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Summary

Electrospinning technique is based on a self-organisation via electric charges. It is superior to other
techniques due to its straightforward setup and the ability to mass-produce continuous nanofibers
from various polymers and their blends. This method allows to consistently produce fibres in order
to observe thinner or thicker nano/micro fibres depending on an application when changing certain
parameters. With smaller pores and higher surface area than regular fibres materials, electrospun
fibres materials are successfully applied in various fields as biotechnology, filtration, etc. Though,
the biomedical field is one of the biggest for nano/micro fibres applications.

Polyvinylpyrrolidone (PVP) is an important biobased water-soluble polymer used in biomedical
applications. It exhibits low chemical toxicity, high biocompatibility and good spinnability. Silver
nanoparticles (Ag NPs) have a high antimicrobial efficiency against bacteria, viruses and other
eukaryotic microorganisms and are widely used in the different kinds of textile materials. Over the
past few decades electrospun nanofibers containing nanoparticles are generating notable interest in
terms of the enhancement of various features. Comparing with the needle electrospinning system, the
needleless one still has a high demand of further studies to be fulfilled. In regard to this interest, the
aim of this study was to form nonwoven materials from PVP nano/micro fibres containing
antibacterial Ag NPs by means of the needleless roller electrospinning system and to investigate the
influence of the small amount of Ag NPs on the structure and antibacterial properties of electrospun
PVP materials.

The findings of the project exhibited that it was not possible to produce nano/micro fibres from 4%,
6% and 8% PVP aqueous solutions by means of the needleless roller electrospinning equipment.
Under the same spinning conditions nano/micro fibres were successfully formed from pure PVP
ethanolic solutions and PVP with different contents of Ag NPs. It was identified that the polymer
concentration in ethanolic PVP solutions had the substantial influence on the morphology and the
structure of materials formed by means of the needleless roller electrospinning system. It was found
that Ag NPs had the influence on the morphology of electrospun PVP materials. Thinner fibres and
denser materials were formed with the higher concentration of Ag NPs. In the materials formed from
4% PVP/0,02% Ag NPs solution, 47% of the nanofibers with the diameter up to 100 nm were
recorded. The antibacterial activity results exhibited the comparatively high influence of the small
amount of Ag NPs against Gram-negative E. coli and Gram-positive S. aureus. The highest
concentration of Ag NPs in PVP materials demonstrated the highest antibacterial effect. Although the
0,005% Ag NPs content demonstrated the inhibition zone higher than 10 mm against both types of
microorganisms.
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Santrauka

Elektrinis verpimas yra pagrjstas elektrostatiniy jégy veikimu. Sis biidas yra pranasesné uz kitus
verpimo budus dél nesudétingo proceso paruoSimo bei galimybés masiSkai pagaminti vientisas
nanogijas i§ jvairiy polimery bei ju misiniy. Sis metodas sudaro salygas pagaminti plonesnes ar
storesnes gijas priklausomai nuo panaudojimo srities keiciant tam tikrus parametrus. Elektriniu
verpimo biidu pagamintos neaustinés medziagos pasizymi mazesnémis poromis bei didesniu
pavirsiaus plotu negu klasikinémis technologijomis pagamintos tekstilinés medziagos. Sios unikalios
neaustinés medziagos yra sékmingai taikomos jvairiose srityse, pavyzdziui, biotechnologijoje,
filtravime bei vienoje didziausiy — biomedicinos - srityje.

Polivinilpirolidonas (PVP) yra biomedicinoje naudojamas, bioskaidus, vandenyje tirpus, polimeras.
Jis pasizymi mazu toksiSkumu, dideliu biologiniu suderinamumu ir geru verplumu. Sidabro
nanodalelés (Ag ND) pasizymi dideliu antimikrobiniu poveikiu bakterijoms, virusams ir Kitiems
eukariotams ir yra placiai naudojamos jvairiose tekstilés medZiagose. Per pastaruosius kelis
deSimtmecius pastebimas didelis susidoméjimas elektrinio verpimo biidu pagamintais nanopluostais
su nanodalelés dél galimybés pagerinti medziagy savybes jomis. Lyginant elektrinj verpimo metoda
su purkstukais, metodai be purkstuky dar reikalauja nemazai tyrimy. Atsizvelgiant j §j susidoméjima,
Sio tyrimo tikslas buvo elektrinio verpimo metodu su sukamuoju elektrodu velenélyje suformuoti
neaustines medziagas 1§ PVP nano-mikro gijy, turin¢iy antibakteriniy Ag ND, ir istirti nedidelio Ag
NP kiekio jtakg suformuotos medziagos struktiirai bei antibakterinéms savybéms.

Projekte jvykdyti tyrimai parodé, kad naudojant elektrinio verpimo metodg su sukamuoju elektrodu
velenélyje buvo nejmanoma suformuoti nano-mikrogijy i§ 4 %, 6 % ir 8 % PVP vandeniniy tirpaly.
Tomis paciomis verpimo sglygomis nano-mikrogijos buvo sékmingai suformuotos i§ gryny PVP
tirpaly etanolyje bei etanoliniy PVP tirpaly, turin¢iy skirtinga Ag ND kiekj. Nustatyta, kad polimero
koncentracija etanoliniuose PVP tirpaluose tur¢jo esminés jtakos medziagy, suformuoty elektrinio
verpimo metodu su sukamuoju elektrodu velenélyje, morfologijai ir struktiirai. Nustatyta, kad Ag ND
turéjo jtakos elektrinio verpimo biidu suformuoty PVP medziagy morfologijai. Esant didesnei Siy
daleliy koncentracijai susiformavo plonesnés gijos ir tankesnés medZiagos. MedZiagose,
suformuotose i§ 4 % PVP/0,02 % Ag ND tirpalo, uzfiksuota 47 % nanogijy, kuriy skersmuo yra iki
100 nm. Antibakterinio aktyvumo tyrimo rezultatai parodé palyginamai didel¢ itin mazo Ag ND
kiekio jtaka gram-neigiamy E. coli ir gram-teigiamy S. aureus bakterijy gyvybingumui. Didziausiu
antibakteriniu poveikiu pasizyméjo medziagos, suformuotos i§ PVP tirpaly su didziausiu Ag ND
kiekiu. Taciau net ir 0,005% Ag ND Kkoncentracija verpimo tirpale leido medziagoms suformuoti
didesne¢ nei 10 mm abiejy tipy mikroorganizmy slopinimo zon3.
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Introduction

Nanotechnology is an interdisciplinary field of biology, chemistry, physics and materials science.
With the help of nanotechnology, nanomaterials with new properties are being developed and have
been already applied in many areas in human life such as medicine, energy, electrotechnics,
agriculture, cosmetics, etc. Carbon nanotubes, fluorescent nanocrystals, nano porous silica,
dendrimers, graphene, and nanoparticles can be attributed to the group of nanomaterials. [1]

Electrospun nonwoven materials are unique nanostructures with an extraordinary potential in both
medicinal and technical applications. Drug delivery, fibre reinforcement and filtering are just a few
examples of wide range applications of nano/micro scale structures. Prior technique to produce
certain materials is electrospinning which relies on self-organisation via electric charges and their
interactions with an applied field. Electrospinning is superior to other techniques due to its
straightforward setup, the ability to mass-produce continuous nanofibers from various polymers, and
a capability to generate nanofibers with controllable diameters and compositions. However, it has
been considered that due to physic behind it is not easy to understand since the properties of
electrospun nanofibers can be influenced by many parameters. [2, 3]

Over the past few decades, electrospun nanofibers containing nanoparticles are generating notable
interest in terms of the enhancement of various features. For instance, in certain application the
conductivity could be improved by insertion of silver or lithium nanoparticles, or addition of carbon
nanotubes to a certain structure may be used for the delivery of drugs at a cellular level. Especially in
the field of medicine a lot of attention is given to biodegradable polymers (PVA, PLA, PVP, starch-
based polymers, etc.), also usage of green solvents and the addition of nanoparticles in order to have
enhanced properties. In regard to this interest, we attempted to form polyvinylpyrrolidone (PVP)
nano/micro fibres with different ratios of silver nanoparticles (Ag NPs) and test the antibacterial
activity of certain Ag NPs ratios. To the best of our knowledge, most of the studies of formation PVP
electrospun fibres with Ag NPs had been performed using a needle electrospinning technique and
only a few works had been accomplished using a roller needleless electrospinning equipment.

The aim of this project was to form a nonwoven material from PVP nano/micro fibres containing
antibacterial Ag NPs by means of a needleless roller electrospinning system and to investigate the
influence of the small amount of Ag NPs concentration on the structure and antibacterial properties
of electrospun PVVP materials.

Tasks of the project:

1) To investigate the possibility of forming nano/micro fibres from PVP solutions in water and
ethanol by means of the needleless roller electrospinning equipment.

2) To evaluate the parameters of electrospun solutions with different PVP and Ag rations.

3) To estimate the influence of PVP polymer concentration and small amount of Ag NPs in
electrospun solutions on the structure and the antibacterial properties of electrospun materials.
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1. Literature Survey

The part focuses on electrospinning process in more detail, presents the research works performed
until now and demonstrates the overview of the field which is under analysis.

1.1. Electrospinning Process

In 1902 an electrospinning process was described for the first time by J. F. Cooley in United States.
The patent was called “Apparatus for electrically dispersing fibres*. The scientist described the
method of using high voltage power supplies to form yarn. Since this early time it was admitted that
to generate a fibre rather than a droplet, fluid must be sufficiently viscous, the solvent has to be
volatile enough to evaporate and allow the regeneration of a solid polymer, and the electric field
strength has to be within a certain range. [4]

The term ‘electrospinning’ was first generated in 1995 by Doshi and Reneker. From 2002 a strong
growth is presented in this area by plotting the number of scientific papers on the subject published
every year. Various outstanding characteristics of electrospun nano/micro fibres are characterised
including high surface area per unit mass (about 1-100 m?/g), light weight, tuneable pore size, high
permeability, relatively good mechanical strength, high porosity, high aspect ratio up to 1000,
flexibility in surface functionalities. [4, 5]

Electrospinning is a simplistic, cost-effective, and an adaptable method that uses the electrically
charged jet of polymer solution to produce fibres with diameters ranging from micro- to nanometres.
Electrospun nano/micro fibres are created from the electrically charged jets of polymer solutions or
polymer melts. There are two standard electrospinning setups, horizontal and vertical. A typical
electrospinning setup involves a high voltage supply, a needle or spinneret (e.g., a pipette tip), a
syringe pump, and a grounded oppositely charged surface for fibres to be collected on (a metal screen,
plate, or rotating mandrel) (see Fig. 1). The process is conducted at room temperature with
atmosphere conditions. Self-assembly is electrospinning is controlled by Coulomb interactions
between charged elements of the fluid. Electrospinning can produce a wide range of morphologies
including hollow tubes, highly aligned fibres, and even 3D shapes. [2, 6, 7]

Collector

Syringe Polymer solution
! Spinneret

I ;
Fibers
High Voltage l

Figure 1. The schematic view of electrospinning apparatus. Horizontal set up [8]

In the electrospinning process, a polymer solution maintained by its surface tension at the end of a
capillary tube is subjected to an electric field and an electric charge is induced on the liquid surface
due to this electric field. When the critical value of applied electrical field is reached, the repulsive
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electrical forces conquer the surface tension forces. Ultimately, the charged jet of a solution is ejected
from the tip of the Taylor cone and the unstable and rapid whipping of a jet occurs in a space between
the capillary tip and the collector, thus it leads to the evaporation of a solvent leaving a polymer
behind. [7]

1.1.1. Parameters Affecting Electrospinning

The installation and all selected parameters are the most significant for the process of electrospinning.
All the parameters affecting electrospinning process are divided into the three main categories (see
Table 1):

1. properties of the solution used as the feedstock (solution parameters),

2. parameters associated with the design, geometry and operation of the electrospinning
apparatus (processing parameters),

3. atmospheric and other local processing conditions (environmental parameters). [4]

Table 1. The parameters of electrospinning process [4]

Solution parameters Process parameters Environmental conditions

Viscosity Electrostatic potential Temperature

Polymer concentration Electric field strength Humidity

Molecular weight of polymer Electrostatic field shape Local atmosphere flow

Surface tension Working distance (between needle Atmospheric composition
and collector)

Electrical conductivity Volume feed rate Pressure

The most affecting parameters are solution ones as viscosity, surface tension, electric conductivity
and the dielectric constant of a solvent. It influences the properties of an electrospun material. The
solution properties may be affected by additives as well, for instance, a surfactant possibly might
reduce surface tension. When a solvent with a very low volatility is used, wet fibres are collected,
i.e., the appearance of a film with pores rather than a fibre mat. However, if a solvent is too volatile,
the Taylor cone solidifies suspending the production of a fibre. The variation of applied electrostatic
potential and working distance also cause the variation of electric field strength. It was found that
increasing electrostatic potential results in thinner fibres. Working distance, together with
electrostatic potential determine the strength of an electric field. Working distance also changes a
total flight time available to a fibre. Hence, in some cases increasing the working distance results in
thinner fibres due to longer period of time for the bending instability (Fig. 2) to be developed and
hence more time for the jet to be stretched. [4, 9]

