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Nano-hybrid electrospun non-woven materials
made of wool keratin and hydrotalcites as
potential bio-active wound dressings+

Demetra Giuri,® Marianna Barbalinardo,® Giovanna Sotgiu,? Roberto Zamboni,
Morena Nocchetti, & € Anna Donnadio,© Franco Corticelli,® Francesco Valle®
Chiara G. M. Gennari,® Francesca Selmin,® Tamara Posati*® and Annalisa Aluigi & *@

In this work, nano-hybrid electrospun non-woven materials made of wool keratin combined with diclofe-
nac loaded hydrotalcites (HTD) were prepared and characterized as potential drug delivery systems and
scaffolds for fibroblast cell growth. Nano-hybrid electrospun non-woven materials showed a good adapta-
bility to wet skin, effortlessly conforming to the three-dimensional topography of the tissue. Nanosized
HTD exercised an overall reinforcing action on the electrospun non-woven materials since the nanohybrid
samples displayed a reduced swelling ratio and a slower degradation profile compared to keratin-based
nanofiber non-woven materials containing free diclofenac, without negative effects on drug release. The
cell viability test indicated a decreased toxicity of the drug when loaded into nanofibers and confirmed the
biocompatibility of keratin/HTD electrospun non-woven materials; moreover, a controlled diclofenac

rsc.li/nanoscale

Introduction

Bioactive wound dressings are the latest type of biopolymer
based membrane, designed to play an important role in pro-
moting the wound healing process. Wound dressings made of
nanofiber non-woven materials are considered effective
scaffolds for skin tissue regeneration, since their high surface
to volume ratio and their microporous structure, which
mimics the extracellular matrix (ECM), promote cell adhesion
and proliferation.”* Electrospinning is a versatile and straight-
forward nanotechnology to produce nanofiber non-woven
materials by using a high voltage electrostatic field.* The elec-
trospun non-woven materials have been widely studied as
wound dressings since, besides favouring the cell proliferation,
they can be suitably designed to avoid bacterial invasion, to
prevent wound surface dehydration and to adsorb wound exu-
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release within the first 24 hours does not compromise the fibroblast cell growth in a significant manner.

dates. In addition, their highly porous structure allows high skin
breathability and water vapour permeation.” Electrospun non-
woven materials can also be efficient drug delivery systems,’
since (a) the fabrication process allows high drug loading and
inhibits the drug recrystallization; (b) the drug release behaviour
can be easily modulated by the composition and morphology of
nanofibers and (c) the bioavailability of a drug moiety can be
easily controlled through designing various dosage forms.® In
general, biopolymers are preferred for fabrication of bioactive
wound dressings due to their enhanced biocompatibility and
biodegradation.” Until now, the most proposed biopolymers for
wound healing were collagen,® silk and sericine,” cellulose,"
hyaluronic acid,'* alginate,'? chitosan and chitin."?

However, in recent years, keratin proteins have also received
great attention in the biomedical field. Keratins are naturally
abundant non-food proteins found in hair, wool, horns, nails,
hooves, reptile scales, bird beaks and feathers. In particular,
wool keratin, due to its biodegradability, biocompatibility and
bioactivity (linked to the presence of cell adhesion sequences
in its primary structure), has been widely explored for the fab-
rication of scaffolds for tissue engineering and wound
healing."*"® The electrospinning of wool keratin is generally
carried out using organic solvents, such as formic acid"® or
exafluoro-isopropanol.’® Nevertheless, in the manufacturing
process of scaffolds for biomedical applications, the use of
organic solvents should be avoided in order to minimize the
cytotoxicity risk of the final material. The fabrication of
keratin-nanofibers starting from aqueous solution is challen-
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ging due to their low viscoelastic properties resulting from low
molecular weights of the protein. In order to overcome the
aforementioned problems, supporting polymers such as poly-
ethylene-oxide (PEO) or polyvinyl alcohol (PVA) are used."”*®

The present work aims at designing keratin-based electro-
spun non-woven materials, loaded with a drug, in order to
obtain a bio-active wound dressing that can act, simultaneously,
as a scaffold for cell growth and drug delivery systems. Aqueous
keratin solutions doped with diclofenac have been electrospun
into nanofibers. Diclofenac is a non-steroidal anti-inflammatory
drug (NSAID) that inhibits cyclooxygenases, leading to less for-
mation of prostaglandins that cause inflammation and pain.
The topical administration of diclofenac has been demonstrated
to be capable of reducing phlogistic signals without causing
fibroblast or keratinocyte downregulation and thus without
leading to excisional wound healing impairment."’

