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Novel poly(ethylene 2,5-furandicarboxylate) PEF nonwovens were produced by solution electrospinning and
further modification. To improve the wettability of the hydrophobic nonwovens with water, they were treated
with sodium hydroxide. Cytotoxicity tests carried out with human keratinocytes confirmed that the nonwovens
did not have a toxic effect on healthy cells. The hydrophilicity of the sodium hydroxide treated nonwoven
favored the adherence of the cells and their growth. In turn, the two-step modification of the nonwovens by
reactions with (3-mercaptopropyl)methyldimethoxysilane and silver nitrate permitted to deposit silver particles

on the fiber surfaces. The bacteria growth inhibition zones around the tested specimens were observed
evidencing their antibacterial activity against Escherichia coli and Staphylococcus aureus.

1. Introduction

The development of biobased polymeric materials is a subject of
intensive research [1-6] as it plays an important role in struggling with
carbon dioxide emissions and in diminishing the dependence on fossil
resources. Besides natural polymers derived directly from biomass, like
cellulose, starch, chitosan, etc., and bio-engineered polymers like poly-
hydroxyalkanoates of bacterial origin, the biobased polymer class in-
cludes also those synthesized from monomers obtained from renewable
resources. Poly(ethylene 2,5-furandicarboxylate) (PEF), obtained from
biomass-based 2,5-furandicarboxylic acid and ethylene glycol, can be
viewed as a poly(ethylene terephthalate) (PET) analog, with a benzene
ring replaced by a furan ring. PEF is a slowly crystallizing polymer, with
a melting temperature in the range of 200-230 °C [7,8] and a glass
transition temperature (Tg) around 85 °C [7,9]. PEF exhibits a higher
elastic modulus and much better barrier properties to gases and liquids
than PET [10-15]. It is a promising biobased alternative to polymers
derived from petroleum hydrocarbons, especially PET [9,16-18], and
potentially useful, for instance, for bottles, films, and fibers [16,19,20].
So far, most reports on PEF focused on its synthesis, crystallization,
mechanical performance, and barrier properties [7-16,20-23]. Modifi-
cation of PEF properties by copolymerization, filling, or blending, for
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example with poly(propylene 2,5-furandicarboxylate) [24-29] was also
reported.

A few published reports on producing PEF fibers concerned the melt
spinning of PEF [30,31], fibers of poly(ethylene terephthalate-co--
ethylene 2,5-furandicarboxylate) [32] and fibers of a copolymer ob-
tained from ethylene glycol, 2,5-furandicarboxylic acid and poly
(ethylene glycol) [33]. Previously [34], we described solution electro-
spinning of PEF nonwovens and their morphology, thermal and me-
chanical properties.

It should be emphasized that synthetic textiles are widely used in
many applications. The preparation of fibers and nonwovens by solution
electrospinning has numerous advantages. The solution electrospinning
does not require a high temperature, which is especially important in the
case of polymers susceptible to thermal degradation. It should be noted,
that there are multi nozzle electrospinning systems, that allow the
production of nonwovens on an industrial scale [35,36]. It is also worth
noting that, in principle, solvents can be recovered if the process is
conducted in a closed system. Fibers made of different polymers have
been electrospun, and their modifications have been extensively studied
to make them applicable in diverse fields, for instance, air and water
filtration [37-39], food packaging [40,41], and biomedical applications
[42,43], including regenerative medicine. It is worth noting that
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Fig. 1. a, b) SEM micrographs of PEF nonwoven after drying, c) fiber diameter distribution, d) photograph of water droplet on nonwoven surface (left) and
illustration of rose petal effect (right), e) TGA thermograms of PEF nonwoven, weight loss and derivative of weight loss with respect to temperature, recorded at rate

of 20 °C/min, f) DSC heating thermogram recorded at rate of 10 °C/min.

