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ABSTRACT: The electrospinning of a polymer melt is an interesting process for medical applications because it eliminates the cytotoxic
effects of solvents in the electrospinning solution. Wound dressings made from thermoplastic polyurethane (TPU), particularly as a
porous structured electrospun membrane, are currently the focus of scientific and commercial interest. In this study, we developed a
functionalized fibrillar structure as a novel antibacterial wound-dressing material with the melt-electrospinning of TPU. The surface of
the fibers was modified with poly(ethylene glycol) (PEG) and silver nanoparticles (nAg’s) to improve their wettability and antimicrobial
properties. TPU was processed into a porous, fibrous network of beadless fibers in the micrometer range (4.89 = 0.94 um). The X-ray
photoelectron spectroscopy results and scanning electron microscopy images confirmed the successful incorporation of nAg’s onto the
surface of the fiber structure. An antibacterial test indicated that the PEG-modified nAg-loaded TPU melt-electrospun structure had
excellent antibacterial effects against both a Gram-positive Staphylococcus aureus strain and Gram-negative Escherichia coli compared to
unmodified and PEG-modified TPU fiber mats. Moreover, modification with nAg’s and PEG increased the water-absorption ability in
comparison to unmodified TPU. The cell viability and proliferation on the unmodified and modified TPU fiber mats were investigated
with a mouse fibroblast cell line (1929). The results demonstrate that the PEG-modified nAg-loaded TPU mats had no cytotoxic effect
on the fibroblast cells. Therefore, the melt-electrospun TPU fiber mats modified with PEG and nAg have the potential to be used as anti-
bacterial, humidity-managing wound dressings. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40132.
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dressing absorbs only a limited amount of exudate because of
its compact structure. Foam-type dressings can cause bacterial
contamination, which delays the healing process.® Hence, the

INTRODUCTION

An ideal wound dressing should consist of a number of key
attributes, including the ability to absorb the exudates of the

) . : development of an antibacterial wound-dressing material with
wound, to provide a moist environment for the wound, and to

) ) ) 3 an open porous structure is still an issue.
prevent an entry for microorganisms into the wound. In addi-

tion, it has to show mechanical resistance and hemostatic
ability."?

For bacteria, a wound is a primary entry point because of its
favorable environmental conditions, which include moisture
and a warm and nutrient-rich medium. On the basis of this, a
wound dressing has to prevent microorganism growth around
the wound area, for example, with an antibacterial functionali-
zation. In the past few years, dressing materials, including silver

Polyurethane (PU) is a thermoset and thermoplastic polymer. It
is an attractive material in biomedical applications because of
its advanced elastomechanical and biological properties. Ther-
moplastic polyurethane (TPU) materials are often used as films
or foams in wound-dressing applications because of their

or metallic compounds, have been in demand because of their
strong antibacterial properties. The metal particles are added to

unique properties, including their blood compatibility, air
permeability, and well-supported barrier.”® PU-based wound-
dressing materials, such as Tegaderm and OpSite, are commer-
cial products on the market.”” Tegaderm and OpSite are
semipermeable film-type wound dressings. This type of wound
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the polymer, either in advance of electrospinning or after this
process, by the coating of the surface of the polymer.'® It has
been reported that ionic silver (Ag™) is effective against a broad
range of microorganisms. Additionally, silver-coated dressings
cause less irritation than silver nitrate solutions."' PU-foam-
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and film-based antibacterial wound dressings are commercially
available (Allevyn Ag, Acticoat Ag, and Polymem Silver). Alle-
vyn Ag is a foam-film-based wound dressing containing silver
sulfadiazine. Acticoat Ag and Polymem Silver include nanocrys-
talline particles. Silver nanoparticles (nAg’s) are a preferred anti-
bacterial agent because of their broad spectrum of antibacterial
activity, for example, against Gram-positive and Gram-negative
microorganisms'> and antibiotic resistant bacteria, such as
methicillin-resistant Staphylococcus aureus."> The investigations
on nAgs in wound-dressing applications imply that a wound
dressing containing these particles displays a controlled and
prolonged silver release.'* Additionally, in vitro and in vivo
studies suggest that nAg’s play an active role in wound healing
by decreasing inflammation and scar formation."

Electrospun fibers have advantages, including a higher surface-to-
volume ratio and higher porosity compared to films, foams, and
conventional nonwoven fabrication techniques.'*™*® Melt-electro-
spinning has attracted interest for medical applications. However,
this research field still has still shown few experimental results in
the literature.'””® Melt-electrospinning has many advantages in
comparison to electrospinning from solution. It prevents the tox-
icity, preprocessing, and postprocessing due to the solvent usage.
Therefore, no cytotoxic effects are expected, the production costs
of the materials decrease, and environmental problems are pre-
vented. Additionally, because of the simple process directly from
the granule to the fiber, the material can be easily transformed
into commercial products on an industrial scale.'>*!