PEO was used as a supporting polymer for electrospinning.
However, despite the aforementioned advantages of keratin-
rich scaffolds, their weak mechanical strength and their fast
biodegradation are recognized as the main critical problems
that could limit their applications as scaffolds for skin tissue
regeneration and controlled drug release. One of the proposed
strategies to overcome these problems, successfully used for
fibroin and keratin based films,>>*! is the use of inorganic
fillers, such as hydrotalcites. Hydrotalcites (HT) are layered solids
with a positively charged surface, balanced by interlayer anions.
They are represented by the general formula [M(i);_M(iu),
(OH),[[Ax""JmH,O where M(u) is a divalent cation such as
Mg, Ni, Zn, Cu, or Co, M(m) is a trivalent cation such as Al,
Cr, Fe, or Ga, and A" is an anion of charge n.>* The great
scientific and technological relevance of HT resides on their
tuneable layered charge density, variable chemical compo-
sition and rich intercalation chemistry.>® These advantages,
together with their well-known low toxicity and good biocom-
patibility,>*** make HT a very attractive class of layered solids,
which find applications in different fields such as medical
science,”>*® polymeric nanocomposites,” sensing, and photo-
nic and opto-electronic devices.>’”*® In the last few decades,
HT have been increasingly explored as drug carriers. Many
anti-inflammatory drugs (e.g. ibuprofen and ketoprofen) in the
form of anions have been successfully intercalated between
the layers of the HT system.?* The advantages of using HT in
the drug delivery field are that they (a) provide drug protection,
(b) improve the solubility of the poorly water soluble drug and
(c) can modify the drug release profile.>%*>

In this work, the diclofenac drug was intercalated into the
HT (HTD), which in turn dispersed in the keratin solutions
and was electrospun into hybrid nanofiber non-woven
materials. The effects of HT on the morphology, stability
under physiological conditions, and biodegradability in the
proteolytic environment of the hybrid keratin-based nano-
fibers were studied. Afterwards, a systematic study exploring
the diclofenac release profiles from keratin/HTD hybrid elec-
trospun non-woven materials and from keratin electrospun
non-woven materials doped with free diclofenac was carried
out. Finally, the fibroblast cells were grown on the different
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nanofiber samples with the aim to study the effect of diclofe-
nac release on the cell proliferation and to confirm the bio-
compatibility of the keratin/HTD system.

Results and discussion
Electrospinning of keratin-HTD solutions

Cysteine-S-sulphonated keratin (obtained from wool as
described in ESI section I1) and nanosized HT intercalated with
anionic diclofenac (D) having the formula [ZngegAlj 3,(OH)s]
(D)o.16(CO3)0.050.67H,0 (D content 350 pg mg™") were used for
the preparation of hybrid nanofibers (see ESI section IIf).

Based on the results of a previous study, an HTD loading of
10 wt% with respect to keratin (corresponding to 3.5 wt% of
diclofenac vs. keratin) was considered, since it was found to be
the maximum amount achievable in order to obtain a good dis-
persion of nanosized HT in concentrated keratin solutions.>*

The keratin aqueous solution (10% w/v) with dispersed
HTD could not be electrospun without the addition of a small
amount of PEO (2.5% w/v), since the jet broke up into droplets
as a result of the low viscosity of the starting solution.'”
Moreover, 0.4 uL of glutaraldehyde per mg of keratin (25 wt%)
was added to the solutions before electrospinning in order to
improve the stability of keratin/HTD hybrid nanofibers under
physiological conditions.

In Fig. 1, the effects of PEO and HTD on the steady shear
viscosity of keratin solutions are shown. The Ker(10%)-HTD
(1%) solution showed a slight shear thinning at low shear
stress and a slight shear thickening at high shear stress. In the
considered shear rate range, the mean viscosity was of 6 + 2
(mPa s). The shear thickening is due to the hydroclustering
mechanism, which is an HTD aggregation induced at a critical
shear rate.”' Instead, the initial shear thinning, also reported
in the literature for aqueous solutions of bovine serine
albumin, was attributed to the rapid formation of a protein

O Ker(10%) - PEO(2.5%)
1 m Ker(10%) - PEO(2.5%) - HTD(1%)
® Ker(10%) - HTD(1%)

0.14 B

Viscosity [Pa-s]

0.014

1 10
Shear Rate [5'1]

f L o . ;
tteseassens
I 160 10I00

Fig. 1 Logarithmic plot of shear viscosity versus shear rate of keratin

(10% w/v)—PEO (2.5 w/v), keratin (10% w/v)—HTD (1% w/v) and keratin

(10% w/v)—-PEO (2.5 w/v)-HTD (1% w/v) solutions, all containing glutar-
aldehyde 25% (0.4 pg per mg of keratin).