Fig. 2. SEM micrographs of NaOH-treated PEF nonwoven.

although biodegradability is usually desirable in the design of materials
for regenerative medicine applications, in some circumstances it is
necessary to use materials that do not degrade inside the body, for
instance for bone adhesive and inserts, teeth and breast implants, dial-
ysis membranes as well as heart valves and aortic grafts. The
non-degradable materials may be used to replace or promote the
regeneration of damaged tissues [44] and are also commonly used as
surgical meshes which provide proper mechanical strength for

abdominal and inguinal hernia application. The non-degradable nature,
high tensile strength, and cell growth are beneficial for promoting tissue
regeneration [45]. Moreover, it has also recently been indicated that
non-degradability may paradoxically be an advantage, especially in the
context of recent reports on the toxicity of some degradation products
inside the body [46]. Thus, although biodegradable materials for
biomedical applications appear on the market on an increasing scale, for
some purposes non-degradable materials seem to be difficult to replace.
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Fig. 3. Cytotoxicity of tested nonwovens, untreated and NaOH-treated, for
human keratinocytes HaCaT after 72 h incubation. Relative cell viability (%) is
presented as a percentage of living cells after treatment with nonwoven extracts
compared to the control. Data represent the average value of at least three
independent experiments (the mean viability + standard error [%]).

Silicone-based non-degradable materials are used in the applications
like heart valves, microfluidic devices, 3D bioscaffolds for cellular
therapies and soft tissue implants, like internal biliary stents for biliary
reconstruction and breast implants [47,48]. By surface modification
certain benefits, such as increasing cell adhesion, antibacterial effect,
and reducing of the immune system response may be achieved [49-55].
It should be noted that nonwovens are good substrates for cell growth,
hence electrospun mats can be used as scaffolds for tissue engineering
[56]. The high porosity of the nonwoven scaffolds provides an optimal
environment for cell growth with more space for the exchange of nu-
trients and metabolic waste. The hydrophilicity of surface is preferred
for more effective cell adhesion and enhancement of cell migration. The
hydrophilicity of hydrophobic nonwovens can be achieved by surface
modification, such as alkaline etching or copolymerization with more
hydrophilic monomers [57-59].

In many applications, including biomedical applications, the anti-
bacterial activity of materials is important. Synthetic electrospun tex-
tiles with antibacterial properties can be used for food packaging [40,41,
60], water purification and disinfection [61,62], and wound dressing
materials [63,64]. To obtain antibacterial electrospun nonwovens,
appropriate functional agents are added to polymer solutions [40,65] or
applied on ready mats by post-spinning chemical modification or
coating [66-68]. Non-specific bacterial toxicity of silver (Ag) particles
impedes the bacteria resistance development and also broadens the
spectrum of antibacterial activity [69]. The main mechanisms of metal
nanoparticles or ions include attraction to bacterial cell walls, disruption
of the cell walls and cell functions [69-73]. Ag-containing compounds
were used for the preparation of antibacterial materials with applica-
tions for wound dressing, food packaging materials, and protective
clothing or masks [74]. Electrospun nonwovens with antibacterial ac-
tivity were obtained through the addition of Ag-containing compounds
to polymer solutions [75,76] or post-spinning deposition of Ag particles
on fiber surfaces [62,67]. For example, the Ag particles were electro-
chemically deposited on surfaces of electrically conductive fibrous ma-
terials [77,78]. It is worth noting that the post-spinning modification led
to the stronger antibacterial activity of polyacrylonitrile and polylactide
(PLA) mats than that obtained by adding Ag or Ag-containing com-
pounds to polymer solutions [79,80].

