, v/v) and PBS were used as positive and negative controls,
respectively [33].

2.7. Physicochemical and Structural Characterization of Nanofibers
2.7.1. Scanning Electron Microscopy (SEM)

The nanofibers were metalized with gold coating, and the morphology of the nanofiber
membranes was examined by scanning electron microscopy (Zeiss EVO MA10, Oberkochen,
Germany). Histograms presented here were acquired through the measurement of at least
100 nanofibers, coming from several images obtained through SEM, analyzed in at least
four different regions of the material surface.

2.7.2. Thermal Analyses

The thermogravimetric analysis (TGA) was performed using a model Pyris 1 TGA
(Perkin Elmer, CA, USA). Samples were heated in platinum pans from 25 to 800 ◦C at a rate
of 10 ◦C/min under a nitrogen atmosphere (flow rate of 20 mL/min).

Differential scanning calorimetry (DSC) studies were performed using a DSC 8500
apparatus (Perkin Elmer, CA, USA). Samples equivalent to approximately 11 mg were
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placed in aluminum pans and heated from 20 to 200 ◦C, with a heating rate of 10 ◦C/min
under a nitrogen flow of 20 mL/min.

2.7.3. Fourier Transform Infrared Spectroscopy (FTIR)

The spectrum was obtained by the ATR method using a Perkin Elmer Spectrum IR
Version 10.7.2 in the region between 4000 and 500 cm−1 with 8 scans and resolution of
4 cm−1.

2.7.4. Mechanical Analysis

The mechanical properties of the nanofibers, including tensile strength and elongation
at break, were determined using a microcomputer-controlled texture analyzer model TA.XT
PLUS (Stable Micro Systems, Godalming, UK). In accordance with ASTM D638, a strain rate
of 10 mm/min and a clamping distance of 40 mm were used throughout the experiment.
The nanofibers were cut into 50 × 10 mm samples. Tests were replicated three times for
each sample.

2.8. Statistical Analysis

For the experiments on biological activity and mechanical analyses, values were
expressed as the means ± standard deviation of three experiments. Comparisons between
means were performed through analysis of variance and, if differences were significant,
means were compared through Tukey’s test (p < 0.05).

3. Results and Discussion
3.1. Soluble Protein and Antioxidant Activity During SmF

Bacillus sp. CL18 was cultivated on different protein-rich substrates and the soluble
protein content and antioxidant activity were monitored during SmF. The soluble protein
concentration remained relatively stable during cultivations with Bacillus sp. CL18 in
casein-, LSW-, and SBM-based media compared to the respective initial values (day 0),
whereas a decreasing trend was noticed in media containing fish scales. Contrarily, increases
were detected in media formulated with SPI, WPI, feathers, and feather meal (Figure 1A).
The greatest soluble protein increases were observed with whole feathers, from 0.05 mg/mL
(day 0) to 4.87 mg/mL (day 5), and with milled feathers, from 0.29 mg/mL (day 0) to 5.31
(day 5). The hydrolysis of these protein-rich substrates with the subsequent release of
soluble protein is compatible with the proteolytic potential of Bacillus sp. CL-18 [27]. The
production of proteolytic enzymes was monitored during SmF on whole feathers, reaching
maximum values of about 800 U/mL at day 5 (Supplementary Figure S1).
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◆), and lyophilized sweet whey (LSW, 3).



Fermentation 2024, 10, 615 6 of 17

Regarding antioxidant activities, the ability to scavenge ABTS radicals was higher in
all culture supernatants compared to the beginning of cultivations, except for the LSW-
based medium. Specifically, the radical-scavenging abilities after 4 days of SmF were 78.6,
68.2, 26.0, 73.5, and 46.0% in supernatants of casein, SBM, fish scales, SPI, and WPI media,
respectively, compared to the initial values of 60.8, 44.5, 7.3, 36.6, and 24.2% (Figure 1B).
However, higher increments of antioxidant activities were detected in the whole-feather
medium, which increased from 7.4% (day 0) to 67.5% (day 5), and in the milled-feather
medium, which was augmented from 14.6% (day 0) to 70.1% (day 5).