The aim of this study was to fabricate melt-electrospun, porous
TPU mats and to evaluate the effect of surface modifications on
the wettability, antibacterial activity, and cell viability. A poly
(ethylene glycol) (PEG)-based plasma treatment of the TPU
mats was used to modify the surface properties of the fibers.
Subsequently, nAg’s were incorporated into the PEG-modified
TPU mats as antibacterial functionalization. The structure mor-
phology, mechanical stability, and water-uptake and surface
properties of the produced material were studied. Antimicrobial
activity and cytotoxicity tests were conducted to highlight the
potential use of these melt-electrospun mats for wound healing.

EXPERIMENTAL

Materials

The PU elastomer granulate, Elastollan 1185A (polyether type PU
elastomer), was provided by BASF GmbH (Germany). Silver nitrate
(AgNOs), PEG (M,,=300 Da), and phosphate-buffered saline
(PBS; 0.1M, pH 7.4) were obtained from Sigma-Aldrich. Dulbecco’s
modified Eagle’s medium, fetal bovine serum, penicillin—streptomy-
cin, L-glutamine, and trypsin—ethylene diamine tetraacetic acid were
purchased from Biological Industries (Israel). S. aureus (ATCC
25923) and Escherichia coli (ATCC 25922) were obtained from the
American Type Culture Collection (Rockville, MD). Mueller Hinton
Agar, nutrient broth, and Luria—Bertani medium were purchased
from Merck (Germany). Mouse fibroblast cells (1L929) were pur-
chased from the American Type Culture Collection.

Melt-Electrospinning
The experimental setup included a high-voltage supply (Eltex
KNH65, Eltex-Elektrostatik-GmbH, Weil am Rhein, Germany),
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Figure 1. Image of the melt-electrospinning setup. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

a digitally controlled syringe pump (11 Plus, Harvard Appara-
tus, Holliston) and two adjustable, custom-made heating devi-
ces for the polymer melt reservoir and nozzle (Figure 1). The
polymer was molten within a glass syringe surrounded by a cir-
cular heating coil; a controlled flow rate was obtained with a
plastic piston connecting the pump to the back of the syringe.
A heated plate around the metallic nozzle served as a second
heating zone. The thermocouple and hot-coil temperature were
adjustable up to 400°C. The plate collector (from aluminum,
diameter =7 cm) was connected to the high-voltage supply.

To determine a stable spinning process, the voltage, the distance
between nozzle and collector, the flow rate, and the tempera-
tures were adjusted systematically. A stable spinning process was
defined by a continuous jet from the Taylor Cone at the nozzle
for the duration of approximately 2 min. Subsequently, the
spun fibrous mat was removed along with the aluminum foil
from the collector.

Characterization

The morphology and fiber diameter of the pure TPU mats and
nAg-containing PU fiber structures were determined with scan-
ning electron microscopy (SEM; JEOL, JSM7000F). For further
examination of the nonwoven structure, the samples were
immersed in liquid nitrogen for 10 min and then cut along
their cross section with a sharp blade (sample thickness = 0.8
mm). The TPU samples were coated with gold with a sputter
coater at 15 kV for 5 min. The TPU fiber diameters were meas-
ured with image processing software (ImageJ, NIST).

To demonstrate the application of the functional modification,
the surfaces of the modified TPU samples with PEG and nAg
were characterized with X-ray photoelectron spectroscopy (XPS;
Thermo Scientific K-Alpha) to determine the elemental compo-
sition. The X-ray source was a monochromatized Al Ko X-ray
(1486,6 eV). The pass energy of the analyzer was 50 eV for
high-resolution core level spectra, and the beam spot was 400
um. Elemental atomic percentages were measured with Thermo
Avantage v4.41 software.
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Thermal and Mechanical Properties

The glass-transition temperature (7T,) and melting temperature
(T,,) of the pure polymer and fiber mat structure were deter-
mined with differential scanning calorimetry (DSC; DSC-1,
Mettler-Toledo GmbH, Giessen, Germany) to evaluate the melt-
electrospinning process effects on the thermal properties. The
melt-electrospun fibers and pure polymer were heated between
25 and 250°C at 10°C/min under a nitrogen atmosphere.

The weight loss rate in relation to the temperature was deter-
mined by thermogravimetric analysis (TGA; TGA/DSC-1,
Mettler-Toledo GmbH, Giessen, Germany) to indicate potential
thermal decomposition due to the melt-electrospinning process.
All of the measurements were conducted between room temper-
ature and 800°C under a nitrogen atmosphere at a heating rate
of 10°C/min

For a qualitative comparison of the mechanical properties (ten-
sile strength and elongation) of the melt-electrospun TPU mats
in dry and wet environments, samples were measured with a
tensile testing machine (Zwick Roell Z 2.5 MA 18-1-3/7, Ulm,
Germany). Because wound dressings are usually applied in a
moist or wet environment, the mechanical properties should be
maintained under humidity. For the analysis, the specimens
were cut into dimensions of 1.5 X 0.5 X 0.08 cm’ (Length X
Width X Thickness). For the wet-state mechanical properties,
TPU mats were placed in distilled water for 24 h at 25°C. All of
the measurements were obtained under a crosshead speed of 10
mm/min with a 10-N load cell. Each sample was measured
three times (n = 3).