This journal is © The Royal Society of Chemistry 2019
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film at the solution/gas interface.*® This interfacial microstruc-
ture of the protein film is disrupted by the larger shear defor-
mation imposed during the steady shear measurements. The
addition of PEO increased the viscosity of the solution, thereby
allowing its electrospinning. Indeed, when PEO was added to
the keratin solution, a typical steady-shear viscosity profile
characterized by an initial Newtonian plateau, followed by a
shear thinning, appeared. The viscosity evaluated at 16 s~ "
(within the Newtonian range) reached 23.1 + 0.9 (mPa s). The
steady shear viscosity profile did not change significantly in
the presence of HTD. The only notable difference is that the
slight shear thinning at a lower shear rate, observable for the
Ker(10% w/v)-PEO(2.5% w/v) solution, disappeared in the
solution containing hydrotalcites; probably, hydrotalcites
interfered with the keratin chain movements, reducing the
kinetics of the superficial film formation.

Morphology of the keratin/HTlcD hybrid nanofibers

Keratin/PEO electrospun non-woven materials (KNf-D) loaded
with diclofenac (3.5 wt% with respect to keratin) and hybrid
keratin/PEO electrospun non-woven materials (KNf-HTD) filled
with HTD (10 wt% vs. keratin) were prepared. By electrospinning
4 mL of each solution on a 12 x 12 em* metal collector (Fig. 2A),
self-standing non-woven materials having a thickness of about
50 pm were obtained (Fig. 2B). Such designed keratin-based
electrospun non-woven materials are conceived for applications
such as wound dressing and drug delivery systems, since they
can be applied to wet skin (Fig. 2C), effortlessly conforming to
the three-dimensional topography of the skin (ESIvideot)
remaining adherent for at least 24 hours (Fig. 2C and D).

The nanometric structure of the electrospun non-woven
materials and the HTD distribution in the nanofibers were
analysed by scanning electron imaging using both the second-
ary electrons (SE) and backscattered electrons (BSE). All the
prepared nanofiber non-woven materials were made of ran-
domly oriented and homogeneous nanofibers having a mean
diameter of about 295 nm (Fig. 3D and E). In the hybrid nano-

Fig. 2 Electrospinning process (A), keratin—-PEO—-HTD hybrid nanofiber
non-woven materials (B), deposited on wet skin at time 0 h (C) and after
24 hours (D).

This journal is © The Royal Society of Chemistry 2019
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fiber non-woven material (KNf-HTD), the presence of hydrotal-
cites embedded into nanofibers was well evident (red circles in
the enlarged image of Fig. 3B). Moreover, the bright spots
observed in the BSE image, due to the Zn and Al of hydrotal-
cites (Fig. 3C), demonstrated that the HTD are homogenously
distributed and well dispersed inside the nanofibers.
Furthermore, XRD patterns, given in Fig. 3F, indicate that the
dispersed HTD retain their typical lamellar structure after
electrospinning in the presence of diclofenac anions in the
interlayer region. Importantly, the hydrotalcites did not signifi-
cantly change the physical characteristics of the nanofiber
non-woven materials in terms of mean fiber diameter, dia-
meter distribution, thickness, porosity and specific surface
area (Table 1). The porosity of a scaffold for tissue engineering
is a critical parameter since it determines its ability for cell
adhesion, migration and also for the exchange of nutrients
between the 3D construct and the surrounding environment.
As shown in Table 1, the porosity of the keratin-based electro-
spun membranes fell within 60-90%, which is the preferred
range for a scaffold to ensure fibroblast cell penetration.**