In this work, PEF nonwovens were electrospun from PEF solutions in
1,1,1,3,3,3-hexafluoro-2-propanol, and characterized. Taking into
consideration that the cytotoxicity of PEF and PEF nonwovens has not
been studied before, as well as to verify the potential usefulness of PEF
nonwovens as scaffolds for tissue engineering, the cytotoxicity and cell
growth on the surface of the nonwovens were investigated. The non-
wovens were treated with NaOH to increase their hydrophilicity and
reactivity by generating hydrophilic carboxyl and hydroxyl groups.
Moreover, Ag particles were formed on the fiber surfaces by reactions
with (3-mercaptopropyl)methyldimethoxysilane and silver nitrate,
which resulted in antibacterial activity against Escherichia coli and
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Staphylococcus aureus.
2. Experimental
2.1. Preparation of nonwovens

Poly(ethylene 2,5-furandicarboxylate) (PEF) grade of G90P was ob-
tained from Avantium Renewable Polymers (the Netherlands). The PEF
grade used was G90P with an intrinsic viscosity of 0.86 dL/g, as
measured according to ASTM D4603, and weight average molar mass
(M,,) of 128 kg/mol, as determined using gel permeation chromatog-
raphy with 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as a solvent and a
classical calibration with a poly(methylene methacrylate) standard. It is
worth noting that the PEF polymer is biobased, and was synthesized
from 2,5-furandicarboxylic acid obtained by catalytical conversion of
plant-based sugars and from commercially available biobased mono
ethylene glycol.

Before further use, PEF granulate was dried at 140 °C for 16 h under
reduced pressure (0.1 bar). The nonwovens were prepared by electro-
spinning using a 12 wt % solution of PEF in HFIP (99 %, Apollo Scien-
tific, Poland), according to the procedure described by us previously
[34]. The nonwovens were electrospun in an environmental chamber at
room temperature (RT) and controlled relative humidity of 30-35 %. To
apply a voltage of 15 kV, a high voltage power supply CM5 Simco-Ion
(the Netherlands) was used. The fibers were collected on a static
square aluminum collector, 20 cm x 20 c¢m, at a 25 cm distance from the
nozzle. The solution was dosed with a nozzle, which was a syringe and a
needle with 18 gauge and a 0.83 mm inner diameter. The dosing rate of
1.5 mL/h was controlled by a stepper motor T-LLS105, Zaber Technol-
ogies (Canada).

To evaporate solvent residues, the nonwovens were dried stepwise:
at 60 °C for 24 h, 100 °C for 24 h, and finally at 140 °C for 8 h. Such
protocol permitted to avoid the damage of fiber surfaces due to too rapid
evaporation. To prevent deformation and shrinkage of the nonwovens
during drying above Ty, they were placed between perforated aluminum
plates, pressed, and held under the stress of approx. 5 kPa [34].

To increase the wettability of the nonwovens with water by gener-
ating hydrophilic hydroxyl and carboxyl groups on fiber surfaces, the
nonwovens were treated with sodium hydroxide, NaOH (98.8 %,
Chempur, Poland). To this aim, the nonwovens were immersed in a 0.05
M solution of NaOH in a mixture of methanol (99.5 %, Chempur,
Poland) and distilled water in a 2:3 volume ratio for 2 min, as was
described by others for PLA [81]. Then, the nonwovens were rinsed in an
ultrasonic bath with methanol/water mixture for one minute and dried
at 50 °C in the air. The duration time of NaOH treatment was determined
based on preliminary experiments, as the shortest time necessary to
make the nonwovens hydrophilic. It is worth noting that the weight loss
of nonwovens due to the short NaOH treatment, determined by weigh-
ing the nonwoven before and after the treatment, was below 0.5 %.

2.2. Characterization of nonwovens

To examine the surface morphology and structure of the nonwovens,
they were vacuum sputtered with a 10 nm gold layer using a Quorum
EMS150R ES (UK) coater and analyzed with a scanning electron mi-
croscope (SEM) JEOL 6010LA (Japan) with an energy dispersive spec-
troscopy (EDS) detector at an accelerating voltage of 10 kV. To
determine a diameter distribution, diameters of approx. 600 fibers were
measured in five SEM images of the nonwoven. The surface density of
the nonwoven was determined based on its size and weight. The porosity
was calculated according to Eq. (1) [82,83], assuming that the density of
the amorphous PEF is 1.43 g/cm3 [21]:

fibers volume

Porosity = (1 1100% (¢}

nonwoven volume

The thermal properties of the nonwoven were studied by differential
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Fig. 4. SEM micrographs illustrating cell growth after 24 h (a, b), 48 h (c, d) and 72 h (e, f, g, h, i, j) on untreated (left column) and NaOH-treated (right col-
umn) nonwovens.
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Fig. 5. SEM micrographs and Ag EDS mapping of Ag-modified untreated nonwoven (a, b) and NaOH-treated nonwoven (c, d), photographs of Ag-modified non-
wovens untreated (e) and NaOH-treated (f), untreated (g) and NaOH-treated (h) nonwovens before modification with Ag.

scanning calorimetry (DSC), using DSC3 from Mettler Toledo
(Switzerland) during heating at 10 °C/min to 250 °C. The thermal sta-
bility and the residual solvent content in the nonwoven were determined
by thermogravimetry (TGA) using TGA 5500 from TA Instruments
(USA) during heating at 20 °C/min under a nitrogen atmosphere.

To determine the wettability of the nonwovens with water, water
contact angles (WCA) were measured by a drop method with 5 pL
droplets, at RT, using a 100-00-230 NRL Rame Hart goniometer (USA)
and ImageJ Drop Analysis program. In each case, the measurements
were carried out five times and the results were averaged.

2.3. Examination of cytotoxicity

Human keratinocytes (HaCaT) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) from Biological Industries (Izrael) with the
addition of 10 % of fetal bovine serum (FBS) from Sigma-Aldrich (USA),
100 U/mL penicillin and 100 pg/mL streptomycin (Invitrogen) at 37 °C
in an atmosphere of 5 % CO,. The cytotoxicity of materials was esti-
mated by MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay based on the measurements of mitochondrial dehydro-
genase activity, which catalyzes the conversion of soluble yellow
tetrazolium salt into purple insoluble formazan. The number of living
cells was calculated based on the formazan concentration.

Before the experiment, the 10 mm nonwoven discs were soaked for
20 min in 70 % ethanol and then dried in a laminar chamber under
sterile conditions. Then, the nonwovens were placed in DMEM culture
medium and antibiotics (100 U/mL penicillin and 100 pg/mL

streptomycin from Invitrogen) in the ratio of 1 disc (10 mm diameter)
per 1 mL of medium. The tubes with tested materials were then incu-
bated for 24 h in a cell culture incubator at 37 °C in an atmosphere of 5
% CO». Such prepared extracts were then administrated to cells. Prior to
the extract treatment, HaCaT cells were detached from the surface of the
culture vessel by Trypsin/EDTA solution from Biowest, counted using a
ScepterTM 2.0 Cell Counter from Merck (USA), and seeded into 96-well
plates (Nunc) at a concentration of 10* cells per well in 200 pL of
appreciated culture medium. After overnight incubation at 37 °C and 5
% CO2, the medium was removed and replaced by extracts from tested
specimens. The medium containing 1 % of sodium dodecyl sulfate (SDS),
as well as the medium without tested additives were used as a positive
and negative control, respectively. After 72 h of incubation in the
standard conditions (37 °C and 5 % CO3), 20 pL of MTT reagent (5 mg/
mL, Sigma-Aldrich, USA) was added to each well, and cells were incu-
bated for the additional 2 h in 37 °C. After that time, the medium was
removed and 100 pL of isopropanol was added into the wells, and plates
were placed on the microplate shaker for 2 h. The absorbance at 570 nm
and 630 nm (reference wavelength) was measured using Synergy HT 96-
well plates microplate reader from Bio-Tek (USA). Cell viability was
determined as a percentage of living cells in the tested sample relative to
the non-treated control cells. All variants were performed in triplicate.
For each nonwoven, at least three independent experiments were
performed.
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Fig. 6. Reaction of hydroxyl groups with (3-mercaptopropyl)methyldimethoxysilane (a), Si and S EDS mapping of untreated and NaOH-treated nonwovens after
reaction with (3-mercaptopropyl)methyldimethoxysilane: untreated nonwoven, Si (b), and S (c) mapping, NaOH-treated nonwoven, Si (d) and S (e) mapping.

