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The traditional disposal of chicken feathers includes expensive and challenging steps such as incineration and
burying in landfills. Keratin is a valuable component of chicken feather waste recycled from poultry industry. The
fibrous intermediate protein nature along with unique chemical composition enables its use in food, pharma-
ceutical, cosmetics and agricultural industries. The current study proposes an innovative valorization of recycled
keratin from chicken feathers combined with polylactic acid (PLA), a viable bio-based polymer obtained from
plant-based food stock. As a novel application, this study explains the preparation, electrospinning parameter
optimization and performance assessment of recycled keratin electrospun with PLA. The structural, thermal,
thermo-mechanical, morphological, antibacterial and surface wetting properties of keratin-incorporated elec-
trospun PLA films were investigated. The disruption of crystallinity, hence the processability of both biopolymer
via electrospinning is demonstrated. The nanofiber size, thermal, thermo-mechanical, antibacterial and surface
wetting properties of electrospun films can be tuned by keratin content. This study provides environmentally
friendly, recycled, bio-based material alternatives with tunable material properties that can be used in multitude
of applications including environmental food packaging.

1. Introduction

The use of natural polymers as a component of sustainable industrial
materials is a developing research field to replace the non-biodegradable
synthetic plastics. Keratin is one of the most abundant animal sourced
biopolymer and a major side product of poultry industry. It is extracted
from several sources including wool [1], human hair [2], chicken
feathers [3,4], sole fish skin [5] and many others [6] using well estab-
lished methods of oxidation [7], reduction [8], ionic liquid immersion
[9], steam explosion [10]. Although the fibrous, cysteine-rich nature
present wide variety of properties, B-keratin is the primary type of ker-
atin in feathers [11]. This form of keratin is characterized by dominant
B-sheets and plates whereas the a- form is rich in o-helices. The abun-
dance of disulfide bonds gives a high conformational stability to keratin
protein.

Keratins have been attractive biomaterial research subject or more
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than three decades [12] due to their ability to form loosely packed fil-
aments that provide resilience to tissues [11]. Therefore, there are
several literature examples on the use of keratin as biomaterial for tissue
engineering in the form of scaffolds [13-15], films [16-18] and micro-
capsules [19]. In addition to that, electrospun keratin-based films and
mats are also another important study subject in biomaterials [20] as
well as packaging [21-23].

As an efficient way of non-woven nano-sized fiber generation, elec-
trospinning has shown promising potential in many applications
including antibacterial active packaging. There has been attempts to
perform electrospinning of keratin without using a carrier polymer [24].
But relatively poor viscoelastic properties of natural macromolecules,
along with their brittleness makes them a poor candidate for electro-
spinning applications [25]. For this reason, keratin is a challenging
material to electrospin alone [20,25]. Nevertheless, good solvents for
proteins that enables the disruption of intra- and inter-molecular
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interactions in 3D protein conformation [26]. Other approach is to
employ well-spinnable carrier polymers such as polyethylene oxide
(PEO) [27], polyvinyl alcohol (PVA) [28], PLA [29], polyacrylonitrile
PAN [30], chitosan [31] and silk fibroin [32] to solve this issue. In that
sense, poly(l-lactic acid) PLA is a new generation sustainable polymer
that is likely to replace petroleum-based industrial polymers. It’s
biodegradability and biocompatibility bring PLA important application
fields in large industrial sectors such as agriculture [33] and food
packaging [34]. In addition, wool keratins have shown to enhance the
affinity of PLA [29].

The current study covers the design, development and performance
enhancement of keratin-PLA based electrospun packaging materials
with tunable material properties. The electrospun Ker-PLA mats have
been assessed in terms of their structural, thermal, morphological,
thermomechanical, antibacterial and surface properties. Throughout the
study, the effect of two main parameters, i.e., nanofiber formation by
electrospinning process and the addition of keratin on the performance
of PLA were investigated. For the ease of comparison, only one elec-
trospun sample (50 wt% electrospun keratin containing electrospun
PLA; KerPLA5/5-ES) was used in structural and thermal analyses. This
was solely done to investigate the effect of keratin fiber formation and to
exclude to fiber content effect. After that, the effect of keratin nanofiber
content of morphological, thermomechanical, antibacterial and surface
wetting properties were investigated with respect to increased keratin
content in electrospun samples. The results, in general, put forth that
electrospun Ker-PLA mats/films are useful as antibacterial environ-
mentally friendly packaging materials.