SmF was postulated as a strategy for the bioconversion of various protein-containing
substrates, including commercially valuable protein sources (WPI, SPI, casein) and byprod-
ucts from the poultry (feathers), cheese (LSW), fish (scales), and vegetable oil (SBM) in-
dustries. Through this approach, microbial enzymes could hydrolyze macromolecules to
release bioactive compounds [19]. For instance, the extracellular proteases produced by
Bacillus sp. CL18 during growth with these substrates [34] would result in amino acids and
bioactive peptides, which might subsequently be recovered from culture media. The higher
antioxidant activities observed during cultivations with Bacillus sp. CL18 reinforce that
such a phenomenon indeed occurred. In this context, the bioactive peptides released upon
protein hydrolysis are the major antioxidants recovered during microbial cultivations using
substrates from animal sources [19]. This might also apply to SPI, as soybean proteins are
highly concentrated (>90% protein). In the case of SBM, even though bioactive peptides
might have been released, it should be noted that phenolic compounds found in plant
biomasses could be the main determinants of antioxidant activities [35].

Complementarily, the soluble protein contents of culture supernatants were not always
positively correlated with radical-scavenging abilities (Figure 1). In this scenario, and with
the possible exception of SBM (due to phenolic acids/flavonoids), it is suggested that the
properties of the released peptides, including their sizes and amino acid sequences, were
responsible for the increased antioxidant activities observed during cultivations [36]. For
highly soluble protein substrates, such as casein, SPI, and WPI, enzymatic hydrolysis might
be better suited for the efficient production of antioxidant hydrolysates, while microbial
processing gains momentum regarding the use of abundant and structurally complex agro-
industrial byproducts [37]. In our study, byproducts were the most promising sources of
antioxidant hydrolysates, particularly chicken feathers. In fact, an extensive biodegradation
of feathers could be observed after SmF with Bacillus sp. CL18 (Figure 2). The culture
supernatant obtained after feather hydrolysis by strain CL18 was analyzed by SDS-PAGE,
revealing a broad molecular weight range of soluble proteins, including peptides with
less than 10 kDa (Supplementary Figure S2). This indicates that several peptides are
released during feather biodegradation by Bacillus sp. CL18. In parallel with the increased
antioxidant activity observed during cultivation, this agrees with the fact that the main
antioxidants obtained during microbial growth on animal byproducts are peptides released
from these protein-rich substrates [14–19].

Proper management of keratin-rich byproducts remains a relevant challenge due to
both its recalcitrance and the enormous amounts generated worldwide [5]. Therefore,
the use of feathers as a substrate in SmF could be an appropriate biorefining strategy
focusing on environmental and industrial sustainability, allowing for the cost-effective and
simultaneous production of valuable products, including antioxidants and microbial en-
zymes [37]. Bioactive feather hydrolysates (BFHs) are envisaged for utilization by the food,
feed, cosmetics, pharmaceuticals, and other industries [5]. However, the incorporation
of such antioxidant hydrolysates into nanostructures is scarcely reported [26]; therefore,
efforts in this direction might pave the way to create innovative biomaterials with rele-
vant applications. Since SmF with whole feathers was effective in yielding antioxidant
hydrolysates without the need for upstream processing (milling), hydrolysates obtained
with this substrate were selected for nanofiber development.
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3.2. Antioxidant Activity of Nanofibers

Nanofibers incorporating BFH in both PVA and PCL matrixes were successfully
obtained by electrospinning. These nanostructures were initially tested directly for the
scavenging of the DPPH radical. For the nanofibers produced using PVA, it was noted
that the addition of BFH directly interfered with the antioxidant activity over time, that
is, the highest the BFH quantity and the highest the activity (Supplementary Table S1).
As for nanofibers composed of PCL, there was not such a strong relationship between
the increase in BFH concentration and the antioxidant activity (Supplementary Table S2).
Even so, it was observed that the maximum DPPH scavenging activity occurred after 24 h,
suggesting that the antioxidant peptides were strongly entrapped in the nanofiber matrix.
In agreement with the data presented here, the same bioactive time release behavior has
been observed for PVA/gelatin nanofiber membranes [38].

