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Abstract

In this study, hollow Polylactic Acid/Polyurethane/Silver Nanoparticle (PLA/PU/Ag NP) nanofibers were produced as the
antibacterial effective wound dressing against Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus. The
produced wound dressings were reported to support the growth of mouse L.929 fibroblast cells with cytotoxicity testing. In
this way, these antibacterial effective wound dressings, which are predicted to can be used safely in the human body, were
produced owning to design that will carry the features of the modern wound dressings. In addition to the development of
nanomaterials with high elongation properties by using PLA and PU polymer blends, the fast-drying structures having too
high a liquid absorption capacity were obtained owing to the hollow cross-sections of these nanomaterials. As a result of
scanning electron microscope analysis (SEM), the surface images of hollow nanofibers were generally smooth, but as the
amount of added Ag NP increased, the irregularities, beads, and Ag NP agglomerations along to nanofibers as regional were
observed. Moreover, the hollow nanofibers were determined to have quite thin diameters. The surface, chemical, and thermal
properties of nanofibers were examined with the Transmission Electron Microscope (TEM), Fourier Transform Infrared
Spectroscopy (FTIR), Differential Scanning Calorimetry (DSC), and Thermal Gravimetric Analysis (TGA). Furthermore,
it was proved by these analyses that the core of produced nanofibers was successfully removed.
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Introduction

A wound is defined as the temporary or complete loss of the
existing physiological properties of the tissues forming skin
or mucosa due to the deterioration, or loss of their integrity
due to different reasons such as trauma, surgical interven-
tion, or diseases [1]. Cell reproduction is the main element
of wound healing [2]. The fibroblast cells come to the wound
bed and start collagen synthesis for wound healing [3]. The
main point in the modern understanding of wound healing
and care is the correct evaluation of the wound, determina-
tion of its needs, and keeping the wound moist [2, 3]. A
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uniform wound dressing may not be the best option for the
care of wounds. Wounds can be acute, chronic, exuding, dry
or infected, or they can have several features together [4].
For example, if the wound is heavily exuding, it is helpful
to use a dressing that can absorb drainage. If the wound is
dry, it is more meaningful to choose a product that will keep
the environment moist [5]. Composite dressings [6] which
are obtained by using both synthetic and natural polymers
together are among the modern wound dressings prepared
in the presence of active ingredients.

Biocompatibility is an important feature sought in wound
dressings [7]. In addition to biocompatibility, biodegradabil-
ity is also among the desired properties in wound dressings.
However, while the polymer degrades, it should not lose its
biocompatibility, should not form toxic products, and should
have mechanical properties that will provide a suitable envi-
ronment for the new tissue formed [8].

Among renewable materials, Poly(lactic acid) (PLA) is
used often in tissue engineering due to its environmentally
friendly features like biodegradability, biocompatibility, and
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renewability [9]. However, the low toughness of PLA has
limited its application areas. Today, polyester/polyether pol-
yol-based thermoplastic polyurethanes with high elasticity
features that are compatible with the chemical structure of
PLA according to data in the literature are opted to improve
the mechanical behaviours of PLA [10—-12]. Polyurethane
(PU) has excellent mechanical (toughness and strength) fea-
tures abrasion and chemical resistance to rubber and plastic
[13]. Moreover, PU which is known as blood and tissue-
compatible polymers is preferred in the medical field [14,
15]. PU which ensures compatibility and comfort owing to
its self-healing property has perfect barrier features and oxy-
gen permeability. The good moisture transport properties of
PU supply the transport of wound fluid from the contami-
nated area [ 16—18]. Nanofiber structures produced from PU
[19] and PLA [20, 21] are fully suitable for wound dress-
ing and tissue scaffold fabrication in medical applications
because they carry wound dressing nanomaterial properties.

The most up-to-date types of polymeric wound dressings
are the nanofiber polymeric structures obtained by the elec-
trospinning method. Compared to conventional membranes,
the small pore diameters and very high porosity of nanofiber
polymeric materials give the material a breathable structure
that prevents the passage of bacteria and substances that
can cause infection [22—-24]. The cross-section of nanofibers
fabricated by traditional electrospinning is generally circular.
But today there is a coaxial electrospinning method that may
produce hollow cross-section micro/nanofibers as a single
material. Hollow nanofibers display superior features com-
pared to solid nanofibers owing to their geometric features
[25].

Modern wound dressings, which gain by using additives
like silver, zinc, medicine, natural active substances, func-
tionality also by combining the properties, and advantages
of synthetic and natural polymers, are promising in terms
of treatment. Silver (Ag) since the 1800s, with its antisep-
tic, anti-inflammatory, and antifungal properties, is used as
a broad-spectrum antimicrobial agent in the treatment of
burns, wounds, and numerous bacterial infections [26]. Ag
does not accumulate in the body. Absorbed Ag is excreted
from the body in 2-4 days with 90-99% of the stool and
urine. Compared with other silver forms, silver nanoparti-
cles (Ag NPs) showed more effective antimicrobial activity
against microorganisms owing to their high surface area. Ag
NPs primarily attacks the respiratory chain and prevent cell
division, and finally, cell death occurs [27].

In our previous studies, nanofibers were produced from
PU/PLA blends and compatibilized PU/PLA blends, and
then characterization analyses of the prepared nanomateri-
als were performed [28, 29].

Our previous study [28] contributed to the literature by
producing PLA/PU nanofibers by electrospinning method
and examining their properties. PLA polymer, which is
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biodegradable and biocompatible, but due to its brittleness
that limits its use alone, when used together with PU, flex-
ible and durable wound dressing materials were obtained,
providing high patient comfort. In other words, while its par-
tial compatibility with blood and non-biodegradable feature
limits the use of synthetic PU polymer in the health sector
alone, when used with natural PLA polymer, biocompatible
and biodegradable nanomaterials with superior mechanical
and physical properties were produced.

Besides all this, while the highly hydrophobic character
of PLA and PU nanofibers [28] creates a field of use for dry
wounds, limited its use for exudative wounds. In order to
eliminate the limitation of this contribution to the literature,
hollow PLA/PU nanofibers were produced. Due to the idea
of modern wound dressing, the appropriate wound dressing
design by choosing according to the wound type has been
provided in this study.

These hollow PLA/PU/Ag NPs electrospun mats have all
the features expected from a modern wound dressing, thanks
to the continuity of its ability to absorb excess exudate and
dry quickly by providing high absorbency. In addition, while
hollow nanofibers prepared with different polymers appeal
to different purposes in the literature, the most important
difference between our study from other studies is that hol-
low nanofibers were produced by choosing the wound type
and their use as a wound dressing was designed. Hollow
PLA/PU/Ag NPs nanofibers were produced in order to pro-
vide high absorbency in exuding wounds, hence keeping
the wound environment moist and showing rapid healing
and antibacterial effect. Thus, the use of hollow PLA/PU
nanofibers only on dry wounds has disappeared. There-
withal, it was indicated the antibacterial effect of electro-
spun wound dressings with hollow PLA/PU/Ag NP will
support rapid healing of the wound by destroying the bac-
teria formed in the wound environment after surgical pro-
cedures, injuries, and burn treatments. In this study, it was
emphasized that rapid wound healing will be achieved with
increased biocompatibility in the presence of Ag NP. Thus,
It was enhanced wound dressings that have high flexibility
that does not limit the patient's mobility, and mechanical
strength enough to protect the wound from external factors.

This paper has been an important study in terms of guid-
ing those hydrophobic nanofibers used for dry wounds or
other suitable wounds that can also be used as wound dress-
ings for exuding wounds by making those nanofibers hollow.