E. coli

S. aureus

Fig. 7. Nonwoven disks with 6 mm diameters on E. coli and S. aureus inocu-
lated agar after 24 h of incubation. Ag-modified nonwovens: a) untreated and
b) NaOH-treated, and unmodified control nonwovens: ¢) untreated and d)
NaOH-treated.

2.4. Cell growth

The nonwovens were tested for their usefulness as a scaffold for cell
growth. For this purpose, 10 mm diameter discs were used. Before the
experiments, the materials were treated for 20 min with 70 % ethanol
and dried at RT in sterile conditions. The dry materials were placed into
the sterile 24-well plates for cell cultures from Thermo Fisher Scientific
(USA). To estimate the possibility of skin cell growth on the nonwoven
surface, human keratinocytes (HaCaT) were used. Cells in the expo-
nential growth phase were washed with Phosphate Buffered Saline
(PBS) without Ca2+, Mg2+ ions from Biowest, detached from the surface
of the culture vessel by Trypsin/EDTA solution from Biowest, suspended
in the cell culture medium and seeded into the plate with nonwoven
discs. The 250,000 cells in 300 pL. of DMEM with 100 U/mL penicillin
and 100 pg/mL streptomycin from Invitrogen were used for each well
containing tested nonwovens disc. Cell counting was performed using a
ScepterTM 2.0 Cell Counter. For each experiment, positive control —
cells seeded into an empty well (without tested material), as well as
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Fig. 8. SEM micrographs of bottom sides of Ag-modified nonwovens, untreated (a,b) and NaOH-treated before modification (c,d), and also unmodified control
nonwovens, untreated (e,f) and NaOH-treated (g,h), removed from E. coli (left column) and S. aureus (right column) inoculated agar.

negative control — nonwoven discs incubated in the medium without
cells were performed. The plates were incubated in a cell culture incu-
bator from Binder in the standard conditions (37 °C and 5 % CO5) for 24,
48, and 72 h. At the appropriate time points, the nonwovens were
removed from the culture vessel, washed twice with PBS buffer, and
placed into the 75 % ethanol solution. After 20 min incubation, the
nonwovens were dried at RT and SEM analysis was performed.

2.5. Antibacterial modification

To deposit Ag particles on PEF fiber surfaces the following reagents
and solvents were used: silver nitrate AgNO3 (99 % purity), anhydrous
ethanol (99.8 % purity), toluene (99.5 % purity), all three from POCH
(Poland), and (3-mercaptopropyl)methyldimethoxysilane HS(CHj2)sSi

(OCH3)2CH3 (95 % purity) from ABCR (Germany).

The nonwovens were modified through reactions with (3-mercap-
topropyl)methyldimethoxysilane and AgNOj3 similarly to the modifica-
tion of polysiloxane microspheres described in [84]. The nonwovens
were immersed in a mixture of 5 mL of (3-mercaptopropyl)methyl-
dimethoxysilane and 15 mL of toluene and kept there for 2 h. After
removal from the mixture, the nonwovens were dried in the air at 50 °C,
washed with toluene, and dried again to evaporate toluene. Then, they
were immersed in a saturated solution of AgNOs in ethanol (0.26 M),
kept there for 1h, and after removal from the solution, dried as
described above, washed with ethanol, and dried again.