Furthermore, a buffer extraction process was employed to assist the release of antioxi-
dant activity from the nanofibers [32]. The results are summarized in Table 1. The DPPH
scavenging activity of the extracts after 1 h incubation was similar to that observed for
the nanofibers directly in contact with the DPPH solution for 24 h. Thus, it was possible
to note that the nanofibers manufactured with PCL had more activity for this test than
the nanofibers made with PVA, reaching the maximum activity of 49%. The ABTS test
also showed elevated values of antioxidant activity for formulations containing 5% BFH,
reaching 1213 µM TEAC (55% inhibition) and 1694 µM TEAC (76% inhibition) for PCL
and PVA nanofibers, respectively (Table 1). Regarding the activity using the ABTS radical
method, the more BFHs added, the greater the free radical inhibitory activity.

Table 1. Antioxidant properties of poly-ε-caprolactone (10% PCL) and poly(vinyl alcohol) (10% PVA)
nanofibers 1.

Nanofiber DPPH (%) DPPH (µM) 2 ABTS (%) ABTS (µM) 2

PCL (control) nd 3 nd nd nd
PCL + 1% BFH 48.7 ± 1.0 967.7 ± 12.5 a 50.8 ± 1.4 1118.7 ± 31.1 b

PCL + 2.5% BFH 49.4 ± 0.6 977.7 ± 6.7 a 49.7 ± 2.5 1093.1 ± 57.0 b

PCL + 5% BFH 49.6 ± 0.2 979.7 ± 2.5 a 55.0 ± 3.9 1213.1 ± 89.6 b

PVA (control) nd nd nd nd
PVA + 1% BFH 35.2 ± 1.2 808.2 ± 16.2 c 45.6 ± 4.1 999.8 ± 91.8 b

PVA + 2.5% BFH 34.3 ± 1.3 797.2 ± 19.1 c 54.4 ± 1.1 1199.8 ± 25.2 b

PVA + 5% BFH 38.7 ± 0.5 850.2 ± 6.4 b 76.3 ± 2.5 1694.2 ± 56.3 a

1 Nanofibers functionalized with bioactive feather hydrolysate (BFH) at different concentrations (1, 2.5, and 5%
BFH) were subjected to extraction protocol and evaluated for antioxidant activity. Data represent mean ± standard
deviation of three independent experiments. 2 Values expressed as Trolox equivalents (TEAC). Different super-
script letters denote significant differences within the same column. 3 nd = not detected.
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The antioxidant activities obtained by either DPPH or ABTS methods in this work
were similar to those observed in some nanofibers incorporating casein hydrolysates [25],
antioxidant peptides [39], and even typical antioxidants, such as phenolic compounds [40].
However, higher ABTS scavenging values were observed for the PVA nanofibers containing
5% BFH. Moreover, the BFH was successfully applied for the development of electrospun
nanofibers with either PCL or PVA, suggesting a broad range of applications for these
materials. Both polymers are interesting for the development of bioactive nanomaterials
because of their biocompatibility, biodegradability, good chemical and thermal stability, and
non-toxic nature [41,42]. PCL is a hydrophobic polymer showing a slow biodegradation
rate and high mechanical strength [41], while PVA is a hydrophilic polymer that provides
good mechanical and thermal properties due to the formation of hydrogen bonds [42].

The release of active compounds from nanomaterials is controlled by the diffusion of
the substance within the nanostructure and the external phase, with the chemical potential
gradient being the key thermodynamic driving force for diffusion. Hydrogen bonds and
electrostatic and hydrophobic interactions are the main forces that control the entrapment
of bioactive compounds and/or may affect the assembly of polymer structure in nanoma-
terials, influencing the release profile [43]. Thus, the release rate is usually reliant on the
properties of the polymer and the active substance.

3.3. Hemolytic Activity of Nanofibers

All nanofibers under study showed hemolytic activity below 3% (Supplementary
Table S3). The test clearly shows the lysis of erythrocytes caused by the positive control
Triton X-100, resulting in the reddish supernatant, while the negative control (PBS) and
nanofibers encapsulating BFH did not produce any hemolysis; that is, intact red blood cells
were collected after the assay (Supplementary Figure S4).