To the best of the authors' knowledge, there are no pre-
vious studies in the literature, except for our own studies,
on the production of hollow and non-hollow PLA/PU/Ag
NPs blended electrospun nanofibers. Therefore, the studies
associated with hollow, Ag NPs, and different using areas
were summarized.

Lee et al. [30] produced porous polymeric hollow
nanofibers using coaxial electrospinning. They found
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that fiber diameter and wall thickness of hollow fibers were
highly affected by solvents and polymer concentrations. The
study of Zhang et al. produced single and double hollow
cross-section PAN micro/nanofiber with vertical electro-
spinning. The effect of production parameters on morphol-
ogy was investigated. Polyvinylpyrrolidone (PVP) was used
as an internal solution, and it was removed from the fiber
structure [31]. Li and Xia fabricated fibers with shell and
core from organic/inorganic polymer or ceramic composites
by flowing two immiscible polymer solutions through two
capillary needle tips. They removed the core and fabricated
hollow nanofibers with only the shell [32]. Khil et al. evalu-
ated the performance of nanofiber surfaces obtained from
the electrospinning of PU as a wound dressing. These dress-
ings demonstrated controlled water loss, excellent oxygen
permeability, and enhanced fluid drainage ability owing to
the porous structure of nanofibers, large surface area, and
specific properties of PU [33]. Hajikhani et al. used the
PLA/Poly (ethylene oxide) (PEO)/ Cefazolin blend as the
core and the PVP/collagen as a shell. It has developed a
biodegradable and biocompatible nanomaterial with high
mechanical strength. The antimicrobial activity of the scaf-
fold was investigated against escherichia coli (E.coli), staph-
ylococcus aureus (S.aureus), and pseudomonas aeruginosa
(P.aeruginosa) by disc diffusion method. The results showed
a high effect on the antimicrobial activity of electro gravity
mats [34]. Ag NPs that are highly effective against com-
mon infection-causing pathogens, including Gram-positive
S. aureus and Gram-negative E. coli, without inducing drug
resistance were used in the studies [35, 36]. Several stud-
ies were conducted since the first systematic investigation
of the antimicrobial effect of silver by Gibbard [37], and a
study in patients with burn injuries confirmed the effective
wound healing activities of Ag NPs [38]. In the study of
Alippilakkottea et al., outstanding antibacterial properties
were observed in the examination of PLA/Ag electrospin-
ning mats against E. coli and S. aureus by agar disc dif-
fusion treatment. In vitro testing has shown that PLA/Ag
mats are compatible with fibroblast cells and do not impair
cell growth [39]. In the study by Tijing et al., which is not
a hollow nanofiber production, the bicomponent nanofibers
were obtained by feeding the PEO-AgNO; mixture from a
syringe and pure PU from another syringe. A certain angle
(80°) electrospinning system was used and bicomponent
nanofibers were collected as a complex with each other on
the plate. The aim of their study was to reduce the AgNO;
in the PEO matrix without a chemical reaction, transform
into Ag NPs, and provides a homogeneous distribution of Ag
NPs in the PEO matrix. It has been reported that the smaller
Ag NPs obtained after the reduction of AgNO; provide an
advantage for antibacterial properties. It was concluded that
Ag NP agglomerations or large particles affected negatively
antibacterial properties, while homogeneous distributions

of small size Ag NPs provide more effective antibacterial
properties. Also, the thicker PU nanofibers gave structural
stability and prolonged use of the hybrid materials, while the
presence of thinner PEO nanofibers provided more reactive
surface area. The combination of PU and Ag/PEO bicom-
ponent nanofibers was obtained for antibacterial scaffolds or
wound healing applications [40].

This study, it was aimed to fabricate hollow PLA/PU/Ag
NPs nanofibers as an antibacterial effective wound dress-
ing. The PLA/PU/Ag NPs nanomaterials were designed
especially for exuding wounds according to modern wound
dressing properties. Characterization studies of hollow PLA/
PU/Ag NPs nanofibers were performed with Scanning Elec-
tron Microscope (SEM), Dispersive X-Ray Analysis (EDX),
Transmission Electron Microscope (TEM), Fourier Trans-
form Infrared Spectroscopy (FTIR), Thermal Gravimetric
Analysis (TGA), Differential Scanning Calorimetry (DSC),
Liquid Absorption Capacity (LAC), drying time test and
mechanical analysis. As well as the characterization tests,
their antibacterial activities were investigated against E.coli
and P. aeruginosa from gram-negative bacteria and S.aureus
from gram-positive bacteria. In addition, cytotoxicity test-
ing was performed on the mouse fibroblast cell line (1.929).

Experimental section
Materials

PLA, trade name 4043D, was purchased from Nature Works.
Aromatic polyether-based thermoplastic PU with the trade
name Estane®GP52DTNATO055 was obtained from Lubrizol
(Velox). PVP polymer was also ensured by Alfa Aesar. Ag
NPs purchased from Nanografi were 99.99% pure and 35 nm
in size. Chloroform (CF) and dimethylformamide (DMF)
solvents were supplied from Merck Company.

Method
Preparation of solutions

Firstly, PLA and PU polymer granules were dried at 80 °C
for 12 h in a vacuum oven. Then, 10% concentration of pure
PLA and pure PU solutions were prepared in CF/DMF (8/2,
v/v) mixture solvent. Pure PLA was completely dissolved in
a solvent by mixing for 3 h at room temperature. The mouth
of the beaker tightly was closed. The same process was
applied to pure PU solution. At the end of 3 h, it was com-
pletely dissolved by stirring for another 30 min at 120 °C.
The PLA/PU (50/50, w/w) blend solution with 10% concen-
tration was prepared as pure PU solution. According to the
total solid amount in the 10% concentration PLA/PU (50/50,
w/w) mixture, solutions with 1, 3, and 5 (wt%) Ag NP were
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prepared. The preparation process of these solutions was
performed by mixing in CF/DMF (8/2, v/v) mixture solvent
at once in the same beaker, first at room temperature for
4 h, and then for another 30 min at 120 °C with a magnetic
stirrer. The pure PVP solution with 40% concentration was
also prepared to realize hollow section nanofiber production.
The PVP polymer was dissolved in 100% DMF solvent by
mixing with a magnetic stirrer for 3 h at 60 °C. The codes
of the studies are given in Table 1.

Coaxial electrospinning process

The prepared solutions were worked in the electrospinning
process without waiting. The coaxial (core—shell) bicompo-
nent electrospinning method was used to produce nanofib-
ers with hollow sections. The electrospinning setup used for
the studies had two feeding pumps working simultaneously,
a single aluminium collector plate, and a single high volt-
age (max 30 kV) DC device. Both this assembly and the
device with a single feed pump were purchased from the Ino-
venso company. The coaxial nozzle with an outer diameter
of 1.6 mm (14G) and an inner diameter of 0.64 mm (22G)
used in the study was also supplied from Inovenso. Also, the
0.64 mm (22G) needle tip syringe was used in the single-
feed electrospinning production assembly. The electrospin-
ning process was carried out in a closed environment at 65%
(+5) relative humidity and room temperature (24 °C +2).
Pure PLA, pure PU, and PLA/PU/Ag NPs blend solutions
were fed into the nanofiber shell, while pure PVP polymer
solution was fed into the nanofiber core. Coaxial electrospin-
ning process parameters were determined as 23 kV voltage,
15 cm distance, and 1.00 mL/h feed rate. This process was
continued for 2 h. At the end of this production, bicompo-
nent nanofibers were produced to obtain hollow nanofibers.
In addition, pure PVP nanofiber was obtained from pure
PVP solution under the same production conditions by
incorporating the device with a single-feed pump into the
electrospinning assembly. This fiber was produced to evalu-
ate the analysis results of hollow pure PLA, pure PU, and

Table 1 The codes and content of the studies

Codes of Studies Core Ag NPs  Shell Concentration
(%) (%) (%)

HPU 40 wt% - PU 10

Pure (100)
HPLA PVP PLA

(100)

H5PLASPU 0 PLA/PU
H1Ag5PLASPU 1 (50/50)
H3Ag5PLASPU 3 (wiw)
H5Ag5PLASPU 5
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PLA/PU/Ag NPs nanofibers together with the characteristic
properties of pure PVP nanofiber.