2. Materials methods
2.1. Preparation of Keratin/polymer solutions

Recycled from chicken feather waste, extracted keratin (MW > 10
kDa) was provided by Consorzio Santacroce sull’Arno (SGS, Italy). In
their novel keratin extraction method, keratin is hydrolyzed from
chicken feathers by alkaline hydrolysis to obtain a final brix concen-
tration of 35° [20]. Poly-Lactic Acid biopolymer granules that are in 3
mm nominal granule size (mentioned as PLA henceforth) was obtained
from Sigma-Aldrich and used as is.

Keratin/polymer solutions were prepared in 1,1,1,3,3,3-Hexafluoro-
2-propanol (HFIP) and acetone/chloroform (Ac/Chl) 7:3 v/v) solutions/
mixtures at varying concentrations (10-20 % wt% keratin + polymer
concentration) where keratin/polymer mixture ranges between 10:90 to
90:10 (m/m) by dissolving keratin and polymer (Gelatin Type A,
PEG4000, PLA) separately under continuous stirring at room tempera-
ture (overnight) and finally mixing the polymer and keratin solutions.

2.2. Preparation of keratin based electrospun films

Factors affecting electrospinning parameters, such as applied
voltage, solution flow rate, distance between needle tip and collector,
solution concentration and solvent were screened. In the meantime, it is
known that the polymer molecular weight is not the sole but a signifi-
cant factor affecting the fiber diameter in electrospun fibers. The fiber
diameter increases as the molecular weight of the polymer gets higher
[35]. But as the molecular weight of extracted keratin is bound to the
extraction process, the effect of molecular weight on electrospinning is
not added as a parameter into the screening process. Once the param-
eters were set, the electrospun polymer fibers were collected on an
aluminum foil. To determine the success of electrospinning, 4 criteria
were evaluated; Taylor cone formation [36], jet continuity, bead-fiber
ratio, fiber radius. The Taylor cone formation is an indicator showing
that polymer jet is moving through the electric field. Jet continuity in-
dicates the uniformity of polymer fibers collected on grounded collector.
Taylor cone formation, along with jet continuity demonstrates the
electric field applied overcomes the surface tension of polymer droplet.
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On the other hand, bead-fiber ratio and fiber radius are indicators of the
success of electrospinning optimization process. Here, presence of bead
and ribbon-like formations suggest insufficient volatility of carrier sol-
vent which prevents polymer chains to expand during their flight be-
tween needle tip and collector (Figure S-1-a). Non-uniform fiber
diameter is also an indicator of insufficient solvent flow rate and envi-
ronmental factors.

Electrospinning process optimization were performed as described in
Figure S-1-b. First, polymer solutions prepared in appropriate solvents
were subjected to various electric fields and Taylor cone formation was
monitored. The needle tip to collector distance and the lowest electric
field value where the Taylor cone formation was observed determined
the first step in Figure S-1-b. This was followed by the adjustment of
polymer flow rate and needle-to-collector distance. Table 1 gives the
details of all performed electrospinning procedures.

2.3. Preparation of keratin cast-films

Keratin based cast films were prepared to compare and evaluate the
effect of electrospinning on material properties. Control film samples
were prepared by casting electrospinning solutions into Teflon mold and
oven-dried at 70 °C overnight.

2.4. FTIR

Prior to Fourier Transformed Infrared Spectroscopy (FTIR) analysis,
all samples were dried at 70 °C in a vacuum oven to prevent the over-
lapping with water absorption band (1650 cm™?) [37]. Attenuated Total
Reflectance - Fourier Transformed Infrared (ATR-FTIR) spectra were
collected on a Nicolet iS10 smart iTR spectrometer (Diamond) between
550 and 4000 cm ™! using a resolution of 0.5 cm ™. Spectra were aver-
aged from 32 scans and baseline corrected.

2.5. TGA

Thermal stabilities of Keratin based materials are determined by
Thermogravimetry (TGA). This method measures the weight loss due to
the formation of volatile species with respect to temperature rise. 20 mg
keratin and PLA films, Ker-PLA cast and electrospun films were weighed
and placed in TGA (Netzsch STA 449 F3) cruicibles and heated under
nitrogen atmosphere (85 mL/min flow rate) between 25 and 1000 °C,
with a heating rate of 10 °C/min.