Surface Modifications

To improve the capability of the TPU mat to absorb liquids, for
example, wound exudate, a modification via PEG monomers
was conducted. The surface properties of the TPU fiber mats
were modified by treatment in a radio-frequency glow-discharge
plasma deposition. The radio-frequency glow-discharge plasma
deposition system (Vacuum Praha, Prague, Czech Republic)
included a 13.56-MHz radio-frequency generator, vacuum reac-
tion chamber, and vacuum pump. Samples were placed individ-
ually in a vacuum chamber between two electrodes. The
chamber was flushed with argon gas three times to ensure that
there were no stray reactive molecules. The system was then fed
with the monomer (PEG), and glow discharge was created at a
power of 35 W and 0.12 mbar. The samples were kept in the
vacuum chamber for 20 min. Finally, the reaction chamber was
cleaned with argon gas to remove any remaining reactive gas.

Subsequently, antibacterial modification was conducted. After
the surface of the melt-electrospun TPU mats were modified
with PEG, the TPU mats were immersed into 0.5 and 1 mg/mL
AgNOj; solutions, shaken overnight, and dried at room temper-
ature. The mats were irradiated under a UV lamp (UV-A,
A=350-400 nm). In this way, the Ag+ ions were converted
into nAg’s. Before further tests, the nAg-loaded TPU mats were
washed with distilled water.

Contact Angle and Water Uptake
We tested the capability of the mats to absorb liquids by testing
the short-term wettability and long-term water uptake of the
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TPU mats. The water wettability of the modified and unmodi-
fied TPU surfaces was examined with a contact angle instru-
ment (DSA100, KRUSS, Germany) at room temperature. Melt-
electrospun samples were cut into dimensions of 0.5 X 0.5 cm?
(Length X Width) for the analysis. According to the shape of
drop, the contact angles were determined by the instrument’s
software. We calculated the average contact angle by measuring
at different points (four points for each sample) on the same
sample. Each measurement was performed in triplicate, and the
standard deviation was calculated from these.

Melt-electrospun fiber mats were cut into uniform size (0.5 X
0.5 cm®) to study the water-uptake behavior, and all of the
water was removed from the mats by lyophilization (Martin
Christ Alpha 2-4 LSC, Germany). The dried samples were
weighed and immersed in distilled water at room temperature
for 1 and 24 h. The samples were taken out of the water solu-
tion, excess surface water was removed with a filter paper, and
the weight of the fiber mats was measured. The ability to take
up water was calculated as follows. W, and W represent the ini-
tial and final weights of the TPU mat, respectively:

Water uptake (%)=[(W—W,)/W,]X100

Silver Release

The silver release of the TPU mats is essential for antibacterial
function. To evaluate the silver-release properties, particularly
with respect to the amount of silver loading, melt-electrospun
TPU mats were analyzed with inductively coupled plasma mass
spectroscopy (ICP-MS; Thermo-Fisher). The samples (0.5 and
0.1 mg/mL nAg loaded melt-electrospun mats) were immersed
into a tube containing 16 mL of deionized water and incubated
at 37°C in a shaking incubator for 5 days. At the end of each
day, 3 mL of solution was collected from the sample tube for
analysis. Fresh deionized water was added to the sample tubes
as intake volume. The samples were diluted 100-fold before
ICP-MS analysis. Each sample was measured three times.

Antibacterial Study

To evaluate the antimicrobial properties of the nAg-loaded
melt-electrospun TPU mats, they were tested by a disc-diffusion
method. For the zone inhibition test, S. aureus was grown in
nutrient broth, and E. coli was grown in Luria—Bertani medium
overnight at 37°C at 250 rpm in shaking incubator. Each sample
was cut into a disk shape (diameter=0.5 cm) and then
immersed in a 70% ethanol solution and sterilized. After the
bacterial population was efficiently increased, saline solution
was added to the cultured organism solutions until they reached
0.5 McFarland standards (approximate cell density =1.5 X 10°
cfu/mL) and spectroscopically controlled. The E. coli and S. aur-
eus strains were inoculated on agar plates. The samples were
placed carefully onto agar plates with the aid of sterile forceps,
and the agar plates were incubated for 24 h. The inhibition
zones around the nAg-loaded TPU wound dressings were com-
pared with those of the TPU mats without silver particles.

Cytotoxicity and Cell Proliferation

The absence of cytotoxic factors is essential for epithelialization,
which is facilitated by fibroblasts. Hence, the cell viability on
the antibacterial TPU melt-electrospun mats was evaluated
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indirectly by tetrazolium salt colorimetric assay (MTT) on the
basis of a procedure adapted from the ISO 10993-5 standard
test method.

