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The valorization of discarded wool from dairy sheep breeding is a challenging issue. The most proposed stra-
tegies lie in the processing of keratin extracted from wool without reducing the molecular weight of the protein
chains (the high molecular weight-HMW keratin). Here, the HMW keratin has been spun for the first time by
solution blow spinning. A screening study of the process carried out with a 2-level full factorial design revealed
that keratin filaments can be obtained by using the polyethylene oxide at 900 kDa, a 2 bar air pressure, and a 30
cm needle-collector distance. An annealing at 80 °C for 15 min, at pH 3.5 with citric acid contributes to
increasing the viscosity of the keratin solutions thereby allowing the production of defect-free and water-stable
filaments having diameters from 1 to 6 pm. A negligible toxic effect was observed after 24 and 48 h on HT29
epithelial cells and normal blood cells displayed behavior similar to the control demonstrating that the patches
are hemocompatible. Therefore, the developed SBS process of keratin aqueous solutions could represent a

valuable platform for developing patches that need to be blood-contacting and deposited in-situ.

1. Introduction

Wool wastes deriving from sheep breeding for the dairy industries
and slaughterhouses are poor quality fibers not suitable for textile pur-
poses [1]. The annual production of these wool wastes amounts to >200
thousand tonnes in Europe alone, and, if not used, they are classified as
special wastes to be disposed of [2]. A very small part of these wastes is
used to produce fertilizers and feed; however, the majority is landfilled
or incinerated, even if these are processes with a high environmental
impact. Alternative management routes have been proposed to reduce
their accumulation in the environment. Their valorization mainly con-
sists of biorefinery processes aimed at extracting valuable keratin for
added-value applications [3].

This wool contains up to 95 % by weight of pure keratin with mo-
lecular weights ranging from 45 to 60 kDa and 11-28 kDa [4], which
have peculiar properties such as biodegradability, biocompatibility,

bioactivity (i.e. the ability to promote cell growth), ability to bind toxic
substances (i.e. heavy metals and formaldehyde) and to vehiculate both
hydrophilic and lipophilic active ingredients. For this reason, the sci-
entific literature is full of works proposing different keratin-based ma-
terials for textile applications [5], for the purification of air and water
[6], for the controlled delivery of active ingredients [7] and for the
regeneration of biological tissues [8,9]. Although keratin has been
transformed into various structured materials such as films, sponges,
and/or hydrogels, their spinning into filaments is still a very challenging
process to be faced [10] [11].

The development of filaments with a high keratin content is of
particular interest both for re-ennobling raw wool in the textile sector
[11] and for realizing protein scaffolds mimicking the cellular matrix
(ECM) able to promote biological tissue reconstruction and skin regen-
eration at injury sites [12] [13]. Among the spinning processes for wool
keratin, electrospinning (ES) and wet spinning (WS) are certainly the
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Fig. 1. Schematic representation of the home-made solution blow spinning set-
up: a) co-axial spinneret hosting the syringe metal needle in the inner channel,
and pressured air in the outer channel, b) air compressor, c¢) syringe pump, d)
collector, and e) heated chamber.

Table 1
Input parameters and observed responses in a 2-level full factorial design.

Run X; X, X3 X, Y
PEO Air Solution Needle- Morphology
molecular pressure feed rate collector Score**
weight (MW) Bar mL/min distance
- KDa cm

1 100 5 0.05 30 1

2 900 5 0.05 30 4

3 900 2 0.05 15 5

4 100 2 0.05 15 2

5 900 5 0.2 30 3

6 100 5 0.2 30 1

7 900 5 0.2 15 2

8 100 5 0.05 15 1

9 100 5 0.2 15 1

10 100 2 0.2 30 2

11 900 5 0.05 15 2

12 100 2 0.05 30 2

13 900 2 0.2 30 5

14 900 2 0.2 15 4

15 100 2 0.2 15 1

16 900 2 0.05 30 5

1 100 5 0.05 30 1

™ Score: 1 - no fiber and wet sample; 2 - no fiber, dry sample; 3 - no fiber, dry
and free-standing sample; 4 - fiber but not free-standing sample and 5 - fiber and
free standing sample.

most studied processes. Instead, to the best of our knowledge, there are
no works relating to the solution blow spinning (SBS) process of wool
keratin or that coming from any other source (e.g. feathers, hair, etc.).

In the SBS process, a polymeric fluid in the form of a solution or a
suspension is pumped through the internal channel of a coaxial needle
having a small diameter. Highly pressurized air is made to flow along the
external channel, thus favouring the expulsion of the polymeric jet to-
wards a collector placed at a certain distance in front of the nozzle, the
stretching of the polymeric chains, and the evaporation of the solvent
[14]. With the SBS process, the control of fiber dimension and
morphology is more difficult than with other spinning technologies.
Nevertheless, the main advantage of SBS over the other spinning tech-
nologies is the possibility of a safe in situ deposition of the fibrous ma-
terials, on any kind of surface. The high potential of the SBS technology
for the in-situ deposition was highlighted by Gao et al., who proposed a
laparoscopic hemostasis surgery to treat a pig liver wound, by using a
portable SBS device [16]. Even if recently advances in portable elec-
trospinning apparatus, for the in situ delivery of personalized wound
care have been reported [15], the use of high-voltage systems in these
devices could still represent a risk, especially for laparoscopic
applications.