The emptying of the inner of pure PLA, pure PU, and
PLA/PU/Ag NPs blend nanofibers was achieved by remov-
ing the core from the fiber structure using a solvent in
which the core nanofiber was dissolved but the shell of the
nanofiber was insoluble.

Distilled water was used as the solvent to remove pure
PVP fiber from the core of bicomponent nanofibers. Because
pure water is not a solvent for PLA and PU polymeric
nanofibers. PLA and PU nanofibers are highly hydropho-
bic [28]. All produced (shell pure PLA, pure PU, PLA/PU/
Ag NPs, and core pure PVP) bicomponent nanofibers have
waited in distilled water at room temperature for 30 min.
It was noticed that the core PVP nanofiber dissolved very
quickly and in a short time. So, the hollow parts were filled
with water at the same time. All evacuated nanofibers were
left to dry at room temperature for 24 h in a dark, closed, and
ventilated environment.

The pure PVP nanofiber in the core of the bicomponent
nanofiber has an important polymeric structure for this study.
Both DMF and distilled water are known as good solvents
for dissolving the PVP polymer. The pure PVP polymer
solution was dissolved in the presence of 100% pure DMF
to be used in the coaxial electrospinning process. Because
the pure PVP solution prepared in this way was compatible
with the solvent of pure PLA, pure PU, and PLA/PU/Ag NPs
solutions. Otherwise, when solutions with different kinds
of solvents (like DMF, CF, and distilled water) meet at the
outlet of the coaxial nozzle head during electrospinning, it
may cause some problems such as polymer freezing, poly-
mer dripping, clogging of the apparatus during jet formation.
Seeing these problems can be avoided with PVP polymer,
which was used in this study.

Characterization

Three-dimensional images of the obtained hollow nanofiber
surface and fiber diameter measurements were performed
with a QUANTA 400F Field Emission Scanning Electron
Microscope (SEM). Moreover, Energy Dispersive X-Ray
Analysis (EDX) has been performed together with SEM
analysis. So, the amount of Ag elements in the structure of
hollow nanofibers has been determined as the percentage. At
the same time, high-resolution surface images were obtained
by making the detailed two-dimensional surface examination
of hollow nanofibers with FEI 120 kV HCTEM brand Trans-
mission Electron Microscope (TEM). With TEM surface
images, it has been proven that the hollow section nanofiber
structures are hollow. TEM samples were also meticulously
prepared by us. After PVP removal, the hollow nanofibers
have been placed on a 3 mm diameter grid (multi-porous
copper grid) as a very fine structure.
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The conductivity value of all solutions has been measured
at 24 °C (£ 2) by the Mettler Toledo liquid conductivity
meter. Chemical structure analysis of hollow nanofibers was
performed with ATR unit spectrometric Perkin Elmer Spec-
trum 100 Fourier Transform Infrared Spectroscopy (FTIR)
device in the range of 650-4000 cm™".

Thermal gravimetric analysis (TGA) was performed with
the Mettler Toledo TGA 1 device at a heating rate of 10 °C/
min and a temperature range of 25 °C to 600 °C. Differential
scanning calorimetry (DSC) analysis was performed in a
single step with the Mettler Toledo DSC 1 device at a heat-
ing rate of 10 °C/min and a temperature range of (-50 °C)—
300 °C. During the thermal analyses (both TGA and DSC),
high-purity nitrogen gas has been sent to the system at a flow
rate of 30 ml/min.

The mechanical properties of hollow nanofibers were
investigated with a Lloyd Instruments LRX Plus brand draw-
ing device at 1:10 mm/min drawing speed and 5kN load by
ASTM D882 standard. For the tensile test, 5 nanofibers of
50 mm X 15 mm dimensions were tested from each hollow
nanofiber and their averages were taken. The error bars given
in the analysis results represent the standard deviations.

Liquid absorption capacity and drying time tests

The liquid absorption capacity (%) of hollow nanofibers was
realized by the EDANA 10.3.99 standard in environmental
conditions. Firstly, hollow mats were cut with dimensions
of 1 cmXx 1 cm. Then, their dry weights were weighed on a
precision balance and noted. Samples were settled into the
beaker containing 50 mL of distilled water, suspended at the
midpoint of the beaker, and waited for 1 min. Then, the hol-
low nanofibers were removed from the beaker with the help
of tweezers. Both surfaces of nanofibers were kept on filter
paper for 5 s and the first liquid on the mats was taken. Later,
the wet nanofibers were then weighed. The liquid absorption
capacity (LAC) of nanofibers according to the initial dry
weight and subsequent wet weight ratios (%) were calculated
according to the following “Equality (1)”:

N, - N,
LAC(%) = ‘N x100 (D

k
where N, refers to the weight of wet nanofibers; N, is the
initial dry weight of the nanofibers. Tests were repeated 5
times for each sample and the average of the obtained values
was evaluated.

For the drying time (minute, min.) test, hollow nanofib-
ers were prepared as 1 cmx 1 cm and 0.1 mL of distilled
water was dropped on the hollow nanofibers from 1 cm
above, and drying times were observed. Since nanofiber

samples are quite light, intermediate weights are not
included in the calculation. The weights of wet nanofibers
were measured on a precision balance every 1 min (60 s).
For the time when the nanofibers fully return to their origi-
nal weight test is terminated. Tests were repeated 3 times
for each mat and the average of the times was appreciated.

In-vitro antibacterial test

Agar plate colony counting which is a quantitative method
[41-43], was used to examine the antibacterial activity of
the PLA/PU/Ag NPs nanofibers. This test was performed
appropriately to the AATCC-100 standard [44, 45].

The in vitro antibacterial activity test was fulfilled
against S. aureus (ATCC 29,213) which is a Gram-positive
bacterium and P. aeruginosa (ATCC 27,853) and E. coli
(ATCC 25,922) which are Gram-negative bacteria with
agar plate colony counting method.

Mueller Hinton Agar (MHA) and Mueller Hinton Broth
(MHB) (Merck, Germany) prepared accordingly the fabri-
cator's explanations and were sterilized in an autoclave for
15 min at 121 °C. Bacteria were cultivated overnight on
MHA at 37 °C. Colonies of bacteria grown on MHA were
suspended in 3 ml MHB and turbidity was adjusted to 0.5
McFarland (1,5 x 108 CFU mlI~!) in MHB.

The bacterial suspension was afterward diluted ten-
fold with saline (0.9% NaCl) to a concentration of
10* CFU ml~!. Antibacterial test nanofibers were prepared
from 3 different regions of each nanofiber. To study the
antibacterial activity of samples, all hollow nanofibers
were cut as sized 1 cm X 1 cm, and afterward, both sur-
faces of the nanofibers were sterilized under UV light for
30 min each. Then, each sterile sample was placed in a
24-well plate and 600 pl of prepared bacterial suspension
(10* CFU mL™!) was inoculated into each well. After, it
was inoculated in 20 uL MHA from each well at O h, 6 h,
12 h, and, 24 h and incubated overnight at 37 °C. End of
this time, agar plates were counted. So, each cultivation,
fulfilled at the times specified for each different bacterium
type, was repeated three times for each nanofiber. The anti-
bacterial activity (%) of hollow nanofibers [41-43] was
calculated according to the following “Equality (2)”:

Antibacterial Activity (%) = (A — B)/A x 100 )

where A is the average colony number of the untreated hol-
low nanofiber control sample; B is the average number of
colonies per hour with the least number of colonies except
the 0 h. At the same time, the standard deviations (std. dev.)
were calculated.
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Cytotoxicity test

By the direct contact test, the cytotoxicity of the hollow
nanofibers was performed with the WST-1 test for the mouse
fibroblast cell line (1.929) [39, 46, 47].