Swelling ratio and water stability

The swelling ratio of the electrospun non-woven materials is
fundamental to understand the capacity of these materials to
adsorb wound exudates usually produced during the inflam-
matory phase of the healing process. To accomplish that, the
KNf-D and KNf-HTD samples were incubated in a PBS solution
at 37 °C and their morphology and weight were monitored
after 24 hours of incubation. The test was also carried out on
the KNf-HT sample, in order to evaluate the effect of diclofe-
nac on the swelling behaviour. Both electrospun non-woven
materials tended to swell in PBS at 37 °C, without dissolving
themselves. In Fig. 4A-C, the morphology of the KNf-HTD
hybrid non-woven materials before and after the immersion is
represented as an example. As is shown, the samples retained
their fibrous and porous structure (Fig. 4B and C) although they
have lost their original morphology due to the nanofiber swell-
ing. The swelling ratio of the KNf-D membrane (~20 + 2) was
higher than that of the KNf-HTD membrane (~12 + 1). In con-
trast, the swelling ratio of the KNf-HT sample (11 + 1) was not
significantly different from that of KNf-HTD, thereby demon-
strating that the behavior of the hybrid sample was unaffected
by the presence of diclofenac. This reinforcing action of HTD,
also observed in keratin-based®' and fibroin-based films* prob-
ably results from the chemical interactions between the protein
functional groups (C=O and N-H) and hydroxyl groups of
hydrotalcites, which reduce the mobility of the protein chains.

Biodegradability

Most of the commercially available wound dressings are non-
biodegradable and therefore they need to be removed from the
wound. Such removal can affect the wound healing process,
inducing the formation of scar tissue and increasing the risk
of bacterial contamination.> To address the aforementioned
issue, research efforts have been made towards the design of
biodegradable wound dressings. However, to be functional for
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Fig. 3 SEM images observed with secondary electrons (SE) of (A) keratin-based nanofiber non-woven materials loaded with free diclofenac (KNf-
D), (B) keratin-based hybrid nanofiber non-woven materials filled with diclofenac loaded hydrotalcites (KNf-HTD) (C) backscattered electrons (BSE)
of KNf-HTD, diameter distributions of (D) KNf-D and (E) KNf-HTD; and (F) X-ray diffraction pattern of HTD, KNf-HTD and keratin.

Table 1 Chemical-physical parameters of nanofiber non-woven
materials

Parameters/material KNf-D KNf-HTD
[HTD] (%) # 10
[Diclofenac] (%) 3.5 3.5
Thickness (um) 57 +2 54+2
Porosity (%) 79+1 80+1
Specific surface area (m” g™") 10 11

.:E‘.
3

WKNf-D mKNf-HTD = KNf-HT

Fig. 4 SEM images of (A) KNf-HTD, (B) KNf-HTD after the immersion in
the PBS solution at 37 °C for 24 hours and (C) related section, and (D)
comparison between the swelling ratio of KNf-D and KNf-HTD.

4 | Nanoscale, 2019, 00, 1-9

tissue regeneration, a wound dressing should have a degra-
dation rate comparable to the regeneration rate of the compro-
mised tissue.** In Fig. 5, the biodegradability profiles of KNf-D
and KNf-HTD samples, incubated at 37 °C in a solution of pro-
tease XIV in PBS saline buffer (pH 7.4), are compared. As can
be observed, the KNf-D membranes showed a rapid weight
loss of 50% in the first 24 hours of exposure to protease. The
degradation is almost complete (97%) after 48 hours.
Differently, the hybrid nanofibers showed a higher resistance

100 - -
90
80
70 - % * " [
60
50
40

Weight loss (%)

30

20 m KNf-HTD
10.] m KNf-D

0 T T T T T T
20 40 60 80 100 120

Time (h)

Fig. 5 Comparison of in vitro biodegradation profiles of KNf-D and
KNf-HTD electrospun non-woven materials.

This journal is © The Royal Society of Chemistry 2019

10

15

20

30

40



9]

10

w
o) ]

40

[42]
9]

Nanoscale

to enzymatic degradation; indeed, their weight loss was about
30% after 24 hours, and it reached 67% after 48 h and
remained constant for 120 hours. This reinforcing action of
hydrotalcites, conferring an enhanced protease resistance to
the hybrid electrospun non-woven materials, makes them
more suitable to address the inflaimmatory and proliferative
phases of the skin regeneration process.