Although a myriad of polymers has been processed by SBS, for in situ
deposition onto a biological tissue, safety considerations regarding the
solvent choice are needed. Most solvents suitable for the SBS process are
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too toxic and have the potential to cause harm to be considered for in-
situ applications. On the other hand, spinning from non-toxic solvents
such as water is challenging. Indeed, due to the relatively low volatility
of water, drying the fibers before reaching the collector is difficult and
this involves the loss of the fibrous architecture in the final material.

In the present work, the solution blow spinning process of wool
keratin was pioneeringly considered. To develop a process suitable for
the in situ spinning of the patch, only water was considered as a solvent
for keratin solutions to be processed. A screening of the process pa-
rameters that mainly influence the morphology of the spun samples was
carried out through the Design of Experiment (DoE) approach imple-
mented with a 2-level full factorial design [17].

Afterward, the crosslinking process of keratin fibers using citric acid
has been optimized by studying the relationship between the cross-
linking conditions (in terms of citric acid amount, reaction temperature
and pH) and viscosity of the spinning solutions, as well as stability and
morphology of the spun patches. The crosslinking mechanism was
investigated by FTIR measurements.

To validate the keratin spun patches as materials for biomedical
applications, their interactions with HT29 epithelial cells as well as their
hemocompatibility were evaluated by Flow Cytometry optical and
confocal microscopic analysis. The HT29 cells have been selected as
model cell lines already indicated by several research groups for
biocompatibility tests of materials addressed to the wound healing of
intestinal epithelium [18-20].

2. Materials and methods
2.1. Materials

PEO at a molecular weight of 100 kDa (PEO100) was purchased from
Sigma-Aldrich; while PEO with a molecular weight of 900 kDa (PEO900)
was kindly supplied by DuPont. All other chemicals were purchased by
Thermo Fischer Scientific.

2.2. Extraction of keratin from wool

The high molecular weight keratin (HMW keratin 45-55 kDa) was
extracted from coarse wool using an industrial process that can not be
detailed for the sake of industrial secrecy.

Briefly, degreased and cleaned wool fibers collected by several local
farmers were treated with aqueous solutions containing urea and so-
dium sulfite. After the wool dissolution, the HMW keratin was purified
through multi-step filtration with decreasing cut-off, followed by dial-
ysis against distilled water. The molecular weights distribution of ker-
atin is shown in Fig. S1.

2.3. Experimental Design of the SBS Process

Keratin was dissolved in water at a concentration of 10 % w/V, under
stirring for 2 h. Then, two different solutions were prepared: one with
PEO100 and the other with PEO900. The PEO was added at a concen-
tration of 2 % w/V and the mixture was maintained under stirring
overnight.

For the SBS processing, a 3D-printed device schematized in Fig. 1
was employed [21]. Briefly, the device consists of a coaxial spinneret
hosting a metal needle of a syringe in the inner channel, while pressured
air is flown in the outer channel (Fig. 1a), an air compressor (Fig. 1b), a
syringe pump to control the flow of the polymer solution (Fig. 1c), and a
collector (Fig. 1d) inside a heated chamber (Fig. 1e). The protrusion of
the syringe needle at the nozzle exit was set to 1 cm (Fig. 1a), and the
needle was inserted directly into the heated chamber where the polymer
solution was ejected towards the collector. The temperature inside the
chamber was maintained between 30 °C and 40 °C to promote the sol-
vent evaporation.

The solutions were processed into filaments by varying the air
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Table 2

ANOVA parameters and validation of the Design Space.
Source p-value Source p-value
Complete model 0,0054 significant Reduced model < 0.0001 Significant
X; - PEO (MW) 0,0002 X; - PEO (MW) < 0.0001 Significant
X5 - Air pressure 0,0030 Xy - Air pressure 0,0002 Significant
X3 — Flux 0,2031 Not significant X, -Distance 0,0280 Significant
X, -Distance 0,0587 X1Xo 0,0280 Significant
X1 Xs 0,0587
X1X3 0,6462 Not significant
X1 Xy 0,2031 Not significant
X5X3 0,6462 Not significant
XoX4 0,6462 Not significant
X3Xy 0,6462 Not significant
Complete model - Fit Statistics Reduced model - Fit Statistics
R? 0,9635 R? 0,9252
Adjusted-R? 0,8904 Adjusted-R> 0,8980
Predicted-R> 0,6260 Predicted-R> 0,8418

pressure, the flow rate, and the distance between the needle and the
collector (see Video 1). The influence of the PEO molecular weight (X7 ),
air pressure (Xz), flow rate (X3) and needle-collector distance (X4) on the
morphology of the spun samples was evaluated by means of a 2-level full
factorial design (24), where two levels for each factor were defined (as
shown in Table S1). The design required 16 experiments (runs) listed in
Table 1. The evaluation of the morphology was carried out by attrib-
uting a coded score from 1 to 5 as described below: 1 - no fiber and wet
sample; 2 - no fiber, dry sample; 3 - no fiber, dry and free-standing
sample; 4 - fiber but not free-standing sample and 5 - fiber and free-
standing sample.

The analysis of variance (ANOVA) was performed to evaluate the
effects of main input factors (Xi,X>,X3,X4) and the related 2-factor in-
teractions with them (X3 Xz, X;X3,X1X4,X2X3,X2X4,X3X4), as shown in
Table 2. A statistically significant level of 5 % was considered and
regression coefficients R?, adjusted-R? (adj-R?), and predicted R? (pred-
R?) were used to validate the mathematical model correlating the input
factors with the samples’ morphology (output value). The data were
analyzed by using MATLAB and ORIGIN PRO 2021 software.