In-house apparatuses (diameter: 9 mm, inner open surface
area: 0.63 cm?) were styled to fasten up the hollow nanofib-
ers in the well of a 24-well plate. These apparatuses were
sterilized in an autoclave for 15 min at 121 °C. Each side of
the hollow nanofibers was sterilized for 30 min each, under
UV light. L929 cells were cultured in high glucose DMEM
supplemented with 10% fetal bovine serum, 1.4% L-glu-
tamine, 100 U/mL penicillin, and 100 ug/mL streptomycin.
Also, L929 cells were first seeded in apparatuses (7 x 10*
cells/splice) implanting hollow nanofibers in a 24-well plate.
The seeded well plate was afterward cultured at 37 °C and
5% CO,. Following 24 h of incubation, 50 uL of WST-1
solution (BioVision Incorporated, USA) was supplemented
to each well and the plate was incubated at 37 °C for 2 h and
then shaken well for 1 min. Later, the measurement of OD
has performed at the wavelength 450 nm with a microplate
reader (Multiskan FC, Thermo Scientific). These measure-
ments were repeated 3 times and the average values were
reported. The error bars given in the graphic results repre-
sent the standard deviations. Cell viability (%) was calcu-
lated according to the following “Equality (3)”:

A, sample — A, blank

Cell vailabilty % = x 100
e varabty A, control — A, blank 3)

A, sample is the absorbance of the hollow nanofiber, A,
blank is the absorbance of the blank, A, control is the
absorbance of the negative control.

Cells in the apparatus without including hollow nanofib-
ers were cultured as the negative control. The cells in the
insert with 1% (v/v) Triton X-100 (Sigma) and 500 pg/ml
Geneticin (Gibco) as a positive control, and an equal volume
of culture medium that contained WST-1/ECS solution in an
empty well as a blank were prepared.

Result and discussion

SEM and TEM micrographs of hollow PLA/PU/Ag NPs
nanofibers

SEM surface images of Ag NP doped hollow PLA/PU
nanofibers at 2000 X magnification and 50 um scale are
shown in Fig. 1. It has been observed that the HSPLASPU
nanofiber has a bead-free and smooth fiber structure. As the
Ag NP ratio added to the structure increased, the irregulari-
ties and bead structure formation in the nanofiber gradually
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increased. Because the conductivity of the solutions has
increased with an increase in the amount of Ag NP added.
The conductivity measurements of prepared solutions
are given in Table 2. As the conductivity of the solutions
increases, surface tensions are expected to decrease. During
the electrospinning process, when the applied voltage value
is exceeded to overcome the surface tension of the solutions,
the polymer jet will extend, and without-beads thinner fib-
ers will be formed. However, if the optimum voltage value
applied for thin fiber formation is further increased, beaded
structures will begin to be observed due to the high voltage.
Production parameters were kept constant in this study. It
was concluded that the constant voltage value applied to
overcome the decreasing surface tension of the solutions
with the addition of Ag NP is high. In this case, while bead
structures on nanofibers were observed, it has been deter-
mined that the nanofiber diameters were decreased.

The dark images obtained from the SEM analysis are
shown in Fig. 2, and the distribution of Ag NPs on the
nanofibers has been observed. The Ag NP agglomerations
on H5Ag5PLASPU nanofiber are given in Fig. 2d. The Ag
NP agglomerations were seen especially on the beads of
nanofibers. However, the distribution was observed gener-
ally homogeneous on 1% doped Ag NPs. The reason for
the agglomerations was associated with the high density of
Ag NPs. Because while the density of silver is 10,49 gr/
cm?, the densities of PLA and PU are approximately 1.25
gr/cm?®. Thus, the distribution of high-density Ag NPs in
polymers with low density becomes difficult and occurred
local agglomerations.

Average fiber diameter values of hollow PLA/PU/Ag NP
nanofibers are given in Fig. 3. The average fiber diameter
of the HSPLASPU nanofiber was measured as 518 nm. In
this study, high-density Ag NPs were added to the PLA/PU
(50/50, w/w) blend while keeping the concentration of the
solution constant. Considering that there is a linear relation-
ship between density and viscosity, it has been interpreted
that the solution viscosities increased with adding of Ag NP.
In this case, with the addition of Ag NPs to the HSPLASPU
blends, first an increase and then a decrease in nanofiber
diameters are observed. The HSAg5SPLASPU mat was
obtained as the thinnest nanofiber with a diameter average
value of 484 nm but having beads along the fiber surface.
As for as the H3Ag5PLASPU nanofiber with an average
diameter of 638 nm was viewed to have a less bead struc-
ture. It has been observed that among the produced Ag NPs
doped nanofibers, the fiber with the smoothest and bead-free
surface appearance is the HIAgSPLASPU nanofiber with a
736 nm value. For this reason, 1% Ag added PLA/PU mixed
solution has been considered to have optimum conductivity
depending on the constant voltage value in the production.
In addition, the viscosity of the HIAgSPLASPU blend was
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Fig. 1 SEM images of hollow
nanofibers (Scale: 50 um, Mag:
2000x)

determined as the most suitable for the kept constant elec-
trospinning production conditions.

Figure 4 has showed the TEM image expressing the outer
diameter measurement and the internal hollow diameter of
the thinnest HSAg5SPLASPU nanofiber. The diameters of the
hollows of HSAg5PLASPU nanofiber have been measured
as 175 (£2) nm. The transparent inner of the hollow struc-
ture compared to the solid structure has been displayed with

Table 2 The conductivity values of the prepared solutions

Samples Solution Conductivity
(uS/cm)
(x0,1)
Pure CF 0.00
Pure DMF 3.70
8CF/2DMF 0.30
Pure PU 0.30
Pure PLA 0.30
H5PLASPU 0.30
H1Ag5PLASPU 0.37
H3Ag5PLASPU 0.60
H5Ag5PLASPU 0.78

|

!lA‘;\"

i
ot
METU CENTRAL LAB 301

the contrast difference with TEM analysis. At the same time,
it has been proven that the nanofibers are hollow.

EDX analysis results for the Ag element of Ag NP doped
hollow PLA/PU nanofibers are given in Table 3. The per-
centage amount of Ag NP added to the solutions and the per-
centage amount of Ag NP in the nanofibers were confirmed
by EDX results. Ag element content of HIAg5SPLASPU,
H3Ag5PLASPU, and HSAgSPLASPU nanofibers was deter-
mined as 1.12, 3.49, and 5.63 (wt%) respectively.

FTIR analysis of hollow PLA/PU/Ag NPs nanofiber

The graphs of the FTIR analysis of Ag NP doped hollow
PLA/PU nanofibers are shown in Fig. 5. The characteristic
peak of HPU nanofiber is 1600 cm™' and belongs to aromatic
C =0 group oscillations. Other peaks of pure PU nanofiber
were observed as NH group vibration at 3313 cm™!, as CH2
group at 2858 cm™!, as C =0 group vibration at 1704 cm™!,
and at 1311 cm™! peak as (NH) + (CN) + (CH) group. The
FTIR spectra of HPU showed that the 1263 cm™! peak
(C-0O-C) belonged to the carbonyl group, the 1084 cm™!
peak (C-O—H) vibrations and the 2940 cm™' peak belonged
to the CH, tensile vibration.
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Fig.2 SEM dark surface images
of hollow nanofibers. (Scale:
100 um, Mag:1000x, for a, b, b.
and Scale: 10 um, Mag:10000x,
for d.)