All previously mentioned parameters influence the morphology of generated fibres. Morphology
characterises the shape, diameter, topography of a single fibre surface, fibre association and the
porosity of a structure. The morphology of a single fibre in literature is mostly described by scanning
electron microscopy (SEM). Fibres formed during an electrospinning process are characterized by a
diameter of 50-2000 nm. Dry fibres, that are uniform in morphology, generated by electrospinning
technique in the narrow range of process parameters, are called a window process or a processing
map. All parameters of a process have to be optimised to create beads-free uniform fibres (Figure 3).
[10]
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Figure 2. The typical representation of bending instability [4]
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Figure 3. Fibres diameter as the function of parameters related to (a) forces in a solution jet and (b) polymer

mass [11]

For the fabrication of nanofibers with desired properties, it is important to optimise the fulfilment of
the electrospinning system. Due to the properties of nanofibers are affected by multiple system
parameters coupled with each other, it is significant to be aware about relations between the
electrospinning system and the system parameters, as shown in Table 2. Parameters that influence the
performance are given in the order of priority. [12]

Table 2. Relations between the performance of an electrospinning system and the system parameters [12]

Performance Parameters

Spinnability Solvent, concentration

Stability Solvent, concentration, voltage and distance, feeding rate, humidity, temperature
Uniformity Solvent, voltage, distance

Porosity Solvent, humidity, temperature

Diameter Concentration, voltage and distance
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1.1.2. Electrospinnable Polymers

Electrospun materials from nano/micro fibres can be produced using natural and synthetic polymers
and required properties of these materials can be controlled by selecting polymers or its blends. More
than 100 kinds of polymers can be used as base materials, including synthetic polymers as
polyethylene oxide (PEO), polyacrylic acid (PAA), polylactic acid (PLA), polycaprolactone (PCL),
polyurethane (PU), polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA) and polyacrylamide
(PAM) as well as natural biobased materials, for instance, cellulose, cellulose acetate, collagen,
gelatine, lecithin, chitosan, silk fibroin and hyaluronic acid. [5, 13]

Synthetic biopolymers as PCL and PLA are soluble in organic solvents while PVP and PVA are
synthetic water-soluble biopolymers. Markedly, from many natural polymers, which have a low
molecular weight and a relatively poor solubility, electrospinning into fibres is complicated without
mixing them with synthetic polymers. Consequently, some synthetic polymers as PLA, PLGA, PCL,
PVA and PEO are often co-electrospun with natural polymers as carrier ones. [14]

Due to the practicality, flexibility, mouldability, durability, chemical and physicochemical stability,
natural polymers are preferable to synthetic ones. However, synthetic polymers often provide many
advantages over natural polymers due to their easy adaptability according to desired properties for
specific applications and they present good uniformity as well. Furthermore, synthetic polymers are
more economical and served as more reliable source of raw materials than when considering source
of natural polymers. [5, 13]

Most of the polymers are dissolved in solvents before electrospinning, as processing conditions
involved are simple and direct. A polymer solution is obtained. In addition to this, some polymers
may eject unpleasant or even harmful smells, thus a ventilation system is important to be installed. A
few examples from the list of polymers which can be electrospun into nano/micro fibres and usable
solvents are shown in Table 3. Instead of a solution, the polymer can be melted and supplied through
a spinneret. In this case, a vacuum condition has to be applied. A few examples of polymer melts and
their processing temperatures are shown in Table 4. [15]

Table 3. Polymers electrospun in solution form [15]

No. Polymer Solvent

1 Nylon 6,6, PA-6,6 Formic acid

2 Polyurethanes, PU Dimethyl formamide
3 Polybenzimidazole, PBI Dimethyl acetamide
4 Polyacrylonitrile, PAN Dimethyl formamide
5 Polyvinyl alcohol, PVA Distilled water

6 Polylactic acid, PLA Dimethyl formamide

The variety of soluble and fusible polymers (PVP, PU, PP, PVA, etc.) can be electrospun to form
nano/micro fibres from their precursory solutions. Additionally, inorganic additives (e.g., TiO2, ZnO)
can be supplied into polymer solutions to form organic or inorganic composited nanofibers.
Calcination at high temperature is introduced to decompose organic components thermally. Inorganic
nanofibers can be received only with a slight morphological change. [16]
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Table 4. Polymers eletrospun in melt form [15]

No. Polymer Processing temp. (°C)
1 Polyethylene, PE [200, 220]

2 Polypropylene, PP [220, 240]

3 Polyethylene terephthalate, PET 270

4 Nylon 12, PA-12 220

1.2. The Main Types of Electrospinning Equipment and the Principles of their Working
1) Needle electrospinning

In the needle electrospinning (also called nozzle electrospinning) process a high voltage is required
to conclude the electrically charged jet of a polymer solution or melt and solidify into a polymer fibre.
The needle is connected to a high voltage supplier and the collector is grounded as it is shown in
Figure 4. A polymer solution in syringe is applied to an electrical field. If the electrical force between
the needle tip and the collector becomes stronger than the surface tension of a polymer solution, the
charged jet of a fluid becomes as a Taylor cone. The needle goes through the small hole in a plate.
This plate touches the needle thus a charge of a plate is given to the needle. Needle protrusion length
is called the distance between the tip of the needle and the charged plate. This kind of electrospinning
technique enables an incessant solution feeding and continuous electrospinning, the enclosed system
avoids unnecessary evaporation and maintains solution stability, a fibre diameter is easily controlled.
[17, 18]

|LI syringe —,
Protrusion Length
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. “Collector - Computer
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Supplier

Figure 4. Needle electrospinning system [17]

With the desire of improving electrospinning productivity, the conventional needle electrospinning
system can only produce a limited quantity of nanofibers and is not able to increase the demand of
industrial applications and their magnitude. There is a solution regarding to forming a jet from a
capillary tip, needleless electrospinning generated the large number of solution jets directly from an
open liquid surface.
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2) Rod electrospinning

In the rod electrospinning system, also called stationary needleless electrospinning (Fig. 5), the metal
rod with 10 mm in diameter linked with high voltage supply is the spinning electrode. The collector
is similar to the one used in needle electrospinning. The droplet of a polymer solution is placed at the
upper end of the rod. Jets proceed on the surface of a droplet, close to its edge. This kind of
electrospinning setup is relatively simple and electrospinning processes can be implemented with
minimum efforts. Spinnerets in this category include a wire, a twisted wire, a conical wire, a bowl, a
sharp edge, a cylinder, a slit, a curved slot, a stepped pyramid and a cleft (some examples are
demonstrated in Figure 6). [17, 18]
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Figure 6. A few examples of the types of spinnerets: (a) cleft, (b) bowl, (c) slit [18]
3) Roller electrospinning

The roller electrospinning system (Figure 7) is another needleless process (also called rotary
electrospinning) which is a highly productive method to produce nanofibers. The rotating roller
placed in the solution tank is the spinning electrode. A supporting material (nonwoven web, paper,
etc.) moves along the collector electrode. The roller electrospinning system is a closed system. There
is only an input for air and humidity and output for air suction. In roller electrospinning much higher
voltage is required than in needle electrospinning process. In addition, solution parameters as
electrical conductivity and surface tension might have stronger influence on final electrospun material
than in needle electrospinning due to process differences. [17, 19, 20]

When electrical force overcomes the surface tension of a polymer solution, many jets develop on the
surface of the roller. A nanofiber layer covers the supporting material. The solution layer thickness
can be easily regulated by the rotating speed with improved electrospinning stability and nanofiber
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uniformity. Besides all electrospinning parameters as viscosity, polymer molecular weight, working
distance, humidity. etc, the speed of the roller significantly influences the quality of the resultant
nanofiber web (Figure 8). As a result, a continuous nanoweb is achieved. The roller electrospinning
can process nano/micro fibres in the diameters of 50-800 nm with acceptable narrow fibre diameter
distribution on nonwoven webs. In addition, in roller electrospinning high voltage is required. [18,
19]
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Figure 7. The illustration of a roller electrospinning system [17]
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Figure 8. The effect of roller speeds on the quality of a nanofiber web [19]

1.3. The Application Fields of Nano/Micro Fibres Materials

All superior properties described before enhance the key role of electrospun nano/micro fibres as an
ideal material candidate for a wide range of applications as biomedicine (e.g. tissue engineering, drug
delivery, wound dressing and release control), filtration, reinforcement of composite materials,
protective clothing, sound absorption, microelectronics (e.g. batteries, transistors, sensors and display
devices) and space applications. Additionally, nano/micro fibres are applied in energy production and
storage (photovoltaic cells and hydrogen storage), environmental protection and improvement,
healthcare, sensors and many others. [5, 6, 7, 21]
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1.3.1. Biomedical Field

One of the largest fields of nano/micro fibres is a biomedical one. Drug delivery is one of the most
significant application. At the beginning of XXI century, researchers simply blended drugs with
polymers to electrospin into drug-loaded fibre mats. For example, Kim et al. [22] successfully
incorporated a hydrophilic antibiotic drug (Mefoxin, cefoxitin sodium) into a PLGA-based
electrospun nanofiber mat to achieve the controlled release of drugs over the course of 1 hour. The
results show that researchers observed no loss in structure or bioactivity.

In addition to the application of electrospun fibres in drug delivery systems, these materials are also
widely used as scaffolds for tissue engineering due to their specific structural features. Continuous
thin fibres created by electrospinning can mimic the ECM because of their large surface areas, ease
of functionalization and complex fibrous interfacial topological structure. Generous studies on the
application of electrospun nanofibrous scaffolds with various components for skin substitutes and
wound dressings have been introduced. For example, Powell et al. [23] compared freeze-dried and
electrospun collagen scaffolds as skin replacement and found that the electrospun scaffold skin
substitutes possessed optimal cellular organization, potentially reducing wound contraction (Figure
9).

- B

Figure 9. Electrospun nanofiber scaffold for skin regeneration; skin after (a) 2 weeks, (b) 8 weeks [23]

D. Archanaet al. [24] developed a film from chitosan, PVVP and silver oxide nanoparticles that showed
improved results in regards of wound healing in comparison with research works had performed
before. The outcome was good antibacterial activity and swelling capability what ensures no wound
dehydration. The film was obtained transparent what makes checking of wound easy without
removing it from the wound site. The macroscopic appearance is shown in Figure 10. At the day of
surgery, no visible differences are visible with all different used materials. However, at the day 7, a
primary tissue formation is observed clearly in chitosan and chitosan-PVP-silver oxide groups. At the
day 14, wound closure is observed with the chitosan-PVP-silver oxide film. The prior effect was
obtained due to the synergistic effect of constituents used.

Furthermore, humoral diagnosis of cancer can be fulfilled with nano/micro fibres materials. For
instance, electrospun fibres were employed for the detection of tumour markers or circulating tumour
cells (CTCs) in the blood and in other body fluids of a patient with early-stage cancer. Zhang et al.
[16] generated titanium butoxide (TBT)/PVP composite fibres onto a silicon substrate. Titanium
dioxide nanofibres were obtained by a calcination process and by removing organic components.
Afterall, they modified the nanofibers with a biotinylated anti-epithelial cell adhesion molecule and
finally were able to capture cancer cells.
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(b)

(c)

Figure 10. Macroscopic photographs of wounds contraction at Oth, 7th, 11th and 14th days after operation
when using (a) gauze, (b) chitosan, (c) chitosan-PVP-silver oxide film [24]

1.4. Polyvinylpyrrolidone

Polyvinylpyrrolidone is known as a synthetic biomedical polymer. It is commonly called polyvidone
or povidone, is a water-soluble polymer. PVP is obtained by free-radical polymerization from its
monomer N-vinylpyrrolidone an initiator AIBN (azobisisobutyronitrile). PVP is an important
amorphous polymer due to low chemical toxicity, high biocompatibility, excellent solubility in most
organic solvents, good spinnability, and capability to interact with a wide range of hydrophilic
materials. [25]

Dry PVP is a light flaky hygroscopic powder and can absorb up to 40% of water by its weight. In
solution, it has excellent wetting properties and readily forms films which makes it good as a coating
or an additive to coatings. [25]

PVP usage:

— as ablood plasma expander for trauma victims,

— as a binder in many pharmaceutical tablets which easily can pass through the body when it is
administered orally,

— PVP added to iodine forms a complex called povidone-iodine (Betadine, Pyodine) that
possesses disinfectant properties,

— as a constituent of wound dressings and drug delivery devices. [24, 25, 26]

1.4.1. Electrospinning with PVP

There are many investigations established wherein PVP was used as an electrospun polymer to obtain
nano/micro materials. PVP was solved in many solutions and their blends, for instance, water,
methanol, ethanol, 50% ethanol/50% water, 2-propanol, 1,2-dichloroethane, chloroform and
dichloromethane. SEM images of different cases are demonstrated in Figure 11. 8% PVP aqueous
solution was tried to spin using needle electrospinning technique. Unfortunately, low quality of film
was obtained with spherical beads and globs of PVP, possibly due to high surface tension of water
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that created droplets from the solution. PVP has been solved with different constituents as well (silver
nanoparticles, carbon nanotubes, titanium dioxide etc.) in order to receive certain properties, e.g.

antibacterial, drug release, etc. [27, 28]

Figure 11. SEM images of the electrospun fibres from 8% PVP solutions in various solvents: (a) methanol,
(b) ethanol, (c) 2-propanol, (d) DCE, (e) water, (f) chloroform and (g) DCM [27]
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Figure 12. Load versus electrical resistance curves of PVP nanocomposite fibres obtained at following wt%
MWCNTSs: (a) 0, (b) 1, (c) 2, and (d) 4 [28]
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Waseem S. Khan et al. [28] fabricated PVP nanocomposite fibres incorporated with multiwall carbon
nanotubes (MWCNTS). The electrical resistance and some thermal properties of these nanocomposite
fibres were determined. The significant test in this study (see Fig. 12) was loads versus the electrical
resistance of PVP fibres. Values of the PVP nanocomposite fibres at various percentages of
MWCNTSs are demonstrated. As expected, resistance decreased with the applied load for all tested
samples. Hence, at 0 wt% of MWCNTSs (Figure 12 (a)), the resistance increased in each trial when
the load was emitted. This might be explained by the hysteresis and porosity changes whereas at 1
and 2 wt% MWCNTSs (Figures 12 (b) and (c)), the porosity of the fibre film reduced due to the
conductive nanoscale insertions. Resistance increased only in the first trial after unloading, and in
subsequent trials, in Figure 12 (d) the resistance curves overlapped due to the higher wt% of
MWCNTSs. Adding MWCNTS into the polymeric fibres increased both the thermal and electrical
conductivities of fibres.