2.6. DSC

Thermal properties of samples were analyzed using a Differential
Scanning Calorimetry (DSC, TA Instruments, TA2000). Samples were
subjected to a one cycle heat treatment without pre-heat treatment,
starting from 25 °C, ramping with a rate of 10 °C/min, until 300 °C, in
nitrogen atmosphere. DSC data were recorded in the first heating cycle.

2.7. SEM

Scanning Electron Microscopy (SEM) is used to monitor the
morphology of keratin-based materials. Prior to SEM analysis sample
surfaces were coated with a Pt/Pd thin layer. Secondary electron (SE)
and InLens detectors were used to acquire images with varying gun
voltages between 2 and 5 kV.

2.8. DMA

Dynamic Mechanical Analyses (DMA) were performed on a Metler
Toledo DMA in tensile mode using a 1 Hz frequency with an amplitude
of 5 um while heated between 30 and 120 °C with a heating rate of 3 °C/
min. Max heating temperature was adjusted with respect to sample
decomposition dynamics. ASTM E 1640-13 standard was applied in
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Table 1
Electrospinning parameter optimization results of keratin-based materials.
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Sample Sample (Ker-polymer ratio m/m, total Ker + polymer amount in Solvent  Flow rate Voltage Distance General Look/

Code solution wt%) (kV) (cm) Morphology

KerPLA9/1- Ker-PLA (90/10, 10%) Ac/Chl 0.01 mL/ 20 15 No electrospin
ES min

KerPLA7/3- Ker-PLA (70/30, 10%) Ac/Chl 0.01 mL/ 20 15 No electrospin
ES min

KerPLA5/5- Ker-PLA (50/50, 10%) Ac/Chl 0.01 mL/ 20 15 No electrospin
ES min

KerPLA3/7- Ker-PLA (30/70, 10%) Ac/Chl 0.01 mL/ 20 15 Bead
ES min

KerPLA1/9- Ker-PLA (10/90, 10%) Ac/Chl 0.01 mL/ 20 15 Bead
ES min

KerPLA7/3- Ker-PLA (70/30%, 15%) HFIP 0.01 mL/ 15 kV 15 No electrospin
ES min

KerPLA7/3- Ker-PLA (70/30%, 15%) HFIP 0.1 mL/h 15 kv 15 Bead
ES

KerPLA5/5- Ker-PLA (50/50%, 15%) HFIP 0.1 mL/h 15 kv 15 Bead
ES

KerPLA3/7- Ker-PLA (30/70%, 15%) HFIP 0.1 mL/h 15 kv 15 Bead-fiber
ES

KerPLA3/7- Ker-PLA (30/70%, 15%) HFIP 0.1 mL/h 12 kv 15 Electrospun fiber
ES

KerPLA5/5- Ker-PLA (50/50%, 15%) HFIP 0.1 mL/h 12 kV 15 Electrospun fiber
ES

KerPLA7/3- Ker-PLA (70/30%, 15%) HFIP 0.1 mL/h 12 kv 15 Electrospun fiber
ES

PLA-ES PLA (15%) HFIP 0.1 mL/h 12 kv 15 Electrospun fiber

specimen preparation.

2.9. Contact angle measurement

Contact angles of the keratin containing electrospun and film sam-
ples were measured by sessile drop method via a horizontally placed
microscope attached to a camera. Contact angle measurements were
performed on dried samples. The results were recorded as the average of
five different measurements from different locations of sample surfaces.

2.10. Antibacterial activity

Antibacterial activity tests were performed at Istanbul University
Faculty of Science, Biocidal Products and Microbial Technology Labo-
ratory. Antibacterial activity of samples except Ker-F sample was eval-
uated by using Japanese Industrial Standard (JIS) Z 2801 (ISO 22196)
test method. In antibacterial tests, Staphylococcus aureus ATCC 6538 and
Escherichia coli ATCC 25,922 were employed as Gram-negative and
Gram-positive bacteria, respectively.

