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Francesca Montemurro !, Dario Bizzotto 2, Paola Braghetta ? and Giovanni Vozzi *
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The aim of this study is the analysis and characterization @ hydrolyzed keratin-based
biomaterial and its processing using electrospinning teatology to develop in vitro
tissue models. This biomaterial, extracted from poultry fghers, was mixed with type
A porcine gelatin and cross-linked withg-glycidyloxy-propyl-trimethoxy-silane (GPTMS)
to be casted initially in the form of Im and characterized irterms of swelling, contact
angle, mechanical properties, and surface charge densityAfter these chemical-physical
characterizations, electrospun nano bers structures wee manufactured and their
mechanical properties were evaluated. Finally, cell respse was analyzed by testing the
ef cacy of keratin-based structures in sustaining cell vility and proliferation over 4 days
of human epithelial, rat neuronal and human primary skin leblast cells.

Keywords: hydrolyzed keratin, gelatin, GPTMS, TFE, electr  ospinning, tissue engineering

INTRODUCTION

In order to reproduce a functional engineeré@dvitro tissue model, it is important to mimic the
topological and mechanical features of native tissue, giveistrict relationship between function
and structure {ozzi and Ahluwalia, 2007 Human tissues are complex three-dimensional (3D)
structures composed of di erent cell types arranged in complg@otogies where a well-organized
vascular network ensures that the distance of each cell faowascular capillary i 50mm.
Moreover, since each tissue presents a well-de ned mechdmbavior, inappropriate mechanical
properties will induce abnormal cell activitids. vivo, cells are interconnected each other in the
3D volume and not in a plane as it normally happens in the standattioulture in a multi-well
plate. On the basis of this evidence, it is important to cre®@ep8lymeric sca olds able to guide
cell growth and activation of their functions.

Several synthetic and natural biomaterials have beendestid modi ed in order to mimic
extra-cellular matrix (ECM) characteristics. Traditionallsynthetic polymers have been used
because they can be processed more easily with di erent bivpgrtechnologies in di erent
complex structure in order to mimic at meso- and micro- levieétproperties of targeted tissues
(De Maria et al., 2017; Moroni et al., 2Q1However, their degradation once testi@dvitro or in
vivodoes not ensure their correct subsistence for the entireoge®quired by cells to colonize the
structure, because the degradation mechanism is oftengrdtallable and its products can alter
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Fortunato et al. Electrospun Keratin for Tissue Engineering