According to the American Society for Testing and Materials (ASTM F756-17, 2017) [44],
a hemolysis rate of less than 5% is expected for materials that are considered safe, while
toxic materials would present a hemolytic percentage greater than 5%. The determination
of hemolytic properties in vitro has been used as a common and important method for
the preliminary cytotoxicity evaluation of materials [45]. Similar to the results described
here, other studies that have investigated the hemolytic activity of PVA or PCL nanofibers
showed that this type of material often presents a low hemolysis rate [33,46].

Considering the absence of hemolytic activity and the highest antioxidant activity
verified by the nanofibers formulated with 5% BFH, only this concentration was selected
for further analysis.

3.4. Scanning Electron Microscopy

According to the SEM images, all nanofibers reveal a morphological appearance free
of beads (polymer clusters) with adequate structural continuity (Figures 3 and 4). PVA
and PCL are chemically different polymers, whose properties will define the interaction
with BFH and the performance during electrospinning, reflecting the structural aspects of
the nanofibers. Thus, the polymer nature and concentration and the addition of BFH have
influenced the dimension of the nanofibers (Table 2), and, in some cases, the morphological
appearance as well (Figures 3 and 4). The nanofibers composed of PVA had an average
diameter smaller than the nanofibers made using PCL at both concentrations of 10% and
15%. The 10% PVA nanofiber containing BFH increased by about 100 nm in relation
to the control (from 196 to 282 nm), while a very similar size was observed using 15%
PVA (Table 2). In contrast, the incorporation of BFH increased the nanofiber size by
approximately 3 times in relation to the control with 10% PCL, whereas a decrease in
average diameter was observed when BFH was incorporated into 15% PCL nanofibers.
The size and morphology of nanofibers can be influenced by several factors, including
the processing parameters and properties of the polymer solution, such as the presence of
additives, surface tension, viscosity, conductivity, and solvent volatility [22,23]. Peptides
are usually charged in solution, affecting cone–jet formation during electrospinning [47]
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and thereby interfering with the evaporation of the solvent, which may result in fibers with
larger diameters [48]. Thus, it could be hypothesized that the higher peptide-to-polymer
ratio in the spinning solution containing 5% BFH and 10% PCL might induce the production
of wider nanofibers.
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Table 2. Average diameter of PVA and PCL nanofibers.

Average Diameter (nm) 1

Formulation Control 5% BFH

10% PVA 196.5 ± 75.6 282.6 ± 75.88
15% PVA 350.79 ± 99.85 358.15 ± 80.49
10% PCL 328.76 ± 79.8 960.74 ± 354.96
15% PCL 1512.0 ± 458.98 500.52 ± 135.39

1 Data represent mean ± standard deviation of 100 fibers for each formulation measured using ImageJ v.1.51
software. Values were determined for nanofibers functionalized with bioactive feather hydrolysate (5% BFH) and
control nanofibers (without BFH).

Similar values to that observed in this study have been reported for PVA/gelatin
nanofibers, which showed around 290 nm in average diameter [38]. Control nanofibers
produced with 13% PVA together with gelatin had an average size of 229 ± 26 nm, and, with
the addition of active compounds (fluconazole/cinnamaldehyde), the size was increased to
334 ± 56 nm [49]. Other studies indicate that coaxial electrospinning allows the formation of
PVA nanofibers with a smaller diameter; for example, using a spinning solution consisting
of 20% PVA at an applied voltage of 28 kV resulted in nanofibers of 86.8 ± 7.4 nm [50].
The average diameter of PCL nanofibers also resembles the values described for PCL
nanofibers formulated with lactobionic acid [33] and PCL/gelatin nanofibers incorporating
curcumin-loaded zeolite nanoparticles [51].

The nanofibers manufactured using 10% of either PVA or PCL had average diameters
in the nanometric range. Likewise, as the highest antioxidant activity was found for the
nanofibers prepared with 10% PVA or PCL, further analyses were performed using this
polymer concentration.