2.4. Crosslinking

Aqueous solutions of citric acid (10 % wt) were prepared at pH 3.5
and 7. The pH was adjusted by adding the desired amount of sodium
hydroxide (5 M). Keratin was dissolved in water and a desired amount of
the citric acid solution was added. The concentration of keratin in the
final solution was 10 % w/V. Citric acid was added at a concentration of
10 % and 20 % to keratin weight, and a pH of both 3.5 and 7. The
prepared solutions were maintained under shaking for 2 h. After that,
the PEO900 at a concentration of 2 % w/V was added and its dissolution
was performed under shaking, overnight. The resulting solutions were
then annealed at 80 °C in a water bath for 15 min. Then the solutions
were processed by SBS using the optimized conditions of 2 bar air
pressure, 0.125 mL/min solutions feed rate, and 30 cm of needle-
collector distance. A part of the obtained fibers was heated at 150 °C,
using a hot plate for 5 min.

2.5. Characterization

2.5.1. Rheological characterization

The solutions were characterized with a rotational rheometer
(RheolabQC Anton Paar), using a concentric cylinder measuring system,
in the share-rate range of 1-1000 s, at a temperature of 25 °C. The
rheological characterization was carried out on pre-annealed solutions,
as well as on the annealed solutions. The keratin/PEO solution without
citric acid was considered as a reference.

2.5.2. Scanning Electron Microscopy (SEM)

The morphology of spun samples prepared during the screening
phase was investigated by using an EVO10 Scanning Electron Micro-
scope (SEM, Carl Zeiss Microscopy GmbH) with an acceleration voltage
of 20 kV. The samples were sputter-coated with a 20 nm-thick gold layer
in rarefied argon (20 Pa), using a Quorum SC7620 Sputter Coater.

For the measurement of the fiber diameters of each sample, 100 fi-
bers randomly collected from different SEM images were analyzed by
using the GIMP 2.8 (GNU Image Manipulation Program) software.

2.5.3. Stability test

To evaluate the crosslinking, all the obtained fibers (approximatively
1.5 mg), previously dried at 50 °C for 2 h, were immersed in 5 mL of
deionized water at 37 °C for 24 h. After that, the samples were centri-
fuged and the precipitate was recovered and dried at 50 °C, overnight.
The stability was evaluated using the eq. 1 (Eq.1):

Measured amunt of insolubilized sample (g)

o e
oStability Amount of initial sample (g)

x 100 (€D)]

2.5.4. Infrared spectroscopy

Investigation on crosslinking mechanism was performed using
attenuated total FTIR (ATR-FTIR, Spectrum Two FT-IR spectrometer
with ATR accessory, Perkin Elmer, MA, USA), in the wavenumbers range
of 500-4000 cm ™!, with a resolution of 2 cm ™! and using 32 scans.

2.5.5. Texture analyzer

Track measurements were performed using a texture analyzer (TA.
XTPlus, Stable Micro Systems, Godalming, UK) both on untreated and
thermally stabilized (150 °C) keratin spun patches. The specimens were
placed on the working stage of the instrument and a cylindrical stainless-
steel probe, coupled with a 5-kg load cell, was lowered down at a rate of
1 mm/s to press on the sample with a force of 5 N. Then the probe was
removed at a rate of 0.5 mm/s while the force was recorded. Six repli-
cate analyses were performed at room temperature using a fresh sample
in each case. Force—distance curves were recorded and maximal force,
AUC, and elongation at detachment were evaluated using Origin
Software.

2.5.6. Establishing a preliminary protocol to evaluate patch/cell
interactions

The spun samples were washed with cell medium (RPMI 1640) using
the following procedure: the patch (about 5 mm length vs width) was
placed in a volume of 1 mL of RPMI for about 2 h, then mild centrifu-
gation (1500 rpm x 10 min) was performed to discard the supernatant
and collect the keratin samples. The patch, soaked and with a gelatinous
appearance, has been recovered and added to the HT29 epithelial in-
testinal tumor cell line, seeded at 2 x 10° of cell in a six-well plate.
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Fig. 2. a) Scanning electron micrographs of the samples obtained via solution blow spinning of keratin-based solutions by applying the spinning conditions of the
runs listed in Table 1. b) Visual appearance and ¢) SEM images of the spun patches obtained by using the PEO 900 kDa at a concentration of 2%wt, an air pressure of
2 bar, a needle-collector distance of 30 cm and solution feed rate of 0.125 mL/min.

Supernatants were collected and the cell layer was trypsinized for 3-4
min, then, after trypsin inactivation by FBS, cells were harvested and
washed at 300 g. Pre-collected supernatants were added to the cellular
pellets to restore the treatment conditions of the plate wells as much as
possible. To avoid technical problems during cytometric acquisition,
samples were filtered by 30 pm mesh, to discard the largest/longest fi-
bers (to avoid instrumentation damages). Conversely, for Confocal Mi-
croscopy analyses, filtration was not applied, to appreciate contacts
between cells and fibers. All qualitative and quantitative tests were
conducted after 24 and 48 h.