Rasekh et al. [26] demonstrated PVVP — INDO (indomethacin) electrospun fibres in layering dressings.
The superficial layer was produced by a single needle electrospinning technique in a single step. The
XRD and DSC data showed that the drug existed in an amorphous state in the fibres. The complete
release of the drug occurred within 45 min. Results confirmed that the fibres might be adjusted on
any kind of dressing without varying their properties. Figure 13 exhibits the obvious difference
between the wound dressing produced with conventional methods (fibre diameter ~30 pm) and made
by electrospinning technique (~800 nm) that demonstrates a very high surface area ratio. Therefore,
the electrospinning process potentially enables passive wound dressings to serve as active systems
but still permitting any functionality of existing layers due to their porous and superficial nature.

Figure 13. SEM images of wound dressings (a) without and (b) with P\VP—INDO fibres [26]

E. Adomaviciute et al. [29] confirmed the possibility to introduce biological active compounds of
propolis ethanolic extract into PVP mats by electrospinning. The product gave a successful outcome.
It exhibited fast release of propolis phenolic compound that may be used in wound healing
applications. In addition, colloidal solution with Ag NPs was added into a mixture that resulted in
comparatively thinner nano/micro fibres formation. The inclusion of Ag NPs into spinning solutions
demonstrated higher inhibition of many strains’ growth compared with the case of only propolis
phenolic compound.

1.5. Silver Nanoparticles

Since ancient times, silver is used as an antiseptic and antimicrobial agent against various bacteria
and are increasingly used as an effective antibacterial agent for biomedical applications and wound
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healing. Nanotechnology may be advantageous in treating bacterial infections. Further, the shapes of
nanoparticles are an interesting field due to the variation in their effects on bacteria. [30, 31]

Hong et al. [32] compared the antibacterial activities of silver nano cubes, spheres and wires against
Escherichia coli and found that spheres were more effective in the inactivation of E. coli. Further, it
was concluded that the low specific surface area of silver nanowires was the probable reason for
weakening of antibacterial activity. Due to the large effective specific surface area, the silver nano
cubes and spheres had closer contact with bacterial cells and caused more damage to the bacterial cell
membrane.

L. Sun and co-authors [33] investigated Ag NPs from NaBH3 solution mixed with AgNO3z and sodium
citrate. A series of PVP coated Ag (Ag/PVP) nanoparticles with different morphologies were obtained
with the addition of the different amount of PVP (Figure 14). It was evident that when the addition
of PVP was 1,0 g, the shapes of the particles were mostly triangle and truncated triangular of the
average particle size was 40-60 nm. When comparing Fig. 14 (a) and (c), it was concluded that the
optimum addition amount of PVVP was 1,0 g. Furthermore, the antibacterial test was accomplished for
as-synthesized Ag/PVP nanoparticles. The results exhibited excellent antibacterial properties against
E. coli, S. aureus and P. aeruginosa.

Figure 14. TEM images of Ag/PVP nanoparticles with different additional amount of PVP () 1,5¢, (b) 1,0 g
and (c) 0,38 g [33]

Prokopovich and co-workers [34] investigated the noteworthy work of the antimicrobial activity of
PMMA-based composite bone cement with the presence of Ag NPs. Ag NPs were used as a
replacement of antibiotics in the development of an antibacterial bone cement. Antibiotic therapies
are a time-limited solution because of the continuing increase of microorganisms’ resistance to these
molecules. Hence, scientist showed the alternative way to the reliance on antibiotics. They
demonstrated the potential of developing antimicrobial bone cement through its impregnation with
Ag NPs capped with oleic acid. Consequently, the high antimicrobial activity of bone cement was
obtained against the most common source of post operatory infections meaning routinely antibiotics
could be annulled. In addition, results proved there was no detrimental effect resulted from the
presence of oleic acid capped Ag NPs on the mechanical properties of PMMA bone cement.
Additionally, the cytocompatibility had no difference with the standard PMMA-based bone cement.
It emphasised the benefit of the approach in preventing an infection offset in patients undergoing
surgeries requiring bone cement.
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It is proved that Ag NPs inhibit the formation of bacterial biofilms. The best example of a biofilm is
a dental plaque that is bacteria that is formed on the surfaces of teeth. S. Mohanty et al. [35] stabilised
Ag NPs with starch and indicated these Ag NPs may be used as antimicrobial agents against
microorganisms. Scientists stated that Ag NPs exhibit potent antibacterial activity, besides being
noncytotoxic to macrophages at the bactericidal concentrations, Ag NPs prevent biofilm formation
and kill intracellular mycobacteria. For the observation of antibacterial activities in vitro conditions,
the agar diffusion method was performed with exponentially growing P. aeruginosa (see Fig. 15).
Incubation time was 24 hours. Starch alone was used as a reference wherein any inhibition zone was
obtained. The inhibition zones of around 11 mm and 13 mm were observed by 1 uM and 2 uM Ag
NPs, respectively, whereas the zone of 6 mm was formed by 2 uM AgNOs solution. It clearly showed
the potent behaviour of Ag NPs on bacterial growth.

Figure 15. The antibacterial activity of Ag NPs performed by agar diffusion method [35]

Silver nanoparticles can be produced by various methods including biological, physical and chemical.
Ag NPs are widely applied in nanomaterials while manufacturing healthcare and cosmetic products,
antitumor drug carriers and antimicrobial and wound dressings. It is known that Ag NPs can affect
the being of human cells. From in vitro cell testing, Ag NPs are reported to be toxic for variety of
human cell lines, for instance, red blood cells, human keratinocytes, etc. However, the effect of Ag
NPs on human cells depends on the size of particles, on their amount and the method of the
production. Accordingly, it is important to immobilise Ag NPs into polymeric matrix to isolate them
from the human cells. [36]

Polymer nanocomposites are applied in the medical fields to enhance wound healing. There is a
typical example, Acticoat™ [37] dressing for burn care, a flexible polyethylene cloth coated with Ag
NPs at a concentration between 0,69 and 1,64 mg/cm?. Nanocrystalline silver is released to a wound
are due to the surface plasmon resonance effect of silver. This avoids the use of toxic agents to fix
colorants to the textiles. Due to the surface plasmon resonance effect of silver, Ag NPs can function
as both, a colorant and antimicrobial agent for textile materials, thus toxic agents for the fixation of
the colour of a textile is avoided.

Another example of Ag NPs application in nanocomposites is the research work accomplished by
Oliveiraet al. [38]. PVA/AgNOs nanocomposite hydrogels loaded with 0,25% and 0,5% AgNOs were
produced. The findings showed a substantial inhibition against both gram-positive and gram-negative
microorganisms due to the Ag+ ions released from AgNOa. By the in vivo animal test, it was indicated
that nanocomposite hydrogels containing Ag NPs are non-toxic.
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1.5.1. Electrospinning with Silver Nanoparticles

Silver nanoparticles are highly demanded due to their superior antibacterial properties. Ag NPs are
usually applied into electrospun solutions. G. Dong et al. [39] produced Ag NP embedded into PVP
nanofibers by using a syringe pump in electrospinning technique. They tested an influence of heat
treatment on nanofibers and Ag NPs. It was indicated that the biological activity of yeast cells was
effectively inhibited, the diameter of nanofibers shrank and the size of Ag NP increased slightly. It is
stated that those size-controlled Ag NPs embedded into polymer electrospun nanofibers can be used
for antibacterial applications, catalysis, micro-electronics, sensors, etc.

Moreover, Wael Ali and co-authors [40] investigated composite carbon nanofibers that were prepared
from Ag/PAN precursor by using needle electrospinning and heat treatment afterwards (Figure 16).
UV absorption spectroscopy, SEMEDX and TEM demonstrated the production of Ag NPs with an
average diameter of less than 4 nm. In addition, Ag NPs was found to be an effective means of
improving the conductive performance of the carbon nanofibers. It can be used as a new innovative
highly conductive electrode for many potential applications including lithium-ion batteries or
supercapacitors with a more optimised carbon nanostructure. Subsequent study is supposed to be
investigated in deeper insight into the underlying effects of heat treatment during stabilisation and
carbonisation processes. Likewise, the effect of a nanoparticle size on morphology and properties of
the composite should be considered.

Figure 16. Schematic illustration of the production of composite nanofibers and the stability of Ag NPs by
means of PAN after reduction via DMF [40]

Q. Shi et al. [41] prepared durable antibacterial Ag/PAN hybrid nanofibers by atmospheric plasma
treatment and needle electrospinning method. Test results showed the uniform distribution of Ag NPs
in nanofibers matrix. Antibacterial activity against both Gram-positive and Gram-negative
microorganisms was received as excellent. Even the nanofiber mat was kept in aqueous solution, it
still exhibited strong antibacterial activity. The potential applications of this product are in biotextiles,
scaffolds, chemical/biological protection.

X. Jing et al. [42] formed ultrafine fibres from biodegradable PLA with Ag NPs via needle
electrospinning process. They found the increase of fibre diameter with increasing amount of AgNOs
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added. Strong antibacterial activity was obtained due to Ag NPs. This follows into applications as
wound dressing or anti-adhesion membranes.

Another study was performed by S. Pupkeviciute et al. [43]. PVA polymer with a small amount of
colloidal Ag NPs were electrospun by needleless electrospinning technique. SEM images of six
different compositions of nano/micro fibres are given in Figure 17. It can be seen that the addition of
Ag NPs into the electrospun solution may led to formation of thinner nano/micro fibres. However, it
was found that the inclusion of small amount of Ag NPs did not really influence the viscosity of
solutions and the morphology of electrospun materials. Clearly, even the smallest amount of Ag NPs
exhibited antibacterial property. Furthermore, FTIR analysis exhibited that colloidal Ag NPs in the
polymer solution did not form any additional functional groups in antibacterial PVA electrospun
material.

Figure 17. SEM images of electrospun PVA materials (scale 2 pm) with concentrations of (A) 15% PVA,
(B) 15% PVA and 0,02% Ag NPs, (C) 15% PVA and 0,04% Ag NPs, (D) 11% PVA, (E) 11% PVA and
0,02% Ag NPs, (F) 11% PVA and 0,04% Ag NPs [43]

S. Huang et al. [44] produced PVP/cellulose nanocrystal (CNC)/Ag NPs composite fibres via
electrospinning using N,N1-dimethylformamide (DMF) as a solvent. It was indicated that the
PVP/CNC/Ag electrospun suspensions demonstrated 20% higher conductivity compared with those
of the pure PVP solutions. Moreover, the average diameter of the PVP electrospun fibres decreased
with the increase of the amount of CNCs and Ag NPs. It was attributed that a polymer solution was
stretched due to the repulsion of the charges present on its surface, and more charges could be carried
at higher solution conductivity, thus thinner fibres were formed.

Concerning wound dressing and care, another relevant study should be reviewed. Chitosan nanofibers
containing various ratios of Ag NPs were obtained by I. K. Kwon and co-authors [45]. Chitosan is
the second most abundant polysaccharide on earth and is an attractive natural polymer for biomedical
use. The objective of this study was to fabricate pure chitosan nanofibers with Ag NPs with
antibacterial efficacy in the zone of inhibition antibacterial test system. The schematic diagram of
nanofiber production is presented in Figure 18. The results of this study demonstrated that the
diameters were gradually decreased as the content of Ag NPs were increased. This may be explained
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by the decrease of viscosity of the chitosan/Ag NPs electrospun solution upon an increase in the
content of the chitosan/Ag NPs composite. This content as well was found to be affecting generation
of fibre beads due to enhancement of surface tension of the electrospun solution. In antibacterial
testing, the pure chitosan nanofibers did not inhibit bacterial growth while chitosan/Ag NPs
nanofibers exhibited high degree of effectiveness against P. aeruginosa and MRSA.