3.5. Thermal Analysis

The initial evaluation of TGA results reveals that PCL nanofibers have fewer thermal
events than nanofibers made from PVA (Figure 5). The thermal degradation profiles
of both PCL and PVA are consistent with the available literature [26,33,52,53]. The PVA
nanofibers underwent thermal degradation in two steps (Figure 5a), while the thermograms
of PCL nanofibers showed a single-step degradation profile, as the weight loss occurs more
suddenly (Figure 5c). The thermal degradation of BFH resembled that observed for feather
keratin, showing two stages of degradation, with a major weight loss from 200 to 400 ◦C
and about a 75% weight loss after heating to 800 ◦C [54].

The analysis of PVA nanofibers showed that about 20% of the mass was maintained
up to 400 ◦C, where another thermal degradation step takes place. With the last step,
the maximum weight loss occurred at approximately 550 ◦C (Figure 5a). Similar to other
studies, the first step of thermal degradation expected at temperatures lower than 100 ◦C is
attributed to the loss of water, which is a characteristic of the thermal degradation of PVA
nanofibers [46,52].

Basically, for the PCL nanofibers, there was a significant thermal degradation at about
430 ◦C, while for the nanofibers with the addition of BFH, the maximum weight loss
was observed at approximately 400 ◦C (Figure 5c). This difference of about 30 ◦C reveals
that the incorporation of BFH influenced the thermal properties of the PCL nanofibers.
This suggests that the peptides present in BFH may interact with the PCL, influencing
the packaging of polymer chains in comparison with the nanofibers prepared with pure
polymer. In agreement with the TGA results of this study, PCL exhibited a single-step
thermal degradation profile, starting at 346 ◦C and ending at 430 ◦C, with a maximum
temperature of 390 ◦C and 0.5% residue at temperatures above 500 ◦C [53].

The DSC thermograms for PCL show an exothermic peak at approximately 55 ◦C
(Figure 6a), which corresponds to the typical peaks described for PCL nanofibers [55,56].
The thermodynamic parameters Tm (melting temperature) and ∆Hm (melting enthalpy)
determined for PCL nanofibers were 58.9◦C and 71.7 J/g, respectively, changing to 57.3 ◦C



Fermentation 2024, 10, 615 11 of 17

and 60.1 J/g for BFH-containing nanofibers. These values were similar to those previously
reported for PCL and PCL/chitosan fibers [57]. Otherwise, the DSC thermograms of PVA
nanofibers did not show defined peaks (Figure 6b), similar to those described for amor-
phous systems containing proteins and/or polysaccharides [58]. In general, this behavior
can be associated with the absence of microcrystalline interactions with macromolecules,
resulting in amorphous materials [59]. The DSC thermogram for BFH showed an endother-
mic peak around 60–80 ◦C attributed to the water loss and a peak at 120–150 ◦C that could
be due to peptide degradation (Supplementary Figure S3), similar to the peaks reported for
keratin extracted from wool [60] and feathers [54].
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3.6. Fourier Transform Infrared Spectroscopy (FTIR)

The typical peaks expected for the polymeric materials under study were observed in
the FTIR analysis. The main groups indicated for nanofibers made of PVA (Figure 7a) are
observed at 3304, 2940, 1716, 1420, and 1095 cm−1, which are related to the stretching of
OH groups, including free hydroxyl groups and inter/intramolecular hydrogen bonds, CH
stretching, C = O stretching, CH bending, and C-O-C stretching, respectively [38,49,61]. An
almost identical spectrum to that of pure PVA was perceived through the FTIR spectrum of
PVA/gelatin [49], with the exception of the sharp peak at 1261 cm−1, which was evident at
1251 cm−1 in this study.
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Otherwise, PCL nanofibers have characteristic peaks of PCL (Figure 7b) observed at
2943 cm−1, referring to the stretching vibration of the C-H bond, and the C=O group at
1740 cm−1, which is typical carbonyl stretching. The peaks at 1170 cm−1 and 1240 cm−1

correspond to symmetric and asymmetric stretching of C-O-C, and the peak at 1293 cm−1

indicates the stretching of C=O and C-C [26,62].
The analysis of nanofibers composed of either PVA or PCL incorporating BFH revealed