2.5.7. Establishing a brief preliminary test to evaluate patch
hemocompatibility

Although hemocompatibility is particularly evaluated for blood-
contacting biomaterials and extensive in vitro analyses according to
ISO 10993-4 are required before clinical application [22], we performed
a hemocompatibility test on the keratin patches. In these prospects, we
proceeded into consideration some main parameters of the blood cell
components The quality of collected blood enables standardized
hemocompatibility in vitro analysis: fresh blood from healthy subjects
[23] was used within 4 h after the blood collection.

2.5.8. Static system

We employed the simplest testing option which is the static model:
blood was incubated with the patch in a test tube without a continuous
mixing. This test has the advantages of simplicity, speed, and the pos-
sibility of testing a large number of samples at once, as reported [24].
The experimental protocol was performed according to the Helsinki
Declaration of 1975 as revised in 2008 regarding ethical principles for
medical research involving human subjects. No specific Ethical approval
was required: blood was obtained from healthy volunteers included in
the Italian blood donor registry [registered Associazione Volontari
Italiani del Sangue (AVIS) donors] and was provided by the S. Maria
della Misericordia Hospital in Urbino. A formal agreement exists be-
tween the Hospital of Urbino and the Department of Biomolecular Sci-
ences (DISB) for the use of blood and its product for laboratory
application and research in producing in vitro medical diagnostic
devices.

2.5.9. Flow cytometry on cell lines and blood cell components

Cell viability was assessed using 7-AAD staining [25]. The cells were
incubated for 10 min in the dark with 7-AAD (Beckman Coulter, USA).
We detected 7AAD-positive events, indicating the percentage of dead
cells Mitochondrial functions were investigated through Tetra-methyl
rhodamine ethyl ester perchlorate (TMRE) staining [26]. TMRE
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Fig. 3. Design space for morphology as a function of PEO MW, air pressure, and distance.

(Sigma-Aldrich) is a cationic dye that penetrates the mitochondria and
generates a red-orange fluorescence as intense as the mitochondrial
membrane potential. TMRE 40 nM was added to the sample 15 min
before the acquisition time. LysoTracker Green (LTG) dye (Thermo
Fisher Scientific, USA) was used to evaluate the lysosome network [27].
Briefly, LysoTracker is an acid-tropic fluorescent probe useful for the
monitoring of acid organelles in living cells. The amount of fluorescence
obtained by LysoTracker staining is directly proportional to the volume
of lysosomes in the cell. LysoTracker 100 nM was evaluated after 30 min
of incubation with cells and a green lysosomal fluorescence was
collected. The samples were analyzed by a FACSCanto II (BD) flow cy-
tometer equipped with an argon laser (Blue, Ex 488 nm), a helium neon
laser (Red, Ex 633 nm), and a solid-state diode laser (Violet, Ex 405 nm).
The analyses were performed with the FACSDiva™ (BD) software. At
least 10,000 cellular events were acquired for each sample.

Indeed, the following mAbs: anti CD42b FITC conjugated (clone
HIP1), and anti CD235a/glycophorin A PE-conjugated (clone GA-R2-
HIR2) were employed to evaluate the percentages of the main blood
components (platelets, and erythrocytes) in the basic and static test of
hemocompatibility, to obtain flow cytometric quantitative data. The
samples were acquired by a FACSCanto II (BD) flow cytometer and the
data was analyzed by Kaluza software (Beckman Coulter).

2.5.10. Flow cytometric DNA content evaluation on ethanol-fixed cells

Samples were fixed with cold 70 % ethanol (—20 °C) and stored at
4 °C until the analyses, the samples were washed at least twice with PBS
[28]. The cell pellet was then resuspended in PBS containing propidium
iodide (PI) 1 mg/mL and RNase 1 mg/mL. Finally, the sample was
placed in a thermostatic bath at 37 °C for at least 30 min until the
acquisition.

2.5.11. Confocal microscopy

Cells labeled with the same aforementioned probes for Flow Cyto-
metric analyses were also analyzed by confocal microscopy. Analyses
were performed with a Leica TCS SP5 II confocal microscope (Leica
Microsystem, Germany) with 488, 543, and 633 nm lasers. The images
obtained were analyzed by the Leica Application Suite Advanced Fluo-
rescence (LASAF) and ImageJ software (NIH, UK). Indeed, to monitor
cell morphology and contact points between keratin fibers and HT29,
cells were analyzed, without any manipulation and detachments, using
phase contrast microscopy [29]. The bright-field microscopy images
were acquired by an optical inverted microscope using the 10x objec-
tive with data acquisition software (Nikon ECLIPSE TS100, software
NIS-Elements F, Nikon Europe BV, Amstelveen, The Netherlands).

2.5.12. Blood smears

Blood smear evaluation can characterize the morphology of all cell
lines. We employed K3 EDTA anticoagulated fresh blood for our tests.
Briefly, using lens paper, we removed any dust from the main glass slide,
placing the edge of the other slide at an approximately 35-45° angle in
front of the blood drop. The second slide was gently pulled back into the
blood drop, allowing the blood to spread to the edge of the slide. Care

was taken to keep gentle, equal pressure throughout the whole process.
After preparation, the smears were labeled by HEMOFAST (a modified
Wright Solution, classically a mixture of eosin red and methylene blue
dyes) and air-dried [30,31]. Observations were conducted by optical
inverted microscope using the 40x objective with data acquisition
software (Nikon ECLIPSE TS100, software NIS-Elements F, Nikon
Europe BV, Amstelveen, The Netherlands). On the images (6 pictures for
each of the three donor samples) erythrocyte aggregation and shape
alteration were counted and reported as statistics.