(a) Japanese Industrial Standard Z 2801Test Method

According to the standard treated and untreated samples were cut
into a square of 50 mm + 2 mm. Samples were cleaned by using
absorbent gauze pads immersed in ethanol 2 or 3 times and dried. 0.4
mL of diluted test bacteria in 1/500 Nutrient Broth (Oxoid) (2.5 to 10 x
105 cells/ml) were inoculated onto the each sample. After inoculation
samples were covered with sterile film and incubated at 37 °C and a
relative humidity of not <90 % for 24 h. At the end of contact time
samples were transferred into the SCDLP broth (neutralizing medium)
and homogenized by using stomacher. Diluted and undiluted homoge-
nized samples were inoculated onto plate count agar (PCA, Oxoid) at
35°C + 1 °C for 40 h to 48 h. At the end of incubation, the number of
colonies were counted. Bacteria reduction (%) was calculated using the
following formula:

R=U, —A,

where R denotes the antibacterial activity, U, and A, are the loga-
rithmic cell counts (kob/cm?) of control and test samples, respectively.

An R value > 2 is accounted as antibacterial.
(b) ASTM E2149 Standard Test Method

ASTM E2149 standard was followed to evaluate the antibacterial
activity of Ker-F sample in dynamical contact conditions. Untreated and
treated Ker-F samples were weighed to 1.0 + 0.1 g. 50 mL bacterial
inoculums were prepared a final concentration of 1.5-3.0 x 105 CFU/
mL (colony forming unit/ml) for each treated and untreated specimen
and added to sterile 250 mL screw-cap Erlenmeyer flasks. The series of
flasks were incubated at 37 °C on the wrist-action shaker for 24 h. at the
end of incubation, samples were neutralized by using polysorbate 80
and Lecithin broth media, then serially diluted and plated out in tripli-
cate. Petri dishes were incubated at 35 °C + 2 °C for 24 h to 48. Survived
colonies were counted and values were converted CFU/ml and percent
reduction of bacteria calculated using following formula:

R= @xloo

where R is % reduction, A is the number of bacteria recovered from
the inoculated treated test samples incubated for 24 h and C is the
number of bacteria recovered from the inoculated untreated test sam-
ples after 24 h.

3. Results
3.1. Electrospinning process

Electrospinning process was followed as described in section Mate-
rials and Methods section. Among the various samples containing
different weight ratio of polymers and/or dissolved in varying solvents
(including 1:1 acetone chloroform mixture; Ac/Chl, and hexafluoro-2-
propanol; HFIP). 13 sample were successfully collected on collector
plate of the electrospinning setup. Those samples are listed in Table 1.
The final morphologies of the prepared samples were investigated by
Scanning Electron Microscopy. Among these 13, smooth electrospun
nanofiber formations were only observed in the final 4 samples, where
keratin was blended with PLA at varying weight ratios, dissolved in
HFIP, placed in a syringe at 15 cm from the collector, and injected at a



D.A. Ertek et al.

rate of 0.1 mL/h under 12 kV voltage. These samples, along with the cast
films were used for further analyses.

3.2. Structural characterization

FTIR spectroscopy is used in identifying the structural characteristics
of Keratin-based electrospun films in different polymeric matrices and/
or prepared by various processing techniques. The most prominent FTIR
bands of keratin are amide I and amide II stretchings observed around
1620 and 1650 cm ™!, respectively. The absorption band at 1633 cm ™!
characterizes the crystallization mode of B-sheets, while a shift in this
band to 1650 cm™! region reveals a-helix/coil formations [38,39].
Comparing FTIR spectra of Keratin-PLA (electrospun) samples with
Keratin and PLA films’, characteristic FTIR bands of both materials can
easily be identified. The bands observed at 2996 cm™! and 1749 cm™!
correspond to —C—H and —C—0O stretchings of PLA, respectively. The
shouldered band observed around 1179 cm™! arises from the stretching
vibrations of —O—C= and —C—O groups [40]. A shift in 1749 cm !
band observed in PLA to higher wavenumbers (1754 cm ™!, peak fitting
details provided in Figure S-2) in electrospun Ker-PLA film designates a
weakening in —C=O0 band (Fig. 1-a) [41]. This shows that secondary
interactions formed between keratin and PLA during electrospinning
dominates over —C=O0 bond strength. On the contrary, 1749 cm ™! band
shift to lower values (1743 ecm™!) in Keratin-PLA cast film samples,
implying fewer secondary interactions are formed after cast film pro-
cess. In addition to —C—O region, one of the most prominent keratin
bands of amide I characterized at 1639 cm™" in keratin film samples
(Fig. 1-b) is observed to shift to higher values (1650 and 1651 cm! for
KerPLA-F and KerPLA-ES, respectively). In Keratin-PLA electrospun and
cast films, this shift implies an increase in a-helix formations [42], hence
an increase in crystallinity. Accordingly, it is concluded from FTIR
spectra that PLA alters crystallinity of keratin, making significant
changes in keratin’s crystallinity and/or its folding mechanism.