2) H1AgSPLASPU
10.8 mm METU CENTRAL LAB

The characteristic peak of HPLA is the C=0 stress vibra-  All chemical bond peaks of HPU and HPLA nanofibers were
tion at 1753 cm™!. Other peaks of HPLA fiber were seen at  also observed in Ag NP-doped hollow nanofibers.
1449 cm™! for the CH; group and at 1367 cm™" for the CH,4 The characteristic peaks of pure PVP nanofiber are the
group. The peak of C-N=0 group at 1532 cm™! and the ~ peaks seen at 1650 cm™! (C =0 carbonyl group), 1429 cm™!
peak of C=0-H group seen at 1670 cm™! seen in both pure ~ (OH bending), 1373 cm™! (lactone structure) and 1277 cm™!
PLA and pure PU were observed in all PLA/PU nanofibers. (C=N stretch) [48, 49]. Also, the 3416 cm™! peak denotes

Fig.3 Average diameter values
of hollow nanofibers
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Fig.4 TEM surface image
of H5Ag5PLASPU nanofiber
(scale:200 nm)

the NH, group and the 2940 cm™! peak denotes the CH;
vibration. However, it is seen that the characteristic peaks
of pure PVP nanofiber and Ag NP-doped hollow PLA/PU
nanofibers do not overlap. FTIR graphic results both confirm
the interaction and compatibility between PLA and PU and
prove that the fibers are hollow and there is no other polymer
in the structure.

DSC analysis of hollow PLA/PU/Ag NPs nanofibers

DSC curves that have shown thermal properties of Ag NP-
doped hollow nanofibers are given in Fig. 6. Two different
T, values were observed for solid SPLA5SPU nanofibers.
The T, value for the PU nanofiber soft part is (-26 °C) and
the Tg value for the PLA nanofiber is 61 °C [28]. The HPU
showed a T, value of around 75 °C for the hard part and
a T, value of around 268 °C for the hard part. A single

Table 3 EDX results of hollow PLA/PU/Ag NP nanofibers

Samples HI1AgSPLASPU H3AgSPLASPU HSAgSPLASPU
Ag NP 1.12 3.49 5.63

amount

(wt%)

T, value around 61 °C was observed for the HPLA and
H5PLAS5PU nanofibers. Similarly, a single T, value around
60 °C was observed in all Ag NP doped hollow nanofibers.

H5Ag5PLASPU

H3Ag5PLAS5PU

H1Ag5PLASPU

H5PLAS5PU

| HPU W
Pure PVP u V L}

—— T
4000 3500 3000 2500 2000 1500 1000

1

Transmittance (%)
: ‘
;

Wavelenght cm”

Fig.5 FTIR spectra of hollow nanofibers
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Fig.6 DSC curves of hollow
nanofibers

Heat Flow (mW/mg)

Pure PVP
- =HPU
= = HPLA

— = H5PLA5PU

— = H1Ag5PLA5PU
= = =H3Ag5PLA5PU
------ H5Ag5PLA5PU

This is explained by the partial compatibility of the pure
PLA polymer with the polyester or polyether group, which
forms the soft part of the pure PU polymer [11]. Because
the compatibility of polymer mixtures can be explained by
the deviation of the T, values of the components providing
the mixture from the typical values of the components and
shifting to each other.

The T, value of the hard and loose segment was not observed
in solid PLA/PU mixed nanofibers [28]. Likewise, a single T,
value around 150 °C was observed in HPLA and hollow PLA/
PU nanofibers, as in solid PLA/PU blended nanofibers.

On the other hand, a wide T,, peak was observed at
92 °C due to the moisture on the pure PVP nanofiber and
its characteristic structure [50, 51]. This value was not
observed in any of the hollow nanofibers. Another point to
be explained is that if distilled water remained in the hol-
low parts of the hollow PLA/PU nanofibers, a peak around
100 °C was observed due to the evaporation of the absorbed
water. According to DSC results, there is no peak in hollow
nanofibers at this temperature. In this case, it can be inter-
preted that there is no moisture in the structure of hollow
nanofibers, and distilled water completely leaves the struc-
ture after drying. Because PLA/PU blended nanofibers do
not hold water in their structures due to their hydrophobic
structure [28]. In conclusion, the existence of hollow PLA/
PU/Ag NP nanofibers has been proven by the findings of the
characteristic thermal properties of polymers.

@ Springer
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TGA analysis of hollow PLA/PU/Ag NPs nanofibers

TGA degradation temperature values of hollow Ag NP
doped PLA/PU nanofibers are given in Table 4. It represents
the decomposition temperature T 45 value corresponding to
the 5% weight loss in TGA curves. In addition, T, ,, tem-
perature values corresponding to the maximum degradation
rate on the DTG derivative curves obtained from the TGA
curves are also given. The amount of residue in the TGA
analysis can be considered as another analysis that confirms
both the amount of Ag NP in the structure and the emptying
of the core of the produced nanofibers.

HPU nanofiber has shown a four-step thermal degrada-
tion curve. All Ag NP-doped hollow PLA/PU nanofibers also
have exhibited a four-step degradation curve, just like the HPU
nanofiber. This stepwise degradation has been associated with
the degradation of soft and hard segments of polyurethane at
different temperatures [28]. The first step is associated with the
removal of moisture content from the structure. TGA values of
all hollow PLA/PU nanofibers yielded results in the tempera-
ture range of HPLA and HPU nanofibers.

No sharp decrease in T.,s temperatures has been
observed. While a high decrease in thermal properties is
expected due to the beaded structures, the thermal values
due to the presence of Ag NP in the structures; showed
similar thermal properties with smooth, and homogeneous
(H5PLASPU) hollow nanofiber. A significant increase in
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Table 4 Thermal degradation

Samples T nax Tys Amount of
values of hollow nanofibers °C) (°C) Residue
600 °C
1st step 2nd step 3rd step 4th step (%wt)
PURE PVP 89.15 - - 429.70 84.97 5.00
HPU 62.73 260.68 339.53 424.67 243.51 9.78
HPLA 5291 305.83 - - 249.57 4.61
H5PLAS5SPU 61.36 265.85 327.77 420.96 254.83 8.19
H1Ag5PLASPU 66.10 293.84 341.65 422.59 237.22 9.33
H3Ag5PLASPU 61.07 277.06 325.29 420.50 235.12 10.90
H5AgSPLASPU 58.13 272.87 321.10 420.08 241.83 13.72

T and T, ,.» values in HIAgSPLASPU nanofiber was
associated with an increase in resistance to temperature, and
the late release time of homogeneously dispersed Ag NPs
from fibers, due to less Ag agglomeration compared to other
fibers.

It can be seen from the amount of residue that Ag NPs
preserve their presence in the nanofiber structure at 600 °C.
HSPLASPU nanofiber left 8.19% residue between HPLA
and HPU residual amounts. The amount of residue in the
hollow PLA/PU/Ag NPs nanofiber also increased by the per-
centage (%) of Ag NPs in the nanofiber structure compared
to the HSPLASPU nanofiber.

No thermal properties of pure PVP were observed in
the structure of Ag NP doped hollow PLA/PU nanofibers,
and the amount of residue due to the presence of pure PVP
nanofiber was not found.