that the differences in FTIR spectra were mainly in the intensity of the peaks, probably
because the signals from the hydrolysates were overlapped by signals from the polymer
matrixes. FTIR analysis also indicates that no major structural changes occurred in the poly-
mer matrix, suggesting the absence of newly formed chemical bonds between the polymers
and BFH. The presence of absorption bands at 1600–1700, 1510–1580, and 1250–1350 cm−1

indicates the presence of amide I, amide II, and amide III, respectively, represented by
smaller fragments of keratin peptides. Compared with typical protein spectra, the peaks
observed at 1633.47, 1538.98, and 1241.85 cm−1 belonging to amide I, amide II, and amide
III, respectively [38,63], could be found in the FTIR spectrum for BFH alone. The amide
peaks originating from proteins undergo small changes in the different concentrations
incorporated into the polymeric nanofibers [64].

3.7. Mechanical Properties

The mechanical tests conducted with the PCL nanofibers showed that the incor-
poration of BFH influenced Young’s modulus since this parameter was reduced from
42.6 ± 7.7 MPa in control nanofibers to 21.1 ± 2.0 MPa in BFH-containing nanofibers
(Figure 8a). However, no significant differences were observed for PVA nanofibers, indicat-
ing that the addition of BFH had a greater impact on the mechanical property of the PCL
matrix. Regarding the results of tensile strength and elongation, both mechanical properties
were reduced with the addition of BFH. For example, the PCL nanofibers showed an
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elongation rate of 38.3 ± 5.1%, which was reduced to 15.6 ± 1.6% with the addition of BFH.
For PVA nanofibers a decrease in the elongation at break was also observed when BFH was
included in the formulation. The control nanofiber has an elongation rate of 102.9 ± 21.6,
but when BFH was added to the polymer, the value was reduced to 40.1 ± 12.3% (Figure 8c).

Fermentation 2024, 10, x FOR PEER REVIEW 15 of 18 
 

 

 
Figure 8. Mechanical properties of poly-ε-caprolactone (PCL) and poly(vinyl alcohol) (PVA) nano-
fibers. Values of Young’s modulus (a), tensile strength (b), and elongation at break (c) were deter-
mined for control (blue bars) and functionalized nanofibers with 5% BFH (red bars). Data represent 
mean ± standard deviation of three independent experiments. Distinct letters indicate significant 
differences (p < 0.05). 

The fiber diameter may interfere with the mechanical properties of nanofibers, and 
thinner PCL fibers are much stiffer than thicker ones [65]. This argument agrees with the 
results obtained in this study, where the nanofibers formulated with 10% PCL have an 
increased diameter with the addition of BFH, and a smaller Young’s modulus in compar-
ison with control nanofibers. The value observed with the incorporation of 5% BFH was 
similar to the modulus of 27.0 ± 4.6 MPa observed for PCL nanofibers with the addition of 
alginate [66]. Moreover, PCL nanofibers have an elongation capacity of 60%, which de-
creases to 20% when a curcumin additive is added [67]. Similarly, the elongation at break 
of PVA nanofibers is often reduced when other polymers or additives are included in the 
formulation [33,68,69]. 

The mechanical properties of nanofibers are essential for preliminary structural char-
acterization. All possible applications of nanofibers, from active packaging, face masks, 
and surface coatings, in the biomedical field as a wound healing membrane depend on 
good properties in the structure of the material so that they successfully protect the active 
compounds. 

4. Conclusions 
Bioactive hydrolysates were produced via submerged cultivation with Bacillus sp. 

CL18. These hydrolysates have promising bioactive potential, considering the growing 
interest in natural antioxidant molecules. PVA and PCL nanofibers incorporating bioac-
tive feather hydrolysates were produced, reaching ABTS radical scavenging activities of 
76.3% (1694 µM TEAC) and 55.0% (1213 µM TEAC), respectively. These nanostructures 
also presented a hemolysis rate below 5%, indicating their potential as biocompatible ma-
terials. The nanofibers often showed a smooth morphology and average size in the nano-
metric range. The bioprocessing of poultry waste might represent an alternative to the 
disposal of feathers in a scenario where the valorization of byproducts is a crucial aspect 
of agro-industrial sustainability. The successful development of nanofibers incorporating 
feather hydrolysates obtained by microbial fermentation represents an advance toward 
the utilization of agro-industrial byproducts for the production of bioactive nanomateri-
als. However, specific studies involving scalability and detailed cost analysis should be 
conducted to validate the potential of this product. 