3.3. Thermal properties

3.3.1. TGA

Fig. 2-a shows the thermogravimetry results of keratin film. Ker-F
sample exhibit three weight loss phases [43-45]. The first phase is
observed around 99 °C (8.39 %) is attributed to water content of keratin
while the second phase is related with fiber decomposition of keratin
with an onset of 226 °C (8.18 %). Third region is observed at 317 °C
onset (50.93 %) corresponds to full protein denaturation (Fig. 2-a). A
16.07 % residue after complete degradation at 1000 °C relates with
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inorganic content of the protein. Fig. 2-b shows thermograms of PLA-F,
PLA-ES, KerPLA-F and KerPLA-ES samples. Comparing PLA-F to PLA-ES,
one can easily observe that the water content of PLA films decreases
along with the thermal stabilities after electrospinning. This can be
attributed to poor relaxation in polymer’s conformation due to rapid
solvent evaporation during electrospinning. In addition to this, incor-
poration of PLA significantly enhances thermal stability of keratin film,
shifting thermal degradation onset temperatures from 317 °C to 346 °C
(Fig. 2-a and -b). Same applies to electrospun sample (Fig. 2-b green);
the onset temperature of degradation enhances up to 325 °C, but this
increase is not as sharp as PLA incorporated film sample (Fig. 2-b
magenta). Therefore, it is convenient to say that incorporation of PLA
promotes thermally more stable films, but electrospinning lowers ther-
mal stability. Here, it should be noted that the resemblance of thermal
behavior of Ker-PLA samples is because of the higher PLA content in
analyzed blends (KERPLA3/7-F and KERPLA3/7-ES).

Comparing the thermograms of KerPLA-F to KerPLA-ES, the sharp
weight loss in KerPLA-F up to 200 °C distinguishes water and fiber
content of protein. This means that water and fiber is more preserved in
film form but in this measurement, it is not clear which one is the actual
driving force behind this weight loss. DSC analysis will explain this
behavior in more detail.

3.3.2. DSC

DSC results of KerPLA samples are displayed in Fig. 3. In Ker-F
(Fig. 3, black), first broad endohermic peak corresponds to loss of pro-
tein water content (105 °C). In keratin samples, the endothermic events
between 200 and 350 are usually attributed to protein denaturation
followed by protein degradation [46]. The energy spent from 155 °C to
205 °C in the DSC analysis is associated with melting of a form crys-
tallites from keratins in different moisture contents [47]. Endothermic
peak > 250 °C relates with crystalline melting of the nanofibers and the
area of this peak denotes total crystallinity [48,49]. Comparing PLA-F
and PLA-ES samples, it is observed that both have similar Ty, AH,,
AH, values but PLA-ES has lower T4 (329 °C) than PLA-F (345 °C).
Comparing Keratin added PLA samples, it is first noticed that the
degradation temperature lowers (Tq) with respect to keratin content.
This is well correlated with TGA results from PLA point of view, as the
incorporation of keratin lowers the thermal stability of PLA. The shift in
PLA’s Tq in KerPLA-F and KerPLA-ES samples highlights the presence of
keratin and the interaction of polymer with protein subunits [50].

A broadening in the melting curve of PLA around 170 °C suggests
more amorphous characteristics and loss of fiber structures which is
observed in KerPLA-F sample. In addition, the melting enthalpy of
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Fig. 1. Overall (a) and zoomed (b) FTIR spectra of keratin film (black), PLA (red), Ker-PLA cast film (magenta) and Ker-PLA electrospun film (green). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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KerPLA-F (27.27 J/g) is smaller than that of Ker-PLA-ES (40.07 J/g),
suggesting that more fiber content is preserved in electrospun form. This
completes the finding of more water and fiber content observed in TGA
analysis of KerPLA-F and explains that the main driving force behind
sharp weight loss in Fig. 2-b (magenta) is the water content of protein
preserved in KerPLA-F sample. The presence keratin interferes with the
mobility of PLA chains, favoring the formation of slightly less ordered
formations.