3. Results and discussion

3.1. Correlations between the process parameters and morphology of the
samples

In Fig. 2 the morphologies of the samples obtained by implementing
the runs listed in Table 1 are shown. As observed, fibrous structures are
produced only with the solutions containing the PEO 900 kDa. The ef-
fects of the process parameters as well as of their interactions on the
samples’ morphology are summarized Table 2. The mathematical model
correlating the input factors with the output result (sample morphology)
was refined through the p-values associated with the mathematical
model as well as to the factors composing it, the regression coefficients
R?, adjusted—R2 (adj -R?), and predicted R? (pred—Rz). The adj—R2 is the R?
adjusted for the number of model terms, and it decreases as irrelevant
terms are added. The pred—szalue indicates how well future observa-
tions may be predicted. Adj-R? and pred-R? should be in reasonable
agreement with each.

other: the rule of thumb is that the mathematical model is validated
if they do not differ by >0.2 [32]. As can be seen, the complete model
which considers the main factors and two interaction factors, is char-
acterized by a p-value <0.005, implying that the model is significant.
However, among the factors, only the X3, X5, X4, and X; X, are significant
(p-value <0.05). Moreover, the Pred-R? is not as close to the Adj-R2 (the
difference is >0.2), therefore the model was reduced by eliminating the
non-significant factors. Compared to the complete model, the reduced
model shows an improved reliability of the fitting by showing a alower
p-value (< 0.0001). The Adj -R? and Pred-R? of the reduced model are in
reasonable agreement (their difference is <0.2), thereby meaning that
the model can be used to predict responses for new observations.

The response surface graphs related to the refined mathematical
model (Eq. 2) are shown in Fig. 3. As observed, the PEO molecular
weight and the air pressure are the main factors affecting the SBS process
of keratin-based formulations. In particular, the spinnability of keratin-
based solutions improves with increasing the PEO molecular weight; on
the contrary, it appears to worsen with increasing air pressure. A slight
improvement can be observed with increasing the needle-collector dis-
tance, while a variation of the solution feed rate between 0.05 and 0.2
does not affect the spinnability process.

Based on the obtained results, the process conditions selected for the
further development of the keratin fibrous patches were the PEO 900
kDa (2%w/V), an air pressure of 2 bar, a needle-collector distance of 30
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Fig. 4. Shear viscosity of the keratin based solutions at different contents of citric acid (AC) and different pH.

Table 3
Cross model parameters.
Sample 1o (mPas) n A(s) R?
ACO % 557 +18  0.52+0.04 0.019+0.001  0.999
ACO0 %-annealing (80°C) 281 + 3 0.93+0.07  0.069+0.005 0.996
AC 10 %-pH 7 929+45  0.56+0.04 0033 +0.004 0.999
e .
Ac(slooong 7-annealing 55141 0504004 002240002  0.999
AC 20 %-pH 7 1247 +96  0.50 +£0.05 0.11 +0.003  0.99
e .
Ac(Szooong 7-annealing 75 19 0684003 002940001  0.998
AC 10 %-pH 3.5 1024 +87  0.46 +0.04  0.46 + 0.04 0.999
AC 10 %-pH 3.5 2827 +
sanealing (80 °C) 6 0.62+0.04 0.203+0.03  0.997
AC 20 %-pH 3.5 2391457  0.78+0.04 0073 +0.004 0.997
AC 20 %-pH 3.5 3753 +
sanealing (80 °C) 1o 0.65+0.03  0.18 + 0.02 0.998
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Fig. 5. Solubility percentages of the samples without citric acid (AC) and
crosslinked with different amounts of citric acid (AC), untreated and annealed
at 150 °C. The assay was performed in triplicate. Error bars represent the
standard deviation.

cm, and solution feed rate of 0.125 mL/min (halfway in the considered
values range). The visual appearance of the patches obtained with the
aforementioned process conditions is shown in Fig. 2 b, while the SEM
image is in Fig. 2c.

Y = 0.004792X; — 0.1979X, + 0.0417X, — 0.00052X, X, +0.8333  (2)

3.2. Effect of crosslinking on viscosity

The influence of the citric acid, of the annealing process at 80 °C, as
well as of the pH on crosslinking was monitored by measuring the
apparent viscosity (shear viscosity) as a function of the shear rate
(Fig. 4). As shown in Fig. 4, all the samples show non-Newtonian shear-
thinning (pseudoplastic) behavior. The Cross model was used to fit the
shear viscosity-shear rate data (Eq. 3):
U 1

=—F 3
Mo =M 1+ (Ay)

where, 5, (mPa s) is the zero-shear viscosity (the apparent viscosity at
any shear rate) and 5., (mPas) is the viscosity at very high shear rate,
A (s) is the characteristic relaxation time (that approximately corre-
sponds to the reciprocal related to the shear thinning onset), while n
characterizes the slope of the line over the shear-thinning region [33].

The right balance between the zero-shear viscosity, the shear thin-
ning, and the relaxation time is crucial for the blow spinning process. A
relatively high 7, is desirable to have a stable drop of the polymer so-
lution at the needle; while a relatively high value for n indicates a sig-
nificant shear thinning behavior which favors the alignment of the
polymer chains and therefore the jet thinning when subjected to the
shear stress induced by the gas flow. Finally, a relatively high 1 indicates
a slower relaxation dynamic of the polymer chains, meaning that they
better maintain the stretching imparted by the gas flow.