After the modifications, all samples were washed several times with
distilled water and ethanol to remove excess reaction products. Before
the examination of their antibacterial activity, the nonwovens were
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additionally dried at 60 °C under reduced pressure for 16 h.
2.6. Antibacterial activity testing

Antibacterial activity of the Ag-modified PEF nonwovens against
Gram-positive Staphylococcus aureus ATCC 6538 (S. aureus) and Gram-
negative Escherichia coli ATCC 8739 (E. coli) bacterial strains was
examined according to ISO 20645:2004 “Textile fabrics — Determination
of antibacterial activity — Agar diffusion plate test”. At first, 15 mL of
nutritive agar medium, Tripticase Soy Agar from Merck-Poland was
poured on sterile Petri dishes. The inoculums of a bacterial culture tested
of 1-5 x 108 CFU/mL (0.2 mL) were then spread onto the agar medium.
In the next step, discs with 6 mm diameters cut out of the nonwovens
were placed on the agar surface. The unmodified nonwovens were tested
as control specimens. It should be noted that before the tests, all samples
were sterilized with UV light (wavelength of 265 nm) for 30 min on each
side. The level of antibacterial activity was assessed by the presence and
extent of the inhibition zones around the disk specimens. Measurements
of inhibition zone diameters were carried out after 24 h of incubation
samples at 37 °C on the agar plates. To evaluate the colonization of
bacteria in the contact zone between the agar and the specimens, the
specimens removed from the agar were also analyzed by SEM.

3. Results and discussion
3.1. Characterization of nonwovens

Fig. 1a, b show SEM micrographs and the fiber diameter distribution
of the PEF nonwoven. The nonwoven consisted of randomly oriented
smooth and defect-free fibers with diameters ranging from 0.8 to 3.6 pm
and an average diameter of 2.1 um. Thickness, surface density, and
porosity, the latter calculated according to Eq. (1), of the nonwoven
were 0.24 mm, 9.7 mg/cm?, and 71.6 %, respectively.

TGA thermogram of the nonwoven, recorded during heating at
20 °C/min in a nitrogen atmosphere, shown in Fig. le, evidenced that
the weight loss at 220 °C was only 0.1 wt %, which confirmed the
absence of solvent after drying. The temperature of peak rate of weight
loss, 425 °C, close to that of PEF granulate [34], showed the lack of
adverse effect of the processing on the thermal stability of the
nonwoven.

The DSC first heating thermogram recorded at 10 °C/min, shown in
Fig. 1f, exhibited a glass transition, with T, at 88 °C, a trace of cold
crystallization exotherm at about 163 °C, and a small melting endo-
therm with a peak at 204 °C. The cold crystallization enthalpy of 0.6 J/g
was smaller than the melting enthalpy AHp, of about 3 J/g, indicating
that only weak crystallization could occur during drying.

The water droplet deposited on the untreated nonwoven surface is
shown in Fig. 1d. The WCA angle was 140°. Moreover, the nonwoven
exhibited the rose petal effect as reported and discussed previously [34].
The hydrophobicity of polymer nonwovens was observed also by others,
even for those made of hydrophilic polymers, due to nonwoven porosity,
and the air trapped between fibers resulting in the Cassie-Baxter hy-
drophobicity regime [85,86].

The NaOH treatment made the PEF nonwoven hydrophilic, most
possibly because of the formation of hydroxyl and carboxyl groups on
fiber surfaces, as on PLA surface [87,88]. Moreover, the treatment
caused the fiber surface roughness on a nanoscale, as shown in Fig. 2,
most probably due to etching. The nano-roughness increased the surface
contact area between the hydrophilic polymer surface and water drop-
lets thus additionally improving the wettability. The hydrophilicity of
the fibers became a dominant effect and water droplets completely
soaked into the NaOH treated nonwoven. It is worth noting that NaOH
solutions were used for the surface etching of PLA [88-91] and PET
[92].
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3.2. Cytotoxicity of nonwovens and adhesion of cells to their surface

Tests carried out on HaCaT confirmed that the untreated and NaOH-
treated nonwovens did not have a toxic effect on healthy cells, as shown
in Fig. 3. No decrease in survival rate was observed for any of the
samples after 72 h of cell culture in DMEM medium with antibiotics. The
number of viable cells in the tested samples was comparable to the
control and in all cases was above 90 %. The obtained results indicated
that due to the lack of cytotoxicity, the tested nonwovens can be
potentially used for biomedical applications requiring contact with the
skin.