3.4. Morphological traits

3.4.1. SEM characterization of electrospun films

SEM characterization of keratin-based PLA films are demonstrated in
Fig. 4 to highlight the morphological changes with keratin addition. At
first sight, keratin containing cast film samples are visualized as uni-
form, yellow-colored and semi-transparent films. The surface of keratin
film is smooth with no visible cracks or voids whereas PLA films are in
more fragile nature. Electrospun film samples of both keratin and PLA

are in white powder form. While keratin can easily form films, it is not
possible to electrospin neat keratin. Therefore, literature examples
employ a carrier polymer and/or polymeric blends for keratin
electrospinning.

SEM image of Ker-F reveals entangled fiber formations with an
average fiber diameter of 270 £ 27 nm. On the other hand, electrospun
PLA-ES demonstrates sub-micron sized fibers with a wide fiber diameter
distribution (596 + 271 nm) where the fibers are relatively more
aligned. Two distinct fiber size regions are observed in PLA-ES; one
clustered in micron (908 + 46 nm) and the other in sub-micron (408 +
102 nm) region.

Evident from SEM images, PLA-F and KerPLA-F do not possess fiber
properties, thus they are omitted from fiber size distribution graph
(Fig. 4). SEM analysis of PLA-ES results in two distinct fiber size ranges,
mainly arising from receded fiber jet takes place during electrospinning.
Unlike Taylor cone, recessed jet is not stable and formation of this type
of polymer jet results in wide range of fiber diameter [51]. Therefore,
electrospun PLA-ES demonstrates some micron-sized fibers (1.02 +
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Fig. 4. Image of KerPLA-F (a), SEM images of PLA-F (b), KerPLA-F (c), image of KerPLA-ES (d), SEM images of PLA-ES at different magnifications (e, f), fiber size
distribution of electrospun samples and keratin (g), SEM images of Ker-F at different magnifications (h, i), Ker-PLA-ES 3:7, 5:5, 7:3 (j, k, 1) and their SEM mor-

phologies at higher magnifications (m, n, o).

0.16 pm) along with submicron fibers (390 + 77 nm).

SEM analysis of KerPLA-ES at different Ker/PLA ratio results in
nanofibers with no evident bead formations. In addition, fiber diameters
are observed to decrease with increasing keratin content. This can be
attributed to decreased amorphous content around keratin fibers with
PLA incorporation [52].

3.5. Thermomechanical properties

DMA analysis of keratin incorporated electrospun PLA films were
investigated to observe the effect of keratin addition on storage modulii
(E’) and tan(8) values of PLA. The onset of E’ is related with long range
molecular interactions (a relaxation) and provides crucial information
on glass transition temperature (Tg). Evident from Fig. 5-a, all keratin
incorporated electrospun PLA films possess single Ty as a result of

miscible keratin PLA blends. There’s a significant decrease in E’ value of
PLA below Ty due to constraints in segmental motions with nanofiber
incorporation. Although keratin incorporation lowers storage modulus
of PLA, 70 % keratin containing PLA (KerPLA-ES-7/3) exhibits the
highest E’ compared to other Ker-incorporated samples.

The drastic increase in tan(3) observed in keratin incorporated films
(Fig. 5-b) put forth a higher mobility in PLA chains with nanofiber
addition. In contrast with E’, the areas under tan(8) curves of Ker-PLA
samples do not follow a certain trend such as fiber ingredient. The
multiple peaks observed between 90 and 130 °C represents cold crys-
tallization [53]. Comparing DMA analyses Ker-incorporated electrospun
PLA films KerPLA-ES-7/3 exhibits better E’ and tan(d).
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Fig. 5. DMA curves of electrospun PLA and Ker-PLA blend films in varying Keratin amount.

3.6. Antibacterial properties

Results of antibacterial activity tests performed against S. aureus
ATCC 6538 and Escherichia coli ATCC 25922 were demonstrated in
Table 2 and 3. Note that the ASTM E2149 standard test method was
performed on Keratin film (Ker-F) as this sample is relatively brittle and
could not be sized for JIS Z 2801 standard test method. Additionally, JIS
Z 2801 method can measure the antibacterial activity of treated articles
under static conditions. In contrast, ASTM E2149 method is used to
determine the antimicrobial activity of materials under dynamic contact
conditions. Table 4 shows results of ASTM E1249 test of Ker-F against
S. aureus ATCC 6538 and E. coli ATCC 25922, respectively.