NaBH, \ Electrospinning

cTS C> N I:>

+

TS i TS/AGNP
AgNO, CTS/AgNPs composite CTS/AgNPs nanofiber

Figure 18. Schematic diagram of chitosan/Ag NPs nanofiber generation [44]
1.6. Conclusions of the Survey

To conclude the literature survey part, it is necessary to highlight that the process of electrospinning
has conquered a lot of attention in the last decades due to a wide range of electrospinnable polymers,
both natural and synthetic ones. Moreover, the electrospinning technique allows to consistently
produce fibres in order to observe thinner or thicker nano/micro fibres depending on an application
when changing certain parameters. It is one of the advantages as by using standard mechanical
spinning technologies it is difficult to obtain submicron range products. With smaller pores and higher
surface area than regular fibres, electrospun fibres have been successfully applied in various fields as
biomedical, biotechnology, filtration, etc.

All preeminent parameters of electrospun fibres make them relevant in many advanced and everyday
roles. However, the biomedical field is one of the biggest for nano/micro fibres applications. Drug
delivery, scaffold production, wound healing and care, diagnosis of tumour cells are the examples
wherein electrospun materials take an important place.

Two common methods can be operated for the production of nanofibers, needle electrospinning and
needleless electrospinning. The morphology of formed structures on the collector using both methods
varies with the parameters of a spinning device and process parameters. The needleless
electrospinning system is a prior method for the industrial production. Comparing with the needle
electrospinning system, the needleless one still has a high demand of further studies to be fulfilled.
Polymer solution parameters, for instance, surface tension and viscosity, have higher influence in the
needleless electrospinning than in the needle electrospinning technique.

In the literature a few studies were performed for the investigation of solution parameters and various
process conditions which were tested to assess their effect on the morphology and the diameter of
electrospun PVP nanofibers. Research works were focused on a fibre diameter rather than on the
porosity of electrospun materials. Electrospun solutions were prepared from PVP polymers dissolving
them in different solvents. However, nowadays the high interest is into the usage of green solvents.
There was found a little number of studies wherein electrospun PVP solutions were aqueous. Finally,
mostly research works were completed via needle electrospinning system.
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Thus far, a lot of research works have been performed on the electrospun materials with silver
nanoparticles using polymers, for example, polylactide, polyvinylpyrrolidone, polyvinyl alcohol, etc.
In addition, commonly Ag NPs in electrospun solutions were obtained by the addition of ethanolic
AgNO:s solutions. The impact of the parameters of PVP/Ag NPs electrospun solutions on morphology
and antibacterial properties of final nano/micro fibres have been a target of only a few studies. Despite
that, most of the studies wherein it was analysed the influence of PVP polymer concentration and Ag
NPs quantity on the structure and antibacterial activity of electrospun materials have been carried out
by a needle electrospinning instead of the needleless roller electrospinning technique.
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2. Methodology
2.1. Materials for Electrospun Solutions
Four substances were used for the production of electrospun solutions:
1) polyvinylpyrrolidone (PVP),
2) distilled water,
3) denatured ethanol,
4) 10 nm silver nanoparticles (Ag NPs) colloidal dispersion.

1) Polyvinylpyrrolidone (PVP) (linear formula (CsHgsNO)n), commonly used in medical applications
due to the biobased polymer nature, was chosen for the formation of nano/micro fibres materials.
PVP was supplied from Sigma-Aldrich (St. Louis, USA). The polymer is white colour powder of
average molecular weight My ~1300000 g/mol. Chemical structure is shown in Figure 19. [46]

o

HNH

n
Figure 19. The chemical structure of polyvinylpyrrolidone [46]

3) Denatured ethanol >95 % (ethyl alcohol) (linear formula C2HeO) was selected as a solvent for this

comparatively high molecular weight polymer in order to receive the proper structure of nonwoven
materials.

4) Silver nanoparticles were chosen as an active substance due to its antibacterial properties. It can
be applied and used as disinfectants and microbicides in many applications.

10 nm Ag NPs colloidal dispersion “RawAg” was provided from the company RhoNano (Vilnius,
Lithuania). These Ag NPs are stabilised with the agent polyvinylpyrrolidone K30 (Mw ~40000 g/mol)
in water and ethanol. “RawAg” are produced by the new patented technology and are monodisperse
with a narrow size distribution (see Fig. 20). These Ag NPs are produced in vacuum at clean

conditions using high grade solutions. Technical specification of silver nanoparticles “RawAg” is
given in Table 5. [47]
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Figure 20. Size distribution of silver nanoparticles “RawAg” [47]
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Table 5. Technical specification of silver nanoparticles “RawAg” [47]

Characteristic Value
Physical state liquid

Colour dark brown
Particle size 10 nm

Size distribution (CV) <30%
Concentration 10000 ppm
Surface stabilization agent PVP K30
Purity of precursor (Ag) 99,99%
Solvent ethanol/ water

2.2. Preparation of Solutions

The electrospinning solutions used for the fabrication of nano/micro fibres have been prepared by
dissolving PVP polymer with the concentrations of 4%, 6% and 8% in distilled water. The
aforementioned concentrations of PVP were prepared with ethanol afterwards. The concentrations of
PVP were selected based on the other scientific works. [27, 43, 48] With each PVP concentration,
solutions with 10 ppm, 50 ppm and 200 ppm Ag NPs were prepared by adding the certain amount of
the 10 nm Ag NPs colloidal dispersion. The capacity of each solution was 220 ml. Solutions were
stirred until solid particles were invisible and left for 24 hours at room temperature (Fig. 21). The
percentage composition of prepared electrospun solutions is adduced in Table 6.

Table 6. Composition of electrospun solutions

No. Composition of an electrospun solution ﬁgztfnn; CSJEI% l:irgn',o\gpm ﬁgr;tienn; Zgﬁj l:irgné&)
r 4% PVP + 96% H,0 - -
2 6% PVP + 94% H,0O - -
3’ 8% PVP + 92% H,0 - -
1 4% PVP + 96% C,Hs0H - -
2 4% PVP + 95,9% C,Hs0H + 0,1% 10 nm Ag NPs 10 0,001
colloidal dispersion
3 4% PVP + 95,5% C,Hs0H + 0,5% 10 nm Ag NPs 50 0,005
colloidal dispersion
4 4% PVP + 94% C,Hs0H + 2% 10 nm Ag NPs 200 0,02

colloidal dispersion
5 6% PVP + 94% C,Hs0H - -

6 6% PVP + 93,9% C,;Hs0H + 0,1% 10 nm Ag NPs 10 0,001
colloidal dispersion

7 6% PVP + 93,5% C,;Hs0H + 0,5% 10 nm Ag NPs 50 0,005
colloidal dispersion

8 6% PVP + 92% C;Hs0H + 2% 10 nm Ag NPs 200 0,02

colloidal dispersion
9 8% PVP + 92% C,Hs0H - -

10 8% PVP + 91,9% C,Hs0H + 0,1% 10 nm Ag NPs 10 ppm 0,001
colloidal dispersion
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. . Content of pure Ag Content of pure Ag
No. | Composition of an electrospun solution NPs in a solution, ppm | NPs in a solution, %
11 8% PVP + 91,5% C>Hs0H + 0,5% 10 nm Ag NPs 50 ppm 0,005
colloidal dispersion
12 8% PVP + 90% C>Hs0H + 2% 10 nm Ag NPs 200 ppm 0,02
colloidal dispersion

Figure 21. Preparation of solutions

2.3. Determination of the Viscosity of Electrospun Solutions

Viscosity measurements were carried out by operating the rotational viscometer Brookfield DV-
I1+PRO (Brookfield Engineering Laboratories, Inc., US) (Figure 22) which enables to measure fluid
viscosity in the range of rotational speed from 0,1 rpm up to 200 rpm. Accordingly, 120 rpm were
applied for the measurements. Five measurements were taken for each solution. The measurement
tool was used standard spindle LV2 immersed in the test fluid through a calibrated torsion spring.
Test were fulfilled in Faculty of Mechanical Engineering and Design (Kaunas University of
Technology). [49]

(BRODKFIELD

Figure 22. The viscometer The Brookfield DV-11+Pro (Brookfield Engineering Laboratories, Inc., US)

2.4. Determination of the Surface Tension of Electrospun Solutions

The multifunctional dynamic contact angle measuring device and tensiometer DCAT 21
(DataPhysics Instruments GmbH, Germany) (Figure 23) was operated for the measurement of the
dynamic surface tension of solutions. Tests were accomplished in Faculty of Mechanical Engineering
and Design (KTU). Wilhelmy Plate method was applied (Figure 24). It employs a microroughened
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platinum iridium plate (19,90 mm in width and 0,20 mm in thickness) attached to a microbalance.
The surface tension measurements were based on weight determination. [50, 51]

In this technique the plate is detained at the interface and held in this position by a force that maintains
a balance between the plate and the meniscus force of the liquid. The force is proportional to the
interfacial tension as described by:

F
Vi = pcos (1)

Figure 23. Dynamic contact angle measuring devices and tensiometer DCAT 21 (DataPhysics Instruments
GmbH, Germany)

where F is force measured by using a microbalance, p is perimeter of the three-phase contact line
I'L,, 0 is the contact angle measured for the liquid meniscus in contact with the object surface.

Repeated cycles of immersion and emersion were performed at a rate of 1 mm/s. Immersion depth of
the plate was d = 3 mm. Five measurements were taken for each solution. [50, 51]

b

Ligumd phase

Figure 24. Schematic representation of Wilhelmy plate method [51]
2.5. Determination of the Conductivity of Electrospun Solutions

The conductivity of ethanolic solutions were measured by EcoSense EC300 conductivity meter (YSI
Life Sciences, USA) (Figure 25) in Institute of Chemistry, Faculty of Chemistry and Geoscience
(Vilnius University). An electrical conductivity probe was immersed in a solution, held for 5 minutes
for a value to be settled down. Five measurements were taken for each solution. [52]
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Figure 25. EcoSense EC300 conductivity meter (YSI Life Sciences, USA) [52]

2.6. Formation of Electrospun Nonwoven Materials from Nano/Micro Fibres Using
“Nanospider™”

Formation of PVP nano/micro fibres was accomplished by using the needleless roller electrospinning
equipment “Nanospider™” (Elmarco, Czech Republic) (Figure 26) in Faculty of Mechanical
Engineering and Design (KTU).

TM>>

Figure 26. (a) — “Nanospider

(Elmarco, Czech Republic), (b) —work environment and setup

“Nanospider™” operates as a modified electrospinning method which requires the use of a high
voltage electrostatic field to create the electrically charged stream of a polymer solution. The
technique is based on the production of nanofibers from the thin layer of liquid polymer (or melt).
Hereby, Taylor cones (the source of nanofiber) are obtained on the surface of the lower roller spinning
electrode with tines (Figure 27) which is partially immersed in the tank with polymer solution
(illustrated in Figure 27). A grounded collector electrode is placed at the top of the spinner and an
antistatic substrate is below and collects flying nano/micro fibres. When the applied electrical field
between the roller and the ground electrodes exceeds the surface tension of the electrospinning
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solution, the solution jets are formed, and the nano/micro fibres are produced during their flight from
the roller to the ground electrode. The solvent (water, ethanol, etc.) is evaporated during this flight
time between the roller and the ground electrodes. Set up parameters for electrospinning process are
adduced in Table 7. [53, 54]
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Figure 28. Set up of “Nanospider' ™ equipment [54]

Table 7. Constant parameters of electrospinning process

Parameter/ characteristic Value
Temperature T, °C 202
Relative humidity RH, % 42 £4
Voltage V, kV 60+0,2
Roller speed v, rpm 6
Working distance L, cm 13
Time t, min 7
Supporting material PP

2.7. Determination of the Structure of Electrospun Nonwoven Materials (SEM Analysis)

The morphology analysis of nano/micro fibres were performed by Scanning Electron Microscope
Model S-3400N (Hitachi High-Technologies, Japan) (Figure 29) in Lithuanian Energy Institute. SEM
images were generated at magnifications: x500 when scale was 100 um, x1000 when scale was 50
pm, x5000 when scale was 10 um and x10000 when scale was 5 pm. SEM scans a focused electron
beam over a surface to create an image. The electrons in the beam interact with the sample, producing
various signals that can be used to obtain information about the surface topography and composition.
[55]

37



Figure 29. Scanning Electron Microscope Model S-3400N (Hitachi High-Technologies, Japan) [56]
2.8. Method of the Diameter Measurement of Nano/Micro Fibres (Software NIS-Elements)

The investigation of nano/micro fibres diameter was performed by using software NIS-Elements
(Nikon Corporation, Japan). For each sample (in total 12 samples) 100 fibres’ diameters were
measured from at least 3 SEM images. Work environment is demonstrated in Figure 30. Obtained
values of nano/micro fibres diameter were employed in generating diagrams and counting mean
values by Microsoft Excel 2019.