cell processes and sometimes can induce in ammatory procesand a pore size which ranges from meso to nano scale. In
Contrary to synthetic polymers, natural polymers (usuallyrecentyears, electrospinning has emerged as an enablihfptoo
extracted from natural tissues) match all the properties e fabricating sca old with these multiscale featur&s(iman et al.,
to mimic ECM and degrade much faster than synthetic2010; Sreerekha etal., 2013
biomaterials, even if sometimes they are di cult to procesghw In this work, we produced and characterized Ims made of
bioprinting technologies. hydrolyzed-keratin-based biomaterials in terms of théiemical
Keratin is an interesting natural biomaterial that can bedis and physical features (swelling, contact angle, mechanical
for sca old fabrication. It is a brous protein with a structer properties, and surface charge density). These materials were
similar to collagen, and it is the main component of the epidatm processed using the electrospinning technique to develop a
corneal layer, nails and appendages such as hairs, horrfsefeat suitable substrates fon vitro tissue models, which were tested
and wool. Keratin contains many molecules of the aminoacidvith di erent cell types. This method allows to produce a thin
cysteine that enables disul de bridges formations. Disel d polymeric structure that presents an intrinsic micro and nano
bridges boost the hydrogen bonds action in maintaining aelo porosity similar to the one of the natural ECM. Dimensions oéth
cohesion of keratin chains, wrapping in a structure similaato bers, porosity and topology of the structure can be modulated
helix. These bonds, provide sti ness and strength to hairJsai varying working parameters, e.g., the distance between tha me
and horns Zhang et al., 2004 needle and the collector or the applied voltage, and the solution
During the extraction process, keratin is degraded, chellyica parameters, e.g., the polymer concentratiSnljbiah et al., 2005;
or enzymatically, in units of smaller dimensions with theCarrabbaetal., 20).6
breaking of disulphide bridges (hydrolyzed keratin) thereb
losing its characteristics of rigidity and insolubilitywater. Only
through enzymatic hydrolysis, it is possible to control afdan M ATERIALS AND METHODS
subunits of desired molecular weightsida and Nomura, 2014;
Staroszczyk and Sinkiewicz, 2017 Keratin Based Solutions and
Keratin and its hydrolizates have tripeptides sequences Ard=ilm Preparation
Gly-Asp (RGD) and Leu-Asp-Val (LDV) that could bind with cell Hydrolyzed keratin was gently provided by Consortium SGS
surface ligands acting as the ECM that facilitates celbeelcell-  (Santacroce sull'Arno, Italy), a company that processes dnima
matrix interactions promoting cell adhesion and supportind ce byproducts. In this specic case, keratin was obtained from
proliferation (Wang et al., 2012; Burnett et al., 2013hanks chicken feathers processed by alkaline hydrolysis (MWL.0
to these properties, keratin and hydrolized keratin derivenrf  kDa) containing about 1% of free amino acids. The nal
by-products of animal industry, such as wool bers, animairha concentration was 35Brix.
and feathers, have been processed alone or in combinatidn wit A 10% w/v aqueous solution of gelatin from porcine skin, type
other biomaterials to form Im, sponges and sca olds for meglic A (Sigma-Aldrich, Italy) was prepared dissolving gelatin powder
applications Rouse and Van Dyke, 20)isuch as wound healing, by continuous stirring at 50C for 1 h. (3-Glycidyloxypropyl)-
bone regenerationSaravanan et al., 201 3lrug delivery Gaul  trimethoxysilane (GPTMS) (Sigma-Aldrich, Italy) was used as
et al., 201), haemostasis, and peripheral nerves rep#iia(g cross-linking agent.
etal., 201p Gelatin (G) and keratin hydrolizates (K) solutions were nuixe
The weak point of keratin-based materials is their poorat di erent volume ratios: K:G 1:1, 1:2, 2:1. GPTMS was added in
mechanical propertiesYamauchi et al., 1996 resulting too  a ratio of 6% w/v respect to the nal volume, and the resulting
fragile for practical use. This issue can be solved by thetiaddi solutions were stirred for 40 min at 5G. Films from the three
of natural or synthetic polymers such as chitosan, silk Iooi dij erent solutions were prepared by casting in a plastic petrhdis
gelatin, and polyethylene oxideiasong and Wasan, 2011; Balajiof 3 cm diameter and dried for 24 h at 3Z.
et al., 201p Chitosan, in particular, is derived from chitin,
that is the second most abundant natural polymer. Chitindzhs
materials are widely used in the biomedical eld thanks toithe Electrospinning Material Preparation
properties of biocompatibility and biodegradability, but@l®  Solutions for electrospinning were prepared starting from 8210
their cationic nature that enhances the interaction wittogth  w/v gelatin type A solution in 50% w/v (in deionized water) 2,2
factors, nucleic acids and cytokines. Main tissue enginger Tri uoroethanol (TFE) (Sigma-Aldrich, Italy) Ki et al., 2005;
applications of chitin are related to the regeneration of boneZhang et al., 2005; Choktaweesap et al., 2007; Mindru e08I7; 2
while they were not completely examined for skin and softigss Song et al., 2008; Chen et al., 2009; Elliott et al., 2009ye\gu
(Yang, 2011 2010; Soliman et al., 2010; Zhan and Lan, 2012; Tamrin Nuge,
Homogeneous Ims with smooth surfaces were obtained2013; Dai et al., 20) 4y stirring at room temperature for 24 h.
from mixtures of keratin and gelatin, which showed a highTFE was chosen due to long term stability of keratin hydattkzl
miscibility between the two componentB@use and Van Dyke, solution, which tends to form a precipitate, impossible to be
2010; Prasong and Wasan, 20N1If provided with the right electrospun with other solvents. Keratin hydrolizates and 6%
porosity eltinger et al., 2001; O'Brien et al., 2)05caolds w/v GPTMS were added to this gelatin solution according to
made with gelatin and keratin could be able to mimic ECMthree di erent volume ratios used for Im preparation (K:G 1:1,
microenvironment, characterized by high pore interconmaty  1:2, 2:1).
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Swelling Test on Films and weight loss percentage was measured (Equation 2):
Three samples for each type of Im were dipped in deionized