According to microbiological property tests, PLA-F and PLA-ES,
similar reduction % and R values were obtained against the two tested
bacteria. Same applies for Ker-F as its reduction % against S. aureus
ATCC 6538 and E. coli ATCC 25922 resulted similar. Both samples
preserved their antibacterial activity for 24 h. This means that both PLA
and keratin are good packaging material candidates with wide spectrum
of antibacterial activities. In addition to that, the presence of antibac-
terial activity in both PLA-F and PLA-ES samples imply that the PLA
prepared by any method exhibits antibacterial activity.

All Ker-PLA electrospun films exhibit antibacterial activity against
both Gram-positive and Gram-negative bacteria, independent of keratin
content. Although KerPLA-3/7 exhibits strong antibacterial activity
against E. coli (R = 7.53) with a reduction % > 99.9, it did not meet the
criteria of R > 2 (R = 1.95) against S. aureus ATCC 6538 in JIS Z 2801
standard. Nonetheless, it still exhibits antibacterial activity against
E. coli with a reduction % > 99.9. As the keratin content increases,
electrospun films result with higher R values against S. aureus ATCC
6538. An R value > 2 is accounted as antibacterial, however, particu-
larly for the Gram positive bacteria representative organisms, the R
value is observed higher in the samples without keratin. Here, keratin

Table 2

Antibacterial activity results of Keratin included electrospun films against
S. aureus ATCC 6538 after 24 h contact time according to JIS Z 2801 standard
test method.

Sample Microbial Load (cfu/cm?) Reduction% R value
Control 2.0 x 10°(0 h) - -
1.85 x 10° (24 h)

PLA-F 7.5 x 10 > 99.9999 6.39
PLA-ES 8.5 x 10 > 99.9999 6.34
KerPLA-ES-3/7 2.07 x 10° 98.88 1.95
KerPLA-ES-5/5 2.4 x 10° > 99.98 3.88
KerPLA-ES-7/3 2.81 x 10° > 99.998 4.82

Bacteria Control 2.00 x 10° (cfu/mL)

Table 3
Antibacterial activity results of Keratin included electrospun films against E.coli
ATCC 6538 after 24 h contact time according to JIS Z 2801 standard test method.

Sample Microbial Load (cfu/cm?) Reduction% R value
Control 4.0 x 105 (0. h) - -
3.44 x 10% (24 h)

PLA-F <10* > 99.99999 7.53
PLA-ES <10 > 99.99999 7.53
KerPLA-ES-3/7 <10 > 99.9999 7.53
KerPLA-ES-5/5 4 x 10 99.9999 6.93
KerPLA-ES-7/3 <10 > 99.99999 7.53

Bacteria Control 4.1 x 10° (*kob/mL)

" based on the average value. the detection limit of this test is 10 since the
neutralizing agent is diluted by x10.

Table 4

Antibacterial activity results of Ker-F acetic acid samples against S. aureus ATCC
6538 and E. coli ATCC 25922 after 24 h contact time according to ASTM E2149
standard test method.

S. aureus ATCC 6538

Microbial Load (cfu/ml) Reduction %

0Oh 24h 24h
Ker-F - 3.15 x 10* 99.98
Control 2.0 x 10° 1.85 x 10°

E. coli ATCC 25,922

Microbial Load (cfu/ml) Reduction %

oh 24h 24h
Ker-F - 3.46 x 10* 99.98
Control 4.1 x 10° 3.44 x 10® .

may have a crucial role as a protective layer at static conditions, in
dissociation of thick peptidoglycan layer present in Gram-positive bac-
teria. On the contrary, amount of keratin does not determine the anti-
bacterial activity in Gram-negative evident from the R values observed
in ASTM E2149 test of E.coli ATCC 6538. That being said, keratin film
caused the same rate of death (> % 99.98 and > 3 log reduction) in both
Gram-negative and Gram-positive bacteria under dynamic conditions
(Table 4).