Figure 30. Work environment of software NIS-Elements (Nikon Corporation, Japan)
2.9. Determination of Porosity (Gravimetric Method)

Porosity is a significant parameter of all textile materials. It can be defined as a ratio of void volume
in total volume of a material. In other words, it is a quality of being porous. Typical porosity values
for electrospun materials are in the range [70-95] %. There are different techniques to measure it.
Gravimetric determination was an attractive one due to available equipment in the laboratory. Optical
microscope Nikon E200-F (Figure 31) were carried out for the measurement of the thickness of
electrospun materials (Figure 32) and a laboratory scale to weigh it. [57, 58]
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Figure 32. Image, generated by optical microscope Nikon, exhibits the thickness measurement of an
electrospun material

The electrospun mat porosity P was determined via density of the electrospun material p,,, and density
of the bulk material p;,, according to the formula [59]:

P= (1 - ”—m) -100% (2)

Pb

Bulk material density is known as a constant p, (PVP) = 1,2 g/cm3. Density of Ag NPs was not
considered due to extremely low concentration in a solution. Density of electrospun material was
calculated:

Pm = ,:n: (3)

where m is mass, h —thickness, measured by optical microscope and a — area of the sample. Thickness
measurement was taken 4 times in 3 different places of the sample (12 measurements for each
sample). Average porosity value was calculated. [59]

2.10. Detection of Silver Nanoparticles (EDS Analysis)

Energy dispersive X-ray spectroscopy (EDS, EDX) was selected as a method to detect silver
nanoparticles on the surface of electrospun materials. Bruker Quantax 800 equipment was used to
obtain spectra of elements. Analysis were accomplished in Lithuanian Energy Institute.
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EDS is a standard method for identifying and quantifying elemental compositions in the very small
sample of a material (even a few cubic micrometres). The EDS apparatus contains four basic
components: the excitative source (electron beam or X-ray beam), the X-ray detector, the pulse
processor, and the analyser. To stimulate the emission, the high-energy beam of charged particles
such as electrons or protons, or the beam of X-rays, is focused into the observable specimen. [56]

2.11. Determination of the Antibacterial Activity of Electrospun Materials (Kirby-Bauer Disk
Diffusion Method)

The Kirby-Bauer test was carried out in Hospital of Lithuanian University of Health Sciences Kaunas
Clinics for produced electrospun materials to find out whether they inhibit bacteria growth. This test
is known as the disk-diffusion method used for antibiotic susceptibility test for determination of
antibiotics type when treating a certain infection. This method relies on the inhibition of bacterial
growth measured under standard conditions. Illustration of the method is shown in Figure 33. An agar
plate is first spread with bacteria, then paper disks of antibiotics are added. The bacteria start growing
on the agar media. The amount of space around every antibiotic plate indicates the lethality of that
antibiotic on the bacteria in question. Highly effective antibiotics (disk C) will produce a wide ring
of no bacterial growth, while an ineffective antibiotic (disk A) will show no change in the surrounding
bacterial concentration at all. The effectiveness of intermediate antibiotics (disk B) can be measured
using their zone of inhibition. [60, 61]

BEFORE GROWTH AFTERGROWTH

} No bacterial growth
Agar media, spread {Zone of inhibition) /

Antibioticdisks on Petri dish

Bacterial growth

Figure 33. Kirby-Bauer test (disk diffusion method) [61]

To investigate the mechanism of the inhibition zone on microorganisms, two strains of bacteria,
namely Gram-negative Escherichia coli (E. coli) and Gram-positive Staphylococcus aureus (S.
aureus) were presented. The organism grows on the agar plate while Ag NPs (the antibiotic) is
supposed to inhibit the growth. If the organism is susceptible to a specific antibiotic, there is no
growth around the disc containing the antibiotic. Thus, the zone of inhibition is observed and
measured to determine the susceptibility to an antibiotic for that organism. [60, 62]

2.12. Statistical measures

Statistical measures were used to describe the average of the results and their spread as usually textile
testing contains the set of repeated measurements.
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Arithmetic mean or average value was calculated [63]:
S (4)
standard deviation was calculated [63]:

Z?:l(xl _x_.)z

n-1 ()

coefficient of variation was calculated [63]:

SD =

CV =2-100% (6)
standard error was calculated [64]:

_ t0_95 -SD

SE o (7)

where x — individual value of the variable, n — number of individuals, to9s — Student value when
confidence level is 0,95.
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3. Results and Discussions

According to the targeted objectives, the results were obtained by different experimental techniques
and compared to each other. The findings and discussions are presented in the following sections.

3.1. Formation of Nano/Micro Fibres from Aqueous and Ethanolic PVP Solutions

In the first part of the experimental work, aqueous and ethanolic solutions with 4%, 6% and 8% PVP
concentrations were prepared. It has been reported that the electrospinnability and the morphology of
formed fibre depend on solution parameters, for example, the surface tension and the viscosity of a
solution. Those important parameters were tested and are shown in Table 8. [10]

Table 8. Surface tension and viscosity of aqueous and ethanolic electrospun solutions

;:ocl)lrjrj[ipoor?ition of an electrospun Surface tension y + SE, mN/m Viscosity # + SE, mPa-s
4% PVP + 96% H,0 66,36 + 0,30 96 £ 11

6% PVP + 94% H,0 65,09 + 0,19 15515

8% PVP + 92% H,0 63,02+ 0,17 297 £ 15

4% PVP + 96% C,HsO 23,09+ 0,27 104 £11

6% PVP + 94% C,HsO 22,54 +0,19 170 £ 15

8% PVP + 92% C,HsO 21,64 +0,19 325+18

According to obtained data (Table 8), it can be stated that the surface tension of aqueous solution is
almost 3 times higher than ethanolic one, meaning in water molecules are attracted 3 times stronger
to each other. In both cases, ethanolic and aqueous solutions, the surface tension decreased gradually
when the polymer concentration increased.

In addition, the viscosity of prepared electrospun solutions was tested. In Table 8, obviously, with the
increase of polymer concentration, viscosity increased as well. For example, the viscosity of the
ethanolic 4% PVP solution was n = 104 + 11 mPa-s when viscosity of the ethanolic 6% PVP solution
was n = 170 + 15 mPa-s. In the same context, a little change might be noticed when comparing
aqueous and ethanolic solutions with the same amount of PVP. For instance, the viscosity of the
aqueous 8% PVP solution was # = 297 + 15 mPa-s while the viscosity of the ethanolic 8% PVP
solution was # = 325 + 18 mPa-s.

At the first stage, these six solutions of pure PVP described above were electrospun by using Elmarco
equipment “Nanospider™” (Czech Republic). Thus, prepared solutions were carried out by
immersing them to the tank. There were parameters set up as constant (selected based on other
scientific works [48, 65]): working distance L = 13 cm, applied voltage V = 60 + 0,2 kV, roller speed
v = 6 rpm and the time of electrospinning process of each sample t = 7 min.

In regard to other trials made until now, the desire was to generate nano/micro fibres from PVP
aqueous solution. S. Yoshikawa et al. [27] attempted to spin 8% PVP aqueous solution using needle
electrospinning technique. Unfortunately, low quality of film was obtained with spherical beads and
globs of electrospun PVP material. As a result of the needleless roller electrospinning technique, from
4% and 6% PVP aqueous solutions, Tailor cones were generated visibly, and electric current was
presented in the range [0,020, 0,044] by “Nanospider™”. However, SEM photographs demonstrated
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that fibres material was not created. Only the film attached to the supporting material was achieved
(see Figure 34). Unsuccessfully, electrospinning from the solution of 8% polymer concentration was
not processed. The problems might be caused due to extremely high surface tension and high
dielectric constant of water. Thus, a further study could be proposed to mix water with a solvent that
has lower surface tension in terms of reducing surface tension of an electrospun solution.

(a) (b)

Figure 34. SEM images of electrospun materials from (a) 4% (magnification x1000, scale 50 um), (b) 6%
PVP agueous solutions (magnification X500, scale 100 um)

Furthermore, the electrospun materials from 4%, 6% and 8% PVP ethanolic solutions were formed
successfully. All set up parameters were used as mentioned before with the aqueous case. SEM
images are given in Figure 35. Generally, the obtained nano/micro fibres can be claimed as quite
uniform and smooth however a couple of defects were found. It was detected the electrospun 4% PVP
material had beads in the structure (see Fig. 35 (1)) and the 8% PVP material had a bundle of stuck
fibres (see Fig. 35 (2)). The formation of beads are closely correlated to the viscoelastic jet break-up
theory. It has been constituted that the formation of beads is interacted with the viscoelasticity of a
solution. [66]

With the increased polymer concentration, beaded-free fibres were obtained (from 6% and 8% PVP
solutions) due to presenting more highly extensible compounds (PVP polymer) into the precursor
solution. Certainly, as other scientific works had been proved, it is seen that a higher concentration
solution has a higher viscosity, thus it leads to the formation of thicker fibres. This is due to the high
polymer concentration solution which has less solvent to evaporate and takes less time to solidify.
Evidently, from 6% PVP solution (Fig. 35 (c)) nano/micro fibres were thinner than the ones of 8%
PVP solution (Fig. 35 (b)) but thicker than 4% PVP (Fig. 35 (a)). [11, 51, 54]

Moreover, in Figure 36 the data showed the same tendency as SEM images in terms of polymer
concentration influence on a fibre diameter. The polymer concentration increase led to thicker
nano/micro fibres. For example, the diameters of the 4% PVP fibres were up to 200 nm in 80% cases
while the diameters of 6% PVP fibres were up to 200 nm in 59% cases and consequently from 8%
PVP solution, 45% cases were achieved up to 200 nm.
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Figure 35. SEM images of PVP nano/micro fibres from ethanolic solutions of (a) 4%, (b) 6%, (c) 8% PVP
concentration (magnification x5000, scale 10 um) and (d) 4%, (e) 6%, (f) 8% PVP concentration
(magnification x10000, scale 5 um); 1 —a bead, 2 — a bundle of stuck fibres
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Figure 36. The diameter distribution of PVP nano/micro fibres from the ethanolic solutions of 4%, 6% and
8% PVP concentrations

Furthermore, it might be also noticed that the mean values of a fibre diameter (Table 9) rose with the
increase of polymer concentration. The same tendency was performed in the research work of Nasouri
et al. [67] in electrospinning with PVVP polymer. It proved once again that with polymer concentration
increase, viscosity increases, and the diameter of fibre becomes greater too. Finally, the standard
deviation SD and the coefficient of variation CV values of nano/micro fibres might be considered as
common ones when fibres are formed by electrospinning technology (SD fluctuated from 24 to 37
nm and CV changed from 15 to 19%).
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Table 9. Mean values of fibre diameter and average porosity values

Composition of an electrospun Mean value of fibre Coefficient of variation | Average porosity
solution diameter Aq¢+ SD, nm CV, % Apx SE, %

4% PVP + 96% C,HsO 162 + 24 15 84+1,2

6% PVP + 94% C,HsO 191 + 36 19 87+1,0

8% PVP + 92% C,HsO 206 + 37 18 92+2,0

Another indicator to discuss the structure of nonwoven fabric is porosity. It is especially important
parameter for biomedical applications and filtration. As it can be seen in Table 9, the porosity of
electrospun materials were A, = 84 = 1,2% for the 4% PVP solution, and it sequentially increased
with the polymer concentration increase. This might be explained by slower Tailor cones formation
when polymer concentration is higher meaning thicker nano/micro fibres are formed with greater
volume of voids. The standard deviations of the porosity measurement are small and consistent.
Contrariwise, V. Elayappan et al. [68] obtained that TiO> nanofibres from 5% PVP solution had
higher porosity than those obtained from 8% and 10% PVP solutions.

3.2. Formation of Nano/Micro Fibres from Ethanolic PVP Solutions with Different Ratios of
Ag NPs

The second part of experimental work was continued with ethanolic solutions only, as the usage of
water as a solvent was not successful.

Table 10. Surface tension, viscosity of pure PVP and PVP/Ag NPs electrospun solutions

Sl Composition of a-n Surface tension y+ SE, | Viscosity 7+ SE, Electrical conductivity
electrospun solution mN/m mPa-s o+ SE, pS/cm
1 4% PVP 23,09+ 0,27 104+ 10 3,32+0,11
2 4% PVP/0,001% Ag NPs 23,10+ 0,27 102 +10 421+0,11
3 4% PVP/0,005% Ag NPs 23,13 +0,30 103 +11 7,70 +£0,12
4 4% PVP/0,02% Ag NPs 23,22 +0,30 89+ 12 5,27 +0,12
5 6% PVP 22,54 +0,19 170 £ 13 2,80+0,12
6 6% PVP/0,001% Ag NPs 22,56 +0,20 172 +11 3,37+0,12
7 6% PVP/0,005% Ag NPs 22,59 +0,19 168 + 12 6,30 0,13
8 6% PVP/0,02% Ag NPs 22,78 0,24 148 + 11 4,93+0,13
9 8% PVP 21,64 +0,19 325+ 14 3,42+0,12
10 8% PVP/0,001% Ag NPs 21,64 +0,17 321 +13 4,10+0,14
11 8% PVP/0,005% Ag NPs 21,65+0,17 315+ 13 590+0,13
12 8% PVP/0,02% Ag NPs 21,94+0,14 299 + 12 5,30+ 0,14

It is well known that the structure of a nano/micro fibres material is highly affected by the properties
of an electrospun solution. Therefore, the interest was to test solutions having the content of Ag NPs
whether it impacts properties as the surface tension and the viscosity of a solution. The data obtained
(Table 10) shows that the inclusion of 0,001% Ag NPs into the solution had no influence on surface
tension in comparison with the pure PVP solutions. Although, the slight increase of surface tension
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can be seen when the concentration of Ag NPs became 0,02%, for instance, the surface tension of the
8% PVP solution was y = 21,64 = 0,19 mN/m while the one of 8% PVP/0,02% Ag NPs was y = 21,94
+ 0,14 mN/m.