water and at speci c time points (every 30 min for the rst 4h, ) Po P

then every 1 h until 6 h and nally at 24 h, 30 h, and 4 days) their Yaveight los®100 P )

weight (using a Metler Toledo AE240 balance) and area (using
ImageJ software after image acquisition with Canon A62Qalig

camera) were measured. The swelling percentage was cattulal’
according to Equation (1):

here pis the nal weight of dried samples.

Contact Angle Measurement on Films

Static contact angle was measured using the sessile dropdheth
with a 5ml double distilled water droplet at room temperature.
Images were acquired with a horizontal optical microscope
equipped with a digital camera and the CAM 200 software. The
test was performed on dried and hydrated samples; for eacleang|
where p is the weight (or area) measured at thih time point  reported, atleast ve measurements on di erent surface limcet
and p is the initial weight (or area). Then, samples were driedvere averaged.
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FIGURE 1 | (a) Casted K:G 1:1 solution on a metal plate. Scale bab 1 cm; (b) Schematic structure of the measurement system(c) Example of data analysis. In gray
voltage trend detected by Matlab developed software, in ble the application of the moving mean lter, in orange the sectin with mostly constant trend considered
and, in green the relative standard deviation. The constardtretch in black represents the average value(d) Standard model: uniform K:G solution(e) Model 1:
parallel model between K:G solution and air bubbles, modetewith the same properties of vacuum;(f) Model 2: series model between K:G solution and air bubbles.
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TABLE 1 | Investigated electrospinning parameters.

Flow rate (ml/h) 1 2 3
Applied potential (kV) 20 30 40
Distance from collector (cm) 10 15 20
Time (h) 1/2 1 2

Surface Charge Density Measurement
Surface potential or charge can have in uence on cell adhesig
(Chang et al., 2014, 20)LSurface potential measurements were
made using a Kelvin vibrating plate (KSV Instruments, Swegden
with a nominal error ofC/- 10 mV. The Kelvin vibrating plate
measures the surface potential between two conductors, the
sample holder and probe respectively, placed about 1 mm apatt.
The di erence in measured potential between the sample holde
with and without (reference potential) the sample is given by
the surface potential of the sample, and it depends on its
thickness, dielectric constant and surface charge denBity
these experiments the keratin-based solutions were casted
aluminum plates Eigure 19. Three samples of each solution| rigure 2 | K:G 1:1 sample (2 h deposition). Scale bab 1cm.
were analyzed. After the acquisition of the reference paaént
(i.e., sample holder without sample), the thickness of casted

Im and the distance between the Im and the Vibrating pIate TABLE 2 | C‘ombination of differ'ent eIectrospinning parameters angred to
(according to the diagram shown figure 15) were measured. evaluate their effect on mechanical properties of keratibased structures.

=

The potential di erence was evaluated every 10min using a Test K:Gratio Distance (cm) Flow (ml/h) Voltage (kV) Time (h)
purposely written software, developed in MatfabData were
ltered with a moving average Iter and the variance analysisCasel V1 12 20 1 30 2
was performed in order to determine when the signal presented v2 12 20 1 40 2
a constant trend Figure 19, which was taken to evaluate the Case2 T1 11 20 3 30 12
surface charge density of polymer. T2 11 20 3 30 1
The surface charge density was calculated by modeling the T3 11 20 3 30 2
system as a capacitor, with three di erent con guration repedt Case3 F1 11 20 1 30 2
in Figures 1d—f In the rst model (Figure 1d), the material was F2 11 20 3 30 2
considered to be homogeneous while, in the cases shown @ase4 c1 12 20 1 30 2
Figures le,f the contribution of the air bubbles, that can be c2 11 20 1 30 2

presentin the lm( 50%)' was taken into account. For each case, the values of the parameter under investigation are undesd.