In addition, the cell growth and its adhesion to the surface of the
nonwovens were studied. The performed research showed that human
keratinocytes (HaCaT) could attach to both types of tested materials and
grow on their surfaces. In both cases, an increasing covered surface of
nonwovens was observed with the extension of the culture time. Fig. 4
shows the cell growth on the surface of untreated and NaOH-treated PEF
nonwovens at intervals of 24, 48, and 72 h. The hydrophobicity of the
untreated nonwovens complicated adhesion and the growth of cells on
the surface because the surface was not wetted with the cell growth
medium, so cells could not easily attach to the fibers. Only some small
areas covered with cells are visible on the surface of untreated non-
wovens after 24 h of culture (Fig. 4a). The amount and area of zones
coated by cells are increased with increasing time of incubation. The
surface of NaOH-treated nonwovens was much more accommodated for
the growth and adhesion of cells, and this is visible in the SEM micro-
graphs (Fig. 4b, d, f). The hydrophilicity of the treated nonwovens
favoured the adherence of the cells, and in its particular growth, the
surface of the nonwovens was almost completely covered by cells.
Additionally, the nanoscale pattering of the NaOH-treated fiber surfaces
could improve the adhesion of cells to the surface due to the increasing
surface roughness. SO, plasma treated PET foil also showed improved
human umbilical vein endothelial cells adhesion and viability with
increasing surface roughness and wettability in comparison to the un-
treated sample [93]. In both cases, cells had grown into a free space
between fibers and were flattened. The flattened and stretched
morphology with an increased nonwoven surface area coated by cells
showed good cell-to-cell and cell-to-fiber interactions. Some globular
morphology could be seen in the SEM micrographs taken after 72 h of
incubation in both cases, but much more so for NaOH-treated non-
wovens. SEM micrographs of the globules with higher magnification are
presented in Fig. 4g, h, i, j. Furthermore, the large expansion of kerati-
nocytes by migration both, on the surface of nonwovens and in-depth,
between the fibers, was observed during culture. The lack of cytotox-
icity combined with the observed cell adhesion to the surface and
penetration into the nonwovens allows these materials to be considered
as potential scaffolds for cell growth in large skin defects associated with
burns, chronic diseases, surgical procedures, transplants, chronic ulcers,
or other disturbances.

3.3. Antibacterial properties of silver modified nonwovens

SEM micrographs of the Ag-modified nonwovens in Fig. 5a, ¢, show
that Ag particles formed on the PEF fibers through a reaction with (3-
mercaptopropyl)methyldimethoxysilane and AgNO3. The hydroxyl end-
groups of PEF chains, and those generated on the fiber surfaces by NaOH
treatment allowed the introduction of organosulfhydryl (organothiol)
groups, as schematically shown in Fig. 6a. The presence of silicon (Si)
and sulfur (S) on the fiber surfaces in NaOH-treated and untreated
nonwovens after the reaction with (3-mercaptopropyl)methyl-
dimethoxysilane was evidenced by EDS mapping, as shown in Fig. 6b, c,
d, e.

Then, Ag particles were formed on the fibers due to the substitution
of Ag" for the proton in the organosulfhydryl groups, as was described
and discussed in [84]. Silver thiolates are prone to form complex asso-
ciates [84,94], in which a partial reduction of Ag* to Ag® occurs. This
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leads to the formation of Ag nanoparticles, which subsequently may
produce larger particles through aggregation. The sizes of particles on
the untreated and NaOH-treated fibers were in the range of 80-240 nm
and 60-200 nm, respectively. EDS Ag mapping also shown in Fig. 5b,
d confirmed the presence of Ag particles on the fibers. The nonwovens
after the reaction changed their colors to light brown, as illustrated in
Fig. 5e, f. It is worth noting, that the results of Si and S EDS mapping of
the fibers after the reaction with AgNO3 (not shown) were similar to
those presented in Fig. 6.

Bacteria growth inhibition zones were observed for the Ag-modified
nonwovens, as shown in Fig. 7.