Mechanical test results of hollow PLA/PU/Ag NPs
nanofibers

The tensile strength [MPa] and elongation (%) graphs of hol-
low nanofibers are shown in Fig. 7. According to the infor-
mation obtained from our previous study [28], all hollow
blend nanofibers have a higher tensile strength and elonga-
tion at break value than the tensile strength (0.33 MPa) and
elongation behavior (24.73%) of solid pure PLA nanofiber.
This improved behavior is attributed to the fact that the
use of PLA and PU polymers as a mixture improves the
brittleness of PLA due to the superior elongation of PU
[28]. While the tensile strength of the hollow HSPLASPU
nanofiber increased, its elongation of it displayed a slight
increase [52-54]. The tensile strength of the HSPLASPU
nanofiber (7,20 MPa) was almost 2 times higher than the
solid SPLASPU nanofiber (3,81 MPa) [28]. The tensile
strength increases with the decrease in nanofiber diameter.
While the diameter of the solid SPLASPU nanofiber was
1584 nm [28], the diameter of the HSPLASPU nanofiber
was 518 nm. In hollow nanofibers, the inner diameter can
be obtained quite thin compared to the outer diameter. It
has been reported that tensile strength values will increase

with decreasing the diameter of the fiber, owing to the hol-
low channel volume fraction [52]. It was observed that
converting to a hollow structure reduced the tension and
friction between nanofibers [54]. This tendency resulted in
increased elongation of the HSPLASPU (41,65%) compared
with SPLAS5SPU (34,73%) nanofiber [28].

The mechanical properties of nanofibers are related to
the distribution, regularity, and intensity of intramolecular
and intermolecular interactions between polymer chains in
the nanofiber matrix. Owing to the compatibility between
PLA and PU polymer chains [28], intense hydrogen bonds
formed between PLA/PU (blends) polymers were created
high regularity. This contributed to the improvement of
the mechanical properties of nanofibers. At the same time,
the distribution of metal nanofillers in the polymer mix-
ture directly affects the nanofiber mechanical properties
[55-57]. Tt was observed that the tensile strength of hollow
nanofibers decreased due to the hard structure of Ag NPs,
but the elasticity values of nanofibers increased when the
percentage of AgNPs was increased. Although 3% and 5%
doped Ag NP nanofibers were lower than the elongation of
1% Ag NP doped nanofibers, they were higher than HPU,
HPLA, and HSPLAS5PU nanofibers. This result showed that
the optimum value of the Ag NP additive amount affects
the tensile strength and elongation properties of nanofibers.
The excess AgNP loading (3% and 5%) (above the optimum
value) reduced the molecular mobility, making the nano-
composite materials harder. In this case, hollow nanofib-
ers with lower tensile strength than 1%Ag added nanofib-
ers were formed. Exceeding the Ag NP optimum additive
amount is considered a result of the uneven distribution
and agglomeration of Ag NPs in the PLA/PU matrix. These
results were supported by SEM images. Excess agglomera-
tion formation and poor particle dispersion were associated
with high AgNP content, which was caused between the
polymers phase separation and weakened material bond-
ing, resulting in poor mechanical properties. As a result, it
can be attributed to positive interaction facilitating adequate
interfacial adhesion for 1% AgNPs and PLA/PU (50/50,
w/w) polymer blend.

@ Springer



473 Page 12 0f 20

Journal of Polymer Research (2022) 29:473

[0}
1

1.41

0.73 0.60

—

HPU HPLA

@ Tensile Stress at Max Load (MPa)
.I

HSPLASPU

H1AgSPLASPU H3AgSPLASPU HSAgSPLASPU

90
80 +

70 +

50 +
36.25

41.65

HH

40 +

HH

20 +
F 8.22

10 £

79.51

60.13
57.27

i
-

HPU HPLA

@ Tensile Strain at Max Load (%)
s

HSPLASPU

H1AgSPLASPU H3AgSPLASPU HSAgSPLASPU

Fig.7 a Graphs of tensile stress at max load (MPa) of hollow nanofibers b Graphs of tensile strain at max load (%) of hollow nanofibers

Additionally, the reduction in tensile strength was asso-
ciated with also the presence of unwanted bead structures
on the nanofibers seen in the SEM images. Due to the
presence of knotted, lumpy, and polymer droplets (beads),
these regions behaved like pure PLA [28] and exhibited
poor tensile strength. On the contrary, elongation increases
due to these regions and the hollow structure. Because
in the presence of polyurethane, loose parts in the poly-
mer bead structure can show elongation behavior. All Ag
NP-doped nanofibers showed higher elongation values
compared to HSPLASPU nanofibers. HIAgSPLASPU

@ Springer

nanofiber exhibited the highest elongation behavior [58].
At the same time, HIAgSPLASPU nanofiber has the high-
est tensile strength among Ag NP-doped hollow nanofib-
ers. It has been attributed to the presence of smooth and
bead-free HI AgSPLASPU nanofibers in SEM images. The
elongation values of H3AgSPLASPU and HSAgSPLASPU
nanofibers are very close to each other. The beaded struc-
tures observed in the surface images of these fibers in the
SEM analysis are also quite similar to each other.

The strain—stress graphs in Fig. 8 show the plastic defor-
mation of nanomaterials until fracture. At the same time,
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Fig.8 Graphs of stress—strain of
hollow nanofibers

(o]

~

»

()]

SN

w

PLA

Tensile Stress [MPa]

N

—_—

0

/ M‘WWWWW'WW"“WW'W!’_“f””‘m{'"j”*

H5PLA5PU
Modulus of
Samples Elasticity
[MPa]
HPU
HPU 1,0434
HPLA 06183
HS5PLASPU 1,0018
H1AgSPLASPU 0,1228
H3AgSPLASPU 0.0495
H5ApSPLASPU 0,0441

H1A5LA5PU

AN Y

LY S R

L H5Ag5PLASPU

H3Ag5PLASPU

0 10

the modulus of elasticity values also is given in Fig. 8. HPU,
HPLA, and HSPLASPU nanofibers exhibited linear propor-
tionality with stress and strain, with a modulus of 1.0434,
0.6183, and 1.0018 MPa, respectively. It then increased
parabolically with an increase in strain up to the peak stress
point. After the strain exceeded this ultimate stress point, it
displayed a brittle snap-break behavior. It was observed that
the Ag NP-doped PLA/PU nanofibers (the lowest Ag NP
contribution, respectively) had modulus values of 0.1228,
0.0495, and 0.0441 MPa. After reaching the highest stress
point, they showed a constant elongation behavior by show-
ing creep behavior without loss of strength.

Liquid absorption capacity and drying time
of hollow PLA/PU/Ag NPs nanofibers

The values of the liquid absorbency capacity (%) and dry-
ing time (min) of the Ag NP doped hollow PLA/PU blend
nanofibers are given in Table 5. The nanofibers produced
from both polymer mixtures are hydrophobic nanomateri-
als with an angle of 120° [28]. While the liquid absorp-
tion capacity (LAC) is directly related to the interior space
of the fibers, also it is related to the surface properties of
the nanofibers and the presence of Ag NPs added to the
structure. A sharp 2.75-3.25 (between) fold decrease was
observed in nanofibers obtained by adding Ag NP into

20 30

Tensile Strain (%)

40 50 60 70 80

H5PLASPU nanofiber, which has 756% absorbency capac-
ity. This situation can be directly related to the fact that silver
is a metal element. H3Ag5PLASPU and H5Ag5PLASPU
nanofibers, which have finer fibrils than HIAg5PLASPU
nanofibers, have low absorbency capacity due to the pres-
ence of polymeric beads in SEM images. The absorbency
capacities of H3AgSPLASPU and H5Ag5SPLASPU nanofib-
ers are 257% and 234%, respectively. As the amount of Ag
NP in the structure and the bead structures increase, the
absorbency capacity decreases. HI Ag5PLAS5SPU nanofiber,
which has smooth, uniform nanofibers and the least amount
of Ag NP, was produced as the nanomaterial with the highest
absorbency with a value of 274%. Due to the presence of Ag
NPs and the hydrophobic bead PLA/PU polymeric structures

Table5 LAC (%) and drying time (min) of hollow PLA/PU/Ag NPs
nanofibers

Samples LAC (%) Drying
time
(min)
H5PLASPU 756 10
H1Ag5PLASPU 274 8
H3Ag5PLASPU 257 9
H5Ag5PLASPU 234 9
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on nanofibers, it becomes difficult for water molecules to
reach the hollow structure. Ag NPs and beads repel water
molecules. It is getting harder for water molecules to pass
through the parts with Ag NP agglomeration and reach the
hollow part.