Electrospinning Process

In this work, electrospun structures were fabricated frone th elastic modulus E (Pa), the failure stresgay, (Pa), the

three di erent solutions using a Linari electrospinning syst ~ corresponding failure straint, and toughness U (J nd)

(Linari Engineering Ltd., Pisa, ltaly), by varying the apglie were calculated.

potential, the ow rate, the distance between the needle and Regarding electrospun structures, to evaluate how varigtion

the collector and the electrospinning process duration (jifie  in the process parameters aect the mechanical properties,

order to nd the optimal working parametersTable 1). For each four dierent cases (able 2, were considered: in each case,

one of the 81 combinations of the parameters, three samples weppe parameter a time varies (K:G ratio, Flow (ml/h), Voltage

fabricated (example iRigure 2). (kV), electrospinning duration (Time, h), while the distancasv
kept constant.

Mechanical Characterization _ _

Mechanical characterization of both casted Ims andSCanning Electron Microscopy and

electrospun structures was carried out performing uniaxialmage Analysis

tensile tests using a universal machine Zwick-Roell Z00%he microscopic structure was analyzed by the scanning

ProLine equipped with a 100N load cell. Three rectangulaelectron microscopy (SEM), focusing attention on diametedt an

shaped specimens for each type of structure were testedistribution of the bers. Three images were acquired fockea

Samples were pulled with a strain rate of 10%/min of thesample at 300, 500 , and 1,000 magni cation. A qualitative

initial length until failure. Load F (N) and elongatiol x  diameter analysis was carried out by randomly measuringsber

(m) were recorded and from the stress—strain graphs th@ acquiredimages (at 1,000magni cation) by ImageJ software.
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FIGURE 3 | (A) Casted samples K:G 1:1 swelling trend for weight and area (saples K:G 1:2 and K:G 2:1 showed a similar trend){B) Weight loss percentage;
Tukey's multiple comparisons test *p < 0.007; (C) Elastic modulus trend; p < 0.02, ***p < 0.0001; (D) Failure stress trend; p < 0.02; (E) Failure strain trend; p <
0.04; (F) Surface charge density for three different model.

Cell Vitality and Proliferation Assay Statistical Analysis

Cell culture was performed on K:G 1:1 electrospun samples givex Shapiro-Wilk test was performed to evaluate if data

their mechanical properties more similar to biological tiss(gee distributions were normal. Statistical dierences between

section Results), and the following electrospinning paramsete Gaussian groups were evaluated by one-way ANOVA. Having

were selected: 30 kV, 20cm, 1 ml/h, 1 h. Human epithelial HEKthree groups, in case of the existence of a signi cant di ererace

293T cells, rat neuronal RT4-P6D2T cells and human primaryost-ho@nalysis using the Tukey test was carried out, to check

skin broblasts were plated at density of 2 10* cells/well in a the di erence between each pair of means. For cell vitality and

12-well plate on keratin-based structure and cultured in DMEM-proliferation, statistical analysis was performed with oa#-t

10%FBS (Invitrogen) and evaluated at three time points (D@, a Mann-Whitney test. For each statistical test a signi caneeel

4 days). p D 0.05 was considered. Correlation was evaluated by Pearson
For proliferation assay, 5-ethynyl@eoxyuridine (EdU, coe cient (r) considering a direct/inverse proportionality

10mM in PBS, Invitrogen) was added in the medium 12 h beforewith |r| > 0.7.

the end of the experiment. To monitor cell vitality, CellTrack

™Green CMFDA (5mM in PBS, Invitrogen) was added for

1.5h before xation. Cells were xed in 4% PFA for 5min, RESULTS

washed twice in PBS for 5min and then stained for EdU Witﬁwelling Test

Click-IT EdU Alexa Fluor 555 Imaging Kit (Life Technologies Films presented a large initial (within the rst hour) sweltin

Hoechst 33258 (Sigma Aldrich) was used as nuclear couaterst which increases with the keratin concentration presenting a