The cytotoxic effect of the unmodified and modified TPU mats
on the mouse fibroblast cells was investigated with an indirect
cytotoxicity assay. Before sterilization with 70% ethanol for 30
min, the TPU melt-electrospun mats were cut to 0.5 X 0.5 cm?
samples. They were washed with PBS and cell culture medium.
The TPU samples were incubated for 9 days in fresh culture
medium to obtain extraction medium at 37°C. All of the fiber
mats were removed from the extraction media at the end of the
Ist, 3rd, 5th, 7th, and 9th days. The mouse fibroblasts (L929)
were cultured in RPMI1640 medium supplemented with 10%
fetal bovine serum, 1.0% penicillin—streptomycin, and 1.2% glu-
tamine. The 1929 cell line was cultured at 37°C in a 5% CO,
atmosphere until a confluence in 80% of the flasks occurred.
Trypsinized mouse fibroblast cells from the passage of seven
cells were counted with a hemocytometer and seeded at a den-
sity of 2 X 10" per well onto the TPU fiber mats and cultured
overnight in 96-well plates at 37°C. The next day, the culture
medium was replaced with extraction medium, and the cells
were incubated for 24 h. A volume of 100 uL of MTT solution
(5 pg/mL, diluted with RPMI 1640 without phenol red) was
added to each well and maintained in the dark for 3 h. A 100
uL/well isopropyl alcohol-HCl solution (absolute isopropyl
alcohol containing 0.04M HCI) was added to dissolve the insol-
uble MTT formazan. The plates were read at 570 nm on an
ASYS Expert Plus ELISA reader. The cell viability of the control
group (plate tissue culture polystyrene) was accepted as 100%,
and the relative cell viability was calculated respect to this value
and compared with that of the unmodified TPU mats (n = 8).

A direct-contact assay was used to determine the mouse fibro-
blast cell proliferation on the TPU mats over 5 days. Unmodi-
fied and modified TPU mats were sterilized with 70% ethanol
for 30 min for the cell proliferation test (Length X Width: 0.5
X 0.5 cm®) and placed in 96-well cell culture plates. The
unmodified TPU mat was used as a control in a cell prolifera-
tion experiment. L929 mouse fibroblast cells were seeded on the
surface of the TPU samples at 2 X 10* cells/well (n=3). The
samples were treated with MTT and 0.04M HCI in isopropyl
alcohol solutions, respectively. The optical density of the solu-
tions was measured at 570-nm wavelengths by an ELISA reader.

The morphology of the fibroblast cells (L929) seeded on the
TPU mats was examined by SEM. After sterilization, the cells
were seeded on the samples in a 96-well culture plate (4 X 10*
cells/well). After 3 days, the samples were fixed with 4% glutar-
aldehyde solutions for 2 h. The samples were washed with PBS
(pH 7.2) and immersed in ethanol solutions (50, 70, 90, and
100% v/v). Finally, the TPU mats were treated with hexamethyl-
disilazane to dehydrate them and placed into a fume hood to
remove the hexamethyldisilazane. The samples were coated with
gold/palladium for SEM analysis.

Statistical Analysis

The results are expressed as the mean plus or minus the stand-
ard deviation following the expectation-maximization algorithm
(EM). The statistical analysis of the water uptake, contact angle,
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cell proliferation, and indirect cytotoxicity results was per-
formed with PASW Statistics 18 Software (SPSS, Inc.). Statistical
comparisons were carried out through analysis of the variance.
The differences between the modified and unmodified TPU
surfaces were evaluated by a Scheffe’s test. A value of p<0.05
was considered to be statistically significant.

RESULTS AND DISCUSSION

Morphology of the Melt-Electrospun TPU Mats

A stable spinning process is feasible by the proper adjustment
of the parameters. Hence, TPU was successfully spun with a
voltage of 50 kV, a working distance of 6 cm, a temperature of
the thermocouple and hot coil of 225-230°C, and a flow rate of
0.1 mL/h.

Figure 2 shows representative SEM images of the melt-
electrospun TPU mats. An average diameter of 4.89 *£0.94 um
was determined. The cross-sectional and surface images demon-
strated an interconnected fiber morphology without bead for-
mation. The structure was highly porous and could provide gas
exchange for wound healing. Figure 2 shows the diameter distri-
bution histograms of the melt-electrospun TPU. A number of
500 fibers were randomly measured for the determination of
this distribution. The TPU fiber diameters ranged from 1 to 7
um. A total of 70% of the fibers measured had a diameter of 3—
4 um, and the median of total measurements was 3.5 um. This
emphasized the uniform distribution of the fiber diameters.