In addition, the measurement of viscosity decreased indistinctly with the increase of the concentration
of Ag NPs. However, the substantial difference was obtained between the pure PP solutions and the
ones with 0,02% Ag NPs. For example, the viscosity of the 6% PVP solution was # = 170 + 13 mPa's
and the viscosity of the 6% PVP/0,02% Ag NPs solution was n = 148 + 11 mPa-s. To sum up, the
concentration of Ag NPs had a slight influence on solution parameters.

Moreover, the electrical conductivity readings of solutions are exhibited in Table 10. The values of
the electrical conductivity of pure PVP solutions were obtained the lowest and no tendency was
observed between them. However, with the addition of Ag NPs an increase was achieved with all
different PVP concentrations. Clear depiction is given in Figure 37. The electrical conductivity of
solutions having 0,005% Ag NPs demonstrated the highest conductivity. Nevertheless, the reduction
of the electrical conductivity of solutions with the 0,02% Ag NPs content is observed. Due to the low
dielectric permittivity in ethanolic solutions, not only dissociation of molecules but also association
occurred, thus more ionic pairs were generated. When the concentration of silver ions in a solution
was increasing and finally equilibrium line was exceeded, ions conjugated into neutral ionic pairs,
hence the electrical conductivity was decreased. [69]
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Electrical conductivity of a solution,
uS/cm

4% PVP 6% PVP 8% PVP

No Ag NPs 0,001% Ag NPs 0,005% Ag NPs  m0,02% Ag NPs

Figure 37. The electrical conductivity of PVP solutions with different concentrations of Ag NPs

The same results were received in other scientific works wherein it was indicated that the increased
amount of Ag NPs increased the conductivity of a polymer solution, thus it led to increased columbic
forces. This phenomenon resulted in polymer jet splitting and formation of thinner fibres with less
defects formed. [44, 70]

The significant indicator of the conductivity of solutions could be electric current given by
electrospinning equipment “Nanospider™” (see Table 11). Electric current was increasing with an
increased polymer concentration in a solution. For instance, during electrospinning process with 4%
PVP solution the electric current | = [0,005, 0,007] mA was detected, and it decreased when 0,001%
Ag NPs was presented in the solution, the electric current was | = [0,012, 0,014] mA. According to
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the calculations, the mean values of fibre diameter decreased with the increase of electric current flow
due to Ag NPs presence in solutions. For example, the mean value of 6% PVP nano/micro fibres
diameter was Aq¢ = 191 + 36 nm (CV = 19%) while the mean value of 6% PVP/0,001% Ag NPs fibres
diameter was Aqg = 161 + 27 nm (CV = 17%), therefore electric current was | =[0,007, 0,009] mA and
| = [0,010, 0,012] mA, respectively. The same tendency was observed with 8% PVP electrospun
solutions.

Table 11. Electric current variations and mean values of fibres diameter

Serimlle Composition of a‘n Electric current T.he mean value of fibre Coe'fﬁ.cient of
electrospun solution mA diameter Aq+ SD, nm variation CV, %
1 4% PVP [0,005, 0,007] 162 + 24 15
2 4% PVP/0,001% Ag NPs [0,012, 0,014] 137 £25 18
3 4% PVP/0,005% Ag NPs [0,014, 0,018] 133 +28 21
4 4% PVP/0,02% Ag NPs [0,014, 0,020] 102 +21 21
5 6% PVP [0,005, 0,009] 191 +36 19
6 6% PVP/0,001% Ag NPs [0,010, 0,012] 161 +27 17
7 6% PVP/0,005% Ag NPs [0,012, 0,016] 139 £ 24 17
8 6% PVP/0,02% Ag NPs [0,015, 0,020] 110 +£22 20
9 8% PVP [0,007, 0,010] 206 + 37 18
10 8% PVP/0,001% Ag NPs [0,008, 0,014] 164 +31 19
11 8% PVP/0,005% Ag NPs [0,016, 0,018] 142 £ 27 19
12 8% PVP/0,02% Ag NPs [0,016, 0,022] 113+25 22

The morphology of the nano/micro fibres from 8% PVP solutions with different Ag NPs ratios

It is evident when taking a look at Figure 38, visibly the diameter of nano/micro fibres increased with
the increase of Ag NPs concentration. For instance, the nano/micro fibres from the pure 8% PVP
solution (Fig. 38 (a)) are clearly thicker than the ones from the 8% PVP/0,005% Ag NPs solution
(Fig. 38 (c)). Nevertheless, only a small difference can be considered when comparing the 8% PVP
electrospun material (Fig. 38 (a)) with the 8% PVP/0,001% Ag NPs one (Fig. 38 (b)). Finally, the
finest nano/micro fibres were observed in Fig. 38 (d) due to the highest concentration of Ag NPs
(0,02%). In all the photographs of 8% PVP materials, electrospun fibres are continuous and smooth.
Nonetheless, the defect of a few merged fibres together remained in the structure even though Ag
NPs were presented (see Fig. 38 (1)).

Furthermore, the diameter distribution diagram of 8% PVP electrospun fibres materials are indicated
in Figure 39. The diameter of fibres were up to 150 nm in 16% cases from pure PVP solution, however
the high frequency (42% of cases up to 150 nm) was obtained when 0,001% Ag NPs were added.
Afterwards lower frequency was achieved, 54% and 58% of cases up to 150 nm were presented at
8% PVP/0,005% Ag NPs and 8% PVP/0,02% Ag NPs, respectively. Interestingly, the pure PVP
nano/micro fibres diameters were over 150 nm in 84% of total cases while with 0,02% Ag NPs
addition the diameter over 150 nm decreased to 42%. Hence, the viscosity did not significantly change
with the increased amount of Ag NPs, however thinner nano/micro fibres were formed due to
increased electrical conductivity of the solution. Even the small amount of Ag NPs strongly
influenced the morphology of 8% PVP electrospun material.
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Figure 38. SEM images of nano/micro fibres from (a) 8% PVP, (b) 8% PVP/0,001% Ag NPs, (c) 8% PVP/
0,005% Ag NPs and (d) 8% PVP/0,02% Ag NPs electrospun solutions (magnification x5000, scale 10 um);
1 —a bundle of stuck fibres
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Figure 39. The diameter distribution of nano/micro fibres from solutions of 8% PVP concentration with
different Ag NPs ratios

The morphology of the nano/micro fibres from 6% PVP solutions with different Ag NPs ratios

For the following results, electrospinning from 6% PVP with different Ag NPs ratios is reported.
SEM images are demonstrated in Figure 40. The photographs showed quite smooth and uniform
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morphology of nano/micro fibres without noteworthy defects. When looking attentively at SEM
images, a gradual decrease in terms of fibre diameter might be observed with the increase of Ag NPs
concentration, starting from Fig. 40 (a) and ending with Fig. 40 (d). This is related with increasing
electrical conductivity when Ag NPs content is small (up to 0,005%) and especially decreased
viscosity of the solutions including 0,02% Ag NPs amount. [44]
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Figure 40. SEM images of nano/micro fibres from (a) 6% PVP, (b) 6% PVP/0,001% Ag NPs, (c) 6% PVP/
0,005% Ag NPs and (d) 6% PVP/0,02% Ag NPs electrospun solutions (magnification x5000, scale 10 um)
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Figure 41. The diameter distribution of nano/micro fibres from solutions of 6% PVP concentration with
different Ag NPs ratios
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The diagram (Figure 41) demonstrates the distribution of nano/micro fibres from 6% PVP solutions
with the different amount of Ag NPs. Clearly, the diameter of the fibres formed from pure 6% PVP
solution was mostly in the range [151, 250] nm while the peaks of three other cases (6% PVP/0,001%
Ag NPs, 6% PVP/0,005% Ag NPs and 6% PVP/0,02% Ag NPs) were in the range [101, 150] nm.
Furthermore, the diameter of 6% PVP/0,02% Ag NPs nano/micro fibres were up to 150 nm in 81%
of cases when the diameter of pure 6% PVP fibres were up to 150 nm in only 20% of cases. In
addition, the frequency of the diameters of 6% PVP/0,005% Ag NPs and 6% PVP/0,001% Ag NPs
nano/micro fibres up to 150 nm decreased gradually, 67% and 58%, respectively.

The morphology of the nano/micro fibres from 4% PVP solutions with different Ag NPs
ratios

Lastly, the morphology of the nano/micro fibres from 4% PVP solutions with different amount of Ag
NPs were investigated. SEM images are demonstrated in Figure 42. As it was discovered before, pure
4% PVP material had beads in the structure, however it was expected to be eliminated with the
inclusion of Ag NPs due to increased conductivity, slightly decreased viscosity and jet splitting.
Regrettably, a couple of beads were detected in 4% PVP/0,005% Ag NPs nano/micro fibres (Fig. 42
(1)). Although the cases of 4% PV/P/0,001% Ag NPs (Fig. 42 (b)) and 4% PVP/0,02% Ag NPs (Fig.
42 (d)) had no visible defects from SEM photographs.

Figure 42. SEM images of nano/micro fibres from (a) 4% PVP, (b) 4% PVP/0,001% Ag NPs, (c) 4% PVP/
0,005% Ag NPs and (d) 4% PVP/0,02% Ag NPs electrospun solutions (magnification x5000, scale 10 um);
1 —abead

To consider nano/micro fibre thickness, the distribution diagram of fibre diameter was achieved (see
Fig. 43). With the increasing Ag NPs content, the viscosity of solutions decreased indistinctly,
meanwhile the increase of the conductivity was evident, thus thinner nano/micro fibres were formed.
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For example, when pure 4% PVP solution was electrospun, the fibre diameter up to 150 nm was in
53% cases. When 0,001% Ag NPs into a solution were introduced, the frequency of the fibre diameter
up to 150 nm increased to 59%. Moreover, the frequency of the diameters of 4% PVP/0,005% Ag
NPs and 4% PVP/0,02% Ag NPs nano/micro fibres up to 150 nm became greater, 72% and 83%,
respectively.
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Figure 43. The diameter distribution of nano/micro fibres from solutions of 4% PVP concentration with
different Ag NPs ratios

Comparison of the morphology of fibres from solutions with different amount of PVP and Ag
NPs

From the histograms presented in Fig. 39, Fig. 41 and Fig. 43 it can be asserted that even the small
amount of Ag NPs induced the formation of thinner PVP fibres. The addition of 0,001% and 0,005%
Ag NPs into PVP solutions increased the frequency of fibres with a diameter up to 150 nm up to 2,5
and 3 times, respectively. Fibres with the smallest diameters where electrospun from the solutions
with the lowest PVP and the highest Ag NPs concentrations. From 4% PVP/0,02% Ag NPs solution,
84% of fibres with the diameter up to 150 nm were measured. Moreover, from this solution 47% of
the fibres with the diameter up to 100 nm were recorded, thus those fibres might be stated as
nanofibers. The formation of the thinner fibres from the solutions with 0,02% Ag NPs is caused more
by decreased viscosity then the electric conductivity of PVP solutions. Hence, not only the
concentration of a polymer had an influence on ultra-fine fibres formation but the amount of Ag NPs
as well.

The porosity of electrospun PVP materials with different Ag NPs ratios

It is well known that the highly porous materials allows the transit of gas. A high porosity material
has a good gas breathability and a water-tightness ability. Hence, this kind of materials has a potential
application in wound healing or postoperative anti-adhesion areas. Unfortunately, no research works
considering the porosity of electrospun PVP materials were found. [71]

The calculated average values of porosity are shown in Table 12. As characterised in the previous
subsection, the average porosity increased with increasing PVP concentration. When the very small
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amount of Ag NPs were added into a solution, no significant changes were observed with cases of
4% and 6% PVP. For example, pure 6% PVP had the average porosity Ay = 87% (SE = 1,0 %) and
6% PVP with 0,005% Ag NPs had the average porosity A, = 86% (SE = 1,5%). In spite of that, an
increase can be noticed when comparing pure 4% PVP nano/micro fibres materials with 4% PVP/
0,02% Ag NPs nano/micro fibres materials, the average porosity was Ap = 84% (SE = 1,2 %) and Ap
=79% (SE = 2,0 %), respectively.

Table 12. The average porosity values of nano/micro fibres materials

Sample Composition of an electrospun solution | Average porosity A, + SE, %
1 4% PVP 84+1.2
2 4% PVP/0,001% Ag NPs 83=+1,5
3 4% PVP/0,005% Ag NPs 83=+1,5
4 4% PVP/0,02% Ag NPs 79+2,0
5 6% PVP 87+1,0
6 6% PVP/0,001% Ag NPs 87+0,6
7 6% PVP/0,005% Ag NPs 86+1,3
8 6% PVP/0,02% Ag NPs 84 +1,8
9 8% PVP 92+2,0
10 8% PVP/0,001% Ag NPs 88+1,9
11 8% PVP/0,005% Ag NPs 87+1,0
12 8% PVP/0,02% Ag NPs 84 +0,6

Furthermore, the highest value of the average porosity was received in the case of 8% PVP
nano/micro fibres material. When comparing it with the material having the highest 0,02% Ag NPs
content, 8% of decrease is presented. The average porosity of 8% PVP material was Ay, = 92% (SE =
2,0%) and the average porosity of 8% PVP with 0,02% Ag NPs material was A, = 84% (SE = 0,6%).