Diameters of the zones in E. coli and S. aureus inoculated agar around
the untreated nonwoven samples were 7 and 8 mm, respectively,
whereas those around the NaOH-treated samples were 8 and 9 mm,
respectively. The stronger activity of the NaOH-treated nonwovens
could originate from a larger number of hydroxyl groups on the fiber
surfaces formed during NaOH treatment, which resulted in a larger Ag
content.

The SEM images of the bottom side of the samples are shown in
Fig. 8. On the Ag-modified NaOH-treated nonwoven only a few bacteria
were visible. The same applies to the untreated nonwoven kept previ-
ously on S. aureus inoculated agar. In turn, E. coli bacteria on this
nonwoven were more numerous. However, in each case, the visible
bacteria lost their shapes and flattened, which was attributed by others
to bacteria damage and death caused by contact with antimicrobial
agents [95-98].

On the contrary, no bacteria growth inhibition zones were found
around the control samples, without Ag particles, as shown in Fig. 7.
Moreover, SEM micrographs in Fig. 8 evidenced that these samples were
colonized by the bacteria, which formed thick biofilms on the fiber
surfaces and between the fibers. S. aureus bacteria also grew on top of
the NaOH-treated nonwoven, most possibly due to its hydrophilicity,
which facilitated the bacteria colonization too.

4. Conclusions

Biobased PEF nonwovens were obtained by electrospinning from PEF
solution in HFIP. To make them hydrophilic, the nonwovens were
treated with NaOH. Tests carried out on HaCaT confirmed that both the
untreated and NaOH-treated nonwovens did not have a toxic effect on
healthy cells. No decrease in survival rate was observed for any of the
samples after 72 h of cell culture in DMEM medium with antibiotics. The
obtained results indicated that due to the lack of cytotoxicity, the tested
nonwovens can be potentially used for biomedical applications
requiring contact with the skin.

Furthermore, the good cell adhesion to the surface of the nonwovens,
as well as their visible migration and penetration within the nonwovens
suggested that this type of materials could be tested not only as potential
dressing materials but also as a potential scaffold in regenerative med-
icine. The hydrophilicity of the NaOH nonwovens favoured the adher-
ence of the cells and their growth. Additionally, the nanoscale pattering
of the NaOH-treated fiber surfaces could improve the adhesion of cells to
the surface due to the increasing surface roughness. The large expansion
of keratinocytes both, on the surface of nonwovens and in-depth, be-
tween the fibers, observed during culture allows these materials to be
considered as potential scaffolds for cell growth in large skin defects
associated with burns, chronic diseases, surgical procedures, trans-
plants, chronic ulcers, or other disturbances. It also seems reasonable to
expand research in this area and to further assess the suitability of this
type of materials for regenerative medicine in a wider range of
applications.

The reactions with (3-mercaptopropyl)methyldimethoxysilane and
silver nitrate resulted in the formation of silver (Ag) particles on the fiber
surfaces. The presence of the particles on the fiber surfaces was
confirmed by SEM analysis and EDS mapping. Growth inhibition zones
of Gram-negative E. coli and Gram-positive S. aureus were observed for
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the Ag-modified nonwovens. Diameters of the zones in E. coli and
S. aureus inoculated agar around the untreated nonwoven 6 mm disk
samples were 7 and 8 mm, respectively, whereas those around the
NaOH-treated samples were 8 and 9 mm, respectively. The antibacterial
activity of the Ag-modified nonwovens was confirmed by SEM analysis
of the specimens removed from the agar. The stronger activity of the
NaOH-treated nonwovens could originate from a larger number of hy-
droxyl groups on the fiber surfaces formed during NaOH treatment
resulting in a larger Ag content. The antibacterial properties of the ob-
tained nonwovens combined with the lack of cytotoxicity of the fibers to
human skin cells make these materials good candidates for medical
purposes, especially to support wound healing and other applications
requiring direct contact with human skin.
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