Thermal and Mechanical Properties of the Melt-Electrospun
TPU Mats

The thermal behaviors of the pure PU and melt-electrospun PU
mats are illustrated in Figure 3. The pure polymer exhibited two
T, values, one at 123.7°C and the second at 166.8°C. As Zapleta-
lova et al.*” reported, at 125°C, the endothermic peak was corre-
lated with the dissociation of the hydrogen bonding between the
NH groups. The endothermic peak at 170°C exhibited the melt-
ing of the PU hard segment. The melt-electrospun samples
showed only one T,,. The T,, values of the melt-electrospun mats
were 165.9, 169.7, 166.2, and 163.7°C, respectively, for the
unmodified TPU mat, PEG-modified TPU mat, and the 0.5 mg/
mL and 1 mg/mL nAg loaded TPU mats. After the melt-
electrospinning process, a shift in T, was not observed. The crys-
tallization temperatures of the melt-electrospun PU mat and the
modified samples (with PEG and nAg) shifted to a higher tem-
perature compared to that of the pure polymer. In particular, the
TPU mat containing 0.5 mg/mL nAg showed a sharper crystalli-
zations peak. The T, and melt enthalpy AH, values of the sam-
ples were 85.27°C and 8.31 J/g for the pure polymer, 87.23°C
and 9.48 J/g for the unmodified TPU mat, 87.57°C and
9.53 J/g for the PEG-modified TPU, 87.73°C and 8.44 J/g for
the 0.5 mg/mL nAg loaded TPU mat and 87.25°C and 9.36 J/g for
the 1 mg/mL nAg loaded TPU mat. An increase in the nAg con-
centration increased T,. This was interpreted as the interactions of
the nAg’s with the molecular structure of the polymer.”*>

TGA is frequently used to determine polymer degradation tem-
peratures and absorbed moisture. Figure 4 shows the TGA ther-
mograms of the pure TPU and fiber mats. Slade and Jenkins*®
reported that the weight loss of polyether PU began at 280°C.
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Figure 2. SEM micrographs of the melt-electrospun TPU fibers: (a,b) pure melt-electrospun TPU mats, (c,d) cross-sectional images of TPU mats, and
(e) diameter distribution of melt-electrospun TPU mats. An interconnected fiber morphology without bead formation was obtained with an average fiber
diameter of 4.89 = 0.94 um. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

There was a second decomposition peak at about 325°C, and
weight loss occurred at 400°C. This information was in accord-  mats indicated no difference. Hence, we concluded that during
ance with the TGA diagrams of the pure TPU and TPU mats. The  the melt-electrospinning process, the PU preserved its thermal
TGA curves showed a loss of mass between 250 and 500°C. The  stability because it was processed at 220-230°C.

TGA thermograms of the pure PU and melt-electrospun TPU
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Figure 3. (a) Melting and (b) crystallization behavior of the samples. After melt-electrospinning, a shifting of T,, was not observed. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. TGA curves of the pure TPU and melt-electrospun TPU mats.
TPU mats after the melt-electrospinning process did not show signs of
thermal decomposition. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

The tensile strength and elongation were measured to estimate
the mechanical properties of the unmodified TPU mat. To qual-
itatively compare the effect of humidity, dry and wet samples
were tested. The stress—strain curves of the wet and dry melt-
electrospun TPU mats are shown in Figure 5. The melt-
electrospun dry TPU mat had a tensile strength of 0.4 = 0.06
MPa and an elongation at break of 390% * 120.48. The wet
TPU mat had a reduced tensile strength of 0.35 = 0.008 MPa
and an elongation at break of 200 * 22.43%. The tensile
strength, elongation, and Young’s modulus were relevant data
for the assessment of the TPU mats as wound dressings. If a
wound-dressing material is elastic, it can fit adequately at the
wound site and protect it from external influence.”” It has been
reported that skin simulants showed a tensile strength of 18 =2
MPa and an elongation at break of 65 =+ 5%.® Karchin et al.*
found that the average ultimate tensile strength and elongation of
melt-electrospun TPU were 36.7 +9.9 MPa and 221 % 95.1%.
The absolute values of the tensile strength in this study were
below the values reported in the aforementioned literature.
Because of the smaller size of our samples compared to those in
the aforementioned study, the impurities and fiber orientation
had a strong effect on the results of the mechanical tests. Addi-
tionally, the mean fiber diameter of our samples was smaller. We

20pm

Figure 5. Stress—strain curves of the dry and wet melt-electrospun TPU
mats. The tensile strength and elongation were reduced under humid
conditions.

must emphasize here that a quantitative comparison could be
conducted if the size of the samples were synchronized. This pro-
cedure would be particularly interesting for evaluating the opti-
mal synthesis route for the polymer and the effect of the plasma
treatment and functionalization on the mechanical properties of
TPU mats and scaffolds in the future.