The obtained Cross model parameters are summarized in Table 3.
The high R? indicates that the shear viscosity data are well fitted by the
Cross model. All n values were > 0.5, indicating that the polymer so-
lutions exhibit non-Newtonian shear-thinning behavior. As shown, the
1o increases with increasing the citric acid content and with decreasing
the pH. The annealing at 80 °C increases the 7, at acidic pH; while an
opposite trend is observed at a neutral pH. This suggests that the
crosslinking mediated by citric acid is more efficient at acidic pH and it
is enhanced by the annealing process. This behavior was also observed
by several authors and it has been attributed to the formation of reactive
cyclic anhydride [34]. Moreover, the solutions containing the 10 % of
citric acid at pH 3.5, both untreated and annealed, show higher 1 values
suggesting a slower relaxation dynamic of the polymer chains, probably
due to the enhanced crosslinking degree occurring at these conditions.
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Fig. 6. SEM images of: 0 % citric acid (a); 0 % citric acid immersed in water (c); 10 % citric acid, pH 7 (e); 10 % citric acid, pH 7, immersed in water (g); 20 % citric
acid, pH 7 (h); 20 % citric acid, pH 7, immersed in water (1); 10 % citric acid, pH 3.5 (n); 10 % citric acid, pH 3.5, immersed in water (p); 20 % citric acid, pH 3.5 (r);
20 % citric acid, pH 3.5, immersed in water (t); Diameter distribution of 0 % citric acid (b); 0 % citric acid immersed in water (d); 10 % citric acid, pH 7 (f); 10 %
citric acid, pH 7, immersed in water (i); 20 % citric acid, pH 7 (m); 20 % citric acid, pH 7, immersed in water (0); 10 % citric acid, pH 3.5 (q); 10 % citric acid, pH 3.5,
immersed in water (s); 20 % citric acid, pH 3.5 (r); 20 % citric acid, pH 3.5, immersed in water (u).

3.3. Effect of crosslinking on water stability of the spun patches

The effects of acid-citric mediated crosslinking at different pH and of
the post-annealing at high temperature (150 °C for 5 min) on the water
stability of the samples are summarized in Fig. 5. The keratin/PEO

fibrous patch containing no citric acid was considered as the reference
sample.

As can be seen in Fig. 5, the annealing at 150 °C for 5 min contributes
to improving the water stability of non-woven patches. Indeed, the
fraction of the annealed reference sample (0 % AC, pH 7) that remains



G. Maurizii et al.

——AC 0% pH7 b Citric Acid (AC)
A ACO0%pH7_150°C-HO _ ——AC10% pH7
1515 —— AC 10% pH7_150°C-H,0

——AC 10% pH3.5
——AC 10% pH3.5_150°C-H,0

VIJV\/X i 163

M 1520
00

00

0 500 1000 1500 2000 2500 3000 3500 4000 4500 1000 1500
Wavenumbers (cm'1)

Intensity (a.u.)
Absorbance (a.u.)

Wavenumbers (cm™")

Fig. 7. FTIR spectra of the keratin non-woven mats a) without citric acid,
untreated and annealed at 150 °C and immersed in water; b) with 10 % of citric
acid at different pH, untreated and annealed at 150 °C and immersed in water.

undissolved in water is 57 + 6 %; while the corresponding unannealed
one almost totally dissolves in water. This behavior, also observed by
Varesano et al., has been attributed to the protein crosslinking through
the reaction of the amino and carboxyl groups of the protein side chains,
which occurs at high temperatures [35].

As regards the effect of crosslinking with AC on the water stability of
the samples, non-woven patches treated with different amounts of AC at
pH 7 and not annealed at 150 °C, completely dissolve in water, indi-
cating that the crosslinking did not occur. Instead, samples treated with
different amounts of AC at pH 3.5 and not annealed at 150 °C, show
increased water stability, suggesting the occurrence of crosslinking with
AC. The undissolved fraction is 48 + 15 % for the unannealed sample
crosslinked with the 10 % wt of AC, and 18 & 3 % for the one crosslinked
with the 20%wt of AC.

As expected, the annealing of the samples containing different
amounts of AC at both pH 7 and pH 3.5 increases their water stability.
Nevertheless, under the same process conditions (untreated and
annealed at 150 °C), the sample containing 10 % wt of AC shows the
greatest water stability. This behavior supports the hypothesis of a
greater degree of crosslinking at these conditions of AC content and pH,
in agreement with the results of rheological tests.

3.4. Effect of crosslinking on the morphology of the fibers

International Journal of Biological Macromolecules 275 (2024) 133722

As expected, when immersed in water, the fibers tend to swell and
stick together. However, except for the sample containing 10 % citric
acid at pH 7 (Fig. 6 g), all the other samples maintain the fibrous
structure, even if the relative distribution of diameters shifts and widens
towards higher diameter values (until it reaches 15 pm in diameter).