Drug release kinetic study

The profiles of the cumulative percentages of diclofenac per-
meating through Cuprophan® were almost superimposable
throughout the experiment with the exception of some early
data points (at 45 min and 1 h, p < 0.05). Overall, these pat-
terns indicate that the presence of hydrotalcites did not influ-
ence the drug release from the samples. The release profile of
diclofenac from both formulations fits Higuchi’s model (R* >
0.99) and the drug release was controlled by diffusion with
similar rates, as shown in Table 2. To find out the mechanism
of drug release, the data were fitted in the Korsmeyer-Peppas
equation. In this model, the value of “n”, i.e. the release expo-
nent, described the mode of the transport mechanism.** In
both cases, the fitting indicates the combined effect of
diffusion and relaxation mechanisms for the release which
deviates from the Fick equation, following a non-Fickian
(anomalous) transport.>® The experimental release data were
also fitted to the Peppas-Sahlin model*® which describes the
drug release kinetics from hydrophilic polymers and is appli-
cable for different geometric shapes (Table 2). The model con-
siders the release kinetics to be affected by two additive trans-
port mechanisms: Fickian diffusional release (kq) and case-II
relaxational contribution (k4q) as illustrated in eqn (7). The
values of the coefficient of determination R* were equal to or
above 0.95 for all the films. In the case of KNf-D, the ratio
between kq and &, was close to 1, suggesting that both trans-
port mechanisms controlled the diclofenac release. Regarding
Knenrp, the values of k. were very small (k, = 0.028 =+
0.05 h™>*%), indicating that the case II relaxation has no sig-
nificant contribution in the release process. At the same time,
the values of the Fickian diffusion contribution constants
(kg = 0.253 + 0.071 h™°*°) were higher than k. Moreover, they
were even higher than kq of KNf-D samples, suggesting a faster
drug diffusion through the electrospun matrix in the presence

Table 2 Parameters and correlation coefficient for Higuchi,
Korsmeyer—Peppas and Peppas—Sahlin models

Model/sample KNf-HTD KNf-D
Higuchi

K (pg cm ™2 h'/?) 0.33 + 0.08 0.33 + 0.03
R >0.99 >0.99
Korsmeyer-Peppas

N 0.53 + 0.04 0.81 + 0.04
R >0.90 >0.93
Peppas-Sahlin

kq (h™4%) 0.25 + 0.07 0.10 + 0.02
ke (h7%) 0.028 + 0.05 0.11 + 0.03
R >0.95 >0.95

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Cumulative diclofenac released from KNf-HTD (dotted line) and
KNf-D (black line).

of HT. This comparison among the two Ky can justify the
small differences observed between the two formulations in
the release pattern at the early data points (Fig. 6).

Evaluation of cell viability and proliferation

The wound healing process is known by its complexity and
interaction of different cell types with matrix components that
act together to re-establish the 3D structure and the functions
of the damaged tissue. Herein, NIH-3T3 cells were used to
evaluate the cell response to the presence of the developed
membranes. In order to evaluate both the effect of drug
release on cell viability and the effect of nanofibers on drug
performances, the tests were carried out on free diclofenac (D),
hybrid electrospun non-woven materials (KNf-HTD), hybrid
nanofibers containing HT without diclofenac (KNf-HT) and
diclofenac loaded keratin nanofibers without HT (KNf-D). As

140 4 24h e
] 48h
120 | Fekpke
*kk N
100 T ! + -i_ *k
=" 1[TT "
<
“ TH &
E 1 *kk
g 60 4 *kk ——
= ] ok
8
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Fig. 7 Cell viability of NIH-3T3 on diclofenac (cell-D), KNf-D, KNf-HT,
and KNf-HTD. Data represent the mean + standard deviation. Statistical
analyses were performed using ANOVA followed by Tukey's test. ***p <
0.001 and **p < 0.005 denote significant differences with respect to the
control.
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Fig. 8 Fluorescence micrographs of NIH-3T3 (A) on glass, (B) on KNf-HT and (C) on KNf-HTD; cells labeled specifically for actin (red) and the
nucleus (blue) after 48 h of incubation. Chromatin condensation of NIH-3T3 cells stained with DAPI after 48 h (D) on glass, (E) on KNf-HT, and (F) on
KNf-HTD. Fluorescence micrographs showed fragmented and condensed nuclei as indicated by an arrow.

expected, the free drug displayed a significant toxic effect on
fibroblasts,** reducing the cell viability to about 54 + 5%
within the first 24 hours and 27 + 9% after 48 hours.
Differently, the toxicity was reduced (cell growth 83 + 4% after
24 hours and 44 + 6% after 48 hours), when the drug release is
mediated by nanofibers (KNf-D) (Fig. 7).