Surface Modifications

The color of the melt-electrospun TPU mats changed from
white to yellow-brown after UV irradiation because of the
reduction of Ag® ions into elemental Ag (i.e., nAg). This color
change indicated Ag nanoparticle situated on the surface of the
electrospun TPU mat. SEM images of the melt-electrospun TPU
fibers containing nAg’s are shown in Figure 6. These images
demonstrate qualitatively that the nAg’s were situated after UV
irradiation on the fiber surface and were distributed homogene-
ously. Additionally, the appearance of the adsorbed nAg’s on the
surface increased with the silver concentration.

The effect of the surface modifications on the surface chemical
composition was determined by XPS measurements. The bind-
ing energy values of Ci,, Ny, and Oy of the unmodified TPU
mat were 285.98, 400.5, and 532.14 eV, respectively. The Ci;,
N, and O;s peaks of the unmodified TPU mats were as
reported in literature.*>*° The XPS atomicity percentages of the

Figure 6. SEM micrographs of the melt-electrospun TPU mats containing (a) 0.5 and (b) 1 mg/mL nAg. A distribution of nAg’s on the TPU fiber sur-

face after UV irradiation was observed.
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Table 1. Surface Elemental Compositions and Proportions on the TPU Mats
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Atomic concentration (%)

C 0 N Ag o/C
Unmodified melt-electrospun TPU mat 79.22 17.96 2.82 — 0.22
PEG-modified melt-electrospun TPU mat 76.08 18.58 3.18 — 0.24
0.5 mg/mL nAg loaded melt-electrospun TPU mat 67.22 21.69 4.93 3.8 0.82
1 mg/mL nAg loaded melt-electrospun TPU mat 71.84 20.47 4.39 3.3 0.28

The XPS results demonstrated the application of nAg's due to the functionalization process.

TPU melt-electrospun mats are summarized in Table 1. After
PEG-plasma modifications, the ratio of oxygen to carbon (O/
C) increased as a result of the generated hydroxyl group on the
TPU mat surface. The maximum peak of nitrogen shifted to
400.3 from 400.5 eV after plasma treatment. This behavior
could be explained as the new bond formation on the melt-
electrospun TPU surface by dissociation of the N—H bond.”

After the adsorption of nAg’s on the PEG-modified TPU melt-
electrospun mat, the intensities of the Ci;, Oy, and Nyg peaks
decreased at both silver concentrations. This behavior might
have been due to the formation of Ag—O or Ag—N bonds.”
The elemental percentage of Agsy increased with the silver con-
centration. The valence-band spectra of the nAg’s (Agsq) at vari-
ous concentrations (0.5 and 1 mg/mL) were obtained at 368.43
and 368.17 eV, respectively. We concluded from these results
that the application of PEG and silver on the surface was
successful.

Contact Angle and Water Uptake of the Melt-Electrospun
TPU Mats

The contact angle of the PU melt-electrospun mat was around
114 = 2.8°% this was in agreement with the hydrophobicity of
the pure polymer. Additionally, no statistically significant differ-
ence was observed between the contact angle values of the pure
and functionalized melt-electrospun TPU mats. The 0.5 and 1
mg/mL nAg loaded TPU mats had contact angle values of 117
+0.04 and 113.8 = 0.08°, respectively. Although the PEG-
modified TPU mats (110 £ 0.4°) indicated a slight decrease of
4° because of its hydrophilic properties, all of the samples
showed similar behavior in response to direct contact with
water before and after modification. However, we observed dur-
ing the trials that the contact angle of water sessile drops on the
melt-electrospun TPU mats tended to decrease with contact
time. To assess the wettability and water absorption over a lon-
ger period of time, the water uptake was tested.

Water-uptake tests were performed for 1 and 24 h. As shown in
Figure 7, the water uptake of the PEG-modified TPU mat was
higher compared to that of the unmodified TPU mat at the end
of 1 h (p<0.005). PEG modification enhanced the water
absorption behavior of the melt-electrospun TPU mats. The
obtained result was confirmed by studies in the literature.’® The
water absorbability of the nAg-containing TPU melt-electrospun
mat increased over time and reached 200% at the end of 24 h.
As previous researchers reported, the water-uptake behavior of
the structure was influenced by the nAg-access on the sur-
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face.”*® This behavior could be explained by the superficial
energy of the nAg’s. nAg’s in the solution could interact with
the oxygen atoms, combine with hydrogen atoms, and generate
hydrogen bonds.*” Interestingly, the TPU melt-electrospun mats
could reach a water absorbability of more than 100% of the ini-
tial weight, whereas typical film dressings usually take up 2 to
3% of the initial weight.>> This effect was attributed to the
porous properties due to the open fibrous structure of the mats.
Therefore, the water-uptake test results showed that the melt-
electrospun TPU mats had suitable hydrophilic properties after
modification, for example, to manage wound exudate.