According to the drying times, all Ag NP-doped hollow
nanofibers dry at almost the same time and return to their
original weight. Compared to the HSPLAS5SPU nanofiber,
the nanofibers with a very low absorbency capacity, which
can trap less liquid in their structure, providing drying in a
shorter time.

When the water absorption capacity and drying times
are evaluated in general, it is expected that if the hollow
nanofibers are used in wound dressing applications, they
will rapidly absorb the wound exudate with the capillary
effect and absorb re-released exudate owing to dry quickly.
With this circulation, it is predicted that while the PLA/PU/
Ag nanofiber hydrophobic shell repels water molecules, the
wound will heal quickly by keeping the environment moist,

Fig.9 Antibacterial effect of
PLA/PU/Ag NP nanofibers on
E.coli (from left to right: 0, 6,
12, 24 h, respectively) (from
top to bottom, respectively:
HS5PLASPU, H1AgSPLASPU,
H3Ag5PLASPU and H5Ag-
SPLASPU)

H3PLASPU
Oh

H1AgSPLASPU
Oh

H3AQSPLASPU
Oh

HRAQSPLASPU
Oh
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on the other hand, the PLA/PU/Ag nanofiber hollow core
can absorbe the exudate.

Antibacterial test results of hollow PLA/PU/Ag NPs
nanofibers

The antibacterial activity of Ag NP-doped hollow PLA/
PU nanofibers against E. coli, P. aeruginosa, and S. aureus
bacteria were investigated. According to the antibacterial
activity (%) results, Ag NPs were highly effective against all
bacterial species. Antibacterial activities of Ag NP-doped
hollow PLA/PU nanofibers on E. coli are shown in Fig. 9.
A numerical evaluation of E. coli colony counts of Ag NP-
doped hollow PLA/PU nanofibers is given in Table 6.
During 0, 6, 12, and 24 h, many E. coli proliferation was
observed in the HSPLA5PU nanofibers without Ag NPs, as
expected. Therefore, these nanofibers were used as control
samples. After adding Ag NPs, they showed 100% antimi-
crobial activity for E. coli. However, 1% Ag NP-doped PLA/

HSPLASPU HSPLASFU
&h 12h

HSPLASPU

H1AQSPLASPU HiagSPLASPU

1Zh 24h

H3AQSPLASPU H3AQSPLASPU
12h 24h
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Table 6 E.coli count and antibacterial activity (%) in the presence of nanofibers

Samples 0Oh 6h 12h 24 h Antibacterial Activity (%)
H5PLASPU Average: 54 Average: Average: Average: -
Std dev: 1.53 ~2x10° ~10* ~ 10
(uncountable) (uncountable) (uncountable)
H1Ag5PLASPU Average: 44 Average: Average: Average: -
Std dev: 1.53 ~213 - 10° ~ 10*
Std dev: (uncountable) (uncountable)
15.27
H3AgS5PLASPU Average: 34 Average: 0 Average: 0 Average: 0 100 for
Std dev: 2.00 Std dev: 0.00 Std dev: 0.00 Std dev: 0.00 6h,12hand24 h
H5AgSPLASPU Average: 41 Average: 0 Average: 0 Average: 0 100 for
Std dev: 3.51 Std dev: 0.00 Std dev: 0.00 Std dev: 0.00 6h,12hand 24 h

PU nanofiber was not effective on E. coli with time. As time
progressed, the number of bacteria increased linearly.

When 3% Ag NP added PLA/PU nanofiber and 5% Ag
NP added PLA/PU nanofiber were used, all E.coli were
destroyed at the end of the 6th hour. The 100% antibacterial
properties of these two hollow nanofibers continued until
the end of the 24th hour. The H3Ag5PLASPU and H5Ag-
5SPLASPU nanofibers can both be used as wound dressings
for E.coli, provided that they are replaced at the end of 24 h.
However, if a low Ag NP ratio is preferred, it is appropriate
to use H3AgSPLASPU nanofibers as an antibacterial effec-
tive wound dressing for E.coli.

Antibacterial activities of Ag NP doped hollow PLA/
PU nanofibers on P.aeruginosa are shown in Fig. 10. A
numerical evaluation of P.aeruginosa colony counts of Ag
NP doped hollow PLA/PU nanofibers is given in Table 7.
For HS5PLASPU nanofiber without Ag NP, linear bacte-
rial growth of P.aeruginosa was observed for 0, 6, 12, and
24 h by culturing on MHA agar. When 1% AgNP additive
was added to the structure, antibacterial activity towards
P.aeruginosa was observed at the end of the 6th hour. This
activity continued until the end of the 12th hour. However,
at the end of the 24th hour, an increase in bacteria was
observed in the culture medium. The presence of Ag NPs
has lost its effectiveness [20, 59].

When 3% and 5% Ag NP were added to the structure,
100% antibacterial activity, which started at the end of the
6th hour, continued until the end of the 24th hour. All Ag NP
doped PLA/PU nanofibers can be used as an antibacterial
effective wound dressing against P.aeruginosa. However,
when H1Ag5PLASPU nanofiber is used as an antibacterial
effective wound dressing against P.aeruginosa, it should be
changed at the end of the 12th hour; H3Ag5PLASPU and
H5Ag5PLASPU nanofibers should be replaced after 24 h.
In addition, when nanofibers with low Ag NP content in the
structure are preferred to be used as an antibacterial effec-
tive wound dressing against P.aeruginosa; it is considered

appropriate to use H3Ag5PLASPU nanofibers, whose activ-
ity starts at the 6th hour and continues until the end of the
24th hour.

The antibacterial effects of Ag NP doped PLA/PU
nanofibers on S.aureus are shown in Fig. 11. Bacteria counts
were performed at 0, 6, 12, and 24 h intervals. A numeri-
cal comparison of S. aureus bacterial counts is given in
Table 8. A significant time-dependent increase in the number
of S. aureus was observed in the presence of HSPLASPU
nanofiber. This nanofiber was used as the control sample.
H1Ag5PLASPU and H3Ag5PLASPU nanofibers did not
show antibacterial activity against S. aureus at any of the 0,
6, 12, and 24 h intervals. Just like the control sample, a linear
increase in the number of S. aureus was seen in the medium
with time for these two hollow nanofibers. Since S. aureus
is a Gram-positive bacteria species, it was thought that it is
more difficult for Ag NPs to penetrate bacteria and prevent
bacterial growth due to its thick cell wall [60].

Only H5Ag5PLASPU nanofiber showed 100% antibacte-
rial activity against S.aureus. This activity, which started at
the 12th hour, lasted until the end of the 24th hour. Among
Ag NP added PLA/PU nanofibers, it was deemed appropri-
ate that the only nanofiber that can be used as an antibacte-
rial effective wound dressing against S.aureus bacteria is
H5Ag5PLASPU nanofiber.

If the antibacterial analysis for Ag NP-doped hol-
low PLA/PU blended nanofibers is evaluated in general:
for E.coli and P.aeruginosa bacterial species, it is pre-
dicted that H3Ag5SPLASPU nanofiber should be used and
changed at the end of the 24th hour; also, HSAgSPLASPU
nanofiber, which can be used simultaneously for 3 bacterial
species, has been determined to can be used by changing
it every 24 h.