3.5. Crosslinking mechanism

The cross-linking of keratin in the prepared samples can occur
through two possible mechanisms. The first mechanism (thermal cross-
linking) does not involve citric acid and consists of the amide bond
formation between carboxylic acids and amino groups of the protein
side chains, which occurs at a temperature higher than 120 °C [35,36].
The second mechanism (cross-linking with AC) requires citric acid and
consists of a nucleophilic acyl substitution between citric acid and ker-
atin and/or PEO [37]. This reaction results in the formation of covalent
bonds between carboxylic groups of the citric acid and N—H or O—H
groups of the keratin and PEO [38]. On the base of the rheological and
water stability behavior of the samples, this crosslinking mechanism
seems to be more effective upon annealing at 80 °C and under acidic pH.

Fig. 7a shows the spectra of the Keratin/PEO fibrous patches before
and after the heating treatments at 150 °C, followed by immersion in
water. The spectrum of the untreated keratin patches shows the char-
acteristic adsorption bands of the keratin, such as: amide A band (3300
cm ) assigned to the N—H stretching vibrations, amide I band (1650
em™!) associated with the C=0 stretching vibrations, amide II band
(1540 cm-1) related to the in-plane bending modes of N—H bonds with
some contributions of C—N stretching vibrations, and amide III band
(1200 em ™), a complex band associated to an in-phase combination of
N—H in-plane bending, C—N stretching vibrations, and C—=0 bending
vibrations. In addition, the peak at 1025 em! is attributed to the
cysteine-S-sulfonated residues formed during the extraction process of
keratin by sulphitolysis [36] [35]. Instead, the peak at 1088 cm ! is
correlated to the C-O-C stretching vibration of the PEO [39].

As observed in the box of Fig. 7a, the sample heated at 150 °C shows
amore intense shoulder at 1620 cm ! and 1515 cm ™ of the Amide I and

Table 4
Adhesive properties of keratin spun patches.

In Fig. 6, SEM images and diameter distribution graphs of all the Sample Adhesive Elongation at Work of adhesion
samples are reported. The untreated fibers are defect-free and their di- force detachment (mm) (AUC) )
. . . . N) (Nemm?)
ameters range from 1 to 10 pm. Notwithstanding its higher zero-shear
viscosity, the solution containing the 10 % citric acid at pH 3.5 pro- }lf}rl‘“ea‘id 0.86+0.01  49.97 & 0.02 2.69 +0.02
. . . . . ermally
d}lces the thlnnF:st ﬁ.bers (Fig. 6 n and o). Tl'?ls cot}ld be attributed to Fhe stabilized at 115 + 0.03 12.20 + 0.03 0.36 + 0.07
highest relaxation time of the polymer chains (highest 1 value), which 150 °C
allows them to maintain the stretching imparted during the spinning
process.
a b
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Fig. 8. Adhesion graph of keratin spun patches and evaluated parameters of the force-distance curve. The AUC is the area under the curve.
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11, respectively. This may be due to an increased packing of the protein
chains resulting from the crosslinking that occurs through the formation
of amide bonds between the free amino groups of lysine and the free
carboxyl groups of glutamic and aspartic acids (thermal crosslinking)
[35]. This higher packing reduces the vibrations energy of some C=0
groups of the proteins causing a shift at lower wavenumbers of the
relative adsorption band. Moreover, compared to the untreated sample,
the intensity of the peak at 1088 cm™! of the thermally crosslinked
sample immersed in water is significantly reduced (Fig. 7a). This sug-
gests that during the soaking in water, part of the PEO is released from
the sample.

In the presence of citric acid (Fig. 7 b), it can be observed that the
sample obtained from the solution at pH 3.5 has the shoulders at 1630
em ™! and 1515 em ™! of the amides I and II, respectively. Also in this
case, the presence of the shoulders at 1630 cm™! and 1515 cm ™! could
be ascribed to a higher packing of the polymer chains induced by the
crosslinking with citric acid and/or an a-f transition of keratin, usually
observed in acidic environments [36]. Nevertheless, these shoulders are
not present in the samples obtained from solutions at pH 7, both un-
treated and thermally treated at 150 °C and immersed in water, indi-
cating that the cross-linking with AC does not occur at a neutral.

3.6. Adhesion of the spun patches

Adhesive properties of keratin spun patches were evaluated through
a probe tack test using a texture analyzer. This test allows the mea-
surement of the adhesive force, elongation at detachment, and work of
adhesion of the investigated material from the resulting force-distance
curves (Fig. 8). Briefly, the adhesive force represents the maximal
initial force for detachment (peak force) while the work of adhesion
(area under the curve, AUC) indicates the total work required

10

throughout the withdrawal of the stainless-steel probe [40]. As can be
seen in Table 4, thermal stabilization at 150 °C of the sample leds to a
reinforcement of the matrix, increasing the maximal initial force for
detachment. Nevertheless, the untreated sample shows a higher elon-
gation at the break and a greater AUC than the thermally stabilized one.
In this case, AUC is mainly influenced by the facilitated fibrillation of the
untreated keratin spun patch and follows the same trend of elongation at
the break parameter [41]. Overall, given the potential biomedical
application of these samples, the adhesive strength under 3.7 N allows
for their painless removal from the tissues [38]. Finally, the steeper
slope on the right side of the curve of both samples (Fig. 8) suggests they
have sufficient rigidity to not deform due to stress received during
application [42].