Regarding hybrid samples, HT did not display toxic effects
towards NIH-3T3 cells (KNf-HT). Indeed, fibroblast growth
scattered and formed discrete groups in KNf-HT hybrid elec-
trospun non-woven materials. On the other hand, a decrease
in fibroblast growth at 48 h was observed on KNf-HTD nano-
fiber nonwovens (Fig. 8A-C). Specifically, at 24 hours the cell
growth was comparable to that of the control (85 = 10%),
proving that the mitochondrial activity is not compromised by
diclofenac. Instead, at 48 hours, a significant cell growth
reduction occurred (63 = 2%), confirming the well-known
inhibitory effect of the drug. However, this negative effect was
significantly pronounced when the drug is not intercalated in
the hydrotalcites (KNf-D). Notably, the higher antiproliferative
effect of diclofenac after 48 hours occurs because the tests
have been performed without replacing the medium, causing
drug accumulation during the experiment time.***’

Conclusions

Electrospun non-woven materials based on keratin nanofibers
(~292 nm) loaded with diclofenac and hybrid nanofibers
(295 nm) made of keratin and hydrotalcites intercalated with
diclofenac were successfully prepared by electrospinning.

6 | Nanoscale, 2019, 00, 1-9

Based on the obtained results, the presence of hydrotalcites
reduced the swelling ratio and decreased the biodegradation
kinetics of the electrospun non-woven materials. Both electro-
spun non-woven materials displayed a sustained diclofenac
release over 24 hours and the hybrid samples showed a lower
contribution of matrix relaxation in the release mechanism.
The cell viability tests revealed that the keratin/hydrotalcites
electrospun non-woven materials are not toxic and support the
fibroblast cell growth. It has been demonstrated that when the
diclofenac is released in a controlled manner within the first
24 hours, it does not display its well-known antiproliferative
effect. All these preliminary results obtained in this work are

fundamental for a biomedical dispositive design with drug [O§l{

loading, drug release times and biodegradation kinetics suit-
able for personalized wound care treatment.

Experimental
Materials

Australian Merino wool (21 pm fineness) was kindly supplied
by Cariaggi Fine Yarns, S.p.A. All other chemicals were pur-
chased from Sigma-Aldrich and wused without further
purification.

Preparation of KNf-D, KNf-HT and KNf-HTD electrospun non-
woven materials

Keratin was extracted from Merino wool (21 pm) by sulphitoly-
sis reaction and the HTD nanoparticles were first obtained in
the bromide form by the double-microemulsion technique®'

This journal is © The Royal Society of Chemistry 2019
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and successively intercalated with anionic diclofenac (350 pg
mg ') by ionic exchange reaction.>” The procedures related to
the keratin extraction and HTD synthesis are reported in the
ESI (sections I and IIf).

For the preparation of diclofenac loaded nanofibers, con-
ventional home-made electrospinning apparatus composed of
an high voltage generator (ALINTEL SHV 150, 5 mA, +30 kV), a
precision syringe pump (KdScientific), a plastic syringe with a
stainless-steel needle (18 Gauge) and an aluminium and static
collector was used. In particular, the keratin/HTD hybrid nano-
fiber non-woven materials (KNf-HTD) were prepared by electro-
spinning the keratin solution (10% w/v), containing poly(ethyl-
ene-oxide) (PEO, 2,5% w/v), glutaraldehyde 25% (0.4 pL per
mg of keratin) and 1% w/v of HTD (10 wt% vs. keratin, corres-
ponding to 35 mg of diclofenac per gram of nanofiber non-
woven material). Moreover, keratin nanofibers loaded with free
diclofenac (KNf-D) were prepared by electrospinning the
keratin solution (10 wt%) containing 0.35% wi/v of diclofenac
(corresponding to 35 mg per gram of nanofiber non-woven
material). For the cell viability tests, a keratin solution (10%
w/v) containing poly(ethylene-oxide) (PEO, 2,5% w/v), glutaral-
dehyde 25% (0.4 pL per mg of keratin) and 1% w/v of HT
without diclofenac was also electrospun. All the prepared solu-
tions were electrospun using a voltage of 20 kv, a flow rate of
0.05 mL min~" and a needle-collector distance of 15 cm.