Immuno uorescence acquisition was performed using ZeiddLS weight increase of 400% in the case of K:G 1:2 and 700% in case

700 confocal microscopy. of K:G 2:1, before reaching a plateau after &ly(gre 3A). This
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FIGURE 4 | SEM images for different electrospun samples (1 h depositioat 1 ml/h): (A—C) 35 kV, 15 cm sample 300 , 500 , 1,000 ; (D-F)35 kV, 20 cm sample
300 ,500 , 1,000 ;(G-I)50kV,15cm sample 300 , 500 , 1,000 .

result suggest that the hydrolized keratin favors the infetater mathematical model used for analyzing dakagure 3F. This

inside the sample. The increase of geometrical dimensiarg)a behavior can be explained considering the isoelectric poiti®f

follows the same trend of weight variation. components. The starting solution is in fact strongly basia
Samples with higher keratin content present a higher weighpH 13 and well above the isoelectric point of keratind) and

loss (around 80%) respect to samples with a lower contergelatin ( 7), and thus in solution both proteins present a negative

of keratin (60%) Figure 3B). A one-way ANOVA showed a charge The addition of GPTMS decreases however the negative

statistically signi cant di erence between groups © 19.54, charge Kamra et al., 2015; Rosaria et al., 20The presence of

pD 0.002< 0.05). air bubbles strongly a ects the calculus of surface chargsite
if the content of air is neglected the models indicate a density
Contact Angle Measurement which ranges from 10° to 10 > C/m?, while it results between

Both hydrated and dried samples present an high hydrophilicity10 *°and 10 * C/m? if air is taken into account.

with a low contact angle<40 for dry samples anc& 8 for

wet samples). The in uence of keratin content is signi camiy ~ Electrospinning Processing and

in hydrated sampleRK D 7.054,p D 0.014< 0.05), while no T0p0|ogica| Ana|ysis

statistical di erences were noted in dry samplés @ 3.095, The keratin and gelatin based solutions resulted suitabte f

pD 0.095). electrospinning, forming 3D structures with variable thigss
_ depending on set parameters: for example, an increase in
Surface Charge Density Measurement deposition time or ow rate increases the thickness. The digan

The measure of the surface charge density shows negatioBthe bers was instead evaluated by SEM images analysés. Th
values where the keratin content prevails, regardless thedfpe examined samples were electrospun at the same ow rate and
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FIGURE 5 | Stress strain curves for electrospun Ims (in each graphy and smax are showed):(A) Case 1: different voltage applied(B) Case 2: different time of
deposition; (C) Case 3: different ow rate; (D) Case 4: different type of solution.

deposition time, and thus these parameters were excluded fronesults also in greater sti ness and lower toughndsgire 50.
the analysis of the results. The gelatin content also in uences the properties of the dtiue
Samples show a decrease in the diameter of the bers as tl{eigure 5D): as its content increases, the sample is more resistant

applied voltage increaseBigure 4), from 1.73 0.35mm at 35 (as in casted samples), but it is also less brittle, indicatimg a

kV to 1.01 0.32mm at 50 kV (a one-way ANOVA showed a in uence of the micro and nanostructure. In all cases, theesét

statistically signi cant di erence between di erent sampl€sD  modulus was in the range 30-70 MPa.

9.232,p < 0.001). Some defects are present mainly consisting

in pearl-shaped structures in samples fabricated at 35 kv. THeell Vitality and Proliferation Assay

needle-collector distance seemsto nota ectthe berdimiens. To test the e cacy of keratin-based structure in sustaining
vitality and proliferation of cells we adopted di erent approaches

Mechanical Characterization Firstly, we used the CellTracker Green dye to test if
Mechanical characterization of casted wet samples showelilerent types of cells are vital after 4 days of culture
that (Figures 3C-E: in the keratin based structure. This uorescent probe was

1) the elastic modulus and maximum stress increases dSeS|gned to freely pass through cell membranes, but it is

the gelatin content increases (one-way ANOVA on elas’ticransform(-zd in a cell-impermeant reaction product only in

modulus dataF D 166.2,p < 0.0001; maximum stress:D vital cells. _As shown |nF|gur(_a 6A,_ all of the dierent cell
6.316p D 0.017); types considered (human epithelial HEK-293T, rat neuronal