3.7. Cytotoxicity studies

The first analyses in this pilot study were conducted using an
inverted microscope, to verify if keratin filamentous structures were
visible and able to settle on the bottom, interacting with the adherent
cell layer, since a part of the patch fragments is observable floating in the
medium (Fig. 9a). Flow cytometry allows the detection of a negligible
cytotoxic effect after 24 h and 48 h. However, it is possible to observe
that spontaneous apoptotic/necrotic cells, detected after 48 h in the
control sample, slightly alter their distribution suggesting increased
membrane damage in those cells normally 7AAD positive (yet damaged)
in control cultured cell lines (Fig. 9 b-e).

Furthermore, to take into consideration not only possible cell death
induction but also inhibition of proliferation, we evaluated DNA content
profiles after 24 h and 48 h (Fig. 9 f): with this preliminary approach we
can evaluate eventual subdiploid peak and, particularly, cell cycle
phases. After 24 h we observed a decrease in percentages of S and G2/M
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images from three different donors, for both control and patch treated cells.

phases, indicating a mild inhibition of cell proliferation, compared to
control cells (Fig. 9 g). Of note, after 48 h, cell cycle phases result
similarly in both control and patch-treated cells, suggesting a complete
restoration of proliferative ability (Fig. 9 h). Lysosomal and mitochon-
drial networks were studied by LTG and TMRE labeling in cytometric
and confocal settings (Fig. 10). At 24 h, both lysosomal and mitochon-
drial organelles seem to be involved after patch treatments (Fig. 10 a-c):
this impact is revealed by the decrease in MFI (Mean Fluorescence In-
tensity) observed by quantitative flow cytometric data and confirmed by
confocal images. As detected for cell cycle evaluation, lysosomal and
mitochondrial functions appear almost completely restored after 48 h.

3.8. Basic hemocompatibility results

Erythrocyte aggregation is mainly due to the discord morphology
and electrostatic interactions between erythrocytes Smears made
immediately after the addition of anticoagulant did not show any arte-
factual changes. However, during our tests from TO to 48 h, control, and
patch-treated samples were monitored step by step (Fig. 11a and b.1),
reporting aggregates and morphologic differences during time
(Fig. 11b.2), mainly caused by aging. Indeed, it is possible to observe
some echinocytes also in storage-aged control samples (24 h) with slight,
no significant increase, in patch-treated samples (n = 3 donors)
(Fig. 11b.3). RBCs’ shape and membrane rigidity play critical roles in
their quality, function, and fate, such as gas transport capacity and RBC
clearance from circulation [37]. The morphology of RBCs progressively
deteriorates throughout storage time [38]. This is the reason we also
investigated the presence of RBC and platelets specific markers by Flow
Cytometry at 48 h (Fig. 11b.4), finding no apparent antigenicity
disturbance on recognizing CD42b and CD235 surface antigens, induced
by keratin patches, and no significant differences in control and patch-
treated samples (Figs. 11b.5). Another cellular constituent of blood is
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represented by leukocytes. These cells (subdivided into monocytes,
granulocytes, and lymphocytes) play a critical role in inflammation,
immunity, and host defense systems and are often overlooked in terms of
contribution to hemostasis. Fig. 11a and b highlight leukocytes from
both control and patch-treated samples, with similar morphology, after
1h, 4h, 24, and 48 h.

4. Conclusion

The present work developed a strategy to re-ennoble wool keratin
wastes into advanced materials for biomedical applications. Indeed, the
solution blow spinning process of keratin extracted from wool wastes
into patches made of randomly oriented microfilament has been set up
for the first time. Aqueous solutions of the HMW keratin have been
formulated to realize a process suitable also for the in-situ deposition of
the keratin patches. The 2-level full factorial design used for the
screening of the most influencing process parameters revealed that the
formation of filaments occurs when polyethylene oxide (900 kDa) at 2 %
w/V is added to the keratin aqueous solution. Moreover, a pressure of 2
bar is needed for the stretching of keratin chains into filament as well as
a needle-target distance of 30 cm to ensure the complete aqueous
evaporation before the fibers reach the collector. Instead, a solution feed
rate ranging from 0.05 to 0.2 mL/min seems to not influence the process.

The morphology and the water stability of the keratin spun patches
are highly dependent on the amount of citric acid added to the keratin
solutions as well as on the annealing processes performed on the solu-
tions before spinning and on the spun samples. An amount of 10 % of
citric acid versus keratin is sufficient to crosslink the keratin chains and
the degree of crosslinking seems to increase at acidic pH 3.5 and after
annealing the solutions at 80 °C for 15 min. In fact, in these conditions
there is a significant increase in the shear viscosity of the solutions, and,
at the same time, an increased undissolved fraction is observed when the
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patch is immersed in water for 24 h. The post annealing of the keratin
filaments at 150 °C for 5 min contributes to increasing the water stability
of the patches. According to the FTIR analysis, crosslinking with citric
acid occurs through the formation of amide bonds between the keratin
and the acid, which increases the packing of the protein chains. As
regards the adhesion properties of the patches, although heat treatment
at 150 °C helps to increase the initial force for detachment from the
application surface, it reduces the elongation at break and the total work
required for the withdrawal of the patches from the surface. This means
that even the patches that cannot be thermally treated, such as those
deposited in situ, display excellent adhesion properties. The spun ker-
atin patches did not show any significant toxic effects on either HT29
epithelial cells or human blood cells.

Therefore, the solution-blowing process developed for HMW keratin
could be a valuable process for the production of patches, which can also
be deposited in situ and need to be blood-contacting, representing a
starting point for specific biomedical applications, e.g. for the treatment
of intestinal epithelium injuries.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2024.133722.
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