Compared to other hollow nanofibers, HSAg5SPLASPU
seems to be a preferable electrospun mat as an antibacterial
effective wound dressing since there is not a very high dif-
ference between its absorbency and drying time.
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Fig. 10 Antibacterial effect
of hollow PLA/PU/Ag NP
nanofibers on P. aeruginosa
(from left to right: 0, 6, 12,

24 h, respectively) (from

top to bottom, respectively:
HSPLASPU, HIAg5SPLASPU,
H3Ag5PLASPU and H5Ag-
SPLASPU)

HSPLASPU : H5SPLASPU
T 24h

H1AgSPLASPL H1AgSPLASPU
1zh

H3AgSHPLASPU

H3AQFPLASPU H3AgFPLASPU
- 1Zh

Table 7 P. aeruginosa count and antibacterial activity (%) in the presence of nanofibers

Samples Oh 6h 12h 24 h Antibacterial Activity (%)
HSPLASPU Average: Average: Average: Average: -
~320 ~10° ~10* ~10°
Std dev: 26.46 (uncountable) (uncountable) (uncountable)
H1AgSPLASPU Average: Average: 0 Average: 0 Average: 100 for
~223 Std dev: 0.00 Std dev: 0.00 ~10° 6hand 12 h
Std dev: 20.82 (uncountable)
H3Ag5PLASPU Average: Average: 0 Average: 0 Average: 0 100 for
~ 155 Std dev: 0.00 Std dev: 0.00 Std dev: 0.00 6h,12hand24 h
Std dev:
13.23
H5AgSPLASPU Average: Average: 0 Average: 0 Average: 0 100 for
~ 103 Std dev: 0.00 Std dev: 0.00 Std dev: 0.00 6h,12hand24 h

Std dev: 15.28
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Fig. 11 Antibacterial effect
of hollow PLA/PU/Ag NP HSPLASPLU HSPLASPLU HSPLASPL HSPLASPL
nanofibers on S. aureus 12h : 24h
(from left to right: 0, 6, 12,

24 h, respectively) (from

top to bottom, respectively:
HSPLASPU, HIAg5SPLASPU,
H3Ag5PLASPU and H5Ag-
5PLA5PU)
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Table 8 S. aureus count and

. : . . Samples Oh 6h 12h 24 h Antibacterial
antibacterial activity (%) in the Activity (%)
presence of nanofibers

HS5PLASPU Average: Average: Average: Average: -

38 ~ 10* ~10° ~ 108

Std dev: 3.06 (uncountable) (uncountable) (uncountable)
H1AgSPLASPU  Average: Average: Average: Average: -

36 ~2x10° ~ 10* -~ 10°

Std dev: 1.53 (uncountable) (uncountable) (uncountable)
H3AgS5PLASPU Average: Average: Average: Average: -

35 52 110 ~10°

Std dev: 2.52 Std dev: 2.52 Std dev: 4.51 (uncountable)
HSAgSPLASPU  Average: Average: Average: 0 Average: 0 100 for

32 19 Std dev: 0.00 Std dev: 0.00 12hand 24 h

Std dev: 2.52 Std dev: 1.53
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Fig. 12 Cell viability (%)
of hollow PLA/PU/Ag NP
nanofibers
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Cytotoxicity (cell viability) test results of hollow
PLA/PU/Ag NPs nanofibers

To examine the usability of all produced hollow nanofibers
as an antibacterial effective wound dressing, the cytotoxic-
ity test was performed using the direct contact test method
cell viability (%) was calculated. The graphs showing the
cell viability of the prepared Ag NP doped hollow nanofib-
ers are given in Fig. 12.

Since the antibacterial test was performed for the 24th
hour, the cytotoxicity test was also terminated at the end of
the 24 h. The toxic effect of the positive control prepared
in the test was recorded as 55.15% at the end of the 24th
hour. It was deemed appropriate to evaluate PLA/PU/Ag
NP nanofibers as non-toxic, provided that the cell viability
(%) was at this value or higher. However, according to the
information obtained from the literature; for the obtained Ag
NP-doped PLA/PU nanofibers to be used as an antibacterial
wound dressing, the cell viability should not be less than
70% [39].

H5PLASPU nanofibers were evaluated as the negative
control. Since PLA is a biocompatible polymer and PU
is partially compatible with blood, high toxic effects are
not anticipated. According to the results obtained, it was
observed that all hollow PLA/PU/Ag NP nanofibers have an
effect that supports cell growth. In addition, the decreased
fiber diameter also supported the proliferation of cells [46].
H5Ag5SPLASPU nanofiber was found to be the highest cell
growth support with a rate of 98.16%. According to the
results obtained, all Ag NP-doped hollow nanofibers can
be used as wound dressings since they are above 70% value.

@ Springer
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According to the results of the cytotoxicity test and the
antibacterial test results studied for three different bacterial
species named E. coli, P. aeruginosa, and S. aureus; wound
dressing, which is antibacterial for three bacterial species at
the same time and contributes to fibroblast cell growth; It
was reported to be HSAgSPLASPU nanofiber, provided it
was replaced at the end of 24 h.

Conclusion

The antibacterial activity of these nanofibers against E. coli,
P. aeruginosa, and S. aureus was investigated by the Agar
plate colony counting method. H3Ag5SPLASPU nanofib-
ers showed al00% antibacterial effect against gram-negative
bacteria (E. coli and P. aeruginosa) until the end of the 24th
hour. Against Gram-positive bacteria (S.aureus), only H5Ag-
5SPLASPU nanofibers showed 100% antibacterial effect. It has
been reported that the most optimal nanomaterial to be used
as a wound dressing with 100% antibacterial activity for up to
24 h against the 3 tested bacterial species is HSAgSPLASPU.
In addition, this nanofiber exhibited the highest fibroblast cell
viability with a value of 98.16%. This fiber was also observed
to have the thinnest fiber diameters with a value of 484 nm.
According to the SEM images, the surface structures of fibers
are almost regular, but as the amount of Ag NP in the structure
increased, the irregularities, the beaded structures, and the Ag
agglomerations increased. The conductivity of the solutions
increased with increasing Ag NP content; Due to the constant
electrospinning conditions, a linear thinning of the diameters
of the fibers was observed. According to the TEM image and
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FTIR chemical analysis results, it has been proven that the
fibers are hollow. It was observed that the HSAg5PLASPU
nanofiber increased with an elongation value of 60.13% com-
pared to that of the pure HSPLASPU nanofiber. When used as
a wound dressing, it is thought to can provide patient comfort
with high elasticity. The presence of hollow structures, metallic
nano additives, Ag NPs agglomeration, regularity of polymer
chains, and polymeric bead structures on the nanofiber struc-
ture have affected the mechanical properties. The Ag NP-doped
nanomaterials have exhibited a ductile behavior. In addition,
the liquid absorption capacity of nanofibers decreased as the
amount of Ag NP increased, mainly due to the agglomeration
of Ag NPs and then the presence of beads. While agglomer-
ated Ag metals repel water molecules, beaded PLA and PU
structures with hydrophobic character also exhibit the repulsion
behavior of water molecules. The LAC% decreased due to the
water molecules that could not find a way to reach the hollow
structure. However, there was no significant difference in drying
times compared to pure HSPLASPU nanofiber. Ag NP-doped
nanofibers showed drying behavior in as little as 8-9 min. The
residues in TGA proved the existence of Ag NPs in the struc-
ture, while also proving that the fibers were emptied. While
DSC analysis gives information about the thermal properties
of hollow nanofibers, it did not observe the thermal information
of PVP on PLA/PU/Ag nanofibers. Thus, with this test also, the
presence of hollow structures was proved. When all the results
were evaluated, it was reported that wound dressing materials
were developed with modern wound dressing properties and
high antibacterial effects.
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