3.7. Surface wettability

Water contact angle is a considerable approach to measure the
moisture sensitivity of surfaces. The smaller contact angles (6 < 90)
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formed between water drop and the surface are indicants of hydrophi-
licity, while larges values (6 > 90) refer to hydrophobic surfaces.
Comparing the water contact angles of electrospun and film surfaces of
keratin-containing PLA samples, we observe a decreasing trend in hy-
drophilicity of PLA with respect to keratin incorporation and electro-
spinning. Electrospinning and keratin incorporation slightly reduces its
hydrophobicity by 4.5 % and 7.2 %, respectively. These are expected as
keratin is a considerably more hydrophilic material than PLA, and
electrospinning process alters the surface charges of any material
(Fig. 6). Evaluating the reduce in hydrophobic character of PLA by
added amounts of keratin incorporation, we observe a decrease in
contact angle value of PLA up to 21.2 % in the highest amount of keratin
(KerPLA-ES 7/3). This is tolerable given the finding of increased anti-
bacterial activity against S. aureus ATCC 6538 with increased keratin
content. The bacterial cell wall of Gram-positive bacteria is more hy-
drophilic than Gram-negative with less lipid content in the cell wall
(1-4 %). Incorporation of keratin provides a more hydrophilic envi-
ronment to more easily interact with peptidoglycan layers present in
Gram-positive bacteria and disrupt its cell wall. On the contrary, Gram-
negative bacteria has a cell membrane containing lipopolysaccharide,
which is hydrophobic to its nature, but is not directly associated with
keratin content.

4. Conclusions

The current study explains the design, development, and perfor-
mance evaluation of keratin-based electrospun antibacterial bioplastics.

Electrospinning parameters were optimized to produce the best
aspect ratio in electrospun nanofibers. Electrospun fibers are observed in
30-70 wt% keratin containing samples using HFIP as solvent, with a
flow rate of 0.1 mL/h, at 12 kV and 15 cm of collector distance. The wide
range of keratin content provides varying nanofiber size in the electro-
spun films which enables the tuning of material properties. PLA is shown
to alter crystallinity of keratin by introducing additional electrostatic
interactions formed between keratin and PLA during electrospinning
that dominates crystallinity, eventually making it more processable. The
electrospinning process is observed to decrease the thermal stabilities of
the biomaterials at hand. This is attributed to the constrained

100 F

European Polymer Journal 185 (2023) 111804

conformational relaxation of polymers with rapid solvent evaporation
during electrospinning. During this rapid evaporation, keratin distorts
the crystallization process of PLA resulting in imperfect crystals with
lower thermal stabilities. Although thermal and thermomechanical
properties of PLA lowers with nanofiber addition, 70 wt% keratin con-
taining electrospun PLA films exhibits the ascendant thermal properties.
Along with the thermal stability, the thermomechanical properties of
PLA slightly lower with keratin addition and electrospinning. But again,
the electrospun Ker-PLA films with the highest keratin content (70 wt%
keratin) exhibits better thermomechanical performance and electro-
spinning with keratin provides tunable thermo-mechanics with respect
to keratin content.

On the other hand, amount of keratin determines the antibacterial
activity against Gram-positive bacteria whereas the activity against
Gram-negative is independent of keratin content. Highest antibacterial
activity in KerPLA-ES samples were obtained in KERPLA-ES-7/3 where
the keratin content is the highest. Incorporation of keratin and electro-
spinning causes a 20 % loss in hydrophobicity of PLA. This is not a
desired trait in a packaging material as hydrophobicity almost stands as
a prerequisite for alternative plastics. Nevertheless, the antibacterial
protection capacity of the developed electrospun films can be tuned
against Gram-positive with the keratin content.

As a final insight, the present study proposes novel keratin incor-
porated electrospun bioplastics with tunable thermal, thermo-
mechanical and antibacterial properties and recycled keratin-PLA elec-
trospun films are a good candidate for food packaging applications. In
2020, the food packaging market size was estimated as $323.81 billion.
With the global impact of COVID-19, packaging products witnessed a
huge demand, raising their CAGR to 6.3 % in that year [54]. Biopolymer
based packaging market is, on the other hand, expected to grow 12.6 %
annually [55], doubling the CAGR of plastic packaging. In addition to
replacing petroleum-based packaging products with natural alterna-
tives, the development of renewable or recycled packaging technologies
from biopolymers is also critical as 1.3 billions of food is estimated to be
wasted every year [56].
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Fig. 6. Contact Angle values of Ker-PLA-ES surfaces obtained from contact angle measurements.
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