Nanofiber non-woven materials characterization

The solutions were characterized from the rheological point of
view, carrying out shear rate-dependent viscosity measure-
ments, using an Anton Paar Compact Rheometer MCR 102
equipped with a PDT 200/56/1 Peltier temperature control
device, set at 25 (+0.1)°C, using a cone plate geometry (75 mm
diameter, 1° angle and 45 pm truncation), in controlled shear
rate mode. The shear rate was logarithmically increased from 1
to 1000 s~'. Data were acquired and elaborated with the
RheoCompass™ Software (Anton Paar GmbH). The electro-
spun nanofiber morphology was observed under a scanning
electron microscope (SEM) using a Zeiss EVO LS 10 LaB6 scan-
ning electron microscope, with an acceleration voltage of 5 kV
and a working distance of 5 mm. Samples were gold-sputtered
for 1 min before the analysis. The fiber diameters were ana-
lyzed by means of freely distributed software GIMP 2.8 (GNU
Image Manipulation Program). In particular, the mean dia-
meter and the diameter distribution of nanofibers were evalu-
ated from 100 measurements randomly gathered from several
SEM photos of several nanofiber non-woven materials. The
thickness of keratin nanofibrous membranes was measured by
using a digital micrometer (Mitutoyo, IP65).

XRD patterns were obtained with a Philips X’PERT PRO
MPD diffractometer operating at 40 kv and 40 mA with a step
size 0.0170 26° and a step scan of 20 s, using Cu Ka radiation
and an X’Celerator detector.

The porosity and the specific surface area of the keratin
nanofiber membranes were calculated on a square sample of
4 cm” as suggested by Ki et al.** Practically, assuming nanofila-

This journal is © The Royal Society of Chemistry 2019
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ments as cylinders of indefinite length, the specific surface
area S can be calculated using the following eqn (1):

s=— )
pD
where D (cm) is the mean diameter of the nanofibers and p
(g em™) is the density of the nanofiber non-woven materials.
The density and the porosity of the nanofiber non-woven
materials were determined through a liquid displacement
method.*®
Practically, the density of the nanofiber mat was calculated
by using the mass of the mat in air (/m,) and in n-hexane (m,)

through the following eqn (2):

myp,
= (ml _ };nl) (2)

where pj, is the density of n-hexane at a temperature of the
measurement. The porosity of the nanofiber non-woven
materials is obtained by using eqn (3):

e (Vror — V) 3)

VTOT

where Vror is the total (apparent) volume, obtained by measuring
the area and the thickness of the nanofiber non-woven material
and V is the volume, calculated from the measured mass and
density of the nanofiber non-woven material. For swelling studies,
samples were dried at 40 °C for 3 h and weighed (wp g ).
Afterwards, they were immersed in PBS at pH 7.4 (liquor ratio of
4 mg mL™"), at 37 °C for 2 h. The supernatant was removed and
the wet samples were weighed (w,, g™"). The swelling ratio (SD)
was calculated using the following eqn (4):

(Ww _ WD)

Swelling ratio =
Ww

(a)

For the evaluation of the sample biodegradation, the nano-
fiber non-woven materials were incubated at 37 °C in protease
XIV (protease from Streptomyces griseus type XIV, >3.5 units
mg " solid Sigma) in phosphate buffer saline (PBS), at pH 7.4.
2.5 pg of protease per mg of keratin was considered. At
designated time points, groups of samples were centrifuged,
rinsed first with distilled water and then with acetone and de-
hydrated at 50° overnight. After oven removal, the samples
were weighed to estimate the extent of degradation.