Supplementary Materials: The following supporting information can be downloaded at 
www.mdpi.com/xxx/s1, Figure S1: Production of proteases by Bacillus sp. CL18. The submerged 
cultures were carried out in feather broth containing 10 g/L of chicken feathers, over 7 days; Figure 
S2: SDS-PAGE analysis of BFH obtained from Bacillus sp. CL18 cultivation in whole feathers. The 
crude extract (culture supernatant), obtained after 5 days of cultivation in feather medium, was 
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significant differences (p < 0.05).

The fiber diameter may interfere with the mechanical properties of nanofibers, and
thinner PCL fibers are much stiffer than thicker ones [65]. This argument agrees with the
results obtained in this study, where the nanofibers formulated with 10% PCL have an
increased diameter with the addition of BFH, and a smaller Young’s modulus in comparison
with control nanofibers. The value observed with the incorporation of 5% BFH was
similar to the modulus of 27.0 ± 4.6 MPa observed for PCL nanofibers with the addition
of alginate [66]. Moreover, PCL nanofibers have an elongation capacity of 60%, which
decreases to 20% when a curcumin additive is added [67]. Similarly, the elongation at break
of PVA nanofibers is often reduced when other polymers or additives are included in the
formulation [33,68,69].

The mechanical properties of nanofibers are essential for preliminary structural char-
acterization. All possible applications of nanofibers, from active packaging, face masks,
and surface coatings, in the biomedical field as a wound healing membrane depend on
good properties in the structure of the material so that they successfully protect the ac-
tive compounds.

4. Conclusions

Bioactive hydrolysates were produced via submerged cultivation with Bacillus sp.
CL18. These hydrolysates have promising bioactive potential, considering the growing
interest in natural antioxidant molecules. PVA and PCL nanofibers incorporating bioactive
feather hydrolysates were produced, reaching ABTS radical scavenging activities of 76.3%
(1694 µM TEAC) and 55.0% (1213 µM TEAC), respectively. These nanostructures also
presented a hemolysis rate below 5%, indicating their potential as biocompatible materials.
The nanofibers often showed a smooth morphology and average size in the nanometric
range. The bioprocessing of poultry waste might represent an alternative to the disposal
of feathers in a scenario where the valorization of byproducts is a crucial aspect of agro-
industrial sustainability. The successful development of nanofibers incorporating feather
hydrolysates obtained by microbial fermentation represents an advance toward the utiliza-
tion of agro-industrial byproducts for the production of bioactive nanomaterials. However,
specific studies involving scalability and detailed cost analysis should be conducted to
validate the potential of this product.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/fermentation10120615/s1, Figure S1: Production of proteases
by Bacillus sp. CL18. The submerged cultures were carried out in feather broth containing 10 g/L
of chicken feathers, over 7 days; Figure S2: SDS-PAGE analysis of BFH obtained from Bacillus sp.
CL18 cultivation in whole feathers. The crude extract (culture supernatant), obtained after 5 days
of cultivation in feather medium, was submitted to SDS-PAGE, using a 12% polyacrylamide gel.;
Figure S3: Differential scanning calorimetry (DSC) analysis for the bioactive feather hydrolysate
(BFH); Figure S4: Hemolysis assay. Images show the resulting supernatants after treatments with
(a) Triton X-100, used as positive control, (b) PBS, used as negative control, (c) 10% PCL nanofibers,
(d) 10% PVA nanofibers. Table S1: Antioxidant properties of poly(vinyl alcohol) (PVA) nanofibers
functionalized with BFH; Table S2: Antioxidant properties of poly-ε-caprolactone (PCL) nanofibers
functionalized with BFH. Table S3: Hemolytic activity of poly-ε-caprolactone (PCL) and poly(vinyl
alcohol) (PVA) nanofibers.
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