! . . . RT4-D6PD2, human primary skin broblasts) showed a strong
2) the failure strain decreases as the gelatin content asaef L .
D 4.643p D 0.038), uores_cent staining after 4 days of culture, ‘meaning theg ar
truly vital. Moreover, to better understand if the biomatari
These statistically signi cant di erences indicate thagtincrease sustains also the proliferation, and not only the vitality of
of gelatin content creates sti er but more fragile biomatésia cells, we performed proliferation assay using EdU dye at three
Mechanical properties of electrospun Ims were evaluatedii erent time points. Both HEK-293T Figures 6B 7A) and
according to di erent cases showedTable 2 RT4-D6PD2 Figures 6A-D showed high proliferation rate
Figure 5A reports the comparison of case 1: the increase ofEdUC cells) at all the three time points-{gures 7B,3. An
the voltage forms a more brittle and less resistant matendh  increase in the total number of cells per squared millimeter is
a reduced failure stress and strain, but not signi cant opes1 evident already at day 2 and it continues to raise at 4 days
in the elastic modulus. The increase in electrospinning pssce (Figures 6C—E7A). Furthermore, cells were well-distributed in
duration (Figure 5B) results into stier but less compliant the three dimensions within the biomaterial as demonstrated
biomaterial, with a lower toughness. An increase in ow rateby the variation in nuclei positions that could be observed
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FIGURE 6 | Different cell lines are vital and proliferate in keratin bad structure. (A) CellTracker"MGreen CMFDA staining (CT-Green) of human HEK-293T, rat
RT4-P6D2T cells and human primary skin broblasts after 4 day of culture. Hoechst was used for nuclear staining. Scale a0 mm; (B,D) Representative images
after 2 days of culture of EdU staining (red) of HEK-293(B) and RT4-D6P2T (D) cells. Hoechst was used for nuclear staining. Scale bar 56m; (C,E) Histograms
showing the total number of cells and EdU positive cells forquare millimeter after 1, 2 and 4 days of culture. **/88 < 0.01; * vs. 1d, § vs. 2d.

in dierent plane in a Z projection obtained by confocal with increased gelatin content. The surface charge density
microscopy Figure 8). test highlighted a dierence between the dierent types of
solutions. In particular, as the keratin content increashe t
surface charge density becomes more negative due to the
isoelectric point of the two materials as explained in the

In this work ted a method for th fawaste materigecron Results.
ntnis workwe presented a metnod 1or the use ot a waste materia With regard to the eIeCtrospun structures,

such as_keraltin_extracted. from poultry feathers and its paétnt the main results obtained from the

applications in tissue engineering  eld. o mechanical characterization can be summarized
Results from casted samples characterization indicates thgg follows:

we can tune the chemical and mechanical properties of keratin-

based biomaterials by varying the ratio between gelatin ant) as the ow rate increases and the duration of the

keratin content, keeping the GPTMS content constant. Samples electrospinning process is extended, sti er but considerably

with higher keratin content present a better ability to adsor  more brittle structures are obtained,;

water, which can be addressed to a less dense mesh 2)fwith a higher percentage of gelatin, there is an increase in

intermolecular bonds, while increasing the gelatin comtkat the strength and toughness of the ber matrix, as showed by

to a more dense molecular mesh with a lower weight loss casted Ims;

and a lower swelling. These conclusions are also conrmed) the increase in voltage leads to embrittlement and lower

by mechanical testing, which indicates more rigid samples strength of the bers;

DISCUSSION
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FIGURE 7 | (A) Representative images of EdU staining in HEK-293T and RT4dP2T cells after 1, 2 and 4 days of culture on keratin based sticture; (B,C)
Histograms representing the percentage of HEK-293TB) and RT4-P6D2T(C) EdU positive cells/total cells. Hoechst was used for nucleastaining. 8° < 0.05 vs. 2d.
Scale bar is 50mm.