Finally, it could be stated the inclusion of Ag NPs had an influence on the porosity of nano/micro
fibres material. The average porosity decreased with all the cases, in regard to the same polymer
concentration when Ag NPs were added. And besides, with the same amount of Ag NPs but different
PVP concentration, the porosity remained greater with higher polymer concentration. For instance,
the average porosity of 4% PVP/0,001% Ag NPs electrospun material was Ap = 83% (SE = 1,5%)
while average porosity of 6% PVP/0,001% Ag NPs electrospun material was Ap = 87% (SE = 0,6%).

Detection of Silver Nanoparticles in electrospun PVP materials

Elemental analysis of electrospun PVP materials containing Ag NPs was performed by SEM-EDS.
The aim was to detect silver whether it remains in produced electrospun materials. EDS analysis
exhibited a silver content when the highest Ag NPs content (0,02%) was presented with 4%, 6% and
8% PVP. Spectra of 4% PVP/0,02% Ag NPs, 6% PVP/0,02% Ag NPs and 8% PVP/0,02% Ag NPs
are depicted in Fig. 44, Fig. 45 and Fig. 46, respectively. Electrospun PVP materials having extremely
small amount of Ag NPs (0,001% and 0,005%) was not detected due to their distribution mostly in a
fibre matrix rather than on the surface of a fibre.
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Figure 44. EDS spectra of the nano/micro fibres material from the 4% PVP/0,02% Ag NPs solution
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Figure 45. EDS spectra of the nano/micro fibres material from the 6% PVP/0,02% Ag NPs solution
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Figure 46. EDS spectra of the nano/micro fibres material from the 8% PVP/0,02% Ag NPs solution
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3.3. Analysis of Antibacterial Activity of Nano/Micro Fibres Materials

Kirby-Bauer test (disk-diffusion method) was performed in order to test antibacterial activity of
produced nano/micro fibres materials. Two microorganisms’ colonies, named Gram-negative E. coli
and Gram-positive S. aureus, were applied on 9 samples containing different ratios of Ag NPs and a
reference (without Ag NPs). The photographs of inhibition zones of PVP/Ag NPs nano/micro fibres
against S. aureus are demonstrated in Figure 47 and against E. coli in Figure 48.

Figure 47. Test results of antibacterial activity against S. aureus; incubated with electrospun materials
containing (a) 4% PVP/0,001% Ag NPs, (b) 4% PVP/0,005% Ag NPs, (c) 4% PVP/ 0,02%Ag NPs, (d) 6%
PVP/0,001% Ag NPs, (e) 6% PVP/0,005% Ag NPs, (f) 6% PVP/0,02% Ag NPs, (g) 8% PVP, (h) 8%
PVP/0,001% Ag NPs, (i) 8% PVP/0,005% Ag NPs, (j) 8% PVP/0,02% Ag NPs

Results showed that the inhibition zones measurements exhibited consistent inhibition with the
increase of Ag NPs inclusion (see Table 13.). It can be confirmed that even the very small amount of
Ag NPs content exhibited antibacterial property. However, the electrospun 4% PVP materials with
all ratios of Ag NPs did not demonstrated a significant antibacterial activity. In all the cases, the
content of 0,001% Ag NPs performed the partial inhibition of microorganisms’ growth while 0,005%
Ag NPs content indicated complete inhibition zone against both bacteria.

It should be emphasised that the highest activity was recorded in the samples of 8% PVP solution
with 0,005% Ag NPs (11 mm inhibition zone for both microorganisms) and 0,02% Ag NPs (13 mm
inhibition zone against S. aureus and 14 mm against E. coli). It might be explained by thicker
nano/micro fibres formation from the solutions of higher polymer concentration meaning greater
amount of Ag NPs had a possibility to spread and be fixed in a nano/micro fibre matrix. In addition,
the electrospun 6% PVP/0,02% Ag NPs material showed the relatively high inhibition of both Gram-
negative and Gram-positive microorganisms. It might be stated that even the small quantity of Ag
NPs can exhibit comparatively high antibacterial impact. The same results were obtained by E.
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Adomaviciuté et al [29]. Inclusion of Ag NPs into electrospun solutions of PVP/PEE (propolis
ethanolic extract) increased the antimicrobial activity.

Figure 48. Test results of antibacterial activity against E. coli; incubated with electrospun materials
containing (a) 4% PVP/0,001% Ag NPs, (b) 4% PVP/0,005% Ag NPs, (c) 4% PVP/0,02% Ag NPs, (d) 6%
PVP/0,001% Ag NPs, (e) 6% PVP/0,005% Ag NPs, (f) 6% PVP/0,02% Ag NPs, (g) 8% PVP, (h) 8% PVP/

0,001% Ag NPs, (i) 8% PVP/0,005% Ag NPs, (j) 8% PVP/0,02% Ag NPs

Table 13. Inhibition zones against S. aureus and E. coli

Composition of an electrospun Inhibition zone against | Inhibition zone against
solution S. aureus, mm E. coli, mm
4% PVP/0,001% Ag NPs 6* 6*

4% PVP/0,005% Ag NPs 9 8

4% PVP/0,02% Ag NPs 10 9

6% PVP/0,001% Ag NPs 7 8*

6% PVP/0,005% Ag NPs 9 9

6% PVP/0,02% Ag NPs 12 11

8% PVP 0 0

8% PVP/0,001% Ag NPs 8 ™

8% PVP/0,005% Ag NPs 11 11

8% PVP/0,02% Ag NPs 13 14

*partially inhibited the growth of bacteria, discrete small colonies are seen

55



4. Conclusions

1.

It was not possible to produce nano/micro fibres from 4%, 6% and 8% PVP aqueous solutions
by means of the needleless roller electrospinning equipment. Under the same spinning
conditions nano/micro fibres were successfully formed from pure PVP and PVP with different
contents of Ag NPs, that are produced by a new patented technology, ethanolic solutions.

The concentration of PVP polymer had an influence on the viscosity of solutions which
increased 3 times when the concentration of PVP polymer in the solution increased from 4%
to 8%. The surface tension and the conductivity of polymer solutions did not change
significantly with increased polymer concentration.

It was identified that the insertion of the very small amount (up to 0,005%) of Ag NPs into a
PVP solution did not affect the viscosity and the surface tension of electrospun solutions but
caused the increase of the electrical conductivity of solutions to 2 times. The addition of the
greater amount (0,02%) of Ag NPs caused the decrease of the electrical conductivity of
solutions.

The PVP polymer concentration in ethanolic solutions had the substantial influence on the
morphology and the structure of the materials formed by means of the needleless roller
electrospinning system. Electrospun materials with the thickest nano/micro fibres (mean value
of fibre diameter was 206 nm) and the highest average porosity (92%) were spun from 8%
PVP solution. Herewith, the materials formed from 4% PVP solution had nano/micro fibres
with the mean value of fibre diameter 162 nm and the average porosity 84%.

Nano/micro fibres from ethanolic 4% PVP and 8% PVP solutions were obtained with a couple
of defects. A few beads (in 4% PVP electrospun materials) and bundles of fibres that are stuck
together (in 8% PVP electrospun materials) were detected in the structures. Beaded-free
nano/micro fibres from 6% PVP solutions were obtained.

It was found that Ag NPs had the influence on the morphology of electrospun PVVP materials.
The addition of Ag NPs into a solution allowed to form more nano/micro fibres with a
diameter up to 150 nm in comparison with the pure PVP solutions. Thinner fibres and denser
materials were formed with higher concentration of Ag NPs. In the materials formed from 4%
PVP/0,02% Ag NPs solution, 47% of the nanofibers with the diameter up to 100 nm were
recorded. This material exhibited the lowest value of the porosity (79%).

The antibacterial activity results exhibited a comparatively high influence of the small amount
of Ag NPs against Gram-negative and Gram-positive colonies. The highest concentration of
Ag NPs in PVP materials demonstrated the highest antibacterial effect. Even electrospun
materials with thick nano/micro fibres and the 0,005% Ag NPs content demonstrated the
inhibition zone higher than 10 mm against both types of microorganisms.
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5. Recommendations

Regarding to the obtain results and additional expectations, the further studies of PVP materials,
formed by means of the needleless roller electrospinning system, might be recommended:

1. Usage of water as a green solvent should be improved by mixing it with additives that exhibits
lower surface tension in terms of reducing the overall surface tension of an electrospun
solution.

2. Evaluation of cytotoxicity of electrospun materials from PVP solutions with different Ag NPs
contents might be accomplished.

3. Formation of PVP electrospun materials could be formed with Ag NPs that are produced by
different methods, thus comparison could be performed in regards of testing antibacterial
activity and cytotoxicity as well.

57



10.

11

12.

13

14.

15.

16.

17.

References

MISHRA, Rajesh; MILITKY, Jiri. Nanotechnology in Textiles: Theory and Application.
Woodhead Publishing, 2018. ISBN: 978-0-08-102627-4.

WENDORFF, Joachim H.; AGARWAL, Seema; GREINER, Andreas. Electrospinning:
materials, processing, and applications. John Wiley & Sons, 2012. ISBN: 978-3-527-64773-6.
CHEN, Ran, et al. Functional Nanofibers with  Multiscale Structure by
Electrospinning. Nanofabrication, 2018, 4.1: 17-31. ISSN: 2299-680X.

STRANGER, Jon; TUCKER, Nick; STAIGER, Mark. Rapra Review Reports: Electrospinning
(Report 190). 2008. ISBN: 9781847350916.

MOHAMMADZADEHMOGHADAM, S. et al. Electrospinning: Current status and future
trends. In Nano-Size Polymers: Preparation, Properties, Applications: Springer International
Publishing, 2016. p. 89-154. ISBN: 9781847350916.

COOPER, Connor J.; MOHANTY, Amar K.; MISRA, Manjusri. Electrospinning process and
structure relationship of biobased poly (butylene succinate) for nanoporous fibers. ACS omega,
2018, 3.5: 5547-5557. ISSN: 2470-1343.

BHARDWAJ, Nandana; KUNDU, Subhas C. Electrospinning: a fascinating fiber fabrication
technique. Biotechnology advances, 2010, 28.3: 325-347. ISSN: 0734-9750.

ZHU, Ning; CHEN, Xiongbiao. Biofabrication of tissue scaffolds. Advances in biomaterials
science and biomedical applications, 2013, 315-328. ISSN: 1758-5082.

Electrospinning. Laboratory of Polymers & Biomaterials. Institute of Fundamental
Technological ~ Research  [online].  [Accessed 10 January 2020].  Awvailable  from:
http://polybiolab.ippt.pan.pl/electrospinning.

KOLBUK, Dorota. Tailoring of Architecture and Intrinsic Structure of Electrospun Nanofibers
by Process Parameters for Tissue Engineering Applications. In: Nanofiber Research-Reaching
New Heights. IntechOpen, 2016. ISBN: 978-953-51-2529-7.

. TAN, See-Han, et al. Systematic parameter study for ultra-fine fiber fabrication via

electrospinning process. Polymer, 2005, 46.16: 6128-6134. ISSN: 0032-3861.

CHEN, Ran, et al. Functional Nanofibers with Multiscale Structure by Electrospinning.
Nanofabrication, 2018, 4.1: 17-31. ISSN: 2299-680X.

. TONG LI TECH. Electrospinnable Polymers. [online]. [Accessed 15 February 2020]. Available

from: https://www.electro-spinning.com/Spinnable_Polymers.html.

YANG, Guang, et al. From nano to micro to macro: electrospun hierarchically structured
polymeric fibers for biomedical applications. Progress in Polymer Science, 2018, 81: 80-113.
ISSN: 0079-6700.

HUANG, Zheng-Ming, et al. A review on polymer nanofibers by electrospinning and their
applications in nanocomposites. Composites science and technology, 2003, 63.15: 2223-2253.
ISSN: 0266-3538.

ZHANG, Nangang, et al. Electrospun TiO. nanofiber-based cell capture assay for detecting
circulating tumor cells from colorectal and gastric cancer patients. Advanced materials, 2012,
24.20: 2756-2760. ISSN: 0935-9648.

YENER, Fatma; YALCINKAYA, Baturalp; JIRSAK, Oldrich. On the measured current in
needle-and needleless electrospinning. Journal of Nanoscience and Nanotechnology, 2013, 13.7:
4672-4679. ISSN: 15334880.

58



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

HAITAO, Niu, HUA, Zhou and HONGXIA, Wang. Electrospinning: an advanced nanofiber
production technology. In: Energy Harvesting Properties of Electrospun Nanofibers [online].
2020. [Accessed 2 March 2020]. Available from: https://iopscience.iop.org/book/978-0-7503-
2005-4/chapter/bk978-0-7503-2005-4ch1.

YALCINKAYA, Fatma; YALCINKAYA, Baturalp; JIRSAK, Oldrich. Dependent and
independent parameters of needleless electrospinning. Electrospinning—Material, Techniques
and Biomedical Applications, 2016, 67-93. ISBN: 978-953-51-2822-9.

BEGUM, H. A.; KHAN, K. R. Study on the various types of needle based and needleless
electrospinning system for nanofiber production. Int. J. Text. Sci, 2017, 6: 110-117.