Drug release test

In vitro release studies were performed using Franz diffusion
cells (permeation area: 0.636 cm?”; volume of receptor chamber
about 3 mL) and Cuprophan® as the synthetic release mem-
brane. Prior to experiments, the Cuprophan® membrane was
hydrated in 0.9% w/v NaCl solution for 1 h. At the beginning
of the experiment, formulations (2.54 cm?) were applied to the
surface of the Cuprophan® membrane. Then, the sample was
mounted on the Franz diffusion cells, whose receptor compart-
ments were filled with degassed 0.9% w/v NaCl solution.
Special care was given to avoid air bubbles between the mem-
brane and the solution in the receptor compartment. The
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upper and lower parts of the Franz cell were sealed with
Parafilm® and fastened together by means of a clamp. The
system was kept at 37 °C with a circulating water bath, so that
the membrane surface temperature was at 32 + 1 °C throughout
the experiment. At predetermined times (15, 30, 45 min, 1, 2, 4,
6, 8 and 24 h), 200 pL samples were withdrawn from the receiver
compartment and analysed by HPLC. The withdrawn aliquot
was replaced with the same volume of the fresh receiver
medium. Sink conditions were maintained throughout the
experiments. The results were expressed as the average of
parallel experiments performed in triplicate. The cumulative
amount released (Qgr,) from the formulations per unit area
was calculated from the drug concentration in the
receiving medium and plotted as a function of time. The release
data were analyzed according to the Higuchi equation,’” eqn
(5), the Korsmeyer-Peppas equation model,*® eqn (6), and the
Peppas-Sahlin equation,*® eqn (7). All equations were applied
for M/M; < 0.6.>° The nonlinear least squares fitting method
was used to determine the parameters in each equation.

M kx5 (5)

My

M,
Lok Xt (6)
Mf

M,
ATt:kdxt’”qurxtz’” (7)

S

where M, is the concentration of diclofenac released at time ¢,
My is the concentration of diclofenac released at equilibrium, &
and k' are constants incorporating the structural and geo-
metric characteristics of the matrices, n is the release exponent
describing the mode of the transport mechanism, and m is the
purely Fickian diffusion exponent for a system of any geometri-
cal shape.

The amount of diclofenac sodium was determined by high
performance liquid chromatography (HPLC; HP 1100
ChemsStations, Agilent Technologies, Santa Clara, US),
equipped with an ultraviolet detector at 254 nm (ref. 40).
Phosphate buffer (0.01 M) pH 2.5/methanol (34/66, v/v) was
used as the mobile phase at a flow rate of 1.2 mL min~* and
the analysis temperature was fixed at 45 °C. The compound
separation was carried out using a reverse-phase column
(InertClone™, 5 pm, 150 x 4.6 mm, Phenomenex, US) and the
injection volume was set at 10 pL. The retention time of diclo-
fenac sodium was about 9.8 min and a calibration curve was
constructed in the range of 0.2-50 pg mL™".

Cell cultures

Mouse embryonic fibroblast (NIH-3T3/GFP) cells were cultured
under standard conditions in the DMEM medium, sup-
plemented with 10% (v/v) FBS, 2 mM r-glutamine, 0.1 mM
MEM Non-Essential Amino Acids (NEAA), 100 U mL™"
penicillin and 100 U mL™" streptomycin in a humidified
incubator set at 37 °C with 5% CO,. Cells were seeded on
keratin in 24-well plates at a density of 105 cells per cm>.

8 | Nanoscale, 2019, 00, 1-9
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Actin and nucleus staining

Cells were fixed with 4% paraformaldehyde in DPBS and
washed with DPBS. They were then permeabilized with 0.001%
Triton-X 100. The cells were labelled with TRITC-conjugated
phalloidin (FAK100, Merck Millipore) for 1 h, followed by
rinses with DPBS. Actin staining was critical to map the local
orientation of actin filaments within cells. Nuclear counter-
staining was performed by incubation with DAPI (FAK100,
Merck Millipore) for 3 min, followed by rinses with DPBS.
Samples were examined using a Nikon Eclipse 80i microscope
equipped for fluorescence analysis.

Cells viability (resazurin reduction assay)

Cell viability was determined by resazurin reduction assay; the
reagent is an oxidized form of the redox indicator that is blue
in colour and non-fluorescent. When incubated with viable
cells, the reagent is reduced and it changes its colour from
blue to red becoming fluorescent. Briefly, cells were seeded on
free diclofenac D (105 pg, 0.66 mM) and 3 mg of KNf-D, KNf-
HT and KNf-HTD with complete medium. The used free diclo-
fenac was calculated on the basis of that loaded in the nano-
fibers used in the test. After incubation times, the resazurin
reagent was added directly to the culture medium with 10%
volume of medium contained in each sample and incubated
for 3 h at 37 °C with 5% CO,. Subsequently, aliquots from
each sample were transferred to a 96 multiwell plate for fluo-
rescence measurement at Ao, 560 nm and Ao, 590 nm
(Thermo Scientific Varioskan Flash Multimode Reader). We
included a negative control of only medium without cells to
determine the background signal and a positive control of
100% reduced resazurin reagent without cells.
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