4) the elastic modulus of the nano ber matrix is directly of parameter is the best according to di erent applications. For
proportional to the electrospinning time and the ow rate, example, when regenerating biological tissues, it is priefiethat
while it is not inuenced by the voltage and the gelatin the mechanical characteristics of the electrospun strestare as
percentage of the solution; close as possible to those of the tissue to reproduce. In patjcul

5) the maximum stress is inversely proportional to the voltagéhe results obtained from the mechanical characterizatoe
and directly proportional to the percentage of gelatin presencomparable to two speci ¢ soft tissues, such as nerve tissde an
in the solution; skin. Comparing skin value®(unn and Silver, 1983; Khatyretal.,

6) the failure strain is inuenced by all the parameters of2004;Jacquemoud etal.,2007; Ni et al., p@ith those obtained
the e|ectrospinning process. In particu|ar, it is inverse|yfr0m tensile test of the matrices of nano bers, it was noti¢ckat
proportional to the voltage, the duration of the test andthe elastic modulus of the electrospun structures (30-70 MPa)
the ow rate, while it increases as the percentage ofvere comparable with skin values, even if with lower ability t

gelatin increases; resist to large deformation.
7) the energy per unit of volume stored by matrix (i.e., toughs) Con§idering, instead, the nervous tissue and its mechhnica
decreases with increasing voltage and ow rate. properties Kamra et al., 2005 results showed that electrospun

structures K:G 1:1 are sti er than the biological target, reve

Main results of mechanical characterization are summalrizeif fajlure stress and strain are similar. Reducing the dejmsit

in Table 3 time or ow rate can be an option to mimic in this case
Furthermore, based on the e ects that each parameter of thghe biological tissue. These mechanical properties aect cell
electrospinning process has on the mechanical properties of thesponse and vitality. It was demonstrated that electrospun
nano ber matrices, it is possible to choose which combinatio constructs are biocompatible and can be colonized by human
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FIGURE 8 | Representative image sequence for HEK-293T and RT4-P6D2Tuclei after 4 days of culture, showing cells growing on diffent planes. Red arrows
indicate some nuclei belonging to cells grew on different phes in keratin bases structure. Hoechst was used for nucleastaining. Scale bar is 5amm.

epithelial cells, rat neurons and primary broblasts of humanTABLE 3 | Mechanical characterization on electrospun samples rests: " means
skin due to their high porosity. However, due to too di erent direct proportionality,#means inverse proportionality, — means that there is no
stiness values compared to nervous tissue, epithelial celf§eaton between parameters.

resulted more proliferating after 4 days compared to neuraprameters Elastic Failure Failure Toughness
cells, thus showing promising results for applications for the modulus stress strain
regeneration of epithelial tissue. Many other biomatertzse
been tested in recent studies for skin and nerve regeneratioVoltage # # #

For example, natural polymers such as collagen, gelatirgsanit % gelatin ' ' '

and hyaluronic acid have been widely investigated; howeverectrospinning ! # #

these materials present some disadvantages such as lolifystabf"" 21"

in aqueous environment, diculty to be electrospun or poor Flow ' ' # #
mechanical properties. To overcome these limitations, these

polymers are often used in combination with synthetic madki

such as Poly(lactidee-glycolide) (PLGA), Polycaprolactone) CONCLUSION

(PCL), Polyurethane (PU), or Poly(L-lactide) (PLLA); hoeev

using these polymers can reduce scaolds cytocompatibilityn this paper we showed that waste materials such as keratin
and biodegradability l(add et al., 2012; Liu et al., 2013;hydrolizates derived from chicken feathers can be reused to
Sundaramurthi et al., 20)4In our work, instead, two natural develop a novel biomaterial, whose chemical, physical and
polymers such as keratin and gelatin were used, thus enhgncimechanical properties can be tuned varying the gelatin content
these two aspects previously cited. In the future, it will bévioreover, these materials can be processed by electrospinning
necessary to investigate how cell culture and extra cellulaystem and the mechanical and biological tests showed gt t
matrix production may a ect the mechanical characteristids o could have promising applications in the tissue engineering,
the constructs. regenerative medicine, and biofabrication areas.
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