Silver Release of the Melt-Electrospun TPU Mats

The silver-release properties of an antibacterial wound dressing
are important with respect to its wound-healing performance.
Wound dressings should provide a prolonged and uniform sil-
ver release during application. The silver-ion-release rate from
the melt-electrospun mats were obtained by ICP-MS and are
shown in Figure 8. Samples with 1 mg/mL nAg showed a burst-
like release profile in the first day compared to samples with 0.5
mg/mL nAg. This burst release behavior could be explained as a
result of the rapid water uptake within the first 24 h.** Hence,
the silver-ion release increased with the increasing water content
of the polymer. Alternatively, the burst behavior could be
explained by the concentration gradient between the fibrous
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Figure 7. Water uptake of the melt-electrospun TPU mats. Water uptake
was increased by surface modification. The values are presented as means
plus or minus expectation-maximization algorithm (EM) (n= 3, *p < 0.05
and **p < 0.005 in comparison with an unmodified TPU mat).
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Figure 8. Silver-release properties of the 0.5 and 1 mg/mL nAg loaded
TPU mats. Both of the nAg-loaded TPU mats uniformly released silver
over 4 days. The values are presented as means plus or minus EM
(n=3). [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

mat and its environment. The concentration gradient is the
driving force for diffusion, and its value depends on the differ-
ence between the concentrations of silver on the fiber surface
and in the surrounding environment. Taking the SEM images
into account (Figure 6), we attributed this burst-diffusion-
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related burst behavior to the increased number of silver par-
ticles on the fiber surface for the 1 mg/mL nAg mats.

ICP-MS measurements demonstrated that apart from the initial
burst release for the higher nAg loading, the modified TPU
mats released silver constantly over a period of up to 4 days.
Commercial wound-dressing products provide controlled release
for between 3 and 7 days.”> With respect to the silver-release
properties, the modified TPU mats were capable of competing
with commercial products.

Antibacterial Study of the TPU Melt-Electrospun Mats

In the case of a wound infection, the required nutrients and
oxygen for wound healing are consumed by bacteria and fungi.
Then, the amount of growth factors and cytokines, which stim-
ulate wound healing, decreases. This situation might lead to tis-
sue death. Therefore, the functionalization of wound-dressing
materials with antibacterial activity is important for the healing
process.”

The antibacterial activity results of the melt-electrospun TPU
mats are shown in Figure 9. The unmodified and PEG-modified
TPU melt-electrospun mats had no antibacterial properties;
therefore, no dark zone was observed around the unmodified
and PEG-modified melt-electrospun TPU discs. The antibacte-
rial response was observed for both silver concentrations. The 1
mg/mL nAg loaded TPU melt-electrospun mats produced a
larger zone of inhibition against both bacteria species compared
to the 0.5 mg/mL nAg loaded mat. The E. coli inhibition zone
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Figure 9. Inhibition zones around the TPU mats after 12 h for two different bacteria: (a) S. aureus and (b) E. coli. Antibacterial activity is observed due

to silver modification. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 10. Relative cell viability on the TPU melt-electrospun mats. The 0.5 and 1 mg/mL nAg loaded TPU mats showed higher cell viability than the
unmodified TPU mat on the 7th and 9th days. The values are presented as means plus or minus EM (n =28, *p <0.05 and **p < 0.005 in comparison

with the unmodified TPU mat).

values of the 0.5 and 1 mg/mL nAg loaded TPU mats were
0.13+0.015 and 0.18 = 0.002 mm, respectively. The S. aureus
inhibition zone values of the 0.5 and 1 mg/mL nAg loaded
TPU mats were 0.20 £0.01 and 0.25 *0.02 mm, respectively.

The antibacterial activity increased with higher silver

concentration.>®

Park et al.>’ reported that a PEG-modified PU surface reduces
bacterial adhesion. The 0.5 and 1 mg/mL nAg loaded melt-
electrospun TPU mats showed increased antibacterial perform-
ance against S. aureus in comparison to E. coli. This result sug-
gests that nAg’s on the PEG-modified surface penetrated into
the cell wall, although the Gram-positive bacteria (S. aureus)
had a thicker outer peptidoglycan multilayer than the Gram-
negative bacteria (E. coli) with their inner single layer. Albeit
the differences in respect to the bacteria types, the antibacterial
assays/disc-diffusion method in connection with the ICP-MS
trials indicated that a loading of 0.5 mL/mg nAg was sufficient
for an antibacterial wound dressing with stable release proper-
ties over a period of 4 days.