FANG, Jian, et al. Applications of electrospun nanofibers. Chinese science bulletin, 2008, 53.15:
2265. Available from: https://doi.org/10.1007/s11434-008-0319-0.

KIM, Kwangsok, et al. Incorporation and controlled release of a hydrophilic antibiotic using poly
(lactide-co-glycolide)-based electrospun nanofibrous scaffolds. Journal of controlled release,
2004, 98.1: 47-56. ISSN: 0168-3659.

POWELL, Heather M.; SUPP, Dorothy M.; BOYCE, Steven T. Influence of electrospun collagen
on wound contraction of engineered skin substitutes. Biomaterials, 2008, 29.7: 834-843. ISSN:
0142-9612.

ARCHANA, D., et al. Chitosan-PVP-nano silver oxide wound dressing: in vitro and in vivo
evaluation. International journal of biological macromolecules, 2015, 73: 49-57. ISSN: 0141-
8130.

KUMBAR, Sangamesh; LAURENCIN, Cato; DENG, Meng (ed.). Natural and synthetic
biomedical polymers. Amsterdam, The Netherlands: Elsevier, 2014. ISBN: 978-0-12-396983-5.

RASEKH, Manoochehr, et al. Electrospun PVP-indomethacin constituents for transdermal
dressings and drug delivery devices. International journal of pharmaceutics, 2014, 473.1-2: 95-
104. ISSN: 0378-5173.

CHUANGCHOTE, Surawut; SAGAWA, Takashi; YOSHIKAWA, Susumu. Electrospinning of
poly (vinyl pyrrolidone): Effects of solvents on electrospinnability for the fabrication of poly (p-
phenylene vinylene) and TiO2 nanofibers. Journal of applied polymer science, 2009, 114.5: 2777-
2791. ISSN: 0021-8995.

KHAN, Waseem S.; ASMATULU, Ramazan; ELTABEY, Mohamed M. Electrical and thermal
characterization of electrospun PVP nanocomposite fibers. Journal of Nanomaterials, 2013,
2013. ISSN: 1687-4110.

ADOMAVICIUTE, E., STANYS, S., ZILIUS, M., JUSKAITE, V., PAVILONIS, A., BRIEDIS,
V. Formation and biopharmaceutical characterization of electrospun PVP mats with propolis and
silver nanoparticles for fast releasing wound dressing. BioMed research international, 2016.
ISSN: 2314-6133.

ACHARYA, Debashish, et al. Shape dependent physical mutilation and lethal effects of silver
nanoparticles on bacteria. Scientific reports, 2018, 8.1: 201. E-ISSN: 2045-2322.

WANG, Linlin; HU, Chen; SHAO, Longquan. The antimicrobial activity of nanoparticles:
present situation and prospects for the future. International journal of nanomedicine, 2017, 12:
1227. ISSN: 1178-2013.

HONG, Xuesen, et al. Shape effect on the antibacterial activity of silver nanoparticles synthesized
via a microwave-assisted method. Environmental science and pollution research, 2016, 23.5:
4489-4497. ISSN: 0944-1344.

59



33.

34.

35.

36.

37.

38.

39.

40.

41.

42

43.

44,

45.

46.

47.

48.

49.

GAO, Minjie, et al. Controlled synthesis of Ag nanoparticles with different morphologies and
their antibacterial properties. Materials Science and Engineering: C, 2013, 33.1: 397-404. ISSN:
0928-4931.

PROKOPOVICH, Polina, et al. Potent antimicrobial activity of bone cement encapsulating silver
nanoparticles capped with oleic acid. Journal of Biomedical Materials Research Part B: Applied
Biomaterials, 2015, 103.2: 273-281. ISSN: 1552-4973.

MOHANTY, Soumitra, et al. An investigation on the antibacterial, cytotoxic, and antibiofilm
efficacy of starch-stabilized silver nanoparticles. Nanomedicine: Nanotechnology, Biology and
Medicine, 2012, 8.6: 916-924. ISSN: 1549-9634.

LIAO, Chengzhu; LI, Yuchao; TIONG, Sie Chin. Bactericidal and cytotoxic properties of silver
nanoparticles. International journal of molecular sciences, 2019, 20.2: 449. ISSN: 16616596.

RIGO, Chiara, et al. Active silver nanoparticles for wound healing. International journal of
molecular sciences, 2013, 14.3: 4817-4840. ISSN: 1422-0067.

OLIVEIRA, R. N., et al. Mechanical properties and in vitro characterization of polyvinyl alcohol-
nano-silver hydrogel wound dressings. Interface focus, 2014, 4.1: 20130049. ISSN: 2042-8898.
DONG, Guoping, et al. Preparation and characterization of Ag nanoparticle-embedded polymer
electrospun nanofibers. Journal of Nanoparticle Research, 2010, 12.4: 1319-1329. ISSN: 1388-
0764.

ALI, Wael, et al. Electrical conductivity of silver nanoparticle doped carbon nanofibres measured
by CS-AFM. RSC advances, 2019, 9.8: 4553-4562. ISSN: 2046-2069.

SHI, Quan, et al. Durable antibacterial Ag/polyacrylonitrile (Ag/PAN) hybrid nanofibers prepared
by atmospheric plasma treatment and electrospinning. European polymer journal, 2011, 47.7:
1402-1409. ISSN: 0014-3057.

. XU, Xiaoyi, et al. Biodegradable electrospun poly (L-lactide) fibers containing antibacterial silver

nanoparticles. European polymer journal, 2006, 42.9: 2081-2087. ISSN: 0014-3057.
PUPKEVICIUTE, S., ADOMAVICIUTE, E., PAVILONIS, A., STANYS, S., PROSYCEVAS,
I. Formation and antibacterial property analysis of electrospun PVA nonwoven material with a
small amount of silver nanoparticles. Fibres & Textiles in Eastern Europe, 2015. ISSN: 1230-
3666.

HUANG, Siwei, et al. Preparation and properties of electrospun poly (vinyl pyrrolidone)/cellulose
nanocrystal/silver nanoparticle composite fibers. Materials, 2016, 9.7: 523. ISSN: 19961944,
LEE, Sang Jin, et al. Electrospun chitosan nanofibers with controlled levels of silver
nanoparticles. Preparation, characterization and antibacterial activity. Carbohydrate polymers,
2014, 111: 530-537. ISSN: 0144-8617.

SIGMA-ALDRICH. Polyvinylpyrrolidone. [online]. [Accessed 20 January 2020]. Available
from: https://www.sigmaaldrich.com/catalog/product/aldrich/437190?lang=en&region=LT.
RHONANO. Silver nanoparticles RawAg. [online]. [Accessed 2 February 2020]. Available from:
https://www.rhonano.com.

DOBRAVOLSKIS, Darius. Formation and Analysis of Nonwoven Material from
Polyvinylpyrrolidone Nano/Microfibers with lodine. Master’s Final Degree Project (in
Lithuanian). Kaunas University of Technology, 2019.

BROOKFIELD ENGINEERING LABORATORIES, INC. BROOKFIELD DV-lI+Pro
Viscometer Operating Instructions [online]. [Accessed 2 February 2020]. Available from:
http://www.brookfieldengineering.com.

60



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

INSTRUMENTS GMBH, DataPhysics. Dynamic contact angle measuring device and
tensiometer. From entry level device to high performance measuring system for single fibres.
FATARAITE, E., JANKAUSKAITE, V., MARAZAS, G., MILASIENE, D., & ZUKIENE, K.
Viscosity and Surface Properties of Melamine-Formaldehyde Resin Composition. Materials
Science (MEDZIAGOTYRA), 2009. 15.3: 250-254. ISSN: 1392-1320.

INSTRUMART. YSI EcoSense EC300 Conductivity Meter | Conductivity Sensors. [online].
[Accessed 1 March 2020]. Available from: https://www.instrumart.com/products/32145/ysi-
ecosense-ec300-conductivity-meter.

EL-NEWEHY, Mohamed H., et al. Nanospider technology for the production of nylon-6
nanofibers for biomedical applications. Journal of Nanomaterials, 2011, 2011. ISSN: 1687-4110.
KUMAR, Anuj, et al. Coating of wood by means of electrospun nanofibers based on PVA/SiO>
and its hydrophobization with octadecyltrichlorosilane (OTS). Holzforschung, 2017, 71.3: 225-
231. ISSN: 1437-434X.

BRIAN, J., FORD, D., JOY, C. and AL., Et. Scanning electron microscope. Encyclopcedia
Britannica [online]. Encyclopadia Britannica, inc., 2019. [Accessed 2 March 2020]. Available
from: https://www.britannica.com/technology/scanning-electron-microscope.

STANDARD OPERATING PROCEDURE HITACHI S-3400N-I1 (SEM). [online].
[Accessed 2 March 2020]. Available from: https://www.yumpu.com/en/document/read/4224856.
NIKON. Biological Microscope ECLIPSE E200. [online]. [Accessed 3 March 2020]. Available
from: https://www.microscope.healthcare.nikon.com/products/upright-microscopes/eclipse-
e200.

CHEN, Yu; WAGHMARE, Prashant R.; AYRANCI, Cagri. Fabrication and characterization of
electrospun mats of Nylon 6/Silica nanocomposite fibers. Journal of Engineered Fibers and
Fabrics, 2019, 14: 1558925019843225. ISSN: 1558-9250.

SZENTIVANYI, Andreas, et al. Electrospun cellular microenvironments: understanding
controlled release and scaffold structure. Advanced drug delivery reviews, 2011, 63.4-5: 209-220.
ISSN: 0169-409X.

STUDENT HEALTH CENTER. KIRBY BAUER ANTIBIOTIC SENSITIVITY. [online].
[Accessed 15 March 2020]. Awvailable from: http://shs-manual.ucsc.edu/policy/kirby-bauer-
antibiotic-sensitivity.

Disk diffusion test. [online]. 2020. [Accessed 20 March 2020]. Awvailable from:
https://en.wikipedia.org/wiki/Disk_diffusion_test.

FENG, Qing Ling, et al. A mechanistic study of the antibacterial effect of silver ions on
Escherichia coli and Staphylococcus aureus. Journal of biomedical materials research, 2000,
52.4: 662-668. ISSN: 0021-9304.

SAVILLE, B. P. Physical testing of textiles. Woodhead Publishing, 1999. ISBN: 1 85573 367 6.
Matukonis, A., J. Palaima, and A. Vitkauskas. Textile material science (TEKSTILES
MEDZIAGOTYRA) (in Lithuanian). Mokslas, 1989. ISBN: 5-420-00293-0.

ADOMAVICIUTE, E., PUPKEVICIUTE, S., JUSKAITE, V., ZILIUS, M., STANYS, S.,
PAVILONIS, A., BRIEDIS, V. Formation and investigation of electrospun PLA materials with
propolis extracts and silver nanoparticles for biomedical applications. Journal of nanomaterials,
2017, 2017. ISSN: 1687-4110.

BHAT, Pradeep P., et al. Formation of beads-on-a-string structures during break-up of
viscoelastic filaments. Nature Physics, 2010, 6.8: 625-631. ISSN: 1745-2473.

61



67.

68.

69.

70.

71.

NASOURI, Komeil; SHOUSHTARI, Ahmad Mousavi; MOJTAHEDI, Mohammad Reza
Mohaddes. Evaluation of effective electrospinning parameters controlling polyvinylpyrrolidone
nanofibers surface morphology via response surface methodology. Fibers and Polymers, 2015,
16.9: 1941-1954. ISSN: 1229-9197.

ELAYAPPAN, Vijayakumar, et al. Influence of PVP template on the formation of porous TiO>
nanofibers by electrospinning technique for dye-sensitized solar cell. Applied Physics A, 2015,
120.3: 1211-1218. ISSN: 0947-8396.

CESIULIS, Henrikas and SKUCAS, Vytautas. Electrolyte solutions (ELEKTROLITU
TIRPALAI)(In Lithuanian). Vilnius University Press, 2000.

HADIPOUR-GOUDARZI, Elmira, et al. Electrospinning of chitosan/sericin/PVA nanofibers
incorporated with in situ synthesis of nano silver. Carbohydrate polymers, 2014, 113: 231-239.
ISSN: 0144-8617.

CHEN, Yu; WAGHMARE, Prashant R.; AYRANCI, Cagri. Fabrication and characterization of
electrospun mats of Nylon 6/Silica nanocomposite fibers. Journal of Engineered Fibers and
Fabrics, 2019, 14: 1558925019843225. ISSN: 1558-9250.

62



Publication of research results of the project:

Rovena VAICKUTE, Sigitas STANYS, Evaldas BOLSKIS. Analysis of the Influence of Silver
Nanoparticles on the Morphology and Antibacterial Activity of Electrospun PVP Mats. International
Young Scientists Conference “Industrial Engineering 2020”. Notification material. Kaunas
University of Technology, Faculty of Mechanical Engineering and Design. ISSN 2538-6727 (online).
Accepted for publication.

N Tes
q- Association %

of
A M Universities for Textiles
- I t

During academic years 2018 - 2019 and 2019 - 2020 I, Rovena Vaickuté, studied in the programme
of the Master of Textile Engineering E-TEAM (European Textile Engineering Advanced Master)
organized by Association of Universities for Textiles (AUTEX) and coordinated by Ghent University
Department of Materials, Textiles & Chemical Engineering.

63