In Vitro Evaluation of the TPU Melt-Electrospun Mats

The metabolic activity of the cells was assessed with MTT
assays. Figure 10 demonstrates the effect of each modification
on the fibroblasts. The unmodified melt-electrospun TPU mat
showed no significant change in the cell viability values during
the cell activity tests. The PEG-modified TPU melt-electrospun
mat presented a higher cell viability compared to the unmodi-
fied counterparts at the end of 5 days (p<0.05). This under-
lined a study reported in the literature, in which PEG
modification increased the cell adhesion, spreading, and prolif-
eration.”® Additionally, the response of the nAg-loaded PEG-
modified TPU mat was investigated in terms of its silver cyto-
toxicity. Poon and coworkers’®*® reported that silver is highly
toxic to fibroblasts and keratinocytes. There are also reports in
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literature that directly correlate the cell toxicity with the silver
concentration.*’ Braydich-Stolle et al.** investigated the issue,
and concentrations of nAg’s between 5 and 10 mg/mL induced
necrosis or apoptosis of mouse spermatogonial stem cells. In
this study, significantly lower concentrations of nAg’s were
applied for the TPU surface modification. TPU mats with 0.5
and 1 mg/mL nAg seemed to result in high percentages of via-
ble cells on the 7th and 9th days compared to the unmodified
TPU mat (p < 0.05).

Cell proliferation on the melt-electrospun TPU mat seemed to
increase for all of the investigated samples over the course of 5
days (Figure 11). The cell number on the PEG-modified melt-
electrospun TPU mat compared to that of the unmodified
group increased significantly at the end of the 5th day in the
cell proliferation test, as expected (p<0.05). The silver-loaded
TPU mats demonstrated a lower cell proliferation rate com-
pared to the PEG-modified TPU mats. However, they reached
the formazan absorbance of the unmodified TPU mat at the
end of 5 days. Hence, we concluded that cell proliferation was
not significantly hindered by silver addition.

The morphology of the cultured cells on the TPU mats was
investigated by SEM. SEM images were obtained after 3 days
of incubation. In correlation with the viability and prolifera-
tion tests, it is shown in Figure 12 that the fibroblasts adhered
on and infiltrated into the unmodified and modified melt-
electrospun TPU mats. The observed cell morphologies on the
0.5 and 1 mg/mL nAg loaded melt electrospun mats were not
different from those of the unmodified mats. This indicated
that there seemed to be no effect of cytotoxicity because of
the materials used in this study after 3 days of incubation.
Hence, we expect that the surface modification would have no
negative effect on the process of wound healing (e.g.,
epithelialization).
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Figure 11. Cell proliferation on the TPU melt-electrospun mats. The cell number increased on the PEG-modified, melt-electrospun TPU mat in compar-
ison with the unmodified group at the end of the 5th day. The values are presented as means plus or minus EM (n=3, *p <0.05 in comparison with
the unmodified TPU mat).

Figure 12. SEM images of fibroblasts (L929) cultured (a) on the unmodified TPU melt-electrospun TPU mat, (b) on the PEG-modified TPU mat, (c)
on the 0.5 mg/mL nAg loaded TPU mat, and (d) on the 1 mg/mL nAg loaded TPU mat. After 3 days of incubation, cell adhesion and spreading were

observed for all four materials.
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CONCLUSIONS

The aim of this study to demonstrate a feasible processing for
producing porous wound dressings with antibacterial modifica-
tion was successful. Fibrous TPU mats with an average uniform
fiber diameter of 4.89 +0.94 um were prepared by a melt-
electrospinning process. The surfaces of the melt-electrospun
TPU mats were modified with nAg’s and PEG to enhance the
antibacterial and water-uptake properties without cytotoxic side
effects. The processability was underlined by the thermal analy-
sis of the TPU, which demonstrated that no thermal decompo-
sition occurred during the spinning process.

ICP-MS measurements demonstrated that apart from an initial
burst release for the higher nAg loading, the modified TPU mats
released silver constantly over a period of up to 4 days. In connec-
tion with the antibacterial assays/disc-diffusion method, which
indicated an inhibition zone for both concentrations, we suggest
that a loading of 0.5 mL/mg nAg is sufficient for an antibacterial
wound dressing with stable release properties. Contact angle
measurements indicate that the instant wettability of the nonwo-
ven mats was independent of the surface modification. In connec-
tion with the water-uptake measurements, we presumed that the
surface modification increased the ability to store water within
the nonwoven structure over a longer period of time (e.g., 1 and
24 h). This could be an important feature for a wound dressing
with humidity-managing properties that takes up excess wound
exudate and stores it inside. Additionally, the surface modification
had no cytotoxic effect on the fibroblast over the course of 3 days.
This is a valuable property for the wound-healing process.

Preliminary studies of the mechanical properties (e.g., tensile
strength, elongation) qualitatively showed reduced values of wet
samples in comparison to those of dry specimens. Moreover,
the values were below the values reported in the literature.
However, these values cannot be used for benchmarking with
other studies because the morphology and size of the tested
specimens differed from those in other studies. We suggest that
a quantitative comparison be conducted with samples of equiv-
alent size and structure. This procedure would be particularly
interesting for evaluating the optimal synthesis route for the
polymer and the effect of posttreatment on the mechanical
properties of the TPU mats and scaffolds in the future.

Additionally, the results of this investigation highlight procedures
for further studies, in which the modified melt-electrospun TPU
mats could be compared to commercial wound-dressing materials.
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